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Abstract 
 

Quantum dots are nanometer-sized semiconductors composed of an inorganic core and surrounded 

by an organic layer of ligands. Due to their nanometric size, quantum dots exhibit discrete atomic-like 

states and are able, upon light excitation, to engage in electron transfers with small organic molecules 

(Figure 1).  

 

Figure 1. Quantum dot semiconductors – atomic-like states and general composition. 

Their use as photocatalysts in preparative organic synthesis is developing rapidly but is largely limited 

to net reductive processes. In addition, quantum dots are still far from being adopted as common 

photocatalysts by organic chemists, despite the current craze for photoredox protocols. As part of a 

collaboration with a team of physical-chemists from the CEA in Grenoble (France), we had the objective 

to develop quantum dot photocatalysts (in Grenoble) and to use them for preparative organic 

chemistry (in Bern).  

A first phase was devoted to the development of redox neutral photochemical methods using iridium 

photocatalysis. We investigated boronate complexes as radical precursors by one-electron oxidation 

and found that alcoholate-substituted boronate complexes where efficient at generating not the 

corresponding alkoxyl radical, but the phenyl radical (Figure 2). The alcohol substituent was important 

to reduce the formation of a biphenyl side-product. The utility of the generated phenyl radical was 

demonstrated by an allylation reaction as well as by its ability to engage in iodine abstraction. No 

substrate scope was investigated for these transformations and quantum dot photocatalysis was not 

applied in this case. 
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Figure 2. One-electron oxidation for alcoholate-substituted boronate complexes leading to the phenyl radical. 
Application for allylation and iodine abstraction reactions. 

Next, we turned our intention to alpha-aminoalkyl radicals as key intermediates in a radical [3+3]-

annulation reaction leading to biologically relevant tropane and related alkaloid skeletons (Figure 3). 

We demonstrated that a broad scope of aniline derivatives could be engaged in this transformation. 

The products are distinct from the Robinson annulated products and functional handles are available 

for further derivatization. In addition, important milestones towards the total synthesis of (+)-

euphococcinine were achieved. 

 

Figure 3. Selected scope of the radical [3+3]-annulation leading to tropane and homotropane derivatives. 
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After the development of suitable quantum dots in Grenoble, these photocatalysts were used for the 

radical annulation reaction. Despite limitations observed in the scope for reaction scale exceeding 0.05 

mmol, promising results were obtained with N-phenylpyrrolidine on 0.2 mmol scale (Figure 4). 

 

Figure 4. Radical [3+3]-annulation on N-phenylpyrrolidine. Comparison between the iridium-and the quantum 
dot-photocatalyzed reactions. 
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This PhD thesis was initiated as part of a collaboration with Dr. Vincent Maurel, Dr. Jean-Marie 

Mouesca and Ali Dabbous from the CEA (Commissariat à l’énergie atomique et aux énergies 

alternatives) in Grenoble (France), with the objective to develop quantum dot photocatalysts and to 

use them for preparative organic chemistry. The responsibilities of each team in this project are 

multiple and well defined. In Bern, the first milestone is to develop innovative organic transformations 

using well known, classical photoredox catalysts such as organic dyes and/or metal polypyridyl 

complexes. In parallel, the task of the Grenoble team is to develop efficient quantum dots for C-C bond 

forming reactions, either using an already published model reaction or, if timely, using the reactions 

developed in Bern. The ultimate goal of the collaboration is to run the reaction developed in Bern with 

the quantum dots developed in Grenoble, and to do so on a meaningful scale in the organic chemistry 

lab. As part of this collaboration, the Bern lab should also provide the collaborators with the necessary 

starting materials as well as product and reaction intermediate references. The Grenoble lab is 

responsible for providing batch quantities of quantum dots as well as supporting the project with 

necessary calculations and analysis (fluorescence quenching experiments, electrochemical 

measurements, etc). 

In the following chapter, general photoredox processes will be presented and the important 

characteristics of quantum dots will be summarized. Finally, the state-of-the-art in quantum dot 

photocatalyzed organic transformations will be surveyed. 

 

1.1. General principles of photoredox chemistry 
 

Since the first reports on the photoluminescence of ruthenium(II) complex Ru(bpy)3 in the 1980s,1 the 

literature on this topic has grown tremendously. In 1984, Deronzier and co-workers were the first to 

use RuII(bpy)3 as photoredox catalyst in an organic transformation.2 In the last decade photoredox 

chemistry has emerged has an essential tool in radical chemistry. It has rendered the generation of 

highly reactive radical species mild, safe and efficient – in a nutshell: accessible to all. The resurgence 

of this mode of reactivity has led to the development of numerous photocatalysts and a deeper 

understanding of physicochemical processes and mechanisms. 

1.1.1. Reaching the photoexcited state in metal complexes 

Photoredox chemistry is the process through which a photocatalyst can facilitate the conversion of 

visible light into chemical energy.3,4 Many modern transition-metal catalysts (ruthenium- or iridium-

based photocatalysts) operate in the blue light region. This absorption band in the visible region 

corresponds to a Metal-to-Ligand Charge Transfer (MLCT), meaning that an electron is transferred 

from a metal-based to a ligand-based orbital (see Figure 1 for a qualitative representation).5 The 

resulting spatial separation of charges is crucial for the enhanced redox activity of the excited state 

compared to the ground state of the photocatalyst. Having promoted one electron to a higher lying 

orbital, the photocatalyst can now act as both an oxidant (Single Electron Transfer (SET) from the redox 

partner to the metal center) and as a reductant (SET from the ligand-based orbital to the redox 

partner), depending on the substrate. 
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Figure 1. schematic representation of a MLCT in an iridium catalyst. The charge separation is critical for the 
redox activity of the photocatalyst. 

From this reactivity it can easily be deduced that redox properties can be tuned through ligand design. 

Nowadays dozens of different iridium and ruthenium photocatalysts are commercially available and 

through them, a wide range of oxidation and reduction potentials can be accessed depending on the 

substrate to be activated. 

1.1.2. Reactivity pathways for the photoexcited catalyst 

In a reductive quenching cycle, the excited state of the photocatalyst acts as an oxidant by accepting 

an electron from the substrate (an electron donor (D)). This results in the reduction of the catalyst, 

which will need to give an electron back to an electron acceptor (A) in order to close the catalytic cycle 

(Figure 2a). In an oxidative quenching cycle, the photoexcited catalyst acts as a reductant which results 

in reduction of an electron acceptor and oxidation of the catalyst. A reduction event by an electron 

donor is necessary to close the catalytic cycle (Figure 2b). A and D can be, depending on the desired 

reaction, the substrate of interest, a reaction intermediate, or a sacrificial acceptor/donor. In some 

instances, it can also be a metal which has offered the possibility to develop dual-catalysis protocols.6,7 

 

Figure 2. Three possible reaction pathways from a photocatalyst excited state. a) Reductive quenching by a 
reductant D. b) Oxidative quenching by an oxidant A. c) Energy transfer. 
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In its excited state, a photocatalyst can also act as an energy donor by donating its excess energy to 

another acceptor molecule (Figure 2c). This can occur through two nonradiative mechanisms known 

as the Förster and the Dexter energy transfer.8 For the Förster energy transfer to occur, an overlap 

between the emission spectrum of the excited photocatalyst and the absorption spectrum of the 

acceptor is necessary. This is usually not the case between transition-metal photocatalysts and organic 

reactants so the Förster energy transfer is not a common pathway in photocatalyzed reactions. In the 

Dexter energy transfer mechanism, it is an orbital overlap that is necessary between the photoexcited 

catalyst and the acceptor. In other words, a bilateral exchange of electrons occurs between two 

molecules, and this requires a physical contact between the two entities. This is an important notion 

because molecular oxygen is a good quencher of the excited state of many transition-metal polypyridyl 

complexes following the Dexter mechanism.9 As a result, photoredox reactions are oxygen sensitive 

and require to be carried out in strictly deoxygenated solutions. 

1.1.3. Proton Coupled Electron Transfer – a specific mechanism for electron 

transfer 

Proton Coupled Electron Transfer (PCET) is a redox mechanism in which an electron and a proton are 

exchanged within the same elementary step.10 The important difference with a traditional hydrogen 

atom transfer (HAT) event is that in PCET, the electron and the proton travel to two different reagents: 

a proton transfer (PT) agent and an electron transfer (ET) agent. The scope of radical generation by 

HAT is thermodynamically limited by the difference in bond dissociation energy (BDE) between the 

two C-H bonds that are undergoing the hydrogen exchange.11,12 To be favorable, the BDE of the bond 

being formed must be higher than the BDE of the bond being cleaved, and this is precisely the problem 

with the HAT from strong X-H bonds. This typically leads to the homolytic cleavage of the weakest or 

of the best polarity-matched bond in the substrate. Additionally, a HAT agent formally accepts both an 

electron and a proton. The acceptance of an electron will be favored by electron-withdrawing groups 

(higher oxidative power); but the acceptance of the proton will be disfavored by electron-withdrawing 

groups (lower Brønsted basicity). As a result of this inverse correlation, it is difficult to design potent 

HAT agents. By physically separating these two elemental steps, PCET allows for a much wider 

thermodynamical range. A number of redox values have been compiled by Knowles and co-workers in 

their recent review.13 

Mechanistically, there are two possible pathways (Figure 3). Oxidative PCET involves the concerted 

transfer of an electron and a proton from the substrate to the PCET agents; this involves the hydrogen-

bonding of the proton transfer reagent (base) with the substrate prior to electron transfer. This non-

covalent pre-association allows for a selectivity towards strongly polarized heteroatom-hydrogen 

bonds over aliphatic C-H bonds. For example O-H bonds can be activated this way.14,15 Reductive PCET 

involves the concerted transfer of an electron and a proton from the PCET agents to the substrate, 

usually a double bond. This involves the pre-association of the substrate with the acid (PT reagent) 

prior to electron transfer, thus achieving the selective reduction of ketones and imines over less polar 

olefines. Radicals alpha to secondary amines can be easily generated this way.13,15 
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Figure 3. Mechanism of oxidative and reductive PCET. 

1.1.4. Different types of photocatalysts 

Photocatalysts can be of various nature but some common characteristics have emerged: 

 Strong absorption of light in a specific region; 

 Long-lived excited-state (typically longer than 10-9 s); 

 Stability in solution; 

 Reversible redox behavior with known or measurable redox potentials; 

 Ease of synthesis and tunability of redox properties.  

Transition-metal polypyridyl complexes such as presented in Figure 1 have been a convenient choice 

mostly because of the high tunability of their properties through ligand design. Although they have 

considerably contributed to the development of modern photoredox chemistry,16–23 the sustainability 

of these rare-metal complexes, their price and lengthy synthesis have been more and more 

questioned. For these reasons the scientific community is heading back towards organic chromophores 

and more generally, metal-free photoredox catalysis. 

Organic dyes have long been recognized for their ability to participate in photoinduced electron 

transfer (PET) because they can give rise to electronically excited molecules upon absorption of light. 

They can be used catalytically in organic synthesis and common organic photoredox catalysts include 

cyanoarenes, benzophenones, quinones, acridiniums (e.g. Fukuzumi’s catalyst)24,25 and xanthenes 

(with the famous fluorescein, eosin Y, Rose Bengal and Rhodamine),26 to only name a few.27–29 

Significant advances in the field of organic photoredox catalysis have been made in the last 40 years, 

and this topic was extensively reviewed by Nicewicz and co-workers in 201630 and 2021 with a focus 

on C-H functionalization reactions.31  

Electron Donor-Acceptor (EDA) complexes have been studied as early as 1952 by Mulliken who gave 

a precise nomenclature of electron donors and electron acceptors.32 He defined donors D and 

acceptors A as entities whose interaction results in the transfer of a negative charge (an electron 

transfer) from D to A with the ultimate formation of an end-product, either as an additive combination 

of D and A, or of new entities (Figure 4). The interaction of D and A is typically described as a molecular 

aggregate in the ground-state. This EDA complex is able to absorb visible light even if the individual 

entities do not. This is due to the fact that new 

molecular orbitals are formed from the 

HOMO/LUMO coupling of the donor and the 

acceptor molecules, and this chemical entity is 

characterized by a new absorption band usually 

in the visible region. 

Figure 4. Electron transfer process in EDA complexes. 
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This reactivity has often been serendipitously identified through control experiments revealing that 

reaction could occur in the absence of photoredox catalyst. Nowadays this strategy has gained 

increased attention and is largely developed as part of a precise reaction design.33,34 Melchiorre and 

co-workers are for example extensively developing this chemistry, but this strategy has been used by 

many others.35–38 

In the last decade, Quantum Dots (QD) have also been recognized as sustainable photocatalysts and 

interesting alternatives to precious metal-based polypyridyl complexes. In this context, these entities 

have been for a long time in the hands of a physical-chemistry community using them mostly for CO2 

reduction and hydrogen generation.39–43 More recently, quantum dots have proven to be able to 

replace metal polypyridyl complexes in key C-C bond formation reactions, and have gained increased 

attention from the organic chemistry community. The following sections aim at providing the reader 

with a general yet precise understanding of quantum dots from an organic chemistry point of view 

(section 1.2), and to display the range of organic transformations currently catalyzed by quantum dots 

(section 1.3). 

1.2. Photophysics of quantum dots for the organic chemist 
 

1.2.1. General description of quantum dots and underlying principles 

A Quantum Dot (QD) is a nanometer-sized crystal of a 

semiconducting material with a defined composition, size and 

shape. A QD is composed of an inorganic core made up of a few 

hundred to a few thousand atoms, surrounded by an organic layer 

of ligands (Figure 5). The diameter of a quantum dot generally 

ranges from 2 to 10 nanometers. The core of common QDs is made 

of a non-rare metal cation such as cadmium (Cd2+), indium (In3+) or 

zinc (Zn2+) with inclusions of elemental sulfur (S2-), selenide (Se2-), 

or tellurium (Te2-) anions (CdS, CdSe, CdTe, etc). The structure and 

size of the core is defined by crystal growth during the synthesis. 

In solution, quantum dots have a colloidal nature and possess the 

advantages of a homogeneous catalyst (such as large extinction 

coefficients) while retaining the ability to be recovered by 

centrifugation. 

These crystals of semiconductor are called quantum dots because their electronic wave function is 

under quantum confinement in all three dimensions. In a bulk semiconductor, the electron-hole pair 

(called an “exciton”) has a characteristic length that is quantified through the “Bohr radius” parameter 

and that depends on the electronic structure of the material. This Bohr radius is defined as the most-

probable distance between the electron and the hole within the exciton. When one or more spatial 

dimensions of the semiconductor are smaller than this distance, then the exciton becomes quantum-

confined, and we talk about “quantum dots”. This has several important consequences for QDs. While 

a bulk semiconductor has continuous conduction and valence energy bands and a fixed band gap, 

quantum dots have discrete atomic-like states and a size-dependent energy gap (Figure 6).44 

Figure 5: Schematic representation 
of a simple QD. Quantum dots are 

spherical nanoparticles surrounded 
by organic ligands. 
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Figure 6. Discrete atomic-like energy state of a quantum dot compared to a bulk semiconductor. Eg = band gap. 

Hence upon light excitation, an electron is promoted from the higher state of the valence band to the 

lower state of the conduction band, leaving a hole in the VB and bringing an electron into the CB (Figure 

7). While for typical photocatalysts we refer to single electron transfers, for QDs we will call the charge 

carriers “holes” (h+) and “electrons” (e-). Similarly to common organic molecules, a high-lying CB will 

result in high reduction potential (easy transfer of an electron of the QD to the redox partner) while a 

low-lying VB will result in high oxidation potential (strong driving force and easy transfer of an electron 

from the redox partner). 

 

Figure 7. Simplified electronic structure of QDs and their interaction with organic redox partners. A hole 
transfer corresponds to an oxidation of the redox partner. An electron transfer corresponds to a reduction of 

the redox partner. We shall refer to the position of the VB as the oxidation potential of the QD (positive 
values); the position of the CB will correspond to the reduction potential (negative values). 

1.2.2. Controlling the electronic properties of Quantum Dots 

1.2.2.1. Characterization of a quantum dot electronic properties 

The characterization of the electronic structure of quantum dots can be achieved through 

electrochemical measurements, optical absorbance, fluorescence, and electron microscopy 

measurements.45 Cyclic voltammetry is a common experimental technique to determine the energies 

of conduction and valence band states of semi-conductors, but the interpretation of the cyclic 

voltammograms can be difficult. Because of their colloidal nature, QDs have low diffusion coefficients 

and therefore give rise to only small currents. Additionally, the measured potentials are dependent on 
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the surface functionalization due to the presence of potentially redox active ligands. It is possible to 

circumvent these problems, for example by using quantum-dot coated electrodes.46 In numerous 

publications, the exact redox potentials is not calculated and/or measured. In some cases, it can be 

compared to literature known values; in many  studies, the ability of specific quantum dots to exchange 

holes and electrons with a given substrate is apprehended through fluorescence quenching 

experiments.47 Finally, the redox potentials of quantum dots can be estimated by reacting them with 

substrates of known and increasing oxidation potential (or reduction potential, depending on the 

reaction). The formation of product can be correlated to the redox potential of the substrate and 

therefore of the QDs, taking into account a small gap due to necessary driving force.48 

The exact diameter of quantum dots as well as their extinction coefficient ε can be derived from the 

λmax of absorption (easily determined by optical absorbance) through literature known formulas based 

on experimental polynomial fits,49 or calculations.50 This in turn allows the concentration of a QD 

sample to be determined by absorbance measurements using the Beer-Lambert law (equation 1). 

𝐴 =  𝜀𝑙𝐶 (Eq. 1) 

where   A is the absorbance; 

ε is the extinction coefficient in M-1.cm-1; 

l is the optical path length in cm; 

C is the concentration of the absorbing species in mol.L-1 (M). 

Transmission Electron Microscopy (TEM) can also be used to determine the size of quantum dots as 

well as their size distribution. The size of the quantum dots is a critical parameter in their electronic 

properties, as will be demonstrated below. 

1.2.2.2. Size-dependent energy gap 

The quantum-confinement of the exciton in the QDs results in high levels of energy for the holes and 

the electrons; hence the smaller the QD, the more oxidizing and reducing it becomes. In other words, 

the bigger the QD, the smaller the band gap (Eg) between conduction band and valence band (Figure 

8). This band gap is an energy value and can thus be traced back to the wavelength of maximal 

absorption (through E = hc/λ). This can be used during the synthesis of the quantum dots to reach the 

desired size by simply measuring the position of the exciton by UV-Vis measurements. 

 

Figure 8. Shifting of conduction and valence bands with increasing diameter of the quantum dots. The shifting 
is stronger for the conduction band than for the valence band, meaning that the QDs become more reducing 

than they become oxidizing when their size is reduced (see also Table 1 below). 
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CdSe quantum dots belong to the most studied nanomaterials. Osterloh and co-workers have reported 

the energetic properties of CdSe QDs caped with 2-mercaptoethanol ligands  as a function of their 

size.46 Some indicative values are reported in Table 1 in V vs SCE to allow a facile comparison with 

values given for unimolecular photocatalysts. In addition, Weiss and co-workers have gathered an 

impressive number of values depending on QD composition, size, and capping ligands.45 

diameter (nm) 
ECB (V vs SCE) – reduction 

potential of the QD 
EVB (V vs SCE) – oxidation 

potential of the QD 

bulk, pH 9 -1.09 0.65 

4.0 -1.29 0.76 

3.0 -1.11 0.80 

2.5 -1.61 0.97 

2.0 -1.89 0.99 

Table 1. Typical oxidation and reduction potentials of CdSe quantum dots depending on their size. With 
decreased diameter, the QD becomes more reducing (higher negative value) and more oxidizing (higher 

positive value). Values measured by Osterloh and co-workers.46 

Although no systematic study has been conducted on CdS QDs, experimental estimations for the 

valence band energy of CdS QDs range from 1.24 to 1.9 V vs SCE,51–53 significantly more oxidizing than 

for CdSe QDs. A conduction band edge energy was reported to be -1.19 V vs SCE, however the size of 

the QD was not specified.53 Additionally, literature reports exist for quantum dots exhibiting highly 

reducing conduction band egde levels such as with ZnSe54 and CuInS2
48 based QDs. 

The size of the quantum dot nanoparticle also has an influence on the extinction coefficient of this 

given nanocrystal. Peng and co-workers have shown a clear dependance in the case of CdTe, CdS and 

CdSe QDs where the bigger the nanoparticle, the higher the extinction coefficient.49  

1.2.2.3. Interface engineering 

A very important parameter in quantum dot photochemistry is the ability of holes and electrons to 

travel to the surface of the nanoparticle, to interact with a substrate, and to do so without first 

recombining. For a quantum dot, the source of the quantum confinement is the presence of a sharp 

dielectric interface between the crystalline core and the surrounding environment. In addition, the 

spherical structure of the nanoparticle has for consequent to increase its surface-to-volume area, 

which means that the majority of the atoms are at the interface with the surrounding environment. 

Therefore, modifications of the surface of the QD will have a strong and immediate influence on the 

overall electronic properties of the QD.55 

Ligand tuning. Weiss and co-workers have compiled the valence band-edge energies of quantum dots 

of the same size and composition but being decorated with different surface ligands (typically oleate, 

oleylamine, alkyl amines, thiophenol, alkanethiols, trioctylphosphine oxide).45 They have shown that 

energetic shifts ranging from 0.16 to 0.75 eV can be obtained depending on the electronic properties 

of the ligands. It was deduced that the greater the electron-donating character of the ligand’s 

substituent attached to the surface, the more destabilized became both the valence and the 

conduction bands (shift to the higher E values). Therefore, electron transfer becomes more favorable. 

The reverse is true for electron-withdrawing groups. 
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But the ligands have far more importance than that with effects visible also on the stability of the 

quantum dots in solution, solubility, and more or less facile access of the substrate to the surface of 

the nanoparticle.56,57 The ligands can be introduced on the nanoparticle during the synthesis but can 

also easily be exchanged post-synthesis due to the possibility to remove QDs from a solution through 

centrifugation or ultra-filtration. The ligands are an important parameter to study when developing 

quantum dots. 

Core-shell QDs. Core-shell quantum dots are onion-like 

nanoparticles that contain two (or more) semiconductor 

materials with different band gaps (for example CdS/CdSe, 

CdSe/ZnS, etc) (Figure 9). These structures have been studied to 

facilitate spatial and wave function separation of electrons and 

holes.58 

The band gap of the shell material compared to the core 

material can have important consequences. Although several 

possible combinations exist, we shall consider two main types of 

core-shell quantum dots (Figure 10).59 

• In type-I QDs, the band gap of the shell is bigger than the band gap of the core. As a result, 

electrons in the valence band of the shell cannot populate the valence band of the core, and 

electrons in the conduction band of the core cannot populate the conduction band of the shell. 

Therefore, the charge carriers are both located in the core and will have difficulties to be 

transferred to the surrounding environment. This can be interesting when QDs are intended 

for photoluminescence. More interesting from an organic chemistry point of view are inverted 

type-I QDs. In this case, the band gap of the shell is smaller than the band gap of the core. 

Applying a similar reasoning as for the type-I QDs, we can deduce that holes and electrons will 

be located in the shell. Overall, this makes these types of QDs less oxidizing than their pure 

core counterparts, and more similar in properties to the shell material. At the same time, 

because holes are brought closer to the interface, this can be beneficial when the first step of 

the reaction is an oxidation (reductive quenching of the QD). 

  

• In type-II QDs, both band gaps are similar in size, but the band gap of the shell is shifted down 

compared to the core. This means that the CBshell and the VBshell are lower than the CBcore and 

the VBcore. This results in electrons being located in the shell (as in inverted type-I QDs, they 

cannot transfer to the higher CBcore), and holes located in the core, which is ideal for charge 

separation and reduction as an initial step. Quasi type-II core-shell QDs are essentially type-II 

structures where the CB of the core and of the shell are very close, leading to the electrons 

being present not only in the shell but also in the core of the QD. In this type of QDs there is 

an enhanced charge separation. As a result, the hole can be relatively easily extracted as a first 

elemental step in the reaction, and subsequent electron transfer is easy due to the presence 

of electrons close to the interface 

Figure 9: Schematic representation of 
a core-shell QD. 



Chapter 1 – Quantum dots as photocatalysts in light driven organic transformations 
 

10 
 

 

Figure 10. In inverted type-I core-shell QDs, the higher CB of the core forces the electrons to be located in the 
shell, while the lower VB of the core can be easily populated, leaving holes in the shell’s VB. As a result, both 

charge carriers are located in the shell. In type II core-shell QDs, the lower CB of the shell is again populated by 
the electrons, but the holes are located in the higher VB of the core. 

In addition to facilitate hole and electron transfer, the shell can provide a physical barrier between the 

optically activ core and the environment, making the colloid less sensitive to the environment (O2, H2O) 

and less prone to photo-oxidation. 

Nanocomposites. Semiconductor-metal nanocomposites are core-shell structures where the shell is a 

noble metal such as Ag, Au, Pt. It has been shown that the metal in contact with the semiconductor 

enhances the photocatalytic efficiency of the composite by storing and shuttling photogenerated 

electrons from the semiconductor to an acceptor.60–62 This has for consequence the decrease of charge 

recombination between the photogenerated holes and electrons. This can be done through coating of 

the QD with a metal layer; alternatively, the QD can be linked to a ligand-capped, metal nanoparticle 

via a molecular bridge (for example Metal-S-(CH2)n-S-QD).63  

1.3. Quantum dots as photocatalysts for organic synthesis 
 

The safe, scalable and efficient synthesis of colloidal solutions of quantum dots has been previously 

investigated.64 A common method is the hot-injection approach where the injection of the 

semiconductor precursors is carried out at high temperatures (up to 320 °C) in a solution of a stabilizing 

ligand. The rate and order of addition as well as the temperature can be used to precisely control the 

size of the nanoparticles. The ligands can be exchanged after the synthesis and do not require lengthy 

synthesis. QDs have very high extinction coefficients (105–106 M-1 cm-1
 versus 102 for typical iridium 

catalysts),49 defined absorption and emission wavelengths, are photostable, and can easily be 

recovered from a reaction mixture. 

For all these reasons, quantum dots have been investigated as suitable photocatalyst in place of 

transition metal polypyridyl complexes for organic synthesis. However so far, the use of quantum dots 

in organic synthesis has been largely limited to net oxidative or reductive reactions, with little 

applications in redox neutral C-C bond formations. Additionally, numerous methodologies still focus 

on the development of quantum dots using a model organic transformation without proposing a 

substrate scope or a scale-up protocol that would allow preparative chemistry to be carried-out. 

Although these studies are theoretically interesting and do give an insight into the capabilities of these 

photocatalysts, the following sections will solely focus on methodologies that do apply the use of 

quantum dots to preparative organic synthesis. Important parameters such as the reaction scale and 

the irradiation set-up are gathered and summarized in Table 2, when available. Studies focusing on the 
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development of organic transformations, including those without preparative synthesis, have been 

previously reviewed.65–67 

1.3.1. Photooxidation and hydrogen evolution 

This first section builds on the knowledge that was gained through the study of quantum dots as 

photocatalysts for the generation of hydrogen from water, and shows how this could be used to 

synthesize organic molecules. 

The water splitting to H2 and O2 by single semiconducting material in solution is a known process that 

has been developed for the green generation of hydrogen.68 The H2-producing half-reaction is induced 

by the reduction of protons by photoexcited electrons at the surface of the semi-conductor (equation 

2). The counterpart oxidative half-reaction involves the use of the photoexcited holes to generate O2 

and H+ from H2O (equation 3).  

2𝐻+ +  2𝑒− →  𝐻2  (Eq. 2) 

2𝐻2𝑂 → 𝑂2 + 4𝑒− + 4𝐻+ (Eq. 3) 

This later reaction involves a four-electron transferring process and as such, is often slow and 

significantly impairs the overall water splitting process. As a result, sacrificial reagents are often used 

to accelerate the rapid consumption of holes and electrons and through this, to accelerate the 

reduction/oxidation process. However, problems remain such as the production of useless by-products 

derived from these sacrificial reagents, the limited commercial value of O2, and the necessary 

separation of explosive H2-O2 mixtures.68  

The cooperative coupling of oxidative organic synthesis and hydrogen production has emerged as a 

powerful strategy to circumvent these issues.69 From a hydrogen production perspective, the 

consumption of holes by organic reactants couples the hydrogen evolution with the production of 

value-added chemicals. From an organic synthesis point-of-view, the process can be used to synthesize 

these value-added compounds under mild conditions with hydrogen as the sole co-product of the 

reaction – a win-win situation. A semiconductor with a conduction band more negative than the 

reduction potential of H+ (-0.41 V vs NHE) is necessary while the valence band has to be lower (more 

positive redox potential) than the oxidation potential of the organic substrate. In the very recent years, 

quantum dots have been recognized as possible photocatalysts for this transformation and have 

shown to allow the activation of X-H bonds (X = C, αN, S, αO) and the concomitant generation of 

hydrogen.66,67,69 Very often (vide infra), it is proposed by the authors that two substrates are activated 

concurrently and are coupled via radical-radical coupling at the surface of the quantum dot (Figure 

11).  
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Figure 11. General mechanism for the cooperative oxidation of organic molecules and hydrogen evolution. For 
clarity purposes, two parallel catalytic cycles are drawn; because QDs can bind several substrates at once, it is 

possible that these two cycles take place on the same quantum dot. 

In this type of reactivity, it has been observed that no reaction occurred with molecular catalysts such 

as iridium or ruthenium catalysts possessing suitable redox properties. It is postulated that the key 

parameter in quantum dot photocatalysis is the activation of several substrates at once, with 

immediate reduction of the proton at the surface of the QD. It is suggested that the protons do not 

diffuse in solution, allowing this reduction step that is otherwise considered not plausible using 

unimolecular catalysts. The absence of significant homo-coupling product formation could be 

explained by the fact that these radical species are generated simultaneously at equal rates; if they 

have different life-times, a persistent radical effect could explain why cross-couplings are observed in 

place of homo-coupling.70 In some cases, alternative mechanism hypothesis not involving a radical-

radical coupling step will be discussed. 

This type of chemistry with quantum dots has been developed by Li-Zhu Wu and co-workers. In 2014, 

they reported the transformation of thiols into disulfides with concomitant hydrogen evolution using 

this method.71 The authors suggested that the thiol substrates were bound to the quantum dots as 

thiolate anions (the reaction is run under basic conditions) so that the coupling reaction occurred on 

the QD’s surface rather than in solution. The reaction was therefore more efficient when using naked 

quantum dots, i.e. whose ligands had been removed before reaction by an acidic treatment. 

Additionally, it was found that the coupling was facilitated by adding a nickel(II) cocatalyst for hydrogen 

evolution. It has been previously demonstrated that nickel(II) salts such as NiCl2 or Ni(OAc)2 are able 

to perform the reduction of H+ into H2.72 It is thought that in this reaction, the excited states of the QDs 

are reductively quenched by the bound thiolates to give thiyl radicals, and that in the following 

reduction event electrons are first transferred to the nickel(II) ions. This cocatalyst in turn promotes a 

fast proton reduction. This strategy also helps to reduce recombination of holes and electrons by 

physically separating one charge carrier from the other.61 Under these reaction conditions, the 

conversion of the thiol substrates and the rate of H2 evolution were greatly improved and nearly 

quantitative yields were obtained within 4 hours. The authors also showed that when running the 
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reaction in D2O instead of H2O, D2 was generated instead of H2 with no loss of reaction efficiency. This 

indicated that the source of H atoms in the generation of H2 was the aqueous solvent of the reaction. 

The reaction could be applied to thiophenols bearing electron-withdrawing and -donating groups but 

was very sensitive to steric hindrance (Figure 12). This is in accordance with the hypothesis of a 

QD/thiolate conjugate since steric hindrance would prevent attachment of the substrate on the 

surface of the QD. Aliphatic thiols having carboxyl, amino, methoxy and halide substituents were 

amenable to the reaction as well. Because the disulfide product is binding more weakly to the QD than 

the starting thiolate, the product detaches from the catalyst before further reaction occurs, avoiding 

overoxidation issues. Finally, the reaction was not impaired by the presence of oxygen and the 

quantum dots could be reused 4 times with minimal loss of yield. No scale-up was carried out above 

0.25 mmol.  

 

Figure 12. Transformation of thiols into disulfide and hydrogen by visible-light irradiation of quantum dots. 

In 2017, the ability of thiolates to efficiently quench photoexcited holes and to generate thiyl radicals 

was used for the oxidation of primary and secondary benzylic alcohols to aldehydes and ketones.73 The 

thiyl radicals were used as hydrogen atom abstraction agents to generate benzylic alpha-hydroxyl 

radicals (Figure 13A). Alternatively, the thiyl radicals could recombine to give the disulfide product, 

which was shown to be a suitable hole quencher able to generate a thiyl radical back. 

Disproportionation of two benzylic radicals was proposed for the formation of the desired oxidized 

product and benzyl alcohol, however this step seems less favorable than the possible competitive 

pinacol coupling. The possibility of a hole transfer to the α-hydroxybenzyl radical leading to the 

oxidized product was not discussed in this study but seems also more likely than the disproportionation 

step. This alternative mechanism was proposed by Weiss and co-workers who developed CdS QDs for 

the oxidation of benzylic alcohols to benzaldehyde.74 Interestingly, the authors suggested that the first 

event in the mechanism was the electron transfer from the conduction band of the QD to the physically 

adsorbed Ni2+ ion, thus allowing the holes to be more long-lived. The quantum dots used in this study 

are directly caped with the 3-mercaptopropionic acid (MPA) ligands and NiCl2 is used as nickel(II) 

cocatalyst.  
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Figure 13. A/ Proposed mechanism for the thiyl radical mediated oxidation of benzylic alcohols under quantum 
dot photocatalysis. B/ Alternative mechanism leading to the product. C/ Scope of preparatively synthesized 

products. 

The method could be successfully applied to polyhydroxylated compounds with a good selectivity for 

the benzylic position (Figure 13C). Not all products in the scope were isolated, however two gram-scale 

reactions were reported.  

In 2021, the same group disclosed the direct alkylation and arylation of allylic bonds using quantum 

dots and visible light.75 The scope was mostly limited to cyclic allylic systems of different sizes with the 

exception of one tetrasubstituted, linear alkene (Figure 14). Tetrahydroisoquinolines were found to be 

good partners for alpha-amino radical generation as well as alpha-amino esters. Notably a scale-up to 

5 mmol could be carried out with minimal loss of yield (96% to 85% upon a 50-fold scale-up). 
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Figure 14. Representative conditions and substrate scope for the alkylation of allylic bonds. 

It has been previously reported that a strong oxidant such as the photoexcited state of the 9-mesityl-

10-methylacridinium ion (E1/2
*= + 2.06 V vs SCE in MeCN) was able to oxidize benzylic rings to the arene 

radical cation.76,77 The acidity of π-C-H•+ radical cation is inherently augmented compared to the 

starting material,78 and deprotonation typically proceeds smoothly to give the desired benzylic radical. 

By choosing the right photocatalyst, overoxidation to the benzylic cation can be avoided. More 

recently, this chemistry was expanded to allylic sp3 C-H bonds by employing the same type of 

acridinium catalyst.79 Li-Zhu Wu and co-workers found that holes generated from CdSe and CdSe/CdS 

quantum dots (1.9 nm diameter for the core) could drive the same type of transformation by 

generating allylic radicals. The proton liberated from the π-C-H•+ radical cation can be efficiently 

reduced by a QD-/Ni2+ system as previously described, leading to hydrogen evolution. The allylic radical 

is thought to be coupled via radical-radical coupling with alpha-amino radicals generated from alpha-

amino C-H bonds. Alternatively, we could also propose that the alpha-amino radical is over-oxidized to 

the iminium ion, which would be a good radical trap for the allylic radical.80 The resulting amine radical 

could be reduced to give the product and close the catalytic cycle. 
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Figure 15. Mechanistical hypothesis proposed by Wu and co-workers for the C-C bond formation between an 
allylic and a tertiary amine substrate under visible-light catalysis of quantum dots. 

In this study, a Minisci reaction was developed as well. A wide range of isoquinoline substrates could 

be reacted with allylic bonds leaving functional groups such as alcohols, amides, esters and halogen 

untouched (Figure 16). Electron-poor pyridines were amenable to the reactions as well, but modest 

regioselectivity for the C2 over the C4 position was observed. Additionally, the high excess of allylic 

substrate necessary for the reaction let to bis-functionalization with some pyridine partners. The 

method could be used for the modification of natural products and drug molecules. The authors 

suggested that the high excess of the allylic substrate was necessary to favor the interaction of the 

substrates with the surface of the quantum dots and to enhance allylic radical formation. This is in 

accordance with the known difficulty to extract holes from quantum dots as the first step (reductive 

quenching). To facilitate interaction of the substrates with the surface, a pre-treatment of the quantum 

dots was used to remove all ligands. 

 

Figure 16. Representative conditions and substrate scope for the arylation of allylic bonds. 
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Mechanistically, it is probable that a first QD catalytic cycle generates the desired allylic radical, which 

can add to a variety of N-heteroarenes but in particular isoquinoline derivatives. For such a coupling 

to occur, the isoquinoline should be activated. It is not clear from the reaction conditions whether the 

pH would be acidic enough to protonate the nitrogen. Alternatively, NiCl2 could play the role of a Lewis 

acid, or the QDs could be involved as well since the pretreatment with nitric acid creates cationic sites 

on the nanoparticle.  A second oxidation event with loss of a proton yields the re-aromatized product.81 

Two reduction events from H+ to H2 regenerate the quantum dots (Figure 17).  

 

Figure 17. Mechanistical hypothesis for the Minisci reaction of allylic substrates under visible-light catalysis of 
quantum dots. For clarity purposes, two parallel catalytic cycles are drawn; because QDs can bind several 

substrates at once, it is possible that these two cycles take place on the same quantum dot. 

The Wu group then reported a method devised from these two previous studies and proposed a direct 

allylic Csp3-H and vinylic Csp2-H thiolation under quantum dots photocatalysis.82 The thiyl and allylic 

radicals are generated at the surface of the photocatalyst by quenching the holes of the excited state, 

while the released protons are reduced and account for the observed hydrogen evolution. No nickel(II) 

cocatalyst was required, and the authors suggest again a radical-radical coupling mechanism. However, 

thiyl radicals dimerization would give the disulfide, which is a good radical trap.83 Hence it is also 

plausible that the desired product is obtained via radical addition of the allylic or vinylic radical to the 

accumulated disulfide compound. 
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Figure 18. Allylic and vinylic thiolation under quantum dot photocatalysis. 

Cyclic alkenes with an allylic C-H bond readily underwent allylic thiolation while electron-rich styrene 

derivatives without competing allylic positions underwent vinylic thiolation. As expected, electron-rich 

thiophenol derivatives were the best substrates for the transformation, and even ortho substituents 

were tolerated (Figure 18). 

In a next publication, the Wu group reported that the conjugation of tetrahydrofuran (THF) at the 

surface of the quantum dots resulted in elongation of the α-C-H bond and reduction of the electron 

density, which allowed a so-called “proton coupled interfacial electron transfer”.84 While the authors 

suggest the transfer of both a proton and an electron from the α-C-H bond of THF/QD conjugates, it 

seems also probable that a radical cation is formed on the oxygen atom first, and that loss of the alpha 

proton occurs next. This could be facilitated by the coordination of THF on vacant sites of the QDs. 

These vacant sites have been shown be exposed by acidic treatment of the aqueous solution of 

quantum dots,85 which could explain why the reaction efficiency was increased by employing two 

equivalents of benzoic acid. The alpha-oxy radical could be engaged in a radical-radical coupling 

reaction with alpha-amino radicals concurrently generated by the CdSe quantum dots (see Figure 15 

for a similar example). Alternatively, the alpha-amino radical could be oxidized to the iminium ion and 

serve as radical trap for the alpha-oxy radical.86 The scope for this transformation was large in number 

but limited to N-aryltetrahydroisquinolines and alpha-ester secondary anilines; both electron-

withdrawing and -donating groups were tolerated at all positions on the aromatic rings, except 

halogens and ortho substituents that proved problematic. No variation on the THF ring was reported 

(Figure 19).  
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Figure 19. Radical-radical coupling of alpha-oxy and alpha-amino radicals from respectively THF and aniline 
derivatives. 

Addition of the THF ring to chromone derivatives or terminal alkynes was demonstrated as well (Figure 

20). In these two reactions, reduction of the intermediate radical by the QDs leads to the product 

without hydrogen evolution. The addition to alkenes seems limited to chromones and it is not 

discussed whether alternative electron-poor olefins could be used instead.87,88 No details are given on 

the changes in the reaction conditions in these two protocols. The necessity to use core-shell quantum 

dots along with a base in the addition to alkynes is for example not rationalized. It could be related to 

the different reduction potentials required depending on the coupling partner – in the addition to 

chromones, an α-keto radical has to be reduced; in the addition to arylalkynes, a sp2-benzylic radical 

intermediate is involved. Alternatively, and considering the high excess of THF used in this reaction, it 

is possible that a radical chain mechanism is operative between the α-keto or benzylic radicals and the 

THF ring. The QDs would only be necessary to initiate the reaction. 

 

Figure 20. Addition of the alpha-oxy radical derived from THF on chromone derivatives and terminal 
arylalkynes. 
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Finally, a C-P bond formation driven by quantum dots was recently reported by the Zhu lab.89 The 

authors showed that naked 1.9 nm CdSe quantum dots could oxidize H-phosphine oxides into 

phosphoryl radicals under visible-light photocatalysis. This radical species could undergo radical-

radical coupling with alpha-amino radicals derived from N-aryltetrahydroisoquinolines with hydrogen 

evolution much like previously described (see Figure 15 and Figure 19). A different reactivity was 

observed when adding the phosphoryl radical to an unactivated alkene. This hydrophosphinylation 

reaction was demonstrated on 15 examples (0.1 mmol scale) with high yields of isolated products 

(Figure 21A). The authors proposed that the resulting C-centered radical could be trapped with the H• 

radical arising from reduction of a proton. The fact that no hydrogen evolution was observed in this 

reaction is probably rather to be attributed to a radical chain mechanism, a classical reactivity in radical 

phosphorylation reactions.90 The resulting C-centered radical can abstract a hydrogen from the H-

phosphine oxides to generate the phosphoryl radicals (Figure 21B). The QDs are necessary to initiate 

the chain. 

 

Figure 21. Hydrophosphinylation of unactivated alkenes. A/ Conditions and substrate scope. B/ Proposed 
versus alternative mechanism. 

1.3.2. Redox neutral reactions 

To demonstrate the ability of quantum dots to catalyze organic transformation, research groups have 

used them as photocatalysts in published transformations using iridium or ruthenium catalysts. This 

strategy allows the direct comparison of yield, catalyst loading and reaction time. In 2017, Krauss and 

Weix reported that oleate-capped, 3 nm CdSe QDs (E1/2
red = -1.52 V vs SCE) could be used for five 

different previously reported photoredox reactions, including C-C bond forming reactions, reactions 

with organic cocatalysts, and reactions with metal cocatalysts.91 The authors showed that catalyst 

loadings as low as 0.0008 mol% could be used, a quantity significantly lower than for iridium and 

ruthenium catalysts (usually around 1 mol%). These low catalysts loadings required not only a robust 

and efficient catalyst, but also an optimal photochemical set-up that guaranties photon absorption. 

Notably, no changes in the reaction conditions were necessary at all, and the scale did not have to be 

reduced upon using the quantum dots. This should encourage the introduction of quantum dots as 

part of the catalyst screening in photoredox methodology developments. As a general conclusion for 

this study, it was found that most reactions following a reductive quenching pathway could be 

reproduced using oleate-capped 3 nm CdSe QDs. Although the isolated yields were often 10-20% lower 

with the QDs than with the compared photocatalysts, they should be evaluated in light of the catalyst 

loading. Considering the extremely low QD loading used in most reactions, the efficiency and turn-over 
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numbers were higher with the QDs than with the Ir or Ru photocatalysts. The limitations pointed out 

by Krauss and Weix concern the decomposition sometimes observed for the quantum dots, attributed 

to loss of ligands during the reaction. The authors suggest that using bi- or tri-dentate ligands could at 

least partially solve the problem. In the following section, three redox neutral reactions investigated 

in the study of Krauss and Weix will be presented. 

1.3.2.1. Beta-functionalization of aldehydes and ketones via an enamine intermediate 

The β-alkylation of aldehydes by combining photoredox and organocatalysis, initially proposed by 

MacMillan and co-workers with an iridium catalyst,92 was successfully reproduced using quantum dots. 

Four examples are reported on preparative scale and the products were successfully isolated in 60-

70% yields (Figure 22A). The elemental steps performed by the QD catalyst are a first oxidation step of 

the enamine intermediate, and a reduction step of a carbon radical intermediate after trapping with 

the activated olefin (Figure 22B). This is an elusive example of alpha-ester radical reduction by QDs. 

 

Figure 22. A/ Scope of the β-alkylation of aldehydes. Yields obtained with the CdSe QDs (yields with the Ir 
catalyst). B/ Elemental steps performed by the QD charge carriers. 
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A similar protocol was adapted from MacMillan and co-workers for the β-aminoalkylation of ketones.93 

The feasibility of the protocol using quantum dots was demonstrated on two examples (Figure 23A). 

Mechanistically it is proposed that DABCO is first oxidized by the quantum dots and serves as electron 

transfer agent to generate the enamine radical cation, and the vinylogous alpha-aminoalkyl radical by 

loss of a proton (Figure 23B). The imine is thought to be reduced by the QD electrons with concomitant 

proton transfer, although it is possible that the direct radical addition to the imine happens first and 

that the resulting intermediate is reduced by the quantum dots in a second step. Another possibility is 

that the vinylogous alpha-aminoalkyl radical is further oxidized and that the resulting cationic 

intermediate serves as radical trap. A final reduction event would deliver the product.  

 

Figure 23. A/ Scope of the β-aminoalkylation of ketones. Yields obtained with the CdSe QDs (yields with the Ir 
catalyst). B/ Proposed mechanism and alternative radical addition pathways. 
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1.3.2.2. Dual catalysis QD/Ni 

Next, a metallaphotoredox amine arylation protocol was reproduced by Krauss and Weix, merging 

quantum dot and nickel catalysis.94 It was proposed by the authors of the iridium-catalyzed protocol 

that the photoexcited catalyst was able to oxidize a nickel(II) complex into a nickel(III) complex, thus 

promoting a C-N reductive elimination without the need for additional ligands on the nickel metal 

center. The resulting nickel(I) species can be reduced back to the nickel(0) catalyst by the electrons of, 

in this case, CdSe (Figure 24). DABCO was present in this protocol as a base, not as an electron-transfer 

reagent. In their seminal publication on metallaphotoredox catalysis, MacMillan an co-workers 

proposed that the initial activation of the NiII into the Ni0 species occurred via two discrete reduction 

events by the photocatalyst with the excess amine substrate playing the role of sacrificial oxidant.95 

The two electron reduction of NiII to Ni0 was reported to be achieved at -1.1 V vs SCE in DMF.96 Although 

the method using QDs was demonstrated on one example only, it shows the possibility to use quantum 

dots in metallaphotoredox protocols. 

 

Figure 24. Amine arylation protocol using a dual QD/Ni catalytic system. Yield obtained with the CdSe QDs 
(yield with the Ir catalyst). The quantum dots are involved in the oxidation and reduction of the nickel complex 

intermediates. 

1.3.2.3. Alpha-functionalization of N-aryl pyrrolidine derivatives 

The redox neutral alpha-functionalization of N-aryl tertiary amines has been extensively studied using 

iridium and ruthenium polypyridyl complexes (see Chapter 3). As a result, these studies have 

frequently been used as starting point and comparison for the development of quantum dots. For 

example, the α-vinylation of N-aryl pyrrolidine initially published by MacMillan and co-workers97 was 

used as model reaction for the development of quantum dots by Weiss52 and Pillai.98 However, no 
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preparative synthesis for reported in these studies. Concomitantly to the preparation of this 

manuscript, Huang and Luo disclosed the potential of CdS quantum dot gels as photocatalysts for 

organic synthesis.99 They based their study on the α-arylation of N-aryl pyrrolidine derivatives, a 

reaction initially developed by MacMillan and co-workers,100 and demonstrated the synthetic utility of 

their photocatalytic system by a preparative protocol on 0.5 mmol scale. A quantum dot gel is a 3D 

nanoarchitecture of interconnected QDs, prepared by oxidation of thiolate-capped quantum dots. By 

doing so, the QD gel loses most of its surface ligands but retains the quantum confinement associated 

with QDs. Compared to the initial thiolate-capped quantum dots, the QDs in the gel retained their 

nanometric size (3.2 nm) and exciton peak (395 nm). Hence the band gap was unchanged, however 

the conduction and valence bands were shifted up by approximately 0.5 V due to the change in surface 

chemistry (see section 1.2.2). Importantly, the authors postulated that the gelation resulted in 

increased surface site exposition, which in turned resulted in increased adsorption of the reactants 

and easier charge transfer compared to the initial QDs. Indeed, the α-arylation of para-methoxyphenyl 

pyrrolidine proceeded with a 20% increase in NMR yield when using the gel rather than the thiolate-

capped QDs (Figure 25). The protocol was used for the preparative synthesis of 8 α-arylated aniline 

derivatives in yields comparable to the iridium-catalyzed reaction. Interestingly, even electron-poor 

starting materials could be oxidized by the QD gel, and the quantum dot loading could be reduced to 

a very low 2 mmol%. In addition, the QD gel could be recovered from the reaction mixture by 

centrifugation and reused in another reaction with minimal loss of yield (10%). 

 

Figure 25. Alpha-arylation of aniline derivatives using a QD gel. TGA = thioglycolic acid. 

When using N-arylated, tetrahydroisoquinoline (THIQ) derivatives as starting material, the authors 

observed that the QD gel gave rise to a ring-opened product. The authors postulated that the initial α-

arylated product was able to bound to the surface of the gel, leading to a quaternary ammonium 

intermediate whose C–N bond was significantly weakened, allowing ring opening. This hypothesis was 

corroborated by the fact that this reaction was particularly efficient for electron-rich THIQ derivatives, 

who quaternary salt was stabilized (Figure 26). The exact mechanism of the ring opening is however 

still under investigation. This reactivity was not observed for non-gelated quantum dots. 
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Figure 26. Ring opening of α-arylated N-aryl tetrahydroisoquinoline derivatives. 

The mechanism of the α-arylation reaction was however based on the mechanism proposed by 

MacMillan and co-workers ().100 Reductive quenching of the photoexcited QD gel leads to a radical 

cation, whose deprotonation gives the α-aminoalkyl radical. Reduction of the 1,4-dicyanobenzene 

coupling partner leads to the corresponding radical anion. Radical-radical coupling followed by loss of 

the cyano groups accounts for product formation. 

 

Figure 27. Mechanism of the α-arylation reaction based on MacMillan's hypothesis. 
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1.3.3. Net reductive reactions 

The use of sacrificial reductants (usually trialkylamines or thiophenols) to quench the holes of the 

quantum dot can be a successful strategy to carry out a critical reduction step on the substrate of 

interest. 

1.3.3.1. Tertiary amines as sacrificial reductants 

On their study on the broadness of organic transformations accessible by quantum dots, Krauss and 

Weix reported as well two net reductive reactions using tertiary amines as sacrificial reducants.91 In a 

first protocol, the reduction event was used for the decarboxylative radical formation from N-

acyloxyphthalimides and the following addition of this radical a on styrene derivative.101 The 

recombination of benzylic radicals was observed as sole product (Figure 28). In the original publication 

using ruthenium catalysis, electron-poor olefins were used as well and resulted in alkylated products. 

However, these reactions were not reproduced with quantum dots (it is not specified in the paper of 

Krauss and Weix if they did not try, or if it did not work). 

 

Figure 28. Decarboxylative radical addition to styrene from N-acyloxyphthalimide derivatives under CdSe 
photocatalysis. Yield obtained with the CdSe QDs (yield with the Ir catalyst). The quantum dots are involved in 

the reduction of the radical precursor. A sacrificial reductant quenches the holes of the QDs. 

Then, a rather elusive oxidative quenching pathway was reproduced from Stephenson and co-

workers102 in the reductive dehalogenation of aryl halides. In this reaction, the photoexcited quantum 

dots are engaged in a reduction reaction with the aryl halide substrate, providing electrons as the first 

catalytical step. This required a high reduction potential for the photoexcited QDs, which was a limiting 

factor and restrained the scope to one electron-poor aryl iodide. The oxidized quantum dots were 

regenerated by a sacrificial amount of tributylamine, which was also involved in the hydrogen 
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abstraction step furnishing the product (Figure 29). Notably in this case, the scale was reduced from 

0.6 to 0.25 mmol upon using quantum dots in place of the reported iridium catalyst. 

 

Figure 29. Reductive dehalogenation of aryl halides using an oxidative quenching pathway with CdSe quantum 
dots. Yield obtained with the CdSe QDs (yield with the Ir catalyst). 

It is worthwhile noting here that König and co-workers developed significantly more reducing ZnSe/CdS 

quantum dots to achieve the same transformation.54 They could enlarge the scope to a variety of 

electron-poor or neutral (hetero)aryl bromide derivatives. Four examples of coupling with pyrroles 

were reported as well, albeit in moderate yields of 40%. The protocol was not applied to preparative 

chemistry and the products were not isolated. 

In close connection to these studies, Krauss and Weix explored the ability of CdS quantum dots to 

perform the reductive dehalogenation of electron-rich aryl chlorides with reduction potentials ranging 

from -2.5 to -3.5 V vs SCE.103 The authors performed an extensive mechanism investigation and 

postulated that the catalytic cycle started by the reductive quenching of the photoexcited quantum 

dots by a tertiary amine (QD* to QD-, Figure 30). The resulting anionic quantum dots were not reducing 

enough to directly transfer an electron to the aryl chloride derivatives. However, the possibility of 

exciting a second electron from the valence band to the conduction band in an anionic QD is retained 

(albeit with a much lowered absorbance compared to the excitation of the first electron).44 This results 

in a “negative trion state”(QD-*) consisting of two electrons in the conduction band and one hole in the 

valence band, and able to undergo a process known as the Auger recombination.104 This is a 

nonradiative process in which the energy (E in Figure 30) liberated by the electron-hole recombination 

is transferred to the third charge carrier of the trion, exciting it to a higher-energy state. Depending on 

the band gap of the QD, and hence on the energy liberated by the electron-hole recombination, the 

excitation can promote the electron to a higher state (it is then called a “hot electron”) or expel it 

completely from the QD into the solvent (ionization). Electron transfer of this highly reducing electron 

to the starting material brings the QD back to its initial state. 
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Figure 30. The Auger recombination mechanism conceptually explained using the simplified quantum dot electronic structure. 

The quantum dots used in this study are relatively large, 5.6–5.8 nm CdS quantum dots capped with 

oleic acid ligands. The base tris(2-aminoethyl)amine (TAEA) proved to be a more efficient hole 

quencher than DIPEA due to its ability to anchor itself at the surface of the quantum dots. Ligand 

displacement experiments showed that TAEA was able to replace the native oleic acid ligands at the 

surface of the QDs upon reaction, and that this event was stabilizing for the nanoparticle. However, a 

large excess of TAEA was detrimental to the reaction outcome (>20% drop in yield compared to the 

optimized conditions), presumably due to an impaired access at the surface for the aryl chloride 

reactant. It is also interesting to note that the noncoordinating DIPEA resulted in less reproducible 

yields between different QD batches. The authors postulated that it was the exact surface chemistry 

which was likely responsible for the observed discrepancies between QD batches. 

The aryl radicals obtained from this method were either trapped by a hydrogen atom donor (Figure 

31A) or by aryl radical acceptors like B2Pin2 or N-methylpyrrole (Figure 31D). The strongly reducing 

conditions were used for challenging reductive deprotections of tosyl or benzyl groups and 

demonstrated good functional group tolerance (Figure 31B). In addition, the reductive ring opening of 

cyclopropyl carbonyl derivatives was performed (Figure 31C). The reactions were run on 0.25 to 0.5 

mmol scale and a scale-up to 4 mmol was demonstrated. The quantum dots could be removed from 

the reaction media by precipitation and centrifugation to be used a second time without loss of yield. 
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Figure 31. Scope and synthetic utility of the aryl radical generation using highly reducing QDs via the Auger 
process. PMP = para-methoxyphenyl. 

 In 2020, Weiss and co-workers had already reported a strategy for the reductive deprotection of aryl 

sulfonyl-protected phenols using CuInS2/ZnS quantum dots exhibiting a high excited-state reduction 

potential (>-1.9 V vs SCE).48 The two-photon, two-electron process required a high excess of 

triethylamine as a sacrificial terminal reductant (Figure 32). A series of electron-deficient aryl 

sulfonates with reduction potential below -1.8 V vs SCE could be deprotected as assessed by NMR on 

sub millimolar-scale reactions. Remarkably, the method supported the presence of NHBoc and 

toluenesulfonyl protecting groups, as well as proximate ketones. Only one isolated yield was reported 

on a low 0.022 mmol scale, making the method unpractical for preparative synthesis applications. 
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Figure 32. Reductive deprotection of aryl sulfonyl-protected phenols. 

In 2019, Feng and co-workers reported a quantum dot photocatalyzed C(sp3)-Cl bond cleavage of 

ClCF2COOEt.105 The resulting ethyl difluoroacetate radical was trapped by a variety of N-aryl 

allylamines, engaging in a cascade cyclization to provide medicinally relevant CF2-containing 

azaheterocycles (Figure 33). The broadness of the reaction was demonstrated on a large substrate 

scope with good to excellent yields of fluorinated azaheterocycles. The reaction was not sensitive to 

the functional group electronic properties on the aromatic ring. The formation of 5, 6, and more 

challenging 7-membered rings was feasible. Diversely functionalized difluoromethyl chlorides were 

amenable to the reaction conditions including, additionally to ester groups, secondary and tertiary 

amides, benzoxazoles and oxadiazoles. A tricyclic product was obtained as well. The in vitro cytotoxicity 

of some of these medicinally relevant compounds was tested against two tumor cell lines and showed 

promising results, however the unusually high catalyst loading for this reaction (1 mol%) prevents its 

scalability. 
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Figure 33. Examples of CF2 containing azaheterocycles obtained through the quantum dot catalyzed method. 

The employed 3.5 nm-CdS QDs were capped with octylphosphonic acid (OPA) ligands and are thought 

to enter in a rather classical catalytic cycle following a reductive quenching with iPr2NEt. Subsequent 

electron transfer to ClCF2COOEt afforded the desired radical that was electrophilic enough to add to 

the unactivated olefin of the N-arylamine substrate. Subsequent cyclization on the aromatic ring 

afforded an aryl radical that could be further oxidized either by the holes of the QD or by electron-

transfer to the amminium radical cation of DIPEA. Loss of a proton afforded the rearomatized product. 

It is possible that the use of a simple N-aryl allylamine substrate required an excess of DIPEA as 

sacrificial reductant to avoid direct oxidation of the N-aryl moiety by the catalyst (see Chapter 3). A 

similar reaction was reported under iridium photocatalysis with  a phosphonodifluoromethyl radical 

species [•CF2PO(OEt)2] reacting on N-arylacrylamides.106 The mechanism followed in this latter case an 

oxidative quenching with final oxidation of the aryl radical by the iridium(IV) species, avoiding the use 

of a sacrificial reductant. 
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Figure 34. Mechanistic hypothesis for the quantum dot catalyzed C(sp3)-Cl bond cleavage of ethyl 
chlorodifluoroacetate and following cascade cyclization with unactivated olefins. 

1.3.3.2. Thiophenols as sacrificial reductants 

Shen, Pu and Peng used thiophenols as sacrificial hole scavengers for the reduction of imines107 and 

carbonyl compounds using quantum dots photocatalysts.108 Additionally, thiophenols are very good 

hydrogen atom donors due to the stabilization of the aromatic thiyl radical by resonance.83 

The reduction of aldimines to the corresponding secondary amines was developed in 2018 using 

oleylamine-capped, quasi type-II core-shell CdSe/CdS quantum dots as photocatalyst (refer Figure 10 

for a definition) in presence of excess 4-fluorothiophenol in toluene. The reduction of a wide range of 

N-aryl benzaldimines was demonstrated, and it was found that N-alkyl benzaldimines were suitable 

substrates as well (Figure 35). In addition, the method was applied to the two-step synthesis of the 

antimycotic agent butenafine. Under optimal reaction conditions, the catalyst loading for this reaction 

could be lowered to 0.001 mol%, meaning that high TON numbers up to 105 could be obtained for the 

transformation. Additionally, QDs still had the ability to photocatalyze the reaction when more starting 

material was added to the reaction mixture after completion of the previous run. The reaction could 

be scaled-up from 0.4 to 6 mmol without loss of yield, and a one-pot reaction employing the 

appropriate benzaldehyde and aniline also afforded the desired product in retained high yield. 
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Figure 35. Substrate scope of the QD photocatalyzed reduction of imines. 

The authors showed that in solution, proton transfer could take place between the acidic thiophenol 

and the native oleylamine ligands, leading to thiolate anions bound to the QDs. It is believed that these 

thiolates play a dominant role as hole trap, as exemplified by the good correlation between yields and 

acidity of the thiophenol employed as sacrificial reductant. Additionally, the oxidation potential of the 

thiolate anion (Eox = + 0.85 V vs SCE) is lower than that of the neutral thiophenol (Eox = + 0.95 V vs 

SCE)109 and is in good correlation with the estimated oxidation potential of the valence band of the 

QDs (Eox = + 0.9 V vs SCE). Hence a plausible mechanism for this reaction is the transfer of the holes 

from the valence band to the thiolate to generate a thiyl radical (Figure 36). Reduction of the neutral 

imine (Ered = − 2.0 V vs SCE)110 by the electrons of the conduction band (Ered = − 1.2 V vs SCE) is 

thermodynamically unfavorable but is possible via a PCET pathway leading to the alpha-amino 

radical.111 HAT from this nucleophilic radical to a second thiophenol molecule is a polarity-matched112 

process that affords the final product along with a another thiyl radical leading to a disulfide co-

product. 
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Figure 36. Proposed mechanism for the reduction of imines using core-shell QDs and a thiophenol derived 
sacrificial reductant. 

The choice of catalyst and reagents is interesting to discuss. Running the reaction with plain-core CdS 

or CdSe QDs led to a decrease of yield compared to the core-shell CdSe/CdS (60% vs 87%). Importantly, 

plain CdSe precipitated during the reaction, indicating that the core-shell structure of the catalyst was 

not only important for the photocatalytic efficiency of the reaction but also for the stability of the QDs. 

The photocatalytic hydrogenation of diarylamines has been described using iridium catalysis with 

triethylamine as a sacrificial reductant.113 It was found that under QD photocatalysis, triethylamine 

cannot be used as a hole scavenger, leading to no reaction at all. The authors suggested that 

triethylamine had a low ability to extract holes from quantum dots which seems to be in contradiction 

with previous studies, although DIPEA is indeed usually used instead of TEA (see Figure 28, Figure 41, 

Figure 34). It is possible that the high oxidation potential of the QD is not compatible with the easily 

oxidized TEA, leading to overoxidation and fast degradation of the QDs. 

In 2021, the authors reported the same method expanded to the reduction of aryl aldehydes and 

ketones chemoselectively to either alcohols or pinacol products.108 The scope of aromatic aldehydes 

was demonstrated on electron-rich and -poor substrates (Figure 37). Aromatic aldehydes substituted 

with a ketone or an ester substituent at the para position were well tolerated, albeit requiring a higher 

excess of p-toluenethiol. Heteroaromatic aldehydes could be reduced as well. The possibility of 

hydrogen abstraction of the aldehydic hydrogen by the thiyl radical, leading to the acyl radical, was 

not discussed by the authors but would be a non-productive, reversible process.114 Aromatic ketones 

were suitable substrates providing that longer reaction times were applied, giving the desired mono-

alcohols in high yields with electron-rich or -deficient substituents on the phenyl rings (Figure 37). 

Importantly, the formation of the pinacol product could not always be fully suppressed, especially for 

biarlyl ketones. As a matter of fact, the pinacol coupling reaction was mostly amenable to ketones, 

while aldehydes gave some amounts of mono-alcohol (Figure 38). This problem could be partially 

resolved by slowly injecting the thiophenol into the reaction mixture. 
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Figure 37. Scope of aromatic aldehydes and ketones in the reduction reaction mediated by QDs and 4-
methylthiophenol. 

 

Figure 38. Scope of the pinacol coupling reaction. 

Core-shell CdS/CdSe quantum dots were used in combination with p-toluenethiol as proton and 

hydrogen atom donor, as well as hole trap. The mechanism for the reduction of carbonyl compounds 

to the mono-alcohol is in all point similar to the one previously proposed for imines. Cesium acetate 

was used as a base to favor the formation of the thiophenolate anion, which is a good quencher of the 

photoexcited QDs compared to the neutral thiophenol derivative. Reduction of the neutral carbonyl 
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compound (-1.93 V vs SCE in MeCN for benzaldehyde and -2.11 V vs SCE in MeCN for acetophenone) 

by the electrons of the conduction band (~-1.2 V) is thermodynamically unfavorable but is possible via 

a PCET pathway leading to the ketyl radical.115 HAT from excess thiophenol is a polarity-matched,112 

favored process that affords the mono-alcohol and suppresses completely the formation of the pinacol 

product. In presence of less thiophenol (1.5 instead of 5 equivalents), HAT to the ketyl radical is 

inefficient and dimerization becomes the main pathway for the ketyl radical intermediate, giving rise 

to the pinacol product (Figure 39). Alternatively, the same pinacol product could be obtained by 

addition of the ketyl radical to a second equivalent of the carbonyl compound,116 leading to an alkoxyl 

radical that could abstract a hydrogen from thiophenol (at a rate of 109 M-1s-1 at 298 K)117 or that could 

be reduced to the oxyanion leading to the product. Probably because less thiol was used, no excess 

base was necessary in the pinacol coupling reaction. The basicity of the ligands is thought to be enough 

to generate the required thiolates. 

 

Figure 39. Postulated mechanism for the selective formation of the alcohol or the pinacol products from 
benzoketone and benzaldehyde derivatives. 

Interestingly, the light source needed to be adapted to the substrates. Thus, in the reduction reaction, 

aldehydes were irradiated with one 3 W green LED while ketones needed two 3 W green LEDs. In the 

pinacol reaction, two 3 W LEDs were used for all substrates. The irradiation power seemed to be an 

important parameter in driving an inherently less efficient reaction. In the scale-up reaction to 6 mmol, 

the irradiation power was also significantly increased (from 2 x 3 W to 40 W). Finally, the authors 

showed that the quantum dots could be used in 10 consecutive batches with an overall yield of 90% 

for the picanol coupling of 4,4’-dimethylbenzophenone. Between the first and the last batch, the 

reaction time only went from 22 hours to 38 hours, a relatively small increase. 

1.3.4. Net oxidative reactions 

In 2018, Pandey and Mukherjee reported the quantum dot mediated aerobic oxidation of aliphatic and 

aromatic boronic acids to the corresponding alcohols.118 The alkyl boronic acids elusive to the same 

ruthenium mediated protocol119  were amenable to the quantum dot method using oleyl amine-

capped CdSe QDs. Nonetheless the scope mostly features aryl boronic acids, both bearing electron-

donating and -withdrawing groups (Figure 40). Oxidizable functional groups such as a formyl and an 

amine moiety were tolerated with moderate to high yields. It was shown that the standard QD loading 
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of 0.08 mol% could be reduced to 0.001 mol% with acceptable loss of yield (63% instead of 88%) upon 

prolonged reaction time. More importantly, the TON was raised from 1100 to 62972, an extremely 

high value for a photocatalyst. For a scale-up from 0.2 to 2.0 mmol the catalyst loading could also be 

decreased to 0.005 mol% and after a prolonged reaction time the desired product was obtained with 

a 20% decrease in yield. Catalyst recycling experiments were also performed. Each run led to a slight 

decrease in yield and longer reaction time, consistent with a gradual decrease in catalyst loading due 

to catalyst degradation. 

 

Figure 40. Substrate scope aerobic oxidation of boronic acids mediated by low loadings of CdSe QDs. The 
generality of the reaction was demonstrated on a wide range of aryl boronic acids and 3 examples of alkyl 

boronic acids. 

The authors performed an optimization based, among other parameters, on the size of the QDs. They 

could clearly show that the yield was improved with increasing band gap, i.e. with decreasing diameter 

of the QDs – a parameter that has a strong influence on the position of the conduction band (see Figure 

8). Additionally, a drop of yield was obtained upon using type I core-shell CdSe/CdS QDs for which the 

electrons are located in the core. These results lead the authors to the conclusion that an energy 

barrier of activation for the electron transfer was at play, suggesting an oxidative quenching catalytic 

cycle. Additionally, the authors showed that both the boronic acid and the base were necessary for 

triggering the electron transfer step, however it was not elucidated how. The involvement of a Lewis-

base adduct is likely with boronic acids, but has been previously demonstrated by Ley and co-workers 

to engage in oxidative SET, not reductive.120 The authors also showed that the boronic acid starting 

material was responsible for increasing the QD emission lifetime, probably through passivation of the 

quantum dot. Therefore, it could be hypothesized that the formation of the Lewis-base adduct is 

necessary to prevent the boronic acid from interacting with the quantum dots, which in turns allows 

the reaction to start. To summarize these mechanistic studies, it is proposed that electron transfer to 

molecular oxygen produces the superoxide radical anion that displaces DIPEA to form a boronic acid-

superoxide radical anion adduct (Figure 41). Hole transfer from the valence band of the QD to the 

tertiary amine produces an amminium radical cation and restores the neutral state of the QD. A HAT 

event from this radical cation by the superoxide radical leads to the peroxyboronate intermediate 

which delivers the required alcohol after rearrangement and hydrolysis. A similar mechanism has been 
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described for the same, ruthenium mediated reaction developed by Jorgensen and Xiao in 2012.119 A 

reductive quenching by the tertiary amine was proposed in this case, although the possibility of an 

oxidative quenching pathway had not been ruled out. 

 

Figure 41. Proposed mechanism for visible light mediated aerobic oxidation of boronic acids. The mechanism is 
thought to start by an electron transfer to oxygen. 

1.3.5. Cyclophotoaddition reactions 

Weix and Krauss reported in 2017 that their oleate-capped 3 nm CdSe QDs had not been able to 

catalyze cyclophotoaddition reactions. This limitation has recently been partially lifted. 

When photons of an adequate frequency are absorbed by a quantum dot, electrons are promoted 

from the valence band to the conduction band. A possible pathway from here, as we have seen, is the 

transfer of holes or electrons to an organic substrate. Alternatively, a decay to the ground state can 

lead to the emission of a photon whose frequency is close to the frequency of the corresponding 

transition. The fluorescence of quantum dots has long been recognized has a powerful tool in imaging 

and sensing.121 In these cases, the excited state can be called a “bright” state. In some cases, a decay 

is observed in a state that is not coupled to any other level, preventing the emission or absorption of 

light from this state.122 These states are called “dark” states or, in the specific case of quantum dot 

photocatalysis, triplet-like excitonic dark states (we will refer to them more simply as triplet excitons). 

In 2016, Castellano and co-workers showed that CdSe quantum dots were able to transfer their triplet 

excitons to surface-bound molecular acceptors (Figure 42).123 Polyaromatic carboxylic acid derivatives, 

which are able to coordinate QDs, were used as the triplet acceptors. These acceptors can in principle 

be organic substrates involved in a direct organic transformation, or they can be used as energy 

transfer shuttles to a substrate in solution. This processus can be described as an interfacial Dexter-

like energy transfer. 
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Figure 42. Schematic principle of triplet exciton formation (dark state) in a quantum dot with consecutive 
Dexter-like energy transfer to a surface-bound molecular acceptor. Inspired and simplified from Castellano et 

al.123 

In 2019, Weiss and co-workers built on this discovery to drive the regioselective and diastereoselective, 

intermolecular [2+2] cycloaddition of 4-vinylbenzoic acid and derivatives by triplet-triplet energy 

transfer from specifically designed quantum dots.124 It was found that similarly to hole/electron 

excitons, triplet state excitons are tunable via size adjustment of the QD. It was thus possible to 

selectively sensitize one olefinic reagent in the reaction mixture by judicious light excitation, thereby 

achieving high selectivity for the hetero-intermolecular coupling toward cyclobutane synthesis. 

The regioselectivity of this reaction can be driven by the template furnished on the quantum dot 

surface by the anchoring of the carboxylic acid moieties. Therefore, it is possible to reverse it by tuning 

the carboxylic acid position, although the term of “reversal” is somewhat abusive since different 

products are obtained (Figure 43A). Nonetheless, it shows that the carboxylic moieties are responsible 

for the regioselectivity of the reaction. The diastereoselectivity observed in the cycloaddition can also 

be explained by this anchoring, whereby π-π interactions in the rigid olefinic system at the surface of 

the QD promotes the syn-selectivity. This was mostly demonstrated on homo-coupling 

transformations, but two hetero-couplings showed to be highly diastereoselective as well (Figure 43B). 

For each substrate, the corresponding iridium- and ruthenium-photocatalyzed reaction was run as 

well. The diastereoselectivity in this case was shown to be modest and in favor of the trans-products. 
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Figure 43. A/ Influence of the position of the carboxylic acid moiety in the product obtained in the [2+2] 
cycloaddition reaction. B/ Examples of the diastereoselective intermolecular hetero-[2+2] cycloaddition driven 

by CdSe quantum dots. 

Finally, the reversible association of the carboxylates with the Cd2+ ions on the QD’s surface ensures 

that coupled products can be displaced by new substrates to allow the reaction to go forward. 

Although the observed selectivity is interesting and complementary to the iridium-photocatalyzed 

reaction, the scalability of this method was not demonstrated. Isolated yields are reported on less than 

0.02 mmol scale reactions, which is too low for useful preparative chemistry. Additionally, the scope 

was limited to alkenes functionalized with carboxylic acid moieties; the use of one coupling partner 

without the carboxylic acid moiety not only shut down the diastereo- and regioselectivity, but also 

drastically reduced isolated yields to less than 10%. 

In 2021, the Weiss group published an extension of this method using carboxylate-bound polyaromatic 

“energy shuttles” that were able to act as noncovalent adsorption sites for the substrates of the 

reaction on the QD surface.125 As such, no anchoring groups were necessary on the starting materials. 

The triplet excitons were first transferred to this polyaromatic moiety, which was able to transfer it 

further to freely diffusing substrates (see Figure 42). The yields obtained were comparable to the 

iridium-catalyzed reactions run in parallel, but the reaction with QDs has the advantage of catalyst 

recyclability, lower catalyst loadings, and high stability. Unfortunately, the reaction was not scaled-up 

above 0.033 mmol. 
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1.3.6. Summary of relevant experimental parameters in the QD catalyzed 

reactions 

Reference Reaction Scale 
Number of 
QD cycles 

set-up/irradiation 

ACIE 2014, 
53, 2085 –

208971 

Disulfide 
formation (9 

examples) 

0.25 mmol. 
No scale-

up. 
Max. 4 

No details on the reactor, 
presumably a flask. Irradiation by a 

mercury lamp with a cutoff filter 
below 400 nm. 150 mW.cm-2 at the 
flask. Deaeration by bubbling N2 for 

15 min. 

Chem 7, 
1244–
125775 

Radical-radical 
coupling of allylic 
and alpha-amino 

radicals, 36 
examples 

0.1 mmol. 
One 

example 
scaled-up 

to 5 mmol. 

Not 
investigated. 

0.1 mmol scale: 10-mL reaction tube 
for 3 mL of solvent, deaeration by 
bubbling Ar for 30 min. Blue LEDs 

(3W, λ = 450 ±10 nm, 145lm @ 700 
mA), not specified how many and 

what kind of set-up. 
Gram-scale: 150-mL reaction tube 
(L=18 cm, diameter = 5 cm) for 100 

mL of solvent. No details on the 
irradiation. Concentration of the 

reaction increased by 50% compared 
to 0.1 mmol scale reaction. Reaction 
time is doubled. Same for all scale-

ups by the Li-Whu Zu group. 

Minisci reaction 
of allylic bonds 
(35 examples) 

0.05 mmol. 
No scale-

up. 

Not 
investigated. 

0.05 mmol scale: 10-mL reaction 
tube for 4 mL of solvent, deaeration 
by bubbling Ar for 30 min. Blue LEDs, 

no details. 

ACIE 2021, 
60, 11779 –

1178382 

Allylic and vinylic 
thiolation (28 and 

24 examples) 

0.05 mmol 
resp. 0.1 
mmol. 

Scale-up to 
2 mmol. 

Not 
investigated. 

0.05-0.1 mmol scale: 10-mL reaction 
tubes for 3-4 mL solvent. Blue LEDs 
(3W, λ = 450 ±10 nm, 145lm @ 700 
mA), not specified how many and 

what kind of set-up. Deaeration by 
bubbling Ar for 30 min.  

2 mmol-scale: 150-mL reaction tube 
(L=18 cm, diameter = 5 cm) for 80 

mL of solvent. Same concentration. 
Deaeration not specified. 24 h vs 12 

h. 

ACIE 2012, 
51, 4062 –

4066126 

Mannich reaction 
(4 examples) 

0.2 to 0.5 
mmol. No 
scale-up. 

Not 
investigated. 

No details given. 

JACS 2017, 
139, 

4250−4253
91 

C-C bond forming 
reactions 

0.25 to 0.5 
mmol. No 
scale-up. 

Not 
investigated 

Two LEDs with collimators for each 
aluminum cylinder containing a 1-

dram vial. Each cylinder is affixed to 
a small heat sink and attached to an 
aluminum plate. A fan is employed 
and T° estimated to reach 35-45 °C. 

The vial is reached by 520 mW of 
light. 
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Reference Reaction Scale 
Number of 
QD cycles 

set-up/irradiation 

CCS Chem. 
2022, 

10.31635/c
cschem.02
1.2021016

1589 

C-P bond 
formation 

0.05 to 0.1 
mmol. 

Scale-up to 
5 mmol. 

Not 
investigated 

0.1 mmol scale: 10-mL reaction tube 
for 3 mL of solvent, deaeration by 
bubbling Ar for 30 min. Blue LEDs 

(3W, λ = 450 ±10 nm, 145lm @ 700 
mA), not specified how many and 

what kind of set-up. 
Gram-scale: 150-mL reaction tube 
(L=18 cm, diameter = 5 cm) for 100 

mL of solvent. No details on the 
irradiation. Concentrated by a factor 

1.5. 48 h vs 16 h. 

ACIE 2021, 
60, 27201 –

2720584 
THF activation 

0.05 to 0.1 
mmol. 

Scale-up to 
5 mmol. 

Not 
investigated 

0.1 mmol scale: 10-mL reaction tube 
for 5 mL of solvent, deaeration by 
bubbling Ar for 30 min. Blue LEDs 

(3W, λ = 450 ±10 nm, 145lm @ 700 
mA), not specified how many and 

what kind of set-up. 
Gram-scale: 150-mL reaction tube 
(L=18 cm, diameter = 5 cm) for 90 
mL of solvent. No details on the 

irradiation. Concentrated by a factor 
2.5. 48 h vs 16 h. 

ACIE 2017, 
56,3020–

302473 
Alcohol oxidation 

0.2 mmol. 
Scale-up to 

10 mmol 

Not 
investigated. 

0.2 mmol scale: purple LEDs at 410 
nm, no details. 10-mL reaction tubes 
for 5 mL solvent. Deaeration by 
bubbling Ar for 30 min. 
Scale-up: no details on changes in the 
set-up. 16-24 h irradiation vs 6 h. For 
estradiol scale-up to 3.8 mmol: 
dilution by 2.2 and increase of QD 
loading by 4. 

ACS Catal. 
2018, 8, 

5206−5211
118 

Boronic acid 
oxidation 

0.2 mmol. 
Scale-up to 

2 mmol 

Max. 3 with 
overall 20% 
loss in yield. 

Each run 
took longer. 

0.2 mmol scale: LED strips (~460 nm, 
0.3 mW/cm2) coiled around in a 
Dewar, reaction in a Schlenk tube 
inserted in the Dewar. Anhydrous 
conditions.  
2.0 mmol and low catalyst loading 
reactions: a 20W blue LED was used 

Adv. Synth. 
Catal. 

2019, 361, 
708 – 
713105 

Cascade 
Cyclization of 

Functionalized 
Difluoromethyl 

Chlorides 

0.1 mmol. 
No scale-

up. 

Not 
investigated. 

36 W blue LEDs; not specified how 
many and what kind of set-up. A 
powerful irradiation might be 
required as the reaction is unusually 
concentrated and highly loaded in 
CdS QDs ([QD]=1.0x10-3 M in the final 
reaction solution). 

JOC 2018, 
83, 

11886−118
95107 

Reduction of 
imines 

0.4 mmol. 
Scale-up to 

6 mmol. 

Not 
thoroughly 

investigated. 
QDs were 

0.4 mmol: 3 W green LEDs. M = 0.05 
M. Seal tube. Deaeration by purging 
Ar for 10 minutes. 8 h. 
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Reference Reaction Scale 
Number of 
QD cycles 

set-up/irradiation 

shown to be 
still active 
after one 
reaction 

cycle. 

6 mmol: 20 W green LED. M = 0.05 M. 
Regular rbf flask (250 ml for 120 ml 
solvent). Deaeration by purging Ar for 
15 minutes.  10 h. 

JOC 2021, 
86, 

2474−2488
108 

Reduction of 
carbonyl 

compounds 

0.3 mmol. 
Scale-up to 

6 mmol. 

QDs were 
shown to be 
active over 
10 reaction 

cycles. 

0.3 mmol: 1 or 2 x 3 W green LEDs. M 
= 0.05 M. Seal tube. Deaeration by 
purging with Ar for 15 minutes. 
6 mmol: 40 W green LED, reaction in 
a rbf. M = 0.1 M. Deaeration by 
purging with Ar for 20 minutes. 

ACIE 2020, 
59, 14091 –

1409548 

Aryl sulfonyl 
deprotection 

0.022 
mmol. No 

further 
scale-up. 

Not 
investigated. 

4.5 mW, 532 nm laser diode. 

JACS 2022, 
144, 

12229–
12246103 

Auger-mediated 
reduction 

0.25 to 0.5 
mmol 

Reused once 
after 

precipitation 

0.25-0.5 mmol: see JACS 2017, 139, 
4250−425391. 
4 mmol: 20 mL vial for 16 mL of 
solvent (2.8 mm diameter). 
Photoreactor Penn PhD M2. Fan 
cooling. Set-up in the glovebox, 
irradiation outside the glovebox. 
Reaction conditions unchanged 
compared to the small scale.  

Nature 
Chemistry 
11, 1034–

1040 
(2019)124 

[2+2] 
cycloaddition 

0.011 to 
0.033 

mmol. No 
further 

scale-up. 

Not 
investigated. 

16.5 W white-light with a filter for 
some substrates (to remove the 
wavelength at which they abosorb). 

Table 2. Summary of preparative methodologies using quantum dots as photocatalysts - practical insights. 

In most cases, the reaction scopes are performed on 0.1 to 0.3 mmol scale. One reaction is then often 

scale-up to 2 to 5 mmols, usually without significant changes in reaction conditions. Sometimes the 

scaled-up reaction is more concentrated, sometimes more diluted; but the quantum dot loading is 

generally not changed. Importantly, a change in the irradiation power is always observed depending 

on the scale: a bigger scale requires a more powerful irradiation. Unfortunately, the number of LEDs 

as well as the exact irradiation set-up are often not described. Finally, it seems that from one method 

to another, for the same reaction scale, the power of the irradiation can be very different. For example, 

Li-Zhu Wu uses 3 W LEDs for 0.1 mmol scale reactions. In the oxidation of boronic acids (Figure 40), 

the authors used 36 W blue LEDs for the same scale. In the absence of a clear description of the 

irradiation set-up an exact comparison is difficult, however the difference seems significant and very 

reaction-dependent. 

1.4. General goal of the thesis 
The reactions developed within this collaboration should tackle unsolved problems in both the organic 

and physical chemistry communities. As we could see from section 1.3 (Quantum dots as 

photocatalysts for organic synthesis), several examples of reductive quenching of the QDs are 

described where sacrificial reductants are used in excess, favoring the hole transfer process. Fewer 
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examples of redox neutral transformations involving a reductive quenching of the QDs have been 

reported in preparative methodologies (see section 1.3.2). Therefore, from a quantum dot point of 

view there is interest in developing redox neutral reactions following a reductive quenching 

mechanism, that is for which the challenging hole transfer is the first elemental step. The use of 

core/shell QDs, understudied in these types of transformations, could be a major focus. 

From an organic chemist perspective, this could be applied to several transformations. In particular, 

the visible-light mediated generation of alkoxyl-radicals from simple precursors is desirable and could 

be achieved via the oxidation of relevant boronate complexes. This precursors have been shown to be 

compatible with quantum dots, as demonstrated by Pandey and Mukherjee (see Figure 41).118 The 

developments towards this reaction will be described in Chapter 2. 

The ability of tertiary amines to quench holes of quantum dots has already been unambiguously 

demonstrated. Even more examples are available in the literature when straying away from 

preparative chemistry, particularly in the context of redox neutral C–C bond formation from tertiary 

amines. The light-driven alpha-vinylation of tertiary anilines using vinyl sulfones as radical traps, 

initially developed by MacMillan and co-workers with an iridium photocatalyst,97 was for example used 

as model reaction for the development of quantum dots in two independent studies. In 2017, Weiss 

and co-workers demonstrated that the reaction could be run with CdS quantum dots without the need 

for sacrificial reagents or co-catalysts.52 The key discovery was the effects of the quantum dot’s ligands 

on the rate and efficiency of the reaction. In 2019, Pillai and co-workers further demonstrated that 

InP/ZnS quantum dots were suitable photocatalysts for the reaction.98 Therefore a similar reaction 

could be used to develop the quantum dots in Grenoble. In Bern, a cascade reaction involving the 

photooxidation of tertiary amines was developed and will be presented in Chapter 3. Initial results on 

the use of quantum dots for this annulation reaction will be detailed in Chapter 4. 

The development and characterization of the quantum dots, entirely performed at the CEA in 

Grenoble, will not be detailed in this thesis.  
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Our first attempt at developing a redox neutral reaction involving a reductive quenching of the 

photocatalyst focused on the generation of alkoxyl radicals via the one-electron oxidation of boronate 

complexes. 

2.1. Literature precedence 
 

Alkoxyl radicals are oxygen-centered radicals that possess, due to the position of the radical center on 

an electronegative atom, an electrophilic character and an intrinsic high reactivity.1 In contrast to 

hydroxyl radicals, the oxygen radical center is linked to an alkyl group. This confers to this highly 

reactive species a number of interesting reactivity patterns.2 Oxygen forms strong bonds to hydrogen 

and carbon atoms. Therefore, elementary reactions of alkoxyl radicals are typically involved in forming 

these types of bonds (section 2.1.1). On the contrary, oxygen forms relatively weak bonds with 

heteroelements containing lone pairs (such as nitrogen, oxygen, sulfur, chlorine), and this can and has 

been used for the selective generation of alkoxyl radicals from a number of precursors (section 2.1.2.1). 

Additionally, a number of methods have been developed for the direct activation of the strong O-H 

bond (section 2.1.2.2), in particular light-driven methodologies which will be our focus. 

 

2.1.1. Elementary reactions of alkoxyl radicals 

The reactivity of oxygen-centered radicals has been known and studied for a long time. Jens Hartung,2 

Živorad Čeković,3 and others have been instrumental in understanding and applying this chemistry to 

organic transformations already more than 30 years ago. Additionally, alkoxyl radicals have long been 

identified as key intermediates in the tropospheric degradation of alkanes and alkenes,4–6 as well as in 

biological processes.7 For example, the biosynthesis of the prostaglandin PGI2 is thought to proceed 

via an alkoxyl radical intermediate generated by hemethiolate enzyme catalysis.8 

 

Figure 1. Alkoxyl radical mediated biosynthesis of the prostaglandin PGI2. 

A complete review of methodology developments and biological processes involving alkoxyl radicals is 

outside the scope of the chapter. The description of elementary reactions of alkoxyl radicals will be 

illustrated with some examples taken from the recent literature on the light-driven generation of 

alkoxyl radicals. 

2.1.1.1. Hydrogen Atom Transfer (HAT) 

For the same reason that it is extremely difficult to cleave homolytically a simple O-H bond (the O-H 

bond has a bond dissociation energy as high as 105 kcal/mol in aliphatic alcohols),9 the alkoxyl radical 

is very efficient at abstracting hydrogen from unactivated aliphatic C-H bonds, either intra- or 
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intermolecularly (k = 2.7 × 107 s-1 and k = 105–107 M-1 s-1 respectively, 298 K, Figure 2).3 Since the bond 

dissociation energy of most C-H bonds is considerably lower than that of the O-H bond, the hydrogen 

transfer from a C-H bond to an alkoxyl radical is exothermic and the enthalpy of activation will be 

smaller for more stable carbon radicals. As a matter of fact, structural factors such as steric, 

conformational, and polar effects will play a key role in the outcome and efficiency of the HAT 

process.10 

 

 

Figure 2. Hydrogen Atom Transfer reactions of alkoxyl radicals. 

For example, 1,5-HAT predominates among intramolecular hydrogen atom transfer possibilities 

because it involves a chair-like transition state in which the orientation between the oxygen centered 

radical and the δ-H atom results in minimal interactions and distortions.3 An optimal distance of 2.5-

2.7 Å is achieved between the alkoxyl radical and the δ carbon, and this geometry is the lowest in 

energy. 1,6-HAT can occur if a seven-membered cyclic transition state is conformationally stable and 

if no hydrogen atom is present at the δ position.11 Suarez and co-workers reported 1,n-HAT events up 

to n = 8 in sugars.12,13 When the resulting C-centered radical is trapped by a suitable radical acceptor, 

this reactivity allows for the synthesis of δ-functionalized alcohols.14 In the recent years, 

photocatalytically generated alkoxyl radicals have been used to this end. For example, Zhu and co-

workers reported in 2018 the remote cyanation and azidation of alcohols using alkoxyl radicals.15 Chen 

and co-workers developed two different methods for the δ-alkenylation and δ-allylation of alcohols 

using vinyl- and allylsulfone traps.16,17 Shortly after, Meggers and co-workers reported an asymmetric 

alkylation protocol.18 

2.1.1.2. Beta-fragmentation  

A competitive behavior to the HAT reactivity comes from the propensity of alkoxyl radicals to undergo 

β-fragmentation to give a carbonyl group and a carbon-centered radical.19 The efficiency of this 

process, and therefore the competition with the HAT pathway, will depend on the stability of the 

generated carbon radical center20 and, if applicable, on the strain release accompanying the 

fragmentation of cyclic alkoxyl radicals. This factor also plays a role in the regioselectivity of the 

fragmentation. Although strain release will result in faster rate of fragmentation,21 β-fragmentation of 

alkoxyl radicals can take place without assistance of ring strain (Figure 3). This is probably due to the 

facile overlap between the half-filled orbital on the oxygen with the σ-orbital of the C-C bond to be 

cleaved. For example, the fragmentation of a linear, secondary alkoxyl radical such as I occurs with a 

rate of 1.4 × 105 s-1.20 The ring opening of the cyclopentyloxy radical II has been studied and was shown 

to occur at room temperature with a high rate.22 
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Figure 3. β-fragmentation of acyclic and cyclic alkoxyl radicals. 

Notably, this elemental step is reversible, but the addition of the carbon-centered radical to the 

carbonyl group occurs slowlier (Figure 3). In fact, it is difficult to generate stable alkoxyl radicals from 

the addition of carbon-centered radicals to ketones or aldehyde, unless the resulting alkoxyl radical is 

trapped very efficiently. This was for example proposed by Yoshimitsu and co-workers who described 

the direct intermolecular radical addition of THF rings to aldehydes;23 the resulting alkoxyl radical was 

trapped rapidly by triethylborane and expelled the ethyl radical which sustained the radical chain 

reaction (Scheme 1). Importantly, this reaction exemplifies the ability of alkoxyl radicals to undergo 

nucleohomolytic substitution reactions at a boron center.24  

 

Scheme 1. Nucleohomolytic substitution reaction of the alkoxyl radical on triethylborane prevents the beta-
fragmentation reaction. 

In a similar strategy, Ryu and co-workers showed that alpha-aminoalkyl radicals could add to ketones 

or aldehydes and that the resulting alkoxyl radical could be trapped by a chiral oxazaborolidinium ion. 

Excellent levels of enantioselectivity were obtained.25,26 Kang and co-workers used a conveniently 

placed, activated aromatic ring that served as alkoxyl radical acceptor in the synthesis of benzofurans.27 

The Glorius lab reported that simple Lewis or Brønsted acid activation of the carbonyl group could 

prevent reversibility of the radical addition to the carbonyl center.28   

This strategy can however be used if the fragmentation of the generated alkoxyl-radical is desired. For 

example, a recent application of the Dowd-Beckwith29–31 rearrangement was used as a key step in the 

total synthesis of (−)-Crinipellins (Scheme 2).32 
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Scheme 2. Application of the Dowd-Beckwith rearrangement in the total synthesis of (−)-Crinipellins. 

As visible from the ring opening of the cyclopentyloxy radical II, remotely functionalized ketones can 

be obtained from the β-scission of cyclic alkoxyl-radical. In recent years, this strategy has for example 

been applied for the asymmetric synthesis of β-aryl ketones33 or γ-fluorinated ketones.34 

2.1.1.3. Addition to double bonds 

Since alkoxyl radicals possess a low-lying SOMO (electrophilic character), the interaction with the 

HOMO of the alkene becomes often predominant. In some cases, the alkoxyl radical showed a 

borderline reactivity and could be reacted with electron-poor olefins such as ester- and cyano-

substituted olefins.35 Nonetheless, alkoxyl radicals are often trapped intramolecularly by unactivated 

alkenes so as to render the reaction more effective and competitive. The most studied system in this 

context has been the 5-exo-trig cyclization.36–38 

 

Figure 4. Addition of alkoxyl radicals to olefins — regio- and diastereoselectivity. 

The 4-penten-1-oxyl radical I cyclizes selectively to form the tetrahydrofuran over the tetrahydropyran 

in a ratio 98:2 (Figure 4).2 The rate constant of the 5-exo cyclization increases when R ≠ H, i.e. when 

the resulting carbon  radical II is more stable and when the olefine is more electron rich. For the same 

reasons, the ratio of endo product can be increased if the alkene is gem-disubstituted. The 

stereoselectivity outcome of this cyclization can be rationalized by a chair-like transition state in which 

the alpha substituent of the alkoxyl radical adopts a pseudo equatorial position.39,40 The observed 

stereoselectivity logically increases with the bulkiness of this substituent. 

The formation of C-O bonds under ionic pathway can take place between an alcohol and an alkene  

under Lewis41 or Brønsted42 acidic conditions. In some cases, the regioselectivity outcome can be used 

to discriminate a radical from an ionic pathway (anti-Markovnikov or Markovnikov adduct). Only few 

synthetic methods have used this elemental reactivity in the development of alkoxyl radical precursors. 

Of interest is a photocatalytic method developed by Dagousset and co-workers.43 They achieved the 
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intermolecular anti-Markovnikov alkoxylation of styrenes and further functionalization with a 

nucleophile following radical-polar crossover of the intermediate carbon-centered radical. Knowles 

and co-workers reported an intramolecular, 5-exo-trig cyclization and trapping of the carbon-centered 

radical with Michael acceptors.44 

When a model substrate is chosen for the generation of alkoxyl radicals, all the above considerations 

should be taken into account for the design of the reaction. We shall now look at the existing strategies 

for the generation of these reactive radical entities, focusing mainly on modern photoredox 

methodologies. Only the methods based on free alcohols or alkoxide surrogates will be exhaustively 

discussed. 

2.1.2. Methods for the generation of alkoxyl radicals from alcohols 

2.1.2.1. Overview 

The generation of alkoxyl radicals can been sorted into 3 categories (Figure 5).2 These included: 

i) the conversion of the inert O-H into a weaker (< 70 kcal/mol) O-Y bond, either in situ 

or via an isolated intermediate; 

ii) the introduction of the required oxygen moiety by nucleophilic substitution on the 

alkyl residue of interest prior to reaction (preparation of N-alkoxy compounds); 

iii) the direct activation of free alcohols (Section 2.1.2.2). 

Alkoxyl radicals have also been prepared by the rearrangement of strained carbon-centered radicals 

such as the epoxymethylene radicals.45 However, this approach is of limited scope and will not be 

discussed here. 

 

Figure 5. General strategies for the generation of alkoxyl radicals. 

The conversion of the O–H bond into an O–X bond (Figure 5, i)) has been developed early on, with the 

prefunctionalization of alcohols into intermediates containing O-I,46,47 O-N,48 O-S,49 O-Cl,50 or O-O 

bonds.51 These precursors can furnish the desired alkoxyl radical upon light, heat homolysis or 

treatment with Bu3SnH. The in situ oxidation of alcohols into intermediates of this type is conceptually 

interesting since no prefunctionalization of the alcohol is necessary, however low functional group 
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tolerance has been observed due to the use of strong oxidants.52–54 Stoichiometric transition metal 

salts have also been used to achieve the single-electron oxidation of strain cyclic alcohols. For example, 

cyclopropanols or cyclobutanols can be oxidatively opened using stoichiometric Cu(II) and Fe(III) 

salts.55 More recently, this chemistry has successfully been extended to the use of transition metal 

catalysts such as silver salts,34,56–61 manganese62 or copper,63 but is still limited to strained cyclic 

alcohols. In addition, the chemistry of organohypervalent iodine has been revisited since the 

development of photoredox catalysis. The use of iodine reagents for the generation of alkoxyl radials 

under mild conditions has been described with transition-metals such as iridium or ruthenium,64–69 or 

only light.70,71 

The O–N precursors in the second category (Figure 5, ii)) are not directly synthesized from the alcohol, 

but from the alkyl halide via an SN2 reaction. These precursors have proved useful in the field of 

photoredox chemistry since the O–N bond can be efficiently reduced using easily available 

photocatalysts.  In particular pyridinium salts have been recognized as versatile redox-active functional 

groups and have been used not only for the generation of alkoxyl radicals but also N-centered and alkyl 

radicals.72,73 From 2016, advances in the field of photocatalytically generated alkoxyl radicals from N-

alkoxypyridinium salts have been made by Lakhdar,74,75 Dagousset,43,76 and Zhu15 independently. The 

precursors were prepared from pyridine N-oxides and the desired alkyl iodides or activated alcohols in 

gram scale. In 2016, Chen and co-workers were the first to use N-alkoxyphthalimides in combination 

with visible-light catalysis to generate alkoxyl radicals.16 A very similar system was published 

concomitantly by Meggers and co-workers for applications in asymmetric C-C bond formation.18 In 

such system the N-alkoxyphthalimide is reduced by a potent IrII species and a Hantzsch ester is usually 

used as sacrificial reductant for the catalytic cycle to proceed (Figure 6).17 In some cases, the Hantzsch 

ester and the N-alkoxyphthalimide form a donor-acceptor complex so that no transition-metal catalyst 

is needed.17,64,77 

 

Figure 6. Generation of alkoxyl radicals from N-alkoxyphthalimide precursors – general principle. 

This strategy was also successfully applied in more complex structures, as demonstrated by Sorensen 

and co-workers.78 They used the ability of alkoxyl-radicals to perform 1,5-HAT for the epimerization a 

distal unactivated C-H center en route to the natural product pleurotin (Scheme 3). They used a N-
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alkoxyphthalimide precursor with an iridium photocatalyst, a Hantzsch ester and TRIP thiol (2,4,6-

triisopropylbenzenethiol) as final hydrogen donor. The phthalimide precursor was synthesized via a 

Mitsonobu reaction. 

 

Scheme 3. Radical epimerization of an unactivated C-H bond using alkoxyl-radical initiated 1,5-HAT and a thiol 
as hydrogen donor. 

Although these methods have held their promises in terms of alkoxyl radical generation under mild 

photocatalytic conditions, the preparation of the radical precursors is not straightforward and limits 

their synthetic utility. 

2.1.2.2. Alkoxyl radicals from in situ generated alkoxide surrogates 

Recent work has focused on the direct use of alcohols for the generation of alkoxyl radicals under 

visible-light catalysis.79 With the development of highly efficient and targeted photocatalysts, two 

categories have emerged based on the use of simple alkoxide surrogates: Proton Coupled Electron 

Transfer (PCET) and Ligand-to-Metal Charge Transfer (LMCT) (Figure 7). 

 

Figure 7. Light-driven generation of alkoxyl radicals from in situ formed alkoxide surrogates: proton coupled 
electron transfer and ligand-to-metal charge transfer. 

Ligand-to-Metal-Charge-Transfer (LMCT). Recently, photoinduced charge transfer between a metal 

center and a ligand has been shown to work well for the in situ activation of free alcohols. This general 

class of mechanism typically occurs with transition metals having an empty valence shell such a 

cerium.80,81 In such complexes, photoexcitation results  in electron donation from a high-energy ligand 

orbital to a low-lying metal-centered orbital (LMCT: ligand-to-metal charge transfer).82 This type of 

excited complexes is prone to homolysis of the metal-ligand bond and offers a strategy for substrate 

activation when the substrate plays the role of the ligand. Therefore, in the case of O-H activation, a 

metal-alkoxide species will selectively generate the desired alkoxyl radical (Figure 8). The process can 

be made catalytical provided that the reduced metal center [Mn-1] is reoxidized by an electron acceptor 

present in the reaction medium. It can either be a sacrificial electron acceptor or a reaction 

intermediate. If the metal center [Mn-1] is not reducing enough to perform the desired SET (for example 

for the oxidation of CeIV, E1/2 (CeIV/CeIII) = 0.40 V vs. SCE in MeCN, a low reducing power),83 a catalyst 

relay or electron shuttle can be used. Alternatively, the SET event can be necessary not for the metal’s 
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regeneration but for the catalyst’s activation (for example if [Mnn-1] is the pre-catalyst and [Mn] the 

active catalyst). 

 

Figure 8. General principle of Ligand-to-Metal Charge Transfer reactivity. 

β-scission of alcohols 

The Zuo lab has been instrumental in the development of this field for the generation of alkoxyl 

radicals. In 2016, the group disclosed the LMCT-driven generation of alkoxyl radicals from tertiary and 

more challenging secondary cycloalkanols and the subsequent amination of the remotely formed 

carbon-centered radical following β-fragmentation (Scheme 4).83 They took advantage of the Lewis 

acidic nature of a CeIII pre-catalyst (CeCl3) and the ability of alcohols to ligate such metal centers. They 

envisioned that this pre-formed complex I could be photoexcited and engage in SET to produce the 

desired, activ CeIV complex II that could eventually generate the alkoxyl radical III via LMCT. After beta-

fragmentation, the carbon-centered radical IV is trapped by di-tert-butyl azodicarboxylate (DBAD). The 

resulting N-centered radical V is highly oxidizing and is able to perform the SET with CeIII, giving the 

product and generating the necessary CeIV species. The initiation of this cycle is not discussed. Using 

this method, the authors could use catalytic amounts of CeCl3 and tert-butylammonium chloride as 

additive. Under blue LED irradiation in MeCN, remotely aminated aldehydes and ketones could be 

obtained in very good yields (70-95%), including advanced medicinally relevant scaffolds. 
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Scheme 4. Ce(III)/Ce(IV) cycle in the alkoxyl radical generation using LMCT. 

The group reported in 2020 a follow-up method with alpha-cyano alcohols as starting materials.84 

Additionally, the same reaction was recently disclosed by Zeng and co-workers using a Fe(III) catalyst 

instead of Ce(III).85 In these methodologies, a limitation occurs in the type of radical possibly oxidizing 

the CeIII to CeIV (N-centered radical in this case). 

The Zuo lab set to work to accommodate the single-electron reduction of α-acyl radicals (E1/2 = -0.60 V 

vs. SCE in MeCN).86 To do so, they investigated the use of a proton shuttle oxidizing enough to generate 

CeIV from CeIII and at the same time reducing enough to quench the radical intermediate. They found 

that 9,10-diphenylanthracene (DPA) was meeting these requirements (Scheme 5). Mechanistically, 

LMCT event triggers the RO-CeIV bond homolysis and generates a cyclic alkoxyl radical I together with 

CeIII. This alkoxyl radical fragments to an aldehyde and an alkyl radical II that adds to an α,β-

unsaturated ester, generating an alpha-ester radical III. Reduction of this radical now does not occur 

via CeIII but via the reducing excited state of DPA (DPA*). Thus oxidized DPA (DPA•+) is able to generate 

the CeIV species from CeIII. As for the enolate IV, it can cyclize in an aldol reaction with the pendent 

carbonyl group and ultimately be converted to bridged lactones upon treatment with p-TsOH. A variety 

of diversely substituted indanols, both on the alkane or on the aromatic ring, were amenable to the 

reaction conditions. The best substrate proved however to be cyclobutanol that gave nearly 

quantitative yield in 8 hours. With this substrate, different radical traps could be reacted, however all 

tri-substituted to favor the reduction event of the alpha-acyl radical III. 
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Scheme 5. LMCT method using an electron-shuttle between DPA and cerium. 

Zuo an co-workers then showed that occurring on linear primary alkanols, β-fragmentation offers the 

possibility to generate alkyl radicals by extrusion of formaldehyde.87 Subsequent addition on a Giese 

acceptor followed by reduction of the alpha-ester radical enables the dehydroxymethylation of 

alkenes, this time without the need for an electron shuttle (Scheme 6). Included in this study was a 

selectivity assessment of β-scission versus HAT for a variety of linear primary and secondary alkanols. 

Complete selectivity for the β-scission was observed when it led to a ketone product, even when the 

δ-carbon was a secondary center. However, the HAT event was observed when the β-scission gave an 

aldehyde product, especially in the case of secondary δ-carbons. 

 

Scheme 6. Beta-scission of linear alcohols and radical addition to electron-deficient olefins. Selectivity 
assessment of β-scission versus HAT. 

Mechanistically, the authors suggested that irradiation of the CeIII alkoxide complex under the right 

wavelength could promote the complex to its excited state and render it reducing enough for alpha-

ester radical reduction, quite similarly as described in Scheme 4. By doing this, the CeIV complex is 

formed and can, under irradiation, proceed to LMCT. As an extension of this chemistry, a dual catalysis 

protocol was developed using cerium-mediated LMCT catalysis with nickel catalysis.88 The carbon 

radical obtained after β-scission of a linear alkoxyl radical was trapped by the nickel catalyst to be 

coupled with an aryl halide. Following this dehydroxymethylative strategy, a variety of alpha-amino 

radicals, benzylic, allylic and propargylic radicals could be arylated. 
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A notable addition to the LMCT chemistry of alcohols was very recently disclosed by Huang and Lei.89 

They coupled the LMCT event with electrochemistry, which allowed the easy oxidation of the Ce(III) to 

the active Ce(IV) species. The generated cycloalkoxyl radical underwent β-scission and the resulting 

carbon-centered radical was trapped by aryl sulfonyl radical traps diversely functionalized. The sulfonyl 

radical was further reduced at the cathode. This allowed to significantly extend the scope of available 

functional group with which the resulting carbon radical could eventually be functionalized, for 

example cyano groups, oximes, alkynes, alkenes, chlorine and thiols. 

Intra– and intermolecular HAT 

The understanding of β-scission versus 1,5-HAT selectivity was used in a study where the authors 

further explored the 1,5-HAT reactivity of alkoxyl radicals (Scheme 7A).90 The method is in all points 

similar to the remote amination of ketones published earlier (Scheme 4), except that this time linear 

alcohols are used. After alkoxyl radical generation, 1,5-HAT activates the δ-C-H bond for amination 

with DBAD. Substrates were chosen so that 1,5-HAT was favored over β-scission. 

Next, alkoxyl radicals from simple alcohols such as methanol were used as catalysts in the very 

challenging hydrogen atom transfer from methane C–H bonds (BDE ~ 97 kcal/mol) and other higher 

alkanes up to cyclohexane (Scheme 7C).91 Most examples were based on the use of DBAD as amination 

agent, but alkylation and arylation of the alkyl radicals have been demonstrated as well. 

 

Scheme 7. Further applications of LMCT. A/ 1,5-HAT of linear alcohols. B/ Intermolecular HAT on hydrocarbons. 

In a follow-up study, the selectivity of different alcohols for different C–H bonds has been studied for 

the functionalization of a variety of higher hydrocarbons (cyclic alkanes, aromatic hydrocarbons, bridge 

bicycloalkanes).92 The scope of possible olefin coupling partners was as well extended. The reactivity 

and selectivity of the HAT event were both influenced by the structure of the alcohol catalyst. This 

experimental study was recently completed by a computational study by Houk and co-workers, 

confirming the possibility to use different alcohol catalysts for different C–H bonds to be activated.93 

As expected, important parameters were the difference between the BDE’s of the C–H bond being 

abstracted and the O–H bond being formed, and the difference in electronegativity between the 

alkoxyl radical and the alkyl radical being formed. This indicated that ionic contributions in the 

transition state were stabilizing. Finally, an important parameter was as anticipated the stability of the 

carbon-centered radical, e.g., if it was localized (saturated) or delocalized (unsaturated). 
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Although the great possibilities of this chemistry have been very nicely demonstrated by the Zuo group, 

the rationalization of the mechanism is not straightforward.94 Additionally, the reactivity of the cerium 

complexes is not always foreseeable, with very different behaviors observed under similar conditions. 

This might explain why this method has not yet been widely adopted by the rest of the scientific 

community.  

Proton Coupled Electron Transfer (PCET). On the contrary, PCET (see Chapter 1, Figure 3) has had a 

breakthrough after the efforts of the Knowles lab to use this strategy for the generation of reactive 

radical species from N-H, O-H, S-H and C-H bonds.95 For alcohols, PCET can virtually be seen as the 

oxidation of an alkoxide ion or the deprotonation of an oxygen radical cation, although none of these 

intermediates is actually present in solution since both events are (usually) concerted (Figure 9).96 It 

can be seen as a non-traditional mechanism for homolysis of the bond, formally removing a hydrogen 

atom from the strong O-H bond. 

 

Figure 9. Schematic representation of PCET for the oxidation of an O-H bond. 

PCET has been used widely among electrochemical and photochemical methods and has solved a 

number of problems in the generation of alkoxyl radical from unfunctionalized alkyl alcohols, enols, 

phenols, oxime, hydroxylamines97 and hydroxamic acids. For the scope of this chapter, we shall focus 

on the alkyl alcohols only, keeping in mind that further substrates can be transformed using this 

strategy. 

β-scission of alcohols – Redox relay 

In 2016, Knowles and co-workers reported the first example of alkoxyl radical generation using PCET 

for the ring opening of unstrained cyclic alcohols bearing an electron-rich arene at the alpha-position 

(Figure 10).98 The catalytic system encompassed an iridium photocatalyst as the oxidant, collidine as 

the Brønsted base, and a thiophenol HAT co-catalyst to trap the resulting C-centered radical. 

Mechanistically, a redox-relay process was proposed. It was postulated that the first oxidation event 

occurred on the electron-rich arene to give the aromatic radical cation I. The “intramolecular” PCET 

event occurred via collidine and this radical cation to afford the alkoxyl radical which underwent β-

scission. The resulting C-centered radical II was able to abstract a hydrogen from thiophenol. The 

thiophenol is regenerated by the thiyl radical HAT on protonated collidine III, which radical cation IV 

will ultimately regenerate the photocatalyst. The base is theoretically needed in catalytic amounts, but 

it is used in excess in these reactions. Although largely limited to para-methoxyphenyl tertiary 

carbinols, the method was successful on 4– to 12–membered rings as well as natural-product derived 

substrates. Additionally, the thiophenol co-catalyst could be replaced with stoichiometric quantities of 

SelectFluor, CCl4 or BrCCl3 for distal halogenation of the ring-opened product. 



Chapter 2 – Photoredox mediated generation of radicals from boronate complexes 

63 
 

 

Figure 10. Redox-relay strategy for the PCET of alcohols. 

Based on precedents using Bu3SnH/AIBN chemistry,99,100 the Knowles lab then developed a method for 

the 1,3-allylic transposition of acyclic allylic alcohols into β-functionalized ketones (Scheme 8).101 The 

R1 group could be an acyclic, a mono-cyclic, bi-cyclic, or tri-cyclic aliphatic chain, while the alkene could 

be di- or tri-substituted without loss of yield. The para-methoxyphenyl ketone product was shown to 

readily engage in Baeyer-Villiger and Schmidt-type rearrangement. 

 

Scheme 8. 1,3-allylic transposition sequence leading to the synthesis of β-functionalized ketones from acyclic 
allylic alcohols. 

This redox-relay chemistry was subsequently applied to a variety of functionalizations. For example, 

Xia and co-workers reported the formylation and allylation of arylcycloalkanols using air or an 

allylsulfone respectively.102 Shortly after, the Rueping lab disclosed a trifluoromethyl thiolation of 

ketones via alkoxyl radical β-fragmentation of the same precursors as in Figure 10.103 The authors used 

a Phth-SCF3 reagent that was able to intercept the C-centered radical and to furnish the desired ketone. 

The resulting phthalimide radical was reduced by the catalyst to close the cycle. 

Very recently, Rueping104 and Wu105 concomitantly disclosed the use of a cobalt(III) co-catalyst to 

synthesize distally unsaturated ketones (Scheme 9). The active CoII species II was formed 

concomitantly to the re-oxidation of the photocatalyst following PCET and was thought to intercept 

the distal carbon-centered radical to give alkyl-CoIII intermediate III. Beta-hydride elimination would 

account for the product’s formation and liberate a CoIII-H species IV, whose interaction with a proton 

leads to H2 evolution. 
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Scheme 9. Mechanistic hypothesis of photoredox and cobalt dual catalysis for the desaturation of alcohols. 

The arylation of cycloalkanols106,107 in particular has attracted much attention. Rueping an co-workers 

proposed to trap the C-centered radical following β-scission with a Ni catalyst to promote an arylation 

reaction with an arylbromide, thus allowing for the ring-opening arylation of aryl tertiary carbinols 

(Scheme 10A).108 Interestingly, the strategy was not limited to cyclopropanols but to rings of all sizes 

until 15-membered rings. Additionally, both electron-rich and electron-poor aromatic rings could be 

introduced. Using a similar strategy, Li and co-workers reported the asymmetric β-arylation of 

cyclopropanols.33 Their method could be applied to the late-stage functionalization of bioactive 

compounds, although the substrates seemed to be limited to -OTIPS containing structures, probably 

necessary to enhance the enantioselectivity (Scheme 10B). Lu and co-workers disclosed the radical-

radical coupling of cyanoarenes with cyclopropanol-derived β-keto radicals under iridium catalysis 

(Scheme 10C).109 

 

Scheme 10. Strategies for the arylation of cycloalkanols under redox-relay PCET conditions. A/ 
Metallaphotoredox catalysis on unstrained alcohols. B/ Metallaphotoredox catalysis on strained alcohols. C/ 

Radical-radical coupling with cyanoarenes. 
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β-scission of alcohols – Direct PCET 

Seeking to enlarge the scope of this transformation, the Knowles lab improved the method towards 

the use of simple aliphatic alcohols, circumventing the need for an electron-rich arene.110 The key 

change was to use the anionic phosphate base nBu4P+(MeO)2P(O)O- instead of the neutral collidine. 

The authors proposed that the anionic base could form a more favorable hydrogen bond with the 

alcohol substrate, thus strongly favoring direct PCET without the need of an intermediate radical 

cation. The method allowed the isomerization of 1°, 2° and 3° cyclic and acyclic alcohols; as previously 

described, a thiol co-catalyst was used as HAT agent. 

In another application of this chemistry, a similar strategy was applied to cyclic n-membered-ring allylic 

alcohols (Scheme 11A).111 Following alkoxyl-radical formation and β-scission, the resulting carbon-

centered radical II was prone to add to the double-bond present in the substrate, thus giving the ring 

expanded ketone. In the case of alkyl olefins, cyclization occurred in an endo-trig fashion to give the α-

acyl radical III that could be directly reduced by the iridium catalyst. However, this was limited to aza-

cycles, probably because a nucleophilic α-amino radical was necessary for cyclization to occur. In the 

case of styrenes, exo-trig cyclization afforded the benzylic radical III which could not be reduced by the 

iridium catalyst (Scheme 11B). Hence, TRIP-SH was employed as HAT co-catalyst. A variety of aza-

cycles, cyclic ethers and carbocycles could be obtained this way. It is to be noted that in this case, the 

product resulting from HAT prior to cyclization (reduction of intermediate II) was observed. Its 

formation could be reduced by using only 5 mol% of TRIP-SH compared to 20 mol%. 

 

Scheme 11. A/ Ring expansion of azacycles. B/ Ring expansion of carbocycles mediated by a styrene moiety and 
a HAT catalyst. 

Finally, an original application of this chemistry was disclosed by Knowles and co-workers. They used 

the PCET-driven β-fragmentation of linear alcohols for the depolymerization of hydroxylated 

polymers.112 The process allowed for the isolation of well-defined small molecules that could be 

derivatized and used again as monomers in polymerization. 

The special reactivity of strained cyclopropanols 

The use of strained cyclopropanols offers the possibility to use a slightly different strategy because 

these substrates are thought to be oxidized directly to the oxygen radical-cation, undergoing β-scission 

at the same time as loss of the proton. This circumvents the need for an electron-rich aryl moiety 

(Figure 11). 
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Figure 11. Direct oxidation of strained cycloalkanols and oxidation potential of common starting materials. 

Lectka and co-workers reported in 2015 an early example the β-fluorination of ketones from 

cyclopropanols using 1,2,4,5-tetracyanobenzene (TCB) as photocatalyst and SelectFluor as fluorinating 

agent and terminal oxidant.113 Excited TBC is a potent oxidant (E1/2 *1TCB/TCB•− = +3.44 V vs SCE in 

MeCN) able to generate the oxygen radical cation. Elongation of the adjacent C–C bond leads to C–C 

bond fragmentation and accompanying proton loss provides the desired β-carbonyl radical. This 

intermediate is intercepted by SelectFluor to furnish the desired product and a resulting tertiary 

aminium radical dication able to regenerate the photocatalyst.114 This method proved very 

regioselective and afforded 15 products in good to excellent yields. An example of tandem ring 

expansion and fluorination was reported as well. 

The Zhu group reported the coupling of ring-opened 1-arylcyclopropanols with cyanohydrins using an 

iridium catalyst with K2S2O8 as sacrificial oxidant and BF3.OEt as additive (Scheme 12).115 Migration of 

the cyano group and final oxidation afforded unsymmetrical 1,8-diketones. The scope of the method 

was demonstrated on 32 examples encompassing a variety of electron-rich end electron-poor 1-

arylcyclopropanols coupled with aryl and olefin-tethered cyanohydrins. 

 

Scheme 12. Synthesis of unsymmetrical 1,8-diketones from 1-arylcyclopropanols. 

More recently, Wangelin, Majek, and co-workers116 as well as the Liu group117 independently reported 

the [3+2] cycloaddition of arenediazonium salts and 1-arylcyclopropanols using respectively ruthenium 

or copper catalysis (Scheme 13). The method allows for the formation of 1,5-diarylpyrazoles with 

complete regioselectivity but is limited to electron-rich cyclopropanols. The iminium radical cation II 

formed after the addition of the β-keto radical I to the arenediazonium salt is thought to undergo SET 

from the excited Ru(II) to oxidized Ru(III). However, it cannot be excluded that a radical chain process 

is operative with the nitrogen radical cation quenching the 1-arylcyclopronanol. Initiation is occurring 

via facile reduction of the arenediazonium salt. 
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Scheme 13. Synthesis of 1,2-diarylpyrazoles via a [3+2] cycloaddition between arenediazonium salts and 1-
arylcyclopropanols. 

In another recent application, the synthesis of benzo-fused cyclic ketones was obtained via the ring 

expansion of cyclopropanols bearing a pendant styrene moiety.118 Cyclization of the β-keto radical on 

this olefin in 6-exo-trig or 7-endo-trig fashion afforded respectively 6- or 7-membered cyclic ketones. 

Remote C–C bond formation through 1,5-HAT 

In two consecutive reports by Zhu and co-workers, the photocatalytic heteroarylation119 and 

cyanation120 of remote C-H bonds was achieved using the intermediary of alkoxyl radicals. 1-

heteroaryl- and 1-cyanoalkanols bearing a δ-C-H bond were used to generate the alkoxyl radicals that 

underwent 1,5-HAT to generate the remote carbon-centered radicals (Scheme 14). The mechanism 

follows an oxidative quenching cycle where K2S2O8 plays the role of sacrificial oxidant. The obtained 

IrIV species performs the SET in the PCET event leading to the alkoxyl radical. Group migration and final 

oxidation much like previously described (Scheme 12) afforded the desired products. A variety of 

alcohols could be used without the need for an easily oxidizable aryl moiety. 
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Scheme 14. Remote heteroarylation and cyanation or alcohols using PCET. 

Olefin hydroetherification 

Finally, the use of alkoxyl radicals for the intramolecular hydroetherification of olefins has only recently 

been reported by Knowles and co-workers.44 In line with their previous work, the authors reported the 

use of an iridium catalyst with the anionic base nBu4P+(PhO)2P(O)O- to promote the PCET of alcohols 

tethered with a non-activated olefin. After addition of the electrophilic O-radical to the olefin, the C-

centered radical was quenched with a thiol HAT catalyst, which served to regenerate the iridium 

catalyst (Scheme 15A). Alternatively, the C-centered radical could be intercepted in a conjugate 

addition with an electron-poor olefin. The catalytic cycle was then closed by reduction of the radical 

intermediate (Scheme 15B). Interestingly, not only 5-exo-trig cyclization was observed but also 6-endo-

trig and 6-exo-trig cyclizations, depending on the substrate. 

 

Scheme 15. A/ Hydroetherification of olefins. B/ Carboetherification of olefins. 

With this last example, the Knowles lab demonstrated that PCET could be used efficiently to generate 

alkoxyl-radicals able to engage in the three elemental transformations known to these reactive 

intermediates: β-fragmentation of the adjacent C–C bond, intramolecular 1,5-HAT, and addition to 
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olefins. No doubts that further developments involving intermolecular HAT (such as Zuo’s chemistry) 

or chiral thiol catalysis will be reported in the future, either by the Knowles lab or other groups 

attracted by the simplicity of the protocol. 

This chemistry was published by the Knowles group concomitantly to our own efforts in developing 

reactions for the use of QDs as photocatalysts for alkoxyl radical generation. We had envisioned that 

it would be possible to engage simple alkoxide anions in the form of boron-ate complexes in a single-

electron oxidation pathway under mild conditions. 

2.1.3. Boron-ate complexes 

The polar reactivity of boronate complexes is well known and has been the subject of intense 

research.121–123 They are mild nucleophiles that can react with electrophiles and undergo 1,2-metallate 

shifts stereospecifically.124 

The oxidation of the tetraphenyl boron-ate complex is a process that has been studied as early as 1962 

by Geske, who showed evidence for the formation of biphenyl by intramolecular dimerization upon 

electrooxidation of the ate-complex.125,126 The one-electron oxidation of BPh4
- was reported to occur 

at +0.78 V vs SCE in acetonitrile.127 Chemical128,129 and photochemical130,131 methods have also been 

reported to produce the homo-coupled biphenyl product, before this chemistry was extended to the 

cross-coupling of tetraarylborates using organic oxidants.132,133 

In 2014, Aggarwal and co-workers demonstrated the possibility to perform the one-electron oxidation 

of boron-ate complexes using Mn(OAc)3 for the generation of alkyl radicals.134 In the last decade, there 

was a surge in the one-electron reactivity of boron-ate complexes due to their use as versatile radical 

precursor in photoredox chemistry (Figure 12).135 

 

Figure 12. Two- and one-electron chemistry of boronate complexes 

2.1.3.1. Organotrifluoroborates 

Potassium organotrifluoroborates in particular have been extensively studied.136,137 Initially, they have 

been recognized as useful reagents in palladium-catalyzed cross-coupling reactions (two-electron 

pathway).121,138 These precursors can be easily prepared from boronic acids, are safe to handle, stable 

and storable. Numerous alkyl-, alkenyl, and aryltrifluoroborates are nowadays commercially available. 

More recently, photoredox-catalyzed reactions with organotrifluoroborates have attracted attention 

and have been developed by Akita and Molander independently.139 Akita and co-workers 

demonstrated the possibility to generated alkyl, allyl, benzylic, aryl and alpha-oxy radicals from 

organotrifluoroborates using photoredox chemistry.140,141 The one-electron oxidation of these 

precursors is mediated by an excited iridium catalyst and C-O bond formation is demonstrated with 

TEMPO, while C-C bond formation could be achieved by employing a Giese-type olefin (Scheme 16). In 

the case of C-O bond formation, a sacrificial amount of TEMPO was used as final oxidant to regenerate 
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the iridium catalyst. In the C-C bond formation protocol, the resulting radical alpha to the electron-

withdrawing group (ester, cyano, ketone, phosphate) can be reduced by the iridium catalyst. Electron-

rich organotrifluoroborates showed to undergo a fast reaction, while electron-poor precursors reacted 

significantly slowlier. This indicates that the oxidation step of the boron-ate complex is crucial. 

 

Scheme 16. Organotrifluoroborates as precursors for C-O and C-C bond formation. 

Interestingly, it was found that the reduction potential of some precursors (+1.48 V vs SCE in MeCN for 

a secondary alkyltrifluoroborate) exceeded the oxidation potential of the iridium catalyst (+1.32 V vs 

SCE in MeCN for Ir(dFCF3ppy)(bpy)PF6).142 This thermodynamically unfavorable SET is thought to occur 

because the C-B bond fragmentation is irreversible, thus driving the reaction forward even if only a 

small portion of the oxidation wave is overlapping. In this work Akita and co-workers also introduced 

the use of triol boronates. These complexes have a lower oxidation potential and proved essential in 

the generation of some challenging alkyl radicals (see Figure 15 for a summary of oxidation potentials). 

Shortly after this report, Molander and co-workers reported a photoredox cross-coupling reaction 

employing an organotrifluoroborate precursor, and iridium catalyst, and a nickel catalyst (Scheme 

17).143 The iridium catalytic cycle is responsible for generating the radical from the 

organotrifluoroborate precursor while the nickel catalytic cycle promotes cross-coupling with an 

arylhalide. Both catalysts regenerate each other by a SET event. Under this protocol, a variety of 

electron-poor and electron-rich benzylic trifluoroborates could be coupled with aryl- and heteroaryl 

moieties.  



Chapter 2 – Photoredox mediated generation of radicals from boronate complexes 

71 
 

 

Scheme 17. Photoredox cross-coupling reaction using a Ni/Ir catalytic system. 

In a follow-up study, this method was applied to the cross-coupling of more challenging secondary 

alkyltrifluoroborates.144 In accordance with previous evidence of thermodynamically unfavorable SET 

events, the cross-coupling proceeded smoothly between alkyl radicals and an array of aryl halides in 

presence of Ir(dFCF3ppy)2(bpy)PF6. The use of stoichiometric amounts of cesium carbonate as an 

additive proved crucial for the efficiency of the reaction, presumably to quench the released BF3 that 

appeared to inhibit the reaction. 

2.1.3.2. Lewis base catalysis 

The above-mentioned studies relied on the use of a pre-formed, isolated boron-ate complex. Ley and 

co-workers devised another strategy based on the ability of boronic acids, possessing a vacant p 

orbital, to form adducts with Lewis bases.145–147 This redox-active complexes can generate the desired 

radical under SET and offer the possibility to recycle the Lewis base. This allows for the in situ formation 

of the radical precursor without the need for prefunctionalization. The Ley lab was able to perform the 

conjugate addition of aryl and benzylic radicals generated from BPin- or boronic acid complexes under 

iridium- or acridium-based catalysis (Scheme 18). Of note, the generation of alpha-amino, alpha-thio 

and primary alkyl radicals was demonstrated as well. The Lewis base required for the reaction to 

proceed proved substrate dependent and could be either DMAP, quinuclidine, quinuclidine-3-ol or 

PPh3. The chemistry was successfully carried out in flow. 
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Scheme 18. Lewis base catalysis for the generation of radicals from boronic acids. 

Recently, an amine-borane complex H3B–NMe3 could be oxidized to the  boryl-amine radical using an 

organic dye as photocatalyst.148 This radical intermediate was used as halogen atom transfer reagent 

from ClCF2H for the difluoromethylation of unactivated alkenes.  

2.1.3.3. Arylboronates 

Arylboronates for the generation of alkyl radicals 

To complete the series of possible boron-ate complexes available for this type of chemistry, Aggarwal 

and Studer concurrently developed easy oxidizable arylboronates as radical precursors. The desired 

complex is formed in vacuo using an aryl lithium. Aggarwal and co-workers used this method for the 

generation of 1°, 2° and 3° alkyl radicals with good functional group tolerance.149 The authors used 

iodine-containing Giese acceptors for this protocol, allowing after radical-polar crossover the 

cyclization to cyclobutanes (Scheme 19, pathway a)). Alternatively, it is possible that an homolytic 

substitution is operative, with final reduction of the iodine radical (Scheme 19, pathway b)). 
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Scheme 19. Arylboron-ate complexes for the generation of alkyl radicals. 

Shortly after, the same group showed that 1,2-bis-boronic esters where suitable substrates and that 

the 1° boron-ate complex was formed selectively over the 2° complex.150 Light-driven one-electron 

oxidation affords a β-boryl radical that undergoes 1,2-boron shift (Figure 13). Overall, the method 

allows for the selective transformation of the more hindered boronic ester. In this publication, the 

coupling partners were activated olefines.  

 

Figure 13. Selective boronate complex formation and following one-electron oxidation on 1,2-bis-boronic 
esters. 

In a follow-up study, the coupling partner was extended to electron-deficient aryl nitriles;151 this 

allowed for the formation of an EDA complex between the electron-rich boron-ate complex and the 

electron-deficient aryl moiety. 

Studer and co-workers applied a similar strategy for a protodeboronation protocol reaction using 

thiophenol as hydrogen donor to intercept the intermediate alkyl radical (Figure 14).152 The method 

was amenable to 1°, 2° and 3° alkyl radicals, and was applied to the total synthesis of δ-(R)-coniceine 

and indolizidine 209B. Additionally, a formal anti-Markovnikov hydromethylation sequence was 

developed. Hydroboration of the starting alkene gave the boronic ester precursor that was engaged in 

a Matteson homologation153 reaction. Boron-ate complex formation followed by catalytic 

protodeboronation gave the hydromethylated alkene. 
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Figure 14. Protodeboronation protocol and application of the method to concise total synthesis and formal 
hydromethylation reactiona. 

Arylboronates for the generation of aryl radicals 

These types of boron-ate complexes can also be used to generate not alkyl, but aryl radicals. Notably, 

two reports by Yoshimi and co-workers154 and Bloom and co-workers155 show the use of arylboronic 

acids in the photoredox mediated generation of aryl radicals and their subsequent addition to electron-

deficient alkenes (Meerwein arylation) (Scheme 20). 

 

Scheme 20. Literature precedence on the use of boronic acids for the generation of aryl radicals 

In Yoshimi’s reaction design, the arylborate species is formed in situ in presence of one equivalent of 

sodium hydroxide. Oxidation occurs through an organic catalytic system combining phenanthrene 

(Phen) and 1,4-dicyanobenzene (DCB) under light irradiation. Interestingly, the authors also observed 

HAT from their solvent MeCN and had to increase the amount of radical trap to 5 equivalents to 

counter this side reaction. As a side effect, this increased the amount of oligomerization and the 

catalyst loading had to be increased to 0.5 equivalents. In the work of Bloom and co-workers, the 

reaction is run in aqueous media and complexation with water is thought to generate a species prone 

to PCET. Interestingly, this method was not limited to phenyl radicals (14 examples) and allowed the 

generation of numerous heteroaryl radicals as well (28 examples). 
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In summary, a variety of boron-ate complexes with different oxidation potentials are described in the 

literature for photoredox-catalyzed deboronative radical formation. Three main strategies have been 

developed so far: the prior synthesis and isolation of the boron-ate precursor (for example in the case 

of organotrifluoroborates), Lewis base catalysis (Ley and co-workers), and in situ, stoichiometric 

formation of the complex (Aggarwal and Studer). Common precursors with their oxidation potentials 

are compiled in Figure 15. 

 

Figure 15. Summary of common boron-ate complexes and their oxidation potentials. 

 

2.1.3.4. Previous work in the group 

In line with the presented literature precedence, it should be possible to perform the single-electron 

oxidation of an alkoxide surrogate in the form of a boron-ate complex. These precursors are easy to 

synthesize and to handle, they can be formed prior to the reaction or in situ. Previous investigations in 

the group suggested that the fragmentation of the boron-oxygen bond over the boron-carbon bond in 

such ate-complexes could be favored by using electron poor aromatic rings such as the 

perfluorophenyl moiety (Scheme 21).156 A sulfone trap could be used to intercept the radical species. 
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Scheme 21. Model reaction previously investigated in the group and used for future work. 
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2.2. Results 

2.2.1. Alkoxyl radical precursor 

2.2.1.1. Synthesis and characterization 

 

The corresponding tris(perfluorophenyl)borane precursor 1 can be synthesized from 

bromopentafluorobenzene by lithium-halogen exchange with nButyllithium in hexane, and 

subsequent quenching with commercially available boron trichloride (Scheme 22). In our hands, the 

boron NMR value for the obtained compound ranged, depending on the batch, from 0 to 16 ppm. 

These values have some precedence in the literature.157 When a preformed toluene solution of a 

lithium alkoxide salt was added to a solution of the boron precursor, a clear shift of the 11B NMR value 

was observed from 0 to -5 ppm. This upfield shift seemed consistent with the addition of a Lewis base 

to the empty p-orbital of the boron. The 1H NMR signals of the alcohol residue were shifted as well 

compared to both the free alcohol and the alkoxide. However, upon closer look at literature values 

and known general NMR shifts for tricoordinated boron centers, it became clear that the expected and 

literature reported value for tris(perfluorophenyl)borane was 59 ppm (25 °C, CD2Cl2, 96.3 MHz).158 This 

was in sharp contrast to our obtained values which seemed to fit better with water complexes of 

tris(perfluorophenyl)borane 1•3H2O. 

 

Scheme 22. Precursor synthesis and tri-hydrated adduct. 

These water complexes have been previously reported and studied in the literature.159–161 Beringhelli 

et al. have titrated B(C6F5)3 with water in a toluene-d8 solution and monitored the results by 19F and 1H 

NMR at 196 K (-78 °C). They showed that a first adduct was formed with one water molecule 

coordinated to the boron center in a Lewis acid-Lewis base interaction. A stepwise transformation then 

occurred into two aqua species containing one or two water molecules hydrogen-bonded to the B-
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bound water molecule (Figure 16). However, no 11B NMR values were reported. We were able to 

crystallize our synthesized boron precursor and to confirm its water-adduct nature, thus attributing a 

boron NMR value of -0.7 ppm to the most hydrated adduct. The discrepancy observed in the boron 

NMR value for different batches of the precursor depending on slightly different reaction conditions 

can likely be attributed to different degrees of hydration. For example, a 11B NMR value of almost 40 

ppm was obtained when running the reaction under strictly anhydrous conditions and filtration of the 

end product with a Schlenk frit device. The most efficient way to obtain reproducible batches of the 

boron precursor was ultimately to let it in contact with air for several hours after isolation, thus 

reaching a final 11B NMR value of around 0 ppm for all batches. 

 

Figure 16. Aqua adducts of B(C6F5)3. 

Having this identified water complex in hand, several attempts were made to displace water and to 

ultimately obtain the desired alcohol-bound complex. Heating the adduct 1•3H2O at different 

temperatures under high vacuum led to either small changes in the boron NMR or to degradation, 

presumably to hydroxybis(pentafluorophenyl)boron and pentafluorobenzene.162 Sublimation at 70 °C 

(10-2 mmHg) was attempted but did not result in the isolation of the desired water free boron 

compound, probably because the whole process should be carried out in a glovebox. 

The reversibility of adduct formation between B(C6F5)3 and several ligands have been previously 

investigated. In particular, Bergquist and coworkers have studied the aqua and alcohol adducts of 

B(C6F5)3.160 They have shown that upon mixing a stoichiometric amount of water and alcohol (MeOH 

or BuOH) in presence of B(C6F5)3, the B-bound water complex was isolated and not the B-bound alcohol 

complex ([(C6F5)3B(OH2)]•HOBu] rather than [(C6F5)3B(HOBu)]•H2O]). This was attributed, after 

calculations, to the stronger bond energy of the water complex (9.4 kcal.mol-1) compared to the alcohol 

complex (5.4 kcal.mol-1). Consistent with these findings, our own attempts to replace the water 

molecule by addition of the free alcohol was met with failure. 

Encouragingly, the water molecule could be partially replaced by pyridine in DCM after 36 hours, and 

the clean B(C6F5)3-pyridine adduct (1•Py) was isolated by recrystallization from DCM:Hexanes (Scheme 

23A). This exchange could be attributed to the stronger Lewis base nature of the pyridine, explaining 

why it can replace water while the alcohol cannot. This displacement is probably dissociative with the 

protonated pyridinium salt as an intermediate, as previously postulated in the literature.163 The 

absence of a protic hydrogen in pyridine might as well play a role as it cannot interact through 

hydrogen bonding with the water adduct. However, replacing the pyridine by the alkoxide did not 

work. A mixture of the starting complex with two unidentified products was obtained as assessed by 
11B and 19F NMR. This mixture was engaged as such in our photoredox protocol and did not promote 

the desired reaction. It was then attempted to replace the pyridine with the free alcohol (Scheme 23B). 

The reaction was run in CD2Cl2 in order to follow the reaction by NMR. After several days, no changes 

were observed. 
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Scheme 23. A/ Displacement of water with pyridine and attempted displacement of pyridine with an alkoxide 
ion. B/ Attempt at replacing pyridine with a free alcohol. 

We have previously mentioned that adding a solution of a lithium alkoxide to the now identified water 

adduct of B(C6F5)3 led to a shift in the 11B NMR and in the 1H NMR. We wondered if this could be 

attributed to a replacement of the water by the strongly basic alkoxide, or to an acid-base reaction 

between the alkoxide and the water adduct (Scheme 24A). Water coordinated to a strong Lewis acid 

such as B(C6F5)3 becomes a strong Brønsted acid, with a pKa estimated at 8.4 in acetonitrile.160 This can 

be compared to HCl in acetonitrile. XRay crystallography of our obtained adduct confirmed the 

deprotonation of the B-bound water and coordination of the thus obtained free alcohol through the 

lithium ion (pathway b/, 3, Scheme 24A), explaining the shifts observed in both the 11B and the 1H NMR 

spectra even though the desired B-O bond was not formed. This complex exists as a dimer. 

Deprotonating the aqua complex first with LiH or nBuLi to give 2, and then adding the free alcohol led 

to the same complex 3 (Scheme 24B). The advantage of this second approach is that any alcohol could 

be coordinated without previous treatment from the easily synthesized and stable deprotonated aqua 

complex 2. 
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Scheme 24. A/ Possible pathways upon reaction of a lithium alkoxide with 1•3H2O. B/ Deprotonation of 
1•3H2O and subsequent reaction with the free alcohol. 

Following this second procedure, 2 was coordinated with 1-phenylpropan-2-ol and the resulting 

complex was engaged in the model reaction (Scheme 25). After many attempts varying catalyst, 

solvent, and trap equivalents, no desired product was isolated. 
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Scheme 25. Model reaction run with the alcohol starting material coordinated to complex 2 via the lithium ion. 

2.2.1.2. Oxidation attempts on the hydrated complex 

We then wondered whether we could oxidize this deprotonated aqua complex 2. To this end a series 

of experiments were carried out. First it was tried to oxidize the complex 2 using electrochemistry. 

Cyclic voltammograms were recorded in DMSO alone or in MeCN with a solution of KClO4 as electrolyte 

(working electrode in glassy carbon, counter electrode in cupper, reference electrode trapped 

hydrogen). After several measurements at different concentrations of the compound, no 

oxidation/reduction event was observed that could be attributed to the compound. Next, fluorescence 

quenching experiments were carried out in acetonitrile using the complex 2 as quencher and 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (Ir-A) as the fluorophore. At 20 °C some aggregation of the complex was 

observed in MeCN so that the measurements had to be repeated at 40 °C. At this temperature no 

quenching was observed as determined from the flat Io/I ratio (fluorescence without quencher over 

fluorescence in presence of the quencher) versus concentration of the quencher. In parallel to these 

experiments, oxidation of this complex 2 was tried in a preparative manner (Scheme 26). We 

hypothesized that if the hydroxyl radical was formed, it could abstract a hydrogen from the solvent 

(THF). The resulting alpha-oxy radical could add to the allylester sulfone radical trap 4 and be detected, 

since an authentic sample of the expected product 5 was available in the laboratory. Unfortunately, 

no such product was detected. 

 

Scheme 26. Oxidation attempt of complex 2 under photoredox catalysis. 

2.2.1.3. Synthesis of a radical probe 

In order to increase overall reaction efficiency, a radical probe 9 was designed and synthesized 

containing an internal sulfone moiety (Figure 17). This moiety is known to undergo efficient radical β-

fragmentation and could be easily expelled by the carbon radical resulting from β-fragmentation of 

the alkoxyl radical. Additionally, the sulfonyl radical has been used previously as radical acceptor to 

close the catalytic cycle of an array of photocatalysts.164 Hence, we could hope with this probe to have 

a very efficient substrate.  
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Figure 17. Design and expected reactivity of the sulfone-containing radical probe 

Synthetically, the synthesis started with 4-iodophenyl and a copper catalyzed arylation/C-C activation 

sequence in presence of water.165 The obtained alpha-aryl ketone 6 can be submitted to a Mannich 

reaction with N,N,N',N'-tetramethylmethanediamine to obtain the alpha-beta unsaturated ketone 7. 

Addition of thiophenol to this Michael acceptor delivers the required precursor 8 for oxidation by 

mCPBA. The end sulfone 9 is obtained from this sequence in a good overall yield of 40 % (Scheme 27). 

 

Scheme 27. Synthetic pathway towards a radical probe for alkoxyl radical formation 

Unfortunately, since no proof of concept for the oxidation of complexes of type 2 or 3 had been 

obtained, this radical probe was not tested. 

2.2.3. Phenyl radical precursor 

2.2.3.1. Investigations 

Different boron precursors were investigated, in particular the bench-stable B2Pin2 in combination with 

the influence of the counter ion used in the alkoxide adduct (Li, Na, K).166 None of them performed the 

desired reaction. However, the results obtained with triphenylborane are worth discussing. This 

precursor was initially not chosen because preliminary results using chemical oxidation showed that 
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the B-C bond was cleaved over the boron-oxygen bond.156 In a first attempt we sought to reproduce 

this result using photoredox chemistry. B(Ph)3 is a commercially available and stable starting material 

that can be easily coordinated with an alkoxide ion. The change in chemical shift for the boron atom 

from 67.0 ppm (BPh3) to 2.0 ppm (expected product) is consistent with tetra-coordination at the boron 

atom (Scheme 28). A small survey of solvents showed that among toluene, dichloromethane and 

tetrahydrofuran, the latter gave the best results with full consumption of BPh3. Attempts to purify the 

ate-complex by recrystallization failed so the solvent was simply evaporated in vacuo prior to the 

photoredox reactions. 

 

Scheme 28. General protocol for the synthesis of boron-ate complexes from BPh3. 

In a first attempt, the photoredox reaction was carried out on ate-complex 10 in presence of the 

allylsulfone radical trap 4 in MeCN or THF and with [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (Ir-A) as a catalyst. The 

addition of aryl radicals to double bonds is known and well described167 (k = 108 M-1 s-1 for electron-

poor alkenes, k = 107 M-1 s-1 for unactivated alkenes, 298 K),168 so it was anticipated that this model 

reaction would allow to gain a clear understanding of this boron-ate complex’s reactivity by looking at 

the product’s distribution (Scheme 29A). And indeed, the isolated products were a clear proof that the 

aryl radical had been formed and not the alkoxyl radical which would have fragmented into the 

benzylic radical (Scheme 29B). At this point, the formation of the biphenyl product was unexpected 

but can be rationalized based on literature precedence (vide infra). 
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Scheme 29. A/ Expected products depending on the bond fragmentation. B/ Obtained products from the 
photoredox reaction of complex 10. 

In THF as a solvent, the addition of a THF ring on the radical trap was observed (product 5); this is in 

accordance with the ability of aryl radicals to perform efficient HAT from electron-rich C-H bonds (k = 

4.8 × 106 M-1 s-1 for THF, 298 K).169 The resulting nucleophilic alpha-oxy radical could efficiently add to 

the electron-deficient double bond of the trap. Overall, the aryl radical seemed to be formed more 

efficiently in THF than in MeCN, although the HAT pathway is undesired in our case. 

It is worth mentioning at this point that aryl radicals are generated, in the vast majority, under light 

homolysis or reductive conditions (from aryl halides, aryldiazonium salts, aryl carboxylic acids,…).170 

Two notable exceptions have been described in section 2.1.3.3 (Scheme 20). Yoshimi and Bloom both 

reported the generation of aryl radicals from the oxidation of arylborate starting materials, as 

discussed in Section 2.1.3.3 (Scheme 20).154,155 Interestingly, Yoshimi and co-workers explored different 

borates, including triphenylborane. They observed a decrease in yield by half compared to their 

arylboronic acid precursor, but do not give a hint on whether they observed the biphenyl byproduct 

13. 

The biphenyl product formation is resulting from an undesired pathway, although its formation is not 

completely clear. A first but rather unlikely possibility would be a radical-radical coupling between two 

aryl radicals. A more likely pathway would the intermolecular addition of an aryl radical to a phenyl 

moiety. A very general pathway for this reaction is addition of the aryl radical to a phenyl ring, oxidation 

of the resulting radical to the cation and loss of a proton to give the rearomatized, biphenyl product 

(Scheme 30A)168. This is usually observed in aromatic solvents, so in presence of a large excess of the 

phenyl derivative in the reaction mixture. Although not the case here, HAT on THF generates benzene 
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so this pathway could be effective and explain the higher yield of the biphenyl product observed in 

THF compared to the reaction run in MeCN (33% versus 23%, see Scheme 29B). A similar reaction could 

potentially occur on a phenyl group present in the starting material (Scheme 30B). 

 

Scheme 30. Possible pathways for the biphenyl formation. A/ Phenyl radical addition to benzene. B/ 
Intermolecular phenyl radical addition to the starting boron-ate complex. 

Based on literature reports, a more likely pathway is however the ligand-ligand coupling of the starting 

organoborate, more precisely the intramolecular reaction between two phenyl groups attached to the 

boron atom in presence of an oxidant.128,132,133 The invoked mechanism is based on single-electron 

oxidation of the ate-complex followed by 1,2-rearrangement and loss of a second electron to give the 

biphenyl product (Scheme 31). 

 

Scheme 31. Ligand-ligand coupling of the starting complex 10. 

This reaction usually requires the presence of stoichiometric amounts of oxidants or the presence of 

oxygen as terminal oxidant. 

This information should be considered in light of our envisioned mechanism for this reaction (Scheme 

32). Upon light excitation, the catalyst is promoted to its excited state and reductive quenching occurs 

to generate the aryl radical from our boron-ate complex 10. Addition of the aryl radical to the 

allylsulfone trap gives the product 12 and a sulfonyl radical which is responsible for oxidizing the 

catalyst back to its ground state (IrIII), thus closing the catalytic cycle. In the case of a reaction in THF, 

the aryl radical first performs a hydrogen atom transfer to the solvent. The generated alpha-oxy radical 

adds to the allylsulfone trap to give 5, thus also generating a sulfinyl radical able to close the catalytic 

cycle. Considering the possibilities discussed for the formation of the biphenyl product 13 and our 

mechanistic hypothesis, it becomes clear that in our reaction, for each molecule of biphenyl formed, 

the catalyst cannot be regenerated (no sulfinyl radical is formed). Even more dramatically, an 

additional oxidation event seems to be necessary, killing further the catalytic activity. Hence the 

formation of this product should be fully suppressed if a good yield of the desired product is to be 

obtained. 
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Scheme 32. Envisioned mechanism for the generation and further reactivity of the phenyl radical. 

 

2.2.3.2. Optimization and reaction design 

With these requirements in mind, a small optimization was undertaken (see supporting information). 

Notably, switching the alcohol to the simpler iPrOH significantly improved the yield of the reaction in 

acetonitrile. The formation of the biphenyl product was reduced to 11% and 53% of the desired 

product were obtained (Scheme 33). 

 

Scheme 33. Generation of the phenyl radical from complex 15. 

Interestingly, a nBuLi complex instead of the usual alkoxide complex gave exclusively the biphenyl 

product, albeit in low yield (28%). No product resulting from the phenyl radical was observed, 
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indicating that the alkoxide complex is beneficial for the reaction. It might also suggest that the 

synthesis of the alkoxide complex might need to be improved, since it cannot be excluded that some 

nBu-BPPh3Li is formed as well. 

With these encouraging results in hand, we turned our attention to a slightly more complex reaction. 

As mentioned and demonstrated before, aryl radicals are good at hydrogen atom abstraction; the 

precessus is thermodynamically favored because the newly formed aryl-hydrogen bond is stronger 

than the starting alkyl-hydrogen bond, even for primary alkyl groups.9 But aryl radicals are even better 

at iodine abstraction, for the same reasons, and will abstract iodine atoms faster than hydrogen atoms 

(k = 109 M-1 s-1 for a secondary iodide, k = 105 M-1 s-1 for secondary alkyl C-H bonds, 298 K) (Figure 18).168 

Hence the system could be used to efficiently generate alkyl radicals, ideally primary alkyl radicals, 

from alkyl iodides using our boron-ate complex as radical precursor. 

 

Figure 18. Bond Dissociation Energies of alkyl C-H and alkyl C-I bonds compared to Ar-H and Ar-I bonds. 

Such chemistry has been previously explored (Scheme 34). In 2018, Landais and co-workers reported 

the generation of aryl radicals from arylboronic acids, this time by addition of an alkoxyl radical 

(resulting from the thermal decomposition of DTBHN) to the boron center.171 Subsequent iodine 

abstraction alpha to an electron-withdrawing group formed an electrophilic, carbon-centered radical 

that was able to add to an alkene. The resulting radical of this cascade was finally trapped by a sulfonyl 

derived radical trap. In their system the generated sulfonyl radical was unfortunately not able to 

sustain the chain, so 1.2 equivalents of DTBHN were necessary for the reaction to proceed. In 2019, 

the same group reported a similar reaction, this time generating the aryl radical via single electron 

transfer from an electron-donor-acceptor (EDA) complex between diaryliodonium salt and 

triethylamine.172 This allowed them to somewhat increase the scope of possible alkyl iodides amenable 

to the reaction, but the aryl precursor still had to be used in stoichiometric amounts.  
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Scheme 34. Literature precedence on the use of aryl radicals for iodine abstraction. 

Considering this literature precedence, a cyclic, secondary iodine was chosen in combination with a 

vinylsulfone trap 15 to test our reaction hypothesis. The vinyl sulfone was chosen instead of the allyl 

sulfone trap because the corresponding product was known and described in the literature. The 

mechanism envisioned for this transformation is similar to the one previously shown, but the aryl 

radical should now perform iodine abstraction before adding to the sulfone trap (Scheme 35).  

 

Scheme 35. Envisioned mechanism for the iodine abstraction pathway. 

Gratifyingly, using a stoichiometric mixture of the ate-complex 14 and the iodine with 2 equivalents of 

vinylsulfone trap and 2 mol% of iridium catalyst, the desired product 16 was obtained in 41% yield with 

9% yield of the undesired biphenyl product (Scheme 36). No product resulting from phenyl radical 

addition to the trap was observed. From there, a preliminary optimization was carried out to find the 

right ratio of reactants and best solvent (Table 1). 
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Scheme 36. Proof of concept for the phenyl radical generation under photoredox conditions and subsequent 
iodine abstraction. 

 

Changing the solvent to DCE proved initially not useful with a sharp increase in the biphenyl formation 

(entry 2). This was solved by using an excess of iodine, but unfortunately the yield of desired product 

dropped slightly (although not very significantly, entries 1 and 3). Still, the same reaction in acetonitrile 

gave the best yield with 44% of desired product despite 6% of biphenyl side product. Increasing the 

catalyst loading to 4 mol% decreased both the formation of the side and desired products. 

2.3. Conclusion and outlook 
 

Although 44% yield is encouraging for this catalytic reaction, the yield should be further increased, and 

the reaction applied to more challenging primary alkyl iodides. In light of the preliminary results, it 

seems reasonable to screen more solvents and to investigate the effect of concentration on the 

reaction. Even THF could be considered, in combination with a higher excess of radical trap to suppress 

HAT. This would as well allow to generate the complex and run the photoredox reaction in a one pot 

process. Naturally, different catalysts could be tested for the reaction as well. Finally, a survey of 

different boron-ate complexes should be carried out, in particular complexes with less phenyl rings 

such as the arylboronic acid. This boron precursor has literature precedence for the formation of aryl 

and heteroaryl radicals (Scheme 20). If the biphenyl product is indeed formed by ligand-ligand coupling 

(Scheme 31), then this would surely be beneficial. Moreover, the effect of additives should be tested, 

for example the addition of a Lewis base in the reaction mixture to quench the released Lewis acid 

(BPh2OR) during the course of the reaction. 

The desired alkoxyl radical intermediate could not be obtained from a variety of boron-ate complexes.  

In the case of the B(C6F5)3 precursor, the desired ate-complex could not be synthesized. Instead, a 

Entry Solvent Equiv. trap Equiv. Iodide Yield of 16 Yield of 13 Other 

1 (initial 

conditions) 
MeCN 2 1 41% 9%  

2 DCE 2 1 36% 23%  

3 DCE 2 2 38% /  

4 MeCN 2 2 44% 6%  

5 MeCN 2 2 31% / 4 mol% 
Ir-A 

Table 1. Preliminary optimization for the iodine abstraction reaction. 
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water adduct was obtained. Upon addition of an alkoxide to this water adduct, a lithium coordinated 

adduct was isolated and characterized. None of these species showed any sign of oxidation by the 

iridium catalyst. The electron poor moieties in the boron-ate complex might have increased the overall 

oxidation potential of the complex. In a continuation of this project, it would be beneficial to calculate 

the oxidation potential of the water adduct (deprotonated or not). 

In the case of the BPh3 precursor, the undesired B-C bond fragmentation was operative. No product 

arising from the B-O bond fragmentation could ever be observed. It has been previously described that 

the homolytic fragmentation of a B-O bond is reversible.173 In a 1985 report, Scaiano reported that the 

addition of the tert-butoxy radical at the boron center of BPh3 occurred at a rate constant of 1.0x108 

M-1 s-1 and was followed by a decay to the phenyl radical instead (Scheme 37).174 A consistent behavior 

was observed by Landais and co-workers (Scheme 34, first step). The fact that the addition of the 

alkoxyl radical and generation of the phenyl radical is not reversible at the boron center seems to 

indicate that generating an alkoxyl radical from our complex 14 was doomed. A similar behavior had 

been postulated by Wood and co-workers based on ab initio calculations.175 They showed that 

complexation of water to a trimethylborane furnished a species activated for O-H bond homolysis and 

that this resulted in the formation of the methyl radical, rather than the hydroxyl radical. 

 

Scheme 37. Literature evidence for preferential B-C bond cleavage over B-O bond cleavage. 

This clean boron-phenyl bond fragmentation offered the possibility to generate phenyl radicals under 

catalytic oxidative conditions and to use these intermediates in an iodine abstraction step. Encouraging 

preliminary results were obtained towards this direction and would be worth investigating further. 
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General information 

All the glassware was oven-dried at 160 °C or flame-dried under vacuum, assembled hot and allowed 

to cool under a positive pressure of nitrogen. Unless otherwise stated, all reactions were performed 

under nitrogen atmosphere. Non-aqueous reagents were transferred under nitrogen via syringe or 

cannula. Silica gel 60 Å (230–400 mesh particle size, SiliCycle) and aluminum oxide neutral (40–160 

μm) were used for flash column chromatography. Thin layer chromatography (TLC) was performed on 

0.25 mm silica gel 60 with fluorescent indicator UV 254; visualization under UV light (254 nm) or by 

staining with a solution of potassium permanganate [KMnO4 (3 g), K2CO3 (20 g) and NaOH 5% (3 mL) in 

H2O (300 mL)] and subsequent heating. 

Instrumentation  

1H, 13C, 11B and 19F NMR spectra were recorded on a 300 MHz spectrometer (1H: 300 MHz, 13C: 75 MHz, 

11B: 96 MHz, 19F: 282 MHz) and on a 400 MHz spectrometer (1H: 400 MHz, 13C: 101 MHz) operating at 

22 °C, unless otherwise stated. Chemical shifts (δ) were reported in parts per million with the residual 

solvent peak used as an internal standard (CDCl3: δ = 7.26 ppm and CD2Cl2: δ = 5.32 ppm for 1H NMR 

spectra and CDCl3: δ = 77.0 ppm and CD2Cl2: δ = 53.84 ppm for 13C NMR spectra). The following 
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abbreviations were used to explain the multiplicities: s (singlet), d (doublet), t (triplet), q (quadruplet), 

p (pentuplet), hx (hexuplet), hp (heptuplet), m (multiplet), br (broad). The prefix app (apparent) was 

added when different coupling constants appeared accidentally equal. Coupling constants J are 

reported in Hz and with an accuracy of one unit of the last digit. HRMS analyses were recorded on a 

hybrid quadrupole time-of-flight mass spectrometer using positive electrospray and on a double-

focusing magnetic sector mass spectrometer using electron impact (70 eV). Mass spectra were 

measured in electron impact (EI) mode at 70 eV, with solid probe inlet, source temperature of 200 °C, 

acceleration voltage of 5 kV, and resolution of 2’500. The instrument was scanned between m/z 50 

and 1000 at scan rate of 2 s / decade in the magnetic scan mode. Perfluorokerosene served for 

calibration. Infrared spectra were recorded neat on an FT-IR spectrometer equipped with a Golden 

Gate Single Reflection Diamond ATR System and are reported in wave numbers (cm–1). Kessil lamps 

were used for photoredox reactions and were run at maximum power (100 W) 5 cm away from 

reaction vessel with a cooling fan. 

Materials  

Unless otherwise stated, all reagents were obtained from commercial sources and used without 

further purification. Solvents for reactions (THF, Et2O, CH2Cl2, n-hexane) were first distilled then filtered 

over two columns of dried alumina under a positive pressure of argon. Commercial benzene and 

toluene were filtered over two columns of dried alumina under a positive pressure of argon. Solvents 

for extraction and flash column chromatography were of technical grade and were distilled prior to 

use. Commercial photocatalysts (Strem or Aldrich) were used without purification. 

Experimental procedures 

Model reaction 

 

General procedure 1 – Model reaction for probing alkoxyl radical generation 

To a seal-tube were added the radical trap ethyl 2-(benzenesulfonylmethyl)prop-2-enoate (104 mg, 

0.40 mmol, 2.0 equiv.) and [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (4.5 mg, 0.004 mmol, 2 mol%). The tube was 

sealed and evacuated/refilled with N2 (3 x). A 0.1 M solution of the appropriate boron complex in the 

reaction solvent was added via syringe (2 mL, 0.20 mmol, 1.0 equiv.). The tube was placed in front of 
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a 390 nm blue light for 24 hours. The reaction mixture was evaporated under reduced pressure to give 

the crude product. Purification by fcc on silica gel afforded pure product. 

B(C6F5)3 complexes 

B(C6F5)3•3H2O (1•3H2O) 

To a flame-dried, three-neck, 1-L round-bottom flask equipped with a dropping funnel, an argon inlet 

and a thermometer was added bromo(pentafluoro)benzene (9.35 mL, 75.0 mmol) and dry hexanes 

(300 mL). The mixture was cooled down to -78 °C and n-Butyllithium (2.50 M, 30 mL, 75.0 mmol) was 

added dropwise via the dropping funnel, keeping the temperature below -70 °C. A white precipitate 

formed (caution: this ArLi salt can detonate above -30°C, so the temperature needs to be strictly 

monitored). Upon completion of the addition, the mixture was further stirred at -78 °C for one hour. 

Then, BCl3 (1.00 M, 25.0 mL, 25.0 mmol) was added in one portion and a heavy white precipitate 

formed. The cold bath was removed, and the reaction mixture was further stirred for 2 hours while 

reaching room temperature. The reaction mixture was diluted with cold hexanes (50 mL) and the 

precipitated LiCl was filtered off, rinsing with hexanes. The clear filtrate was concentrated under 

reduced pressure until precipitation started, then placed in a cold bath at -78 °C. The white precipitate 

was filtered, washed with cold hexanes, and dried under high vacuum. The flask was then open to air 

for 72 h to give the expected hydrated product as a white powder (8.65 g, 16.3 mmol, 65%). The yield 

can fluctuate between 50-70% depending on the scale. Best yields are usually obtained on bigger scale. 

1H NMR (300 MHz, CD2Cl2): δ no signals. 11B NMR (96 MHz, CD2Cl2): δ 0.08. 19F NMR (282 MHz, CD2Cl2): 

δ -135.49 (dd, J = 23.0, 8.4 Hz, 6F), -156.50 (t, J = 20.3 Hz, 3F), -163.80 (td, J = 22.3, 8.7 Hz, 6F). 13C NMR 

(101 MHz, CD2Cl2): δ 148.3 (dm, 1JFC = 240 Hz), 140.8 (dm, 1JFC = 250 Hz), 137.6 (dm, 1JFC = 248 Hz), 116.9 

(br). FT-IR (neat, cm-1): 3668, 3599, 1648, 1520, 1457, 1377, 1284, 1098, 967, 676. mp = 108.3 – 111.9 

°C. 

The physical and spectral data are in accordance with the reported literature data.1  

Crystals suitable for XRay analysis can be grown from DCM/hexanes. 
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B(C6F5)3-OH.Li (2) 

B(C6F5)3•3H2O (1.70 g, 3.0 mmol) was dissolved in dry toluene (40 mL) and cooled down to -78 °C. n-

Butyllithium (2.69 M, 1.12 mL, 3.0 mmol) was added dropwise while the temperature was carefully 

monitored. The reaction mixture was stirred for 30 minutes at this temperature, then allowed to warm 

up to room temperature and evaporated (the product doesn’t precipitate). The product is not further 

purified (1.61 g, 3.0 mmol, quantitative yield). 

1H NMR (300 MHz, CDCl3): δ 2.71 (brs, disappears upon addition of D2O). 11B NMR (96 MHz, CD2Cl2): δ 

-4.0. 19F NMR (282 MHz, CD2Cl2): δ -139.65 (dd, J = 21.5, 8.4 Hz, 6F), -158.77 (t, J = 20.0 Hz, 3F), -163.85 

(td, J = 18.7 Hz, 6F). 13C NMR (101 MHz, CD2Cl2): δ 148.3 (dm, 1JFC = 232 Hz), 139.9 (dm, 1JFC = 239 Hz), 

137.6 (dm, 1JFC = 217 Hz), 122.0 (br). FT-IR (neat, cm-1): 1647, 1516, 1453, 1364, 1277, 1080, 957. mp = 

196–198 °C. 

Crystals suitable for XRay analysis can be grown from DCM/hexanes. 
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B(C6F5)3•Py 1-115 

Pyridine (0.40 mL, 5.00 mmol) was added at room temperature to a solution of B(C6F5)3•3H2O (2.74 g, 

5.00 mmol) in DCM (20.0 mL). A better solubilization of the reaction mixture occurred upon addition 

of the pyridine (a clear colorless solution was obtained). The displacement of water was followed by 

19F NMR and after 36 hours, no more changes in the ratio were observed (1:8.4 in favor of the desired 

product). The reaction mixture was evaporated to give the crude product as a beige solid. Purification 

was carried out via recrystallization at room temperature in DCM/hexanes 3:8. The crude mixture was 

suspended in enough DCM so that complete solubilization occurs at room temperature (17 mL), and 45 

mL of hexanes were added. The mixture was let at room temperature for two days and white crystals 

were obtained. They were filtrated and washed several times with hexane, then dried under high 

vacuum. More product can be obtained from the mother liquor after standing one night at room 

temperature. The product is obtained as a stable, white crystalline solid (2.13 g, 3.60 mmol, 72%). 

1H NMR (300 MHz, CD2Cl2): δ 8.61 (d, J = 5.2 Hz, 2H), 8.21 (tt, J = 7.7, 1.5 Hz, 1H), 7.71 (t, J = 7.1 Hz, 2H). 

11B NMR (96 MHz, CD2Cl2): δ -3.5. 19F NMR (282 MHz, CD2Cl2): δ -131.8 (d, J = 21.4 Hz, 6F), -157.5 (t, J = 

20.2 Hz, 3F), -164.0 (m, 6F). 13C NMR (101 MHz, CD2Cl2): δ 148.2 (d, 1JFC ~ 238 Hz, C6F5), 147.2 (o-pyr), 

143.3 (p-pyr), 140.7 (d, 1JFC = 248.8 Hz, C6F5), 137.7 (d, 1JFC = 242.2 Hz, C6F5), 126.3 (m-pyr), 118.7 (br, i-

C6F5). 

The physical and spectral data are in accordance with the reported literature data.2  
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The structure was confirmed by XRay crystallography analysis of a single crystal. No bonded water was 

present. Crystals suitable for XRay analysis can be grown from DCM/hexanes. 

 

 

Displacement of pyridine by an alkoxide. 

 

A solution of 1•Py (296 mg, 0.50 mmol) in dry toluene (8 mL) was added via syringe at room 

temperature to a solution of 2-phenylethoxylithium (64.0 mg, 0.50 mmol) in dry toluene (2 mL). The 

mixture was stirred at room temperature for 3 days and reaction’s progress was followed by 1H, 11B 

and 19F NMR. Remaining starting material as well as two unidentified products were observed. The 

solvent was evaporated under high vacuum and the oily residue was suspended in MeCN. 

The model reaction was run with this mixture according to GP1 in MeCN. No desired product was 

obtained. 
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Synthesis of 3.  

Via 1•3H2O and the alkoxide. 

Alkoxyde preparation. To a solution of benzylic alcohol (0.62 

mL, 6.0 mmol) in dry hexane (36 mL) at -10 °C was added nBuLi 

(2.50 M in hexanes, 2.4 mL, 6 mmol) dropwise, while the 

temperature was carefully monitored. A white precipitate 

immediately formed. The reaction mixture was stirred 30 minutes 

at -10°C, then allowed to warm up to 0 °C and stirred 30 more 

minutes. Filtration and washing of the white powder with cold 

hexane gave the desired alkoxide. After careful drying under high vacuum, the alkoxide was directly 

used for the complex’s synthesis. Complex preparation. Benzyloxylithium (0.114 g, 1.00 mmol) was 

suspended in toluene (5 mL) and the mixture was cooled down to -78 °C. 1•3H2O in toluene (5 mL) was 

added dropwise via syringe. After the addition was complete, the reaction mixture was stirred for 1 

hour at 0 °C and 1 hour at room temperature. The volatiles were evaporated under reduced pressure 

to give crude product. Purification by recrystallization (DCM/hexanes) afforded the desired product as 

a beige crystalline solid (282 mg, 0.45 mmol, 45%). 

Via 2 and the free alcohol. 

Benzylic alcohol (0.10 mL, 1.0 mmol) was added to a solution of 2 (536 mg, 1.0 mmol) in dry toluene 

(10 mL) at 0°C under a nitrogen atmosphere. The reaction mixture was stirred at this temperature for 

1 h, then allowed to warm up to room temperature. Evaporation of the volatiles under reduced 

pressure gave the desired product. No further purification was necessary (644 mg, 1.0 mmol, 

quantitative yield). 

1H NMR (300 MHz, CD2Cl2): δ 7.45–7.31 (m, 3H), 7.29–7.19 (m, 2H), 4.61 (d, J = 4.5 Hz, 2H), 2.52 (s, 1H), 2.46 

(t, J = 5.1 Hz, 1H). 11B NMR (96 MHz, CD2Cl2): δ -4.2. 19F NMR (282 MHz, CD2Cl2): δ -138.2 (d, J = 23.7 Hz, 

6F), -160.6 (t, J = 20.2 Hz, 3F), -165.2 (td, J = 24.4, 7.6 Hz, 6F). 13C NMR (101 MHz, CD2Cl2): δ 148.28 (dm, 

1JFC ~ 234 Hz, C6F5), 139.43 (dm, 1JFC ~ 228 Hz, C6F5), 138.51 (dm, 1JFC ~ 228 Hz, C6F5), 138.0 (Cq), 129.5 

(2x CH Ar), 129.4 (CH Ar), 128.1 (2x CH Ar), 122.8 (br, i-C6F5), 66.7 (CH2). FT-IR (neat, cm-1): 1647, 1516, 

1456, 1282, 1077, 962, 685. mp = 123.4 – 125.6 °C. 

Crystals suitable for XRay analysis can be grown from DCM/hexanes. 
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This complex was used as starting material in the model reaction following GP1 (in MeCN). No desired 

product was observed. 

 

BPh3 complexes  

General Procedure 2 – Synthesis of the BPh3 complexes 

To an oven-dried 25 mL round-bottomed flask was added THF (5 mL) and the appropriate alcohol (1.00 

mmol). The reaction mixture was cooled down to -78 °C and n-BuLi (2.69 M, 0.37 mL, 1.00 mmol) was 

added dropwise. Stirring was continued at this temperature for 30 minutes, then at room temperature 

for 1 h. The reaction mixture is a clear, pale-yellow solution. Then, a solution of triphenylborane (242 

mg, 1.00 mmol) in THF (5 mL) was added in one portion at room temperature. After 15 minutes, a 11B 

NMR monitoring is carried out to assess the consumption of BPh3. Upon completion of the reaction, 

the solvent is evaporated on the Schlenk and the solid complex is kept under a nitrogen atmosphere 

until solubilization in the appropriate solvent for photoredox reaction. 

The complexes are used as starting material in the photoredox reaction following GP1 in MeCN or THF. 
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Complex Solvent Yield of 12 Yield of 13 Yield of 14 ELN 

 

MeCN 23% 25% N.A. 
ECO-2-

040 

 

THF 33% 18% 28% 
ECO-2-

046 

 

THF 13% Traces 21% 
ECO-2-

079 

 

THF 8% Traces 19% 
ECO-2-

078 

 

THF 28% Traces Traces 
ECO-2-

075 

 

MeCN 11% 53% N.A. 
ECO-2-

102 

Table 1: Outcome of the reaction following GP1 with different boronate complexes 

Characterization of the products: 

Biphenyl (12). 

1H NMR (300 MHz, CDCl3): δ 7.64 – 7.56 (m, 4H), 7.49 – 7.40 (m, 4H), 7.39 – 7.31 (m, 

2H). 

The physical and spectral data are in accordance with the reported literature data3 and can be 

compared with an authentic sample (commercially available). 

Ethyl 2-benzylacrylate (13). 

1H NMR (300 MHz, CDCl3): δ 7.33–7.16 (m, 5H), 6.23 (q, J = 1.0 Hz, 1H), 5.44 (q, J = 1.5 

Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.62 (s, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

The physical and spectral data are in accordance with the reported literature data.4 
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Ethyl 2-((tetrahydrofuran-2-yl)methyl)acrylate (5). 

1H NMR (300 MHz, CDCl3): δ 6.22 (d, J = 1.5 Hz, 1H), 5.66 (q, J = 1.3 Hz, 1H), 4.20 (q, J = 

7.1 Hz, 2H), 4.08–3.98 (m, 1H), 3.91–3.82 (m, 1H), 3.77–3.66 (m, 1H), 2.51 (dd, J = 6.4, 

1.2 Hz, 2H), 2.04–1.77 (m, 3H), 1.58–1.44 (m, 1H), 1.29 (t, J = 7.1 Hz, 3H). 

The physical and spectral data are in accordance with the reported literature data.5  

Iodine atom abstraction 

General Procedure 3 – Photoredox reaction with the alkyl iodides (ECO-2-101) 

To an oven dried seal-tube were successively added [Ir{dF(CF3)ppy}2(dtbpy)]PF6  (4.5 mg, 2 mol%, 0.004 

mmol) and the sulfone trap [(E)-2-(benzenesulfonyl)vinyl]sulfonylbenzene (123 mg, 0.40 mmol). The 

tube was evacuated and filled with N2 three times, and a solution of the boronate complex 14 (GP2) in 

the appropriate solvent (0.1 M, 2.0 mL, 0.20 mmol) was added. Then, iodocyclohexane (0.026 mL, 0.20 

mmol) was added via syringe. The mixture was degassed by three freeze-and-thaw cycles, the tube 

was sealed and placed in front of a 390 nm blue LED for 24 h. After reaction, the end mixture was 

dissolved in EtOAc, filtered over Celite, and evaporated to give crude product as an orange solid. 

Purification by flash column chromatography on silica gel (heptanes/EtOAc 95:5) afforded the desired 

products. 

The best yield for compound 16 was obtained in ECO-2-113 following GP3 in MeCN (Entry 4, 22.0 mg, 

0.088 mmol, 44%). 

 

 

Entry Solvent Equiv. trap Equiv. Iodide Yield of 16 Yield of 13 Other 

1 (initial 

conditions) 
MeCN 2 1 41% 9%  

2 DCE 2 1 36% 23%  

3 DCE 2 2 38% /  

4 MeCN 2 2 44% 6%  

5 MeCN 2 2 31% / 
4 mol% 

Ir-A 

Table 2: Outcome of the iodine abstraction reaction using boronate complex 14 following GP3 
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(E)-((2-cyclohexylvinyl)sulfonyl)benzene (16). 

 1H NMR (300 MHz, CDCl3): δ 7.92–7.83 (m, 2H), 7.65–7.47 (m, 3H), 6.95 (dd, J = 

15.2, 6.4 Hz, 1H), 6.24 (dd, J = 15.2, 1.5 Hz, 1H), 2.26–2.09 (m, 1H), 1.88–1.56 (m, 

5H), 1.39–1.02 (m, 5H). 

The physical and spectral data are in accordance with the reported literature data.6  

 

Radical probe 

 

1-biphenyl-propan-2-one (6) was synthesized following a protocol adapted from the literature.7 

A mixture of 1-iodo-4-phenyl-benzene (97.0 %, 2.9 g, 10.0 mmol), iodocopper (381 mg, 2.00 mmol), 

K3PO4.1H2O (95.0 %, 7.3 g, 30.0 mmol), acetylacetone (redistilled, 3.1 mL, 30.00 mmol) and water (1.80 

mL, 100 mmol) in DMSO (30 mL) was stirred under nitrogen at 90°C.  After stirring for 20 h, the reaction 

mixture was cooled down to room temperature and quenched with 2 M aqueous HCl (30 mL). Water 

(100 mL) was added, and the aqueous phase was extracted with EtOAc (6 x 100 mL). The combined 

organic layers were dried (Na2SO4), filtered, and evaporated under reduced pressure to give crude 

product. Purification by flash column chromatography on silica gel (heptanes/EtOAc 100:0 to 99:1) 

afforded the desired product as a pale-yellow solid (1.65 g, 7.87 mmol, 79%). 

1H NMR (300 MHz, CDCl3): δ 7.63–7.52 (m, 4H), 7.49–7.40 (m, 2H), 7.39–7.31 (m, 1H), 7.31–7.23 (m, 

2H), 3.75 (s, 2H), 2.20 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 206.5, 140.9, 140.2, 133.4, 130.0, 128.9, 

127.6, 127.4, 127.2, 50.8, 29.5. The physical and spectral data are in accordance with the reported 

literature data.7 
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3-biphenyl-but-3-en-2-one (7).  

Acetic anhydride (1.30 mL, 13.3 mmol) was slowly added to solution of 1-(4-phenylphenyl)propan-2-

one 6 (933 mg, 4.44 mmol) in N,N,N',N'-tetramethylmethanediamine (1.84 mL, 13.3 mmol) at 0 °C. 

After complete addition the reaction mixture was allowed to warm up to room temperature and was 

further stirred 20 minutes at this temperature. After completion of the reaction, the reaction mixture 

diluted with water (10 mL) and extracted with EtOAc (3 x 20 mL). The combined organic layers were 

washed with sat. aq. NaHCO3 (1 x 20 mL) and brine (1 x 20 mL), dried over Na2SO4, filtered and 

evaporated under reduced pressure to give crude product. Purification by flash column 

chromatography on silica gel (pentane/Et2O 92:8) afforded the desired product as a white solid (950 

mg, 4.27 mmol, 96%). 

1H NMR (300 MHz, CDCl3): δ 7.65–7.56 (m, 4H), 7.50–7.32 (m, 5H), 6.21 (s, 1H), 6.05 (s, 1H), 2.49 (s, 

3H). 13C NMR (75 MHz, CDCl3): δ 199.6 (C=O), 149.2 (Cq), 141.2 (Cq), 140.8 (Cq), 136.0 (Cq), 129.1 (2x 

CH Ar), 128.9 (2x CH Ar), 127.6 (CH Ar), 127.2 (2x CH Ar), 127.1 (2x CH Ar), 126.0 (=CH2), 27.6 (CH3). FT-

IR (cm–1, neat): 1661, 1485, 1358, 1322, 1172, 1075. HRMS (ESI) m/z: [M+Na]+ Calcd for C16H14ONa 

245.0937; Found 245.0927. mp 100.7–102.1 °C. Rf = 0.41 (pentane/Et2O 92:8). 

 

 

1-(4-phenylphenyl)-1-phenylsulfanyl-propan-2-ol (8). 

To a solution of 3-(4-phenylphenyl)but-3-en-2-one 7 (1.1 g, 4.97 mmol) in THF/MeOH (20 mL, 1/1) was 

added NEt3 (0.21 mL, 1.49 mmol) followed by thiophenol (97.0 %, 0.63 mL, 5.97 mmol) at room 
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temperature. Upon completion of the reaction (1 h), the solution was cooled to 0°C and NaBH4 (96.0 

%, 294 mg, 7.46 mmol) was added to reduce the intermediate ketone. The reaction mixture was stirred 

at room temperature until TLC indicated complete reduction (15 minutes). The reaction mixture was 

diluted with DCM (50 mL), and washed with saturated aqueous NH4Cl (2 x 20 mL), saturated aqueous 

NaHCO3 (1 x 20 mL), water (1 x 20 mL) and brine (1 x 20 mL). The organic phase was dried (Na2SO4), 

filtered and concentrated under reduced pressure to give crude product. Purification by flash column 

chromatography on silica gel (toluene/EtOAc 100:0 to 95:5) afforded the desired product as a thick oil 

(1.17 g, 3.50 mmol, 70%). 

1H NMR (300 MHz, CDCl3): δ 7.64–7.54 (m, 4H), 7.50–7.41 (m, 2H), 7.39–7.24 (m, 7H), 7.23–7.15 (m, 

1H), 4.26 (qd, J = 6.3, 4.6 Hz, 1H), 3.54–3.28 (m, 2H), 2.87 (td, J = 7.5, 4.6 Hz, 1H), 1.17 (d, J = 6.4 Hz, 

3H). 13C NMR (75 MHz, CDCl3): δ 140.9 (Cq), 140.2 (Cq), 138.7 (Cq), 136.6 (Cq), 129.6 (2x CH Ar), 129.4 

(2x CH Ar), 129.1 (2x CH Ar), 128.9 (2x CH Ar), 127.4 (CH Ar), 127.3 (2x CH Ar), 127.2 (2x CH Ar), 126.1 

(CH Ar), 69.2 (CH), 51.9 (CH), 36.3 (CH2), 21.7 (CH3). FT-IR (cm–1, neat): 3433, 1581, 1480, 1438, 1372, 

1241, 734, 690. HRMS (ESI) m/z: [M+Na]+ Calcd for C22H22ONaS 357.1282; Found 357.1284. Rf = 0.49 

(toluene/EtOAc 90:10). 

 

 

4-(benzenesulfonyl)-3-(4-phenylphenyl)butan-2-ol (9). 

A solution of mCPBA (77.0 %, 1.65 g, 7.35 mmol) in DCM (10 mL) was added dropwise to a stirred 

solution of 3-(4-phenylphenyl)-4-phenylsulfanyl-butan-2-ol 8 (1.17 g, 3.50 mmol) in DCM (20 ml). The 

reaction mixture was stirred at room temperature until completion of the reaction (40 minutes). The 

reaction was cooled to 0 °C and sat. aq. NaHCO3 (20 mL) was added. The mixture was stirred vigorously 

for 20 min at room temperature. The organic phase was separated, and the aqueous phase was 

extracted with DCM (2 x 20 mL). The combined organic phases were washed with 10% aq. Na2S2O4 (2 

x 20 mL), water (1 x 20 mL) and brine (1 x 20 mL), dried over Na2SO4, filtered, and concentrated under 

reduced pressure. The crude product was pure and did not require further purification (968 mg, 2.64 
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mmol, 76%). If necessary, the product can be purified by flash column chromatography on silica gel 

(heptane/EtOAc 1:1). 

1H NMR (300 MHz, CDCl3): δ 7.80–7.70 (m, 2H), 7.60–7.48 (m, 3H), 7.48–7.30 (m, 7H), 7.21–7.10 (m, 

2H), 4.29 (qd, J = 6.4, 3.8 Hz, 1H), 3.85–3.50 (m, 2H), 3.37 (td, J = 6.8, 3.8 Hz, 1H), 1.08 (d, J = 6.3 Hz, 

3H). 13C NMR (75 MHz, CDCl3): δ 140.7 (Cq), 140.4 (Cq), 139.9 (Cq), 136.5 (Cq), 133.5 (CH Ar), 129.6 (2x 

CH Ar), 129.2 (2x CH Ar), 128.9 (2x CH Ar), 128.0 (2x CH Ar), 127.5 (CH Ar), 127.2 (2x CH Ar), 127.1 (2x 

CH Ar), 69.4 (CH), 58.8 (CH2), 46.9 (CH), 21.2 (CH). FT-IR (cm–1, neat): 3531, 2969, 1489, 1446, 1285, 

1138, 1080, 747, 684, 564. HRMS (ESI) m/z: [M+Na]+ Calcd for C22H22O3NaS 389.1182; Found 389.1181. 

mp 153.2–154.1 °C. Rf = 0.40 (heptane/EtOAc 1:1) 

 

4-vinyl-1,1'-biphenyl (reference product of the radical probe fragmentation). ECO-

1-178 

4-phenylbenzaldehyde (97.0 %, 0.34 mL, 2.0 mmol) was added to a stirred solution 

of methyltriphenylphosphonium bromide (98.0 %, 875 mg, 2.40 mmol) and K2CO3 (442 mg, 3.20 mmol) 

in THF (3 mL). The resultant mixture was stirred at 75 °C overnight to give a white slurry. The reaction 

mixture was cooled down to room temperature and THF was removed under reduced pressure. 

Pentane (20 mL) was added to the residue, the resultant suspension was filtered through Celite and 

the solvent was evaporated under reduced pressure to give crude product as a white solid. Purification 

by flash column chromatography on silica gel (100% pentane) afforded the desired product as a white 

solid (199 mg, 1.10 mmol, 55%). 

1H NMR (300 MHz, CDCl3): δ 7.65–7.55 (m, 4H), 7.53–7.41 (m, 4H), 7.39–7.32 (m, 1H), 6.78 (dd, J = 17.6, 

10.9 Hz, 1H), 5.81 (dd, J = 17.6, 0.9 Hz, 1H), 5.29 (dd, J = 10.8, 0.9 Hz, 1H). 13C NMR (75 MHz, CDCl3): δ 

140.9, 140.7, 136.7, 136.5, 128.9, 127.46, 127.37, 127.1, 126.8, 114.0. 

The physical and spectral data are in accordance with the reported literature data.8 

GC-1 fast: RT = 8.35 min 
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Fluorescence quenching experiments 

General protocol: 

1. Solutions are prepared in acetonitrile. [Fluorophore] = 4.10.10-5 M (Abs between 0.3 and 0.5). 

[Quencher] = 0.5 M 

Quencher:          Fluorophore: 

 

 

 

Quencher negative control:  

 

 

2. The absorbance of the fluorophore and of the quencher are measured to make sure that there 

is no overlap. 

3. The initial emission intensity of the fluorophore (I0) is measured in absence of the quencher. 

Then, aliquots of the quencher are added to the cuvette, and the emission I is measured each 

time. The ratio I0/I is plotted versus the concentration of the quencher in the cuvette. A I0/I 

ratio close to 1 indicates that the quencher does not reduce strongly or at all the intensity of 

emission of the fluorophore (no quenching). 
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Measured 

intensities 
I0/Ii 

Added volume (μl) 

of the quencher 

Total volume 

(μl) of the 

quencher in 

the cuvette 

Total volume 

(μl) in the 

cuvette 

[Q]corrected (M) 

(concentration of 

the quencher in the 

cuvette) 

I0 21540,1476 1,000 0 0 1000 0,00E+00 

I1 19748,593 1,091 5 5 1005 2,49E-03 

I2 18731,6226 1,150 5 10 1010 4,95E-03 

I3 18022,7423 1,195 10 20 1020 9,80E-03 

I4 17694,1565 1,217 20 40 1040 1,92E-02 

I5 17449,0552 1,234 20 60 1060 2,83E-02 

I6 17172,1963 1,254 20 80 1080 3,70E-02 

I7 16429,1746 1,311 80 160 1160 6,90E-02 

I8 15385,8904 1,400 80 240 1240 9,68E-02 

Table 3: Fluorescence quenching experiment at 20 °C with 2 as the quencher 

 

 

Scheme 1: quenching of the deprotonated complex 2 compared to the negative control 1•3H2O (aqua complex) 
at 20 °C 

 

The slight quenching observed in the case of 2 is probably an artefact due to problems of solubilization 

(1•3H2O is much more soluble in organic solvents than 2). The same experiment was run at 40 °C to 

favor solubilization. 
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Intensities I0/Ii 
Added volume (μl) of 

the quencher 

Total volume 
(μl) of the 

quencher in 
the cuvette 

Total volume (μl) in 
the cuvette 

[Q]corrected (M) 
(concentration 

of the 
quencher in 
the cuvette) 

I0 21892,0412 1,00 0 0 1000 0,00E+00 

I1 20375,5786 1,07 5 5 1005 2,49E-03 

I2 20522,4407 1,07 10 15 1015 7,39E-03 

I3 19580,4808 1,12 20 35 1035 1,69E-02 

I4 19208,6923 1,14 40 75 1075 3,49E-02 

I5 18329,8957 1,19 80 155 1155 6,71E-02 

I6 17451,721 1,25 80 235 1235 9,51E-02 
Table 4: Fluorescence quenching experiment at 40 °C with 2 as the quencher 

 

 

 

 

 

 

 

 

 

 

At 40 °C we can observe a lower I0/I ratio, meaning that quenching was lower at 40 °C than at 20 °C. 

This could be explained by a better solubility of the quencher in solution, better reflecting the behavior 

of the system (no artefact due to light scattering for example). 
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3.1. Literature precedence 
Alpha-amino radicals have long been used as versatile intermediates for the synthesis of N-

heterocycles and in particular alkaloids via intramolecular radical cyclizations.1 

3.1.1. General characteristics of α-aminoalkyl radicals 

Alpha-amino- and alpha-amidoalkyl radicals are differentiated by the functional group Z present on 

the nitrogen atom (Figure 1). When Z is an alkyl, aryl, or benzyl group, the nitrogen is part of an amine 

moiety, and the term α-aminoalkyl radical applies. When Z is a carbonyl group, the nitrogen atom is 

part of an amide or sometimes also a carbamate moiety, and the term α-amidoalkyl radical is 

appropriate. 

 

Figure 1: Terminology of α-amino- and α-amidoalkyl radicals. 

These two radicals located alpha to a nitrogen have a slightly different reactivity due to the electron-

withdrawing character of the carbonyl group in the case of the α-amidoalkyl radical, absent for α-

aminoalkyl radicals. However, they are intimately related to one another, being often generated 

following similar protocols. In this preliminary overview, they will be presented together but we shall 

focus primarily on α-aminoalkyl radicals. 

Alpha-aminoalkyl radicals are stabilized species due to the conjugative delocalization with the unpaired 

electrons of the nitrogen atom.2 This stability increases with substitution at the nitrogen atom and at 

the carbon atom bearing the radical center. At the same time, the low ionization potentials observed 

for these radical species decreases even further with increasing C– or N–alkylation, reaching values 

close to those of lithium and sodium (around 5-6 eV).3 Consequently, α-aminoalkyl radicals are 

powerful reducing agents (𝐸1/2
𝑟𝑒𝑑 = −1.03 𝑉 𝑣𝑠 𝑆𝐶𝐸 𝑖𝑛 𝑀𝑒𝐶𝑁 for the α-aminoalkyl radical of NMe3)4 

and are considered as electron-rich, nucleophilic radicals that will react efficiently with electron-

deficient alkenes.5 On the contrary, α-amidoalkyl radicals are less reducing (𝐸1/2
𝑟𝑒𝑑 =

−0.12 𝑉 𝑣𝑠 𝑆𝐶𝐸 𝑖𝑛 𝑀𝑒𝐶𝑁)6 and less nucleophilic – they have been shown to add intramolecularly to 

unactivated alkenes.7 Additionally, α-aminoalkyl radicals abstract halogen atoms with high rate 

constants8,9 and have increasingly been used as halogen atom transfer reagents from alkyl and aryl 

halides.10–14 

3.1.2. Available methods for the generation of α-aminoalkyl radicals 

There exist several methods to generate α-amino radicals (Figure 2),15 based on different radical 

precursors. Some methods can be said reductive when an electron is given to the radical precursor in 

the step leading to the α-aminoalkyl radical. These include the radical addition to enamines (Figure 

2A), and the reduction of N-X acetals (Figure 2B), imines (Figure 2C), and α-amino redox esters (Figure 

2D). In oxidative methods, an electron is removed from the radical precursor in the step leading to the 

α-aminoalkyl radical. This can be done during an HAT event (which formally removes an electron and 

a proton, Figure 2E), or via the one-electron oxidation of α-silylamines, α-amino acids, or tertiary 

amines (Figure 2F). 
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Figure 2. General overview of the strategies available for the generation of α-aminoalkyl radicals. A/ Via radical 

addition to enamines. B/ From N-X acetal precursors. C/ Via one-electron reduction of imine derivatives. D/ Via 

the reduction of redox active esters. E/ Via intra- or intermolecular HAT events. F/ Via one-electron oxidation of 

amine precursors. 

3.1.2.1. Radical addition to enamines 

The radical addition at the beta position of enamines results in the formation of α-amino radicals 

(Figure 2A). Intramolecular additions are particularly interesting in the context of alkaloid synthesis. 

When an enamine is present in the substrate, radical cyclization occurs to give the α-amino- or α-

amidoalkyl radical, which can abstract a hydrogen to give isoquinoline derivatives. Several examples 

have been reported following this methodology, including 6-endo16,17 and 7-endo ring closures 

(Scheme 1).18 

 

Scheme 1. Aryl radical addition to enamides leading to an α-amidoalkyl radical. Example of a 7-endo cyclization 

process by Rigby and co-workers. 

In recent years, photoredox protocols have emerged that leveraged this reactivity for the α-

functionalization of aldehydes via transient enamine intermediates.19 When employing an optically 

active organocatalyst for the formation of the enamine, enantioselectivity can be achieved. The α-

aminoalkyl radical resulting from radical addition to the enamine is often oxidized to the iminium ion 

via SET to the photoredox catalyst. Hydrolysis of this iminium ion gives the desired product along with 

the regenerated organocatalyst. Following this strategy, the MacMillan group reported the 
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enantioselective α-trifluoromethylation,20 -benzylation,21 -alkylation,22 and -amination23 of aldehydes. 

The Melchiorre group also made significant advances in this field by directly photoexciting the in situ 

formed enamine, thus avoiding the use of a photoredox catalyst.24–26 Very recently, Molander and 

coworkers reported the organophotoredox-mediated addition of α-bromocarbonyls to N-alkenyl 

amides.27 The resulting α-amidoalkyl radical was oxidized by the photocatalyst and the resulting 

cationic species was trapped by nucleophilic reagents (alcohols, water, thiols, azides). 

3.1.2.2. N-X acetals 

N-X acetal precursors can be reduced to α-amino- and α-amidoalkyl radicals via C-X bond homolysis 

(Figure 2B). These precursors have been routinely used in the synthesis of pyrrolizidine alkaloids but 

also tropane derivatives.28 For example, Hart and co-workers reported several syntheses of 

pyrrolizidine alkaloids using specifically designed α-amidoalkyl radical precursors. The olefin 

component of the substrates ranged from electron-deficient olefins to electron-rich vinylsilanes, 

alkynes, and allenes (Scheme 2). More complex structures could be cyclized as well, as demonstrated 

by the synthesis of gelsemine, for which the radical precursor was however lengthy to prepare (12 

steps). A common by-product in these reactions is the direct reduction of the α-aminoalkyl radical prior 

to cyclization. This can be avoided by tuning the electronic properties of the olefinic partner. The 

lactam can be reduced to the desired amine by reduction with LiAlH4. 

 

Scheme 2. Leveraging N-S acetals for the synthesis of complex alkaloids. 

Clive and co-workers reported a similar strategy for the synthesis of the azabicyclo[2.2.1] alkaloid (–)-

epibatidine (Scheme 3).29 The optically active precursor for cyclization was prepared in 9 steps from 

commercially available pyroglutamic acid. n-Bu3SnH mediated homolysis of the carbon-sulfur bond 

afforded the α-amidoalkyl radical that cyclized on the pendant alkyne moiety, giving the key 

intermediate to (–)-epibatidine in 76% yield. 

 

Scheme 3. Clive’s synthesis of toxin epibatidine. 
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Bonjoc described the generation of α-amino radicals by treatment of α-amino selenoesters using 

hydride reagents such as nBu3SnH or (TMS)3SiH with AIBN.30 The method is based on the 

decarbonylation of acyl radicals occurring when more stable radicals can be obtained.31 While the 

previous methods using N-S acetals were mostly limited to deactivated nitrogen moiety, this 

methodology was amenable to tertiary benzylamines and afforded azabicyclo[3.2.1] alkaloids in good 

yield (Scheme 4). No side product resulting from the addition of the acyl radical was observed for either 

activated or unactivated olefins. However, reduction of the α-aminoalkyl radical took place exclusively 

when unactivated olefins were used. 

 

Scheme 4. Bonjoc synthesis of azabicyclo[3.2.1]octanes using α-amino selenoester precursors. 

3.1.2.3. Reduction of imines 

The reduction of imines has been extensively studied for the generation of α-amino radicals (Figure 

2C). Early reports described the SmI2-promoted reduction of iminium ions formed in situ from 

aldehydes and secondary amines.32–34 This strategy was also used recently for the reduction of iminium 

ions generated from N,O-acetal precursors in presence of a Lewis acid.35 This type of chemistry has 

gained more interest in the context of photoredox chemistry, as the reduction of imines has been 

shown to occur readily under mild PCET conditions (Figure 3; see Chapter 1 for more details on PCET). 

This strategy offers an opportunity for umpolung from an electrophilic, two-electron acceptor to a 

nucleophilic, one-electron donor and can now be applied on a broad scope of starting materials. This 

topic has been extensively reviewed by Dixon and co-workers in 202036 and will not be discussed in 

detail in this chapter. 

 

Figure 3. Reductive PCET on imines for the generation of α-aminoalkyl radicals. 

Of note is a methodology published by the same authors in 2022 showcasing the use of electrophile-

tethered imines for intramolecular C–C bond formation (Figure 4).37 Under two different sets of 
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reaction conditions, product A or product B was obtained by single or dual cyclization, respectively, 

from aryl imines decorated with an α,β-unsaturated olefin. The Hantzsch ester used as sacrificial 

reductant in the catalytic cycle proved to be crucial in determining the reaction’s selectivity. When R 

was a hydrogen, facile HAT event or sequential transfer of an electron and a proton from the oxidized 

Hantzsch ester I to the radical intermediate III occurred to give product A. In the case of the ethyl 

substituted Hantzsch ester, the more difficult oxidation of this species compared to the unsubstituted 

derivative may result in lower concentration of species I in solution, leading to product B. Both 

products A and B were obtained in excellent diastereomeric ratio. 

 

Figure 4. Intramolecular C-C bond formation under PCET conditions from imines – mechanism and product 

distribution. 

The electrochemical reduction of iminium ions was also demonstrated by Rovis and co-workers.38 The 

methodology was used to generate otherwise elusive α-tertiary primary and secondary amines. 

3.1.2.4. Redox active esters 

Αlpha-amino ester derivatives where the ester moiety possesses a low reduction potential can be used 

to generate α-aminoalkyl radicals by reduction of the ester moiety and loss of CO2 (Scheme 5). This is 

the case for the N-(acyloxy)phthalimide moiety for which the reduction potential lies between –1.28 

and –1.37 V vs SCE in MeCN.39 
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Scheme 5. Redox active esters in the formation of α-aminoalkyl radicals. Example of the N-(acyloxy)phthalimide 

moiety. 

This strategy was used repeatedly under photoredox conditions for the functionalization of amino 

acids and peptides via the α-aminoalkyl radical intermediate,40–42 including for enantioselective 

protocols.43–45 

In sections 3.1.2.1 to 3.1.2.4, the α-aminoalkyl radicals were generated under reducing conditions. The 

low oxidation potential of these radicals have sometimes limited their use under oxidative conditions 

due to their fast conversion to iminium ions.46–50 However, there exist precursors that can be efficiently 

used for α-aminoalkyl radical generation under mild oxidative conditions, including photocatalytic 

protocols. 

3.1.2.5. Hydrogen Atom Abstraction alpha to the nitrogen 

Alpha-aminoalkyl radicals can be generated by hydrogen atom abstraction at the α-amino carbon, 

either intramolecularly or intermolecularly (Figure 2B). A HAT event corresponds to the simultaneous 

removal of an electron and a proton. This is favorable when the resulting bond has a higher bond 

dissociation energy than the α-amino C-H bond (89-94 kcal/mol).51 Additionally, the HAT agent should 

be sufficiently electron poor to abstract the most hydridic hydrogen in the molecule, if there are 

several α-amino C–H bonds. Direct intermolecular HAT events have been reported using the ethyl 

radical generated from the Et3B/O2 system,52,53 or the tert-butoxyl radical generated from tert-butyl 

hydroperoxide.54–56 Problems of regioselectivities have been observed in all these studies when using 

unsymmetrical substrates, in addition to over-oxidation. 

Already in 1990, Curran reported the generation of α-amidoalkyl radicals following 1,5-hydrogen atom 

transfer and subsequent cyclization on an electron-poor olefin (translocation-cyclization process, 

Scheme 6A).57 Undheim and co-workers extended this chemistry to a limited scope of cyclic tertiary 

amines whose α-aminoalkyl radicals were reacted intermolecularly with electron-poor olefins (Scheme 

6B).58 In 2002, Ikeda and co-workers reported the racemic synthesis of the Cbz-protected ( )−
+ −

euphococcinine alkaloid using a similar methodology (Scheme 6C).59 The radical cyclization from the 

iodophenyl precursor 1 furnished the 9-azabicyclo[3.3.1]nonane scaffold 2 in 95% yield. Removal of 

the silyl group and ozonolysis afforded the beta-ketoamine 4 in good overall yield. The ketone was 
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converted to the vinyl triflate and subsequent reductive removal of the triflate under palladium 

catalysis gave the allylamine 5 in 61% yield over two steps. The hydroboration step proved not 

regioselective, and the desired alcohol 6 was obtained in a modest 39% yield. Oxidation using the 

TPAP/NMO system gave the desired Cbz-protected alkaloid 7 in quantitative yield. The main drawback 

in this synthesis was the preparation of 1, obtained in 13 steps from methyl N-Boc-pipecolinate. 

 

Scheme 6. Examples of α-amino- and α-amidoalkyl radicals generated via 1,5-hydrogen atom transfer. A/ 

Curran, α-amidoalkyl radicals. B/ Undheim, extension to α-aminoalkyl radicals. C/ Ikeda, application to the 

synthesis of an advanced precursor of euphococcinine. 

A similar strategy is also possible using the intermediacy of vinyl radicals instead of aryl radicals, 

obtained either from a vinyl iodide precursor,60 or from radical addition to an alkyne moiety (Radical 

Addition-Translocation-Cyclization process, RATC). For example, Renaud and co-workers reported the 

sequential addition of thiyl radicals to N-homopropargylic amines such as 8, 1,5-HAT to generate the 

α-aminoalkyl radical, and cyclization of this radical on the newly formed olefin moiety to synthesize 1-

azabicyclic compounds like 9 (Scheme 7A).61 A similar process was recently published using sulfonyl 



Chapter 3 – Tropanes and related alkaloid skeletons via a radical [3+3]-annulation reaction 

123 
 

radicals obtained via photoredox-mediated oxidation of sulfinate salts (Scheme 7B).62 While in 

Renaud’s work the transformation was a radical chain transfer reaction initiated by AIBN, the 

photoredox mediated reaction was proposed to follow an iridium catalytic cycle. 

 

Scheme 7. Radical Addition Translocation Cyclization sequences for the synthesis of 1-azabicyclic derivatives. A/ 

Radical chain transfer reaction proposed by Renaud and co-workers. B/ Photoredox protocol proposed by Cai 

and Ji. 

More recently, photoredox chemistry has also been used to generate direct HAT catalysts from 

quinuclidine,63–65 thiols,66,67 azides,68 or phosphate salts.69 The strategy is to use easily oxidizable 

reagents in order to generate the reactive HAT intermediate via photoredox catalysis (Scheme 8, 

intermediate I in the case of quinuclidine). Upon hydrogen atom abstraction from the starting material, 

the α-aminoalkyl radical II is generated and reacted with an appropriate coupling partner to give the 

corresponding radical intermediate III. The reduced photocatalyst can give an electron to this 

intermediate, closing the photoredox cycle and generate an anion IV prone to be protonated by the 

HAT agent, thereby closing the HAT catalytic cycle. 
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Scheme 8. General mechanism for a dual HAT/photoredox catalysis reaction. 

Under these conditions, a large scope of α-aminoalkyl radicals can be generated from primary, 

secondary and tertiary amines. The possibility to use primary amines allows for a subsequent ionic 

cyclization as demonstrated by Cresswell and co-workers.68 Interestingly in this methodology, 

switching the catalyst from an organic to an iridium photocatalyst in combination with an excess of 

trap led to the formation of bis-alkylated, mono-cyclized products 11 and 12 (Scheme 9A). Zhu and co-

workers described a radical cyclization reaction on a pre-installed ester substituted olefin (Scheme 

9B).70 
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Scheme 9. Applications of the dual HAT/photoredox catalysis protocols. A/ Synthesis of γ-lactams by ionic 

cyclization of a primary amine. B/ Synthesis of pyrrolidine derivatives by radical cyclization. 

3.1.2.6. One-electron oxidation of amine derivatives 

Alpha-amino carboxylic acid precursors 

It is also possible, under mild oxidation conditions, to perform decarboxylation reactions directly on 

carboxylic acids, or more precisely on the carboxylate salts (as opposed to the use of redox esters, see 

section 3.1.2.4). After single-electron oxidation of the carboxylate moiety, decarboxylation affords the 

corresponding α-aminoalkyl radical (Figure 5A).  
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Figure 5. Alpha-amino-and alpha-amidoalkyl radicals from the oxidation of the carboxylic acid precursors. A/ 

General mechanism. B/ Oxidation potentials of common precursors. 

Typical oxidation potentials for Boc-protected α-amino acids such as Boc-Proline (Figure 5B, precursor 

13) have been measured to reach + 0.95 V vs SCE in acetonitrile.71 No values are known for secondary 

derivatives, but the oxidation potentials should be relatively close since these precursors can be 

reacted under the same reaction conditions as 13, with the same photocatalysts.71,72 N-aryl glycine 

derivatives such as 14 are also common precursors with very low oxidation potentials (+ 0.42 V vs SCE 

in MeCN for N-phenyl glycine). These precursors have typically been used in photoredox protocols 

since their oxidation potential is in the range of common iridium-based photocatalysts. They allow for 

the direct α-functionalization of amino-acid precursors by radical addition to Michael acceptors,71–77 

and are compatible with metallaphotoredox catalysis protocols.78–82 

Following a very similar mechanism and concept, Akita and co-workers reported in 2014 the use of 

aminomethyltrifluoroborates as precursors for α-aminoalkyl radical synthesis.83 One-electron 

oxidation of the trifluoroborate moiety was reported to be in the range of the 

[Ir(dF(CF3)ppy)2(bpy)](PF6) photocatalyst (IrIII*/II = + 0.97 V vs SCE in MeCN).84 

 

Aminium radical cation intermediates 

Other precursors of α-aminoalkyl radicals by one electron oxidation of amines go through the aminium 

radical cation intermediates. Loss of the silyl group in silylamines (Scheme 10A), or of a proton in non-

silylated tertiary amines (Scheme 10B), gives rise to the thought-after α-aminoalkyl radical. 

 

Scheme 10. Alpha-aminoalkyl radical formation through the radical cation intermediates from α-silylamines (A) 

and tertiary amines (B). 

Alpha-silylated amines 

Silyl substitution at the α-carbon of the amine induces a significant drop in the oxidation potential as 

demonstrated by Cooper and Owen with compounds 15 and 16 (Figure 6).85 When the silyl group is 
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placed one carbon further away from the nitrogen, the oxidation potential increases again (compare 

17 and 18, Figure 6). 

 

Figure 6. Comparison of some α-silylamines and non-silylated counterparts. Influence of the position of the silyl 

group on the oxidation potential. 

This beta-silicon effect was attributed to a rise of the HOMO level in the neutral molecule due to the 

overlap between the 2p orbital of the nitrogen and the filled C–Si bond, which favors electron transfer. 

In addition, but less dominant, the filled C–Si bond overlaps with the half-vacant 2p orbital of the 

radical cation intermediate, which has a stabilizing effect. Consequently, the beta-silicon effect is the 

strongest when the molecule’s geometry allows for the C-Si bond and the p orbital on the nitrogen to 

be coplanar.86 Moreover, the rate of radical cation decay, that is the rate of desilylation, was shown to 

be related to the concentration of silophile in the reaction medium. Hence nucleophilic solvents (H2O, 

MeOH) or the addition of salts such as nBu4NF strongly favor the formation of the α-aminoalkyl radical 

from the silyl radical cation. In the absence of an efficient desilylation process, back electron transfer 

(BET) to the catalyst occurs.87 

Yoon and Mariano reported in the late 1980s the photoinduced single electron transfer between α,β-

unsaturated cyclohexenones and α-silyl tertiary amine donors.88 They showed that the aminium radical 

cation derived from one-electron oxidation of α-silylamines underwent α-C–Si bond rupture to 

produce α-aminoalkyl radicals (Figure 7A). In 1991, the same authors demonstrated that the 

intramolecular photoaddition of silylamines 19 to α,β-unsaturated olefins could be promoted by a SET 

photosensitizer, for example 9,10-dicyanoanthracene 21 (Figure 7B).89 After addition of the 

photogenerated α-aminoalkyl radical, 6-endo cyclization on the pendant olefin generated an α-keto 

radical that was reduced by the sensitizer, giving the fused 6-membered ring 20 in 54% NMR yield. 



Chapter 3 – Tropanes and related alkaloid skeletons via a radical [3+3]-annulation reaction 

128 
 

 

Figure 7. Early reports on the photogeneration of α-aminoalkyl radicals from α-silylamines. A/ SET between an 

enone and the tertiary amine. B/ Catalytic cycle of the sensitized reaction. 

Pandey and co-workers reported the synthesis of the pyrrolizidine ring system 23 using this strategy 

and precursor 22.90 Interestingly they reported an excellent yield of 88% for the radical addition of the 

α-aminoalkyl radical to the unactivated olefin (Scheme 11A). The authors demonstrated as well the 

possibility to use an allylchloride 24 as intramolecular radical acceptor for the synthesis of ( )−
+ −

epilupinine, presumably via a radical addition-elimination sequence leading to intermediate 25 

(Scheme 11B).  
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Scheme 11. A/ General synthesis of the pyrrolizidine ring system. B/ Small total synthesis of racemic epilupinine 

by Pandey. 

After the initial reports by Pandey and Mariano, the same type of chemistry was carried out with 

transition metal polypyridyl complexes by Nishibayashi.91,92 In 2015, Yoon and co-workers reported the 

enantioselective radical addition of siliylated amines to Michael acceptors using a chiral ligand.93 

Metallaphotoredox protocols proved successful for arylation94,95 and conjunctive cross-coupling 

reactions.96 The report by Molander and co-workers describing the α-arylation of α-silylamines under 

dual Ru/Ni catalysis (Scheme 12) deserves to be discussed.94 

 

Scheme 12. Alpha-arylation of silylated amines under metallaphotoredox catalysis by Molander. 

The authors measured the oxidation potential of selected α-silylamines and their corresponding 

arylated products. They observed that the oxidation potentials of the products were around 0.3 V 

greater than that of their precursors. By carefully choosing the photocatalyst, no bis-arylated product 

was observed. Additionally, an optically active substrate 26 was used to give the corresponding 

product 27 with retained optical activity, ruling out a radical formation at this substituted position. 

The advantage of pre-functionalized precursors such as α-silylated or -carboxylated amines is that the 

regioselectivity of the α-aminoalkyl radical formation is dictated by the position of the functional 

group. Additionally, the significant difference in oxidation potential between the starting material and 

the product prevents further reactivity of the product under mild oxidative conditions. Finally, α-

aminoalkyl radicals on secondary amines can be easily generated in this way (see Figure 5 and Figure 
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6). The disadvantage is the necessary pre-functionalization of the starting materials. While α-amino 

acids are abundant, this is a non-negligeable problem for α-silylamines.  

As a result, methods for the direct one-electron oxidation of non-functionalized amines have been 

developed.  

One-electron oxidation of tertiary amines 

Upon one-electron oxidation of tertiary amines, the acidity of the α-C—H bond is significantly 

increased. For example for triethylamine (Scheme 13), the pKa of the alpha proton decreases from 

around 40 to 15 (in acetonitrile),97 making a deprotonation by common organic and inorganic bases 

possible.  

 

Scheme 13. Comparison of pKa and BDE of the α-C-H bond in the neutral triethylamine and in the radical 

cation. 

One of the challenges in the formation of α-aminoalkyl radicals from tertiary amines is the 

regioselectivity of the deprotonation alpha to the radical cation when several C–H bonds are available, 

as in the example of N-ethyl,N-isopropylaniline radical cation depicted in Figure 8. In such example, 

literature precedence has shown that the least hindered position was deprotonated to give exclusively 

the least substituted, secondary radical over the tertiary radical (I over II).98 This is attributed to the 

overlap between the half-vacant p orbital of the radical cation and the C—H bond to be broken. Steric 

interactions as depicted by a Newman projection are greater in RCII than in RCI. In some cases, the 

radical stability also plays the role. Thus in the case of tetrahydroisoquinolines, a common starting 

material for α-aminoalkyl generation, the radical is exclusively formed at the benzylic position and not 

at the other secondary position. 

 

Figure 8. Regioselectivity considerations in the deprotonation of asymmetric amine radical cations (RC). 

Mariano and co-workers have extensively studied the dynamics of α-CH deprotonation in tertiary 

amine radical cations.87 In addition to the steric effects induced by α-substituents discussed above 

(Figure 8), they have shown that remote electronic effects were predominant in the rate of decay of 

the radical cation. Hence in the aniline series, the electron-rich, para-methoxyphenyl derivative 29 is 

easier to oxidize than the non-substituted aniline 28. However, its deprotonation leading to the α-

aminoalkyl radical is 15 times slowlier (Figure 9). 
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Figure 9. Comparison of oxidation potentials and rates of radical cation decay for diversely substituted N,N-

dimethylanilines. 

There exist systems in which the deprotonation of the α-proton is not feasible due the impossible 

orbital overlap, for example in bridged, azabicyclic systems.99 Quinuclidine, which was encountered 

earlier (Scheme 8), is easily oxidized to the radical cation, but the α-aminoalkyl radical cannot be 

formed. Instead, the radical cation will act as a hydrogen abstraction agent. Additionally, Wei and Shi 

recently reported the addition of the quinuclidinium radical cation to unactivated olefins, thus enabling 

the formation of Morita-Baylis-Hillman products from non-electron-deficient olefins.100,101 For the n-

hexene olefin, they observed that the radical addition was more favorable than a potential HAT event 

leading to an allylic radical.  Other reactivity pathways of the aminium radical cation include back 

electron transfer (BET) to the catalyst,87 the removal of a hydrogen to give the iminium ion102,103 and 

fragmentation reactions largely limited to aminocyclopropanes.104,105 Furthermore, aminium radical-

cations have been shown to be one-electron oxidants of amines, leading to new radical cation 

products.106–108 These reactivity pathways are described in Figure 10 and are important to keep in mind, 

but they will not be discussed further in this chapter. 

 

Figure 10. The chemistry of aminium radical cations. 

Bertrand, Hoffmann and Pete investigated early-on the photoinduced electron-transfer between 

tertiary amines and a photosensitizer.109,110 They optimized in particular the intermolecular addition of 

tertiary amines to alkenes, so far limited by oligomerization processes and undesired reactions 

involving the sensitizer. The authors focused on the addition of tertiary alkyl amines 30 on optically 

active menthyloxyfuranone 31 (Figure 11A). The reaction was amenable to N-methyl, N-ethyl, and N-

tert-butyl pyrrolidines (30a to 30c). The high regioselectivity observed for N-ethylpyrrolidine 30b is 

probably due to stereoelectronic effects. Indeed, the specific geometry induced by the pyrrolidine ring 

is considered to allow for a perfect and low-energy alignment of the p orbital on the nitrogen atom 
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with the C-H bond of the pyrrolidine ring. This could also explain the lowered efficiency observed with 

N-methylpiperidine 30h, which gave the desired product 32h in increased diastereoselectivity but 

moderate yield of 46%. Interestingly, bulky silyl-N-protected amine 30d was well tolerated (77% yield). 

However, N-allylpyrrolidine 30g only resulted in a Michael addition product 33 in 53% yield. The 

mechanism of this dealkylation reaction was not deciphered (radical fragmentation of the allyl radical 

or overoxidation to the iminium ion). Additionally, the authors described the enantioselective 

synthesis of the pyrrolizidine alkaloid (+)-laburnine from 32a (single diastereomer) (Figure 11B). The 

menthyloxy moiety was removed using NaBH4, followed by a light driven dealkylation reaction at the 

nitrogen center111,112 and lactamization to give 35. Reduction of the lactam gave the desired product 

in 22% overall yield from radical acceptor 31. 

 

Figure 11. A/ Diastereoselectivity in the radical addition of tertiary amines to (5R)-5-Menthyloxy-2-(5H)-

furanone and selected substrate scope. B/ Application to the enantioselective synthesis of necine bases. 

Mechanistically, the authors proposed that an electron-rich benzophenone sensitizer was able to 

initiate the reaction and that a chain-transfer reaction was operative in the presence of a large excess 

of amine (Figure 12). They suggested that a polarity-matched HAT between the radical intermediate V 

and the starting amine 30a was kinetically favored in the presence of the excess amine. Additionally, 

they observed the recovery of the photosensitizer, from which they concluded that an HAT event was 

also possible between the ketyl radical III and V, leading to the same addition product 32. The apparent 

regioselectivity observed in the initiation step for the formation of the secondary α-aminoalkyl radical 
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IV over the primary radical was not accounted for. It is possible that the other regioisomer was formed 

during the initiation step, but the corresponding product formed in too small quantity to be detected. 

The attack of the α-aminoalkyl radical was stereoselective and anti with respect to the installed 

menthyloxy substituent. However, the configuration of the asymmetric center alpha to the nitrogen 

was not controlled and diastereomeric ratios close to 1:1 were obtained for starting materials with a 

5-membered ring. 

 

Figure 12. Mechanistic proposal for a photo-initiated chain transfer reaction between tertiary amines and 

activate olefins. 

Interestingly, the authors reported the same reaction using bulk semiconductors as photocatalysts 

(TiO2, ZnS).113 The amine was again used in high excess (40 equivalents) to favor hydrogen abstraction 

in the chain propagation. The choice of the semiconductors was driven by the necessity to avoid 

overoxidation of the α-aminoalkyl radical.  

The one-electron oxidation tertiary amines followed by radical addition to electron-deficient olefins 

has been used in the very first modern photoredox protocols involving iridium and ruthenium catalysis, 

as demonstrated by MacMillan in 2011114, Nishibayashi,91,115 and Pandey and Reiser116 in 2012. Since 

then, an extensive number of papers have been published varying starting materials (amine precursor 

and coupling partner), merging photoredox with metal-catalyzed cross-couplings, or proposing 

enantioselective protocols. A general mechanism for the generation of α-aminoalkyl radical and 

subsequent addition to an electron-deficient olefin is presented in Figure 13. The resulting carbon-

centered radical, located alpha to an electron-withdrawing group, is reduced by the catalyst to close 

the catalytic cycle and give the desired product after protonation. Hence for a redox-neutral protocol, 

the photocatalyst should both be able to oxidize the starting material and reduce the radical adduct. 

The product in this case, in contrary to reactions involving α-amino acid or α-silylated amine 

precursors, looks relatively similar to the starting material. It is indeed a tertiary amine, usually 

containing at least one α-C–H bond that could be involved in a second α-aminoalkyl radical formation. 
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Figure 13. General mechanism for the redox-neutral photocatalyzed generation of α-aminoalkyl radicals and 

subsequent addition to activated olefins. 

Nishibayashi and co-workers published a review on this topic in 2016,117 but this field has grown 

tremendously between 2016 and 2022, so much that an exhaustive review of the literature is not 

relevant in the context of this chapter. Instead, we are particularly interested in protocols describing 

further reactivity of the obtained α-functionalized products, either towards bis-functionalization of the 

starting materials or for cyclization reactions. The next section will solely focus on the corresponding 

studies. 

In their 2012 publication, Nishibayashi and co-workers described the photoredox mediated single 

electron oxidation of tertiary amines for the generation of α-aminoalkyl radicals.91,115 Addition of this 

radical was demonstrated on electron-deficient alkenes following a  mechanism presented in Figure 

13, using a 1.2 to 1.5 excess of amine in NMP at room temperature. The radical trap scope was limited 

to beta-substituted diethyl methylidenemalonate derivatives such as 36. The unsubstituted analogue, 

bearing a terminal alkene moiety, did not lead to the formation of the desired product; this was 

attributed to rapid polymerization of the radical trap under the reaction conditions. The introduction 

of two electron-withdrawing groups at the alkene was also necessary to drive the reaction, possibly to 

facilitate the radical addition, but also to favor the terminal reduction event. The amine scope featured 

mostly easily oxidizable methyldiarylamines for which no regioselectivity issues were present. 

Dialkylaniline derivatives bearing bulky alkyl groups such as iso-propyl or tert-butyl chains were 

amenable to the reaction conditions as well. However, N,N-dimethylaniline 37 gave a mixture of mono- 

and bis-alkylated products 38 and 39  in a 3.6 to 1 ratio in the presence of 1.5 equivalents of the amine 

precursor (Scheme 14). The authors did not specify whether they tried to run this reaction with a higher 

excess of amine to prevent bis-alkylation.  
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Scheme 14. Evidence for bis-functionalization in the case of symmetrical, sterically unencumbered N,N-

dimethylaniline. 

This “high-excess” strategy was for example used by MacMillan and co-workers who reported in 2014 

the α-vinylation of tertiary amines and α-amino acid derivatives using a vinyl sulfone radical trap 40 

(Figure 14).72 A 5-fold excess of the amine 37 was used, and the authors did not report the formation 

of any bis-functionalized product under these conditions. They did not report either if using a lower 

excess of amine resulted in the formation of such by-product. Nonetheless, the necessity to use such 

an excess greatly impaired the purification of the α-vinylated products, which turned out to have a 

similar polarity as the starting amine. As a result, the products had to be purified by preparative TLC 

on 0.5 mmol scale. Mechanistically, it was proposed that the addition of the α-aminoalkyl radical to 

the vinyl sulfone proceeded via a radical addition-elimination sequence expelling a sulfinyl radical that 

could be reduced by the photocatalyst to close the catalytic cycle (Ered
1/2(PhSO2

•/PhSO2Na) = +0.50 V 

vs SCE and E1/2(IrIII/IrII) = -1.37 V vs SCE).  

 

Figure 14. Alpha-vinylation reaction proposed by MacMillan and co-workers. No bis-vinylated products were 

observed using 5.0 equivalents of amine. The mechanism was proposed to go through an addition-elimination 

sequence expelling the sulfonyl radical, which is easily reduced. 

In 2014, Li and co-workers reported the use of Baylis-Morita-Hillman allylic radical traps 42 for the α-

allylation of N-aryl tertiary amines using a ruthenium photocatalyst.118 Using two equivalents of amine 

in the presence of a base in DMSO, the authors obtained the desired products in moderate to good 

yields and products arising from bis-allylation were not observed. Mechanistically, the reaction 

proceeded as described in Figure 13, except that the α-ester anion is prone to beta-elimination of the 

acetate group instead of being protonated. This led to a product bearing an activated olefin moiety 
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(Figure 15). When the trap was initially substituted (R = Ph), the resulting beta-substituted olefin 

moiety was less reactive than the radical trap, and the product 43 not further consumed. When R = H, 

the terminal alkene moiety in 44 was prone to react with the amine present in slight excess, giving the 

addition product 45 in 18% yield. The authors mentioned that extensive screening of reaction 

conditions had been performed to optimize this reaction, without results. Unfortunately, this 

screening was not made available, and it was not mentioned if intramolecular cyclization on the 

pendant olefin moiety had been observed as well. No bis-allylated product was reported neither. 

 

Figure 15. Alpha-allylation of N-aryl tertiary amines using an allyl acetate trap. Different outcome when R = Ph 

or R = H. 

In 2020, Ready and co-workers reported the controlled bis-alkylation of N-aryl tertiary amines, in 

particular N-benzyl-N-methylaniline 46 (Scheme 15).119 Experimentally, the starting amine was firstly 

reacted with 1.1 equivalents of methyl vinyl ketone 47 (MVK) in the presence of substoichiometric 

amounts of DBU and 5 mol% of photocatalyst, under 24 hours of irradiation in MeCN. Then, 2.0 

equivalents of another α,β-unsaturated olefin 49a-d were added to the reaction mixture and the 

initially formed α-alkylated product 48 could be further functionalized at the aliphatic position over 

the benzylic position, giving products 50a-d. The scope of electron-withdrawing groups present on the 

second acceptor was broad, including ketones, nitriles, sulfones, amides and esters. 

 

Scheme 15. Regioselective and unsymmetrical bis-alkylation of N-benzyl,N-methylaniline by Ready and co-

workers. 
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While the addition of α-aminoalkyl radical to electron-poor olefins is undoubtedly one of the most 

studied transformations in the context of α-aminoalkyl radical utilization under photoredox conditions, 

the α-arylation of tertiary amines has also attracted much interest. Mechanistically, it is usually 

proposed that the amine is oxidized by the photoexcited catalyst IrIII*, while the coupling arene partner 

is reduced to the radical anion by the IrII species, thus closing the catalytic cycle. Radical-radical 

coupling is alleged to account for product formation. The MacMillan lab has been pioneer in 

developing this chemistry using iridium-based photocatalysts. 71,114,120,121 

In 2017, Hashmi and co-workers reported the controlled mono- and di-perfluoroarylation of N-aryl 

tertiary amines by precisely tuning the equivalents of the perfluoroarene precursor.122 Hence when 

using 1.5 equivalents of the aryl fluoride 51, the mono-arylated product 52  was obtained. When the 

excess of aryl fluoride was increased to 4 equivalents, the bis-arylated product 53 was obtained 

(Scheme 16). The authors reported a hetero-diarylation protocol as well, sequentially adding 1.5 

equivalents of two different aryl fluoride coupling partners 51 and 54, leading to product 55. 

Interestingly, the bis-arylation protocol was limited to N,N-dimethylaniline and N-phenylpyrrolidine 

derivatives. Engaging piperidine and azepane derivatives in the bis-arylation sequence resulted in little 

to no product at all, which the authors attributed to stereo-electronic factors. 

 

Scheme 16. Mono- and di-multifluoroarylation of N-aryl tertiary amines by Hashmi and co-workers. 

Mechanistically, it was proposed as previously mentioned that the arene precursor was reduced by an 

IrII species, giving a fluoroaryl radical anion. Radical-radical coupling of the α-aminoalkyl radical with 

this radical anion would be followed by fluoride extrusion to give the mono-arylated product. While 

this first catalytic cycle proceeds through reductive quenching due to the ease of oxidation of the 

starting tertiary amine, the second catalytic cycle is thought to undergo an oxidative quenching event. 

Indeed, the mono-arylated product 52 has a much higher oxidation potential than the starting amine 

37 due to the electron-withdrawing character of the perfluoroaryl moiety. Hence it was suggested that 

in the second cycle, the prefluoroarene precursor was reduced by the photoexcited photocatalyst first, 

giving a potent IrIV oxidant. One-electron oxidation of the α-arylated product could finally occur 

through this species, and radical-radical coupling accounts for the di-arylated product formation. The 

authors supported this mechanistic hypothesis with radical trapping, DFT calculations, fluorescence 

quenching experiments and cyclic voltammetry. 

As exemplified from the previous studies, aniline derivatives are common substrates for the generation 

of α-aminoalkyl radicals and their addition to activated olefins. Some of their advantages include ease 

of handling and of purification in comparison with their trialkyl amine analogues, tunable redox 

potential through functionalization of the aromatic ring (see Figure 9), as well as the blocking of one 
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α-nitrogen position for increased regioselectivity in the α-aminoalkyl radical generation (compare for 

example trimethylamine and N,N-dimethylaniline). These substrates also offer the possibility for a 

slightly different strategy than previously described, in that the aromatic ring can play the role of a 

radical acceptor.123,124 Combined with a first addition step as previously described, the overall 

sequence can lead to formally [4+2] annulated products 57. Maleimides 56 have typically been used 

as olefins for these transformations,56,125,126 and the reaction necessitates a sacrificial oxidant for the 

final rearomatization step, usually oxygen (reactions run under air) (Figure 16). 

 

Figure 16. Typical mechanism for the radical addition/cyclization sequence with aniline derivatives. 

In addition to the reduction potential of radical intermediate II, the presence of air was found to be a 

crucial factor in determining whether II will evolve to the reduced (58) or the cyclized product (57). 

Curran and Rueping reported that the radical addition to the aromatic ring was a reversible process 

and that in the absence of oxygen or a suitable oxidant in the reaction mixture, the equilibrium was in 

favor of the reduced product.127 Only in the presence of oxygen became the tetrahydroquinoline 

derivative 62 the main product, as very clearly exemplified in their study with 59 and 60 (Scheme 17). 

 

Scheme 17. Reactivity switch in presence or absence of oxygen. Under argon the addition product is obtained. 

In presence of oxygen, the addition/cyclization adduct is formed. 
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In this publication the radical scope was not investigated, but this reactivity does not seem to be limited 

to maleimides or to alkenes gem-disubstituted with electron withdrawing groups. Examples involving 

α,β-unsaturated ketones128 or amides129 have been reported as well. 

Finally in one notable example by Pandey and co-workers,130 the addition/cyclization product was 

obtained under oxygen-free conditions. It was hypothesized that the α,β-unsaturated ketone used as 

the radical trap and present in excess (2.5 equivalents) could be reduced by the photocatalyst. The 

obtained radical anion was protonated, and the resulting radical was able to perform the HAT event 

leading to the rearomatized product (instead of the superoxide radical anion, see Figure 16). The 

resulting desaturated ketone was observed in the reaction mixture. 

This addition/cyclization sequence proved efficient for the synthesis of the tetrahydroquinoline 

scaffold. However no application towards the synthesis of complex tetrahydroquinoline alkaloids131 

was reported so far. 

3.1.3. Tropane alkaloids 

Tropane alkaloids are defined by their bicyclic structure possessing a nitrogen at the bridge position, 

namely a 8-azabicyclo[3.2.1]octane skeleton for the tropanes and a 9-azabicyclo[3.3.1]nonane 

skeleton for the nortropanes (Figure 17). These alkaloids are secondary plant metabolites found in the 

Solanaceae (or “nightshades”, e.g. mandrake, belladonna, datura) and Erythroxylaceae (the “coca 

family”) plants. The most famous natural occurring tropane alkaloids are cocaine and scopolamine, 

both able to pass the blood-brain barrier and cause dose-dependent psychoactive effects. 

Polyhydroxylated congeners of this large family like Calystegine A3 are too hydrophilic to pass the 

blood-brain barrier and exhibit therefore minimal pharmacological activity or toxicity; they are for 

example present in tomatoes, potatoes, eggplants and chili peppers, all Solanaceae plants we consume 

on a daily basis.132 Homotropane family members such as euphococcinine and adaline are less known 

from the general public but have attracted interest from the organic chemistry community due to the 

possibility to synthesize them as single enantiomers.133,134 

 

Figure 17. Structures of relevant naturally occurring tropanes and nortropanes. 
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Natural products isolated from the Solanaceae family, such as scopolamine, are muscarinic 

antagonists.i It means that they prevent the binding of the physiological neurotransmitter 

acetylcholine and disable completely its receptor. These muscarinic receptors are responsible for 

controlling smooth and cardiac muscles; hence an anticholinergic poisoning can affect heart rate, 

respiration, and central nervous system functions.135,136 But as says the adage credited to Paracelsus, 

“the dose makes the poison” and scopolamine is in fact one of the most used pharmaceutical agents. 

Under the proper dosage, it is used in the treatment of nausea and motion sickness, internal cramping, 

and for ophthalmic purposes.137 The use and application of cocaine however is largely restricted, and 

therefore the research is limited. Nonetheless, the psychoactive effects have been proven and are 

attributed to the inhibition of the reuptake of dopamine, norepinephrine, and serotonin in the central 

nervous system.138 A high concentration of these species in the limbic system leads to the psychoactive 

effects. Cocaine has also been shown to exhibit local anaesthetic properties and has served as lead 

substance for different local anaesthetics and painkillers. 

Whether these compounds are toxic, healing, or psychoactive, it proves that they have a biological 

effect on the human body. As such, they are of interest for the scientific community. Their biological 

synthesis has been studied in depth; the pharmaceutical sciences have tried to design analogues of 

these compounds to design marketable drugs; and the synthetic chemists have developed methods to 

synthesize and produce these compounds. After briefly going over all these endeavors, we will describe 

our own efforts towards the synthesis of tropane derivatives. 

3.1.3.1. Medicinally relevant scaffolds 

Given the biological activity exerted by tropane derivatives, medicinal chemists have been interested 

in developing advanced analogues of these alkaloids. Some examples are depicted in Figure 18. 

YZJ-1139 is an orexin receptor antagonist. Since orexin is a neuropeptide involved in maintaining 

wakefulness, YZJ-1139 is currently being tested for the treatment of insomnia. It has already completed 

phase II clinical trials.139 In 2019, Novartis AG disclosed the pharmaceutical composition of 

Tropifexor,140 whose active ingredient is also a N-arylated tropane derivative that was found to be a 

potent agonist of a nuclear hormone receptor. Tropifexor is currently in clinical studies for the 

treatment of non-alcoholic steatohepatitis.141 Researchers at the University of Gothenburg identified 

a N-arylated tropanol derivative ACP-105 as an effective agonist of the androgen receptor in the 

human body.142 In a follow-up work, structure-activity-relationship study revealed that the aryl 

substitution pattern had strong effects on the potency.143 For example, while the methylated ACP-105 

compound is an agonistii of the androgen receptor, the demethylated compound was found to be an 

antagonist. Some compounds are also being investigated for the treatment of cancer tumors.144,145 

 
i Antagonist : A drug which binds to a receptor without activating it, and which prevents a natural messenger 
from binding.135 
ii Agonist : A drug that produces the same response at a receptor as the natural messenger.135 
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Figure 18. Examples of tropane-derived drugs already on the market or undergoing clinical trials. 

These examples illustrate well the versatility and promises of tropane derivatives as pharmaceutical 

agents. In this context, it appears that N-arylated tropane derivatives are promising candidates and we 

shall now look at some synthetic strategies to obtain these compounds. 

3.1.3.2. Bio- and biomimetic synthesis 

The biosynthesis of tropinone, and from there of a large number of tropane derivatives, goes through 

a key N-methyl-pyrrolinium intermediate (Scheme 18).146 The biosynthesis of this intermediate starts 

with α-amino acid ornithine, which is decarboxylated to give the linear diamine putrescine. After 

mono-N-methylation by putrescine N-methyltransferase, oxidation of the remaining primary amine 63 

affords the γ-aminoaldehyde 64 that cyclizes spontaneously to N-methyl-pyrrolinium. Pyrrolidine 

ketide synthase is an enzyme that catalyzes the formation of acetonedicarboxylic acid.147 The Mannich 

condensation of this precursor with the pyrrolinium is a non-enzymatic, spontaneous process leading 

to 65. Finally, tropinone synthase (or cytochrome P450 monooxygenase CYP82M3) is postulated to 

catalyze the hydroxylation of the heterocyclic ring at the α’ position leading to 66, followed by 

dehydration, Mannich condensation, and decarboxylation to give tropinone. 
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Scheme 18. Biosynthesis of tropinone. 

In 1917, Robinson published the biomimetic synthesis of tropinone following a one-step protocol 

making use of a double Mannich condensation.148 The methodology relied on the same 

acetondicarboxylic acid intermediate as in the biosynthetic pathway, but the N-methyl-pyrrolinium 

equivalent was formed from succinaldehyde and N-methylamine. Following this protocol, tropinone 

was obtained in 42% yield. In 1935, Schöpf showed that the reaction could be run and the yield 

increased under physiological pH.149 This reaction is nowadays known as the Robinson tropinone 

synthesis, or as the Robinson-Schöpf annulation. 

 

Scheme 19. Robinson's biomimetic synthesis of tropinone. 

The synthesis can be applied to unsymmetrical starting material. Process chemists of the Yangtze River 

Pharmaceutical Group reported the use of ester derivatives instead of acetondicarboxylic acid (Scheme 

20A).139 The reaction was carried out on 0.65 mol scale and afforded the desired product 67 in an 

excellent 98% yield but poor diastereomeric ratio of 3 to 2. The diastereomers were later separated by 

recrystallization. Compound 67 is an advanced intermediate of YZJ-1139 (Figure 18). Paton and 
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Hodgson synthesized the 1-methyltropane derivative 68 by using 4-oxopentanal instead of 

succinaldehyde (Scheme 20B).150 The reaction afforded the product in 56% on 23 mmol scale. After 

further synthetic transformation and chiral resolution, a tropane-derived enamine was used for 

asymmetric induction in alkylation reactions. Finally, a decorated succinaldehyde derivative 69 was 

used in the synthesis of a benzylsulfinyl substituted tropinone derivative 70,151 proving the feasibility 

of such a methodology albeit a low overall yield of 10% from the dialdehyde precursor (Scheme 20C).  

 

Scheme 20. Applications of the Robinson-Schöpf synthesis. A/ Use of an ester derivative of acetondicarboxylic 

acid. B/ Use of a ketoaldehyde. C/ Use of a substituted succinaldehyde derivative. 

3.1.3.3. Synthetic pathways towards N-arylated tropane derivatives 

Examples using N-arylated amines in the Robinson-Schöpf annulation are limited. De Ridder and co-

workers reported that aniline, para-toluidine and 3,5-dimethylaniline gave the corresponding N-

aryltropinone derivatives in respectively 43%, 49% and 39% under Robinson’s conditions.152 

Researchers at the Campbell Family Institute for Breast Cancer Research synthesized nortropinone 

derivatives using these conditions, but reported low yields of 15 to 31% for the annulated products 71 

and 72 (Scheme 21A).145 Jung and co-workers discovered that using acetone instead of 

acetondicarboxylic acid resulted in slightly higher yields of the annulated products 73.153 Additionally, 

they extended the scope to both electron-rich and electron-poor aromatic systems, however only 

para-substituted (Scheme 21B).  
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Scheme 21. Reported examples of Robinson annulation protocols with aniline derivatives. 

The Robinson biomimetic synthesis is an ionic [3+3] annulation based on 1,3-bis-electrophile and 1,3-

bis-nucleophile synthons. Based on a similar concept, distinct methods have emerged in the literature. 

A double Michael condensation was described between primary amines and 2,6-cycloheptadienone 

75.154 The latter can be synthesized from cycloheptanone 74 via a protection-bromination-elimination-

deprotection sequence,155,156 but its isolation proved tedious and the yields of cyclized product were 

low with aniline derivatives (typically 20%).157 In 2002, Nicolaou and co-workers reported an improved 

synthesis of 2,6-cycloheptadienone from cycloheptanone using IBX (Scheme 22).158 As a result, the 

subsequent addition of N-methylamine gave tropinone in 72% yield. The one-pot synthesis of 

tropinone from cycloheptanone was also possible (59% yield). 

 

Scheme 22. Improved synthesis of 2,6-cycloheptadienone using IBX, and double Michael condensation with 

methylamine. 

Most protocols encountered in the synthesis of complex N-arylated tropane derivatives are however 

based on the transformation of the common tropinone core via the free amine. N-Boc-nortropinone 

is for example commercially available (CAS number 185099-67-6, price range 200-300 CHF/100 g) or 
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can be obtained via demethylation of tropinone with chloroformate reagents,159 then protection. This 

is a stable compound that can be transformed to the free amine on demand. 

Compounds such as ACP-105 and Tropifexor (Figure 18) were synthesized via a nucleophilic aromatic 

substitution step, as were all the analogues tested in the course of these studies142,160, and others.144 

Messouadi and co-workers developed a palladium-catalyzed cross-coupling procedure for the 

synthesis of N-(hetero)arylconvolvine derivatives 76 (Figure 19).161 Their protocol could be used to 

couple convolvine with electron-poor and electron-rich aromatics, as well as heteroaryl groups, in 

good to excellent yields. The method was not tested on other tropane cores. Convolvine was 

synthesized in 3 steps from tropine, which can be obtained via the conventional Robinson route. 

 

Figure 19. Buchwald-Hartwig-type cross-coupling of convolvine with (hetero)aryls. 

Another known strategy for the synthesis of tropane derivatives is to quaternarize the nitrogen of 

tropinone. Refluxing this intermediate under basic conditions in presence of a primary amine yields 

the N-alkylated nortropinone derivatives in moderate to good yields (Scheme 23).162 However only one 

example was successful with an aniline, giving the N-arylated nortropinone in a low 30% yield. 

 

Scheme 23. Two-step synthesis of N-substituted nortropinone derivatives starting from tropinone. 

These strategies are routinely used and have proven their value; however, they focus on varying the 

nitrogen substituent and do not allow the straightforward modulation of the bicyclic core, since 

tropinone is always the starting point. As a result, homotropane derivatives or higher analogues have 

for example been understudied, as well as the introduction of a different functional group than a 

ketone or an alcohol at position 4 of the tropane core. Given the promises of N-arylated tropane 

derivatives as biologically active compounds and the craze for 3D shaped molecules in medicinal 
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chemistry ,163 a method that modulates both the tropane core and the nitrogen aryl substituent is still 

desirable. 

3.2. Results 
Our investigations in the radical-mediated alpha functionalization of tertiary amines using quantum 

dots started with an allylation reaction based on the protocol proposed by MacMillan and co-workers 

for their vinylation reaction (see Figure 14). Instead of a vinyl sulfone radical trap, we proposed to use 

an allyl sulfone trap which would deliver the sulfinyl radical required to close the catalytic cycle 

(Scheme 24). 

 

Scheme 24. Alpha-vinylation and -allylation of N-phenylpyrrolydine using sulfone-based radical traps under 

iridium photocatalysis. 

Aware of the possibility to obtain addition products in presence of an excess amine, as described by Li 

and co-workers (see Figure 15), MacMillan’s conditions were adapted, and a slight excess of radical 

trap was used (1.4 equivalents, Scheme 25). We hoped that under these conditions, both the addition 

product and the bis-allylated product would be suppressed. Indeed, an addition product as described 

by Li and co-workers was not isolated. However, no desired mono-allylated product 2a was obtained 

either after 8 hours of reaction. Instead, we identified a cyclized product 3a as the main product of the 

reaction, albeit in a low 12% yield. When reducing the reaction time to two hours, the mono-allylated 

product was isolated in 35% yield. Engaging this intermediate product in presence of a base and the 

iridium catalyst provided the cyclized product, as assessed by comparison with an authentic sample of 

the cyclized product. 

 

Scheme 25: Discovery of an intramolecular addition reaction of mono-allylated product 2a. 
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These findings led us to investigated this unprecedented radical [3+3]-annulation process for the 

synthesis of tropane and related alkaloid skeletons. This work was published in Communications 

Chemistry in 2021.164 

3.2.1. Published results 

The following results have been the subject of a publication: 

Eloïse Colson, Julie Andrez, Ali Dabbous, Fabrice Dénès, Vincent Maurel, Jean-Marie Mouesca & 

Philippe Renaud. Tropane and related alkaloid skeletons via a radical [3+3]-annulation process. 

Commun Chem 5, 57 (2022). 

3.2.1.1. Abstract 

Tropanes and related bicyclic alkaloids are highly attractive compounds possessing a broad biological 

activity. Here we report a mild and simple protocol for the synthesis of N-arylated 8-

azabicyclo[3.2.1]octane and 9-azabicyclo[3.3.1]nonane derivatives. It provides these valuable bicyclic 

alkaloid skeletons in good yields and high levels of diastereoselectivity from simple and readily 

available starting materials using visible-light photoredox catalysis. These bicyclic aniline derivatives 

are hardly accessible via the classical Robinson tropane synthesis and represent a particularly attractive 

scaffold for medicinal chemistry. This unprecedented annulation process takes advantage of the 

unique reactivity of ethyl 2-(acetoxymethyl)acrylate as a 1,3-bis radical acceptor and of cyclic N,N-

dialkylanilines as radical 1,3-bis radical donors. The success of this process relies on efficient electron 

transfer processes and highly selective deprotonation of aminium radical cations leading to the key α-

amino radical intermediates. 

3.2.1.2. Introduction 

Nitrogen-containing moieties are omnipresent in natural products, biologically active compounds and 

agricultural chemicals. In particular, the 8-azabicyclo[3.2.1]octane and 9-azabicyclo[3.3.1]nonane 

skeletons constitute the core of many natural tropane132 and homotropane alkaloids,165 respectively, 

and analogues presenting a wide range of biological activities. For instance, tropinone, cocaine and 

scopolamine (Figure 20) are amongst the most popular representative examples of natural alkaloids 

presenting a 8-azabicyclo[3.2.1]octane (tropane) skeleton as their base structure.  Unlike its natural 

enantiomer, unnatural (−)-ferruginine (Figure 20), is a good agonist for nicotinic acetylcholine receptor 

(nAchR). The 9-azabicyclo[3.3.1]nonane (homotropane) skeleton can be found in the structure of (–)-

adaline, and (+)-euphococcinine (Figure 20),165 two important defensive alkaloids from, respectively, 

the European ladybug Adalia bipunctata and the Australian ladybug Cryptolaemis montrouzieri. 

Moreover, N-arylated tropanes and related bicyclic aniline derivatives166 represent a particularly 

attractive scaffold for medicinal chemistry as illustrated by ACP 105,143,167 an orally available and potent 

selective androgen receptor modulator (SARM), and CFI-401870,168 a single-digit nanomolar tyrosine 

threonine kinase (TTK) inhibitor (Figure 20). 



Chapter 3 – Tropanes and related alkaloid skeletons via a radical [3+3]-annulation reaction 

148 
 

 

Figure 20. Tropanes and homotropanes. Selected example of tropane and homotropane alkaloids as well as N-

arylated tropane derivatives of biological interest. 

Since the report by Robinson of the multicomponent synthesis of tropinone based on a cascade 

Mannich reaction,148,169 access to tropanes and related alkaloids has been the object of intense 

activity.170 Strategies based on ionic reactions, cycloadditions and transition metal mediated processes 

have been reported. The preparation of N-arylated tropane derivatives via Robinson synthesis is a 

knotty process171 with limited scope172–174 and they are mostly prepared via N-demethylation followed 

by a dubious N-arylation step.175 Despite their attractiveness to build cycles, radical processes have 

only been scarcely used in tropane synthesis.176 The development of a general and flexible access to 

tropane related heterocycles using a mild radical-based approach is expected to complement nicely 

the existing methods by allowing a direct preparation of N-arylated derivatives and by modifying the 

substitution pattern at position 3 of the tropane skeleton. To gain in efficiency, a cascade processes 

involving consecutive formation of C–C bonds is particularly sought. The biosynthesis of tropane 

alkaloids177 as well as Robinson biomimetic synthesis148,169 are both based on an ionic [3+3]-annulation 

processes involving 1,3-bis-iminium ions and 1,3-bis-enolates synthons (Figure 21a). Inspired by this 

observation, we hypothesized that a radical version might be possible by using 1,3-bis-α-amino radical 

donor and 1,3-bis radical acceptor (Figure 21b), radical donor and acceptor being defined and 

represented according to Curran's proposal in his seminal article on retrosynthetic planning of radical 

reactions.178 To the best of our knowledge, this type of radical [3+3]-annulation has not yet been 

reported.179–185 

 

Figure 21. Retrosynthetic analysis. Retrosynthetic analysis of tropane alkaloids according to their biosynthesis 

and to Robinson synthesis (a) as a source of inspiration for a radical retrosynthetic analysis (b). New C–C bonds 

are indicated in red, radical donor as red dot and radical acceptor as red circle. 

The α-functionalization of tertiary amines has attracted much interest in the past and methods 

involving one- and two-electron oxidation pathway have been reported (Figure 22). One-electron 

oxidation of the amine affords a nitrogen-centered radical cation. The oxidation leads to a massive 

increase of the acidity of the α-C–H bond relative to the starting amine.186 Rapid deprotonation of the 

radical cation gives the α-aminoalkyl radical that can be used for a variety of radical processes, such as 
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for instance addition to alkenes leading to C–C bond formation (one-electron pathway).187 On the other 

hand, the α-aminoalkyl radical is more easily oxidized than the starting amine and therefore further 

oxidation to the corresponding iminium ion can take place (two-electron pathway).188 The iminium 

intermediate can be used for a variety of useful ionic transformations.189,190 As a consequence, the use 

of stoichiometric oxidants to perform radical reaction via the one-electron pathway is very challenging 

due to rapid overoxidation of the intermediate α-aminoalkyl radical to the corresponding iminium 

ion.191  

 

Figure 22. Oxidation of trimethylamine. One- vs. two-electron pathways. Desired radical process indicated in red. 

In this context, the single electron oxidation of amines via photoinduced electron transfer has been 

shown to be a suitable method to suppress this overoxidation. Mariano and co-workers reported in 

1992 the photosensitized generation of α-aminoalkyl radicals from easily oxidized α-silylamines and 

their subsequent intra- and intermolecular addition to electron-poor olefins. Interestingly, they 

reported a 6-endo-trig cyclization process (Figure 23a).192 Pandey took also advantage of the oxidation 

of a bis-α-silylamine to generate an azomethine ylide that can be used in 1,3-dipolar cycloaddition.193 

Pandey, Reiser and co-workers194 and Nishibayashi187,195 independently extended this chemistry to 

photoredox-mediated protocols not only on α-silylated amines but also respectively on N-aryl-

tetrahydroisoquinolines194 and on cyclic and acyclic amines. Nishibayashi and co-workers reported the 

formation of bis-alkylated product starting from symmetrical starting materials, demonstrating that 

the intermediate mono-alkylated product has a similar reactivity as the starting amine under specific 

reaction conditions (Figure 23b).195 In 2014, MacMillan and co-workers reported the α-vinylation of 

aniline derivatives and N-Boc-protected amino acids using vinyl sulfones as coupling partners (Figure 

23c).196 In this case, no bis-vinylation was reported presumably due to the excess of the starting amine 

used under their conditions. The same year, Li and co-workers reported the first α-allylation of N-aryl 

tertiary amines using an allylic radical trap.197 Double addition to the radical trap was observed in one 

case albeit in very moderate yield (Figure 23d). In 2020, Ready and co-workers reported a method for 

the regioselective α-functionalization of tertiary amines. Interestingly, the initially formed α-alkylation 

product could be further alkylated in a one-pot sequence (Figure 23e).198 The second alkylation takes 

place in a regioselective manner at the aliphatic position over the benzylic position. In one example, 

they observed the formation of a remarkable [3+3] adduct (Figure 23e). In this reaction, the initial 

radical adduct is presumably abstracting a hydrogen from the benzylic position. Reduction of the 

benzylic radical followed by nucleophilic displacement of the Evans auxiliary account for product 

formation. All these results incited us to examine annulation reactions based on the double activation 

of tertiary amines. We described here a tandem process for the synthesis of tropane and homotropane 

alkaloid skeletons (Figure 23f). The reaction is based on the activation of cyclic tertiary N-arylamines 

to generate 1,3-bis radical donors that react with ester activated allylic radical traps acting as 1,3-bis 

radical acceptors. This formal [3+3] annulation reaction relies on the regioselective radical formation 
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at the α and α' positions of the amine, on a rapid 6-endo-cyclization that outcompetes intermolecular 

processes, and on the fact that the final azabicycles are not undergoing further oxidation. 

 

Figure 23. Photoredox catalyzed α-functionalization of tertiary amines. Selected leading contributions in the 

field (a–e) and proposed annulation strategy (f). New C–C bonds are indicated in red (radical process) and in 

blue (ionic process). 

3.2.1.3. Results and discussion 

Proof of concept and optimization. To prove the validity of the annulation approach, N-

phenylpyrrolidine 1a was reacted in 1,2-dichloroethane with a series of allyl radical traps possessing 

different leaving groups Y in the presence of different catalysts and base additives. The results are 

collected in Table 1 (more entries are available in the supporting information). Three side products 

were identified during this optimization phase: the mono-allylated product 2a (an intermediate in the 

reaction leading to 3a), the α,α'-bis-allylated product 4a and the bis-addition product 5a. Since all these 

side products are difficult to separate from the desired tropane 3a, conditions were sought to minimize 

their formation. We started the optimization by using ethyl 2-((phenylsulfonyl)methyl)acrylate (Y = 

SO2Ph, 1.2 equivalents) as a trap under conditions similar to the one reported in the literature for 

reactions with vinyl sulfones (see Figure 23C),196 i.e. by using [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (Ir-A) as a 

catalyst, CsOAc (3 equivalents) as a base and irradiating with 390 nm LEDs in 1,2-dichloroethane (DCE) 

(Table 1, entry 1). Gratifyingly, the reaction afforded the desired tropane 3a in 45% yield (all yields 

determined by 1H-NMR analysis using an internal standard). Decreasing the base loading to 1.2 

equivalents and slightly increasing the amount of the allylsulfone to 1.4 equivalents proved to be 

beneficial and the product was formed in 65% yield (Table 1, entry 3). However, under these 

conditions, the product was contaminated with 4a and 5a leading to difficult isolation (isolated yield 

of 43%). The readily available catalyst [Ir(dtbbpy)(ppy)2]PF6 (Ir-B) proved to be a suitable catalyst for 

the reaction, yielding the cyclized product in 47% yield (Table 1, entry 4). A screening of bases revealed 

that CsOAc was the optimal base. The use of NaOAc and Cs2CO3 gave low yields of mono-allylated 



Chapter 3 – Tropanes and related alkaloid skeletons via a radical [3+3]-annulation reaction 

151 
 

pyrrolidine 2a (Table 1 Entries 5 and 6). The use of [Ir(dFppy)2(dtbbpy)]PF6 (Ir-C) afforded the cyclic 

product 3a in 50% yield (Table 1, entry 7). Other catalysts presenting suitable redox properties were 

also tested (for redox properties of the tested catalysts, see supporting information). Ru(bpy)3(PF6)2 

(Ru-A) and 2,4,5,6-tetrakis(9H-carbazol-9-yl) isophthalonitrile (4CzIPN) afforded the bicycle 3a, 

together with significant amounts of mono-allylated intermediate 2a (Table 1, entries 8–9). Eosin Y 

provide only the mono-allylated product 2a (51% yield, Table 1, entry 10). The influence of the radical 

trap was investigated next. Pleasingly, ethyl 2-(acetoxymethyl)acrylate197 (Y = OAc) gave the desired 

product in shorter reaction time (Table 1, entry 11) and similar yield than that with the sulfone trap 

(Table 1, entries 3). The corresponding sulfide trap (Y = S-tert-docedyl) provided also the desired 

cyclized product in satisfactory yield (Table 1, Entry 12). However, product isolation was more difficult 

and the release of one equivalent of a smelly thiol makes the reaction less attractive. Finally, the allyl 

bromide (Y = Br) was tested and only intermediate 2a was obtained, with no further conversion to the 

tropane skeleton 3a (Table 1, Entry 13). Other catalysts (organic photocatalysts), bases (Na2CO3, K2CO3) 

and solvents (DMF, DME, EtOAc, DCM or MeCN) were tested but were all detrimental to the formation 

of 3a (see supporting information). Due to shorter reaction time and cleaner product formation, the 

reaction was further optimized using the allyl acetate trap and catalyst Ir-A.  The formation of the bis-

allylated product 4a and the bis-addition product 5a could be minimized by working under higher 

dilution (0.05 M) and a much shorter reaction time of 20 minutes (Table 1, entry 14). Reducing the 

catalyst loading to 1 mol% proved beneficial to the reaction (Table 1, entry 15) and using a smaller 

excess of the allyl acetate radical trap (1.1 equivalents) did not affect the reaction yield (Table 1, entry 

16). Finally, the optimized conditions were used with the corresponding pivalate (Y = OPiv) and 

trifluoroacetate (Y = OTFA) radical traps (Table 1, entries 17 and 18) but the yields were lower, 

particularly with the trifluoroacetate. 

Table 1: Optimization of the reaction conditions. 

 

Entry Cat (mol%) Base (equiv) Y (equiv) Time [1a] Yielda Side product 

1 Ir-A (2) CsOAc (3.0) SO2Ph (1.2) 16 h 0.1 M 45%b 4a, 5a 

2 Ir-A (2) CsOAc (1.2 SO2Ph (1.2) 16 h 0.1 M 59%b 4a, 5a 

3 Ir-A (2) CsOAc (1.2) SO2Ph (1.4) 16 h 0.1 M 65%b 43%c,d 4a, 5a 

4 Ir-B (2) CsOAc (1.2) SO2Ph (1.4) 16 h 0.1 M 47%b 4a, 5a 

5 Ir-B (2) NaOAc (1.2) SO2Ph (1.4) 16 h 0.1 M – 2a (26%)b 

6 Ir-B (2) Cs2CO3 (1.2) SO2Ph (1.4) 16 h 0.1 M – 2a (31%)b 

7 Ir-C (2) CsOAc (1.2) SO2Ph (1.4) 16 h 0.1 M 50%b 4a, 5a 

8 Ru-A (2) CsOAc (1.2) SO2Ph (1.4) 16 h 0.1 M 30%b 2a (30%)b 

9 4CzIPN (2) CsOAc (1.2) SO2Ph (1.4) 16 h 0.1 M 21%b 2a (31%)b 
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10 Eosin Yf (2) CsOAc (1.2) SO2Ph (1.4) 16 h 0.1 M – 2a (51%)b 

11 Ir-A (2) CsOAc (1.2) OAc (1.4) 8 h 0.1 M 46%b none 

12 Ir-A (2) CsOAc (1.2) St-Do (1.4) 8 h 0.1 M 51%b none 

13 Ir-A (2) CsOAc (1.2) Br (1.4) 8 h 0.1 M – 2a (66%)b 

14 Ir-A (2) CsOAc (1.2) OAc (1.4) 20 min 0.05 52%d 4a 

15 Ir-A (1) CsOAc (1.2) OAc (1.4) 20 min 0.05 58%c,d 4a 

16 Ir-A (1) CsOAc (1.2) OAc (1.1) 20 min 0.05 57%d – 

17 Ir-A (1) CsOAc (1.2) OPiv (1.1) 20 min 0.05 45%d – 

18 Ir-A (1) CsOAc (1.2) OTFA (1.1) 2 h 0.05 27%d – 

New C–C bonds are indicated in red. a) Reactions run on 0.2 mmol scale. b) Yield for the major diastereomer 

determined on the crude product by 1H-NMR analysis using ethylene carbonate as a standard. Levels of 

diastereoselectivity ranging from 5:1 to 7:1. c) Average of 3 runs. d) Isolated yield. f) Irradiation at 325 nm in DMF 

as a solvent.  

To gain more understanding on the reaction efficiency, cyclization of the pure mono-allylated 2a 

product was examined (Figure 24). The reaction was run in deuterated dichloromethane under 

identical conditions (catalyst and base) than the annulation process and was monitored by 1H-NMR. 

Full conversion of 2a was achieved after 3 hours of irradiation and the bicyclic product 3a resulting 

from a 6-endo cyclization was obtained in 72% yield. The long reaction time necessary to reach full 

conversion was puzzling since the overall one-pot annulation process was complete within less than 

20 minutes. Since acetic acid (one equivalent) is generated during the allylation step leading to 2a, the 

reaction was repeated in the presence of one equivalent of acetic acid. Remarkably, the cyclization 

was finished in 3 minutes and an improved yield of 91% was obtained. Running the reaction with 

CsOPiv (1.2 equiv) and acetic acid (1.0 equiv) afforded the cyclized product in nearly quantitative yield 

within 2 minutes. This is in accordance with findings reported by Yoon and co-workers where their 

photocatalytic addition of α‑aminoalkyl radicals on Michael acceptors was improved by the addition 

of a Brønsted acids such as TFA.199  

 

Figure 24. Cyclization of the mono-allylated pyrrolidine 2a. Influence of acid additives on the cyclization step. 

New C–C bonds are indicated in red. 

Adding acetic acid (1 equiv) to the one-pot annulation reaction either at the beginning or during the 

reaction did not improve the yield indicating that the in situ generated acetic acid was sufficient for 

the whole process to occur. Running the reaction with CsOPiv (1.2 equivalents) as a base gave results 

very similar to CsOAc. Overall, these findings show that the optimized conditions for the annulation 

reaction (Table 1, entry 16) do not need to be modified.  

Reaction scope. The scope of the reaction was examined using the optimized reaction conditions. At 

first, different N-arylpyrrolidines 1a–f were examined (Figure 25). The reaction works well with p-

substituted N-arylpyrrolidines leading to 3a–3d in 42–57% yield and good levels of diastereoselectivity 

in favor of the α isomer (α/β ≥5:1). The relative configuration of the 3a was determined by single crystal 
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X-ray diffraction crystallography. Interestingly, the electron rich N-p-methoxyphenylpyrrolidine 

required longer reaction time despite the fact that this compound is more easily oxidizable, indicating 

that the critical step of the reaction is probably the deprotonation of the radical cations leading to the 

α-aminoalkyl radicals as discussed by Mariano in his early work (see a discussion of the mechanism, 

vide infra).200,201 In this particular case, the use of the slightly more basic CsOPiv instead of CsOAc 

provided 3d in a good 56% yield. The presence of ortho-substituent proved to be more problematic as 

shown by the long reaction time and low yield (20%) observed for the formation of 3e. 

 

Figure 25. Tropane skeletons via radical annulation. Scope of the N-aryl moiety. New C–C bonds are indicated in 

red. X-ray crystal structure of 3a (ellipsoids drawn at 50% probability). 

Next, the use of a 2-substituted pyrrolidine was examined. For this purpose, the 2-methyl substituted 

N-phenylpyrrolidine 1f was prepared and submitted to our standard reaction conditions (Figure 26). It 

afforded the desired bicyclic 3f containing a quaternary carbon at the bridgehead position in 40% yield. 

This result was surpassing our expectation since a difficult regioselectivity control was expected for the 

second step of the process, i.e. the conversion of 2f to 3f via 6-endo-trig cyclization. A study of this 

cyclization showed that 3f could be obtained from 2f in 66% isolated yield indicating that the desired 

α-amino-α-methyl radical R2f was preferentially formed over R2f'. This cyclization yield compared well 

with the non-methylated substrate 2a that afforded 3a in 77% isolated yield.  

 

Figure 26. Annulation reaction of N-phenyl-2-methylpyrrolidine. New C–C are indicated in red. The reaction 

involves the regioselective activation of 2,5-disubstituted pyrrolidine to form preferentially R2f over R2f'. 
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Encouraged by these results, we then turned our attention to the preparation of the homotropane 9-

azabicyclo[3.3.1]nonane skeleton as well as higher [4.3.1]-analogues (Figure 27). Piperidine derivatives 

proved in general to react slightly better than pyrrolidine derivatives. N-Phenylpiperidine 6a gave the 

cyclized product 8a in 67% yield (57% on 3 mmol scale) with an excellent level of diastereoselectivity 

(α/β > 20:1). The N-toluyl derivatives 8b–8d were obtained in similar yields and levels of 

diastereoselectivity. The electron rich N-p-anisyl derivatives in the presence of CsOPiv as a base 

required longer reaction time and afforded 8e in lower yield (32%). Aromatic rings substituted by 

electron withdrawing groups afforded the homotropanes 8f–8j in good yields and shorter reaction 

times in most cases. The p-ester substituted homotropane 8g was prepared 63% yield on 1 mmol scale 

and the p-pinacolboryl derivative 8j in 56% yield on 3 mmol scale. Gratifyingly, in all the scale-up 

experiments for 8a, 8g and 8j, the catalyst loading could be decreased to 0.5 mol%. The relative α-

configuration of 8g was confirmed by single crystal X-ray diffraction crystallography. Annulations 

starting from N-phenylmorpholine, N-phenylpiperazine and N-phenylthiomorpholine derivatives 6k–

m provided the bicyclic amines 8k–m in good yields. Remarkably, no products arising from the ring-

opening of the piperazine202 and thiomorpholine203,204 were observed. Finally, the reactivity of azepane 

derivatives were investigated. The N-phenyl derivative 6n gave the bicylic amine 8n in a modest 25% 

yield after 14h. When the reaction was stopped after 10 minutes, the allylated product 7n was 

obtained in 65% yield together with some cyclized product indicating that the 6-endo cyclization was 

probably the yield limiting step. This was confirmed by an independent cyclization attempt starting 

from 7n that afforded 8n in 24% yield after two hours, along with 9% unreacted 7n and some 

unidentified side products. The N-(p-methoxycarbonylphenyl) derivative 6o was also examined. After 

9 h of reaction, only the allylated product 7o was formed in a low 25% yield and incomplete conversion. 

 

Figure 27. Homotropane [3.3.1] and extended tropane [4.3.1] skeletons. New C–C bonds are indicated in Red. 

Product are drawn it their major conformations attributed from 1H-NMR spectra analysis. X-ray crystal 
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structures of α-8g, ellipsoids drawn at 50% probability (oxygen and nitrogen atom are represented in red and 

blue, respectively). 

2-Alkyl-3-ethoxycarbonyl substituted tropanes and homotropanes skeletons are expected to be 

accessible by using easily available acetylated Baylis-Hillman adducts. In order to test this hypothesis, 

ethyl 2-(1-acetoxyethyl)acrylate was prepared from the ethyl acrylate and acetaldehyde and reacted 

with N-(p-methoxycarbonylphenyl)piperidine 6g (Figure 28). When 1.1 equivalent of the trap was 

employed under our standard reaction conditions, prolongated irradiation afforded a mixture of the 

desired tropane skeleton 10 together with mono-allylated piperidine 9 and the bis-allylated product. 

Using a 2.5 fold excess of the amine allowed for the formation of the bis-allylated product to be 

suppressed and, after 10 minutes of irradiation, the intermediate 9 was obtained in 73% yield and with 

a good E-stereoselectivity (E/Z 7:1). Recrystallization of 9 afforded a virtually diastereomerically pure 

product (E/Z > 20:1). Gratifyingly, under our optimized cyclization conditions the major E-9 afforded 

10 in 66% yield and as a single diastereomer (dr > 20:1). However, despite the good results obtained 

for both steps separately, the one-pot process provided a mixture of 9 and 10. This mixture can be 

treated under the cyclization conditions to ultimately give the cyclized product 10 in 71% yield 

contaminated with a by-product, presumably a diastereomer. The diester 10 was converted to 

corresponding diol 11 whose relative configuration could be determined by single crystal X-ray 

diffraction crystallography (Figure 28). The formation of the major diastereomers results presumably 

from a chair-like transition state as depicted in Figure 28. 

 

Figure 28. 2,3-Disubsituted [4.4.1]-homotropane. Diastereoselective preparation of a 2,3-disubsituted [4.4.1]-

homotropane. New C–C are indicated in red. X-Ray crystal structure of E-9 and 11, ellipsoids drawn at 50% 

probability. 

Since most of the bicyclic alkaloids are either secondary amines (nortropanes, homotropanes) or N-

methylated tertiary amines (tropanes), it is important to achieve the deprotection of the N-aryl moiety. 

Methoxyphenyl substituents can be removed under oxidative conditions using chemical oxidants such 

as cerium ammonium nitrate (CAN) or electrochemical methods.205 The cleavage of the N-p-MeOPh 

group of 3c and 8e was investigated first and proved to be problematic when an aqueous CAN solution 

was used206 as the quinone liberated during the process reacted with the liberated secondary amines. 

Gratifyingly, the deprotections were successfully achieved using CAN in CH3CN/water followed by 

subsequent treatment of the reaction mixture with sodium borohydride to reduce the quinone, then 

with benzyl chloroformate to prepare their N-Cbz-protected form.207 Under these conditions, the 

desired Cbz-protected nortropane 12 and homotropane 13 were obtained in 90% and 80% yields, 
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respectively, without erosion of the diastereomeric ratio (Figure 29a). The Cbz-protecting group was 

introduced to facilitate product purification but also for both its facile deprotection and conversion to 

the corresponding N-methyl derivative.208 Since annulation reactions with the N-p-MeOPh substituted 

cyclic amines were slow and moderately efficient, we also investigated the deprotection of the N-(p-

pinacolboryl)phenyl derivative 8j that was formed in good yield. The dearylation of 8j to 13 (Figure 

29b) was conveniently performed in 71% yield by perboric acid treatment, affording after simple 

extraction the crude phenol, followed by CAN and CbzCl treatment according to the optimized 

procedure developed for the para-methoxy derivatives 3c and 8e. 

 

Figure 29. N-Dearylation. Dearylation of (a) the N-MeOPh derivative 3c and 8e, and (b) the N-p-pinBPh 

derivative 8j. 

Finally, we hypothesized that the major α-ethoxycarbonyl substituted tropanes and homotropanes 

were formed by kinetic protonation of the intermediate enolate from the less hindered exo-face (see 

mechanism, vide infra). Epimerization of α-stereoisomers to the more stable β-products was therefore 

examined. Heating the ester 3a and 8a at 40 °C in ethanol in the presence of sodium ethoxide afforded 

the β isomers in good to excellent levels of diastereoselectivity (Figure 30). This strategy is expected 

to be useful for the stereocontrolled synthesis of tropanes and homotropane alkaloids. 

 

Figure 30. Epimerization. Base promoted thermodynamic epimerization of tropane and homotropane 

derivatives. 

Mechanism. As mentioned in the introduction, the photocatalytic generation of α-aminoalkyl radicals 

from cyclic anilines and their subsequent intermolecular addition to Michael acceptors are well-
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established processes. However, the selectivity of the reaction sequence responsible for the 

annulation process is quite unique and deserves to be discussed (Figure 31). Upon blue light irradiation 

the catalyst Ir-A reaches its excited state Ir(III)*(Eox* Ir (III*/II) = +1.21 V SCE in MeCN)209 and is able to 

oxidize N-phenylpyrrolidine 1a to its aminium radical cation RC1a (Ered = +0.62 V/SCE in MeCN), which 

generates the α-aminoalkyl radical R1a upon deprotonation. This nucleophilic radical adds to the 

electron-poor double bond of the allylic trap, leading to an intermediate α-ester radical RE2a. The 

reduction potential of the tertiary radical RE2a is estimated to be Ered > –0.29 V SCE (see supporting 

information for details). Such a radical is expected to be readily reduced by the Ir(II) species (Ered Ir 

(III/II) = –1.37 V/SCE),209 thus closing the first catalytic cycle and providing a transient enolate 

intermediate that produces the mono-allylated pyrrolidine 2a upon β-fragmentation. The intermediate 

2a is now able to enter the second catalytic cycle. After oxidation of 2a and subsequent deprotonation, 

the α-aminoalkyl radical R2a is formed selectively. The latter undergoes a 6-endo-trig cyclization, 

leading to the bicyclic α-ester radical RE3a whose calculated reduction potential (Ered = –0.77 V SCE, 

see supporting information for details) is in good agreement with the experimental value of Ered = –

0.66 V SCE reported for the secondary α-ester radical CH3CH(•)CO2Me.210 This allows for its facile 

reduction by the Ir(II) species, thus closing the second catalytic cycle. exo-Selective protonation of the 

transient enolate ultimately delivers the desired bicyclic product 3a. 

The success of this approach relies on three key features. Firstly, the radical cation RC2a needs to be 

regioselectively deprotonated to form the radical R2a. No product results resulting from R2a' has been 

identified but we cannot exclude that such products are formed in small amount (Figure 31a). The 

calculated pKa values for the C(2)–H and C(3)–H bond (see scheme 11A) are very close and cannot be 

used to rationalize this result. Nevertheless, this type of selectivity for the less substituted position is 

well-established and can be rationalized by both steric and stereoelectronic effects.211–216 Secondly, in 

principle all three amines 1a, 2a and 3a present in solution can be easily oxidized by the Ir(III)* catalyst 

excited state. However, only RC1a and RC2a (calculated pKa 51.4 and 52.7 in DCE) are undergoing 

deprotonation to generate α-aminoalkyl radicals. The deprotonation of the bicyclic radical RC3a (pKa 

58.4) is much less favorable and no product resulting from the bicyclic radical R3a has been observed 

(Figure 31b). A separate attempt to achieve allylation of pure 3a under our standard reaction 

conditions led only to partial decomposition of the starting material without formation of an allylated 

product. Since the oxidation potentials of all three amines 1a, 2a and 3a are close and well below the 

oxidation potential of the excited Ir(III)* catalyst, we believe that the efficacy of the whole process is 

due to the fact that oxidation of 3a, which is becoming increasingly important as the reaction proceeds, 

is not leading to its decomposition as long as 1a and 2a are present in solution due to rapid electron 

transfers between the different amines in solution (Figure 31c). Such rapid electron transfers involving 

radical cations are well-documented in the literature107,217,218 and have led to the use of triarylaminium 

radical cation as organic mediator in electro-organic synthesis.219–222 
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Figure 31. Mechanism. Possible mechanism for the [3+3] radical annulation and analysis of (a) the 

regioselectivity of radical formation, (b) the selective formation of bicyclic radicals, and (c) the equilibrium 

between the different radical cations formed during the reaction. New C–C bonds are indicated in red. Redox 

potentials and pKas are indicated in blue. Radical cations are labeled in green. 

The proposed mechanism suggests that the efficiency of the annulation process is dictated by the 

formation of a final product that cannot deliver efficiently an α-aminoakyl radical due to an 

unfavorable (or less favorable) deprotonation step. This may explain the difficulties and low yield 

observed in the annulation of azepanes leading to [4.3.1] bicycles (see formation of 8n in Figure 27), 

for which the larger bicyclic systems are expected to favor deprotonation due to an increase of 

conformational flexibility leading to product and catalyst degradation. This assumption is supported 

by calculations, the oxidation potential of 8n (Eox +0.66 V/SCE) lying within the range of our catalyst 

and the pKa of the corresponding radical cation RC8n (pKa 49.5 (DCE), 6.8 (H2O)) being far below the 

ones of the less flexible RC3a (pKa 58.8 (DCE), 16.1 (H2O)) and RC8a (pKa 57.1 (DCE), 14.4 (H2O)) and 

similar to the one of the monocyclic amines. 

Counter-intuitively, the reactions with electron-enriched aniline systems such as N-(para-

methoxyphenyl)pyrrolidine 1d (to form 3d, see Figure 25) and N-(para-methoxyphenyl)piperidine 6e 

(to form 8e, Figure 27) were more difficult than those with electron-poorer systems. They required 

much longer reaction times and, in the case of 1d, the use of a slightly stronger base. This indicates 
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that the critical step of the process is probably not the amine oxidation but rather the deprotonation 

of the radical cation. Calculations showed that the more stable para-methoxyphenyl substituted 

radical cation RC1d is also much less acidic (pKa = +57.1 (DCE)/+14.4 (H2O)) than RC1a (pKa = +51.4 

(DCE)/+8.7 (H2O)). The electrochemical investigation of 1d by cyclic voltammetry provided a quasi-

reversible oxidation wave in the absence of added base (Figure 32a) whilst the simple N-

phenylpyrrolidine 1a produced irreversible oxidation event (see supporting information).223,224 The 

addition of cesium pivalate drastically changed the cyclic voltammogram of 1d and two oxidation 

waves were observed (Figure 32b). A first irreversible oxidation wave appeared at a slightly lower 

oxidation potential than the oxidation event of the amine alone. This shift of potential relative to the 

cyclic voltammogram in the absence of base is attributed to an oxidation event of the amine interacting 

with cesium pivalate, possibly a proton-coupled electron transfer (PCET) process.225,226 The second 

wave, whose potential corresponds to the oxidation event observed in the absence of base, becomes 

less reversible in presence of cesium pivalate. The voltammogram of the tropane 3d (Figure 32c) 

indicates as anticipated a reversible oxidation process. Interestingly, it is almost not affected by the 

presence of cesium pivalate indicating that the bicyclic cation radical of 3d is not deprotonated by the 

base during the measurement (Figure 32d). This observation supports the proposed mechanism and 

the fact that the photoredox annulation process stops at the bicyclic stage. 

 

Figure 32. Electrochemical study performed in Grenoble. Cyclic voltammograms of N-p-methoxyphenylamines 

1d and 3d (1 mM) in the absence (a and c) and in the presence of cesium pivalate (1.2 mM) (b and d). 

Voltammograms were recorded at 100 mV/s in acetonitrile containing [Bu4N][PF6] (0.1 M) as a supporting 

electrolyte. pKas are indicated in red. Voltammogram traces are depicted in blue. 

The hypothesis that the reactions stop at the bicyclic stage due to inefficient deprotonation of the 

bicyclic radical cation offers the opportunity to run a more complex reaction process involving a bis-

annulation process starting from a tertiary acyclic aniline derivative and ending with an oxidation-

resistant bicyclic system. This assumption was tested with N,N-dimethyl aniline. In the presence of 2.2 

equivalents of the allylic acetate radical trap added in two portions (at the beginning of the reaction 

and after 15 minutes), the product of bis-annulation product 14 was isolated in 13% yield with good 

stereocontrol. By starting from N-methyl-N-trimethylsilylmethylaniline, the yield for the formation of 
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14 could be improved to 22%. In this process, the product of the first annulation (Figure 33, blue bond 

formation) leads to a piperidine derivative that can further react via a second annulation process 

(Figure 33, red bond formation) to produce 14. All attempts to stop at the piperidine stage gave 

complex inseparable mixture of products. 

 

Figure 33. Double annulation process. Synthesis of a homotropane skeleton via a double [3+3] annulation 

reaction. C–C Bonds formed during the first annulation process are indicated in red, C–C Bonds formed during 

the second annulation process are indicated in blue. 

3.2.1.4. Conclusion 

In summary, we have developed a new annulation strategy for the synthesis of bicyclic alkaloid 

skeletons. The reactions take place under mild conditions and afford N-arylated tropane and 

homotropane frameworks in good yields and good to excellent levels of diastereoselectivity starting 

from simple and readily available starting materials using visible-light photoredox catalysis. This 

annulation process takes advantage of the unique reactivity of ethyl 2-(acetoxymethyl)acrylate as a 

1,3-bis radical acceptor and of cyclic N,N-dialkylanilines as radical 1,3-bis radical donor. This method 

complements nicely the classical Robinson synthesis by allowing to prepare directly the biologically 

relevant N-arylated skeletons and by introducing an ester group at position 3 suitable for further 

derivatization towards application in medicinal chemistry. Preliminary results with differently 2-

substituted allyl acetates indicate that the ester group can be substituted by other electron 

withdrawing groups such as a nitrile, a sulfone and a boronic ester. Details will be reported in due time 

together with the synthesis of optically pure biologically relevant compounds. 

3.2.1.5. Author contributions 

In Bern 

E.C. F.D. and P.R. designed the synthetic experiments. E.C. executed all the synthetic work and 
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J.-M.M. performed the calculations in collaboration with V.M.. J.A., A.D and V.M. designed and run the 

electrochemical studies and analyzed the data. 

All the authors discussed the results and commented on the manuscript. 
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3.2.2. Towards the synthesis of optically active tropane and homotropane 

alkaloids using the radical [3+3]-annulation – Unpublished results 

3.2.2.1. Retention of chiral information throughout the radical process 

In collaboration with Walter Le Goas 

We envisioned that applying our radical [3+3]-annulation reaction to a 2-substituted, optically active 

substrate would provide the opportunity to synthesize optically active tropane alkaloids substituted at 

the bridgehead position. We observed during the substrate scope that the cyclization of the methyl-

substituted, mono-allylated intermediate 2f proceeded with a good 66% yield, indicating that α-

aminoalkyl radical formation occurred preferentially on the methyl side rather than on the allylated 

side, despite similar substitution pattern (Scheme 26, compared Ha and Hb). We wondered whether a 

reversibility of the α-aminoalkyl radical formation was involved in this selectivity, as proposed in 

Scheme 26. 

 

Scheme 26. Possible intermediates in the cyclization of methyl-substituted intermediate 2f. 

Such a process has been proposed by Houk, Mayer and Ellman who reported the α-amino arylation 

reaction of substituted piperidines with electron-deficient cyano(hetero)arenes (Figure 34A).222 The 

authors reported a slow thermodynamic epimerization of the product to an equilibrium mixture of 

diastereomers, eventually controlling the diastereomeric ratio via a light-driven process (Figure 34B). 
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Figure 34. Reversible α-aminoalkyl radical formation invoked in the thermodynamic epimerization of α-aryl, α-

methyl bis-functionalized piperidine derivatives (Houk, Mayer and Ellman). 

We identified 2-(methoxymethyl)-phenylpyrrolidine 1g as a model substrate to rule out such a 

reactivity in our system (Figure 35). We expected the stereochemistry to be fixed at position 5 of the 

pyrrolidine ring upon formation of the mono-allylated intermediate 2g. Both the trans and cis 

diastereomers are expected be optically active at this stage since no issue in the regioselectivity of the 

α-aminoalkyl radical formation is expected (R1g).  After separation of the trans and cis isomers, each 

intermediate would give rise to a single enantiomer of the cyclized product, provided that no 

reversibility occurred in R2g-trans and R2g-cis. 
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Figure 35. Expected transmission of the chiral information between 1g, 2g and 3g if no reversibility occurs in 

the radical formation. 

The racemic and enantiopure versions of the precursor 1g were successfully synthesized following a 

reported procedure.227 The sequence started with an N-arylation between bromobenzene and 

commercially available DL-proline (respectively L-proline), directly followed by the formation of the 

methyl ester derivative. The desired precursor was obtained after two straightforward steps of 

reduction and methylation (Figure 36). The N-arylation step, although described on a multigram scale 

in the literature, proved challenging in our hands and only delivered the methyl ester in poor yield. An 

alternative way for the synthesis of racemic methyl 1-phenylpyrrolidine-2-carboxylate, instead of 

repeating the low yielding C-N coupling, was to deprotonate alpha to the ester group in the optically 

active methyl ester intermediate using freshly prepared LDA (76% yield). 

 
Figure 36. Synthetic sequence for the formation of 2-(methoxymethyl)-1-phenyl-pyrrolidine 2g from proline 

With the model substrate in hand, the optimized photoredox conditions were applied. Gratifyingly, 

the mono-allylated product 2g could be obtained in 42% yield along with 25% recovered starting 
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material, and in a trans/cis ratio of 77:23 (Figure 37A). The reaction had to be interrupted before full 

conversion of the starting material in order to prevent the cyclization of the desired mono-allylated 

intermediate 2g. The diastereomers of 2g had first to be separated in order to obtain the optically 

active 3g. Gratifyingly, this could be done on a reverse phase semi-preparative HPLC system and the 

relative configuration of the major diastereomer was assessed by XRay crystallography analysis of a 

single crystal. HPLC analysis on chiral stationary phase was used to demonstrate that the optical purity 

had been retained in both the trans and cis isomers as well as in the recovered starting material, 

excluding any racemization during this first mono-allylation step. The trans isomer was then subjected 

to the standard cyclization conditions. The cyclized product was obtained in 64% yield (α/β 9:1) and its 

enantiopurity was controlled by HPLC analysis on chiral stationary phase, excluding any racemization 

at this step as well (Figure 37B). For practical reasons, the same reaction could not be run on the cis 

isomer (-)-2g-cis, as too little product was obtained from the allylation reaction. However, an 

enantiopure mix of 2g in a trans/cis ration of 77:23 was engaged in the cyclization reaction and resulted 

in the expected ratio of enantiomers withing a 5% error (71% ee, see supporting information for 

details). This proved that both 2g-trans and 2g-cis were cyclizing in a similar fashion and with retention 

of the chiral information. 

 
Figure 37: Retention of chiral information through A/ the mono-allylation step and B/ the cyclization step. 

Overall, this study set the stage for the synthesis of optically active natural products via our method. 

In the next section, our investigations towards the synthesis of (+)–euphococcinine will be reported.  

 

Figure 38. Radical [3+3]-annulation as the key step in the synthesis of (+)-euphococcinine. 
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3.2.2.2. Towards the synthesis of (+)–euphococcinine 

In collaboration with Anja Baumann and Lukas Bader 

The synthesis of (+)–euphococcinine has attracted much interest in the past and several methods have 

been reported based on the Mannich reaction, double Michael addition sequences, and intramolecular 

cycloadditions.165,228  

In order to use our radical [3+3]-annulation reaction as key step in the synthesis of (+)–

euphococcinine, suitable precursors should be designed. As part of her Master thesis, Anja Bauman 

investigated the possibility of diversifying the scope of radical traps in order to incorporate different 

functional groups at position 3 of the tropane core,229 allowing a straightforward conversion into the 

ketone group present in the natural product (see Figure 38). Among sulfone-, cyano-, and BPin-

functionalized olefins, the latter proved to be the more promising. Phenylpyrrolidine 1a could be 

converted to BPin-functionalized 3aa in 38% yield and excellent diastereoselectivity (Figure 39). In 

addition, the high-yielding oxidation of the BPin to the alcohol 3ab was demonstrated. Unfortunately, 

the performance of the BPin radical trap proved to be very substrate-dependent. Hence the 

phenylpiperidine 6a was only converted to 8aa in a low 8% isolated yield along with 30% recovered 

starting material and unidentified side products. This reaction could not be further optimized. 

 

Figure 39. Synthesis of BPin-functionalized tropane cores and subsequent oxidation to the alcohol. 

Considering the low reliability of this radical trap, and despite the straightforward access to the 

required C–O bond connection at position 3, this trap was not further investigated for the synthesis of 

(+)–euphococcinine. In a preliminary approach, it should be feasible to use the ester-functionalized 

radical trap and to perform a α-hydroxylation using for example the Davis oxaziridine,230,231 followed 

by reduction of the ester moiety and oxidative cleavage of the resulting diol (Figure 40). 

 

Figure 40. Envisioned synthetic transformations towards the ketone moiety in (+)–euphococcinine. 

Since we have demonstrated the possibility of a N-dearylation protocol from the para-BPin-phenyl 

derivative, this moiety has to be present in our starting material. This led us to investigate the aniline 

derivative 6p as possible precursor for the photoredox reaction towards (+)–euphococcinine (Figure 

41). Retrosynthetically, the desired starting N-aryl piperidine could be obtained via an annulation 

reaction with the commercially available p-BPin-aniline and a 1, 5-disubstituted hexane derivative such 

as a 1,5-bis-tosylate, -mesylate, or- triflate derived from 1,5-hexanediol. A disconnection between 
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carbons 3 and 4 would give two 3-carbon synthons tracing back to the commercially available propargyl 

alcohol and methylated epoxide,232 following a sequence of epoxide opening and hydrogenation. 

 

Figure 41. Retrosynthesis analysis towards 6p. 

This retrosynthetic planning has the advantage of avoiding an N-arylamination step, usually not 

efficient with alpha-substituted amines233 and poorly compatible with a BPin moiety. More 

importantly, the synthetic pathway could be used for both the racemic and enantioselective synthesis 

depending on the starting epoxide. The alkyl chain could also easily be modulated. All the steps are 

known and reported reactions on large scale; only the annulation reaction on a p-BPin-aniline was not 

reported. 

The envisioned sequence was carried out starting with a simple protection of the propargyl alcohol as 

a tetrahydropyranyl (THP) ether, followed by a deprotonation of the terminal alkyne and epoxide 

opening sequence first reported by Yamaguchi in presence of boron trifluoride etherate (Figure 44).234 

The protocol favored the opening of the epoxide at the least hindered position with exquisite 

regioselectivity and good yield. Hydrogenation of the resulting alkyne under atmospheric pressure of 

hydrogen proved to be a fast reaction but gave a disappointing yield of 68% in EtOAc with Pd/C, the 

rest of the mass accounting for the formation of un undesired ketone by-product. Switching the solvent 

to methanol or the catalyst to the Pearlman’s catalyst only degraded the yield further. Deprotecting 

the alcohol before running the hydrogenation was also not beneficial. Finally, increasing the pressure 

of H2 proved to be the optimal solution, giving yields above 85% in very short reaction times for 

reactions below 5 mmol scales. Upon scale-up of the reaction, the formation of the ketone increased 

again, limiting the scale of the reaction to 20 mmol. However, the product could be obtained in a 

synthetically useful yield of 79% and the ketone could easily be converted to the desired alcohol by 

reduction with sodium borohydride. The deprotection of the THP protecting group under acidic 

conditions in refluxing methanol afforded the 1,5-hexanediol in 81% yield. Next the nature of the 

leaving group was investigated for the annulation reaction.  First attempts with tosyl chloride afforded 

the mono-tosylated product at the primary alcohol position in low yield, the rest of the mass 

presumably lost as the volatile 2-methyltetrahydropyran derivative resulting from intramolecular 

cyclization of the mono-tosylated product. The same problem seemed to occur with the triflate 

derivative, even when running the reaction at very low temperature. Finally, the mesylation worked 

well and the desired bis-mesylated alcohol was obtained in nearly quantitative yield. 
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Figure 42. Synthesis of the 1,5-substituted hexane derivative leading to 6p. 

Finally, the cyclization step of the activated alcohol with the p-BPin-aniline was investigated. The 

Hünigh’s base needed to be used for this transformation, as K2CO3 led to complete protodeboronation 

of the product, presumably due to a too slow quenching of the released HBr. Still the product was 

obtained in a low 18% yield in a first attempt. This was attributed to both the substitution on a 

secondary carbon instead of a primary carbon (Figure 43A), and the use of a mesylate instead of a 

bromide as a leaving group (Figure 43A). Furthermore, the bis-mesylated substrate seemed to be 

consumed much faster than the aniline under these reaction conditions, indicating that bis-alkylation 

was likely to occur, or even oligomerization. Although no such by-products were isolated, and although 

no increase in the yield was observed upon dilution of the reaction medium, we cannot exclude that 

this type of reactivity is operative in our system. In accordance with these findings, adding 

tetrabutylammonium bromide in the reaction mixture to in situ substitute the mesylate group by a 

bromide increased the reaction yield to a synthetically useful 50% (Figure 43C). 
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Figure 43: Annulation of the para-BPin-aniline with a 1,5-substituted hexane derivative. Influence of the 

substitution at the leaving group and of the leaving group nature (LG). 

With a sample of the racemic substrate 6p in hand, we turned our attention to the photoredox reaction 

(Figure 44). Under the optimized conditions, the one-pot sequence gave after 7 hours of irradiation a 

mixture of mono-allylated intermediate 7p in 11% yield and of cyclized product 8p in 13% yield. 

Complete conversion of the starting material was observed. Reducing the reaction time to 40 minutes 

afforded, on 1 mmol scale, 40% of 7p in a good diastereomeric ratio of 1:5.5, along with 9% recovered 

starting material and traces of cyclized product. The relative configuration of the major diastereomer 

could not yet be determined. Although the isolated yield of the mono-allylated intermediate was 

acceptable in this case, the amount of starting material and cyclized product recovered did not account 

for the loss of mass. Hoping to gain a better understanding of the reaction, the diastereomers of 7p 

were separated and the major diastereomer was engaged in an independent cyclization reaction. The 

reaction proved to be slow and after some cyclized product was formed, the reaction seemed to 

stumble. Adding one more portion of catalyst and letting the reaction overnight finally allowed a full 

conversion of the starting material. The cyclized product 8p was only formed in 35% yield but with 

excellent diastereoselectivity. It is possible that with this substrate the regioselectivity of the radical 

formation is low. An over oxidation of the unreactive α-aminoalkyl radical to the iminium ion would 

account for both the loss of catalyst activity and the loss of mass. 



Chapter 3 – Tropanes and related alkaloid skeletons via a radical [3+3]-annulation reaction 

169 
 

 

Figure 44: Preliminary investigations on the reactivity of the substrate under standard photoredox conditions 

In parallel to these investigations, the possibility to use other protecting groups than a para-BPin-aryl 

moiety was evaluated. This could potentially facilitate the synthesis of the starting material, but also 

increase the efficiency of the cyclization reaction and/or increase the diastereomeric ratio of product 

7p, which is desirable since only one diastereomer should be engaged in the cyclization reaction. 

Cbz-protected piperidine 

In 2018, Nicewicz and co-workers reported that acridinium photoredox catalysts were able to perform 

the one-electron oxidation of carbamate-protected amines with oxidation potentials as high as + 1.96 

V vs SCE (for Boc-protected piperidine).235,236 The reaction conditions were amenable to Boc-, Cbz-, and 

Fmoc-protected amines (Figure 45). Interestingly, a 2-methylated piperidine derivative was alkylated 

with retention of optical activity. The scope of radical traps was mostly limited to α,β-unsaturated 

ketones, but the use of acrylates was reported as well, indicating that the reduction of alpha-ester 

radicals should be feasible.  
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Figure 45. Alpha-alkylation of carbamate-protected amines using an acridinium photocatalyst (Nicewicz). 

Similar conditions were applied to our system using Cbz-protected piperidine as starting material, since 

the expected product had been previously isolated (product 13, Figure 29). Unfortunately, none of the 

screened acridinium-based catalysts promoted the formation of 13, presumably due to a too low 

reduction potential of the catalysts (Figure 46). In addition, witching the solvent to DCM and removing 

the base as in Nicewicz’s conditions did not afford any product with either photocatalyst Acr-A, -B, or 

-C. 

 

Figure 46. Screened acridinium photocatalysts for the radical [3+3]-annulation of Cbz-protected piperidine. 

Benzaldehyde moiety 

The para-aldehyde functionality was investigated in lieu of the para-BPin for the N-dearylation 

sequence because the starting material could potentially be made via a nucleophilic aromatic 

substitution of the free amine on 4-fluorobenzaldehyde in presence of a base in refluxing DMF.237 

Engaging the benzaldehyde functionality in a Baeyer-Villiger oxidation would lead to the required 

phenol moiety for the dearylation procedure.238 
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Figure 47. Envisioned strategy for starting material preparation and N-dearylation with a benzaldehyde moiety. 

Preliminary investigations towards this strategy started by testing the compatibility of the photoredox 

protocol with the (protected) benzaldehyde derivative. While the free aldehyde 6q was not amenable 

to the reaction conditions, the acetal P-6q afforded the cyclized product P-8q in 56% yield. 

Deprotection under acidic deprotection furnished the free aldehyde 8q in 94% yield (53% over two 

steps, α/β >20:1). Applying this strategy to the methyl ketone derivative allowed to increase the yield 

of product 8h to 57% over two steps (42% with the unprotected ketone starting material). 

 

Next, the Baeyer-Villiger oxidation was tested on 6q. There are only scarce examples of Baeyer-Villiger 

oxidations on aniline derivatives,239 presumably due to the competitive oxidation of the nitrogen. 

Nonetheless, we envisaged that acidic conditions could protected the sensitive nitrogen under the 

oxidative conditions. Unfortunately, our efforts were not fruitful, and the chloride salt of the starting 

material could not be converted to the desired product. 
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Figure 48. Unsuccessful Bayer-Villiger oxidation attempts. 

Hence this strategy was not pushed further. Nonetheless, product 8q is a nice addition to the reaction 

scope and provides an interesting handle for further derivatization of the tropane derivative. 

Continuation of this work is now being performed by Lukas Bader as part of a master thesis in the 

Renaud group, including the synthesis of optically pure 6p and the investigation of further protecting 

groups. These endeavors will be reported in due course and will not be discussed in this manuscript. 

 

3.3. Outlook 

3.3.1. Easy access to N-arylated 2-tropinone derivatives 

2-tropinone is a very useful precursor in the preparation of compounds with biological activity240–243 

but is not as easily available as its meso isomer 3-tropinone (Figure 49). 

 

Figure 49. Structures of 2-tropinone versus 3-tropinone. 

The most used method to date is still by degradation of cocaine under strongly acidic and refluxing 

conditions (Figure 50A).244 The resulting α,β-unsaturated carboxylic acid can be converted to the acyl 

azide using diphenylphosphoryl azide under basic conditions. Curtius rearrangement finally leads to 

the desired compound. Starting from optically pure cocaine leads to optically pure 2-tropinone. This 

strategy has the advantage of being high-yielding and scalable, but the major drawback is the necessity 

to start with the more complex precursor cocaine, moreover a restricted substance. Davies and co-

workers reported a synthesis of the racemic alpha-ketoester derivative in 6 steps from ethyl pyrrole-

2-carboxylate (Figure 50B).245 Decarboxylation of this intermediate under mild acidic conditions and 

heat afforded 2-tropinone. The authors demonstrated the possibility to resolve the racemic compound 

as a chiral salt. 
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Figure 50. Reported synthesis of 2-tropinone from A/ cocaine; B/ ethyl pyrrole-2-carboxylate. 

In these two strategies, the scope is strictly restricted to the formation of the tropane core and the 

synthesis cannot be easily modulated. Using our previously reported radical [3+3]-annulation with an 

allenic trap would allow a facile access to a library of N-arylated tropane and homotropane derivatives 

substituted at position 2 with an alkene moiety (Figure 51). This key intermediate could be cleaved to 

give the alpha-ketoester, which has already been reported to undergo the desired decarboxylation 

readily.245,246  

 

Figure 51. Easy access to N-arylated 2-tropinone derivatives using a radical [3+3]-annulation step. 

The required allenic radical trap is a known product and can be accessed via the allenylic alcohol.247 

Kwon and co-workers recently reported 13 examples of such precursors.248 In addition, its electrophilic 

reactivity at position β over position γ has been previously demonstrated.249 If problems of 

regioselectivity do arise, substituting position γ with one or two substituents should slow down 

undesired radical addition at this position.5 

3.3.2. Enantioselectivity 

In order to render this reaction enantioselective, the stereochemistry of the newly formed center at 

the alpha-position of the nitrogen should be controlled in the mono-allylated intermediate.250 Such an 

intermediate would be forced to cyclize from one side of the pyrrolidine ring only, a strategy that would 

be interesting as well for the enantioselective synthesis of unsymmetrical products such as 10 (Figure 

52). 
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Figure 52. Necessity to control the stereochemistry of the newly-formed center in the alpha-aminoalkyl radical 

addition to the radical trap in order to obtain optically active cyclized products. 

To do so we envisioned to use a phosphate-based achiral base in combination with a chiral phosphoric 

acid catalyst which would provide the non-covalent interactions necessary to exert stereochemical 

control.43,251 To this end K3PO4 was found to be a suitable base for our radical [3+3]-annulation and 

provided the model compound 3a in 47% yield. Concomitantly to these investigations, the Phipps 

group disclosed an advanced study towards the enantioselective addition of α-aminoalkyl radicals to 

Giese acceptor electrophiles.252 They reported that N,N-dimethylpyridin-2-amine derivatives could be 

enantioselectively α-alkylated in presence of an iridium photocatalyst, 2 equivalents of K3PO4, 5 mol% 

of a chiral phosphoric acid, and a thiol as sacrificial hydrogen atom donor (Figure 53). This was 

necessary to suppress any background racemic reaction occurring upon escaping of the α-aminoalkyl 

radical outside the catalytic pocket. The methodology was limited to radical traps able to engage in 

hydrogen bonding with the chiral catalyst, such as α,β-unsaturated secondary amides. Interestingly, 

the authors reported that the pyridyl ring could be easily removed from the product. This would be an 

interesting protecting groups for our investigations towards a natural product and should facilitate 

starting material synthesis. 

 

Figure 53. Enantioselective alpha-alkylation of N-(hetero)aryl pyrrolidine in development in the Phipps group. 
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3.3.3. Diastereoselectivity 

The high diastereoselectivity observed in the formation of bis-annulated product 14 (Figure 33) is 

best explained by applying the Fürst-Plattner rule favoring a trans-diaxial attack.253 The chair-like 

transition state leads to the trans-piperidine intermediate (Figure 54).  

 

Figure 54. Diastereoselective α-functionalization of 4-substituted piperidines. 

In order to further investigate this diastereoselective reaction and to assess its generality, it should be 

tested on a series of piperidine precursors decorated at position 4 with substituents such as ethyl ester, 

methyl, benzyl and tert-butyl. These compounds can be obtained via palladium couplings of the 

corresponding piperidines with bromo- or iodobenzene.254 While some 4-substituted piperidines are 

commercially available, 4-alkylpiperidines can typically be obtained by hydrogenation of the pyridine 

precursors.255,256 In the case of a methyl group, 4-piperidone can be used as a precursor in a Wittig 

olefination, hydrogenation sequence.257 

 

Figure 55. Synthetic pathway to 4-substituted N-arylated piperidines. 
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General information 

All the glassware was oven-dried at 160 °C or flame-dried under vacuum, assembled hot and allowed 

to cool under a positive pressure of nitrogen. Unless otherwise stated, all reactions were performed 

under nitrogen atmosphere. Non-aqueous reagents were transferred under nitrogen via syringe or 

cannula. Silica gel 60 Å (230–400 mesh particle size, SiliCycle) and aluminum oxide neutral (40–160 

μm) were used for flash column chromatography. Thin layer chromatography (TLC) was performed on 

0.25 mm silica gel 60 with fluorescent indicator UV 254; visualization under UV light (254 nm) or by 

staining with a solution of potassium permanganate [KMnO4 (3 g), K2CO3 (20 g) and NaOH 5% (3 mL) in 

H2O (300 mL)] and subsequent heating. 

Instrumentation  

NMR. 1H, 13C, 11B and 19F NMR spectra were recorded on a 300 MHz spectrometer (1H: 300 MHz, 13C: 

75 MHz, 11B: 96 MHz, 19F: 282 MHz) and on a 400 MHz spectrometer (1H: 400 MHz, 13C: 101 MHz) 

operating at 22 °C, unless otherwise stated. Chemical shifts (δ) were reported in parts per million with 

the residual solvent peak used as an internal standard (CHCl3: δ = 7.26 ppm and C6H6: δ = 7.16 ppm for 

1H NMR spectra and CDCl3: δ = 77.0 ppm and C6D6: δ = 128.0 ppm for 13C NMR spectra). The following 

abbreviations were used to explain the multiplicities: s (singlet), d (doublet), t (triplet), q (quadruplet), 

p (pentuplet), hx (hexuplet), hp (heptuplet), m (multiplet), br (broad). The prefix app (apparent) was 

added when different coupling constants appeared accidentally equal. Coupling constants J are 

reported in Hz and with an accuracy of one unit of the last digit. HRMS analyses were recorded on a 
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hybrid quadrupole time-of-flight mass spectrometer using positive electrospray and on a double-

focusing magnetic sector mass spectrometer using electron impact (70 eV). Mass spectra were 

measured in electron impact (EI) mode at 70 eV, with solid probe inlet, source temperature of 200 °C, 

acceleration voltage of 5 kV, and resolution of 2’500. The instrument was scanned between m/z 50 

and 1000 at scan rate of 2 s / decade in the magnetic scan mode. Perfluorokerosene served for 

calibration. Infrared spectra were recorded neat on an FT-IR spectrometer equipped with a Golden 

Gate Single Reflection Diamond ATR System and are reported in wave numbers (cm–1). GC analyses 

were carried out on a Thermo Electron Trace GC ULTRA instrument fitted with a Macherey-Nagel 

Optima delta-3-0.25 μm capillary column (20 m, 0.25 mm). Gas carrier: He 1.4 mL/min; injector: 220 

°C split mode; detector: FID 280 °C, H2 35 mL/min, air 350 mL/min. Blue LED irradiation: Kessil lamps 

were used for photoredox reactions and were run at maximum power (100 W) 5 cm away from 

reaction vessel with a cooling fan. 

Materials  

Unless otherwise stated, all reagents were obtained from commercial sources and used without 

further purification. Aniline and N,N-dimethylaniline were redistilled prior to use. Solvents for 

reactions (THF, Et2O, CH2Cl2, n-hexane) were first distilled then filtered over two columns of dried 

alumina under a positive pressure of argon. Commercial benzene and toluene were filtered over two 

columns of dried alumina under a positive pressure of argon. Commercial 1,2-dichloroethane was 

dried over a short column of activated neutral alumina under a positive pressure of nitrogen, stored 

on activated 3Å molecular sieve and used within less than a month; it was degassed by bubbling 

nitrogen for 15 minutes prior to reaction. Solvents for extraction and flash column chromatography 

were of technical grade and were distilled prior to use. Commercial photocatalysts (Strem or Aldrich) 

were used without purification. 
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Preparation of starting materials 

Amine precursors 

General procedure A 

In a two-neck, oven-dried flask equipped with a magnetic stirring bar and a reflux condenser, was 

introduced K2CO3 (27.5 mmol, 1.1 equiv.), N,N-dimethylformamide (25 mL) and the appropriate aniline 

(25 mmol, 1 equiv.). The resulting mixture was degassed by bubbling N2 for 15 min, and then the 

dibromoalkane (27.5 mmol, 1.1 equiv.) was added to the suspension via a syringe. The reaction mixture 

was heated to 80 °C and stirred overnight at the same temperature. Upon completion (TLC 

monitoring), the reaction mixture was diluted with Et2O (100 mL). Water (100 mL) was added and the 

phases were separated. The organic phase was extracted with 1 M HCl (3 x 50 mL). The pH of the 

aqueous phase was adjusted to pH = 8 with 1 M NaOH and extracted with Et2O (3 x 100 mL). The 

combined organic phases were dried with Na2SO4, filtered and concentrated under reduced pressure 

to give crude product. Purification by flash column chromatography on silica gel afforded the desired 

products. 

The purity of the reagents was taken into account in most cases, hence some discrepancy can be 

observed between the indicated mass and the number of mmols. The purity of the reagent was only 

indicated if lower than 97%. 

1-phenylpyrrolidine (1a). Following General Procedure A with aniline (4.6 mL, 50.0 

mmol) and 1,4-dibromobutane (6.6 mL, 55.0 mmol). Purification by flash column 

chromatography on silica gel (heptanes/EtOAc 1:30 to 1:10) afforded 1-

phenylpyrrolidine as a pale-yellow oil (6.27 g, 42.6 mmol, 85%). The product was stored 

at –18 °C, protected from light and under N2. 

1H NMR (300 MHz, CDCl3): δ 7.24 (m, 2H), 6.67 (m, 1H), 6.58 (m, 2H), 3.37–3.22 (m, 4H), 2.02 (m, 4H). 

The physical and spectral data are in accordance with the reported literature data.1 

1-(4-bromophenyl)pyrrolidine. Following general procedure A with 4-bromoaniline 

(869 mg, 5.00 mmol) and 1,4-dibromobutane (0.66 mL, 5.50 mmol). Purification by silica 

gel column chromatography (heptanes/EtOAc 1:9) afforded 1-(4-

bromophenyl)pyrrolidine as an off-white solid (148 mg, 13%). 

1H NMR (300 MHz, CDCl3): δ 7.28 (m, 2H), 6.46 – 6.38 (m, 2H), 3.33 – 3.18 (m, 4H), 2.08 

– 1.91 (m, 4H). The physical and spectral data are in accordance with the reported literature data.2 
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1-[4-(3,3,4,4-tetramethyl-1lambda3,2,5-bromadioxolan-1-yl)phenyl]pyrrolidine  (1b). 

Synthesized following a reported procedure.3 

In a two-neck round-bottomed flask equipped with a reflux condenser was added 1-(4-

bromophenyl)pyrrolidine (150 mg, 0.663 mmol) and degassed 1,4-dioxane (5 mL). To the 

solution was then added Bis(pinacolato)diboron (B2Pin2) (253 mg, 0.995 mmol), KOAc 

(195 mg, 1.99 mmol) and PdCl2(dppf)-CH2Cl2 (12.0 mg, 0.0164 mmol). The reaction was 

stirred at 90 °C for 16 h. The reaction mixture was allowed to cool down to rt and was 

filtered through a pad of celite (washing with EtOAc). Volatile organic solvents were evaporated in 

vacuo to give crude product. Purification by flash column chromatography on silica gel 

(heptanes/EtOAc 98:2) afforded the title compound as an off-white solid (87 mg, 0.25 mmol, 38%). 

Alternative procedure: 

In a two-neck flask equipped with a magnetic stirring bar and a reflux condenser were introduced 4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (1.11 g, 5.00 mmol), N,N-dimethylformamide (5 

mL), diisopropylethylamine (DIPEA) (2.56 mL, 15.0 mmol), and 1,4-dibromobutane (0.67 mL, 5.50 

mmol).  The reaction mixture was heated to 80 °C and stirred overnight at the same temperature. 

Upon completion (TLC monitoring), the reaction mixture was diluted with Et2O (20 mL). Water (10 mL) 

was added and the phases were separated. The organic phase was washed with water (3 x 10 mL). The 

organic phase was dried with Na2SO4, filtered and concentrated under reduced pressure to give crude 

product. Purification by flash column chromatography on silica gel (pentane:Et2O 90:10) afforded the 

desired product as a white crystalline solid (1.15 g, 4.2 mmol, 84%). 

1H NMR (300 MHz, C6D6): δ 8.34–8.23 (m, 2H), 6.58–6.48 (m, 2H), 2.86–2.74 (m, 4H), 1.41–1.27 (m, 

4H), 1.20 (s, 12H). 11B NMR (96 MHz, C6D6): δ 31.7.  The physical and spectral data are in accordance 

with the reported literature data.4 

Methyl 4-pyrrolidin-1-ylbenzoate (1c). Following General Procedure A with methyl 4-

aminobenzoate (2.29 g, 15.0 mmol) and 1,4-dibromobutane (2.0 mL, 16.5 mmol). 

Purification by flash column chromatography on silica gel (heptanes/EtOAc 1:10) 

afforded methyl 4-pyrrolidin-1-ylbenzoate as a white solid (334 mg, 1.65 mmol, 11%). 

1H NMR (300 MHz, CDCl3): δ 7.94–7.86 (m, 2H), 6.56–6.47 (m, 2H), 3.85 (s, 3H), 3.40–

3.31 (m, 4H), 2.10–1.96 (m, 4H). The physical and spectral data are in accordance with 

the reported literature data.5 
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1-(4-methoxyphenyl)pyrrolidine (1d). Following General Procedure A with 4-

methoxyaniline (6.16 g, 50.0 mmol) and 1,4-dibromobutane (6.6 mL, 55.0 mmol). 

Purification by flash column chromatography on silica gel (pentane/Et2O 90:10) afforded 

1-(4-methoxyphenyl)pyrrolidine as a white solid (7.36 g, 41.5 mmol, 83%). The product 

was stored at –18 °C, protected from light and under N2. 

1H NMR (300 MHz, CDCl3): δ 6.89–6.81 (m, 2H), 6.58–6.50 (m, 2H), 3.76 (s, 3H), 3.28–

3.18 (m, 4H), 2.03–1.95 (m, 4H). The physical and spectral data are in accordance with the reported 

literature data.5 

1-(2-tert-butylphenyl)pyrrolidine (1e) Following General Procedure A with 2-tert-

butylaniline (1.56 mL, 10.0 mmol) and 1,4-dibromobutane (1.3 mL, 11.0 mmol). 

Purification by flash column chromatography on silica gel (heptanes/EtOAc 20:1) 

afforded 1-(2-tert-butylphenyl)pyrrolidine as a colorless oil (879 mg, 4.3 mmol,  43%). 

1H NMR (300 MHz, CDCl3): δ 7.39–7.35 (m, 2H), 7.23 (td, J = 7.6, 1.7 Hz, 1H), 7.12 (td, J = 

7.8, 1.6 Hz, 1H), 3.07–2.90 (m, 4H), 2.00–1.85 (m, 4H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 151.8 

(Cq), 149.3 (Cq), 127.1 (CHAr), 126.8 (CHAr), 126.7 (CHAr), 125.6 (CHAr), 56.3 (2xCH2), 35.6 (Cq), 31.2 

(3xCH3), 24.8 (2xCH2). FT-IR (neat, cm–1): 2949, 2907, 2872, 2805, 1485, 1440, 1121, 1088, 1054, 753, 

532. HRMS (ESI) m/z: [M+H]+ Calcd for C14H22N 204.1747. Found 204.1738. Rf = 0.75 (heptanes/EtOAc 

40:1). 

2-methyl-1-phenyl-pyrrolidine (1f). In a two-neck oven-dried flask equipped with a 

magnetic stirring bar and a reflux condenser, was introduced K2CO3 (1.54 g, 11.0 mmol), 

N,N-dimethylformamide (10 mL) and aniline (1.0 mL, 11.0 mmol). The resulting mixture 

was degassed by bubbling N2 for 15 min, and then 1,4-dibromopentane (1.4 mL, 10.0 

mmol) was added to the suspension via a syringe. The reaction mixture was heated to 

80 °C and stirred overnight at the same temperature. Upon completion (TLC monitoring), the mixture 

was diluted with EtOAc (40 mL). Water (40 mL) was added and the phases were separated. The organic 

phase was extracted with 1 M HCl (3 x 25 mL). The water phase was adjusted to pH = 8 with 1 M NaOH 

and extracted with EtOAc (3 x 25 mL). The combined organic phases were dried with Na2SO4, filtered 

and concentrated to give crude product. Purification by flash column chromatography on silica gel 

(heptanes/EtOAc 20:1 to 10:1) afforded 2-methyl-1-phenyl-pyrrolidine as a yellow oil (1.07 g, 6.7 

mmol, 67%). 

1H NMR (300 MHz, CDCl3): δ 7.29–7.14 (m, 2H), 6.63 (m, 3H), 3.89 (m, 1H), 3.48–3.38 (m, 1H), 3.17 (m, 

1H), 2.17–1.92 (m, 3H), 1.78–1.66 (m, 1H), 1.19 (d, J = 6.2 Hz, 3H). The physical and spectral data are 

in accordance with the reported literature data.1  
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1-phenylpiperidine (6a). Following General Procedure A with aniline (4.6 mL, 50.0 

mmol) and 1,5-dibromopentane (7.5 mL, 55.0 mmol). Purification by flash column 

chromatography on silica gel (pentane/Et2O 20:1) afforded 1-phenylpiperidine as a 

colorless oil (6.12 g, 38 mmol, 76%). 

1H NMR (300 MHz, CDCl3): δ 7.30–7.19 (m, 2H), 6.99–6.89 (m, 2H), 6.86–6.78 (m, 1H), 

3.20–3.10 (m, 4H), 1.77–1.65 (m, 4H), 1.63–1.52 (m, 2H). The physical and spectral data are in 

accordance with the reported literature data.6 

1-(o-tolyl)piperidine (6b). Following General Procedure A with 2-methylaniline (1.06 

mL, 10.0 mmol) and 1,5-dibromopentane (1.5 mL, 11.0 mmol). Purification by flash 

column chromatography on silica gel (heptanes/EtOAc 20:1) afforded 1-(o-

tolyl)piperidine as a light yellow oil (1.32 g, 7.5 mmol, 75%). 

1H NMR (300 MHz, CDCl3): δ 7.21–710 (m,  2H), 7.01 (d, J = 7.5 Hz, 1H), 6.95 (td, J = 7.3, 

1.4 Hz, 1H), 2.89–2.80 (m, 4H), 2.31 (s, 3H), 1.78–1.65 (m, 4H), 1.64–1.51 (m, 2H). The physical and 

spectral data are in accordance with the reported literature data.7 

1-(m-tolyl)piperidine (6c). Following General Procedure A with 3-methylaniline (1.1 mL, 

10.0 mmol) and 1,5-dibromopentane (1.5 mL, 11.0 mmol). Purification by flash column 

chromatography on silica gel (heptanes/EtOAc 20:1 to 15:1) afforded 1-(m-

tolyl)piperidine as a light yellow oil (941 mg, 5.4 mmol, 54%). 

1H NMR (300 MHz, CDCl3): δ 7.20–7.08 (m, 1H), 6.83–6.71 (m, 2H), 6.65 (d, J = 7.4 Hz, 

1H), 3.18–3.10 (m, 4H), 2.31 (s, 3H), 1.78–1.64 (m, 4H), 1.64–1.50 (m, 2H). The physical and spectral 

data are in accordance with the reported literature data.8 

1-(p-tolyl)piperidine (6d). Following General Procedure A with 4-methylaniline (2.71 g, 

25.0 mmol) and 1,5-dibromopentane (3.8 mL, 27.5 mmol). Purification by flash column 

chromatography on silica gel (heptanes/EtOAc 20:1 to 15:1) afforded 1-(p-

tolyl)piperidine as a pale-yellow oil (3.48 g, 19.25 mmol, 77%). 

1H NMR (300 MHz, CDCl3): δ 7.06 (d, J = 8.3 Hz, 2H), 6.87 (d, J = 8.4 Hz, 2H), 3.14–3.05 

(m, 4H), 2.27 (s, 3H), 1.79–1.65 (m, 4H), 1.63–1.49 (m, 2H). The physical and spectral 

data are in accordance with the reported literature data.9 
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1-(4-methoxyphenyl)piperidine (6e). Following General Procedure A with 4-

methoxyaniline (6.28 g, 50.0 mmol) and 1,5-dibromopentane (7.6 mL, 55.0 mmol). 

Purification by flash column chromatography on silica gel (heptanes/EtOAc 85:15 to 

80:20) afforded 1-phenylpiperidine as a pale-yellow oil (8.58 g, 45 mmol, 90%). 

1H NMR (300 MHz, CDCl3): δ 6.95–6.88 (m, 2H), 6.86–6.79 (m, 2H), 3.77 (s, 3H), 3.02 (t, 

J = 5.5, 4H), 1.72 (p, J = 5.7 Hz, 4H), 1.60–1.49 (m, 2H). The physical and spectral data 

are in accordance with the reported literature data.10 

1-(4-bromophenyl)piperidine (6f). Following General Procedure A with 4-bromoaniline 

(8.6 g, 50.0 mmol) and 1,5-dibromopentane (7.6 mL, 55.0 mmol). Purification by flash 

column chromatography on silica gel (pentane/Et2O 20:1) afforded 1-(4-

bromophenyl)piperidine as a crystalline white solid (6.68 g, 28 mmol, 56%). 

1H NMR (300 MHz, CDCl3): δ 7.35–7.28 (m, 2H), 6.83–6.75 (m, 2H), 3.17–3.07 (m, 4H), 

1.74–1.64 (m, 4H), 1.65–1.50 (m, 2H). The physical and spectral data are in accordance 

with the reported literature data.11 

Methyl 4-(1-piperidyl)benzoate (6g). Following General Procedure A with methyl 4-

aminobenzoate (3.86 g, 25.0 mmol) and 1,5-dibromopentane (3.8 mL, 27.5 mmol). 

Purification by flash column chromatography on silica gel (heptanes/EtOAc 95:5) 

afforded methyl 4-(1-piperidyl)benzoate as a shiny white solid (1.20 g, 9.5 mmol, 38%). 

1H NMR (300 MHz, CDCl3): δ 7.95–7.86 (m, 2H), 6.88 (m, 2H), 3.86 (s, 3H), 3.33 (t, J = 5.2 

Hz, 4H), 1.77–1.55 (m, 6H). The physical and spectral data are in accordance with the 

reported literature data.9 

1-[4-(1-piperidyl)phenyl]ethanone) (6h). Following General Procedure A with 1-(4-

aminophenyl)ethanone (3.4 g, 25.0 mmol) and 1,5-dibromopentane (3.8 mL, 27.5 

mmol). Purification by flash column chromatography on silica gel (heptanes/EtOAc 

90:10 to 80:20) followed by trituration in pentane afforded 1-[4-(1-

piperidyl)phenyl]ethenone) as a crystalline pale-yellow solid (1.51 g, 7.5 mmol, 30%). 

1H NMR (300 MHz, CDCl3): δ 7.91–7.80 (m, 2H), 6.91–6.79 (m, 2H), 3.36 (m, 4H), 2.51 (s, 

3H), 1.74–1.61 (m, 6H). The physical and spectral data are in accordance with the reported literature 

data.9 
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1-[4-(trifluoromethyl)phenyl]piperidine (6i). Following General Procedure A with 4-

(trifluoromethyl)aniline (3.2 mL, 25.0 mmol) and 1,5-dibromopentane (3.8 mL, 27.5 

mmol). Purification by flash column chromatography on silica gel (pentane/Et2O 20:1) 

afforded 1-[4-(trifluoromethyl)phenyl]piperidine as a colorless oil (602 mg, 2.63 mmol, 

11%). 

1H NMR (300 MHz, CDCl3): δ 7.45 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 3.27 (t, J = 

5.6 Hz, 4H), 1.76–1.54 (m, 6H). 19F NMR (282 MHz, CDCl3): δ –61.2. The physical and spectral data are 

in accordance with the reported literature data.9 

1-[4-(3,3,4,4-tetramethyl-1lambda3,2,5-bromadioxolan-1-yl)phenyl]piperidine (6j). 

Synthesized following a reported procedure.3 

In a two-neck round-bottomed flask equipped with a reflux condenser was added 1-(4-

bromophenyl)piperidine 6f (3.60 g, 15.0 mmol) and degassed 1,4-dioxane (120 mL). 

Bis(pinacolato)diboron (B2Pin2) (5.71 g, 22.5 mmol), KOAc (4.42 g, 45 mmol) and 

PdCl2(dppf)-CH2Cl2 (549 mg, 5 mol%, 0.75 mmol) were added to the solution and the 

reaction mixture was stirred at 90 °C for 14 h. The reaction mixture was allowed to cool 

down to rt and was filtered through a pad of celite (washing with EtOAc). Volatile organic solvents 

were evaporated in vacuo to give crude product. Purification by flash column chromatography on silica 

gel (pentane/Et2O 20:1) afforded title compound as a white crystalline solid (1.82 g, 6.3 mmol, 42%). 

Alternative procedure: 

In a two-neck flask equipped with a magnetic stirring bar and a reflux condenser were introduced 4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (1.11 g, 5.00 mmol), N,N-dimethylformamide (5 

mL), diisopropylethylamine (DIPEA) (2.56 mL, 15.0 mmol), and 1,4-dibromopentane (0.77 mL, 5.50 

mmol).  The reaction mixture was heated to 80 °C and stirred overnight at the same temperature. 

Upon completion (TLC monitoring), the reaction mixture was diluted with Et2O (20 mL). Water (10 mL) 

was added and the phases were separated. The organic phase was washed with water (3 x 10 mL). The 

organic phase was dried with Na2SO4, filtered and concentrated under reduced pressure to give crude 

product. Purification by flash column chromatography on silica gel (pentane:Et2O 90:10) afforded the 

desired product as a white crystalline solid (1.09 g, 3.8 mmol, 76%). 

 1H NMR (300 MHz, CDCl3): δ 7.73–7.64 (m, 2H), 6.94–6.83 (m, 2H), 3.30–3.20 (m, 4H), 1.74–1.56 (m, 

6H), 1.32 (s, 12H). 11B NMR (96 MHz, CDCl3): δ 30.6. 13C NMR (75 MHz, CDCl3): δ 154.1 (Cq), 136.2 

(2xCHAr), 114.7 (2xCHAr), 83.4 (2xCq), 49.6 (2xCH2), 25.7 (2xCH2), 25.0 (4xCH3), 24.6 (CH2). Due to 

coupling to the quadrupolar 11B and 10B nuclei, the aromatic carbon atom bearing the BPin was not 

detected. FT-IR (neat, cm-1): 2976, 2934, 2846, 1604, 1360, 1238, 1141, 1127, 1090, 860, 819, 654. 
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HRMS (ESI) m/z: [M+H]+ Calcd for C17H27O2NB 288.2129; found 288.2125. mp 96.2–97.1 °C. Rf = 0.43 

(pentane/Et2O 99:1). 

tert-Butyl 4-phenylpiperazine-1-carboxylate (6l). 

To a solution of Boc2O (1.6 mL, 7.00 mmol) and DMAP (122 mg, 1.00 mmol) in DCM (15 

mL) were added dropwise 1-phenylpiperazine (0.8 mL, 5.00 mmol) and triethylamine 

(0.73 mL, 5.25 mmol). The resulting reaction mixture was stirred at rt for 2 h. Water (15 

mL) was added. The phases were separated and the aqueous layer was extracted with 

DCM (3 x 20 mL). The combined organic layers were dried with Na2SO4 and concentrated 

under reduced pressure to give crude product as a yellow solid. The residue was purified by flash 

column chromatography on silica gel (heptanes/EtOAc 90:10) to give product as a white solid (1.17 g, 

4.45 mmol, 89%). 

1H NMR (300 MHz, CDCl3): δ 7.32–7.23 (m, 2H), 6.90 (m, 3H), 3.58 (t, J = 5.0 Hz, 4H), 3.13 (t, J = 5.3 Hz, 

4H), 1.48 (s, 9H). The physical and spectral data are in accordance with reported the literature data.12 

4-Phenylthiomorpholine (6m). 

In a flame-dried two-neck flask equipped with a reflux condenser was added K2CO3 (2.76 

g, 20.0 mmol), CuI (190 mg, 1.00 mmol), L-proline (230 mg, 2.00 mmol) and dry DMSO 

(22 mL). Then, iodobenzene (1.12 mL, 10.0 mmol) and thiomorpholine (1.56 mL, 15.0 

mmol) were added via a syringe. The reaction mixture was vigorously stirred at 100 °C 

for 5 hours, before being allowed to cool down to rt. Water (60 mL) and EtOAc (60 mL) were added. 

The phases were separated and aqueous phase was extracted with EtOAc (2 x 30 mL). The combined 

organic phases were washed with brine (1 x 50 mL), dried over Na2SO4, and concentrated under 

reduced pressure to give crude product as a brown oil. Purification by flash column chromatography 

on silica gel (pentane/Et2O 95:5) afforded the title compound as a pale-yellow oil that became a white 

solid upon storage at 4 °C (912 mg, 5.1 mmol, 51%). 

1H NMR (300 MHz, CDCl3): δ 7.34–7.21 (m, 2H), 6.92–6.84 (m, 3H), 3.59–3.50 (m, 4H), 2.81–2.70 (m, 

4H). The physical and spectral data are in accordance with the reported literature data.13 

 

1-phenylazepane (6n). Following General Procedure A with aniline (2.3 mL, 25.0 mmol) 

and 1,6-dibromohexane (4.3 mL, 27.5 mmol). Purification by flash column 

chromatography on silica gel (heptanes/EtOAc 97:3 to 95:5) afforded 1-phenylazepane 

as a colorless oil (608 mg, 3.25 mmol, 13%). The product is suspected to decompose 

upon prolonged reaction time. 
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1H NMR (300 MHz, CDCl3): δ 7.25–7.15 (m, 2H), 6.69 (d, J = 8.2 Hz, 2H), 6.63 (t, J = 7.3 Hz, 1H), 3.48 (t, 

J = 5.9 Hz, 4H), 1.94–1.73 (m, 4H), 1.67–1.46 (m, 4H). The physical and spectral data are in accordance 

with the reported literature data.5 

Methyl 4-(azepan-1-yl)benzoate (6o). Following General Procedure A with methyl 4-

aminobenzoate (1.53 g, 10.0 mmol) and 1,6-dibromohexane (1.7 mL, 11.0 mmol) for 

2h45 (Caution: the product decomposes upon prolonged reaction time and reaction 

must be stopped before complete conversion of starting aniline). Purification by flash 

column chromatography on silica gel (heptanes/EtOAc 90:10 to 70:30) afforded 1-

phenylazepane as a shiny white solid (587 mg, 2.4 mmol, 24%).  

1H NMR (300 MHz, CDCl3) δ 7.90–7.81 (m, 2H), 6.62–6.51 (m, 2H), 3.85 (s, 3H), 3.41 (t, J = 6.7 Hz, 2H), 

3.17 (t, J = 7.1 Hz, 2H), 1.95–1.80 (m, 2H), 1.71–1.60 (m, 2H), 1.57–1.36 (m, 4H). The physical and 

spectral data are in accordance with the reported literature data.14 

 

1-[4-(2-methyl-1,3-dioxolan-2-yl)phenyl]piperidine (P-6h). In a 50-ml round-bottom 

flask equipped with a Dean-Stark was added 1-[4-(1-piperidyl)phenyl]ethenone 6h (407 

mg, 2.00 mmol), ethylene glycol (3.4 mL, 60 mmol), toluene (16 mL), and pTsOH•H2O 

(190 mg, 1.00 mmol). The reaction mixture was stirred at 110 °C for 16 h. Upon 

completion of the reaction, the mixture was cooled down to room temperature and 

poured into cold water. The aqueous phase was extracted with EtOAc (3 x 50 ml). The 

organic layer was washed with brine (70 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure to give crude as a very oily, pinkish residue. Purification by silica 

gel column chromatography (pentane/Et2O 90:10 to 80:20) afforded 1-[4-(2-methyl-1,3-dioxolan-2-

yl)phenyl]piperidine as a crystalline white solid (265 mg, 1.1 mmol, 54%).  

1H NMR (400 MHz, CDCl3): δ 7.40–7.28 (m, 2H), 6.89 (d, J = 8.4 Hz, 2H), 4.09–3.93 (m, 2H), 3.86–3.70 

(m, 2H), 3.23–3.08 (m, 4H), 1.76–1.66 (m, 3H), 1.64 (s, 3H), 1.62–1.51 (m, 2H). 13C NMR (101 MHz, 

CDCl3): δ 151.8 (CqAr), 133.7 (CqAr), 126.2 (2x CHAr), 115.9 (2xCHAr), 109.0 (Cqaliph.), 64.5 (2xCH2), 50.6 

(2xCH2), 27.7 (CH3), 25.9 (2xCH2), 24.4 (CH2). FT-IR (cm-1, neat): 2932, 1608, 1510, 1218, 1187, 1029, 

865, 816. HRMS (ESI) m/z: [M+Na]+ Calcd for C15H22O2N 248.1645; Found 248.1654. mp = 71.8 – 72.6 

°C. Rf = 0.28 (pentane/Et2O 90:10). 
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1-[4-(2-methyl-1,3-dioxolan-2-yl)phenyl]piperidine (6q). In a 100-ml round-bottom flask 

was added 4-(1-piperidyl)benzaldehyde (946 mg, 5.00 mmol), ethylene glycol (8.4 mL, 150 

mmol), toluene (40 mL), and pTsOH•H2O (476 mg, 2.50 mmol). A Dean Stark apparatus 

was fitted to the flask and the reaction mixture was stirred at 110 °C overnight. Upon 

completion of the reaction, the mixture was cooled down to 0 °C and quenched by 

addition of sat. aq. NaHCO3. The aqueous phase was extracted with EtOAc (3 x 70 ml). The 

organic layer was washed with brine (100 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure to give crude as a very oily, pinkish residue. Purification by silica 

gel column chromatography (pentane/Et2O 70:30) afforded 1-[4-(2-methyl-1,3-dioxolan-2-

yl)phenyl]piperidine as an off-white solid (543 mg, 2.3 mmol, 47%).  

1H NMR (400 MHz, CDCl3): δ 7.40–7.30 (m, 2H), 6.93 (d, J = 8.3 Hz, 2H), 5.74 (s, 1H), 4.21–3.92 (m, 4H), 

3.24–3.12 (m, 4H), 1.77–1.64 (m, 4H), 1.63–1.52 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 153.0 (CqAr), 

128.0 (CqAr), 127.5 (2xCHAr), 116.1 (2xCHAr), 104.2 (CH), 65.3 (2xCH2), 50.5 (2xCH2), 25.8 (2xCH2), 24.5 

(CH2). FT-IR (cm-1, neat): 2931, 1612, 1517, 1384, 1217, 1066, 914, 819. HRMS (ESI) m/z: [M+Na]+ Calcd 

for C14H19O2N 233.1416; Found 233.1414. mp = 42.5 – 43.4 °C. Rf = 0.44 (pentane/Et2O 70:30) 

 

1-(4-fluorophenyl)piperidine. In a flame-dried round-bottom flask was added under 

a nitrogen flow K2CO3 (2.7 g, 19.8 mmol), NaI (3.0 g, 19.8 mmol), MeCN (30 mL), 1,5-

dibromopentane (1.2 mL, 9.00 mmol), and 4-fluoroaniline (1.0 mL, 10.8 mmol). The 

reaction mixture was refluxed under stirring for 4 hours and allowed to cool down. 

It was taken in water (50 mL) and EtOAc (50 mL). The phases were separated and the 

organic phase was extracted with 1M HCl (3 x 50 mL). The combined aq. phases were 

made basic by addition of 2M NaOH (pH > 10) and extracted with EtOAc (3 x 50 mL). 

The combined organic phases were dried over Na2SO4, filtered and evaporated in vacuo. Purification 

by silica gel column chromatography (pentane/Et2O 95:5) afforded the title compound as a pale-yellow 

oil (1.07 g, 6.0 mmol, 66%). 

1H NMR (300 MHz, CDCl3): δ 7.01–6.82 (m, 4H), 3.14–2.97 (m, 4H), 1.72 (p, J = 5.7 Hz, 4H), 1.62–1.50 

(m, 2H). 13C NMR (75 MHz, CDCl3): δ 157.1 (d, J = 238.2 Hz), 149.2, 118.5 (d, J = 7.5 Hz), 115.5 (d, J = 

22.0 Hz), 51.9, 26.1, 24.3. 19F NMR (282 MHz, CDCl3): δ -125.08 – -125.28 (m). The physical and spectral 

data are in accordance with the reported literature data.15  

Radical traps 
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Ethyl 2-(benzenesulfonylmethyl)prop-2-enoate was synthesized following a known 

literature procedure.16 

Ethyl 2-methylprop-2-enoate (5.02 mL, 40.0 mmol) and absolute ethanol (80 mL) were 

added to a 250-mL, three-necked, round-bottomed flask equipped with a thermometer, a nitrogen 

inlet, and a septum. The mixture was cooled to 0 °C and I2 (12.0 g, 47.3 mmol) and benzenesulfinic acid 

sodium salt (13.8 g, 84.1 mmol) were then added. The reaction mixture was stirred at 0 °C for 5 h, then 

allowed to warm-up to room temperature. The reaction mixture was partitioned between DCM (120 

mL) and water (100 mL). The phases were separated (use a flashlight to see the phase separation) and 

the organic phase was washed with water (2 x 100 mL). The combined aqueous layers were extracted 

with DCM (2 x 25 mL). The combined organic phases were washed with saturated NaHCO3 (2 x 100 mL) 

and with 5% Na2S2O3 (2 x 100 mL) then dried over Na2SO4, filtered and concentrated to give crude 

intermediate as a thick orange oil. The crude intermediate was diluted with DCM (50 mL). Freshly 

distilled triethylamine (11.0 mL, 78.9 mmol) was added dropwise over 10 minutes and the reaction 

mixture was stirred overnight at rt.  The reaction mixture was concentrated in vacuo until half volume, 

then directly loaded on the column including precipitated solids. Elution with heptanes/TBME (80:20 

to 40:60) afforded the title compound as a pale-yellow thick oil (8.00 g, 31.6 mmol, 79%). 

1H NMR (300 MHz, CDCl3): δ 7.90–7.80 (m, 2H), 7.64 (m, 1H), 7.59–7.47 (m, 2H), 6.50 (d, J = 0.6 Hz, 1H), 

5.90 (q, J = 0.8, 0.6 Hz, 1H), 4.15 (d, J = 0.8 Hz, 2H), 4.00 (q, J = 7.1 Hz, 2H), 1.16 (t, J = 7.1 Hz, 3H).  The 

physical and spectral data are in accordance with the reported literature data.16 

Ethyl 2-(hydroxymethyl)prop-2-enoate 

To a solution of paraformaldehyde (95.0 %, 4.1 g, 130 mmol) and ethyl prop-2-enoate 

(11.0 mL, 100 mmol) in 80 mL dioxane-water (1:1, v/v) was added DABCO (1.49 g, 130 

mmol) and the reaction was stirred at room temperature overnight. The reaction mixture was 

partitioned between EtOAc (400 mL) and water (200 mL). The organic layer was separated and washed 

with brine (1 x 200 mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure to 

give crude product. Purification by flash column chromatography on silica gel (heptanes/EtOAc 70:30 

to 50:50) afforded the title compound as a pale-yellow oil (6.1 g, 47 mmol, 47%). The compound can 

be stored in the fridge at +4 °C for several months. 

1H NMR (300 MHz, CDCl3): δ 6.23 (q, J = 1.0 Hz, 1H), 5.81 (q, J = 1.4 Hz, 1H), 4.30 (m, 2H), 4.22 (q, J = 

7.1 Hz, 2H), 2.56 (bs, 1H), 1.29 (t, J = 7.1 Hz, 3H). The physical and spectral data are in accordance with 

the reported literature data.17 
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Benzyl 2-(hydroxymethyl)prop-2-enoate 

To a solution of formaldehyde (95.0 %, 2.05 g, 65.0 mmol) and benzyl prop-2-enoate 

(99.0 %, 7.50 mL, 48.1 mmol) in 40 mL dioxane-water (1:1, v/v) was added DABCO (98.0 

%, 7.44 g, 65.0 mmol) and the reaction was let to react at room temperature for 15 hours. The reaction 

mixture was partitioned between EtOAc (200 mL) and water (100 mL). The organic layer was separated 

and washed with brine (100 mL), dried over anhydrous Na2SO4 and concentrated under reduced 

pressure to give crude product. Purification by column chromatography on silica gel (EtOAc/heptanes 

3:7) afforded the title compound as a colorless oil (3.88 g, 20.2 mmol, 42%). 

1H NMR (300 MHz, CDCl3): δ 7.45–7.28 (m, 5H), 6.32 (q, J = 0.9 Hz, 1H), 5.87 (q, J = 1.4 Hz, 1H), 5.23 (s, 

2H), 4.39–4.32 (m, 2H), 2.19 (bs, 1H). The physical and spectral data are in accordance with the 

reported literature data.18  

Ethyl 3-hydroxy-2-methylene-butanoate 

In a seal tube were successively added DABCO (3.37 g, 30 mmol), ethyl prop-2-enoate 

(16.0 mL, 150 mmol) and acetaldehyde (4.2 mL, 75 mmol). The neat reaction mixture 

was stirred at room temperature for 4 days and was then diluted with Et2O (300 mL). The organic phase 

was washed with water (2x 150 mL), brine (1 x 100 mL), dried over anhydrous Na2SO4 and concentrated 

under reduced pressure to give crude product as a yellow liquid (8.43 g, 58.5 mmol, 78%) which was 

sufficiently pure for the acetylation step. 

1H NMR (300 MHz, CDCl3): δ 6.24–6.18 (m, 1H), 5.84–5.76 (m, 1H), 4.67–4.56 (m, 1H), 4.25 (q, J = 7.1 

Hz, 2H), 2.70 (bs, 1H, hydroxyl proton), 1.39 (d, J = 6.4 Hz, 3H), 1.32 (t, J = 7.2 Hz, 3H). The physical and 

spectral data are in accordance with the reported literature data.19 

Ethyl 2-[(2,2,2-trifluoroacetyl)oxymethyl]prop-2-enoate 

To a stirred solution of ethyl 2-(hydroxymethyl)prop-2-enoate (1.32 g, 10.0 mmol) and 

2,6-lutidine (1.28 mL, 11.0 mmol) at 0 °C and under N2 was added dropwise 

trifluoroacetic anhydride (1.39 mL, 10.0 mmol). Upon completion of the reaction (TLC monitoring), the 

reaction mixture was directly subjected to a distillation which afforded unclean product. Further 

purification by flash column chromatography on silica gel (heptanes/EtOAc 90:10) afforded clean title 

compound as a colorless oil (966 mg, 4.7 mmol, 47%). 

1H NMR (300 MHz, CDCl3): δ 6.48 (d, J = 0.8 Hz, 1H, C=CH2), 5.93 (q, J = 1.2 Hz, 1H, C=CH2), 5.06 (m, 2H, 

CH2OCOCF3), 4.26 (q, J = 7.1 Hz, 2H, CO2CH2CH3), 1.31 (t, J = 7.1 Hz, 3H, CO2CH2CH3). 13C NMR (75 MHz, 

CDCl3): δ 164.6 (CO2Et), 157.1 (q, 2JC–F = 42.7 Hz, F3C-C=O), 133.8 (C=CH2), 129.5 (C=CH2), 114.6 (q, 1JC–F 

= 285.8 Hz, F3C), 65.7 (CH2OCOCF3), 61.5 (CO2CH2CH3), 14.2 (CO2CH2CH3). 19F NMR (282 MHz, CDCl3): δ 
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–75.0. FT-IR (cm–1, neat): 1787, 1718, 1220, 1132, 1025, 774, 732, 522. HRMS (ESI) m/z: [M+Na]+ Calcd 

for C8H8O4F3Na 249.0345; Found 249.0346. Rf = 0.37 (heptanes/EtOAc 90:10). 

Ethyl 2-(bromomethyl)prop-2-enoate 

Phosphorus tribromide (0.72 mL, 7.53 mmol) was added dropwise to a solution of ethyl 

2-(hydroxymethyl)prop-2-enoate (2.80 g, 21.5 mmol) in dry Et2O (20 mL) at –10°C and 

under N2,. The reaction mixture was allowed to warm up to rt and stirred at this temperature for 1h30. 

Water (10 mL) was added and the mixture was extracted with Et2O (3 x 50 mL). The organic phase was 

washed with brine (1 x 50 mL), dried over Na2SO4 and concentrated under reduced pressure to give 

crude product. Purification by flash column chromatography on silica gel (heptanes/EtOAc 90:10) 

afforded the title compound as a pale-yellow oil (3.44 g, 17.85 mmol, 83%). 

1H NMR (300 MHz, CDCl3): δ 6.33 (d, J = 0.8 Hz, 1H), 5.94 (q, J = 0.9 Hz, 1H), 4.27 (q, J = 7.1 Hz, 2H), 4.18 

(d, J = 0.9 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H). The physical and spectral data are in accordance with the 

reported literature data.17 

Ethyl 2-(1,1-dimethyldecylsulfanylmethyl)prop-2-enoate 

In a 50-mL oven-dried flask under N2 was added sodium methoxide (341 mg, 6.00 

mmol) and dry methanol (25 mL). 2-Methylundecane-2-thiol (mixture of isomers, 

1.19 mL, 5.00 mmol) was then added dropwise and the mixture was stirred at rt for 1h. Then, ethyl 2-

(bromomethyl)prop-2-enoate (1.06 g, 5.50 mmol) was added and the mixture was stirred 6 hour at rt. 

At this point a second more polar spot appeared and the reaction was stopped before completion.  

Water (25 mL) was added and the mixture was extracted with Et2O (3 x 50 mL) The combined organic 

phases were dried over anhydrous Na2SO4, filtered and concentrated to give crude product. 

Purification by flash column chromatography on silica gel (heptanes/EtOAc 98:2) afforded the title 

compound as a pale-yellow oil (mixture of isomers, 0.55 g, 1.75 mmol, 35%). 

1H NMR (300 MHz, CDCl3): δ 6.18 (m, 1H), 5.76 (m, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.42–3.21 (m, 2H), 1.58–

1.02 (m, 17H), 0.94–0.76 (m, 12H). 13C NMR (75 MHz, CDCl3): δ 166.4, 138.1, 126.6, 61.0, 32.6, 29.5, 

28.8, 22.8, 14.3, 8.8. FT-IR (neat, cm–1): 2957, 2929, 2871, 1716, 1632, 1462, 1323, 1182, 1126, 1026, 

942, 810. HRMS (ESI) m/z: [M+H]+ Calcd for C18H35O2S 315.2352; Found 315.2347. Rf = 0.32 

(heptanes/EtOAc 94:6). 

General Procedure B: acetylation of allylester-alcohols 

To a solution of allylester-alcohol (10 mmol, 1 equiv.) in dry DCM (40 mL) cooled to 0 °C was added 

pyridine (1.6 mL, 20 mmol, 2 equiv.) and then slowly the acyl chloride derivative (20 mmol, 2 equiv.). 

The reaction mixture was stirred at rt until completion (TLC monitoring). The reaction mixture was 
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taken up in Et2O (200 mL) and successively washed with 2M HCl (2 x 100 mL), sat. NaHCO3 (2 x 100 mL) 

and brine (1 x 100 mL). The organic layer was dried over anhydrous Na2SO4 and concentrated under 

reduced pressure to give crude product as a yellow liquid essentially analytically clean. A short 

purification by flash column chromatography on silica gel afforded pure product. 

 

Ethyl 2-(acetoxymethyl)prop-2-enoate was synthesized following General Procedure B 

with ethyl 2-(hydroxymethyl)prop-2-enoate (6.10 g, 46.9 mmol) and acetyl chloride 

(6.80 mL, 93.7 mmol) reacting for 1h30. Purification by flash column chromatography 

on silica gel (heptanes/EtOAc 80:20) afforded the title compound as a colorless liquid 

(7.03 g, 40.8 mmol, 87%). 

1H NMR (300 MHz, CDCl3): δ 6.35 (q, J = 1.0 Hz, 1H), 5.83 (q, J = 1.4 Hz, 1H), 4.81 (m, 2H), 4.24 (q, J = 

7.1 Hz, 2H), 2.10 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H). The physical and spectral data are in accordance with 

the reported literature data.20 

 

Benzyl 2-(acetoxymethyl)prop-2-enoate was synthesized following General Procedure 

B with benzyl 2-(hydroxymethyl)prop-2-enoate (1.92 g, 10.0 mmol) and acetyl chloride 

(98.0 %, 1.45 mL, 20.0 mmol) reacting for 20 minutes. Purification by silica gel column 

chromatography (heptanes/EtOAc 80:20) afforded the title compound as a colorless oil 

(2.02 g, 8.60 mmol, 86 %). 

1H NMR (300 MHz, CDCl3): δ 7.41–7.31 (m, 5H), 6.41 (q, J = 1.0 Hz, 1H), 5.87 (q, J = 1.4 Hz, 1H), 5.23 (s, 

2H), 4.83 (t, J = 1.2 Hz, 2H), 2.08 (s, 3H). 13C NMR (75 MHz, CDCl3): δ 170.5, 165.2, 135.8, 135.4, 128.7, 

128.5, 128.3, 128.1, 66.8, 62.6, 21.0. FT-IR (neat, cm-1): 1717, 1225, 1149, 1046, 1030, 954, 736, 696, 

602, 458. HRMS (ESI) m/z: [M+H]+ Calcd for C13H15O4 235.0965; Found 235.0964. Rf = 0.45 

(heptanes/EtOAc 80:20). 

2-ethoxycarbonylallyl 2,2-dimethylpropanoate was synthesized following General 

Procedure B with ethyl 2-(hydroxymethyl)prop-2-enoate (0.65 g, 5.00 mmol) and 

pivaloyl chloride (0.73 mL, 10.0 mmol) reacting for 16 h. Purification by flash column 

chromatography on silica gel (pentane/Et2O 90:10) afforded the title compound as a 

colorless liquid (912 mg, 4.25 mmol, 85%). 

1H NMR (300 MHz, CDCl3): δ 6.34 (q, J = 1.1 Hz, 1H), 5.79 (q, J = 1.5 Hz, 1H), 4.79 (dd, J = 1.6, 1.1 Hz, 

2H), 4.23 (q, J = 7.1 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H), 1.22 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 178.0 (C=O), 

165.4 (C=O), 136.0 (Cq), 126.6 (CH2), 62.5 (CH2), 61.1 (CH2), 39.0 (Cq), 27.3 (3xCH3), 14.3 (CH3). FT-IR 



Chapter 3 – Supporting information 

203 
 

(neat, cm–1): 2976, 2874, 1725, 1304, 1270, 1132, 1031. HRMS (ESI) m/z: [M+H]+ Calcd for C11H19O4 

215.1278; Found 215.1276.  Rf = 0.63 (pentane/Et2O 90:10). 

Ethyl 3-acetoxy-2-methylene-butanoate was synthesized following General Procedure 

B with ethyl 3-hydroxy-2-methylene-butanoate (1.84 g, 12.8 mmol) and acetyl chloride 

(1.1 mL, 15.3 mmol; Comment: 1.2 eq were used instead of the usual 2.0 eq) reacting 

for 60 minutes. Purification by flash column chromatography on silica gel 

(heptanes/EtOAc 90:10) afforded the title compound as a colorless oil (1.89 g, 10.2 mmol, 80%). 

1H NMR (300 MHz, CDCl3): δ 6.28–6.25 (br s, 1H), 5.79 (t, J = 1.2 Hz, 1H), 5.70 (br q, J = 6.6 Hz, 1H), 4.22 

(q, J = 7.1 Hz, 2H), 2.06 (s, 3H), 1.39 (d, J = 6.5 Hz, 3H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): 

δ 169.9 (C=O), 165.4 (C=O), 141.5 (Cq), 124.5 (CH2), 68.3 (CH), 61.0 (CH2), 21.3 (CH3), 20.3 (CH3), 14.3 

(CH3). FT-IR (neat, cm–1): 2984, 1715, 1635, 1369, 1232, 1174, 1079, 1040, 952, 814. HRMS (ESI) m/z: 

[M+Na]+  Calcd for C9H14O4Na 208.0784; Found 209.0781. Rf = 0.33 (heptanes/EtOAc 90:10). 

Optimization of the one-pot procedure 

All reactions were performed on 0.2 mmol scale. NMR yields were measured using 0.5 equivalent of 

ethylene carbonate as internal standard. 2,5-Bis-allylated product 4a and dimer 5a were identified as 

the major undesired products of the reaction and it was sought to suppress their formation. 
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Table 1. Allyl sulfone trap and [Ir{dF(CF3)ppy}2(dtbpy)]PF6: screening of equivalents and 

preliminary solvent screening 

 

Ir-A = [Ir{dF(CF3)ppy}2(dtbpy)]PF6 

Entry Solvent Eq. CsOAc Eq. trap Cat. loading NMR yield Isolated yield 

1 DCE 3.0 1.2 2 mol% 45%  

2 MeCN 3.0 1.2 2 mol% 15%  

3 DCE 2.0 1.2 2 mol% 55%  

4 DCE 2.0 3.0 2 mol% Tracesa  

5 DCE 1.2 1.2 2 mol% 59% 51% 

6 Acetone 1.2 1.2 2 mol% 33%  

7 MeCN 1.2 1.2 2 mol% 29%  

8 EtOAc 1.2 1.2 2 mol% 41%  

9 DCE 1.2 1.4 2 mol% 75% 40% 

10 DCE 1.2 1.4 2 mol% 61% 42% 

11 DCE 1.2 1.4 2 mol% 59% 47% 

12 DCE 1.2 (wet) 1.4 2 mol% 46%  

13 DCE 1.2 1.4 2 mol% 51%  

14 DCE 1.2 1.4 2 mol% 54%  

15 DCE 1.0 1.0 2 mol% 31%  

16 DCE 1.0 1.0 1 mol% n.d.  

a 30% of 4a was observed 

 



Chapter 3 – Supporting information 

205 
 

Table 2. Catalyst screening 

 

Entry Catalyst (CAS) 
Ir(III*/II) 
(V vs SCE in MeCN) 

Ir(III/II) 
(V vs SCE in MeCN) 

NMR yield 
of 2a 

NMR yield 
of 3a 

1 870987-63-6 (Ir-A)  
+1.21 –1.37 – 65% 

2 1072067-44-7 (Ir-C)  
+1.10 –1.74 – 50% 

3 676525-77-2 (Ir-B)  
+0.66 –1.51 – 47% 

4 1092775-62-6 +0.97 –1.23 – 43% 

5 1335047-34-1 +0.97 –1.43 – 42% 

6 60804-74-2 (Ru-A)  
Ru(II*/I) = +0.77 Ru(II/I) =  –1.33 30% 30% 

7 1416881-51-1 +1.35 –1.21 31% 21% 

8 387859-70-3 +0.36 –1.87 45% – 

9a Eosin Y +0.83 –1.06 15%b 
 

– 

10a Fluorescein +0.78 –1.27 6% – 

a Reactions performed under 525 nm Kessil lamps. b 51% for the reaction carried out in DMF 
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Figure 1: structures of the screened catalysts 
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Table 3. Allyl sulfone trap and [Ir(dtbbpy)(ppy)2]PF6. Base and solvent screening 

 

Entry 
Deviation to standard 

conditions 
NMR yield of 3a other 

1 None 47±3%a   

2 1h45 – 37% of 2ab 

3 CsOAc (2.0 equiv) 47%  

4 DCE passed over SiO2 51%  

5 DCE not dried 49%  

6 0.05 M 47%  

7 0.5 M 38%  

8 NaOAc (1.2 equiv) - 15–26% of 2a 

11 K2CO3 (1.2 equiv) 30±15%c  

12 Na2CO3 (1.2 equiv) 12%b  

14 Cs2CO3 (1.2 equiv) - 31% of 2a 

15 CsOAc (0.5 equiv) 39%  

16 DMSO - - 

18 DMF - 14% of 5ab 

19 DMA - - 

20 DCM 50%  

21 CHCl3 - - 

22 
1a (2.0 equiv), 

Allylsulfone  (1.0 equiv) 
14% (isolated yield) 28% of 5ab 

a Average of 3 runs. b Isolated yield. c Not reproducible. 
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Table 4. Allyl acetate trap and [Ir{dF(CF3)ppy}2(dtbpy)]PF6: Final optimization 

 

Ir-A = [Ir{dF(CF3)ppy}2(dtbpy)]PF6 

Entry 
Deviation to standard 

conditions 
NMR yield of 3a 

Isolated yield 

of 3a 

Other 

remarks 

1 Allylsulfone trap 65%   

2 None - 46±2%, dr 7:1b 4a not detecteda 

3 Allylbromide trap -  66% NMR yield of 2a 

4 Allylsulfide 77% 
~51% isolated, 

dr 5:1 
Difficult separation 

5 Eosin Y (5 mol%, 525 nm) -  Traces of 2a 

6 2 h  41%, dr 7:1  

7 20 min 44%  
Full conversion 

within 20 min 

8 5 min - - 50% NMR yield of 2a 

9 20 min, Ir cat. 1 mol% 49% 37%, dr 7:1 
4a (10%, isolated 

yield)a 

10 15 min, 1.0 eq trap 44% 36%, dr 8:1  

11 10 min 52% 43%, dr 7:1 
9% (isolated yield) of 

4aa 

In further experiments, reaction time was lowered to 20 min for all reactions 

12 1.0 eq trap, 0.5 eq base  14% 4% of 5a 

13 0.5 eq base 51% 39% 5% of 5a 

14 0.05 M 67% 52%, dr 9:1  

15 0.025 M 64% 58%, dr 8:1  

16 0.05 M, 1 mol% cat - 
58±4 %, dr 

7:1b 
 

17 0.05 M, 0.5 mol% cat - 55%, dr 8:1  
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Entry 
Deviation to standard 

conditions 
NMR yield of 3a 

Isolated yield 

of 3a 

Other 

remarks 

In further experiments, reaction molarity was set to 0.05 M and catalyst loading to 1 mol% 

18 DCM - 59%, dr 10:1  

19 CF3-C6H5 - 50%, dr 7:1  

20 AcOH 1.0 eq - 51%, dr 9:1  

21 AcOH 0.5 eq at t0 - 52%, dr 7:1  

22 AcOH 0. 5eq at t+5min - 52%, dr 7:1  

23 Trap 1.0 eq, AcOH 1.0 eq - 41%, dr 7:1  

24 CsPiv - 51%, dr 5:1  

25 
AcOH 1.0 eq at t0, 

then 0.5 eq over 10 min 
56% 49%, dr 10:1  

26 AcOH 1.0 eq, trap 3.0 eq - 31% 18% of 4a 

27 Trap 1.1 eq - 57%, dr 7:1 No 4a detected 

28 Trap 1.2 eq - 56%, dr 7:1 No 4a detected 

29 Trap 1.3 eq - 52%, dr 7:1 4a detected 

30 Trap 1.5 eq - - Messy crude 

31 Trap 1.1 eq, 0.025 M - 56%, dr 7:1  

32 Trap 1.1 eq, 0.01 M - 54%, dr 7:1  

33 Trap 1.1 eq, 2.0 eq. CsOAc - 53%, dr 7:1  

34 Trap 1.1 eq, 3.0 eq. CsOAc - 49%, dr 7:1  

35 Trap 1.1 eq., Y = OTFA - 27%, dr 7:1 2h20 reaction time 

36 Trap 1.1 eq., Y = OPiv - 45%, dr 5:1  

37 
K3PO4 (0.4 equiv.) as a 

base 
- 47%, dr 7:1  

Control experiments 

38 No catalyst – – 20 min reaction time 

39 No catalyst  – – 6 h reaction time 

40 No light – –  

41 No base – –  

a It was showed that under the reaction conditions, undesired product 4a is able to cyclize. This explains 

why 4a was observed after 20 minutes, but not after 8 hours of reaction. baverage of three runs.  
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One-pot synthesis of the bicyclic products 

 

General Procedure C (0.2 mmol scale) 

In an oven-dried 10 mL-vial were successively added the radical trap (0.22 mmol, 1.1 equiv.), the aniline 

derivative, if solid or oily (0.20 mmol, 1 equiv.), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.2 mg, 0.02 mmol, 1 mol%) 

and cesium acetate (46 mg, 0.24 mmol, 1.2 equiv.). The vial was closed with a rubber septum and 

evacuated/refilled with N2 (x 3). If liquid, the aniline starting material (0.20 mmol, 1 equiv.) was then 

added via a Hamilton syringe. Finally, dry and degassed 1,2-dichloroethane (4.00 mL, 0.05 M) was 

added. The resulting yellow mixture was placed in front of a 390 nm blue LED (5 cm distance) and 

stirred until completion of the reaction (TLC monitoring). Reactions usually turned orange and a fine 

white precipitate was observed. The reaction mixture was diluted with sat. NaHCO3 (3 mL). The 

aqueous phase was extracted with DCM (3 x 5 mL) and the combined organic phases were dried over 

Na2SO4, filtered, and concentrated under reduced pressure to give crude product as an orange oil. 

Purification by flash column chromatography on neutral Alox or SiO2 afforded the bicyclic product. 

Modified general procedure C for the synthesis of electron-rich derivatives (0.2 mmol): 

Cesium acetate was replaced by the slightly more basic cesium pivalate (56.2 mg, 0.24 mmol, 1.2 

equiv.). All other parameters unchanged. 

 

Note: for most characterized compounds, the major (α) diastereoisomer is slightly more apolar than 

the minor (β) diastereoisomer. It is usually possible, with great care, to partially or fully separate them; 

this was done only if characterization of the mix was difficult. Unless otherwise stated, FT-IR and HRMS 

were measured on the mixture of diastereoisomers. 

 

Pyrrolidine derivatives 

Ethyl 8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate (3a) 

Following General Procedure C with N-phenylpyrrolidine 1a (0.029 mL, 0.200 mmol) and ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.220 mmol), reacting for 20 minutes. Purification by flash 

column chromatography (SiO2, heptanes/EtOAc 99:1 or pentane/Et2O 96:4) afforded the major 

diastereoisomer as a white crystalline solid, closely followed by the minor diastereoisomer as a white 

solid (29.6 mg, 0.114 mmol, 57%, α/β 7:1). 
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 Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.29–7.20 (m, 2H), 6.78 (d, J = 8.1 Hz, 2H), 6.71 (t, 

J = 7.2 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 4.17–4.15 (m, 2H), 2.48 (tt, J = 7.7, 1.8 

Hz, 1H, -CH-CO2Et), 2.28–2.17 (m, 2H), 2.17–2.09 (m, 2H), 2.04–1.96 (m, 2H), 

1.88–1.78 (m, 2H), 1.31 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 176.1 

(C=O), 146.4 (Cq), 129.7 (2xCHAr), 116.9 (CHAr), 115.2 (2CHAr), 61.0 (CH2), 53.2 

(2xCH), 34.6 (CH-CO2Et), 27.1 (2xCH2), 26.4 (2xCH2), 14.4 (CH3). FT-IR (cm–1, neat): 2926, 1721, 1596, 

1494, 1368, 1330, 1292, 1173, 1047, 748, 693. HRMS (ESI) m/z: [M+H]+ Calcd for C16H22NO2 260.1645; 

Found 260.1639. Mp 83.0–84.2 °C. Rf = 0.34 (pentane/Et2O 96:4). 

Coupling constant compatible with an equatorial proton (CH-CO2Et) on a chair conformation (Jax-eq = 

7.7 Hz, Jeq-eq = 1.8 Hz). Structure confirmed by single-crystal X-ray diffraction. 

Crystallization from DCM upon slow evaporation affords colorless crystals suitable for X-Ray analysis. 

 

Characterization of the β diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.25–7.19 (m, 2H), 6.77 (d, J = 8.1 Hz, 2H), 6.70 

(tt, J = 7.3, 1.1 Hz, 1H), 4.32–4.25 (m, 2H), 4.05 (q, J = 7.1 Hz, 2H), 2.89 (tt, Jax-

ax = 12.3, Jax-eq = 5.3 Hz, 1H, -CH-CO2Et), 2.16–2.07 (m, 2H), 2.07–1.97 (m, 2H), 

1.85–1.75 (m, 2H), 1.64 (ddd, J = 13.8, 6.0, 2.9 Hz, 2H), 1.20 (t, J = 7.2 Hz, 3H). 

Coupling constants of CH-CO2Et compatible with an axial proton on a chair conformation (Jax-ax = 12.3 

Hz, Jax-eq = 5.3 Hz). 

13C NMR (75 MHz, CDCl3): δ 175.1 (C=O), 146.2 (Cq), 129.7 (2xCHAr), 117.2 (CHAr), 115.2 (2xCHAr), 60.5 

(CH2), 53.7 (2xCH), 35.5 (CH-CO2Et), 29.3 (2xCH2), 28.3 (2xCH2), 14.3 (CH3). FT-IR (cm–1, neat): 2957, 

1722, 1597, 1501, 1365, 1179, 1045, 937, 754, 694, 583. HRMS (ESI) m/z: [M+H]+ Calcd for C16H22NO2 

260.1645; Found 260.1642. Mp 71.5–73.1 °C. Rf = 0.22 (pentane/Et2O 96:4). 

 



Chapter 3 – Supporting information 

212 
 

Ethyl 8-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-8-

azabicyclo[3.2.1]octane-3-carboxylate (3b) 

Following General Procedure C with 1-[4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl]pyrrolidine 1b (54.6 mg, 0.20 mmol) and ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.220 mmol) reacting for 20 

minutes. Purification by flash column chromatography (SiO2, heptanes/EtOAc 95:5) afforded the major 

diastereoisomer as a crystalline white solid (30.3 mg), followed by a mixture of both diastereoisomers 

as a white solid (7.5 mg, α/β 0.59/1) (mtot = 37.8 mg, 0.10 mmol, 49%, α/β 5:1 (from crude NMR)). 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.74–7.64 (m, 2H), 6.78–6.69 (m, 2H), 4.20 (m, 4H, overlapping -N-CH and 

-CO2CH2CH3), 2.46 (tt, Jax-eq = 7.0, Jeq-eq = 2.5 Hz, 1H, -CH-CO2Et), 2.26–2.07 (m, 4H), 2.06–1.89 (m, 2H), 

1.84 (m, 2H), 1.32 (s, 12H), 1.30 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 176.1 (C=O), 148.7 (Cq), 

136.7 (2xCHAr), 114.11 (2xCHAr), 83.3 (2xCq), 61.0 (CH2), 53.0 (2xCH), 34.6 (CH), 27.0 (2xCH2), 26.7 

(2xCH2), 25.0 (4xCH3), 14.4 (CH3). Due to coupling to the quadrupolar 11B and 10B nuclei, the aromatic 

carbon atom bearing the BPin was not detected. 11B NMR (96 MHz, CDCl3): δ 30.9. FT-IR (cm–1, neat): 

2982, 2956, 2927, 1716, 1596, 1353, 1295, 1140, 1090, 1041, 825, 654. HRMS (ESI) m/z: [M+H]+ Calcd 

for C22H33O4NB 386.2497; Found 386.2492. Mp 152.9–153.9 °C. Rf = 0.19 (heptanes/EtOAc 90:10) 

Characteristic peaks of the β diastereoisomer extracted from the mixture: 

1H NMR (300 MHz, CDCl3): δ 4.37–4.29 (m, 2H, 2xN-CH), 4.03 (q, J = 7.1 Hz, 2H, -CO2CH2CH3), 2.89 (tt, 

Jax-ax = 11.7, Jax-eq = 5.3 Hz, 1H, -CH-CO2Et), 1.18 (t, J = 7.1 Hz, 3H, -CO2CH2CH3). 13C NMR (101 MHz, 

CDCl3): δ 174.9 (C=O), 148.6 (Cq), 114.09 (2xCHAr), 60.5 (CH2), 53.5 (2xCH), 35.4 (CH), 29.7 (2xCH2), 28.2 

(2xCH2), 14.3 (CH3). 11B NMR (96 MHz, CDCl3): δ 30.9. 

 

8-(4-methoxycarbonylphenyl)-8-azabicyclo[3.2.1]octane-3-carboxylate 

(3c) 

Following General Procedure C with methyl 4-pyrrolidin-1-ylbenzoate 

(41.1 mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate 1c (37.9 

mg, 0.220 mmol) reacting for 40 minutes. Purification by flash column 

chromatography (SiO2, heptanes/EtOAc 95:5) afforded the product as a white solid (26.6 mg, 0.084 

mmol, 42%, α/β 9:1). 

Characterization of the α diastereoisomer: 
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1H NMR (400 MHz, CDCl3): δ 7.95–7.87 (m, 2H), 6.72 (d, J = 8.3 Hz, 2H), 4.28–4.21 (m, 2H), 4.21 (q, J = 

7.1 Hz, 2H), 3.85 (s, 3H), 2.51 (tt, Jax-eq = 7.2, Jeq-eq = 2.0 Hz, 1H, -CH-CO2Et), 2.28–2.10 (m, 4H), 2.06–

1.96 (m, 2H), 1.90–1.82 (m, 2H), 1.31 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 175.8 (C=O), 167.4 

(C=O), 149.6 (Cq), 131.9 (2xCHAr), 117.9 (Cq), 113.8 (2xCHAr), 61.1 (CH2), 53.5 (2xCH), 51.7 (O-CH3), 34.5 

(CH), 27.3 (2xCH2), 27.0 (2xCH2), 14.3 (CH3). FT-IR (cm–1, neat): 2949, 1717, 1695, 1603, 1516, 1434, 

1382, 1279, 1176, 1110, 1044, 769. HRMS (ESI) m/z: [M+H]+ Calcd for C18H24NO4 318.1700; Found 

318.1688. Mp 104–106 °C. Rf = 0.25 (heptanes/EtOAc 80:20). 

Characteristic peaks of the β diastereoisomer extracted from a mixed fraction: 

1H NMR (400 MHz, CDCl3): δ 4.35 (dq, J = 5.3, 2.8 Hz, 2H), 4.05 (q, J = 7.1 Hz, 2H), 2.92 (tt, Jax-ax = 12.2, 

Jax-eq = 5.4 Hz, 1H, -CH-CO2Et), 1.94 (dd, J = 12.7, 2.7 Hz, 2H), 1.70 (ddd, J = 13.8, 5.6, 2.5 Hz, 2H), 1.19 

(t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 174.7 (C=O), 149.7 (Cq), 131.3 (2xCHAr), 117.7 (Cq), 60.7 

(CH2), 53.7 (2xCH), 35.4 (CH), 29.9 (CH2), 28.2 (CH2), 14.3 (CH3). 

 

Ethyl 8-(4-methoxyphenyl)-8-azabicyclo[3.2.1]octane-3-carboxylate (3d) 

Following modified General Procedure C with 1-(4-

methoxyphenyl)pyrrolidine 1d (35.4 mg, 0.20 mmol) and ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol), reacting for 5h30. 

Purification by flash column chromatography (SiO2, heptanes/EtOAc 92:8) 

afforded the product as a white solid (32.1 mg, 0.11 mmol, 56%, α/β 5:1). Under the same purification 

conditions, the diastereoisomers can be partially separated to give a pure sample of the major 

diastereoisomer. 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 6.87–6.80 (m, 2H), 6.76–6.69 (m, 2H), 4.20 (q, J = 7.1 Hz, 2H), 4.11–4.04 

(m, 2H), 3.76 (s, 3H), 2.48 (tt, Jax-eq = 7.8, Jeq-eq = 1.6 Hz, 1H, -CH-CO2Et), 2.21 (ddd, J = 14.4, 7.8, 3.2 Hz, 

2H), 2.21 (ddd, J = 14.5, 3.2, 1.5 Hz, 2H), 2.00–1.95 (m, 2H), 1.85–1.75 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3): δ 176.2 (C=O), 151.6 (Cq), 141.0 (Cq), 116.4 (2xCHAr), 115.2 (2xCHAr), 60.9 

(CH2), 55.8 (O-CH3), 53.8 (2xCH), 34.6 (CH), 27.1 (2xCH2), 26.3 (2xCH2), 14.4 (CH3). Mp 74.8–75.9 °C. Rf 

major dia: 0.43 (heptanes/EtOAc 80:20) 

Characteristic peaks of the β diastereoisomer extracted from the mixed fraction: 

1H NMR (300 MHz, CDCl3): δ 4.05 (q, J = 7.0 Hz, 2H), 3.76 (s, 3H), 2.86 (tt, Jax-ax = 12.3, Jax-eq = 5.2 Hz, 1H, 

-CH-CO2Et), 2.07–1.97 (m, 2H), 1.64–1.58 (m, 2H), 1.20 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 
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175.2 (C=O), 151.8 (Cq), 140.7 (Cq), 116.43 (2xCHAr), 60.5 (CH2), 55.85 (O-CH3), 54.4 (2xCH), 35.4 (CH), 

29.2 (2xCH2), 28.3 (2xCH2), 14.32 (CH3). Rf minor dia: 0.34 (heptanes/EtOAc 80:20). 

FT-IR (cm-1, neat): 2985, 2952, 1719, 1510, 1446, 1372, 1244, 1176, 1163, 1079, 1048, 1032, 820. HRMS 

(ESI) m/z: [M-H]- Calcd for C17H22NO3 288.1594; Found 288.1586. 

 

Ethyl 8-(2-tert-butylphenyl)-8-azabicyclo[3.2.1]octane-3-carboxylate (3e) 

Following General Procedure C with 1-(2-tert-butylphenyl)pyrrolidine 1e (40.7 

mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) 

reacting for 6 hours. Purification by flash column chromatography (SiO2, 

heptanes/EtOAc 99.25:0.75) afforded unclean product (contaminated with traces 

mono-allylated intermediate having the same Rf), from which a dr of 6:1 could be determined. Second 

purification afforded clean product as a colorless oil (13.0 mg, 0.042 mmol, 21%). Only the major 

diastereoisomer was characterized. 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.40 (dd, J = 7.4, 2.3 Hz, 1H), 7.12 (td, J = 7.6, 2.1 Hz, 1H), 7.07 (td, J = 7.4, 

1.8 Hz, 1H), 6.99 (dd, J = 7.4, 2.1 Hz, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.43 (pent, J = 3.0 Hz, 2H), 2.72 (tt, Jax-

eq = 8.4, Jeq-eq = 2.4 Hz, 1H, -CH-CO2Et), 2.41 (ddd, J = 13.8, 8.6, 4.1 Hz, 2H), 2.25 (dt, J = 14.0, 2.4 Hz, 

2H), 2.12 (dd, J = 8.9, 4.5 Hz, 2H), 1.86–1.71 (m, 2H), 1.52 (s, 9H), 1.31 (t, J = 7.1 Hz, 3H). 13C NMR (75 

MHz, CDCl3): δ 176.6 (C=O), 152.2 (Cq), 147.7 (Cq), 127.1 (CHAr), 126.5 (CHAr), 126.3 (CHAr), 124.8 (CHAr), 

61.5 (2xCH), 60.7 (CH2), 35.7 (Cq), 33.8 (CH), 33.2 (2xCH2), 31.6 (3xCH3), 28.7 (2xCH2), 14.2 (CH3). FT-IR 

(cm–1, neat): 2949, 1717, 1695, 1603, 1516, 1434, 1382, 1279, 1176, 1110, 1044, 769. HRMS (ESI) m/z: 

[M+H]+ Calcd for C20H30NO2 316.2271; Found 318.2266. Mp 104–106 °C. Rf = 0.41 (heptanes/EtOAc 

90:10). 

 

Ethyl 1-methyl-8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate (3f) 

Following General Procedure C with 2-methyl-1-phenyl-pyrrolidine 1f (32.2 mg, 

0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.220 mmol) 

reacting for 60 minutes. Purification by flash column chromatography (SiO2, 

pentane/Et2O 95:5) afforded the product as a colorless oil (22.0 mg, 0.08 mmol, 

40%, α/β 8:1).  

Characterization of the α diastereoisomer: 
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1H NMR (400 MHz, CDCl3): δ 7.25–7.17 (m, 2H), 7.06–6.99 (m, 2H), 6.80 (tt, J = 7.3, 1.1 Hz, 1H), 4.28–

4.14 (m, 3H), 2.65–2.57 (m, 1H, -CH-CO2Et), 2.30 (ddd, J = 14.2, 8.0, 1.8 Hz, 1H), 2.22 (dd, J = 14.1, 1.8 

Hz, 1H), 2.14–2.06 (m, 2H), 2.06–1.90 (m, 2H), 1.74–1.60 (m, 2H), 1.48 (s, 3H),  1.31 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3): δ 176.2 (C=O), 147.5 (Cq), 129.0 (2xCHAr), 119.5 (2xCHAr), 118.9 (CHAr), 60.9 

(Cq + CH2), 59.6 (CH), 38.1 (CH2), 35.7 (CH), 33.6 (CH2), 27.7 (CH2), 27.4 (CH3), 25.7 (CH2), 14.2 (CH3). Rf 

major dia= 0.31 (heptanes/EtOAc 90:10). 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 4.33–4.29 (m, 1H), 4.08 (q, J = 7.2 Hz, 2H), 2.89 (tt, Jax-ax = 12.3, Jax-eq = 5.4 

Hz, 1H, -CH-CO2Et), 1.89–1.82 (m, 2H), 1.49 (s, 3H), 1.22 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): 

δ 175.2 (C=O), 147.2 (Cq), 129.0 (2xCHAr), 119.9 (2xCHAr), 119.2 (CHAr), 60.5 (CH2), 60.2 (CH), 39.2 (CH2), 

36.6 (CH-CO2Et), 36.0 (CH2), 30.1 (CH2), 26.8 (CH3), 26.7 (CH2), 14.2 (CH3). Rf minor dia= 0.22 

(heptanes/EtOAc 90:10). 

FT-IR (cm–1, neat): 2927, 1723, 1596, 1494, 1368, 1184, 1106, 1028, 861, 751, 692. HRMS (ESI) m/z: 

[M+H]+ Calcd for C17H24NO2 274.1802; Found 274.1793. 

 

Piperidine derivatives 

 

The configuration of the major 

diastereoisomer was confirmed by 

single crystal X-ray crystallography of 

8g. In the solid state, the ring 

containing the ester moiety adopts a 

boat conformation with the ester 

group lying in the bowsprit position, 

which is in agreement with the 3J 

coupling constants observed in the 1H 

NMR spectrum. As similar coupling 

constants were observed for the 

proton alpha to the ester group in the two diastereoisomers, it can be concluded that the minor 

diastereoisomer adopts in solution a chair conformation for the 6-membered ring containing the ester 

group, with the latter adopting an equatorial position as well. In agreement with these finding, the CH-

CO2Et proton of the major diastereoisomer is systematically observed at higher field (shielding effect 
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of the aromatic ring) compared to the minor diastereoisomer, as it was the case for the pyrrolidine 

derivatives. 

 

Ethyl 9-phenyl-9-azabicyclo[3.3.1]nonane-3-carboxylate (8a) 

0.2 mmol scale synthesis: 

Following General Procedure C with freshly purified 1-phenylpiperidine 6a (32.2 

mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) 

reacting for 1h30. Purification by flash column chromatography (SiO2, heptanes/EtOAc 90:10) afforded 

the product as a colorless oil (37.3 mg, 0.13 mmol, 67%, α/β >20:1 on this scale). Erosion of the yield 

of up to 20% was observed when using not fresh 1-phenylpiperidine. 

3 mmol scale synthesis: 

Into a flame-dried Schlenck tube under N2 were added ethyl 2-(acetoxymethyl)prop-2-enoate (568 mg, 

3.30 mmol), freshly purified 1-phenylpiperidine 6a (484 mg, 3.00 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 

(16.8 mg, 0.5 mol%) and cesium acetate (692 mg, 3.61 mmol). The vial was evacuated and filled with 

nitrogen (x 3). Dry 1,2-dichloroethane (60 mL) was added. The resulting yellow solution was was 

degassed by freeze-pump-thaw cycles (x 3). The mixture was placed between two 390 nm LEDs and 

stirred for 1h30. The reaction mixture was diluted with sat. NaHCO3 (40 mL). The aqueous phase was 

extracted with DCM (3 x 60 mL) and the combined organic phases were dried over Na2SO4, filtered, 

and concentrated under reduced pressure to give crude product as an orange oil. Purification by flash 

column chromatography (SiO2, heptanes/EtOAc 95:5) afforded the product as a colorless oil (462 mg, 

1.68 mmol, 56%, α/β 92:8 on this scale). The diastereoisomers can be separated by flash column 

chromatography (SiO2, pentane/Et2O 95:5). 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.25–7.17 (m, 2H), 6.88–6.82 (m, 2H), 6.68 (tt, J = 7.3, 1.0 Hz, 1H), 4.29–

4.18 (m, 2H), 4.11 (q, J = 7.1 Hz, 2H), 2.48–2.31 (m, 3H), 2.02 (qt, J = 13.3, 4.5 Hz, 1H), 1.78 (tt, J = 13.2, 

4.3 Hz, 2H), 1.73–1.63 (m, 2H), 1.63–1.50 (m, 1H), 1.50–1.43 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR 

(101 MHz, CDCl3): δ 176.0 (C=O), 150.7 (Cq), 129.6 (2xCHAr), 117.1 (CHAr), 114.3 (2xCHAr), 60.4 (CH2), 

47.2 (2xCH), 34.9 (CH), 30.5 (2xCH2), 28.5 (2xCH2), 14.4 (CH3), 14.3 (CH2). FT-IR (cm–1, neat): 2928, 1726, 

1594, 1498, 1280, 1244, 1174, 1033, 909, 747, 688. HRMS (ESI) m/z: [M+H]+ Calcd for C17H24NO2 

274.1802; Found 274.1803. Rf = 0.40 (heptanes/EtOAc 90:10). 

Characterization of the β diastereoisomer: 
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1H NMR (300 MHz, CDCl3): δ 7.29–7.17 (m, 2H), 6.84 (d, J = 8.3 Hz, 2H), 6.68 (t, J = 7.2 Hz, 1H), 4.18–

4.03 (m, 4H), 3.32 (tt, Jax-ax = 12.1, Jax-eq = 5.7 Hz, 1H, -CH-CO2Et), 2.20–1.98 (m, 5H), 1.93 (ddd, J = 13.9, 

5.7, 2.0 Hz, 2H), 1.76–1.62 (m, 3H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 175.5 (C=O), 

148.7 (Cq), 129.6 (2xCHAr), 116.9 (CHAr), 114.0 (2xCHAr), 60.5 (CH2), 48.0 (2xCH), 37.8 (CH-CO2Et), 31.0 

(2xCH2), 27.9 (2xCH2), 20.4 (CH2), 14.4 (CH3). FT-IR (cm–1, neat): 2935, 1725, 1592, 1500, 1189, 1111, 

1036, 908, 746, 689. HRMS (ESI) m/z: [M+H]+ Calcd for C17H24NO2 274.1802; Found 274.1800. Mp 74.4–

75.0 °C. Rf = 0.25 (pentane/Et2O 94:6).  

 

Ethyl 9-(o-tolyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8b) 

Following General Procedure C with 1-(o-tolyl)piperidine 6b (35.1 mg, 0.20 mmol) 

and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol), reacting for 

1h30. Purification by flash column chromatography (SiO2, pentane/Et2O 98:2) 

afforded the product as a colorless oil (26.2 mg, 0.09 mmol, 46%, α/β 20:1). 

Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.16–7.07 (m, 2H), 6.95 (dd, J = 8.5, 1.2 Hz, 1H), 6.82 (td, J = 7.4, 1.2 Hz, 

1H), 4.13 (q, J = 7.2 Hz, 2H), 3.84–3.74 (m, 2H), 2.73 (tt, Jax-ax = 12.8, Jax-eq = 6.0 Hz, 1H, -CH-CO2Et), 2.41–

2.30 (m, 2H), 2.27 (s, 3H), 2.06 (qt, J = 13.2, 4.4 Hz, 1H), 1.89 (tt, J = 13.1, 4.2 Hz, 2H), 1.69 (td, J = 13.6, 

3.5 Hz, 2H), 1.64–1.53 (m, 1H), 1.51–1.41 (m, 2H), 1.25 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 

176.2 (C=O), 151.8 (Cq), 131.9 (CHAr), 129.9 (Cq), 126.7 (CHAr), 120.4 (CHAr), 118.7 (CHAr), 60.4 (CH2), 

49.4 (2xCH), 34.9 (CH), 31.67 (2xCH2), 29.1 (2xCH2), 19.9 (CH3), 14.4 (CH3), 14.1 (CH2). FT-IR (cm–1, neat): 

2927, 1727, 1595, 1488, 1277, 1241, 1173, 1049, 751. HRMS (ESI) m/z: [M+H]+ Calcd for C18H26NO2 

288.1958; Found 288.1970. Rf = 0.21 (pentane/Et2O 95:5) 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 3.62–3.55 (m, 2H, 2xN-CH), 3.39–3.29 (m, 1H, -CH-CO2Et). 13C NMR (101 

MHz, CDCl3): δ 176.0 (C=O), 131.8 (CHAr), 126.5 (CHAr), 120.8 (CHAr), 119.4 (CHAr), 60.5 (CH2), 50.6 

(2xCH), 37.5 (CH), 31.72 (2xCH2), 28.6 (2xCH2).  
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Ethyl 9-(m-tolyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8c) 

Following modified General Procedure C with 1-(m-tolyl)piperidine 6c (35.1 mg, 

0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol), 

reacting for 1h30. Purification by flash column chromatography (SiO2, 

pentane/Et2O 97:3) afforded the product as a colorless oil (35.2 mg, 0.12 mmol, 

61%, α/β > 20:1). 

1H NMR (300 MHz, CDCl3): δ 7.10 (t, J = 7.7 Hz, 1H), 6.71–6.61 (m, 2H), 6.51 (d, J = 7.4 Hz, 1H), 4.28–

4.19 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 2.49–2.31 (m, 3H), 2.29 (s, 3H), 2.01 (qt, J = 13.3, 4.4 Hz, 1H), 1.78 

(tt, J = 13.1, 4.3 Hz, 2H), 1.71–1.63 (m, 2H), 1.60–1.50 (m, 1H), 1.50–1.40 (m, 2H), 1.23 (t, J = 7.2 Hz, 

3H). 13C NMR (75 MHz, CDCl3): δ 176.0 (C=O), 150.7 (Cq), 139.3 (Cq), 129.5 (CHAr), 118.1 (CHAr), 115.1 

(CHAr), 111.3 (CHAr), 60.4 (CH2), 47.2 (2xCH), 34.9 (CH), 30.5 (2xCH2), 28.5 (2xCH2), 22.1 (CH3), 14.4 (CH3), 

14.3 (CH2). FT-IR (cm–1, neat): 2925, 1726, 1597, 1492, 1282, 1245, 1174, 764, 729, 690. HRMS (ESI) 

m/z: [M+H]+ Calcd for C18H26NO2 288.1958; Found 288.1967. Rf = 0.28 (pentane/Et2O 95:5). 

 

Ethyl 9-(p-tolyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8d) 

Following modified General Procedure C with 1-(p-tolyl)piperidine 6d (35.1 mg, 

0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol), 

reacting for 1h30. Purification by flash column chromatography (SiO2, 

heptanes/EtOAc 96:4) afforded the product as a colorless oil (33.9 mg, 0.12 

mmol, 59%, α/β 20:1). 

Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.07–6.98 (m, 2H), 6.82–6.73 (m, 2H), 4.23–4.15 (m, 2H), 4.10 (q, J = 7.1 

Hz, 2H), 2.50–2.30 (m, 3H, overlapping signals containing -CH-CO2Et), 2.24 (s, 3H), 2.01 (qt, J = 13.4, 4.6 

Hz, 1H), 1.78 (tt, J = 13.2, 4.3 Hz, 2H), 1.66 (ddd, J = 13.8, 12.1, 3.5 Hz, 2H), 1.58–1.49 (m, 1H), 1.49–

1.40 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 176.0 (C=O), 148.6 (Cq), 130.1 

(2xCHAr), 126.3 (Cq), 114.4 (2xCHAr), 60.4 (CH2), 47.4 (2xCH), 34.8 (CH), 30.4 (2xCH2), 28.4 (2xCH2), 20.4 

(CH3), 14.4 (CH3), 14.3 (CH2). FT-IR (cm–1, neat): 2923, 1726, 1615, 1511, 1279, 1246, 1173, 801. HRMS 

(ESI) m/z: [M+H]+ Calcd for C18H26NO2 288.1958; Found 288.1968. Rf = 0.29 (heptanes/EtOAc 90:10). 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 3.31 (tt, Jax-ax = 12.2, Jax-eq = 5.7 Hz, 1H, CH-CO2Et). 13C NMR (101 MHz, 

CDCl3): δ 48.1 (2xCH), 37.8 (CH3), 30.9 (2xCH2), 27.8 (2xCH2). 
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Ethyl 9-(4-methoxyphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8e) 

Following modified General Procedure C with 1-(4-methoxyphenyl)piperidine 

6e (38.3 mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 

0.22 mmol), reacting for 22h. Purification by flash column chromatography 

(SiO2, pentane/Et2O 96:4) afforded the product as a colorless oil that 

crystallizes slowly to a white solid upon storage at 4 °C (19.2 mg, 0.064 mmol, 32%, α/β >20:1). 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 6.80 (s, 4H), 4.17–4.10 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 3.75 (s, 3H), 2.47 

(tt, J = 12.4, 5.9 Hz, 1H), 2.42–2.26 (m, 2H), 2.00 (qt, J = 13.3, 4.4 Hz, 1H), 1.79 (tt, J = 13.2, 4.3 Hz, 2H), 

1.65 (ddd, J = 14.0, 12.3, 3.5 Hz, 2H), 1.58–1.49 (m, 1H), 1.49–1.39 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3): δ 176.1 (C=O), 151.6 (Cq), 145.3 (Cq), 115.7 (2xCHAr), 115.1 (2xCHAr), 60.4 (CH2), 

55.9 (CH3), 47.8 (2xCH), 34.7 (CH), 30.6 (2xCH2), 28.4 (2xCH2), 14.4 (CH3), 14.3 (CH2). FT-IR (cm–1, neat): 

2870, 1726, 1507, 1241, 1177, 1039, 910, 812, 731, 616. HRMS (ESI) m/z: [M+H]+ Calcd for C18H26NO3 

304.1907; Found 304.1899. Mp 42.5–43.7 °C. Rf = 0.31 (pentane/Et2O 90:10). 

 

Ethyl 9-(4-bromophenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8f) 

Following General Procedure C with 1-(4-bromophenyl)piperidine 6f (49.0 mg, 

0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) 

reacting for 1h30. Purification by flash column chromatography (SiO2, 

heptanes/EtOAc 97:3) afforded the product as a colorless oil (21.2 mg, 0.06 

mmol, 30%, α/β >20:1). 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.32–7.21 (m, 2H), 6.76–6.67 (m, 2H), 4.22–4.12 (m, 2H), 4.11 (q, J = 7.1 

Hz, 2H), 2.45–2.27 (m, 3H), 2.01 (qt, J = 13.4, 4.1 Hz, 1H), 1.82–1.64 (m, 4H), 1.64–1.50 (m, 1H), 1.50–

1.38 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 175.7 (C=O), 149.7 (Cq), 132.3 (2xCHAr), 

115.9 (2xCHAr), 108.6 (Cq), 60.5 (CH2), 47.4 (2xCH), 34.9 (CH), 30.2 (2xCH2), 28.4 (2xCH2), 14.4 (CH3), 

14.2 (CH2). FT-IR (cm-1, neat): 2927, 2868, 1724, 1586, 1490, 1282, 1246, 1174, 1043, 908, 804, 732. 

HRMS (ESI) m/z: [M+H]+ Calcd for C17H23BrNO2 352.0907; Found 352.0914. Rf = 0.30 (heptanes/EtOAc 

90:10). 
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Ethyl 9-(4-methoxycarbonylphenyl)-9-azabicyclo[3.3.1]nonane-3-

carboxylate (8g).  

0.2 mmol synthesis 

Following General Procedure C with methyl 4-(1-piperidyl)benzoate 6g 

(43.9 mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 

mg, 0.22 mmol) reacting for 20 minutes. Purification by flash column chromatography (SiO2, 

heptanes/EtOAc 90:10) afforded the product as a white solid (43.1 mg, 0.13 mmol, 65%, α/β >20:1). 

Recrystallization from Et2O/hexane at rt afforded single-crystals suitable for X-Ray diffraction analysis. 

1 mmol synthesis 

Into an oven-dried seal tube were added under N2 ethyl 2-(acetoxymethyl)prop-2-enoate (189 mg, 1.1 

mmol), methyl 4-(1-piperidyl)benzoate (219 mg, 1.0 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (5.6 mg, 0.5 

mol%) and cesium acetate (231 mg, 1.2 mmol). The vial was evacuated and filled with nitrogen (x 3). 

Dry  and degassed 1,2-dichloroethane (20 mL) was added. The resulting yellow solution was placed in 

front of a 390 nm LED and stirred for 1h. Purification by flash column chromatography (SiO2, 

heptanes/EtOAc 90:10) afforded the product a white solid (209 mg, 0.63 mmol, 63%, α/β >20:1). 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.91–7.82 (m, 2H), 6.83–6.74 (m, 2H), 4.38–4.28 (m, 2H), 4.10 (q, J = 7.1 

Hz, 2H), 3.84 (s, 3H), 2.45–2.23 (m, 3H, including -CH-CO2Et), 2.14–1.89 (m, 1H), 1.82–1.63 (m, 4H), 

1.63–1.42 (m, 3H), 1.22 (t, J = 7.2 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 175.5 (C=O), 167.2 (C=O), 153.7 

(Cq), 131.8 (2xCHAr), 117.7 (Cq), 112.5 (2xCHAr), 60.6 (CH2), 51.6 (CH3), 47.2 (2xCH), 35.1 (CH), 30.2 

(2xCH2), 28.5 (2xCH2), 14.3 (CH3), 14.1 (CH2). FT-IR (cm–1, neat): 2929, 1729, 1694, 1599, 1517, 1282, 

1247, 1170, 1107, 836, 768. HRMS (ESI) m/z: [M+H]+ Calcd for C19H26NO4 332.1856; Found 332.1862. 

Mp 85.9–86.5 °C. Rf = 0.31 (heptanes/EtOAc 80:20). 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 3.31 (tt, Jax-ax = 11.8, Jax-eq = 5.7 Hz, 1H, -CH-CO2Et). 

X-Ray diffraction analysis confirmed the configuration of the major 

diastereoisomer. 
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Ethyl 9-(4-acetylphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8h) 

Following General Procedure C with 1-[4-(1-piperidyl)phenyl]ethanone 6h 

(40.7 mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 

0.22 mmol) reacting for 3h. Purification by flash column chromatography (SiO2, 

heptanes/EtOAc 95:5 to 88:12) afforded the product as a colorless oil (27.1 mg, 

0.08 mmol, 42%, α/β >20:1) along with mono-allylated intermediate (3.7 mg, 

6%; Rf = 0.24 (heptanes/EtOAc 80:20)). 

Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.87–7.81 (m, 2H), 6.83–6.76 (m, 2H), 4.40–4.32 (m, 2H), 4.11 (q, J = 7.2 

Hz, 2H), 2.49 (s, 3H), 2.45–2.25 (m, 3H), 2.04 (qt, J = 12.5, 4.2 Hz, 1H), 1.80–1.67 (m, 4H), 1.62–1.46 (m, 

3H), 1.23 (t, J = 7.2 Hz, 3H).13C NMR (75 MHz, CDCl3): δ 196.2 (C=O), 175.4 (C=O), 153.8 (Cq), 131.1 

(2xCHAr), 126.1 (Cq), 112.3 (2xCHAr), 60.6 (CH2), 47.2 (2xCH), 35.1 (CH), 30.3 (2xCH2), 28.6 (2xCH2), 26.1 

(CH3), 14.3 (CH3), 14.2 (CH2). FT-IR (cm–1, neat): 2927, 2870, 1725, 1661, 1591, 1278, 1253, 1188, 1044, 

908, 813, 727, 588. HRMS (ESI) m/z: [M+H]+ Calcd for C19H26NO3 316.1907; Found 316.1880. Rf = 0.21 

(heptanes/EtOAc 80:20). 

Characteristic peak of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 3.32 (tt, Jax-ax = 12.0, Jax-eq = 5.8 Hz, 1H, -CH-CO2Et). 

 

Ethyl 9-[4-(trifluoromethyl)phenyl]-9-azabicyclo[3.3.1]nonane-3-

carboxylate (8i) 

Following General Procedure C with 1-[4-(trifluoromethyl)phenyl]piperidine 

6i (45.8 mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 

0.22 mmol) reacting for 40 minutes. Purification by flash column 

chromatography (SiO2, pentane/Et2O 95:5) afforded the product as a colorless oil (37.5 mg, 0.11 mmol, 

55%, α/β >14:1). 

Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.9 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 4.33–4.24 (m, 2H), 4.12 (q, 

J = 7.1 Hz, 2H), 2.46–2.24 (m, 3H), 2.04 (qt, J = 13.3, 4.3 Hz, 1H), 1.82–1.64 (m, 4H), 1.60–1.53 (m, 1H), 

1.53–1.42 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 175.4 (C=O), 152.5 (Cq), 126.8 

(q, 3JC–F = 3.7 Hz, 2xCHAr), 124.9 (q, 1J C–F = 270.1 Hz, CF3), 118.1 (q, 2JC–F = 32.8 Hz, Cq), 113.0 (2xCHAr), 

60.4 (CH2), 47.1 (2xCH), 34.9 (CH), 30.1 (2xCH2), 28.4 (2xCH2), 14.2 (CH3), 14.0 (CH2). 19F NMR (282 MHz, 
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CDCl3): δ –61.1. FT-IR (cm–1, neat): 2931, 1726, 1610, 1521, 1401, 1320, 1302, 1286, 1257, 1103, 1067, 

813, 588. HRMS (ESI) m/z: [M+H]+ Calcd for C18H23F3NO2 342.1675; Found 342.1674. Rf = 0.28 

(pentane/Et2O 90:10). 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 4.19 (br m, 2H), 3.32 (tt, Jax-ax = 12.0, Jax-eq = 5.7 Hz, 1H, -CH-CO2Et), 1.23 (t, 

3H, J = 7.1 Hz). 13C NMR (101 MHz, CDCl3): δ 175.0 (C=O), 112.8 (2xCHAr), 60.5 (CH2), 47.9 (2xCH), 37.5 

(CH), 31.0 (2xCH2), 28.0 (2xCH2). 

 

Ethyl 9-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-9-

azabicyclo[3.3.1]nonane-3-carboxylate (8j) 

0.2 mmol scale synthesis: 

Following General Procedure C with 1-[4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl]piperidine 6j (58.6 mg, 0.20 mmol) and ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) reacting for 40 

minutes. Purification by flash column chromatography (SiO2, heptanes/EtOAc 90:10) afforded the 

product as a colorless oil (52.4 mg, 0.13 mmol, 66%, α/β >20:1). Upon evaporation from pentane the 

oil became a crystalline solid. 

3 mmol scale synthesis: 

Into a flame-dried Schlenck tube were added under nitrogen ethyl 2-(acetoxymethyl)prop-2-enoate 

(568 mg, 3.30 mmol), 1-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]piperidine 6j (862 mg, 

3.00 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (16.8 mg, 0.5 mol%) and cesium acetate (692 mg, 3.61 mmol). 

The vial was evacuated and filled with nitrogen (x 3). Dry 1,2-dichloroethane (60 mL) was canuled into 

the vial, a yellow solution was obtained that was degassed by 3 freeze-and-thaw cycles. The mixture 

was placed between two 390 nm LED and stirred for 1h. Purification by flash column chromatography 

(SiO2, heptanes/EtOAc 90:10) afforded the product as a white solid (694 mg, 1.74 mmol, 58%, α/β 

>20:1). 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.72–7.61 (m, 2H), 6.85–6.77 (m, 2H), 4.37–4.25 (m, 2H), 4.09 (q, J = 7.1 

Hz, 2H), 2.45–2.25 (m, 3H), 2.02 (qt, J = 11.7, 3.6 Hz, 1H), 1.82–1.59 (m, 4H), 1.59–1.40 (m, 3H), 1.32 

(s, 12H), 1.22 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 175.8 (C=O), 152.8 (Cq), 136.8 (2xCHAr), 

113.0 (2xCHAr), 83.4 (2xCq), 60.5 (CH2), 47.0 (2xCH), 35.0 (CH), 30.3 (2xCH2), 28.5 (2xCH2), 25.0 (4xCH3), 
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14.4 (CH3), 14.3 (CH2). Due to coupling to the quadrupolar 11B and 10B nuclei, the aromatic carbon atom 

bearing the BPin was not detected. 11B NMR (96 MHz, CDCl3): δ +31.6. FT-IR (cm–1, neat): 2975, 2928, 

1726, 1600, 1399, 1359, 1141, 1091, 961, 908, 860, 731, 653. HRMS (ESI) m/z: [M+H]+ Calcd for 

C23H34BNO2 400.2654; Found 400.2663. Mp 86.7–88.0 °C. Rf = 0.31 (heptanes/EtOAc 90:10). 

 

 Ethyl 9-phenyl-3-oxa-9-azabicyclo[3.3.1]nonane-7-carboxylate (8k) 

Following General Procedure C with 4-phenylmorpholine (32.6 mg, 0.20 mmol) 

and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) reacting for 20 

minutes. Purification by flash column chromatography (SiO2, heptanes/EtOAc 

92:8) afforded an inseparable mixture of diastereoisomers as a colorless oil 

(35.4 mg, 0.13 mmol, 64%, α/β 5:1). The oil became a white solid after a few days at 4 °C. 

Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3) δ 7.28–7.25 (m, 2H), 6.82–6.80 (m, 2H), 6.77–7.73 (m, 1H), 4.18 (q, J = 7.2 

Hz, 2H), 3.92 (br d, J = 11.3, 2H), 3.83 (dt, J = 11.0, 2.3 Hz, 2H), 3.77–3.73 (m, 2H), 2.60 (tt, J = 7.5, 1.9 

Hz, 1H), 2.42 (dq, J = 14.2, 1.8 Hz, 2H), 2.17 (dddd, J = 14.7, 7.3, 5.2, 2.0 Hz, 2H), 1.29 (t, J = 7.1, 7.1 Hz, 

3H). 13C NMR (101 MHz, CDCl3): δ 173.7 (C=O), 147.7 (Cq), 129.8 (2xCHAr), 117.9 (CHAr), 113.66 (2xCHAr), 

70.8 (2xCH2), 60.5 (CH2), 48.9 (2xCH), 37.0 (CH), 25.3 (2xCH2), 14.3 (CH3). Rf = 0.35 (heptanes/EtOAc 

80:20). 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.28–7.25 (m, 2H), 6.82–6.80 (m, 2H), 6.77–7.73 (m, 1H), 4.07 (q, J = 7.1 

Hz, 2H), 4.02–3.95 (m, 4H), 3.87–3.84 (m, 3H), 2.08 (ddt, J = 14.0, 12.3, 3.9 Hz, 2H), 1.96 (ddd, J = 14.0, 

5.6, 2.7 Hz, 2H), 1.21 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 175.3 (C=O), 147.4 (Cq), 129.7 

(2xCHAr), 118.0 (CHAr), 113.71 (2xCHAr), 71.4 (2xCH2), 60.4 (CH2), 49.5 (2xCH), 37.6 (CH-CO2Et), 28.1 

(2xCH2), 14.3 (CH3). 

FT-IR (cm–1, neat): 2958, 2851, 1721, 1595, 1497, 1258, 1112, 1187, 1033, 920, 748, 688. HRMS (ESI) 

m/z: [M+H]+ Calcd for C16H22NO3 275.1516; Found 275.1512. Mp 54.5–55.6 °C (measured on the 

mixture). 

 



Chapter 3 – Supporting information 

224 
 

O3-tert-butyl O7-ethyl 9-phenyl-3,9-diazabicyclo[3.3.1]nonane-3,7-

dicarboxylate (8l) 

Following General Procedure C with tert-butyl 4-phenylpiperazine-1-

carboxylate 6l (52.5 mg, 0.20 mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate 

(37.9 mg, 0.22 mmol) reacting for 20 minutes. Purification by flash column 

chromatography (SiO2, heptanes/EtOAc 90:10) afforded the product as a 

colorless oil (48.2 mg, 0.13 mmol, 64%, α/β >12:1). 

Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.29–7.21 (m, 2H), 6.89–6.80 (m, 2H), 6.76 (tt, J = 7.2, 1.1 Hz, 1H), 4.16–

4.00 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 4.00–3.75 (br s, 2H), 3.09 (br d, J = 12.4 Hz, 2H), 2.46 (pent, J = 6.7 

Hz, 1H, -CH-CO2Et), 2.27 (pent, J = 7.4, 2H), 2.09 (ddd, J = 14.2, 6.5, 2.7 Hz, 2H), 1.49 (s, 9H), 1.24 (t, J = 

7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 175.0 (C=O), 156.2 (C=O), 148.6 (Cq), 129.79 (2xCHAr), 118.3 

(CHAr), 114.4 (2xCHAr), 80.1 (Cq), 60.56 (CH2), 48.4 (CH2), 47.8 (2xCH), 47.4 (CH2), 35.4 (CH-CO2Et), 28.5 

(3xCH3), 27.1 (2xCH2), 14.25 (CH3). FT-IR (cm–1, neat): 2976, 2928, 2859, 1723, 1693, 1596, 1500, 1388, 

1365, 1277, 1172, 1123, 1075, 1035, 918, 749, 729, 689. HRMS (ESI) m/z: [M+H]+ Calcd for C21H31N2O4 

375.2278; Found 375.2269. Rf = 0.34 (heptanes/EtOAc 80:20). 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 3.38–3.20 (m, 2H), 1.48 (s, 9H), 1.20 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, 

CDCl3): δ 174.0 (C=O), 155.1 (C=O), 147.5 (Cq), 129.75 (2xCHAr), 80.3 (Cq), 60.5 (CH2), 36.1 (CH-CO2Et), 

28.6 (3xCH3), 14.27 (CH3). 

 

Ethyl 9-phenyl-3-thia-9-azabicyclo[3.3.1]nonane-7-carboxylate (8m) 

Following General Procedure C with 4-phenylthiomorpholine 6m (35.9 mg, 0.20 

mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) reacting 

for 20 minutes. Purification by flash column chromatography (SiO2, 

pentane/Et2O 90:10) afforded the product as a colorless oil (33.7 mg, 0.12 mmol, 

58%, α/β 7:1). 

Characterization of the α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.24 (dd, J = 8.9, 7.3 Hz, 2H), 6.84 (d, J = 8.3 Hz, 2H), 6.74 (t, J = 7.2 Hz, 1H), 

4.43–4.33 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.20 (dd, J = 13.2, 3.0 Hz, 2H), 2.49 (tt, Jax-ax = 11.4, Jax-eq = 5.4 

Hz, 1H, -CH-CO2Et), 2.44–2.32 (m, 2H), 2.32–2.15 (m, 2H), 2.12–2.02 (m, 2H), 1.26 (t, J = 7.2 Hz, 3H). 13C 
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NMR (101 MHz, CDCl3): δ 175.2 (C=O), 150.0 (Cq), 129.7 (2xCHAr), 118.0 (CHAr), 115.0 (2xCHAr), 60.5 

(CH2), 47.4 (2xCH), 35.5 (CH), 31.0 (2xCH2), 28.2 (2xCH2), 14.4 (CH3). FT-IR (cm–1, neat): 2924, 2866, 

1723, 1594, 1497, 1392, 1272, 1173, 1034, 748, 689.  HRMS (ESI) m/z: [M+H]+ Calcd for C16H22NO2S 

292.1366; Found 292.1363. Rf = 0.25 (pentane/Et2O 90:10). 

Characteristic peaks of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 4.57 (tt, Jax-ax = 11.3, Jax-eq = 5.9 Hz, 1H, -CH-CO2Et), 4.33–4.27 (m, 2H), 4.10 

(q, J = 7.0 Hz, 2H), 3.40 (ddd, J = 13.5, 3.8, 1.5 Hz, 2H), 2.32–2.15 (m, 2H), 1.21 (t, J = 7.2 Hz, 3H). 13C 

NMR (101 MHz, CDCl3): δ  175.2 (C=O), 148.1 (Cq), 117.9 (CHAr), 114.6 (2xCHAr), 60.4 (CH2), 47.2 (2xCH), 

36.6 (CH-CO2Et), 28.3 (2xCH2), 14.4 (CH3). 

Ethyl 10-phenyl-10-azabicyclo[4.3.1]decane-8-carboxylate (8n) 

Following General Procedure C with 1-phenylazepane 6n (35.1 mg, 0.20 mmol)  

and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) reacting for 14 

hours. Purification by flash column chromatography (SiO2, heptanes/AcOEt 98:2) 

afforded the product as a pale-yellow oil (14.6 mg, 0.05 mmol, 25%, α/β >20:1). 

The yield could not be increased by using a two-step procedure. The chemical shifts (1H NMR) and 

coupling constants are compatible with depicted configuration and conformation. 

Characterization of the α diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.19 (dd, J = 8.7, 7.1 Hz, 2H), 6.78 (d, J = 8.4 Hz, 2H), 6.62 (t, J = 7.2 Hz, 1H), 

4.27–4.18 (m, 2H), 4.13 (q, J = 7.1 Hz, 2H), 2.49 (tt, Jax-ax = 11.9, Jax-eq = 5.7 Hz, 1H, -CH-CO2Et), 2.29–2.15 

(m, 4H), 1.82 (td, J = 12.8, 6.0 Hz, 2H), 1.63–1.47 (m, 6H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, 

CDCl3): δ 176.2 (C=O), 149.9 (Cq), 129.5 (2xCHAr), 115.7 (CHAr), 111.9 (2xCHAr), 60.6 (CH2), 50.5 (2xCH), 

36.9 (CH, CH-CO2Et), 34.9 (2xCH2), 29.7 (2xCH2), 25.9 (2xCH2), 14.4 (CH3). FT-IR (cm-1, neat):  2924, 2858, 

1728, 1594, 1501, 1178, 1155, 1039, 744, 690. HRMS (ESI) m/z: [M+H]+ Calcd for C18H26NO2 288.1958; 

Found 288.1966. Rf = 0.50 (heptanes/EtOAc 90:10) 

Bis-annulation of N,N-dimethylaniline 
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Diethyl 9-phenyl-9-azabicyclo[3.3.1]nonane-3,7-dicarboxylate (14). 

Protocol 1 from N,N-dimethyl aniline (0.5 mmol scale) 

In an oven-dried vial were added under N2 ethyl 2-(acetoxymethyl)prop-2-enoate (94.7 mg, 0.55 

mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (5.6 mg, 0.005 mmol), and cesium acetate (230 mg, 1.20 mmol, 2.4 

equiv.). The vial was evacuated and filled with nitrogen (x 3). N,N-dimethylaniline (63 μL, 0.50 mmol) 

and degassed 1,2-dichloroethane (10.0 mL) were added. The resulting yellow solution was placed in 

front of a 390 nm LED and stirred for 15 min. At this point a solution of ethyl 2-(acetoxymethyl)prop-

2-enoate (94.7 mg, 0.55 mmol) in degassed DCE (0.5 mL) was added and the reaction mixture was 

stirred for one more hour. Upon completion of reaction the reaction mixture was diluted with sat. 

NaHCO3 (15 mL). The aqueous phase was extracted with DCM (3 x 15 mL). The combined organic 

phases were washed once with brine, dried over Na2SO4, filtered and concentrated. Flash column 

chromatography (Si2O, pentane/Et2O 90:10 to 80:20) afforded the desired product as a colorless oil 

(22.5 mg, 0.065 mmol, 13%, β,α/β,β 20:1). 

Protocol 2 from N-methyl-N-(trimethylsilylmethyl)aniline (0.5 mmol scale) 

Identical as protocol 1 except for the base: cesium acetate (115 mg, 0.60 mmol, 1.2 equiv.) is used. The 

desired product was obtained as a colorless oil (38.1 mg, 0.11 mmol, 22 %, β,α/β,β 14:1). 

Characterization of the β,α diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.22 (dd, J = 8.9, 7.2 Hz, 2H), 6.85 (d, J = 7.9 Hz, 2H), 6.71 (tt, J = 7.2, 1.1 

Hz, 1H), 4.37–4.27 (m, 2H), 4.13 (q, J = 7.1 Hz, 2H),  4.10 (q, J = 7.2 Hz, 2H), 3.03 (tt, Jax-ax = 12.5, Jax-eq = 

4.6 Hz, 1H, 1x -CH-CO2Et), 2.51–2.37 (m, 3H), 1.89 (td, J = 12.9, 4.0 Hz, 2H), 1.83–1.74 (m, 2H), 1.71–

1.56 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 175.6 (C=O), 

175.5 (C=O), 150.0 (Cq), 129.7 (2xCHAr), 117.8 (CHAr), 114.5 (2xCHAr), 60.64 (CH2), 60.59 (CH2), 46.7 

(2xCH), 34.6 (CH), 33.0 (2xCH2), 32.6 (CH), 28.7 (2xCH2), 14.4 (2xCH3). FT-IR (neat, cm–1): 2978, 2950, 

1724, 1594, 1498, 1256, 1176, 1032, 749, 731, 690. HRMS (ESI) m/z: [M+H]+ Calcd for C20H28NO4 

346.2013; Found 346.2006. [M+Na]+ Calcd for C20H27NO4Na 368.1832; Found 368.1826. Rf = 0.29 

(pentane/Et2O 84:16). 

Characteristic peaks of the β,β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 4.25–4.19 (m, 4H), 3.16 (tt, Jax-ax = 12.2, Jax-eq = 5.8 Hz, 2H, 2x -CH-CO2Et), 

2.14 (td, J = 13.0, 5.4 Hz, 4H). 13C NMR (101 MHz, CDCl3): δ 175.0 (C=O), 148.0 (Cq), 129.6 (CHAr), 117.5 

(2xCHAr), 114.2 (2xCHAr), 47.6 (CH), 37.5 (CH), 30.4 (CH2). 

 



Chapter 3 – Supporting information 

227 
 

Unsuccessful substrates 

 

 

Additional substrate scope 

 

Benzyl 9-(4-methoxycarbonylphenyl)-9-azabicyclo[3.3.1]nonane-3-

carboxylate 

Following General Procedure C with benzyl 2-(acetoxymethyl)prop-2-

enoate (51.5 mg, 0.22 mmol) and methyl 4-(1-piperidyl)benzoate (43.9 mg, 

0.20 mmol) reacting for 40 minutes. Purification by column 

chromatography (SiO2, EtOAc/heptanes 1:9) afforded the product as a pale-yellow oil (38.7 mg, 0.11 

mmol, 55%, α/β >20:1). 

1H NMR (400 MHz, CDCl3): δ 7.92–7.83 (m, 2H), 7.40–7.27 (m, 5H), 6.82–6.74 (m, 2H), 5.10 (s, 2H), 

4.37–4.29 (m, 2H), 3.85 (s, 3H), 2.47–2.33 (m, 3H), 2.02 (qt, J = 13.1, 3.7 Hz, 1H), 1.81–1.68 (m, 4H), 

1.60–1.53 (m, 1H), 1.53–1.45 (m, 2H). 13C NMR (101 MHz, CDCl3): δ 175.3 (C=O), 167.2 (C=O), 153.6 

(Cq), 136.1 (Cq), 131.9 (2x CH Ar), 128.7 (2x CH Ar), 128.3 (CH Ar), 128.2 (2x CH Ar), 117.8 (Cq), 112.5 

(2x CH Ar), 66.4 (CH2), 51.6 (CH3), 47.2 (2x CH), 35.1 (CH), 30.2 (2x CH2), 28.5 (2x CH2), 14.2 (CH2). FT-IR 

(cm-1, neat) 2926, 2850, 1729, 1705, 1516, 1434, 1280, 1255, 1183, 1109, 770, 697. HRMS (ESI) m/z: 

[M+H]+ Calcd for C24H28NO4 394.2013; Found 394.2004. Rf = 0.32 (EtOAc/heptane 2:8). 

 

Ethyl 9-(4-fluorophenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate 

Following General Procedure C with 1-(4-fluorophenyl)piperidine (35.8 mg, 0.20 

mmol) and ethyl 2-(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) reacting 

for 40 minutes. Purification by column chromatography (SiO2, pentane/Et2O 

95:5) afforded the product as a colorless oil (23.6 mg, 0.08 mmol, 41%, α/β 

>20:1). 

Characterization of the major diastereoisomer: 
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1H NMR (400 MHz, CDCl3): δ 6.95–6.86 (m, 2H), 6.81–6.72 (m, 2H), 4.19–4.05 (m, 2H), 4.11 (q, J = 7.1 

Hz, 2H), 2.49–2.29 (m, 3H), 2.00 (qt, J = 13.4, 4.6 Hz, 1H), 1.77 (tt, J = 13.2, 4.2 Hz, 2H), 1.67 (ddd, J = 

13.7, 12.0, 3.4 Hz, 2H), 1.58–1.49 (m, 1H), 1.49–1.41 (m, 2H), 1.23 (t, J = 7.2 Hz, 3H). 19F NMR (376 MHz, 

CDCl3): δ -128.23 (tt, apparent sept., JF-H = 8.3, 4.7 Hz). 13C NMR (101 MHz, CDCl3): δ 175.9 (C=O), 155.3 

(Cq Ar, d, 1JC-F = 236.2 Hz), 147.3 (Cq Ar, d, 4JC-F = 2.1 Hz), 115.9 (2x CH Ar, d, 2JC-F = 22.0 Hz), 115.4 (2x 

CH Ar, d, 3JC-F = 7.3 Hz), 60.5 (CH2), 47.8 (2x CH), 34.8 (CH), 30.4 (2x CH2), 28.4 (2x CH2), 14.4 (CH3), 14.2 

(CH2). FT-IR (cm-1, neat): 2927, 1725, 1504, 1281, 1247, 1225, 1175, 809, 614, 522. HRMS (ESI) m/z: 

[M+H]+ Calcd for C17H23FNO2 292.1707; Found 292.1709. Rf = 0.28 (pentane/Et2O 95:5). 

Characteristic peaks of the minor diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 4.02 (bs, 2H), 3.29 (tt, J = 12.4, 5.6 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ 

48.6, 37.7. 19F NMR (376 MHz, CDCl3): δ -128.53 (tt, J = 8.3, 4.3 Hz). 

Characterization of the mono-allylated intermediates 

Ethyl 2-[(1-phenylpyrrolidin-2-yl)methyl]prop-2-enoate (2a) 

In a 10 mL oven-dried vial were added under N2 ethyl 2-(acetoxymethyl)prop-2-

enoate (72.4 mg, 0.42 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (3.4 mg, 0.030 mmol), and 

cesium acetate (69 mg, 0.36 mmol). The vial was evacuated and filled with N2 (x 3), 

and 1-phenylpyrrolidine 1a (0.043 mL, 0.30 mmol) was added via a Hamilton syringe. 

Degassed 1,2-dichloroethane (6.00 mL) was added. The resulting yellow solution was 

placed in front of a 390 nm LED and stirred for 15 minutes. The reaction mixture was 

diluted with sat. NaHCO3 (5 mL) and the aqueous phase was extracted with DCM (3 

x 7 mL). The combined organic phases were dried over Na2SO4, filtered, and concentrated under 

reduced pressure to give crude product as an orange oil. Purification by flash column chromatography 

(SiO2, heptanes/EtOAc 99.5:0.5) afforded the mono-allylated product as a colorless oil (33.0 mg, 0.13 

mmol, 42%). 

1H NMR (300 MHz, CDCl3): δ 7.25 (t, J = 7.8 Hz, 2H), 6.78 (d, J = 8.1 Hz, 2H), 6.68 (t, J = 7.3 Hz, 1H), 6.27 

(d, J = 1.5 Hz, 1H), 5.60 (br s, 1H), 4.33–4.21 (m, 2H), 4.01–3.91 (m, 1H), 3.47–3.32 (m, 1H), 3.19 (td, J 

= 9.2, 7.2 Hz, 1H), 2.93 (dd, J = 13.7, 2.3 Hz, 1H), 2.12 (m, J = 13.7, 10.4 Hz, 1H), 2.08–1.94 (m, 2H), 

1.91–1.81 (m, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 167.3 (C=O), 147.2 (Cq), 138.7 

(Cq), 129.4 (2xCHAr), 127.7 (=CH2), 115.6 (CHAr), 112.1 (2xCHAr), 61.1 (CH2), 57.4 (CH), 48.4 (CH2), 35.5 

(CH2), 29.1 (CH2), 23.2 (CH2), 14.4 (CH3). FT-IR (cm-1, neat): 2967, 1709, 1596, 1504, 1363, 1177, 1159, 

1139, 991, 743, 692, 512. HRMS (ESI) m/z: [M+H]+ Calcd for C16H22O2N 260.1643; Found 260.1645. Rf = 

0.23 (heptanes/EtOAc 95:5). 
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Ethyl 2-[(5-methyl-1-phenyl-pyrrolidin-2-yl)methyl]prop-2-enoate (2f) 

In an oven-dried vial were added under N2 2-methyl-1-phenyl-pyrrolidine 1f (161 mg, 

1.00 mmol), ethyl 2-(acetoxymethyl)prop-2-enoate (207 mg, 1.20 mmol), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (5.6 mg, 0.005 mmol) and cesium acetate (231 mg, 1.20 

mmol). The vial was evacuated and filled with nitrogen (x 3). Degassed 1,2-

dichloroethane (20 mL) was added. The mixture was placed in front of a 390 nm LED and stirred for 10 

minutes. The reaction mixture was diluted with sat. NaHCO3 (15 mL) and the aqueous phase was 

extracted with DCM (3 x 20 mL). The combined organic phases were dried over Na2SO4, filtered, and 

concentrated under reduced pressure to give crude product as an orange oil. Purification by flash 

column chromatography (SiO2, pentane/Et2O 40:1) afforded the mono-allylated product as a colorless 

oil and inseparable mixture of diastereoisomers (130 mg, 0.48 mmol, 48%, trans/cis = 2.8:1). 

Rf = 0.33 (pentane/Et2O 40:1) 

The diastereoisomers were separated on a reverse phase preparative system (acidic conditions). 

The mixture of diastereoisomers (130 mg) was dissolved in a mix of solution D [100% MeCN + 1% TFA] 

and solution A [100% H2O + 1% TFA]. The 15-mL solution was centrifugated and loaded on a Waters 

PrepLC System (15% D in A to 65% D in A over 50 minutes at a flow rate of 20 mL/min). The minor 

diastereoisomer was recovered with 28% D in A. The major diastereoisomer was recovered with 47% 

D in A. The solvent was evaporated on a lyophilisation system overnight and the TFA-salt was taken in 

EtOAc (10 mL) and aq. sat. NaHCO3 (10 mL). The phases were separated and the aqueous phase 

extracted with EtOAc (2 x 10 mL). A short filtration on silica gel afforded the clean fractions. 

Description of the trans diastereoisomer: 

Appearance: white solid 

1H NMR (400 MHz, CDCl3): δ 7.24 (td, J = 7.8, 7.3, 1.5 Hz, 2H), 6.78 (d, J = 7.9 Hz, 2H), 6.63 (tt, J = 7.3, 

1.1 Hz, 1H), 6.27 (d, J = 1.5 Hz, 1H), 5.58 (br s, 1H), 4.33–4.21 (m, 2H), 4.11–4.01 (m, 2H, including N-

CHMe), 2.97 (br dd, J = 13.8, 3.2 Hz, 1H), 2.20 (tt, J = 11.9, 7.2 Hz, 1H), 2.11–2.00 (m, 1H), 1.98 (dd, J = 

13.8, 10.5 Hz, 1H), 1.82 (dd, J = 12.4, 6.7 Hz, 1H), 1.64 (dd, J = 12.0, 6.6 Hz, 1H), 1.38 (t, J = 7.2 Hz, 3H), 

1.12 (d, J = 6.1 Hz, 3H, N-CHMe). 13C NMR (101 MHz, CDCl3): δ 167.3 (C=O), 145.1 (Cq), 138.9 (Cq), 129.3 

(2xCHAr), 127.6 (=CH2), 115.1 (CHAr), 113.7 (2xCHAr), 61.0 (CH2), 56.5 (CH), 53.0 (CH), 33.9 (CH2), 30.2 

(CH2), 26.3 (CH2), 18.2 (CH3), 14.4 (CH3). FT-IR (cm–1, neat): 2960, 2927, 1709, 1596, 1502, 1359, 1181, 

1147, 744, 694. HRMS (ESI) m/z: [M+H]+ Calcd for C17H24O2N 274.1802; Found 274.1794. Mp 36.9–37.7 

°C. Rf = 0.33 (pentane/Et2O 40:1) 

Description of the cis diastereoisomer: 
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Appearance: colorless oil 

1H NMR (400 MHz, CDCl3): δ 7.29–7.19 (dd, J = 8.9, 7.2 Hz, 2H), 6.80 (d, J = 7.6 Hz, 2H), 6.67 (tt, J = 7.3, 

1.1 Hz, 1H), 6.26 (d, J = 1.5 Hz, 1H), 5.62 (br s, 1H), 4.35–4.19 (m, 2H), 3.90 (ddt, J = 10.8, 7.6, 4.0 Hz, 

1H), 3.80 (hx, J = 6.2 Hz, 1H, N-CHMe), 3.05 (ddd, J = 13.7, 3.5, 1.4 Hz, 1H), 2.16 (dd, J = 13.7, 10.3 Hz, 

1H), 2.07 (dtd, J = 12.0, 7.2, 6.0 Hz, 1H), 1.92–1.75 (m, 2H), 1.70 (ddt, J = 12.3, 8.2, Hz, 1H), 1.37 (t, J = 

7.2 Hz, 3H), 1.29 (d, J = 6.1 Hz, 3H, N-CH-Me). 13C NMR (101 MHz, CDCl3): δ 167.3 (C=O), 147.5 (Cq), 

138.6 (Cq), 129.3 (2xCHAr), 127.6 (=CH2), 115.8 (CHAr), 112.3 (2xCHAr), 61.1 (CH2), 59.8 (CH), 55.9 (CH), 

38.11 (CH2), 32.4 (CH2), 28.8 (CH2), 21.9 (CH3), 14.4 (CH3). FT-IR (cm–1, neat): 2962, 1709, 1595, 1501, 

1354, 1147, 744, 694. HRMS (ESI) m/z: [M+H]+ Calcd for C17H24O2N 274.1802; Found 274.1793. Rf = 0.33 

(pentane/Et2O 40:1). 

Attribution of the relative configuration: 

Literature reports: with respect to the cis isomer, the ring proton α to the nitrogen and the methyl 

group in the trans product will appear at lower field (higher ppm), and the methyl group will appear at 

higher field (lower ppm). No exceptions to this rule are known.21,22  

 

1-Phenyl-2,5-

dimethylpyrrolidine 

trans 

1-Phenyl-2,5-

dimethylpyrrolidine 

cis 

Product 

Major dia 

Product 

Minor dia 

N-CHMe m, 3.98 (lower field) m, 3.75 m, 4.06 (lower field) m, 3.79 

N-CHMe d, 1.08 (higher field) d, 1.27 d, 1.12 (higher field) d, 1.29 

 

 
  

 

 

Hence it can be concluded that, in our case, the major diastereoisomer is the trans product and the 

minor diastereoisomer the cis product. 
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 Ethyl 2-[(1-phenylazepan-2-yl)methyl]prop-2-enoate (7n) 

In an oven-dry vial were added under N2 1-phenylazepane 6n (87.6 mg, 0.50 mmol), 

ethyl 2-(acetoxymethyl)prop-2-enoate (94.7 mg, 0.55 mmol), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (5.6 mg, 0.005 mmol), and cesium acetate (115 mg, 0.6 

mmol). The vial was evacuated and filled with nitrogen (x 3). Degassed 1,2-

dichloroethane (10 mL) was added. The resulting yellow solution was placed in front of a 390 nm LED 

and stirred for 10 min. The reaction mixture was diluted with sat. NaHCO3 (10 mL) and the aqueous 

phase was extracted with DCM (3 x 10 mL); combined organic phases were dried over Na2SO4, filtered, 

and concentrated under reduced pressure to give crude product as an orange oil. Purification by flash 

column chromatography (SiO2, pentane/Et2O 99:1 to 98:2) afforded the mono-allylated product as a 

colorless oil (93.1 mg, 0.33 mmol, 65%). Some cyclized product was also recovered at this point (2.6 

mg, 2%), hence the necessity to control very closely the reaction. 

1H NMR (300 MHz, CDCl3): δ 7.29–7.16 (m, 2H), 6.83 (d, J = 8.1 Hz, 2H), 6.62 (tt, J = 7.2, 1.0 Hz, 1H), 

6.19 (d, J = 1.6 Hz, 1H), 5.60 (br s, 1H), 4.31–4.19 (m, 2H), 3.95 (dq, J = 15.1, 5.2 Hz, 1H), 3.54–3.41 (m, 

1H), 3.31–3.12 (m, 1H), 2.77 (ddd, J = 13.5, 5.0, 1.4 Hz, 1H), 2.29 (dd, J = 13.4, 9.3 Hz, 1H), 2.07 (ddd, J 

= 14.4, 8.3, 6.2 Hz, 1H), 1.92–1.79 (m, 1H), 1.79–1.71 (m, 1H), 1.71–1.60 (m, 2H), 1.42–1.15 (m, 3H), 

1.35 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 167.4 (C=O), 148.5 (Cq), 138.2 (Cq), 129.4 (2xCHAr), 

127.3 (=CH2), 114.8 (CHAr), 110.6 (2xCHAr), 61.0 (CH2), 55.6 (CH), 43.0 (CH2), 36.2 (CH2), 34.8 (CH2), 30.2 

(CH2), 27.2 (CH2), 25.2 (CH2), 14.3 (CH3). FT-IR (cm–1, neat): 2925, 2851, 1708, 1594, 1400, 1164, 1135, 

908, 729, 692. HRMS (ESI) m/z: [M+H]+ Calcd for C18H26O2N 288.1958. Found 288.1956. [M+Na]+ Calcd 

for C18H25O2NNa 310.1778; Found 310.1775. Rf = 0.34 (heptanes/EtOAc 95:5). 

 

 Methyl 4-[2-(2-ethoxycarbonylallyl)azepan-1-yl]benzoate (7o) 

In an oven-dry vial were added under N2 methyl 4-(azepan-1-yl)benzoate 6o (93.3 

mg, 0.40 mmol), ethyl 2-(acetoxymethyl)prop-2-enoate (75.8 mg, 0.44 mmol), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (4.5 mg, 0.04 mmol), and cesium acetate (92.3 mg, 

0.48 mmol). The vial was evacuated and filled with nitrogen (x 3). Degassed 1,2-

dichloroethane (8.00 mL) was added. The resulting yellow solution was placed in 

front of a 390 nm LED and stirred for 9 h. The reaction mixture was diluted with sat. NaHCO3 (10 mL) 

and the aqueous phase was extracted with DCM (3 x 8 mL). The combined organic phases were dried 

over Na2SO4, filtered, and concentrated under reduced pressure to give crude product as an orange 

oil. Purification by flash column chromatography (SiO2, pentane/Et2O 80:20) afforded the mono-



Chapter 3 – Supporting information 

232 
 

allylated product as a colorless oil (34.4 mg, 0.10 mmol, 25%) along with 26% unreacted starting 

material. 

1H NMR (300 MHz, CDCl3): δ 7.85–7.80 (m, 2H), 6.57–6.51 (m, 2H), 6.20 (d, J = 1.4 Hz, 1H), 5.58 (q, J = 

1.2 Hz, 1H), 4.24–4.17 (m, 2H), 3.84 (s, 3H), 3.71–3.61 (m, 1H), 3.38 (t, J = 6.7 Hz, 2H), 2.60 (ddd, J = 

13.9, 7.3, 1.0 Hz, 1H), 2.45 (ddd, J = 13.8, 6.1, 0.9 Hz, 1H), 1.89–1.78 (m, 2H), 1.68–1.56 (m, 1H), 1.53–

1.33 (m, 5H), 1.29 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 167.5 (C=O), 151.7 (Cq), 137.8 (Cq), 

131.8 (2xCHAr), 127.8 (=CH2), 118.1 (Cq), 111.7 (2xCHAr), 61.2 (CH2), 52.4 (CH), 51.6 (CH3), 37.8 (CH2), 

34.8 (CH2), 33.9 (CH2), 32.7 (CH2), 28.2 (CH2), 25.3 (CH2), 14.3 (CH3). FT-IR (cm-1, neat): 3367, 2935, 1703, 

1600, 1525, 1432, 1271, 1171, 1106, 769. HRMS (ESI) m/z: [M+H]+ Calcd for C20H28O4N 346.2013; Found 

346.2014. Rf = 0.36 (pentane/Et2O 60:40). 

 

Methyl 4-[2-[(E)-2-ethoxycarbonylbut-2-enyl]-1-piperidyl]benzoate (9) 

In an oven-dry vial were added under N2 methyl 4-(1-piperidyl)benzoate 6g (110 mg, 

0.50 mmol), ethyl 3-acetoxy-2-methylene-butanoate (37.2 mg, 0.20 mmol), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.2 mg, 0.002 mmol), and CsOAc (46.1 mg, 0.24 mmol). 

The vial was evacuated and filled with nitrogen (x 3). Degassed 1,2-dichloroethane 

(4.0 mL) was added. The resulting yellow solution was placed in front of a 390 nm 

LED and stirred for 10 min. The reaction mixture was diluted with sat. NaHCO3 (5 mL) and the aqueous 

phase was extracted with DCM (3 x 5 mL). The combined organic phases were dried over Na2SO4, 

filtered, and concentrated under reduced pressure to give crude product as an orange oil. Purification 

by flash column chromatography (SiO2, pentane/Et2O 90:10) afforded the mono-allylated product as a 

colorless oil (49.9 mg, 0.14 mmol, 73%, E/Z = 7:1). Crystallization from pentane at 4 °C afforded the 

product as a white solid, enriched in the E isomer (E/Z = 20/1). 

1H NMR (300 MHz, CDCl3): δ 7.90–7.82 (m, 2H), 6.90–6.72 (m, 3H), 4.35–4.27 (m, 1H), 4.18 (q, J = 7.1 

Hz, 2H), 3.84 (s, 3H), 3.65–3.56 (m, 1H), 3.11 (td, J = 12.6, 3.1 Hz, 1H), 2.67 (dd, J = 13.6, 9.0 Hz, 1H), 

2.52 (dd, J = 13.5, 5.9 Hz, 1H), 1.79 (d, J = 7.2 Hz, 3H), 1.78–1.48 (m, 6H), 1.28 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3): δ 167.8 (C=O), 167.4 (C=O), 154.0 (Cq), 139.3 (=CH), 131.8 (2xCHAr), 130.9 (Cq), 

118.1 (Cq), 113.5 (2xCHAr), 60.7 (CH2), 53.8 (CH), 51.6 (CH3), 42.1 (CH2), 27.7 (CH2), 25.5 (CH2), 25.3 

(CH2), 19.3 (CH2), 14.8 (CH3), 14.4 (CH3). FT-IR (cm–1, neat): 2932, 2850, 1700, 1599, 1515, 1432, 1247, 

1185, 1163, 1106, 768. HRMS (ESI) m/z: [M+H]+ Calcd for C20H28O4N 346.2013. Found 346.2016. Calcd 

for C20H27O4NNa [M+Na]+ 368.1832; Found 368.1835. Mp 52.3–54.1 °C. Rf = 0.33 (pentane/Et2O 80:20). 
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RXay 

A sample was dissolved in the minimum amount of pentane with 

gentle heating, and the solution was then placed at 4 °C 

overnight to afford single crystals suitable for X-Ray diffraction 

analysis. 

 

 

 

Study of the cyclization step 

NMR experiments 

 

 

General Procedure D 

In a dry NMR tube were added ethyl 2-[(1-phenylpyrrolidin-2-yl)methyl]prop-2-enoate 2a (6.5 mg, 

0.025 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (0.3 mg, 0.27 x 10–3 mmol), 1,3-dioxolan-2-one (1.1 mg, 

0.0125 mmol, standard) and cesium acetate (5.8 mg, 0.03 mmol). The tube was evacuated and filled 

with N2 (x 3), and dry CD2Cl2 (0.5 mL) was added. The resulting yellow solution was degassed by freeze-

pump-thaw cycles (x 3) and a first NMR measurement was made before irradiation to determine the 

exact standard-to-starting material ratio. The tube was then placed in front of a 390 nm LED and 

measurements were taken regularly (see Table 5 and Image 1). 
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% conversion 

of 2a  

% yield 

of 3a 

t1: 3min 15 7 

t2: 10min 24 18 

t3: 20 min 41 26 

t4: 40min 56 41 

t5: 60min 65 48 

t6: 90min 80 53 

t7: 120min 87 58 

t8: 150 min 94 66 

t9: 180 min 100 72 

Table 5. NMR follow-up of the cyclization step. Comparison of starting material conversion and yield of 
product. 

 

Image 1. Characteristic signals of 2a (SM), 3a (product), and standard (ethylene carbonate). 

The ratio conversion/yield was not satisfying, and the reaction was very slow compared to the one-pot 

process, in which acetic acid is generated from the OAc-trap. The investigated reaction conditions are 

summarized in Table 6. 
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Entry 
Deviation to 

general procedure D 
NMR yield Time remarks 

1 None 72% 3 h Much slowler than the one-pot processa 

2 No catalyst -- 24 h No product visible, degradation 

4 AcOH (1.0 eq) 91% 3 min dr 9:1b 

5 CsPiv instead of CsOAc Quant. 25 min dr 5:1 

6 CsPiv, AcOH (1.0 eq) Quant. < 2 min dr 5:1 

Table 6. NMR follow-up of the cyclization step. Optimization. a Major diastereoisomer only. b The stability of 
product under the reaction conditions was studied (stable, not reacting). 

 

Batch reactions and synthesis of bicyclic compounds 

The previously optimized conditions (see above) were applied on a substituted pyrrolidine derivative 

to study the influence of an alpha-substituent on the cyclization reaction.  

 

 

Modified General Procedure D 

In an oven-dry vial were added under N2 the mono-allylated starting material (0.20 mmol, 1.0 equiv.), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.2 mg, 0.02 mmol, 1 mol%), and cesium acetate (46 mg, 0.24 mmol, 1.2 

equiv.). The vial was evacuated and filled with N2 (x 3), then CH3CO2H (11.4 µL, 0.20 mmol, 1.0 equiv.) 

and degassed 1,2-dichloroethane (4 mL, 0.05 M) were successively added. The resulting yellow 

solution was placed in front of a 390 nm LED and stirred until consumption of the starting material 

(TLC or NMR monitoring). The reaction mixture was diluted with sat. NaHCO3 (3 mL). The aqueous 

phase was extracted with DCM (3 x 5 mL) and the combined organic phases were dried over Na2SO4, 

filtered, and concentrated under reduced pressure to give crude product as an orange oil. Purification 

by flash column chromatography on silica gel afforded the bicyclic product. 



Chapter 3 – Supporting information 

236 
 

 

Ethyl 8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate (3a) 

Following modified General Procedure D with ethyl 2-[(1-phenylpyrrolidin-2-

yl)methyl]prop-2-enoate 2a (19.2 mg, 0.07 mmol), reacting for 5 minutes. 

Purification by flash column chromatography (SiO2, heptanes/EtOAc 98:2) afforded the title compound 

as a white solid (14.0 mg, 0.054 mmol, 77%, α/β 88:12). Spectra in accordance with previously 

described product. 

 

Ethyl 1-methyl-8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate (3f) 

Following modified General Procedure D with ethyl 2-[(5-methyl-1-phenyl-

pyrrolidin-2-yl)methyl]prop-2-enoate 2f (54.7 mg, 0.20 mmol, dr 3:1), reacting for 

30 minutes. Purification by flash column chromatography (SiO2, pentane/Et2O 

95:5) afforded the title compound as a white solid (35.8 mg, 0.13 mmol, 66%, α/β 82:18). Spectra in 

accordance with previously described product. 

 

Ethyl 10-phenyl-10-azabicyclo[4.3.1]decane-8-carboxylate (8n) 

Following modified General Procedure D with ethyl 2-[(1-phenylazepan-2-

yl)methyl]prop-2-enoate 7n (57.5 mg, 0.20 mmol), reacting for 30 minutes. 

Purification by flash column chromatography (SiO2, pentane/Et2O 99:1 to 98:2) 

afforded the product as a colorless oil (13.8 mg, 0.048 mmol, 24%, α/β >20:1) along with recovered 

starting material (5.2 mg, 9% recovered SM). Spectra in accordance with previously described product. 

 

Ethyl 9-(4-methoxycarbonylphenyl)-2-methyl-9-azabicyclo[3.3.1]nonane-

3-carboxylate (10) 

Following modified General Procedure D with methyl 4-[2-[(E)-2-

ethoxycarbonylbut-2-enyl]-1-piperidyl]benzoate 9 (69.1 mg, 0.20 mmol), 

reacting for 4 hours (NMR follow-up). Purification by flash column 

chromatography (SiO2, pentane/Et2O 80:20) afforded the product as a colorless oil (45.4 mg, 0.13 

mmol, 66%, dr >20:1). 
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1H NMR (400 MHz, CDCl3): δ 7.90–7.83 (m, 2H), 6.81–6.75 (m, 2H), 4.36–4.25 (m, 1H), 4.17–4.09 (m, 

2H), 3.86–3.83 (m, 1H), 3.85 (s, 3H), 2.35 (ddd, J = 13.3, 10.9, 4.3 Hz, 1H), 2.14–1.95 (m, 3H), 1.77–1.64 

(m, 3H), 1.64–1.49 (m, 2H), 1.45 (ddd, J = 13.9, 4.6, 2.1 Hz, 1H), 1.24 (t, J = 7.1 Hz, 3H), 1.07 (d, J = 6.1 

Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 175.8 (C=O), 167.3 (C=O), 153.5 (Cq), 131.9 (2xCHAr), 117.5 (Cq), 

112.4 (2xCHAr), 60.5 (CH2), 56.5 (CH), 51.6 (CH3), 46.5 (CH), 43.4 (CH), 35.9 (CH), 29.8 (CH2), 29.4 (CH2), 

28.9 (CH2), 21.8 (CH3), 14.8 (CH2), 14.4 (CH3). FT-IR (cm–1, neat): 2932, 1705, 1599, 1514, 1433, 1279, 

1253, 1182, 1107, 1060, 768, 729, 697. HRMS (ESI) m/z: Calcd for C19H28NO4 346.2013; Found 346.2004. 

Rf = 0.33 (pentane/Et2O 80:20). 

Derivatization of 10 for crystallization: 

[4-[3-(hydroxymethyl)-2-methyl-9-azabicyclo[3.3.1]nonan-9-

yl]phenyl]methanol (11) 

In a 25 mL two-neck round-bottom flask equipped with a reflux condenser 

and a rubber septum were added THF (3 mL) and LiAlH4 (58 mg, 1.5 mmol). 

A solution of 10 (0.5 mmol, 173 mg, dr > 95:5) in THF (2 mL) was added 

dropwise at room temperature and the reaction mixture was stirred for 1 h. Upon completion of the 

reaction (TLC monitoring), the reaction mixture was cooled to 0 °C and 2 M aqueous NaOH was added 

to the mixture dropwise until a thick white precipitate was obtained (around 1 mL was necessary). The 

mixture was refluxed for 1 h, allowed to cool down to room temperature and filtered, rinsing with 

Et2O. The mother liquor was dried over Na2SO4, filtered and concentrated under reduced pressure. The 

crude residue was purified by flash column chromatography (SiO2, pentane/Et2O 20:80) to afford the 

product as a thick colorless oil (97.0 mg, 0.35 mmol, 70%). The product was crystallized by slow 

evaporation from a heptanes/EtOAc or pentane/Et2O mixture to give a white crystalline solid suitable 

for X-Ray analysis. Note that the product is not stable in CDCl3. 

1H NMR (400 MHz, C6D6): 7.19 (d, J = 8.7 Hz, 2H), 6.75 (d, J = 8.7 Hz, 2H), 4.43 (s, 2H), 4.02–3.92 (m, 

1H), 3.59–3.54 (m, 1H), 3.32–3.22 (m, 2H), 1.98 (ddd, J = 12.2, 10.8, 4.3 Hz, 1H), 1.78 (qt, J = 13.1, 4.3 

Hz, 1H), 1.64–1.56 (m, 2H), 1.45–1.08 (m, 6H), 0.90 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, C6D6): δ 150.8 

(Cq), 129.8 (Cq), 129.1 (2xCHAr), 114.3 (2xCHAr), 65.3 (CH2), 64.6 (CH2), 57.8 (CH), 47.2 (CH), 38.4 (CH), 

34.9 (CH), 30.28 (CH2), 29.4 (CH2), 29.3 (CH2), 21.6 (CH3), 15.2 (CH2). FT-IR (cm–1, neat): 3319, 2916, 

2865, 1611, 1512, 1398, 1287, 1256, 1187, 999, 793. HRMS (ESI) m/z: [M+H]+ Calcd for 

C17H26NO2 276.1958. Found 276.1932. Mp 101.5–103.2 °C. Rf = 0.29 (heptanes/EtOAc 55:45). 
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X-Ray: 

  

 

 

 

 

Synthetic utility of the bicyclic derivatives 

Oxidation of the BPin derivative 

 

 

Ethyl 9-(4-hydroxyphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate.  

To a suspension of ethyl 9-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-9-

azabicyclo[3.3.1]nonane-3-carboxylate 8j (120 mg, 0.30 mmol) in THF/H2O (2.5 mL, v/v 1:1) was added 

sodium perborate (231 mg, 1.50 mmol) in one portion. The reaction mixture gradually turned bright 

pink. Upon completion (TLC monitoring, approx. 1h), the reaction mixture was quenched by addition 

of saturated aq. NH4Cl (10 mL). The aqueous layer was extracted with Et2O (3 x 10 mL) and the 

combined organic extracts were dried over Na2SO4, filtered and concentrated in vacuo. The crude 
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residue was purified by flash column chromatography (SiO2, pentane/Et2O 70:30) to afford the ethyl 

9-(4-hydroxyphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate intermediate as a pink sticky oil, from 

which the residual solvents proved to be difficult to remove. Additionally, extreme broadening of the 

signals was observed in the NMR spectra (1H and 13C), hence it could not be directly characterized, and 

solvent could not be quantified. 

Partial characterization of ethyl 9-(4-hydroxyphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate: 

FT-IR (neat, cm–1): 3388, 2927, 1725, 1701, 1507, 1246, 1178, 908, 811, 729. HRMS (ESI) m/z: [M+H]+ 

Calcd for C17H24O3N 290.1751; Found 290.1746. 

The structure of this compound was assessed after methylation to form known compound 8e 

according to the following procedure:  

Ethyl 9-(4-methoxyphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8e). In an oven-dried seal tube 

was added THF (4 mL) followed by NaH (12.9 mg, 0.34 mmol, 55–60 % in mineral oil). Then, a solution 

of ethyl 9-(4-hydroxyphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate previously obtained (estimated 

quantitative yield, 0.3 mmol engaged) in THF (4 mL, pink solution) was added dropwise. The mixture 

became dark green/blue and was stirred at rt for 20 minutes before addition of iodomethane (21 μL, 

0.34 mmol). The reaction mixture was stirred at rt for 3 hours without reaching completion, hence 

another portion of iodomethane (21 μL, 0.34 mmol) was added. Approximately 2 hours after the 

second addition, the starting material was fully converted. The reaction mixture was quenched with 

water (5 mL) and extracted with EtOAc (2 x 10 mL). The organic extract was washed with brine (10 mL), 

dried over Na2SO4, and concentrated in vacuo. Purification by flash column chromatography (SiO2, 

pentane/Et2O 90:10) afforded the product as a crystalline white solid (57.9 mg, 0.19 mmol, 64% over 

two steps. α/β >20:1). Spectral data are in accordance with previously described product. 

1H NMR (300 MHz, CDCl3): δ 6.80 (s, 4H), 4.17–4.10 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 3.75 (s, 3H), 2.47 

(tt, J = 12.4, 5.9 Hz, 1H), 2.42–2.26 (m, 2H), 2.00 (qt, J = 13.3, 4.4 Hz, 1H), 1.79 (tt, J = 13.2, 4.3 Hz, 2H), 

1.65 (ddd, J = 14.0, 12.3, 3.5 Hz, 2H), 1.58–1.49 (m, 1H), 1.49–1.39 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3): δ 176.1 (C=O), 151.6 (Cq), 145.3 (Cq), 115.7 (2xCHAr), 115.1 (2xCHAr), 60.4 (CH2), 

55.9 (CH3), 47.8 (2xCH), 34.7 (CH), 30.6 (2xCH2), 28.4 (2xCH2), 14.4 (CH3), 14.3 (CH2). FT-IR (cm–1, neat): 

2870, 1726, 1507, 1241, 1177, 1039, 910, 812, 731, 616. HRMS (ESI) m/z: [M+H]+ Calcd for C18H26NO3 

304.1907; Found 304.1899. Mp 42.5–43.7 °C. Rf = 0.31 (pentane/Et2O 90:10). 
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Epimerization (from the α to the β diastereoisomer) 

 

Ethyl 8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate (3aβ, exo product): 

To a solution of ethyl 8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate 3aα 

(α/β 5:1, 130 mg, 0.50 mmol) in absolute ethanol (4 mL) was added dropwise a 

solution of NaOEt in EtOH (2.7 M, 0.20 mL, 0.54 mmol).The reaction mixture 

was heated at 40 °C for 3 hours. TLC indicated complete epimerization and volatiles were evaporated 

under reduced pressure. The crude residue was purified by flash column chromatography (SiO2, 

heptanes/EtOAc 90:10) to afford the desired product as a light yellow crystalline solid (61.7 mg, 0.40 

mmol, 79%, α/β 1:20). 

1H NMR (300 MHz, CDCl3): δ 7.25–7.19 (m, 2H), 6.77 (d, J = 8.1 Hz, 2H), 6.70 (tt, J = 7.3, 1.1 Hz, 1H), 

4.32–4.25 (m, 2H), 4.05 (q, J = 7.1 Hz, 2H), 2.89 (tt, Jax-ax = 12.3, Jax-eq = 5.3 Hz, 1H, -CH-CO2Et), 2.16–2.07 

(m, 2H), 2.07–1.97 (m, 2H), 1.85–1.75 (m, 2H), 1.64 (ddd, J = 13.8, 6.0, 2.9 Hz, 2H), 1.20 (t, J = 7.2 Hz, 

3H). 13C NMR (75 MHz, CDCl3): δ 175.1 (C=O), 146.2 (Cq), 129.7 (2xCHAr), 117.2 (CHAr), 115.2 (2xCHAr), 

60.5 (CH2), 53.7 (2xCH), 35.5 (CH-CO2Et), 29.3 (2xCH2), 28.3 (2xCH2), 14.3 (CH3). FT-IR (cm–1, neat): 2957, 

1722, 1597, 1501, 1365, 1179, 1045, 937, 754, 694, 583. HRMS (ESI) m/z: [M+H]+ Calcd for C16H22NO2 

260.1645; Found 260.1642. Mp 71.5–73.1 °C. Rf = 0.22 (pentane/Et2O 96:4). 

 

Ethyl 9-phenyl-9-azabicyclo[3.3.1]nonane-3-carboxylate (8aβ, exo product) 

To a solution of ethyl 9-phenyl-9-azabicyclo[3.3.1]nonane-3-carboxylate 8aα 

(α/β >20:1, 122 mg, 0.45 mmol) in absolute ethanol (4 mL) was added dropwise 

a solution of NaOEt in EtOH (2.7 M, 0.17 mL, 0.46 mmol). The reaction mixture 

was stirred at rt for 1 hour and, in absence of epimerization, for 3 hours at 40 

°C. TLC indicated complete epimerization and volatiles were evaporated under reduced pressure. The 

crude residue was purified by flash column chromatography (SiO2, pentane/Et2O 94:6) to afford the 

desired product as a white crystalline solid (92.7 mg, 0.34 mmol, 76%, α/β 1:8). For easier 

characterization of the β product, the diastereoisomers were separated by flash column 

chromatography (SiO2, pentane/Et2O 95:5). 

Characterization of the β diastereoisomer: 

1H NMR (300 MHz, CDCl3): δ 7.29–7.17 (m, 2H), 6.84 (d, J = 8.3 Hz, 2H), 6.68 (t, J = 7.2 Hz, 1H), 4.18–

4.03 (m, 4H), 3.32 (tt, Jax-ax = 12.1, Jax-eq =  5.7 Hz, 1H, -CH-CO2Et), 2.20–1.98 (m, 5H), 1.93 (ddd, J = 13.9, 

5.7, 2.0 Hz, 2H), 1.76–1.62 (m, 3H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 175.5 (C=O), 
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148.7 (Cq), 129.6 (2xCHAr), 116.9 (CHAr), 114.0 (2xCHAr), 60.5 (CH2), 48.0 (2xCH), 37.8 (CH-CO2Et), 31.0 

(2xCH2), 27.9 (2xCH2), 20.4 (CH2), 14.4 (CH3). FT-IR (cm–1, neat): 2935, 1725, 1592, 1500, 1189, 1111, 

1036, 908, 746, 689. HRMS (ESI) m/z: [M+H]+ Calcd for C17H24NO2 274.1802; Found 274.1800. Mp 74.4–

75.0 °C. Rf = 0.25 (pentane/Et2O 94:6). 

Deprotection of the aryl moiety 

General procedure E: deprotection of the aryl moiety23 

To a solution of N-aryl precursor (0.20 mmol) in MeCN/H2O (12 mL, v/v 3:1) was added cerium 

ammonium nitrate (329 mg, 0.60 mmol) at 0 °C. The resulting clear yellow solution was stirred at rt 

overnight. Upon completion of the reaction, NaBH4 (11.3 mg, 0.30 mmol) was added in one portion at 

0 °C. This should be done carefully as NaBH4 can react violently under the aqueous acidic conditions of 

the reaction mixture. After addition, the reaction mixture was stirred at rt for 30 min and TLC indicated 

full reduction of the quinone by-product. K2CO3 (powder, ~800 mg, 6.00 mmol) was added to the 

reaction mixture until pH = 11. At this point the reaction mixture was a dark red solution with a white 

precipitate on the bottom of the flask, however stirring was not prevented. An excess of benzyl 

chloroformate (Cbz-Cl) (0.14 mL, 1.0 mmol) was then added and the reaction mixture was stirred at rt 

for 2 h. The reaction mixture was transferred to a separatory funnel filtrating the white precipitate 

over cotton and rinsing with Et2O. Water (15 mL) was added and the mixture extracted with Et2O (3 x 

15 mL). The combined organic phases were washed with aq. sat. Na2CO3 (1 x 15 mL) and brine (1 x 15 

mL), dried over anhydrous Na2SO4 and the solvent was removed in vacuo to give a dark red liquid. Flash 

column chromatography on silica gel afforded the desired products. 

 

 

O8-benzyl O3-ethyl 8-azabicyclo[3.2.1]octane-3,8-dicarboxylate (12) 

The title product was prepared following General Procedure E with ethyl 8-(4-methoxyphenyl)-8-

azabicyclo[3.2.1]octane-3-carboxylate 3d (57.9 mg, 0.20 mmol, α/β 4:1). Flash column 
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chromatography (SiO2, pentane/Et2O 90:10 to 80:20) afforded the desired product as a pale-yellow oil 

(57.0 mg, 0.18 mmol, 90%, α/β 5:1). 

Characterization of the α diastereoisomer at 25 °C: 

1H NMR (300 MHz, CDCl3, 25 °C): δ 7.43–7.27 (m, 5H), 5.14 (s, 2H), 4.26 (br m, 2H), 4.19 (q, J = 7.1 Hz, 

2H), 2.61 (tt, Jax–eq = 8.1, Jeq–eq = 1.4 Hz, 1H, -CH-CO2Et), 2.29 (dq, J = 14.6, 1.4 Hz, 2H), 2.21–1.58 (m, 6H, 

br signals), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3, 25 °C): δ 175.7 (C=O), 153.5 (C=O), 137.1 

(Cq), 128.6 (2xCHAr), 128.03 (CHAr), 127.94 (2xCHAr), 66.7 (CH2), 61.1 (CH2), 53.0 (2xCH), 34.2 (CH), 31.3 

(CH2, br signal), 30.7 (CH2, br signal), 27.4 (CH2, br signal), 26.6 (CH2, br signal), 14.3 (CH3). 

Characteristic peaks of the β diastereoisomer at 25 °C: 

1H NMR (300 MHz, CDCl3, 25 °C): δ 7.43–7.27 (m, 5H), 5.14 (s, 2H), 4.37 (br m, 2H), 4.11 (q, J = 7.2 Hz, 

2H), 2.81 (tt, Jax–ax = 11.8, Jax–eq = 5.6 Hz, 1H, -CH-CO2Et), 1.22 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3, 

25 °C): δ 174.8 (C=O), 137.0 (Cq), 66.9 (CH2), 60.7 (CH2), 53.2 (CH), 34.9 (CH). 

FT-IR (neat, cm–1): 2961, 1723, 1695, 1414, 1300, 1183, 1095, 1068, 1044, 729, 696. HRMS (ESI) m/z: 

[M+Na]+ Calcd for C18H23O4NNa 340.1519; Found 340.1514. Rf = 0.33 (pentane/Et2O 3:1). 

Note: an NMR measured in C6D6 at 70 °C showed that free rotation around the C-N bond was still not 

fully achieved, hence extreme broadening of the signals was observed. 

In order to obtain well defined signals, several measurements were made from 25 °C to –45 °C in CDCl3. 

At –45 °C the rotation around the C-N bond was fully impaired and well-defined NMR spectra could be 

recorded (1H, 13C, HSQC, COSY): 

Characterization of the α diastereoisomer at –45 °C: 

1H NMR (400 MHz, CDCl3, –45 °C): δ 7.48–7.28 (m, 5H), 5.27–5.02 (m, 2H), 4.28–4.24 (m, 1H), 4.24–

4.20 (m, 1H), 4.17 (q, J = 7.2 Hz, 2H), 2.63 (t, Jax-eq = 7.8 Hz, 1H, -CH-CO2Et), 2.30 (ddd, J = 14.1, 7.0, 2.3 

Hz, 2H), 2.07 (ddd, J = 14.3, 8.0, 3.3 Hz, 1H), 2.03–1.53 (m, 5H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (101 

MHz, CDCl3, –45 °C): δ 175.7 (C=O), 153.1 (C=O), 136.5 (Cq), 128.5 (2xCHAr), 128.0 (CHAr), 127.9 (2xCHAr), 

66.6 (CH2), 61.2 (CH2), 52.6 (CH), 52.5 (CH), 33.8 (CH), 30.8 (CH2), 30.3 (CH2), 27.0 (CH2), 26.2 (CH2), 

14.20 (CH3). 

Characteristic peaks of the β diastereoisomer at –45 °C: 

1H NMR (400 MHz, CDCl3, –45 °C): δ 7.48–7.28 (m, 5H), 4.39–4.35 (m, 1H), 4.34–4.29 (m, 1H), 4.08 (q, 

J = 7.2 Hz, 2H), 2.81 (tt, Jax-ax = 11.9, Jax-eq = 5.5 Hz, 1H, -CH-CO2Et), 1.23 (t, J = 7.2 Hz, 3H). 13C NMR (101 

MHz, CDCl3, –45 °C): δ 175.1 (C=O), 136.4, 127.94, 66.7 (CH2), 60.8 (CH2), 52.8 (CH), 52.7 (CH), 34.5 (CH), 

33.4 (CH2), 32.9 (CH2), 28.2 (CH2), 27.4 (CH2), 14.18 (CH3). 
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O9-benzyl O3-ethyl 9-azabicyclo[3.3.1]nonane-3,9-dicarboxylate (13) from the PMP-derivative (8e) 

The title compound was prepared following General Procedure E with ethyl 9-(4-methoxyphenyl)-9-

azabicyclo[3.3.1]nonane-3-carboxylate 8e (60.7 mg, 0.20 mmol, α/β >20:1). Flash column 

chromatography (SiO2, pentane/Et2O 90:10 to 80:20) afforded the desired product as a pale-yellow oil 

(53.1 mg, 0.16 mmol, 80%, α/β >20:1). 

O9-benzyl O3-ethyl 9-azabicyclo[3.3.1]nonane-3,9-dicarboxylate (13) from the BPin-derivative (8j) 
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To a suspension of ethyl-9-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-9-

azabicyclo[3.3.1]nonane-3-carboxylate 8j (79.9 mg, 0.20 mmol, α/β >20:1) in THF/H2O (2 mL, v/v 1:1) 

was added sodium perborate (154 mg, 1.0 mmol) in 1 portion. The reaction mixture gradually turned 

bright pink. Upon completion (TLC monitoring, ca. 1h), the mixture was quenched by addition of sat. 

aq. NH4Cl (10 mL). The aqueous layer was extracted with Et2O (3 x 10 mL) and the combined organic 

extracts were dried over Na2SO4, filtered and concentrated in vacuo. The crude residue was engaged 

in the deprotection sequence following General Procedure E. Flash column chromatography (SiO2, 

pentane/Et2O 90:10 to 80:20) afforded the desired product as a pale-yellow oil (47.0 mg, 0.14 mmol, 

71%, α/β >20:1). 

Characterization of the α diastereoisomer (fully impaired rotation at 25 °C): 

1H NMR (400 MHz, CDCl3): δ 7.42–7.27 (m, 5H), 5.19–5.07 (m, 2H), 4.59–4.51 (m, 1H), 4.51–4.44 (m, 

1H), 4.12 (q, J = 7.1 Hz, 2H), 2.35–2.19 (m, 3H), 1.92 (qt, J = 13.2, 4.4 Hz, 1H), 1.73–1.52 (m, 5H), 1.52–

1.38 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 175.3 (C=O), 155.3 (C=O), 137.1 (Cq), 

128.6 (2xCHAr), 128.1 (CHAr), 127.8 (2xCHAr), 67.1 (CH2), 60.6 (CH2), 45.2 (CH), 44.7 (CH), 35.6 (CH), 30.9 

(CH2), 30.5 (CH2), 28.5 (CH2), 28.3 (CH2), 14.3 (CH3), 13.9 (CH2). FT-IR (neat, cm–1): 2931, 1728, 1689, 

1423, 1323, 1300, 1248, 1176, 1087, 1048, 696. HRMS (ESI) m/z: [M+H]+ Calcd for C19H26NO4 332.1856; 

Found 332.1854.  Rf = 0.30 (heptanes/EtOAc 80:20). 

Characteristic peak of the β diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 3.23 (tt, Jax-ax = 11.8, Jax-eq = 6.4 Hz, 1H, -CH-CO2Et). 

Note: an NMR measured in C6D6 at 70 °C showed that free rotation around the C-N bond was still not 

fully achieved and peak broadening of the signals was observed. Hence the product was characterized 

at room temperature in CDCl3. 
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Characterization of side-products 

Note that these procedures are not optimized procedures. The goal of these experiments was to 

characterize possible non-desired products for a better optimization of the desired pathway for the 

model reaction. 

Bis-allylated product 

Ethyl 2-[[5-(2-ethoxycarbonylallyl)-1-phenyl-pyrrolidin-2-

yl]methyl]prop-2-enoate (4a) 

In an oven-dried vial were added under N2 ethyl 2-

(benzenesulfonylmethyl)prop-2-enoate (153 mg, 0.60 mmol. 3.0 eq.), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (4.5 mg, 0.04 mmol), and cesium acetate 

(76.8 mg, 0.400 mmol). The vial was evacuated and refilled with nitrogen (x 3), and 1-phenylpyrrolidine 

1a (0.029 mL, 0.20 mmol) was added via a Hamilton syringe. Degassed 1,2-dichloroethane (2.00 mL) 

was added and the mixture was placed in front of a 390 nm LED and stirred for 2h30. The reaction 

mixture was diluted with sat. NaHCO3 (3 mL). The aqueous phase was extracted with DCM (3 x 5 mL) 

and the combined organic phases were dried over Na2SO4, filtered, and concentrated under reduced 

pressure to give crude product as an orange oil. Purification by flash column chromatography (SiO2, 

heptanes/EtOAc 95:5) afforded the title compound as a colorless oil (22.4 mg, 0.06 mmol, 30%, dr 4:1, 

cis/trans relationship not assigned). 

1H NMR (300 MHz, CDCl3): δ 7.32–7.21 (m, 2H, major+minor), 7.02–6.92 (m, 2H, major), 6.80–6.62 (m, 

1H, major+minor, and 2H, minor), 6.29–6.23 (m, 2H, major+minor), 5.66–5.62 (m, 2H, minor), 5.56 (q, 

J = 1.1 Hz, 2H, major), 4.32–4.20 (m, 4H, major+minor), 4.09 (ddt, J = 10.0, 6.8, 3.6 Hz, 2H, major), 3.97–

3.87 (m, 2H, minor), 3.08 (ddd, J = 13.3, 3.4, 1.1 Hz, 2H, minor), 2.98 (d, J = 13.7 Hz, 2H, major), 2.15 

(dd, J = 13.6, 10.3 Hz, 2H, minor), 2.06–1.75 (m, 6H, major+minor), 1.375 (t, J = 7.2 Hz, 6H, major), 

1.370 (t, J = 7.2 Hz, 6H, minor). 13C NMR (75 MHz, CDCl3): δ 167.3 (major+minor), 147.5 (minor), 144.8 

(major), 138.8 (major), 138.5 (minor), 129.4 (major), 129.3 (minor), 127.7 (major), 127.6 (minor), 116.2 

(minor), 115.6 (major), 114.0 (major), 112.5 (minor), 61.08 (minor), 61.05 (major), 59.4 (minor), 56.7 

(major), 38.1 (minor), 33.9 (major), 28.3 (minor), 26.0 (major), 14.4 (major+minor). FT-IR (cm–1, neat): 

2972, 2900, 1708, 1596, 1503, 1360, 1179, 1151, 745, 698. HRMS (ESI) m/z: [M+H]+ Calcd for C22H30NO4 

372.2169; Found 372.2159. Rf = 0.37 (heptanes/EtOAc 80:20). 
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Cyclized bis-allylated product 

Ethyl 1-(2-ethoxycarbonylallyl)-8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate 

Into an oven-dry vial were added under N2 ethyl 2-[[5-(2-ethoxycarbonylallyl)-1-

phenyl-pyrrolidin-2-yl]methyl]prop-2-enoate 4a (23 mg, 0.06 mmol),  

[Ir{dF(CF3)ppy}2(dtbpy)]PF6  (1.4 mg, 2 mol%), and cesium acetate (23 mg, 0.12 mmol). 

The vial was evacuated and filled with nitrogen (x 3). Degassed 1,2-dichloroethane 

(1.00 mL) was added. The resulting yellow solution was placed in front of a 390 nm 

LED and stirred for 40 min. The reaction mixture was diluted with sat. NaHCO3 (3 mL). The aqueous 

phase was extracted with DCM (3 x 3 mL) and the combined organic phases were dried over Na2SO4, 

filtered, and concentrated under reduced pressure to give crude product as an orange oil. Purification 

by flash column chromatography (neutral Alox, 100% heptanes to heptanes/EtOAc 99:1–97:3) 

afforded a first fraction containing the major diastereoisomer (3.0 mg) and a second fraction 

containing both diastereoisomers (5.4 mg, α/β 4:1), both as colorless oils (mtot = 8.4 mg, 0.022 mmol, 

37%, α/β 85:15). Only the major diastereoisomer was characterized. 

1H NMR (300 MHz, CDCl3): δ 7.22 (t, J = 7.8 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H), 6.82 (t, J = 7.2 Hz, 1H), 6.22 

(d, J = 1.6 Hz, 1H), 5.72 (d, J = 1.6 Hz, 1H), 4.26–4.12 (m, 5H), 3.13 (d, J = 15.1 Hz, 1H), 2.70–2.57 (m, 

2H), 2.39 (dd, J = 14.2, 8.4 Hz, 1H), 2.20 (d, J = 14.0 Hz, 2H), 2.09–2.01 (m, 2H), 2.00–1.84 (m, 1H), 1.84–

1.73 (m, 1H), 1.71–1.60 (m, 1H), 1.30 (t, J = 7.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, 

CDCl3): δ 176.2 (C=O), 168.0 (C=O), 147.3 (Cq), 137.1 (Cq), 129.1 (2xCHAr), 127.8 (=CH2), 120.6 (2xCHAr), 

119.5 (CHAr), 62.6 (Cq), 61.0 (CH2), 60.6 (CH), 38.9 (CH2), 35.4 (CH), 34.9 (CH2), 31.7 (CH2), 29.9 (CH2), 

27.3 (CH2), 25.7 (CH2), 14.36 (CH3), 14.32 (CH3). FT-IR (cm–1, neat): 2978, 1715, 1596, 1493, 1370, 1238, 

1180, 1087, 1046, 1027, 753, 696. HRMS (ESI) m/z: [M+H]+ Calcd for C22H30NO4 372.2169; Found 

372.2156. Rf = 0.34 (SiO2, heptanes/EtOAc 85:15). 

 

Phenylpyrrolidine reacted on mono-allylated intermediate 

Ethyl 3-(1-phenylpyrrolidin-2-yl)-2-[(1-phenylpyrrolidin-2-

yl)methyl]propanoate (5a) 

In an oven-dried vial were added under N2 ethyl 2-

(benzenesulfonylmethyl)prop-2-enoate (50.9 mg, 0.20 mmol), 

Ir(dtbbpy)(ppy)2]PF6 (3.7 mg, 0.004 mmol), and cesium acetate (46.1 mg, 0.24 

mmol). The vial was evacuated and filled with nitrogen (x 3), and 1-

phenylpyrrolidine (0.057 mL, 0.40 mmol) was added via a syringe. 1,2-dichloroethane (2.00 mL) was 
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added. The resulting yellow solution was placed in front of a 390 nm LED and stirred for 16 h. The 

reaction mixture was diluted with sat. NaHCO3 (5 mL) and the phase were separated. The aqueous 

phase was extracted with DCM (3 x 5 mL) and the combined organic phases were dried over Na2SO4, 

filtered, and concentrated under reduced pressure to give the crude product as an orange oil. 

Purification by flash column chromatography (neutral Alox, heptanes/EtOAc 100:0 to 99:1) afforded 

the title compound as a colorless oil (22.9 mg, 0.056 mmol, 28%, dr n.d.). 

1H NMR (400 MHz, CDCl3): δ 7.25–7.20 (m, 4H, 3 diastereoisomers), 6.69–6.63 (m, 6H, 3 

diastereoisomers), 4.33 (q, J = 7.1 Hz, 2H, 1 diastereoisomer), 4.20–4.11 (m, 1H, 1 diastereoisomer), 

4.05 (dq, J = 10.4, 6.9 Hz, 1H, 1 diastereoisomer), 3.85 (q, J = 7.1 Hz, 2H, 1 diastereoisomer), 3.82–3.77 

(m, 1H, 3 diastereoisomers), 3.65–3.58 (m, 1H, 3 diastereoisomers), 3.46–3.37 (m, 2H, 3 

diastereoisomers), 3.19–3.10 (m, 2H, 3 diastereoisomers), 2.44–2.52 (m, 1H, 3 diastereoisomers), 

2.26–1.26 (m, 12H, 3 diastereoisomers), 1.41 (t, J = 7.1 Hz, 3H, 1 diastereoisomers), 1.24 (t, J = 7.2 Hz, 

3H, 1 diastereoisomers), 1.04 (t, J = 7.2 Hz, 3H, 1 diastereoisomers).  

13C NMR (101 MHz, CDCl3): δ 175.4 (C=O, 3 diasteroisomers), 147.3 (Cq, 3 diasteroisomers), 129.4,  

115.90, 115.83, 112.14, 112.03, 111.99, 60.9 (CH2, 1 diasteroisomer), 60.8 (CH2, 1 diasteroisomer), 60.6 

(CH2, 1 diasteroisomer), 56.8 (3x2CH, 3 diasteroisomers), 48.8 (2CH2, 1 diasteroisomer), 48.54 (2CH2, 1 

diasteroisomer), 48.47 (2CH2, 1 diasteroisomer), 41.44 (CH, 1 diasteroisomer), 41.32 (CH, 1 

diasteroisomer), 41.28 (CH, 1 diasteroisomer), 36.7, 36.6, 36.2, 35.3, 30.8, 30.7, 30.3, 30.2, 29.8, 23.75, 

23.69, 23.5, 14.6 (CH3, 1 diasteroisomer), 14.3 (CH3, 1 diasteroisomer), 14.0 (CH3, 1 diasteroisomer). 

FT-IR (cm–1, neat): 2959, 1725, 1596, 1504, 1363, 1344, 1157, 991, 745, 692. HRMS (ESI) m/z: [M+H]+ 

Calcd for C26H35N2O2 407.2693. Found 407.2683. Rf = 0.28 (pentane/Et2O 96:4). 

 

Methyl 4-[2,6-bis[(Z)-2-ethoxycarbonylbut-2-enyl]-1-

piperidyl]benzoate 

Following General Procedure C with ethyl 3-acetoxy-2-methylene-

butanoate (41.0 mg, 0.22 mmol) and methyl 4-(1-piperidyl)benzoate 

(43.9 mg, 0.20 mmol) reacting for 3 hours. Purification by flash column 

chromatography (SiO2, heptanes/EtOAc 80:20) followed by trituration in pentane afforded the product 

as a white solid (14.4 mg, 0.03 mmol, 15%, one diastereoisomer isolated, cis/trans relationship not 

assigned). 

1H NMR (300 MHz, CDCl3): δ 7.97 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 8.8 Hz, 2H), 7.02 (q, J = 7.1 Hz, 2H), 4.26 

(q, J = 7.1 Hz, 4H), 4.19–4.10 (m, 2H), 3.86 (s, 3H), 2.73 (t, J = 13.1 Hz, 2H), 2.56 (dd, J = 13.4, 3.7 Hz, 
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2H), 1.90 (d, J = 7.2 Hz, 6H), 1.88–1.76 (m, 1H), 1.69–1.44 (m, 5H), 1.36 (t, J = 7.1 Hz, 6H). 13C NMR (101 

MHz, CDCl3): δ 167.8 (2xC=O), 167.6 (C=O), 152.3 (Cq), 139.9 (2xCH=), 131.5 (2xCHAr), 131.1 (2xCq), 

118.3 (Cq), 113.7 (2xCHAr), 60.9 (2xCH2), 52.0 (2xCH), 51.6 (CH3), 29.4 (2xCH2), 26.9 (2xCH2), 16.2 (CH2), 

15.0 (2xCH3), 14.5 (2xCH3). FT-IR (cm–1, neat): 3029, 1691, 1599, 1260, 1192, 1103, 737. HRMS (ESI) 

m/z: [M+H]+ Calcd for C27H38O6N 472.2694. Found 472.2677. Mp 126.3–127.5 °C. Rf = 0.14 

(pentane/Et2O 80:20). 

Product of radical addition on the aromatic ring before reduction and elimination 

of the acetate group. dr 3.3:1. Relative configuration not assigned. 

Major diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.14 (ddd, J = 8.7, 7.1, 1.7 Hz, 1H), 7.09 (dd, J = 7.8, 

1.7 Hz, 1H), 6.87 (dd, J = 8.6, 1.2 Hz, 1H), 6.66 (td, J = 7.5, 1.2 Hz, 1H), 4.60–4.28 

(m, 2H), 4.20 (q, J = 7.1 Hz, 2H), 3.97–3.89 (m, 1H), 2.88 (tt, J = 10.9, 2.8 Hz, 1H), 2.57 (td, J = 12.4, 2.8 

Hz, 1H), 2.47 – 2.35 (m, 1H), 2.10 (d, J = 2.9 Hz, 1H), 2.06 (s, 3H), 1.89–1.78 (m, 2H), 1.78–1.71 (m, 1H), 

1.70–1.55 (m, 1H), 1.45–1.36 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 173.7 (C=O), 

170.8 (C=O), 146.8 (CqAr), 129.0 (CHAr), 128.0 (CHAr), 120.8 (CqAr), 117.7 (CHAr), 113.6 (CHAr), 67.6 (CH2), 

61.4 (CH2), 51.9 (CH), 48.7 (Cq), 47.7 (CH2), 34.3 (CH2), 33.7 (CH2), 26.1 (CH2), 24.0 (CH2), 21.0 (CH3), 

14.2 (CH3). 

Characteristic peaks of the minor diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.38 (dd, J = 7.9, 1.6 Hz, 1H), 6.90 (dd, J = 8.8, 1.2 Hz, 1H), 6.72 (ddd, J = 

8.1, 7.2, 1.2 Hz, 1H), 4.78 (d, J = 10.7 Hz, 1H), 3.88 (d, J = 2.4 Hz, 0H), 3.05 (tt, J = 11.0, 2.7 Hz, 1H), 2.10 

(d, J = 2.9 Hz, 2H). 13C NMR (101 MHz, CDCl3): δ 173.7 (C=O), 170.8 (C=O), 147.8 (CqAr), 128.7 (CHAr), 

128.4 (CHAr), 117.8 (CHAr), 113.8 (CHAr), 70.8 (CH2), 53.2 (CH), 47.8 (CH2), 47.0 (Cqaliph.), 37.5 (CH2), 33.8 

(CH2), 26.1 (CH2), 23.8 (CH2), 21.0 (CH3). 

On the mix: 

FT-IR (cm–1, neat): 2933, 1725 (two peaks), 1600, 1493, 1448, 1220, 1033, 749, 735. HRMS (ESI) m/z: 

[M+H]+ Calcd for C19H26O4N 332.1856. Found 332.1854. Rf = 0.39 (SiO2, heptanes/EtOAc 80:20). 
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Towards the synthesis of optically activ tropane and homotropane 

alkaloids using the radical [3+3]-annulation – Unpublished results 

Retention of chiral information throughout the radical process 

Synthesis of the starting material 24 

Methyl 1-phenylpyrrolidine-2-carboxylate. In an oven-dried flask containing a solution 

of pyrrolidine-2-carboxylic acid (5.0 g, 43.4 mmol) and bromobenzene (5.2 mL, 49.5 

mmol) in DMF (50 mL) were added under a nitrogen flow CuI (827 mg, 4.34 

mmol) and K2CO3 (18 g, 130 mmol) with strong magnetic stirring. The mixture was 

heated at 100 °C for 24 h. After cooling to 0 °C (internal temperature) and diluting with 

DMF (30 mL), Me2SO4 (5.5 mL, 65.1 mmol) was added. The temperature rose to ~8 °C and the mixture 

was further stirred at 0 °C for 8 h, before being poured into ice-water (200 g, 1/1). Et2O (200 mL) was 

added, and the organic phase was separated. The aqueous phase was extracted with Et2O (2 x 200 mL). 

The combined organic phase was washed with 2 M HCl (2 x 100 mL) and brine (1 x 100 mL), and dried 

over Na2SO4. After filtration and evaporation in vacuo, the residual solvents and impurities were 

removed by vacuum distillation (1.4 mbar, 35 °C vapor temperature) to give crude product as a dark 

brown oil. Further purification by fcc (SiO2, heptanes/EtOAc = 93:7) afforded the title compound as a 

pale-yellow oil (1.84 g, 8.96 mmol, 21%). 

1H NMR (300 MHz, CDCl3) δ 7.26–7.18 (m, 2H), 6.72 (tt, J = 7.3, 1.0 Hz, 1H), 6.56 (dt, J = 7.8, 1.1 Hz, 2H), 

4.26 (dd, J = 8.3, 2.3 Hz, 1H), 3.71 (s, 3H), 3.60 (ddd, J = 11.6, 6.5, 3.4 Hz, 1H), 3.37 (dt, J = 8.5, 7.3 Hz, 

1H), 2.39–1.98 (m, 4H). The physical and spectral data are in accordance with literature data.24 

Alternative protocol for the synthesis of the racemic product: 

 

 

To a mixture of N-isopropylpropan-2-amine (3.4 mL, 24.0 mmol, 2.4 equiv.) in THF (5 mL) at -78°C was 

added dropwise nBuLi (2.50 m, 8.0 mL, 20.0 mmol). After 15 minutes, a solution of methyl (2S)-1-

phenylpyrrolidine-2-carboxylate (2.05 g, 10 mmol, 1 quiv.) in THF (5 mL) was added dropwise to the 

flask. The cooling bath was removed, and the reaction mixture allowed to warm up to room 

temperature. The mixture was then heated at reflux for 3 h. An aliquot was taken and quenched with 

D2O to follow the deprotonation step. After complete deprotonation was achieved, the reaction 

mixture was quenched with NH4Cl (40 mL) and then extracted with Et2O (3 x 25mL). The combined 
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organic phases were washed with NaHCO3 (1 x 40 mL) and brine (1 x 40 mL), dried with Na2SO4, and 

evaporated under reduced pressure. Purification by flash column chromatography on silica gel 

(heptanes/EtOAc 88:12) afforded the title compound (1.57 g, 7.6 mmol, 76%) as pale-yellow oil. All 

spectral data in accordance with above description. [α]D = 0.10 (c = 1.00, CHCl3, 20 °C). 

(1-phenylpyrrolidin-2-yl)methanol. Into a 50-mL, three-neck flask equipped with a 

condenser and a thermometer were added THF (15 mL) and LiAlH4 (544 mg, 14.3 mmol) 

in small portions with caution. A solution of methyl 1-phenylpyrrolidine-2-carboxylate 

(1.84 g, 8.96 mmol) in THF (5 mL) was added dropwise into the above suspension with 

strong stirring, the internal temperature not rising above 30 °C. The reaction was heated 

to reflux until completion of the reaction (3 h). After cooling to 0 °C, 2 M NaOH (7 mL) was added 

dropwise, and the resulting mixture was refluxed for 1 h. After cooling down to rt, the organic phase 

was separated and the aqueous phase extracted with Et2O (3 x 20 mL). The combined organic phases 

were dried over Na2SO4. After filtration and evaporation in vacuo, the residual solvents were removed 

under high vacuum to give the title compound as a pale-yellow very viscous oil (1.52 g, 5.58 mmol, 

96%). No further purification was needed. 

1H NMR (300 MHz, CDCl3) δ 7.24 (t, J = 7.9 Hz, 2H), 6.72 (dd, J = 7.8, 5.8 Hz, 3H), 3.86 (ddd, J = 8.2, 4.9, 

2.8 Hz, 1H), 3.67 (t, J = 5.3 Hz, 2H), 3.52 (td, J = 8.2, 7.5, 2.1 Hz, 1H), 3.23 – 3.09 (m, 1H), 2.15 – 1.93 (m, 

4H), 1.60 (d, J = 5.9 Hz, 1H). The physical and spectral data are in accordance with literature data.24 

2-(methoxymethyl)-1-phenyl-pyrrolidine. In an oven-dried, 250-mL, two-neck flask 

equipped with a magnetic stirrer and a thermometer was dissolved (1-phenylpyrrolidin-

2-yl)methanol (1.52 g, 8.58 mmol) in THF (40 mL). NaH (60.0 %, 854 mg, 22.3 mmol) was 

added at rt in 3 portions. A solution of methyl methanesulfonate (1.53 mL, 18.0 mmol) 

in THF (15 mL) was added dropwise so that the internal temperature of the RM did not 

rise over 35 °C. The reaction mixture was stirred until completion f reaction (12 h). The mixture was 

slowly treated with 2 M NaOH (22 mL) at rt, and extracted with Et2O (2 x 40 mL). The organic phase 

was dried over Na2SO4, filtered, and evaporated in vacuo to give crude product as a colorless oil. 

Purification by distillation (3.5x10-2 mbar, 35 °C vapor temperature is excess Me2SO4, 45 °C vapor 

temperature is expected product) afforded the clean title compound as a colorless oil (1.23 g, 6.43 

mmol, 75 %). All spectral data in accordance with literature data.24 

1H NMR (300 MHz, CDCl3) δ 7.30 – 7.20 (m, 2H), 6.75 – 6.61 (m, 3H), 3.88 (d, J = 35.0 Hz, 1H), 3.54 (dd, 

J = 9.4, 3.4 Hz, 1H), 3.50 – 3.41 (m, 2H), 3.39 (s, 3H), 3.20 (t, J = 9.1 Hz, 1H), 3.17 – 3.08 (m, 1H), 2.12 – 

1.91 (m, 4H). 13C NMR (75 MHz, CDCl3) δ 147.7, 129.4, 116.1, 112.1, 73.2, 59.3, 58.3, 48.6, 29.1, 23.5. 
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IR (neat, cm-1) 2873, 1596, 1503, 1360, 1108, 743, 690. HRMS (ESI) calculated for C12H17ON, [M+H]+ = 

192.1383. Found: [M+H]+ = 192.1381. [α]D = -163 (c 1.10, CHCl3, 20 °C). HPLC trace: 

o Racemic product (1 mL/min flow rate) 

 

 

o Optically active product (1 mL/min flow rate) 
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Synthesis of the mono-allylated intermediate 2g 

Ethyl 2-[[5-(methoxymethyl)-1-phenyl-pyrrolidin-2-yl]methyl]prop-2-enoate (2g). In an oven-dried 

25-mL seal-tube were successively added (2S)-2-(methoxymethyl)-1-phenyl-pyrrolidine (191 mg, 1.00 

mmol), ethyl 2-(acetoxymethyl)prop-2-enoate (189 mg, 1.10 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (5.6 

mg, 0.005 mmol, 1 mol%) and cesium acetate (231 mg, 1.2 mmol). The vial was sealed and 

evacuated/refilled with N2 (x 3). Finally, dry and degassed 1,2-dichloroethane (20.0 mL, 0.05 M) was 

added. The resulting yellow mixture was placed in front of a 390 nm blue LED (5 cm distance) and 

stirred until completion of the reaction (10 min, TLC monitoring pentane/Et2O 8:2). The reaction 

mixture was diluted with sat. NaHCO3 (30 mL). The aqueous phase was extracted with DCM (3 x 50 mL) 

and the combined organic phases were dried over Na2SO4, filtered, and concentrated under reduced 

pressure to give crude product as an orange oil. Purification by flash column chromatography on silica 

gel (pentane/Et2O 95:5) allowed to recover the starting material (49.7 mg, 26% recovered SM) and the 

desired product in a mix with the unreacted trap. Further purification can be achieved by flash column 

chromatography on silica gel (toluene/EtOAc 98:2) to obtain the title compound as a white solid (128.3 

mg, 0.42 mmol, 42%, cis/trans = 23:77).  Note that the trap can also be removed using Kugelrohr 

distillation.  

GC – tR-trans = 9.78 min. tR-cis = 9.83 min. Rf : 0.34 (toluene/EtOAc 98:2). The diastereoisomers cannot be 

separated on normal phase SiO2. 

 

Image 2: GC determination of the cis/trans ratio by GC. 

The diastereoisomers were separated on a reverse phase preparative system (acidic conditions). 
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The mixture of diastereoisomers (130 mg) was dissolved in a mix of solution D [100% MeCN + 1% TFA] 

and solution A [100% H2O + 1% TFA]. The 15-mL solution was centrifugated and loaded on a Waters 

PrepLC System (30% D in A to 100% A over 70 minutes at a flow rate of 20 mL/min). The minor 

diastereoisomer was recovered with 45% D in A. The major diastereoisomer was recovered with 65% 

D in A. The solvent was evaporated on a lyophilisation system overnight and the TFA-salt was taken in 

EtOAc (10 mL) and aq. sat. NaHCO3 (10 mL). The phases were separated and the aqueous phase 

extracted with EtOAc (2 x 10 mL). A short filtration on silica gel afforded the clean fractions. 

Characterization of the trans diastereoisomer (2g-trans) 

Appearance: white solid. 1H NMR (400 MHz, CDCl3): δ 7.29 – 7.20 (m, 2H), 

6.82 (d, J = 8.1 Hz, 2H), 6.66 (t, J = 7.3 Hz, 1H), 6.26 (d, J = 1.4 Hz, 1H), 5.57 (br 

s, 1H), 4.26 (qd, J = 7.1, 1.7 Hz, 2H), 4.07 (ddd, J = 10.3, 6.9, 2.8 Hz, 1H), 4.01 

(td, J = 8.3, 2.6 Hz, 1H), 3.53 (dt, J = 9.3, 2.8, 1.1 Hz, 1H), 3.34 (s, 3H), 3.05 (t, 

J = 9.1 Hz, 1H), 2.98 (d, J = 13.7 Hz, 1H), 2.20 – 2.06 (m, 1H), 2.05 – 1.88 (m, 

3H), 1.88 – 1.77 (m, 1H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 167.2 (C=O), 144.9 (Cq), 

138.8 (Cq), 129.4 (2x CH Ar), 127.8 (CH2), 115.8 (CH Ar), 113.8 (2x CH Ar), 71.7 (CH2), 61.1 (CH2), 59.2 

(CH3), 57.1 (CH), 56.6 (CH), 33.5 (CH2), 26.4 (CH2), 26.3 (CH2), 14.4 (CH3). FT-IR (cm–1, neat): 2883, 1704, 

1594, 1503, 1363, 1324, 1150, 1110, 948, 741, 697. HRMS (ESI) m/z: Calcd for C18H26NO3 304.1907; 

Found 304.1911. mp = 90.5 – 91.4 °C  [α]D = + 14 (c 1.17, CHCl3, 20 °C).  HPLC trace (1 mL/min flow 

rate): 

o From the racemic substrate 2-(methoxymethyl)-1-phenyl-pyrrolidine 

 

 



Chapter 3 – Supporting information 

254 
 

o From the optically active substrate (2S)-2-(methoxymethyl)-1-phenyl-pyrrolidine 

 

 

From the chiral HPLC it can be concluded that no racemization was observed on the trans product. 

XRay: a sample of the major diastereoisomer was recrystallized from pentane at room temperature 

and afforded single crystals suitable for XRay analysis. 

 

 

Characterization of the cis diastereoisomer (2g-cis) 

Appearance: colorless oil. 1H NMR (400 MHz, CDCl3): δ 7.30 – 7.21 (m, 2H), 

6.88 (d, J = 8.1 Hz, 2H), 6.72 (t, J = 7.3 Hz, 1H), 6.25 (d, J = 1.6 Hz, 1H), 5.63 (br 

s, 1H), 4.32 – 4.21 (m, 2H), 3.98 – 3.83 (m, 1H), 3.62 (dd, J = 9.4, 3.8 Hz, 1H), 

3.41 (s, 3H), 3.26 (t, J = 8.9 Hz, 1H), 3.07 (ddd, J = 13.7, 3.5, 1.3 Hz, 1H), 2.11 

(dd, J = 13.6, 10.1 Hz, 1H), 2.05 – 1.88 (m, 3H), 1.83 – 1.71 (m, 1H), 1.37 (t, J 

= 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 167.3 (C=O), 147.7 (Cq), 138.4 

(Cq), 129.3 (2x CH Ar), 127.6 (CH2), 116.5 (CH Ar), 112.6 (2x CH Ar), 75.0 (CH2), 61.1 (CH2), 60.8 (CH), 

59.4 (CH3), 59.1 (CH), 38.1 (CH2), 29.3 (CH2), 28.0 (CH2), 14.4 (CH3). FT-IR (cm–1, neat): 2976, 2927, 2873, 
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1710, 1597, 1502, 1364, 1323, 1177, 1154, 1115, 1094, 745, 695. HRMS (ESI) m/z: Calcd for 

C18H26NO3 304.1907; Found 304.1904. [α]D = -116 (c 0.55, CHCl3, 20 °C). HPLC trace (1 mL/min flow 

rate): 

o From the racemic substrate 2-(methoxymethyl)-1-phenyl-pyrrolidine 

 

 

At tR 15.33 and 21.68 an impurity is visible (also visible in the NMR). 

o From the optically active substrate (2S)-2-(methoxymethyl)-1-phenyl-pyrrolidine 
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tR 15.33 and 21.68 = impurity (see also the racemic substrate). 

From the chiral HPLC it can be concluded that no racemization was observed on the cis product. 

Synthesis of the cyclized product 3g 

Ethyl 1-(methoxymethyl)-8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate (3g). In an oven-dry vial 

were added under N2 ethyl 2-[[(5S)-5-(methoxymethyl)-1-phenyl-pyrrolidin-2-yl]methyl]prop-2-

enoate (2g-trans) (60.7 mg, 0.20 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.2 mg, 0.02 mmol, 1 mol%), and 

cesium acetate (46 mg, 0.24 mmol, 1.2 equiv.). The vial was evacuated and filled with N2 (x 3), then 

CH3CO2H (11.4 µL, 0.20 mmol, 1.0 equiv.) and degassed 1,2-dichloroethane (4.0 mL, 0.05 M) were 

successively added. The resulting yellow solution was placed in front of a 390 nm LED and stirred until 

consumption of the starting material (30 min, TLC monitoring heptanes/EtOAc 8:2). The reaction 

mixture was diluted with sat. NaHCO3 (3 mL). The aqueous phase was extracted with DCM (3 x 5 mL) 

and the combined organic phases were dried over Na2SO4, filtered, and concentrated under reduced 

pressure to give crude product as an orange oil. Purification by flash column chromatography on silica 

gel (pentane/Et2O 95:5 to 92:8) afforded the bicyclic product as a colorless oil (39.1 mg, 0.13 mmol, 

64%, α/β 9:1). The diastereoisomers could be separated by flash column chromatography on silica gel 

(heptanes/EtOAc 95:15). 

GC – tR-α = 10.19 min. tR-β = 10.12 min. 
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Image 3: GC determination of the alpha/beta ratio by GC.  

 

Characterization of the alpha diastereoisomer (3gα) 

Appearance: colorless oil. 1H NMR (400 MHz, CDCl3): δ 7.25–7.17 (m, 2H), 7.02 (d, 

J = 8.1 Hz, 2H), 6.81 (t, J = 7.2 Hz, 1H), 4.21 (qt, J = 7.1, 3.4 Hz, 3H), 3.65–3.47 (m, 

2H), 3.38 (s, 3H), 2.65 (tt, J = 8.0, 2.2 Hz, 1H), 2.28–2.07 (m, 4H), 2.09–1.92 (m, 

2H), 1.92–1.79 (m, 1H), 1.73–1.63 (m, 1H), 1.30 (t, J = 7.1 Hz, 3H). 13C NMR (101 

MHz, CDCl3): δ 176.1 (C=O), 147.0 (CqAr), 129.1 (2xCHAr), 119.3 (2xCHAr), 119.2 (CHAr), 77.2 (CH2), 64.2 

(Cqaliph), 61.0 (CH2), 59.2 (CH3), 58.8 (CH), 35.1 (CH), 33.4 (CH2), 30.1 (CH2), 27.6 (CH2), 25.6 (CH2), 14.3 

(CH3). HRMS (ESI) m/z: Calcd for C18H26NO3 304.1918; Found 304.1913. FT-IR (cm–1, neat): 2956, 2927, 

2874, 1720, 1597, 1493, 1184, 1094, 752, 694. Rf-α = 0.24 (heptanes/EtOAc 90:10). 
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Characterization of the beta diastereoisomer (3gβ) 

Appearance: colorless oil. 1H NMR (400 MHz, CDCl3): δ 7.20 (t, J = 7.7 Hz, 2H), 

7.01 (d, J = 8.1 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H), 4.30 (dt, J = 6.4, 2.9 Hz, 1H), 4.08 

(q, J = 7.1 Hz, 2H), 3.65–3.53 (m, 2H), 3.37 (s, 3H), 2.90 (tt, J = 11.9, 5.5 Hz, 1H), 

2.24–1.93 (m, 4H), 1.89–1.79 (m, 1H), 1.78–1.58 (m, 3H), 1.22 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3): δ 175.2 (C=O), 146.6 (Cq), 129.1 (2x CH Ar), 119.7 (2x CH Ar), 119.5 (CH Ar), 

77.3 (CH2), 64.7 (Cq), 60.6 (CH2), 59.6 (CH), 59.3 (CH3), 36.2 (CH), 34.6 (CH2), 32.3 (CH2), 30.1 (CH2), 26.5 

(CH2), 14.4 (CH3). HRMS (ESI) m/z: Calcd for C18H26NO3 304.1907; Found 304.1907. FT-IR (cm–1, neat): 

2923, 1728, 1598, 1495, 1188, 1101, 1032, 752, 696. Rf-β = 0.18 (heptanes/EtOAc 90:10). 

HPLC trace (on the mixture of diastereoisomers, α/β 90:10 – 1 mL/min flow rate): 

o From the racemic 2g-trans ethyl 2-[[5-(methoxymethyl)-1-phenyl-pyrrolidin-2-
yl]methyl]prop-2-enoate 
 

 

 

o From the optically active 2g-trans ethyl 2-[[(2S)-5-(methoxymethyl)-1-phenyl-
pyrrolidin-2-yl]methyl]prop-2-enoate 
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[α]D = - 2 (c 0.62, CHCl3, 20 °C)  

From the chiral HPLC it can be said that no racemization was observed when performing the cyclization 

on the optically active intermediate. 

Cyclization from an optically active mixture of 2g-cis and 2g-trans isomers (cis/trans 23:77) 

Protocol as described above. The resulting mixture of alpha/beta products (90:10) was subjected to 

chiral HPLC and [α]D measurements. 

[α]D = - 0.83 (c 1.06, CHCl3, 20 °C)  

𝑒𝑒 =  
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 [𝛼]𝐷

max[𝛼]𝐷
=  

−0.83

−2.0
= 0.415 (41.5 %) 

%(−) =  
41.5

2
+ 50 = 70.75 % (71 %)  

From the [α]D measurement, the ratio of enantiomers is (-)/(+) = 71:29 (expected ratio: 77:23). 

HPLC trace of the mixture of products (1 mL/min flow rate): 
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From the chiral HPLC measurement, the ratio of enantiomers is (-)/(+) = 82:18 (expected ratio: 77:23). 

Towards the synthesis of (+)–euphococcinine 

Synthesis of racemic 6p 

2-prop-2-ynoxytetrahydropyran. A mixture of freshly distilled prop-2-yn-1-ol (5.9 

mL, 100 mmol), 3,4-dihydro-2H-pyran (11.8 mL, 130 mmol) and p-TsOH•H2O (190 

mg, 1.00 mmol) was stirred for 1 h at 0 °C. The reaction mixture was directly purified 

by fcc (SiO2, pentane:Et2O 30:1) to afford the title compound as a colorless liquid 

(12.3 g, 87.5 mmol, 88%). 

1H NMR (300 MHz, CDCl3) δ 4.82 (t, J = 3.3 Hz, 1H), 4.35–4.16 (m, 2H), 3.84 (ddd, J = 11.4, 8.7, 3.2 Hz, 

1H), 3.59–3.48 (m, 1H), 2.41 (t, J = 2.4 Hz, 1H), 1.91–1.75 (m, 1H), 1.76–1.68 (m, 1H), 1.68–1.59 (m, 

2H), 1.60–1.43 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 97.0, 79.9, 74.1, 62.1, 54.1, 30.3, 25.5, 19.1. The 

physical and spectral data are in accordance with reported literature data.25 

The compound is not stable for a long time in CDCl3. 1H NMR in CD2Cl2 is provided if needed: 

1H NMR (300 MHz, CD2Cl2) δ 4.82–4.72 (m, 1H), 4.33–4.10 (m, 2H), 3.88–3.71 (m, 1H), 3.54–3.45 (m, 

1H), 2.44 (t, J = 2.4 Hz, 1H), 1.88–1.41 (m, 6H). 
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6-tetrahydropyran-2-yloxyhex-4-yn-2-ol. In a three-neck, 1-L round 

bottom flask equipped with a thermometer and an addition funnel was 

added the alkyne (2-prop-2-ynoxytetrahydropyran) (14.02 g, 100 mmol) 

and THF (400 mL). The solution was cooled to -78 °C and nBuLi (2.50 

mol/L, 44.0 mL, 110 mmol) was added dropwise via the addition funnel. 

The resultant solution was stirred at the same temperature for 10 minutes, then warmed up to 0 °C 

for an additional 20 minutes. After cooling back to -78 °C, BF3•Et2O (13.6 mL, 110 mmol) was added 

and the solution stirred at -78 °C for 10 minutes. A solution of the epoxide (2-methyloxirane) (7.7 mL, 

110 mmol)  in anhydrous THF (100 mL) was added dropwise via the addition funnel, not rising the 

temperature above -70 °C. The reaction mixture was stirred at -78 °C for 30 minutes, at 0 °C for 30 

minutes, and at room temperature for 20 minutes. After it was treated with sat. aq. NH4Cl and aq. 

ammonia (v/v 2:1, 200 mL), the resultant mixture was stirred at rt for 30 minutes. The mixture was 

then extracted with Et2O (1 x 300 mL). The combined organic phases were washed with water (200 

mL), brine (200 mL), dried over Na2SO4, filtered and concentrated. The crude residue was purified by 

fcc (SiO2, pentane:Et2O 7:3 to 4:6) to afford the title compound as a colorless oil (11.82 g, 59.6 mmol, 

60%) along with recovered alkyne (2.28 g, 16% recovered SM). 

1H NMR (300 MHz, CD2Cl2) δ 4.76 (t, J = 3.3 Hz, 1H, H7), 4.32–4.12 (m, 2H, H6), 3.98 – 3.85 (m, 1H, H2), 

3.80 (ddd, J = 11.5, 8.5, 3.4 Hz, 1H, H11), 3.54–3.43 (m, 1H, H11), 2.48–2.24 (m, 2H, H3), 2.16 (d, J = 4.2 

Hz, 1H, -OH), 1.88–1.42 (m, 6H, H8, H9, H10), 1.21 (d, J = 6.2 Hz, 3H, H1). 13C NMR (75 MHz, CD2Cl2) δ 

97.33 & 97.31 (C7), 83.2 (C4), 78.8 (C5), 66.7 (C2), 62.4 (C11), 54.89 & 54.87 (C6), 30.8 (C9), 29.7 (C3), 25.8 

(C10), 22.6 (C1), 19.6 (C8). dr 1:1 estimated on the 13C signals at 97.33 & 97.31, and 54.89 & 54.87. FT-IR 

(neat, cm-1): 3413, 2941, 2870, 1201, 1114, 1017, 941, 902, 870, 814. HRSM (ESI) m/z calculated for 

C11H18O3Na [M+Na]+ = 221.1148. Found 221.1147. Rf = 0.38 (pentane/Et2O 1:1). 

6-tetrahydropyran-2-yloxyhexan-2-ol. Due to the size of the available 

autoclave, the reaction scale was limited to 20 mmols. Three batches were 

run successively, then purified together (60 mmol scale total). 

In a 100-mL erlenmeyer flask were added 6-tetrahydropyran-2-yloxyhex-4-

yn-2-ol (3.97 g, 20.0 mmol), EtOAc (100 mL) and palladium (10.0 % on C, 200 mg, 0.19 mmol). The flask 

was inserted into the autoclave and the pressure of H2 was set to 20 mbar. The reaction mixture was 

stirred at rt for 30 minutes and TLC indicated completion of reaction. The mixture was filtrated on 

celite, rinsing with EtOAc. The solvent was evaporated and the crude residue was purified by fcc (SiO2, 

pentane:Et2O 3:2 to 1:1) to give the title compound as a colorless oil (9.51 g, 47.0 mmol, 79%). A major 

side product proved to be the ketone at position 2 (6-tetrahydropyran-2-yloxyhexan-2-one, 1.56 g, 

7.81 mmol, 13%), whose formation increased with the scale-up. 
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Spectral data of 6-tetrahydropyran-2-yloxyhexan-2-ol. Note that the product is not stable in CDCl3 

overnight.  1H NMR (300 MHz, CDCl3) δ 4.55 (t, J = 4.3, 2.7 Hz, 1H), 3.91–3.66 (m, 3H), 3.53–3.43 (m, 

1H), 3.38 (dt, J = 9.7, 6.4 Hz, 1H), 1.88–1.29 (m, 12H), 1.17 (d, J = 6.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) 

δ 99.04, 99.01, 68.06, 68.03, 67.6, 62.50, 62.47, 39.19, 39.17, 30.9, 29.77, 29.75, 25.58, 23.59, 23.6, 

22.61, 22.56, 19.81, 19.78. dr 1:1 estimated on the 13C signals. Rf = 0.22 (pentane/Et2O 1:1). The 

physical and spectral data are in accordance with reported literature data.26 

The ketone side product can easily be reduced back to the alcohol according to the following protocol: 

 

NaBH4 (316 mg, 8.57 mmol) was added to a solution of 6-tetrahydropyran-2-yloxyhexan-2-one (1.56 

g, 7.79 mmol) in MeOH (16 mL) at 0 °C. The reaction mixture was allowed to warm up to room 

temperature and stirred until completion as assessed by TLC (pentane:Et2O 1:1, 1 h). The reaction 

mixture was cooled down to 0 °C and quenched with water (25 mL). The mixture was extracted with 

Et2O (2 x 50 mL). The combined organic extracts were dried (Na2SO4), filtered and concentrated to give 

the crude product as a pale-yellow oil (1.54 g, 7.61 mmol, 98%). The crude product can be engaged 

without purification in the deprotection step. 

Spectral data of 6-tetrahydropyran-2-yloxyhexan-2-one. 1H NMR (400 MHz, CDCl3) δ 4.55 (dd, J = 4.6, 

2.8 Hz, 1H), 3.84 (ddd, J = 11.1, 7.6, 3.6 Hz, 1H), 3.73 (dt, J = 9.7, 6.3 Hz, 1H), 3.53–3.45 (m, 1H), 3.37 

(dt, J = 9.7, 6.1 Hz, 1H), 2.45 (t, J = 7.2 Hz, 2H), 2.12 (s, 3H), 1.88–1.75 (m, 2H), 1.73–1.44 (m, 10H). 13C 

NMR (75 MHz, CDCl3) δ 209.1, 99.0, 67.3, 62.5, 43.6, 30.9, 30.0, 29.3, 25.6, 20.8, 19.8. Rf = 0.53 

(pentane/Et2O 1:1). The physical and spectral data are in accordance with reported literature data.26 

Hexane-1,5-diol. In a 1-L two-neck flask equipped with a refluxing condenser was 

added 6-tetrahydropyran-2-yloxyhexan-2-ol (10.9 g, 54.0 mmol), MeOH (430 mL), 

and pTsOH•H2O (364 mg, 1.91 mmol). The mixture was refluxed until completion 

as assessed by TLC (100% EtOAc, 4 h). The solvent was evaporated and the crude 

residue purified by fcc (SiO2, 100% EtOAc) to give the title compound as a colorless oil (5.17 g, 43.7 

mmol, 81%). 

1H NMR (300 MHz, CDCl3) δ 3.88 – 3.74 (m, 1H), 3.65 (t, J = 6.3 Hz, 2H), 2.01 – 1.92 (m, 2H), 1.70 – 1.32 

(m, 6H), 1.19 (d, J = 6.2 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 68.2, 62.8, 38.9, 32.6, 23.7, 22.0. Rf = 0.29 

(100% EtOAc). The physical and spectral data are in accordance with reported literature data.27 
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5-methylsulfonyloxyhexyl methanesulfonate. To a solution of hexane-1,5-diol 

(5.17 g, 43.7 mmol) in DCM (90 mL) was added NEt3 (15.2 mL, 109 mmol). The 

solution was cooled to -40 °C and MsCl (7.45 mL, 96.2 mmol) was added under 

vigorous stirring. A white precipitate was immediately formed. After the 

addition was complete, the mixture was allowed to warm up to 0 °C, stirred at this temperature until 

completion of reaction (TLC monitoring, 100% EtOAc, 20 min), and then poured into cold 1 N HCl (200 

mL). The organic layer was separated, and the aqueous layer was extracted with DCM (2 x 100 mL). 

The combined organic phases were washed with aq. sat. NaHCO3 (100 mL), dried (Na2SO4), filtered and 

concentrated. The crude residue was purified by a short fcc (SiO2, 100% Et2O) to afford the title 

compound as a pale-yellow oil (11.4 g, 41.7 mmol, 95%). 

1H NMR (400 MHz, CD2Cl2) δ 4.76 (dqd, J = 7.4, 6.3, 4.9 Hz, 1H, CH-OMs), 4.21 (t, J = 6.4 Hz, 2H, CH2-

OMs), 2.99 (s, 3H, OMs), 2.98 (s, 3H, OMs), 1.86 – 1.74 (m, 2H, CH2), 1.74 – 1.60 (m, 2H, CH2), 1.59 – 

1.44 (m, 2H, CH2), 1.40 (d, J = 6.3 Hz, 3H, CH3-CH-OMs). 13C NMR (101 MHz, CD2Cl2) δ 80.1 (CH-OMs), 

70.4 (CH2-OMs), 39.0 (OMs), 37.6 (OMs), 36.3 (CH2), 29.1 (CH2), 21.6 (CH2), 21.3 (CH3-CH-OMs). FT-IR 

(neat, cm-1): 1327, 1166, 896. HRMS (ESI) m/z: [M+Na]+ Calcd for C8H18O6NaS2 297.0437. Found 

297.0433.  Rf = 0.45 (100% Et2O). 

 

2-methyl-1-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]piperidine (6p). 

This is not an optimized procedure. 

1H NMR (300 MHz, CDCl3): δ 7.68 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.23–4.06 

(m, 1H), 3.45 (dd, J = 12.5, 4.3 Hz, 1H), 2.95 (t, J = 11.7 Hz, 1H), 1.94–1.70 (m, 2H), 1.70–

1.50 (m, 4H), 1.32 (s, 12H), 1.05 (d, J = 6.7 Hz, 3H). 11B NMR (96 MHz, CDCl3): δ 30.9. 13C 

NMR (75 MHz, CDCl3): δ 153.4 (CqAr), 136.3 (2xCHAr), 114.7 (2xCHAr), 83.4 (Cqaliph.), 49.9 

(CH), 42.6 (CH2), 31.2 (CH2), 26.0 (CH2), 25.0 (4xCH3), 19.1 (CH2), 13.4 (CH3). Due to 

coupling to the quadrupolar 11B and 10B nuclei, the aromatic carbon atom bearing the 

BPin was not detected. FT-IR (neat, cm-1): 2975, 2931, 1604, 1392, 1360, 1312, 1141, 

1091, 960, 861, 819, 655. HRMS (ESI) m/z: Calcd for C18H29O2NB [M+H]+ = 302.2286. Found: 302.2283. 

mp = 94.2–95.4 °C. Rf = 0.25 (pentane/Et2O 92:8). Chiral HPLC: 
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Photoredox reactions for the synthesis of 7p and 8p 

 

 

 

Ethyl 2-[[6-methyl-1-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-2-

piperidyl]methyl]prop-2-enoate (7p). 

In an oven-dried 25-mL seal-tube were successively added the radical trap (ethyl 2-

(acetoxymethyl)prop-2-enoate) (189 mg, 1.10 mmol), 2-methyl-1-[4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl]piperidine 6p (301 mg, 1.00 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (5.6 mg, 

0.005 mmol, 1 mol%) and cesium acetate (231 mg, 1.2 mmol). The vial was closed with a rubber septum 

and evacuated/refilled with N2 (x 3). Finally, dry and degassed 1,2-dichloroethane (20.00 mL, 0.05 M) 

was added. The resulting yellow mixture was placed in front of a 390 nm blue LED (5 cm distance) and 

stirred until completion of the reaction (TLC monitoring, heptanes:EtOAc 92:8). 

Rf values (heptanes/EtOAc 92:8) 

Cyclized product 8p 

Rf = 0.30 

Mono-allylated product 7p 

minor dia: Rf = 0.23 

major dia: Rf = 0.19  

The reaction mixture was diluted with sat. NaHCO3 (30 mL). The aqueous phase was extracted with 

DCM (3 x 50 mL) and the combined organic phases were dried over Na2SO4, filtered, and concentrated 

under reduced pressure to give crude product as an orange oil. Purification by flash column 

chromatography (SiO2, pentane:Et2O 95:5 to 80:20) afforded the mono-allylated product as a colorless 

oil (167 mg, 0.40 mmol, 40%, dr 6:1). 

• Characterization of 7p (major dia)  
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1H NMR (400 MHz, CD2Cl2): δ 7.62 (d, J = 8.9 Hz, 2H), 6.98 (d, J = 8.7 Hz, 2H), 6.20 (d, J = 1.5 Hz, 1H), 

5.60–5.54 (m, 1H), 4.21 (q, J = 7.1 Hz, 2H), 3.96–3.79 (m, 2H), 2.53–2.35 (m, 2H), 1.88–1.70 (m, 2H), 

1.70–1.53 (m, 3H), 1.53–1.44 (m, 1H), 1.33–1.28 (m, 15H), 1.08 (d, J = 6.6 Hz, 3H). 11B NMR (96 MHz, 

CD2Cl2): δ 30.7. 13C NMR (101 MHz, CD2Cl2): δ 167.3 (C=O), 151.6 (CqAr), 139.5 (CqAr), 136.3 (2xCHAr), 

127.3 (CH2), 116.0 (2xCHAr), 83.6 (2xCqaliph.), 61.2 (CH2), 53.3 (CH), 49.6 (CH), 35.4 (CH2), 32.3 (CH2), 28.0 

(CH2), 25.10 (2xCH3), 25.06 (2xCH3), 19.5 (CH3), 16.8 (CH2), 14.5 (CH3). Due to coupling to the 

quadrupolar 11B and 10B nuclei, the aromatic carbon atom bearing the BPin was not detected. HRMS 

(ESI) m/z: [M+H]+ Calcd for C24H37O4NB 414.2810. Found 414.2806. FT-IR (neat, cm-1): 2941, 2929, 1705, 

1602, 1357, 1303, 1265, 1141, 1103, 961, 859, 818, 654. 

• Characterization of 7p (minor dia) 

1H NMR (400 MHz, CD2Cl2): δ 7.68–7.60 (m, 2H), 7.02–6.96 (m, 2H), 6.13 (d, J = 1.6 Hz, 1H), 5.47 (d, J = 

1.6 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 3.74 (dq, J = 12.1, 4.1 Hz, 1H), 3.63 (pd, J = 6.3, 4.0 Hz, 1H), 2.58 

(dd, J = 13.5, 3.8 Hz, 1H), 2.41–2.29 (m, 1H), 2.01–1.89 (m, 1H), 1.89–1.74 (m, 1H), 1.73–1.45 (m, 4H), 

1.31 (s, 12H), 1.26 (t, J = 7.2 Hz, 3H), 1.04 (d, J = 6.2 Hz, 3H). 11B NMR (96 MHz, CD2Cl2): δ 30.8. 13C NMR 

(101 MHz, CD2Cl2): δ 167.3 (C=O), 153.1 (CqAr), 139.5 (CqAr), 135.6 (2xCHAr), 126.9 (CH2), 121.3 (2xCHAr), 

83.7 (2xCqaliph.), 61.1 (CH2), 55.9 (CH), 49.4 (CH), 32.4 (CH2 + CH2), 27.3 (CH), 25.09 (2xCH3), 25.06 

(2xCH3), 19.1 (CH3), 17.1 (CH2), 14.4 (CH3). Due to coupling to the quadrupolar 11B and 10B nuclei, the 

aromatic carbon atom bearing the BPin was not detected. HRMS (ESI) m/z: [M+H]+ Calcd for C24H37O4NB 

414.2810. Found 414.2806. FT-IR (neat, cm-1): 2976, 2931, 1714, 1602, 1358, 1142, 1091, 962, 860, 

659. 

Note: the relative configuration of 7p has not yet been attributed. 

Independent cyclization reaction of 7p to 8p. 

 

Ethyl 1-methyl-9-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-9-

azabicyclo[3.3.1]nonane-3-carboxylate (8p). 

Into an oven-dried 5-mL vial was added [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (1.7 mg, 0.0015 mmol) and CsOAc 

(35 mg, 0.18 mmol). The vial was evacuated and filled with N2 (x 3), and a solution of 7p (major isomer 
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only) in DCE (0.05 M, 3.0 mL, 0.15 mmol) was added, followed by acetic acid (8.6 μL, 0.15 mmol). The 

mixture was shortly sonicated and placed in front of a 390 nm LED for 7 hours. In absence of full starting 

material conversion, [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (1.7 mg, 0.0015 mmol) in DCE (0.5 mL) was added and 

the reaction was further stirred for 17 h. The reaction mixture was diluted with sat. NaHCO3 (3 mL). 

The aqueous phase was extracted with DCM (3 x 5 mL) and the combined organic phases were dried 

over Na2SO4, filtered, and concentrated under reduced pressure to give crude product as an orange 

oil. Purification by flash column chromatography (SiO2, heptanes/EtOAc 93:7) afforded the desired 

product as a colorless oil (21.7 mg, 0.052 mmol, 35%, α/β > 20:1). 

• Characterization of the cyclized product_α isomer (β diastereoisomer was detected) 

1H NMR (400 MHz, CD2Cl2): δ 7.57 (d, J = 8.2 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 4.09 (q, J = 7.1 Hz, 2H), 

3.89 (dq, J = 10.6, 3.6 Hz, 1H), 2.67 (tt, J = 12.5, 6.2 Hz, 1H), 2.28 (dddd, J = 13.3, 10.9, 6.2, 2.1 Hz, 1H), 

2.06 – 1.73 (m, 4H), 1.73 – 1.53 (m, 3H), 1.48 – 1.34 (m, 2H), 1.30 (s, 12H), 1.30 (s, 3H), 1.23 (t, J = 7.1 

Hz, 3H). 11B NMR (96 MHz, CD2Cl2): δ 30.7. 13C NMR (101 MHz, CD2Cl2): δ 176.1 (C=O), 154.2 (CqAr), 

135.2 (2xCHAr), 124.5 (2xCHAr), 83.8 (2xCqaliph.), 60.6 (CH2), 55.3 (CH), 40.7 (CH2), 38.0 (CH2), 36.4 (CH), 

32.4 (CH3), 30.8 (CH2), 28.8 (CH2), 25.1 (4xCH3), 16.9 (CH2), 14.5 (CH3). Due to coupling to the 

quadrupolar 11B and 10B nuclei, the aromatic carbon atom bearing the BPin was not detected. HRMS 

(ESI) m/z: [M+H]+ Calcd for C24H37O4NB 414.2810. Found 414.2806. FT-IR (neat, cm-1): 2926, 1729, 1601, 

1356, 1259, 1141, 1091, 960.1, 659. Rf-α = 0.14, heptanes/EtOAc 93:7 

Investigating different protecting groups 

 

Ethyl 9-[4-(2-methyl-1,3-dioxolan-2-yl)phenyl]-9-azabicyclo[3.3.1]nonane-

3-carboxylate (P-8h) 

Following modified general procedure C with 1-[4-(2-methyl-1,3-dioxolan-2-

yl)phenyl]piperidine P-6h (49.5 mg, 0.20 mmol) and ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol) reacting for 1 hour. 

Purification by column chromatography (SiO2, pentane/Et2O 80:20) afforded 

the product as a colorless oil (45.3 mg, 0.13 mmol, 63%, α/β >20:1). 

Characterization of the major diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 7.33–7.27 (m, 2H), 6.84–6.75 (m, 2H), 4.28–4.16 (m, 2H), 4.10 (q, J = 7.1 

Hz, 2H), 4.06–3.95 (m, 2H), 3.86–3.75 (m, 2H), 2.46–2.28 (m, 3H), 2.01 (qt, J = 13.3, 4.4 Hz, 1H), 1.77 

(tt, J = 13.4, 4.4 Hz, 2H), 1.71–1.62 (m, 2H), 1.64 (s, 3H), 1.58–1.50 (m, 1H), 1.50–1.41 (m, 2H), 1.23 (t, 

J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 75.9 (C=O), 150.1 (CqAr), 131.8 (CqAr), 126.7 (2xCHAr), 113.7 
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(2xCHAr), 109.1 (Cqaliph.), 64.5 (2xCH2), 60.5 (CH2), 47.3 (2xCH), 34.9 (CH), 30.4 (2xCH2), 28.4 (2x CH2), 

27.6 (CH3), 14.4 (CH3), 14.3 (CH2). FT-IR (cm-1, neat): 2924, 1722, 1606, 1513, 1402, 1367, 1285, 1243, 

1174, 1033, 860, 803. HRMS (ESI) m/z: [M+H]+ Calcd for C21H30O4N 360.2169; Found 360.2170. Rf = 0.30 

(pentane/Et2O 80:20). mp = 85.3 – 87.1 °C. 

Characteristic peak of the minor diastereoisomer: 

1H NMR (400 MHz, CDCl3): δ 4.36 (br d, J = 10.9 Hz, 3H), 3.35 – 3.25 (m, 1H). 

Deprotection of Ethyl 9-[4-(2-methyl-1,3-dioxolan-2-yl)phenyl]-9-azabicyclo[3.3.1]nonane-3-

carboxylate (P-8h → 8h). In a 10-ml round-bottom flask were added ethyl 9-[4-(2-methyl-1,3-dioxolan-

2-yl)phenyl]-9-azabicyclo[3.3.1]nonane-3-carboxylate (38.8 mg, 0.11 mmol), EtOH (1.5 mL), water (0.5 

mL), and sulfuric acid (6 μL, 0.112 mmol). The reaction mixture was stirred at room temperature for 2 

hours, and completion of the reaction was assessed by TLC. The ethanol was evaporated under 

reduced pressure. The residue was taken in EtOAc (10 mL) and made basic by addition of aq. sat. 

NaHCO3 (10 mL). The aq. phase was extracted with EtOAc (2 x 10 mL). The combined organic phase 

was dried (Na2SO4), filtered, and evaporated under reduced pressure to give crude product as an oily 

residue. Purification by column chromatography (SiO2, pentane/Et2O 80:20) afforded ethyl 9-(4-

acetylphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate as a colorless oil (31.0 mg, 0.10 mmol, 91%, dr 

>20:1). Spectral data are in accordance with known product 8h. 

 

Ethyl 9-[4-(1,3-dioxolan-2-yl)phenyl]-9-azabicyclo[3.3.1]nonane-3-

carboxylate (P-8q) 

Following modified general procedure C with 1-[4-(1,3-dioxolan-2-

yl)phenyl]piperidine (46.7 mg, 0.20 mmol)  and ethyl 2-(acetoxymethyl)prop-

2-enoate (37.9 mg, 0.22 mmol) reacting for 1 hour. Purification by column 

chromatography (SiO2, pentane/Et2O 80:20) afforded the product as a 

colorless oil (38.8 mg, 0.11 mmol, 56%, α/β >20:1). 

Characterization of the major diastereoisomer: 

1H NMR (400 MHz, CD2Cl2): δ  7.35–7.20 (m, 2H), 6.88–6.78 (m, 2H), 5.63 (s, 1H), 4.32–4.19 (m, 2H), 

4.15–3.91 (m, 6H), 2.41–2.26 (m, 3H), 2.01 (qt, J = 13.5, 4.3 Hz, 1H), 1.75 (tt, J = 13.3, 4.2 Hz, 2H), 1.70–

1.60 (m, 2H), 1.58–1.42 (m, 3H), 1.20 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CD2Cl2): δ 175.8 (C=O), 

151.9 (CqAr), 128.3 (2xCHAr), 126.4 (CqAr), 113.9 (2xCHAr), 104.4 (CH), 65.6 (2xCH2), 60.6 (CH2), 47.7 

(2xCH), 35.2 (CH), 30.6 (2xCH2), 28.7 (2xCH2), 14.6 (CH2), 14.4 (CH3). FT-IR (cm-1, neat): 2926, 1724, 
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1611, 1517, 1395, 1281, 1177, 1074, 807. HRMS (ESI) m/z: [M+H]+ Calcd for C20H28O4N 346.2018; 

Found: 346.2016. Rf = 0.44 (pentane/Et2O 60:40) 

Ethyl 9-(4-formylphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8q) 

In a 10-ml round-bottom flask were added ethyl 9-[4-(1,3-dioxolan-2-yl)phenyl]-

9-azabicyclo[3.3.1]nonane-3-carboxylate (38.8 mg, 0.11 mmol), EtOH (1.5 mL), 

water (0.5 mL), and sulfuric acid (6 μL, 0.112 mmol). The reaction was stirred at 

rt for 2 hours, and completion of the reaction was assessed by TLC. The ethanol 

was evaporated under reduced pressure. The residue was taken in EtOAc (10 mL) 

and made basic by addition of aq. sat. NaHCO3 (10 mL). The aq. phase was extracted with EtOAc (2 x 

10 mL). The combined organic phase was dried (Na2SO4), filtered, and evaporated under reduced 

pressure to give crude product as an oily residue. Purification by column chromatography (SiO2, 

pentane/Et2O 70:30) afforded ethyl 9-(4-formylphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate as a 

colorless oil (31.7 mg, 0.11 mmol, 94%, α/β >20:1). 

Characterization of the major diastereoisomer: 

1H NMR (400 MHz, CD2Cl2): δ  9.69 (s, 1H), 7.75–7.60 (m, 2H), 6.96–6.80 (m, 2H), 4.47–4.32 (m, 2H), 

4.08 (q, J = 7.1 Hz, 2H), 2.44–2.32 (m, 2H), 2.26 (tt, J = 12.8, J = 5.7 Hz, 1H), 2.05 (qt, J = 14.0, 13.4, 13.4, 

4.7 Hz, 1H), 1.82–1.66 (m, 4H), 1.62–1.46 (m, 3H), 1.21 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CD2Cl2): 

δ 189.9 (CHO), 175.3 (C=O), 155.1 (CqAr), 132.5 (2xCHAr), 126.1 (CqAr), 112.9 (2xCHAr), 60.8 (CH2), 47.7 

(2xCH), 35.5 (CH), 30.6 (2xCH2), 28.9 (2xCH2), 14.42 (CH2), 14.39 (CH3). FT-IR (cm-1, neat): 2927, 1724, 

1679, 1590, 1554, 1514, 1400, 1286, 1231, 1166, 1042, 811. HRMS (ESI) m/z: [M+Na]+ Calcd for 

C18H23O3NNa 324.1581; Found 324.1580. Rf = 0.32 (pentane/Et2O 60:40). 

Characteristic peak of the minor diastereoisomer: 

1H NMR (400 MHz, CD2Cl2): δ 3.33 (tt, Jax-ax = 12.0, Jax-eq = 6.1 Hz, 1H). 
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After the radical [3+3]-annulation had successfully been developed using iridium photocatalysis, the 

next milestone of this collaborative project was to use quantum dots as photocatalysts for the same 

transformation. After a summary of the important results obtained in Grenoble, the results obtained 

in Bern will be described. 

4.1. Description of the quantum dots and of the small-scale 

reactions – Results obtained in Grenoble 

4.1.1. Alpha-vinylation of N-phenylpyrrolidine and choice of suitable 

quantum dots 

The developed [3+3] radical annulation is a two-step process following a mono-allylation/cyclization 

sequence. In order to develop suitable quantum dots, it was decided to focus on a one-step reaction. 

Because the mono-allylation reaction is not a viable reaction in itself (see Chapter 3, section 3.2), a 

known vinylation reaction was chosen instead (Scheme 1). This alpha-functionalization of cyclic aniline 

derivatives was developed by MacMillan1 with iridium photocatalysis and Weiss2 and Pillai3 with 

quantum dot photocatalysis. The optimization reactions were carried out on 0.001 mmol scale and the 

reaction outcome determined by UHPLC-MS. 

 

Scheme 1. Model reaction used for the selection of suitable quantum dots carried out in Grenoble. 

This optimization work was entirely performed in Grenoble and will not be discussed in detail in this 

manuscript; the properties of the chosen quantum dots are described in Table 1. The best results 

obtained with these quantum dots after optimization of the solvent and of the surface ligands are 

summarized in Table 2. 

Core CdS Core CdSe 
Core-shell CdS/CdSe 

(Inverted type-I) 
Core-shell InP/ZnS 

(Type-I) 

λexciton = 460 nm 
D = 5.5 nm 

ε = 1.18x106 M-1cm-1 

Native ligands: oleic 
acid 

λexciton = 540 nm 
D = 3.1 nm 

ε = 1.78x105 M-1cm-1 

Native ligands: oleic 
acid 

λexciton = 530 nm 
D = 6.35 nm (5.5 nm CdS 
core and two CdSe layers 

of 0.42 nm) 
ε = 1.73x105 M-1cm-1 

Native ligands: oleyl amine 

λexciton = 470 nm 
D = 2.9 nm 

ε = 1.31x105 M-1cm-1 

Native ligands: oleyl 
amine 

 

 
 

Table 1. Selected quantum dots after optimization on the vinylation reaction, and their properties. λexciton 

determines the wavelength at which irradiation should be performed. Diameter D was determined by TEM 
analysis. ε is the extinction coefficient. Native ligands are the ligands present on the as-synthesized quantum 
dots. For a definition of inverted type-I and type-I core-shell quantum dots, see Chapter 1, figure 10. 
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Entry QDs (mol%) Abs Surface ligands Solvent 
Irradiation 
time 

Yield 

1 CdS (0.1 mol%) 1.1 OlAc + OPAc TFT 3 h 68% 

2 CdSe (0.5 mol%) 0.9 OlAc + OPAc TFT 4 h 70% 

3 CdS/CdSe (0.5 mol%) 0.9 OlAm + OPAc TFT 4 h 69% 

4 Inp/ZnS (0.7 mol%) 0.9 OlAm TFT 6 h 42% 

5 CdS (0.1 mol%) 1.1 PPAc MeCN 3 h 67% 

6 CdSe (0.5 mol%) 0.9 PPAc MeCN 3 h 71% 

 
Table 2. Best results obtained in Grenoble for the alpha-vinylation reaction of N-phenylpyrrolidine. Reactions 
performed on 0.001 mmol scale. Reaction outcome determined by UHPLC-MS.  Structure of the non-native 
surface ligands.  

Of note is the catalyst loading chosen for each quantum dot type in this reaction. In comparing 

different quantum dots, it is not the catalyst loading that should be kept constant, but the absorbance 

of the reaction mixture resulting from the quantum dots concentration in solution. On 0.001 mmol 

scale, the catalyst loading was chosen for each quantum dot type so that the absorbance of the 

reaction mixture was measured to be around 1. This can be determined using the Beer-Lambert law 

(see Chapter 1, Eq. 1) since the extinction coefficient of the quantum dots are known. This value was 

chosen to ensure that the light could efficiently penetrate in the reaction mixture. For example for the 

CdS QDs, a catalyst loading of 0.1 mol% leads to a quantum dot concentration of 1.0 µM in solution 

and an absorbance of 1.1. Based on the Beer-Lambert law, it means that before 0.93 cm, 90% of the 

photons are absorbed. After this length, only 10% of the photons are available for absorption. This is 

well compatible with the length of the reaction vial for the 0.001 mmol scale reactions (vide infra). 

Importantly, the optimization of the surface ligands showed that the reaction could be run in α,α,α-

trifluorotoluene (TFT) when treating the QDs with octylphosphonic acid ligands (OPAc) in situ prior to 

the reaction (Table 2, entries 1 to 3. See supporting information for the full procedure). Optimization 

of the equivalents of OPAc showed that 380 equivalents of OPAc should be added compared to the 

CdS QDs, and 300 equivalents compared to the CdSe and CdS/CdSe QDs. It is thought that the long 

chain ligands such as oleic acid and oleylamine prevent the accessibility of the substrates to the QD’s 

surface, and that partial exchange with a shorter ligand creates a favorable surface disordering as well 

as interparticle spacing.2,4 
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4.1.2. Annulation reaction of N-phenylpyrrolidine under optimized 

conditions 

Next, these conditions were used for the targeted radical [3+3] annulation reaction (Table 3). Excellent 

yields of the cyclized product 3a were obtained with the CdS, CdSe and CdS/CdSe quantum dots in 

both α,α,α-trifluorotoluene and acetonitrile. The InP/ZnS quantum dots did not promote the formation 

of the cyclized product but allowed the formation of the mono-allylated product 2a in a moderate 42% 

yield (Table 3, entry 4). 

 

Entry QDs (mol%) Abs Surface ligands Solvent 
Irradiation 
time 

Yield 

1 CdS (0.1 mol%) 1.1 OlAc + OPAc TFT 24 h 3a, 75% 

2 CdSe (0.5 mol%) 0.9 OlAc + OPAc TFT 24 h 3a, 73% 

3 CdS/CdSe (0.5 mol%) 0.9 OlAm + OPAc TFT 24 h 3a, 74% 

4 Inp/ZnS (0.7 mol%) 0.9 OlAm TFT 48 h 2a, 42% 

5 CdS (0.1 mol%) 1.1 PPAc MeCN 24 h 3a, 74% 

6 CdSe (0.5 mol%) 0.9 PPAc MeCN 24 h 3a, 72% 

Table 3. Results obtained for the annulation reaction under optimized conditions with the sulfone trap. Reactions 
performed on 0.001 mmol scale. Reaction outcome determined by UHPLC-MS. 

Under these conditions the sulfone radical trap could be replaced by the acetate trap with no loss of 

yield, as assessed with CdS and CdSe quantum dots in α,α,α-trifluorotoluene (Scheme 2, compare with 

Table 1 entries 1 and 2). 
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Scheme 2. Results obtained for the annulation reaction under optimized conditions with the acetate trap. 
Reactions performed on 0.001 mmol scale. Reaction outcome determined by UHPLC-MS. 

4.1.3. Description of the small-scale set-up 

The irradiation set-up for this small-scale reaction in Grenoble is a home-made device consisting of a 

3D-printed vial holder, a LED of suitable wavelength, and a metallic heat sink to avoid over-heating 

(Image 1). Depending on the LED, the power was estimated to lie between 10 and 50 mW. The reaction 

vial is a 2-mL clear glass vial with a PTFE/silicon septum bonded to the cap (commonly called a GC vial, 

see supporting information for a description of all reaction vessels). It is irradiated from the bottom 

and agitation is performed via a magnetic stirring plate placed on the side. The whole set-up is placed 

in a nitrogen-filled glovebox. In this whole section, this set-up will be referred to as the “LED set-up”, 

in opposition to the traditional Kessil lamp set-up used for bigger scale reactions. 

 

Image 1. Description of the small-scale reaction set-up (“LED set-up”). Maximum volume of 2 mL in a GC vial. 

4.2. Scaling-up the reaction – Results obtained in Bern 
 

Based on the results obtained in Grenoble on 0.001 mmol scale, the focus for the scale-up of the 

annulation reaction in Bern was put on the CdS and CdSe quantum dots. The CdS/Cdse and InP/ZnS 

quantum dots will only be briefly discussed. 

4.2.1. Challenges 

One of the main problems in scaling-up this reaction is the high dilution of 1 mM described to work 

well on 0.001 mmol scale. To give an order of magnitude, the iridium catalyzed reaction, already quite 

diluted, is run at a concentration of 50 mM (0.05 M). Concentrating the QD catalyzed reaction while 
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keeping the catalyst loading constant inevitably leads to a higher quantum dot concentration in 

solution and therefore, absorbance. This can influence two important parameters: the QD stability and 

the light penetration in solution. Additionally, the set-up described in Image 1 is only suitable for 

reaction volumes up to 2 mL. Scaling-up the reaction above this volume necessitates to use a different 

irradiation set-up. All these parameters have been recognized to be key parameters in photocatalysis5 

and will need to be taken into account in designing an efficient, scaled-up, quantum dot-

photocatalyzed reaction. 

4.2.2. Preliminary results 

Our strategy in scaling-up the reaction was to simultaneously increase the molarity of the reaction and 

decrease the catalyst loading so as to keep an absorbance value roughly between 4 and 8. 

Preliminary results were obtained in collaboration with Alissia Meyer as part of a Bachelor’s thesis on 

the quantum dot photocatalyzed annulation of anilines at the University of Bern.6 Using CdSe quantum 

dots in DCM at a decreased catalyst loading of 0.2 mol%, the scale could be increased to 0.05 mmol 

and 40% NMR yield of the intermediate product was obtained (Figure 1A). The reaction was run in a 

3-mL clear glass vial closed with a screw cap, and irradiation was performed with a single Kessil lamp 

at maximum power (100 W). The reaction was set-up outside the glovebox, degassed by three freeze-

and-thaw cycles, and irradiated outside the glovebox for 6 hours. Increasing the reaction time was not 

investigated at this stage. Blank experiments were run and confirmed that the photocatalyst was 

necessary for the reaction to occur. 

At this point it was envisaged that both the high absorbance (Abs = 8.9) and the irradiation set-up could 

be problematic for the scale-up of the reaction. Hence reaction conditions closer to the one used for 

the 0.001 mmol scale were devised. In particular, the absorbance was decreased from 8.9 to 4.45 by 

reducing by half the catalyst loading. The scale was also reduced so as to accommodate the LED-set up 

(Figure 1B). Importantly, the reaction was set-up outside but irradiated inside the glovebox. After 24 h 

of irradiation, no cyclized product was formed and an NMR yield of 34% was obtained for the mono-

allylated intermediate, similarly to the previous reaction. Encouragingly however, this reaction 

performed in Grenoble gave a similar result, showcasing reproducibility between our two laboratories. 
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Figure 1. A/ Reaction conditions and set-up for a 0.05 mmol scale reaction run with CdSe QDs in DCM. B/ 0.025 
mmol scale reaction with reduced absorbance and irradiation in small-scale LED set-up. 

4.3. Reactions in acetonitrile – Results obtained conjointly in 

Grenoble and Bern 
 

Next, the reaction was investigated in acetonitrile. In order to stabilize the quantum dots in this 

solvent, the native ligands were exchanged with phosphopropanoic acid (PPAc) ligands – this exchange 

was performed in Grenoble. These conditions showed good results for both CdS and CdSe quantum 

dots on 0.001 mmol scale in Grenoble (respectively 74% and 72% of cyclized product, see Table 3 

entries 5 and 6).  Scale-up experiments were run conjointly in Grenoble as part of a visit to the CEA 

laboratories. All reactions were set-up in the CEA LED-set up with CdSe quantum dots dispersed in 

acetonitrile. Similarly to previous experiments (Figure 1A), a catalyst loading of 0.2 mol% was chosen 

for a reaction molarity of 25 mM, leading to an absorbance of 8.9. In a first experiment, the reaction 

was set-up and irradiated inside the nitrogen filled glovebox, leading to an excellent isolated yield of 

82% for the cyclized product (Table 4, entry 1). Setting up the reaction outside the glovebox and 

introducing it, after degassing, inside the glovebox for irradiation led to a significant drop in conversion. 

The cyclized product was isolated in a modest 38% yield along with 22% of the mono-allylated 

intermediate (Table 4, entry 2). Importantly, simple degassing by purging with argon for 30 minutes 

followed by irradiation outside the glovebox led to a messy reaction and only traces of product (Table 

4, entry 3). These results clearly indicate a sensitivity of the reaction towards oxygen. 
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Entry Scale (mmol) Set-up and irradiation Isolated yields 

1 0.05 Set-up and irradiation in the glovebox. 3a, 82% (α/β 5:1) 

2 0.05 
Set-up in the glovebox. 
Irradiation outside the glovebox. 

3a, 38% (α only) 
2a, 22% 

3 0.04 Set-up and irradiation outside the glovebox. Traces of product 

Table 4. 0.05 mmol scale reaction run with CdSe quantum dots in MeCN. Possible contamination of the reaction 
mixture by air seems to be a crucial parameter inhibiting the reaction. 

It was then tried to reproduce these results in Bern. However, these endeavors were only met with 

failure, even when the reaction was set up and irradiated in the glovebox. NMR yields up to 50% were 

obtained for the mono-allylated product, but no cyclized product was formed. At this point it is 

important to mention that technical difficulties arose with the glovebox. Due to a malfunctioning of 

both the circulation and the analyzers, the oxygen level was high, but not detected. This could partially 

explain the difficulties to reproduce the results obtained in Grenoble with the same quantum dots. 

However, independently to this problem, a UV-Vis measurement of a 2.5 µM sample of the quantum 

dot solution showed an absorbance of 0.11 instead of the expected 0.45 at 540 nm (see supporting 

information). Additionally, the peak of the first exciton was broad, which confirmed that the 

photocatalyst had partially decomposed. Stability tests run in Grenoble confirmed the low colloidal 

stability of these PPAc capped QDs in MeCN. Therefore, and despite good photocatalytic activity, these 

conditions were not retained for further scale-up experiments. 

4.4. Reactions in α,α,α-trifluorotoluene – Results obtained in Bern 
 

Next the scale-up was investigated in α,α,α-trifluorotoluene (TFT). A first set of comparative scaled-up 

experiments was run in Bern with CdS, CdSe and CdS/CdSe quantum dots under an absorbance of 3.65 

in TFT (Table 5). Very promising results were obtained with CdS and CdSe quantum dots with isolated 

yields of respectively 42% and 56% for the cyclized product (Table 5, entries 1 and 2). Both 

diastereomers were isolated. Although significantly lower than on 0.001 mmol scale, it should be noted 

that these yields were obtained with a much-lowered catalyst loading (0.025 mol% instead of 0.1 mol% 

for CdS QDs, 0.16 mol% instead of 0.5 mol% for CdSe QDs). For the CdS/CdSe quantum dots, the 

reaction mixture after 24 h of irradiation was significantly messier and the cyclized product was 

isolated in a low 21% yield. No significant amount of starting material, intermediate or side-product 

was recovered that could explain the low yield of cyclized product. 
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Entry QD type and loading OPAc loading Abs Isolated yield of 3a 

1 CdS (0.025 mol%) 9.5 mol% 3.65 42%, α/β 4.5:1 

2 CdSe (0.16 mol%) 48 mol% 3.65 56%, α/β 6:1 

3 CdS/CdSe (0.16 mol%) 48 mol% 3.65 21%, α/β 4.5:1 

Table 5. Comparative experiment between CdS, CdSe, and CdS/CdSe QDs in TFT with appropriate amounts of 
OPAc ligands. Reactions were run on 0.05 mmol scale, set-up inside the glovebox and irradiated with one Kessil 
lamp outside the glovebox.  

Hence CdS and CdSe quantum dots were kept as candidates for further optimization on 0.05 mmol 

scale. Increasing the catalyst loading should for example be beneficial, and we have seen that 

absorbance values up to 8-9 could be potentially tolerated (see Table 4). Separate optimizations were 

undertaken with these two types of QDs on 0.05 mmol scale. 

4.4.1. CdS quantum dots 

The influence of the absorbance of the reaction mixture was investigated by either changing the 

catalyst loading and keeping the molarity constant, or by keeping the catalyst loading unchanged and 

modifying the molarity. Other parameters such as leaving group on the trap and equivalent numbers 

of trap were investigated as well. The results are collected in Table 6 and Table 7. 

 

Entry 
CdS 
(mol%) 

[1a] 
(mM) 

Abs Y (equiv) Isolated yield of 3a Side product 
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1 0.025 12.5 3.7 SO2Ph (1.1) 42% (α/β 4.5:1) 5a 

2 0.025 12.5 3.7 SO2Ph (1.4) 27% (α only) 5a, 4a 

3 0.05 6.25 3.7 SO2Ph (1.1) No clean product isolated n.d. 

4 0.05 12.5 7.4 SO2Ph (1.1) ~ 50% NMR yielda 5a 

5 0.05 12.5 7.4 SO2Ph (1.4) 49% (α/β 5:1) None 

6 0.05 12.5 7.4 SO2Ph (1.4) 36% (α only) 5a 

7 0.05 12.5 7.4 SO2Ph (2.0) traces of product 4a 

Table 6. Optimization of the reaction conditions with CdS quantum dots on 0.05 mmol scale using the sulfone 
trap. Reactions run in a 8-mL clear glass vial closed with a screw cap. Irradiation with one Kessil lamp (100 W) for 
24 hours. When applicable, 1H-NMR yield was determined using ethylene carbonate as a standard. aApproximate 
NMR yield due to unclean reaction; difficulties of purification prevented isolation of the product. 

Although an encouraging result was obtained with 0.025 mol% CdS and 1.1 equivalents of the sulfone 

trap at an absorbance of 3.7 (42%, Table 6, entry 1), the presence of side product 5a not only decreased 

the yield of the desired cyclized product but also greatly impaired its purification due to the very similar 

polarity. Since this side product is formed when too little trap is present, it was first attempted to 

increase the trap equivalents to 1.4 (Table 6, entry 2). This was unfortunately not beneficial and the 

major diastereomer was isolated in a low 27% yield. Both 5a and 4a were observed in the reaction 

mixture. Next the catalyst loading was doubled. When keeping the absorbance at 3.7, this resulted in 

a too low concentration and unclean, inefficient reaction (Table 6, entry 3). Keeping the concentration 

at 12.5 mM and increasing the absorbance to 7.4 seemed well tolerated at first, as the product was 

formed in significant amounts as assessed by 1H-NMR analysis of the crude mixture (Table 6, entry 4). 

However no clean product could be isolated due to the presence of 5a. At this point, increasing the 

quantity of radical trap to 1.4 equivalents proved beneficial and the cyclized product was isolated 

cleanly in 49% yield and a 5:1 diastereomeric ratio (Table 6, entry 5). Unfortunately, the reaction was 

poorly reproducible and in a duplicate experiment, the major diastereomer was isolated in 36% yield 

along with side product 5a (Table 6, compare entries 5 and 6). It has been observed in the iridium-

catalyzed reaction that the sulfone radical trap was not stable over long reaction time under the 

reaction conditions. While this is not a big issue in the iridium-catalyzed reaction due to short reaction 

times, it might explain why here the number of equivalents needed to be increased. It could also 

explain the low reproducibility of the reaction in terms of radical trap-related side product formation. 

With this observation in mind, it was attempted to increase the trap quantity to 2.0 equivalents, 

however in this case side product 4a was formed and only traces of cyclized product were observed 

(Table 6, entry 7). At this point it was not attempted to screen every value between 1.4 and 2.0 

equivalents for the sulfone trap. 
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Instead, the influence of the leaving group was investigated next. This proved to be a crucial parameter 

in the iridium-catalyzed reaction, and this change was well tolerated in the 0.001 mmol scale reactions 

as assessed by our collaborators (see Scheme 2). By using the acetate leaving group instead of the 

sulfone, the reaction was indeed cleaner and 34% of cyclized product could be isolated cleanly (Table 

7, entry 1). In line with previous observations, increasing the trap equivalent number from 1.1 to 1.3 

proved beneficial and the isolated yield was raised to 50% (Table 7, entry 2). Under these conditions, 

reducing the catalyst loading to 0.025 mol% induced a significant decrease in yield (Table 7, entry 3). 

 

 

Entry CdS (mol%) [1a] (mM) Abs Y (equiv) Isolated yield of 3a Side product 

1 0.05 12.5 7.4 OAc (1.1) 34% (α/β 5:1) None 

2 0.05 12.5 7.4 OAc (1.3) 50% (α/β 5:1) None 

3 0.025 12.5 3.7 OAc (1.3) 42% (α/β 3:1) None 

Table 7. Optimization of the reaction conditions with CdS quantum dots on 0.05 mmol scale using the acetate 
trap. Reactions run in a 8-mL clear glass vial closed with a screw cap. Irradiation with one Kessil lamp (100 W) for 
24 hours. 

With the optimized conditions in hand, the reproducibility of the reaction with different batches of 

quantum dots was assessed on 0.05 mmol scale and proved to be excellent (Table 8). With the third 

batch of quantum dots, the isolated yield was even raised to 58%. Running the reaction in a Schlenk 

tube gave a similar result. This shows that the “simple” vial set up is suitable for the reaction with CdS 

quantum dots, but also that it can be replaced by a Schlenk tube, which is a convenient reaction vessel 

for oxygen sensitive reactions. 

CdS batch Isolated yield 

1 50%, α/β 5:1 

2 51%, α/β 5:1 

3 
58%, α/β 6:1 
61%, α/β 5.5:1 (in a Schlenk tube, 
average of 2 runs) 

Table 8. Assessment of the reproducibility of the reaction depending on the CdS batch. Reaction conditions as in 
Table 7, entry 2. Unless otherwise stated, the reaction was run in a 8-mL clear glass vial with a screw cap. 

Finally, the optimized reaction conditions were used in a scale up to 0.20 mmol using two lamps for 

the irradiation. Only a small decrease of yield was observed when going from 0.05 to 0.20 mmol 

(Scheme 3). 
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Scheme 3. Scale-up from 0.05 mmol to 0.20 mmol using optimized conditions as in Table 7, entry 2. The 0.05 
mmol-scale reaction was irradiated for 24 hours with one Kessil lamp. The 0.20-mmol scale reaction was 

irradiated for 48 hours with two Kessil lamps. 

After precipitation and centrifugation of the QDs, the catalyst used in the 0.20 mmol-scale reaction 

could be reused and provided the product in 42% isolated yield in a second round (Table 9, entry 2). 

After a third round, the product was recovered in 35% yield. The decrease in observed 

diastereoselectivity is due to increased difficulties in purification upon recycling of the quantum dots. 

Unfortunately, it was difficult to assess the diastereoselectivity of the reaction on the crude mixture 

due to overlapping signals. 

Entry Round of the CdS QDs Isolated yield of 3a 

1 1st 46% (α/β 6:1) 

2 2nd 42% (α/β 4:1) 

3 3rd 35% (α/β 4:1) 

Table 9. Recycling experiment on 0.20 mmol scale.  Reactions were run in a 24-mL clear glass vial with a screw 
cap and irradiated with two Kessil lamp for 48 hours. 

With this reliable reaction in hand, a small substrate scope was undertaken (Figure 2). Phenylpiperidine 

6a was a very good substrate for the iridium-catalyzed reaction but only gave an inseparable mixture 

of 8a and 7a in a 5:1 ratio and total yield of 33% with the CdS QDs (0.20 mmol scale). Para-

methoxyphenyl piperidine 6e gave the corresponding cyclized product 8eα in less than 7% yield along 

with 9% of 7e and 17% recovered 6e on 0.20 mmol scale. Para-methoxyphenyl pyrrolidine 1d gave the 

corresponding cyclized product 3dα in a low 25% yield on 0.05 mmol scale. Attempts to run the 

reaction on 0.20 mmol scale failed to give the desired product all together. No product could be 

obtained at all from substrate 6g, presumably due to a too high oxidation potential induced by the 

ester substituent (E1/2 = 0.91 V/SCE in MeCN for the p-CO2Me phenylpyrrolidine7). 
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Figure 2. Preliminary substrate scope under optimized conditions with the CdS QDs. 0.20 mmol scale reactions 
were irradiated with 2 Kessil lamps, 0.05 mmol scale reactions with 1 Kessil lamp. 

So far we have been unable to successfully apply the optimized conditions to other substrates than N-

phenylpyrrolidine, especially on 0.20 mmol scale. This would be the end goal of this study since running 

a reaction on 0.05 mmol scale is not synthetically useful. Additionally, the low yields obtained on these 

scales result in very small quantity of product, which calls for difficulties of purification and 

uncertainties in the isolated yields. 

4.4.2. CdSe quantum dots 

Following the good result obtained with CdSe QDs on 0.05 mmol scale (56%, see Table 5, entry 2), it 

was tried to scale up the reaction without further optimization. With the remaining quantity of the 

CdSe batch (Batch A), a 0.16 mmol scale reaction could be run. After 72 hours of irradiation the cyclized 

product was only isolated in 28% yield (major diastereomer, Scheme 4).  
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Scheme 4. Scale-up of the CdSe catalyzed reaction from 0.05 to 0.16 mmol. Reaction run in a 8- or 24-mL clear 
glass vial with a screw cap. One Kessil lamp used for irradiation. Both reactions were run with the same batch 

of QDs (Batch A). 

From the observations made for the CdS QDs, it is clear that several parameters should be investigated 

for this scale-up, in particular influence of the trap, reaction vessel, number of lamps used for 

irradiation, and catalyst loading. To this end a new batch of CdSe quantum dots was synthesized in 

Grenoble and sent to Bern where it was used immediately (Batch B). Unfortunately, this new batch of 

quantum dots proved completely ineffective in promoting the desired reaction and full recovery of 

starting material and trap was observed upon prolonged reaction time. The results previously obtained 

could not be reproduced, even when probing all the above-mentioned parameters (see supporting 

information for more details). UV-Vis measurements of the CdSe solution showed that the exciton was 

still present at 540 nm. Additionally, these QDs were effective in promoting the reaction of the more 

easily oxidizable para-methoxyphenyl pyrrolidine substrate 1d (E1/2 = 0.41 V/SCE in MeCN7), giving the 

corresponding cyclized product 3d in 33% isolated yield after 24 h (major diastereomer, Scheme 5). 

The yield could be increased to 38% when irradiating for 14 hours instead of 24 hours, from which it 

can be deduced that the stability of 3d is an important parameter as well. Running the reaction inside 

the glovebox did not have any influence on the reaction outcome with this substrate. 

 

Scheme 5. Batch B of the CdSe QDs is able to catalyze the reaction for the para-methoxyphenyl pyrrolidine 
derivative 1d, but not for the simple phenylpyrrolidine substrate 1a. 

Investigations were carried out next to gain understanding on the absence of reaction of 1a when using 

Batch B of the CdSe QDs. The irradiation set-up as well as oxygen sensitivity were probed, while 

keeping all other parameters unchanged (catalyst loading, trap, absorbance, etc). The results are 

summarized in Table 10. First, the scale was reduced to 0.01-0.02 mmol so that the LED set-up could 

be used, either inside or outside the glovebox. A first reaction on 0.01 mmol was analyzed qualitatively 

by TLC and showed that surprisingly, the cyclized product was the main product after 24 hours of 

irradiation inside the glovebox. This result was confirmed by qualitative NMR analysis on a 0.02 mmol 

scale reaction (Table 10, entries 1 and 2). Strikingly, as soon as the reaction was taken outside of the 

glovebox for irradiation, the conversion of the mono-allylated intermediate to the cyclized product 

was interrupted and a mix of 2a and 3a was recovered in a 1:1.3 ratio (Table 10, entries 3). This is in 

accordance with the hypothesis of an oxygen sensitivity when using substrate 1a with the CdSe 

quantum dots. The absence of such sensitivity observed for 1d could be due to a stronger driving force 
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for hole transfer, possibly overcoming a competition with traces of oxygen in the reaction mixture. The 

same experiment was then carried out using a Kessil lamp instead of the LED set-up for the irradiation 

outside the glovebox. A very similar result was obtained (Table 10, entries 3 and 4). This rules out a 

strong dependence of the reaction outcome on the irradiation set-up, at least on 0.02 mmol scale.  

The influence of the reaction scale was visible when running the reaction on 0.05 mmol in a screw-cap 

vial. The conversion stopped before any formation of 3a, and 2a was formed in 25% yield along with 

25% recovered pyrrolidine (1H-NMR analysis of the crude mixture, Table 10, entry 5). Unfortunately, a 

change of reaction vessel was inevitable when going from 0.02 to 0.05 mmol scale and so it is unclear 

if this drop in conversion is the result of an inefficient irradiation or a vessel-related issue, or both. 

Quite surprisingly, this entry is in all point similar to the test reaction that was run when first receiving 

this batch of QDs, for which no conversion had been observed at all (Scheme 5). When running the 

reaction is a Schlenk tube on the bench, or in the glovebox, the mono-allylated intermediate 2a was 

formed in respectively 65% and 60% NMR yield (Table 10, entries 6 and 7). Between the very first 

experiment run with Batch B and these last results, exactly one month had passed during which the 

quantum dots had been stored in the glovebox. We hypothesized that during this month, a better 

deaeration of the QD solution had been achieved, finally promoting a reaction. 

 

Entry 
Irradiation 
set-up 

Environnement 
of irradiation 

Scale TLC analysis NMR analysisa 

1 
LED set-up 
(GC vial) 

Glovebox 0.01 mmol 3a main product -- 

2 
LED set-up 
(GC vial) 

Glovebox 0.02 mmol 3a main product 
3a main product. 1a 
and 2a not observed 

3 
LED set-up 
(GC vial) 

Bench 0.02 mmol No completion 2a:3a ~ 1:1.3 

4 
Kessil lamp 
(GC vial) 

Bench 0.02 mmol No completion 2a:3a ~ 1:1 

5 
Kessil lamp 
(screw cap vial) 

Bench 0.05 mmol No completion 
1a, 25% recovered 
2a, 25% 
3a, 0% 

6 
Kessil lamp 
(Schlenk tube) 

Bench 0.05 mmol No completion 2a, 65% (45%)b 

7 
Kessil lamp 
(screw cap vial) 

Glovebox 0.05 mmol No completion 2a, 60% (37%)b 

Table 10. Investigation of the CdSe photocatalytic activity with phenylpyrrolidine and the sulfone trap. a 1H-NMR 
yields determined using ethylene carbonate as a standard. b isolated yields. 

This hypothesis was tested on a third batch of CdSe (Batch C). The reaction as in Table 10, entry 7 was 

repeated with Batch C and failed to give any product. The QDs were stored in the glovebox for a month 

and the reaction was repeated, unfortunately no reaction occurred and both starting material and trap 

were fully recovered. The reaction with 1d was however reproducible and gave the desired cyclized 
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product 3d in 35% isolated yield after 14 hours of irradiation (α diastereomer only, compare with 

Scheme 5). 

The behavior of the CdSe quantum dots on 0.05 mmol scale with 1a is not yet fully understood and 

important problems of reproducibility remain. An intricate combination of parameters appears to be 

at play, and it is possible that only slight changes in these parameters lead to a complete shut down of 

the reaction. For these reasons, CdSe quantum dots do not seem to be good candidates for the scale-

up of the [3+3] radical annulation. No further substrate scope was undertaken with this photocatalyst. 

4.4.3. InP/ZnS quantum dots 

The InP/ZnS quantum dots have been shown to selectively form the mono-allylated product on 0.001 

mmol scale (Table 3), which is an interesting reactivity that could complement previous catalysts. So 

far however, the reaction could not be reproduced on 0.05 mmol scale in Bern. Further experiments 

are on-going to resolve this matter. 

 

4.5. Conclusion and outlook 
 

Problems of scale-up have been partially solved in the [3+3] radical annulation of phenylpyrrolidine 1a 

with CdS quantum dots grafted with oleic acid and octylphosphonic acid ligands in α,α,α-

trifluorotoluene. The scale of the reaction could be increased to 0.20 mmol and the recyclability of the 

quantum dots was demonstrated. However, limitations remain in the scope of this quantum dot 

photocatalyzed reaction. Using CdSe, CdS/CdSe or InP/ZnS quantum dots could not solve these 

limitations so far. 

To better understand the behavior of the quantum dots in the [3+3] radical annulation reaction, it 

could be interesting to thoroughly study the cyclization step separately, which has not been done so 

far. We have shown during the study of the reaction with iridium catalysis that the second step was 

sluggish without the presence of the acetic acid liberated during the mono-allylation step. If under the 

quantum dot photocatalysis conditions the acetic acid cannot participate in the acceleration of the 

second step, for example because of interference by the ligands, this could significantly impair the 

overall reactivity. 

Other important parameters to investigate further are the irradiation intensity, especially in the case 

of the Kessil lamps which have only been used at their maximum power (100 W). Moreover, the 

addition of non-negligeable amounts of OPAc ligands in the reaction mixture when the reaction is run 

in TFT could significantly increase the acidity of the solution. It should be tried to increase the 

equivalent of base in these cases. 

To solve the problem of attenuation of the light intensity because of the high absorption by the 

photocatalyst, a main issue in our scaled-up reaction, it should be tried to minimize the path length of 

the light in the reaction vessel. The optimal solution to do so is certainly by running reactions in flow.5,8 

To this end a suitable homogeneous base was tested on the iridium photocatalyzed reaction. 

Tetrabutylammonium acetate proved to be a suitable base for the reaction and gave the desired 

cyclized product 3a in 48% yield and diastereomeric ratio of 4.3:1 (Scheme 6).  
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Scheme 6. Iridium catalyzed model reaction using nBu4NOAc instead of CsOAc as base. Reaction mixture fully 
homogeneous. 
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General information 

For iridium catalyzed reactions, all the glassware was oven-dried at 160 °C or flame-dried under 

vacuum, assembled hot and allowed to cool under a positive pressure of nitrogen. For quantum dot 

catalyzed reactions, the glassware was not dried. Unless otherwise stated, all reactions were 

performed under nitrogen atmosphere. Non-aqueous reagents were transferred under nitrogen via 

syringe or in the glovebox with a micropipette. Silica gel 60 Å (230–400 mesh particle size, SiliCycle) 

was used for flash column chromatography. Thin layer chromatography (TLC) was performed on 0.25 

mm silica gel 60 with fluorescent indicator UV 254; visualization under UV light (254 nm) or by staining 

with a solution of potassium permanganate [KMnO4 (3 g), K2CO3 (20 g) and NaOH 5% (3 mL) in H2O 

(300 mL)] and subsequent heating. 

Instrumentation  

1H, 13C and 11B NMR spectra were recorded on a 300 MHz spectrometer (1H: 300 MHz, 13C: 75 MHz, 

11B: 96 MHz, 19F: 282 MHz) and on a 400 MHz spectrometer (1H: 400 MHz, 13C: 101 MHz) operating at 

22 °C, unless otherwise stated. Chemical shifts (δ) were reported in parts per million with the residual 

solvent peak used as an internal standard (CHCl3: δ = 7.26 ppm and C6H6: δ = 7.16 ppm for 1H NMR 

spectra and CDCl3: δ = 77.0 ppm and C6D6: δ = 128.0 ppm for 13C NMR spectra). The following 

abbreviations were used to explain the multiplicities: s (singlet), d (doublet), t (triplet), q (quadruplet), 

p (pentuplet), hx (hexuplet), hp (heptuplet), m (multiplet), br (broad). The prefix app (apparent) was 

added when different coupling constants appeared accidentally equal. Coupling constants J are 

reported in Hz and with an accuracy of one unit of the last digit. HRMS analyses were recorded on a 

hybrid quadrupole time-of-flight mass spectrometer using positive electrospray and on a double-

focusing magnetic sector mass spectrometer using electron impact (70 eV). Mass spectra were 

measured in electron impact (EI) mode at 70 eV, with solid probe inlet, source temperature of 200 °C, 

acceleration voltage of 5 kV, and resolution of 2’500. The instrument was scanned between m/z 50 

and 1000 at scan rate of 2 s / decade in the magnetic scan mode. Perfluorokerosene served for 

calibration. Infrared spectra were recorded neat on an FT-IR spectrometer equipped with a Golden 

Gate Single Reflection Diamond ATR System and are reported in wave numbers (cm–1). Kessil lamps 

were used for photoredox reactions and were run at maximum power (100 W) 5 cm away from 

reaction vessel with a cooling fan. 

Materials  

Unless otherwise stated, all reagents were obtained from commercial sources and used without 

further purification. α,α,α-trifluorotoluene and 1,2-dichloroethane were bought dry and used without 

further purification. Acetonitrile and DCM were first distilled then filtered over two columns of dried 
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alumina under a positive pressure of argon. Acetone was HPLC grade. Solvents for extraction and flash 

column chromatography were of technical grade and were distilled prior to use, then stored in glass 

bottles. Commercial iridium photocatalysts (Strem) were used without purification. Unless otherwise 

stated, quantum dots were used as received from our collaborators. 

Description of the reaction vessels for the QD photocatalyzed reactions 

 

 

Synthesis of reference products for Grenoble 

Starting materials 1a, 1c, 1d, 6a, 6e, 6g, 6j as well as intermediate 2a have been described in Chapter 

3.  

Reactions leading to 2c, 2d, 7a, 7e, 7g and 7j are non-optimized procedures. These compounds are 

new products – their NMR spectra are in appendix. 

Methyl 4-[2-(2-ethoxycarbonylallyl)pyrrolidin-1-yl]benzoate (2c) 

In an oven-dried 10 mL-vial were successively added ethyl 2-

(benzenesulfonylmethyl)prop-2-enoate (153 mg, 0.60 mmol), methyl 4-

pyrrolidin-1-ylbenzoate 1c (41.1 mg, 0.20 mmol), Ir(dFppy)3 (3.1 mg, 0.004 mmol, 

2 mol%) and cesium acetate (76.8 mg, 0.40 mmol). The vial was closed with a 

rubber septum and evacuated/refilled with N2 (x 3). Finally, dry and degassed 1,2-

dichloroethane (2.00 mL, 0.1 M) was added. The resulting yellow mixture was 

placed in front of a 390 nm blue LED (5 cm distance) and stirred until 1c was consumed (TLC monitoring, 

16 h). The reaction mixture was diluted with sat. NaHCO3 (3 mL). The aqueous phase was extracted 
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with DCM (3 x 5 mL) and the combined organic phases were dried over Na2SO4, filtered, and 

concentrated under reduced pressure to give crude product as an orange oil. Purification by flash 

column chromatography (neutral Alox, heptanes/EtOAc 95:5 to 90:10) afforded 2c as a colorless oil 

(15.6 mg, 0.049 mmol, 25%). 

1H NMR (300 MHz, CDCl3): δ 7.91 (d, J = 9.0 Hz, 2H), 6.73 (d, J = 9.0 Hz, 2H), 6.28 (d, J = 1.5 Hz, 1H), 5.61 

(brs, 1H), 4.36–4.18 (m, 2H), 4.05 (ddd, J = 13.0, 6.0, 3.2 Hz, 1H), 3.85 (s, 3H), 3.48 (ddd, J = 10.3, 7.7, 

2.8 Hz, 1H), 3.25 (td, J = 9.4, 7.5 Hz, 1H), 2.90 (ddd, J = 13.6, 3.6, 1.3 Hz, 1H), 2.18–1.95 (m, 3H), 1.94–

1.81 (m, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 167.7 (C=O), 167.0 (C=O), 150.3 (Cq), 

138.2 (Cq), 131.6 (2x CH Ar), 128.2 (CH2), 116.7 (Cq), 111.3 (2x CH Ar), 61.2 (CH2), 57.4 (CH), 51.6 (CH3), 

48.2 (CH2), 35.2 (CH2), 28.9 (CH2), 22.9 (CH2), 14.4 (CH3). FT-IR (cm–1, neat): 2948, 1701, 1602, 1522, 

1434, 1376, 1270, 1179, 1104, 958, 768. HRMS (ESI) m/z: [M+H]+ Calcd for C18H24NO4 318.1700; Found 

318.1691. Rf = 0.61 (heptanes/EtOAc 60:40). 

Methyl 2-[[1-(4-methoxyphenyl)pyrrolidin-2-yl]methyl]prop-2-enoate (2d) 

In an oven-dried 10 mL-vial were successively added ethyl 2-

(benzenesulfonylmethyl)prop-2-enoate (76.3 mg, 0.30 mmol), 1-(4-

methoxyphenyl)pyrrolidine 1d (53.2 mg, 0.30 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 

(6.7 mg, 0.006 mmol, 2 mol%) and cesium acetate (173 mg, 0.90 mmol, 3.0 

equiv.). The vial was closed with a rubber septum and evacuated/refilled with N2 

(x 3). Finally, dry and degassed 1,2-dichloroethane (3.00 mL, 0.1 M) was added. 

The resulting yellow mixture was placed in front of a 390 nm blue LED (5 cm distance) and stirred until 

1d was consumed (TLC monitoring, 2 h). The reaction mixture was diluted with sat. NaHCO3 (3 mL). 

The aqueous phase was extracted with DCM (3 x 5 mL) and the combined organic phases were dried 

over Na2SO4, filtered, and concentrated under reduced pressure to give crude product as an orange 

oil. Purification by flash column chromatography (SiO2, heptanes/EtOAc 95:5) afforded 2d as a pale-

yellow oil (17.2 mg, 0.059 mmol, 20%). 

1H NMR (300 MHz, CDCl3): δ 6.91–6.84 (m, 2H), 6.77–6.70 (m, 2H), 6.25 (d, J = 1.6 Hz, 1H), 5.60 (brs, 

1H), 4.36–4.17 (m, 2H), 3.93–3.82 (m, 1H), 3.76 (s, 3H), 3.42 (ddd, J = 8.8, 7.6, 2.7 Hz, 1H), 3.13 (td, J = 

8.9, 7.0 Hz, 1H), 2.91 (ddd, J = 13.8, 3.3, 1.4 Hz, 1H), 2.15–1.89 (m, 3H), 1.89–1.80 (m, 2H), 1.36 (t, J = 

7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 167.3 (C=O), 150.9 (Cq), 142.3 (Cq), 138.8 (Cq), 127.6 (CH2), 

115.2 (2x CH Ar), 112.9 (2x CH Ar), 61.0 (CH2), 57.8 (CH), 56.1 (CH3), 49.1 (CH2), 35.9 (CH2), 29.2 (CH2), 

23.3 (CH2), 14.4 (CH3). FT-IR (cm–1, neat): 2949, 1708, 1511, 1238, 1039, 810. HRMS (ESI) m/z: [M+Na]+ 

Calcd for C17H23NO3Na 312.1570; Found 312.1563. Rf = 0.39 (heptanes/EtOAc 90:10). 
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Ethyl 2-[(1-phenyl-2-piperidyl)methyl]prop-2-enoate (7a) 

In an oven-dried 10 mL-vial were successively added ethyl 2-

(benzenesulfonylmethyl)prop-2-enoate (153 mg, 0.60 mmol), 1-

phenylpiperidine 6a (32.2 mg, 0.20 mmol), Ir(dFppy)3 (3.1 mg, 0.004 mmol, 2 

mol%) and cesium acetate (76.8 mg, 0.40 mmol). The vial was closed with a 

rubber septum and evacuated/refilled with N2 (x 3). Finally, dry and degassed 

1,2-dichloroethane (2.00 mL, 0.1 M) was added. The resulting yellow mixture was placed in front of a 

390 nm blue LED (5 cm distance) and stirred until 1c was consumed (TLC monitoring, 16 h). The reaction 

mixture was diluted with sat. NaHCO3 (3 mL). The aqueous phase was extracted with DCM (3 x 5 mL) 

and the combined organic phases were dried over Na2SO4, filtered, and concentrated under reduced 

pressure to give crude product as an orange oil. Purification by flash column chromatography (neutral 

Alox, heptanes/EtOAc 99:1 to 98:2) afforded 7a as a colorless oil (5.4 mg, 0.02 mmol, 10%). 

1H NMR (300 MHz, CDCl3): δ 7.28–7.18 (m, 2H), 7.00–6.91 (m, 2H), 6.77 (tt, J = 7.2, 1.1 Hz, 1H), 6.17 (d, 

J = 1.6 Hz, 1H), 5.54–5.50 (brm, 1H), 4.19 (q, J = 7.1 Hz, 2H), 4.17–4.06 (m, 1H), 3.44–3.33 (m, 1H), 3.08–

2.95 (m, 1H), 2.61–2.46 (m, 2H), 1.82–1.51 (m, 6H), 1.30 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 

167.3 (C=O), 150.9 (Cq), 139.0 (Cq), 129.2 (2x CH Ar), 127.0 (CH2), 118.6 (CH Ar), 116.5 (2x CH Ar), 60.9 

(CH2), 54.8 (CH), 43.6 (CH2), 30.0 (CH2), 27.3 (CH2), 25.7 (CH2), 19.2 (CH2), 14.3 (CH3). FT-IR (cm–1, neat): 

2933, 2854, 1713, 1597, 1501, 1250, 1174, 1145, 1027, 752, 691. HRMS (ESI) m/z: [M+H]+ Calcd for 

C17H24NO2 274.1802; Found 274.1789. Rf = 0.41 (heptanes/EtOAc 90:10). 

Ethyl 2-[[1-(4-methoxyphenyl)-2-piperidyl]methyl]prop-2-enoate (7e) 

In an oven-dried 10 mL-vial were successively added ethyl 2-

(acetoxymethyl)prop-2-enoate (48.3 mg, 0.28 mmol), 1-(4-

methoxyphenyl)piperidine 6e (38.3 mg, 0.20 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 

(4.5 mg, 0.004 mmol, 2 mol%) and cesium acetate (46.1 mg, 0.24 mmol). The vial 

was closed with a rubber septum and evacuated/refilled with N2 (x 3). Finally, dry 

and degassed 1,2-dichloroethane (2.00 mL, 0.1 M) was added. The resulting 

yellow mixture was placed in front of a 390 nm blue LED (5 cm distance) and stirred until 6e was 

consumed (TLC monitoring, 3 h). The reaction mixture was diluted with sat. NaHCO3 (3 mL). The 

aqueous phase was extracted with DCM (3 x 5 mL) and the combined organic phases were dried over 

Na2SO4, filtered, and concentrated under reduced pressure to give crude product as an orange oil. 

Purification by flash column chromatography (SiO2, pentane/Et2O 90:10) afforded 7e as a colorless oil 

(10.1 mg, 0.033 mmol, 17%). 
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1H NMR (300 MHz, CDCl3): δ 7.05–6.89 (m, 2H), 6.88–6.78 (m, 2H), 6.15 (d, J = 1.6 Hz, 1H), 5.47 (brs, 

1H), 4.17 (q, J = 7.1 Hz, 2H), 3.77 (s, 3H), 3.77–3.69 (m, 1H), 3.14–2.92 (m, 2H), 2.55–2.30 (m, 2H), 1.85–

1.44 (m, 6H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ 167.3 (C=O), 153.9 (Cq), 145.4 (Cq), 

139.0 (Cq), 127.0 (CH2), 120.4 (2x CH Ar), 114.5 (2x CH Ar), 60.8 (CH2), 56.8 (CH), 55.7 (CH3), 47.6 (CH2), 

31.1 (CH2), 28.3 (CH2), 26.0 (CH2), 20.3 (CH2), 14.3 (CH3). FT-IR (cm–1, neat): 2931, 1713, 1508, 1241, 

1039. HRMS (ESI) m/z: [M+H]+ Calcd for C18H25NO3 304.1907; Found 304.1894. Rf = 0.38 (pentane/Et2O 

80:20). 

Methyl 4-[2-(2-ethoxycarbonylallyl)-1-piperidyl]benzoate (7g) 

In an oven-dried 10 mL-vial were successively added ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol), methyl 4-(1-

piperidyl)benzoate 6g (43.9 mg, 0.20 mmol), [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.2 mg, 

0.004 mmol, 2 mol%) and cesium acetate (46.1 mg, 0.24 mmol). The vial was 

closed with a rubber septum and evacuated/refilled with N2 (x 3). Finally, dry and 

degassed 1,2-dichloroethane (4.00 mL, 0.05 M) was added. The resulting yellow 

mixture was placed in front of a 390 nm blue LED (5 cm distance) and stirred until 6g was consumed 

(TLC monitoring, 5 min). The reaction mixture was diluted with sat. NaHCO3 (3 mL). The aqueous phase 

was extracted with DCM (3 x 5 mL) and the combined organic phases were dried over Na2SO4, filtered, 

and concentrated under reduced pressure to give crude product as an orange oil. Purification by flash 

column chromatography (SiO2, pentane/Et2O 95:5 to 90:10) afforded 7g as a colorless oil (6.5 mg, 0.020 

mmol, 10%) along with 8g (22.4 mg, 0.068 mmol, 34%). 

1H NMR (400 MHz, CDCl3): δ 7.93–7.82 (m, 2H), 6.91–6.82 (m, 2H), 6.18 (d, J = 1.5 Hz, 1H), 5.56 (q, J = 

1.1 Hz, 1H), 4.40–4.31 (m, 1H), 4.20 (q, J = 7.1 Hz, 2H), 3.85 (s, 3H), 3.69–3.59 (m, 1H), 3.06 (td, J = 12.7, 

3.2 Hz, 1H), 2.67–2.54 (m, 2H), 1.81–1.52 (m, 6H), 1.30 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ 

167.4 (C=O), 167.1 (C=O), 153.8 (Cq), 138.3 (Cq), 131.4 (2x CH Ar), 127.6 (CH2), 118.1 (Cq), 113.2 (2x 

CH Ar), 61.0 (CH2), 53.2 (CH), 51.6 (CH3), 41.8 (CH2), 30.9 (CH2), 27.1 (CH2), 25.4 (CH2), 18.6 (CH2), 14.4 

(CH3). FT-IR (cm–1, neat): 2933, 1704, 1600, 1517, 1434, 1285, 1249, 1185, 1175, 1104, 1024, 918, 769. 

HRMS (ESI) m/z: [M+H]+ Calcd for C19H26NO4 332.1856; Found 332.1866. Rf = 0.35 (pentane/Et2O 80:20). 
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Ethyl 2-[[1-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]-2-

piperidyl]methyl]prop-2-enoate (7j) 

In an oven-dried 10 mL-vial were successively added ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol), 1-[4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)phenyl]piperidine 6j (57.4 mg, 0.20 mmol), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.2 mg, 0.004 mmol, 2 mol%) and cesium acetate 

(46.1 mg, 0.24 mmol). The vial was closed with a rubber septum and 

evacuated/refilled with N2 (x 3). Finally, dry and degassed 1,2-dichloroethane 

(4.00 mL, 0.05 M) was added. The resulting yellow mixture was placed in front 

of a 390 nm blue LED (5 cm distance) and stirred until 8j started to be formed (TLC monitoring, 5 min, 

interruption before complete consumption of 6j). The reaction mixture was diluted with sat. NaHCO3 

(3 mL). The aqueous phase was extracted with DCM (3 x 5 mL) and the combined organic phases were 

dried over Na2SO4, filtered, and concentrated under reduced pressure to give crude product as an 

orange oil. Purification by flash column chromatography (SiO2, pentane/Et2O 93:7) afforded 7j in a mix 

with 8j. After a second purification, partial separation afforded 4.8 mg of 7j for characterization. Yield 

was not determined.  

1H NMR (400 MHz, CDCl3): δ 7.71–7.62 (m, 2H), 6.93–6.84 (m, 2H), 6.17 (d, J = 1.5 Hz, 1H), 5.53 (d, J = 

1.5 Hz, 1H), 4.33–4.24 (m, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.55 (dt, J = 13.1, 3.8, 3.1 Hz, 1H), 3.09–2.94 (m, 

1H), 2.64–2.49 (m, 2H), 1.81–1.44 (m, 6H), 1.32 (s, 12H), 1.30 (t, J = 7.4 Hz, 3H). 11B NMR (96 MHz, 

CDCl3): δ + 30. 13C NMR (101 MHz, CDCl3): δ 167.2 (C=O), 152.9 (Cq), 138.7 (Cq), 136.3 (2x CH Ar), 127.2 

(CH2), 114.1 (2x CH Ar), 83.3 (2x Cq), 60.9 (CH2), 53.7 (CH), 42.2 (CH2), 30.2 (CH2), 27.1 (CH2), 25.5 (CH2), 

25.01 (2x CH3), 24.98 (2x CH3), 18.9 (CH2), 14.4 (CH3). Due to coupling to the quadrupolar 11B and 10B 

nuclei, the aromatic carbon atom bearing the BPin was not detected. FT-IR (cm–1, neat): 2977, 2930, 

1712, 1602, 1398, 1358, 1249, 1141, 1092, 860, 816, 655. HRMS (ESI) m/z: [M+H]+ Calcd for C23H35NO4B 

400.2654; Found 400.2667. Rf = 0.30 (pentane/Et2O 90:10). 

CdSe quantum dots in MeCN 

General Procedure F – Experiments run in Grenoble on 0.04-0.05 mmol scale 

In a GC vial equipped with a stirring bar were successively added phenylpyrrolidine (7.1 µL, 1.0 equiv., 

0.05 mmol), ethyl 2-(benzenesulfonylmethyl)prop-2-enoate (14.0 mg, 0.055 mmol), CsOAc (12 mg, 

0.06 mmol) and the CdSe QDs (50 µM in MeCN, 2.00 mL, 0.02 mol%). If the reaction was set up outside 

the glovebox, the reaction mixture was degassed by bubbling argon for 30 minutes. The reaction vial 

was irradiated in the LED set-up (528 nm) for 24 hours. The light pink solution containing precipitated 

quantum dots was quantitatively transferred with MeCN to an Eppendorf tube for centrifugation (4000 
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rpm, 7 minutes). The supernatant was transferred into a round-bottom flask. To the remaining 

precipitate was added additional MeCN and centrifugation was performed (4000 rpm, 7 minutes). The 

supernatant was transferred to the round-bottom flask, evaporated under reduced pressure, and dried 

under high vacuum to give the crude product as a crystalline solid. Ethylene carbonate (0.5 equiv., 

0.025 mmol) was added to the crude residue, and the whole mixture was dissolved in CDCl3 (Eurisotop 

99.8%) for 1H-NMR determination of the NMR yield. Flash column chromatography (SiO2, 

heptanes/EtOAc = 98:2 to 95:5) afforded the desired product. 

Note: it was noticed during the work-up and subsequent crude NMR analysis that the quantum dot 

solution was contaminated by DMF, a solvent used during the QD’s synthesis. The amount of DMF 

compared to acetonitrile was not determined. 

Main text Table 3, entry 1: Following general procedure F (0.05 mmol) in a nitrogen-filled glovebox at 

all times. The reaction vial was only taken out of the glovebox at the end of the reaction for work-up 

and column. 

1H-NMR yield (2.56 mg (0.029 mmol) of standard): 77%, α/β 5.7:1 (3a) 

Isolated yield: 10.6 mg, 0.041 mmol (82%, α/β 5.3:1, 3a) 

 

Image 1. 1H-NMR spectrum of isolated product 3a using CdSe QDs in MeCN, both diastereomers recovered together. 
Spectral data are in accordance with previously described product. 
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Main text Table 3, entry 2: Following general procedure F (0.05 mmol), setting up the reaction inside 

the nitrogen-filled glovebox. The reaction vial was taken out of the glovebox to be irradiated on the 

bench. 

1H-NMR yield (2.19 mg (0.025 mmol) of standard): 36%, α/β n.d. (3a); 25% (2a).  

Isolated yield: 4.90 mg, 0.019 mmol (38%, 3aα); 2.80 mg, 0.011 mmol (22%, 2a). 

Main text Table 3, entry 3: Following general procedure F (0.037 mmol), setting-up and irradiating the 

reaction outside the glovebox. Deaeration by bubbling argon for 30 minutes prior to irradiation. 

Messy reaction crude. 1a and 2a are visible in the spectrum. 1H-NMR yields could not be determined. 

No purification was carried out. 

UV-Vis analysis of the CdSe solution in MeCN used in Bern 

The CdSe stock solution (50 μM in MeCN) was diluted by 20. To do so, 0.1 mL of the stock solution was 

taken with a graduated pipette and added to a 2-mL graduated flask. The flask was filled up to 2 mL by 

addition of dry MeCN so as to obtain a solution where [𝐶𝑑𝑆𝑒] = 2.5 µ𝑀. A blank was measured, and 

the absorbance of the solution was measured from 200 to 800 nm.1  

Since by the Beer-Lambert law 𝐴 =  𝜀𝑙[𝑄𝐷] and 𝜀𝐶𝑑𝑆𝑒 = 1.78 × 105 𝑀−1𝑐𝑚−1 at 540 nm, the 

expected value for the absorbance measured at 540 should be 0.44. The actual measured value gave 

and absorbance of 0.11 at 540 nm and the exciton was broad. 

 
1 At the DCBP, this is done on the apparatus belonging to the Häner group. 
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Image 2. UV-Vis absorbance spectrum of the CdSe QDs in MeCN. 

Quantum dots in α,α,α-trifluorotoluene 

General Procedure G – Reactions in TFT with OPAc ligands 

Solutions of the appropriate starting material, trap, and OPAc ligands were prepared in dry α,α,α-

trifluorotoluene outside the glovebox. The vials containing the solutions were closed with a septum. 

Teflon tape and parafilm were applied around the septa, and the solutions were thoroughly degassed 

by gently bubbling N2 for 30 minutes. Then, the needles were removed and an additional layer of teflon 

tape and parafilm was applied around and on the septa. These "sealed" vials were introduced in the 

antechamber of an argon-filled glovebox. Vacuum was slowly applied and kept at minimal pressure for 

2-3 minutes. Then the antechamber was slowly refilled with argon, and the same cycled was repeated 

at least three times. Finally, the vials were introduced in the glovebox and the septa were replaced by 

screw caps. A stock of dry α,α,α-trifluorotoluene should be introduced in the glovebox as well, after 

degassing by gently bubbling N2 for 60 minutes. While the solvent can be stored in the glovebox for 

indefinite time, the reagent solutions shouldn’t be stored for more than a week, especially the radical 

trap solutions which should be freshly prepared. 

The reactions were entirely set up in the glovebox in the appropriate reaction vessels (see optimization 

tables). 

At the end of the reaction, the solution was quantitatively transferred and distributed into two 15-mL 

Falcon tubes for 0.05 mmol scale reactions, or four 15-mL Falcon tubes for 0.20 mmol scale reactions, 

using acetone as a solvent. Acetone induces the precipitation of the quantum dots and after 
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centrifugation (4000 rpm, 7 minutes) the supernatant can be collected, rinsing with acetone. The 

gathered supernatants were evaporated under reduced pressure and the residue was dried under high 

vacuum. Flash column chromatography (SiO2, pentane:Et2O) afforded the pure products. 

CdS – Representative protocol for a 0.05 mmol scale reaction (Table 5, entry 8 and Table 6) 

 

In the reaction vessel equipped with a stirring bar were added the CdSe QDs (20 µM in TFT, 1.250 mL, 

0.05 mol%) and the OPAc ligands (50 mM in TFT, 0.190 mL, 19 mol%). Additional α,α,α-trifluorotoluene 

was added so that the total end volume of the reaction mixture reached 4 mL (12.5 mM, 2.250 mL). 

The solution was stirred in the dark in the glovebox for 1 h 30. Then, the starting material (1 M in TFT, 

50 µL, 0.05 mmol), the radical trap ethyl 2-(acetoxymethyl)prop-2-enoate (0.250 M in TFT, 0.260 mL, 

1.3 equiv.) and CsOAc (12 mg, 1.2 equiv.) were added. The vial was tightly closed. A layer of Teflon 

tape and parafilm was added around the cap. The vial was taken out of the glovebox for irradiation 

under a 456 nm Kessil lamp for 24 hours. A ventilator was used. When a Schlenk tube was used, no 

Teflon tape and/or parafilm was used. The protocol was unchanged when scaling up the reaction to 

0.20 mmol, except that two Kessil lamps were used opposite to each other, and the reaction time was 

doubled. Work-up and purification as previously described. 

 

 

CdSe – Representative protocol for a 0.05 mmol scale reaction (Scheme 5) 

 

In the reaction vessel equipped with a stirring bar were added the CdSe QDs (50 µM in TFT, 1.600 mL, 

0.16 mol%) and the OPAc ligands (50 mM in TFT, 0.480 mL, 48 mol%). Additional α,α,α-trifluorotoluene 

was added so that the total end volume of the reaction mixture reached 4 mL (12.5 mM, 1.764 mL). 

The solution was stirred in the dark in the glovebox for 1 h 30. Then, the starting material (1 M in TFT, 

50 µL, 0.05 mmol), the radical trap ethyl 2-(benzenesulfonylmethyl)prop-2-enoate (0.520 M in TFT, 



Chapter 4 – Supporting information 

298 
 

0.106 mL, 1.1 equiv.) and CsOAc (12 mg, 1.2 equiv.) were added. The vial was tightly closed. A layer of 

Teflon tape and parafilm was added around the cap. The vial was taken out of the glovebox for 

irradiation under a 525 nm Kessil lamp for 24 hours. A ventilator was used. Work-up and purification 

as previously described. 

Three rounds of CdS photocatalysis 

For the first round of the CdS QDs, general procedure G was followed on 0.20 mmol scale. Work-up 

and purification were carried out as described to afford the desired product as a white crystalline solid 

(23.7 mg, 0.091 mmol, 46%, α/β 6:1). The four Falcon tubes containing the recovered quantum dots 

as a yellow powder were loosely closed and introduced in the glovebox via at least three evacuation 

cycles in the antechamber. They were used within 24 hours for the next round. 

 

Image 3. 1H-NMR spectrum of the isolated product after the first round of the CdS QDs on 0.20 mmol scale. 

In the second round of the CdS QDs, the powder was solubilized in α,α,α-trifluorotoluene and 

transferred to the reaction vial. The quantity of TFT used for this step should be known so as to comply 

with the necessary volume to be achieved for the reaction (16 mL in total). The solubilization of the 

powder QDs can be difficult at this point, so not 100% of the QDs were transferred for the 2nd run. 

Because the OPAc are already grafted on the quantum dots, no additional ligands were added. No 

changes in the procedure otherwise. Work-up and purification were carried out as described to afford 

the desired product as a white crystalline solid (21.5 mg, 0.083 mmol, 42%, α/β 4:1). The four Falcon 
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tubes containing the recovered quantum dots as a yellow powder were loosely closed and introduced 

in the glovebox via at least three evacuation cycles in the antechamber. They were used within 24 

hours for the next round. 

 

Image 4. 1H-NMR spectrum of the isolated product after the second round of the CdS QDs on 0.20 mmol scale 

Third round of the QDs performed exactly as the second round. Work-up and purification were carried 

out as described to afford the desired product as a white crystalline solid (18.3 mg, 0.071 mmol, 35%, 

α/β 4:1). Not only the yield started to drop significantly, but also the purity of the product started to 

be compromised. 
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Image 5. 1H-NMR spectrum of the isolated product after the third round of the CdS QDs on 0.20 mmol scale 

 

Preliminary substrate scope using the CdS QDs 

Ethyl 9-phenyl-9-azabicyclo[3.3.1]nonane-3-carboxylate (8a) 

Following General Procedure G with 1-phenylpiperidine 6a (0.20 mmol) and CdS 

QDs. Purification by flash column chromatography (SiO2, heptanes/EtOAc 90:10) 

afforded the products 7a and 8a as an inseparable mix (18.5 mg, 34%, 7a:8a ~ 5:1). 

 

Ethyl 9-(4-methoxyphenyl)-9-azabicyclo[3.3.1]nonane-3-carboxylate (8e) 

Following General Procedure G with 1-(4-methoxyphenyl)piperidine 6e (0.20 

mmol) and CdS QDs. Purification by flash column chromatography (SiO2, 

pentane/Et2O 96:4) afforded 8eα as a colorless oil (4.4 mg, 0.014 mmol, 7%, 

α/β >20:1). The reaction also afforded compound 7e in low yield (5.4 mg, 

0.018 mmol, 9%). 

1H NMR (300 MHz, CDCl3): δ 6.80 (s, 4H), 4.17–4.10 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 3.75 (s, 3H), 2.47 

(tt, J = 12.4, 5.9 Hz, 1H), 2.42–2.26 (m, 2H), 2.00 (qt, J = 13.3, 4.4 Hz, 1H), 1.79 (tt, J = 13.2, 4.3 Hz, 2H), 
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1.65 (ddd, J = 14.0, 12.3, 3.5 Hz, 2H), 1.58–1.49 (m, 1H), 1.49–1.39 (m, 2H), 1.23 (t, J = 7.1 Hz, 3H). 

Spectral data in accordance with previously described product. 

 

Image 6. 1H-NMR spectrum of 8e obtained from the CdS catalyzed reaction on 0.2 mmol scale 

 

Ethyl 8-(4-methoxyphenyl)-8-azabicyclo[3.2.1]octane-3-carboxylate (3d) 

Following General Procedure G with 1-(4-methoxyphenyl)pyrrolidine 1d 

(0.05 mmol) and CdS QDs. Purification by flash column chromatography 

(SiO2, heptanes/EtOAc 92:8) afforded the product as a white solid (3.4 mg, 

0.012 mmol, 24%, only the α diastereomer was recovered). 

1H NMR (300 MHz, CDCl3): δ 6.87–6.80 (m, 2H), 6.76–6.69 (m, 2H), 4.20 (q, J = 7.1 Hz, 2H), 4.11–4.04 

(m, 2H), 3.76 (s, 3H), 2.48 (tt, J = 7.8, 1.6 Hz, 1H), 2.21 (ddd, J = 14.4, 7.8, 3.2 Hz, 2H), 2.21 (ddd, J = 

14.5, 3.2, 1.5 Hz, 2H), 2.00–1.95 (m, 2H), 1.85–1.75 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H). Spectral data in 

accordance with previously described product. 
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Image 7. 1H-NMR spectrum of 3d obtained from the CdS catalyzed reaction on 0.05 mmol scale 

CdSe quantum dots 

Additional results  

 

Entry 
Scale 

(mmol) 

CdSe 

(mol%) 

[1a] 

(mM) 
Abs Y 

Yield 

(isolated) 

Batch A 

1 0.05 0.16 12.5 3.7 SO2Ph 56%, dr 6 :1 

2 0.16a 0.16 12.5 3.7 SO2Ph 28%, α only 

Batch B 

3 0.05 0.16 12.5 3.7 SO2Ph no reaction 

4 0.05 0.16 12.5 3.7 OAc no reaction 
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5 
0.05 (no 

OPAc) 
0.16 12.5 3.7 SO2Ph no reaction 

6 0.05 0.08 12.5 1.85 SO2Ph no reaction 

Table 1. Investigation of the CdSe photocatalytic activity - Batch B. a72 h irradiation time. 

Under exact same conditions, Batch B and Batch A gave a very different result (Table 1, entries 1 and 

3). Switching the sulfone trap to the acetate trap did not promote the reaction (Table 1, entry 4). To 

rule out a potentially deleterious influence of the OPAc ligands, a reaction was run without adding the 

ligands to the reaction mixture (Table 1, entry 5). No reaction was observed. Finally, a reaction with an 

absorbance close to 1 was carried out by reducing the catalyst loading. This was done to favor light 

penetration in the reaction mixture and to avoid QD aggregation upon reaction. Unfortunately, no 

starting material conversion was observed either. 

Reactivity with 1d 

Ethyl 8-(4-methoxyphenyl)-8-azabicyclo[3.2.1]octane-3-carboxylate (3d) 

Following General Procedure G with 1-(4-methoxyphenyl)pyrrolidine 1d 

(0.05 mmol), ethyl 2-(benzenesulfonylmethyl)prop-2-enoate (1.1 equiv.) and 

CdSe QDs (Batch A, B or C), reacting for 14 hours. Purification by flash column 

chromatography (SiO2, heptanes/EtOAc 92:8) afforded the product as a 

white solid (5.5 mg, 0.019 mmol, 38%, only the α diastereomer was recovered). 

1H NMR (300 MHz, CDCl3): δ 6.87–6.80 (m, 2H), 6.76–6.69 (m, 2H), 4.20 (q, J = 7.1 Hz, 2H), 4.11–4.04 

(m, 2H), 3.76 (s, 3H), 2.48 (tt, J = 7.8, 1.6 Hz, 1H), 2.21 (ddd, J = 14.4, 7.8, 3.2 Hz, 2H), 2.21 (ddd, J = 

14.5, 3.2, 1.5 Hz, 2H), 2.00–1.95 (m, 2H), 1.85–1.75 (m, 2H), 1.30 (t, J = 7.1 Hz, 3H). Spectral data in 

accordance with previously described product. 
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Image 8. 1H-NMR spectrum of 3d obtained from the CdSe catalyzed reaction on 0.05 mmol scale with the sulfone trap. 

In table 5, optimization with the CdS QDs showed that the acetate trap was best used in 1.3 equivalent 

excess. These conditions were used with the CdSe quantum dots in the reaction of 1d, in an attempt 

to increase to yield of 3d (Scheme 1). With the sulfone trap, 35 to 38% yield had be obtained, 

depending on the batch of CdSe. With Batch B of the CdSe quantum dots, the acetate trap was not 

beneficial for the reaction of 1d toward 3d. The reaction appeared to be slowlier than with the sulfone 

trap and after 24 hours, 32% NMR yield of 3d was obtained. In contrary to the reaction with the sulfone 

trap, 20% NMR yield of 2d was obtained as well, which brings the total productive yield to 52%. 

Unfortunately, the conversion of 2a to 3d could not be pushed further. 
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Scheme 1. Use of the acetate trap with 1d and CdSe QDs (Batch B). Reaction as in General Procedure G with ethyl 2-
(acetoxymethyl)prop-2-enoate (1.3 equiv.) instead of the sulfone trap. 1H-NMR yields determined using ethylene carbonate 

as a standard. 

Iridium catalyzed reaction with nBu4OAc 

Ethyl 8-phenyl-8-azabicyclo[3.2.1]octane-3-carboxylate (3a) 

In an oven-dried 10 mL-vial were successively added ethyl 2-

(acetoxymethyl)prop-2-enoate (37.9 mg, 0.22 mmol), 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.2 mg, 0.02 mmol, 1 mol%) and nBu4NOAc (72.4 

mg, 0.24 mmol). The vial was closed with a rubber septum and 

evacuated/refilled with N2 (x 3). 1-phenylpyrrolidine (29 µL, 0.20 mmol) was added via a Hamilton 

syringe. Finally, dry and degassed 1,2-dichloroethane (4.00 mL, 0.05 M) was added. The resulting 

yellow mixture was placed in front of a 390 nm blue LED (5 cm distance) and stirred until completion 

of the reaction (TLC monitoring, 20 minutes). The reaction mixture was diluted with sat. NaHCO3 (3 

mL). The aqueous phase was extracted with DCM (3 x 5 mL) and the combined organic phases were 

dried over Na2SO4, filtered, and concentrated under reduced pressure to give crude product as an 

orange oil. Purification by flash column chromatography (SiO2, pentane/Et2O 90:10) afforded the 

bicyclic product 3a as a crystalline white solid (24.7 mg, 0.095 mmol, 48%, α/β 4.3:1). 

1H NMR (300 MHz, CDCl3): δ 7.29–7.20 (m, 2H), 6.78 (d, J = 8.1 Hz, 2H), 6.71 (t, J = 7.2 Hz, 1H), 4.21 (q, 

J = 7.2 Hz, 2H), 4.17–4.15 (m, 2H), 2.48 (tt, J = 7.7, 1.8 Hz, 1H, -CH-CO2Et), 2.28–2.17 (m, 2H), 2.17–

2.09 (m, 2H), 2.04–1.96 (m, 2H), 1.88–1.78 (m, 2H), 1.31 (t, J = 7.1 Hz, 3H). Spectra data in accordance 

with previously described product. 
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Image 9. 1H-NMR spectrum of product 1a obtained from the iridium photocatalyzed reaction with nBu4Ac as the base. 
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