
  

Chiral Carbocations as 

 Lewis Acid Catalysts in  

Diels-Alder Reactions 

 

 

 

ANNIKA MELLBERG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Master Thesis in Chemistry  
 

                          Supervisor:                  Johan Franzén   

Co-Supervisor:                    Juho Bah 

KTH Stockholm 

16
th

 January 2012 to 20
th

 June 2012 
 

 

 



2 
 

Abstract 

Lewis acids can be used as catalysts in different reactions, but the term Lewis acid catalysts often 

refers to metal salts. Metal complexes have been widely used for asymmetric catalysis. Asymmetric 

synthesis can however be performed in a metal-free way by using organocatalysis. New Lewis acid 

catalysts that are more effective, enantioselective and environmental friendly is of interest.  This new 

type of Lewis acid catalysts could for example be of carbocation based character.  

The aim of this project was to synthesize chiral carbocations with different degree of sterical 

hindrance and investigate their catalytic ability in Diels-Alder reactions. It was presumed that the 

Diels-Alder reactions were going to be performed in an asymmetric way since the carbocation 

catalysts were achiral.  

Two chiral carbocations were synthesized successfully. The first synthesized carbocation, the less 

sterical hindered compound 8, was formed as a racemic mixture. The second carbocation, compound 

16, could be formed as an enatiomeric pure compound. Both carbocations showed catalytic ability in 

Diels-Alder reactions and compound 8 was comparable with some common Lewis acid catalysts. In 

general, when using compound 8 as catalyst, higher catalyst amount gave higher conversions. Higher 

concentrations also gave higher conversions, but up to a certain level. No trend between polarity of 

different solvents and conversions could be seen. However, an increased temperature leads to faster 

reactions. The more rigid and sterical hindered compound 16 catalyzed the reactions slower than 

compound 8. The longer reaction time may indicate that the reaction occurs with higher selectivity, 

but no method to measure the ee of the product was found. 

An attempt to synthesize a third even more sterical hindered chiral carbocation, compound 19, 

resulted in a product contaminated by impurities that showed a catalytic ability lower than 

compound 8 and compound 16 in Diels-Alder reactions. 

The synthesis and the use of carbocations as Lewis acid catalysts in Diels-Alder reactions seem 

promising as a new type of catalysts even though there are questions that are still unanswered, e.g. 

counter ions effects, possible side reactions, selectivity etc.  
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List of Abbreviations 

Abbreviation Meaning 

AcOH  Acetic acid 

DMAP  4-(Dimethylamino)-pyridin 

DCM  Dichloromethane 

DMF  N, N-dimethylmethanamide 

DIBAL  Diisobutylaluminium hydride 

ee  Enantiomeric excess 

eq.  Equivalents  

EDG  Electron donating group 

EtOAc  Ethyl acetate 

Et2O  Diethyl ether 

EWG  Electron withdrawing group 

FC  Flash chromatography 

GC  Gas chromatography 

HPLC  High performance liquid chromatography 

H2SO4  Sulfuric acid 

Hz  Hertz 

KMnO4  Potassium permanganate 

MeI  Methyl iodide 

MeNO2  Nitromethane 

MeOH  Methanol 

MgSO4  Magnesium sulfate 

NaBH4  Sodium borohydride  

NaH  Sodium hydride 

Na2SO4  Sodium sulfate 

n-BuLi  n-butyllithium 
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NMR  Nuclear magnetic resonance  

o.n  Over night 

Ox.  Oxidation 

PhLi  Phenyllithium 

PMA  Phosphomolybdic acid 

ppm  Parts per million 

Red.  Reduction  

r.t.  Room temperature 

TBS  tert-butyldimethylsilyl 

temp.  Temperature 

TfOH  Trifluoromethanesulfonic acid 

THF  Tetrahydrofuran 

TLC  Thin layer chromatography 

TMS  Trimethylsilyl 

TMSOTf  Trimethylsisylfluoromethanesulfonate 

Sep.  Separation 

UV  Ultraviolet 

WU  Work up 

*  Chiral center 
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1 Introduction 

Below follows an introduction to the idea of the research area that has been investigated and 

background to the project.  

1.1 Lewis Acid Catalysts 

The definition of a Lewis acid is “a compound or atom that can accept a pair of electrons” thereby 

making it an electron withdrawing specie. [1] The interesting feather with Lewis acids is that they can 

be used as catalysts in different reactions as for example the Diels-Alder reaction because of the 

electron withdrawing character that activates the dienophile. But speaking about Lewis acid 

catalysts, one often thinks of metal salts. Metal complexes have been widely used for asymmetric 

catalysis. This is because of their ability to control the reaction pathway in an enantioselective way by 

using different kind of metals, ligands and oxidation states.[2]Asymmetric organic synthesis can 

however be performed in a metal-free way. This is performed by using low molecular weight organic 

molecules (organocatalysis). [3] 

In the beginning the interest for organocatalysis was not that big, but the last decades that opinion 

has changed and researchers now see the potential in using organocatalysts. Organocatalysts are, as 

mentioned before, metal-free and therefore have many advantages that the metal complexes lack. 

Conventional metal complexes have high costs, can contaminate the organic product and sometimes 

also needs specific operation conditions as for example anaerobic environment. In contrary, many 

organocatalysts can be found from natural sources, be easily separated from the product and are 

stable in air and water. [3] 

1.2 Different Types of Metal-free Lewis Acid Catalysts 

In this section, some examples of different types of Lewis acid organocatalysts and in which 

applications they have been used historically, will be presented.  

1.2.1 Silicon Cations 

Silicon is in the same group as carbon and therefore they have common properties. But unlike 

carbon, silicon is a semimetal, and whether silicon should be counted to the class organocatalysts can 

be discussed. [2] Silicon as tetra coordinated compounds as for example Me3SiOTf and Me3SiNTf2 are 

widely used in synthetic chemistry. [4] These Lewis acids can catalyze many different types of 

reactions and are compatible with many carbon nucleophiles. The relationship between the 

reactivity of the Lewis acid and its counterion was pointed out by Ghozes. The Lewis acids Me3SiOTf 

and Me3SiNTf2 were used in the Diels-Alder reaction between 1, 3-cyclohexadiene and methyl 

acrylate,   see Scheme 1. [2][4] 

 

Scheme 1 Lewis acid catalyzed Diels-Alder reaction between 1, 3-cyclohexadiene and methyl acrylate 
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Me3SiOTf gave no reaction after 1 h whereas Me3SiNTf2 gave a yield of 92 % with 98 % endo product. [4] 

When it comes to tricoordinated silicon cations, these are very reactive and strong Lewis acids. A 

studied salt in the Diels-Alder reaction above is [Et3Si(Toluene)]+[B(C6F5)4]
- and was investigated by 

Sawamura. [4] The silicon cation is stabilized by the solvent and prepared from triethylsilane and 

[Ph3C][B(C6F5)4], see Sheme 2. [2] 

 

Scheme 2 Preparation of the salt, [Et3Si(Toluene)]+[B(C6F5)4]
- 

The salt gave a yield of 97 % and with 98 % endo after 1 h when used as 1 mol % in the Diels-Alder 

reaction above, Scheme 1. Another silicon cation that also has been investigated in the same Diels-

Alder reaction can be seen in Figure 1. [4] 

 

Figure 1 Silicon salt 

This silicon cation gave a yield of 95 % and with >99 % endo when 5 mol % was used to catalyze the 

Diels-Alder reaction in DCM at -78 oC after 3 h. [4] 

Silyl cations have advantages compared to metal Lewis acids as for example mentioned before they 

are compatible with many carbon nucleophiles. But one disadvantage is that their catalytic ability can 

be hard to investigate. Strong Lewis acids, as silicon carbocations, can mediate the formation of 

protons which leads to the release of BrØnsted acid. This BrØnsted acid may outcompete the Lewis 

acid and act as the real catalyst. This can make it difficult to examine the Lewis acid catalytic ability. 
[4] 

1.2.2 Carbocations 

It is well known that ionic compounds can easily be formed from species such as for example cationic 

sodium and anionic chloride. The two ions are held together with electrostatic ionic bonds and many 

other elements can also form ionic compounds in the same way. One element that on the other hand 

was considered for a long time to lack the ability to form this type of ionic compounds was carbon. It 

was thought that only in special cases, with stabilized systems, carbon could form a cationic piece as 

for example in triphenylmethyl dyes. [5] 

But over 100 years ago, 1901, not only Norris but also Kehrman and Wentzel, independently found 

that triphenylmethyl alcohol, that was colorless, gave a yellow solution when added in concentrated 

sulfuric acid. Orange complexes were also formed in a similar way when mixing triphenylmethyl 

chloride with aluminum and tin chlorides. [5] 
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Year 1902, Baeyer could see the correlation between the formed color and the saltlike character of 

the compounds. And Gomberg and Walden did studies on related cationic dyes such as malachite 

green that also contributed to the understanding of the structure of these pieces. [5]  

During the last decades the understanding of carbocations has increased and the use of organic salts 

as Lewis acid catalyst has grown bigger. [2] Carbocations have been investigated both 

spectroscopically and computationally.[5] But carbocations are still not often represented in catalysis 

as in contrary to analogous of silyl salts. Trityl perchlorate, see Figure 2, was one of the first 

carbenium salts that was reported with a catalytic applications in the Mukaiyama aldol-type 

reactions and in Michael transformations. [2]  

 

Figure 2 Carbocation based salt with Lewis acid catalytic activity 

The Mukaiyama aldol reaction is the crossed aldol reaction between a silyl enol ether and a carbonyl 

compound, see scheme 3. [6] 

 

Scheme 3 The Mukaiyama aldol reaction 

It was shown that syn cross-aldol products were preferred to form in good yield when silyl enol 

ethers were treated with aldehyde and a catalytic amount of trityl perchlorate. The reactions were 

performed in mild conditions, short time and at -78 oC. The mechanism of the reaction was not yet 

known, but it was believed that the trityl cation interacted with the aldehyde and activated it. The 

transition state, formed between the activated aldehyde and silyl enol ether, took the formation that 

gave the syn aldol product due to steric effects caused by the trityl cation and substituents on the 

silyl enol ether. [7] In similar way it was shown that silyl enol ethers that reacted with activated 

acetals (activated by trityl perchlorate in catalytically amount) gave predominantly anti products. [8] 

In the same time of period, trityl tertrafluoroborate was used (in equimolar amount) to give γ-

ketosulfides in the reaction between silyl enol ethers and thioacetals. [9] Catalytic amount of trityl 

perchlorate also showed to give 1,2-addition products or 1,4-addition product when used in the 

reaction between silyl enol ethers and α,β-acetylenic ketones or α,β-unsaturated ketones 

respectively. [10][11]Later it could also be shown that catalytic amount of trityl salt in the reaction 

between ketene silyl acetals and imines promoted the formation of β-aminoester. [12] 
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An analog to the Mukaiyama aldol reaction is the Sakurai allylation. Here allylsilanes (often 

trimethylallylsilanes) react with an electrophile (often a ketone or aldehyde) in the presence of 

catalytic amounts of a Lewis acid, see Scheme 4. [13] 

 

Scheme 4 The Sakurai allylation 

But since the mechanism for the Mukaiyama aldol and the Sakurai allylation reaction was unknown 

at the time, mechanistic studies took place in order to either confirm or reject previous results and 

get an understanding of the reactions. [2]   

Two possible mechanisms for the Mukaiyama aldol reaction between a silyl enol ether and an 

aldehyde has been proposed as described in Scheme 5. [14] 

 

Scheme 5 Two possible mechanisms in the Mukaiyama aldol reaction 

The mechanism starts with catalytic activation of the aldehyde that then interacts with the silyl enol 

ether (or allylsilane in the Sakurai allylation).  The produced intermediate can then react in two 

different pathways. The one to left illustrates the intramolecular transfer of the TMS group to the 

aldolate position which gives the product and regenerates the catalyst. The one to right illustrates 

the nonconcerted pathway where aldolate intermediate and Me3SiOTf forms. In order to regenerate 

the catalyst and form product, Me3SiOTf needs to substitute Tr on the alkoxide. But since Me3SiOTf is 

formed in one of the intermediate steps, the added Lewis acid catalyst in the start of the reaction 

only serves as an initiator for the production of Me3SiOTf that is the actual catalyst. [14] 
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Bosnich et al. investigated the Mukaiyama aldol and the Sakurai allylation reaction for several Lewis 

acids as [Ti(Cp)2(OTf)2], Ph3CClO4 and Ph3COTf. They reasoned that if the pathway was as according to 

the left in Scheme 5, Me3SiOTf could be released in another type of mechanism that prevent the silyl 

transfer step and where Me3SiOTf was released. The released Me3SiOTf could then act as a catalyst. 

And again, the added Lewis acid catalyst in the start of the reaction was only an initiator for the 

production of Me3SiOTf that was the actual catalyst. [14] 

Bosnich et al. showed that none of the three catalyst [Ti(Cp)2(OTf)2], Ph3CClO4 and Ph3COTf were the 

real catalyst in the Mukaiyama aldol and the Sakurai allylation reaction.[14]    

Other studies on the Mukaiyama aldol reaction shows results that disagree with the Bosnich group. 

For example some studies indicates that it is the catalytic activity of the Lewis acid, type of counter 

ion and silyl group that decides whether it is the Lewis acid or the silyl compound that catalyses the 

reaction.[15]  

Chen et al. have also studied the Mukaiyama aldol reaction by using a chiral salt in stochiometric 

amount, see Figure 3 below. [16] 

 

Figure 3 Chiral salt used in the Mukaiyama aldol reaction by the Chen group 

This study lead to a documented asymmetric Mukaiyama aldol reaction, see Scheme 6 below. 

 

Scheme 6 Asymmetric Mukaiyama aldol reaction by the Chen group 

The extents of enantioselectivity depend among other things on silyl substituents, counterions and 

reaction time. For example TMS ketene acetal led to lower asymmetric induction compared to TBS 

analogs. Longer reaction time also gave lower enantioselectivity. This investigation indicates that the 

carbocation mediated catalyst cannot be neglected since enantiomeric excess was achieved but that 

the silyl component also plays an important role in the reaction. [16] In the examination, the reaction 

conditions were estimated in order to suppress the silyl catalyst and favor the carbocation catalyst, 

which was important in order to get a chiral product. In this way it could be shown that it was the 

carbocation that promoted the reaction. The key to enantioselective carbocations catalyst in aldol-

type additions may be carbocations with rigid conformation and enhanced reactivity. [2] 
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Mukaiyama designed a carbocation, see Figure 4, in order to increase the catalytic activity of the 

carbocationic center. 

 

Figure 4 Carbocation designed by Mukaiyama 

The carbocation´s catalytic activity was compared to that of trityl tetrakis[pentafluorophenyl]borate 

salts. The reaction that was studied was the catalyzed addition of enol acetate to benzaldehyde, see 

Scheme 7. [2] 

 

Scheme 7 Addition reaction of enol acetate to benzaldehyde 

It was shown that the carbocation gave a higher yield (92%) compared to that of trityl 

tetrakis[pentafluorophenyl]borate salt (73%) after 30 minutes.[2] 

Carbocations have been used as Lewis acid catalyst in cases where the mechanism has been widely 

discussed. But also in reactions were discussions have been about what actually is the real catalyst if 

not the carbocation is. What can be said, as for all reactions and investigations, is that all possible 

side reactions and alternative pathways must be eliminated in order to exclude other alternative 

catalysts than the one under investigation.   

1.2.3 Lewis Acid Catalysts in Diels-Alder Reactions  

Diels-Alder reactions can be performed without using a catalyst. But often a catalyst is used because 

the non catalyzed reaction is too slow and thermally allowed Diels-Alder reactions usually have high 

activation energy. The reaction rate in the non catalyzed Diels-Alder reaction can be increased by 

using water in the reaction since the reaction is then catalyzed by the hydrogen bonds from the 

water.  And transition metal complexes can be used to increase the stereoselectivity. [17] Common 

catalysts are Lewis acids as for example BCl3 and SnCl4. Lewis acids, in the Diels-Alder reaction, can 

bind to the EWG of the dienophile. This catalyzes the reaction since the LUMO of the dienophile is 

lowered further. It has also another advantage, namely that the regeoselectivity may also be 

increased. [18] But Lewis acids have limitations, for example they can be sensitive towards water and 

often must be used in almost stochiometric amounts. Some of them can also polymerize or destroy 

the product. Therefore there is a need for other catalysts in this reaction that fulfill the catalytically 

aspect but without these disadvantages. [17] 
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The Diels-Alder reaction is one of the most studied and used reactions in organic synthesis.  It was in 

1948 the first asymmetric Diels-Alder reaction was reported. In 1963 it was discovered that Lewis 

acids could be used to catalyze the reaction and the last decades many studies have been reported 

on organocatalyzed Diels-Alder reactions. Examples of studied organocatalysts are chiral amines, 

heterocyclic carbenes and chiral guanidines.  Chiral BrØnsted acids have also been investigated. [19] 

But when it comes to reported carbocations that can act as Lewis acid catalysts in the Diels-Alder 

reaction, the author have not found that much. One reported Diels-Alder reaction is the one 

between cyclopentadiene and methacrolein where different types of chiral ferrocenyl cations were 

used as catalysts. One example is the ortho substituted ferrocenyl cation in Figure 5. [21] 

 

Figure 5 Ortho substituted ferrocenyl cation 

The Diels-Alder reactions were tested in conditions of 3 to 10 mol % catalyst at -20 oC for 24 h and 

the catalysts showed good catalytic activity. The catalyst in Figure 5 gave an exo/endo ratio of 96:4. 

But as was said in the report, it could not be neglected that trace amounts of water reacted with the 

catalyst and formed TfOH which could be the actual catalyst instead of the ferrocenyl cation. [21] 

Sammakia et al. confirmed the thoughts in a report that showed that the reaction is catalyzed by 

protic acid and not the supposed carbocation. The protic acid is formed when the carbocation 

hydrolyses or when the diene do a nucleophilic attack on the cation which results in release of the 

proton. [22] 

The Diels-Alder reaction is an important reaction.  It is an atom-economic reaction and it is easy to 

produce functionalized cyclohexenes that can be transformed to other important organic 

compounds. [19] Therefore, new Lewis acid catalysts that are even more effective, enantioselective 

and environmental friendly can be of interest.  For example this new type of Lewis acid catalysts 

could be of carbocation based character. A field that, as mentioned before, has not been so much 

explored in the literature.  What is making carbocations interesting as potential Lewis acid catalysts is 

that their positively charged sp2 carbon can be elaborated by the chemist. This means that the empty 

p-orbital, that gives the carbocation its Lewis acidity, can be designed with more or less Lewis acid 

activity by making it more or less electron rich (and thereby the carbocation is either more willing to 

catalyze or not). This can be done by changing the electron density in adjacent overlapping filled 

orbitals by changing substituents with different electron properties (EDG or EWG). Different counter 

ions may also affect the stability of the carbocation. In this way, by choosing the right substituents 

and the right counter ion, the reactivity of the carbocation can be tuned. What also can be designed 

by the chemist is the selectivity of the carbocation. Steric hindrance from substituents can make the 

two sides of the p-orbital diastereotopic in a chiral carbocation and thereby making asymmetric 

catalysis possible.  

Carbocations as catalysts can open a new type of stereochemical and reactivity control in catalyzed 

reactions. This is what makes this field interesting and worth to explore since it could offer new 

unknown possibilities in asymmetric synthesis.       
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1.3 Previous Work 

Previously in our group attempts to synthesize carbocations that can be used as Lewis acid catalysts 

have been done. The first carbocation that was synthesized successfully and also showed catalytic 

activity in the Diels-Alder reaction between 1, 3-cyclohexadiene and acrolein in DCM at room 

temperature was carbocation α, Figure 6.  

 

Figure 6 Carbocation α 

The metoxy group in the phenyl ring donates electrons to the positively charged carbon and thereby 

stabilizes the carbocation as well as the delocalization of electrons in the π-system between 

overlapping p-orbitals. Attempts to synthesize a carbocation with same ground structure as α but 

lacking the metoxy group was also performed but failed. The metoxy group seemed necessary in 

order to get a carbocation that could be stable enough to survive.  

The second carbocation that was synthesized successfully was β, Figure 7.    

 

Figure 7 Carbocation β 

Carbocation β also showed catalytic activity in the Diels-Alder reaction between 1, 3-cyclohexadiene 

and acrolein in DCM at room temperature. However, α catalyzed the reactions faster than β. This is 

most presumably because β has two metoxy groups and therefore the positive charge is more 

stabilized in β than in α. β gets more stabilized and less able to react.  

The two carbocations, α and β, that have been synthesized so far are both achiral since none of them 

do own a stereogenic centre. Therefore they cannot be used to catalyze Diels-Alder reactions in an 

asymmetric way. 
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1.4 Aim of this Project 

The aim of this project was to synthesize a chiral carbocation that could be used to catalyze Diels-

Alder reactions (primarily the reaction between acrolein and 1, 3-cyclohexadiene) in an asymmetric 

way. The first carbocation that would be synthesized had the same ground skeleton as the previously 

synthesized carbocations, α and β, see Figure 8.  

 

Figure 8 First synthesized carbocation, Compound 8 

Compound 8 had, as compound α and β, a metoxy group in order to stabalize the positive charge 

which had proven to be necessary in the earlier synthesis as mentioned before. The difference 

between the new composed carbocation and the older ones was that the novel one was chiral with a 

stereogenic centre. This makes the two faces of the carbocation diastereotopic. The differences of 

the two faces were believed to direct the catalytic Diels-Alder reaction between 1, 3-cyclohexadiene 

and acrolein in an asymmetric way. 

The second carbocation, 16, that would be synthesized had a structure that did distinguish more 

from the other carbocations, see Figure 9. 

 

Figure 9 Second synthesized carbocation, compound 16 

As before, the carbocation had a metoxy group in order to stabilize the positive carbon. But this 

carbocation was more rigid than the previously ones. It was also chiral as compound 8 and would 

therefore catalyze the Diels-Alder reactions in an asymmetric way. The enantioselectivity and 

catalytic ability of compound 8 and 16 was then going to be compared with each other and towards 

non chiral carbocations (TrBF4) respectively.    
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2 Results and Discussion 

This section explains how the compounds were synthesized and used.  

2.1 Synthesis of the First Carbocation, Compound 8 

The first synthesis of a carbocation in this work was the synthesis of the chiral carbocation, 

compound 8 (Figure 10). 

 

Figure 10 Compound 8 

The first route to make this compound was the Friedel-Craft acylation with commercial starting 

materials to make compound 2. Conditions for the reaction were followed from the literature as can 

be seen in Scheme 8. [23]  

 

Scheme 8 Reaction conditions for the synthesis of compound 2 

A second route, which started at the same time, was the Friedel-Craft acylation to make compound 1 

(Scheme 9).  

  

Scheme 9 Reaction conditions for the synthesis of compound 1 

The carbocation that is synthesized from compound 1 will have a t-butyl group in the α-position 

instead of a phenyl group as the carbocation that is synthesized from compound 2, see Sheme 10. 

This was an interesting topic in the sense of steric interaction and how different groups in the α-

position of the carbocation might affect the catalytic selectivity. Conditions for the Friedel-Craft 

acylation of compound 1 were also followed from the literature. [23]  
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Scheme 10 Schematic picture of carbocation origin from compound 1 and 2 

The reactions run smoothly and as expected from theory the para products were obtained 

selectivity. No purification was needed of compound 1 and 2 since normal work up afforded the 

wanted products without impurities and in very good yields, 85 % and 95 % respectively. 

In order to get the corresponding indanone from compound 1 and 2, the path was to first perform a 

Mannich reaction with compound 1 and 2 followed by a Nazarov cyclization. Conditions for the 

Mannich reaction with compound 2 were followed from the literature (Scheme 11). [24] 

 

Scheme 11 Reaction conditions for synthesis of compound 4 

No purification was needed for the formed compound 4 since normal work up afforded the wanted 

product with very low amounts of impurities and in good yield 70 %. Literature also suggested that 

this compound might not be stable enough to be stored. Compound 4 is an enone with two 

hydrogens in the end of the double bound which makes it reactive. This contributed to the decision 

to not do any further purification and to use the crude product in the next reaction step as soon as 

possible. [25] 

The corresponding Mannich reaction for compound 1 did not work under given conditions (Sheme 

12). The reaction was repeated but also tried with longer reaction time. The reaction was allowed to 

go for 3 days but stopped after that when NMR showed that nothing had happened with the starting 

material, compound 1, which was still left untouched in the reaction mixture. 

 

Sheme 12 Reaction conditions in attempts to synthesize compound 3 
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No more attempts in order to make compound 3 were made. The reason for the failed reaction could 

be because of sterical hindrance from the t-Butyl group. When synthesizing compound 4, the phenyl 

group in the starting material takes up a smaller space in the reaction center compared to the 

corresponding t-butyl group in compound 1 (Scheme 13). And therefore compound 1 is presumably 

less able to react in the Mannich reaction. 

 

Scheme 13 Schematic picture of the Mannich reaction 

Synthesized compound 4 was due to its pureness and possible instability, as mentioned earlier, used 

directly without any purification in the Nazarov cyclization, Scheme 14.  

 

Scheme 14 Reaction conditions for synthesis of compound 5 

The conditions for the Nazarov cyclization of compound 4 were followed from the literature in the 

early synthesis of compound 5. [26] 15 eq. of H2SO4 was used, but later that amount acid was 

decreased to 4 eq. The reason for the use of 15 eq. of H2SO4 in the literature is most likely because 

there 5-Methoxy-2-methyl-indan-1-one was synthesized, Figure 11, compound A.  

 

Figure 11 Compound A 
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Compound A has a methyl group in the α-position instead of a phenyl group as the compound 5. The 

phenyl group is more electron donating than the methyl group. Therefore less acid is needed in the 

Nazarov cyclization of compound 5 compared to Nazarov cyclization of compound A since the 

Nazarov cyclization is acceletrated by electron donating groups in the α-position.[27] 

The less amount of H2SO4 in the reaction made it easier to accomplish the WU since less 

concentrated acid needed to be neutralized but unfortunately the yield was not improved. 

Compound 5 was formed with a yield of 12 %.  

The Nazarov cyclization occurs via a pentadienylic cation that undergoes conrotatory ring-closure 

under thermal conditions. (The ring-closure occurs disrotatory when the reaction is promoted with 

light.) This generates a cyclic carbocation that undergoes deprotonation and the formed enol 

transform to the corresponding ketone (Scheme 15). [27] 

 

Scheme 15 Mechanism of the Nazarov cyclization 

Compound 5 was then methylated to form compound 6. Reaction conditions for formation of 

compound 6 can be seen in Scheme 16 below. 

 

Scheme 16 Reaction conditions for synthesis of compound 6 

The methylation was followed with TLC and finished within 2 hours. The crude product was purified 

with column chromatography which gave the products as a white crystal with the poor yield of 35 %. 

The product was a mixture of the two enantiomers that were separated with chiral HPLC of type OJ-

RH with the solventsystem Acetonitrile:H2O (30:70→80:20) in 15 minutes with flow 0.25 ml/ min .  
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A racemic mixture of compound 6 means that the following steps for producing the corresponding 

carbocation, compound 8, will give a carbocation as a racemic mixture,  see Scheme 17. 

 

 

Scheme 17 Schematic picture of carbocation as a racemic mixture origin from compound 6 

In order to synthesize compound 6 with a ee that could be used to make compound 8 as a non 

racemic mixture with a catalytic selectivity, chiral phasetransfer methylation with the phastransfer 

catalyst N-(4-trifluoromethylbenzyl)cinchoniumbromide was done. Conditions for the reaction were 

followed from the literature. [28]Compound 5 was dissolved in toluene and 50 % NaOH was added and 

the mixture was stirred for 3 h in room temperature. Compound 5 forms the enolate and goes to the 

water phase. Catalyst N-(4-trifluoromethylbenzyl)cinchoniumbromide was mixed with MeI in toluene 

and added to the first mixture. The enolate coordinates to the catalyst which makes the reaction 

with MeI in the organic phase possible. The reaction mixture was allowed to stir o.n. and was then 

quenched, worked up and purified with column chromatography to give compound 6, yield 44 %, 

Scheme 18.  

 

Scheme 18 Reaction conditions for synthesis of compound 6 

The ee of compound 6 was determined in the same way as before with chiral HPLC of type OJ-RH 

with the solventsystem Acetonitrile:H2O (30:70→80:20) in 15 minutes with flow 0.25 ml/ min. The ee 

was detected to 20 %. But the compound 6 was not further investigated and never used to make the 

corresponding carbocation, compound 8. The reason for that was because of the low observed ee.  

An ee of 20 % means that as much as 80 % is racemic mixture. This in combination with longer 

reaction time, compared to the synthesis of compound 6 without using a phase transfer catalyst, lead 

to the decision to instead separate the two enantiomers of compound 6 through resolvation and a 

transformation route of the two enantiomers to diastereomers was performed. The first step was to 

reduce compound 6 to compound 9 (Scheme 19). [29] 
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Scheme 19 Reaction conditions for synthesis of compound 9 

The potassium sodium tartrate was used in the reaction in order to break up the formed emulsion 

and take care of the aluminium components. The reaction went with full conversion and no further 

purification was needed for the next reaction step. Compound 9 was formed with a diastereomeric 

ratio of 1:3. These diastereomers can be separated quantitatively and oxidized back to the 

enantiomers. But this would again only give the mixture of enantiomers. So in order to get pure 

enentiomers, a chiral ester group, (1s)-(-)-camphanic chloride, was added to compound 9. This 

resulted in 4 diastereomers that can be separated in prep. HPLC to give the corresponding pure 

enantiomers, Scheme 20. 

 

Scheme 20 Schematic picture of making and separating diastereomers 

The conditions for adding the chiral ester group were followed from the literature (except that 10 

mol % DMAP also was added in order to catalyze the reaction), Scheme 21. [30] 

 

Scheme 21 Reaction conditions for synthesis of compound 10 
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The ester was produced with a yield of 51 % and attempts to separate the diastereomers were 

performed on both a chiral HPLC of type OJ-RH and an achiral HPLC of type Polaris C18.  Used solvent 

system was Acetonitrile:H2O in different combinations, running times and with flow 0.25 ml/ min. 

But no program gave a satisfied separation of the diastereomers. This pathway was therefore no 

longer of interest to afford compound 6 as a pure enantiomer. Instead a new way to afford 

enantiomeric pure compound 6 was investigated, Scheme 22. The first step was to produce 

compound 11. [31]  

 

Scheme 22 Reaction conditions for synthesis of compound 11 and asymmetric α-arylation 

5-methoxyindan-1-one was methylated and gave the compound 11 with a very low yield of 6 %. The 

reason for the low yield is most presumably because of failure when making the LDA. 

The next step in the reaction sequence was the catalyzed asymmetric α-arylation of compound 11. 

Reaction conditions were followed from the literature but no reaction occurred. [32] The catalyst was 

first used in 2 mol % and later reactions with 10 mol % catalyst were also tried, but without any 

success. The reaction time was also varied from hours up to 4 days, which did not improve the 

reaction.   

In the literature, the catalyzed asymmetric α-arylations were all performed on indanones without 

substituents on the aromatic ring. [32] Compound 11 has an EDG on the aromatic ring which might be 

the reason for that no reaction is observed.  

The methods that had been used in order to get enantiomeric pure compound 6 had all been 

unsuccessful. Discussions also aroused whether the two substituents in the α-position of compound 

6, the phenyl group and the methyl group, were different enough in size to direct any preferable side 

in space in the corresponding carbocation. In this moment of the project it was moreover still 

unknown if compound 6 was able to form the corresponding carbocation. Therefore focus changed 

to see if compound 8 could be prepared in a racemic form (Scheme 23).   

 

Scheme 23 Reaction conditions for synthesis of compound 7 and compound 8 
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Addition of Phenyllithium to 6 gave 7 that could be used in the next reaction step without any further 

purification. In this last step, compound 8, is formed as a brown precipitate with a yield of 92 % 

(counted over the two reaction steps). The carbocation was easily washed with Et2O to remove 

impurities (Bu2O, toluene, propanoic acid etc.). Drying under vacuum gave the pure carbocation 8. 

2.2 Synthesis of the Second Carbocation, Compound 16 

The second synthesis of a carbocation in this work was the synthesis of the enantiomeric pure chiral 

carbocation, compound 16, Figure 12. 

 

Figure 12 Compound 16 

The first route was to make compound 12, Scheme 24. But several attempts were made before the 

right product was obtained and with a yield that was fair enough.  

 

Scheme 24 Reaction conditions for synthesis of compound 12 

One reason for the problems that occurred during the synthesis was that the first step of the reaction 

was very sensitive towards the ratios between Bromoanisol, n-BuLi and (R)-(-)-Myrtenal. The 

literature used for the first try suggested the ratios Bromoanisol:n-BuLi:(R)-(-)-Myrtenal 1:1:1. [33] 

What then happened was that the lithiated Bromoanisol was destroyed since it reacted with the 

formed BuBr. The eq. of n-BuLi was consequently too low. 

Another try to perform the reaction was done with literature that suggested higher eq. of n-BuLi [30] 

The reaction ratios Bromoanisol:n-BuLi:(R)-(-)-Myrtenal was 1:5:1. This resulted in addition of the 

butyl group on the carbonyl of the (R)-(-)-Myrtenal in the first step. This time the eq. of n-BuLi was 

too high. 

When the ratios Bromoanisol:n-BuLi:(R)-(-)-Myrtenal was changed to 3:3:1 the reaction step 1 could 

carry out successfully. The next reaction step (oxidation) was carried out directly after step 1 since 

literature found related compounds to compound 12 unstable. [34] 

Compound 12 was formed in a yield of 62 % after the two reaction sequences.  
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Next step was to do Nazarov cyclization of compound 12 and the conditions for the reaction were 

followed from the literature. [34] The conditions for the reaction can be seen in Sheme 25. The silyl 

enol ether γ2 forms presumably trough the intermediacy of cation γ1. Aqueous WU gives the product 

13. 

 

Sheme 25 Reaction conditions for synthesis of compound 13 

In the literature many different conditions had been investigated. It turned out that cyclization in the 

presence of trimethylsilyl triflate at 105 oC for 1 h in nitromethane were the best conditions for their 

compound, B, Figure 13. Compound 8 have a similar ground structure as compound 12 and therefore 

same reaction conditions were used in the synthesis of compound 13.    

 

Figure 13 Compound B 

In the literature the thermodynamically more favorable cis-indane product was the only 

stereoisomer observed. More on it was also observed in the literature that other solvents less polar 

than nitromethan gave little or no cyclization. And, because of that reason, other solvents than 

nitromethane were not investigated in the synthesis of compound 13.  

The product compound 13 was formed as a diasteriomeric mixture, 3.6:1, of the cis-products with a 

poor yield of 30 %.  The cis-product forms presumably because it has less ring strain and sterical 

interactions than the trans-products. In the first step of the Nazarov cyclization, the ring closure, the 

hydrogen can point either in or out of the plane, compound γ2, Scheme 25. γ2 then takes up a 

hydrogen and this can be done from the front or the back of the enolate plane which in theory create 

four diastereomers (the two cis- and the two trans-products). But only the cis-products are formed 

because of sterical interactions either between one of the methyl groups and a hydrogen in the back 

side or between two hydrogens in the front side of the trans-product, see Figure 14. Moreover are 

the two methyl groups in the cyclic system shielding the backs side of the enolate, γ2, and thereby 

making the less hindered front side more attractive for nucleophilic attack when the proton is added 

in the last WU step. Therefore the cis-diastereomer, to the left, of compound 13 is formed in excess 

compared to the other cis-diastereomer, to the right, Scheme 25. 
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Figure 14 Trans-products that are not observed when synthesizing compound 13 

The conformation of compound 13 was confirmed with COSY and regular 1D 1H-NMR spectroscopy. 

With COSY all the protons could be assigned and in the 1H-NMR spectroscopy it was seen that the 

methyl group, R, in compound 13, Scheme 25, had two different chemical shifts depending on the 

conformation. It was either a lower or a higher shift with a difference of 0.6 ppm between them. This 

indicates that the methyl group, R, is either near the phenyl ring which causes shielding by its own 

induced magnetic field and thereby gives the methyl group a lower shift , or the methyl group is 

pointing away from the aromatic ring and thereby gets a higher chemical shift because of the less 

shielding farther away the aromatic ring. The same could be seen for the hydrogen, H1, which also 

had a lower or a higher chemical shift with a difference of 0.66 ppm between them. And in the same 

way as for the methyl group, indicating that the hydrogen, H1, is either close or far away from the 

aromatic ring. This, as can be realized, occurred simultaneously. So when the methyl group had a 

lower chemical shift, the hydrogen had a higher chemical shift and vice versa. When building a model 

of the molecule, it can be seen that this effect could not come from the trans-products since neither 

the methyl group nor the hydrogen is much closer to the aromatic ring than the other is.   

Non cyclized product, compound 12, was also given back and the reaction did not go with full 

conversion. 

When methylation of compound 13 was performed, see Scheme 26, it was discovered that only one 

of the two diastereomers of compound 13 reacts and forms the product, compound 14. 

 

Scheme 26 Reaction conditions for synthesis of compound 14 

Both diastereomers can probably form the enolate without complication, but the two methyl groups 

on the back side of the cyclic system in compound 13 makes it more preferable to do nucleophilic 

attack from the front side of the enolate that is less sterical hindered. This is no problem for the 

diastereomer to the left in Scheme 26, but for the diastereomer to the right this means that the 

trans-product will be formed, and this do not happen because of unwanted sterical interactions in 

that conformation as described earlier.  
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The cis-conformation of synthesized compound 14 was confirmed with COSY and NOESY. With COSY 

all the protons could be assigned and with NOESY it was seen that hydrogens, H1 and H2, were close 

to each other as they also were close to methyl group, R2, in space. Hydrogen, H1, also had a high 

chemical shift which indicates that it is farther away from the aromatic ring than the methyl group, 

R1, which has a lower chemical shift, compound 14, Scheme 26. 

The product was formed as a white crystal with a yield of 48 %. 

Compound 16 was prepared in the same way as compound 8, Scheme 27. 

 

Scheme 27 Reaction conditions for synthesis of compound 15 and compound 16 

Full conversion was obtained in the first step and the product, compound 15, was used in the next 

reaction step without any further purification. In this step the carbocation formed as a yellow 

precipitate and could easily be washed with Et2O as described earlier. The carbocation was obtained 

with a yield of 77 % for the two reaction sequences. 

2.3 Synthesis of the Third Carbocation, Compound 19 

The third synthesis of a carbocation in this work was the synthesis of the enantiomeric pure chiral 

carbocation, compound 19, Figure 15. 

 

Figure 15 Compound 19 

The first route was to make compound 13 as described previously. From compound 13, compound 

17 was synthesized. When synthesizing compound 17, the reaction conditions were the same as 

when compound 14 was synthesized except that MeI was exchanged to benzylbromide. As before, 

only one of the two diastereomers of compound 13 reacted and formed the product, see Scheme 28.  

 

Scheme 28 Reaction conditions for synthesis of compound 17 and compound 20 
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The cis-conformation of synthesized compound 17 was confirmed with COSY and 1D 1H-NMR in the 

same way as described before. 

The product was formed as a white crystal with a yield of 73 %. Column chromatography also gave 

back the diastereomer, which did not react in the reaction, as 23 % of the starting material. 

Compound 19 was prepared in the same way as compound 8 and 16, Scheme 29. 

 

Scheme 29 Reaction conditions for synthesis of compound 18 and compound 19 

The first reaction step was quenched after 7 h since it had stopped and almost reached full 

conversion. The longer reaction time in the first reaction step, compared when synthesizing 

compound 15, is most presumably because of the benzylic group in compound 17 that makes the 

carbonyl more sterical hindered than the corresponding methyl group in compound 14. 

Compound 18 was used in the next reaction step without any further purification as before. In this 

step the carbocation formed as a orange precipitate with a yield of 5 %. Compound 19 was washed 

several times but unfortunately this did not improve the pureness of the product that had many 

impurities. Because of the high impureness and low amount of the product, no clean 1H-NMR could 

be taken to verify compound 19. This certainly means that the formation of compound 19 and also 

the catalytic activity of it may be questioned whether it really is compound 19 or something else that 

has formed or is the real catalyst.     
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2.4 Reactions Catalyzed by Compound 8 

Before the synthesized carbocations were tested as potential catalyst in the Diels-Alder reactions, 

some common Lewis acids were screened in the Diels-Alder reaction between 1, 3-cyclohexadiene 

and acrolein, see Table 1. 

Table 1 Screening of some common Lewis acid catalysts in the Diels-Alder reaction between 1, 3-

cyclohexadiene and acrolein[a]  

 

Entry Lewis acid Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 TrClO4 1 95 33:1 
2 Ph3CBF4 1 88 33:1 
3 Ph3CBF4 2 94 33:1 
4 AlCl3 1 94 20:1 
5 SnCl2 22 79 20:1 
6 SnCl2 48 94 20:1 
7 TiCl4 1 95 20:1 

[a]
A solution of acrolein(1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and Lewis acid (1 mol %) in CH2Cl2 (0.3 M) was 
stirred at r.t. 

[b]
Determined by 

1
H-NMR on the crude reaction mixture. 

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 
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The first carbocation that was tested in Diels-Alder reactions was compound 8, see Table 2. 

Table 2 Results for Diels-Alder reactions between 1, 3-cyclohexadiene and acrolein catalyzed by 

compound 8[a] 

 

Entry Compound 8 [mol %] Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 10 0.5  97 1:0 
2 10 1  100 1:0 
3 1 1  87 1:0 
4 1 1.67 95 1:0 
5 1 2.33 97 1:0 
6 1 5  100 1:0 
7 0.5 1  79 1:0 
8 0.5 18  100 1:0 
9 0.2 1  30 1:0 

10 0.2 18  76 1:0 
11 0.2 96 100 1:0 
12 0.1 1  0 - 
13 0.1 9  8 1:0 
14 0.01 168 0 - 
[a]

A solution of acrolein(1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and compound 8 in CH2Cl2 (0.3 M) was stirred at r.t. 
[b]

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

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 

As can be seen in Table 1 and Table 2, compound 8 is comparable to the common Lewis acids as 

catalysts. Compound 8 is even better than SnCl2 after 1 h. Compound 8 gives a conversion of 87 % 

after 1 h compared to SnCl2 that still, after 22 h, gives a conversion of 79 % (entry 3, table 2 and entry 

5, table 1). Compared to Lewis acids TrClO4, AlCl3 and TiCl4, which all have a conversion around 95 % 

after 1 h (entries 1, 4 and 7, table 1), compound 8 is right behind. What also can be seen is that 

compound 8 only gives the kinetic endo product whereas the common Lewis acids also give some 

exo product. What more that can be seen in Table 2, is that a higher catalyst amount gives a higher 

conversion in a certain time (entries 2, 3, 7, 9 and 12). With 0.01 mol % catalyst, there is no reaction 

(entry 14). 
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When it was shown that compound 8 worked well as a catalyst in the Diels-Alder reaction between 1, 

3-cyclohexadiene and acrolein in DCM at r.t., other solvents were investigated, see Table 3.  

Table 3 Results for Diels-Alder reactions between 1, 3-cyclohexadiene and acrolein catalyzed by 

compound 8[a] 

 

Entry Solvent Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 THF 1 0 - 
2 THF 18 0 - 
3 THF 96 3 1:0 
4 EtOAc 1 2.3 1:0 
5 EtOAc 18 31 1:0 
6 EtOAc 96 61 1:0 
7 MeCN 1 17 1:0 
8 MeCN 18 58 48:1 
9 MeCN 96 66 36:1 

10 PhMe 1 40 1:0 
11 PhMe 18 96 143:1 
12 PhMe 96 100 50:1 
13 CDCl3 1 62 1:0 
14 CDCl3 18 99 143:1 
15 CDCl3 96 100 42:1 

[a]
A solution of acrolein(1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and compound 8(1 mol %) in solvent (0.3 M) was 
stirred at r.t. 

[b]
Determined by 

1
H-NMR on the crude reaction mixture. 

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 

As can be seen in Table 3, none of the solvents gave a faster Diels-Alder reaction than DCM. The 

solvent that gave the fastest reaction was CDCl3 that gave a conversion of 62 % after 1 h and 100 % 

after 4 days (96 hours) (entries 13 and 15). This can be compared to DCM in Table 2, which gave a 

conversion of 87 % after 1 h and 100 % after 5 h (entries 3 and 6). Both DCM and CDCl3 are aprotic 

solvents and DCM is less polar than CDCl3. The polarity difference could explain the reaction rates in 

terms that a more polar solvent stabilizes the carbocation more than a less polar solvent and 

therefore the carbocation is more reactive in a less polar solvent as DCM compared to CDCl3. But the 

reaction rates in Table 3 do not follow that generalization. Toluene is for example less polar than 

both DCM and CDCl3, but gives a lower conversion at a certain time (for example entry 10, table 3 

compared to entry 13, table 3 and entry 3, table2). The same is true for EtOAc and THF that are both 

less polar than MeCN, but had lower conversions (for example entry 1 and 4 compared to entry 7). 

Therefore, it can also be that a more polar solvent may stabilize the counter ion to the carbocation, 

making it more soluble and keeping the carbocation and counter ion farther apart from each other. 

This will lead to a more reactive carbocation.  
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What also affects the reactivity of the carbocation is the Lewis Bacisity of the solvents. Solvents as 

EtOAc, THF and MeCN all have free electron pairs that can interact with the empty p-orbital. This will 

block the coordination of the aldehyde to the empty p-orbital and give a slower reaction. In contrary, 

DCM and CDCl3 have no Lewis Base ability and therefore the p-orbital is more accessible when using 

these solvents and thereby the conversions are higher.   

Another reason for why a general trend in reactivity of carbocation and polarity of the solvent is 

observed can be because different solvents might affect the coordination rate between the 

carbocation and the dienophile differently. A fast coordination to the dienophile, but also a fast loss 

of the carbocation from the product means that the catalyst can perform its catalytic cycle faster and 

is more available for next pieces to react. A catalyst that coordinates slowly or even not at all to the 

dienophile will not be able to catalyze the reaction. How the solvent affect the coordination rate of 

the carbocation to the dienophile can be investigated with 1H-NMR. Fast coordination would give 

new chemical shift of the aldehyde whereas slow would give broadening in peak shift and no 

coordination would give no change in chemical shifts.  

What also can be seen in Table 3 is that when solvents MeCN, toluene and CDCl3 are used, the exo 

ratio in the product increases with reaction time (for example entry 13 and 14 compared each other). 

This is  because of the tautomerization of the product. 

Compound 8 was also investigated in the Diels-Alder reaction with 1, 3-cyclohexadiene and acrolein 

where the concentration and catalyst amount was varied, see Table 4.  

Table 4 Results for Diels-Alder reactions between 1, 3-cyclohexadiene and acrolein catalyzed by 

compound 8[a] 

 

Entry Compound 8 [mol %] Concentration [M] Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 1 0.15 1 82 1:0 
2 1 0.15 72 100 1:0 
3 1 0.3 1 87 1:0 
4 0.5 0.3 1 79 1:0 
5 0.5 0.3 18 100 1:0 
6 0.5 0.6 1 80 50:1 
7 0.5 0.6 18 100 67:1 
8 0.5 1.2 1 66 71:1 
9 0.5 1.2 18 88 63:1 

10 0.5 1.2 96 92 35:1 
[a]

A solution of acrolein(1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and compound 8 in DCM was stirred at r.t. 
[b]

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

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 



31 
 

As can be seen in Table 4, in general a higher concentration gives a higher yield. For example, entry 1 

compared to entry 3 and entry 4 compared to entry 6. Higher concentration means increased 

possibility for molecules to meet each other. But there is an upper limit. There is not a linear 

relationship between concentration and conversion. As can be seen in Table 4, when the 

concentration increases from 0.6 M to 1.2 M the conversion after 1 h also decreases from 80 % to 66 

% (entry 6 compared to entry 8).  

A comparison between compound 8: s ability to catalyze Diels-Alder reactions with different 

dienophiles was also investigated, see Table 5. 

Table 5 Results for Diels-Alder reactions with1, 3- cyclohexadiene and different dienophiles catalyzed 

by compound 8[a] 

 

Entry Compound 8 [mol %] R Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 1 Ph 1  0  - 
2 1 Ph 18  10  1:0 
3 1 Ph 96 19  1:0 
4 9 Ph 1  0  - 
5 9 Ph 3  3  1:0 
6 9 Ph 48 15  1:0 
7 1 o-NO2-Ph 1  0  - 
8 1 o-NO2-Ph 18 0  - 
9 1 o-NO2-Ph 120 0  - 

10 9 o-NO2-Ph 1  0  - 
11 9 o-NO2-Ph 144 0  - 
12 1 p-MeO-Ph 1  0  - 

13 1 p-MeO-Ph 18  3  1:0 
14 1 p-MeO-Ph 120 7  1:0 
15 9 p-MeO-Ph 1  0  - 
16 9 p-MeO-Ph 48 19  1:0 
17 9 p-MeO-Ph 144 28  12:1 
18 1 Me  1  0  - 
19 1 Me 72 74  1:0 
20 1 Me 144 85  1:0 
21 1 H 1  87  1:0 
22 1 H 5 100  1:0 

[a]
A solution of aldehyde (1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and compound 8 in DCM (0.3 M) was stirred at r.t. 

[b]
Determined by 

1
H-NMR on the crude reaction mixture. 

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 
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As can be seen in Table 5, higher catalyst amount gave a higher conversion for p-

methoxycinnamaldehyde (full conversions are compared in entry 14 and entry 17), but not for 

cinnamaldehydethat had higher conversions with the lower catalyst amount (full conversions are 

compared in entry 3 and entry 6). For o-nitrocinnamaldehyde no product was observed regardless of 

the catalyst amount (entries 7-11). Croton aldehyde could be catalyst to similar conversion as the 

catalyzed Diels-Alder reactions for acrolein, tough with a longer reaction time (for example entry 20 

compared to entry 21). 

When comparing the different dienophiles, o-nitrocinnamaldehyde was expected to give the highest 

conversion compared to the dienophiles p-methoxycinnamaldehyde and cinnamaldehyde. This is 

because the NO2-group is a EWG and would therefore activate the dienophile further. One reason for 

the unexpected result in Table 5 is that the NO2-group can be described as a zwitterion with a 

positive charge on the nitrogen and a negative charge on one of the oxygens. The negative charge on 

the NO2-group may then interact with the empty p-orbital on the carbocation instead of the free 

electrons on the aldehyde oxygen in o-nitrocinnamaldehyde. This competing coordination to the 

carbocation will suppress the wanted Diels-Alder reaction to occur. 
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The different dienophiles was then also tested in the Diels-Alder reaction with 1, 3-cyclohexadiene 

but with varied temperatures (r.t and 70 oC). Toluene was used as solvent in order to be able to 

increase the temperature. For all the reactions, higher temperature gives a higher conversion which 

also was expected, see Table 6. 

Table 6 Results for Diels-Alder reactions with 1, 3-cyclohexadiene and different dienophiles catalyzed 

by compound 8[a] 

 

Entry R Temperature [oC] Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 Ph r.t. 3 0  - 
2 Ph r.t. 48 4  1:0 
3 Ph r.t. 144 5  1:0 
4 Ph 70 1 4  1:0 
5 Ph 70 3 8  1:0 
6 Ph 70 48 19  1:0 
7 Ph 70 144 22  1:0 
8 o-NO2-Ph r.t. 144 0  - 
9 o-NO2-Ph 70 3 0  - 

10 o-NO2-Ph 70 48 2  1:0 
12 p-MeO-Ph r.t. 48 0  - 
13 p-MeO-Ph r.t. 144 10  4:1 
14 p-MeO-Ph 70 3 0  - 
15 p-MeO-Ph 70 48 15  1:0 
16 p-MeO-Ph 70 144 19  15:1 

[a]
A solution of aldehyde (1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and compound 8 (1 mol %) in Toluene (0.3 M) was 
stirred at varied temp. (r.t. or 70 

o
C). 

[b]
Determined by 

1
H-NMR on the crude reaction mixture. 

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 

The cinnamaldehydeand p-methoxycinnamaldehyde have almost the same conversions in the Diels-

Alder reaction compared to each other at both r.t and at 70 oC.  The o-nitrocinnamaldehyde is not 

reacting at r.t. but when the temperature is increased to 70 oC (entry 8 and entry 10).  
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2.5 Reactions Catalyzed by Compound 16 

Compound 16 was tested in the Diels-Alder reaction between 1, 3-cyclohexadiene and acrolein in 

DCM. Parameters that were varied were temperature and catalyst amount as can be seen in Table 7. 

Table 7 Results for Diels-Alder reactions between 1, 3-cyclohexadiene and acrolein catalyzed by 

compound 16[a] 

 

Entry Compound 16 [mol %] Temperature [oC] Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 1 r.t. 1 3 1:0 
2 1 r.t. 17 35 1:0 
3 1 r.t. 48 49 1:0 
4 1 r.t. 120 68 1:0 
5 1 r.t. 216 83 1:0 
6 1 r.t. 288 90 1:0 
7 1 4 1 0 - 
8 1 4 17 12 1:0 
9 1 4 48 18 1:0 

10 1 4 120 22 1:0 
11 1 4 288 30 1:0 
12 4 r.t. 6.5 12 1:0 
13 4 r.t. 72 81 1:0 
14 10 r.t. 0.5 94 1:0 
15 10 r.t. 1 100 1:0 
16 10 4 0.5 78 1:0 
17 10 4 1 87 1:0 
18 10 4 1.67 92 1:0 
19 10 4 1.33 95 1:0 
20 10 4 3.5 100 1:0 
21 20 r.t. 0.5 93 1:0 
22 20 r.t. 1 97 1:0 
23 20 r.t. 3.5 97 1:0 

[a]
A solution of acrolein(1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and compound 16(1 mol %) in DCM (0.3 M) was stirred at 
varied temp. (r.t. or 70 

o
C). 

[b]
Determined by 

1
H-NMR on the crude reaction mixture. 

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 
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When changing catalyst amount from 1 mol % to 4 mol % and performing the reaction in r.t., the 

maximum given conversion in the reaction is almost the same, 90 % compared to 81 % respectively 

(entry 6 and entry 13). But the conversion of 81 % is reached much faster, within 3 days (72 hours), 

compared to the 12 days (288 hours) that it takes to reach the conversion of 90 % when using the 

lower amount of catalyst. 12 days is also what it takes to reach a conversion of 30 % when using 1 

mol % catalyst but with the lower temperature, 4 oC (entry 11). The lower reaction rates at the lower 

temperature was expected and was chosen in order to see if any selectivity was improved when 

lowering the temperature.  Unfortunately, no optimum system to separate the product enantiomers 

was found during the project time and therefore this theory could not be tested. 

What more can be seen in Table 7 is that increased catalyst amount to 10 mol % gives a much faster 

reaction rate compared with 1 mol % and 4 mol % catalyst (for example entry 15 compared to entry 

13 and entry 6) . The reaction with 10 mol % catalyst is finished within 1 h at r.t and after 3.5 h at 4 
oC. But when increasing the catalyst amount further to 20 mol %, the reaction rate is almost the same 

as with 10 mol % catalyst, it is even slightly poorer (entry 23 compared to entry 15). The reason for 

that, as mentioned before, may be that a higher concentration result in closer distance between the 

carbocations and their counter ions because of the reduced space and thereby making it harder to 

catalyze the reaction.     

When it comes to the catalytic ability of compound 16 compared to compound 8, it seems as 

compound 16 catalyzes the Diels-Alder reaction between 1, 3-cyclohexadiene and acrolein slightly 

slower. The difference in conversion after 1 hour is 84 percentage units (entry 1, table 7 compared 

with entry 3, table 2) when 1 mol % catalyst is used and the reaction is performed in DCM at room 

temperature. The same reaction goes to completion after 5 h using compound 8 (entry 6, table 2), 

but stops at 90 % conversion after 12 days when using compound 16 (entry 6, table 7). Compound 16 

was expected to catalyze the reaction more slowly than compound 8 since the structure of 

compound 16 is bulkier with more sterical interactions near the positive charged carbon compared to 

compound 8, that is more flattened out. This makes the coordination of the dienophile to the empty 

p-orbital more complicated and directed in compound 16 compared to the coordination in 

compound 8, see Figure 16.  

 

Figure 16 Illustrations of the believed coordination of the acrolein to the empty p-orbital of compound 

8 and compound 16, A and B respectively  
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In compound 8, the dienophile presumably binds to the empty p-orbital from the opposite side as 

the phenyl group in the chiral centre. Since the phenyl group shields that face of the compound more 

than the methyl group shields the other face, even though the difference in size of the phenyl group 

and the methyl group may not be that big to give any enormous selectivity. Moreover, in compound 

8, there are no groups that can control the conformation of acrolein. Acrolein can relatively freely 

rotate and no face is covered when the diene is approaching.  

In compound 16, the dienophile presumably coordinate to the empty p-orbital from above since the 

bottom face is shielded by the methyl group in the left bicyclic part of the compound as drawn in 

figure 16. At the top face of the carbocationic centre, the dienophile points away from the methyl 

group and the hydrogen because of sterical interactions. But as for compound 8, compound 16 do 

not have any more groups for directing the conformation of the dienophile and it is not obvious 

which face (Re or Si) of the dienophile that is favored for the Diels-Alder reaction, if any.  

The difference in coordination was believed to give a higher selectivity in the Diels-Alder reactions 

catalyzed by compound 16 compared to compound 8 as catalyst (that was not expected to give any 

selectivity since the carbocation was formed as a racemic mixture). Since it takes longer time for 

compound 16 to catalyze the Diels-Alder reaction compared to compound 8 it may be an indication 

that this is the case. This theory could unfortunately not be confirmed because, as mentioned before, 

no system to separate the enantiomeric products was found in the scope this project time.  

In order to get a catalyst with high selectivity in the Diels-Alder reaction, one of the two faces of the 

dienophile must be covered successfully compared to the other. And thereby making the exposed 

face more favored for approaching diene. Since no ee of the product could be measured, it is not 

possible to tell for sure that compound 16 gave any selectivity. But even if the ee could been 

measured, it would probably have been better to design compound 16 slightly different in order to 

get a selectivity or higher selectivity (since it is now unknown if compound 16 gives any selectivity). 

This is because in compound 16 the dienophile can most likely receive a relatively freely 

conformation. As a solution to that, compound 16 could for example have one or two more groups 

on the top face that not shields the carbocationic centre (this will make the approach of the 

dienophile still occurring from above), but that regulates the conformation of the dienophile and 

covers one face of the acrolein leaving the other face exposed and thereby creating a selective 

catalyst.  
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2.6 Reactions Catalyzed by Compound 19 

Compound 19 was tested in the Diels-Alder reaction between 1, 3-cyclohexadiene and acrolein in 

DCM at r.t., see Table 8. 

Table 8 Results for Diels-Alder reactions between 1, 3-cyclohexadiene and acrolein catalyzed by 

compound 19[a] 

 

Entry Reaction time [hours] Conversion [%][b] Endo:exo ratio[c] 

1 1 0 - 
2 120 3 1:0 
3 216 4 1:0 
4 336 5 1:0 

[a]
A solution of acrolein(1 eq.), 1, 3-cyclohexadiene (1.2 eq.) and compound 19 (1 mol %) in CH2Cl2 (0.3 M) was 
stirred at r.t. 

[b]
Determined by H-NMR on the crude reaction mixture. 

[c]
Determined by 

1
H-NMR on the crude reaction mixture. 

As can be seen in Table 8, no conversion was observed after 1 h (entry 1). This can be compared with 

reactions catalyzed by compound 8 and compound 16 that gives a conversion of 87 % and 3 % 

respectively after 1 h (entry 3, table 2 and entry 1, table 7). With compound 19 as catalyst, the 

reaction stops after 14 days (336 hours) when the conversion is 5 %.  This can also be compared to 

the Diels-Alder reactions with compound 8 that reaches full conversion after 5 h (entry 6, table 2) 

and compound 16 that stops after 12 days when the conversion is 90 % (entry 6, table 7). Compound 

19 presumably catalyzes the reaction slower than compound 8 and compound 16 because of sterical 

interactions. The phenyl ring in the benzoyl group may lie on top of the other phenyl ring in the 

compound because of the π-interactions. This could block the front face of the cationic centre 

whereas the back face also is crowded by one the methyl groups in the 4-membered ring.  This 

makes the cationic centre less available.  

What was believed to be compound 19 was formed with many impurities and washing the 

compound did not improve the pureness, as mentioned before. Therefore reactions catalyzed by 

compound 19 may be questioned. It is also not even sure if compound 19 was formed since, as also 

mentioned before, no NMR could confirm the formation. Therefore, a comparison of the catalytic 

ability between compound 8, 16 and 19 cannot be drawn since the catalytic ability of compound 19 

may derive from impurities, compound 19 or something else.      
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2.7 Attempts to Separate Diels-Alder Products 

The Diels-Alder reaction between acrolein and 1, 3-coclohexadiene was catalyzed by TrBF3 in order to 
get a racemic mixture of the product since this catalyst is achiral, see Scheme 30.  
 

 
Scheme 30 Reaction conditions for synthesis of compound 21 as a racemic mixture 

This product was then used in order to find a satisfied separation system of the two enantiomers 

using GC. Attempts to separate the enantiomers were made on two different GC equipments. One 

was a GC-FID with the chiral column Cyclosil-B and the other was a GC-MS with the chiral column 

Chiraldex GTA. Several programs were run but no separation of the enantiomers was observed. The 

enantiomers were detected as one broad single peak. 

In order to increase the difference between the two enantiomers, the racemic product was reduced 

to give the alcohols, see Scheme 31. 

 

Scheme 31 Reaction conditions for synthesis of compound 22 

This was believed to improve the separation and same analytical equipment was used, the GC-FID 

and the GC-MS, but no separation was observed this time either with the existing GC apparatus and 

therefore a new route was outlined. The pathway was to add a UV-absorbing group and thereby 

making it possible to run samples on a HPLC with UV-detection. This could not be done with the 

previous samples because of poor absorption in the UV-region by the compounds.     

The first UV-absorbing group was made by adding tosyl hydrazid to the alcohol compound and 
thereby making the hydroxyl group to a tosyl hydrazone, see Scheme 32. [35] 
 

 
Scheme 32 Reaction conditions for synthesis of compound 23 
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This compound was then run on a HPLC with three different types of chiral columns. The first to try 
was an OD-RH followed by an OJ-RH and last an OD-H. For the OD-RH and the OJ-RH, the eluent used 
was H2O/acetonitrile and for the OD-H, the eluent used was isopropanol/hexanes. Several programs 
were run, but as before, the enantiomers could not be separated. Different this time was that several 
peaks could slightly peep out, even though they were overlapping. 
 
Separation of the enantiomers by HPLC looked promising and therefore another try by adding an UV-
absorbing group to the alcohol compound was performed. This time a benzoyl group was added, see 
Scheme 33. The conditions for adding the ester group were followed from the literature (except that 
10 mol % DMAP was added in order to catalyze the reaction), Scheme 33. [30] 
 

 

Scheme 33 Reaction conditions for synthesis of compound 24 

Samples were run on the OD-RH, OJ-RH and OD-H column as before. But the separation was not 
improved.  
 
A last try to find a system that could be used in order to observe any ee of the Diels-Alder product, 

limited by this project time, was to transform the enantiomers to diastereomers and use 1H-NMR. 

The observed dr in the 1H-NMR is then the indirect ee (which should in this case be 1:1 since the 

product is a racemic mixture). In order to do that the hydroxyl group was transformed to the chiral 

ester group, resulting after the addition of (1S)-(-)-Camphanic chloride to the alcohol compound. The 

conditions for adding the chiral ester group were followed from the literature (except that 10 mol % 

DMAP was added in order to catalyze the reaction), Scheme 34. [30] The ee should not be changed 

after the transformation since full conversion was observed in the reaction. Impurities made FC 

necessary even though it was not desirable since it may affect the dr.  

 

Scheme 34 Reaction conditions for synthesis of compound 25 

The 1H-NMR of the product did not give any separation of the diastereomers. Either the peaks 
overlapped completely or they only separated slightly, but never enough to distinguish them. 
Different solvents were also tried in the 1H-NMR analysis in order to increase the separation of the 
diastereomers further. But solvents as acetonitrile, toluene, methanol and DMSO did not improve 
the separation in the 1H-NMR spectra.  

No method to separate the enantiomers was found since the project time ran out.  
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3 Conclusions and Outlook 

The chiral carbocations, compound 8 and 16, were relatively easily accessible. Compound 8 was 

formed as a racemic mixture since no system to separate the enantiomeric precursors was found. 

Compound 16 could be formed as a enatiomeric pure compound. Both carbocations showed catalytic 

ability and compound 8 was also comparable with some common Lewis acid catalysts. When using 

compound 8 as catalyst, higher catalyst amount in general gave higher conversions and higher 

concentrations also gave higher conversions, but till a certain level. No trend in polarity of different 

solvents and conversions could be seen. But as expected, increased temperature lead to faster 

reactions.  

When it comes to compound 16, it catalyzed the reactions slower than compound 8. Most 

presumably because of the more rigid structure and sterical hindrance in compound 16 compared to 

compound 8. The longer reaction time may also indicate that the reaction occurs with selectivity. 

Something that could not be proven since any system to separate the enantiomers of the product 

was not found.  

Compound 19 was formed in low amount and with many impurities and it cannot be for sure that it 

is compound 19 that has formed. But Diels-Alder reactions were performed any way. Compound 19 

gave lower conversions in longer reaction time compared to both compound 8 and compound 16. 

The more sterical hindered compound probably makes the carbocationic centre less able for the 

dienophile to access and thereby a longer reaction time as result.   

When performing the Diels-Alder reactions (with the different carbocations and dienophiles) there 

has been a discussion whether it is the carbocation that is the real catalyst or if it is possible that BF3 

is formed and then is the actual catalyst in the reactions. This discussion is important and justified 

since earlier experiments in literature has described reactions where the catalyst was not the one 

believed and under investigation. Instead the supposed catalyst formed other reactive pieces that 

then acted as the catalyst. The carbocations used in this project, compound 8, 16 and 19, all have BF4
- 

as counter ion and one theory is that the fluor anion can add to the positive carbon and thereby 

forming a neutral molecule and BF3 as illustrated in Scheme 35.      

 

Scheme 35 Illustration of possible formation of BF3 
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If this would happen, it could be seen in the NMR spectroscopy of the carbocation. For example, 

compound 8, when it is a carbocation, is in two enantiomeric forms and therefore the two protons in 

the 5-membered ring give each a doublet. But if a fluor was added to the carbocation and the 

molecule to the right in Scheme 35 was formed, this would give the molecule as diastereomers. The 

two protons in the 5-membered ring would now give two doublets each, one doublet for each 

diastereomer. But this is not observed in the 1H-NMR spectrum for compound 8. This observation 

does not in fact confirm that a fluor has not added to the carbocation.  Since in theory the peaks 

from the hydrogens can overlap each other and create a spectrum that looks as if it is two pair of 

doubles.  An easier way is to use 19F-NMR, then if BF3 was formed, this can easily been seen. 

Unfortunately, no 19F-NMR was performed because the project time ran out. But using 19F-NMR is 

not always that easy. The problem is if BF3 is formed in low amount that is not detectible on NMR, 

but still can catalyze the reaction. A test reaction was therefore performed with BF3*Et2O as catalyst 

in the Diels-Alder reaction between 1, 3-cyclohexadiene and acrolein in DCM at room temperature 

(0.3 M). The amount added BF3*Et2O corresponded to as if 1 mol % of the added carbocation (added 

in 1 mol %) would undergo the illustrated reaction in Scheme 35. The Diels-Alder reaction with 

BF3*Et2O as catalyst gave no conversion. But more investigations should be done on this field. Other 

concentrations of BF3*Et2O as other solvents than DCM is of interest since this certainly has an 

influence on the reaction. What more that has been done in this project is blank test for all the 

catalyzed Diels-Alder reactions. These test have all shown no conversion which confirm that the 

reactions most presumably are catalyzed. 

Another way to get rid of the problem with the uncertainly if BF3 is formed or not during the 

reaction, is to replace the counter ion, BF4
-, with another counter ion. For example ClO4

- could be 

used instead. It could also be interesting to test how different counter ions may affect the catalytic 

ability of the carbocation.  

The carbocations designed in this project may not be the best to obtain high selectivity in catalyzed 

Diels-Alder reactions since the conformation of the approaching dienophile to the cationic centre 

seems relatively freely. Therefore carbocations that more direct the conformation of the dienophile 

and block one of the two faces of the dienophile is of interest in order to get a high selectivity in the 

Diels-Alder reactions. But since no system to separate the Diels-Alder products was found, there 

cannot be neglected that the used carbocations in this project may give selectivity and a system to 

separate the Diels-Alder products is therefore of interest. 

Moreover, this project has shown that the synthesis and the use of carbocations as Lewis acid 

catalysts in Diels-Alder reactions seems promising and may be a potential approach in the future.  
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4 Experimental Part 

Below follows a description of used equipment and how compounds were synthesized.  

4.1 In general: Equipment for Analysis and Purification 

The 1H-NMR and 13C-NMR spectra were run on a Bruker Avance 400 or a Bruker Avance DMX 500 

instrument in CDCl3 at 298 K. Chemical shifts are reported in ppm  as δ values  (1H: δ=7.26 ppm, 13C: 

δ=77.16 ppm) with multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, p=pentet and 

m=multiplet). 

For reactions that were sensitive towards air and humidity special care was taken. In these cases 

flame dried flasks were used covered with septum and the reaction was performed under 

atmospheric pressure of nitrogen and in dry distilled solvent. All commercially available starting 

materials were used without any purification unless anything else is specified.   

TLC was done on Merck silica gel 60 F254 plates. For visualization UV light, PMA and KMnO4 solutions 

were used. FC was performed on silica gel 60 (SDS 0.040-0.063 mm).  

4.2 Compounds 

1-(4-methoxyphenyl)-3, 3-dimethylbutan-1-one (1) 

 

1 

A solution of anisol (1.187 g, 11.0 mmol, 1 eq.) and 3, 3-dimethylbuturylchloride (1.526 g, 11.3 mmol, 

1.03 eq.) in DCM (10 ml) was stirred for about five minutes. Aluminiumchloride (1.541 g, 11.6 mmol, 

1.05 eq.) was added portion wise over a period of 0.5 h while stirring and cooling in an ice bath. The 

resulting mixture was then left to stir in room temperature for 22 h and then poured over crushed ice 

(25 g). The black mixture was vigorously stirred for 30 minutes. The organic layer was then separated 

from the water phase and the water was then extracted with more DCM. The DCM extracts were 

combined, washed with brine and dried over Na2SO4. The solution was filtered and concentrated 

under reduced pressure to give the product (1.916 g, 9.3 mmol, 85%) that was used in the next step 

without further purification. Compound 1: 1H-NMR (500 MHz, CDCl3):  δ=7.94-7.92 (d, J= 8.9 Hz, 2 H), 

6.93-6.92 (d, J= 8.9 Hz, 2 H), 3.87 (s, 3 H) 2.80 (s, 2 H), 1.06 (s, 9 H) ppm.   
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1-(4-methoxyphenyl)-2-phenylethanone (2) 

 

2 

A solution of anisol (5.039 g, 46.6 mmol, 1 eq.) and phenylacetylchloride (7.080 g, 45.8 mmol, 0.98 

eq.) in DCM (23 ml) was stirred for about five minutes. Aluminiumchloride (6.864 g, 51.5 mmol, 1.11 

eq.) was added portion wise over a period of 0.5 h while stirring and cooling in an ice bath. The 

resulting mixture was then left to stir in room temperature for 25 h and then poured over crushed ice 

(125 g). The blue mixture was vigorously stirred for 30 minutes. The organic layer was then separated 

from the water phase and the water was then extracted with more DCM. The DCM extracts were 

combined, washed with brine and dried over Na2SO4. The solution was filtered and concentrated 

under reduced pressure to give the product (9.793 g, 43.3 mmol, 95 %) as a yellow solid that was 

used in the next step without further purification. Compound 2: 1H-NMR (500 MHz, CDCl3):  δ=8.01-

7.99 (d, J= 8.9 Hz, 2 H), 7.33-7.23 (m, 5 H), 6.94-6.92 (d, J= 8.9 Hz, 2 H) 4.24 (s, 2 H), 3.86 (s, 3 H) ppm.  

1-(4-methoxyphenyl)-2-phenylprop-2-en-1-one (4) 

 

4 

Piperidine (0.128 g, 0.15 ml, 1.5 mmol, 0.41 eq.), AcOH (0.15 ml) and 37% formaldehyde (aq) (5 ml, 

66.1 mmol, 8.7 eq.) was added to a solution of compound 2 (1.720 g, 7.6 mmol, 1 eq.) in MeOH (62 

ml).The mixture was refluxed at 75 oC for 5 h and then concentrated under reduced pressure. Water 

was added and extraction was performed with DCM. The organic phase was separated and washed 

with water (10 ml*3 times) and dried over Na2SO4. The organic phase was filtered and concentrated 

under reduced pressure to give the product (1.266g, 5.3 mmol, 70%). No further purification was 

performed.  Compound 4: 1H-NMR (500 MHz, CDCl3):  δ=7.93-7.92 (d, J= 8.9 Hz, 2 H), 7.44-7.31 (m, 5 

H), 6.92-6.90 (d, J= 8.9 Hz, 2 H) 6.00 (s, 1 H), 5.57 (s, 1 H), 3.86 (s, 3 H) ppm.  
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5-methoxy-2-phenyl-2, 3-dihydro-1H-inden-1-one (5) 

 

5 

A solution of compound 4 (0.87 mmol, 1 eq.) in DCM (0.55 ml) was slowly dropped in concentrated 

H2SO4 (0.19 ml, 4 eq.). The resulting mixture was heated at 60 oC while stirring for 1 h and then 

allowed to cool to room temperature. TLC monitoring showed that product had formed. Brine was 

added to the solution and extraction was performed with DCM. The combined organic phases were 

dried over Na2SO4 and concentrated under reduced pressure. The crude product (0.084g, 0.35 mmol, 

40 %) was poled and purified by column chromatography (Pentan →Pentan:Et2O). The combined 

phases were concentrated under reduced pressure to give the product as a yellow solid (0.596 g, 2.5 

mmol, combined yield 12 %). Compound 5: 1H-NMR (500 MHz, CDCl3:  δ=7.76-7.74 (d, J= 9.2 Hz, 1 H), 

7.33-7.17 (m, 5 H), 6.96-6.95 (d, J= 4.0 Hz, 1 H), 6.95 (s, 1 H) 3.91 (s, 3 H), 3.89-3.87 (dd, J= 3.9, 8.3 Hz, 

1 H), 3.66-3.61 (dd, J= 8.3, 17.5 Hz, 1 H), 3.23-3.19 (dd, J= 3.9, 17.5 Hz, 1 H) ppm; 13C-NMR (125 MHz, 

CDCl3): δ=204.15, 165.61, 156.73, 140.18, 129.54, 128.83, 127.81, 126.95, 126.24, 115.75, 109.55, 

55.72, 53.58, 35.97 ppm;  Rf(Pentan:Et2O=7:3)=0.16 

5-methoxy-2-methyl-2-phenyl-2, 3-dihydro-1H-inden-1-one (6) 

 

6 

Compound 5 (0.425 g, 1.8 mmol, 1 eq) in DMF (5 ml) was slowly added to a stirred solution of 60% 

NaH (145.8 mg, 3.6 mmol, 2.0 eq.) in DMF (6 ml). The resulting brown mixture was stirred for 10 

minutes. MeI (0.380g, 2.7 mmol, 1.5 eq.) was added while cooling to 0 oC. The mixture was then 

stirred in room temperature and followed with TLC (Pentan:Et2O=7:3). After 1 h and 30 minutes (no 

starting material left according to TLC) the reaction was quenched with water and extracted with 

Et2O. The organic phase was washed with brine, dried over Na2SO4 and concentrated under reduced 

pressure. The crude product (0.364 g, 1.4 mmol, 80 %) was poled and purified with column 

chromatography (Pentan→Pentan: Et2O) and gave the pure combined product (0.239g, 0.95 mmol, 

35 %) as white crystals. Compound 6: 1H-NMR (500 MHz, CDCl3):  δ=7.76-7.74 (d, J= 8.5 Hz, 1 H), 7.30-

7.19 (m, 5 H), 6.96-6.94 (d, J= 8.5 Hz, 1 H), 6.92 (s, 1 H), 3.91 (s, 3 H), 3.54-3.51 (d, J= 17.5 Hz, 1 H), 

3.27-3.24 (d, J= 17.5 Hz, 1 H), 1.65 (s, 3 H) ppm; Rf(Pentan:Et2O=7:3)=0.25 
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5-methoxy-2-methyl-1, 2-diphenyl-2, 3-dihydro-1H-inden-1-ol (7) 

  

7 

PhLi (1.14 ml, 1.9 M in dibutylether) was added drop wise to a cooled solution of compound 6 (90 

mg, 0.36 mmol, 1 eq.) in toluene (2.5 ml). The reaction was followed with TLC (Pentan:Et2O=7:3). 

After 2 h (no starting material left according to TLC) the reaction was quenched with NaHCO3(aq) and 

extracted with Et2O. The organic phase was washed with brine and dried over Na2SO4. The mixture 

was filtered and concentrated under reduced pressure to give the crude product (1.0299 g) together 

with toluene and Bu2O. In order to remove solvent further, the solution was vacuum distillated which 

gave a yellow oily product (149 mg) that still contained toluene and Bu2O. There was no starting 

material left (full conversion).  The product was used in the next step without any further purification 

and therefore no spectral analysis were done. 

Compound 8 (8) 

                       

8 

54% HBF4* Et2O (0.124 ml, 0.9 mmol, 2.5 eq.) was slowly dropped to a solution of compound 7 (0.36 

mmol, 1 eq.) and propionic anhydride (0.235 ml, 1.82 mmol, 5 eq) in Et2O (5 ml). The formed orange 

brown precipitate was left standing under atmospheric nitrogen pressure for 1 h and was then 

washed with Et2O (30 ml) while cooling to 0 oC. The washed precipitate was then putted under 

vacuum for 2 h. No further purification was performed and the pure product was obtained as a 

brown precipitate (0.1339 g, 0.33 mmol, 92%). Compound 8: 1H-NMR (500 MHz, CDCl3):  δ=8.19-8.16 

(d, J= 9.3 Hz, 1 H), 7.74 (s, 1 H), 7.72-7.68 (t, J= 7.6 Hz, 1 H), 7.53-7.50 (t, J= 8.0 Hz, 2 H), 7.44-7.33 (m, 

J=Hz, 6 H), 7.19-7.18 (dd, J= 7.5, 1.1 Hz, 2 H), 4.43 (s, 3 H), 43.86-3.82 (d, J= 21.2 Hz, 1 H), 3.81-3.77 

(d, J= 21.2 Hz, 1 H), 1.85 (s, J=Hz, 3 H) ppm. For 1H-NMR spectra, see Appendix A. 

 

 

 

 

 



46 
 

5-methoxy-2-methyl-2-phenyl-2, 3-dihydro-1H-1-ol (9) 

  

9 

DIBAL (1 M, 0.83 ml, 1.5 eq.) was added drop wise to a cooled solution (-78 oC) of compound 6 (0.139 

g, 0.55 mmol, 1 eq.) in DCM (5.5 ml). The reaction was followed with TLC (Pentan: Et2O=1:1) and 

after 3 h no starting material was left. Potassium sodium tartrate (20 ml) and EtOAc (20 ml) was 

added and the mixture was stirred in room temperature for 30 minutes. Extraction was then 

performed with EtOAc. The combined organic phases was washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure to give the crude product as a diastereomeric mixture (204 mg 

togheter with solvent). The reaction went with full conversion (determined by 1H-NMR) and 

compound 9 was used without further purification. Compound 9 (* denotes the diastereomer that 

was formed in minority): 1H-NMR (500 MHz, CDCl3):  δ=  7.53-7.52* (d, J= 7.9 Hz, 2H), 7.40-7.22 (m, 6 

H), 7.40-7.22* (m, 4 H), 6.85 (s, 1 H), 6.82-6.78 (m, 1 H),6.82-6.78* (m, 2 H), 5.33-5.32* (d, J= 9.1 Hz, 

1 H), 4.98-4.97 (d, J= 5.2 Hz, 1 H), 3.83 (s, 3H), 3.83* (s, 3 H), 3.67-3.64 (d, J= 15.4 Hz, 1 H), 3.29-3.26* 

(d, J= 15.5 Hz, 1 H), 3.08-3.05* (d, J= 15.5 Hz, 1 H), 2.95-2.92 (d, J= 15.4 Hz, 1 H), 1.88-1.86* (d, J= 9.2 

Hz, 1 H), 1.41-1.40 (d, J= 5.2 Hz, 1 H), 1.35 (s, 3 H), 1.30* (s, 3 H) ppm; Rf(Pentan:Et2O=1:1)=0.48; 

Diasteriomeric ratio= 3:1 

5-methoxy-2-methyl-2-phenyl-2, 3-dihydro-1H-inden-1-yl 4, 7, 7-trimethyl-3-oxo-

2-oxabicyclo [2.2.1] heptanes-1-carboxylate (10) 

 

10 

(1s)-(-)-camphanic chloride (155 mg, 0.72 mmol, 1.3 eq.) was added to a cooled solution of 

compound 9 (141 mg, 0.55 mmol, 1 eq.) and DMAP (8.8 mg, 0.07 mmol, 0.13 eq.) in pyridine (3 ml). 

The resulting mixture was stirred in room temperature for 3 days. After full conversion (determined 

by 1H-NMR) the reaction was quenched with water (5 ml). Extraction was performed with DCM (10 

ml*3 times). The combined organic phases was washed with brine, dried over Na2SO4 and 

concentrated under reduced pressure to give the crude product (122 mg, 0.28 mmol, 51 %). The 

product was never isolated and therefore no spectral analysis was done. 
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5-methoxy-2-methyl-2, 3-dihydro-1H-inden-1-one (11) 

 

11 

n-BuLi (2.1 M in hexane, 17.6 ml, 36.9 mmol) was added to a cooled solution (-78 oC) of 

diisopropylamine (5.4 ml, 38.5 mmol) in THF (20 ml). After 30 minutes, 5-methoxyindan-1-one (3.995 

g, 24.6 mmol) in THF (30 ml) was added.  The mixture was stirred at -78 oC for 1 h and then warmed 

to 10 oC for 30 minutes. The mixture was then cooled again to -78 oC and methyl iodide (2.3 ml, 36.9 

mmol) was added. The resulting mixture was allowed to warm to room temperature over 1 h and 

then extracted with EtOAc. The organic phase was dried over Na2SO4, concentrated under reduced 

pressure and purified with column chromatography (Hexane:EtOAc=5:1) to give the starting material 

(0.418 g, 2.58 mmol) and the pure product (0.224 g, 1.27 mmol, 6 %). Compound 11: 1H-NMR (500 

MHz, CDCl3):  δ=7.67-7.65 (d, J= 8.9 Hz, 1 H), 6.91 (s, 1 H), 6.91-6.89 (d, J= 8.9 Hz, 1 H), 3.89 (s, 3 H), 

3.40-3.33 (ddq, J= 3.5, 7.2, 7.5 Hz, 1 H), 2.94-2.89 (dd, J= 18.7, 7.5 Hz, 1 H), 2.28-2.24 (dd, J= 3.5, 18.7 

Hz, 1 H), 1.39-1.38 (d, J= 7.2 Hz, 3 H), ppm; Rf(Hexane:EtOAc=5:1)=0.13 
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 (6, 6-dimethylbicyclo [3.1.1] hept-2-en-2-yl)(4-methoxyphenyl) methanone (12) 

 

12 

n-BuLi (1.6 M in hexane, 24 ml, 39 mmol, 3 eq.) was added  to a solution of Bromoanisol (4.9 ml, 39 

mmol, 3 eq.) in THF (200 ml). The resulting mixture was stirred for 10 minutes at -78 oC. (R)-(-)-

Myrtenal (2 ml, 13 mmol, 1 eq.) in THF (40 ml) was added drop wise to the mixture that was stirred 

for another 30 minutes at  -78 oC. The reaction was followed with TLC and 1H-NMR. When full 

conversion was observed the reaction was quenched with water and extracted with ether (75 ml*3 

times). The combined organic phases were dried over Na2SO4 and concentrated under reduced 

pressure. This gave the product intermediate (6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)(4-

methoxyphenyl)methanol that was used in the following reactions steps without any purification. 

The concentrated product intermediate was dissolved in Et2O (100 ml) and MnO2 (20 mg) was added 

over a period of 5 minutes at -78 oC. The mixture was left to stir in room temperature for 4 days 

when 78 % conversion from non oxidized to oxidized product had occurred (determined by 1H-NMR). 

The mixture was then filtered trough celite and concentrated to give the oxidized product and non 

oxidized material. Purification was done with column chromatography (Pentan→Pentan: EtOAc) to 

give the non oxidized intermediate product (6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)(4-

methoxyphenyl)methanol (0.685 g, 2.65 mmol) and the pure oxidized product (2.079 g, 8.08 mmol, 

62 %). Compound 12: 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, 130.50, 113.24, 55.27, 41.96, 40.28, 37.58, 32.41, 31.28, 25.85, 20.90 ppm; 

Rf(Pentan:EtOAc=9:1)=0.31 
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Compound 13 (13) 

 

13 

Compound 12 (726.57 mg, 2.83 mmol) in 16 ml nitromethane was added over a period of 5 minutes 
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 h, and then NaH4F 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*3 times). The combined organic phases were dried over 
Na2SO4 and concentrated under reduced pressure to give the crude product. Purification was done 
with column chromatography (Pentan→Pentan: EtOAc) to give the starting material (112 mg, 0.44 
mmol) and the pure product (199 mg, 0.78 mmol, 30 %) as a brown oil and as a diastereomeric 
mixture of the two cis conformers. Compound 13 (* denotes the diastereomer that was formed in 
minority): 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, 31.73, 29.27, 
27.13, 25.89*, 25.34*, 22.79, 20.91* ppm; Rf(Pentan:EtOAc=5:1)=0.38; Diasteriomeric ratio= 3.6:1 
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(1R, 3S, 4aS, 9aS)-6-methoxy-2, 2, 9a-trimethyl-2, 3, 4, 4a-tetrahydro-1H-1, 3-

methanofluoren-9(9aH)-one (14) 

 

14 

Compound 13 (199 mg, 0.776 mmol, 1 eq.) dissolved in minimum amount DMF was added to a 

solution of 60 % NaH (62.1 mg, 2 eq.) in DMF (3 ml). The resulting mixture was stirred for 10 minutes 

in room temperature and then cooled to 0 oC. MeI (0.073 ml, 1.16 mmol, 1.5 eq.) was added and 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 product was concentrated 

under reduced pressure and purified by column chromatography (Pentan→Pentan: EtOAc) to give 

the pure product (100.8 mg, 0.37 mmol, 48 %) as a white crystal. Compound 14: 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(Pentan:EtOAc=5:1)=0.5 

(1R, 3S, 4aS, 9aS)-6-methoxy-2,2,9a-trimethyl-9-phenyl-2,3,4,4a,9,9a-hexahydro-

1H-1,3-methanofluoren-9-ol (15) 

 

15 

PhLi (1.9 M, 0.9 ml, 1.71 mmol, 6 eq.) was added to a cooled solution of compound 14 (76 mg, 0.28 

mmol) in toluene (2 ml). The resulting mixture was left stirring at room temperature. After 2 h it 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. The product 

was used in the next step without any further purification and therefore no spectral analysis were 

done. 
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Compound 16 (16) 

                                   

16 

HBF4*Et2O (0.096 ml, 2.5 eq.) was added to a solution of compound 15 (0.28 mmol, 1 eq.) and 

propionicanhydride (0.18 ml, 5 eq.) 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 putted under vacuum for several hours. No further purification was 

performed and the product was obtained as a yellow precipitate (90 mg, 0.215 mmol, 77%). 

Compound 16: 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, 51.71, 48.97, 40.83, 40.42, 33.20, 

30.73, 28.96, 27.24, 23.40 ppm. For 1H-NMR and 13C-NMR spectrums, see Appendix B and Appendix 

C respectively. 
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(1R, 3S, 4aS, 9aS)-9a-benzyl-6-methoxy-2, 2-dimethyl-2, 3, 4, 4a-tetrahydro-1H-

1, 3-methanofluoren-9(9aH)-one (17) 

 

17 

Compound 13 (105 mg, 0.410 mmol, 1 eq.) in DMF (2 ml) was added to a solution of 60 % NaH (32.8 
mg, 0.819 mmol, 2 eq.) in DMF (1 ml). The resulting mixture was stirred for 10 minutes. 
Benzylbromide (0.074 ml, 0.614 mmol, 1.5 eq.) 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 column chromatography (Pentan→Pentan: Et2O) to give the pure 
product (103.8 mg, 0.30 mmol, 73 %) as a white crystal. Compound 17: 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(Pentan:EtOAc=5:1)=0.61 
 

(1R, 3S, 4aS, 9aS)-9a-benzyl-6-methoxy-2, 2-dimethyl-9-phenyl-2, 3, 4, 4a, 9, 9a-

hexahydro-1H-1, 3-methanofluoren-9-ol (18) 

 

18 

PhLi (1.9 M, 0.81 ml, 1.539 mmol, 6 eq.) was added to a cooled solution of compound 17 (88 mg, 

0.254 mmol) in toluene (2 ml). The resulting mixture was left stirring at room temperature. When the 

reaction had stopped after 7 h (the conversion was not increasing any further, determined by 1H-

NMR) it 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 crude product. 

The product was used in the next step without any further purification and therefore no spectral 

analysis were done. 
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Compound 19 (19) 

 

19 

HBF4*Et2O (0.087 ml, 2.5 eq.) was added to a solution of compound 18 (0.254 mmol, 1 eq.) and 

propionicanhydride (0.16 ml, 5 eq.) in Et2O (5 ml). A orange precipitate was immediately formed. The 

precipitate was left standing for 1 h in room temperature and then putted in the freeze for 3 h and 

then cooled to 0 oC and washed with Et2O (30 ml). The product carbocation was then putted under 

vacuum for several hours. No further purification was performed even though the orange precipitate 

(6 mg, 0.012 mmol, 5%) still contained impurities. Because of the high level of impurities and the low 

amount product no satisfied 1H-NMR or 13C-NMR could be collected. Compound 19 (relevant peaks): 
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, 1 H), 7.05-6.99 (m,  3 H), 6.76-6.74 (d, J= 7.0 Hz, 2 H), 

4.27 (s, 3 H), 1.21 (s, 3 H), 0.32 (s, 3 H) ppm. For 1H-NMR spectra, see Appendix D. 

(1S, 3S, 4aS, 9aR)-6-methoxy-2, 2-dimethyl-2, 3, 4, 4a-tetrahydro-1H-1, 3-

methanofluoren-9(9aH)-one (20) 

 

20 

The crude product of synthesized compound 17 was purified with column chromatography 
(Pentan→Pentan: Et2O) to give the product compound 17 and unreacted pure cis-compound 20 as 23 
% of the starting material. Compound 20: 1H-NMR (500 MHz, CDCl3): δ= 7.67-7.66 (d, J= 8.4 Hz, 1 H), 
6.92 (s, 1 H), 6.89-6.87 (dd, J= 2.2, 8.5 Hz, 1 H), 3.91 (s, 3 H), 3.49-3.46 (t, J= 8.5 Hz, 1 H), 3.09-3.07 
(dd, J= 2.9, 7.4 Hz, 1 H), 2.58-2.52 (tt, J= 2.0, 11.1 Hz, 1 H), 2.45-2.42 (m, 1 H), 2.19-2.15 (td, J= 2.9, 
13.6 Hz, 1 H), 1.97-1.94 (m, 1 H), 1.27 (s, 3 H), 1.01 (s, 3 H), 0.71-0.69 (d, J= 10.2 Hz, 1 H) ppm; 13C-
NMR (125 MHz, CDCl3): δ= 208.34, 165.96, 165.82, 130.82, 125.27, 114.97, 109.08, 55.80, 52.00, 
43.88, 41.95, 38.96, 33.19, 32.39, 25.89, 25.34, 20.91 ppm; Rf(Pentan:EtOAc=5:1)=0.38 
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Compound 21 (21) 
 

 
 

21 
 
 
1, 3-cyclohexadiene (0.16 ml, 1.2 eq.) was added to a solution of acrolein (0.10 ml, 1 eq.) and TrBF4 
(10 mol %) in DCM (5 ml). The resulting mixture was stirred in room temperature for 4 h when full 
conversion had occurred (determined by 1H-NMR). The reaction was quenched with NaHCO3 (aq.) 
and extracted with DCM. The organic phase was then concentrated under reduced pressure to give 
the crude product that was diluted with Et2O and flashed trough silica to give the pure product as a 
mixture of endo- and exo products. Compound 21 (* denotes the diastereomer that was formed in 
minority (exo product)): 1H-NMR (500 MHz, CDCl3): δ= 9.78* (s, 1 H), 9.45 (s, 1 H), 6.35-6.32* (t, J= 
7.5 Hz, 1 H), 6.35-6.32 (t, J= 7.5 Hz, 1 H), 6.13-6.10* (t, J= 7.5, 1 H), 6.13-6.10 (t, J= 7.5, 1 H), 3.00-
2.93* (m, 1 H), 3.00-2.93 (m, 1 H), 2.69-2.63* (m, 1 H), 2.69-2.63 (m, 1 H),2.59-2.53* (m, 1 H), 2.59-
2.53* (m, 1 H), 1.75-1.52* (m, 3 H), 1.75-1.52 (m, 3 H), 1.38-1.19* (m, 3 H),1.38-1.19* (m, 3 H) ppm. 
Endo:exo ratio= 33:1. 
 

Compound 22 (22) 
 

 
 

22 
NaBH4 (510 mg, 9 eq.) was added to a cooled solution of compound 21 (204 mg, 1.498 mmol, 1 eq.) 

in MeOH (40 ml). The mixture was left stirring in room temperature. After 1.5 h the mixture was 

concentrated under reduced pressure, diluted with water and extracted with DCM. The reaction 

went with full conversion (determined by 1H-NMR) and the product was used without any 

purification. Compound 22: 1H-NMR (500 MHz, CDCl3): δ= 6.29-6.26 (t, J= 7.4 Hz, 1 H), 6.15-6.12 (t, J= 

7.4 Hz, 1 H), 3.30-3.21 (m, 2 H), 2.63-2.59 (m, 1 H), 2.53-2.58 (m, 1 H), 1.93-1.88 (m, 1 H), 1.70-1.66 

(t, J= 11.4 Hz, 1 H), 1.55-1.46 (p; J= 11.0 Hz, 2 H), 1.33-1.20 (m, 3 H), 0.79-0.73 (m, 1 H) ppm. 
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Compound 23 (23) 

 
 

23 

 
Tosylhydrazide (0.558 mg, 2 eq.) was added to a solution of compound 21 (1.5 mmol, 1 eq.) and 
Acetic acid (6 ml) in MeOH (18 ml). The mixture was stirred in room temperature and quenched with 
NaHCO3 (aq.) after 4 h when full conversion was observed (determined by 1H-NMR). The quenched 
reaction was extracted with DCM, dried over Na2SO4 and concentrated under reduced pressure. The 
crude product was purified by column chromatography (Pentan: Et2O → Et2O) to give the pure 
product (304 mg, 1.00 mmol, 67 %) as a mixture of diastereomers. Compound 23 (* denotes the 
diastereomer that was formed in minority): 1H-NMR (500 MHz, CDCl3): δ= 7.83-7.81* (d, J= 6.8 Hz, 2 
H), 7.79-7.78 (d, J= 7.0 Hz, 2 H), 7.45* (s, 1 H), 7.32-7.30 (d, J= 7.9 Hz, 2 H),7.32-7.30* (d, J= 7.9 Hz, 2 
H), 7.18 (s, 1 H), 6.84-6.82 (d, J= 6.5 Hz, 1 H), 6.47-6.45* (d, J= 7.2 Hz, 1 H), 6.36-6.34* (t, J= 6.5 Hz, 1 
H), 6.28-6.25 (t, J= 7.8 Hz, 1 H), 6.16-6.13* (t, J= 7.4 Hz, 1 H), 5.99-5.96 (t, J= 7.6 Hz, 1 H), 2.62-2.56 
(m, 1 H), 2.62-2.56* (m, 1 H), 2.56-2.49 (m, 2 H),2.56-2.49* (m, 2 H), 2.43 (s, 3 H), 2.43* (s, 3 H), 1.92-
1.88* (t, J= 11.0 Hz, 1 H), 1.76-1.71 (t, J= 10.2 Hz, 1 H), 1.57-1.45 (m, 2 H), 1.57-1.45* (m, 2 H), 1.25-
1.19 (m, 3 H), 1.25-1.19* (m, 3 H) ppm; Rf(Et2O)=0.70; Diastereomeric ratio= 7:1 
 

Compound 24 (24) 

 
24 

 
Benzoyl chloride (0.23 ml, 1.95 mmol, 1.3 eq.) was added to a cooled solution of compound 22 (207 

mg, 1.50 mmol, 1 eq.) and DMAP (18 mg, 10 mol %) in pyridine (5 ml). The resulting mixture was 

stirred in room temperature for 2 h. After full conversion (determined by 1H-NMR) the reaction was 

quenched with water. Extraction was performed with DCM and the combined organic phases was 

washed with brine, dried over Na2SO4 and concentrated under reduced pressure to give the crude 

product. . The product was purified by column chromatography (Pentan→Pentan: Et2O) to give the 

pure product (300 mg, 1.24 mmol, 83 %) as a mixture of diastereomers. Compound 24: 1H-NMR (500 

MHz, CDCl3): δ= 8.06-8.04 (d, J= 8.4 Hz, 2 H), 7.57-7.54 (t, J= 7,7 Hz, 1 H), 7.46-7.43 (t, J= 7.7 Hz, 2 H), 

6.33-6.30 (t, J= 7.1 Hz, 1 H), 6.18-6.15 (t, J= 7.1 Hz, 1 H), 3.99-3.89 (m, 2 H), 2.67-2.63 (m, 1 H), 2.56-

2.51 (m, 1 H), 2.23-2.16 (m, 1 H), 1.79-1.74 (m, 1 H), 1.59-1.48 (m, 2 H), 1.36-1.24 (m, 2 H), 0.90-0.85 

(m, 1 H) ppm; Rf(Pentan:Et2O=1:1)=0.83 
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Compound 25 (25) 

 

 

25 

(1s)-(-)-camphanic chloride (325 mg, 1.50 mmol, 1 eq.) was added to a cooled solution of compound 

22 (207 mg, 1.50 mmol, 1 eq.) and DMAP (18 mg, 10 mol %) in pyridine (5 ml). The resulting mixture 

was stirred in room temperature o.n. After full conversion (determined by 1H-NMR) the reaction was 

quenched with water. Extraction was performed with DCM and the combined organic phases was 

washed with brine, dried over Na2SO4 and concentrated under reduced pressure to give the crude 

product. . The product was purified by column chromatography (Pentan→Pentan: Et2O) to give the 

pure product (382 mg, 1.20 mmol, 80 %) as a mixture of diastereomers. Compound 25 (* denotes the 

other of the two diastereomers): 1H-NMR (500 MHz, CDCl3): δ= 6.31-6.28 (t, J= 7.6 Hz, 1 H), 6.31-

6.28* (t, J= 7.6 Hz, 1 H), 6.13-6.08 (m, 1 H), 6.13-6.08* (m, 1 H), 3.87-3.80 (m, 2 H), 3.87-3.80* (m, 2 

H), 2.57-2.50 (m, 2 H), 2.57-2.50* (m, 2 H), 2.45-2.40 (m, 1 H), 2.45-2.40* (m, 1 H), 2.14-2.07 (m, 1 H), 

2.14-2.07* (m, 1 H), 2.06-2.00 (m, 1 H), 2.06-2.00* (m, 1 H), 1.95-1.89 (m, 1 H), 1.95-1.89* (m, 1 H), 

1.73-1.67 (m, 2 H), 1.73-1.67* (m, 2 H), 1.54-1.46 (m, 2 H), 1.54-1.46* (m, 2 H), 1.33-1.21 (m, 2 H), 

1.33-1.21* (m, 2 H), 1.12 (s, 3 H), 1.12* (s, 3 H), 1.06 (s, 3 H), 1.06* (s, 3 H), 0.97 (s, 3 H), 0.96* (s, 3 

H), 0.82-0.76 (m, 1 H), 0.82-0.76* (m, 1 H) ppm; Rf(Pentan:Et2O=1:1)=0.57 
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