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Abstract  

The strength of efficient metal-free catalysis will be examined in this 

thesis. Efforts towards more sustainable processes will be demonstrated 

through implementation of strategies that meet several of the 12 

principles of Green Chemistry.  

In the first part, a stereoselective total synthesis of multiple alkaloids 

from the Corynantheine and Ipecac families together with their non-

natural analogues will be disclosed. A highly efficient, common synthetic 

strategy is applied leading to high overall yields starting from easily 

available starting material. Overall operational simplicity and 

sustainability have been the main focus. Time-consuming and waste-

generating isolations and purifications of intermediates have been 

minimized, as well as the introduction of protection-group chemistry. 

Moreover, the first example of the total synthesis of 

Hydroxydihydrocorynantheol together with its non-natural epimer has 

been accomplished in multi-gram scale without protection groups and 

without a single isolation or purification step in high overall yield and 

diastereoselectivity.  

In the second part, carbocations will be presented as highly effective and 

versatile non-metal Lewis acid catalysts. Lewis acidity-tuning of 

carbocations will be introduced and applied in several reactions to 

suppress competing reactions. Finally, the broad scope of carbocation 

catalyzed transformations will be exposed.  

At large, evident progress has been made towards more sustainable 

chemistry.  

Keywords: Homogeneous catalysis, Organocatalysis, Green Chemistry, 

Total Synthesis, Alkaloids, Asymmetric Synthesis, Non-metal Lewis 

acids, Carbocations, Sustainability 
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”Catalysis is the ability of substances to awaken affinities, 

which are asleep at a particular temperature, by 

their mere presence and not by their own affinity”. 

 

Jöns Jacob Berzelius,  

Stockholm, 1835 

 

”Don’t you know that the idiots who write books in Germany will adopt his 

[Berzelius’] catalytic power without scrutinization and will teach it to our 

children because it [the catalytic power] is convenient and favors the 

laziness?”.1 

 

Justus von Liebig to Friedrich Wöhler,  

Gieen-Göttingen, 1837 

 
 

 

 

 

 

 

 

 

 

Till Vidar och Ärtan 

                                                           
1 Pracejus, H. Justus Liebigs Ann. Chem. 1960, 634, 9. 
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1. Introduction 
 

Organic synthesis is a field of chemical science based on the assembly of 

carbon-containing chemical compounds from simple starting materials, 

preferably in the most efficient way possible. Throughout the last 

centuries synthetic organic chemists have constructed molecules ranging 

from simple motifs such as urea (1.1) by Wöhler in 1828 and tropinone 

(1.2) by Robinson in 1917 to extremely complicated molecules like 

Ciguatoxin (1.3) by Hirama and co-workers.2,3,4 Moreover, synthetic 

organic chemists have provided the world with a plethora of vital 

medicines, materials, agrochemicals and in more recent years fascinating 

fields such as solar cells and organic electronics have evolved as a result 

of achievements made by synthetic chemists.5  

 

Figure 1. Achievements in total synthesis throughout the last centuries. 

1.2. Green Chemistry 

The backside of all these efforts is the large amount of waste created 

leading to rising levels of carbon dioxide emission as well as a polluted 

environment, the damaging of ecosystems, the extinction of organisms 

                                                           
2 Wöhler, F. Ann. Phys. Chem. 1828, 12, 253. 
3 Robinson, R. J. Chem. Soc. Trans. 1917, 111, 762. 
4 a) Inoue, M.; Miyazaki, K.; Ishihara, Y.; Tatami, A.; Ohnuma, Y.; Kawada, Y.; Komano, K.; 
Yamashita, S.; Lee, N.; Hirama, M. J. Am. Chem. Soc. 2006, 128, 9352. b) Inoue, M.; Miyazaki, K.; 
Uehara, H.; Maruyama, M.; Hirama, M. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 12013.   
5 Solomons, T.W.G.; Fryhle, C.B.; Snyder, S.A. Organic Chemistry, 11th Ed. (2014 John Wiley & 
Sons.) 
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and thereby to a serious danger for mankind.6 To suppress these fatal 

effects, chemists need to adapt more sustainable ways of designing 

syntheses and processes. It is of highest importance to design processes 

with high selectivity, high atom economy and with limited number of 

operational steps in order to minimize waste. In 1987, the Brundtland 

Commission defined sustainability as “development that meets the needs 

of the present without compromising the ability of future generations to 

meet their own needs”. 7 In 1998, Anastas and Warner came up with “The 

12 principles of Green Chemistry” in order to provide a guidance towards 

sustainability for the global chemical society.8 

 

Figure 2. The 12 Principles of Green Chemistry. 

These principles serve as a road map for chemists in the design of new 

synthetic routes and help in implementing sustainable thinking in the 

daily work for synthetic chemists in order to ensure that chemistry – the 

                                                           
6 Stafford-Smith, M.; Gaffney, O.; Rockström, J.; Öhman, M.C.; Shyamsundar, P.; Steffen, W.; Glaser, 
G. Kanie, N.; Noble, I.; Griggs, D. Nature, 2013, 495, 305.  
7   World Commission on Environment and Development. Our Common Future. (Oxford University 
Press: Oxford, 1987). 
8 Warner, J.; Anastas, P.  Green Chemistry: Theory and Practice (Oxford University Press: New York, 
1998).  
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central science of matter and energy – is used to create a sustainable 

society. 

1.3. Efficient Synthesis 

To enable difficult transformations one needs to overcome the activation 

energy barriers that hinder many reactions to take place. The addition of 

a catalyst can lower the activation energy barrier sufficiently enough to 

turn the reagents into the desired products. A catalyst will not be 

consumed after the reaction and can aid further transformation into 

products. Catalysis indeed serves as an important research area for 

empowering sustainability. Nevertheless, there is an ever-growing 

demand for the discovery of new and more efficient and versatile 

catalysts and catalytic systems aiding in the creation of highly efficient 

synthetic strategies.  

 

Figure 3. The strategy of cascade synthesis. 

It is not satisfactory only to perform a synthesis; the efficiency and atom 

economy (in an ideal chemical process, the amount of starting materials 

or reactants equals the amount of all products generated without any 

atom wasted) of the applied synthetic route is of highest importance. 9  

The main benefit of cascade reactions is the overall atom economy and 

efficiency. In a cascade reaction at least two reactions are carried out in 

a single operation under the same reaction conditions. This advantage is 

of highest importance with respect to the ever-growing demands from 

society to make the transition to more sustainable processes in both 

academic labs and at industrial scale. Employing a one pot/cascade 

strategy makes it possible to turn reactants into a target product without 

the isolation of intermediates which would create waste. 10 

Organocatalytic cascade reaction aided total synthesis is evidently a very 

                                                           
9 Trost, B. M. Angew. Chem. Int. Ed. Engl. 1995, 34, 259. 
10 Tietze, L. F.; Brasche, G.; Gericke, K. M. Domino Reactions in Organic Synthesis (Wiley-
VCH, 2006). 
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powerful tool to perform syntheses that meet many Green Chemistry 

principles, but it remains to be applied as a main concept in the 

construction of bioactive compounds at academic as well as at industrial 

scale. Efficient methods, that ease the building of large libraries of 

natural products and their analogues for screening of biological activity 

in medicinal chemistry, are of great importance. Again, as mentioned 

above, this needs to be done in a sustainable way, why high atom 

economy and low waste generation are of the highest importance.  

 

1.4. The Aim of This Thesis 

In this thesis, the power of efficient catalysis will be presented as 

integrated in total synthesis as well as in the development of highly 

efficient homogeneous catalysis.  

In the first part, a diastereodivergent, enantioselective and protection-

group free total synthesis of several important natural products 

belonging to the Corynantheine and Ipecac alkaloid families will be 

demonstrated. The strategy gives access to a score of different natural 

products and their non-natural analogues, starting from easily available 

achiral starting material.  The total synthesis strategy runs with very high 

overall efficiency and with minimal waste-generation achieved by the 

elimination of time-consuming and waste-generating isolations of 

intermediates and protection/de-protection steps. It serves as a fine 

example of the possibility to construct highly efficient, versatile and 

selective syntheses in a more sustainable manner.  

In the second part, carbocations will be presented as highly efficient 

Lewis acid catalysts. The utilization of carbocations in several different 

carbon-carbon bond-forming reactions, as well as the strength of 

introducing tunable properties to the carbocations, will be examined.   
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2. Highly Efficient Total Synthesis 

(Paper I) 

2.1. Introduction 

The organic chemical society has adapted the struggle towards more 

sustainable processes which has led to the design of catalytic processes 

with high efficiency and selectivity. This is partly a result of advances in 

the field of organocatalysis. Organocatalysis is described as the 

“acceleration of chemical reactions through the addition of a 

substoichiometric quantity of an organic compound”11.  It is today in 

parity with common homogeneous catalysis.12 The field of total synthesis 

has seen spectacular process over the last years owing to innovative 

strategies involving selective one pot/cascade reactions in the assembly 

of complex structural motifs. A cascade reaction (scheme 1) is defined as 

a consecutive series of intramolecular organic reactions proceeding via 

highly reactive intermediates. It allows the organic synthesis of complex 

multinuclear molecules from a single acyclic precursor. The benefit of a 

cascade reaction strategy is the avoidance of traditional stop-and-go 

synthesis, which is time-consuming, waste-generating and inefficient. 
Applying cascade strategies in total synthesis is indeed in accordance 

with the green chemistry principles. Despite the fact that organocatalytic 

reactions are truly powerful tools in the construction of complex 

structural motifs and molecules, their application in total synthesis 

remains fairly scarce.13 Moreover, many total syntheses where 

organocatalysis is the main key are target-specific and usually only allow 

the formation of a specific epimer of the target molecule. Based on earlier 

studies on proline-catalyzed cyclizations within our group we were 

curious on the possibility to create an efficient, general and 

                                                           
11 Dalko, P.I.; Moisan, L. Angew. Chem. Int. Ed. 2004, 43, 5138. Dalko, P.I.; Moisan, L. Angew. Chem. 
Int. Ed. 2001, 40, 3726. b) List, B. Adv. Synth. Catal. 2004, 346, 1021. 
12 a) Schaeffler, U.; Mahrwald, R. Chem. Eur. J. 2013, 19, 14346. b) Chen, J.S.; Nicolaou, K.C. Chem 

Soc Rev. 2009 38, 2993. Hajos, Z.G.; Parrish, D.R. J. Org. Chem., 1974, 39, 1615. 
13 a) Marques-Lopez, E.; Herrera, R.P.; Christmann, M. Nat. Prod. Rep., 2010, 27, 1138. b) Oelke, 

A.J.; France, D.J.; Hofmann, T.; Wuitschik, G.; Ley, S.V. Angew. Chem. Int. Ed. 2010, 49, 6139. a) 

Verkade, J.M.M.; van der Pijl, F.; Willems, M. M. J. H. P.; Quaedflieg, P. J. L.; van Delft, M.F.L.; 

Rutjes, F.P.J.T. J. Org. Chem. 2009, 74, 3207; b) Wanner, M.J.; Boots, R.N.A.; Eradus, B.; de Gelder, 

R.; van Maarseveen, J.H.; Hiemstra, H. Org. Lett. 2009, 11, 2579; c) Mergott, D. J. Zuend, S.J.; 

Jacobsen, E.N. Org. Lett. 2008, 10, 745. 
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stereoconvergent synthetic strategy that would lead to an enantio- and 

diastereoselective formation of alkaloids related by a common skeleton.14 

2.1.1. One-Pot/Cascade Reactions in Total Synthesis 

Cascade reactions are the fundamental principles of biosynthesis and 

intense studies on chemical reactions in nature, such as the well-known 

polyene cyclization of squalene (2.1) to the cholesterol precursor 

lanosterol (2.2) (Scheme 1) have inspired organic chemists to transfer 

the atom economic and protecting-group-free syntheses that are 

prevalent in nature to the chemistry laboratories.15 

 

Scheme 1. The enzymatic polyene cyclization of squalene to lanosterol. 

The first known successful total synthesis that included an 

organocatalytic cascade reaction as the key step, was the synthesis of 

tropinone (1.2) by Robinson in 1917. More recently, in 1998, Terashima 

and coworkers constructed the main skeleton (2.6) of the target 

compound (−)-huperzine A (2.10) via an organocatalyzed Michael/aldol 

cascade reaction sequence from methacrolein (2.3) and -ketoester 2.4 

in the presence of 1 equivalent of the chiral base (-)-cinchonidine (2.5). 

The target compound (2.7) shows promising activities as a drug for the 

treatment of Alzheimer's disease (Scheme 2).16 This synthesis is 

considered as the first modern example of an organocatalytic cascade 

total_synthesis. 

                                                           
13   a) Zhang, W.; Franzén, J.; Adv. Synth. Cat. 2010, 352, 499. b) Fischer, A.; Franzén, J.; Angew. 
Chem. Int. Ed. 2009, 48, 787.  
15 a) Yoder, R.A.; Johnston, J.N. Chem. Rev. 2005, 105, 4730. b) Biochemistry, Second Ed.; Mathews, 
C.K.; Van Holde, K.E. (The Benjamin/Cummings Publishing Company Inc. 1996). c) Asymmetric 
Synthesis of Natural Products; Koskinen, A.; John Wiley & Sons Ltd: 1993.  

16 a) Kaneko, S., Yoshino, T., Katoh, T.; Terashima, S. Tetrahedron 1998, 54, 5471. b) Kaneko, S., 

Nakajima, N.; Shikano, M.; Katoh, T. & Terashima, S. Tetrahedron 1998, 54, 5485.  
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Scheme 2. Construction of huperzine via a one-pot cascade reaction. 

 MacMillan and co-workers recently used an elegant catalytic, 

stereodivergent and enantioselective organocascade strategy, inspired by 

the biosynthesis of Strychnos alkaloids, to construct several members of 

the Strychnos, Aspidosperma and Kopsia alkaloid families. A Diels-

Alder reaction between indole derivative 2.8 and propynal (2.10) in the 

presence of 2nd generation MacMillan catalyst 2.09 followed by -

elimination and amine conjugate addition, furnished the general 

tetracyclic core 2.11. This common intermediate led to the access of 

several intriguing alkaloids from the Strychnos, Aspidosperma and 

Kopsia family, such as (-)-strychnine (2.12), (+)-akuammicine (2.13) 

and kopsinine (2.14) via additional organocatalytic transformations 

(Scheme 3).17 Later, MacMillan has shown that this methodology can be 

extended to also include -unsaturated ketones.18 

                                                           
17 Jones, S.B.; Simmons, B.; Mastracchio, A.; MacMillan, D.W.C. Nature 2011, 475 183. 

18 Laforteza, B.; Pickworth, M.; MacMillan, D.W.C. Angew. Chem. Int. Ed. 2013, 52, 11269. 
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Scheme 3. Organocascade strategy for the construction of key tetracycle 

leading to several alkaloids. 

Another pioneering example of organocatalytic one-pot cascade 

reactions in total synthesis from the MacMillan group is the construction 

of the important intermediate 2.18 in the highly efficient total synthesis 

of (-)-Aromadendranediol (2.19). The key step of the total synthesis 

consists of a remarkably selective one-pot three-catalyst-combination 

cascade (Scheme 4). First, cross-metathesis of 2.15 and 2.16 in the 

presence of 2nd generation Grubb’s catalyst resulted in a keto aldehyde 

which in the presence of furan 2.17 and MacMillan 2nd generation 

catalyst prompted conjugate addition to the unsaturated aldehyde. 

Finally, addition of a third catalyst, (S)-proline, mediated intramolecular 

aldol condensation to the target intermediate lactone 2.18. The lactone 

was then easily transformed to (-)-Aromadendranediol in a few 

additional steps.19 

 

Scheme 4. Highly efficient total synthesis of (-)-Aromadendranediol. 

Ley and coworkers developed a one-pot procedure for the 

enantioselective synthesis of 3,6-dihydropyridazines from achiral 

                                                           
19 Simmons, B.; Walji, A.M.; MacMillan, D.W.C. Angew. Chem. Int. Ed. 2009, 48, 4349. 
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aldehydes and ketones using the chiral tetrazole catalyst 2.22 in the 

presence of a vinylic phosphonium salt. These pyridazines were then 

elegantly converted to the naturally occuring anti-tumor agent 

Chloptosin 2.26, consisting of two hexapeptide units with non-

proteogenic amino acids in 4% overall yield over 36 steps.20  

 

Scheme 5. Highly efficient total synthesis of anti-tumor agent Chloptosin. 

Hayashi and coworkers achieved a beautiful gram-scale one-pot 

sequential synthesis of well-known avian flu-contraceptive (-)-

oseltamivir (Tamiflu™) without evaporation or solvent exchange in 

remarkable 57% overall yield over nine steps over the course of three days 

with an asymmetric Michael addition and subsequent acid-catalyzed 

annulation as the key step. Another key step in this strategy is a Curtius 

                                                           
20 Oelke, A.J.; France, D.J.; Hofmann, T.; Wuitschik, G.; Ley; S.V. Angew. Chem. Int. Ed. 2010, 49, 
6139. 
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rearrangement run at room temperature – a very important feature for 

implementation on large scale due to a much lower explosion risk.21  

 

Scheme 6. One-pot total synthesis of Tamiflu®. 

These types of strategies allow for the easy altering of functional groups 

in the target molecules and are therefore of high importance in drug 

synthesis since the construction of libraries is facilitated, which is 

important in the battle against drug-resistance in mutated strains of 

various diseases, like the avian flu in the latter case.  List and 

Michrowska disclosed the total synthesis of the molluscicide 

furanosesquiterpene (+)-Ricciocarpin A and analogous compounds. 

This synthetic approach is based on an imidazolidinone catalyzed 

iminium–enamine cascade reaction followed by a samarium 

triisopropoxide-promoted epimerization–Evans–Tishchenko reaction 

                                                           
21 Ishikawa, H.; Suzuki, T.; Hayashi, Y. Angew. Chem. Int. Ed. 2009, 48, 1304. 
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combined with a Lewis-acid-promoted one-pot cascade sequence.22 

 
Scheme 7. One-pot/cascade strategy in the total synthesis of anti-molluscicide 
Ricciocarpin. 

 Despite these selected successful examples, organocatalytic cascade 

reactions remain scarcely used as key steps in total synthesis although 

the number is slowly growing.23 The main benefit of cascade reactions is 

the overall atom economy and efficiency. This is of highest importance 

for chemists with respect to the ever-growing demands from society to 

make the transition to more sustainable processes in both academic labs 

and at industrial scale. Organocatalytic cascade reaction aided total 

synthesis is evidently a very powerful tool to produce syntheses that meet 

many Green Chemistry principles, but it remains to be applied as a main 

concept in the construction of bioactive compounds at academic as well 

as at industrial scale. Efficient methods, that facilitate the construction 

of large libraries of natural products and their analogues for screening of 

biological activity in medicinal chemistry, are of great importance. 

Moreover, as mentioned above, this needs to be done in a sustainable 

manner, why high atom economy and low waste generation are of highest 

importance.  

 

 

 

 

                                                           
22 Michrowska, A.; List, B. Nature Chem. 2009, 1, 225.   
23 Grondal, C.; Jeanty, M.; Enders, D. Nature Chem. 2010, 2, 167.  

 

http://www.nature.com/nchem/journal/v2/n3/abs/nchem.539.html#auth-1
http://www.nature.com/nchem/journal/v2/n3/abs/nchem.539.html#auth-2
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2.2. Efficient Synthesis of Corynantheine and Ipecac Alkaloids 

 

 

Scheme 8. Diastereodivergent strategy towards the synthesis of 

Dihydrocorynantheine and Hirsutine. 

Earlier work within our group led to the development of a one-pot 
stereoselective proline-catalyzed N-acyliminium ion cyclization with 
some control of the formation of both diastereomers of the quinolizidine 
main skeleton (Scheme 8) 8. Controlling the formation of the ring-
junction stereocenter gives the possibility to obtain all members of the 
Corynantheine and Ipecac families.24 The Corynantheine alkaloids show 
a myriad of biological activities, such as antiviral, anti-inflammatory, 
antiarthritic, antibacterial, analgesic and antiallergenic activity. 
Members of the Ipecac alkaloid families exhibit remarkable activity 
against several cancer-cell lines, protozoa and certain amobae and have 
been shown to inhibit HIV reverse-transcriptase as well as protein 
synthesis.25 Even though these alkaloids can be synthesized, selective 
access to the desired epimers of the quinolizidine alkaloids has been 
cumbersome due to low diastereoselectivity and has therefore been a 
bottleneck in the total synthesis of these natural products.26 

 

                                                           
24 a) Masumiya, H.; Saitoh, T.; Tanaka, Y.; Horie, S.; Aimi, N.; Takayama, H.; Tanaka, H.; Shigenobu, 
K. Life Sci. 1999, 65, 2333. b) Wu,X.;  Dai, X.; Nie, L.; Fang, H.; Chen, J.; Ren, Z.; Cao, W.; Zhao, G. 
Chem. Comm. 2010, 46, 2733. c) Muratore, M.E.; Holloway, C.; Pilling, C.A.; Storer, R.I.;  Trevitt, G.; 
Dixon, D.J. J. Am. Chem. Soc. 2009, 131, 10796. d) Jiang, J.; Qing, J.; Gong, L.-Z. Chem. Eur. J. 
2009, 15, 7031. e) Raheem, I. T.; Thiara, P. S.; Jacobsen, E. N. Org. Lett. 2008,10, 1577. f) Raheem, 
I.T.; Thiara, P.S.; Peterson, A.E.; Jacobsen, E.N. J. Am. Chem. Soc. 2007, 129, 13404.  
25 Michael, J.P. Nat. Prod. Rep., 2008, 25, 139. 
26 a) Yokoya, M.; Miyauchi, K.; Nagata, K.; Ohsawa, A.; Itoh, T. Org. Lett. 2006, 8, 1533. b) Tang, 
P.C.; Casey, M.; Goodman, B.; Toyota, M.; Stork, G. J. Am. Chem. Soc. 2005, 127, 16255.  
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Figure 4. Numbering and naming of the quinolizidine skeleton. 
 

 
Figure 5. Corynantheine and Ipecac alkaloids. 

We were keen on exploring the possibility to overcome these issues by 

applying an approach based on earlier results in the group that indicated 

a possibility to also control the diastereoselectivity. This led us to believe 

that a common synthetic route for quinolizidines could indeed be 

realized, given the right strategy, which should be designed in such a way 
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that a few synthetic operations carried out on different intermediates will 

lead to the desired alkaloids with correct absolute and relative 

stereochemistry. Moreover, we were determined to focus on overall 

efficiency of the synthetic route by trying to carry out the key reactions in 

an organocatalyzed one-pot cascade/tandem reaction. Another goal was 

avoiding the use of protecting groups and minimizing purification by 

chromatography, a strategy superior to traditional stop-and-go 

synthesis, enabling higher overall yields and the allowance for 

quantitative preparation of these important alkaloids. A continuous and 

diverse setup like this is important when striving towards greener 

processes at both small and large scale synthesis since it includes many 

of the 12 principles of green chemistry.27 

2.2.1. One-Pot Stereoselective Construction of the Quinolizidine 

Skeleton 

Based on the aforementioned results we envisioned that the acid-

controlled diastereomeric switch in the N-acyliminium ion cyclization 

would lead to two parallel synthetic routes to the different alkaloids in 

both the Corynantheine and Ipecac families by selective formation of the 

main -B and -B epimers followed by further diastereodivergent 

transformations to desired epimers and additional, non-natural 

analogues (Scheme 9). However, the reaction is limited to 

amidomalonates and cinnamic aldehydes whereas alkylic ,-

unsaturated aldehydes only led to decomposition of the aldehydes, 

probably due to the unstability of the alkylic aldehydes in combinations 

with the modest nucleophilicity of the amidomalonates. This obviously is 

a drastic limitation in the potential use of this reaction as the key tool in 

the total synthesis of the quinolizidine alkaloids. To overcome this 

problem we anticipated that more nucleophilic -ketoamides could be 

successful in the asymmetric conjugate addition to alkylic ,-

unsaturated aldehydes. 28,29 A retrosynthetic analysis led to the strategy 

                                                           
27 Mendoza, A.; Ishihara, Y.; Baran, P.S. Nature Chem., 2010, 4, 21.  
28 a) Erkkilä, A.; Majander, I.; Pihko, P.M. Chem. Rev. 2007, 107, 5416. b) Vicario, J. L.; Badía, D.; 
Carillo, L. Synthesis 2007, 2065. c) Almasi, D.; Alonso, D. A.; Nájera, C. Tetrahedron: Asymmetry 
2007, 18, 299. d) Tsogoeva, S. B. Eur. J. Org. Chem. 2007, 1701. e) Valero, G.; Schimer, J.; 
Cisarova, I.; Vesely, J.; Moyano, A.; Rios, R. Tetrahedron Lett. 2009, 50, 1943. 
29 a) Wu, X.; Dai, X.; Nie, L. Fang, H. Chen, J. Ren, Z. Cao, W. Zhao, G. Chem. Comm. 2010, 46, 
2733. b) Muratore, M.E.; Holloway, C.A.: Pilling, A.V.; Storer, R.I.; Trevitt, G.; Dixon, D.J. J. Am. 
Chem. Soc. 2009, 131, 10796. c) Jiang, J.; Qing, J.; Gong, L-Z. Chem. Eur. J. 2009, 15, 7031. d) 
Raheem, I.T.; Thiara, P.S.; Jacobsen, E.N. Org. Lett. 2008,10,1577. e) Raheem, I.T.; Thiara, P.S.; 
Peterson, A.E.; Jacobsen, E.N. J. Am. Chem. Soc. 2007, 129, 13404.   
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depicted in Scheme 9. Epimers -trans-A and -cis-A could be 

obtained via a diastereodivergent hydrolysis of enol ether -B.  

 

 

Scheme 9. Retrosynthetic analysis. 

Annulation product C is obtained from the conjugate addition of acrolein 

and -ketoamide followed by concomitant annulation of the free 



   17 

hydroxyl-group from the aldehyde and the ketone, giving the enol ether 

moiety and amide attack on the aldehyde carbonyl. 30 

The -unsaturated aldehyde 2.57 was prepared in nearly quantitative 

yield via the cross-metathesis of 3-butenol 2.58 and acroleine (2.59) in 

the presence of only 0.7% Grubbs 2nd generation catalyst. -Ketoamides 

2.62a-c were accessed through the condensation of tert-butyl 

acetoacetate with the corresponding 2-arylethaneamine (Scheme 10).  

 

Scheme 10. Preparation of starting material. 

Satisfyingly, we found that the -ketoamides and the unsaturated 

aldehydes could be smoothly converted to the corresponding Michael 

adducts in presence of O‐TMS‐α,α‐diphenyl‐(R)‐prolinol catalyst 2.40. 

A white precipitate formed which indicated full conversion to the 

conjugate adduct as confirmed by 1H-NMR analysis. Interestingly, 1H-

NMR analysis of the precipitate also revealed the formation of a 

diastereomeric mixture of lactols 2.65a-c (Scheme 11). 

                                                           
30 a) Royer, J.; Bonin, M.; Micouin, L. Chem. Rev. 2004, 104, 2311. b) Fisher, A.; Franzén, J. Angew. 

Chem. 2009, 121, 801; Angew. Chem. Int. Ed. 2009, 48, 787. c) Zhang, W.; Franzén, J. Adv. Synth. 
Catal. 2010, 352, 499. 
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Treatment of a crude reaction mixture of the lactols with trifluoroacetic 

acid gave a 1:1 mixture of the two ring-junction isomers  and  in good 

yields and high enantioselectivity in a two-step one-pot process.  

 

Scheme 11. Conjugate addition, lactol formation and N-acyliminium 
cyclization. 

Acid addition to the lactols 2.65a-c initiates a cascade reaction 

consisting of lactol ring opening, enol ether formation, hemiaminal 

formation and acid-catalyzed elimination to give N-acyliminium ions 

2.66a-c, which cyclizes to give a diastereomeric mixture of -2.67a-

c, in varying ratios (Scheme 11). Several groups have demonstrated that 

N-acyliminium ion cyclization reactions are under kinetic control.31 

Through examination of the anticipated transition states of the 

cyclization we reasoned that the kinetically favored epimer should be 

formed through aryl addition from the Si-face and the thermodynamic 

epimer from the Re-face (Scheme 12). We reasoned that 

diastereoselectivity could be further enhanced by applying the correct 

acidic conditions and thus screened a score of different acidic conditions 

for the one-pot cascade.  

                                                           
31 a) McComsey, D.F.; Duhl-Emswiler, B.A.; Maryanoff, B.E. J. Org. Chem. 1983, 48, 5062. b) 
Nagasawa, H.; Fuji, K.; Node, M. J. Am. Chem. Soc. 1987, 109, 7901. c) Berner, M.; Tolvanen, A.; 
Lounasmaa, M. Heterocycles 1998, 48, 1275. 
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2.2.2. Optimization of Acidic Conditions for Diastereomeric Control 

Finding diastereoselectivity-tuning conditions turned out to be rather 

challenging but after thorough screening of acidic conditions we were 

pleased to find that the desired diastereomeric switch in the formation of 

the ring-junction epimers -2.67 and -2.67 could indeed be realized 

with satisfying selectivity (Table 1). 

 

[a] A solution of aldehyde 2.57 (1.2 equiv.), amide 2.62a (1 equiv.) and catalyst 2.40 (20 

mol %) in dichloromethane (1 M) was stirred at room temperature. After full conversion of 

2.62a, the given acid was added to the reaction mixture at the given temperature. [b] 

Determined by 1H NMR spectroscopy on the crude reaction. 

 

 

 

 

 

Table 1. Optimization [a] of acidic conditions for indolo[2,3-a]quinolizidine. 

Entry Acid Equiv. T [oC] Time  
[h] 

dr [12b--2.67a: 

12b--2.67a] [b] 
1 HCl 0.4 -78RT 16 1:1.5 
2 TFA excess reflux 16 4:1 
3 H3PO4 excess RT 5 6.2:1 
4 AcCl 10 RT 16 >10:1 
5 AcCl 1 -78RT 16 1:2.1 
6 BzCl 1.2 -78RT 16 1:4 
7 BzCl 1.2 RT 16 1:1.5 
8 PivCl 1.2 RT 16 2.7:1 
9 Et3O.BF4 3 -78RT 16 1:1 
10 Ac2O excess RT 16 Complex mixture  
11 Tf2O 3 -78RT 16 1:2.3 

12 SnCl4 2   RT 5 1:1 
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Treating lactol 2.65a with ten equivalents of AcCl at room temperature 

resulted in the formation of a precipitate that turned out to be exclusively 

the thermodynamically favored epimer 12b--2.67a. The addition of 

BzCl to lactol 2.65a, resulted in the formation of the kinetically favored 

isomer 12b--2.67a and hence a diastereomeric switch was established 

(Scheme 12). Further, we found that when treating the kinetic epimer 

with TFA and heating the mixture to reflux, a diastereomeric ratio of 

85:15 in favor of the thermodynamic epimer was formed. The same ratio 

was obtained when the thermodynamic epimer was heated under the 

same conditions (Scheme 13).  

 

Scheme 13. Thermodynamic equilibrium. 

Since AcCl gives a ratio of >95:5 in favor of the thermodynamically 

favored epimer, we concluded that the N-acyliminium cyclization is not 

under thermodynamic control under these reaction conditions. Rather, 

it seems likely that the exclusive formation of the thermodynamic epimer 

is dependent on the precipitation of the thermodynamic epimer from 

solution during the course of the reaction. Unsatisfyingly, the optimized 
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acidic conditions for the formation of the indoloquinolizidine substrate 

could not be directly applied for the selective cyclization to benzo[2,3-

a]quinolizidine or the thieno[3,2-a]quinolizidines. Finding the optimal 

acidic conditions turned out to be difficult for both of the latter substrates 

and again most attempts resulted in near 1:1 mixtures of both epimers. 

Nevertheless, extensive acid screening revealed Et3O.BF4 to be the 

optimal acid for the moderately selective formation of the 

thermodynamic epimer in favor of the kinetic epimer for both the benzo- 

and the thienoquinolizidines (Table 2, entry 5 and Table 3, entry 6). Acids 

favoring the formation of the kinetic epimer of the benzo- and 

thienoquinolizidines were found to be SnCl4 and benzoyl chloride, 

respectively (Table 2, entries 6 and 7). We have not been able to detect 

any clear trend from these extensive screenings of acidic conditions for 

the N-acyliminium ion cyclization and therefore we do not know the 

exact role of the acids regarding the selectivity.  

Table 2. Optimization[a] of acidic conditions for benzo[2,3-a]quinolizidines.  

 

[a] A solution of aldehyde 2.57 (1.2 equiv.), amide 2.62b (1 equiv.) and catalyst 2.40 (20 

mol %) in dichloromethane (1 M) was stirred at room temperature. After full conversion of 

2.62b, the given acid was added to the reaction mixture at the given temperature. [b] 

Determined by 1H NMR spectroscopy on the crude reaction. 

 

 

Entry Acid Equiv. T [oC] Time 
[h] 

dr [11b--2.67b: 

11b 2.67b[b] 
1 TFA Exc. -20 16 1:1.2 
2 HCl 1.5 -78RT 16 1:1.8 

3 AcCl 10 RT 16 1:1 
4 MsCl Exc. RT 16 n.r. 
5 TMSOTf 2 RT 16 1:4 
6 Et3O.BF4 3 -78RT 16 2.3:1 

7 SnCl4 1.5 RT 5 1:4 
8 TiCl4 13 RT 16 1:2 
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Table 3. Optimization[a] of acidic conditions for thieno[3,2-a]quinolizidines.

  

Entry Acid Equiv. T [oC] Time [h] dr [10b--2.67c: 

10b--2.67c] [b] 
1 HCl 0.4 -78 RT 16 1:2 

2 TFA Exc. RT 4 1.3:1 
3 TMSOTf 2 RT 12 1:1.4 
4 SnCl4 5 RT 12 1:2 
5 Et3O.BF4 3 RT 12 2:1 
6 BzCl 1.2 -78 RT 12 1:1.8 
7 BzCl Exc. RT 12 1:2 
8 AcCl 10 -78 RT 12 1:1.4 

9 AcCl 10 RT 12 1:1.5 
[a] A solution of aldehyde 2.57 (1.2 equiv.), amide 2.62c (1 equiv.) and catalyst 2.40 (20 
mol%) in dichloromethane (1 M) was stirred at room temperature. After full conversion of 

2.62c, the given acid was added to the reaction mixture at the given temperature. [b] 

Determined by 1H NMR spectroscopy on the crude reaction mixture. 

2.2.3. Highly Efficient Synthetic Route to Common Precursor of 

Corynantheine and Ipecac Alkaloids  

After having established an efficient and stereoselective method for the 

preparation of the quinolizidine skeleton, we focused on reduction of the 

amide moiety to the corresponding amine in order to proceed towards 

the desired natural products. After some screening of reductive 

conditions it was found that modified Borch conditions, i.e. Et3OBF4 and 

sodium borohydride in the presence of di-tertbutylpyridine (DBPy) with 

methanol as solvent, smoothly converted a crude mixture of the tertiary 

amide to the corresponding amine in good yield.32 Interestingly, when 

using pyridine or 2,6-lutidine as the base, no conversion was observed. 

The role of DBpy in this reaction remains unclear, although it seems 

likely that the highly sterically hindered DBPy might not be alkylated by 

                                                           
32 a) Bloom, J.D.; Walters, P.; Sundberg, R.J. J. Org. Chem. 1981, 46, 3730. b) Klein, P.; Raucher, S. 

Tetrahedron Lett. 1980, 21, 4061. c) Shannon, P.J.; Kuehne, M.E. J. Org. Chem. 1972, 42, 2082. d) 

Borch, R.F. Tetrahedron Lett. 1968, 9, 61. 
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Et3O.BF4 thus leaving the reagent untouched and available for the amide 

reduction. We sought to separate the unwanted ring-junction 

diastereomer as early as possible in the reaction sequence. Separation of 

the amides formed after the one-pot cascade was tidy but luckily we 

found that the corresponding amines obtained by reduction were easy to 

separate by flash chromatography. Satisfyingly, this makes it possible to 

perform the separation of the diastereomers and the first qualitative 

purification in the same step. This is in accordance with our efforts to 

limit the number of isolation steps and purification in order to create an 

efficient methodology. At this point we needed to carry out a ring-

opening of the dihydropyran moiety allowing for selective formation of 

the final stereocenter. It was found that treatment of the amines with 2 

M HCl (aq):THF (1:3) at room temperature led to the exclusive formation 

of the 10-12--trans-2.69a-c (Table 4, entries 1, 4, 7). 

Table 4. Diastereodivergent enol ether hydrolysis[a].  

 

[a] Compound 2.67 was dissolved in 2 M HCl(aq):THF (1:3 c=0.1 M) at the given 

temperature. [b] Determined by 1H NMR spectroscopy on the crude reaction mixture. 

We assume that the selective formation of the product with this 

configuration is due to the thermodynamic stability of the all-equatorial 

Entry Ar Starting 
material 

T[OC] Ratio[b] 
trans:cis 

Product 

1 
 
2 
 
3 
 

 
 

-2.68a 
 
-2.68a 
 
-2.68a 

RT 
 
65 
 
0 

>95:5 
 
83:17 
 
20:80 

-trans-
2.69a 
-trans-
2.69a 
-cis-2.69a 

4 
 
5 
 
6 

 
 

-2.68b 
 
-2.68b 
 
-2.68b 

RT 
 
65 
 
0 

>95:5 
 
71:29 
 
<5:95 

-trans-
2.69b 
-trans-
2.69b 
-cis-2.69b 

7 
 
8 
 
9 

 

 
 

-2.68c 
 

-2.68c 
 

-2.68c 

RT 
 
65 
 
0 

>95:5 
 
72:28 
 
5:95 

-trans-
2.69c 

-trans-
2.69c 

-cis-2.69c 
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quinolizidine structure. Attempts to form the -cis isomers failed 

completely. Nevertheless, the -epimers turned out to be under kinetic 

and thermodynamic control and it was found that treatment of the -

epimers with 2 M HCl (aq.):THF (1:3) at room temperature led to the 

formation of a 2:1 mixture in favor of the -cis isomers. Performing the 

ring opening at 0 oC leads to the exclusive formation of the -cis isomers 

of the dimethoxybenzo- and the thienoquinolizidine series whereas the 

indoloquinolizidines were obtained in a 4:1 ratio in favor of the -cis 

isomer (Table 3, entries 3, 6, 9). Moreover, we discovered that the ring-

opening conceded with high trans-selectivity for all derivatives at 65 oC.  

 

Scheme 14. Diastereodivergent enol ether hydrolysis. 

The -trans isomers of the indoloquinolizidines were favored at a 5:1 

ratio whereas the -trans isomers of the benzo- and thienoquinolizidines 

were favored at a ratio of 5:2 at elevated temperatures (Table 3, entries 

2, 5, 8). We also investigated the possibility of epimerization of the -cis 

epimers and found that treatment with 2 M HCl (aq.) :THF (1:3) at 65 oC 

lead to the formation of the -trans-epimer at the same ratio as the 

original acid-catalyzed ring-opening of the -epimers. This strongly 

suggests that the -trans-epimer is the thermodynamically favored 

isomer (Scheme 14). The -cis and -trans epimers are also easily 

separated by flash chromatography. An extraction of the crude reaction 

mixture with dichloromethane followed by partial concentration 
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provided the lactols pure enough for the next reaction step. We reasoned 

that ring-opening should be possible by trapping the free hydroxyl-group 

of the open keto form of the lactol as an ester by addition of acetic 

anhydride to a dichloromethane-solution of the crude lactols. Indeed, the 

reaction proceeded smoothly in excess acetic anhydride at room 

temperature.  

 

Scheme 15. Synthetic route to alkaloid precursor hydrazones. 

The keto-esters 2.70a-c could be isolated by extraction with 

dichloromethane, although they turned out to be unstable over time, and 

therefore conversion of the keto group of a crude mixture of the keto 

esters to the more stable hydrazones was performed (Scheme 15).33 

Excess acetic anhydride was quenched with methanol resulting in a 3:1-

methanol:acetic acid solution of the crude keto-ester. Subsequent 

addition of tosyl hydrazide to this solution smoothly furnished the 

corresponding hydrazones 2.71a-c at room temperature.34 The 

hydrazones could easily be purified by flash chromatography and at this 

stage it was also possible to separate undesired isomers deriving from the 

enol ether hydration. All in all, the amines 2.68a-c could be converted 

to the corresponding hydrazones in good to excellent yields in three steps 

without any purification of intermediates except extraction. All reactions 

proceeded surprisingly cleanly without formation of byproducts. To 

further test the efficiency of the protocol, we performed the entire 

reaction sequence starting from -unsaturated aldehyde 2.57 and the 

-ketoamides 2.62a-b all the way to hydrazones 2.71a-b on multi-gram 

scale performing only one single chromatography step and were pleased 

                                                           
33 Xu, S.; Held, I.; Kempf, B.; Mayr, H.; Steglich, W.; Zipse, H. Chem. Eur. J. 

2005, 11, 4751. 
34 Chamberlin, A.R.; Liotta, E.L.; Bond, F.T. Org. Synth. 1983, 61, 141. 
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to find that 2.61 g 12b--trans-2.71a could be obtained in a single 

observable isomer in 63% overall yield over seven steps whereas 1.69 g 

11b--trans-2.71b and 11b--cis-2.71b could be obtained in 62% overall 

yield over seven steps in a 1:1 mixture of - and -isomers. 

2.2.4. Synthesis of Multiple Natural Products and their Non-Natural 

Analogues from Common Precursor Hydrazones 

With a successful route to the hydrazones in hand, we investigated the 

possibility of turning them into the Corynantheine and Ipecac natural 

products and their non-natural analogues. We identified full or partial 

reduction of the hydrazone moiety, with concomitant reduction of the 

acetate group to the corresponding hydroxyl group, as the key operation, 

since it would give rise to a score of the desired natural products and their 

non-natural analogues. To our pleasure, full reduction of all epimers of 

the benzoquinolizidine hydrazones could be achieved by reduction with 

DIBAL-H in dichloromethane at -78 oC after only 10 min (Scheme 16).35  

 

 

Scheme 16. Synthesis of natural products via a chemodivergent hydrazone 
reduction. 

The natural product (-)-Protoemetinol (11b--trans-2.44) was obtained 

in 92% yield (49% overall from -ketoamide 2.62b). The non-natural 

analogues (+)-3-epi-11b-epi-Protoemetinol (11b--cis-2.73b), and 3-

epi-Hirsutinol (12b--cis-2.73a), were also smoothly accessed (91%, 

47% overall) and (97%, 38% overall respectively), as well as the 

thienoquinolizidine (10b--trans-2.73c) (82%, 38% overall) (Figure 3). 

                                                           
35 Duncan, J.H.; Shapiro, R. Org. Synth. 1971, 51, 66. 
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Figure 3. Synthesized quinolizidine natural products and their non-natural 
analogues. 

The trans epimers of the benzo- and thienoquinolizidines as well as 

the -trans and -trans indoloquinolizidines were more troublesome to 

access with the same method. The same conditions only led to the 

formation of the intermediate hydrazine together with unidentified 

byproducts. Elevated temperature and prolonged reaction time (RT, 3 h) 

led to slow conversion of the intermediate hydrazine 2.72a-c to the 

product in very low yield. The intermediate tosylhydrazines turned out 

to be stable enough for isolation and upon heating (70 oC) collapsed into 

the product although in modest yield. The low reactivity could be due to 

unfavorable conformational constraints in these substrates. Instead we 

found that modified Borch conditions, i.e. NaBH3CN in the presence of 

three equivalents of HCl, smoothly transformed the slow-reacting 

hydrazones to the corresponding hydrazine intermediate 2.72a-c, which 

was isolated by extraction and subjected to heating (DMF, 100 oC, 45 

min) to collapse the hydrazine.36 Subsequent ester hydrolysis (KOH 

(aq.)/methanol/dichloromethane, room temperature, 2 h) furnished 

natural products (-)-Dihydrocorynantheol, 12b--trans-2.50, in 74% 

                                                           
36 a) Hutchins, R. O.; Milewski, C. A.; Maryanoff, B. E. J. Am. Chem. Soc. 1973, 95, 3662. b) Kabalka, 

G. W.; Baker, J. D., Jr. J. Org. Chem. 1975, 40, 1834. c) Kabalka, G. W.; Chandler, J. H. Synth. 

Commun. 1979, 9, 275. 



   28 

yield (46% overall) and (+)-Hirsutinol (12b--trans-2.55) in 75% yield 

(26% overall) (Scheme 16). The non-natural analogues (+)-11b-epi-

protoemetinol (11b—-trans-2.73b) 78% yield (27% overall) and 

thienoquinolizidine (10b--trans-2.73c) 68% yield (31% overall) were 

also obtained in the same manner. Further, we anticipated that Shapiro 

conditions could provide access to the C3-vinyl group by partial reduction 

of the hydrazone moiety.37 We were pleased to find that subjecting the 

hydrazones to n-BuLi in THF at ambient temperature, led to the 

formation of the vinyl group with simultaneous reduction of the acetyl 

group, giving rise to two reactions in one, further enhancing efficiency. 

The natural product (-)-Corynantheol (12b--trans-2.51) was obtained 

in 67% yield (42% overall) together with analogues 

Dehydroprotoemetinol, (11b--trans-2.74b) in 62% yield (33% overall), 

11b-epi-Dehydroprotoemetinol (11b--trans-2.74b) 65% yield (22% 

overall) and thienoquinolizidine (10b--trans-2.73c) 68% yield (31% 

overall).  

 

 

 

 

 

 

 

 

 

 

The naturally occurring alkaloids (-)-Dihydrocorynantheal (12b--trans-

2.53), (-)-Corynantheal (12b--trans-2.54) and (-)-Protoemetine (11b-

-trans-2.45) as well as the non-natural 10b--trans-2.75 were easily 

obtained by exposing the corresponding hydroxyquinolizidines to Dess-

                                                           
37 a) Capuano, L.A.; Buswell, R.L.; Kolonko, K.J.; Lipton, M.F.; Shapiro, R.H. Tetrahedron Lett. 1975, 
16, 1811. b) Heath, M.J.; Shapiro, R.H. J. Am. Chem. Soc. 1967, 89, 5734. 
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Martin periodinane in dichloromethane at room temperature (Scheme 

17).  

 

Scheme 17. Natural products synthesis. 

2.2.5. Formal Synthesis of Several Natural Products 

(-)-Protoemetine is a key intermediate in the biosynthesis of several 

important natural products38, such as (-)-Emetine,39 (-)-Cephaeline,40  

(-)-Tubulosine41 and (-)-Deoxytubulosine42 through a Pictet-Spengler 

annulation at the aldehyde moiety in (-)-Protoemetine with 3,4-

dimethoxyphenylethylamine, O-methyldopamine, Serotonine and 

Tryptamine respectively (Scheme 18). 

                                                           
38 Eberhard, G.; Weygand, F. Angew. Chem. 1952, 64, 458. 
39 Take, L.; Kolonits, P.; Szántay, C. J. Org. Chem. 1966, 31, 1447.   
40 Harper, B.J.T., Battersby, A.R. J. Chem. Soc. 1959, 1748. 
41 Kalaus, G.; Szántay, C. Chem. Ber. 1969, 102, 2270. 
42 Venkatachalam, S.R.; Bhattacharya, R.K.; Rao, K.N. Anti-Cancer Drugs 1998, 9, 727. 
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Scheme 18. Formal synthesis of several natural products. 

Moreover, (-)-Dihydrocorynantheal (12b--trans-2.53) serves as a 

precursor to (+)-Dihydrocorynantheine (12b--trans-2.42). The latter 

alkaloid can be accessed from the aldehyde by Jones oxidation of in 

methanol followed by a formylation/methylation step (Scheme 18). 

Similarly, Hirsutinol (12b--trans-2.55) and Corynantheal 12b--trans-

2.54 should give rise to Hirsutine (12b--trans-2.43a) and 

Corynantheine 12b--trans-2.48 through the same protocol.43,44 

2.2.6. Purification- and Protecting Group-Free Total Synthesis  

To fully explore the efficiency of our protocol, we set out to test the 

possibility to synthesize a natural product completely without 

purification and protecting-groups. The naturally occurring alkaloid (-)-

(15S)-Hydroxydihydrocorynantheol, 12b--trans-2.52a, isolated in 

1999 from endemic tree of Puerto Rico, Antirhea portoricensis 

                                                           
43 Koch, M.; Seguin, E. Helvetica Chim. Act. 1980, 63, 1335. 
44 a) Cook, J.M.; Berner, O.M. J. Am. Chem. Soc. 2000, 122, 7827. b) Meyers, A.I.; Beard, R.L. J. Org. 

Chem. 1991, 56, 2091.  
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(Rubiaceae) serves as a reasonable target for this purpose.45 We 

envisioned that the target compound could be obtained by reduction of 

lactol 12b--trans-2.69a (Scheme 19). 

 

Scheme 19. Purification- and protecting group-free total synthesis. 

The lactol was prepared without purification by the common protocol, 

dissolved in methanol:dichloromethane (1:1) and reduced with sodium 

borohydride. After 2 h at room temperature, an 81:19 mixture of diols 

was observed by 1H NMR but comparison with literature data revealed 

the major isomer to be the non-natural epimer (-)-(15R)-

Hydroxydihydrocorynantheol 12b--trans-2.52a. Instead, the ketone 

12b--trans-2.70a was prepared according to the established procedure 

and reduced with L-selectride in THF at room temperature, which led to 

the formation of the desired compound (-)-(15S)-

Hydroxydihydrocorynantheol 12b--trans-2.52a in 77:23 

                                                           
45 Anton, R.; Weniger, B. J. Nat. Prod. 1994, 57, 287. 
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diastereoselectivity and in a 50 % overall yield starting from -ketoamide 

2.62a. 

2.3. Conclusion 

In summary, we have developed a highly efficient protocol for the 

diastereodivergent and enantioselective, protection-group free total 

synthesis of several important natural products and their non-natural 

analogues, from easily available achiral starting material. The strategy 

gives easy and selective access to multiple members of the 

Corynantheine and Ipecac and alkaloid families and to their non-natural 

analogues. The main focus of this project has been the overall efficiency 

and minimization of waste raising from purification of intermediates in 

order to demonstrate the possibility to meet the demands for green 

chemistry. The strength of this strategy lies in the easily available starting 

material, the easily manageable operational protocols allowing multi-

gram synthesis, the selective access to different diastereomers through a 

diastereodivergent switch, limited number of synthetic operations, the 

complete lack of protection groups and the easy access to non-natural 

analogues of known biologically active alkaloids. This strategy serves as 

an example of the possibility to meet demands of more effective synthesis 

at both academic and industrial scale in order to meet growing demands 

of more sustainable processes for the future.  
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3. Carbocations as Highly Effective Lewis Acid Catalysts 
(Papers II and III). 

3.1 Introduction 

Lewis acid catalysis has increased dramatically throughout the last 

decades.  A majority of Lewis acid catalysts used in synthesis are based 

on metals such as lithium, boron, zinc, aluminum, tin, magnesium, 

titanium and iron.46 However, non-metal Lewis acids such as carbenium 

and phosphonium ions are well known as strong Lewis acids, although 

remarkably rarely used in catalysis regarding their high potential as 

environmentally benign alternatives to the established metal-based 

Lewis acids which suffer from high net costs, price fluctuations as well as 

toxic properties.47 Traditionally, the carbocation has been considered 

merely as a highly reactive reaction intermediate. This is taught from 

elementary level and is somewhat deluding, since carbocations can 

indeed be stabilized enough to be isolated without employing inert 

conditions.48 Olah has shown that sufficiently stabilized carbocations can 

actually be kept in aqueous solution.49 Mayr has studied carbocations 

intensively and developed a reactivity/stability scale of 1021 orders of 

magnitude towards nucleophilic attack on trityl carbocations depending 

on the substitution pattern of the carbocation (Scheme 20). 50  

 

Scheme 20. Tuning of the Lewis acidity of trityl cations. 

                                                           
46 Yamamoto, H. Lewis Acids in Organic Synthesis (Wiley-VCH, Weinheim, 2000). 
47 a) Gabbaï, F. Science 2013, 341, 3148. b) Junge, K.; Beller, M.; Enthaler, S. Angew. Chem, Int. Ed. 
2008, 120, 3363. c) Sereda, O.; Tabassum, S.; Wilhelm, R. Top. Curr. Chem. 2010, 291, 349. 
48 Clayden, J.; Greeves, N.; Warren, S. Organic Chemistry, 2nd ed., (UniversityPress, Oxford, 2012).  
49 Schleyer, P.v.R.; Prakash, G.K.S. Stable Carbocation Chemistry (Wiley, Hoboken, 
2004.) 
50 Horn, M.; Mayr, H. J. Phys. Org. Chem. 2012, 25, 979 (and references therein). 
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These qualities open up for exceptional possibilities for tuning 
reactivity/Lewis acidity compared to traditional metal-based Lewis 
acids. The first example of carbocations used as Lewis acid catalysts is 
from the Mukayiama group who successfully employed trityl salts as 
catalysts in the Mukayiama aldol reaction, Sakurai allylation and Michael 

addition of silyl enol ethers to -unsaturated ketones (Scheme 21). The 
expected catalytic cycle involves the reaction of the carbocation with an 
aldehyde forming an oxonium ion with lowered LUMO of the 
electrophile enabling nucleophlic attack by the approaching silyl enol 
ether. Then the silyl group needs to be transferred to the aldolate position 
regenerating the trityl catalyst.51 An alternative pathway has been 
suggested, involving in situ formation of the trimethylsilylium ion which 
is a stronger Lewis acid. The silyl cation is suggested to take over the 
catalytic cycle suppressing trityl cation catalysis. This is consistent with 
the fact that the silyl cation is a powerful Lewis acid catalyst. For 
instance, trimethyltrifluoromethanesulfonate (TMSOTf) is commonly 
used as a Lewis acid in organic synthesis. Formation of a Brønsted acid 
being responsible for the catalysis was also suggested (Scheme 21).  
 

 

Scheme 21. Silyl cation catalysis 

Denmark and co-workers conducted a study of the kinetics on the 

mechanism and found some support for the carbocation being the active 

catalyst, although these findings were opposed by results obtained by 

                                                           
51 a) Kobayashi, S.; Shoda, S-I.; Mukaiyama, T.A. Chem. Lett. 1984, 907. b) Kobayashi, S.; Shoda, S-
I.; Mukaiyama, T.A.  Chem. Lett. 1984, 1529. c) Ohshima, M.: Murakami, M.; Mukaiyama, T.A. Chem. 
Lett. 1985, 1871. d) Yanagisawa, M.; Mukaiyama, T.A. Chem. Lett. 2001, 224. e) Kobayashi, S.; 
Murakami, M.; Mukaiyama, T.A. Chem. Lett. 1984, 1759. f) Kobayashi, S.; Murakami, M.; Mukaiyama, 
T.A. Chem. Lett. 1985, 447. g) Kobayashi, S.; Murakami, M.; Mukaiyama, T.A., Chem. Lett. 1985, 
1535. h) Kobayashi, S.; Matsui, T.; Mukaiyama, T.A., Chem. Lett. 1988, 1491. i) Akamatsu, H.; Han, 
J.S.; Mukaiyama, T.A. Chem. Lett. 1990, 889. j), Nagaoka, H.; Murakami, M.; Ohshima, M.; 
Mukaiyama, T.A. Chem. Lett. 1985, 997. k) Kobayashi, S.; Murakami, M.; Mukaiyama, T.A. Chem. 
Lett. 1985, 953. l) Nicolas, C.; Lacour, J. Org. Lett. 2006, 8, 4343. 
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Bosnich, which excluded formation of a Brønsted acid but instead 

supported the silyl cationic pathway.52,53 Later, Chen and co-workers 

reported asymmetric induction (3-50 % ee) in a Mukayiama-aldol 

reaction in the presence of stoichiometric amounts of a C2-symmetric 

trityl carbocation (Scheme 22). 54 

 

Scheme 22. Attempts with chiral carbocation. 

However, catalytic amounts of the trityl cation failed to provide the aldol 

adduct in enantiomeric excess, enhancing the theory of the silyl cation 

being the active catalyst under these conditions. To exclude formation of 

the silyl cation in the Mukayiama aldol reaction, Mukaiyama 

demonstrated that employing vinylacetate instead of silyl enol ether 

actually results in a smooth conversion to the aldol adduct. These results 

suggests that the trityl cation is indeed responsible for the catalysis, 

although no control experiments to exclude formation of a Brønsted acid 

were undertaken (Scheme 23). 

 

Scheme 23. Attempts to exclude silyl cation formation. 

Kagan and co-workers attempted to use a chiral ferrocenyl carbocation 

3.11 to induce enantioselectivity in a Diels-Alder reaction only to 

discover that the catalyst broke down to the strong Brønsted acid TfOH 

which instead turned out to be the actual catalyst why no 

enantiodifferentiation was achieved (Scheme 24).55 

                                                           
52 Chen, C-T.; Denmark, S. Tetrahedron Lett. 1994, 35, 4327 
53 a) Hollis, T.K.; Bosnich, B. J. Am. Chem. Soc. 1995, 117, 4570. b) Latham, H.; Sammakia, T.; 
Tetrahedron Lett. 1995, 36, 6867. 
54 a), Chao, S-D.; Yen, K-C.; Chen, C-T. Synlett. 1998, 924; b) Chao, S.-D.; Yen, K.-C.; Chen, C.-H.; 
Chou, I.-C.; Hon, S.-W.; Chen, C-T. J. Am. Chem. Soc. 1997, 119, 11341. 
55 a) Riant, O.; Samuel, O.; Kagan, H.B. J. Am. Chem. Soc. 1993, 115, 5835. b) Brunner, A.; Taudien, 
S.; Riant, O.; Kagan, H.B. Chirality 1997, 9, 478; c) Taudien, S.; Riant, O.; Kagan, H.B. Tetrahedron 
Lett. 1995, 36, 3513. 
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Scheme 24. Chiral ferrocenyl carbocation in Diels-Alder. 

The results from these early attempts to use carbocations as Lewis acid 

catalysts are to a certain extent inconclusive. Nevertheless, there lies an 

enormous potential in the carbocations as catalysts if only the reaction 

conditions can be designed in a way that formation of competing Lewis 

or Brønsted acids can be excluded.  

3.2 Carbocations as Catalysts in the Diels-Alder Reaction 

Inspired by these previous investigations, we wanted to evaluate the 

possibility to design reaction conditions that would exclude the 

formation of any competing acids and identified the Diels-Alder reaction 

between -unsaturated aldehydes and dienes in the presence of 

catalytic amounts of the trityl cation as a suitable model reaction in order 

to minimize the risk of catalyst or substrate degradation leading to the 

formation of competing acids. 

 

 

Scheme 25. Catalytic cycle. 

We imagined a catalytic cycle in which the aldehyde interacts with the 

trityl cation giving the intermediate oxonium ion A, leading to a 

sufficient lowering of the LUMO of the aldehyde which allows reaction 

with the approaching diene to give intermediate B and finally catalyst 
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dissociation releasing product 3.13 and allowing the catalyst to re-enter 

the catalytic cycle (Scheme 25). Further, we wanted to evaluate 

possibilities of tuning the reactivity of the trityl catalyst by the 

introduction of substituents with different electronic properties. The 

reactivity of trityl cations has been studied in detail and it has been found 

that they can be stabilized enough to be handled in air and even in water 

solution.56 We were pleased to find that TrBF4 is an extremely efficient 

catalyst in the Diels-Alder reaction between acrolein and cyclohexadiene. 

0.5 mol % TrBF4 (3.1) was sufficient to obtain full conversion in 1 hour 

in dichloromethane at room temperature with full endo-selectivity and 

quantitative yield (Table 5, entry 3). The optimal catalyst loading was 

found to be 0.2 mol %, furnishing the endo-adduct in 94 % yield after 48 

h at room temperature (Table 5, entry 5).   

Table 5. Optimization of carbocation catalyzed Diels-Alder reactions [a]. 

 

Entry Catalyst Cat.load 

[mol %] 

Solvent Time 

[h] 

Conv. 

[%] 

Endo: 

Exo[b] 

Yield 

[%][c] 

1 Blank Blank CH2Cl2 72 0 -- -- 

2 TrBF4 0.5 CH2Cl2 1 100 100:0 Quant. 

3 TrBF4 0.2 CH2Cl2 48 100 100:0 94 

4 TrBF4 0.1 CH2Cl2 48 85 50:1 -- 

5 TrBF4 0.05 CH2Cl2 48 0 -- -- 

6 TrBF4 0.2 CH3CN 1 14 -- -- 

7 TrBF4 0.2 THF 1 0 -- -- 

8 

9 

TrBF4 

(4-MeOPh)3CBF4 

0.2 

1 

Toluene 

CH2Cl2 

1 

144 

3 

81 

-- 

100:0 

-- 

-- 

[a] The catalyst was added to a solution (0.3 M) of cyclohexadiene (1.2 equiv.) and acrolein 

(1 equiv.) and stirred for the indicated time. [b] Determined by 1H NMR spectroscopy on 

the crude reaction mixture. [c] Isolated yield. [d] Ratio of dienophile:diene 2:1.   

Dichloromethane was found to be the optimal solvent and BF4
- was 

established as the superior counter-ion. Notably, the addition order of 

                                                           
56 Horn, M.; Mayr, H. Chem. Eur. J., 2010, 16, 7469 (and references therein). 
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the reagents turned out to be crucial. Addition of the diene to the catalyst 

prior to the dienophile resulted in decomposition of the diene and no 

conversion to the Diels-Alder product was obtained. Instead, addition of 

the diene to a solution of catalyst and dienophile was succesful and led to 

the exclusive formation of the Diels-Alder product. Applying the more 

stable catalyst (4-MeOPh)3CBF4 3.2 led to a significant decrease in 

reaction rate, as expected. We were forced to raise the catalyst loading to 

1 mol % to obtain 81% conversion after nine days at room temperature. 

This finding prompted us to further evaluate the effects of substituents 

with different electronic properties on the reactivity, since we initially 

also sought to establish a system of tunable catalysts. We therefore 

undertook a large screening of trityl cations with different substituents.  

3.2.1. Towards a Tunable Catalyst - Synthesis of Trityl Cations with 

Different Electronic Properties 

Trityl cations can be obtained by dehydration of the corresponding trityl 

alcohol with strong acids. We therefore prepared a set of trityl alcohols 

through Grignard reactions with the appropriate substrates in good to 

excellent yields.  

Table 6. Preparation of precursor trityl alcohols. 

 

Entry R1 R2 R3 Yield[a] 
 

1 OMe H Ph 92% 

2 OMe OMe OMe 88% 

3 Me H Ph 95% 

4 Me Me OMe 82% 

5 NMe2 H Ph 89% 

  [a] After purification by column chromatography on silica gel. 

A protocol developed by Mayr and co-workers was then used to gain 

access to a set of trityl cations with different substituents. Upon addition 

of HBF4.Et2O to the different alcohols dissolved in diethylether and 

propionic anhydride, the carbocations were formed as precipitates with 

intense colors which after trituration with diethylether furnished the 

desired trityl cations in good to excellent yield.51  
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Table 7. Preparation of carbocations with different electronic properties. 

 

Entry Carbocation R1 R2 Yield 

1 3.18 OMe H 96% 

2 3.19 OMe OMe 74% 

3 3.20 Me H 64% 

4 3.21 Me Me 99% 

5 3.22 NMe2 H 98% 

6[a] 3.1 H H 64% 

[a]The precursor triphenylmethanol was commercially available. 

The reactivity of the obtained carbocations was then tested in a standard 

Diels-Alder reaction and related to the corresponding pKR
+-values 

(Scheme 26, equations 1 and 2) to find out to what extent trends could be 

seen regarding the electronic properties of the different substituents 

(Table 8). 

 

 

Scheme 26. The definition of the pKR
+-value. 
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Table 8. Reactivity[a] versus pKR
+. 

 

Entry Carbocation pKR
+ Diene Conversion[b] 

1 3.1 -6.63 3.14 82% 

2 3.21 -5.41 3.14 67% 

3 3.20 -4.71 3.14 56% 

4 3.18 -3.40 3.14 48% 

5 3.19 -1.24 3.14 1%[c] 

6 3.22 +3.38 3.14 <1% 

7 3.1 -6.63 3.16 98% 

8 3.21 -5.41 3.16 97% 

9 3.20 -4.71 3.16 88% 

10 3.18 -3.40 3.16 79% 

11 3.19 -1.24 3.16 3% 

12 3.22 +3.38 3.16 3% 

[a] 0.3 mmol dienophile (c = 0.3 M), 0.36 mmol diene b) The conversion was determined 

by 1H NMR spectroscopy on the crude reaction mixture. [b] Endo:exo >99:1 entries 1-6. [c] 

100% conversion, 17 days. 

Satisfyingly, we found that the results show a perfect correlation to the 

pKR
+-values. The conversion is increased with a diminishing pKR-value 

or in other words: the more stable the catalyst - the slower the 

conversion. These findings prove that tuning of the trityl catalyst is 

indeed possible through the introduction of substituents with the 

appropriate electronic properties.  

3.2.2. Steric Effects on Carbocation Activity  

In order to investigate whether steric effects influence Lewis acidity and 

catalytic activity, the o-MeO-trityl carbocation 3.23 was prepared 

according to the same method as described above to give a deep purple 

solid. In contrast to the p-MeO-trityl carbocation 3.17 that is a deep red 

solid and very stable in air, 3.23 turned out to be highly air-sensitive and 

decomposed within minutes to give a white solid. This white solid was 

found to consist of several unidentified decomposition products together 

with the reduced form of 3.23, as the only identifiable decomposition 

product. Although carbocation 3.23 was practically very challenging to 

isolate and rapidly decomposed, it turned out to be surprisingly stable in 

dichloromethane solution and could be stored in the freezer for weeks 

without losing activity. Moreover, 3.23 showed unexpectedly high 
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reactivity in the Diels-Alder reaction between 2,3-dimethylbutadiene 

and acrolein and gave 63% conversion to the product within 24 h using 

only 0.1 mol % catalyst (Table 9, entry 1), considerably faster compared 

to p- trimethoxy carbocation 3.2. In fact 3.23 showed the same reactivity 

as the p-monomethyl carbocation 3.20 (table 9, entry 3), although lower 

reactivity than TrBF4 (3.1). The increased reactivity of 3.23 could be 

explained by the increased steric interaction of the bulky methoxy group 

now in the ortho-position forcing the aryl-groups significantly more out 

of plane compared to the para-substituted MeO-carbocations 3.2, 3.18 

and 3.19. This results in decreased overlap of the empty p-orbital with 

the aromatic -system resulting in higher instability, increased Lewis 

acidity, and reactivity.  

 

Figure 4. Stereoelectronic effects of ortho-substituted carbocation 3.23 vs. 
para-substituted 3.2. 

The reaction of 1,3-cyclohexadiene and acrolein catalyzed by 3.23 
resulted in higher conversion compared to the corresponding reaction 
with TrBF4 (Table 9, entries 1 and 5). This is contradictory compared to 
the reaction with 2,3-dimethylbutadiene and prompted further 
investigation.  
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Table 9. Results with ortho-substituted carbocation compared to other 
carbocations. 

 

 
Entry Diene Catalyst Time [h] Conversion[b] 

1 3.16 3.23  24 63 

2 3.16 3.1  24 100 

3 3.16 3.18  24 65 

4 3.16 3.19  24 24 

5 3.14 3.23  24 89 

6 3.14 3.1  48 85 

7 3.14 3.18  122 100 

8 3.14 3.17 (1.0 mol %) 9 days 81 

9 3.14 HBF4  72 8 

10 3.14 BF3  90 55 

[a] The catalyst was added to a solution (0.3 M) of cyclohexadiene (2 equiv.) and 

acrolein (1 equiv.). [b] Determined by 1H NMR spectroscopy.  

 
Interestingly, we found that treating 3.23 with five equivalents of 1,3-

cyclohexadiene instantly led to a very clean hydride abstraction yielding 

benzene and the reduced 3.23 as the only observable products (Scheme 

27).  

 

Scheme 27. Hydride abstraction by 3.23 from 1,3-cyclohexadiene. 

The hydride abstraction from 1,3-cyclohyxadiene 3.23b irreversibly 

deactivates the catalytic abilities of carbocation 3.23 and most likely 

generates HBF4 that is a potential catalyst for this reaction. In principle, 

HBF4 is unstable in a solvent that cannot accept a proton (e.g diethyl 

ether) and decomposes to HF and BF3. However, control experiments 

showed that 0.1 mol % HBF4
.OEt2 does not catalyze this reaction and that 

BF3
.OEt2 is a considerably less reactive catalyst under these conditions 

(Table 9, entries 10 and 11). One explanation for the high catalytic activity 
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under these reaction conditions could be the formation of significantly 

more acidic “diethyl ether-free” HBF4 or BF3. Although addition of 0.1 

mol % diethyl ether to this complex in fact did not affect reactivity, error 

margins for handling a volatile species like diethyl ether are elevated at 

such low magnitudes and cannot be ignored. Furthermore, the hydride 

abstraction is unique for 3.23 and no hydride abstraction was observed 

with TrBF4 under these conditions, only polymerization of the diene, 

whereas 3.2 did not react with the diene at all. The mixture obtained 

from the hydride abstraction by 3.23 did catalyze the Diels-Alder 

reaction although this mixture did not promote polymerization of 1,3-

cyclohexadiene whereas addition of TrBF4, HBF4 or BF3 to 1,3-

cyclohexadiene results in immediate polymerization. Hydride 

abstraction from 2,3-dimethylbutadiene is highly unlikely and indeed, 

the reaction between 2,3-dimethylbutadiene and acrolein catalyzed by 

3.23 was much slower than the corresponding reaction catalyzed by 

TrBF4. In conclusion, the stereoelectronic effects influence catalysis in a 

predictable way; electron-donating groups give more stable carbocations 

with weaker Lewis acidity. Steric effects influence reactivity drastically as 

seen with ortho-substituted carbocation 3.23 which is a very selective 

hydride abstractor in the presence of 1,3-cyclohexadiene.  

3.2.3. Extension of Substrate Scope for the Diels-Alder Reaction 

With optimized conditions and a tunable catalyst in hand, we set to 

extend the substrate and reaction scope further. Primarily, we sought to 

extend the Diels-Alder reaction to include additional substrates. As 

estimated, crotonal and methacrolein reacted slowly with 

cyclohexadiene in the presence of TrBF4; the polymerization of 

cyclohexadiene caused the reactions to stop, resulting in low yields in 

both cases. However, diene polymerization could be suppressed to some 

extent by performing the reaction at low temperature and the products 

could be isolated in moderate yields, 45% and 60%, respectively (Table 

10, entries 2 and 3). In contrast, methyl vinyl ketone was comparable 

with acrolein in reactivity and the product was isolated in 75% yield when 

0.2 mol % of the catalyst was used (Table 10, entry 4).  
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Table 10. Scope of Diels-Alder reaction[a]; 1,3-cyclohexadiene. 

 

Entry Dienophile Cat. 

[mol %] 

Time 

[h] 

Product Conv. 

[%][b] 

Endo: 

Exo[b] 

Yield 

[%][c] 

      1 

 

 

0.5 

 

1 

 

 

100 

 

>99:1 

 

Quant. 

   

   2[d] 

  

       

 5.0 

 

24 

 

 

67 

 

5:1 

 

45 

     

      3[d] 

 
 

       

 5.0 

 

48 

 

 

77 

 

9:1 

 

60 

    

   4 

  

        

 0.2 

 

72 

 

 

88 

 

7:1 

 

75 

 [a] The catalyst was added to a solution (0.3 M) of cyclohexadiene (1.2 equiv.) and acrolein 

(1 equiv.) at room temperature unless otherwise noted. [b] Determined by 1H NMR 
spectroscopy. [c] Isolated yield. [d] Performed at -78 oC and slowly allowed to reach -20 oC, 

over 36 h. 

 

Cyclopentadiene is more reactive than cyclohexadiene and slowly formed 

the Diels-Alder adduct with both acrolein and methyl vinyl ketone in the 

absence of a catalyst (Table 11, entries 2 and 8). However, in the presence 

of 0.1 mol % TrBF4, the reaction was fast and after 16 h at room 

temperature, the corresponding products could be isolated in 

quantitative yields (Table 11, entries 2 and 10).  

Crotonal and methacrolein showed no background reaction with 

cyclopentadiene and addition of 0.1 mol% TrBF4 resulted in the 

corresponding products being formed in quantitative yield (Table 11, 

entries 3 and 6). 
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Table 11. Scope of Diels-Alder reaction[a]; cyclopentadiene. 

 

Entry Dienophile Cat. 

[mol %] 

Time 
[h] 

Product Conv. 
[%][b] 

Endo: 
Exo[b] 

Yield[c] 

1 

2 
 

0 

0.1 

16 

16 

 

50 

100 

4:1 

>99:1 

-- 

Quant. 

 

   3 

4 

5 

 

 

 

0.1 

0.05 

0.02 

 

16 

72 

72 

 

 

 

100% 

95 

63 

 

49:1 

49:1 

49:1 

 

Quant. 

91 

-- 

 

6 

 
 

0.1   16 

 
 

100 1:5 Quant. 

7 

8 

 

0 

0.1 

16 

16 

 

50 

100 

6:1 

13:1 

-- 

Quant. 

 [a] The catalyst was added to a solution (0.3 M) of cyclohexadiene (1.2 equiv.) and acrolein 

(1 equiv.) at room temperature unless otherwise noted. [b] Determined by 1H NMR 
spectroscopy. [c] Isolated yield.  

 

Moreover, the catalyst loading could be decreased to 500 ppm with 

excellent results for the Diels–Alder reaction between crotonal and 

cyclopentadiene. In fact, at a catalyst loading as low as 200 ppm, fair 

activity was still observed, with 63% conversion (Table 11, entries 4 and 

5).  

 

 

 

 

 



   46 

 

Table 12. Scope of Diels-Alder reaction[a]; 2,3-dimethylbutadiene. 

 

Entry Dienophile Cat.  
[mo l%][b] 

Time 
[h] 

 

Product Conv. [%][c] Yield[d]  

1 

2 

 
 

0.1 

0.05 

48 

72 

 

 

100 

62 

Quant. 

-- 

 

 

   3[e] 
 

 

 
1.0 

 
16 

 

 
100 

 
94 

 

 
4[e] 

  

 
0.1 

 
16 

 

 
100 

 
87 

 

 
5 
 

 

 
0.2 

 
16 

  

 
100 

 
94 

 

[a] The catalyst was added to a solution (0.3 M) of cyclohexadiene (1.2 equiv.) and acrolein 
(1 equiv.) at room temperature unless otherwise noted. [b] 0% conv. in absence of catalyst. 
[c] Determined by 1H NMR spectroscopy. [d] Isolated yield. [e] Dienophile (2 equiv.) and 
diene (1 equiv.). 

 

Next, we turned to acyclic 2,3-dimethylbutadiene and found that the 

reaction between the diene and acrolein required only 0.1 mol% catalyst 

loading to reach full conversion after 16 h at room temperature. The 

product was then isolated in quantitative yield (Table 12, entry 1). At a 

catalyst loading of 500 ppm, TrBF4 gave 62% conversion over three days. 

(Table 12, entry 2). The reaction of 2,3-dimethylbutadiene with crotonal 

required a higher catalyst loading to reach full conversion, but the 

product was isolated in excellent yield (Table 12, entry 5). Methacrolein 

and methyl vinyl ketone were smoothly converted to the corresponding 

Diels-Alder adducts with 0.1 and 0.2 mol% TrBF4, respectively, again in 

excellent yields (Table 12, entries 4 and 5). None of the reactions with the 

acyclic diene showed any conversion in the absence of catalyst. The 

excellent yields and remarkably low catalyst loadings observed for the 

majority of these reactions have to be emphasized. Even though catalyst 

loadings at these exceptionally low levels have been reported for certain 
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transition metal-catalyzed reactions, the examples are scarce, especially 

at room temperature and are extremely rare for non-metal catalysts at 

room temperature.57  

3.2.4. Cinnamic Aldehydes 

 

The Diels-Alder reaction between cinnamaldehyde and cyclohexadiene 

is an extremely challenging reaction and earlier attempts required ultra-

high pressures in the presence of different Lewis acids or extreme 

temperatures only to result in very low conversion to intractable 

mixtures with no isolated product58 (Scheme 28).  

 

Scheme 28. Earlier attempts by Kerr et al. 

We were interested in testing the power of the trityl catalysts in this 

reaction and initially employed 20 mol % TrBF4 at room temperature 

only to observe 4% conversion to the corresponding Diels-Alder adduct, 

together with considerable consumption of cyclohexadiene through 

polymerization (Table 13, entry 1). Performing the reaction at 40 oC only 

slightly increased the conversion to 7%, but also resulted in increased 

diene polymerization. At 60 oC in CDCl3, diene polymerization was 

observed exclusively (Table 13, entries 2 and 3). At this point, we were 

tempted to test the possibility of improving the reaction by applying a 

more suitable trityl cation catalyst in accordance with our theory of a 

tunable Lewis acid catalyst (see above). 

 

 

 

 

 

                                                           
57 a) Likhar, P.R ; Srinivas, P.; Yadav, J.; Bhargava, S.; Lakshmi Kantam, M. J. Org. Chem. 2009, 74, 
4882. b) Stock, C.; Brückner, H. Adv. Synth. Catal. 2012, 354, 2309. 
58 Kinsman, A.C.; Kerr, M. Org. Lett. 2000, 2, 3517. 
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Table 13. Scope of Diels-Alder; Cinnamaldehydes. 

 

Entry Diene Cat. 
 

T 
[° C] 

Cat. 
[mol %] 

 Time 
[h] 

Product Conv. 
[%] 

Endo: 
Exo[b] 

Yield 
[%][c] 

1 

2 

3 

4 

5 

6 

3.14 

3.14 

3.14 

3.14 

3.14 

3.14 

3.1 

3.1 

3.1 

3.2 

3.2 

3.2 

RT 

40 

60 

RT 

40 

80 

20 

20 

20 

20 

5.0 

1.0 

 24 

24 

24 

120 

16 

16 

 

 

4 

7 

0 

0 

56 

10 

-- 

-- 

-- 

-- 

>99:1 

-- 

--[e] 

--[e] 

--[e] 

-- 

22(29)[d]  

--[e] 

7 

8[d] 

9[d] 

10[d] 

3.10 

3.10 

3.10 

3.10 

3.1 

3.2 

3.2 

3.2 

RT 

RT 

RT 

RT 

1-10 

0.25 

1.0 

1.0 

 72 

96 

96 

168 

 

 

0 

100 

92 

78 

-- 

13:1 

16:1 

16:1 

--[e] 

85 

78 

73 

11 

12 

3.16 

3.16 

3.1 

3.17 

RT 

40 

1.0 

1.0 

 18 

18 
 

14 

82 

-- 

-- 

--[e] 

74(86)[f] 

 
[a] The catalyst was added to a dichloromethane solution (0.3 M) of the diene (3 equiv.) 
and cinnamic aldehyde (1 equiv.).[b] Determined by 1H NMR spectroscopy on the crude 
reaction mixture. [c] Yield of isolated product.[d] Diene:dienophile 2:1. [e] Decomposition 
of diene shown in parentheses. [f] Yield based on recovered starting material shown in 
parentheses. 
 

We figured that choosing a trityl cation with the appropriate electronic 

properties perhaps could suppress diene polymerization and instead 

favor the cycloaddition. Satisfyingly, we were able to vastly increase 

conversion when employing 5.0 mol % of less-active and more-stable 

catalyst (p-MeOPh)3CBF4 (3.2) in chloroform at 40 0C (Table 13, entry 

5). After 18 h, 56% of the cinnamaldehyde was converted to the Diels-

Alder product with surprisingly little cyclohexadiene decomposition. 

Unfortunately, the product was not completely stable under the reaction 

conditions. A prolonged heating period might lead to thermal 

decomposition of the product leading to low yields upon isolation. 

Encouraged by the observed reactivity, we attempted to perform a Diels-

Alder reaction between cinnamaldehyde and more reactive 
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cyclopentadiene. Yet again TrBF4 only led to trace amounts of product, 

with full consumption of the diene through polymerization (Table 13, 

entry 7). Satisfyingly, when the milder catalyst 3.2 was employed, a 

smooth conversion to the Diels-Alder product was observed at room 

temperature, without any diene decomposition (Table 13, entry 8). The 

catalyst loading could be further decreased to merely 0.25 mol % and the 

product was isolated in high yield and with 13:1 endo:exo selectivity. Both 

4-methoxycinnamaldehyde and 2-nitro-cinnamaldehyde could also be 

converted to the corresponding Diels-Alder prodcuts in the presence of 

1.0 mol % of catalyst 3.2. The products were isolated in 78% and 73% 

yield, respectively, and with 16:1 endo:exo selectivity in both cases (Table 

13, entries 9 and 10). Analogously with previous observations, the Diels-

Alder reaction of 2,3-dimethylbutadiene and cinnamaldehyde was poorly 

catalyzed by TrBF4, resulting in polymerization of the diene (Table 13, 

entry 11). Once again 3.17 proved to be a successful catalyst and 1.0 mol 

% of the catalyst at 40 oC overnight resulted in 82% conversion and 74% 

yield after chromatography (Table 13, entry 12). 

3.2.5. Hidden Proton Catalysis 

At this point we found it important to perform extensive proton 

excluding experiments to irretrievably confirm that no competing 

pathway is responsible for the catalysis, as is the case with the ortho-

substituted trityl cation 3.23. Reaction of the carbocation with traces of 

water or catalyst decomposition could lead to the formation of a Brønsted 

acid, which could instead be the actual catalyst. This was observed by 

Kagan and co-workers in their work with chiral ferrocene carbocations. 

The group of Oestereich also conducted a thorough investigation to 

exclude proton catalysis in their work with the silyl cation-catalyzed 

Diels-Alder reaction. In fact, 1 mol % HBF4 in the presence of acrolein 

and cyclohexadiene leads to full conversion to the Diels-Alder adduct in 

one hour at room temperature.59 Although the same result is achieved 

with only 0.5% TrBF4, the results lie too close to be ignored. We therefore 

undertook a deeper investigation to exclude proton catalysis. We 

imagined that performing the reaction between acrolein and 

cyclohexadiene in the presence of the sterically hindered base di-tert-

butylpyridine and TrBF4 would provide an answer. Indeed, no Diels-

Alder reaction occurred when the reaction was run in presence of 1% 

TrBF4 and 2% DBPy. At this point, we strongly suspected that the 

                                                           
59 a) Schmidt, R.K.; Müther, K.; Mück-Lichtenfeld, C.; Grimme, S.; Oestreich, M. J. Am. Chem. Soc. 

2012, 134, 4421. b) Klare, H.F.T.; Bergander, K.; Oestreich, M. Angew. Chem. Int. Ed. 2009, 48, 9077. 
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reaction really does proceed through an alternative mechanism. 

Nevertheless, to our surprise, we discovered that a 1:1 mixture of TrBF4 

and DBPy instantly reacts to give one or more unidentified products that 

lack catalytic activity (Scheme 29, eq. 1). Furthermore, 1H-NMR analysis 

of the mixture showed that the formed adduct was not protonated DBPy. 

It is clear that DBPy is not compatible with TrBF4 and therefore cannot 

be used as a proton scavenger under these reaction conditions. 

 

 

 

Scheme 29. Proton exclusion experiments.  

When 20 mol % of the sterically hindered indenylium cation A is 

employed as catalyst in the reaction between acrolein and 

cyclopentadiene at -20 oC in the presence of as much as 50 mol % DBPy, 

stable conversion to the Diels-Alder adduct was indeed observed after 

one hour. No reaction occurs in the absence of catalyst. Furthermore, we 

conducted comparative experiments with HBF4 and TrBF4 in the 

reaction between acrolein and cyclohexadiene at room temperature.  

0.1 mol % HBF4 only led to 8% conversion to the Diels-Alder adduct after 

72 h, whereas 0.1 mol % TrBF4 gave 85% conversion after 48 h (Scheme 

29, eq. 2). We interpret the results from these experiments as proof of 

the carbocation being responsible for the catalysis.  
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3.3 Extension of the Reaction Scope 

 

Having confirmed that no background reaction is responsible for the 

catalysis we were confident enough to undertake experiments to test the 

power of the tunable carbocations in other reactions known to be 

catalyzed by Lewis acids, in order to expend the reaction scope further. 

As suitable reactions we identified the hetero Diels-Alder/aza-Diels- 

Alder reaction, the ene-reaction, the Michael reaction, the Meinwald 

rearrangement, -halogenation and organocatalytic transfer 

hydrogenation.60  

 

Figure 5. Extension of reaction scope.  

3.3.1. Aza-Diels-Alder Reaction 

The aza-Diels-Alder reaction is a [4+2] cycloaddition between an imine 
and a diene to yield tetrahydropyridines and N-alkylated 2-
azanorbornenes that are important scaffolds in natural products and 
pharmaceuticals. The aza-Diels-Alder reaction constitutes an effective 
way to construct these mono- and bicyclic amines in one step.61 The 
LUMO of the imines needs to be lowered by the addition of an 
appropriate acid in order to facilitate sufficient overlap with the HOMO 
of the diene to give the Diels-Alder adduct. Usually, highly reactive 
organosilicon dienes of Danishefsky-type are required to obtain good 
reactivity, which severely restricts their widespread application in 

                                                           
60 Tuttle, J.B.; Ouellet, S.G.: J. B., MacMillan, D.W.C. J. Am. Chem. Soc. 2005, 7, 32.   
61 a) Esquivias, J.; Arrays, R.G.; Carretero, J.C. J. Am. Chem. Soc. 2007, 129, 1480. b) Jurcik, V.; 
Wilhelm, R. Org. Biomol. Chem. 2005, 3, 239. c) Larsen, S. D.; Grieco, P. A. J. Am. Chem. 

Soc. 1985, 107, 1768. d) Ray, C.A.; Risberg, E.; Somfai, P. Tetrahedron Lett. 2001, 42, 9289.  
 



   52 

organic synthesis.62 Protocols employing simple unactivated 1,3-dienes 
and imines in the presence of catalytic amounts of a Lewis acid remain 
extremely rare to date although Matsubara and co-workers recently 
demonstrated successful aza-Diels-Alder reactions between 
sulfonylimines and unactivated 1,3-dienes in the presence of catalytic 
amounts of a cationic cobalt-porphyrine complex.63 Inspired by the 
results obtained by Matsubara, we believed that the aza-Diels-Alder 
reaction between sulfonylimines and 1,3-dienes could be realized 
employing catalytic amounts of a carbocation catalyst.  
 
Table 14. Aza-Diels-Alder reactions[a]. 

 

Entry Dieno
phile 

Diene Cat. 
[mol 
%][b] 

Time 
[h] 

Prod. Conv. 
[%][c] 

Endo:
Exo 

Yield 
[%][d] 

1 3.31 3.16 3.1 
(0.05) 

16 -- 0 -- -- 

2 3.31 3.16 3.1 
(0.2) 

1.5 3.33a 100 -- Quant. 

3 3.31 3.14 3.1 
(0.2) 

16 -- 0 -- -- 

4 3.31 3.14 3.18 
(2.0) 

6 3.33b 97 5:1 70 

5 3.32 3.14 3.1 
(0.2) 

16 -- 23 -- -- 

6 3.32 3.16 3.20 
(2.0) 

1  3.34a 100 -- 66 

7 3.32 3.14 3.1 
(5.0) 

0.5 3.34b 100 3:1 65 

[a] The catalyst was added to a solution (0.3 M) of diene (2 equiv.) and imine (1 

equiv.). [b] 0% conv. in absence of catalyst for all dienophiles after 72 h at RT or 

40 °C. [c] Determined by 1H NMR [d] Isolated yield. [e] Reaction performed at 

40 °C. 

 
TrBF4 turned out to be a highly efficient catalyst for the aza-Diels-Alder 
reaction and smoothly converted the N-tosyl imine 3.31a and 2,3-
dimethylbutadiene to the adduct 3.33a in 1.5 h and quantitative yield 

                                                           
62 Wakabayashi, R.; Kurahashi, T.; Matsubara, S.. Org.Lett., 2012, 14, , 4795. b) Tambar, U.K.; Lee, 

S.K.; Leighton, J.L. J. Am. Chem. Soc. 2010, 132, 10248. 
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with only 0.2 mol% catalyst loading (Table 14, entry 2). Attempts to 
decrease the catalyst loading further did not meet with success (Table 14, 
entry 1). 1,3-Cyclohexadiene (3.14) was found to be much less reactive in 
the presence of TrBF4 3.1 (Table 14, entry 4). To overcome this problem, 
we turned to heating in the presence of the more stable catalyst 3.18, 
since 3.1 was shown to be thermally unstable, as mentioned earlier. The 
para-substituted methoxy-trityl catalysts have proven to be stable at 
elevated temperatures and thus, employing 2 mol% 3.18 and by 
increasing the reaction temperature to 40 °C, adduct 3.33b could be 
isolated in acceptable yields after flash chromatography (Table 14, entry 
5). As expected, electron-poor 3.31b was less reactive and gave only 23% 
conversion to the aza-Diels-Alder product together with considerable 
amounts of unidentified byproducts (Table 14, entry 7). However, the 
reaction could be improved by employing 2 mol % of the more stable 
catalyst 3.20 which led to full conversion and isolation of the product in 
moderate yields after flash chromatography (Table 14, entry 8). The 
results obtained with 3.31b are in contradiction to what could be 
expected from a more electron deficient reagent. A plausible explanation 
is that the results are an effect of the poor nucleophilicity of 3.31b 
compared to 3.31a, driving the equilibrium between the substrate and 
the catalyst more to the dissociated form. Nevertheless, the aza-Diels- 
Alder reaction of cyclohexadiene and 3.31b could be realized using 5 
mol % TrBF4 at room temperature in order to achieve full conversion. 
The product was isolated in 65% yield after flash chromatography (Table 
14, entry 10). 

 
3.3.2. Conjugate Addition of Various Carbon Nucleophiles to -
Unsaturated Aldehydes and Ketones 
 
Conjugate additions to electron deficient olefins belong to the most 
fundamental carbon-carbon bond forming reactions in organic 
chemistry.48 Mukayiama and co-workers have reported successful 
additions of silyl enol ethers to -unsaturated ketones in the presence 
of trityl cations. However, it is very likely that the reaction conditions 
promote the formation of a silyl cation, which is a stronger catalyst than 
the carbocation and hence the active catalyst. We intended to repeat this 
reaction in a manner that excludes competing silyl cation catalysis and 
identified activated aromatic and methylene compounds as potential 
nucleophiles. TrBF4 was found to catalyze the conjugate addition of 
electron-rich heteroaromatic compounds 3.36-3.39 to electron-
deficient ethyl-4-oxobut-2-enoate 3.35, (Table 15, entries 1-4) yet this 
reaction did not allow for addition of activated methylene compounds 
3.40-3.42. TrBF4 efficiently catalyzed the conjugate addition of N-
methylindole to acrolein giving selective alkylation of the 3-position 
(Table 15, entry 5). In contrast to 3.35, acrolein turned out to be a much 
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more versatile electrophile for the conjugate additions of activated 
methylene compounds and smoothly catalyzed the addition of diketones 
3.40-3.42) in the presence of 1-3 mol % catalyst to provide the 
corresponding adducts in excellent to moderate yields (Table 15, entries 
6-8). Crotonal and cinnamaldehyde were found to be unsuccessful as 
Michael acceptors in attempts with N,N-dimethylaniline, indole, 
diketones and dinitriles in the presence of varying amounts of TrBF4. 
 
Table 15. TrBF4-catalyzed Michael addition reactions[a]. 

 

 

 

 

Entry Michael 
acceptor 

Nu-H Cat. 
[mol %] 

 Time 
[h] 

Product Conv. 
[%][b] 

Yield 
[%][c] 

1 

2 

3 

      4 

5 

6 

7 

       8 

9 

10 

11 

 

  

 

     

 

3.36 

3.37 

3.38 

3.39 

3.39 

3.40 

3.41 

3.42 

3.39 

3.40 

3.43 

1 

10 

1 

1 

1 

1 

3 

3 

2 

2 

2 

 72 

72 

1.5 

1.5 

18 

14 

4 

1.5 

24 

24 

24 

 

 

       

      

 
       3.44 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

81[d] 

76[d] 

87[d] 

56[d] 

Quant. 

60 

Quant. 

63 

Quant. 

53 

Quant. 

[a] The catalyst was added to a solution (0.3 M) of nucleophile (1.5 equiv.) and acrolein (1.0 

equiv.). [b] Determined by 1H NMR spectroscopy. [c] Isolated yield. [d] Blank reaction was 

observed (entry 1: 19%, 72 h; entry 2: 8%, 24 h; entry 3: 14%, 24 h; entry 4: 15%, 1.5 h). 

 

The Michael addition was also applicable to ketones and methyl vinyl 
ketone (MVK) reacted slowly with N-methylindole in the presence of 0.5 
mol % TrBF4 to give 20% conversion over 24 h. Increasing the catalyst 
loading to 2.0 mol  aided reactivity and the product could be isolated in 
quantitative yield after 18 h (Table 15, entry 9).   
Interestingly, pyrrole 3.43 reacted rather smoothly with MVK, whereas 
its reaction with acrolein was unsuccessful.  
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Figure 6. Double alkylation product. 

After 24 h, the double alkylation product, 2,2’-di-2-butanonepyrrole 
3.44, was obtained and the product was isolated in 53% yield. As for 
acrolein, the conjugate addition of 1,3-diketone 3.40 to MVK was 
efficiently catalyzed by TrBF4 to give the product in quantitative yield 
(Table 15, entry 10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   56 

3.3.3. Meinwald Epoxide Rearrangement 

Epoxides are synthetically important and versatile intermediates in 
organic synthesis since they can be readily transformed into a variety of 
functional groups.64  The title reaction is a Lewis acid-promoted 
rearrangement of epoxides through a 1,2-shift to yield aldehydes or 
ketones. The reaction was first discovered by Meinwald in 1963 and 
although further development of the reaction has been made, it has 
remained in the doldrums until recently. A variety of Lewis acids, ranging 
from MgBr2 to AuCl3 in stoichiometric amounts have been used with 
success in the Meinwald rearrangement whereas only a few examples 
with catalytic amounts exist.65  
 
Table 16. The Meinwald epoxide rearrangement [a,b]. 
 

 
 

Entry[a]  R Time [min] Catalyst  Conversion (%)[c]  Yield[d] 

1  Ph 5  3.1  100  Quant. 

2 

3 

4 

5 

6  

Ph 

Ph 

Ph 

Ph 

H 

5  

240 

240  

240 

5 

HBF4∙OEt2  

3.18 

3.18 (0.5%) 

3.19 

3.1 

27  

100 

23 

4 

100 

-- 

-- 

-- 

-- 

52[e] 

[a] The epoxide was added to a solution of catalyst (0.3 M). [b] No blank reaction was 
observed for any epoxide after 24 h. [c] Determined by 1H NMR spectroscopy. [d] Isolated 
yield. [e] The product was isolated as the corresponding alcohol after subsequent reduction 
with NaBH4/MeOH. 

 
We were curious about the possibility to include this reaction in the scope 
of carbocation-catalyzed reactions and exposed trans-stilbene oxide 

                                                           
64 Jacobsen, E.N.; Pfaltz, A.; Yamamoto, H. In Comprehensive Asymmetric Catalysis II. (Springer-

Verlag: New York, 1999). 
65  a) Vyas, D.J.; Larionov, E.; Besnard, C.; Guénée, L.; Mazet, C. J. Am. Chem. Soc., 2013, 135, 

6177. b) Gudla, V.; Balamurugan, R.Tetrahedron Lett., 2012, 53, 5243. c) Pillinger, K.S.; Mabbett, I.; 

Timms, D.A.; Graham, A.E.; Robinson, M.W.C. Tetrahedron, 2010, 66, 8377. d), Davies, A.; Buckle, 

A.M.; Mabbett, R.; Taylor, I.; Graham, A.E.; Robinson, M.W.C. Org. Biomol. Chem., 2009, 7, 2559. d) 

Procopio, R. Dalpozzo, A. De Nino, M. Nardi, G. Sindona, A. Tagarelli, Synlett, 2004, 14, 2633. e) I. 

Karamé, M. L. Tommasino, M. Lemaire, Tetrahedron Lett. 2003, 44, 7687. f) Maruoka, K.; Ooi, T.: 

Yamamoto, H. Tetrahedron, 1992, 48, 3303. g) Chadha. M.S.; Labana, S.S.; Meinwald, J. J. Am. 

Chem. Soc. 1963, 85, 582. 

 

http://www.sciencedirect.com/science/journal/00404020
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3.45a to 1 mol % TrBF4 in CDCl3 at room temperature. To our 
satisfaction, the rearrangement reaction proceeds with 100% conversion 
in only 5 min, providing 2,2-diphenylethanal 3.46a which was isolated 
in quantitative yield (table 16, entry 1) The same amount of HBF4∙OEt2 
gave only 27% conversion (table 16, entry 2). The rearrangement of 
styrene oxide 3.45b turned out to be more challenging and required 10 
mol% catalyst loading in order to obtain full conversion. The product 
aldehyde tuned out to be rather difficult to isolate and neither altered 
temperatures (-78 °C), nor employment of milder carbocations did not 
lead to suppressed formation of side products nor ease isolation of the 
product aldehyde. Instead, an in situ-reduction of 3.45a with NaBH4 
provided the corresponding alcohol in 52% yield after flash 
chromatography. Somewhat surprisingly, attempts to convert 1,2-
epoxyhexane to corresponding aldehyde failed completely even at 
elevated temperatures. Balamurugan and co-workers proposed a 
plausible mechanism for the gold-catalyzed Meinwald rearrangement 
along with a migration aptitude (phenyl/acyl/benzoyl > H > alkyl). This 
is in accordance with the results obtained from our attempts with the 
carbocation-catalyzed Meinwald rearrangement.  
 

3.3.4. Ene-reaction Attempts 

The Alder-ene reaction is a well-studied reaction first reported in 1943 

by Alder and co-workers and consists of a pericyclic inter- or 

intramolecular addition of an allylic alkene to an unsaturated bond in 

order to form a new σ-bond with migration of the ene double bond and 

1,5-hydrogen shift. High activation is often needed for successful 

reactions due to the high activation energy, why carbonyl compounds 

have shown to be effective enophiles since they allow for Lewis acid-

mediated LUMO-lowering and thus lowering of the activation energy. 

The Lewis acid catalyzed carbonyl-ene reaction is an efficient way to 

obtain homo-allylic alcohols.66,67 We set out to test the activity of 

carbocations in the carbonyl-ene-reaction, with substrates earlier 

reported to be catalyzed by Lewis acids and employed TrBF4 in varying 

amounts and temperatures in the presence of carbonyl compounds and 

olefin 3.46.68 Disappointingly, these attempts only led to a complex 

                                                           
66 Alder, K.; Pascher, F.; Schmitz, A. Ber. Deutsch. Chem. Ges. 1943, 76, 27, b. Alder, K.; Münz, F.  
Ann. Chem. 1949, 565, 126.  
67 Mikami, K.; Terada, M.; Nakai, T. J. Am. Chem. Soc. 1990, 112, 3949. Mikami, K.; Shimizu, M. 
Chem. Rev. 1992, 92, 1021.  
68 a) Yamanaka, M.; Nishida, A.; Nakagawa, M. Org. Lett., 2000, 2, 159. b) Hutson, G.E.; Dave, A.H.; 

Rawal, W.H. Org. Lett., 2007, 9, 3869. c) Mikami, K.; Peng Loh, T.; Nakai, T. J. Am. Chem. 

Soc., 1990, 112, 6737. 
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mixture of products. Instead, we focused on the intramolecular carbonyl-

ene-reaction of (+)-Citronellal 3.48. This reaction is known to proceed 

with ease in the presence of catalytic ZnBr2 and leads to the formation of 

(-)-Isopulegol 3.49a which after reduction yields (-)-Menthol. The 

protocol is used in the industrial production of menthol and is probably 

the most well-known application of the carbonyl-ene-reaction. 69 We 

were pleased to find that subjecting (-)-Citronellal to 3% TrBF4 in 

dichloromethane at room temperature overnight lead to the smooth 

formation of a 4:1 diastereomeric mixture of (+)-Isopulegol 3.49a and 

(+)-Neoisopulegol 3.49b in 67% yield after work-up and purification on 

silica. Attempts to perform an imino-ene reaction only led to olefin 

decomposition (Scheme 30).  

 

Scheme 30. Ene-reaction attempts. 

3.3.5. α-Halogenation 

α-Halogenated carbonyl compounds are important intermediates in 

organic synthesis since they can be readily converted into a diverse array 

of molecules.70 The acid-catalyzed -halogenation of ketones and 

aldehydes is one of the more fundamental reactions in organic chemistry. 

When employing molecular bromine and chlorine, polyhalogenation 

often occurs. This is due to the enhanced electrophilicity of the -carbon, 

induced by the introduced halogen substituent, which stabilizes the 

enolate further and also due to one equivalent of HBr or HCl formed. To 

overcome this problem, monohalogenating substrates such as NBS or 

                                                           
69 Nakatani, Y.; Kawashima, K. Synthesis 1978, 147. 
70 Tajbakhsh, M.; Tehrani, S.S.; Alinezhad, H. Bull. Korean Chem. Soc. 2011, 32, 1543. 
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NCS can be used in the presence of Brønsted acids or Lewis acids such as 

Mg(ClO4)2 or AlCl3. NBS in ionic liquids is also a successful way to obtain 

mono--halogenation.71 The 1,3-diketo compounds 3.40 and 3.50 

turned out to be relatively reactive towards both NCS and NBS, even in 

the absence of a catalyst (Table 17, entry 1). However, addition of 3.0 mol 

% TrBF4 resulted in a drastic increase in the rate of the reaction and the 

corresponding products could be isolated in quantitative to moderate 

yields (Table 17, entries 2, 4, 6, 8). 

Table 17. TrBF4-catalyzed -halogenations[a]. 

 

 

Entry    Nu NXS Cat. 

[mol %] 

Time 

  [h] 

Prod. Conv 

[%][b] 

Yield 

[%][c] 

1 3.40 NCS 0 24 3.52a 44 -- 

2 3.40 NCS (3.0) 24 3.52a 100 Quant. 

3 3.50 NCS 0 24 3.52b 33 -- 

4 3.50 NCS (3.0) 24 3.52b 100 92 

5 3.40 NBS 0 7.5 3.52c 28 -- 

6 3.40 NBS (3.0) 7.5 3.52c 100 Quant. 

7 3.50 NBS 0 24 3.52d 40 -- 

8 3.50 NBS (3.0) 24 3.52d 100 60 

[a] The catalyst was added to a solution (0.3 M) of diketone (1.0 equiv.) and NXS 

(1.0 equiv.). [b] Determined by 1H-NMR spectroscopy. [c] Isolated yield. 

 
 

3.4 Towards Chiral Induction 

Inspired by earlier attempts towards asymmetric carbocation catalysis 

we were tempted to design chiral carbocations stable to breakdown and 

active enough to bring about enantioselectivity in a Diels-Alder reaction. 

The sterically hindered indenylium cation A described earlier was chosen 

                                                           
71 Meshram, H. M.; Reddy, P. N.; Vishnu, K.; Sadashiv, K.; Yadav, J. S. Tetrahedron Lett. 2006, 47, 
991. b) Yang, D.; Yan, Y.; Lui, B. J. Org. Chem. 2002, 67, 7429. c) Das, B.; Venkateswarlu, K.; Holla, 
H.; Krishnaiah, M. J. Mol. Catal. 2006, 253, 107. d) Pravst, I.; Zupan, M.; Stavber, S. Green Chem. 
2006, 8, 1001. 
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as a model for a chiral carbocation. Chiral cations 3.53a and 3.53b 

(Scheme 31) were synthesized.  

 

 

Scheme 31. Attempts with chiral carbocations.  

1-10 mol % of myrtenal cations 3.53 were employed as catalysts in the 

Diels-Alder reaction at different temperatures. Both acrolein and 

methacrolein were used as dienophiles whereas cyclohexadiene and 2,3-

dimethylbutadiene were chosen as dienes. Full conversion to the Diels-

Alder product was obtained in each case and the products could be 

isolated in good yields. The resulting aldehydes were converted to the 

corresponding dimethylacetals in order to ease separation on chiral GC. 

Unfortunately, no enantiomeric excess could be observed for any of the 

chiral catalysts. We reason that the chiral pocket simply is too loose to 

induce enantioselectivity in a Diels-Alder reaction under these 

conditions. Notably, no other reactions were tried with these catalysts. 

Presumably, a chiral carbocation has to be designed in a completely 

different way to be capable of inducing enantioselectivity. For 

preparation of the chiral carbocations, see Appendix B. 
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3.5. Conclusion 

 
Carbocations have been demonstrated to be highly efficient Lewis acid 
catalysts for Diels-Alder reactions, conjugate additions, epoxide 

rearrangements, -halogenations, and the intermolecular ene-reaction, 
facilitating isolation of products in good to quantitative yields, often in a 
very clean and selective manner. The high yields and the ppm-level 
catalyst loadings for the Diels-Alder reactions show potential for using 
carbocation catalysts in the development of novel sustainable processes, 
both in industry and academia. Moreover, conditions for tuning the 
Lewis acidity of trityl carbocations have been established and used to 
control the outcome of reactions. Furthermore, chiral carbocations have 
been synthesized and evaluated as chiral inductors in the Diels-Alder 
reaction, although without success. Finally, hidden proton catalysis has 
been unambiguously excluded.  
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4. Concluding Remarks 

 

The power of efficient metal-free catalysis has been demonstrated in this 

thesis. It has been shown that efforts towards more sustainable catalysis 

and process design are indeed realizable.  

Stereoselective total synthesis of multiple alkaloids from the 

Corynantheine and Ipecac families has been accomplished using a 

common synthetic strategy with very high efficiency and overall yield 

starting from easily available starting material and with negligible 

isolations and purifications of intermediates, as well as without 

introduction of protection-group chemistry. Moreover, the first example 

of the total synthesis of Hydroxydihydrocorynantheol and its non-

natural epimer has been accomplished without protecting groups and 

without a single isolation or purification step in high overall yield and 

diastereoselectivity.  

Moreover, carbocations have been presented as highly effective and 

versatile non-metal Lewis acid catalysts. Lewis acidity-tuning of 

carbocations has been introduced and applied in several reactions to 

suppress competing reactions. Furthermore, the reaction scope of 

carbocations has been vastly widened. Competing proton catalysis has 

been unambiguously excluded and the synthesis of chiral carbocations 

has been presented, although they failed to induce enantioselectivity in 

the Diels-Alder reaction.  

In all, pronounced progress has been made in the struggle towards more 

sustainable chemistry.  
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Appendix  

 

Scheme 32. Synthesis of chiral carbocations. 

3.56  
n-BuLi (1.6 M in hexane, 24 ml, 39 mmol, 3 equiv.) was added to a 

solution of bromoanisol (4.9 ml, 39 mmol, 3 equiv.) in THF (200 ml). 

The resulting mixture was stirred for 10 min at -78 oC. (-)-(R)-Myrtenal 

(2 ml, 13 mmol, 1 equiv.) in THF (40 ml) was added dropwise to the 

mixture that was stirred for another 30 min at -78 oC. The reaction was 

followed with TLC and 1H NMR. When full conversion was confirmed the 

reaction was quenched with water and the reaction mixture extracted 

with ether (75 ml x 3). The combined organic phases were dried over 

Na2SO4 and concentrated under reduced pressure to furnish 

intermediate alcohol 3.55 which was used directly without any 

purification. 3.55 was dissolved in Et2O (100 ml) and MnO2 (20 g) was 

added over a period of 5 min at -78 oC. The mixture was left stirring in 

ambient temperature for 4 days when 78% conversion from non-oxidized 

to oxidized product had occurred as determined by 1H NMR). The 

mixture was then filtered through Celite and concentrated in vacuo. 

Purification by flash chromatography (SiO2, pentane/EtOAc) furnished 

the title product (2.08 g, 8.08 mmol, 62%). 1H NMR (500 MHz, CDCl3): 

δ = 7.75-7.73 (d, J = 8.8 Hz, 2 H), 6.93-6.91 (d, J = 8.8 Hz, 2 H), 6.36 (s, 

1 H), 3.86 (s, 3 H), 2.93-2.91 (t, J = 5.5 Hz, 1 H), 2.57-2.43 (m, 3 H), 2.18 

(s, 1 H), 1.37 (s, 3 H), 1.24-1.22 (d, J = 9.1 Hz, 1 H), 0.88 (s, 3 H) ppm. 13C 

NMR (125 MHz, CDCl3): δ = 194.28, 162.53, 148.47, 137.76, 131.46, 
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130.50, 113.24, 55.27, 41.96, 40.28, 37.58, 32.41, 31.28, 25.85, 20.90 

ppm; Rf (pentane:EtOAc = 9:1) = 0.31. 

3.57a and 3.57b 
 
A solution of 3.56 (727 mg, 2.83 mmol) in nitromethane (16 ml) was 

added over a period of 5 min to a heated mixture (105 oC) of TMSOTf 

(0.54 ml, 3.07 mmol) in nitromethane (16 ml). The resulting mixture was 

stirred at 105 oC for 1 hour, and then NH4F (aq.) (32 ml) was added. The 

bilayer mixture was concentrated under reduced pressure to half of the 

volume and then diluted with water (16 ml). The mixture was extracted 

with EtOAc (20 ml x 3). The combined organic phases were dried over 

Na2SO4 and concentrated under reduced pressure to give the crude 

product. Purification by flash chromatography (pentane/EtOAc) 

furnished the pure product (199 mg, 0.78 mmol, 30 %) as a brown oil and 

as a diastereomeric mixture of the two cis conformers in a 3.6:1 

diasteriomeric ratio. * = minor diastereomer. 1H NMR (500 MHz, 

CDCl3): δ = 7.68-7.65 (m, 1 H), 7.68-7.65* (m, 1 H), 6.92-6.87 (m, 2 H), 

6.92-6.87* (m, 2 H), 3.90* (s, 3 H), 3.90* (s, 3 H), 3.70-3.64 (m, 1 H), 

3.49-3.45* (t, J = 8.8 Hz, 1 H), 3.12-3.07 (m, 1 H), 3.12-3.07* (m, 1 H), 

2.72-2.62 (m, 2 H), 2.58-2.52* (tt,  J= 2.3, 11.0 Hz, 1 H), 2.46- 2.41 (m, 1 

H), 2.46-2.41* (m, 1 H), 2.19-2.15* (td, J = 2.9, 13.6 Hz, 1 H), 2.01-1.93 

(m, 2 H), 2.01-1.93* (m, 2 H), 1.36-1.34 (d, J = 10.0 Hz, 1 H), 1.26* (s, 3 

H), 1.18 (s, 3 H), 1.01* (s, 3 H), 0.70-0.68* (d, J = 10.0 Hz, 1 H), 0.41 (s, 

3 H) ppm; 13C NMR (125 MHz, CDCl3): δ = 208.34*, 207.25, 165.96*, 

165.82*, 165.50, 161.81, 131.32, 130.82*, 125.27*, 124.95, 114.97*, 114.92, 

109.44, 109.08*, 55.80*, 55.74, 54.72, 52.00*, 43.88*, 42.99, 41.95*, 

41.23, 40.01, 38.96*, 33.19*, 32.39*, 32.14, 32.70, 29.27, 27.13, 25.89*, 

25.34*, 22.79, 20.91* ppm; Rf (pentane:EtOAc = 5:1) = 0.38.  
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3.58a  
 
A solution of 3.57a (199 mg, 0.776 mmol, 1 equiv.) in DMF (3 ml) was 

added to a solution of 60% NaH (62.1 mg, 2 equiv.) in DMF (3 ml). The 

resulting mixture was stirred at ambient temperature for 10 min and 

then cooled to 0 oC. Methyl iodide (0.073 ml, 1.16 mmol, 1.5 equiv.) was 

added and the mixture was then allowed to stir at room temperature. 

After 2 h, the reaction mixture was quenched with water and the residue 

extracted with Et2O, washed with brine and dried over Na2SO4. The 

product was concentrated under reduced pressure and purified by flash 

chromatography (pentane/EtOAc) to give the pure product (101 mg, 0.37 

mmol, 48%) as a white solid. 1H NMR (500 MHz, CDCl3): δ = 7.68-7.66 

(d, J = 8.2 Hz, 1 H), 6.91-6.88 (d, J = 8.2 Hz, 1 H), 6.88 (s, 1 H), 3.89 (s, 

3 H), 3.13- 3.10 (dd, J = 6.3, 11.5 Hz, 1 H), 2.62-2.56 (td, J= 4.4, 11.9 Hz, 

1 H), 2.41-2.34 (m, 2 H), 1.97-1.94 (q, J = 5.0 Hz, 1 H), 1.85-1.81 (dd, J = 

6.3, 13.5 Hz, 1 H), 1.36-1.34 (d, J = 10.1 Hz, 1 H), 1.18 (s, 3 H), 1.16 (s, 3 

H), 0.4 (s, 3 H) ppm; 13C NMR (125 MHz, CDCl3): δ = 210.48, 165.60, 

160.19, 129.84, 125.45, 115.04, 109.76, 55.74, 54.83, 49.08, 41.26, 41.13, 

39.55, 32.53, 27.91, 27.28, 26.43, 23.16 ppm; Rf (pentane:EtOAc = 5:1) = 

0.5 

3.59a  
 
Phenyllithium (1.9 M, 0.9 ml, 2.68 mmol, 6 equiv.) was added to a 

solution of 3.58a (76 mg, 0.28 mmol) in toluene (2 ml) at 0 oC. The 

resulting mixture was left stirring at room temperature. After full 

conversion of starting material (1H NMR), the reaction was quenched 

with NaHCO3 (aq.), extracted with Et2O, washed with brine, and dried 

over Na2SO4. The organic phase was then concentrated under reduced 

pressure to give the crude product which was used in the next step 

without any further purification.  

3.53a  
 

HBF4
.Et2O (0.096 ml, 2.5 equiv.) was added to a solution of compound 

15 (0.28 mmol, 1 equiv.) and propionic anhydride (0.18 ml, 5 equiv.) in 

Et2O (5 ml). A yellow precipitate was immediately formed. The 

precipitate was left standing for 1 h and then cooled to 0 oC and washed 

with Et2O (30 ml). The product carbocation was then dried in vacuo and 

the product was obtained as a yellow precipitate (90 mg, 0.215 mmol, 
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77%). 1H NMR (500 MHz, CDCl3): δ = 8.05-8.03 (d,  J= 9.3 Hz, 1 H), 

7.82-7.79 (t, J = 7.2 Hz, 2 H), 7.73-7.67 (m, 4 H), 7.36-7.33 (dd, J = 2.1, 

9.3 Hz, 1 H), 4.42 (s, 3 H), 3.81-3.77 (dd, J = 6.5, 12.2 Hz, 1 H), 3.18-3.12 

(td, J = 4.4, 13.4 Hz, 1 H), 2.64-2.85 (t, J = 5.7 Hz, 1 H), 2.64-2.62 (p, J = 

5.6 Hz, 1 H), 2.19- 2.16 (q, J = 4.6, Hz, 1 H), 2.02-1.98 (dd, J = 6.4, 13.7 

Hz, 1 H), 1.69-1.66 (d, J = 11.2 Hz, 1 H), 1.41 (s, 3 H), 1.27 (s, 3 H), 0.37 

(s, 3 H) ppm; 13C NMR (125 MHz, CDCl3): δ = 215.60, 182.68, 180.57, 

138.41, 135.96, 135.57, 133.70, 132.20, 130.11, 124.45, 113.96, 65.93, 

60.13, 52.68, 48.97, 40.83, 40.42, 33.20, 30.73, 28.96, 27.24, 23.40 ppm. 

3.58b  
  
Compound 3.57a (105 mg, 0.410 mmol, 1 equiv.) in DMF (2 ml) was 

added to a solution of 60% NaH (32.8 mg, 0.819 mmol, 2 equiv.) in DMF 

(1 ml). The resulting mixture was stirred for 10 min. Benzyl bromide 

(0.074 ml, 0.614 mmol, 1.5 equiv.) was added while cooling to 0 oC. The 

mixture was then allowed to stir in room temperature. After 2 h the 

reaction was quenched with water, extracted with Et2O, washed with 

brine and dried over Na2SO4. The crude product was concentrated under 

reduced pressure and purified with flash chromatography (SiO2 

pentane/Et2O) to give the pure product (103.8 mg, 0.30 mmol, 73%) as a 

white solid. 1H NMR (500 MHz, CDCl3): δ = 7.55-7.53 (d, J = 8.5 Hz, 1 

H), 7.06-7.02 (m, 3 H), 6.97-6.95 (m, 2 H), 6.78-6.76 (dd, J = 2.2, 8.5 

Hz, 1 H), 6.67-6.66 (d, J = 2.1 Hz, 1 H), 3.81 (s, 3 H), 3.33-3.29 (dd, J = 

6.1, 11.6 Hz, 1 H), 2.96-2.93 (d, J = 13.0 Hz, 1 H), 2.76-2.73 (d, J = 13.0 

Hz, 1 H), 2.63-2.57 (td, J = 4.4, 13.4 Hz, 1 H), 2.50-2.47 (t, J = 5,7 Hz, 1 

H), 2.45-2.40 (p, J = 5.0 Hz, 1 H), 1.97-1.94 (q, J = 4.6 Hz, 1 H), 1.84-1.80 

(dd, J = 6.1, 13.5 Hz, 1 H), 1.38- 1.36 (d, J = 10.3 Hz, 1 H), 1.20 (s, 3 H), 

0.42 (s, 3 H) ppm; 13C NMR (125 MHz, CDCl3): δ = 209.51, 165.23, 

160.48, 136.56, 131.66, 130.27, 127.58, 126.42, 124.64, 114.75, 109.13, 

59.19, 55.63, 48.67, 45.41, 41.08, 39.60, 37.78, 32.80, 28.34, 27.47, 23.24 

ppm; Rf(pentane:EtOAc = 5:1) = 0.61. 

3.59b 
  
Phenyllithium (1.9 M, 0.81 ml, 1.539 mmol, 6 equiv.) was added to a 

solution of compound 3.58b (88 mg, 0.254 mmol) in toluene (2 ml) at 0 
oC. The resulting mixture was left stirring at room temperature. After 7 h 

the reaction was quenched with NaHCO3 (aq.), the reaction mixture 

extracted with Et2O, washed with brine and dried over Na2SO4. The 

organic phase was concentrated under reduced pressure to give the crude 

product, which was used in the next step without any further 

purification.  
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3.53b 
  
HBF4

.Et2O (0.087 ml, 2.5 equiv.) was added to a solution of compound 

3.59b (0.254 mmol, 1 equiv.) and propionic anhydride (0.16 ml, 5 

equiv.) in Et2O (5 ml). An orange-colored precipitate was immediately 

formed. The precipitate was left standing for 1 hour in room temperature 

without agitation and then cooled to 0 oC and triturated with Et2O (30 

ml). The product carbocation was then dried in vacuo. No further 

purification was performed even though the orange precipitate (6 mg, 

0.012 mmol, 5%) still contained impurities. Due to the high level of 

impurities and the low amount of product, no satisfactory 1H NMR or 13C 

NMR could be collected. 1H NMR (500 MHz, CDCl3): δ= 7.95-7.93 (d, J 

= 9.4 Hz, 1 H), 7.88-7.84 (m, 3 H), 7.76-7.31 (t, J = 7.9 Hz, 2 H), 7.41 (s, 

1 H), 7.18-7.15 (dd, J = 2.2, 9.5 Hz).
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