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Abstract The frequent occurrence of chiral 1-substituted-

1,2,3,4-tetrahydroisoquinoline ring systems in a large

number of alkaloids, possessing a broad spectrum of bio-

logical and pharmaceutical properties, has prompted out a

considerable interest in their synthesis. Economical and

valuable stereoselective processes based on organocatalytic

transformations represent a new avenue for approaching

isoquinoline alkaloids with efficiency and creativity.

Keywords Asymmetric catalysis � Homogeneous

catalysis � Green chemistry

1 Introduction

Tetrahydroisoquinoline derivatives are structural motifs

often occurring in natural products such as isoquinoline

alkaloids, the largest group of alkaloids (Fig. 1) [1]. The

tetrahydroisoquinoline skeleton is a basic building block of

various types of alkaloids including benzylisoquinolines

(among them papaverine, hygenamine, laudanosine and

micovarium), protopines, benzo[c]phenanthridines, pro-

toberberines, naphtylisoquinolines, bisbenzylisoquinolines

(berbamine, dauricine, fangchinoline, pavines and isopa-

vines), phtalide isoquinoline (bicuculline), emetine group,

aporphinoid alkaloids, morphine, colchicines, and many

others. These natural products are found in a great variety

of plants and vegetables and they often exhibit a range of

pharmacologically and biological activities such as anti-

tumor, antibiotic, antiviral anti-inflammatory, anticoagula-

tion, and bronchodilation [2]. Therefore, the frequent

occurrence of chiral 1-substituted-1,2,3,4-tetrahydroiso-

quinoline ring systems in a large number of alkaloids

possessing a broad spectrum of biological and pharma-

ceutical properties, has led to significant increasing interest

in their synthesis [3].

To date, most of the traditional synthetic approaches are

based on procedures employing chiral building blocks,

chiral auxiliaries, or chiral reagents [4]. In order to address

issues related to economic and ecologically valuable pro-

cesses, in recent years considerable effort has been directed

towards the development of catalytic stereoselective

transformations to obtain enantioenriched 1-substituted-

tetrahydroisoquinoline frameworks with a high level of

selectivity. As the biological activity of such alkaloids is

often displayed by a specific stereoisomer [5], many efforts

have been directed to asymmetrically functionalize iso-

quinolines. Many methodologies focus on the introduction

of a substituent at the C1 position [6], as this stereocenter is

present in most of the natural products in this compound

class [7]. This chemistry was first explored by Reissert [8]

using chloroformate or benzoyl chloride to activate either

isoquinolines or quinolines which react via the corre-

sponding acyl iminium ions. The enantioselective catalytic

version of the Reissert reaction was introduced by Shiba-

saki a number of years later [9], indicating the difficulties

encountered during the reaction development. Following

this, a number of enantioselective metal catalysed meth-

odologies were described [10] for these molecules, how-

ever with only moderate success. Another important

approach to consider for these compounds is the efficient
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asymmetric hydrogenation [11] and asymmetric transfer

hydrogenation [12] of 1-substituted-3,4-dihydroisoquino-

lines (DHIQ). These methodologies are able to conjugate

operational efficiency with atom economy. However,

despite the advances in asymmetric hydrogenations and the

maturity of the technique, only relatively few catalytic

systems operating with high selectivity have been reported

in the literature, and the asymmetric reduction of 1-aryl-

substituted-3,4-DHIQs has only been described in few

cases and it is still considered a challenge in the field of

asymmetric hydrogenation [13]. The major problem asso-

ciated with the cited methodologies is the use of metals.

Although the impact of metal-based catalysts on chemical

synthesis cannot be understated, expensive methodologies

and toxicity are often associated with the use of metals.

The advent of organocatalysis in 2000 [14, 15] introduced

new concepts in catalysis, making possible to design new

processes with different experimental procedures, allowing

the development of complementary methods able to reduce

costs, energy, and chemical waste. The benefits associated

with organocatalysis rely on the use of organic molecules,

moisture and oxygen stable, and prepared from available

precursors, often aminoacids, alkaloids, or from other

natural sources already available as single enantiomers.

These organic catalysts, or as are now called ‘‘organocat-

alysts’’ are able to play a specific role in the reaction. It is

now well established that organocatalysts are able to pro-

mote a reaction and transmit the stereochemical informa-

tion through generic modes of catalyst activation, induction

and reactivity. In a such generic activation mode the

reactive specie, that can participate in many reaction types,

is formed by the interaction of the organocatalyst with a

functional group (e.g.: ketone, aldehyde, imine, nitro, ester

or an unsaturated Michael acceptor) present in the reaction

mixture, in a highly organized and predictable manner. In a

pioneering and inspiring paper [16] activation modes in

organocatalysis have been classified, helping many new

players to enter into this field and accelerating the expo-

nential growth of the subject. The paradigm of generic

activation modes allows straightforwardly the design on

many new enantioselective reactions. Indeed, more than

100 organocatalytic reactions were quickly discovered

from the use of only five or six activation modes. The small

number of activation modes in the field of organocatalysis

cannot force readers to think that all mechanisms are

established and that these general principles are fully

understood [17]. On the contrary more detailed mechanistic

investigations and analysis will be useful for solving open

problems related to some drawbacks in organocatalysis,

such as the low turnover numbers that might limit the

potential uses of organocatalysis for industrial applications.

In our overview we will summarize the recent methodol-

ogies that are using stereoselective organocatalysis in the

addition of nucleophiles to 3,4-dihydroisoquinolinium and

isoquinolinium ions. Basically, an activation mode of or-

ganocatalysis is creating nucleophiles in the presence of

activated electrophiles. In the end, the organocatalytic

reaction is determined by the interaction of nucleophiles

with electrophiles. The reaction rate can be rationalized

and even predicted using the concepts developed by Mayr

with his scale of reactivity [18]. The Mayr’s table can be

therefore quite useful to understand and rationalize the

behaviour of organocatalysis, particularly when additives

and tailored reaction conditions are employed. We will try

Fig. 1 Some pharmaceutically

relevant 1-substituted

tetrahydroquinolines
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to underline simple and useful points for this review, in a

brief introduction on organocatalytic activation modes and

their connection to the Mayr’scale. Few organocatalytic

activation modes (enamine catalysis, hydrogen bond

catalysis, and carbene catalysis) will be generally intro-

duced and described in relation to addition to iminium and

isoquinolinium ions; through this reaction useful interme-

diates were prepared for the synthesis of isoquinoline

alkaloids or related compounds, that will be the main topic

of this review.

2 Organocatalytic Activation Modes and Their Role

in the Reaction with Iminium and Isoquinolinium

Ions

Organocatalytic procedures and studies have grown expo-

nentially in the last decade, and organocatalytic modes of

activation are also currently employed in the synthesis of

complex natural products [19] and in drug development

[20]. Most of the stereoselective organocatalytic reactions

are based on the basic activation modes of enamino- [21]

and iminium catalysis [22], as displayed by selected sec-

ondary amines bearing a pyrrolidine core [23]. Also pri-

mary amines derived from Cinchona alkaloids were used in

many reactions due to their properties to control nucleo-

philic addition [24]. To these secondary and primary

amines the nickname ‘‘working-horses’’ [25] of enantio-

selective organocatalysis was assigned. Proline, proline

derivatives, Cinchona based amine, and other five-member

heterocycles (structures I-VII, Fig. 2) have found an

extensive use in organocatalysis field. Three catalysts are

worth to mention, in particular the most commonly used

diaryl-pyrrolidine derivatives, the Hayashi and Jørgensen

organocatalysts II–III [26], the MacMillan type catalysts

IV and V and the Cinchona primary amines VI–VII. These

catalysts are normally employed when enamine or iminium

activation modes are designed for the desired

transformation.

2.1 Enamine Activation Mode: Enamine-Activated

Reactions

When proline and proline derived catalysts are employed,

the catalytic cycle depicted in Fig. 3 represents the gen-

erally accepted mechanism [27] for enamine-activated

reactions. A key-step, not necessarily the rate-determining

step, is the attack of an electrophile 4 to the enamine 3. For

this organocatalytic reaction the most comprehensive

nucleophilicity and electrophilicity scales, presently avail-

able, can be also applied. The scale is based on Eq. 1,

where electrophiles are characterized by one solvent-

independent parameter E, and nucleophiles are character-

ized by two solvent-dependent parameters, the nucleophi-

licity parameter N and the sensitivity parameter sN [28].

log k 20 �Cð Þ ¼ sN E þ Nð Þ ð1Þ

The scale was constructed by reference electrophiles

(benzhydrylium ions and structurally related quinone

methides) and covers a reactivity range of 32 orders of

magnitude. With these different reactive electrophiles

Mayr and co-workers have been able to compare nucleo-

philes of widely differing structure and reactivity [29]. The

reactivity scales could be employed for designing synthe-

ses by applying the Mayr’s rule of thumb [30] that states

that ‘‘an electrophile can be expected to react with nucle-

ophiles at room temperature when E ? N [ -5’’. The

Jørgensen-Hayashi catalysts II–III have previously been

employed to catalyse reactions of aldehydes and ketones

with weak electrophiles, (for example b-nitrostyrene,

E = -13.9), because they afford more nucleophilic

enamines compared to Macmillan catalysts IV–V. Indeed,

these less basic imidazolidinones, which yield the less

nucleophilic intermediate enamines, are suitable catalysts

for reactions with stronger electrophiles, such as stabilized

carbenium ions [31].

In most of the reactions examined in this review,

nucleophilic enamines are poured to react with electro-

philic iminium ions and isoquinolinium ions. Although the

isoquinolinium electrophilic parameter has not been

determined yet, Klussmann [32, 33] has recently estimated

the electrophilicity parameter E of a N-phenyl-3,4-dihy-

droisoquinolinium 6, a key intermediate in many organo-

catalytic nucleophilic additions described in literature

(Fig. 4). The value estimated by Klussmann between -8

and -9, is in line with electrophilicity parameters deter-

mined by Mayr and co-workers for comparable iminium

ions, which lie between -5 and -10 [34].

Fig. 2 Structures of the principal organocatalysts
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From the electrophilicity value determined by Kluss-

mann it is possible to rationalize many reactions summa-

rized in this review. It is worth mentioning that due to the

low electrophilicity of the iminium derivative, it is simple

to predict that only the most nucleophilic enamine derived

from Hayashi-Jørgensen catalyst will be able to react with

intermediates of type 6.

2.2 Hydrogen Bond Activation Mode: the Asymmetric

Counteranion-Directed Catalysis (ACDC) Ion

Pairing

Organocatalyst can be designed for inducing an ion pair

formation. The non-covalent binding of a chiral neutral

catalyst to the intermediate ion pair (Fig. 5) can be used to

transmit chiral information. Both the anion or the cation

can be surrounded by the chiral ligand, and neutral or

charged catalysts could be employed.

Catalysts based on designed hydrogen-bond donor

groups are embracing weak interactions. Through these

interactions the catalysts are able to induce ion-pairing.

These interactions are inherently less directional making

the transmission of the chiral information by the catalyst

Fig. 3 Catalytic cycle in

enamine catalysis and

nucleophilicity scale of chiral

enamines obtained with the

organocatalyst II, IV and V

Fig. 4 Intermediates characterized by Klussmann in the oxidative

nucleophilic reaction of N-phenyl-3,4-dihydroisoquinolinium

Fig. 5 Different type of chiral catalysts capable of ion-pairing

Stereoselective Organocatalytic Addiction 401

123



an hard task. However, by the recognition of key ele-

ments the design of these catalysts has obtained extraor-

dinary success, by combining elements capable of

inducing specific attractive or repulsive interactions in the

step in which the stereoselective information is trans-

ferred. Of course, there is a quite strict connection

between this activation mode and the way in which

substrates are activated by enzymes [35]. Also in this field

‘‘privileged’’ [36] structures of small molecules emerged

(Fig. 6). In the review we will illustrate the design prin-

ciples and the structural importance of the elements

present in the catalysts, in the case of activation of imi-

num ions.

2.3 Carbene Catalysis

N-heterocyclic carbenes (NHCs, 7) have been extensively

employed since their discovery as catalysts for C–C bond-

forming reactions [37]. In organocatalytic reactions with

ketenes, aldehydes, and esters they give rise to the for-

mation of azolium enolates equivalents of ester enolates

(Scheme 1) [38]. Such enolates are generally generated

in situ and they are very useful nucleophiles in many

reactions [39].

The nucleophilicity values of the NHCs were measured

by Mayr [40] and do not differ from those of other or-

ganocatalysts (DABCO, DMAP, Ph3P). However, these

Fig. 6 Chiral catalysts used as

chiral counter ions

Scheme 1 Azolium enolate

obtained by carbene precursors
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nucleophilicity differences are crucial when they are

evaluated for organocatalytic reactions. For example, the

triazolylidene compound 7c has a considerably lower

nucleophilicity compared with the imidazolylidene 7b,

caused by the inductive electron withdrawal due to the

extra nitrogen in the triazole ring. All NHCs are signifi-

cantly stronger Lewis bases than PPh3, DMAP, and

DABCO. Saturated NHCs like 7a are rarely used as or-

ganocatalysts and this was explained by Mayr, taking into

account the nucleophilicity order of the deoxy-Breslow

intermediates [41]. By using the rule of thumb that com-

bination of electrophile–nucleophile may give positive

reactions at room temperature when E [ -5, and consid-

ering that the N values for the enolate carbon of the azo-

lium enolates 8 are between 14.4 and 15.9, it is possible to

predict that they will react with N-activated imines

(-11.5 [ E [ -15.1) and iminium ions (E = -10).

3 Organocatalytic Addition of Nucleophiles

to Isoquinolinium Ions

The isoquinoline framework is present in a large number of

naturally occurring and synthetic biologically active 1,2-

dihydroisoquinolines and the closely related 1,2,3,4-tetra-

hydroisoquinolines derivatives [42]. One of the recurring

features of these compounds is the presence of a stereo-

genic center located adjacent to the nitrogen atom (Fig. 1).

As we have briefly commented catalytic stereoselective

synthetic methodologies for the formation of chiral iso-

quinoline derivatives was only described in few approaches

[43]. The pioneering use of organocatalysis employing

chiral C2-symmetric secondary amines for the diastereo-

and enantioselective annulation reaction of 2-(5-oxopen-

tyl)isoquinolinium 9 was described by Jørgensen [44]. The

key concepts studied in this work were the use of iso-

quinolinium salts [45] in combination with the enamine

catalysis. This reaction gives rise to the formation of

optically active 1,2-dihydroisoquinoline derivatives 11 that

contain two adjacent stereocenters together with a carbonyl

group suitable for further chemical transformations. The

substrates for the intramolecular annulations reaction are

stable isoquinolinium salts. (Scheme 2).

Quite remarkably it was reported that the corresponding

intermolecular reaction, activating isoquinoline with ethyl

chloroformate in presence of 3-methylbutyraldehyde and

various organocatalysts, gave low yield and stereoselec-

tivity. No further details are furnished, but probably the

ethyl chloroformate is deactivating the organocatalyst by

formation of the corresponding carbamate. In addition, as

we have previously noted, the appropriate organocatalyst

needs to be employed, because of the quite low electro-

philicity of the iminium salt. Indeed Jørgensen is using

chiral C2 symmetric pyrrolidine 10 for the reaction.

Nucleophilicity of the enamines obtained with this organ-

ocatalyst are in the same order to those obtained with I–III

(Scheme 2). As in the catalytic cycle iodidridic acid (HI) is

formed as by-product, it is necessary to use a base (Et3N) in

order to recycle the catalyst. It is also worth mentioning

that the products are quite unstable and were isolated after

trifluoroacetylation and reduction. The optimized condi-

tions for the catalytic diastereo- and enantioselective

reaction gave good to high conversions (70–100 %), high

diastereoselectivity (up to 98:2) and excellent enantiose-

lectivity (85–96 % ee) for neutral or electron-poor sub-

strates. No further transformation of the products to

alkaloids or natural products were described in the paper.

Cozzi and co-workers [46] recently described the acti-

vation of various isoquinolines 12 by Boc2O or CbzCl in an

organocatalytic alkylation promoted by the organocatalyst

ent III (Scheme 3).

An important key feature of the process is the slow

addition of the activating agent that is avoiding the acyl-

ation of the catalyst. The scope of the reaction is broad

respect to isoquinolines and aldehydes, and the products 13

were isolated in moderate yields after reduction, avoiding

further reaction. The Boc or Cbz adduct can be easily

deprotected and transformed in useful intermediates. The

major diastereoisomer was obtained in syn or anti config-

uration in function of the reaction solvent, giving the

Scheme 2 Alkylation of

isoquinolinium salts promoted

by the organocatalyst 10
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opportunity to select the desired stereoisomer depending on

the reaction conditions. The anti diasteroisomer was

favoured in CH2Cl2, while tBuOMe favoured the syn dia-

stereoisomer. The first total synthesis of a 13-alkyl-pro-

toberberine alkaloid (15) was described in the paper by the

use of an enantioselective organocatalytic reaction as key

step (Scheme 3). In order to improve stereoselectivity and

yield the step was performed using a stoichiometric amount

of chiral catalyst ent III, but the catalyst can be recovered

as its stable enamine and reused for another batch without

any problem. Furthermore, the compounds obtained are

showing interesting anticancer properties [47], and the

aldehydes obtained can be reacted by Wittig reaction to

access other interesting protoberberine alkaloids [48]. An

intermolecular, organocatalytic addition of silyl enolates to

N-acylisoquinolinium was discovered by Jacobsen

(Scheme 4) [49]. The organocatalyst 16 was found to

catalyse the addition in good to excellent yields and

enantioselectivities; the ee values obtained were sensitive

to the nature of the solvent and of the activating agent, with

chloroformates performing better than acetyl chloride. Also

in this report the facile reduction of the intermediate to give

tetrahydroisoquinoline derivatives was reported, in con-

junction with the cleavage of the carbamate, giving

1-substituted tetrahydroisoquinolines with no loss

of enantiopurity. As illustrated in Scheme 4 the catalyst

acts by hydrogen bonding interactions with the chloride ion

formed by the activation of the isoquinoline ring.

Chiral silane diols were also able to act in anion-binding

catalysis as reported by Matteson [50]. The enantiomeric

excess obtained in the similar reaction of silyl ketene

acetals with N-acylisoquinolinium ion was still quite

unsatisfactory and limited to isoquinoline substituted with

electron-withdrawing groups. However, the concept is

quite interesting and worth to be further exploited.

Isoquinolinium intermediates can alkylated by azae-

nolethers in presence of a chiral hydrogen-bonding catalyst

[51] as reported by Seidel. Both electrophilic and nucleo-

philic reaction partners are generated in situ by the efficient

Steglich [52] rearrangement of O-acylated azalactone

(Scheme 5).

The reactions were conducted in mixtures of mesity-

lene and pentane at -25 �C. The best result was obtained

with a 1:2 mixture of mesitylene and pentane, in the

presence of the thiourea catalyst 18. Various O-acylated

azalactones derived from different amino acids were

reactive in the reported conditions furnishing the products

19 in generally high yields and levels of enantio- and

diastereoselectivity with a number of differently substi-

tuted isoquinolines [53].

Scheme 3 Activation of

isoquinoline by CbzCl and total

synthesis of a protoberberine

alkaloid
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4 Organocatalytic Addition of Nucleophiles

to Dihydroisoquinolinium Iminium Ion

4.1 Stereoselective Dehydrogenative Cross Coupling

The cross-dehydrogenative coupling (CDC) reaction has

been extensively investigated in the last decade [54].

Various methods have been described for the generation

via oxidative process of an iminium activated specie [32],

formed from a tetrahydroisoquinoline derivative, but in

most of the published procedures, the nucleophilic attack

was not stereoselective, even when proline or proline

derivatives were used as organocatalysts [55–57]. The first

successful example of addition of chiral nucleophiles

(enamines) through cross dehydrogenative coupling was

reported by Chi [58]. As it was well discussed by Kluss-

mann, the oxidation of N-aryltetrahydroisoquinolines 20

forms an electrophilic iminium derivative. Chi used a

combination of tert-butylhydroperoxide in the presence of

CuBr2 to perform the oxidation, and the reaction was cat-

alysed by the Jørgensen diarylprolinol catalyst III

(Scheme 6). We have previously remarked that the enam-

ines formed by III are more nucleophilic than the ones

obtained with the other organocatalysts, and their use is

related to the low electrophilicity of 6 (Fig. 4).

The products were obtained in 31–71 % yield but with

low diastereoselectivity, although the enantioselectivity

was in general quite good. The aldehyde compounds, as the

adducts obtained by Jørgensen [44], suffered of low sta-

bility, and they were reduced to their corresponding alco-

hols to avoid racemization and decomposition. Although

the authors reported the use of 4-MeO–C6H4 (PMP) as aryl

group (20b), they did not report an effective procedure for

its cleavage. This appears a limitation in the methodology.

The procedure was extended to the addition of ketones by

the work of Wang and co-workers [59]. N-aryl tetrahy-

droisoquinolines 20 were coupled with cyclic ketones with

L-phenylalanine as chiral catalyst in the presence of

Scheme 4 Acyl Mannich

reaction of substituted

isoquinolines

Scheme 5 Addition of

azlactones to isoquinolines

promoted by the thiourea

catalyst
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anhydrous iPrOH as additive, and 2,3-dichloro-5,6-dicy-

anoquinone (DDQ) as oxidant (Scheme 7). The scope of

the reaction was tested with different substrates, and the

reaction proceeded well to afford the products in good

yields and from good to excellent diastereo- and enanti-

oselectivities. The use of ketones was limited to cyclo-

hexanone derivatives, while the N-aryl group was varied

considerably. The absolute and relative configuration of the

newly formed stereocenters was firmly established by

X-ray analysis.

The possible reaction mechanism is illustrated in

Scheme 7. For many of the transformation discussed in this

section a single-electron transfer (SET) induced by DDQ is

assumed [60]. Quenching experiment with 2,6-di-tert-

butyl-4-hydroxytoluene (BHT) were reducing the yield of

the coupling showing the probable presence of radical

cation. Wang also explored the possibility of using coop-

erative organocatalysis in a different reaction describing an

aerobic oxidative aza-Baylis–Hillman reaction of N-aryl-

tetrahydroisoquinolines 20 (Scheme 8) [61].

The oxidation was carried out with a combination of

Cu(OTf)2 and 1 atm of molecular O2 as oxidant system,

and quinine 23 was used as the catalyst. For this reaction

the scope was quite large concerning the N-substitution of

Scheme 6 Dehydrogenative stereoselective coupling catalysed by Jørgensen catalyst III

Scheme 7 Catalytic

enantioselective oxidative

cross-dehydrogenative coupling

of tetrahydroisoquinolines to

ketones

Scheme 8 Enantioselective dehydrogenative coupling of tetrahydroisoquinoline with unsaturated alkenes
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tetrahydroisoquinolines. The desired products were

obtained in 47–82 % yields and 69–99 % enantiomeric

excess for the reaction with various olefins. The pre-

sence of methoxy groups on the 6,7-position or chlorine on

the 7-position of the tetrahydroisoquinoline ring did not

influence the reaction outcome. Methylvinylketone and

acrylonitrile were also tested giving excellent results. The

absolute configuration of a key product was established by

single-crystal X-ray diffraction, and the configuration of

the others adducts was established by analogy. The

deprotection or application of these products as key inter-

mediates in synthesis was not disclosed. Toste applied the

chiral counter anion catalysis in an example in which he

described the synthesis of a C–N bond-forming reaction to

produce 1,2,3,4-tetrahydroisoquinoline-derived cyclic

aminals [62]. The stereoselective reaction is promoted by

the formation of a chiral phosphate that undergoes anion

exchange with an appropriately chosen cationic oxidant.

The generation of the iminium by oxidation and the sub-

sequent anion exchange allows the formation of a tight

chiral ion-pair. The phosphate chiral catalyst is re-gener-

ated after the nucleophilic addition (Scheme 9).

Amide-tethered tetrahydroisoquinoline 20d are cyclized

in the presence of the oxoammonium salt 24. A careful

design of the chiral phosphoric acid was necessary in order

to achieve good selectivity. The guide principle was the

inspection of the needs to perform a reaction with such

chiral Brønsted acids. In first instance, a bulky group needs

to be installed in 3,30 positions of the BINOL backbone.

As in this case the presence of bulkyness was not enough

to guarantee a good stereoselection, an ‘‘enzyme like’’

secondary interaction with substrate was introduced in the

catalyst design. The 1,2,3-triazole moiety was chosen

because of its ability to perform hydrogen bond together

with its modularity and facile introduction by click

chemistry [63]. A series of 3,30-triazolyl-BINOL-phosporic

acids 25 were prepared and evaluated for the reaction, and

through the fine tuning of the catalyst structure, excellent

enantioselectivities and conversions were observed. The

enantioselective oxidative C–H functionalization of tetra-

hydroisoquinoline derivatives can be achieved by the use

of another powerful concept. Organocatalytic photoredox

catalysis has been quite recently introduced by the pio-

neering work of MacMillan [64] and photocatalytic

transformations emerged recently as a powerful tool for

organic synthesis [65]. Two key transformations were

recently described in which the stereoselective addition of

chiral nucleophiles to tetrahydroisoquinolines is achieved

through photocatalysis. The first report is the combination

of photoredox catalysis with N-heterocyclic carbene

catalysis developed by Rovis [66]. In the introductive

section, we have highlighted the role of carbene catalysis

in the generation of acyl anion or homoenolate equivalents

from aldehydes under very mild conditions. These species

have been demonstrated to be competent nucleophiles in a

large variety of reactions [67, 68]. The nucleophilicity of

carbene enolates measured by Mayr is sufficient for the

reaction with iminium intermediates, and the possibility of

Scheme 9 Enantioselective

cross dehydrogenative

intramolecular coupling of

tethered tetrahydroquinoline

promoted by chiral traizole-

containing phosphoric acid
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the reaction is quite predictable. However, the difficulties

in the oxidative coupling is determined by the possibility

to oxidize the Breslow intermediate to unproductive

pathways [69]. As illustrated in Scheme 10, the irradiation

of [Ru(bpy)3]2? with blue light populates the

[Ru(bpy)3]*2? excited state, giving rise to a powerful

oxidant or reductant. If the oxidant [Ru(bpy)3]3? (1.29 V

vs SCE) is generated by reduction of an oxidative

quencher, this specie is capable of a single-electron oxi-

dation of a N-aryl tetrahydroisoquinoline, giving after

hydrogen atom abstraction, a radical intermediate that is

further oxidazed to the activated iminium. This electro-

phile is then intercepted by the nucleophylic Breslow

intermediate obtained by reaction of the aldehyde with the

carbene catalyst.

The reaction is possible using [Ru(bpy)3]Cl2 as the

photocatalyst in the presence of m-dinitrobenzene (m-

DNB) 28 as the oxidant and chiral NHC 29 under irradi-

ation with blue light. A careful optimization of the catalyst

was necessary, giving optimal yields and high enantiose-

lectivity (92 % ee) for a series of various functionalized a-

amino ketones.

Irradiation of photoactive catalysts and asymmetric

anion-binding catalysis can also be merged in a quite

interesting and innovative process. Jacobsen and Stephen-

son have described the stereoselective addition of not

prochiral silyl ketene acetal to isoquinoline by the use of

chiral anion-binding catalysts in combination with photo-

catalysis (Scheme 11). In this transformation the photoca-

talysed oxidation is generating a reactive specie that is

trapped by a chiral H-bond donor catalyst, chiral thiourea

31. The stoichiometric oxidant that is used in this reaction

is CCl4 [70].

The reaction is realized in two steps: in the first one the

formation of a stable iminium is achieved by the use of

photocatalysis in a polar solvent (MeCN) that allows the

solubilisation of the photocatalyst. Then the solvent is

switched to tBuOMe for the stereoselective reaction con-

ducted at low temperature. Unfortunately electron rich

dehydroisoquinoline are affording moderate to low enan-

tiomeric excesses. Instead of many papers published on this

subject, the authors were able to describe a new protocol

for N-dearylation of the products to provide derivatives that

could be used in alkaloid synthesis. The ortho methoxy

derivative was deprotected in good yield by the use of a

specific reagent, [Fe(bpy)3](PF6)2]. Application of other

standard oxidative protocol (CAN, PhI(TFA)2, or DDQ)

led to low yields or extensive decomposition via over-

oxidation.

4.2 Pictet-Spengler Via Hydrogen Bond Activation

The Pictet-Spengler reaction was discovered in 1911 and it is

now widely used for the synthesis of a large variety of het-

erocyclic compounds named alkaloids [71]. The first enan-

tioselective catalytic Pictet–Spengler reaction was described

by Jacobsen (Scheme 12) [72]. Formation of the reactive

acyliminium is realized in situ by activation with AcCl. After

a careful optimization of the structure of the catalyst and of

the reactions conditions the methodology was applied to a

series of aliphatic aldehydes, giving the desired products in

good yields and stereoselectivity. Unfortunately the

Scheme 10 Asymmetric acylation of tetrahydroisoquinoline mediated by photoredox catalysis in the presence of a chiral carbene
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stereoselective variants of the Pictet-Spengler reaction are

limited to tryptamine and tryptamine derivatives 34.

Jacobsen disclosed an enantioselective variant of the

Pictet-Spengler reaction of 3-indolyl-tethered hydroxylac-

tams catalysed by chiral thiourea 36. The cationic N-

acyliminum intermediate was obtained after the treatment

of hydroxylactam 37 with TMSCl (Scheme 13) [73].

The chlorolactam intermediate in the presence of the

thiourea afforded an ion pair catalyst complex after a

chloride dissociation induced by the catalyst. Thus the

Scheme 12 Asymmetric acyl

Pictet-Spengler reaction

catalysed by chiral thiourea

catalyst 33

Scheme 13 Asymmetric

cyclization of the hydroxyl

lactam 37 promoted by the

thiourea catalyst 36

Scheme 11 Photocatalytic reaction of isoquinoline with a silyl ketene acetal promoted by a chiral thiourea catalyst
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anion binding properties of the thiourea catalyst are quite

important for activating the chlorolactam substrate. In a

kinetic analysis performed on the episulfonium opening

reaction [74] Jacobsen was able to indicate the rate deter-

mining step, that was the enantio-determining step as well.

The conclusions highlighted in the paper can be translated

to other reactions promoted by chiral thiourea catalysts.

Thiourea catalysts are able to stabilize an anion by binding,

and to activate the nucleophilic indole via a catalyst

amide–indole N–H interaction. Thioureas possessing

donating aromatic groups, such as the catalyst 36, are able

to stabilize the transition state through a cation-p interac-

tion with the aromatic ring. The cyclized products were

obtained in yields of 51–94 % with ees ranging from 81 to

99 %. In particular by the use of this methodology, the

alkaloid (?)-harmicine 39 was prepared in four steps from

tryptamine in 62 % overall yield and 97 % ee. However,

the reaction was limited to the use of aliphatic aldehydes.

A careful design of the catalyst allowed the development

of an enantioselective catalytic Pictet–Spengler reaction

with a broad substrate scope for tryptamines [75]. Under

the optimized reaction conditions, with simple catalyst 40

prepared in three steps, a series of substituted benzalde-

hydes were condensed. The presence of a suitable Brønsted

acid, namely benzoic acid in catalytic amount (20 mol%) is

important in order to promote the reaction with aromatic

aldehydes (Scheme 14). The reaction rate was enhanced by

the use of electron rich tryptamines.

List and co-workers in 2006, observing that the catalytic

Pictect-Spengler was assumed to involve chiral, hydrogen-

bond assisted iminium ion pairs, explored the use of

phosphates as chiral anions [76]. Taking advantage of the

Thorpe-Ingold effect for forcing the cyclization they used a

tailored geminal disubstituted tryptamine substrates in the

presence of a chiral organic Brønsted acid (Scheme 15).

They found that the chiral phosphoric acid 43, now called

TRIP, gave the highest enantioselectivity in the Pictet-

Spengler cyclisation. The reaction was effective with ali-

phatic and aromatic aldehydes affording the desired pro-

ducts in good yields and ees varying from 62 to 96 %.

The presence of geminal substituents to allow the

cyclization was found unnecessary by Hiemstra, that

described Pictet-Spengler reactions of N-sulfenyl 45a [77]

and benzyl 45b [78] tryptamines (Scheme 16).

The bulkier N-tritylsulfenyl group requires careful

conditions and the presence of radical scavenger (3,5-

di(tert-butyl)-4-hydroxytoluene, BHT) and molecular

sieves. It is important to point out that a different phos-

phoric acid is here necessary to reach good level of stere-

oselectivity, pointing out the delicate balance of steric and

electronic effects in these reactions. The obtained products

were directly deprotected in a one-pot procedure. The

enantiomeric excesses obtained with aromatic and aliphatic

aldehydes were however in the range between 72–86 %. In

the case of benzyl triptamines [77] the enantiomeric

excesses obtained were above 80 % for p-substituted aro-

matic aldehydes. The catalyst that gave the highest selec-

tivity in this case was 3,30-triphenylsilyl substituted

phosphoric acid 46a. This approach was used by Hiemstra

in the total synthesis of alkaloids. The catalyzed Pictet-

Spengler reaction of the derivative 48 with methyl 5-oxo-2-

(phenylseleno)pentanoate in the presence of phosphoric

acid 49 gave the corresponding product (Scheme 17) that

was converted, by nine-steps, to (?)-yohimbine 51 [79].

Another quite interesting total synthesis of the indole

alkaloids (-)-mitragynine 55, (?)-paynantheine 56 and

(?)-speciogynine 57 was reported by Maarseveen and

Hiemstra (Scheme 18) [80]. These compounds were syn-

thesized in nine steps from 4-methoxytryptamine by

enantioselective catalysed Pictet-Spengler reaction as one

Scheme 14 Thiourea and

benzoic acid catalysed Pictet-

Spengler reaction with activated

tryptamines
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Scheme 15 Catalytic asymmetric Pictet-Spengler reaction promoted by the chiral phosphoric acid TRIP

Scheme 16 Differently

protected tryptamines in

effective Pictet-Spengler

reaction promoted by chiral

phosphoric acids

Scheme 17 Enantioselective

approach to (?)-yohimbine 51
through an asymmetric Pictet-

Spengler reaction
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of the key steps. Interestingly, in the described transfor-

mation, the structure of the alkaloids influenced the choice

of the chiral catalyst employed for the Pictet-Spengler

reaction. As thioureas are the catalysts of choice with more

nucleophilic indole systems the authors screened com-

mercially available catalysts and they found that a simple

prepared chiral catalyst 53 derived from quinine was the

most effective.

The one-pot condensation of isotryptamines and alde-

hydes that gave enantiomerically enriched 4-substituted

tetrahydro-c-carbolines was reported by Jacobsen [81]

(Scheme 19).

Also in this report, a chiral thiourea 59/benzoic acid dual

catalyst system was used to promote the reaction with

aliphatic and aromatic aldehydes. Remarkably, also ketone

substrates were successfully applied to this iso-Pictet-

Spengler protocol. In a single example, p-chloroacetophe-

none was treated under the catalytic conditions. Even if a

prolonged reaction time (14 days) is needed, the desired

tetrahydro-c-carboline 60 is obtained in 95 % yield and

76 % ee. Although in many cases the enantiomeric

excesses were not excellent, simple trituration or crystal-

lization was sufficient to rise the enantiomeric excesses.

Most of the examples reported for the organocatalytic

stereoselective Pictet-Spengler reaction have been restric-

ted to tryptamines and tryptamines derivatives. This

observation is not a prise as a quick inspection in the Mayr

scale can give a clear idea of the higher nucleophilicity of

indole systems compared to benzene rings. In addition, the

hydrogen bonding properties of the indole N-H can

improve the control in the transition state with hydrogen

bond forming catalysts. Recently, Hiemstra and co-workers

[82] have disclosed a remarkable result showing that a

series of 1-substituted 1,2,3,4-tetrahydroisoquinolines 62

can be prepared from N-(o-nitrophenylsulfenyl)-2-phenyl-

ethylamines through (S)-BINOL and (R)-TRIP phosphoric

acid 43 catalyzed asymmetric Pictet-Spengler reactions. By

using this new methodology the natural products (R)-

Scheme 18 A simple prepared thiourea catalyst from quinine as effective catalyst for Pictet-Spengler reactions

Scheme 19 Thiourea/benzoic

acid catalyzed iso-Pictet-

Spengler reaction
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crispine A 1g, (R)-calycotomine 1d and (R)-colchietine 1e

(Scheme 20) were obtained.

5 Organocatalytic Multicomponent Reactions

Multicomponent reactions (MCRs) are a quite useful strat-

egy for the approach to heterocyclic compounds, particularly

in the case of nitrogen containing heterocycles [83]. Several

approaches to isoquinoline derivatives through organocata-

lytic asymmetric MCRs to access enantioenriched complex

molecules were reported. The pyrrolo-isoquinoline moiety,

that is present in the alkaloid families of erythrines [84] and

lamellarins [85], is one of the structures that can be accessed

through a multicomponent reaction. In 2012 Jørgensen

reported [86] a three-component organocatalytic asymmet-

ric reaction of imines, a-bromoesters or a-bromoketones

with a,b-unsaturated aldehydes to give optically active

pyrrolo-isoquinolines 64, with excellent enantioselectivity

for a large number of substituents showing broad scope for

this reaction (Scheme 21). Computational studies shed light

on the reaction pathway that proceeded in a stepwise manner.

Scheme 20 An effective TRIP

catalyzed Pictet-Spengler

reaction that gave

tetraisoquinolines intermediates

for the synthesis of natural

alkaloids

Scheme 21 Three component reaction promoted by Jørgensen catalyst II

Scheme 22 Three component

aza-Diels–Alder reaction of

indole promoted by oxetane

containing aldehyde
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Zhu and Sun published a catalytic asymmetric three-

component aza-Diels–Alder reaction using indole as the

dienophile (Scheme 22) [87]. The presence of a directing

group on the aldehyde 65 as hydrogen bond acceptor is

mandatory for the success of the reaction.

The chiral phosphoric acid catalyst is involved in mul-

tiple hydrogen bonds and the oxetane moiety is also

involved in the hydrogen bond recognition. Remarkably

the isoquinoline indole-alkaloid-type polycyclic 68 pro-

ducts of the multicomponent reaction possess a core

structure that is recognizable in melonine 69 and an MCH-I

receptor antagonist 70 (Fig. 7).

3-Indolylmethanol derivatives have found many uses in

organocatalysis as precursors of stabilized vinyliminium or

carbocation intermediates species [88] that can be gener-

ated in the presence of a Lewis or Brønsted acid (LA or

BH). Shi, Tu and co-workers have used isatin-derived

3-indolylmethanols 71 as dipolarophiles for a formal cat-

alytic asymmetric [3?3] cycloaddition with azomethine

ylides [89]. The desired spiro[indoline-3,40-pyridoindoles]

73, were obtained in moderate diastereoselection but in

excellent enantiomeric excess (up to 93 %, yield [99 %)

(Scheme 23). Chiral phosphoric acids are promoting the

reaction through the formation of a stabilized vinyliminium

in tight contact with the phosphate anion. Among all the

catalysts tested for the reaction the acid 72 bearing bulky

9-phenanthrenyl group at the 3,30-positions of the BINOL

backbone exhibited the higher catalytic activity, when the

reaction was performed in dichloroethane.

In a similar fashion, Gong and Luo described a multi-

component reaction that occurred with p-nitrobenzaldehyde,

diethyl 2-aminomalonate, and 3-indolyl(aryl)methanols

[90]. A formal, highly diastereoselective, chiral catalyst-

controlled aza-Diels–Alder reaction between a 6-methoxy-

tryptamine-derived dihydro-b-carboline 74 and an enantio-

enriched substituted enone 75 was described by Jacobsen

(Scheme 24) [91, 92]. The key tetracyclic intermediate 77

was used for the total synthesis of (?)-reserpine 78.

6 Amido Alkylation via Chiral Brønsted Acids

The intramolecular attack on N-acyliminium ion electro-

philes by p nucleophiles can be used as a privileged

methodology for the stereoselective construction of iso-

quinoline ring systems, by a cascade sequence. Taking

inspiration from gold-(I)-catalysed chemistry, Dixon group

identified a strategy based on the use of phosphoric acids

[93] for efficient N-acyliminium cyclization [94–97]. First

the reaction was optimized by studying the condensation of

a keto amide intermediate, and when the most selective

chiral phosphoric acid was found, the enantioselective

N-acyliminium cyclization cascade was realized (Scheme 25).

Different 5 or 6 membered unsaturated ring lactones and

tryptamine derivatives were treated in toluene at 110 �C in

Fig. 7 Biologically active products that can be accessed through an

asymmetric three components aza-Diels–Alder reaction

Scheme 23 Multicomponent

reaction with 3-indolyl-

methanol
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the presence of 10 mol% of chiral catalyst 46b. It is

noteworthy that the high temperature is not depriving the

stereoselective reaction. The yields obtained were in the

range of 63–99 % while the stereoselectivities were in

between 72–99 %. The high diastereo- and enantiocontrol

observed in the reaction can be rationalized by a fast,

reversible formation of the diastereomeric N-acyliminium

salts followed by rate determining ring closure. As we have

pointed out, the intramolecular Pictet-Spengler reaction

promoted by chiral thioureas requires electron rich het-

eroaromatic systems, as indoles or pyrroles. However, Lete

and co-workers reported the intramolecular Friedel–Crafts-

type a-amidoalkylation using benzene derivatives as

internal nucleophile to give functionalized tetrahydroiso-

quinoline derivatives 81 bearing a quaternary stereocenter

(Scheme 26) [98].

The use of chiral phosphoric acids [99, 100] in this

chemistry through the formation of a N-acyliminium

intermediate surrounded by chiral base anion gave, unfor-

tunately, only moderate results. The reaction is sluggish

and the yields are quite modest. The low nucleophilicity of

the benzene aromatic substrates is probably responsible for

the moderate success. Related to this reaction are the

results reported by You [101], who has applied the for-

mation of iminium promoted by a chiral phosphoric acid to

a series of tetrahydro-b-carbolines 82. The derivatives 84

were obtained in 68–94 % yield and up to 90 % ee

(Scheme 27).

The reaction uses Hantzsch ester 83 as reductant. Its

ability to behave as hydride donor was established in or-

ganocatalysis in various reactions [102], and it is strictly

correlated to the nucleophilicity of hydride donors [103].

As it is well reported by Mayr the nucleophilicity of the

hydrides are well suited for reacting with the iminium ions

generated by Brønsted acids. In conjunction with this

chemistry Enders reported a three-component reductive

amination using another hydride donor, the substituted

benzothiazoline 87 derivative, to obtain 1,3-disubstituted

tetrahydroisoquinolines 88 in high yields and stereoselec-

tivities (Scheme 28) [104].

Scheme 24 Stereoselective approach to reserpine thorough a diastereoselective, catalyzed controlled, formal aza-Diels–Alder reaction

Scheme 25 Cyclization

cascade promoted by chiral

phosphoric acid 46b

Scheme 26 Stereoselective

amido alkylation promoted by

TRIP
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7 Reissert Adduct in Stereoselective Organocatalysis

Reissert adducts, that can be simply obtained by catalytic

addition of cyanide anion to isoquinoline, can be the pre-

cursors of a wide range of functionalities. They can be

easily alkylated by electrophiles and we will illustrate the

use of phase transfer catalysis (PTC) in the enantioselective

alkylation of Reissert compounds, derived from various

isoquinolines by the use of acyl chlorides or chlorofor-

mates as activating agents. A practical and stereoselective

asymmetric allylic alkylation of 1,2-dihydro-Reissert

compounds 89 was described by Zhang [105] disclosing a

novel protocol to access highly functionalized 1,2-dihydro-

isoquinolines 92 bearing adjacent quaternary and tertiary

stereocenters (Scheme 29).

The substrate for the allylic alkylation 89 is a useful and

studied precursor in organocatalysis, due to the studies

made by Chen and coworkers [106] and other groups [107].

The Lewis base-catalysed asymmetric allylic alkylation

reactions in which Reissert adducts are used as substrates is

often promoted by Cinchona alkaloid derivatives. The

tertiary amino group of the quinidine alkaloid activates the

substrates 89, that further reacts with suitable electrophiles

through a push–pull mechanism in a chiral environment.

The reaction proceeded smoothly and provided the desired

product in good yield with excellent diastereoselectivity

and high enantioselectivity (85 % ee) in the presence of

10 mol% quinidine 91, while the opposite enantiomer can

be obtained by using 10 mol% quinine. The absolute

configuration was firmly established by X-ray analysis of a

product derivative. Although the presence of various

functional groups, the authors have not investigated the

uses of these adducts in the synthesis of natural alkaloids.

8 Phase Transfer Catalysis with Iminium

in the Approach to Isoquinoline Derivatives

Maruoka has recognized the practical and effective PTC

[108] when applied to the synthesis of 1,1-disubstituted

tetrahydroisoquinolines. A highly efficient catalytic asymmet-

ric synthesis of 1,1-disubstituted tetrahydroisoquinolines

Scheme 27 Chiral phospsphoric acid catalyzed transfer hydrogenation of hydrolactams

Scheme 28 Reductive amination aza-Michael reaction

Scheme 29 Alkylation of a

Reissert compounds to produce

1-substituted isoquinolines
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was reported by Maruoka starting from the Reissert com-

pounds via asymmetric alkylation or Michael addition

[109]. The reaction is promoted by the use of N-spiro-type

chiral phase-transfer catalyst 94 possessing the 3,5-bis(tri-

fluoromethyl)phenyl groups and trifluoromethyl groups

onto 3,30-positions of one and the 6,60-positions of one of

the binaphthyl units (Scheme 30).

Benzylic bromides with different steric and electronic

properties can be employed obtaining the corresponding

products 95 in high yield and ees (84–94 % ee).

A new concept for the chiral-anion phase-transfer catalysis

was reported by Toste [110] in the synthesis of octahydroiso-

quinoline derivatives [111]. Respect to the previous described

methodologies, in which the counter ion is surrounding the

nucleophiles in a homogeneous solution, the strategy devel-

oped by Toste is able to bring an insoluble cationic reagent into

the solution. An electrophilic fluorinating reagent (Selecfluor),

insoluble in nonpolar media, is brought into an apolar solution

by the anion exchange with a lipophilic, bulky chiral phos-

phate anion. With this strategy an enantioselective 1,4-

aminofluorocyclization of 1,3-dienes 96 that gave in good

yield and stereoselectivity benz[f]isoquinolines 98 through an

6-endo-trig cyclization was described (Scheme 31).

9 Conclusion and Perspective

In this brief and limited overview we have presented a few

of the activation modes that can be used in designing

successful organocatalytic reactions to access isoquinoline

derivatives in a stereocontrolled manner. Many other

activations modes, such as dienamine [112], trienamine

[113] and tetraenamine [114] catalysis, SOMO reactions

[115] and b-activation of simple aldehyde substrates [116]

will be certainly explored in near future in the synthesis of

useful intermediates. Stereoselective addition of ketones

[117] and c-alkylation with unsaturated aldehydes [118] to

isoquinolinium are possible and will be presented. All these

reactions, that occurred in simple and scalable conditions,

will certainly help medicinal chemists to prepare analogous

Scheme 30 Asymmetric

alkylation of

1-cyanotetrahydroisoquinolines

promoted by PTC

Scheme 31 Enantioselective

PTC fluoroamination in the

synthesis of isoquinolines
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of alkaloids, leading to the discovery of new effective and

powerful drugs.
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