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1. Introduction

Photo-induced transformations have been at the forefront of 
chemical research for many years, yet lately they have received 
enormous interest.1 The basis for modern photocatalytic 
methodologies is set on the transmission of photons to a specific 
molecule - a photosensitizer, which can be parlayed into the 
population of the molecule’s excited state. This energy can then 
be transferred to other substrates via energy or electron transfer, 
wherein the pairing of excited-state energies and of redox 
potentials, respectively, of the sensitizer and the reactive 
substrate is crucial for a successful outcome in photochemical 
reactions. 

Light absorption strategies are frequently employed across 
organic chemistry to construct bonds that are somewhat difficult 
to build through traditional two-electron pathways. Conventional 
formation of carbon-carbon bonds is fundamentally based on 
reagents that require a preactivation step. However, many 
photochemical procedures allow the researcher to work with 
substrates that are simple, diverse, and commercially available. 
The straightforwardness of these reactions is also latent in the 
mild conditions under which they usually take place, leading to 
immense potential in functional group tolerance. Furthermore, 
the photogeneration of open-shell intermediates is an exciting 
aspect as well, as they are ideal species to interact with highly-
congested carbons in unusually complex molecules. Therefore, 
direct synthetic routes, which yield novel bond constructions in 
intricate environments, are discovered. 

Photocatalytic approaches repeatedly depend on either an 
external photosensitizer or a photoactive species generated in situ 
by means of substrate-catalyst interactions. As shown in the 
increasing body of published work in photochemistry, new 
synthetic pathways can be opened through visible light 
irradiation, a benign energy source under which organic 
molecules tend to be inert. Consequently, the more powerful UV 
irradiation can be avoided. 

Asymmetric induction in photochemical reactions is a 
formidable challenge that has recently been rediscovered by the 
scientific community.2 The involvement of high-energy 
intermediates is translated into short lifetimes for these species 
and quick follow-up reactions featuring low energetic barriers. 
For this reason, the implementation of an asymmetric catalyst 
capable of controlling the sterics of the reaction while also 
suppressing the background racemic process is the quintessential 
issue. If the structural variety of these reaction intermediates is 
considered as well, the development of optimal chiral catalysts 
that should fit the geometrical prerequisite for each species can 
be labeled as arduous. 

Nevertheless, organic chemists have recognized this challenge 
by developing a wide array of truly remarkable strategies based 
on different concepts and applied to several kinds of reactions 
and substrates. Herein, the most noteworthy contributions to the 
field of asymmetric photocatalysis are presented. 

 Abs t rac t
The state of asymmetric photocatalysis is exceptionally promising, as chemists from different fields and backgrounds have converged to 
solve a longstanding issue: stereocontrol in photochemistry. As a strategy that relies heavily on the elevated reactivity of radical 
intermediates, managing to suppress the background racemic reactions in favor of the stereoselective processes is a challenging 
endeavor many researchers have embarked on. In order to tackle this matter, conceptually diverse activation modes have been developed, 
obtaining valuable results across mechanistically-distinct types of reactions, all while setting the stage for future breakthroughs in the field. 
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2. The advent of energy transfer processes.
Photocycloadditions and other reactions 

An initial report on enantioselective photocatalysis surfaced in 
2005, wherein Bach’s group displays initial studies on a photo-
induced electron transfer (PET), employing a chiral 
organocatalyst equipped to fulfil two roles.3 Firstly, it presents 
two hydrogen bonding sites to establish a chiral environment 
around the substrate. Secondly, a benzophenone-type unit can act 
as a photosensitizer under UV irradiation. This approach was 
further investigated, yielding excellent results for intramolecular 
[2+2] photocycloadditions (PCAs) completed with quinolones 1, 
presumably catalyzed through an energy transfer process.4 The 
substrate-catalyst complex shown in Scheme 1 enables the 
energy transfer from the light-harvesting xanthone sensitizer 2 to 
the substrate, which then undergoes the ensuing PCA in 
enantioselective fashion because of the control element inherent 
of the rigid oxazole structure. An interesting variant was 
introduced when the xanthone moiety was replaced by a 
thioxanthone group, allowing the reaction to proceed under 
visible light irradiation.5 
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Scheme 1. Bach’s PCA strategy employing chiral photo-
organocatalysts 2. Z = O (366 nm), Z = S (400-700 nm). 

Additionally, Sibi and Sivaguru introduced a different form of 
H-bond organocatalysis in this field by developing
atropoisomeric binaphthyl-derived thioureas to catalyze the
intramolecular [2+2] PCA of 4-alkenyl-substituted coumarins.6

The interaction between the organocatalyst and the substrate
leads to a bathochromic shift of the mixture when compared to
each component on its own. Irradiation at the appropriate
wavelength delivers an enantioselective energy-transfer-driven
transformation, while stifling the background racemic reaction.

Bach and co-workers had already disclosed an 
enantioselective intramolecular PCA of coumarins 4, featuring in 
this case the unexplored use of chiral Lewis acids in 
photochemical reactions (equation a, Scheme 2).7 
Oxazaborolidines activated by AlBr3 (5) display exceptional 
behavior, inducing a bathochromic shift upon coordination to the 
substrates. Application of these highly-stereoinducing Lewis 
acids to the intramolecular [2+2] PCA of synthetically useful 
enones, such as 5,6-dihydro-4-pyridones 6, was later reported by 
Bach (equation b, Scheme 2).8 The strong absorption of the 
enone-Lewis acid complex prevents any background reaction of 
uncomplexed enones 4 or 6. 

Scheme 2. Lewis acid-enabled PCAs reported by Bach’s group. 

A broader synthetic approach towards cyclobutanes 10 was 
described in 2014 by Yoon’s group (Scheme 3).9 Lanthanide-
based Lewis acids 9 proved to be effective cocatalysts for the 
promotion of intermolecular [2+2] PCAs, involving ,-
unsaturated ketones 8a and 8b. The independent photocatalyst 
[Ru(bpy)3]2+ used in this transformation gives way to a wider 
substrate scope since the reaction is no longer dependent on the 
spectral properties of the starting material. 

Scheme 3. Yoon’s [2+2] PCA featuring [Ru(bpy)3]2+. CFL: compact 
fluorescent lightbulb. 

Lewis acid-coordination to the substrate to induce a 
bathochromic shift in the energy of its singlet excited state 
represented an alternative to stereoselective energy transfer PCAs 
(Bach’s strategy).7,8 Yoon expanded this concept, triggering a 
similar effect on the energy of the triplet excited state of the 
Lewis acid-substrate complex (Scheme 4).10 Studies effected on 
2’-hydroxychalcones 11 showed a major decrease in the energy 
of the triplet excited state upon coordination to an oxophilic 
Lewis acid 13. Therefore, a suitable photocatalyst had to be 
selected to ensure the triplet energy transfer takes place solely 
between the Lewis acid-coordinated substrate and the excited 
photocatalyst. Once again, excellent scope to obtain cyclobutanes 
14 can be achieved following this methodology, which provides a 
general strategy concerning excited-state photoreactions. 
Additionally, in a very recent work developed by Meggers, a 
similar strategy using a chiral rhodium complex enabled the 
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photocatalytic [2+2] cycloaddition with ,-unsaturated 2-acyl 
imidazoles.11 

Scheme 4. Yoon’s energy transfer-driven intermolecular PCA. 

Photo-induced energy transfer reactions are mainly linked to 
[2+2] PCAs. However, other transformations such as aerobic 
oxygenations have emerged. Xiao and co-workers have 
developed a photocatalyst 16 containing a thioxanthone 
component, acting as the energy transfer sensitizer attached to a 
chiral bisoxazoline-BOX-ligand, which establishes a complex 
with a suitable Lewis acid and the substrate, thus inducing the 
enantioselective process on -keto esters 15 (Scheme 5).12a In 
addition, the ring-opening expansion of cyclopropanes by means 
of an energy transfer process has been reported with excellent 
degrees of enantioselectivity.12c  
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3. Transition metal asymmetric photoredox transformatios

A unique approach tackling enantioselective electron transfer 
reactions was introduced in 2014 by Meggers: chiral-at-metal 
photocatalysts (18-19, Figure 1). These asymmetric species 
feature a metal center with the ability to act as a photoredox-, a 
catalytically active Lewis acid-, and a stereoinducing-center. 

Figure 1. Chiral-at-metal complexes developed by Meggers. 

The versatility and generality of the family of catalysts, shown 
in Figure 1, has been established in diverse reactions. They have 
proven to be effective following clearly distinct photoredox 
pathways, while achieving a very generous scope regarding 
reactivity under their activation. 

For instance, chiral iridium complex 18b (-IrS) 
successfully photocatalyzes the -alkylation, -
trichloromethylation and -perfluoroalkylation of acyl 
imidazoles 20.13 Meggers and co-workers suggest that an 
iridium-enolate complex intermediate I assembled in situ acts as 
the photosensitizer, reaching its excited state upon visible light 
irradiation and reducing the corresponding radical precursor 
(Scheme 6). The subsequent carbon-centered radical II reacts 
with enolate I to yield the desired -alkylated product, following 
SET and release of the iridium complex. Chiral rhodium complex 
19c (-RhO) is also capable of promoting the -amination of 
acyl imidazoles 20, obeying a similar oxidative quenching 
cycle.14 
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Moreover, impressive results were attained when the 
octahedral iridium complexes 18c and 18b (-IrO and -IrS, 
respectively) were employed in reductive quenching cycles 
focused on the single electron oxidation of -silyl amines 21 in 
-amino alkylation reactions. The ability of the iridium catalysts 
to act as photosensitizer, Lewis acid, and stereocontrol element is 
fully displayed; firstly, via a chiral enolate nucleophilic attack on 
an electron-deficient iminium ion (equation a, Scheme 7),15 and 
then, through the coupling of an -aminoalkyl radical and a ketyl 
radical (equation b, Scheme 7).16 Furthermore, both publications 
present partially different mechanisms. The former reaction 
features a two-electron oxidation of -silyl amines performed 
through the combined efforts of the acting photosensitizer 
(complex 20-18c) and a terminal oxidant (oxygen) to yield the 
electrophilic iminium species. The latter example, on the other 
hand, showcases the effect iridium coordination can inflict upon 
trifluoroacetyl imidazole 23 to facilitate their single electron 
reduction, and subsequent stabilization of the resultant ketyl 
radical. 

Scheme 7. Alkylations via reductive quenching cycle employing 
multifunctional chiral-at-metal catalysts. LED: light-emitting diodes. 
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Despite the unequivocal appeal these chiral complexes hold 
as trifunctional moieties, rhodium-based compound 19b (-RhS) 
can function as a chiral Lewis acid catalyst in the presence of an 
external photocatalyst as well. The scope of the radical-radical 
cross-coupling, shown in Scheme 7b, was largely increased due 
to the introduction of a photosensitizing ruthenium polypyridyl 
complex, enabling the reaction to proceed adequately with any 
aromatic or aliphatic substituent at the acyl group.17 

Similarly, the Meggers group has developed a diverse 
collection of useful transformations following this idea. Novel 
radical precursors aryl azides 26 and -diazo carboxylic esters 27 
were implemented for the -amination and -alkylation, 
respectively, of 2-acyl imidazoles 20 (equations a and b, Scheme 
8).18 This is an attractive process due to the lack of byproducts 
(only N2 is produced) and excellent functional group tolerance 
displayed by the reaction. Stereocontrolled additions to alkenes 
30 and 35 galore in the compilation of methods developed by 
Meggers’ lab (equation c, Scheme 8),19 some of which 
interestingly rely on a radical translocation from a heteroatom-
centered radical to a carbon-centered radical 34 (equation d, 
Scheme 8).20 Lastly, an intriguing -amination of ,-
unsaturated 2-acyl imidazoles has been recently reported 
(equation e, Scheme 8).21 Based on a proton-coupled electron 
transfer (PCET), highly reactive N-centered radicals (generated 
from N-aryl carbamates 37) undergo a stereoselective radical-
radical coupling. 
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Yoon’s lab has also contributed towards the involvement of 
Lewis acids in electron transfer reactions.22 Through oxidation of 
-silyl amines 21 mediated by a Ru-based photocatalyst, the 

conjugate addition of the corresponding -amino radicals to 
Michael acceptors 39 was accomplished (Scheme 9). The 
scandium Lewis acid 13 plays a significant role by increasing the 
rate of the reaction and providing a chiral environment around 
the Michael acceptor through coordination with a chiral pyridine 
bisoxazoline-PyBOX-ligand. 

Scheme 9. Yoon’s electron transfer-driven conjugate addition. 

Copper asymmetric catalysis has been studied for many years, 
yet its potential to operate as a photocatalyst has been markedly 
unexplored. However, Fu’s group reported an exciting C-N 
coupling reaction catalyzed by copper in the presence of a chiral 
phosphine ligand 43 and visible light (Scheme 10).23 It stands as 
a rare example, in which tertiary electrophiles 41 are 
stereoselectively cross-coupled with a nucleophilic partner (a 
carbazole 42). The reaction is believed to proceed initially 
through ligand substitution on the initial copper complex 
(43+CuCl) by the nucleophilic carbazole, leading to a 
photoactive species capable of absorbing visible light to access 
an excited state adduct. Following electron transfer to the tertiary 
alkyl halide 41, which generates the corresponding radical, the 
cross-coupling product is obtained after C-N bond formation in 
an enantioselective manner due to the steric hindrance enforced 
by the phosphine ligand 43. 

Scheme 10. Visible light-induced C-N cross-coupling reaction 
catalyzed by Cu. 

Additionally, Fu’s and MacMillan’s groups successfully 
merged photoredox and nickel catalysis to achieve a valuable 
enantioselective route to benzylic amines 48 from inexpensive 
materials such as -amino acids 45 and aryl halides 46 (equation 
a, Scheme 11).24 The process follows a photocatalyst-mediated 
oxidation and decarboxylation of an -amino acid 45, generating 
an -amino radical, which is trapped by the Ni(II)-aryl complex. 
Ensuing reductive elimination produces the cross-coupling 
adduct 48. Ligand 47 induces the optimal enantioselectivity 
under the present conditions. Later, Rovis’ and Doyle’s groups 
published a similar metallophotoredox procedure (equation b, 
Scheme 11).25 A nickel-organophotocatalyst tandem allowed the 
desymmetrization of cyclic meso-anhydrides 49 using benzyl 
trifluoroborates 50 as radical precursors. 
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Scheme 11. Metallophotoredox strategies. 

4. Organocatalytic asymmetric photoredox transformations

Nonetheless, MacMillan’s seminal work in this area has been 
linked to his initial report on the merger of photoredox catalysis 
and organocatalysis in 2008.26 Founded on the concept of singly 
occupied molecular orbital (SOMO) catalysis developed by his 
group, a longstanding challenge in organic chemistry such as the 
enantioselective -alkylation of aldehydes 52 was resolved by 
blending both catalytic approaches into one impressively efficient 
method (Scheme 12).27 The -functionalization process has since 
been expanded, yielding a great assortment of methodologies 
including the -trifluoromethylation,28 -benzylation,29 and -
amination of aldehydes.30 Moreover, the -alkylation protocol 
has been further developed to give access to -cyanoaldehydes.31 
Additional reports on the -alkylation and -alkynylation of -
ketocarbonyls have been published by Luo and co-workers, 
highlighting the possibility to access full-carbon quaternary 
centers employing primary amine catalysts.32 

Scheme 12. MacMillan’s initial report on the merger of photoredox 
catalysis and organocatalysis. 

The prototypical mechanism for these transformations is 
centered on the combination of organocatalytic and photoredox 
cycles (Scheme 13). From the photocatalyst (PC) standpoint, the 
initial photoexcitation leads to SET oxidation of a sacrificial 
amount of enamine I. Electron-rich PC- then reduces the 
corresponding radical precursor to return to its ground-state while 
affording electron-deficient radical II. On the other hand, the 
organocatalytic cycle begins with the well-known condensation 
of a chiral secondary amine (imidazolidinone catalyst 54) and the 
aldehyde 52. The ensuing enamine I takes part in the 
enantioselective C-C bond forming event with the photo-
generated radical II. Lastly, the SET oxidation of the -amino 
radical III would generate the iminium ion IV, which undergoes 
fast hydrolysis to afford the final -alkylated product 55. 

Scheme 13. Mechanism for the -alkylation of aldehydes. 

In-depth analysis provided by Yoon and Melchiorre several 
years later has otherwise shown that the -alkylation of 
aldehydes is mainly governed by a radical chain process in which 
the photocatalyst only intervenes in an initiation step, while 
intermediate III reduces electron-poor halide 53.33 

Recently, a conceptually different -alkylation of aldehydes 
52 has been disclosed by MacMillan’s lab, reliant on a 
multicatalytic system comprised of an organocatalyst (57 or 58), 
an iridium photoredox catalyst and a hydrogen atom transfer 
(HAT) catalyst 59 (Scheme 14).34 Photooxidation of the enamine 
enables the trapping of the generated 3e- enaminyl radical by an 
olefin coupling partner 56, producing an intermediate, which 
undergoes HAT to give the final product 60. Remarkably, the 
reaction can take place in intra- and intermolecular fashion with 
perfect atom economy only requiring photons to be propelled. 
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Alternatively, Melchiorre and co-workers have established 
metal-free approaches for the enantioselective -alkylation of 
aldehydes (Figure 2, Scheme 15).35 The chiral organocatalyst is 
tasked with stereocontrol exertion as well as substrate 
photoactivation. This process takes place through the formation 
of colored electron donor-acceptor (EDA) complexes capable of 
absorbing visible light, which then engage in an SET between the 
two complexed reacting partners: donor (enamine) and acceptor 
(alkyl bromide) (Figure 2). Further expansion of this strategy has 
led to the -alkylation of unmodified cyclic ketones.36 
Additionally, -functionalization of enals via dienamine 
chemistry was also accomplished, albeit with diminished 
enantioselectivity. 

Although EDA complex formation between chiral enamines 
and alkyl bromides has unveiled captivating information lying 
within these transformations, Melchiorre uncovered the hidden 
photochemical activity of enamines shortly afterwards (Scheme 
15).37 Consequently, the enantioselective -alkylation of 
aldehydes 52 and -alkylation of enals 61 were completed with 
bromomalonates 53, wherein the brominated reagents no longer 
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 6 
require an electron deficient aryl group in their structure since 

the photoactive species is the enamine instead of the EDA 
complex. Another application of the direct photoexcitation of 
enamines can be found in a recent publication disclosed by 
Melchiorre’s lab, yielding a formal -methylation and -
benzylation of aldehydes.38 

Figure 2. Colored EDA complex strategy exploited by Melchiorre. 

Scheme 15. Alkylation of aldehydes via direct photoexcitation of 
enamines. 

Despite the prominence of enamine chemistry in asymmetric 
photocatalysis, there has been a striking lack of reports on chiral 
iminium-mediated photochemical procedures. This is largely due 
to the short-lived -iminyl radical cation II shown in Scheme 16 
formed upon radical conjugate addition (RCA) to an iminium 
cation I. Melchiorre’s initial answer to this challenge was to 
locate a redox-active moiety in the organocatalyst 63, therefore 
stabilizing the radical cation II long enough for the electron-relay 
strategy to come to fruition and avoiding the back electron 
transfer from II to I.39 Therefore, a carbazole unit proved to be an 
ideal scaffold serving as an e- pool and e- hole entity throughout 
the process, and it was consequently added to the 
cyclohexylamine organocatalyst framework to fulfil the -
functionalization of ,-disubstituted cyclic enones 64. Unlike 
the majority of Melchiorre’s work, external photocatalysts are 
required to power the photochemical reaction, whether through 
an HAT mechanism (TBADT) or an SET mechanism (iridium 
complex). 

In an attempt to increase the applicability of chiral iminium 
ions in photochemistry and complement the variety of methods 
regarding photofunctionalization of enamines already in place, 
the latest groundbreaking work by Melchiorre’s group focuses on 
the enantioselective -alkylation of enals 65 (Scheme 17).40 In 
this report, a similar approach to the one followed in the direct 
excitation of enamines is taken, bypassing the issues RCAs 
present in iminium chemistry. They envisioned that an 
electronically excited iminium ion could perform as a strong 
oxidant in the SET reduction of a given radical precursor. Indeed, 
after proper design and tailoring of the electronic properties of 
the employed organocatalyst 67, the radical-radical coupling is 
completed with solid levels of both reactivity and enantiocontrol. 
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Scheme 17. Enantioselective -alkylation of enals via direct 
photoexcitation of iminium ions. 

Lastly, several types of organocatalytic-based activations 
found across pre-established methods in organocatalysis have 
also been utilized in distinct photocatalytic procedures, i.e. N-
heterocyclic carbenes (NHCs),41 phosphoric acids,42 thioureas,43 
and aminophosphonium ion-pairing.44 A noticeable common 
thread in these final dual catalytic procedures is the presence of 
an external photocatalyst thrust into the reaction mixture with 
one specific goal: the generation of the highly reactive radical 
species. On the other hand, the organocatalyst establishes its 
featured interaction with the other reagent partner, enforcing the 
stereocontrol upon the reaction and affording an enantioselective 
process. 

5. Conclusions

The recent renaissance in photocatalysis has driven researchers to 
solve persistent shortcomings in this field which have prevented 
its growth and development. As proof of concepts, racemic 
transformations can be incredibly useful for the scientific 
community. However, the asymmetric versions of racemic 
methodologies give access to purposefully relevant product 
syntheses in drug discovery and development. 

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/3/26
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Therefore, asymmetric photocatalysis has received heightened 

levels of attention over the past decade. Several strategies have 
been outlined over that time frame attempting to cover the 
different classes of reactivities frequently found across 
photochemistry. Noteworthy activation pathways summarized in 
this review, such as chiral Lewis acid catalysis and 
organocatalysis, have been brilliantly used in photochemical 
processes to ensure stereoselectivity. 

Notwithstanding the large amount of work published in 
asymmetric photocatalysis, we believe chemical researchers will 
continue to tackle the remaining weaknesses in the field as it 
flourishes and matures into one of the most relevant topics in 
organic chemistry. 

Acknowledgements 

Spanish Government (CTQ2015-64561-R) and the European 
Research Council (ERC-CG, contract number: 647550) are 
acknowledged. 

References and notes 

1. For selected reviews on photocatalysis, see: a) Fagnoni, M.; Dondi, D.;
Ravelli, D.; Albini, A. Chem. Rev. 2007, 107, 2725-2756; b)
Narayanam, J. M. R.; Stephenson, C. R. J. Chem. Soc. Rev. 2011, 40,
102-113; c) Fukuzumi, S; Ohkubo, K. Chem. Sci. 2013, 4, 561-574; d)
Ravelli, D.; Fagnoni, M; Albini, A. Chem. Soc. Rev. 2013, 42, 97-113;
e) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Chem. Rev. 2013, 
113, 5322-5363; f) Hari, D. P.; König, B. Chem. Commun. 2014, 50,
6688-6699; g) Romero, N. A.; Nicewicz, D. A. Chem. Rev. 2016, 116, 
10075-10166. 

2. For reviews on enantioselective photocatalysis, see: a) Wang, C.; Lu, Z.
Org. Chem. Front. 2015, 2, 179-190; b) Meggers, E. Chem. Commun.
2015, 51, 3290-3301; c) Brimioulle, R.; Lenhart, D.; Maturi, M. M.;
Bach, T. Angew. Chem. Int. Ed. 2015, 54, 3872-3890; d) Skubi, K. L.;
Blum, T. R.; Yoon, T. P. Chem. Rev. 2016, 116, 10035-10074.

3. Bauer, A.; Westkämper, F.; Grimme, S.; Bach, T. Nature 2005, 436, 
1139-1140. 

4. a) Müller, C.; Bauer, A.; Bach, T. Angew. Chem. Int. Ed. 2009, 48, 
6640-6642; b) Müller, C.; Bauer, A.; Maturi, M. M.; Cuquerella, M. C.;
Miranda, M. A.; Bach, T. J. Am. Chem. Soc. 2011, 133, 16689-16697.

5. a) Alonso, R.; Bach, T. Angew. Chem. Int. Ed. 2014, 53, 4368-4371. For
a conceptually similar intermolecular [2+2] PCA between quinolones
and acrylates: b) Tröster, A.; Alonso, R.; Bauer, A.; Bach, T. J. Am.
Chem. Soc. 2016, 138, 7808-7811.

6. a) Vallavoju, N.; Selvakumar, S.; Jockusch, S; Sibi, M. P.; Sivaguru, J.
Angew. Chem. Int. Ed. 2014, 53, 5604-5608. For a review on
atroposelective photoreactions: b) Kumarasamy, E.; Ayitou, A. J.-L.;
Vallavoju, N.; Raghunathan, R.; Iyer, A.; Clay, A.; Kandappa, S. K.;
Sivaguru, J. Acc. Chem. Res. 2016, 49, 2713-2724.

7. a) Guo, H.; Herdtweck, E.; Bach, T. Angew. Chem. Int. Ed. 2010, 49, 
7782-7785. b) Brimioulle, R.; Guo, H.; Bach, T. Chem. Eur. J. 2012, 
18, 7552-7560. 

8. Brimioulle, R.; Bach, T. Science 2013, 342, 840-842.
9. a) Du, J.; Skubi, K. L.; Schultz, D. M.; Yoon, T. P. Science 2014, 344,

392-396. For a conceptually similar [3+2] PCA: b) Amador, A. G.;
Sherbrook, E. M.; Yoon, T. P. J. Am. Chem. Soc. 2016, 138, 4722-4725.

10. a) Blum, T. R.; Miller, Z. D.; Bates, D. M.; Guzei, I. A.; Yoon, T. P.
Science 2016, 354, 1391-1395. For a recent application of this strategy 
with styrenic olefins: b) Miller, Z. D.; Lee, B. J.; Yoon, T. P. Angew.
Chem. Int. Ed. 2017, 56, 11891-11895.

11. Huang, X.; Quinn, T. R.; Harms, K.; Webster, R. D.; Zhang, L.; Wiest,
O.; Meggers, E. J. Am. Chem. Soc. 2017, 139, 9120-9123.

12. a) Ding, W.; Lu, L.-Q.; Zhou, Q.-Q.; Wei, Y.; Chen, J.-R.; Xiao, W.-J.
J. Am. Chem. Soc. 2017, 139, 63-66. For a related work: b) Wang, Y.;
Zheng, Z.; Lian, M.; Yin, H.; Zhao, J.; Meng, Q.; Gao, Z. Green Chem.
2016, 18, 5493-5499. c) Luis-Barrera, J.; Laina-Martín, V.; Rigotti, T.;
Peccati, F.; Solans-Monfort, X.; Sodupe, M.; Mas-Ballesté, R.; Liras,
M.; Alemán, J. Angew. Chem. Int. Ed. 2017, 56, 7826-7830.

13. a) Huo, H.; Shen, X.; Wang, C.; Zhang, L.; Röse, P.; Chen, L.-A.;
Harms, K.; Marsch, M.; Hilt, G.; Meggers, E. Nature 2014, 515, 100-
103; b) Huo, H.; Wang, C.; Harms, K.; Meggers, E. J. Am. Chem. Soc.
2015, 137, 9551-9554; c) Huo, H.; Huang, X.; Shen, X.; Harms, K.;
Meggers, E. Synlett 2016, 27, 749-753.

14. Shen, X.; Harms, K.; Marsch, M.; Meggers, E. Chem. Eur. J. 2016,
22, 9102-9105. 

15. Wang, C.; Zheng, Y.; Huo, H.; Röse, P.; Zhang, L.; Harms, K.; Hilt, G.;
Meggers, E. Chem. Eur. J. 2015, 21, 7355-7359.

16. Wang, C.; Qin, J.; Shen, X.; Riedel, R.; Harms, K.; Meggers, E. Angew.
Chem. Int. Ed. 2016, 55, 685-688.

17. Ma, J.; Harms, K.; Meggers, E. Chem. Commun. 2016, 52, 10183-
10186.

18. Huang, X.; Webster, R. D.; Harms, K.; Meggers, E. J. Am. Chem. Soc.
2016, 138, 12636-12642.

19. Huo, H.; Harms, K.; Meggers, E. J. Am. Chem. Soc. 2016, 138, 6936-
6939. 

20. a) Wang, C.; Harms, K.; Meggers, E. Angew. Chem. Int. Ed. 2016, 128,
13693-13696; b) Yuan, W.; Zhou, Z.; Gong, L.; Meggers, E. Chem.
Commun. 2017, 53, 8964-8967.

21. Zhou, Z.; Li, Y.; Han, B.; Gong, L.; Meggers, E. Chem. Sci. 2017, 8, 
5757-5763. 

22. Ruiz Espelt, L.; McPherson, I. S.; Wiensch, E. M.; Yoon, T. P. J. Am.
Chem. Soc. 2015, 137, 2452-2455.

23. Kainz, Q. M.; Matier, C. D.; Bartoszewicz, A.; Zultanski, S. L.; Peters,
J. C.; Fu, G. C. Science 2016, 351, 681-684. 

24. a) Zuo, Z.; Cong, H.; Li, W.; Choi, J.; Fu, G. C.; MacMillan, D. W. C.
J. Am. Chem. Soc. 2016, 138, 1832-1835. For a review on the merger of
transition metal and photocatalysis: b) Twilton, J.; Le, C.; Zhang, P.; 
Shaw, M. H.; Evans, R. W.; MacMillan, D. W. C. Nat. Rev. Chem. 
2017, 1, 0052.

25. Stache, E. E.; Rovis, T.; Doyle, A. G. Angew. Chem. Int. Ed. 2017, 56, 
3679-3683. 

26. Nicewicz, D. A.; MacMillan, D. W. C. Science 2008, 322, 77-80. 
27. For conceptually similar -alkylations of aldehydes employing distinct

catalytic systems, see: a) Neumann, M.; Füldner, S.; König, B.; Zeitler,
K. Angew. Chem. Int. Ed. 2011, 50, 951-954; b) Cherevatskaya, M.;
Neumann, M.; Füldner, S.; Harlander, C.; Kümmel, S.; Dankesreiter, S.;
Pfitzner, A.; Zeitler, K.; König, B. Angew. Chem. Int. Ed. 2012, 51,
4062-4066; c) Fidaly, K.; Ceballos, C.; Falguières, A.; Sylla-Iyarreta,
M.; Guy, A.; Ferroud, C. Green Chem. 2012, 14, 1293-1297; d)
Gualandi, A.; Marchini, M.; Mengozzi, L.; Natali, M.; Lucarini, M.;
Ceroni, P.; Cozzi, P. G. ACS Catal. 2015, 5, 5927-5931.

28. Nagib, D. A.; Scott, M. E.; MacMillan, D. W. C. J. Am. Chem. Soc.
2009, 131, 10875-10877.

29. Shih, H.-W.; Vander Wal, M. N.; Grange, R. L.; MacMillan, D. W. C.
J. Am. Chem. Soc. 2010, 132, 13600-13603.

30. Cecere, G.; König, C. M.; Alleva, J. L.; MacMillan, D. W. C. J. Am.
Chem. Soc. 2013, 135, 11521-11524.

31. Welin, E. R.; Warkentin, A. A.; Conrad, J. C.; MacMillan, D. W. C.
Angew. Chem. Int. Ed. 2015, 54, 9668-9672.

32. a) Zhu, Y.; Zhang, L.; Luo, S. J. Am. Chem. Soc. 2014, 136, 14642-
14645; b) Wang, D.; Zhang, L.; Luo S. Org. Lett. 2017, 19, 4924-4927.

33. a) Cismesia, M. A.; Yoon, T. P. Chem. Sci. 2015, 6, 5426-5434; b)
Bahamonde, A.; Melchiorre, P. J. Am. Chem. Soc. 2016, 138, 8019-
8030. 

34. Capacci, A. G; Malinowski, J. T.; McAlpine, N. J.; Kuhne, J.;
MacMillan, D. W. C. Nat. Chem. 2017, DOI: 10.1038/nchem.2797.

35. Arceo, E.; Jurberg, I. D.; Álvarez-Fernández, A.; Melchiorre, P. Nat.
Chem. 2013, 5, 750-756.

36. Arceo, E.; Bahamonde, A.; Bergonzini, G.; Melchiorre, P. Chem. Sci.
2014, 5, 2438-2442.

37. Silvi, M.; Arceo, E.; Jurberg, I. D.; Cassani, C.; Melchiorre, P. J. Am.
Chem. Soc. 2015, 137, 6120-6123.

38. Filippini, G.; Silvi, M.; Melchiorre, P. Angew. Chem. Int. Ed. 2017, 56,
4447-4451. 

39. Murphy, J. J.; Bastida, D.; Paria, S.; Fagnoni, M.; Melchiorre, P. Nature 
2016, 532, 218-222.

40. Silvi, M.; Verrier, C.; Rey, Y. P.; Buzzetti, L.; Melchiorre, P. Nat.
Chem. 2017, 9, 868-873.

41. DiRocco, D. A.; Rovis, T. J. Am. Chem. Soc. 2012, 134, 8094-8097. 
42. Rono, L. J.; Yayla, H. G.; Wang, D. Y.; Armstrong, M. F.; Knowles, R.

R. J. Am. Chem. Soc. 2013, 135, 17735-17738.
43. Bergonzini, G.; Schindler, C. S.; Wallentin, C.-J.; Jacobsen, E. N.;

Stephenson, C. R. J. Chem. Sci. 2014, 5, 112-116.
44. a) Uraguchi, D.; Kinoshita, N.; Kizu, T.; Ooi, T. J. Am. Chem. Soc.

2015, 137, 13768-13771; b) Kizu, T.; Uraguchi, D.; Ooi, T. J. Org.
Chem. 2016, 81, 6953-6958. For a similar approach using chiral N-
sulfinimines: c) Garrido-Castro, A. F.; Choubane, H.; Daaou, M.;
Maestro, M. C.; Alemán, J. Chem. Commun. 2017, 53, 7764-7767.

© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/3/26


	plantilla_postprintsA.pdf
	Insertar desde: "screening_moreno_ste_2011_ps.pdf"
	Screening risk assessment tools for assessing the environmental impact in an abandoned pyritic mine in Spain
	Introduction
	Materials and methods
	Description of the environmental impact method
	Derivation of the risk indexes
	Classification and ranking of the impact indexes

	Application of the environmental impact method
	Site description
	Soil, water and plant sampling
	Plant bioconcentration assay
	Earthworm bioconcentration assay
	Oral bioaccessibility assay
	Chemical analyses
	Calculation of the hazard quotients
	Exposure assessment
	Selection of toxicity values

	Statistical analysis


	Results
	Exposure assessment
	Toxicity assessment
	Risk quantification
	Classification and ranking of impacts

	Discussion
	Environmental impact method
	Derivation of the risk indexes
	Classification of the impact indexes

	Application of the environmental impact method
	Exposure assessment
	Risk assessment
	Impacts categories


	Conclusions
	Acknowledgements
	References



	AlemanTetrahedron Letters 59(14) 1286.pdf



