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CONS P EC TU S

O ptically pure nitrogenous compounds, and especially nitrogen-containing
heterocycles, have drawn intense research attention because of their

frequent isolation as natural products. These compounds have wide-ranging
biological and pharmaceutical activities, offering potential as new drug candi-
dates. Among the various synthetic approaches to nitrogenous heterocycles, the
use of asymmetric multicomponent reactions (MCRs) catalyzed by chiral
phosphoric acids has recently emerged as a particularly robust tool. This method
combines the prominent merits of MCRs with organocatalysis, thus affording
enantio-enriched nitrogenous heterocyclic compounds with excellent enantios-
electivity, atom economy, bond-forming efficiency, structural diversity, and
complexity. In this Account, we discuss a variety of asymmetric MCRs catalyzed
by chiral phosphoric acids that lead to the production of structurally diverse
nitrogenous heterocycles.

In MCRs, three or more reagents are combined simultaneously to produce a single product containing structural contributions
from all the components. These one-pot processes are especially useful in the construction of heterocyclic cores: they can provide a
high degree of both complexity and diversity for a targeted set of scaffolds while minimizing the number of synthetic operations.
Unfortunately, enantioselective MCRs have thus far been relatively underdeveloped. Particularly lacking are reactions that proceed
through imine intermediates, which are formed from the condensation of carbonyls and amines. The concomitant generation of
water in the condensation reaction can deactivate some Lewis acid catalysts, resulting in premature termination of the reaction.
Thus, chiral catalysts typically must be compatible with water for MCRs to generate nitrogenous compounds. Recently,
organocatalytic MCRs have proven valuable in this respect. Brønsted acids, an important class of organocatalysts, are highly
compatible with water and thereby offer great potential as chiral catalysts for multicomponent protocols that unavoidably release
water molecules during the course of the reaction.

We present a detailed investigation of several MCRs catalyzed by chiral phosphoric acids, including Biginelli and Biginelli-
like reactions; 1,3-dipolar cycloadditions; aza Diels�Alder reactions; and some other cyclization reactions. These
approaches have enabled the facile preparation of 3,4-dihydropyrimidinones, pyrrolidines, piperidines, and dihydropyr-
idines with high optical purity. The synthetic applications of these new protocols are also discussed, together with theoretical
studies of the reaction transition states that address the regio- and stereochemistry. In addition, we briefly illustrate the
application of a recently developed strategy that involves relay catalysis by a binary system consisting of a chiral phosphoric
acid and a metal complex. This technique has provided access to new reactions that generate structurally diverse and
complex heterocycles.

Enantioselective organocatalytic MCRs remain a challenge, but we illustrate success on several fronts with chiral
phosphoric acids as the primary catalysts. Further progress will undoubtedly provide even better access to the chiral
nitrogen-containing heterocycles that are not only prevalent as natural products but also serve as key chiral building blocks
in organic synthesis.
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1. Introduction
Both five- and six-membered, chiral nitrogenous heterocyc-

lic structural skeletons are prevalent in biologically active

natural products (Figure 1), and some of those constitute key

intermediates with widespread application in organic

synthesis.1 Moreover, a large number of artificial molecules

based on these structures hold great potential in pharma-

ceutical andmedicinal research. For instance, MI-219 (2)2a is

a potent, highly selective, and orally active inhibitor of the

interaction between the tumor suppressor p53 and the E3

ubiquitin ligase MDM2. (S)-L-771688 (5)2b is a selective R1a

receptor antagonist for the treatment of benign prostatic

hyperplasia (BPH). Thus, the development of new synthetic

methods to readily access these targets in both highly

structural diversity and stereoselectivity is undoubtedly ap-

pealing in organic andmedicinal chemistry and their related

fields as well.
Multicomponent reactions (MCRs) are strictly defined as

one-pot processes where three or more accessible compo-

nents are combined simultaneously in such a way that the

single product contains significant portions of all reagents.3

The MCRs are well amenable for the construction of hetero-

cylic cores4 and, more importantly, are at a premium for the

achievement of a high degree of both complexity and

diversity for a targeted set of scaffolds by minimizing the

number of synthetic operations. However, the enantioselec-

tive version of MCRs has yet been underdeveloped. In

particular, there lack reactions that proceed via imine inter-

mediates, formed from condensation of carbonyls and

amines, because the concomitant generation of water de-

activates some Lewis acid catalysts and results in termina-

tion of the reaction prematurely. Thus, chiral catalysts are

mostly required to be water (moisture) compatible for MCRs

to generate nitrogenous compounds.3a

Recently, organocatalytic MCRs have emerged as robust

synthetic tools as exemplified by many intriguing applica-

tions.3d�g Brønsted acids, one important class of organoca-

talysts, are essentially highly compatible with water and

thereby hold great potential to be ideal chiral catalysts for

the creation of new enantioselective multicomponent pro-

tocols that unavoidably release water molecules during

reaction.5 In 2004, Akiyama et al., and Terada and Uraguchi

independently accomplished an innovative development of

chiral Brønsted acid catalysts that possess strongly acidic

functionalities.6 These seminal events have prompted the

chiral phosphoric acids to be accepted as a privileged class of

Brønsted acid organocatalysts capable of affording numer-

ous enantioselective transformations.7 Indeed, the efficient

activation of imines6 and structural tunability of binol-based

phosphoric acids draw our attention to consider them as

chiral catalysts for asymmetric MCRs to access optically pure

nitrogenous heterocycles in structural diversity. In this Ac-

count, we will summarize chiral phosphoric-acid-catalyzed

multicomponent reactions mainly coming from our group

for the diversity-oriented synthesis of highly enantioen-

riched nitrogenous heterocycles.

2. Biginelli and Biginelli-like reaction
2.1. Biginelli Reaction.TheBiginelli reaction,8a oneof the

most useful multicomponent reactions, offers an efficient

way to access 3,4-dihydropyrimidin-2-(1H)-ones (DHPMs)

and related compounds, which show a wide scope of

important pharmacological properties and make up a large

family of medically relevant compounds.8b The absolute

configuration of the inherent stereogenic center in DHPMs

exerts great influence on the bioactivity,8b and asymmetric

Biginelli reactions have therefore received renewed atten-

tion.8c,d However, this reaction unavoidably generates two

molecules of water, which deactivates most of the Lewis

acids and hence makes the chiral Lewis-acid-catalyzed en-

antioselective version continue to be a formidable challenge.

The breakthrough in this field came from Zhu et al., who

accomplished a highly enantioselective Biginelli reaction by

using a moisture-compatible chiral ytterbium complex.8e

Inspired by the early success in the Mannich reactions

catalyzed by phosphoric acids,6 we disclosed the first highly

enantioselectiveorganocatalyticBiginelli reaction (Scheme1).9

Starting from an aldehyde 7, thiourea or urea 8, and acet-

oacetates 9, H8-BINOL-based chiral phosphoric acid 10a

exhibited the highest catalytic efficiency and afforded pyr-

imidinone derivatives 11 in moderate to good yields with

high enantioselectivities. We proposed that chiral phosphoric

acids would effectively catalyze the Biginelli reaction by

FIGURE 1. Biologically significant compounds containing nitrogenous
heterocycles.
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forming a chiral N-acyliminium phosphate ion pair 12, to

which the enantioselective addition of β-keto esters 9 could

occur to generate optically active 11 via an enantioenriched

intermediate 13. Importantly, an active pharmaceutical in-

gredientmonastrol (11d) could be accessed in two stepswith

high optical purity from the Biginelli reaction.

We further investigated the substituent effect of chiral

phosphoric acids on the enantioselectivity of the Biginelli

reaction.10 By tuning the size of 3,30-disubstituents of the

phosphoric acids without changing the axial chirality of the

catalysts, the stereochemistry of the Biginelli reaction can be

reversed. For example, the enantioselectivity of (R)-11e

could be improved from 80% to 85%ee (ee = enantiometric

excess) by the replacement of phenyl-substituted catalyst 14a

with H8-BINOL-based phosphoric acid 10a (Scheme 2).

However, a trace amount of product was obtained with

14b, while triphenylsilyl-substituted catalyst 14c was

found to provide (S)-11ewith the highest level of enantio-

selectivity.

Then we performed density functional theory (DFT) cal-

culations to understand the reversal of the enantiofacial

selection in these catalysts (Figure 2). In the case that

involves 10a as the catalyst, the dual activation model

existed in both si-facial and re-facial attacking TSs while

the si-facial attack (TS-1-R) was favored and thereby gave

a majority of the (R)-enantiomer. In contrast, in the reaction

catalyzed by 14c, the re-facial TS is favored in the dual

activation mode (TS-2-S), whereas the si-facial TS, with the

phosphoric acid forming an 8-membered cyclic hydrogen

bonding structure with the imine and a weaker hydrogen

SCHEME 1. Chiral Phosphoric-Acid-Catalyzed Biginelli Reaction

SCHEME 2. Effect of the Substituents of the Phosphoric Acids on Stereochemistry
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bond to the enol, is not favored. Therefore, the (S)-enantio-

mer was preferentially produced.

The phosphoric acid (R)-14c-catalyzed Biginelli reaction

tolerated awide scope of aldehydes and could be practically

used in the synthesis of a chiral precursor of (S)-L-771688 (5)2b

(Scheme 3).10 The dihydropyrimidinethione 11f was first

subjected to an oxidation and followed by a bromination,

producing 16 in 73% yield without erosion of enantio-

meric excess. Methoxylation of 16 afforded 17 in 81%

yield. The compound 17 could be transformed into (S)-L-

771688 (5) by following a known procedure.11

Duringour studieson thephosphoric-acid-catalyzedBiginelli

reaction, we found a strong positive nonlinear effect (NLE)

in the reaction of 4-nitrobenzaldehyde (7a), thiourea (8a),

FIGURE 2. DFT calculation on how the 3,30-substituents control the stereochemistry.

SCHEME 3. Synthesis of a Chiral Precursor to (S)-L-771688
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and ethyl acetoacetate (9a) catalyzed by 10 mol % of

the nonenantiopure phosphoric acid 14c in toluene

(Figure 3a).12 In contrast, a linear effect was observed for

the same reaction under almost identical reaction conditions

except chloroform was used as the solvent (Figure 3b).

We found that the solution of optically pure phosphoric

acid 14c in toluene always remained clear while that of the

racemic one formed a large amount of solid precipitate from

thesolutionwith stirring. In contrast, both racemicandoptically

pure samples were very soluble in chloroform and remained

as clear solutions after being stirred. Further experimental

studies underpinned the theory that, unlike the optically

pure enantiomer, the racemic phosphoric acid formed

energetically favored supramolecular aggregates that

were less soluble in nonpolar solvents (e.g., toluene)

through hydrogen bonds formed with crystalline water

and led to the enhancement of the solution ee values. As

a result, a dramatic positive NLE was observed in the

phosphoric-acid-catalyzed Biginelli reaction.

The positive NLE turned out to be a general phenomenon

in various phosphoric-acid-catalyzed reactions if the sub-

strates and products did not contain hydrogen-bond-break-

ing elements and if the reaction was performed in a solvent

that shows different solubility for optically pure phosphoric

acid and its racemic aggregates.12

2.2. Biginelli-like Reaction. In contrast to numerous

protocols available for Biginelli reactions, Biginelli-like reac-

tions using enolizable ketoneshavebeen less explored even

in a racemic manner.13 The inferior reactivity of ketones,

compared to that of β-keto esters, appears to be a key factor

preventing the Biginelli-like reaction or the Mannich reac-

tion from success under the catalysis of relatively mild Lewis

or Brønsted acids.

We established a direct asymmetric three-component

Mannich reaction of aromatic aldehyde 7, anilines 19 with

ketones 18 or 21 prior to our studies on the Biginelli-like

reaction (Scheme 4).14We speculated that chiral phosphoric

acids were able to activate enolizable ketones via TS-3. The

reaction of cyclic ketone 18 as the nucleophilic component

proceeded smoothly in the presence of 0.5 mol % 14d or

2 mol % 10a, giving anti-β-amino carbonyls in high yields

with excellent enantioselectivities and high diastereomeric

FIGURE 3. Asymmetric amplification in the Biginelli reaction catalyzed by 14c.

SCHEME 4. Three-Component Direct Mannich Reaction
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ratios. Then acyclic ketones21were also examinedasMannich

donors, such as acetone and acetophenone. Fairly good

enantioselectivitieswere afforded for an aliphatic ketone in the

presence of 10b. The Mannich reaction involving aromatic

ketones proceeded smoothly with good enantioselectivities

catalyzed by 5 mol % of phosphoric acid 10c.

Encouraged by these achievements on the Mannich

reaction, we further performed the Biginelli-like condensa-

tion of enolizable ketones, including both cyclic ketones 18

and acyclic ketones 24 by using catalyst 14c (Scheme 5).10 A

broad range of cyclic ketones 18 and acyclic ketones 24

were applicable to the Biginelli-like condensation with aro-

matic aldehyde 7 and N-benzylthiourea 23, giving structu-

rally diverse dihydropyrimidinethiones (25 or 26) with

excellent optical purity.

Under standard reaction conditions, either dihydropyri-

midinethione of type 25a or 26a could be transformed into

syntheticallyuseful chiral compounds, including2-methylthiodi-

hydropyrimidine 27, guanidine 28, chiral thiourea 29,

and dihydropyrimidinone 30 (Scheme 6).

3.Multicomponent Aza-Diels�Alder Reaction
The asymmetric aza-Diels�Alder reaction is an efficient

and versatile tool for the preparation of chiral piperidine

derivatives, the precursors of a large family of biologically

important compounds such as alkaloids, peptides, and aza-

sugars.15a Thus, the catalytic asymmetric variants employ-

ing either metal complexes or organocatalysts have been

disclosed over the past few years.15b

In 2006, Akiyama and co-workers developed an enan-

tioselective hetero-Diels�Alder reaction of siloxydienes, in-

cluding Danishefsky's and Brassard's dienes, with imines

using a chiral phosphoric acid or a pyridinium salt as the

catalyst.16 Subsequently, we and Rueping and Azap inde-

pendently reported an enantioselective direct aza-

Diels�Alder reaction of cyclohexenone 31 with aromatic

imines 32.

Rueping and Azap found that the combined use of

chiral phosphoric acid 14b (10 mol %) and acetic acid

(20 mol %) enables an efficient aza-Diels�Alder reaction

of cyclohexenone 31 with aromatic imines to proceed

with high stereoselecitivity.17a The stronger Brønsted acid

14b is presumably to activate aldimine 32, while the

weaker Brønsted acid facilitates the keto�enol tautomer-

ism of cyclohexenone 31. Alternatively, we found that

H8-BINOL-based phosphoric acid 10c was capable of offer-

ing comparable results without the assistance of extra

acetic acid.17b

SCHEME 5. Biginelli-like Reaction Using Cyclic and Acyclic Ketones

SCHEME 6. Synthetic Applications of Biginelli-like Reaction SCHEME 7. Direct aza-Diels-Alder Reaction of Imines with
Cyclohexenone
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Weproposed that cyclohexenonewould be enolized into

35 under the acidic conditions, which would first attack the

protonated aldimine to undergo a Mannich reaction, gen-

erating intermediates 36 and 37, followed by aza-Michael

addition to afford products 33 and 34 in moderate to good

enantioselectivities (Scheme 7).

Moreover, a one-pot, three-component asymmetric aza-

Diels�Alder reaction of cyclohexenone 31 with p-anisidine

19b and anumber of aromatic aldehydes7 catalyzed by10c

(5 mol %) was conducted to furnish the products in good

yields with enantioselectivities similar to those observed for the

corresponding reactions with preformed aldimines (eq 1).

The Povarov reaction, an inverse electron-demand aza-

Diels�Alder reaction between2-azadienes andelectron-rich

olefins, enables a rapid construction of tetrahydroquinoline

derivatives. In 2006, Akiyama and co-workers reported an

elegant Brønsted-acid-catalyzed Povarov reaction between

vinyl ether andN-arylimines preformed from2-hydroxylani-

line and aldehydes.18

Subsequently, Zhu and co-workers reported a three-com-

ponent variant using enecarbamates 38a as electron-rich

dienophiles (eq 2).19 This protocol is amenable to a wide

variety of aromatic and aliphatic aldehydes 7, anilines 19,

and enecarbamates38a in the presence of chiral phosphoric

acid 10c, giving corresponding products 39 with excellent

enantioselectivities.

Interestingly, the absolute stereochemistry of the tetra-

hydroquinoline 39 is different from that obtained by Akiya-

ma et al, although the chiral phosphoric acid catalysts have

the same axial chirality (Figure 4).19 In Akiyama's model, the

phosphoric acid only activated the electrophile via the

participation of the o-hydroxy group through the re-facial

attackingTS-4a.18 In Zhu'smodel, the phosphoric acid acted

as a bifunctional catalyst that activates both the nucleophile

and electrophile through the hydrogen bonds via the si-

facial attacking TS-4b.

More importantly, the torcetrapib 42 (Scheme 8), an

inhibitor of cholesteryl ester transfer protein,20 could be

concisely prepared starting with the present reaction. Ethox-

ycarbonylation of 39a provided 40 in 88% yield. The

deprotection of N-Cbz of 40, followed by an acylation with

methylchloroformate, furnished 41 in 81% yield. Finally, the

benzylation of 41 at the secondary amide with 3,5-bis-

(trifluoromethyl)benzyl bromide afforded torcetrapib 42.19

4. 1,3-Dipolar Cycloaddition
The 1,3-dipolar cycloaddition of azomethine ylides with

olefins gives rise to pyrrolidines, which represent structural

elements frequently found in organocatalysts, natural pro-

ducts, and drug candidates.21 Chiral Lewis-acid-catalyzed

variants have received considerable attention over the past

few years.21a,b In 2007, Vicario et al. and C�ordova et al.

reported the first ogranocatalytic asymmetric 1,3-dipolar

addition of azomethine ylides to R,β-unsaturated aldehydes

SCHEME 8. Synthesis of Torcetrapib 42

FIGURE 4. Activationmodes and stereochemical outcomes of Povarov
reaction.
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mediated by a chiral secondary amine via iminium activa-

tion strategy.21c,d However, this reaction is essentially un-

able to accommodate dipolarophiles other than enals and

enones. Independently, we21e and Chen et al.21f established

a 1,3-dipolar addition of azomethine ylides to nitroolefins by

using thiourea-based bifunctional chiral organocatalysts.

Simultaneously, we investigated a Brønsted-acid-cata-

lyzed asymmetric three-component 1,3-dipolar cycloaddi-

tion22 of aldehydes 7, amino esters 43, and maleates 44,

yielding multisubstituted pyrrolidines 46. We initially pro-

posed that the phosphoric acid theoretically forms a chiral

azomethine ylide dipole 47 or 48 that would undergo an

enantioselective 1,3-dipolar cycloaddition with dipolarophiles

(Scheme 9). The bisphosphoric acid 45, derived from (R,R)-

linked BINOL,23 turned out to be the best catalyst, which

allowed the three-component 1,3-dipolar cycloaddition to

proceed in high yields and excellent enantioselectivities.

A broad range of aldehydes 7, including aromatic, R,
β-unsaturated, and aliphatic aldehydes, with aminomalonates

as well as R-arylglycine esters and phenylalanine esters were

accommodated in the reaction, giving the correspond-

ing pyrrolidine derivatives 46 with excellent endo- and

SCHEME 9. Three-Component 1,3-Dipolar Cycloaddition Catalyzed by (R,R)-45

FIGURE 5. Scope of the asymmetric 1,3-dipolar cycloaddition reaction.



1164 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1156–1171 ’ 2011 ’ Vol. 44, No. 11

Facile Synthesis of Diverse Nitrogenous Heterocycles Yu et al.

enantioselectivities. In addition, this protocol tolerated

electronically deficient olefin dipolarophiles other than

maleate, such as vinyl ketones and esters (Figure 5).24a

More interestingly, methyl 2-(2-nitrophenyl)acrylate can

SCHEME 10. 1,3-Dipolar Cycloaddition for Dimethyl Fumarate

SCHEME 11. Imines Used as Dipolarophiles to Synthesize Imidazolidines 52

SCHEME 12. Synthesis of Isoindoline Derivatives 57
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also participate in the 1,3-dipolar cycloaddition reaction

of azomethine ylides with 3-methylbutenal to yield highly

enantioenriched pyrrolidine derivative 49d bearing an all-

carbon quaternary stereogenic center.24b

In comparison with maleates 44, dimethyl fumarate 50

represents an even more challenging dipoloraphile in the

asymmetric 1,3-dipolar cycloaddition reaction. Indeed, when

we applied the optimal conditions to the 1,3-dipoalr addition

involving dimethyl fumarate 50, the reaction proceeded

smoothly to give the endo-product 51a in high yield but with a

moderate enantioselectivity and low diastereoselectivity.

After screening solvents, the best results were attained by

conducting the reaction in toluene (Scheme 10).24a

We also found that the reaction could be expanded to a

series of electron-deficient dipolarophiles other than elec-

tronically poor olefins. N-Aryl imines, generated in situ from

aldehydes 7 and anilines 19, are suitable dipolarophiles

capable of reacting with azomethine ylides to generate chiral

imidazolidines 52with high stereoselectivity catalyzed by

phosphoric acid 14e (Scheme 11).25 The studies on the

relationship between ee of the catalyst 14e versus that of the

product found a negativeNLE, revealing that twomolecules of

phosphoric acids are probably involved in the catalysis for

the activation of both azomethine ylides and imines.

The reaction involving 2,3-allenoates 53 as the dipolaro-

philes occurred readily in the presenceof chiral bisphosphoric

acid 45 to give 3-methylenepyrrolidine derivative 54 as a

single diastereomer (eq 3).26 Although aliphatic aldehydes

resulted in diminished enantioselectivities, excellent ee values

were obtained using aromatic aldehydes in most cases.

In view of the widespread applications of axially chiral

2,3-allenoates,27 we established a kinetic resolution of rac-

2,3-allenoates via (R,R)-45 catalyzed 1,3-dipolar cycloaddition,

providing an alternative access to both 3-methylene-pyr-

rolidine derivatives (54) and the recovered (R)-2,3-allenoates

(55) in high yields and excellent enantioselectivities (eq 4).28

We also developed a one-pot synthesis of chiral isoindo-

line derivatives based on consecutive transformations that

SCHEME 13. Synthesis of Spiro[pyrrolidin-3,30-oxindoles]
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involved a chiral phosphoric acid 14f catalyzed 1,3-dipolar

cycloaddition using quinone 56 as dipolarophiles, followed

by isomerization mediated by an organic base, providing

isoindoline derivatives 57 with high enantiomeric purity

(Scheme 12).29

The spiro[pyrrolidin-3,30-oxindole] ring system is a core

structural element found in a large family of natural alkaloids

and unnatural compounds exhibiting important bioactivities,

as typicallyexemplified in Figure1.1 Encouragedby thesuccess

in the Brønsted-acid-catalyzed 1,3-dipolar cycloaddition, we

developed an asymmetric three-component 1,3-dipolar cyclo-

addition of methyleneindolinones 58with aldehydes 7 and

amino esters 43 catalyzed by phosphoric acid 14b, afford-

ing spiro[pyrrolidin-3,30-oxindole] derivatives 59 with high

enantioselectivity and structural diversity (Scheme 13).30a

Interestingly, the unusual regioisomers of type 59a were

predominantly formed, rather than 59b that was predicted

to be generated according to conventional regulation.21a,b

To understand this regioselectivity, we performed theoreti-

cal calculations on the transition states.30 As shown in

Figure 6, themost favored transition structureTS-5a, where-

in both the methyleneindolinone and the azomethine ylide

are hydrogen-bonded with the hydroxyl proton and

phosphoryl oxygen of the catalyst and thereby allows for

dual activation of the two substrates simultaneously by

Brønsted acid and Lewis base, affords the major product

observed. The TS-5a is found to be more stable than

TS-5b, which corresponds to the minor regioisomer, pre-

sumably due to the stabilization stemming from the favor-

able π�π stacking interaction between the oxo-indole

FIGURE 6. Located transition states for the 1,3-dipolar cycloaddition.
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ring and the conjugated esters in TS-5a. Moreover, TS-5c,

which leads to the formation of the enantiomer of the

major regiomer, is considerably less stable than TS-5a in

energy.

5. Multicomponent Cyclization Reactions for
Synthesis of Dihydropyridines
Dihydropyridines (DHPs) exhibit a wide spectrum of phar-

maceutical activities.8b In particular, 4-aryl-substituted

1,4-dihydropyridines have been recognized as an impor-

tant class of organic calcium-channel modulators for

the treatment of cardiovascular diseases. Optically pure

DHPs have been widely applied in the synthesis of alka-

loids as chiral building blocks, and the C4-substituted 1,

4-dihydropyridines have also been utilized as chiral models

of NAD(P)H.31

We accomplished an asymmetric three-component cycliza-

tion reaction of cinnamaldehydes 60 and aromatic primary

amines 19 with 1,3-dicarbonyl compounds 61 catalyzed by

H8-BINOL-based chiral phosphoric acid 10d to afford the 1,

4-dihydropyridine derivatives 62 in moderate to high yields

and with excellent enantioselectivities (Scheme 14).32

The reaction tolerated a broad scope of substrates includ-

ing various cinnamaldehydes, β-ketoesters, and acetyl acet-

ones. Among the anilines 19 explored, 3-methoxy-aniline

gave the highest ee value, but was accompanied by com-

parative erosion of the yields. R,β-Unsaturated aldehydes

60 with electron-withdrawing substituents on the aromatic

SCHEME 14. Three-Component Cyclization to Form 4-Substituted DHPs 62

SCHEME 15. Chiral Phosphoric Acid (R)-14c Catalyzed Cyclization of Azlactones 63
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ring exhibited high enantioselectivities, whereas the use of

aliphatic R,β-unsaturated aldehydes resulted in low yield

and inferior enantioselectivity (62c).

Azlactones 63 possessing three reactive sites at C-2, C-4,

and C-5, of which both C-2 and C-5 are electrophilic, while

C-4 is nuleophilic, have been versatile reactants participating

in various synthetically important reactions.33 The enantio-

selective cyclization reaction of azlactones with cinnamal-

dehydes 60 and aniline derivatives 19 catalyzed by chiral

phosphoric acid 14c proceeded nicely to furnish 3-amino-

3,4-dihydropyridinones 64 as a single diastereomer with

high enantioselectivities (Scheme 15).34 Interestingly, the

use of 4 Å MS was crucial to obtaining high yields of the

desired products 64. When the reaction was carried out in

the absence of 4 ÅMS, considerable amounts of byproducts

65 were formed from the nuleophilic ring-opening of azlac-

tones 63 by amines 19.

Furthermore, aryl ethylamine derivatives 66were able to

participate in the reactions with azlactone 63a and various

cinnamaldehydes 60 in the presence of 14c to give products

67 in high yields. Subsequent treatment of 67 with trifluor-

oborane resulted in a clean Pictet-Spengler type cyclization

reaction, generating benzo[a]quinolizidine derivatives 68 in

high overall yields and with excellent enantioselectivities

(Scheme 16).34

Subsequently, Gestwicki and Evans reported a four-com-

ponent Hantzsch condensation reaction of dimedone 69,

ethyl acetoacetate 9a, aromatic aldehydes 7, and ammo-

nium acetate 70 catalyzed by chiral phosphoric acid 14g,

giving the desired products 71 in good yields with high

enantioselectivities (eq 5).35

6. Other Multicomponent Reactions to Access
Nitrogenous Heterocycles
In 2007, Terada and co-workers successfully accomplished

a cascade aza-ene-type reaction/cyclization of monosubsti-

tuted enecarbamates 38a with aldimines 72 catalyzed

by the chiral phosphoric acid 14h to afford piperidine

derivatives 73 with high diastereo- and enantioselectiv-

ities (eq 6).36

Aziridine derivatives not only have antitumor and

antibiotic activities37 but also serve as versatile inter-

mediates in organic synthesis.38 In 2009, Akiyama and

co-workers reported an elegant enantioselective one-pot

synthesis of aziridines 77 via chiral phosphoric acid 14i

catalyzed aza-Darzen reactions of R-diazoacetate 76

with aldimines 75, which were generated in situ from

glyoxal monohydrates 74 and 4-methoxyaniline 19b

(eq 7).39

SCHEME 16. Synthesis of Benzo[a]quinolizidine Derivatives 68
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7. Relay Catalytic Asymmetric Multicompo-
nent Reaction
Traditionally, either metal-based catalysts or organocata-

lysts are generally used alone to promote fundamentally

different reactions in asymmetric catalytic processes. Re-

cently, the combination of metal complexes and organic

molecules in cooperative and relay catalysis has attracted

much attention for its potential to realize unprecedented

transformations.40 Particularly, relay catalysis holds great

potential in creation of new transformations, which rely on

the compatibility of metal catalysis with phosphoric acid

catalysis.40e Notably, elegant advances have corroborated

the robustness of this concept to establish new asymmetric

catalytic reactions.40c,d

Very recently, the chiral phosphoric-acid-catalyzed Povar-

ov reactions have been established.19 We41a and Che and

Liu41b have respectively demonstrated that gold complexes

and Brønsted acid canwork compatibly in the relay catalysis

for the consecutive hydroamination/transfer hydrogenation

of alkynes. Inspired by these achievements, we then de-

signed a relay catalytic sequential Pavarov reaction/intra-

molecular hydroamination reaction by using a gold(I)/

Brønsted acid binary system for the synthesis of polycyclic

heterocycles. The three-component cascade reaction of

2-(2-propynyl)aniline derivatives 78, aldehyde 7, and ene-

carbamates 38a consists of an enantioselective [4 þ 2]

cycloaddition reaction catalyzed by chiral phosphoric acid

14f and a subsequent catalytic intramolecular hydroamina-

tion by a gold(I) complex 79. This approach provides a

unique method for the preparation of structurally diverse

and complex julolidine derivatives 80 in high optical purity

(Scheme 17).42 Kinetic studies revealed that the phosphoric

acid is not only a chiral catalyst for the Povarov reaction but

also an assistant to facilitate the gold complex-catalyzed

hydroamination reaction.

8. Conclusion
Enantioselective organocatalytic multicomponent reactions

hold great importance in organic synthesis and medicinal

chemistry, but still remain a challenging field in current

asymmetric catalysis.Wehaveaccomplished several stereo-

selective multicomponent reactions by using chiral phos-

phoric acids as the main catalysts. The reactions turn out to

be useful and efficient for the creation of structurally diverse

and complex nitrogenous heterocycles in high optical purity.

Importantly, chiral nitrogen-containing heterocyles ob-

tained from these reactions, such as DHPMs, tetrahydroqui-

nolines, pyrolidines, and dihydropyridines, are not only

prevalent in natural products and pharmaceutically relevant

compounds but also serve as key chiral building blocks in

organic synthesis. In addition, our attempts presented in this

Account might open a window for the future development

of unprecedented asymmetric organocatalytic multicompo-

nent reactions, particularly using Brønsted acids as catalysts.

Furthermore, we have demonstrated that the use of a chiral

phosphoric acid/metal binary catalyst system might be a

new strategy allowing for the creation of unprecedented

enantioselective cascade reactions in the construction of

structurally diverse nitrogen-containing molecules.
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