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CONS P EC TU S

H eterocyclic structural architectures occur in many bioactive natural products and synthetic drugs, and these structural units
serve as important intermediates in organic synthesis. This Account documents our recent progress in the development of

cascade reactions to construct complex carbocycles and heterocycles. We describe the rational design of cascade reactions and in-
depth investigations of their mechanism as well as their applications in the synthesis of drugs, natural products, and related
molecular analogs.

Relying on knowledge about the dipole-type reactivity of sulfur ylides, we have developed three different types of cascade
reactions: a [4 þ 1] annulation/rearrangement cascade, a [4 þ 1]/[3 þ 2] cycloaddition cascade, and a Michael addition/
N-alkylation cascade. Using these processes, we can generate oxazolidinones, fused heterocycles, and pyrrolines starting
with simple and readily available substances such as nitroolefins and unsaturated imines. We have also developed
corresponding enantioselective reactions, which are guided by axial chirality and asymmetric H-bonding control. In addition,
by relying on the reactivity characteristics of newly designed acrylate-linked nitroolefins, we have disclosed an asymmetric
Michael/Michael/retro-Michael addition cascade using the combination of a protected hydroxylamine and a bifunctional
organocatalyst. Using this methodology, we prepared chiral chromenes in good yields and with high enantioselectivities.
Moreover, a series of double Michael addition cascade reactions with anilines, thiophenols, and benzotriazoles
generated highly functionalized chromanes. Via mechanistically distinct cascade processes that start with vinyl-linked
indoles, we have synthesized polycyclic indoles. Intermolecular cross-metathesis/intramolecular Friedel�Crafts
alkylation cascades, promoted by either a single ruthenium alkylidene catalyst or a sequence involving Grubbs'
ruthenium catalyst and MacMillan's imidazolidinone catalyst, converted ω-indolyl alkenes into tetrahydrocarbazoles,
tetrahydropyranoindoles, and tetrahydrocarbolines. In addition, we constructed tetrahydrocarbazoles and tetrahydro-
quinones using organocatalytic Friedel�Crafts alkylation/Michael addition cascades that used 2-vinyl indoles as
common starting materials.

Most green plants carry out photosynthesis to produce organic substances relying on readily available and renewable solar
energy. In a related manner, we have also developed two cascade reactions that merge visible light-induced aerobic oxidation with
either [3 þ 2] cycloaddition/oxidative aromatization or intramolecular cyclization. These processes lead to the formation of
pyrrolo[2,1-a]isoquinolines and enantiopure tetrahydroimidazoles, respectively.
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1. Introduction
Compared with Nature's biosynthetic processes that have

evolved over billions of years, organic synthesis is still in its

infancy having started only in the early 1800s. Before that

time, Nature was the only source of organic chemicals. For

example, ancient Chinese knew how to obtain health-

advantaged materials from natural herbs and fungi though

in the form of mixtures. Even now, natural feedstocks still

serve as important sources of pharmaceuticals.1 In parallel

with efforts focusing on natural product isolation, organic

chemists have learned how to mimic the proficiency dis-

played in Nature's biosynthetic processes. Over the years,

chemical efforts have shed light on numerous transforma-

tions occurring in cells that proceed in highly selective and

efficient ways guided by enzymes as catalysts. The high

efficiency of these biosynthetic reactions that often lead to

the assembly of complex organic structures is, in part,

attributable to Nature's extensive use of cascade reactions.

Inspired bynatural transformations, synthetic chemists have

developed related catalytic strategies2,3 that utilize metal

and organic catalysts and synthetic strategies that employ

cascade reactions.4 In addition, owing to reductions in the

availability of fossil fuels and pressures caused by environ-

ment concerns, organic chemists have explored greenmeth-

ods that mimic photosynthetic processes in that they utilize

the readily available and sustainable energy source found in

the sun.5

Carbo- and heterocyclic compounds are a diverse class of

organic molecules that have received extensive interest

owing to their popularity in many natural products and

synthetic drugs.6 Although numerous methods exist to con-

struct various carbo- and heterocyclic systems,7 new strate-

gieswith reduced numbers of transformation steps and puri-

fication procedures, lower costs, and minimized chemical

waste are still in high demand. This Account describes a rich

variety of new synthetic methods that are based on cascade

strategies developed in our group (Figure 1). These cascade

reactions aimed at the efficient construction of carbo- and

heterocyclic systems feature the following issues: (1) new

understanding of the known reagents (i.e., sulfur ylides) or

design of new reagents based on catalyst character or

retrosynthetic analysis of given structures; (2) in-depth in-

vestigations of reaction mechanisms and then design of

novel cascade reactions; and (3) successful synthetic appli-

cations to access valuable synthetic building blocks, natural

products, drugs and their analogs. In addition, recently

developed, novel cascade reactions that employ visible

light-induced aerobic oxidation as the initiation step are also

described.

2. Stable Sulfur Ylides as 1,10-Dipole-Type
Reagents
First applied in the 1960s, sulfur ylides, comprised of carba-

nions with neighboring positively charged sulfur atoms,

have been shown to be efficient methylene-transfer

reagents.8a,b These substances are widely used as key

reagents in the three-membered ring-forming reactions

and other rearrangement processes. Viewing these reagents

as nucleophiles that contain unique leavinggroups, Aggarwal,

Tang, and others developed a series of novel cascade

transformations that act as nontraditional cyclization

reactions.8 Despite the great advances made, relatively

reactive sulfur ylides (unstable or semistable sulfur ylides)

have been often employed in the processes developed thus

far. In contrast, cascade reactions that are mediated by

stable sulfur ylides, which contain additional functionality

for further diversification, remain challenging owing to the

relatively low activity of these reagents.9 In this context, we

FIGURE 1. Nature-inspired synthetic strategies to construct carbo- or heterocyclic systems.
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have adopted a distinctly different view of sulfur ylides

(Figure 2) that considers them as potential dipole reagents,

which can participate in various cascade type cyclization

reactions. Considering the reactivity issue associated with

the use of stable sulfur ylides, we selected or designed new

active electrophiles that would promote the novel cascades.

2.1. Formal [4 þ 1] Annulation/Rearrangement Cas-

cade with Nitroolefins. Previously, reactions of R-acyl-sub-
stituted sulfur ylides with nitroolefins were observed to

afford different ratios of nitro- and acyl-substituted cyclo-

propanes, nitronates and their tautomers.10 In contrast, we

observed that a distinctly different reaction pathway oper-

ates in reactions of R-benzoyl sulfur ylide with nitrostyrene

in presence of organic bases and thioureas. This process

leads to the formation of a synthetically and biologically

significant trans-oxazolidinones (Chart 1).11 In addition, we

observed that this reaction occurs with a wide range of

nitroolefins and sulfur ylides, and that it displays high levels

of both chemo- and diastereoselectivity. Further efforts

showed that traditional manipulations can be used to con-

vert the products of these reactions to corresponding 1,2-

amino alcohols and R-hydroxyl-β-amino acids (eq 1).11

As shown in Scheme 1, the new reaction is believed to

follow an organocatalytic cascade route involving initial

formal [4 þ 1] annulation between the sulfur ylides and

nitroolefins followed by subsequent rearrangement of the

derived nitronates to produce the oxazolidinones. The re-

sults of control experiments along with the identification of

the intermediate cyclic nitronate 10 demonstrated that the

two cascade stages aremediated by acid (thiourea) and base

(DMAP) catalysis, respectively. This mechanism was further

supported by isotope-labeled (D or 13C) experiments and the

observation of possible intermediates in the 13C-labeled in

situ reaction experiment.

2.2. [4þ1]/[3þ2] CycloadditionCascadewithAcrylate-

Linked Nitroolefins. Based on the fact that nitronate 10

could be used as a potential 1,3-dipole,9,12 a novel [4 þ 1]/

[3þ 2] cycloaddition cascade was successfully designed and

implemented as shown in Figure 3.13 The success of this

process is enhanced by incorporating two different dipolar-

ophiles in a single molecule, which can be prepared from

readily available starting materials. Moreover, the [4 þ 1]/

[3þ2] cycloaddition cascade is significant in that it leads to a

large increase in architectural complexity in a step-econom-

ical fashion, because it creates multiple bonds, rings, stereo-

centers, and a (thio)chromane-embedded fused heterocyclic

system in a single operation.

As highlighted by the range of products shown in Chart 2,

significant structural variations in both reaction partners of

the [4þ1]/[3þ2] cycloaddition cascade are possible and the

process yields the desired products with high levels of

chemo- and stereoselectivity. Moreover, the new reaction

canbeused to create quaternary carbon-containing adducts,

which is often a challenging issue in organic synthesis.

FIGURE 2. New view of sulfur ylides.

CHART 1. A Novel Formal [4þ 1] Annulation/Rearrangement Cascade
to Synthesize trans-Oxazolidinones
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Noteworthy is the fact that simple hydrogenolysis reac-

tions assisted by RaneyNi can be utilized to readily cleave

N�O bonds in cycloadducts formed in the cascade pro-

cess to generate chromanes bearing interesting pyrro-

line rings along with hydroxyl and ester functionality

(Scheme 2).

2.3. Michael Addition/N-Alkylation Cascade with Un-

saturated Imines. Attracted by the remarkable importance

of pyrrolines in pharmaceutical chemistry, the chemical

community has devoted a large amount of effort and time

into their syntheses.14 Although the formal [4 þ 1] annula-

tion between sulfur ylides and R,β-unsaturated imines was

CHART 2. Representative Examples of Products Formed in the [4 þ 1]/[3 þ 2] Cycloaddition Cascade

SCHEME 1. A Possible Mechanism for the [4 þ 1] Annulation/Rearrangement Cascade

FIGURE 3. Design of [4 þ 1]/[3 þ 2] cycloaddition cascade to construct fused heterocycles.
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regardedearly as analternatemethod toachieve this goal,8c,15

it has been documented that the reaction of unstable or

semistabilized ylides with R,β-unsaturated imines usually pre-

ferentially generated the three-membered products such as

aziridines or cyclopropanes (Figure 4A).15

In our studies, we have devised a procedure to selectively

generate pyrroline-type products that relies on tuning of the

electronic nature of the unsaturated imine reactant.16 As the

results displayed in Figure 4B demonstrate, incorporation of

electron-withdrawing esters and tosyl groups in the unsatu-

rated imines not only increases their reactivity but also

promotes generation of thermodynamically more stable

five- membered ring products. Furthermore, an asymmetric

version of this process was developed that employed the

readily available and recoverable atropisomeric sulfide 27

as the stereochemical control element. Excellent levels of

chemo-, enantio-, and diastereoselectivity are observed

when the sterically bulky 2,4,6-triisopropyl benzenesulfonyl

group and low temperature are used for the reaction

(Chart 3). In this fashion, β-aryl, -alkenyl, and -alkyl-

substituted unsaturated imines are transformed to the

corresponding pyrroline carbonates in good to excellent

yields and stereoselectivities. Moreover, the enantiopure

adducts produced in these processes can be converted to

other synthetically useful building blocks, as exemplified by

the transformation shown in eq 2.

As shown in Figure 5, a cisoid/quasi-[4þ2] additionmode

for the Michael addition step was proposed based on the

possible configuration of chiral stable sulfur ylides, which was

established according to the NOE effects of ylides in solution

and the absolute configuration of their chiral salt precursors.

SCHEME 2. Transformation of [4 þ 1]/[3 þ 2] Cycloadducts to Fused Heterocycles

FIGURE 4. Design of Michael addition/N-alkylation cascade to prepare pyrroline carbonates.
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This mode explained the stereoinductionmechanism and ratio-

nalized some important effects (i.e., the steric repulsion and

Coulombic interaction) responsible for the stereochemical

course.

2.4. Enantioselective Cascade Reactions with Nitroole-

fins. Encouraged by the success encountered in early studies

of the asymmetric cascade Michael addition/N-alkylation

reactions of imines, we have extended the axial-to-central

chirality transfer method to the design of enantioselective

cascade reactions of stable sulfur ylides with nitroolefins.17

We noticed that several potential problems might limit the

oxazolidinone forming asymmetric cascade reaction, includ-

ing the complexity of the process and catalyst system, and the

lackofa stereochemical tunable feature like theonepresent in

unsaturated imines. To our delight, the asymmetric cascade

reaction of sulfur ylides and nitroolefins was observed to

take place in moderate yields and with high levels of

enantioselectivity with the use of chiral sulfur ylides (eq 3).

CHART 3. Representative Examples of the Asymmetric Michael Addition/N-Alkylation Cascade

FIGURE 6. Chiral H-bonding controlled asymmetric [4 þ 1]/rearrangement cascade.

FIGURE 5. Proposed transition state explaining the origin of stereochemistry.
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This chirality transfer process also serves as a component of

an enantioselective [4 þ 1]/[3 þ 2] cycloaddition cascade,

although the enantioselectivities of these reactions are only

moderate (eq 4).

In continuing investigations, we have explored chiral

H-bonding-controlled18 asymmetric cascade [4þ 1] annulation/

rearrangement reactions of sulfur ylides and nitroolefins

(Figure 6).19 This process met with difficulties associated with

strong binding of stable sulfur ylides with H-bonding catalysts,

which results in disappointingly low levels of enantio-induction.

However, this problemwas resolvedbyaddingmultipleH-bond-

ing donor groups to the chiral catalysts. As highlighted by the

reactions displayed in Chart 4, this process is general for a range

of nitroolefins and stable sulfur ylides, and it can be used to

producestructurallydiversechiraloxazolidinones inmoderate to

excellent yieldswith high levels of stereoselectivities. In compar-

isonto theaxial-to-planarchirality inductionmethod, thisprocess

is more favorable in terms of its chemoselectivity and substrate

scope as well as availability of the chirality control element.

Moreover, the chiral urea catalyst can be quantitatively recov-

ered and the oxazolidinone products serve as versatile inter-

mediates in routes for the preparation of bioactive substances,

including (þ)-epi-cytoxazoneand thenaturaldipeptidevalinoctin

A (Scheme3). Significantly, this strategy serves as the foundation

of an enantioselective [4 þ 1]/[3 þ 2] cycloaddition cascade

(eq 5), in which enantioenriched fused heterocycles are formed

in high efficiency and stereoselectivity.13

Two H-bonding interaction modes (modes A and B in

Figure 7 where LA is the Lewis acid and LB is the Lewis base)

have been used to explain the stereochemistry of these

CHART 4. Representative Examples of Chiral H-Bonding Controlled Asymmetric [4 þ 1] Annulation/Rearrangement Cascade Reactions

SCHEME 3. Target Directed Synthetic Applications of the Asymmetric Cascade [4 þ 1] Annulation/Rearrangement Reaction
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asymmetric cascade processes. In mode B, the carbonyl

oxygen of one urea moiety in the catalyst functions as a

Lewis base to activate and direct the addition of the R-acyl
sulfur ylide while H-bonding from the other urea unit acti-

vates the nitroolefin electrophile. This mechanistic proposal

has gained support from the results ofNMRexperiments and

DFT calculations.18

3. Acrylate-Linked Nitroolefins as Bis-elec-
trophilic Reagents
Inaddition to thecascade [4þ1]/[3þ2] cycloaddition reaction

with stable sulfur ylides previously described, acrylate-

linked nitroolefins 17 turned out to be a versatile reagent for

additional cascade processes, which enabled the conversion

of simple starting materials into structurally complex chro-

menes or chromanes (Scheme 4).20 The success of these

cascade reactions was undisputedly attributed to the discrimi-

nativeelectrophilicitybetween thenitroolefinand theacrylate.

3.1. Michael/Michael/retro-Michael Addition Cascade

Assisted by Protected Hydroxylamine. Rauhut�Currier

(RC) and Morita�Baylis�Hillman (MBH) reactions, mechan-

istically cascade Michael/Michael/retro-Michael addition

processes, have emerged as unique and valuable

carbon�carbon bond-forming protocols.21a Whereas

remarkable progress has been made in studies of the MBH

reaction, the RC transformation remains largely underdeve-

loped. Until in 2009 an elegant intramolecular crossed RC-

type reaction, operating through a dienamine activation

strategy, was disclosed by Christmann and co-workers.21b

To enrich the substrate diversity of this process, we

designed an asymmetric RC version that utilizes acrylate-

linked nitroolefins (Scheme 5).20a Different from previous

reports, phosphines or ternary amines failed here, and only

the combination of protected hydroxylamines and organic

bases was successful. Chiral amino-H-bonding organocata-

lysts promoted this asymmetric process in high chemo- and

enantioselectively and with complete atom-economy

(Chart 5). Additionally, theoretical investigations were im-

plemented via DFT calculations to shed light onto the

cascade reaction process and the stereocontrolled modes.

The enantioenriched RC adducts can be further transformed

into structurally more complex chromanes through stereo-

selective manipulation (i.e., asymmetric Michael additions

and [4 þ 2]-type addition reactions).

3.2. DoubleMichaelAdditionCascadewithAnilines, Thio-

phenols, and Benzotriazoles. The chromane architecture is

SCHEME 4. Asymmetric Cascade Reactions of Acrylate-Linked Nitroolefins

FIGURE 7. Possible modes involved in activation and stereocontrol by
the bis-urea catalyst.

SCHEME 5. Design of Michael/Michael/retro-Michael Addition Cascade
(RC Reaction) To Synthesize Chromenes and Their Analogs
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widely found in numerous natural products and synthetic

analogsas a “privileged” structuralmotif. Consequently, organic

chemists have developed a number of Lewis acid or transition

metal promoted, asymmetric catalytic methods for their

synthesis.22Ourefforts in thisareahave led to thedevelopment

of a new strategy for the construction of this ring system that

starts with acrylate-linked nitroolefins, involves a series of

double Michael addition cascades, and is promoted by bifunc-

tional organocatalysts (Figure 8). For example, thiophenols,20b

anilines,20c or benzotriazoles20c serve as nucleophiles in reac-

tions of acrylate-linked nitroolefins that produce highly sub-

stituted chromanes containing three contiguous stereocenters,

including a quaternary center, in a highly chemo- and stereo-

selective manner (Scheme 4).

4. Vinyl-Linked Indoles as Nucleophilic
Reagents
Indole-containing molecules represent another important

class of alkaloids that are prevalent in drug and natural

isolates. Among them, polycyclic indoles possess significant

and unique biological activities that have sparked new

approaches to exploring new medicinal agents. Owing to

their importance, large research efforts have been devoted

to the development of efficient synthetic routes into aza-

heterocyclic systems of this type,23 including Lewis acid or

transition metal catalyzed intramolecular alkylations of in-

doles and organocatalytic intermolecular Pictet�Spengler

reactions. Different from these works, we have developed

two distinctly different approaches for the preparation of

polycyclic indoles. As the retrosynthetic analysis displayed in

Figure 9 shows, readily availableω-indolyl alkenes and vinyl

indoles can be exploited as startingmaterials in routes to the

fused indoles that employ appropriate catalytic strategies.

4.1. Cross-Metathesis/Intramolecular Friedel�Crafts

Alkylation Cascade of ω-Indolyl Alkenes. Grubbs' ruthe-

nium alkylidenes have been shown to be valuable catalysts

for carbon�carbon bond formation reactions.24a More signif-

icantly, the ability of these catalysts to participate in cascade

processes has also been demonstrated on numerous

occasions.24b Critical to the success of these cascade protocols

is the use of additional catalysts (such as a Lewis acid) or

reagents to carry out the sequential processes. In contrast, the

use of a single species to catalyze a tandem process is rare.

In a study of Lewis acid assisted ring-closing metathesis

reactions of diallylamines, we encountered an example of

the Lewis acidity of ruthenium alkylidenes (Scheme 6).25

Inspired by this effort, we designed an efficient cross-

metathesis/intramolecular Friedel�Crafts alkylation cascade

that takes advantage of two distinct characteristics of ruthe-

nium alkylidenes found in their ability to catalyze inter-

molecular cross metathesis reactions and to serve as Lewis

acids to induce intramolecular Friedel�Crafts alkylations

(Chart6).26 For example, cascade reactions startingwithvarious

ω-indolyl alkenes and a wide range of electron-deficient

alkenes take place to form diverse polycyclic indoles,

such as tetrahydrocarbazoles, tetrahydropyranoindoles,

CHART 5. Representative Examples of Michael/Michael/retro-Michael Addition Cascade

FIGURE 8. Bifunctional organocatalysis of double michael addition
cascades.
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and tetrahydrocarbolines in good to excellent yields. The

combination of twomechanistically distinct transformations

relying on a single catalyst precursor makes this cascade

reaction particularly useful. The bifunctional nature of the

ruthenium species 45 was confirmed by using the control

experiments outlined in eqs 6 and 7.

Following the success of this work, we further investi-

gated incorporating enantioselectivity into a cascade re-

action sequence by combining the two distinct catalytic

entities, including ruthenium catalysis and iminium

catalysis.27 As the process outlined in eq 8 shows, this

sequential catalytic system promotes efficient reactions of

various ω-indolyl alkenes and crotonaldehyde to afford the

corresponding fused indoles in moderate to good overall

yields and with high enantioselectivities.26b Elegantly, You

and co-workers also developed an efficient asymmetric

cascade, which merges ruthenium and Brønsted acid cata-

lysis, to generate chiral polycyclic indoles with excellent

levels of chemo- and enantioselectivity (eq 9).28

4.2. Friedel�Crafts Alkylation/Michael Addition/Aro-

matization Cascade with Nitroolefins, Unsaturated Alde-

hydes, and Imines. 2-Vinyl and 3-vinyl indoles represent a

versatile nucleophilic reagent that allows a facile entry

into polycyclic indoles with enriched functionality through

[4þ 2]-type cycloaddition.29 Several triple cascade reactions

of vinyl indoles were developed to construct the stereo-

enriched polycyclic indoles following the work of cross-

metathesis/intramolecular Friedel�Crafts alkylation cas-

cade reactions.30 As described in Scheme 7, this sequence

contained intermolecular Friedel�Crafts alkylation of vinyl

indoles with electron-deficient alkenes, intramolecular

Michael addition of a transient intermediate A, and a rapid

[1,3]-Hmigration process driven by the aromaticity of indole

ring. Challenges in this design included the chemoselectivity

between the intramolecularMichael addition, fast re-aroma-

tization of intermediate A, and the stereocontrol during the

cascade process.

FIGURE 9. ω-Indolyl alkenes and vinyl indoles applied to the construction of polycyclic indoles.

SCHEME 6. Lewis Acid Assisted Ring-Closing Metathesis of
Diallylamines
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In 2007, we launched a program to explore cascade

reactions of vinyl indoles with various electron-deficient

components.31 Based on the 2009 studies of Brønsted acid

mediated tandem Diels�Alder/aromatization reactions of

2-vinyl indoles,30a we described a hydrogen bonding-cata-

lyzed, asymmetric Friedel�Crafts alkylation/Michael addi-

tion/aromatization cascade of 2-propenyl-indoles and

nitroolefins (Chart 7).30b The cascade process was found to

have substantial generality with respect to both nitroolefins

and vinyl indole components and to produce a range of

structurally diverse and complex tetrahydrocarbazoles in

good to excellent enantio- and diastereoselectivities.

In continuing studies, we extended the iminium-cata-

lyzed asymmetric Friedel�Crafts alkylation/Michael addi-

tion/aromatization cascade by applying it to reactions of

vinyl indoles and unsaturated aldehydes (Chart 8).30d This

protocol also served as an efficient route to produce highly

functional tetrahydrocarbazoles with good chemoselectivities

and excellent stereoselectivities. It is important to note that

themore complex product 56was formed inmoderate yield

and in a completely stereoselective manner via a quadruple

cascade reaction, which possibly proceeds through a cas-

cade double Michael addition/aromatization mechanism

rather than the alternative Diels�Alder cycloaddition route.

In studies of a one-pot multicomponent cascade reaction

of aldehydes, anilines, and 2-vinyl indoles, we accidentally

uncovered a protocol for the controlled synthesis of two

structurally different products.30e As shown in Scheme 8,

changing substituents on the indole nitrogen led to a switch

in chemo- and regioselectivity and generation of either a

tetrahydro-γ-carboline or an indolyl tetrahydroquinoline

product under otherwise identical reaction conditions.

For example, unprotected 2-vinyl indoles react to form tetra-

hydroquinolines in good yields and with excellent diastereo-

selectivities. However, when N-benzyl, N-methyl, allyl-, or

N-tosyl-protected 2-vinyl indoles are used as starting

CHART 6. Cross-Metathesis/Intramolecular Friedel�Crafts Alkylation Cascade Catalyzed by Grubbs' Ruthenium Alkylidenes

SCHEME 7. Design of Friedel�Crafts Alkylation/Michael Addition/Aromatization Cascade To Prepare Chiral Tetrahydrocarbazoles
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materials, tetrahydro-γ-carbolinesareobtained ingoodyields.

Although a complete understanding of these unexpected

observations awaits the results of additional experimentation,

we believe that the chemo- and regioselectivity switch is the

result of cooperative interaction between Brønsted acid and

N�H of unprotected vinyl indoles (Scheme 8).

5. Visible Light as a Renewable Energy Source
Cascade reactions have been proven to be an extremely

efficient method in the construction of complex carbo- and

heterocycles. Though highly efficient, atom-economic, and

operationally simple, it would be interesting to convert

traditional thermochemical processes into visible light-

induced photochemical processes. The visible light-induced

photochemical process would use clean and renewable

solar energy, thereby replacing the nonrenewable fossil fuel

energy.5Notably, the availability of photosensitive catalysts,

which can be activated by the irradiation of visible light (the

main component of sunshine), paved the way for us to

develop novel cascade reactions.

CHART 7. Representative Examples of the Asymmetric Cascade with Nitroolefins

CHART 8. Representative Examples of the Asymmetric Cascade with Unsaturated Aldehydes
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5.1. Visible-Light-Induced Oxidation/[3þ 2] Cycloaddi-

tion/Oxidative Aromatization Cascade. Pyrrolo[2,1-a]-

isoquinolines belong to a family of nitrogen-containing

heterocycles that possess important biological activities.

As such, this ring system is the core unit in many

pharmaceuticals and the naturally occurring lamellarin

alkaloids.32 Prior to our work in this area, several methods

had been developed to construct this ring system, includ-

ing those that employ the intramolecular Pd-catalyzed

decarboxylative Heck reaction, direct arylation of pyr-

roles, and intermolecular cycloaddition reactions.32 Our

recent studies33 have led to the development of a photo-

redox strategy to produce pyrrolo[2,1-a]isoquinolines.33a

As the examples given in Chart 9 demonstrate, the new

reaction appears to be general with respect to both dipo-

larophile and dipole components, and it produces the

desired adducts in moderate to excellent yields. Impor-

tantly, oxygen serves as the green oxidant, and the photo-

catalytic cascade is still efficient when oxygen is replaced

by air.

The proposed mechanism of this cascade reaction is

shown in Scheme 9. Initially, ethyl 2-(3,4-dihydro-isoquino-

lin-2(1H)-yl)acetate 61a was oxidized to iminium ion B

throughaphotoredoxprocess in thepresence of Ru(bpy)3Cl2
catalyst (64), oxygen, and visible light. Then iminium inter-

mediate B was transformed into 1,3-dipolar azomethine C

through a hydrogen peroxide anion-promoted deprotona-

tion process. Following the 1,3-dipolar azomethine ylide C

undergoing a [3 þ 2] cycloaddition reaction with various

dipolarophiles, the adduct was sequentially oxidized to

pyrrolo[2,1-a]isoquinoline. The kinetic isotopic effect experi-

ment suggested that the abstraction of hydrogen in the R-
position of the radical cation A by the superoxide radical

anion might be the rate-determining step for this visible

light-induced cascade reaction.

5.2. Visible Light-Induced Oxidation/Intramolecular

Cyclization Cascade of Chiral Diamines. Following the

successful development of the visible light-induced cascade

described above, we conducted studies aimed at extending

the same oxidation strategy to other asymmetric cascade

SCHEME 8. Tunable One-Pot Multicomponent Cascade Reaction

CHART 9. Photocatalytic Cascade Strategy To Construct Pyrrolo[2,1-a]isoquinolines
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reactions. This effort led to the discovery of a visible light

driven process that transforms natural amino acid derived

chiral diamines into products containing the tetrahydroimi-

dazole ring system (Chart 10), a common structural feature

of many biologically active natural products.33b

Two pathways appear plausible to explain the high

stereoselectivity observed in this chirality-induced asym-

metric process (Scheme 10). Under photoredox conditions,

the diamines are oxidized to iminium ion intermediates,

which are transformed to chiral tetrahydroimidazole

products through an aza-nucleophilic addition pathway.

The control experiments have shown that high syn-selec-

tivity can be attributed to either the methanol and the

ruthenium catalyst assisted isomerization or the t-BuOK-

promoted deprotonation/diastereoselective protonation

sequence (the latter believed to be more favored).

6. Conclusion
In this Account, we have summarized the results of recent

studies aimed at developing new cascade-based methods

SCHEME 9. Possible Mechanism of the Photocatalytic Cascade

CHART 10. Photocatalytic Cascade Strategy to Enantiopure Tetrahydroimidazoles

SCHEME 10. Possible Explanations for the Stereochemical Course of the Photocatalytic Cascade
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for the efficient construction of complex carbo- and hetero-

cycles. First, a renewed understanding of the reactive char-

acter of sulfur ylides led to the design of three different kinds

of cascade reactions that could stereoselectively afford

oxazolidinones, fused heterocycles, and pyrrolines. Second,

by utilizing the reactivity profiles of acrylate-linked nitroole-

fins, we have developed a series of cascade protocols to

obtain highly functional chromanes and chromenes. Third,

using alkene-linked indoles as versatile substrates, we un-

covered procedures to prepare polycyclic indoles, such as

tetrahydrocarbazoles, tetrahydropyranoindoles, and tetra-

hydrocarbolines, which are based on mechanistically dis-

tinct cascade processes. Last, two recent examples of

cascade reactions that allowed the synthesis of pyrrolo-

[2,1-a]isoquinolines and enantiopure tetrahydroimidazoles

were disclosed by virtue of visible light-promoted photore-

dox technologies. Notably, many of these unprecedented

cascade reaction mechanisms were investigated in-depth.

Also these synthetic applications will be appealing in drug,

natural products, and related analogs, which will attract the

interest of the organic, bioorganic, and medicinal commu-

nity. In the future, the endeavor to develop more novel

cascade reactions to construct biologically and synthetically

significant cyclic systems will continue, especially the fasci-

nating reactions involving visible light photocatalysis. In

addition, the bioactivities of these structurally diverse carbo-

and heterocyclic compounds will be evaluated with the aim

to find novel lead compounds of drugs or drug candidates.
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