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Abstract: Last decades have witnessed the golden rush of organocatalysis, which opened an effective and efficient way to high yielding, 

metal free, stereoselective strategies toward the synthesis of a plethora of natural products. The present review provides an overview of 

the current achievements of those organocatalytic methodologies in which active methylene compounds have been used as key interme-

diates. Ranging from covalent to non-covalent activation mode, from monofunctional to bifunctional catalysts, recent results suggest a 

variety of new powerful tools to accomplish the formal and total synthesis of both the simplest and the most complex natural compounds 

with facile procedures in high yields and excellent stereoselectivities. At the same time, it is clear how the organocatalytic approach 

might offer an outstanding and impressive answer to unsolved longstanding synthetic challenges. Finally the possible application to in-

dustrial protocols and to the preparation of novel potential drugs has been highlighted.  
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1. INTRODUCTION 

“Ein von der Natur organisiertes Erzeugnis ist ein Erzeugnis, in 

dem alles gegenseitig Mittel und Zweck ist; in ihm gibt es nichts 

Unnuützes, Zweckloses oder von einem blinden Naturmechanismus 

Herruührendes”. (A natural element is one in which everything is 

simultaneously a means and an end. It contains nothing useless, 

pointless, or which is fruit of a blind natural mechanism) [1].  

Since the first reports on organocatalyzed processes have ap-

peared in 2000 [2, 3], enormous efforts have been devoted to this 

field in order to develop original transformations that could be fruit-

fully employed in recalcitrant synthetic problems. Rapidly, a cor-

nerstone set of new reactions that stands out of such studies have 

appeared and have been successfully used to excel over unsolved 

longstanding synthetic challenges. Therefore, new retrosynthetic 

disconnections have been made possible, providing impressive new 

opportunities in the synthesis of natural product and active pharma-

ceutical ingredients. Thanks to the vast organic chemistry processes 

directly related to the growing impact of organocatalysis, many 

natural products syntheses have become achievable so far. Indeed, 

since the first total synthesis of a natural product in which an or-

ganocatalyzed step was involved, many other examples have fol-

lowed and the Fig. (1) summarizes the increase in publications con-

taining the words “organocatalysis” and “total synthesis” from 

2003-2011 timeframe.  
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Fig. (1). Publications on organocatalysis and total synthesis (SciFinder
®

). 

Among the major challenges in which chemists are currently 

involved with, a mention should be made to the synthesis of com-

plex molecular structures via highly selective chemical transforma-

tions. Indeed, to devise stereoselective and straightforward ways to 

the preparation of chiral chemical entities remains a field of para-

mount importance in both academia and industry. By using the 

advantages of organic molecules-mediated transformations, chem-

ists are inspired by lessons of Nature (where complex biochemical 

reactions are catalyzed by enzymes) and exploited organocatalysis 

towards the synthesis of natural products. Thus, organocatalysis has 

emerged as a new tool in organic chemistry, which, over the years, 

has been employed alone or, more recently, in combination with 

transition-metal catalysis for carrying on exceptional reactions. 

Many advantages are associated with the use of organocatalytic 

systems: (i) generally, the catalysts are less expensive than metal-

based ones,  they  are  also  more stable and most of them are easily 
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Scheme 1. Selected covalent and non-covalent activation modes. 

 

synthesized, (ii) the reactions can be run under standard conditions 

without the need for inert atmosphere or dry solvents, and most 

importantly, (iii) different activation modes are possible by means 

of this kind of catalysis (covalent and non-covalent interactions 

with the substrates). Indeed, one of the biggest attractiveness of 

organocatalysis relies on the fact that these organic molecules can 

variously interact with substrates according to the accurate choice 

of the organocatalyst chemical structure and properties. To date, the 

main classes of organocatalysts that have been used are imida-

zolidinones, diarylprolinol ethers, cinchona alkaloids, phosphoric 

acids, and thiourea derivatives. Basically, these organic molecules 

activate one of the substrates either (i) by the reversible formation 

of iminiums/enamines (covalent activation) when aldehydes and 

ketones are employed with secondary or primary amines, or (ii) via 

hydrogen-bond formation (non-covalent activation) when chiral 

catalysts bearing hydrogen-bond donors/acceptors are used. It is 

noteworthy mentioning that dual and cooperative catalysis (that 

allows the catalyst to bind to more than one substrate by using dif-

ferent activation modes) and SOMO-organocatalysis have also 

paved the way to original reactions giving access to novel useful 

scaffolds, while activation via heterocyclic carbenes (NHC) has 

furnished one of the most elegant expression of umpolung concept 

where the key intermediate species represent an active aldehyde or 

ketone with an inverted reactivity at the carbonyl carbon. In all 

cases, the similarity between these different modes of activation 

relies on a passage through an active methylene compound inter-

mediate as shown in Scheme 1. 

Whereas many excellent reviews appeared on the recent appli-

cations of organocatalysis in total synthesis of natural compounds 

[4-12], the present review updates the employment of those meth-
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odologies that exploit an organocatalytic activation in which active 

methylene compounds have been used as key intermediates. We 

have chosen to divide the very recent literature (from 2009 to April 

2012) according to the publication year and far to be comprehen-

sive and exhaustive only a few representative examples by different 

authors are going to be covered. Finally, we apologize for relative 

omissions. 

2. 2009 

2.1. Homoproline, Pelletierine and Homopipecolic Acid 

Carter and co-workers have devised a versatile strategy which 

allows the enantioselective preparation of pyrrolidine, indoline and 

piperidine ring systems via an intramolecular aza-Michael reaction 

(IMAMR) by using secondary amines as catalyst [13]. They have 

illustrated the synthetic potential of their methodology with the 

syntheses of homoproline (3), used in medicinal chemistry as well 

as in organocatalysis, homopipecolic acid (7), a cyclic -amino acid 

derivative, and pelletierine (9), a natural alkaloid found in the bark 

of the pomegranate. The key organocatalyzed step in the prepara-

tion of each heterocycle was the intramolecular conjugate addition 

of carbamates bearing an , -unsaturated aldehyde catalyzed by 

diaryl prolinol silyl ether (S)-10 (20 mol%), in methanol and 1,2-

dichloroethane (1:1) as solvent system at 25 °C at prolonged reac-

tion times (two to four days). The required products were obtained 

in good yields and selectivities (up to 95% ee). It is noteworthy to 

mention that two years earlier pioneering work on similar organo-

catalyzed IMAMR was described by Fustero and co-workers [14, 

15]. 

2.2. Demethyl Calamenene 

Recently, the organo-SOMO (Singly Occupied Molecular Or-

bital) catalysis [16, 17] in which enamine catalysis is combined 

with single-electron transfer (SET) reactions has allowed a great 

number of novel and unique transformations in the field of the -

functionalization of simple aldehydes (e.g. -allylation, -

enolation, -vinylation, -oxyamination, -arylation). This newly 

developed concept was, in 2009, successfully used for the synthesis 

of two natural products so called demethyl calamenene and ( )-

tashiromine via well-designed strategies. In both cases, in-

tramolecular Friedel-Crafts (F-C) type -arylations of simple alde-

hydes incorporating electron-rich aromatic nuclei were the key step. 

The Nicolaou’s group applied this concept during the preparation of 

demethyl calamenene 16, a potent cytotoxic agent against human 

adenocarcinome A 549 [18]. Their sophisticated five-step-strategy 

started with a Heck reaction between aryl iodide 12 and 4-penten-1-

ol 13 that gave rise to aldehyde 14 in 63% yield. Next, reaction of 

14 under the previously optimised intramolecular F-C -arylation 

[e.g. catalyst 17 (20 mol%), CAN (2 eq.), H2O (2 eq.) in 1,2-

dimethoxyethane as solvent at 30 °C] led to bicyclic aldehyde 15 

in 56% yield and 90% ee. Subsequent one-pot oxida-

tion/esterification of the aldehyde moiety, and sequential Grignard 

addition/reductive deoxygenation gave the desired demethyl ca-

lamenene (16) in three further steps (17% overall yield) (Scheme 

3).  
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Scheme 2. Synthesis of pyrrolidine and piperidine ring systems. Reagents and conditions: (a) (S)-10 (20 mol%), MeOH/DCE (1:1), -25 °C, 2-3d (69%, 95% ee 

determined over the alcohol analogue); (b) NaClO2, NaH2PO4 buffer, 2-methyl-2-butene, t-BuOH, H2O; (c) H2, Pd/C, MeOH (54%, 2 steps for homoproline; 

75%, 2 steps for homopipecolic acid); (d) MeMgBr, Et2O/THF, -78 °C to rt; (e) DMP, NaHCO3, CH2Cl2 (71%, 2 steps); (f) H2, Pd/C, EtOAc (99%). 
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The proposed mechanism goes through, in a first instance, 

enamine activation of aldehyde 14 with imidazolidinone 17. Then, 

single electron transfer (SET) oxidation mediated by CAN afforded 

intermediate radical cation 19 (that is in equilibrium with 20) and 

rapidly evolves intramolecularly to the more stable Wheland- or -

complex 21, a characteristic intermediate in F-C type reactions. 

Proton elimination followed by a second SET oxidation CAN-

mediated gave rise to iminium 23 that over hydrolysis furnished the 

bicyclic aldehyde 15 and reconstituted the organocatalyst.  

2.3. ( )-Tashiromine 

Another elegant example of organo-SOMO catalysis in the total 

synthesis of natural compounds was published by MacMillan and 

co-workers [19]. Indeed, they have rationalized a highly ortho-

selective arylation reaction via a radical-mediated addition pathway 

where exposure of electron-rich aromatics that carry an alkyl-

tethered aliphatic aldehyde to imidazolidinone catalysis in the pres-

ence of an appropriate oxidant would render the radical-cation 25 

formation possible (Scheme 5). Thus, addition of the aromatic ring 

system to the 3 electron species could evolve in to bicyclic radical 
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Scheme 3. Synthesis of Demethyl Calamenene. Reagents and conditions: (a) Pd(OAc)2 (3 mol%), n-Bu4NCl (2 eq.), LiOAc·2H2O (3 eq.), LiCl (1 eq.), DMF, 

25 °C, 72h (63%); (b) 17 (20 mol%), TFA (20 mol%), CAN (2 eq.), H2O (2 eq.), DME, – 30 °C, 24h (56%, 90% ee); (c) NIS (3.1 eq.), K2CO3 (3.1 eq.), 

MeOH (104 eq.), CH3CN, dark, 25 °C, 24h, (84%). 
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Scheme 4. Proposed catalytic cycle for the synthesis of demethyl calamenene via organo-SOMO catalysis. 
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cation 26, that after an additional oxidation step could give rise to 

the dienyl cation intermediate 27. At last, the required product 

could be obtained upon rearomatization via proton elimination fol-

lowed by iminium hydrolysis, and then, set free the organocatalyst. 

Hence, they were able to apply their novel carbonyl -arylation 

strategy in to the three-step total synthesis of ( )-tashiromine (30), 

an indolizidine isolated from the Asian deciduous shrub, Maackia 
tashiroi [20].  

The organocatalyzed step takes place with pyrrole amide teth-

ered aliphatic aldehyde 24 in the presence of catalyst 31 (20 mol%) 

and CAN as oxidant. The desired bicyclic compound 28 was iso-

lated in good yield (72%) and selectivity (93% ee). Reduction of 

the amide moiety with AlCl3/LiAlH4 and pyrrole hydrogenation 

with Rh/Al2O3 gave rise to ( )-tashiromine (30) in 37% yield over 

three-steps. 

2.4. (+)-Cermizine C and ( )-Senepodine G 

Alkaloids isolated from plants of the genus Lycopodium are 

known for having a broad range of biological activities - as for 

instance, acetylcholine esterase (AchE) inhibition - in addition of 

very tricky and varied polycyclic chemical structures [21, 22]. Cer-

nuine (32), isolated in 1948 by Marion and Manske [23], is a repre-

sentative of cernuane-type Lycopodium alkaloids. Its complex fused 

tetracyclic structure bearing an aminal moiety was elucidated only 

19 years later by Ayer and co-workers [24, 25]. Several total syn-

theses of different types of Lycopodium alkaloids have been re-

ported, nevertheless none is about that of cernuane-type alkaloids. 

In 2004, Kobayashi’s group reported the isolation of other cer-

nuane-type and quinolizidine-type Lycopodium alkaloids from Ly-
copodium cernuum: cermizine D (33), cermizine C (34) and se-

nepodine G (35) [21], among which cermizine D (33) and senepo-

dine G (35) showed cytotoxicity against murine lymphoma L1210 

cells with IC50 of 7.5 μg/mL and 7.8 μg/mL respectively (Fig 2). 

In 2008 and 2009 Takayama’s group accomplished the first to-

tal syntheses of the reported cernuane-type Lycopodium alkaloids 

and then established their chemical structures as well as their abso-

lute configuration [26, 27]. Among the key steps on these synthe-

ses, organocatalyzed -amination of aldehyde 36, obtained in 2 

steps from commercially available (+)-citronellal, allowed the 

elaboration of oxazolidinone 38 (Scheme 6).  

The best reaction conditions requested the use of catalyst (R)-43 

(10 mol%), dibenzyl azodicarboxylate (1 eq.), in dichloromethane 

at room temperature followed by in situ reduction with NaBH4 giv-

ing rise to intermediate 37. Oxazolidinone 38 was isolated after 

stirring of 37 in the presence of K2CO3 under toluene reflux in 94% 

yield and 84% ee. Further 8 steps led to the formation of the key 
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Scheme 5. Synthesis of (-)-Tashiromine. Reagents and conditions: (a) 31 (20 mol%), TFA (20 mol%), CAN, NaHCO3, NaO2CCF3, -30 °C, acetone then 

NaBH4 (72%, 93% ee); (b) AlCl3, LiAlH4, THF, 0 °C (83%); (c) Rh/Al2O3, H2, 4 atm, MeOH, rt (62%). 

N

H

Me

Me

(+)-Cermizine C, 34

N

H

Me

Me

(-)-Senepodine G, 35

CF3CO2

N

H

Me

(-)-Cernuine, 32

H

N

H

O

H

N

H

Me

(+)-Cermizine D, 33

H
N

H

H

TFA

 

Fig. (2). Examples of cernuane-type Lycopodium alkaloids. 
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intermediate ketone 39, from which sequential reduc-

tion/chlorination/reductive dehalogenation allowed the isolation of 

(+)-cermizine (34). Afterwords, its subsequent regioselective N-

oxidation followed by the Polonovsky-Potier reaction straightfor-

wardly furnished the desired ( )-senepodine G (35). 

2.5. ( )-Paroxetine 

When devising an enantioselective organocatalytic route to 

piperidines, Moyano and Rios provided a formal synthesis of ( )-

paroxetine (48), a blockbuster antidepressive drug [28]. Their 

method relies on coupling amidomalonate derivatives and , -

unsaturated aromatic aldehydes (Scheme 7) in the presence of Ha-

yashi catalyst (S)-43 (20 mol%) for preparing piperidine analogs in 

good yields and enantioselectivities (up to 5:1 d.r. and up to 99% 

ee). Starting from amidomalonate 44 and aromatic aldehyde 45, the 

desired hemiacetal intermediate 46 was obtained via spontaneous 

cyclization of the Michael adduct in the presence of (S)-43 in 2,2,2-

trifluoroethanol as solvent. The authors have shown that the addi-

N

O

H

HO

Me

H c, d
N

H

Cl

Me

H e
N

H

Me

Me

(+)-Cermizine C, 34

f

N

H

Me

Me

O

1

5

9

g

N

O CF3

O

Me

Me

H

H

1

5

9

CF3CO2

N

H

Me

Me

(-)-Senepodine G, 35

CF3CO2

CHO

O

O

Me
a

O

O

Me N

OH

CbzHN

Cbz

b

O

O

Me N

O

HN

Cbz

O

36 37 38

8  steps

39 40

4142

N
H

Ph

Ph

OTMS

(R)-43

 

Scheme 6. Syntheses of (+)-Cermizine C and (-)-Senepodine G. Reagents and conditions: (a) (R)-43 (10 mol%), CbzN=NCbz, CH2Cl2, rt, 30 min, then NaBH4 

in MeOH; (b) K2CO3, reflux (2 steps, 94%, 84 % ee); (c) BH3·THF, THF, reflux; (d) SOCl2, CHCl3, reflux; (e) LiAlH4, THF, reflux (52%, 3 steps); (f) 
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tion of a stoichiometric amount of a base (KOAc) could allow 

higher yields for this transformation. After reduction of 46 with 

BH3 in THF the absolute configuration of compound 47 was as-

signed as (3R,4S) by analogy with optical rotation described within 

the literature data. 

2.6. ( )-Oseltamavir 

An outstanding example in total synthesis that well illustrates 

the potential of diphenylprolinol silyl ether (S)-43 on one-pot opera-

tions was published by Hayashi and co-workers during the synthe-

sis of ( )-oseltamivir [29]. ( )-Oseltamivir phosphate (Tamiflu
®

) is 

a neuraminidase inhibitor used in the treatment of both type A and 

type B human influenza. Ranked among the most promising thera-

peutics worldwide due to possible influenza outbreak, intensive 

efforts for devising efficient routes towards this drug, and also ana-

logs owing to the emergence of Tamiflu-resistant virus strains, are 

currently required. With this in mind the group of Hayashi devel-

oped a very efficient total synthesis of this promising drug in which 

only nine steps (a total of three separate one-pot operations and sole 

one column chromatography purification step) were used. The 

overall yield reported for this synthesis is 57% and inexpensive 

reagents were employed, which renders this sequence suitable for 

multi-gram scale (Scheme 8). The synthesis starts with the enanti-

oselective preparation of the highly functionalized cyclohexane 
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Scheme 8. Synthesis of (-)-Oseltamivir and -15°C. Reagents and conditions: (a) (S)-43 (5 mol%), ClCH2CO2H (20 mol%), CH2Cl2, rt, 40 min (100%, major 
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2238    Current Organic Chemistry, 2012, Vol. 16, No. 19 de Figueiredo et al. 

 

moiety (first one-pot operation). Via a conjugate addition between 

alkoxyaldehyde 49 and nitroalkene 50 in the presence of diphenyl 

prolinol silyl ether (S)-43 (5 mol%), the Michael adduct 51 was 

obtained in quantitative yield and excellent enantioselectivity. This 

intermediate was, thus, engaged without purification into a domino 

process (Michael reaction/Horner-Wardsworth-Emmons reaction) 

by reaction with vinylphosphonate 60 affording cyclohexenecar-

boxylate 52. It is noteworthy mentioning that on this stage of the 

synthesis, by-products such as 61 and 62 were also obtained. By 

treating the mixture of 52, 61 and 62 in situ with Cs2CO3 in EtOH, 

the desired 52 intermediate can be successfully isolated as single 

compound via a retro-aldol/ Horner-Wardsworth-Emmons reaction 

of 61 and a retro-Michael reaction of 62 respectively. The diester 

52 was obtained in a (5R)/(5S) 5:1 mixture and the authors have 

shown that the treatment of this mixture with p-toluenethiol in the 

presence of Cs2CO3 gives the Michael product 53 with the (5S)-

isomer being the major product. This base-mediated isomerization 

step ends the first domino one-pot operation. Additional two one-

pot transformations were then necessary to finally accomplish the 

synthesis. The second one takes profit from a sequence of three 

classical transformations for converting the tert-butoxycarbonyl 

group (53) into an acetylamino (57) framework. Finally, ( )-

oseltamivir (59) could be isolated after the last one-pot operation 

that also needs three steps: (i) a Curtius rearrangement and amide 

formation, (ii) a reduction of the nitro group to an amine, and (iii) a 

retro-Michael reaction of the thiol.  

The synthetic route proposed here by Hayashi’s group is quite 

different from all the others and allows the preparation of high 

amounts of this prized drug. In addition, the use of an organocata-

lyzed domino transformation in the first stage of the synthesis 

should authorize the preparation of novel derivatives by simple 

modification of the starting materials’ nature and thus be a valuable 

tool in the search for new agents effective against Tamiflu-resistant 

strains. 

2.7. (+)-Ricciocarpin A  

An outstanding example of cascade transformations in the syn-

thesis of natural products was published by MacMillan and 

Michrowska [30]. Indeed, by using a combination of reductive Mi-

chael-Tishchenko reactions, they have successfully devised a very 

short and efficient route to (+)-ricciocarpin (72), a furanosesquiter-
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Scheme 9. Synthesis of (+)-Ricciocarpin. Reagents and conditions: (a) NaH, EtOH (65%); (b) 74 (2 mol%), CH2Cl2, 40°C (90%); (c) 17•HCl (20 mol%), 73 
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pene that exhibits promising activity against schistosomiasis (also 

called bilharziasis). In their three-step synthesis, the key organo-

catalytic step takes place in the presence of MacMillan’s imida-

zolidinone catalyst ent-17•HCl (20 mol%) and Hantzsch ester 73 

(1.1 eq.) with samarium triisopropoxide Sm(OiPr)3 (Scheme 9).  

The desired Michael adduct 68 was predominantly obtained as 

the ‘undesired’ cis-isomer intermediate. However, they have ob-

served that the cis-isomer isomerizes to the more thermodynami-

cally stable trans-isomer, and this isomerization is strongly acceler-

ated in the presence of Sm(OiPr)3, the catalyst of the Tishchenko 

reaction. The authors proposed that this highly diastereoselective 

Tishchenko cyclization may be explained by the transition state TS-

1 (70), in which the two carbonyl compounds are chelated by the 

samarium complex during the hydride-transfer step. It is notewor-

thy to mention that this method has also paved the way to the prepa-

ration of analogs in which one of them has shown higher biological 

activities than the naturally occurring (+)-ricciocarpin. 

2.8. (+)-Rotundial 

Christmann and co-workers developed a straightforward way to 

iridoid frameworks by developing an intramolecular Rauhut-

Courrier (RC) reaction via electron rich dienamines [31]. The in-

tramolecular RC-reaction gives rise to chiral cycloalkenes (77) 

from acyclic tethered Michael acceptors (75) (Scheme 10). Their 

synthesis takes place under secondary amine ((S)-43) catalysis and 

an application of this strategy was illustrated with the six-step syn-

thesis of (+)-rotundial (77) (25% overall yield, 86% ee), a mosquito 

repellent isolated from Vitex rotundifolia.  

Interestingly, previous asymmetric versions of RC-reaction 

have relied on 1,4-additions of chiral nucleophiles whereas in this 

case the catalytic cycle is initiated by a 1,2-addition of the catalyst. 

2.9. Hirsutellone B 

Nicolaou and coworkers achieved the total synthesis of hirsutel-

lone B [32], an antifungal and antibiotic natural product with a 
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complex and challenging chemical structure. Among the several 

novel cascade sequences and chemoselective reactions that made 

possible this tricky total synthesis, they used an organocatalyzed 

epoxidation step in the earlier stage of the construction of the tri-

cyclic core 81 (Scheme 11). The , -unsaturated aldehyde interme-

diate 79, easily obtained from commercial available (R)-citronellal 

(R)-78 in 3 steps, was submitted to organocatalyzed epoxidation 

using H2O2 in the presence of secondary amine (S)-43 (10 mol%). 

The desired epoxy aldehyde is in situ treated with a suitable ylide 

(Ph3P=CHCO2Me) to furnish the epoxy ester iodide 80. After sev-

eral steps and outstanding transformations, they have succeeded on 

preparing hirsutellone B (83). 

2.10. ( )-Arboricine 

Enantioselective Pictet-Spengler reaction, named the in-

tramolecular Friedel-Crafts alkylation of imines, can be considered 

a straightforward method for the preparation of enantioenriched 

tetrahydroisoquinolines and tetrahydro- -carbolines building 

blocks. Indeed, the group of Hiemstra, Maarseveen and co-workers 

has devoted intensive efforts in this field by means of hydrogen-

bond donor catalysis with binolphosphoric acid derivatives [33]. 

They have validated their method in the total synthesis of -

carboline arboricine (86), a tetracyclic indole alkaloid that exhibits 

a moderate ability to reverse multidrug resistance in vincristine-

resistant KB (VJ300) cells (Scheme 12). The synthesis started with 

the known tryptamine 82, which is submitted to the Pictet-Spengler 

key step by treatment with (R)-3,3’-triphenylsilyl-binol phosphoric 

acid 87 [(R)-binol-PA, 5 mol%)] in toluene in the presence of alde-

hyde 83 and 4Å molecular sieves at room temperature. The desired 

-carboline intermediate 84 was isolated in 55% yield together with 

the aminal 85 in a 67/33 ratio respectively, and an unacceptable 

selectivity of 38% ee for both compounds. They validated that pro-

tection of the ketone as the dioxolane affords exclusively 84 (92%, 

78% ee) avoiding the aminal formation. By simple installing the 

acetal protecting group, which remains quite remote from the imin-

ium intermediate, better yield and higher enantioselectivity were 

achieved and lower catalyst loading (only 1 mol%) can be success-

fully employed. 

Therefore, they have used a mild and efficient method for syn-

thesizing arboricine 86 in six overall steps and with 33% overall 

yield. In addition, the absolute stereochemistry was proven by X-

ray crystallographic analysis and a revised structure with opposite 

stereochemistry has been proposed based on the one published on 

the original paper. 

2.11. Kurasoin B 

Phase-transfer catalysis (PTC) was used by Andrus and co-

workers for preparing Kurasoin B (94) [34] which is, together with 

its phenol-containing analogue Kurasoin A, protein farnesyltrans-

ferase (PFTase) inhibitor isolated from the fungus Paecilomyces sp. 

[35] . These compounds have potential as novel cancer drug leads 

due to the possible easy tuning of the aromatic functionalities 

around the central core structure [36, 37]. In this synthesis, they 

successfully employed their own previously developed method [38, 

39] based on asymmetric phase-transfer catalytic alkylation of aryl 

ketone glycolate substrates giving rise to -hydroxy esters, as the 

key step. As starting materials, benzyloxyacetyl imidazole 91 (pre-

pared in 3 steps from bromoacetic acid) [39] and bromomethyl 

indole 89 (obtained via a modified Coelho’s strategy) [40] were 

used for synthesizing the required (S)-acylimidazole 92 (Scheme 

13).  

The key PTC alkylation reaction, catalysed by a biscinchonidi-

nium dimethylnaphthalene catalyst 95, was performed in the pres-

ence of 91, 89 (2 eq.) and CsOH
.
H2O under liquid-solid conditions 

at 40 °C giving rise to the intermediate 92 in 98% yield and excel-

lent enantioselectivity (99% ee). Six-further steps allowed the in-

corporation of the benzylic-containing moiety. Concerning the ra-

tional for the mechanism, the transition state 96 was proposed for 

illustrating the S-stereoinduction. The oxygen of the Z-enolate situ-

ated between the quinoline and quinuclidine moieties on the cata-

lyst is coordinated with the least hindered face of the catalyst am-
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monium nitrogen (“pocket“ binding mode) [39]. Thus, a nine-step 

direct route to Kurasoin B (94) (34% overall yield) was devised 

which takes profit from the newly efficient developed PTC alkyla-

tion reaction that sets up the S-hydroxy stereocenter present in the 

chemical structure of this natural product. 

2.12. Pregabalin 

Pregabalin (Lyrica
®

) is an anticonvulsant drug used to treat epi-

lepsy and neurophatic pain [41, 42]. Its high and broad therapeutic 

activity places this compound among the ‘drugs of the future’. Al-

though many research groups have shown interest on its total syn-

thesis devising simple and straightforward routes to this compound, 

it might be pointed out that only the (S) enantiomer exhibits the 

suitable pharmacological activity and that enantioselective strate-

gies are highly suitable and demanded. Amongst the different total 

syntheses devised to date, we will highlight the one by Koskinen 

and co-workers in which an organocatalytic conjugate addition 

reaction of Meldrum’s acid (103) to nitroalkene 102 gives rise to 

the single stereocenter (responsible for the medicinal activity) on 

the chemical skeleton of pregabalin [43]. After the screening of a 

broad range of thiourea-based catalysts, the authors have shown 

that quinidine derived thiourea 99 (10 mol%), previously synthe-

sized in 79% yield by the same group via condensation of the free 

amine 98 derived from quinidine with commercial trityl isothiocy-

anate (97), provided the better compromise between reaction out-

come and selectivity. 

Thus, after preparation of nitroalkane 102 in 2 steps from 

isovaleraldehyde (100) and nitromethane (101) by a sequence of 

Henry reaction/dehydration this compound was subjected to the 

thiourea-mediated conjugate addition with Meldrum’s acid (103). 
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The desired intermediate 104, bearing the (S) stereocenter, was thus 

obtained in 84% yield and 75% ee. Mention should be made that, 

during the purification of 104 via column chromatography, 55% of 

the catalyst 99 was recovered and reused in a second reaction cycle 

showing therefore the same activity and selectivity (82% yield and 

75% ee). Pregabalin could be isolated in 80% ee after a crystalliza-

tion of the free amino acid from 2-propanol/water. Concerning the 

origin of the enantioselectivity, the authors have envisaged a transi-

tion state model similar to that previously described by Takemoto 

and co-workers [44, 45]. They have proposed an activation of the 

two oxygen atoms of the Michael acceptor 102 through double NH 

hydrogen bonding with the monomeric organocatalyst 99. 

The quinuclidine moiety and the trityl group are placed on the 

same face but they are far away from each other in order to avoid 

steric interaction. They are orientated in the same direction than 

both NH groups. Owing to the product configuration, delivery of 

the enolate derived from Meldrum’s acid from the top face of the s-
cis nitroalkene gives rise to the product with the required (S) con-

figuration. 

2.13. Warfarin 

Warfarin (Coumadin
®

, Marevan
®

) is among the most effec-

tively used anticoagulants for preventing thrombosis and embolism. 

For more than fifty years, it has been prescribed in its racemic form 

although the activity and metabolism are different for the two enan-

tiomers: the (S) enantiomer being a better anticoagulant than the 

(R)-Warfarin (about 2-5 times) [46]. Although several efficient 

asymmetric synthesis of Warfarin has been described so far, the 

N C S

N

N

H2N

OMe

98

N

N

HN

OMe

HN S

97

99

Me Me

OHC

CH3NO2

Me Me

O2N

a,b
O O

O O

Me Me

c

Me Me

O2N

OO

O O

MeMe

d

Me Me

H2N

CO2HHO2C

e
Me

Me

NH2  HCl

CO2H

Pregabalin, 106

PhPh

Ph

100

101 102 103 104

105
 

Scheme 14. Synthesis of Pregabalin. Reagents and conditions: (a) 10M NaOH, EtOH, 0 °C to rt, overnight then AcOH, rt (88%); (b) (CF3CO)2O, CH2Cl2, then 
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first example taking profit of asymmetric organocatalysis was de-

scribed in 2003 by Jørgensen’s group [47]. Three and four years 

later, Kim [48] and Deng [49] have respectively reported two addi-

tional total syntheses, both by means of iminium organocatalysis. 

More recently, work on this purpose also takes advantage of amine-

catalyzed conjugate addition of 4-hydroxycoumarin 108 to , -

unsaturated ketones 109. Indeed, simultaneously the groups of Han-

sen [50] and Feng [51] have devised efficient and straightforward 

routes to both enantiomers of Warfarin. The first group have used 

as catalyst a new phenylglycine-derived primary amine 111 (20 

mol%) with acetic acid (1 eq.) as co-catalyst in THF at room tem-

perature [50]. The group of Feng reported their transformation by 

means of secondary amine amide catalyst 112 (20 mol%) in the 

presence of succinic acid (10 mol%) as co-catalyst in n-butyl alco-

hol as solvent with a small amount of water at 40 °C [51]. Both 

methods allowed the required products in good yields (up to 99%) 

and enantioselectivities (up to 89% ee, after a single recrystallisa-

tion step, >99% ee) and the reaction can be easily transposed to 

large-scale conditions. Feng’s group postulated that model 113 

might illustrate the plausible transition state intermediate via the 

required Re-face attack from 4-hydroxycoumarin (via hydrogen-

bond activation) to the unsaturated ketone (activated via iminium 

ion intermediate) [47-49]. 

2.14. (R)-Convolutamydine B and E 

Convolutamydine A-E were isolated from the Floridian marine 

bryozoan Amathia convoluta. These alkaloids have in common a 

4,6-dibromo-3-hydroxyoxindole skeleton and only differ from each 

other on the side chain moieties at the quaternary stereocenter at the 

C-3 position. Convolutamydine A and B exhibit a potent inhibitory 

activity against the differentiation of HL-60 human promyelocytic 

leukaemia cells at 0.1 and 12.5 g mL
-1

 respectively. However, only 

very low quantities of convolutamydine E were isolated to date and 

a detailed annotation of its biological activity will await the avail-

ability of considerable quantities. Among the synthesis reported to 

date [52], we are going to highlight the one described by Toru, 

Nakamura and co-workers in where an enantioselective synthesis of 

convolutamydine B and E were reported taking profit of organo-

catalysis for building the quaternary stereocenter via aldol reaction 

between acetaldehyde and 4,6-dibromoisatin [53]. Thus, by using 

N-(2-thienylsulfonyl)prolinamide 118 as catalyst (10 mol%), they 

have achieved the synthesis of convolutamydine E in 94% yield and 

92% ee (>99% ee after a single recrystallization). Convolutamydine 

B was obtained in 87% yield and 92% ee (98% ee after a single 

recrystallization) from convolutamydine E by simple chlorination 

of the alcohol function. Although more studies might be carried out 

concerning the mechanistic pathway of this enantioselective aldol 

reaction, the authors assumed, by using this catalyst, an in-

tramolecular hydrogen bonding network between the sulfonamide 

NH proton, the sulfur atom and the carbonyl group. By using this 

method with catalyst 118 the authors have also provided various 

convolutamydine E derivatives in high yields and good selectivities. 

2.15. (S)-Convolutamydine E, CPC-1 and an Indole Fragment 

of Madindoline A and B 

Almost simultaneously, the group of Hayashi has also devised a 

straightforward route to 3-hydroxyindole alkaloids by means of 

asymmetric direct aldol reaction of isatin derivatives and acetalde-

hyde (also see previous sub-section). Following the methodology 

previously developed by the same group [29], they overcome the 

difficulties which are commonly encountered on aldol reaction 

when acetaldehyde is used as a nucleophile which are: (i) acetalde-

hyde is reactive as an electrophile which causes a self-aldol reac-

tion; (ii) the aldol product formed, an , -unsubstituted aldehyde, 

can also act as both nucleophile and electrophile, promoting overre-

action, and (iii) dehydration can be observed as a side reaction 

(Scheme 17). Thus, by using catalyst 127 (30 mol%) they have 

successfully synthesized 3-hydroxyindole scaffolds that can be 

further transformed into alkaloids such as unnatural convolutamy-

dine E (ent-116), CPC-1 (123), a new pyrrolidinoindoline alkaloid, 
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Scheme 15. Synthesis of (R)-Warfarin. Reagents and conditions: (a) Hansen’s conditions 108 (1.0 eq.), 109 (1.2 eq.), 111 (20 mol%), CH3CO2H (1.0 eq.), 

THF, rt, 24h (76%, 81% ee); (b) Feng’s conditions: 108 (1.0 eq.), 109 (1.5 eq.), 112 (20 mol%), succinic acid (10 mol%), nbutyl alcohol (1 mL), 50 L H2O, 

40 °C, 12h (99%, 83% ee, after recrystallization >99% ee). 



2244    Current Organic Chemistry, 2012, Vol. 16, No. 19 de Figueiredo et al. 

 

and an indole fragment (124) of madindoline A (125) and B (126) 

(both selective inhibitors of interleukin-6). In contrast to Naka-

mura’s work, they have used protected isatin derivatives as the 

electrophile and the required aldol adducts were obtained in very 

good yields and enantioselectivities. 

It is noteworthy mentioning that the nature of the substituent on 

the C-5 position of the isatin derivative is crucial for the stereocon-

trol of the reaction. Based on previous work [29],
 
the authors have 

assumed that the proton of the hydroxy group of the catalyst might 

activate the isatin derivative by coordination with the carbonyl 
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Scheme 16. Synthesis of (R)-Convolutamydine B and E. Reagents and conditions: (a) 118 (10 mol%), THF, rt; (b) NaBH3CN, AcOH (94%, 92% ee, after a 

single recrystallization procedure >99% ee); (c) TsCl, Pyridine, 75°C, 7h (87%, 92% ee, after a single recrystallization procedure 98% ee). 
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Scheme 17. (S)-Convolutamydine E, CPC-1 and an indole fragment of madindoline A and B. Reagents and conditions: (a) 127 (30 mol%), ClCH2CO2H (60 
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group via two possible ways (A and B in Fig. 4). Consequently, a 

hydrogen atom (small) on the C-5 position of isatin favors a transi-

tion state TS-1 (130) (based on patway A) that affords the R-isomer 

whereas a larger substituent (a bromine atom for example) would 

not be suitable via A owing to steric hindrance. In this case, for 

explaining the formation of the S-isomer, transition state TS-3 (132) 

is more suitable than TS-2 (131), both bearing a bromine atom on 

C-5, due to the steric repulsion between the substituent on the ni-

trogen atom of the isatin moiety and the aryl group of the catalyst 

127. 

2.16. Other Selected Natural Products 

Year 2009 was a very productive one concerning the total syn-

thesis of natural products by means of organocatalysis in which 

active methylene compounds have played a very important role for 

reactions outcome and selectivity. Although some representative 

examples have been presented above, it might be pointed out that 

many other outstanding syntheses have also been published. Some 

selected structures of these natural compounds are illustrated below 

(Fig. 5). During the synthesis of ( )- aromadendranediol (133), 

MacMillan and co-workers have used an elegant triple-cascade-

catalysis sequence (eg. cross-metathesis/iminium/enamine cycles) 

for building a bicyclic butenolide intermediate which bears four of 

the six stereocenters and 12 of the 15 carbons found in the chemical 

structure of this natural sesquiterpene compound [54]. In the syn-

thesis of (+) and ( )-disparlure (134) and their trans-isomers, Kim 

have employed a tandem asymmetric organocatalytic -

aminoxylation-allylation of dodecanal giving thus rise to chiral 

diols and cross-metathesis using Grubbs’ catalyst [55]. Johnson and 

Campbell have started their total synthesis of the antimalarial agent 

(+)-polyanthellin A (135) by means of an enantioselective organo-

catalytic conjugate addition of isovaleraldehyde to methyl vinyl 

ketone (MVK) using diphenylprolinol methyl ether (5 mol%) and 

catechol (20 mol%) as co-catalyst. The use of this additive im-

proved both, yield and reaction rate [56]. Kádas and co-workers 

have published an efficient stereoselective total synthesis of ent-
( )-7-deoxy-trans-dihydronarciclasine (136), an ent-form of highly 

potent antineoplastic agent constituent of the Amaryllidaceae alka-

loids [57]. They have used a novel strategy based on the enantiose-

lective nitromethane conjugate addition, under 4-(S)-bezyl-1-

methylimidazolidinone-2-carboxylic acid catalysis, to synthesize an 

enantiopure form of a known arylcyclohexylamine typer precursor. 

( )-Nakadomarin A (137), a marine alkaloid of the manzamine 

family with different biological activities (eg. cytotoxic activity 

against murine lymphoma L1210 cells, inhibition of cyclin depend-

ent kinase 4 and antimicrobial) has a very tricky structural topology 

with a hexacyclic containing 8/5/5/5/15/6 ring system and 4 

stereogenic centers in which one is quaternary. Among the key 

steps that were used by Dixon and co-workers during their total 

synthesis of ( )-Nakadomarin A, a bifunctional cinchona alka-

loid/thiourea catalyzed nitro olefin Michael addition allowed the 

preparation of a sophisticated intermediate in good yield and high 

diastereoselectivity [58].  

During the total synthesis of (+)-physostigmine (138), Barbas 

III and co-workers have devised a highly enantio- and diastereose-

lective methodology mediated by thiourea-catalysis for the addi-

tions of oxindoles to nitroolefins [59]. Another example that high-

lights the use of -aminoxylation of an aldehyde as a key step was 

published by Kalkote and co-workers during the enantioselective 

synthesis of -adrenergic blockers (S)-propranolol (139) and (S)-

naftopidil (140) [60]. An efficient Michael addition between 

isovaleraldehyde and MVK was used by Chen and Baran in their 

syntheses of eudesmane terpenes 141 by using an atypical two-

phase approach, in where site-selective C-H oxidations were ex-

ploited, inspired by terpene biosynthesis [61]. Hatakeyama and co-

workers have devised a general strategy allowing the preparation of 

the phoslactomycin family of antibiotics (142), selective and pow-

erful protein phosphatase inhibitors, by means of an asymmetric 
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Fig. (4). Coordination modes to isatin derivatives (mode A and mode B) and transition state (TS) models. 
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Baylis-Hillman reaction catalyzed by -isocupreidine ( -ICD) and 

with hexafluoroisopropyl acrylate (HFIPA) as an activated ester ( -

ICD-HFIPA method) [62]. By this method, formal syntheses of (+)-

fostriecin and (+)-phoslactomycin B have been successfully ac-

complished. 

3. 2010 

3.1. (-)-Bitungolide F 

(+)-Bitungolide A-F are pharmacologically interesting 

polyketides recently isolated from the Indonesian sponge Theonella 
cf. swinhoei by Tanaka et al. [63]. These compounds exhibited 

cytotoxic effects against 3Y1 rat normal fibroblast cells and inhibi-

tion toward VH1-related (VHR) dual-specificity phosphatase [64]. 

Cossy et al. planned an asymmetric convergent route to the synthe-

sis of unnatural (-)-Bitungolide F in nine steps and 11.4% overall 

yield. Between the two concise total syntheses proposed by the 

French group, the organocatalytic route involved an enantioselec-

tive Michael addition, which affords to the C5- C10 aldehyde in 

one step, followed by a boron-mediated asymmetric pentenyla-

tion/acylation/RCM sequence. A final chiral boron-mediated aldoli-

zation generates the C10-C11 bond with the concomitantly setting 

of C11 stereogenic center in the desired product (Scheme 18). 

In particular, the preparation of the most synthetically challeng-

ing fragment 144 of (-)-Bitungolide F, containing 3 stereogenic 

centers, starts with an enamine promoted Michael reaction between 
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propanal (146, donor) and MVK (147, acceptor). Employing cata-

lytic amounts of diphenyl prolinol (S)-152 (5 mol%) and catechol 

151 (20 mol%) the desired aldol adduct 149 was obtained in mod-

erate yield (58%) but excellent enantioselectivity (90% ee) (Scheme 

19).  

O

O

Me

OH OH

Me

Asymmetric aldol

(-)-Bitungolide F, 143

O

O

Me

Me

O

O

Me

C1-C10 Fragment, 144 C11-C15 Fragment, 145

H

1

4
5

6
9

11

Asymmetric
pentenylation

RCM
Enatioselective
Organocatalytic

Michael Addition

Wittig Olefination

H

O

Me

O

146 147

H

O

148

Me

 

Scheme 18. Retrosynthetic approach to the synthesis of (-)-Bitungolide F. 
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The subsequent boron-mediated asymmetric pentenylation fol-

lowed by a spontaneously hemiketalization, furnishes the key in-

termediate 150, straightforwardly transformed in the desired ketone 

144 in five further steps and 13.9% yield. The end game involved 

the envisaged boron-mediated aldol reaction/1,3-anti reduction 

sequence toward the (-)-Bitungolide F (143). 

3.2. (-)-Clavukerin A and (-)-Isoclavukerin A 

(-)-Clavukerin A (155) and (-)-Isoclavukerin A (epi-155) are 

epimers isolated from coral Clavularia koellikeri [65, 66] hy-

droazulene skeleton. Peter Metz suggests the synthesis of these two 

compounds starting from optically active citronellal [67]. (S)-

Citronellal [(S)-78)] reacts with MVK (147) in presence of catalyst 

(S)-152 (20 mol%) to give the Michael addition product with a d.r. 

of 18:1 and in 90% of yield. 

The keto aldehyde is simply converted into polyene 154 that 

undergoes a cascade ene-ine-ene Metathesis affording to the closure 

of bicycles. The overall process takes place in 35% of yield. The 

authors also used the same procedure to synthesize Isoclavukerin A 

starting from (R)-citronellal [(S)-78]. 

3.3. (+)-Conicol 

Cascade reactions are very important for the formation of mul-

tiple stereogenic centers, especially when the closure of cycles is 

needed. This approach allows the formation of a large number of 

carbon-carbon or carbon-heteroatom bonds with a high level of 

stereocontrol. The synthesis of (+)-conicol (161) by Hong and co-

workers [68] is a very representative example of this strategy. (+)-

Conicol is a meroterpenoid isolated from marine invertebrate Aplid-
ium conicum [69] containing a hexahydro-6H-benzo[c]chromene 

system. This same scaffold has been also found in many bioactive 

molecules such as (+)-Epiconicol [70, 71], (-)-heterophylol, a natu-

rally occurring phenolic compound isolated from root bark of Arto-
carpus heterophyllus, [72], (-)-nabilone, also known as cesamet, a 

synthetic cannabinoid with both antiemetic and analgesic activity 

for neuropathic pain [73], and so on.  

Hong planned a double sequential cascade reaction occurring in 

a one-pot step and affording the large substituted product 160 

(Scheme 21). 

The first step of this sequence is an iminium catalysed oxa-

Michael reaction of phenol 156 on conjugated aldehyde 157 and a 
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Scheme 21. Synthesis of (+)-Conicol. Reagents and conditions: (a) (S)-43 AcOH (20 mol %), CH2Cl2, 25°C, 1h, 79% >99% ee; (b) (S)-43 AcOH (20 mol 
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sequential intramolecular Michael cyclization on nitroolefin moiety. 

The high regioselectivity of this passage is noteworthy. Indeed, the 

aldehyde 157 could react as nucleophile with its  carbon under 

secondary amine catalysis but it does not happen. The intermediate 

158 undergoes another Michael-aldol reaction followed by the addi-

tion of aldehyde 159. This one pot sequence gives product 160 in 

55% yield and 99% ee. Further seven steps are necessary to get to 

(+)-conicol (161) in an approximate overall yield of 5%. Moreover, 

X–ray studies of different derivatives of intermediate 119 disclosed 

the absolute stereochemistry of (+)-conicol. 

3.4. (-)-6-acetoxy-5-hexadecanolide 

(-)-6-acetoxy-5-hexadecanolide 165 is a mosquitoes pheromone 

which has been an attractive target for the organic synthesis in the 

last years [74, 75]. Tae and Park developed a stereoselective, or-

ganocatalytic synthesis of 6-acetoxy-5-hexadecanolide in seven 

steps [76]. In order to obtain the 1,2 diols moiety, the authors pro-

posed a one-pot benzoyloxylation followed by an Indium mediated 

allylation step starting from dodecanal 162. 

The organocatalytic benzoyloxylation already independently 

reported by Hayashi’s [77] and Maruoka’s group [78], was used 

here for the formation of the first stereogenic centre. The use of (S)-

, -diphenyl-2-pyrrolidinemethanol trimethylsilyl ether (S)-43 

(5 mol%) and hydrochinon, in presence of benzoyl peroxide in THF 

ensures the product formation with a 95% of ee. The subsequent 

Indium mediated allylation of -oxy aldehyde in THF/H2O af-

forded the anti adduct with good diasteroselectivity (anti:syn = 

86:14), which could be easily explained according to the Felkin-

Anh transition state theory [55]. The reaction furnished the mono-

protected alcohol 164 in 44% yield after the reported one-pot se-

quence. Compound 164 was straightforwardly converted into the 

desired mosquito pheromone 165 in further 5 steps. 

3.5. Confluentin and Daurichromenic Acid 

Daurichromenic Acid (170) is the main component of the 

methanol extract of leaves and twigs of the Asian plant Rhododen-
dron dauricum. This substance showed potent anti-HIV effect in 

acutely infected H9 cells with a EC50= 5.6ng/mL [79]. Woggon 

proposed the first enantioselective and organocatalytic synthesis of 

Daurichromenic Acid and its synthetic precursor Confluentin [80]. 

Proline derivative silyl ether (S)-171 can mediate the domino al-

dol/oxa-Michael reaction via enamine-iminium catalysis to afford 
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Scheme 22. Synthesis of mosquito pheromone 165. Reagents and conditions for the organocatalytic step: (a) (S)-43 (5 mol%), hydroquinone (10 mol%), 

BzOOBz (2 eq.), THF, -20°C, 8h (95% ee, d.r. = 84:14); (b) CH2=CHCH2Br (2 eq.), In (2 eq.), THF/H2O (5/1), rt, 12h (34% yield over 2 steps).  

O

Me OH

H

OH

Me O

Me

Me

Me

Me

O

Me

Me

Me

Me

H

O

Me O

Me

Me

Me

O OH

O

+

166 167 168

Confluentin, 165

Ar=3,5-(CF3)2C6H3

N
H

Ar

OTES

Ar

a

OH

Me O

Me

Me

Me

Me

Daurichromenic Acid, 170

2 steps9 steps
HO2C

Me Me

(S)-171

 

Scheme 23. Synthesis of Confluentin and Daurichromenic Acid. Reagents and conditions of the organocatalytic step: (a) (S)-171 (30 mol %), PhCO2H, tolu-

ene, 76h, rt (63%, 97% ee). 



2250    Current Organic Chemistry, 2012, Vol. 16, No. 19 de Figueiredo et al. 

 

the lactol 168 in good enantiomeric excess (97% ee) and 63% of 

yield [81, 82]. 

A series of nine steps including a Rh mediated decarbonylation 

gives rise to Confluentin (169) with 6% yield. This compound dif-

fers from Daurichromenic Acid in the carboxyl group in position 6 

and it is well-known as weak antagonist of human vanilloid recep-

tor VR1, first isolated as racemate from the fruitbodies of the fungi 

of the genus Albatrellus spp [83]. The insertion of carboxyl group 

occurs in a two-step sequence that affords the final product 170 

(39% yield from 169) which shows the same optical rotation of the 

naturally occurring product. 

3.6. (+)-Frondosin B 

MacMillan’s research group developed a very concise and 

straightforward route to obtain (+)-frondosin B (177) in excellent 

yield (50% for the overall process) [84]. Compared to the previous 

ones [85, 86], the strategy here gave the natural product in only 

three steps (e.g. Ovaska and co-workers’ approach afforded the 

product in ten steps and 13% yield [87]). (+)-Frondosin B, isolated 

from the marine sponge Dysidea frondosa [88], showed property as 

inhibitor of interleukin-8 (IL-8) receptors and protein kinase C, and 

have been proposed as therapeutic leads for treatment of inflamma-

tory diseases [89]. This sesquiterterpene contains a benzofuran ring 

fused with cycloeptadiene ring carrying a single stereogenic center. 

The formation of this stereocenter was seen as an addition of the 

nucleophilic aryltrifluoroborate salt 172 to crotonaldehyde unsatu-

rated system (173) that allows the alkylation of C-2 position of the 

benzofuran ring instead of the normally activated C-3 position 

(Scheme 24). 

As investigated by the authors [90], oxazolidinone 178 is able 

to activate the substrate crotonaldehyde 173 through the formation 

of the iminium ion intermediate, and affords the aldehyde 174 in 

94% yield and 92% ee. The intermediate 174 reacts with 175, ob-

tained in situ from the corresponding ketone through a Shapiro 

reaction [91], furnishing a mixture of diastereoisomers (176). The 

next step implies a tandem reaction promoted by BBr3, which in-

volves a Lewis acid-mediated conjugate closure of the cycloeptadi-

ene ring, a double bond isomerization, and a final deprotection of 

the methyl ether intermediate. 
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3.7. (S)-3-Butylphtalide 

Wang et al. [92] developed the first organocatalytic route for 

the synthesis of (S)-3-Butylphtalide IV, a molecule isolated from 

celery seed oil, with multiple biological activities [93]. 

This is a three-step synthesis based on an asymmetric aldol re-

action between butanone 180 and aldehyde 179. It was observed 

that this reaction is best catalyzed by pyrrolidine 184 and benzoic 

acid as co-catalyst. After exclusion of catalyst by filtration on a 

short silica pad, the intermediate undergoes a lactonization under 

basic conditions (K2CO3 in Methanol) affording the product 182 in 

72% yield and 96% ee. The rest of the process implies the cleavage 

of ketone group through thioketalization and reductive desulfuriza-

tion. 

3.8. (-)-Anominine 

(-)-Anominine is a diterpenoid isolated by Gloer’s in 1995 [94] 

from the sclerotia of Aspergillus spp. Recently Bradshaw and Bon-

joch have proposed a synthesis for (-)-Anominine, the unnatural 

enantiomer of the corresponding isolated substance (Scheme 26). 

The main challenge of this synthesis was to build the five con-

tiguous stereocenters in the right configuration (cis), taking into 

account that two of them are quaternary. The first one was formed 

via Robinson annulation of diketone 185 and methyl-vinyl ketone 

(MVK) affording the Wieland-Miescher-like ketone 186. Prolina-

mide 189 was used to promote, via iminium catalysis, the subse-

quent Michael addition reaction, ensuring 91% of yield and 94% of 

enantiomeric excess [95]. It has to be highlighted that once set the 

first stereogenic center, it influences and drives the formation of the 

other four. In particular, the synthesis proceeds with the C15 

methylation affording the intermediate 187, where the cis-junction 

makes one side of the double bond less hindered inducing the con-

trol on the formation of the remaining stereogenic centres. The 

synthesis ends in further sixteen steps affording (-)-Anominine 

(188) which differs from the natural product because of an inverse 

value of [ ]D. 

3.9. 4-Hydroxyisoleucine 

4-Hydroxyisoleucine is a natural compound isolated for the first 

time from -aminitin hydrolysate as well as the corresponding lac-

tone, and then in the seeds of Trigonella foenum-graecum as free 

hydroxy acid. This substance showed activity on insulin secretion 

and insulin resistance [96] and it has the chance to be marketed as a 

new antidiabetic lead. For this reason Alain Wagner et al. devel-

oped an asymmetric organocatalytic route to the synthesis of 
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Scheme 27. Synthesis of 4-Hydroxyisoleucine. Reagents and conditions: (a) DMF, (S)-195 (0.35 eq.), rt; (b) MTBE, DBN (0.04 eq.), rt, then crystallization in 
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10 °C to 10 °C, 1.5 h, (70%, d.r. = 80:20); (d) LiOH (1.5 eq.), H2O, then AcOH (65% overall yield).
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(2S,3R,4S)-4-hydroxyisoleucine (194), containing three contiguous 

stereogenic centres [97]. 

The 1,3 amino alcohol moiety suggests an organocatalytic 

Mannich-type condensation catalysed by (S)-proline [(S)-195], 

already reported by Barbas et al. [98]. The reaction is performed in 

DMF and the catalyst can be recovered by filtration up to 70%. The 

reaction gave the condensation product with a good regiocontrol. 

The nucleophylic attack of the most substituted carbon furnished 

the thermodynamic product, which is favoured over the kinetic one 

(86:14). Unfortunately the major product is the sin diastereoi-

somers, although in excellent enantioselectivity (99% ee). To have 

the right anti-isomer 192, the initial product had to undergo the 

epimerization at C3 carbon, which was accomplished using a cata-

lytic amount of DBN. The corresponding lactone 193 was isolated 

after the basic treatment in a very good diastereoselectivity (d.r. 

>95:5 after crystallization). In the next step the third stereogenic 

centre is formed. After oxidative deprotection of the amino group, 

the ketone is reduced to alcohol using potassium borohydride and 

cerium chloride in a one-pot passage. The overall synthesis affords 

the product in a 22% of yield on a 50g scale. 

3.10. (+)-powelline and (+)-buphanidrine  

The stereoselective construction of all-carbon arylated 

stereogenic centers is a very challenging issue [99]. Despite this, a 

lot of natural compounds like Amaryllidaceae alkaloids (+)-

powelline and (+)-buphanidrine contain this kind of motif. In addi-

tion, two more contiguous stereocenters and a complex polycyclic 

structure have made this total synthesis very attractive and chal-

lenging. The titled natural products were isolated from several 

Amaryllidaceae species and both of them have shown affinity for 

the serotonin transporter in [H3]-citalopram binding assays [100-

102]. Dixon et al. [103] proposed an organocatalytic synthesis 

based on an oxidative coupling of catechol 194, oxidized to quinone 

from polymer supported IO4 , and malonate derivative 195. The 

initial in situ oxidation converted the nucleophilic substrate 194 in a 

good Michael acceptor, very susceptive to the attack of the stable 

enolate of 195 promoted by the chiral base 202. This sequence is 

followed by the reduction of quinone to free catechol subsequently 

protected as acetal (197) (Scheme 28). 

This path affords product 197 in moderate enantioselectivity 

(70% ee) and considering the three steps of this sequence an ac-

ceptable yield of 57%. Further eight steps led to the common inter-

mediate 198 that was alkylated or not in order to obtain the two 

different alkaloids (+)-powelline 200 and (+)-buphanidrine 201 

respectively. 

3.11. (+)-Grandisol 

Bifunctional organocatalysts are in many cases a valid approach 

to mediate a lot of organic reactions. For example catalysts contain-

ing basic and acid groups, either Brønsted or Lewis as well, can 

promote reactions of protic nucleophiles with electrophiles (vide 
introduction). List’s group developed a new kind of bifunctional 

catalyst containing an acid phosphoramide group coupled with a 

basic pyridine moiety (Scheme 29). It was found that this BINOL 

derivative (207) is able to catalyse the methanolysis of symmetric 

anhydride 203 providing substituted cyclobutane 204 containing 

two well defined stereogenic centres [104]. The reaction shows an 

excellent enantioselectivity and yield (98%ee, 97% respectively) 

and this fact allowed the development of 205, already known as 

precursor of (+)-Grandisol (206) [105]. So it has been proved that 

desymmetrization is an interesting route for obtaining optically 

active molecules. 

3.12. Other Synthesis of Natural Products 

(-)-Pancracine (208) belongs to the montonine-type Amarylli-

daceae  alkaloids,  whose  structure  is  characterized  by an octahy- 
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Scheme 28. Synthesis of (+)-powelline and (+)-buphanidrine. Reagents and conditions: (a) PS-IO4

-
, 202 (20 mol%), DCM, -20 °C, (b) Na2S2O4aq, (c) 

CH2ClBr, Cs2CO3, DMF, 85°C (57%, 3 steps; 70% ee). 
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droindole motif. Pansare et al. developed a high valuable approach 

to the total synthesis of such a natural product. Particularly, the 

Canadian group devised a simple and stereoselective preparation of 

cis- and trans-3-aryloctahydroindoles by means of an enamine-

based organocatalytic Michael addition of cyclic ketones (Michael 

donor) and suitable 2-nitrovinylarene (Michael acceptor) (up to 

90% yield, up to 99% ee). syn/anti  19/1) [106]. Likewise, an or-

ganocatalytic intramolecular Michael addition was the first key step 

in the total synthesis of Lycopodine (209), one of the major sub-

class of Lycopodium alkaloids, well-known for their wide-ranging 

biological active and structural complexity. After having synthe-

sised a novel sulphonamide proline derivative, Yang and Carter 

validated the potential of their organocatalyst by achieving the de-

sired precursor of Lycopodine and a series of six-membered ring in 

high yield (up to 80%) and excellent stereoselectivity (up to 95% 

ee, up to d.r. > 20:1) [107]. A slight different kind of sulfonamide 

resulted the most suitable organocatalyst toward the total synthesis 

of (+)-biotine (210) [109]. Chen et al. employed a cinchona alka-

loid base-mediated alcoholysis strategy for the construction of the 

two contiguous stereogenic centres of the biotin skeleton. The use 

of extremely mild conditions appeared to be high compatible with 

industrial scale and a valid alternative to the previous existing syn-

theses. An organocatalytic asymmetric direct Henry reaction was 

the key point toward the short total synthesis of (-)-codonopsinine 

(2R, 211) and its epimer (-)-2-epi-codonopsinine (2S, 212). Particu-

larly, Ooi et al. efficiently mediated the acyl addition reaction by 

means of a chiral tetraaminophosphonium salt, obtaining the first 

common intermediate of either four or five steps syntheses with 

excellent anti-selectivity (94% yield, anti/syn = 20/1) and enanti-

oselectivity (99% ee) [108]. Finally, it has to be mentioned the short 

synthesis of (+)-sporochnol A (213), whose interest relies in the 

construction of a cyclohexanone derivative bearing a quaternary 

carbon stereogenic center [110]. Such a challenging target was 

elegantly reached by Kotsuki et al. developing a new method for a 

Robinson-type annulation mediated by the combined use of 

(1R,2R)-1,2-cyclohexanediamine with (1R,2R)-1,2-cyclohexanedi-

carboxylic acid. The desired enantioenriched intermediates were 

obtained in moderate yield (up to 65%) and good enantioselectivity 

(up to 94%ee), one of which was straightforwardly transformed in 

the natural product 213 with further four steps.  
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4. 2011 

4.1. (+)-Yohimbine  

Over the years, organocatalysis provides equally efficient ac-

cess not only to new and efficient methodologies, but also to a wide 

range of natural products. The total synthesis of (-)-Yohimbine 

(219), one of the well-known alkaloids [111], represents a clear 

example of such eclectic behaviour and broad applicability of or-

ganocatalytic strategies. Since its first total synthesis as racemic 

compounds more than 50 years ago [112], several asymmetric ap-

proaches have been published by famous research groups [113, 
114]. Recently, as compromise between Jacobsen methodology 

[115] and their on-going research on Pictet-Spengler cyclization of 

N-monosubstituted tryptamines [33], Hiemstra et al. [116] have 

illustrated the general synthetic utility of their strategy by develop-

ing the total synthesis of (-)-Yohimbine (219) (Scheme 30). After 

having prepared the rather unstable tryptamine derivative (215), its 

enantioselective reaction with the phenyl seleno aldehyde partner 

(216) was performed overnight in presence of catalytic amount of 

enantiopure binolphosphoric acid (220) (20 mol%) producing the 

adduct (217) as a mixture of diastereomers. The subsequent two 

steps, in which the protection of NH group and the removal of the 

phenylselenio moiety have carried out, gave the optically active 218 

in good yield (88%) and enantioselectivity (84% ee). Further 3 

steps including a key IMDA furnished the wanted natural product 

(219) in excellent enantiomeric excess (98% ee). 

It is noteworthy that the optimized conditions for the Pictet-

Spengler reaction were the results of an elaborate screening. Indeed, 

the aldehyde amount resulted to be crucial for the reaction, which 

either did not proceed without an excess of 216, or gave lower ena-

tioselectivity if it is present a too large amount of 216. 

4.2. Spirotryprostatins A and B 

The spiro[pyrrolidin-3,3’-oxindole] unit is a common structural 

feature for a large family alkaloid natural products exhibiting im-

portant biocidal activity [117]. For example, Spirotryprostatins A 

and B isolated from the fermentation broth of Aspergillus fumi-

gates, inhibit the G2/M progression of cell division in mammalian 

tsFT210 cells. Due to such intriguing activity and to the challenging 

structural core, several efforts have been made towards the enantio-

controlled synthesis of the natural products themselves and their 

analogues [118, 119]. Within this context, Gong and co-workers 

applied their enantioselective 1,3 dipolar cycloaddition to the total 

synthesis of 9,18-bis-epispirotryprostatin A (225) and 18-epispiro-

tryprostatin A (226) [120]. Particularly, they envisioned that the 

prenyl aldehyde (221) and diethyl-2-aminomalonate (222) in the 

presence of a suitable chiral Brønsted acid (227), react with methyl-

(2-nitrophenyl)-acrylate (223) to furnish the key intermediate 224 

(Scheme 31).  

Conducting the reaction with 10 mol% of catalyst 227 under ar-

gon atmosphere at 40°C, an excess of acrylate 223 gave the ex-

pected product 224 in 94% yield and amazing stereocontrol (d.r. > 

99%, ee >99%). Further nine steps straightforwardly led to the tar-

get spiro[pyrrolidine] derivatives. 

4.3. (-)-Zampanolide 

Since the discovery of paclitaxel inhibition action mode, the 

search for analogues anticancer drugs has become a subject of im-

mense interest in chemical, biological and medicinal fields [121]. 

Besides few antitumor therapeutics, which have exhibited intrigu-

ing synergic effect with taxol, quite recently, (-)-zampanolide (228), 

a 20 membered macrolide, have revealed potent microtubule-

stabilising properties [122]. Indeed, isolated from marine sponge 

Fasciospongia rimosa in Okinawa and from Cacospongia mycofi-
jiensis, a Tongan marine sponge, (-)-zampanolide (228) showed 

potent cytotoxic activity against SKM-1 and U937 cell lines, quite 

resistant to paclitaxel. Although from structural point of view, the 

unique unsaturated macrocycle contains only three stereogenic 

centres and a chiral N-acylaminal side chain, the chemistry and 

biology of this therapeutic have attracted much synthetic attention 

over the years. Amongst the total syntheses, which have been re-

ported from its isolation in 1996, Ghosh and Cheng have recently 

accomplished the enantioselective synthesis of (-)-zampanolide 
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Scheme 30. Synthesis of (+)-Yohimbine. Reagents and conditions: (a) Boc-protected glutaconaldehyde, MeOH, -20°C, 2h, then NaBH4, 1h and quenched with 

acetone (45%); (b) 220 (10 mol%), MS 4 Å, toluene, 50°C; (c) (Boc)2O, DMAP, 40°C (82%); (d) mCPBA, -78°C, then Et3N -78°C-> 20°C (88%, 84% ee). 
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(228) [123], relying on a convergent approach, which allowed them 

to prepare a wide range of analogues (Scheme 32). 

Besides the several steps featured by a novel intramolecular 

oxidative cyclization, a cross-metathesis reaction to construct a 

trisubstituted olefin, and a ring-closing metathesis to form a highly 

functionalized precursor, the strategic bond disconnection resulted 

to be the cleavage of the sensitive N-acylaminal side chain at C20, 

which provide the macrolactone 229 in the retrosynthetic scheme. 

Particularly, once prepared the lactone 229, the conversion of  

(-)-235, the unnatural antipod of dactylolide, to the desired (-)-

zampanolide (228) included the reaction between a carboxamide 

236 and the aldehydic moiety with the consequent formation of the 

desired N-acylaminal 228. Such a direct addition was accomplished 

in excellent chemoselectivity toward the monoaddition performing 

the reaction in presence of matched chiral phosphoric acid (S)-TRIP 

(237), at 23°C for 12h. (-)-Zampanolide 228 and its epimer epi-
Zampanolide (epi-228) were isolated respectively in 51% and 18% 

yield after separation/purification by HPLC. 

Conversely, the employment of the corresponding mismatched 

(R)-TRIP afforded a 1:1 mixture of the two epimers. 

4.4. Baclofen 

Due to their readily availability, efficiency and versatile cata-

lytic action, chincona alkaloids with their pseudoenantiomers 

forms, are among the most privileged and useful catalysts or ligands 

in asymmetric organocatalysis [124-127]. Likewise, the second 

generation dimeric ligand, such as (DHQ)2PHAL [Bis(dihydro-

quinidine)phthalizine], showed superior activity and selectivity as 

consequence of their enzyme-like binding pocket [128]. Prompted 

by the successful achievement of such compounds in Sharpless AD 

(Asymmetric Dihydroxylation) reactions, Lin et al. [129] envisaged 

the possibility to design a new type of biscinchona alkaloids, which 

should have been used in various and different asymmetric fields. 

After having developed and fully characterized the novel dimeric 

ligand, and its pseudoenantiomer, the Chinese group validates its 

efficiency and effectiveness by exploiting QD-244 in the first step 

toward the synthesis of Baclofen (243) (Scheme 34). 

Indeed, the conjugate addition of dimethylmalonate 239 to a 

suitable nitroalkene 238, was perfomed at rt in the presence of just 

1 mol% of QD-244 affording the desired product 240 in good yield  

9,18-bis-epispirotryprostatin A, 225

221

a

9 steps

CHO

MeMe

CO2Et

CO2EtH2N

CO2Me

MeO NO2

+ +

NH

EtO2C CO2Et

CO2Me Me

Me
NO2MeO

222 223 224

N
H

N

N

MeO

O
Me

Me

H
O

O
H

N
H

N

N

MeO

O
Me

Me

H
O

O
H

+

18-epispirotryprostatin A, 226

O

O

O O

O

P P
O

HO

O

OH
227
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(87%) and excellent enantioselectivity (>99% ee) after only a single 

recrystallization. Further five steps nicely converted the first inter-

mediate to (R)-4-(4-chlorophenyl)-2-pyrrolidinone hydrochloride 

(243). 

4.5. (-)-7-Deoxylonganin 

Cyclopentapyrane core of type I and II with a cis relationship 

between H9 and H5 is the common main scaffold of Iridoids, a 

diverse family of natural products which shows a pivotal involve-
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ment in the non-nitrogenous component in alkaloids biosynthesis 

(Fig. 7) [130].  

Pursuing their research in the use of N-heterocyclic carbene 

(NHC) catalysts [131], Candish and Lupton provide a nice access to 

the cyclopentanpyrane core of (-)-7-deoxylonganin 247, and ulti-

mately the natural product itself (Scheme 35) [132]. After having 

optimised the reaction conditions on the pilot substrate, the Austra-

lian group accomplished the stereocontrolled formation of the lac-

tone 247 (78%, 97% ee) upon the rearrangement of the optically 

active , -unsaturated ester 252 (prepared in 5 steps from citronel-

lal (S)-78) employing the diisopropyl dimethyl NHC 254 (20 

mol%) as catalyst in THF.  

In order to explain the observed stereochemical outcome, the 

authors postulated and demonstrated the formation of a hemiacetal 

255, which via the key 3,3-sigmatropic rearrangement (Claisen 

rearrangement) furnishes the intermediate 256, on which the second 

stereogenic centre is installed before the catalyst elimination 

(Scheme 36). 

The multistep synthesis toward the desired natural product (-)-

7-deoxyloganin (247) was successfully ultimated in further four 

steps. 

4.6. Seragakinone A 

Sometimes, extensive spectroscopic studies and single-crystal 

X-ray analysis are not able to unambiguously assign the absolute 

configuration to new and biologically active molecules. As conse-

quence, the total synthesis of such compounds is the only reliable 

tool in order to defined the stereochemistry. This is the case of (+)-

Seragakinone A (258, Fig. 8), an antifungal and antibacterial com-

pound produced by a marine fungus, and its enantiomer (-)-

Seragakinone A (ent-258, Fig. 8) [133], which has been recently 

synthesised by Takada et al. [134].  
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Despite the molecular complexity, the authors have bravely 

chosen a linear synthetic approach, which could be divided in three 

main blocks (see above) starting from the well-known bromide 261 

(Scheme 37). Each of them involves a pivotal organocatalytic reac-

tion, which allows the stereocontrolled installation of key 

stereogenic centres.  

Concerning the achievement of the first intermediate (260), the 

benzoin cyclization of ketoaldehyde 262 is worthy to be noted. 

Employing the modified Rovis triazolinium salt 264 (10 mol%) in 

the presence of Et3N (10 mol%) at rt, [135] the desired cyclic ketol 

(R)-263 was successfully obtained in high yield (86%) and excel-

lent enantiocontrol (99% ee) (Scheme 38).  
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Three further steps involving a final cross-methatesis furnished 

the key prenyl ketone 260, which was subsequently transformed in 

the intermediate 265, a suitable substrate for the electrophilic Shi 

epoxidation [136]. The ketone hydrate 267 (20 mol%) proved to be 

the most effective catalyst, furnishing the desired epoxide 266 in 

high stereoselectivity (d.r. = 8.2:1, Scheme 39). Although, in this 

context the organocatalyst activated the oxidizing agent and not the 

substrate, it was the electron-rich methylene that performs a nu-

cleophilic attack toward the electron-poor reagent.  

A second benzoin cyclization was required to achieve the for-

mation of the densely oxygenate pentacyclic core. The reaction of 

268 preceded nicely employing the triazolinium salt 270 (20 mol%) 

[137] and DBU (20 mol%) in methanol to give ketol 269 in 90% 

yield and excellent diastereoselectivity (d.r = 15:1, Scheme 40). 

The first asymmetric total synthesis of (-)-Seragakinone A (ent-258 

was than straightforwardly achieved by further four steps.  

4.7. Leucascandrolide A 

The stereoselective formal synthesis of Leucascandrolide A 

represents a successful employment of organocatalysis to the prepa-

ration of macrolide. In particular, Hong and co-workers assembled 

the 2,6-cis and 2,3-trans-2,6-trans-tetrahydropyran moieties im-

planted in the natural product, through an organocatalytic oxa-

Michael reaction [138]. The coupling between epoxide 272 and 

allylic alcohol 271 followed by an allylic oxidation, provided the 

aldehyde 274 as the major product, which initially did not afford 

only the desired Michael adduct trans-277, but to a 1:1 mixture of 

the possible trans:cis isomers (Scheme 41). Such an unexpected 

behaviour was probably due to the stereochemical mismatch be-

tween the C3 methyl group and the C6 alkyl group in 275 and 276. 

Conversely, the intramolecular 1,4-addition smoothly pro-

ceeded by treating the aldehyde 274 with Hayashi catalyst (S)-43 at 

-40°C, so that the requested intermediate trans-277 was achieved in  
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Scheme 38. Synthesis of prenyl ketone 260. Reagents and conditions of the organocatalytic step: (a) 264 (10 mol%), Et3N (10%), THF, rt (86%, 99% ee). 
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Scheme 40. Synthesis of (-)-Seragakinone A. Reagents and conditions for the organocatalytic reaction: (a) 270 (20 mol%), DBU (20 mol%), MeOH, rt, 30 min 

(90%, d.r = 15:1). 
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t
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(d.r. > 20:1, 98%); (b) MnO2, CH2Cl2, 0°C, 4h (d.r. > 20:1, 86%). 

 

excellent stereoselectivity (d.r. > 20:1) and yield (98%). Further 

seven steps allowed the stereoselective preparation of a second key 

allylic alcohol 278 which this time successfully underwent to the 

key tandem allylic oxidation/oxa-Michael reaction without the use 

of an organocatalytic support and stereoselectively providing the 

desired 2,6-cis-tetrahydropyran aldehyde 279 (d.r. >20:1, 86%). 

The completion of the total formal synthesis was subsequently ac-

complished in no more than 9 steps. 

Although the proposed synthetic route resulted to be quite long 

and complex, it clearly demonstrated the potential of the tandem 

and organocatalytic oxa-Michael reaction in conjunction with the 

dithiane coupling as valuable alternative to the classical transforma-

tion, which could be extended to the synthesis of other and related 

macrolactones.  

4.8. Bromopyrrole Alkaloids 

The pyrrolopiperazine moiety is one of the key scaffolds found 

in a great number of bromopyrrole alkaloids, a critical class of natu-

ral products featured by interesting and various biological proper-

ties [139, 140]. Among others, noteworthy examples are: Lon-

gamide B (281), isolated from the Caribbean sponge Agelas dispar, 

exhibits antibiotic activity against the Gram-positive bacteria Bacil-
lus subtilis and Staphilococcus aureus [141]; (-)-Cycloroidin (282) 

[142], obtained from the Mediterranean sponge Agelas oroides and 

the epimeric mixture of Agesamide A (283) and B (epi-283), found 

in the Okinawan sponge Agelas sp. (Fig. 9). 

Despite the interest due to the presence of a relatively rare ni-

trogen-substituted stereogenic carbon center, only few asymmetric 

total syntheses have been reported [143-147], among which the 

organocatalytic approach represents the most unexplored field. 

Nevertheless, Cho and co-workers, pursuing their research on enan-

tio- and diastereoselective organocascade reaction [148], have de-

vised a concise asymmetric formal synthesis of several bromopyr-

role alkaloids via aza-Michael addition followed by lactamization 

[149]. The first key organocatalyzed step employed the 4,5-

dibromo-1H-2-carbonitrile (284) as Michael donor and the TBDPS-

protected (E)-4-hydroxybut-2-enal (285) as Michael acceptor, ex-

ploiting the exceptional action mode of the Jørgensen catalyst (20 

mol%) (Scheme 43). Adding a substoichiometric amount of benzoic 
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acid (40 mol%) and lowering the reaction temperature at -40°C, the 

enantioselectivity reached the 93% ee and the desired intermediate 

286 was isolated in 76% yield after the in situ reduction of the par-

ent aldehyde. 

Further 7 steps including a Staudinger-type reductive cycliza-

tion, provided the common key bromopyrrole 287, which upon the 

already well-known procedures could be easily and directly con-

verted in the previous named natural products [144, 145]. 

4.9. Psymberin 

Another example of hetero-conjugate addition has been re-

ported in 2011 by Hong’s group [150] toward the total synthesis of 

Psymberin, a potent inhibitor of cancer cell proliferation mainly 

characterized by a 2,6-trans-3,3-dimethyl tetrahydropyran-4-ol and 

a dihydrocumarin [151, 152]. Due to their poor thermodynamically 

stability, the stereoselective formation of 2,6-trans-tetrahydropyran 

motif represents one of the most interesting synthetic challenges 

[153-156]. Within this context, Hong et al. developed a simple and 

elegant approach to such a high-demanding target, which relies on 

an organocatalytic oxa-conjugate addition to prepare the critical 

intermediate 291 in a reagent-controlled manner (Scheme 44). After 

several attempts, the freshly prepared hydroxyl ketone 290 was 

successfully converted into the desired compound 291 by employ-

ing a combination of the (1R,2R)-1,2-diphenylethane-1,2-diamine 

(292, 0.4 eq.) and 9-anthracenecarboxylic acid (293, 1 eq). 

The observed high stereoselectivity (d.r. =10:1) and the yield 

(92%) seems dramatically depend not only on the employed dia-

mine, but also on the used acid additive. Such outcome was ration-

alized as a function of the steric bulkiness of the acid, which en-

hances the steric repulsions in the less favourable dimeric con-

former 297 and increases the population of conformer 298 (Scheme 

45). 

Further 11 steps and a last coupling reaction with a pyvalate 

mixed anhydride 295 to insert the side chain, led to the completion 

of the synthesis of Psymberin (296).  

4.10. Collective Synthesis  

Resembling the “biochemical assembling line” performed by 

the Nature [157], MacMillan and co-workers addressed their efforts 

to the construction of a crucial scaffold which resulted to be a 

common intermediate for the total synthesis of natural product col-

lections, an approach named “collective total synthesis” [54]. As 

last and undoubtedly one of the most outstanding examples of 2011, 

we cannot avoid reporting the marvellous collective synthesis of 

natural products by means of organocascade catalysis reported by 

the famous American group [158]. A deep study of six well-known, 

structurally complex alkaloids belonging to the Strychnos, Aspi-
dosperma and Kopsia families, revealed a potential common inter-

mediate, the tetracycle 30, which incorporates all the requisite func-

tionality to be converted into the target natural products (Fig. 10). 
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Fig. (9). Bromopyrrole alkaloids with the pyrrolopiperazinone skeleton. 
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Scheme 43. Reagents and conditions for the organocatalytic step: (a) (S)-10 (20 mol%), PhCO2H (40 mol%), toluene (0.1M) -40°C 18h; (b) NaBH4 (110 
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Scheme 46. Synthesis of the common spiroindoline intermediate 300. Reagents and conditions for the organocatalytic step: (a) Propynal, 31 TBA (20 mol%), -

40°C to rt, toluene, (82%, 97% ee).  

According to their previous and very precious experience [159], 

the key intermediate 300 was accessed through a one-flask, asym-

metric Diels-Alder/elimination/conjugate addition organocascade 

sequence, starting from the simple triptamine substrate 308 

(Scheme 46). Performing the reaction in the presence of imida-

zolidinone catalyst (20 mol%) and tribromoacetic acid (TBA, 20 

mol%) as co-catalyst, the spiroindoline 300 was achieved in 82% 

yield and with excellent levels of enantioinduction (97% ee). 

The proposed organocascade reaction involves two catalytic 

cycles which should be connected along with Brønsted acid cataly-

sis as demonstrated by further additional experimental work 

(Scheme 47). In detail, according  to  the author statements, the ace- 
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Scheme 47. Proposed mechanism of organocascade cycles for the generation of a common spiroindoline intermediate (300). 

Table 1. Enantioselective Synthesis of the Six Well-known Indole Alkaloids 

300

N

CHO

NBoc

PMB

Synthetic 

Elaboration
Enantioselective Syntheses of 

Strychnos, Aspidosperma and 

Kopsia alkaloids

 
Natural Product Steps by MacMillan Overall Yield PSAC Steps Ref. PSCA Steps Ref. 

N

N

O

H

H

H

H

O

 

(-)-Strychnine, 301 

12 6.4 % 25 [160, 161] 16 [162] 

N
H

N

CH3
H  

(+)-Aspidospermidine, 302 

9 24% 13 [163]  11 [164] 

N
H

N

CO
2
Me  

(-)-Kopsinine, 303 

9 14% Not Applicable  19 [165] 

N
H

N

H

CO
2
Me

CH3

 

 (-)-Akuammicine, 304 

10 10% Not Applicable  Not Applicable  

N
H

N

CH
3

CO
2
Me  

(+)-Vincadifformine, 305 

11 8.9% Not Applicable  10 [166] 
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Table 1. contd…. 

 

Natural Product Steps by MacMillan Overall Yield PSAC Steps Ref. PSCA Steps Ref. 

N
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(-)-Kopsanone, 306 

11 10% Not Applicable  Not Applicable  

PSAC = previous shortest asymmetric catalytic synthesis; PSCA= previous shortest chiral auxiliary or chiral pool synthesis. 
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Scheme 48. Synthesis of (-)-Physostigmine analogues. Reagents and reaction conditions: (a) 326 TFA (10 mol%), CH2Cl2/H2O 85:15, -78°C (87%, 88% ee); 

(b) LiAlH4, THF, reflux (86% 99 % ee).  

 

tylenic functionality of the in situ formed catalyst-bound propynal 

partitions away from the bulky tert-butyl (t-Bu) group, so that the 

naphtyl group could shield the bottom face of the reacting alkyne 

(310 in Scheme 47). The activated dienophile undergoes to endo-

selective Diels-Alder cycloaddition with the the 2-(vinyl-1-

selenomethyl)triptamine system 308. As consequence of the se-

lenide propensity to undergo -elimination, the cycloadduct 311 

easily furnishes the unsaturated iminium ion 312, which in turn 

undergoes facile cyclization at the indoline carbon to give the pyr-

rolindoline 314. Thereafter, the Brønsted acid catalyst induces the 

necessary 5-exo-heterocyclization of the pendant carbamate to pro-

vide 317 and than the tetracyclic spiroindoline 300. 

Once isolated the common intermediate 300, the author’s initial 

hypothesis was further and fully validated by accomplishing the 

total synthesis of the six studied natural products in the step number 

and overall yield reported below (Table 1).  

The just depicted methodology, a hybrid form between the 

strategies of collective natural product synthesis and enantioselec-

tive organocascade catalysis, opens the door to single enantiomer 

natural products with unprecedented level of efficiency, which was 

clearly demonstrated by comparing the outcome from MacMillan’s 

approach to the other previous asymmetric total synthesis (Table 1). 

4.11. (-)-Physostigmine Analogs 

(-)-Physostigmine, isolated from the African Calabar bean seed 

Physostigma venenosum, is one of the earliest compounds to be 

used as an inhibitor of acetylcholinesterase and a therapeutic agent 

against Alzheimer’s disease [167]. Due to its low bioavailability and 

narrow therapeutic window, several efforts have been made in order 

to develop valuable analogues with potent anti-Alzheimer activity 

[168, 169]. Among others, Qin et al. have reported an efficient 

synthesis of (-)-Phisostigmine’s library, which could be screened as 

selective inhibitors of acetylcholinesterase [170]. Applying a slight 

modification of MacMillan’s procedure to the preparation of 3a-

substituted hexahydroxypyrrolo[2.3-b]indole core [171], the Chi-

nese group stereoselectively built the tetracyclic scaffold 323 (87%, 

88% ee) from tryptamine derivative 319 and acrolein 320 in the 

presence of 10 mol% of imidazolidinone trifluoroacetic acid salts 

326 TFA (Scheme 48). 

The subsequent reduction with LiAlH4 surprisingly improved 

the enantiomeric excess (99% ee), which was preserved during the 

further five steps obtaining the desired physostigmine’s analogues 

323.  

4.12. (+)-Hagen’s Gland Lactones 

Certain species of parasitic wasps belonging to the Braconidae 

family, act as biological control agents for fruit fly population in 

Hawaii and Queensland, addressing a considerable interest in their 

morphology and taxonomy. Particularly, Hagen’s gland of few 

Braconid wasps and fopius contains fragrant volatile biological 

control agents, rich in lactones such as the furanosides depicted in 

Fig. (11) [172]. Due to such a peculiar balance keeper activity, 

these natural products were addressed as challenging targets by 

several research groups [173-175]. 
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Among others, Gharpure et al. have reported the diastereoselec-

tive total synthesis of the cis isomer of (+)-Hagen’s gland lactones 

(327, 328) in twelve-step procedure [176]. The key stereoselective 

transformation involves the enantioselective, organocatalytic direct 

-oxyamination of the starting aldehyde 329. The use of (S)-proline 

[(S)-195, 10 mol%] as catalyst allowed the aldehyde activation via 

enamine (334) avoiding the preformation of the corresponding enol 

derivative, while the enhanced Brønsted basicity of the nitrogen 

atom (PhNO) drove the nucleophile towards the desired O-addition 

manifold (Scheme 49). 

The installed stereogenic centre ensured the further highly re-

gio- and stereoselective intramolecular cyclopropanation (80% and 

 99% ee for R = n-C4H9; 60% and 97% ee for R = n-C6H13) of 

vinylogous carbonates, and facile regioselective radical ring of the 

Donor-Acceptor Cyclopropane (DAC). 

4.13. Streptorubin B 

Since protein phosphorylation and dephosphorilation reactions 

are ubiquitous in biological processes, the development of powerful 

protein kinase antagonists moved into the focus of a plethora of 

research projects [177]. This is the particulary case of prodigiosin 

alkaloids (Fig. 12), which, have been addressed by both outstanding 

chemists and biologists as challenging targets also due to their 

unique molecular architecture [178, 179]. From a structural point of 

view, streptorubin B (336) [180] and metacycloprodigiosin (338) 

[181] are quite peculiar because of their highly strained pyrrolphane 

cores, easily formed from the common precursor undecylprodigi-

osin (337) [182]. Additionally, prodigiosin R1 (339) [183] repre-

sents a fascinating link between these molecules and roseophilin 

(340), deeply investigated by Füstner et al. [177, 178]. 

In the wake of their successful achievement with prodigiosin 

R1 (339) and metacycloprodigiosin (338) [184], Thomson et al. 
envisaged the possibility to easily accomplished the total synthesis 

of Streptorubin B (336), confirming its relative and absolute con-

figuration [185]. The planned total synthesis relied upon a proline-

catalyzed enantioselective exo-enol-6-exo-trig aldol reaction devel-

oped by List and co-workers in 2003 as an effective means for 

deasymmetrizing acyclic aldehydes (Scheme 50) [186]. According 

to the reported protocol, the dialdehyde 342 was treated with 10 

mol% of (S)-proline [(S)-195, 10 mol%] and the intermediate -

hydroxy-aldehyde underwent to an in situ Wittig reaction, which 

afforded the homoallylic alcohol 344 as major diastereomer in 69% 

yield and impressive stereoselectivity (d.r. = 10:1, 96%ee). 

The subsequent seven steps, involving a successful stereo-

chemical transfer during the anionic oxy-Cope rearrangement, led 

to the desired Steptorubin B in 20% of overall yield. 

4.14. (+)-Przewalskin B 

Przewalskin B, isolated by Zhao et al. from a Chinese medici-

nal plant Salvia przewalskii, possesses an unprecedented tetracyclic 

framework with two spiro rings, a -hydroxy- -lactone moiety and 

an all-carbon quaternary centre (Fig 13) [188]. Due to its intriguing 

architectural features and the potential biological activities, 

Przewalskin B represents a challenging synthetic target, which at-

tracted the interest of several synthetic chemists. After the outstand-

ing She’s work to determine the absolute configuration of the natu-
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Scheme 49. Synthesis of Hagen’s Lactones. Reagents and conditions of stereoselective steps: (a) PhNO, (S)-proline [(S)-195, 10 mol%], CHCl3, 4°C, 2h; then 

NaBH4, EtOH, 0°C, 0.5h; (b) Cu(acac)2, CH2Cl2, reflux, 2h (80% for R = n-C4H9, 60% for R = n-C6H13). 
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ral product 348 [189], Tu and co-workers have recently disclosed 

the total synthesis of the corresponding (+) enantiomer (ent-348) 

(Fig. 13) [190]. 

Although authors’ efforts were initially devoted to the Rho-

dium-mediated intramolecular C-H insertion reaction to build the 

C- and D- rings (Scheme 51), they exploited the high efficiency of 

organocatalysis, to enantioselectively accomplish the formation of 

the A/B spirofused rings. In particular the exposure of dialdehyde 

350 to the aldol condensation catalysed by 0.1 equiv. of L-

prolinammide in NMP, resulted in the formation of 351 as the sole 

product. 

Based on the relative configuration of the subsequent interme-

diate 351, the authors suggested the intermediacy of the transition 

state 353A, which also represents the lower energy conformation 

than the state 353B (Scheme 52). Indeed in the transition state 

353A, the Re face of the carbonyl of , -unsaturated aldehyde is 
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Scheme 50. Enantioselective total synthesis of Steptorubin B. Reagents and conditions: (a) RuCl3, NaIO4, (85%) [187]; (b) (S)-Proline [(S)-195, 10 mol%]; (c) 

pentylidenetriphenylphosphorane, (69%, 96%ee over one-pot enantioselective aldol/Wittig reaction); (d) (COCl)2, DMSO, iPr2EtN, -40° to rt; (e) (E)-(3-

(benzyloxy)prop-1-en-1-yl)lithium (83%, 94% ee, over 2 steps); (f) KHMDS, 18-C-6 (85%); (g) Pd/C, H2; (h) Dess-Martin oxidation; (i) NH4OAc (67% over 

3 steps); (j) tert-butyl 5'-formyl-4'-methoxy-1H,1'H-[2,2'-bipyrrole]-1-carboxylate, then NaOMe, (72%.). 
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much more accessible to Re face of enamine and the anti product 

354 was formed. Conversely, in the state 353B the repulsion be-

tween pyrrolidine and cyclohexane moiety of substrate 350 would 

not let form the syn adduct 355. 

Further several steps firstly furnished the key tetracyclic inter-

mediate 352, which X-ray have been reported to define the absolute 

configuration, and subsequently the desired final product ent-348, 

which is currently under biological investigation. 
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Scheme 52. Proposed explanation of aldol reaction outcome. 
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4.15. Chloptosin 

Chloptosin is a dimeric cyclohexapeptide produced by Strepto-

myces strain MK498-98F14, which exhibits both apoptotic activity 

in the apoptosis-resistant human pancreatic adenocarcinoma cells 

and antimicrobial activity against Gram-positive bacteria [191]. In 

term of structure, the two identical cyclic hexapeptide subunits are 

connected with a biaryl linkage (Fig. 14). Each monomer contains, 

in alternating enantiomeric forms, only non–proteinogenic amino 

acid including 6-chloropyrroloindole residue as well as (R)- and 

(S)-piperazic acid, which represents a significant synthetic chal-

lenge [192-194]. 

The overall convergent synthesis realized by Ley et al. [195] 

resulted to be a synergic collaboration among enantioselective 

biotransformations, organocatalytic processes, and classic organic 

chemistry. Indeed, the preparation of the pyrroloindole core was 

accomplished in just 8 steps mainly relying on the treatment of the 

6-chloroindol 357 with cell lysate containing tryptophane synthase, 

L-serine, and Pirydoxal-Phosphate (PLP, 360) as cofactor, which 

acts via iminium catalysis. (Scheme 53) [196, 197]. Such biotrans-

formation provided a rapid access to multigram quantities of 358, 

with a 75% yield. The subsequent seven steps, involving a di-

astereoselective syn-cis pyrroloindole formation, transformed the 

just obtained compound in the first key intermediate 359. 

Contemporarily, the organocatalytic strategies resulted to be the 

successful approach to the differentially protected piperazic acid. 

Actually, the -amination reaction between the TBS-protected al-
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Scheme 53. Preparation of 6-chlorotryptophan. Reagents and conditions of the biotransformation: (a) cell lysate containing tryptophan synthase, L-serine, 

Pyridoxal phosphate (PLP), KH2PO4, H2O, rt, 35%. 
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Scheme 54. Organocatalytic preparation of the piperazic acid building block 368. Reagents and conditions: (a) TrocCl, NMM, THF, 0°C to rt; (b) NBS, pyri-

dine, toluene, rt, quant. (2 steps); (c) 362 (10 mol%), CH2Cl2, -5°C, then vinyltriphenylphosphonium bromide, NaH, THF, -5°C to rt, (90%, 84% ee).  
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dehyde 364 and the azadicarboxylate 363 furnished the hydrazino 

aldehyde 365, which was directly cyclised to the 3,6-

dihydropyridazine product 367, by adding NaH and vinyltriphenyl-

phosphonium bromide (Scheme 54). The use of low temperature (-

5°C) and of two different protecting groups (Boc, Troc) created 

such a different electronic environment to achieve a high regiose-

lective attack of the nucleophilic enamine, enhancing, at the same 

time, the asymmetric organocatalytic action of the employed tetra-

zole 362 (84% ee). 

Further quite hard efforts and various strategies changes led the 

authors to the final Chloptosin 356 in a total of 30 steps and a 4% 

overall yield. This successfully synthesis represents not only a very 

elegant approach to a complex dimeric structure, but also a reliable 

access to a wide range of novel chloptosin analogues for biological 

testing and studies on their mechanistic action in human cells. 

4.16. (+)-Preussin, (+)-Massoialactone, (+)-5-hexadecanolide,  
(-)-tetrahydrolipstatin, (+)-mervinolin Analogue 

Ghosh et al. [198] combined the simplicity of organocatalysis 

with the versatile nature of carbonyl compounds having a silyl 

group at the -position. The direct Michael addition of an alkyl 

methyl ketone 369 to the silylmethylene malonate (370) furnished a 

straightforward access to optically active -silyl- -ketoesters. In 

particular, the catalytic system diamine 379 (30 mol%)/TFA (10 

mol%) together with quite mild reaction conditions (-10°C, NMP, 

as solvent) afforded the ketoesters 371-374 in good yields (76-94%) 

and very interesting enentioselectivity (87-99%ee) (Table 2). 

According to the enamine mechanism suggested by Barbas 

[203, 204] and taking into consideration the stereochemical out-

come, the author hypothesized the transition-state assembly (TS-

380) depicted above (Scheme of Table 2). The (silylmethyl-

ene)malonate 370 is driven to the less hindered Si face of the in situ 

formed enamine. The hydrogen bond network among the catalyst 

tertiary nitrogen, one of the carbonyl group of (silylmethyl-

ene)malonate and the trifluoroacetic acid activated both substrates 

by bringing them to proximity, clarifying how the TFA catalytic 

amount speeds up the reaction. The obtained synthones were easily 

and smoothly transformed in O- and N-heterocyclic natural prod-

ucts, highlighting the effectiveness and the extreme synthetic use-

fulness of the investigated methodology (Table 2). 

Table 2. Regio- and Stereoselective Addition of Alkyl Methyl Ketones to (Silylmethylene)malonate 370, and Subsequent Transformation into Natural 

Products (381-385) 

Entry First Adduct 
Y 

(%) 
ee (%) Second Adduct Y(%) Natural Product Ref. 

1 H3C(H2C)8

O

CO2Et

SiMe2Ph

CO2Et
 

371 

88 91 
H3C(H2C)8

O

CO2Et

SiMe2Ph

 

375 

85 
N

OH

H3C(H2C)8

CH3

Ph

 

381 

[199] 

2 H3C(H2C)4

O

CO2Et

SiMe2Ph

CO2Et
 

372 

94 99 
H3C(H2C)4

O

CO2Et

SiMe2Ph

 

376 

90 

O OH3C(H2C)4  

382 

[200] 

3 H3C(H2C)10

O

CO2Et

SiMe2Ph

CO2Et
 

373 

80 87 
H3C(H2C)10

O

CO2Et

SiMe2Ph

 

377 

80 

O OH3C(H2C)10  

383 

[201] 

4 H3C(H2C)10

O

CO2Et

SiMe2Ph

CO2Et
 

373 

80 87 
H3C(H2C)10

O

CO2Et

SiMe2Ph

 

377 

80 
O

C6H11

O

H3C(H2C)10

OO

NHCHO

 

384 

[202] 

5 c-C6H11-(H2C)2

O

CO2Et

SiMe2Ph

CO2Et
 

374 

76 90 
c-C6H11-(H2C)2

O

CO2Et

SiMe2Ph

 

378 

80 
O O

OH

 

385 

[198] 

[a] Reagents and conditions: (a) 379 (30 mol%), TFA (10 mol%) NMP, -10°C, 3-7 days; (b) NaCl, DMSO-H2O, 165-180°C. 
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4.17. Functionalized 2-Substituted Piperidines: Pelletierine, 

Tetraponerine 

The functionalized 2-substitued piperidine fragment character-

ized by the critical chiral nitrogen-containing carbon centre is a 

widespread feature in many biologically active natural products and 

pharmaceuticals [205]. Consequently, a number of alternative syn-

thetic routes have been developed to asymmetrically construct such 

a key building block [13, 206-208]. Among others, Fan et al. have 

recently developed an effective and efficient approach to various 

alkaloids having a piperidine core [209]. Specifically, an organo-

catalytic conjugate addition strategy furnished a direct enantioselec-

tive access to the key synthon 387, a 2-substituted piperidine bear-

ing a -amino ketone moiety. The asymmetric intramolecular aza-

Michael reaction between an , -unsaturated ketone moiety (Mi-

chael acceptor) and the carbamate unit (Michael donor) was per-

formed in the presence of an in situ formed chiral catalyst salt 

(390·TFA). The quinine-derived primary-tertiary diamine 390 and 

CF3CO2H (TFA) as Brønsted acid additive resulted to be the best 

catalytic system, which smoothly afforded the functionalized 2-

piperidine 387, easily convertible into the corresponding natural 

products 388 and 389 (Scheme 55) [13, 210, 211]. 

Moreover, the Chinese group suggested a hypothetical Transi-

tion State in order to explain the observed enantioselectivity. Ac-

cording to the assigned absolute configuration, the favoured (E)-s-

trans conformer of , -unsaturated iminium ion was favourably 

formed in situ, simultaneously followed by the critical H-bond in-

teraction between the protonated tertiary amine and the carbamate 

carbonyl oxygen, resembling the proposed acid-base catalysis ac-

tion mode.  

Due to an unfavourable steric hindrance in TS-391B, the car-

bamate nitrogen (the nucleophilic centre) preferentially attacks onto 

the Re face of the unsaturated iminium moiety (the electrophilic 

centre) via the energetically favoured TS-391A, delivering the (R)-

aza-Michael adduct 387. 

4.18. (R)-Muscone 

The chemistry of sulfonyl group was elegantly exploited by Ye 

and co-workers toward the chiral synthesis of macrocyclic natural 

products. In particular, following the example recently reported by 

Ruano and Alemán [212], Rios [213], and Palomo [214] on the 

asymmetric Michael reaction of enals with bis(phenylsulfonyl) 
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Scheme 55. Organocatalytic asymmetric synthesis of functionalized piperidines. Reagents and Conditions of the organocatalytic step: (a) 390 (0.2 eq.), TFA 

(0.4 eq.) THF, 25°C (95%, 98% ee for R = CH3 and 96% ee for R = nC5H11).  
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Fig. (15). Proposed mechanistic model for the observed enantioselectivity under the catalysis of 390. 
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methane (BSM), the Chinese group nicely developed a highly enan-

tioselective conjugate addition of , -unsaturated ketones with 

BSM as Michael donor, catalysed by a chiral primary amine salt. 

The notable synthetic value of such a transformation was success-

fully corroborated by its employment in the chiral synthesis of (R)-

Muscone 395 and (S)-Celery ketone 399 (Scheme 56) [215]. Per-

forming the reaction with 9-amino(9-deoxy)epiquinine (epi-390, 20 

mol%) as organocatalyst and benzoic acid (40 mol%) as additive at 

35°C in dioxane, the cyclopentadec-2-enone enantioselectively 

provided the adduct 394 (74%, 98% ee), which was easily trans-

formed in the desired (R)-Muscone upon a protection/reduction/ 

deprotection reaction sequence. 

Likewise, the disclosed catalytic system delivered the optically 

active intermediate 398 via tandem Michael/aldol reaction of 4-

substituted 3-buten-2-ones 396 with 1-(phenylsulfonyl)propan-2-

one 397. Further three steps straightforwardly furnish the (S)-Celery 

ketone 399, amply used by Givaudan as modifier of aldehydic 

chypres and fougères. 

4.19. (S)-(-)-Spirobrassinin  

3-Substituted 3-hydrxyoxyindoles emerged as a privileged scaf-

fold in drug discovery due to their presence as core structural motif 

in a broad spectrum of fascinating natural products [117]. Within 

this context, Wang et al. developed a simple, cuprein (404) cata-

lysed enantioselective Henry reaction of readily available nitroal-

kanes with isatins to make the valuable 3-substituted 3-

hydrxyoxyndoles [216]. Performing the reaction with 10 mol% of 

catalyst at -15°C in dimethylacetamide (DMA) as solvent and ben-

zoic acid (10 mol%) as additive, the key intermediate 401 was 

quantitatively obtained as pure product in excellent enantiocontrol 

(99% ee) after the usual workup and a treatment with CH2Cl2 

(Scheme 57).  
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Scheme 56. Asymmetric synthesis of (R)-Muscone and (S)-celery ketone. Reagents and conditions for the organocatalytic reaction: (a) epi-390 (20 mol%), 

benzoic acid (40 mol%), dioxane, 4d, 35°C (74%, 98% ee); (b) epi-390 (20 mol%), benzoic acid (40 mol%), dioxane, 5d, 35°C (56%, d.r. = 96:4, 95% ee). 
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Scheme 57. Synthesis of (-)-Spirobrassinin. Reagents and conditions: (a) 404 (10 mol%), PhCO2H (10 mol%), DMA, -15°C, 3h [99%, 91% ee (99% ee after 

having washed with CH2Cl2)]; (b) MsCl, 45%.  
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Such high enantioselectivity and the observed absolute configu-

ration (R) was supposed to be a consequence of the transition model 

405, where the bifunctional catalyst 404, simultaneously activates 

the nucleophile 101 through a base-acid interaction and the electro-

phile 400 via the stronger double-hydrogen-bond interaction of the 

6’ and 9-OH group (Fig. 16). Additionally, the amino group directs 

the nitromethane attack to the Re-face of isatin evolving to the ad-

duct 401. 

The synthetic utility of the just disclosed methodology was eas-

ily demonstrated by accomplishing in only four further steps the 

total synthesis of (S)-(-)-Spirobrassinin (403), avoiding the time- 

and yield-consuming use of several protecting groups. 

4.20. Other Natural Product Syntheses 

As well as in 2009 and 2010, it is noteworthy that a very large 

amount of procedures, which imply active methylene reactions 

promoted by various and different organocatalysts, were devised in 

2011. In addition to the just depicted total syntheses, several other 

bioactive compounds have been elegantly achieved exploiting dif-

ferent and surprisingly approaches, few of which, we have reported 

in Fig. (17).  

Among others, Harbindu and Kumar developed a novel proto-

col for the preparation of 1,3-polyols based on the iterative use of 

L-proline-catalysed tandem -aminoxylation and Horner-

Wadsworth-Emmons (HWE) olefination of aldehydes [217, 218]. 
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Fig. (16). A proposed transition state for the reaction. 
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Fig. (17). Other selected natural product devised in 2011. 
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The employment of these sequence to the synthesis of natural prod-

ucts, made possible the preparation of several lactones less or more 

complex such as (R)-massiolactone (406), ravensara lactones (407), 

and verbalactone (408), in a very concise and efficient manner with 

a quite high selectivity. L-proline resulted to be the best choice also 

for the synthesis of quinine (409) and quinidine (410) which, during 

last decades, have been object of a growing interest not only for 

their medicinally important activities, but also and above all as 

consequence of their prolific role in the organocatalysis golden 

rush. Among the number of reported stereocontrolled syntheses, 

Hatakeyama et al. accomplished the enantiocontrolled total synthe-

sis of quinine (409) and quinidine (410) starting from the common 

benzylammine in 10% and 6%overall yield, over 23-steps, respec-

tively [219]. The employed strategy also furnished an efficient 

route to enantiopure 3,4-cis-disubstituted piperidines, which relies 

on a novel proline-catalyzed intramolecular aldolization reaction. 

Using the slightly more complex Jørgensen’s catalyst, Bräse et al. 
reported a successfully application of their vinilogous aldol oxa-

Michael domino reaction [220], developing a general method for 

the asymmetric preparation of Diversonol (411) and Lachnone C 

(412). Finally, exploiting the broad applicability of the Pictet-

Spengler reaction, Hiemstra and co-workers accomplished the total 

synthesis of few Corynanthe Alkaloids 413 [221] by chiral Brøn-

sted acid improving the synthetic strategy developed in 2009 for (-) 

Arboricine (vide intra). Independently, Franzen et al. devised a 

stereodivergent strategy for the analogous Corynantheine alkaloids 

as well as for the Ipecac ones [222]. Alternatively to Hiemstra, the 

approach reported by the Swedish group relies on an enantioselec-

tive and diastereodivergent one-pot cascade sequence promoted by 

the Hayashi’s catalyst via covalent iminium activation. Both these 

routes gave high level of enantio- and diastereoselectivity, high-

lighting how due to its efficiency, product diversity, operational 

simplicity and economy, organocatalytic procedures have the po-

tential to find always broader and more important employment in 

total synthesis of natural and unnatural products. 

5. 2012 

5.1. Galbulimina Alkaloid ( )-GB17 

The Galbulimina alkaloids are fascinating molecular entities 

that exhibit high therapeutic potential. All members of this alkaloid 

family possess a common piperidine ring and a trans-decalin car-

boxylic core. Recently, Thompson and co-workers reported the first 

total synthesis of the tetracyclic GB17 [223], a novel Galbulimina 

alkaloid which structure has been only recently elucidated by means 

of X-ray crystal structure [224]. Their strategy relies on the applica-

tion of two stereoselective intramolecular Michael additions in 

which the first one was successfully realized by means of diphenyl-

prolinol-catalysis (5 mol%) and the second one was carried out 

under substrate control in the presence of sodium methoxide in 

methanol. Accordingly, exposure of aldehyde 415 (prepared in 4 

steps from cis-piperidine 414) to their previously developed reac-

tion conditions smoothly gave rise to the required trans-substituted 

cyclohexane in 99% yield (Scheme 58). They have observed that in 

the absence of the dithiane moiety, this intramolecular Michael 

reaction takes place with very poor results and the authors assumed 

that these unfavourable outcomes could probably arise from the 

lack of the Thorpe-Ingold effect that is present in 415. Thus, a Still-

Gennari olefination of 416 provided the desired cis-enoate 417 in 

80% yield which after Boc deprotection and a second intramolecu-

lar Michael addition gave the tetracyclic framework of 418 and its 

epimer at position 7, epi-418. Additional 6 steps were than neces-

sary to finally accomplish the first total synthesis of ( )-GB17 

(419), the naphthoquinolizinone derivative of Galbulimina alka-

loids. 

5.2. (+)-Galbulin 

Hong and co-workers have explored the potential of organo-

catalytic transformations on the enantioselective total synthesis of 

(+)-galbulin, a natural lignin first isolated from Himantandra bac-
cata and Himantandra belgraveana [225]. Starting from 3,4-

dihydro-2-methoxy-4-methyl-2H-pyran (420), the intermediate (E)-

3-methyl-7-oxooct-5-enal (421) was obtained in 2 steps and en-

gaged, in the presence of aldehyde 422, to the key reaction step of 

the synthesis: the domino organocatalytic double Michael-aldol 

reactions. The Michael-Michael sequence was mediated by Hayashi 

catalyst (S)-43 (20 mol%) and in order to reach good reaction out-

comes, a ratio of 421/422 of 2.4:1 was necessary. Subsequent addi-

tion of p-TsOH allowed the aldol reaction and afforded adduct (+)-

423 as single stereoisomer in 82% yield (d.r. >20:1, 99% ee) 

(Scheme 59). 
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Scheme 58. Synthesis of Galbulimina alkaloid (-)-GB17. Reagents and conditions: (a) (S)-43 TFA (5 mol%) THF (99%); (b) LiCl (2.0 eq.), iPr2EtN (2.0 

eq.), methyl 2-[bis(2,2,2-trifluoroethoxy)phosphoryl] ethanoate (1.2 eq.) (cis-80%, trans-20%); (c) TFA; (d) NaOMe (6.0 eq.), MeOH (70% 418 and epi-418). 



Organocatalysis for Natural Products and Pharmaceuticals Current Organic Chemistry, 2012, Vol. 16, No. 19    2277 

 

O

Me

OMe

a,b

O

Me

Me

O

(±)-420 (±)-421

MeO

MeO

O

422

c,d

O

H

H
Me

O

OMe

OMe

(+)-423

8 steps

OMeMe

Me

OMe

OMe

(+)-Galbulin, 424

OMe

N
H

Ph

Ph

OTMS

(S)-43

 

Scheme 59. Synthesis of (+)-Galbulin. Reagents and conditions: (a) aq. HCl, H2O, 2h; (b) Ph3PCH2COCH3, CH2Cl2, rt, 14h (54%, 2 steps); (c) (S)-43 (20 

mol%), CH3CN, rt, 72h; (d) p-TsOH, CH3CN, rt, 5h (82%, 2 steps, 99% ee). 

O

Me

Me

O

(±)-421

cc

N

Me

Me

O

(R)-425

N

Me

Me

O

N
H

H

Ar

H

TS - 427

N

Me

Me

O

N
H

H

Ar

H

TS - 428

N

Me

Me

O

(S)-426

KR KS

Me

Ar

NO

O

Me

O

Me

H

Me

H CHO
H

Ar

H

H

N

H

Me

CHO

H

H

Me

O

H

CHO

Ar

H

d
(+)-423

KS >> KR

429430
 

Scheme 60. Proposed mechanism pathway for the domino organocatalyzed Michael-Michael-aldol condensation via kinetic asymmetric transformation (KAT) 

of (±)-421. For reaction conditions see Scheme 59.  

 

This result supports an unusual kinetic asymmetric transforma-

tion (KAT) of (±)-421 and a mechanistic pathway which is depicted 

in Scheme 60 has been proposed in order to shed light into the 

stereoselectivity outcome observed in this transformation. Accord-

ingly, the authors have postulated that the first Michael addition of 

(S)-428 to the Re-face activated iminium-ion, resulted from alde-

hyde 422 and catalyst (S)-43, afforded intermediate 429 via transi-

tion state TS-428, which further cyclizes by means of a second 

Michael reaction giving rise to compound 430. Addition of p-TsOH 

mediates the subsequent aldol reaction of 430 and, after dehydra-

tion, the desired adduct (+)-423 was created. On the other hand, the 

Michael addition of (R)-425 to the activated iminium-ion from al-

dehyde 422 via transition state TS-427 is disfavoured owing to 

severe steric hindrance, which hampers the subsequent reaction and 

thus results in a kinetic resolution of (±)-421. Therefore, by using 

an organocatalyzed domino sequence of Michael-Michael-aldol 

condensations, Hong and co-workers have established a valuable 

strategy and achieved the first enantioselective synthesis of (+)-

galbulin, (424) in 11% overall yield (12 steps) (Scheme 59). 



2278    Current Organic Chemistry, 2012, Vol. 16, No. 19 de Figueiredo et al. 

 

5.3. ( )-Dihydrocorynanthenol, ( )-Protoemetinol, ( )-
Protoemetine, ( )-3-epi-Protoemetinol and Emetine 

An attractive strategy based on a one-pot, three-component 

catalytic asymmetric Michael/Pictet-Spengler/lactamization cascade 

reaction has been developed by Cordova and co-workers during the 

total synthesis of secologanine tryptamine and dopamine alkaloids 

[226] that are known for being highly biologically active. By em-

ploying aliphatic enal 431, malonate 239 and either tryptamine 216 

or dopamine 432 derivatives as the substrates and chiral amine (S)-

43 (10 mol%) as the catalyst, the synthesis of the valuable quinoliz-

idine precursors 433-435 could be achieved (Scheme 61). 

Further classical structural elaboration, allowed the successful 

transformation of intermediates 433-435 into secologanin, dopa-

mine, and tryptamine alkaloids as depicted in Scheme 61.  
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Scheme 61. Synthesis of secologanine dopamine and tryptamine alkaloids. Reagents and conditions: (a) (i) (S)-43 (10 mol%), EtOH, rt, 64h, (ii) 216, TFA, 

CH2Cl2, 50 °C or 432, HCl (4N dioxane), CH2Cl2, rt; (b) LDA, THF, -78 °C; (c) LiAlH4, THF, reflux; (d) 432, HCl (4N dioxane), CH2Cl2, rt. 
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5.4. (+)-Englerin A (formal synthesis) and ( )-Orientalol F 

Englerin A (449) belongs to the 7,10-epoxy-guaianoids group 

of exquisite natural products isolated from the root and bark of 

Phyllanthus engleri, a tree indigenous to East Africa. Owing to its 

intriguing and challenging molecular structure together with its 

biological activity (potent and selective inhibition of renal cancer 

cell lines), Englerin A has recently attracted high interest among the 

synthetic community [227-236]. Due to the similar molecular archi-

tecture found in orientalol F (451), a Chinese herbal medicine iso-

lated from the rhizome of Alisma orientalis, an enantioselective 

total synthesis of both natural compounds by means of a common 

precursor was recently devised [237]. The strategy used was based 

on the Harmata’s organocatalyzed [4+3]- cycloaddition reaction 

between furan 442 and dienal 443 catalyzed by imidazolidinone 17, 

that affords 445 and 444 in a 2.4:1 ratio, respectively (Scheme 62) 

[238]. Further elaboration of the major product 445 allowed the 

preparation of the advanced intermediate 446 which is in turn suc-

cessfully transformed into allylic alcohol 447 via a sequence of 

epoxidation/SN2’-type reduction. With this key intermediate in 

hands, the enantioselective formal synthesis of (+)-englerin A (449) 

and the total synthesis of ( )-orientalol F (451) was than pursued. 

Regioselective oxymercuration/reduction of 447 through an exo-syn 

addition (due to steric and electronic factors) gave rise to diol 448, 

which can be further advanced to the natural product englerin A as 

previously shown [232]. The absolute stereochemistry was ascribed 

by comparison of the optical rotation of 448 with literature data 

[231].  

Thus, they have proposed that the stereochemical conclusion of 

the [4+3]-cycloaddition reaction could be explained by means of 

intermediates 452 and 453 in which steric factors drive the endo-

addition reaction outcome between dienal 443 and furan 442 

(Scheme 63). In turn, the total synthesis of ( )-orientalol F was 

accomplished from 447 in 3 addition steps (oxidation, reduction 

and hydrogenation). 

5.5. Oxylipids 

Another example that illustrates the potential of proline-

catalyzed nitrosoaldol condensation affording -hydroxyl alde-

hydes was reported by Spilling and Roy during the total synthesis 

of both diastereoisomers of lipid dihydroxytetrahydrofurans 461 

and 462 from Australian brown algae Notheia anomala [239]. The 

preparation of a key syn-diol intermediate was accomplished in two 

steps: the first one consists of the -aminoxylation of heptaldehyde 

454 in the presence of D-proline (10 mol%) and, the second one is 
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Scheme 62. Formal Synthesis of (+)-Englerin A and (-)-Orientalol F. Reagents and conditions: (a) 17 TFA (20 mol%), CH3NO2 (445/444 = 2.4:1); (b) 

MCPBA; (c) Dibal-H; (d) Hg(OTFA)2, NaBH4 (38%); (e) TPAP, NMO (70%); (f) NaBH4 (99%), (g) H2, Pd/C (85%). 
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the direct allylmagnesium chloride addition to the previously ob-

tained aldehyde for giving rise to the desired syn-diol 456 in 75% 

yield. From this common intermediate and by alkene cross metathe-

sis in the presence of (S) and (R)-carbonate, both of the diastereo-

meric phosphono allylic carbonates were isolated and further en-

gaged in a Palladium(0)-catalyzed cyclization affording the 2,5-

trans-tetrahydrofuranyl-(E)-vinyl phosphonate 457 and its cis-

isomer 458 in 69% and 66% yield respectively. Additional four 

steps for each diastereoisomer provided a novel entry to the two 

natural diastereomeric oxylipids in six overall steps. 

5.6. ( )-Agelastatin A (Formal Synthesis) 

A diastereo- and enantioselective direct Mannich reaction of Z 

or Boc-protected aminoacetaldehydes with N-Boc-protected imines 

was recently devised by Maruoka and co-workers [240]. The 

method allowed a straightforward way to prepare a vicinal diamine 

and both syn-and anti-adducts can be successfully obtained by us-

ing L-proline and the axially chiral amino sulphonamide (S)-467 

respectively (Scheme 65). 

When the reaction is carried out on the presence of (S)-proline, 

they have hypothesized a transition stated TS-468 (via E-s-cis-
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Scheme 63. Harmats’s [4+3]-cycloaddition reaction stereochemical outcome. 
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Scheme 64. Synthesis of oxylipids from Australian brown algae Notheia anomala. Reagents and conditions: (a) D-proline (10 mol%), CHCl3, o-TolNO, 4 °C, 

2h; (b) allylMgCl, CeCl3

.
2LiCl, THF, -78 °C to rt, 16h (75%, 2 steps); (c) Grubbs II, CH2Cl2, 40 °C, 3h (74%); (d) Pd(PPh3)4, iPrNEt2, THF, 60 °C, 3h (93% 

and 89%). 
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enamine) as being the dominant species over the sterically encum-

bered TS-469. In other hands, both E-s-cis- and E-s-trans-enamines 

(TS-470 and TS-471, Scheme 66) can be formed when (S)-467 is 

used. Nevertheless, the transition state TS-470 (which has the imine 

moiety at the suitable position) delivers faster the anti-vicinal dia-

mine adduct with respect TS-471. 

In order to demonstrate the potential of such a transformation, a 

formal synthesis of (-)-agelastatin A, a marin alkaloid, which exhib-

its potent antitumor activity, was realized. The Mannich product 

465, obtained by means of (S)-proline catalysis (30 mol%), was 

isolated in 69% yield with high selectivities (syn/anti 6.4/1, 98% 

ee). Then, it was further engaged in a series of transformations (eg 

Nozaki-Hiyama-Takai-Kishi coupling, Boc deprotection and amide 

formation, Scheme 67) to afford amide 472. Treatment of 472 with 

Hoveyda-Grubbs second-generation catalyst affords cyclopentene 

473 that was submitted to IBX oxidation and subsequent in-

tramolecular conjugate addition of the pyrrole moiety. The obtained 

cyclopentanone 474 was used in a previous total synthesis of ( )-

agelastatin A (476) by Ichikawa’s group [241]. Then, in 5 steps 

from syn-vicinal diamine 465, an elaborated intermediate 474 used 

in a former total synthesis of ( )-agelastatin A was successfully 

obtained in 21% overall yield from Z-protected aminoacetaldehyde 

with N-Boc-protected imine (Scheme 67). 
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Scheme 65. Maruoka’s organocatalytic asymmetric Mannich reaction of N-protected aminoacetaldehydes Used catalysts: (a) (S)- Proline [(S)-195]; (b) (S)-

467. 
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Scheme 67. Formal Synthesis of (-)-Agelastatin A. Reagents and conditions: (a) Hoveyda-Grubbs second-generation catalyst, toluene (78%); (b) IBX, DMSO 

then iPr2Net (81%). 

Ar

Ar

O

O
P

O

OH

479

N

O

N

R1

R3

OH

R2

R4

HN

COR5

R6

N

O

N

R1

R3

R2

R4

O

R6

a

then H3O+

R1 = 5'-Br, 5'-MeO, 5'-Cl, 5'-F, 6'-Me, 6'-F, H   R2 = H, 5-Me, 5-F   R3  = H, Me   R4 = H, Bn, Boc

R5 = OMe, OEt, OBn, Ph   R6 = H, Me, Cl

476 477 478

Ar = b-naphthyl

N
H

O

N
H

O

P

OO

O

chiral backbone

H

N
Ar

R5

O

Favorable Transition State (480) that gives

the R-configured product
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5.7. (+)-Folicanthine 

Cyclotryptamine alkaloids have promising biological and 

pharmaceutical activities and very fascinating chemical structures. 

These compounds bear an octahydro-3a,3’a-bispyrrolo[2,3-b]indole 

subunit characterized by vicinal all-carbon quaternary stereogenic 

centers. Very recently, Gong and co-workers have devised an enan-

tioselective catalytic method to access 3,3’-disubstituted oxindoles 

478 with the concomitant creation of a quaternary all-carbon 

stereogenic center starting from 3-hydroxyindoles 476 and enecar-

bamates 477 by means of chiral phosphoric acids catalysis (479, 10 

mol%) (Scheme 68) [242]. It might be pointed out that when opti-

mising the reaction conditions, the authors have observed that the 

addition of anhydrous sodium sulphate afforded higher product 

yield while maintaining the remarkable stereochemical outcome. 
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They assumed that sodium sulphate serves as a water-scavenger, 

generated from dehydration reaction, and thus inhibits enamide 

decomposition. 

Thereby, they have fruitfully applied their strategy to synthesize 

a key chiral building block 478 (R
1
=R

2
=R

3
=R

4
= H) in 82% yield 

and 90% ee, and to accomplish, after 12 additional steps, the first 

catalytic enantioselective total synthesis of (+)-folicanthine 

(Scheme 69). 

5.8. (+)-L-733,060, (+)-CP-99,994 and (2S,3R)-3-

hydroxypipecolic Acid 

An efficient and concise synthesis of bioactive piperidines was 

devised by Pansare and Paul [243] by means of organocatalytic 

direct vinylogous aldol (ODVA) reaction, a strategy that only re-

cently has received attention [244, 245]. Indeed, the introduction of 

organocatalysts in such transformations paves the way to easier 

reaction conditions as the need for 2-siloxyfurans can be avoided 

(which is necessary for typical stereoselective Mukaiyama aldol 

reactions) and simpler -crotonolactone (commercially available) 

can be used. Thus, they have elaborated a synthetic strategy that 

highlights the convenience of such a method and synthesized three 

representative members of the 2,3-disubstituted class of bioactive 

piperidines (Scheme 70). The synthesis of a common synthetic 

precursor for carrying on the preparation of (+)-L-733,060 and (+)-

CP-99,994 was initiated by the direct vinylogous aldol reaction of 

-crotonolactone (482) and benzaldehyde in the presence of ami-

nosquaramide catalyst 485 (20 mol%). By doing so, the butenolide 

483 was isolated in good yield and diastereoselectivity (74%, 

anti/syn 8:1) and remarkable enantioselectivity (>99% ee). Four 

additional steps allowed the synthesis of piperidone 484 without 

purification of any of the intermediates (76% yield after four steps). 

Borane-mediated reduction followed by N-Boc protection give rise 

to the N-Boc derivative 486 which is successfully transformed into 

(+)-L-733,060 (487) and (+)-CP-99,994 (488) after 2 and 4 steps 

respectively.  

The preparation of (2S,3R)-3-hydroxypipecolic acid (490) re-

quired the use (2S,3R)-2-phenyl-3-hydroxy piperidine 489 as start-

ing material. This intermediate was prepared as described for 483 

by employing the ent-485. After 5 sequential transformations, the 

desired hydroxypipecolic acid was isolated in 52% yield from 483. 

6. CONCLUSION 

Throughout this review, selected successful examples on or-

ganocatalyzed asymmetric synthesis of natural products by means 

of methylene activation have been presented. Although it is not 
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always stated that methylene compounds are classical intermediates 

in some organocatalyzed transformations, it is clear that in many 

cases they are responsible, by coordination or reaction with the 

organocatalyst, for the stereochemical outcome. Accordingly, the 

construction of diversified functionalized moieties with high levels 

of asymmetric induction has been achieved. There is no doubt that 

organocatalysis only or in combination with other approaches, as 

for example transition-metal catalysis and sustainable chemistry, 

represents a real progress in the field of organic chemistry of the 

21
st
 century. Herein, our goal was to give a general overview on 

breakthroughs results from 2009 till April 2012 on the field of 

organocatalysis and total synthesis of natural products where at 

least one organocatalyzed step overtakes a methylene compound 

intermediate. The above considerations motivated us to highlight 

and review here some significant examples that from our point of 

view clearly show the impact of active methylene compounds as 

intermediates in total synthesis by means of organocatalysis. In-

deed, to date, a range of procedures that is suitable for the 

asymmetric functionalization of simple and unsaturated enals and 

ketones in which methylene intermediates are involved gives access 

to a broad variety of important building blocks. Since the first 

seminal publications on organocatalysis [2, 3] have appeared in 

2000, its application in total synthesis has followed soon after. 

Undoubtedly, the use of organocatalyzed approaches in the total 

synthesis of natural products can be considered as a tool of 

paramount importance where longstanding synthetic challenges 

were successfully surmounted and new disconnections are allowed 

so far. We are confident that the examples presented herein are just 

the beginning (as illustrated in Fig. 1) and that new salient 

publications will reinforce the idea of how organocatalysis can be 

used to create new Carbon-Carbon and C-Heteroatoms bonds in a 

distinctive and very selective way by means of remarkable strate-

gies. 
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ABBREVIATIONS 

(DHQ)2PHAL = Bis(dihydroquinidine)phthalizine 

AchE = Acetylcholinesterase 

AD = Asymmetric Dihydroxylation 

BINOL = 1,1'-Bi-2-naphthol 

Boc = tert-butylcarbonyl 

BSM = bis(phenylsulfonyl)methane 

Bz = benzoyl 

CAN = Cerium(IV) ammonium nitrate 

Cbz = benzyloxycarbonyl 

CD = cinchonidine 

DAC = Donor-Acceptor Cyclopropane 

DBN = 1,5-diazabicycle[4.3.0]non-5-ene 

DBU = 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCE = 1,2-dichloroethane 

DDQ = 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DMA = dimethylacetamide 

DMAP = dimethylaminopyridine 

DME = 1,2-dimethoxyethane 

DMF = dimethylformammide 

DMP = Dess-Martin’s periodinane 

DMP = 3,4-dimethoxyphenyl 

DMSO = dimethylsulphoxide 

FC = Friedel-Crafts 

HFIPA = hexafluoroisopropyl acrylate 

HMPA = Hexamethylphosphoramide 

HWE = Horner-Wardsworth-Emmons 

IBX = 2-iodoxybenzoic acid 

IMAMR = intramolecular aza-Michael reaction 

IMDA = Intramolecular Diels-Alder 

KAT = kinetic asymmetric transformation 

KHMDS = potassium bis(trimethylsilyl)amide 

LDA = Lithiumdiisopropylamide 

LHMDS = Lithium bis(trimethylsilyl)amide 

mCPBA = 3-chloroperoxybenzoic Acid 

MOM = Methoxymethyl 

MS = molecular sieves 

MTBE = methyl tert-butyl ether 

MVK = methyl vinyl ketone 

NBS = N-bromosuccinimide 

NHC = nucleophilic heterocyclic carbene 

NIS = N-iodosuccinimide 

NMM = N-Methylmorpholine 

NMO = 4-methyl-morpholine N-oxide 

NMP = 1-methyl-2-pyrrolidinone 

NMP = N-Methylpyrrolidone 

ODVA = organocatalytic direct vinylogous aldol 

PG = protecting group 

PLP = Pirydoxal-Phosphate 

PMB = para-methoxybenzyl. 

PTC = phase-transfer catalysis 

QD = Quinidine 

RC  = Rauhut-Courrier 

RCM = ring closing methatesis 

SET = single-electron transfer 

SOMO  = Singly Occupied Molecular Orbital 

TASF = tris(dimethylamino)sulfonium difluoro-
trimethylsilicate 

TBA = tribromoacetic acid 

TBDPS = tert-butyldiphenylsilyl 

TES = triethylsilyl 

TFA = trifluoroacetic acid 

THF = tetrahydrofuran 

TMS = trimethylsilyl 
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TPAP = Tetra-N-propylammonium perruthenate 

TRIP = 3,3 -Bis(2,4,6-triisopropylphenyl)-1,1 -
binaphthyl-2,2 -diylhydrogenphosphate 

Troc = Trichloroethyl chloroformate 

-ICD = -isocupreidine 

REFERENCES 

[1] Kant, I., Critik der Urtheilskraft. 3. Aufl. ed.; Lagarde: Berlin, 1799; p. 482 . 

[2] List, B.; Lerner, R. A.; Barbas, C. F., Proline-catalyzed direct asymmetric 

aldol reactions. J. Am. Chem. Soc., 2000. 122, 2395-2396. 

[3] Ahrendt, K. A.; Borths, C. J.; MacMillan, D. W. C., New strategies for 

organic catalysis: The first highly enantioselective organocatalytic Diels-

Alder reaction. J. Am. Chem. Soc., 2000. 122, 4243-4244. 

[4] de Figueiredo, R. M.; Christmann, M., Organocatalytic synthesis of drugs 

and bioactive natural products. Eur. J. Org. Chem., 2007, 2575-2600. 

[5] Marques-Lopez, E.; Herrera, R. P.; Christmann, M., Asymmetric 

organocatalysis in total synthesis--a trial by fire. Nat. Prod. Rep, 2010. 27, 

1138-1167. 

[6] Grondal, C.; Jeanty, M.; Enders, D., Organocatalytic cascade reactions as a 

new tool in total synthesis. Nature chemistry, 2010. 2, 167-178. 

[7] Maltsev, O. V.; Beletskaya, I. P.; Zlotin, S. G., Organocatalytic Michael and 

Friedel - Crafts reactions in enantioselective synthesis of biologically active 

compounds. Russ. Chem. Rev., 2011. 80, 1067-1113. 

[8] Gasperi, T.; Punzi, P.; Migliorini, A.; Tofani, D., An Organocatalytic 

Approach to the Synthesis of Six-Membered Heterocycles. Curr. Org. 
Chem., 2011. 15, 2098-2146. 

[9] Rueping, M.; Dufour, J.; Schoepke, F. R., Advances in catalytic metal-free 

reductions: from bio-inspired concepts to applications in the organocatalytic 

synthesis of pharmaceuticals and natural products. Green Chemistry, 2011. 

13, 1084-1105. 

[10] Reyes, E.; Fernandez, M.; Uria, U.; Vicario, J. L.; Badia, D.; Carrillo, L., 

Organocatalytic Enantioselective aza-Michael Reactions. Curr. Org. Chem., 
2012. 16, 521-546. 

[11] Bradshaw, B.; Bonjoch, J., The Wieland-Miescher Ketone: A Journey from 

Organocatalysis to Natural Product Synthesis. Synlett 2012, 337-356. 

[12] Russo, A.; De Fusco, C.; Lattanzi, A., Enantioselective organocatalytic 

alpha-heterofunctionalization of active methines. Rsc Advances 2012. 2, 385-

397. 

[13] Carlson, E. C.; Rathbone, L. K.; Yang, H.; Collett, N. D.; Carter, R. G., 

Improved protocol for asymmetric, intramolecular heteroatom Michael 

addition using organocatalysis: Enantioselective syntheses of homoproline, 

pelletierine, and homopipecolic acid. J. Org. Chem., 2008. 73, 5155-5158. 

[14] Fustero, S.; Jimenez, D.; Moscardo, J.; Catalan, S.; del Pozo, C., 

Enantioselective organocatalytic intramolecular aza-Michael reaction: a 

concise synthesis of (+)-sedamine, (+)-allosedamine, and (+)-coniine. Org. 
Lett., 2007. 9, 5283-5286. 

[15] Fustero, S.; Moscardo, J.; Jimenez, D.; Dolores Perez-Carrion, M.; Sanchez-

Rosello, M.; del Pozo, C., Organocatalytic Approach to Benzofused 

Nitrogen-Containing Heterocycles: Enantioselective Total Synthesis of (+)-

Angustureine. Chem. Eur. J., 2008. 14, 9868-9872. 

[16] Beeson, T. D.; Mastracchio, A.; Hong, J.-B.; Ashton, K.; MacMillan, D. W. 

C., Enantioselective organocatalysis using SOMO activation. Science 2007. 

316, 582-585. 

[17] Sibi, M. P.; Hasegawa, M., Organocatalysis in radical chemistry. 

Enantioselective -oxyamination of aldehydes. J. Am. Chem. Soc., 2007. 

129, 4124-4125. 

[18] Nicolaou, K. C.; Reingruber, R.; Sarlah, D.; Braese, S., Enantioselective 

intramolecular Friedel-Crafts-type -arylation of aldehydes. J. Am. Chem. 
Soc., 2009. 131, 2086-2087. 

[19] Conrad, J. C.; Kong, J.; Laforteza, B. N.; MacMillan, D. W. C., 

Enantioselective -arylation of aldehydes via organo-SOMO catalysis. An 

ortho-selective arylation reaction based on an open-shell pathway. J. Am. 
Chem. Soc., 2009. 131, 11640-11641. 

[20] L, G. J.; P, B. B., A synthesis of ( )-tashiromine and formal synthesis of (+)-

tashiromine utilizing a highly enantioselective pyrrole/cobaloxime -cation 

cyclization. Tetrahedron Lett., 1997. 38, 7007-7010. 

[21] Morita, H.; Hirasawa, Y.; Shinzato, T.; Kobayashi, J., New phlegmarane-

type, cernuane-type, and quinolizidine alkaloids from two species of 

Lycopodium. Tetrahedron, 2004. 60, 7015-7023. 

[22] Hirasawa, Y.; Kobayashi, J.; Morita, H., The Lycopodium alkaloids. 

Heterocycles 2009. 77, 679-729. 

[23] Marion, L.; Manske, R. H., The alkaloids of Lycopodium species; 

Lycopodium cernuum L. Can. J. Res., 1948. 26, 1. 

[24] Ayer, W. A.; Jenkins, J. K.; Valverde-Lopez, S.; Burnell, R. H., The 

alkaloids of lycopodium cernuum. Tetrahedron Lett., 1964. 5, 2201-2209. 

[25] Ayer, W. A.; Piers, K., The alkaloids of Lycopodium cernuum L. III. The 

synthesis of dihydrodeoxyepiallocernuine. Can. J. Res., 1967. 45, 451-459. 

[26] Nishikawa, Y.; Kitajima, M.; Takayama, H., First asymmetric total syntheses 

of cernuane-type Lycopodium alkaloids, cernuine, and cermizine D. Org. 
Lett. 2008. 10, 1987-1990. 

[27] Nishikawa, Y.; Kitajima, M.; Kogure, N.; Takayama, H., A divergent 

approach for the total syntheses of cernuane-type and quinolizidine-type 

Lycopodium alkaloids. Tetrahedron 2009. 65, 1608-1617. 

[28] Valero, G.; Schimer, J.; Cisarova, I.; Vesely, J.; Moyano, A.; Rios, R., 

Highly enantioselective organocatalytic synthesis of piperidines. Formal 

synthesis of ( )-Paroxetine. Tetrahedron Lett., 2009. 50, 1943-1946. 

[29] Ishikawa, H.; Suzuki, T.; Hayashi, Y., High-Yielding Synthesis of the Anti-

Influenza Neuramidase Inhibitor (-)-Oseltamivir by Three "One-Pot" 

Operations. Angew. Chem. Int. Ed., 2009. 48, 1304-1307. 

[30] Michrowska, A.; List, B., Concise synthesis of ricciocarpin A and discovery 

of a more potent analogue. Nature chemistry, 2009. 1, 225-228. 

[31] Marques-Lopez, E.; Herrera, R. P.; Marks, T.; Jacobs, W. C.; Konning, D.; 

de Figueiredo, R. M.; Christmann, M., Crossed intramolecular rauhut-

currier-type reactions via dienamine activation. Org. Lett., 2009. 11, 4116-

4119. 

[32] Nicolaou, K. C.; Sarlah, D.; Wu, T. R.; Zhan, W. Q., Total Synthesis of 

Hirsutellone B. Angew. Chem. Int. Ed., 2009. 48, 6870-6874. 

[33] Wanner, M. J.; Boots, R. N. A.; Eradus, B.; de Gelder, R.; van Maarseveen, 

J. H.; Hiemstra, H., Organocatalytic Enantioselective Total Synthesis of (-)-

Arboricine. Org. Lett., 2009. 11, 2579-2581. 

[34] Christiansen, M. A.; Butler, A. W.; Hill, A. R.; Andrus, M. B., Synthesis of 

Kurasoin B using phase-transfer-catalyzed acylimidazole alkylation. Synlett, 
2009, 653-657. 

[35] Uchida, R.; Shiomi, K.; Inokoshi, J.; Masuma, R.; Kawakubo, T.; Tanaka, 

H.; Iwai, Y.; Omura, S., Kurasoins A and B, new protein farnesyltransferase 

inhibitors produced by Paecilomyces sp FO-3684 .1. Producing strain, 

fermentation, isolation, and biological activities. J. Antib., 1996. 49, 932-934. 

[36] Kohl, N. E.; Omer, C. A.; Conner, M. W.; Anthony, N. J.; Davide, J. P.; 

Desolms, S. J.; Giuliani, E. A.; Gomez, R. P.; Graham, S. L.; Hamilton, K.; 

Handt, L. K.; Hartman, G. D.; Koblan, K. S.; Kral, A. M.; Miller, P. J.; 

Mosser, S. D.; Oneill, T. J.; Rands, E.; Schaber, M. D.; Gibbs, J. B.; Oliff, A. 

Inhibition of farnesyltransferase induces regression of mammary and salivary 

carcinomas in ras transgenic mice. Nature Medicine, 1995. 1, 792-797. 

[37] Kohl, N. E.; Wilson, F. R.; Mosser, S. D.; Giuliani, E.; Desolms, S. J.; 

Conner, M. W.; Anthony, N. J.; Holtz, W. J.; Gomez, R. P.; Lee, T. J.; 

Smith, R. L.; Graham, S. L.; Hartman, G. D.; Gibbs, J. B.; Oliff, A., Protein 

farnesyltransferase inhibitors block the growth of ras-dependent tumors in 

nude-mice. Proc. Nat. Acad. Sc. USA, 1994. 91, 9141-9145. 

[38] Andrus, M. B.; Hicken, E. J.; Stephens, J. C.; Bedke, D. K., Total synthesis 

of the hydroxyketone kurasoin A using asymmetric phase-transfer alkylation. 

J. Org. Chem., 2006. 71, 8651-8654. 

[39] Andrus, M. B.; Christiansen, M. A.; Hicken, E. J.; Gainer, M. J.; Bedke, D. 

K.; Harper, K. C.; Mikkelson, S. R.; Dodson, D. S.; Harris, D. T., Phase-

transfer-catalyzed asymmetric acylimidazole alkylation. Org. Lett., 2007. 9, 

4865-4868. 

[40] Oliveira, D. D. J.; Coelho, F., Highly diastereoselective alkylation of a 

pyroglutamate derivative with an electrophile obtained from indole. synthesis 

of a potential intermediate for the preparation of the natural sweetener (-)-

monatin. Synth. Commun., 2000. 30, 2143-2159. 

[41] Silverman, R. B.; Andruszkiewicz, R.; Nanavati, S. M.; Taylor, C. P.; 

Vartanian, M. G., 3-Alkyl-4-aminobutyric acids - the 1st class of 

anticonvulsant agents that activates l-glutamic acid decarboxylase. J. Med. 
Chem., 1991. 34, 2295-2298. 

[42] Silverman, R. B., From basic science to blockbuster drug: The discovery of 

Lyrica. Angew. Chem. Int. Ed., 2008. 47, 3500-3504. 

[43] Bassas, O.; Huuskonen, J.; Rissanen, K.; Koskinen, A. M. P., A Simple 

Organocatalytic Enantioselective Synthesis of Pregabalin. Eur. J. Org. 
Chem., 2009. 2009, 1340-1351. 

[44] Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X. N.; Takemoto, Y., Enantio- and 

diastereoselective Michael reaction of 1,3-dicarbonyl compounds to 

nitroolefins catalyzed by a bifunctional thiourea. J. Am. Chem. Soc., 2005. 

127, 119-125. 

[45] Okino, T.; Hoashi, Y.; Takemoto, Y., Enantioselective Michael reaction of 

malonates to nitroolefins catalyzed by bifunctional organocatalysts. J. Am. 
Chem. Soc., 2003. 125, 12672-12673. 

[46] Rang, H. P.; Dale, M. M.; Ritter, J. M.; Gardner, P., Pharmacology, 4th ed. 
Churchill Livingstone: Philadelpia, 2001. 

[47] Halland, N.; Hansen, T.; Jorgensen, K. A., Organocatalytic asymmetric 

Michael reaction of cyclic 1,3-dicarbonyl compounds and alpha,beta-

unsaturated ketones - A highly atom-economic catalytic one-step formation 

of optically active warfarin anticoagulant. Angew. Chem. Int. Ed., 2003. 42, 

4955-4957. 

[48] Kim, H.; Yen, C.; Preston, P.; Chin, J., Substrate-directed stereoselectivity in 

vicinal diamine-catalyzed synthesis of warfarin. Org. Lett., 2006. 8, 5239-

5242. 

[49] Xie, J.-W.; Yue, L.; Chen, W.; Du, W.; Zhu, J.; Deng, J.-G.; Chen, Y.-C., 

Highly enantioselective michael addition of cyclic 1,3-dicarbonyl 

compounds to alpha,beta-unsaturated ketones. Org. Lett. , 2007. 9, 413-415. 

[50] Kristensen, T. E.; Vestli, K.; Hansen, F. K.; Hansen, T., New Phenylglycine-

Derived Primary Amine Organocatalysts for the preparation of optically 

active Warfarin. Eur. J. Org. Chem., 2009. 5185-5191. 

[51] Dong, Z.; Wang, L.; Chen, X.; Liu, X.; Lin, L.; Feng, X., Organocatalytic 

Enantioselective Michael Addition of 4-Hydroxycoumarin to , -



2286    Current Organic Chemistry, 2012, Vol. 16, No. 19 de Figueiredo et al. 

 

Unsaturated Ketones: A Simple Synthesis of Warfarin. Eur. J. Org. Chem., 
2009. 2009, 5192-5197. 

[52] Nakamura, T.; Shirokawa, S.; Hosokawa, S.; Nakazaki, A.; Kobayashi, S., 

Enantioselective total synthesis of convolutamydines B and E. Org. Lett., 
2006. 8, 677-679. 

[53] Hara, N.; Nakamura, S.; Shibata, N.; Toru, T., First Enantioselective 

Synthesis of (R)-Convolutamydine B and E with N-

(Heteroarenesulfonyl)prolinamides. Chem. Eur. J., 2009. 15, 6790-6793. 

[54] Simmons, B.; Walji, A. M.; MacMillan, D. W. C., Cycle-specific 

organocascade catalysis: application to olefin hydroamination, hydro-

oxidation, and amino-oxidation, and to natural product synthesis. Angew. 
Chem. Int. Ed., 2009. 48, 4349-4353. 

[55] Kim, S. G., Concise Total synthesis of (+)-Disparlure and its trans-isomer 

using asymmetric organocatalysis. Synthesis, 2009, 2418-2422. 

[56] Campbell, M. J.; Johnson, J. S., Asymmetric synthesis of (+)-Polyanthellin 

A. J. Am. Chem. Soc., 2009. 131, 10370-10371. 

[57] Szántó, G.; Heged s, L.; Mattyasovszky, L.; Simon, A.; Simon, Á.; Bitter, I.; 

Tóth, G.; T ke, L.; Kádas, I., An expedient total synthesis of ent-( )-7-

deoxy-trans-dihydronarciclasine. Tetrahedron 2009. 65, 8412-8417. 

[58] Jakubec, P.; Cockfield, D. M.; Dixon, D. J., Total synthesis of (-)-

Nakadomarin A. J. Am. Chem. Soc., 2009. 131, 16632-+. 
[59] Bui, T.; Syed, S.; Barbas, C. F., Thiourea-catalyzed highly enantio- and 

diastereoselective additions of oxindoles to nitroolefins: application to the 

formal synthesis of (+)-physostigmine. J. Am. Chem. Soc., 2009. 131, 8758-

8759 

[60] Panchgalle, S. P.; Gore, R. G.; Chavan, S. P.; Kalkote, U. R., 

Organocatalytic enantioselective synthesis of -blockers: (S)-propranolol 

and (S)-naftopidil. Tetrahedron: Asymmetry 2009. 20, 1767-1770. 

[61] Chen, K.; Baran, P. S., Total synthesis of eudesmane terpenes by site-

selective C-H oxidations. Nature, 2009. 459, 824-828. 

[62] Sarkar, S. M.; Wanzala, E. N.; Shibahara, S.; Takahashi, K.; Ishihara, J.; 

Hatakeyama, S., Enantio- and stereoselective route to the phoslactomycin 

family of antibiotics: formal synthesis of (+)-fostriecin and (+)-

phoslactomycin B. Chem. Commun, 2009, 5907-5909. 

[63] Sirirath, S.; Tanaka, J.; Ohtani, II; Ichiba, T.; Rachmat, R.; Ueda, K.; Usui, 

T.; Osada, H.; Higa, T., Bitungolides A-F, new polyketides from the 

Indonesian sponge Theonella cf. swinhoei. J. Nat. Prod., 2002. 65, 1820-

1823. 

[64] ElMarrouni, A.; Joolakanti, S. R.; Colon, A.; Heras, M.; Arseniyadis, S.; 

Cossy, J., Two Concise Total Syntheses of (-)-Bitungolide F. Org. Lett., 
2010. 12, 4074-4077. 

[65] Weinmann, H.; Winterfeldt, E., A predictable enantioselective total synthesis 

of (+)-clavularin-a. Synthesis, 1995, 1097-1101 

[66] Tamura, R.; Watabe, K.; Ono, N.; Yamamoto, Y., Asymmetric-synthesis of 

clavularin-A. J. Org. Chem., 1993. 58, 4471-4472. 

[67] Knuppel, S.; Rogachev, V. O.; Metz, P., A concise catalytic route to the 

marine sesquiterpenoids (-)-clavukerin A and (-)-isoclavukerin A. Eur. J. 
Org. Chem., 2010, 6145-6148. 

[68] Hong, B.-C.; Kotame, P.; Tsai, C.-W.; Liao, J.-H., Enantioselective total 

synthesis of (+)-conicol via Cascade Three-Component Organocatalysis. 

Org. Lett., 2010. 12, 776-779. 

[69] Garrido, L.; Zubia, E.; Ortega, M. J.; Salva, J., New meroterpenoids from the 

ascidian Aplidium conicum. J. Nat. Prod., 2002. 65, 1328-1331. 

[70] Simon-Levert, A.; Arrault, A.; Bontemps-Subielos, N.; Canal, C.; Banaigs, 

B., Meroterpenes from the ascidian Aplidium aff. densum. J. Nat. Prod . 

2005. 68, 1412-1415. 

[71] Carroll, A. R.; Bowden, B. F.; Coll, J. C., Studies of australian ascidians .3. a 

new tetrahydrocannabinol derivative from the ascidian synoicum-

castellatum. Aus. J. Chem., 1993. 46, 1079-1083. 

[72] Lin, C. N.; Lu, C. M., Heterophylol, a phenolic compound with novel 

skeleton from artocarpus-heterophyllus. Tetrahedron Lett., 1993. 34, 8249-

8250. 

[73] Skrabek, R. Q.; Gallmova, L.; Ethans, K.; Perry, D., Nabilone for the 

treatment of pain in fibromyalgia. J. of Pain 2008. 9, 164-173. 

[74] Quinn, K. J.; Curto, J. M.; McGrath, K. P.; Biddick, N. A., Facile synthesis 

of (-)-6-acetoxy-5-hexadecanolide by size-selective ring-closing/cross 

metathesis. Tetrahedron Lett., 2009. 50, 7121-7123. 

[75] Singh, S.; Guiry, P. J., A Facile Synthesis of Both Enantiomers of 6-

Acetoxy-5-hexadecanolide, a Major Component of Mosquito Oviposition 

Attractant Pheromones. Eur. J. Org. Chem., 2009, 1896-1901. 

[76] Park, Y.; Tae, J., Facile Synthesis of (-)-6-acetoxy-5-hexadecanolide by 

organocatalytic -oxygenation-allylation-RCM Strategy. Synthesis, 2010, 

3627-3630. 

[77] Gotoh, H.; Hayashi, Y., Diphenylprolinol silyl ether as a catalyst in an 

asymmetric, catalytic and direct alpha-benzoyloxylation of aldehydes. Chem. 
Commun., 2009, 3083-3085. 

[78] Kano, T.; Mii, H.; Maruoka, K., Direct Asymmetric Benzoyloxylation of 

Aldehydes Catalyzed by 2-Tritylpyrrolidine. J. Am. Chem. Soc., 2009. 131, 

3450-3451. 

[79] Kashiwada, Y.; Yamazaki, K.; Ikeshiro, Y.; Yamagishi, T.; Fujioka, T.; 

Mihashi, K.; Mizuki, K.; Cosentino, L. M.; Fowke, K.; Morris-Natschke, S. 

L.; Lee, K. H., Isolation of rhododaurichromanic acid B and the anti-HIV 

principles rhododaurichromanic acid A and rhododaurichromenic acid from 

Rhododendron dauricum. Tetrahedron 2001. 57, 1559-1563. 

[80] Liu, K.; Woggon, W.-D., Enantioselective synthesis of Daurichromenic Acid 

and Confluentin. Eur. J. Org. Chem., 2010, 1033-1036. 

[81] Liu, K.; Chougnet, A.; Woggon, W.-D., A short route to alpha-tocopherol. 

Angew. Chem. Int. Ed., 2008. 47, 5827-5829. 

[82] Volz, N.; Broehmer, M. C.; Nieger, M.; Braese, S., Thieme Chemistry 

Journal Awardees- Where are They Now? An Asymmetric Organocatalytic 

Sequence towards 4a-Methyl Tetrahydroxanthones: Formal Synthesis of 4-

Dehydroxydiversonol. Synlett, 2009, 550-553. 

[83] Hellwig, V.; Nopper, R.; Mauler, F.; Freitag, J.; Liu, J. K.; Ding, Z. H.; 

Stadler, M., Activities of prenylphenol derivatives from fruitbodies of 

Albatrellus spp. on the human and rat vanilloid receptor 1 (VR1) and 

characterisation of the novel natural product confluentin. Archiv Der 
Pharmazie, 2003. 336, 119-126. 

[84] Reiter, M.; Torssell, S.; Lee, S.; MacMillan, D. W. C., The organocatalytic 

three-step total synthesis of (+)- frondosin B. Chemical Science 2010. 1, 37-

42. 

[85] Inoue, M.; Carson, M. W.; Frontier, A. J.; Danishefsky, S. J., Total synthesis 

and determination of the absolute configuration of frondosin B. J. Am. Chem. 
Soc., 2001. 123, 1878-1889. 

[86] Hughes, C. C.; Trauner, D., Concise total synthesis of (-)-frondosin B using a 

novel palladium-catalyzed cyclization. Angew. Chem. Int. Ed., 2002. 41, 

1569-1572. 

[87] Ovaska, T. V.; Sullivan, J. A.; Ovaska, S. I.; Winegrad, J. B.; Fair, J. D., 

Asymmetric Synthesis of Seven-Membered Carbocyclic Rings via a 

Sequential Oxyanionic 5-Exo-Dig Cyclization/Claisen Rearrangement 

Process. Total Synthesis of (-)-Frondosin B. Organic letters 2009. 11, 2715-

2718. 

[88] Patil, A. D.; Freyer, A. J.; Killmer, L.; Offen, P.; Carte, B.; Jurewicz, A. J.; 

Johnson, R. K., Frondosins, five new sesquiterpene hydroquinone derivatives 

with novel skeletons from the sponge Dysidea frondosa: Inhibitors of 

interleukin-8 receptors. Tetrahedron, 1997. 53, 5047-5060. 

[89] Miller, E. J.; Cohen, A. B.; Nagao, S.; Griffith, D.; Maunder, R. J.; Martin, 

T. R.; Weinerkronish, J. P.; Sticherling, M.; Christophers, E.; Matthay, M. A. 

Elevated levels of nap-1/interleukin-8 are present in the airspaces of patients 

with the adult respiratory-distress syndrome and are associated with 

increased mortality. Am. Rev. Resp. Dis., 1992. 146, 427-432. 

[90] Huang, Y.; Walji, A. M.; Larsen, C. H.; MacMillan, D. W. C., 

Enantioselective organo-cascade catalysis. J. Am. Chem. Soc., 2005. 127, 

15051-15053. 

[91] Tormakangas, O. P.; Toivola, R. J.; Karvinen, E. K.; Koskinen, A. M. P. A 

short and convenient way to produce the Taxol (TM) A-ring utilizing the 

Shapiro reaction. Tetrahedron, 2002. 58, 2175-2181. 

[92] Zhang, H. Y.; Zhang, S. L.; Liu, L.; Luo, G. S.; Duan, W. H.; Wang, W., 

Synthesis of chiral 3-substituted phthalides by a sequential organocatalytic 

enantioselective aldol-kactonization reaction. Three-step synthesis of (S)-(-)-

3-butylphthalide. J. Org. Chem., 2010. 75, 368-374. 

[93] Sato, H.; Yorozu, H.; Yamaoka, S., Butylphthalide inhalation prolongs 

pentobarbital-anesthesia in adult mice. Biomed. Res.-Tokyo 1993. 14, 385-

390. 

[94] Gloer, J. B., Antiinsectan natural-products from fungal sclerotia. Acc. Chem. 
Res., 1995. 28, 343-350. 

[95] Bradshaw, B.; Etxebarria-Jardi, G.; Bonjoch, J.; Viozquez, S. F.; Guillena, 

G.; Najera, C., Efficient solvent-free robinson annulation protocols for the 

highly enantioselective synthesis of the wieland-miescher ketone and 

analogues. Adv. Synth. Cat., 2009. 351, 2482-2490. 

[96] Broca, C.; Manteghetti, M.; Gross, R.; Baissac, Y.; Jacob, M.; Petit, P.; 

Sauvaire, Y.; Ribes, G., 4-Hydroxyisoleucine: effects of synthetic and natural 

analogues on insulin secretion. European Journal of Pharmacology 2000. 

390, 339-345. 

[97] Marin, S. D.; Catala, C.; Kumar, S. R.; Valleix, A.; Wagner, A.; 

Mioskowski, C., A Practical and Efficient Total Synthesis of Potent 

Insulinotropic (2S,3R,4S)-4-Hydroxyisoleucine through a Chiral N-Protected 

gamma-Keto-alpha-aminoester. Eur. J. Org. Chem., 2010, 3985-3989. 

[98] Cordova, A.; Watanabe, S.; Tanaka, F.; Notz, W.; Barbas, C. F., A highly 

enantioselective route to either enantiomer of both alpha- and beta-amino 

acid derivatives. J. Am. Chem. Soc, 2002. 124, 1866-1867. 

[99] Trost, B. M.; Jiang, C. H., Catalytic enantioselective construction of all-

carbon quaternary stereocenters. Synthesis, 2006, 369-396. 

[100] Neergaard, J. S.; Andersen, J.; Pedersen, M. E.; Stafford, G. I.; Van Staden, 

J.; Jager, A. K., Alkaloids from Boophone disticha with affinity to the 

serotonin transporter. South African Journal of Botany 2009. 75, 371-374. 

[101] Elgorashi, E. E.; Malan, S. F.; Stafford, G. I.; van Staden, J., Quantitative 

structure-activity relationship studies on acetylcholinesterase enzyme 

inhibitory effects of Amaryllidaceae alkaloids. South African Journal of 
Botany 2006. 72, 224-231. 

[102] Elgorashi, E. E.; Stafford, G. I.; Jager, A. K.; Van Staden, J., Inhibition of H-

3 Citalopram binding to the rat brain serotonin transporter by amaryllidaceae 

alkaloids. Planta Medica 2006. 72, 470-473. 

[103] Bogle, K. M.; Hirst, D. J.; Dixon, D. J., An oxidative coupling for the 

synthesis of arylated quaternary stereocentres and its application in the total 

synthesis of powelline and buphanidrine. Tetrahedron, 2010. 66, 6399-6410. 

[104] Wakchaure, V. N.; List, B., A New Structural Motif for Bifunctional 

Bronsted Acid/Base Organocatalysis. Angew. Chem. Int. Ed., 2010. 49, 

4136-4139. 



Organocatalysis for Natural Products and Pharmaceuticals Current Organic Chemistry, 2012, Vol. 16, No. 19    2287 

 

[105] Mori, K.; Fukamatsu, K., Pheromone synthesis .137. A new synthesis of (+)-

grandisol. Lieb. Ann. Chem., 1992, 489-493. 

[106] Pansare, S. V.; Lingampally, R.; Kirby, R. L., Stereoselective synthesis of 3-

Aryloctahydroindoles and application in a formalsynthesis of (-)-pancracine. 

Org. Lett., 2010. 12, 556-559. 

[107] Yang, H.; Carter, R. G., Development of an enantioselective route toward the 

Lycopodium alkaloids: total synthesis of lycopodine. J. Org. Chem., 2010. 

75, 4929-38. 

[108] Uraguchi, D.; Nakamura, S.; Ooi, T., Catalytic asymmetric direct henry 

reaction of ynals: short syntheses of (2S,3R)-(+)-xestoaminol C and (-)-

codonopsinines. Angew. Chem. Int. Ed., 2010. 49, 7562-7565. 

[109] Xiong, F.; Chen, X. X.; Chen, F. E., An improved asymmetric total synthesis 

of (+)-biotin via the enantioselective desymmetrization of a meso-cyclic 

anhydride mediated by cinchona alkaloid-based sulfonamide. Tetrahedron-
Asymmetry, 2010. 21, 665-669. 

[110] Inokoishi, Y.; Sasakura, N.; Nakano, K.; Ichikawa, Y.; Kotsuki, H., a new 

powerful strategy for the organocatalytic asymmetric construction of a 

quaternary carbon stereogenic center. Org. Lett ., 2010. 12, 1616-1619. 

[111] Goldberg, M. R.; Robertson, D., Yohimbine: a pharmacological probe for 

study of the  2-adrenoreceptor. Pharm. Rev., 1983. 35, 143-80. 

[112] van Tamelen, E. E.; Shamma, M.; Burgstahler, A. W.; Wolinsky, J.; Tamm, 

R.; Aldrich, P. E., Total synthesis of yohimbine. J. Am. Chem. Soc., 1969. 

91, 7315-33. 

[113] Hirai, Y.; Terada, T.; Okaji, Y.; Yamazaki, T.; Momose, T. A novel-

approach to (+)-yohimbine. Tetrahedron Lett., 1990. 31, 4755-4756. 

[114] Aube, J.; Ghosh, S.; Tanol, M. Symmetry-driven synthesis of indole 

alkaloids - asymmetric total syntheses of (+)-yohimbine, (-)-yohimbone, (-)-

yohimbane, and (+)-alloyohimbane. J. Am. Chem. Soc., 1994. 116, 9009-

9018. 

[115] Mergott, D. J.; Zuend, S. J.; Jacobsen, E. N., Catalytic asymmetric total 

synthesis of (+)-yohimbine. Org. Lett., 2008. 10, 745-748. 

[116] Herle, B.; Wanner, M. J.; van Maarseveen, J. H.; Hiemstra, H., Total 

synthesis of (+)-Yohimbine via an enantioselective organocatalytic Pictet-

Spengler reaction. J. Org. Chem., 2011. 76, 8907-8912. 

[117] Galliford, C. V.; Scheidt, K. A., Pyrrolidinyl-spirooxindole natural products 

as inspirations for the development of potential therapeutic agents. Angew. 
Chem. Int. Ed., 2007. 46, 8748-8758. 

[118] Meyers, C.; Carreira, E. M., Total synthesis of (-)-spirotryprostatin B. 

Angew. Chem. Int. Ed., 2003. 42, 694-696. 

[119] Trost, B. M.; Stiles, D. T., Total synthesis of spirotryprostatin B via 

diastereoselective prenylation. Org. Lett., 2007. 9, 2763-2766. 

[120] Cheng, M.-N.; Wang, H.; Gong, L.-Z., Asymmetic organocatalytic 1,3-

dipolar cycloaddition of azomethine ylide to methyl 2-(2-

nitrophenyl)acrylate for the synthesis of diastereoisomers of spirotryprostatin 

A. Org. Lett., 2011. 13, 2418-2421. 

[121] Mani, S.; Macapinlac, M.; Goel, S.; Verdier-Pinard, D.; Fojo, T.; 

Rothenberg, M.; Colevas, D., The clinical development of new mitotic 

inhibitors that stabilize the microtubule. Anti-Cancer Drugs 2004. 15, 553-

558. 

[122] Field, J. J.; Singh, A. J.; Kanakkanthara, A.; Halafihi, T. i.; Northcote, P. T.; 

Miller, J. H., Microtubule-stabilizing activity of Zampanolide, a potent 

macrolide isolated from the Tongan marine sponge Cacospongia 

mycofijiensis. J. Med. Chem., 2009. 52, 7328-7332. 

[123] Ghosh, A. K.; Cheng, X., Enantioselective total synthesis of (-)-

Zampanolide, a potent microtubule-stabilizing agent. Org. Lett., 2011. 13, 

4108-4111. 

[124] Yoon, T. P.; Jacobsen, E. N. Privileged chiral catalysts. Science 2003. 299, 

1691-1693. 

[125] Marcelli, T.; Hiemstra, H., Cinchona Alkaloids in Asymmetric 

Organocatalysis. Synthesis, 2010, 1229-1279. 

[126] Marcelli, T.; van Maarseveen, J. H.; Hiemstra, H., Cupreines and 

cupreidines: An emerging class of bifunctional cinchona organocatalysts. 

Angew. Chem. Int. Ed., 2006. 45, 7496-7504. 

[127] Tian, S. K.; Chen, Y. G.; Hang, J. F.; Tang, L.; McDaid, P.; Deng, L., 

Asymmetric organic catalysis with modified cinchona alkaloids. Acc. Chem. 
Res., 2004. 37, 621-631. 

[128] Kolb, H. C.; Andersson, P. G.; Sharpless, K. B. Toward an understanding of 

the high enantioselectivity in the osmium-catalyzed asymmetric 

dihydroxylation (AD) .1. Kinetics. J. Am. Chem. Soc., 1994. 116, 1278-1291. 

[129] Li, F.; Li, Y.-Z.; Jia, Z.-S.; Xu, M.-H.; Tian, P.; Lin, G.-Q., Biscinchona 

alkaloids as highly efficient bifunctional organocatalysts for the asymmetric 

conjugate addition of malonates to nitroalkenes at ambient temperature. 

Tetrahedron, 2011. 67, 10186-10194. 

[130] Tundis, R.; Loizzo, M. R.; Menichini, F.; Statti, G. A.; Menichini, F., 

Biological and pharmacological activities of iridoids: Recent developments. 

Mini-Reviews in Med. Chem., 2008. 8, 399-420. 

[131] Ryan, S. J.; Candish, L.; Lupton, D. W., N-Heterocyclic Carbene-Catalyzed 

Generation of alpha,beta-Unsaturated Acyl Imidazoliums: Synthesis of 

Dihydropyranones by their Reaction with Enolates. J. Am. Chem. Soc., 2009. 

131, 14176-14177. 

[132] Candish, L.; Lupton, D. W., Concise formal synthesis of (-)-7-deoxyloganin 

via N-heterocyclic carbene catalysed rearrangement of , -unsaturated enol 

esters. Org. Biomol. Chem., 2011. 9, 8182-8189. 

[133] Shigemori, H.; Komatsu, K.; Mikami, Y.; Kobayashi, J., Seragakinone A, a 

new pentacyclic metabolite from a marine-derived fungus. Tetrahedron, 
1999. 55, 14925-14930. 

[134] Takada, A.; Hashimoto, Y.; Takikawa, H.; Hikita, K.; Suzuki, K., Total 

synthesis and absolute stereochemistry of seragakinone A. Angew. Chem. Int. 
Ed., 2011. 50, 2297-301. 

[135] Kerr, M. S.; de Alaniz, J. R.; Rovis, T., A highly enantioselective catalytic 

intramolecular Stetter reaction. J. Am. Chem. Soc., 2002. 124, 10298-10299. 

[136] Wang, B.; Wu, X.-Y.; Wong, O. A.; Nettles, B.; Zhao, M.-X.; Chen, D.; Shi, 

Y., A diacetate ketone-catalyzed asymmetric epoxidation of olefins. J. Org. 
Chem., 2009. 74, 3986-3989. 

[137] Thomson, J. E.; Rix, K.; Smith, A. D., Efficient N-heterocyclic carbene-

catalyzed O- to C-acyl transfer. Org. Lett., 2006. 8, 3785-3788. 

[138] Lee, K.; Kim, H.; Hong, J., A Stereoselective Formal Synthesis of 

Leucascandrolide A. Org. Lett., 2011. 13, 2722-2725. 

[139] Gribble, G. W. Naturally-occurring organohalogen compounds - a survey. J. 
Nat. Prod., 1992. 55, 1353-1395. 

[140] Weinreb, S. M., Some recent advances in the synthesis of polycyclic 

imidazole-containing marine natural products. Nat. Prod. Rep., 2007. 24, 

931-948. 

[141] Cafieri, F.; Fattorusso, E.; Taglialatela-Scafati, O., Novel bromopyrrole 

alkaloids from the sponge Agelas dispar. J. Nat. Prod., 1998. 61, 122-125. 

[142] Fattorusso, E.; Taglialatela-Scafati, O., Two novel pyrrole-imidazole 

alkaloids from the Mediterranean sponge Agelas oroides. Tetrahedron Lett., 
2000. 41, 9917-9922. 

[143] Patel, J.; Pelloux-Leon, N.; Minassian, F.; Vallee, Y., Syntheses of S-

enantiomers of hanishin, longamide B, and longamide B methyl ester from 

L-aspartic acid beta-methyl ester: Establishment of absolute stereochemistry. 

J. Org. Chem., 2005. 70, 9081-9084. 

[144] Patel, J.; Pelloux-Leon, N.; Minassian, F.; Vallee, Y., Total synthesis of (S)-

(-)-cyclooroidin. Tetrahedron Lett., 2006. 47, 5561-5563. 

[145] Trost, B. M.; Dong, G., Asymmetric annulation toward 

pyrrolopiperazinones: Concise enantioselective syntheses of pyrrole alkaloid 

natural products. Org. Lett., 2007. 9, 2357-2359. 

[146] Trost, B. M.; Osipov, M.; Dong, G., Palladium-catalyzed dynamic kinetic 

asymmetric transformations of vinyl aziridines with nitrogen heterocycles: 

rapid access to biologically active pyrroles and indoles. J. Am. Chem. Soc., 
2010. 132, 15800-15807. 

[147] Mukherjee, S.; Sivappa, R.; Yousufuddin, M.; Lovely, C. J., Asymmetric 

total synthesis of ent-Cyclooroidin. Org. Lett., 2010. 12, 4940-4943. 

[148] Bae, J.-Y.; Lee, H.-J.; Youn, S.-H.; Kwon, S.-H.; Cho, C.-W., 

Organocatalytic asymmetric synthesis of chiral pyrrolizines by cascade 

conjugate addition-aldol reactions. Org. Lett., 2010. 12, 4352-4355. 

[149] Lee, S. J.; Youn, S. H.; Cho, C. W., Organocatalytic enantioselective formal 

synthesis of bromopyrrole alkaloids via aza-Michael addition. Org. Biomol. 
Chem., 2011. 9, 7734-7741. 

[150] Byeon, S. R.; Park, H.; Kim, H.; Hong, J., Stereoselective synthesis of 2,6-

trans-tetrahydropyran via primary diamine-catalyzed oxa-conjugate addition 

reaction of , -unsaturated ketone: total synthesis of psymberin. Org. Lett., 
2011. 13, 5816-5819. 

[151] Pettit, G. R.; Xu, J. P.; Chapuis, J. C.; Pettit, R. K.; Tackett, L. P.; Doubek, 

D. L.; Hooper, J. N. A.; Schmidt, J. M., Antineoplastic agents. 520. Isolation 

and structure of irciniastatins A and B from the Indo-Pacific marine sponge 

Ircinia ramosa. J. Med. Chem., 2004. 47, 1149-1152. 

[152] Cichewicz, R. H.; Valeriote, F. A.; Crews, P., Psymberin, a potent sponge-

derived cytotoxin from Psammocinia distantly related to the pederin family. 

Org. Lett., 2004. 6, 1951-1954. 

[153] Hiebel, M.-A.; Pelotier, B.; Goekjian, P.; Piva, O., 2,6-disubstituted 

tetrahydropyrans by tandem cross-metathesis/iodocyclisation. Eur. J. Org. 
Chem., 2008, 713-720. 

[154] Larrosa, I.; Romea, P.; Urpi, F., Synthesis of six-membered oxygenated 

heterocycles through carbon-oxygen bond-forming reactions. Tetrahedron, 
2008. 64, 2683-2723. 

[155] Clarke, P. A.; Santos, S., Strategies for the formation of tetrahydropyran 

rings in the synthesis of natural products. Eur. J. Org. Chem., 2006, 2045-

2053. 

[156] Trost, B. M.; Gutierrez, A. C.; Livingston, R. C., Tandem ruthenium-

catalyzed redox isomerization-O-conjugate addition: an atom-economic 

synthesis of cyclic ethers. Org. Lett., 2009. 11, 2539-2542. 

[157] Simmons, B.; Walji, A. M.; MacMillan, D. W., Cycle-specific 

organocascade catalysis: application to olefin hydroamination, hydro-

oxidation, and amino-oxidation, and to natural product synthesis. Angew. 
Chem. Int. Ed., 2009. 48, 4349-4353. 

[158] Jones, S. B.; Simmons, B.; Mastracchio, A.; MacMillan, D. W., Collective 

synthesis of natural products by means of organocascade catalysis. Nature 
2011. 475, 183-188. 

[159] Jones, S. B.; Simmons, B.; MacMillan, D. W. C., Nine-step enantioselective 

total synthesis of (+)-Minfiensine. J. Am. Chem. Soc., 2009. 131, 13606-+. 

[160] Knight, S. D.; Overman, L. E.; Pairaudeau, G., Enantioselective total 

synthesis of (-)-strychnine. J. Am. Chem. Soc., 1993. 115, 9293-9294. 

[161] Mori, M.; Nakanishi, M.; Kajishima, D.; Sato, Y., A novel and general 

synthetic pathway to Strychnos indole alkaloids: Total syntheses of (-)-

tubifoline, (-)-dehydrotubifoline, and (-)-strychnine using palladium-



2288    Current Organic Chemistry, 2012, Vol. 16, No. 19 de Figueiredo et al. 

 

catalyzed asymmetric allylic substitution. J. Am. Chem. Soc., 2003. 125, 

9801-9807. 

[162] Sole, D.; Bonjoch, J.; Garcia-Rubio, S.; Peidro, E.; Bosch, J., Total synthesis 

of (-)-strychnine via the Wieland-Gumlich aldehyde. Angew. Chem. Int. Ed., 
1999. 38, 395-397. 

[163] Kozmin, S. A.; Iwama, T.; Huang, Y.; Rawal, V. H., An efficient approach to 

Aspidosperma alkaloids via 4+2 cycloadditions of aminosiloxydienes: 

Stereocontrolled total synthesis of (+/-)-tabersonine. Gram-scale catalytic 

asymmetric syntheses of (+)-tabersonine and (+)-16-methoxytabersonine. 

Asymmetric syntheses of (+)-aspidospermidine and (-)-quebrachamine. J. 
Am. Chem. Soc., 2002. 124, 4628-4641. 

[164] Gnecco, D.; Vazquez, E.; Galindo, A.; Teran, J. L.; Orea, L.; Bernes, S.; 

Enriquez, R. G., Synthesis of an aspidosperma alkaloid precursor: synthesis 

of (+)-aspidospermidine. Arkivoc 2003, 185-192. 

[165] Magnus, P.; Brown, P., Total synthesis of (-)-kopsinilam, (-)-kopsinine, and 

the bis-indole alkaloids (-)-norpleiomutine and (-)-pleiomutine. J. Chem. 
Soc.-Chem. Commun., 1985, 184-186. 

[166] Kuehne, M. E.; Bandarage, U. K.; Hammach, A.; Li, Y. L.; Wang, T. S., 

Application of ferrocenylalkyl chiral auxiliaries to syntheses of indolenine 

alkaloids: Enantioselective syntheses of vincadifformine, psi- and 20-epi-psi-

vincadifformines, tabersonine, ibophyllidine, and mossambine. J. Org. 
Chem., 1998. 63, 2172-2183. 

[167] Williams, P.; Sorribas, A.; Howes, M.-J. R., Natural products as a source of 

Alzheimer's drug leads. Nat. Prod. Rep., 2011. 28, 48-77. 

[168] Yan, Z. Y.; Zhao, Y. B.; Fan, M. J.; Liu, W. M.; Liang, Y. M., General 

synthesis of (1-substituted-1H-1,2,3-triazol-4-ylmethyl)-dialkylamines via a 

copper(I)-catalyzed three-component reaction in water. Tetrahedron, 2005. 

61, 9331-9337. 

[169] Feldman, A. K.; Colasson, B.; Fokin, V. V., One-pot synthesis of 1,4-

disubstituted 1,2,3-triazoles from in situ generated azides. Org. Lett., 2004. 6, 

3897-3899. 

[170] Wu, Y.; Wang, F. S.; Song, H.; Qin, Y., An Efficient Synthesis of a (-)-

Physostigmine's Library for Identifying Potential Anti-Alzheimer's Agents. 

Helv. Chim. Acta 2011. 94, 1496-1505. 

[171] Austin, J. F.; Kim, S. G.; Sinz, C. J.; Xiao, W. J.; MacMillan, D. W. C., 

Enantioselective organocatalytic construction of pyrroloindolines by a 

cascade addition-cyclization strategy: Synthesis of (-)-flustramine B. Proc. 
Nat. Acad. Sc. USA., 2004. 101, 5482-5487. 

[172] Williams, H. J.; Wong, M.; Wharton, R. A.; Vinson, S. B., Hagens gland 

morphology and chemical content-analysis for 3 species of parasitic wasps 

(hymenoptera, braconidae). J. Chem. Ec., 1988. 14, 1727-1736. 

[173] Agrawal, D.; Sriramurthy, V.; Yadav, V. K., 4,5-Didehydro-7-

silyloxymethyl-2-oxepanone and formal total syntheses of Hagen's gland 

lactones and trans-kumausynes. Tetrahedron Lett., 2006. 47, 7615-7618. 

[174] Banda, G.; Chakravarthy, I. E., Chiron approach for the synthesis of (5RS)-

Hagen's gland lactones from diacetone-D-mannose. Tetrahedron-Asymmetry, 
2006. 17, 1684-1687. 

[175] Mereyala, H. B.; Gadikota, R. R.; Sunder, K. S.; Shailaja, S., Pd(II)Cl-2 

mediated oxidative cyclisation of hydroxy-vinylfurans to lactols: Synthesis 

of Hagen's gland lactones. Tetrahedron 2000. 56, 3021-3026. 

[176] Gharpure, S. J.; Nanda, L. N.; Shukla, M. K., Enantioselective Total 

Synthesis of (+)-Hagen's Gland Lactones. European Journal of Organic 
Chemistry 2011, 6632-6635. 

[177] Furstner, A.; Reinecke, K.; Prinz, H.; Waldmann, H., The core structures of 

roseophilin and the prodigiosin alkaloids define a new class of protein 

tyrosine phosphatase inhibitors. Chem. Bio Chem. 2004. 5, 1575-1579. 

[178] Furstner, A., Chemistry and biology of roseophilin and the prodigiosin 

alkaloids: A survey of the last 2500 years. Angew. Chem. Int. Ed., 2003. 42, 

3582-3603. 

[179] Williamson, N. R.; Fineran, P. C.; Leeper, F. J.; Salmond, G. P. C., The 

biosynthesis and regulation of bacterial prodiginines. Nature Rev. 
Microbiology 2006. 4, 887-899. 

[180] Laatsch, H.; Kellner, M.; Weyland, H., Butyl-meta-cycloheptylprodiginine - 

a revision of the structure of the former ortho-isomer. J. Antib., 1991. 44, 

187-191. 

[181] Wasserman, H. H.; Rodgers, G. C.; Keith, D. D., Metacycloprodigiosin, a 

tripyrrole pigment from Streptomyces longisporus ruber. J. Am. Chem. Soc., 
1969. 91, 1263-1264. 

[182] Mo, S.; Sydor, P. K.; Corre, C.; Alhamadsheh, M. M.; Stanley, A. E.; 

Haynes, S. W.; Song, L.; Reynolds, K. A.; Challis, G. L., Elucidation of the 

Streptomyces coelicolor pathway to 2-undecylpyrrole, a key intermediate in 

undecylprodiginine and streptorubin B biosynthesis. Chem. Biol., 2008. 15, 

137-148. 

[183] Kawasaki, T.; Sakurai, F.; Hayakawa, Y., A prodigiosin from the roseophilin 

producer Streptomyces griseoviridis. J. Nat. Prod., 2008. 71, 1265-1267. 

[184] Clift, M. D.; Thomson, R. J., Development of a merged conjugate 

addition/oxidative coupling sequence. application to the enantioselective 

total synthesis of metacycloprodigiosin and prodigiosin R1. J. Am. Chem. 
Soc., 2009. 131, 14579-14583. 

[185] Hu, D. X.; Clift, M. D.; Lazarski, K. E.; Thomson, R. J., Enantioselective 

total synthesis and confirmation of the absolute and relative stereochemistry 

of streptorubin B. J. Am. Chem. Soc., 2011. 133, 1799-1804. 

[186] Pidathala, C.; Hoang, L.; Vignola, N.; List, B., Direct catalytic asymmetric 

enolexo aldolizations. J. Am. Chem. Soc., 2003. 42, 2785-2788. 

[187] Hong, B.-C.; Tseng, H.-C.; Chen, S.-H., Synthesis of aromatic aldehydes by 

organocatalytic 4+2 and 3+3 cycloaddition of alpha,beta-unsaturated 

aldehydes. Tetrahedron, 2007. 63, 2840-2850. 

[188] Xu, G.; Hou, A. J.; Zheng, Y. T.; Zhao, Y.; Li, X. L.; Peng, L. Y.; Zhao, Q. 

S., Przewalskin B, a novel diterpenoid with an unprecedented skeleton from 

Salvia przewalskii maxim. Org. Lett., 2007. 9, 291-293. 

[189] Zheng, J. Y.; Xie, X. G.; Zhao, C. G.; He, Y. P.; Zheng, H. J.; Yang, Z.; She, 

X. G., Total synthesis of (-)-Przewalskin B. Org. Lett., 2011. 13, 173-175. 

[190] Zhuo, X. T.; Xiang, K.; Zhang, F. M.; Tu, Y. Q., Total synthesis of (+)-

Przewalskin B. J. Org. Chem., 2011. 76, 6918-6924. 

[191] Umezawa, K.; Ikeda, Y.; Uchihata, Y.; Naganawa, H.; Kondo, S., 

Chloptosin, an apoptosis-inducing dimeric cyclohexapeptide produced by 

Streptomyces. J. Org. Chem., 2000. 65, 459-463. 

[192] Kamenecka, T. M.; Danishefsky, S. J., Studies in the total synthesis of 

himastatin: A revision of the stereochemical assignment. Angew. Chem. Int. 
Ed., 1998. 37, 2993-2995. 

[193] Kamenecka, T. M.; Danishefsky, S. J., Total synthesis of himastatin: 

Confirmation of the revised stereostructure. Angew. Chem. Int. Ed., 1998. 37, 

2995-2998. 

[194] Kamenecka, T. M.; Danishefsky, S. J., Discovery through total synthesis: A 

retrospective on the himastatin problem. Chem. Eur. J., 2001. 7, 41-63. 

[195] Oelke, A. J.; Antonietti, F.; Bertone, L.; Cranwell, P. B.; France, D. J.; Goss, 

R. J. M.; Hofmann, T.; Knauer, S.; Moss, S. J.; Skelton, P. C.; Turner, R. M.; 

Wuitschik, G.; Ley, S. V., Total synthesis of chloptosin: A dimeric 

cyclohexapeptide. Chem. Eur. J., 2011. 17, 4183-4194. 

[196] Goss, R. J. M.; Newill, P. L. A., A convenient enzymatic synthesis of L-

halotryptophans. Chem. Commun., 2006, 4924-4925. 

[197] Winn, M.; Roy, A. D.; Grueschow, S.; Parameswaran, R. S.; Goss, R. J. M., 

A convenient one-step synthesis of L-aminotryptophans and improved 

synthesis of 5-fluorotryptophan. Bioorg. Med. Chem. Lett., 2008. 18, 4508-

4510. 

[198] Ghosh, S.; Chowdhury, R., Enantioselective Route to -Silyl- -keto Esters 

by Organocatalyzed regioselective Michael addition of methyl ketones to a 

(silylmethylene)malonate and their use in natural product synthesis. 

Synthesis., 2011. 2011, 1936-1945. 

[199] Verma, R.; Ghosh, S. K., Desymmetrization of 3-dimethyl(phenyl)silyl 

glutaric anhydride with Evans' oxazolidinone: an application to 

stereocontrolled synthesis of the antifungal agent (+)-preussin. J. Chem. 
Soc.-PT1, 1999, 265-270. 

[200] Bennett, F.; Knight, D. W.; Fenton, G., Total syntheses of natural (+)-

(4R,6R)-4-hydroxy-6-pentylvalerolactone and of (-)-(6r)-massoialactone. J. 
Chem. Soc.-PT1, 1991, 1543-1547. 

[201] Raina, S.; Singh, V. K., Asymmetric synthesis of 5-hexadecanolide, 

pheromone of the queen of the Oriental hornet, Vespa orientalis. 

Tetrahedron, 1996. 52, 4479-4484. 

[202] Ghosh, A. K.; Liu, C. F., A stereoselective synthesis of (-)-

tetrahydrolipstatin. Chem. Commun., 1999, 1743-1744. 

[203] Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F., Amino acid catalyzed direct 

asymmetric aldol reactions: A bioorganic approach to catalytic asymmetric 

carbon-carbon bond-forming reactions. J. Am. Chem. Soc., 2001. 123, 5260-

5267. 

[204] Notz, W.; Tanaka, F.; Barbas, C. F., Enamine-based organocatalysis with 

proline and diamines: The development of direct catalytic asymmetric Aldol, 

Mannich, Michael, and Diels-Alder reactions. Acc. Chem. Res., 2004. 37, 

580-591. 

[205] Schneider, M. J., In Alkaloids: Chemical and Biological Perspectives, 

Pelletier, S. W., Ed. Wiley: New York, 1996; Vol. 10, pp 155-315. 

[206] Han, R.-G.; Wang, Y.; Li, Y.-Y.; Xu, P.-F., Proline-mediated 

enantioselective construction of tetrahydropyridines via a cascade Mannich-

Type/Intramolecular Cyclization reaction. Adv. Synth. Cat.,2008. 350, 1474-

1478. 

[207] Serino, C.; Stehle, N.; Park, Y. S.; Florio, S.; Beak, P., Asymmetric 

syntheses of N-Boc 2-substituted pyrrolidines and piperidines by 

intramolecular cyclization. J. Org. Chem., 1999. 64, 1160-1165. 

[208] Chen, Y.; Zhong, C.; Petersen, J. L.; Akhmedov, N. G.; Shi, X., One-pot 

asymmetric synthesis of substituted piperidines by exocyclic chirality 

induction. Org. Lett. 2009. 11, 2333-2336. 

[209] Liu, J.-D.; Chen, Y.-C.; Zhang, G.-B.; Li, Z.-Q.; Chen, P.; Du, J.-Y.; Tu, Y.-

Q.; Fan, C.-A., Asymmetric organocatalytic intramolecular aza-Michael 

addition of enone carbamates: catalytic enantioselective access to 

functionalized 2-substituted piperidines. Adv. Synth. Cat., 2011. 353, 2721-

2730. 

[210] Lelais, G.; MacMillan, D. W. C., Modern strategies in organic catalysis: The 

advent and development of iminium activation. Aldrich. Acta 2006. 39, 79-

87. 

[211] Erkkila, A.; Majander, I.; Pihko, P. M., Iminium catalysis. Chem. Rev.s 2007. 

107, 5416-5470. 

[212] Ruano, J. L. G.; Marcos, V.; Aleman, J., The organocatalytic addition of 

bis(arylsulfonyl)methane to ,b-unsaturated aldehydes and the synthesis of 

optically-enriched 3-methyl-alkanols. Chem. Commun., 2009, 4435-4437. 

[213] Alba, A. N.; Companyo, X.; Moyano, A.; Rios, R., Formal highly 

enantioselective organocatalytic addition of alkyl anions to ,b -unsaturated 

aldehydes: application to the synthesis of isotope-enantiomers. Chem. Eur. 
J., 2009. 15, 11095-11099. 



Organocatalysis for Natural Products and Pharmaceuticals Current Organic Chemistry, 2012, Vol. 16, No. 19    2289 

 

[214] Landa, A.; Puente, A.; Santos, J. I.; Vera, S.; Oiarbide, M.; Palomo, C., 

Catalytic conjugate additions of geminal bis(sulfone)s: expanding the 

chemistry of sulfones as simple alkyl anion equivalents. Chem. Eur. J., 2009. 

15, 11954-11962. 

[215] Sun, X. M.; Yu, F.; Ye, T. T.; Liang, X. M.; Ye, J. X., catalytic asymmetric 

michael reactions of ,b -unsaturated ketones with sulfonyl-containing 

nucleophiles: chiral synthesis of (R)-muscone and (S)-celery ketone. Chem. 
Eur. J., 2011. 17, 430-434. 

[216] Liu, L.; Zhang, S. L.; Xue, F.; Lou, G. S.; Zhang, H. Y.; Ma, S. C.; Duan, W. 

H.; Wang, W., Catalytic enantioselective Henry reactions of isatins: 

application in the concise synthesis of (S)-(-)-Spirobrassinin. Chem. Eur. J., 
2011. 17, 7791-7795. 

[217] Harbindu, A.; Kumar, P., Organocatalytic enantioselective approach to the 

synthesis of Verbalactone and (R)-Massoialactone. Synthesis,2011, 1954-

1959. 

[218] Dwivedi, N.; Tripathi, D.; Kumar, P., An organocatalytic route to the 

synthesis of (6S)-5,6-dihydro-6- (2R)-2-hydroxy-6-phenylhexyl -2H-pyran-

2-one and ravensara lactones. Tetrahedron-Asymmetry 2011. 22, 1749-1756. 

[219] Sarkar, S. M.; Taira, Y.; Nakano, A.; Takahashi, K.; Ishihara, J.; 

Hatakeyama, S., Organocatalytic asymmetric synthesis of quinine and 

quinidine. Tetrahedron Lett., 2011. 52, 923-927. 

[220] Brohmer, M. C.; Bourcet, E.; Nieger, M.; Brase, S., A unified strategy for the 

asymmetric total syntheses of Diversonol and Lachnone C. Chem. Eur. J., 
2011. 17, 13706-13711. 

[221] Wanner, M. J.; Claveau, E.; van Maarseveen, J. H.; Hiemstra, H., 

Enantioselective Syntheses of Corynanthe Alkaloids by Chiral Bronsted Acid 

and Palladium Catalysis. Chem. Eur. J., 2011. 17, 13680-13683. 

[222] Zhang, W.; Bah, J.; Wohlfarth, A.; Franzen, J., A Stereodivergent Strategy 

for the Preparation of Corynantheine and Ipecac Alkaloids, Their Epimers, 

and Analogues: Efficient Total Synthesis of (-)-Dihydrocorynantheol, (-)-

Corynantheol, (-)-Protoemetinol, (-)-Corynantheal, (-)-Protoemetine, and 

Related Natural and Nonnatural Compounds. Chem. Eur. J., 2011. 17, 

13814-13824. 

[223] Larson, R. T.; Clift, M. D.; Thomson, R. J., Total synthesis of the 

Galbulimima alkaloid (-)-GB17. J. Am. Chem. Soc., 2012. 51, 2481-2484. 

[224] Mander, L. N.; Willis, A. C.; Herlt, A. J.; Taylor, W. C., The structures of 

three new Galbulimima alkaloids. Tetrahedron Lett., 2009. 50, 7089-7092. 

[225] Hong, B.-C.; Hsu, C.-S.; Lee, G.-H., Enantioselective total synthesis of (+)-

galbulin via organocatalytic domino Michael-Michael-aldol condensation. 

Chem. Commun., 2012. 48, 2385-2387. 

[226] Lin, S.; Deiana, L.; Tseggai, A.; Cordova, A., Concise Total Synthesis of 

Dihydrocorynanthenol, Protoemetinol, Protoemetine, 3-epi-Protoemetinol 

and Emetine. Eur. J. Org. Chem. 2012, 398-408. 

[227] Willot, M.; Radtke, L.; Konning, D.; Frohlich, R.; Gessner, V. H.; 

Strohmann, C.; Christmann, M., Total synthesis and absolute configuration 

of the Guaiane sesquiterpene Englerin A. J. Am. Chem. Soc., 2009. 48, 9105-

9108. 

[228] Zhou, Q. H.; Chen, X. F.; Ma, D. W., Asymmetric, protecting-group-free 

total synthesis of (-)-Englerin A. Angew. Chem. Int. Ed., 2010. 49, 3513-

3516. 

[229] Molawi, K.; Delpont, N.; Echavarren, A. M., Enantioselective synthesis of (-

)-Englerins A and B. Angew. Chem. Int. Ed., 2010. 49, 3517-3519. 

[230] Nicolaou, K. C.; Kang, Q. A.; Ng, S. Y.; Chen, D. Y. K., Total Synthesis of 

Englerin A. J. Am. Chem. Soc., 2010. 132, 8219-8222. 

[231] Xu, J.; Caro-Diaz, E. J. E.; Theodorakis, E. A., Enantioselective formal 

synthesis of (-)-Englerin A via a Rh-catalyzed 4+3 cycloaddition reaction. 

Org. Lett., 2010. 12, 3708-3711. 

[232] Sun, B. F.; Wang, C. L.; Ding, R.; Xu, J. Y.; Lin, G. Q., Concise approach to 

the core of englerin A via an organocatalytic 4+3 cycloaddition reaction. 

Tetrahedron Lett., 2011. 52, 2155-2158. 

[233] Chan, K. P.; Chen, D. Y. K., Chemical Synthesis and Biological Evaluation 

of the Englerin Analogues. Chem. Med. Chem., 2011. 6, 420-423. 

[234] Ushakov, D. B.; Navickas, V.; Strobele, M.; Maichle-Mossmer, C.; Sasse, F.; 

Maier, M. E., Total synthesis and biological evaluation of (-)-9-deoxy-

englerin A. Org. Lett. 2011. 13, 2090-2093. 

[235] Radtke, L.; Willot, M.; Sun, H. Y.; Ziegler, S.; Sauerland, S.; Strohmann, C.; 

Frohlich, R.; Habenberger, P.; Waldmann, H.; Christmann, M., Total 

Synthesis and Biological Evaluation of (-)-Englerin A and B: Synthesis of 

Analogues with Improved Activity Profile. Angew. Chem. Int. Ed., 2011. 50, 

3998-4002. 

[236] Li, Z. W.; Nakashige, M.; Chain, W. J., A Brief Synthesis of (-)-Englerin A. 

J. Am. Chem. Soc., 2011. 133, 6553-6556. 

[237] Harmata, M.; Ghosh, S. K.; Hong, X. C.; Wacharasindhu, S.; Kirchhoefer, 

P., Asymmetric organocatalysis of 4+3 cycloaddition reactions. J. Am. Chem. 
Soc., 2003. 125, 2058-2059. 

[238] Wang, C.-L.; Sun, B.-F.; Chen, S.-G.; Ding, R.; Lin, G.-Q.; Xu, J.-Y.; Shang, 

Y.-J., Concise formal synthesis of (+)-Englerin A and total synthesis of (-)-

Orientalol F: establishment of the stereochemistry of the organocatalytic 4+3 

-cycloaddition Reaction. Synlett, 2012, 263-266. 

[239] Roy, S.; Spilling, C. D., An Expeditious total synthesis of both 

diastereoisomeric lipid dihydroxytetrahydrofurans from Notheia anomala. 

Org. Lett., 2012. 14, 2230-2233. 

[240] Kano, T.; Sakamoto, R.; Akakura, M.; Maruoka, K., Stereocontrolled 

Synthesis of Vicinal Diamines by Organocatalytic Asymmetric Mannich 

Reaction of N-Protected Aminoacetaldehydes: Formal Synthesis of (-)-

Agelastatin A. J. Am. Chem. Soc 2012. 134, 7516-7520. 

[241] Ichikawa, Y.; Yamaoka, T.; Nakano, K.; Kotsuki, H., Synthesis of (-)-

agelastatin a by 3.3 sigmatropic rearrangement of allyl cyanate. Org. Lett. 
2007. 9, 2989-2992. 

[242] Guo, C.; Song, J.; Huang, J. Z.; Chen, P. H.; Luo, S. W.; Gong, L. Z., Core-

structure-oriented asymmetric organocatalytic substitution of 3-

hydroxyoxindoles: application in the enantioselective total synthesis of (+)-

folicanthine. Angew Chem Int Ed Engl 2012. 51, 1046-1050. 

[243] Pansare, S. V.; Paul, E. K., Synthesis of (+)-L-733,060, (+)-CP-99,994 and 

(2S,3R)-3-hydroxypipecolic acid: Application of an organocatalytic direct 

vinylogous aldol reaction. Org. & Biomol. Chem., 2012. 10, 2119-2125. 

[244] Ube, H.; Shimada, N.; Terada, M., Asymmetric direct vinylogous aldol 

reaction of furanone derivatives catalyzed by an axially chiral guanidine 

base. Angew. Chem. Int. Ed., 2010. 49, 1858-1861. 

[245] Pansare, S. V.; Paul, E. K., Organocatalytic asymmetric direct vinylogous 

aldol reactions of gamma-crotonolactone with aromatic aldehydes. Chem. 
Commun. 2011. 47, 1027-1029. 

 

 

 

Received: June 25, 2012          Revised: August 21, 2012                     Accepted: August 21, 2012 

 


	4-Figueiredo MS.doc


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




