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In this work, the convention was used to represent the relative configuration of racemates by bold and 

hashed bold bonds, and enantiomerically enriched material by wedged and hashed wedged bonds.   
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Abstract 

Polyene cyclizations in nature are powerful reactions used to construct complex, cyclic secondary 

metabolites from linear precursors. The beginnings of their mechanistic understanding date back to 1955 

when Eschenmoser and Stork postulated their rationale of the origin of their stereoselectivity.[1] 

However, mimicking this highly selective reactivity in the lab has been a long-lasting endeavor, which 

may primarily be achieved by epoxide opening, halonium-induced cyclization, or proton-induced 

cyclization.[2] Many available methods suffer drawbacks such as inconvenient reaction conditions, toxic 

or metal-containing reagents, or give poor results regarding yield and/or selectivity of the cyclized 

material. We envisioned that using fluorinated alcohols as a solvent for these challenging 

transformations can be beneficial, as the solvent forms tight hydrogen-bonding networks and assists in 

the prearrangement of the linear polyene through hydrophobic interactions, similar to substrate folding 

within the enzymatic pocket during biosynthesis.[3] 

N-halo imides were found to be suitable halogen sources, albeit in situ halogen transfer giving 

N-halomorpholine as the actual halogen donor greatly improved the selectivity and yield in this 

transformation. With the presented method a wide range of structurally and electronically diverse linear 

polyenes was transformed into the corresponding bromo- or iodocyclized material by simply exchanging 

the halogen source. Chlorocyclized material was obtained by slight adjustment of the reaction conditions. 

Mechanistic investigations showed that the individual roles of NXS, morpholine, and the fluorinated 

alcohol solvent are essential in this transformation.  

Proton-induced cyclizations were achieved with excellent stereocontrol and likewise good or better 

yields as for the halocyclization by applying weakly acidic protonated amine salts. A wide range of 

prenyl-, geranyl- and farnesyl substrates was suitable for these mild cyclization conditions and a high 

functional group tolerance was observed. Extensive NMR studies and calculations revealed that 

perfluoro-tert-butanol plays an important role as the solvent, as it prearranges the hydrophobic starting 

material thus easing the cyclization reaction and enhancing the selectivity. Both stronger activation of 

the desired terminal double bond paired with activation of the Lewis base by the fluoroalcohol were 

decisive for the success. In contrast to the direct halonium-induced cyclizations, kinetic data and 

deuteration experiments showed a stepwise process with dynamic protonation and elimination of a 

proton in -position to the formed carbocation.   
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Deutsche Zusammenfassung 

Polyenzyklisierungen sind Reaktionen in der Natur, mit der komplexe zyklische Sekundärmetaboliten 

aus linearen Edukten aufgebaut werden können. Die Anfänge des mechanistischen Verständnisses 

reichen bis ins Jahr 1955 zurück, als Eschenmoser und Stork ihre Theorie über den Ursprung der 

Stereoselektivität dieser Transformationen postulierten.[1] Die Nachahmung dieser hochselektiven 

Reaktivität im Labor ist jedoch ein herausforderndes Unterfangen, das hauptsächlich durch 

Epoxidöffnung, Haliranium- oder Protonen-induzierte Zyklisierung erreicht werden kann.[2] Viele der 

verfügbaren Verfahren weisen Nachteile auf, wie ungünstige Reaktionsbedingungen und Verwendung 

von toxischen oder metallhaltigen Reagenzien, oder liefern schlechte Ergebnisse hinsichtlich der 

Ausbeute und/oder Selektivität des zyklisierten Materials. Es stellte sich heraus, dass die Verwendung 

von fluorierten Alkoholen als Lösungsmittel für diese herausfordernden Umwandlungen vorteilhaft ist, 

da sie ausgedehnte Wasserstoffbrückenbindungsnetzwerke bilden und durch hydrophobe 

Wechselwirkungen die Knäulung des linearen Polyens unterstützt, ähnlich der Substratfaltung in der 

enzymatischen Tasche während der Biosynthese.[3] 

N-Haloimide erwiesen sich als geeignete Halogenquellen, wobei ein in situ Halogentransfer zu 

N-Halomorpholin als aktiver Halogendonor die Selektivität und Ausbeute bei dieser Umwandlung stark 

verbesserte. Mit der vorgestellten Methode wurde ein breites Spektrum strukturell und elektronisch 

unterschiedlicher linearer Polyene durch einfaches Austauschen der Halogenquelle in die 

entsprechenden Bromo- und Iodozyklen, und bei milderen Bedingungen sogar in chlorozyklisierte 

Materialien umgewandelt. Mechanistische Untersuchungen zeigten, dass die individuellen Rollen von 

NXS, Morpholin und dem Lösungsmittel für diese Transformation essenziell sind. 

Protoneninduzierte Zyklisierungen wurden, durch den Einsatz schwach saurer protonierter Aminsalze, 

mit ausgezeichneter Stereokontrolle und ebenfalls guten oder sogar besseren Ausbeuten im Vergleich 

zur Halozyklisierung ermöglicht. Dank dieser milden Zyklisierungsbedingungen konnte ein breites 

Spektrum an Prenyl-, Geranyl- und Farnesylsubstraten erfolgreich umgesetzt werden. Es wurde eine 

hohe Toleranz gegenüber funktionellen Gruppen beobachtet. Umfangreiche NMR-Studien und 

Berechnungen zeigten, dass Perfluor-tert-butanol eine wichtige Rolle als Lösungsmittel spielt, da es das 

hydrophobe Edukt in Lösung faltet, wodurch die Zyklisierungsreaktion erleichtert und die Selektivität 

erhöht wird. Eine ausgeprägtere Aktivierung der gewünschten terminalen Doppelbindung, zusammen 

mit der Aktivierung der Lewis-Base durch den Fluoralkohol, waren hier entscheidend. Im Gegensatz zu 

den direkten Halonium-induzierten Zyklisierungen zeigten kinetische Daten und 

Deuterierungsexperimente einen schrittweisen Prozess mit dynamischen Protonierungen und 

Eliminierungen am jeweiligen Kation. 
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I. Theoretical Background 

1. Terpenes – Occurrence and Biosynthesis 

Organisms produce primary metabolites, which are essential for nutrient assimilation, energy production, 

and growth. Examples are the so-called building blocks of life, such as fatty acids, carbohydrates, amino 

acids, and nucleobases.[4] In contrast, secondary metabolites have more specialized functions. Examples 

are pheromones used to communicate with other organisms, (toxic) alkaloids needed to e.g. fight off 

predators, highly specialized polyketides with e.g. antibiotic activities, and the group with the most 

representatives, the terpenoids, which for example give flowers and fruits their distinct bouquet of flavor 

and odor.[5] Since the invention of processes for the extraction of organic compounds in Mesopotamia 

over 3000 years ago terpenes have been widely used in the preparation of perfumes and fragrances.[6] 

Table 1 shows selected terpenoids and their characteristic odor. For example, cyclic monoterpenes 1-6 

have a distinctly different odor depending on their chemical structure. -Pinene (1), exhibits a distinct 

woody and piney odor, carene (2) can be found in cedar trees or rosemary, giving it citrus and terpenic 

herbal scent and taste similar to limonene (3). The linear monoterpene myrcene (4) is described as 

herbaceous and is a main component in the bouquet of myrtle or cannabis, whereas geraniol (5), likewise 

a linear monoterpene, is rather fruity and flowery.[7] Tricyclic ambroxide (6) is an important ingredient 

in upmarket perfumes and lotions. It is traditionally harvested from the ambergris of slain whales, 

making it a costly resource and – on the other hand – endangering the sperm whales through excessive 

hunting.[8]  

Table 1. Selected examples of naturally occurring terpenes and their distinct odor. 

terpenoid structure           odor               natural occurrence  

-pinene 

 

pines 

[9] 

carene 

 

cedar, rosemary 

[10] 

limonene 
 

citrus lemon 

[11] 
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myrcene 

 

myrtle, cannabis 

[12] 

geraniol 

 

roses, cranesbills 

[13] 

ambroxide 

 

ambergris 

[14] 

    

Terpenes, with more than 80.000 distinct representatives characterized to date,[15] are biosynthetically 

derived from the 5-carbon monomer isoprene pyrophosphate (IPP, 7, Scheme 1) in a series of chain-

elongations, cyclization reactions, and oxidations.[16] The important intermediate 7 is accessible via 

either the methylerythritol-4-phosphate (MEP, 8, Scheme 1, top) generally used by bacteria, yeast, and 

lower eukaryotes, or the mevalonate-dependent (MVA, 9, Scheme 1, bottom) pathway, which in term 

is found in higher eukaryotes and some bacteria.[17] The MEP pathway commences by the addition of 

pyruvate (10) to glyceraldehyde-3-phosphate (GAP, 11) giving 1-deoxyxylulose-5-phosphate (DXP, 12), 

which, after skeletal rearrangement and reduction yields MEP (8). Formal reductive dehydroxylation 

via a cyclic phosphoranhydride produces 4-hydroxy-3-methyl-but-2-enyl pyrophosphate (13), which is 

then further converted into either IPP (7) or dimethylallylpyrophosphate (DMAPP, 14), where both of 

them are interconvertible within the organism. Alternatively, IPP (7) is accessible via the MEP pathway 

starting from two acetyl-CoA (15) building blocks to give acetoacetyl-CoA (16). Stereoselective aldol 

addition of a third acetyl-CoA (15) and reduction yields mevalonic acid (MVA, 9). Decarboxylation of 

mevalonic acid pyrophosphate (MVAPP, 17) finally gives one equivalent of IPP (7). Dimerization of 7 

or 14 gives geranyl pyrophosphate (GPP, 18), the direct precursor for further chain elongations. Another 

pathway is that GPP (18) is converted into linear monoterpenes such as geraniol (5), linalool (19), or 

myrcene (4). Again, those terpenes can be further functionalized, e.g., through proton-induced 

cyclization in a so-called “head-to-tail” cyclization. Contrary to the “tail-to-head”-cyclization,[18] the 

“head” olefin is functionalized first, with the subsequent addition of an internal nucleophile. In this 

manner, -cyclogeraniol (20), a component isolated from orchard plants,[19] is formed in nature. 

Similarly, 19 may thus undergo cyclization to geranic oxide (21), a component of the volatile bouquet 

of sour cherries.[20]  
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Scheme 1. Biosynthesis of GPP (18) and linear monoterpenes via the MEP pathway (top) and MVA pathway (bottom).[21] 

P = phosphate, PP = pyrophosphate. 

Nature is not only able to produce cyclic monoterpenes such as 20 and 21, but also more sophisticated 

polycyclic metabolites. Bark extracts of the Drymis winteri tree have been used for generations in the 

Andean mountains to treat stomach ache and dermatitis.[22] These beneficial effects soon prompted more 

detailed investigations on the nature of the active ingredients, which led to the isolation of (−)-drimenol 

(22) in 1948 and its structure elucidation in 1956.[23] Its antifungal activity was soon after discovered.[24] 

As 22 was one of the first of many representatives of structurally similar natural products, this trans-

decaline skeleton became known as the drimane core (Figure 1). In the following years a plethora of 

biologically interesting natural products were added to this list, for example (+)-sclareolide 23,[25] 

antibacterial (−)-warburganal (24)[26] and (+)-totarol (25)[27] and the polycyclic anti-tumoral triterpene 

(+)-hopene (26).[28] Their interesting biological activities have sparked tremendous synthetic efforts in 

preparing those sophisticated structural motifs.[29] 
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Figure 1. Examples of natural products 22-26 bearing the drimane motif. 

Polyene cyclization reactions are very powerful synthetic transformations, as a high level of complexity 

is introduced in a single cascade reaction, creating multiple C-C-bonds and stereocenters from linear 

precursors. Nature completes this task by employing highly specialized enzymes, that manage to fold 

the polyene chain inside the active cavity and guide the cyclization to the desired product.[30] A prime 

example for this highly selective cyclization is the squalene-hopene cyclase (SHC) enzyme in 

Alicyclobacillus acidocaldarius. It was possible to obtain a cocrystal structure of the enzyme using 2-

azasqualene (27) as an inhibitor (Figure 2, left).[3] This nicely shows how the linear squalene (28) 

assumes a folded position in the active site. Upon protonation of the head prenyl unit a cyclization and 

rearrangement cascade takes place, producing pentacyclic (+)-hopene (26) in a highly selective manner 

(Figure 2, right).  

  

Figure 2. Squalene-hopene cyclase from Alicyclobacillus acidocaldarius bound with 2-azasqualene (27) as SHC inhibitor 

(left, reproduced from reference 3 with permission from Elsevier) and schematic enzymatic cyclization process (right). 
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The importance of substrate folding can be well illustrated for the divergent cyclization of the linear 

diterpene geranylgeraniol pyrophosphate (29, Figure 3).[21] Depending on the layout of the enzymatic 

pocket a “head-to-tail” (HTT) cyclization may take place, similarly to the hopene cyclase, and furnish 

the drimane primaradiene (30), which is then further oxidized in the oxidation phase to diaporthein B 

(31).[31] The second mode of cyclization is the “tail-to-head” (TTH) cyclization, which mechanistically 

proceeds via cleavage of the pyrophosphate and subsequent attack of internal alkenes at the terminally 

formed carbocation. Completion of the cyclization cascade and subsequent oxidation yields taxol (32) 

via taxadiene (33)[16] or japodagrin (34) via casbene (35, Figure 3).[32]  

 

Figure 3. Cyclase phase and oxidase phase in the biosynthesis of 30-35. 

A long-standing dream of chemists is mimicking the highly specialized enzymes in the laboratory, thus 

gaining access to complex products without the need for enzymatic transformations.[33] As shown above, 

a key element in these highly selective conversions is the control of the conformation of the starting 

material prior to the reaction. Therefore, our group made cutting-edge efforts to control the conformation 

of linear polyenes in solution, thus mimicking nature. The presented work focuses on biomimetic 

strategies to achieve these highly desirable polyene cyclizations.  
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2. The Endeavour of Mimicking Polyene Cyclization Reactions 

2.1. Stereochemical Considerations 

It has remained unclear for a long time how highly selective transformations like polyene cyclizations 

could take place in nature with such precision until the first enzyme was successfully crystallized and 

its structure elucidated in 1997.[18] In general, the structure of enzymes showed that they form tertiary 

and quaternary structures with hydrophobic pockets. These reactive sites specifically complement the 

structure of the substrate, bringing the reaction partners (or for intramolecular reactions the reactive 

parts of the molecule) into close proximity and, more importantly, pre-arranging the linear substrate into 

a conformation similar to the product, allowing for a highly selective reaction. Moreover, shielding the 

substrate from the reaction medium, like e.g. water, solvent, or salts, enables the transformation to 

proceed without any undesired side reactions. During this process, flexible hydrogen bonds within the 

enzyme are continuously formed and reshaped to allow the substrate to enter the reactive site and 

subsequently leave the enzymatic pocket.[34] This is important in the biosynthesis of both small and more 

complex terpenes from linear precursors, as from one intermediate (geraniol geranyl pyrophosphate, 

GGPP 29, vide supra) a wide range of structurally unique molecules may be produced. 

How these complex structures are produced in the biosynthetic pathway in organisms was disputed for 

multiple decades.[35] Systematic investigations by Ružićka et al. started already in the 1920’s[36] and 

together with Eschenmoser he elaborated three main observations within the following 30 years.  

▪ The “biogenetic isoprene rule” 

This rule states that naturally occurring linear terpenes, like e.g. squalene (28), are built up by isoprene 

units (36, Figure 4). In a series of chain elongations, the linear triterpene squalene (28), for example, is 

produced by three “head-to-tail” chain elongations furnishing the distinct trans-1,4 oligoisoprene units 

and one final “tail-to-tail” connection in the central part of the terpene.[37] Furthermore, Ružićka et al. 

recognized that (poly)cyclic terpenes such as lanosterol (37) are likewise forged together from these C5-

isoprene monomers. This hypothesis was strengthened by work from Woodward published in the same 

year, who postulated the “head-to-tail” cyclization mechanism in the squalene-lanosterol cyclization by 

14C-labeling experiments.[38] 

 

Figure 4. Ružićkas and Eschenmosers “biogenetic isoprene rule” in squalene (28) and lanosterol (37). 
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▪ Configurational relationships 

The second important finding of the Zurich school was the similarity in stereo information present in 

triterpenes lupeol (38), lanosterol (37), and steroid cholesterol (39, Figure 5). The absolute and relative 

configurations were previously established through decomposition experiments, but the question 

remained how steroids could have the same configuration as cyclic triterpenes. Their rationale was that 

cholesterol is formed from cyclic terpenes such as lanosterol (37), which in turn is produced from 28 

during a “head-to-tail” cyclization cascade.  

 

Figure 5. Configurational relationship of triterpenes lupeol (38), lanosterol (37) and steroid cholesterol (39).  

▪ The origin of stereoselectivity in polyene cyclizations 

Among others, Stork and Eschenmoser, the latter a student of Ružićka, independently investigated the 

cyclization of farnesoic acid (40) with strong acids and investigated the stereochemical outcome of the 

reaction (Scheme 2). While both groups obtained bicyclic 41 as the main reaction product, Stork initially 

assumed a stepwise reaction mechanism and thus concluded that the product must have a cis decalin 

scaffold 42.[1b] Eschenmoser correctly assigned the trans structure 41 to the product, and confirmed his 

findings by extensive derivatizations and de novo syntheses,[1a,39] and finally by comparison of a 

derivative 41 to a natural isolate.[40] Eschenmoser then formulated a hypothesis (named after both Stork 

and Eschenmoser in recognition of their independent work on polyene cyclizations), that “the obtained 

steric result is exactly what would be anticipated if the cyclizations occur according to the chair-like 

folding [see 43] and proceed throughout an antiplanar addition.”[41] Scheme 2 illustrates that the other 

conceivable transition state 44 would yield the wrong isomer 42, thus confirming the chair-like transition 

state in the cyclization of polyenes such as 40. The conformational integrity of the alkene geometry in 

polyene cyclization could soon be translated to drimanes and other cyclic terpenes that were produced 

by “head-to-tail” cyclizations.[42]  

 

Scheme 2. Chair and boat transition state giving trans (41) and cis (42) decalin bicycles.  
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2.2. Proton Cyclization Reactions 

A major challenge of mimicking proton-induced polyene cyclizations in the laboratory is the selective 

protonation of the “head” prenyl unit in the presence of one or more double bonds with similar 

electrophilic properties.[43] Protonation of the terminal olefin of 45 and subsequent nucleophilic attack 

of the internal double bond results in the formation of tertiary carbocation I (Scheme 3). Then, 

regioisomeric proton eliminations may take place (→Ia), as well as inter- and intramolecular 

nucleophilic addition of the carbocation giving Ib. The latter is decisive for the diastereoselectivity of 

the product, as trapping may occur from the top or bottom of the planar cation I, giving two possible 

diastereoisomers Ib in respect to the tertiary carbon. However, if the internal olefin of 45 is protonated 

first (→II) two regiodivergent cyclizations may occur depending on the structural nature of the residue 

R to yield IIa or IIb. They may then react further through rearrangement reactions, hydride shifts, or 

eliminations giving rise to a plethora of complex products.[44]  

  

Scheme 3. Selection of possible reactions when linear polyene 45 is protonated.  

As demonstrated in the biochemical pathway for proton cyclization different products can be obtained 

from the same linear starting material (c.f. Scheme 1). Naturally, chemists have since been attempting 

to copy the reactivity of enzymes and produce the (poly)cyclic products. Since the first attempts over 

70 years ago using strong mineral acids, such as sulfuric acid,[45] multiple publications appeared, offering 

access to complex proton-cyclized products. Generally, linear polyenes, mainly derived from geraniol 

(5) or farnesol (46, not shown), were converted with strong organic or inorganic Brønsted or Lewis acids 

such as trifluoroacetic acid,[8,46] fluorosulfuric acid,[47] SnCl4,[48] BF3·OEt2,[49] ZnCl2,[50] RuCl3
[51]

 and 

Indium(III) salts.[51b,52] Proton-induced polyene cyclizations have been comprehensively reviewed in the 

literature as well.[2a,53] Table 2 shows selected examples of the necessary reaction conditions relying on 

strong acids to promote the cyclization reaction in standard organic solvents to promote the cyclization 

of substrates 47-51 to cyclic 23, 6, and 52-55. A diastereomeric ratio was only reported for entry 2. 



 

THEORETICAL BACKGROUND 

__________________________________________________________________________________ 

11 

 

Table 2. Selected examples for racemic proton-induced polyene cyclization conditions. 

entry starting polyene conditions product yield 

1[46] 

 

TFA 

CH2Cl2, 0 °C 

 

64% 

2[54] 

 

ClSO3H 

EtNO2, -78 °C 

 

91% 

(d.r. = 59:41) 

3[51c] 

 

RuCl3, AgOTf 

DCE, 60 °C 

 

76% 

4[48d] 

 

SnCl4 

THF, -78 °C  

 

45%, R = H (53) 

35%, R = Me (54) 

5[50] 

 

ZnI2, 

TosOH·H2O 

CH2Cl2, rt 

 

99% 

One more recent approach by Luo et al. is the photocatalytic cyclization of geranyl phenols (56) with 

eosin Y (57) in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) producing chromanes 58-61 in good yields of 

up to 93%  and diastereoselectivities of > 95:5 (Scheme 4).[55] The mode of activation of the head olefin 

is, in this case, not the direct protonation. This was shown by control experiments with strong organic 

acids, which yielded complex product mixtures. The postulated mode of action here is a single electron 

transfer onto the arene, subsequently forming a radical cation, which then undergoes cyclization. HFIP 

as the solvent was postulated to assist the hydrogen shift in the final step. The method also tolerated 

geranyl malonates (→62-64). However, the postulated radical cationic activation of the alkene with 

eosin Y (57) was to date only observed for -hydrogen abstractions of amines and not unactivated 

alkenes.[56] Similar photochemical cyclizations have used light in a much shorter wavelength, as high 

energy and highly active catalysts were necessary to activate the weakly absorbing isolated alkene.[57]    
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Scheme 4. Photocyclization of geranyl derivatives 56 with eosin Y (57) by Luo et al.[55] 

In the last yearss groundbreaking methods were developed for the enantioselective cyclization of 

polyenes by employing structurally defined catalysts, thus mimicking the confined space within an 

enzyme. The first example for an enantioselective version of this reaction was reported in 1999 by 

Ishihara et al. and allowed for the cyclization of geranyl phenol 65 or 66 with good yields of up to 92% 

and moderate enantioselectivities of up to 69%.[58] The employed stoichiometric reagent was a 1:1 

mixture of benzoylated 1,1’-bi-2-naphthol (BINOL) and tin(IV)chloride (68, Scheme 5). The Lewis acid 

was complexed, and attack of the terminal olefin was favored from one side, thus inducing 

enantioselectivity.  

 

Scheme 5. First enantioselective proton-induced cyclization of geranyl substrates 65 and 66 by Ishihara et al.[58]  

Corey et al. found that by substituting SnCl4 with the bulkier Lewis acid SbCl5 and fine-tuning the 

BINOL ligand to the 3,3’-dichloro derivative 69 converted linear 70 into the product 53 in excellent 

diastereomeric ratios, up to 92% ee and 80% chemical yield, albeit 50 to 100 mol% of the Lewis acid 

was necessary to achieve this outcome (Scheme 6).[59] This methodology is currently the benchmark 

reaction when arene-terminated proton-cyclization products are targeted from linear precursors.[60] 

 

Scheme 6. Corey’s BINOL-based cyclization of 70 with antimony(V)pentachloride.[59] 

With more complex and sterically demanding BINOL-derived phosphoric triflimide 71, Zhao et al. were 

able to facilitate the in situ formation of imines from terminal aldehydes (e.g. 72) and 

p-toluenesulfonamide (73) and subsequently cyclizing the intermediate to the product 74 in good yields 

and ees up to 92% at -60 °C with magnesium thiosulfate as an additive (Scheme 7).[61] A 12-step total 
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synthesis of the natural product (–)-ferruginol (75) was achieved with the shown cyclization being the 

key step, demonstrating the synthetic utility of this method to access drimanes.  

 

Scheme 7. Zhao’s imine activation strategy.[61] 

In the same year, the group of List et al. developed an even more sterically restricted highly acidic 

imidodiphosphorimidate (IDPI) catalyst 76 for the cyclization of secondary alkenes with primary 

alcohols as the terminating nucleophile (77→78, Scheme 8, right).[62] Compared to BINOL-based 

phosphoric acid 79 the enantioselectivity in this reaction increased from 40 to 92%. The success of this 

dimeric catalyst class lies in the tight confinement of the 3,3’-substituents which creates a tighter pocket 

around the acidic proton in the active site thus allowing for a high enantioselection (Scheme 8, 

bottom).[63] Albeit this is not a polyene cyclization reaction, the increase in catalyst complexity and the 

beneficial effect of confinement giving the starting material a defined environment to react in is striking. 

 

 
Scheme 8. List's application of IDPI catalyst 76 for the cycloetherification of primary alcohol 77 (top) [62] and comparison of 

the crystal structures of the catalysts 76 and 79 (bottom, reproduced from reference 63a with permission from Elsevier).  

In summary, chemists have been developing a wide range of harsh and mild methods for the diastereo- 

and enantioselective protoncyclization of alkenes. Most recent developments show that catalysis 

becomes more selective if the reactive site is heavily confined, allowing only for the desired reactivity 

initiated by the reactive site.  
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2.3. Halonium-Induced Polyene Cyclizations 

In analogy to proton-induced cyclized polyenes the reaction may also be initiated by an electrophilic 

haliranium ion such as II (Figure 6). Similar to the proton cyclization reactions mentioned before, many 

undesired side reactions can take place with the first challenge being the addition to the head olefin of I 

thus forming cyclic haliranium ion II. Haliranium ions, especially the chlorine derivatives (vide infra) 

tend to form the open, planar carbocation III, which is prone to undergo elimination or nucleophilic 

addition giving IV and V, respectively. If the desired cyclization to the 6-membered VI proceeds, again, 

elimination may take place (→VII), and the final nucleophilic addition may proceed either from the top- 

or bottom side of the intermediate affording two potential diastereoisomers with VIII being the desired 

reaction product.  

 

Figure 6. Mechanism of the halonium-induced polyene cyclization with possible undesired side reactions (dashed arrows).[64]  

The earliest report of a successful halonium-induced polyene cyclization reactions dates back to 1966 

when van Tamelen disclosed that treating farnesoic acid methyl ester 80 with NBS in THF yielded 

bromohydrine 81 as the major fraction with monocyclic 82 and bicyclic alkene-containing 83 in minor 

quantities (Scheme 9).[65] Regrettably, no diastereomeric ratio was reported for 83. 

 

Scheme 9. First reported halonium-induced polyene cyclization by van Tamelen in 1966.[65] 

This was the first example of a direct bicyclization of linear polyenes and sparked further exploration of 

this reaction pathway culminating in numerous methods for the halonium-induced cyclization thereof, 

which has recently been comprehensively reviewed in the literature.[2b,66] For example, it was found that 

treating homogeranoic acid (84) with bromine and silver tetrafluoroborate resulted in bicyclic 85 in 15% 

yield (Table 3, entry 1).[67] 2,4,4,6-Tetrabromocyclohena-2,5-dienone (TBCO, 86) gave a mixture of 
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mono- and bicyclic products (87 and 88) when 89 is treated with the bromination reagent 86 (entry 2)[68] 

and failed to cyclize electron-poor geranyl cyanide (90). Here, solely the dibrominated product 91 was 

isolated in 98% yield (entry 3).[69] Hennecke and coworkers utilized the stable bromiranium salt 92 to 

trigger polyene cyclization of 50 furnishing tricycles 93-95 in low to moderate yields (entry 4).[70] 

Umpolung reaction of bromides with hypervalent iodine reagent PhI(OPiv)2 resulted either in 

dehalogenation, haloesterification, or bromocyclization of linear homogeranyl benzenes 50 (entry 5).[71] 

Ishihara disclosed that treating 96 with NBS and PPh3 as Lewis basic activator yielded tricyclic 97 in 

50% yield, and, at lower temperatures, NIS and PBu3 gave iodinated 98 but only after treatment of the 

crude mixture with chlorosulfonic acid (entry 6 and 7).[72] Barluenga’s reagent Py2IBF4 afforded 

chromane 99 in good yields through rearrangement of the geranyl phenyl ether 66 at cryogenic reaction 

conditions (entry 8).[73] Further information regarding diastereomeric ratios were not reported in these 

cases.  

Table 3. Examples of direct halocyclization reactions with racemic reagents.  

entry starting polyene conditions/reagent product yield 

1[67] 

 

Br2 

AgBF4 
 

15% 

2[68] 

  

 
 

49% 

+ 

25% 

3[69] 

 
 

 

98% 

4[70] 

 
 

 

93, R = H, 64% 

94, R = iPr, 29% 

95, R = OMe, 50 % 

5[71] 

 

PhI(OPiv)2 

Et3SiBr 

 

93, R = H, 67% 

95, R = OMe, 40% 
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6[72] 

 

NBS 

PPh3 

 

50% 

7[72] 

 

PBu3, NIS 

-78 °C 

then ClSO3H 

 

99% 

     

8[73] 

 

IPy2BF4 

HBF4, -85 °C 

 

86% 

Despite these efforts, a truly versatile and broadly applicable methodology has not been disclosed until 

the Snyder group introduced bromodiethylsulfide bromopentachloroantimonate(v) (BDSB, 100) in 2009, 

a reactive electrophilic bromonium donor.[74] Treating several geranyl- and farnesyl derived substrates 

45 with BDSB (100) in nitromethane at low temperatures afforded the cyclized material 85, 93 and 101 

in good yields of up to 80% and with good stereocontrol (Scheme 10). Analogous iodination and 

chlorination reagents IDSI (102) and CDSC (103), respectively, were reported shortly after giving 

likewise access to the iodinated 104-106 and, to a significantly lower extend, chlorinated derivatives 

107-109.[75] Besides being considered as the “gold-standard” for those kinds of halocyclization reactions 

the drawbacks of this system include the utilization of a specialized, not commercially available and 

heavy-metal based halogenating agent with limited group tolerance, and examples for the challenging 

yet highly interesting chlorocyclization are limited.  

 

Scheme 10. Snyder’s halogenation reagents 100, 102 and 103 and their applications in polyene cyclization reactions.[75-76] 

Since Ishihara’s publication in 2007 on the enantioselective iodocyclization of homogeranyl- and 

homofarnesylbenzene derivatives (e.g. 96) it became feasible to render the halocyclization 

enantioselective with promotor 110 (Scheme 11). However, in most cases, the reaction was terminated 

after the first enantiodetermining cyclization step, thus giving a mixture of monocyclic material 111 and 
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98, which was then treated with chlorosulfonic acid at low temperatures in 2-nitropropane furnishing 

the completely cyclized product 98 in good yields of 57% and enantioselectivities of up to 95% ee. 

However, if NIS was exchanged by NBS the enantioselectivity dropped drastically.[72] Switching to 

promotor 112, however, produced 97 in 36% ee and 75% yield. Moreover, phosphines 110 and 112 were 

added in stoichiometric amounts in order to ensure high enantioselectivity. Geranylphenols were 

likewise successfully converted by the Ishihara group with adjusted catalysts and reaction conditions in 

the following years (not shown).[77] 

 

Scheme 11. First enantioselective halocyclization of polyene 96 reported by the Ishihara group.[72]  

Following this pioneering work, Yamamoto et al. developed a bromocyclization reaction of 113 capable 

of producing the bromocyclized materials 93, 95, 97 and 114-119 with enantioselectivities of up to 87% 

(Scheme 12).[78] The temperature of the reaction had to be lowered to -90 °C and a highly coordinating 

phosphorthioamidate catalyst 120 with sterically demanding substituents had to be employed. Complete 

cyclization was again only achieved through treatment of the crude product with chlorosulfonic acid in 

2-nitropropane. This work showed that a catalytic enantioselective bromonium-induced cyclization is 

feasible and was demonstrated for a range of homogeranyl arenes 50 and geranyl phenols 56. The 

noteworthy trend is that compared to Ishihara’s method an increase in spatial confinement was necessary 

to achieve sufficient enantioselectivity.  

 

Scheme 12. Enantioselective bromocyclization by Yamamoto et al.[78]  

There are, on the other hand, only few reports for the direct chloronium-induced cyclizations compared 

to bromiranium- and iodiranium-induced cyclizations mentioned above. in 2010 Snyder’s CDSC (103) 
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was, for the first time, able to perform this reaction (Scheme 10), however, with low yields and poor 

diastereoselectivites compared to BDSB (100) and IDSI (102).[75] Shortly thereafter the same group 

disclosed a two-step mimic using mercury(II) salts in stoichiometric quantities together with the chiral 

BOX-ligand 121 to induce cyclization (Scheme 13).[79] The enantiomerically enriched organomercurate 

intermediate 122 was isolated, purified and subsequently treated with the corresponding elemental 

halogen and halide salt to afford the desired cyclized products 93, 101, 104, 107 and 124 in good yields 

of up to 72% and enantioselectivities of up to 81% ee. However, this cyclization reaction does not 

proceed via a haliranium ion but a mercuronium ion, but as similar structures are accessed here it should 

be briefly mentioned. 

 

Scheme 13. Enantioselective mercury(II)-induced polyene cyclization with displacement by halides published by Snyder et 

al.[79] 

Enantioselective, bromonium initiated cyclizations were also made possible by solvolysis of a chiral 

halogenated starting material. Braddock et al. have reported a 5-step synthesis of chiral bromohydrine 

125, in which the alcohol was activated by converting it into a good leaving group, thus allowing for 

nucleophilic attack of the bromine and generating the enantioenriched bromiranium ion (not shown 

Scheme 14a). The cyclization takes place with stereoretention under the reported reaction conditions, 

albeit the diastereoselectivity is poor (d.r. = 75:25) and the yield low (25-35% from the activated linear 

precursor). Intramolecular substitution created the enantiopure bromiranium ion, which underwent 

cyclization to give 95 without observable olefin-to-olefin transfer in cryogenic dichloromethane.[80] 

Similarly, Burns et al. disclosed that treating dihalide 126 with potassium carbonate in HFIP resulted in 

chloride abstraction and thus formation of the bromiranium ion, which cyclized with 96% 

enantiospecificity to acetate 101 (Scheme 14b). It is noteworthy that again only minor racemization of 

the chiral bromiranium ion was observed and the product could be further functionalized to structurally 

related brominated chamigrenes.[81] 
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Scheme 14. Braddock’s (a)[80] and Burns’ approach (b)[81] for the enantiospecific generation of bromiranium ions.  

Burns et al. also took on the total synthesis of azamerone (127), with one key step being the 

enantioselective chloroetherification of quinone 128 to set the stereocenter in the top part of the structure 

(129, Scheme 15).[82] This method is a substrate-specific further development of their alkene 

dihalogenation strategy[83] and tailored for the chlorocyclization of 128 by providing a trapping oxygen 

nucleophile in the substrate (→129) with chiral ligand 130. The lower part of the molecule 127, 

consisting of a chlorocyclized geranyl chain was produced from 130 in a racemic fashion with Snyder’s 

mercury(II)-based method without a chiral ligand, and the enantiomers were separated by chiral 

resolution via esterification with (S)--methoxyphenylacetic acid and separation of the diastereoisomers 

to access multi-gram quantities of chiral 108 (not shown).  

 

Scheme 15. Burn’s enantioselective chlorocyclization and application of racemic mercury(II)-induced cyclization in the total 

synthesis of azamerone (127).[82] 

To the best of my knowledge, those reports present the only examples for the direct, chloronium-induced 

cyclizations of polyenes reported thus far. Considering the large and ever-growing number of 

halogenated natural products being isolated from natural sources[84] creates the need for novel, direct 

and selective iodo-, bromo-, and chlorocyclization methods.  
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2.4. Stability of Haliranium Ions 

Compared to bromo- and iodocyclizations, chlorocyclizations are much more challenging to achieve 

chemically. An explanation for the lack of broadly applicable chlorination methods as compared to 

bromo- or iodocyclizations is the propensity of chloriranium ions to preferentially form the ring-opened 

carbocation 141 in contrast to the chloriranium ion (142, Scheme 16).[85] In his landmark work, Olah 

et al. studied the formation of haliranium ions 132 at -78 °C in sulfur dioxide by treatment of -

fluorohalides 133 with SbF5. Iodiranium and bromiranium ions were observed for all substitution 

patterns from tetra- to unsubstituted haliranium ions (134-139). For chloriranium ions, only the 

tetrasubstituted 140 and trisubstituted 142 were detected, albeit the latter was in equilibrium with the 

planar carbocation 141 allowing for rotation around the sp³ bond. Chlorinated analogs of 136 resided in 

the open form 143, whereas the disubstituted species were constitutionally unstable and underwent rapid 

rearrangement to 144 and 145. Mono- or unsubstituted chloriranium ions were not observed, rather the 

analysis revealed polymerization or decomposition of the starting material.  

 

Scheme 16. Generation (left) and observed haliranium ions in SO2 solution.[85c] 

As described, Olah et al. investigated the chemical stability of haliranium ions. In 2010 Denmark and 

coworkers conducted detailed studies on the absolute configurational stability of haliranium ions 147 

(Scheme 17a).[86] Here, they subjected -halo sulfonates 146 to anchimerically assisted solvolysis 

conditions in HFIP, thus generating enantiomerically pure haliranium ions 147. Nucleophilic trapping 

of C2 symmetric 147 with two equivalents of sodium acetate or tetrabutylammonium acetate gave acetate 

148, of which the enantiomeric purity was determined. The enantiospecificity (e.s.) is calculated by 

dividing the ee of the product by the ee of the starting material, thus having a convenient method of 

describing the conservation of configurational purity in the course of the reaction. An erosion thereof 

can take place by the addition of (E)-oct-4-ene (149, Scheme 17b), which adds to the haliranium ion 

147 through a low-barrier associative displacement at the halogen via transition state 150.[87] 

Subsequently, the free haliranium ion ent-147 forms, thus diminishing any initial enantiopurity of 148 

after an analogous nucleophilic attack of the acetate. 
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Scheme 17. (a) Denmark’s studies on the absolute configurational stability of bromiranium and chloriranium ions.  

(b) Enantiomeric erosion through olefin-to-olefin transfer.[86] 

With sodium acetate as the nucleophile and the halogen being bromine the addition product 148 formed 

in 79% with 100% e.s. (Table 4, entry 1). Increasing amounts of 149 in the reaction mixture rapidly 

diminished the e.s. to 46% with 0.5 eq of 149 and 25% with 1.0 eq of 149, respectively (entries 2 and 

3). When the counterion of the acetate nucleophile was exchanged with the less coordinating 

tetrabutylammonium, thus increasing the nucleophilicity of acetate, the haliranium opening proceeded 

more rapidly. This reduced the olefin-to-olefin transfer pathway and gave the product 148 in 81% e.s. 

(entry 4).  

As chlorine is more electronegative than bromine, the positive charge of the chloriranium ion thus 

resides preferably at the carbon and not the halogen.[85a] This results in the propensity of chloriranium 

ions to undergo processes characteristic for carbocations, such as eliminations and rearrangements.[86] 

On the other hand, a nucleophilic attack of an olefin on the chlorine is less favored, hence greatly 

reducing the susceptibility to undergo olefin-to-olefin transfer. Entries 5 and 6 show the results of the 

solvolysis of 146 with or without alkene 149, giving the acetolysis product 148 with perfect e.s. in both 

cases. However, due to the lower chemical stability of the formed chloriranium ion, the yield is reduced 

to 32 and 44%, respectively. The results by Denmark and Olah et al. illustrate that chloriranium ions 

have high configurational stability and a low tendency of racemizing, however possess a low chemical 

stability and are thus prone to carbocationic follow-up reactions. Bromiranium ions, on the other hand, 

are chemically more stable but may undergo olefin-to-olefin transfer to other alkenes, thus potentially 

losing their original absolute configuration.  

Table 4. Results of Denmark’s studies on the configurational stability of bromiranium and chloriranium ions (conditions: see 

Scheme 17a).[86]  

entry X, LG cation eq of 149 yield of 148 [%] e.s. of 148 [%] 

1 Br, OTs Na+ − 79 100 

2 Br, OTs Na+ 0.5 71 46 

3 Br, OTs Na+ 1.0 75 25 

4 Br, OTs Bu4N+ 1.0 73 81 

5 Cl, OTf Bu4N+ − 32 100 

6 Cl, OTf Bu4N+ 1.0 43 100 
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2.5. Cyclization Reactions in Macromolecular Assemblies 

As mentioned in the previous chapters, enantioselective polyene cyclizations proceed best in confined 

spaces or pockets in order to yield the desired material with high selectivity. Besides phosphoric 

acid-based organocatalysts (c.f. chapter I.2.2, Scheme 6), confinement could also be achieved by 

employing structurally defined macromolecular cages. Toste and colleagues applied a polyanionic 

supramolecular assembly 150 together with aqueous buffer at elevated temperatures in the “tail-to-head” 

cyclization of citronellal (151) which furnished isopulegols 152 as a mixture of diastereoisomers 

(Scheme 18).[88] In this case, water was successfully hindered from trapping carbocation 153. Under the 

same conditions, but lacking assembly 150, diol 154 is produced as the major product. This work 

demonstrates that a tailored reaction environment is beneficial in steering the carbocationic follow-up 

reaction towards the desired chemoselectivity. 

 

Scheme 18. Cyclization of citronellal (151) with and without supramolecular assembly 150.[88] 

The previous example focused on the exclusion of nucleophilic water in proximity to the reactive species 

during the cyclization process. A few years later the Tiefenbacher group reported the application of self-

assembled resorcinol-based hexameric capsules of six units of 155 and eight water molecules for the 

“tail-to-head” cyclization of simple monoterpenes through activation of the allylic alcohol or acetate.[89] 

This reactivity was enabled by the ability of 156 to stabilize positive charges, explicitly allylic cations, 

inside the cavity (Scheme 19a).[90] These properties were needed to effectively catalyze cyclization 

reactions in an organic capsule for the first time. The key step is the flip from the 2,3-transoid 

carbocation 157 to the 2,3-cisoid cation 158, now prone to cyclization giving -terpinene (159). This 

flip was only possible through the extraordinary stabilizing effect of the capsule, emphasizing the 

necessity of cation stabilization during polyene cyclizations.[15] The product selectivity was dependent 

on the configuration of the starting material, as nerol (160) gave -terpineol (161) and subsequently 

eucalyptol (162) in up to 40 % GC yield (Scheme 19b).[91]  
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Scheme 19. (a) First generation resorcinol-based capsules 156 and (b) their use in tail-to-head polyene cyclizations by 

Tiefenbacher et al. Reproduced from reference 89 with permission from Springer Nature. 
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2.6. Self-Assembled Confinement in Solution 

Confinement of small molecules either in enzymes or within bulky catalysts is indispensable to stir the 

reactivity towards the desired product and to significantly enhance the selectivity. That such a 

compartmented reaction system may be created in solution was under investigation by the Berkessel 

group since 2001, when they thoroughly examined the beneficial effect of the fluoroalcohol HFIP in the 

oxidation of alkenes with hydrogen peroxide.[92] To fully understand the uniqueness of HFIP one has to 

look at its interesting physical properties. For instance, the pKa value in HFIP is drastically reduced due 

to the electron-withdrawing fluorine atoms as compared to its non-fluorinated analog isopropanol, being 

9.3[93] and 16.5,[94] respectively. Consecutive systematic computational investigations revealed that the 

fluorinated alcohol also differs immensely from isopropanol on a molecular level.[95] The fluorine groups 

do not only increase the acidity but also hinder rotation of the C-O bond in the alcohol. The potential 

energy of rotation of HFIP in the gas phase is about 1 kcal/mol higher than in isopropanol (Figure 7a), 

as the bulky CF3 groups hinder the free rotation around the HC2OH angle to a larger extend than in the 

non-fluorinated isopropanol (dashed line). The torsion angle in solid-state HFIP was determined to be 

22°, which is in close agreement with the calculations (Figure 7b).  

     

Figure 7. a) Conformational analysis of HFIP in the gas phase: potential energy for HFIP and isopropanol, reproduced with 

permission from reference 95. Copyright 2006 American Chemical Society. b) Torsion angle in solid state HFIP.[95] 

The apolar CF3 groups and the highly polarized hydroxyl group give HFIP a very high dielectric constant 

of  = 15.7,[96] which has repercussions on the macroscopic properties of the solvent. Molecular 

modeling of the epoxidation of cyclooctene (163) with aqueous peroxide in HFIP showed that HFIP 

forms comparted aggregates around the apolar alkene, with the polar hydroxyl groups facing towards 

the aqueous phase and the hydrophobic CF3 moieties towards the alkene (Figure 8a).[97] The high 

tendency of the OH groups in being both hydrogen bond donors and acceptors results in a dense 

hydrogen bonding network to other donors and acceptors such as H2O2 or HFIP itself, thus forming a 

chained or helical aggregate of HFIP monomers which overall increases the H-bond donor ability of the 

terminal HFIP molecule to Lewis bases (Figure 8b).[95]  

  

a)       b) 
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Due to the bulkiness of the CF3 groups, HFIP is a notably weak nucleophile, as demonstrated by the 

methylation of either HFIP or isopropanol with 164 to the methyl ethers 165 and 166, respectively. The 

nucleophilicity values (NOTs) are on a logarithmic scale, meaning that HFIP is four orders of magnitude 

less nucleophilic than isopropanol (Figure 8c). This means HFIP can on occasion act as a nucleophile, 

but mainly with highly reactive carbocations.[64,98] Taken together, the low nucleophilicity and the high 

dielectric constant make HFIP a prime solvent for stabilizing carbocationic transition states. The effect 

was quantified by Pezacki et al. by photochemically generating diazo compounds 167 and upon TFA 

treatment the corresponding aliphatic carbocations 168 formed (Figure 8d). They measured the 

reactivity of the generated carbocations in the presence of the nucleophile trimethoxybenzene (169) in 

acetonitrile, TFE, and HFIP. The obtained respective lifetimes of 168 were up to two orders of 

magnitude higher in HFIP for cyclobutyl cation (171) and 1-cyclopropylethan-1-ylium cation 172.[99] 

This showed that HFIP is indeed able to stabilize transient carbocations and significantly prolong their 

lifetimes. All the described properties make HFIP a versatile solvent promoting a wide range of 

reactions,[100] and due to its multi-ton commercial availability has been used in large-scale syntheses.[101]  

 

Figure 8. Key properties of HFIP. a) Cluster formation between apolar cyclooctane (163), HFIP layer and polar aq. peroxide 

phase (red).[97] b) Aggregation-induced H-bonding enhancement of HFIP and interaction with Lewis base.[95] c) Nucleophilicity 

of HFIP compared to isopropanol.[102] d) Lifetimes of carbenium ions 168 in HFIP compared to MeCN and TFE.[99]  

The group of Prof. Gulder is developing methods to recreate nature’s unique ability to create complex 

products with ease. We particularly are interested in mimicking the active cavity in enzymes by 

employing catalytic supramolecular assemblies constructed through Lewis acid/Lewis base 

interactions.[64] The presented thesis thus focuses on exploiting the unique properties and interactions of 

fluorinated alcohols and Lewis bases to create triphilic structures as shown in Figure 8a with distinct 

compartmentalization of apolar starting materials and polar reagents in solution. The reaction medium 

shall thus be used for the construction of polycyclic terpenes from linear precursors, with a special focus 

on gaining an in-depth understanding of the distinct interactions between the components in the reaction 

mixture.   
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3. Motivation and Goals  

While enzymes have the capability of performing halogenation reactions with high selectivity, 

contemporary synthetic halogenation methods are by far not as sophisticated. In particular, the highly 

challenging halonium-induced polyene cyclization yields a wide range of biologically active natural 

products in a single reaction cascade in the organism, which is why this transformation received much 

attention from synthetic chemists in the last decade.[72,103] Currently available synthetic methods, 

however, have significant drawbacks regarding yield, selectivity, or convenient reaction execution. 

Building on the experience in the Gulder group in selective catalytic halogenation methods,[104] we 

envisioned a biomimetic approach towards halonium-induced polyene cyclizations. This biomimicry 

shall be achieved by creating a macromolecular assembly in solution. Therefore, the solvent must 

possess enzyme-like properties, such as the ability to activate the halogenating reagent and/or the 

substrate, being able to stabilize charged – especially cationic – transition states and ideally control the 

substrate conformation in solution.  

Prime solvent candidates are fluorinated alcohols, such as 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), 

which have, compared to its non-fluorinated analogs a higher Lewis and Brønsted acidity at the hydroxy 

function due to the highly electronegative fluorine substituents.[97] Moreover, the hydrogen bond 

donating ability is vastly increased due to the polarized O-H bond, the nucleophilicity reduced due to 

steric repulsion of the bulky CF3 groups, and positive charges stabilized well due to its high dipole 

moment.[96] HFIP has thus been employed in various reactions with beneficial effects regarding rate 

and/or selectivity enhancements.[95-97,100,105] As HFIP meets the required criteria for mimicking enzymes 

in solution exceptionally well, the aim of this thesis is to investigate its ability to promote polyene 

cyclization reactions. Therefore, the first goal is to employ the work group’s expertise in selective 

halogenation reactions and combine it with the unique solvent properties of HFIP to promote the 

challenging haliranium-induced polyene cyclization reactions.  

Based on the first results obtained during my master’s thesis[106] on the bromonium-induced cyclization 

it became clear that linear polyene substrates with an intramolecular terminating nucleophile are superior 

substrates for reaction optimization. Hence, model polyene 70 (Scheme 20) should be used to further 

optimize the reaction conditions with the aim to establish a broadly applicable and easy to carry out 

reaction providing high yields and diastereoselectivities for product 93. Once optimal reaction 

conditions are established the substrate scope should be evaluated for a broad range of electronically 

diverse polyenes bearing electron-rich and -poor internal alkenes, the latter providing challenges 

considering the propensity for nucleophilic addition of the internal alkene to the cyclic haliranium ion 

is lowered. Next, the ability of the established system should be evaluated for iodonium and the even 

more challenging chloronium-induced cyclization reactions to access a wide range of halogenated, 
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cyclic products under convenient modular reaction conditions. With the successful completion of these 

tasks, in-depth mechanistic investigations on the role of both the Lewis and Brønsted acidic solvent, as 

well as the interplay with Lewis bases as additives should be closely examined. These results will help 

to gain a deeper understanding of the mode of action during these reactions and the distinct influence 

between the different components in the reaction.   

A plethora of biologically interesting scaffolds bear the drimane skeleton and current methods for their 

construction mainly rely on harsh Lewis or Brønsted acid-induced proton cyclization of linear polyenes 

or other inconvenient reaction conditions (see chapter 2.2). Building on findings from the 

halocyclization project, the concept of Lewis acid/Lewis base interplay should be extended towards the 

H+-cyclization of polyenes for model substrate 70 (Scheme 20, X = H). Reaction optimization with a 

wide range of Lewis and Brønsted acids in fluorinated solvents should be performed, adjusting solvent, 

catalyst(s), reaction temperature, and concentration. Preparation and testing of various structurally and 

electronically diverse mono- and sesquiterpene substrates bearing different functional groups and 

terminating nucleophiles should ensue, followed by extensive mechanistic studies to confirm the mode 

of action and activation during the reaction. A special focus should lie on the conformational change 

and activation of polyene 70 from the fluorinated alcohol during the reaction.  

 

Scheme 20. Concept for the haliranium- and proton induced polyene cyclization in HFIP and Lewis bases to create a reactive 

supramolecular assembly. 

 

The following goals are emphasized:  

▪ Development of a biomimetic method for the bromonium-induced polyene cyclization reaction. 

▪ Extension of the modular method towards iodonium- and the highly challenging chloronium-

induced cyclizations. 

▪ Harnessing the unique properties of the molecular assembly of fluorinated alcohols and Lewis 

bases towards selective proton-induced cyclizations. 

▪ Uncovering the roles of Lewis bases and the solvent on substrate configuration, reactivity, and 

selectivity. 
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II. Results and Discussion 

1. NXS, Morpholine and HFIP: The Ideal Combination for 

Biomimetic Haliranium-Induced Polyene Cyclizations 

A. M. Arnold, A. Pöthig, M. Drees, T. Gulder; NXS, Morpholine, and HFIP: The Ideal Combination 

for Biomimetic Haliranium-induced Polyene Cyclizations; J. Am. Chem. Soc. 2018, 140, 4344–4353.[64] 

Nature generates structurally complex, cyclic secondary metabolites in a direct, highly controlled 

manner from linear precursors.[30] However, mimicking the corresponding transformations in the 

laboratory has been a long-lasting endeavor for organic chemists, and are – even to date – still difficult 

to achieve with high selectivity.[72,78,107]  

A breakthrough in this area was reported by Snyder in 2009 with the preparation of the 

antimonypentachloride-diethylsulfide-bromine complex BDSB, which, for the first time, was capable 

of cyclizing a wide range of linear 1,5-dienes. However, BDSB does not conform to the requirements 

of modern halogenating agents, such as sustainability and atom economy. Within our work concerning 

selective and catalytic halogenation methods of alkenes,[104a,104c,104d,104g] we discovered that standard X+-

sources such as N-bromosuccinimide (NBS), N-iodosuccinimide (NIS), and 1,3-dichloro-5,5-

dimethylhydanthoin (DCDMH) together with an unprecedented Lewis acid/base combination of 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and morpholine were exceptionally well suited to promote 

biomimetic halonium-induced polyene cyclization reactions of a wide range of substrates.[64]  

 

Figure 9. Biomimetic Haliranium-induced Polyene Cyclizations in HFIP. 

The method tolerates electron-poor and –rich substrates, aromatic and O-nucleophiles as well as 

intermolecular nucleophilic trapping with water yielding mono, di-, tri-, and tetracyclic products. In-

depth mechanistic studies and control experiments with a plethora of fluorinated and standard solvents 

revealed interesting insights into the mode of action, underlining the unique and indispensable role of 

NBS, morpholine, and HFIP in the success of these reactions. The solvent plays hereby multiple roles:  

▪ activating NXS and the in situ formed N-halomorpholine, 

▪ stabilizing the formed haliranium-ion intermediate,  

▪ prearranging the linear polyene into a chair-like transition state, 
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▪ stabilizing the intermittently formed carbocation, thus reducing undesired elimination products 

to a minimum.  

The presented method employs standard bench-stable reagents and is atom economic, scalable, and 

easily conductible. Paired with high yields of up to 90% and excellent diastereoselectivities of > 95:5 

makes this protocol widely applicable to access halonium cyclized polyenes. 
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2. Controlling Conformation in Solution: Mild Biomimetic Proton-

Induced Polyene Cyclizations through Fluorinated Alcohol Solvent 

Cluster Arrays 

During screening efforts to optimize the haliranium-induced polyene cyclization reaction presented in 

chapter II.1 close attention was paid on what side products were formed, as this helped the efforts to 

increase the yield and diastereoselectivity. Aside from partially cyclized halogenated products (not 

shown) some amounts of proton-cyclized product 53 were detected when homogeranyl benzene 70 was 

converted (Scheme 21). Namely, pyrrole (173), N,O-dimethylhydroxylamine hydrochloride (174), and 

sulfamic acid (175) as Lewis basic additives gave proton cyclized 53 in 69%, 32%, and 12%, 

respectively.  

 

Scheme 21. Formation of 53 during the screening of Lewis base additives.   

This sparked our synthetic interest, as a plethora of natural products possesses “head-to-tail” cyclized 

moieties (vide supra), and present methods do have drawbacks concerning functional group tolerance, 

yield, and selectivity. Moreover, we hoped to utilize the unique properties of HFIP towards the proton 

cyclization of linear polyenes 70. Especially intrigued by the ability of the weakly acidic N,O-

dimethylhydroxylamine hydrochloride (174) to induce proton cyclization we set out to explore this 

reactivity further. The first step was to omit the halogen source NBS in order to see the full potential of 

the reaction in the proton-induced cyclization of 70. Screening of different strong acids showed good 

results in respect to yields of 53. It is notable that in all cases presented in this chapter 70 was formed 

with excellent diastereoselectivity of > 95:5. This was ensured by comparison of the 1H-NMR spectra 

to literature known p-tolyl cyclization product 54, where a close analog of the cis-decalin framework 

shows a distinct upfield shifted methyl singlet at 0.37 ppm.[108] As in the previous halocyclization project, 

the model substrate to optimize the reaction was homogeranyl benzene (70) in 0.1 M distilled HFIP with 

20 mol% of acid (Table 5). The aim was to find a mild and simple method at ambient conditions and no 

need for the exclusion of air or moisture, which was the reason why the reaction was conducted without 

a protective atmosphere at room temperature from the beginning. However, the quality of HFIP was 

decisive. When HFIP was used as received, there was a strong background reaction without any additive 

or catalyst, and full conversion of 70 was observed after one day of reaction time, but with the formation 

of ample side products. Desired 53 was, on the other hand, only produced in 61% yield (entry 1). This 

was avoided by distilling the solvent from molecular sieve and KOH prior to use in order to remove 

trace amounts of residual acid. Putatively, residual amounts of hexafluoroacetone (HFA, 176) from the 
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industrial production process of HFIP[101] may be responsible for the increased acidity of the solvent, as 

the ketone is prone to form a geminal diol 177 with water. This highly electron-deficient diol has a high 

pH value in water ranging between 1 and 2.[109] Gratifyingly, with this purification, no background 

reaction was observed without the addition of external acid (entry 2). Then, a wide range of strong and 

weak acids such as TFA, p-toluenesulfonic acid, sulfuric acid, and 178-181 were tested (entries 3 to 9), 

with the most promising one being the super acidic BINOL-derived bisthiophosphoric acid 180 (entry 

8).  

Table 5. Acid screening for the conversion of 70 to 53. 

 

entry acid pKa (H2O)  reaction time conversiona yield 53a 

1b - - 1 d > 95% 61% 

2 - - 7 d < 5% < 5% 

3 TFA 0.23[110] 15 min > 95% 56% 

4 TosOH·H2O -2.8[111] 15 min > 95% 62% 

5 H2SO4 -3.0, 2.0[110] 15 min > 95% 59% 

6 

 

6.3[110] 2 d > 95% 64% 

7 

 

5.5[112] 7 d 89% 62% 

8 

 

-4.21[113] 5 h > 95% 76% 

9 
 

2.9[114] 1 h > 95% 61% 

22.8 mg 70 (100 µmol, 1.0 eq) were mixed with 20 mol% acid in 1.0 mL HFIP (0.1 M) at rt under air in a 

closed vessel. HFIP was distilled under argon from a mixture of activated 3 Å and 4 Å molecular sieve and 

KOH (250 mg per 100 mL of solvent). The reaction time indicates the first time at which either full 

conversion was observed (which could be prior to that time) or the time the last data point collected. 
aConversion and yield determined through GC-FID using an internal standard. bHFIP was used as received. 

No direct correlation between reaction time, yield, and pKa value of the employed acid could be observed 

at first sight. It is, however, notable that the cyclization occurs even with weak acids such as 178 

(entry 6). A mild methodology to achieve this cyclization is highly desirable because previous literature 

reports usually rely on strong Brønsted or Lewis acids (vide supra), which severely hamper the 
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functional group tolerance and require a more effortful reaction setup. As the results in Scheme 21 show 

even amine hydrochloric salts may facilitate the conversion and based on the knowledge of the beneficial 

effects of morpholine in the haliranium-induced polyene cyclizations,[64] we next tried various 

morpholinium salts as additives (Table 6). Weakly acidic salts such as morpholinium acetate (182a, 

entry 1) gave no conversion of the starting material. TFA (182b) and tosylate (182c) salts showed very 

slow conversion and poor selectivity, as a major fraction of the product was determined not to be the 

desired product as judged by GC-FID (entries 2 and 3). Of the strong acid salts hemisulfate 182d, 

chloride 182e, and bromide 182f the latter gave the fastest conversion within only 5 hours, whereas the 

hydrochloride 182e gave with 74% the best yield of 53 (entries 4-6). Switching to pyridine (183) as a 

weaker base and employing pyridinium salts 183a-f in the reaction turned out to be advantageous in 

regard to conversion and reaction time (entries 7-12). In all cases, full conversion of 70 was observed in 

less than 24 h. Again, no direct correlation between reaction rate, yield, and pKa value of the 

corresponding acid could be doubtlessly established. However, within these results commercially 

available pyridinium bromide 183d gave 74% yield after 13 h of reaction time (entry 10), which is why 

this was the catalyst of choice for further investigations.  

Table 6. Screening of morpholinium (182a-f) and pyridinium salts (183a-f) as additives. 

 

entry amine        HX pKa (acid)  time conversion of 70a yield of 53a 

1 

 

AcOH 182a 4.76[110] 20 d < 5% < 5% 

2 CF3CO2H 182b 0.23[110] 3 d > 95% 66% 

3 TosOH 182c -2.8[111] 20 d 56% 38% 

4 H2SO4 182d -3.0, 2.0[110] 1 d 95% 65% 

5 HCl 182e -8.0[110] 1 d > 95% 74% 

6 HBr 182f -9.0[110] 5 h > 95% 71% 

7 

 

HBF4 183a -0.44[115] 12 h > 95% 55% 

8 TosOH 183b -2.8[111] 13 h > 95% 67% 

9 HCl 183c -8.0[110] 1 d > 95% 66% 

10 HBr 183d -9.0[110] 13 h > 95% 74% 

11 HI 183e -9.5[116] 15 h > 95% 63% 

12 TfOH 183f -20[116] 3 h > 95% 64% 

22.8 mg 70 (100 µmol, 1.0 eq) were mixed with 20 mol% catalyst 182a-f or 183a-f in 1.0 mL HFIP (0.1 M) at rt under air 

in a closed vessel. HFIP was distilled under argon from a mixture of activated 3 Å and 4 Å molecular sieve and KOH (250 

mg per 100 mL of solvent). aConversion and yield were determined by GC-FID using an internal standard. 
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It was previously postulated that HFIP has a distinct effect on apolar, linear polyenes and their 

conformation in solution, namely that the linear polyene 70 is thought to assume a chair-like 

conformation to reduce the overall surface area through hydrophobic interactions of the solvent.[64,117] 

The next step before optimizing the reaction conditions was hence to conduct a solvent screening of 

standard laboratory solvents as well as a selection of other fluorinated alcohols to confirm the unique 

role of HFIP in the desired transformation. The best conditions from Table 6 are shown in Table 7, 

entry 1. Standard laboratory solvents such as DCM, toluene, and diethyl ether gave neither conversion 

nor product formation after 5 days (entries 2-4). 2-Nitropropane or 2-propanol gave no conversion either 

(entries 5 and 6). Of the other fluorinated solvents such as 1,1,1-trifluoroethanol (TFE, 184), 1,1,1-

trifluoro-2-propanol (185) or 2,2,3,3,3-pentafluoro-1-propanol (186) only 185 showed conversion, 

albeit only 44% and 28% yield of 53 after 5 days. Surprisingly, perfluoro-tert-butanol (PFTB, 187) 

furnished desired 53 after one day in 96% chemical yield (entry 10).  

Table 7. Solvent screening with best catalyst 183d. 

 

entry solvent reaction time conversion of 70a yield of 53a 

1 HFIP 13 h > 95% 74% 

2 CH2Cl2 5 d < 5% < 5% 

3 toluene 5 d < 5% < 5% 

4 Et2O 5 d < 5% < 5% 

5 iPrNO2 5 d < 5% < 5% 

6 iPrOH 5 d < 5% < 5% 

7  5 d < 5% < 5% 

8 
 

5 d 44% 28% 

9 
 

5 d < 5% < 5% 

10 
 

1 d > 95% 96% 

22.8 mg 70 (100 µmol, 1.0 eq) were mixed with 20 mol% py-HBr (183d) in 1.0 mL solvent 

(0.1 M) at rt under air in a closed vessel. 

To visually demonstrate the course of optimization Figure 10 displays experimental GC traces of 

selected transformations after the reaction has been completed. In a) starting material 70 is displayed, b) 

shows the reaction of 70 with the strong acid TFA in HFIP, where many undesired products have been 

formed, most likely stemming from internal protonation. In c) the increase in selectivity when employing 
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the mildly acidic py-HBr salt 183d can be seen, and in d) presents the chromatogram of the final 

optimized reaction conditions with product 53 being almost the sole signal.  

 

Figure 10. Experimental GC traces: a) Starting material 70. b) Reaction Table 5, entry 3. c) Reaction Table 5, entry 1. d) 

Optimized reaction conditions from Table 5, entry 10. 

As PFTB proved to be the optimal solvent to promote the desired proton-induced cyclization reaction it 

was worthwhile to compare some physical properties of HFIP and PFTB (Table 8). PFTB has a lower 

boiling and melting point of 45 °C and -20 °C, respectively, as compared to HFIP. Due to the higher 

content of fluoride atoms in the molecule its density is slightly higher (1.6 compared to 1.7 g/mL), and, 

most noteworthy, the pKa value is significantly lower and with 5.4 almost in the range of some 

carboxylic acids, such as acetic acid with 4.8.[110] The even more polarized OH bond of PFTB could be 

the reason why the cyclization of 70 proceeds so exceedingly smooth. PFTB is commercially available, 

yet its contemporary use is limited to the formation of the currently least-coordinating aluminate 

counterion Al(PFTB)4
-[118] or for the introduction of highly hydrophobic ether groups to enhance 

material properties.[119] To the best of my knowledge, it was not used as a solvent in chemical 

transformations to date. 

  

a)          b) 

c)          d) 
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Table 8. Selected properties of the fluorinated alcohol solvents HFIP and PFTB. 

physical property HFIP[96] PFTB[120] 

m.p. -4 °C -20 °C 

b.p. 59 °C 45 °C 

Density 1.6 g/mL 1.7 g/mL 

pKa 9.3 5.4 

pricea 0.17 €/mL 2.25 €/mL 

afrom Fluorochem online shop, 20.03.2021 

Next, various mechanistic investigations were conducted to gain a deeper understanding of the 

interactions between PFTB and the model substrate 70. Figure 11 shows the titration of 70 with different 

solvents analyzed by 13C NMR spectroscopy, whereas the shifts of 70 in CDCl3 are set as the zero points. 

Increasing amounts of PFTB (red) resulted in significant shifts, which is most pronounced for the sp2 

carbons C2 and C6. Even more intriguingly, the “head” alkene group (C2 and C3) shifts stronger than 

the internal alkene (C6 and C7), hinting towards a stronger activation of the terminal alkene due to 

electronic interactions of the more exposed alkene. In apolar toluene (green) or in non-fluorinated 

tBuOH (purple) only negligible shifts or upfield shifts were observed, underlining the unique properties 

of PFTB. 

  

Figure 11. Titration of 70 in CDCl3 with increasing vol% of co-solvent PFTB (red), toluene (green) and tBuOH (purple) 

analyzed by 13C NMR spectroscopy. 12.7 mg 70 was dissolved in 0.5 mL solvent with the shown composition (0.1 M). 

Next, a reaction profile was recorded. Continuous reaction monitoring via GC-FID and GC-MS for 

fragment identification resulted in the reaction kinetic shown in Figure 12a. Starting material 70 (black) 

is converted either directly into the tricyclic product 53 (blue), into the three regioisomeric monocyclic 

elimination products 188-190 (grey, red and purple, respectively), or the alkene isomerization product 

191. The exo-elimination product 190 was formed with the lowest quantity, followed by the endo-

product 189. The thermodynamically most stable tetrasubstituted 188 was produced slowest and is 
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consumed at the lowest rate, yet holds the highest percentile share during the reaction. However, all 

shown side products eventually yield desired 53 after 17 hours. The yellow graph depicts not identified 

side products, which are consumed during the reaction and do not give any significant additional signals 

in the GC.  

 

 

Figure 12. Product 53 and intermediate formation of 188-190 over time. 22.8 mg 70 (a) or 192 (b) (100 µmol, 1.0 eq) were 

mixed with 3.2 mg py-HBr (183d, 20.0 µmol, 20 mol%) in 1.0 mL PFTB. 
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On the other hand, if the (Z)-configured homoneryl benzene (192) is used as the starting material the 

reaction profile is that of a consecutive reaction (Figure 12b).[121] In this case, formation of 53 is not 

observed in the initial few minutes and just then slowly proceeds to form. This is in contrast to the 

transformation of (E)-homogeranyl benzene (70), where product formation was observable within the 

first few seconds. Analysis of the final reaction product revealed unambiguously that only the major 

trans-decalin product is produced in likewise good yield as for 70. This means that either isomerization 

occurs from 192 to 70, which was observed in this reaction mixture (green), or first a monocyclization, 

followed by a second protonation of the alkene and cyclization. The reaction time is also shorter in the 

neryl case, and the reaction is terminated after only 6 hours. 

The GC data showed a stepwise process. It is, however, possible that the monocyclic intermediates 188-

190 are interconvertible by protonation and elimination. To test this hypothesis, the reaction was run 

with deuterated pyridinium bromide in deuterated PFTB. To have a clean and reproducible method for 

preparation of PFTB-OD the acidic alcohol was converted into its sodium salt, dried, acidified with 

D2SO4 (isotopic purity > 99.5%), and distilled twice (Scheme 22a). Applying the deuterated solvent in 

the proton-induced cyclization showed that at all expected sites in allylic positions or on the intermediate 

sp2 carbons deuterium incorporation was detectable (Scheme 22b). This result further confirms the 

formation of intermediate products, which in turn are deuterated, forming a carbocation, and ensue in 

cyclization reactions.  

 

Scheme 22. a) Preparation of PFTB-OD and purification of PFTB-OH for kinetic studies. b) Conversion of 70 with pyridine 

deuterobromide. Percentages refer to the degree of deuteration at the specified site. All unlabeled sites show <5% incorporation.  

Next, the effect of the catalyst was investigated. Again using 70 as model substrate, four salts, namely 

morpholine-HBr (182f), pyridinium bromide (183d), DABCO bishydrobromide (193), and DABCO 

bistriflate (194) were tested. Without catalyst, there is also a conversion of 70 in PFTB, albeit really 

slow with a reaction time of over 14 days until the starting material was fully consumed giving a complex 

mixture (Figure 13, purple). Morpholine derivative 182f gave a faster conversion (blue), and with 183d 

the reaction was already completed within 1 day (orange). Using the weaker base DABCO as its HBr 

salt (193) increased the reaction rate even further (grey), and with bistriflate 194 the reaction was 

completed after only 2 hours (red), increasing the relative rate compared to the background reaction by 

a factor of 205. Notably, in all cases the yield of 96% and diastereoselectivity was unchanged with > 95:5, 

it was just the reaction rate that drastically increased. 
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catalyst  krel 

none  1 

  48 

  58 

  124 

  205 

Figure 13. Comparison of the rate of consumption of 70 with different amine salts (conditions from Figure 12). 

We utilized the synergistic Lewis acid/Lewis base approach in our reaction,[64] with the base being the 

amine salt and the acid originating from the H-bonding network of the fluorinated alcohol solvent. To 

see and quantify the Lewis acidity strength we conducted a Gutmann-Beckett experiment,[122] which is 

used to quantify the Lewis acidity of various solvents and other Lewis acids in relation to one another. 

A 0.1 M solution of triethylphosphine oxide (195) is dissolved in different solvents and the 31P-NMR 

shift recorded in relation to (MeO)3PO (2.0 M in CDCl3, d = 2.2 ppm)[123] as an internal reference. In 

tBuOH (Figure 14a) the shift of 195 resides at 54.5 ppm. A visible downfield shift is observed in TFE 

(b) and HFIP to 64.5 and 69.7 ppm, respectively (b,c), whereas in PFTB the shift moves downfield to 

65.3 ppm (d). This could be due to the steric hindrance of the fluorine groups, limiting the access of the 

proton to the phosphine oxide. Thus, PFTB may be sorted around water and acetic acid (Figure 14, right) 

on the Lewis acidity scale. Adding py-HBr (183d, 20 mol%, d) slightly increases the shift to 65.4 ppm, 

and with 20 mol% of DABCO bistriflate (194, e) the 31P-NMR shift is now moved significantly to 

68.0 ppm. Interestingly, the signal with 195 is not a sharp but rather broad singlet, hinting towards a 

dynamic activation of the phosphine oxide similarly observed with strong acids.[122a] To also compare 

Lewis acids that are not liquid, e.g. metal chlorides or boron halides Beckett introduced the acceptor 

number (AN), which can also be extrapolated for non-liquid Lewis acids and are calculated according 

to equation 1. This sets the AN of 195 in hexanes as the zero value and a 1:1 complex of 195 and SbCl5 

in DCE to 100.[124]  

AN = (𝛿sample − 41.0) × (
100

86.14 − 41.0
) (1) 

It is noteworthy that pure PFTB shows a higher AN than acetic acid, albeit its pKa is lower by about one 

order of magnitude. This means that the NMR shift does not correlate directly with the pKa value of the 

solvent, but rather with the Lewis acidity and the ability to coordinate a Lewis base, in this case, the 

phosphine oxide 195. Upon activation with catalyst 194, the AN even surpasses the Lewis acidity of 

SnCl4.  
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solvent/LA d (31P, ppm) AN 

n-hexane[122a] 41.0 0.0 

CH2Cl2
[122a] 50.2 20.4 

tBuOH 54.5 29.9 

EtOH[122a] 58.7 37.1 

TFE 64.5 52.1 

AcOH[122a] 64.9 52.9 

PFTB 65.3 53.8 

PFTB+183d 65.4 54.1 

SnCl4
[124] − 59.0 

HFIP 67.9 59.6 

PFTB+194 68.0 59.8 

TiCl4
[124] − 70.0 

SbCl5 (DCE)[122a] 86.1 100.0 

TFA[122a] 88.5 105.3 

TfOH[122a] 99.3 129.1 

Figure 14. Gutmann-Beckett experiment of 195 in different solvents (left) and 31P shifts and acceptor number AN (right). 

183b and 194 were added in 20 mol% in respect to 195. 

Since the solvent PFTB is postulated to play a decisive role in this transformation we wanted to see how 

important the H-bonding network is in this reaction. With both deuterated and non-deuterated PFTB 

having the same purity in hand (c.f. Scheme 22), we subjected 70 to the more active catalyst DABCO 

bistriflate (194) and measured the rate of starting material (70) consumption (Figure 15a). Linearization 

of the results (Figure 15b) gave the slope of the logarithmic plot with good determination coefficients 

R2 of 0.997 for PFTB-OD and 0.993 for PFTB-OH, respectively. Setting the slope of PFTB-OH in 

relation to PFTB-OD then gave a significant KIE value of kOH/kOD of 2.83, showing that the H-bonding 

network is an important factor in the rate-determining step of the reaction. The intrinsically stronger O-

D bond would not influence the reaction rate to that extent if not a significant influence of the H-bonding 

network was present.[125]  

  

Figure 15. Decrease of starting material 70 over time in PFTB-OH (red) and PFTB-OD (blue) with 20 mol% 194.  

The reaction has been optimized, the mode of activation investigated, and the stepwise mechanism has 

been confirmed. To shed more light on the special and unique properties of fluorinated alcohol solvents 

on the conformation in solution and thus the diastereoselectivity of this conversion, 1D-1H-NOESY 
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spectra of substrate 70 in various solvents were recorded. The aim of this experiment was to determine 

if any changes in the average distance between protons would be measurable on the NMR timescale. To 

reproduce the reaction conditions as closely as possible the concentration was chosen to be 0.1 M for all 

solvents investigated. To selectively excite a proton in NMR measurements its signal should be as 

isolated from other signals as possible to avoid minor excitation of protons in close frequency proximity. 

Therefore, the aromatic protons were collectively and selectively excited in a 100 MHz window and the 

corresponding NOESY correlation spectra were recorded. As shown in Figure 16 only in PFTB clear 

correlations were detectable between the aromatic protons and methyl groups A and B that are furthest 

away from the arene ring. In all other standard solvents tested such as CDCl3, methanol-d4, or 

cyclohexane-d12 only the carbon of the closest methyl group C showed an interaction through space 

(Figure 16).[126] This result confirmed that 70 assumes a more coiled form compared to other solvents, 

bringing the reactive alkene sites in closer proximity and thus enabling a selective protonation and 

cyclization only possible in PFTB under the presented reaction conditions.  

 

Figure 16. 1D-1H-NOESY correlation of the aromatic protons of 70 with the three methyl groups. In all experiments the same 

concentration and pulse sequence are used.[127] 

After the first mechanistic details were investigated, we set out to see what substrates were tolerated 

with this novel proton cyclization method. Therefore, different geraniol derivatives were prepared and 

submitted to the optimized conditions (Figure 17). Model product 53 was isolated in 94% yield, 

p-methoxy substituted product 55 in 88%, and cyclohexyl derivative 196 in 91% yield with perfect 

diastereoselectivity, the latter showing that not only dimethyl substituents were tolerated. Oxygen 

nucleophiles gave phenol ethers 60 and 67 with a diastereomeric ratio of > 95:5 and 93:7, respectively, 

and 197 in a regioisomeric ratio of 64:36. Homogeranoic acid 84 gave (±)-tetrahydroactinidiolide (198) 

upon cyclization with a diastereomeric ratio of 76:24 in 98% chemical yield. 

PFTB 

CDCl3 

C6D12 

CD3OD 

A    B    C 
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Figure 17. Substrate scope with internal C and O nucleophiles. aDetermined by 1H-NMR analysis of the crude mixture. 

Next, we set out to see how well the method tolerates functional groups. Various geranyl esters and 

ethers were prepared and subjected to the cyclization conditions (Figure 18). Since an internal 

nucleophile is absent, a regioisomeric mixture of elimination products (endo/exo material) was obtained 

in those cases with varying selectivities. Geranyl benzoic acid derivatives gave the products 199-202 in 

good chemical yields of 73-85% and selectivity, albeit the latter showed no clear correlation between 

electron-donating or -withdrawing substituents at the arene ring. Isoxazole, thiophene, and acetic esters 

203-205 were likewise tolerated as well as the organometallic ferrocene ester 206 with good to excellent 

regioselectivities of > 95:5.  

Next, cyclogeranyl benzyl ether 207 was obtained in quantitative yield without any evidence of the 

formation of a 7-membered ring under these conditions. Alkyne 208 was isolated in a similar excellent 

yield. Intriguingly, both epoxide (→209) and MOM-protected geraniol (→210) were likewise tolerated, 

where both functional groups are generally decomposing under acidic conditions.[128] This nicely shows 

how mild and selective the method is even for acid-labile substrates. To test the stability of substituted 

alkenes, allyl (→211) and but-2-ene ethers (→212) were prepared and cyclized. The disubstituted alkene 

retained the original E/Z selectivity in product 212, which means that no isomerization took place at the 

alkene. This shows that the conditions selectively protonate only trisubstituted alkenes, and preferably 

the ones in closest proximity to the solvent. Only prenyl ether (→213) gave a complex mixture of 

products, as the residual alkene is even more electron-rich than the desired site of protonation in the 

geranyl chain. Interestingly, all ethers 207-212, unlike esters 199-203, were isolated in excellent 

regioselectivity favoring the D2,3-elimination product. 
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Figure 18. Substrate scope of geranyl esters and ethers. 

The proton cyclization can be extended to more complex and chiral structures as showcased by biotin 

ester (→214) and santonic acid (→215, Figure 19). The latter is interesting as the two carbonyl groups 

are known for their strong hydrogen-bond accepting properties, which could explain the slightly lower 

yield of 66% compared to esters (Figure 18).[129] Fmoc-protected proline (→216) and Boc-protected 

lysine ester (→217) were furnished in 59% and 77% yield, respectively, with no significant 

diastereoselection on the tertiary carbon in the cyclic geranyl structure.  

 

Figure 19. Geranyl esters linked to natural products and protected amino acids.  

Figure 20 shows some examples for products with electron-withdrawing substituents. Cyanide 218, 

malonate 219 and phthalimide 220 derivatives were isolated in good yields of 72-90%. Interestingly, 

exo-elimination was only a minor side product, with the tetrasubstituted olefin being the main product 

in 220. Eucalyptol (162) was obtained from -terpineol in 77% yield, and cyclization of lapachol gave 

the kinetic product -lapachone (221) in 87% yield.[130] 

 

Figure 20. Cyclization of electron deficient geranyl substrates and non-geranyl substrates. 
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To further extend the substrate scope some neryl derivatives were subjected to the reaction conditions 

as well (Scheme 23). It seemed that there is no obvious difference in reactivity (except the rate enhanced 

as shown in Figure 10) or selectivity. 53 was produced in 90% yield with perfect diastereoselectivity, 

benzyl ether 207 in 94% and – like for the corresponding geranyl ether – perfect regioselection in the 

elimination step. The same is true for dinitrobenzoic ester 200, which was produced with 68:32 r.r. as 

compared to 69:31 for the corresponding geranyl ester (c.f. Figure 18). 

 
Scheme 23. Cyclization scope of neryl derivatives.  

Since for all substrates with no internal terminating nucleophile the elimination product formed, we then 

investigated if a change in the workup procedure would allow to selectively give the exo-elimination 

product from the potentially long-lived carbocation I (Scheme 3). Therefore, the well-working allyl 

substrate 223 (Table 9, entry 1) was cyclized with the help of the DABCO bistriflate catalyst 194 and 

after 10 minutes subjected to crude solid KOH, basic aluminum oxide, neat NEt3 or bulky KOtBu 

(entries 2-5). In all cases, the D2,3 selectivity remained unchanged, hinting that proton elimination does 

not take place upon workup, but already during the reaction process.  

Table 9. Studies on reaction termination and workup.  

 

entry workup D2,3:D2,7
a 

1 standardb > 99:1 

2 addition of the crude solution to 2.0 g solid KOH pelletsc > 99:1 

3 addition of the crude solution to basic aluminium oxidec > 99:1 

4 addition of the crude solution to 2.0 mL neat NEt3 > 99:1 

5 addition of the crude solution to 2.0 g solid tBuOK > 99:1 
aRatio determined by GC-FID from the crude mixture. bAqueous workup. cThe solids were filtered off 

and the filtrate was partitioned between water and CH2Cl2. 

 

As mentioned above, drimanes constitute an interesting structural motif in natural products and originate 

from protoncyclization of (E,E)-farnesyl derivatives. We were pleased to see that tetracyclic 225 was 
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obtained in 69% yield and with excellent diastereoselectivity (Figure 21). Farnesyl acetate (→226) and 

dimethoxybenzoate (→227) cyclized as well in 66% and 62% yield, respectively, with excellent 

elimination selectivity, albeit with a lower diastereomeric ratio of 65:35 in each case. Sclareolide (23) 

was prepared from homofarnesoic acid in 57% and a diastereomeric ratio of 75:25. 

 

Figure 21. Substrate scope of farnesyl derivatives. aDetermined from the crude 1H-NMR spectra. 

In conclusion, the presented method for the proton-induced cyclization of geranyl- and farnesyl 

derivatives was thoroughly investigated. A delicate interplay between the Lewis acidic properties of the 

fluorinated alcohol solvent PFTB and the employed Lewis base is decisive for the success of this 

extraordinarily mild transformation. Preliminary experiments confirm that linear polyenes adopt a more 

coiled form than in other solvents thus selectively protonating the more exposed terminal alkene. A wide 

substrate scope showed the broad applicability of this method, even tolerating acid labile groups such 

as N-Boc protected amino acids, MOM groups, epoxides, and complex natural product analogs.   
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3. Summary and Perspectives 

Polyene cyclization reactions are one of the most complex reactions in nature, enabling the organisms 

to form (poly)cyclic secondary metabolites from linear polyene precursors in a complex reaction 

cascade.[42,52-53] Challenges include the regioselectivity of initial electrophilic attack, the 

diastereoselective formation of multiple stereocenters, and the controlled nucleophilic attack, all while 

conserving the stereochemistry of the linear alkene. This is achieved by pre-arranging the substrate 

inside the enzymatic pocket, thus allowing for selective reactions to occur. The basis of understanding 

the stereopreservation in these cyclization reactions was laid by Eschenmoser and Stork over 50 years 

ago in their infamous hypothesis.[1b] Therein, they rationalized the stereospecific outcome of the 

protoncyclization of (trans,trans)-farnesoic acid (40) by postulating a chair-like transition state over a 

boat-like transition state during the reaction.[40-41] In the following years, many chemists attempted to 

reproduce this biomimetic reaction by treating linear polyenes with a range of electrophiles such as 

proton- or halonium-sources, but often obtained only minor yields or inferior diastereoselectivities. In 

particular, the more challenging halonium-induced polyene cyclization has fascinated chemists for a 

long time, however, only just recently sufficient methods have become available to trigger this reaction 

in good yields and selectivities. These methods generally rely on specialized halogenating reagents or 

employ complex catalysts under often inconvenient reaction conditions. This is why the first goal of this 

thesis was to develop a biomimetic haliranium-induced polyene cyclization methodology by harnessing 

the unique properties of fluorinated alcohol solvents, which differ significantly from their non-

fluorinated analogs. They are capable of forming distinct H-bonding networks thus generating 

supramolecular structures and stabilizing carbocations through their high dielectric constant.[96] Thus, 

they are putatively able to alter the folding of linear polyenes in solution through hydrophobic 

interactions.[117] We wanted to utilize the special properties of 1,1,1,3,3,3-hexafluoro-iso-propanol 

(HFIP) to mimic the enzymatic pocket in which substrate prearrangement, selective halogenation, and 

transition state stabilization are the key to successful and selective halocyclization reactions. The goal 

was to facilitate the halonium-induced polyene cyclization with standard halogen sources such as N-

halosuccinimides in fluoroalcohols and thus mimic the way nature performs these reactions.  

Starting with polyene 70 as model substrate extensive reaction optimizations were performed in the first 

stage of this PhD thesis to induce the desired halocyclization. Key findings were that HFIP is activating 

NBS via H-bonding towards the carbonyl groups, thus drastically increasing the reactivity thereby and 

reducing the selectivity and yield of the reaction. Employing N-bromomorpholine instead, and finally 

in situ generating this highly unstable reagent via transhalogenation of NBS to morpholine proved to be 

optimal and furnished tricycle 93 in 76% isolated yield and perfect diastereoselectivity (Scheme 24). To 

our delight, a broad substrate scope was tolerated, allowing for the halocyclization of various 
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electronically rich- and poor prenyl, geranyl, and even farnesyl derivatives forming two, three, and four 

new bonds in the reaction course. Through the modular approach of pre-mixing NBS with morpholine 

in HFIP simple substitution with the iodonium source NIS furnished the corresponding iodocyclized 

products in likewise good or even better chemical yields of up to 90% with mostly excellent 

diastereoselectivities of > 95:5. Even the far more challenging chlorocyclization was possible for 

electron-rich polyenes by adjusting the Cl+ source to 1,3-dichloro-5,5-dimethylhydanthoin (DCDMH). 

Besides a broad substrate scope being evaluated, several mechanistic studies were performed in order 

to get a deeper understanding of the role of each component in the reaction. It was proven that NBS 

transfers the bromonium ion onto morpholine, and the resulting N-bromomorpholine is indeed 

deactivated by HFIP through hydrogen bonding, thus reducing the reactivity and enabling the selective 

formation of the desired product.   

 

Scheme 24. Summary of the biomimetic halocyclization of polyenes.[64] 

As a plethora of naturally occurring bioactive terpenoids possess the drimane core (Scheme 25) built up 

through proton-induced head-to-tail cyclization of farnesyl-derivatives, many efforts have been made to 

mimic nature’s strategy in the laboratory.[2a] The simplest form to achieve the proton-induced polyene 

cyclization is treating the polyene with strong mineral acids, but neither yields were good due to 

uncontrolled side reactions, nor does this method tolerate many functional groups. Building on our 

previous findings for the biomimetic haliranium-induced polyene cyclization reaction in HFIP,[64] we 

set out to extend the concept of biomimicry towards the proton-induced cyclization. Again, we strived 

to harness the unique properties of fluorinated alcohol solvents to stabilize cationic intermediates, 

putatively pre-arrange the substrate through hydrophobic interactions, and activate the electrophile via 

H-bonding. 
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Scheme 25. Concept for the proton-induced cyclization of geranyl- and farnesyl derivatives using macromolecular H-bonding 

properties of fluorinated alcohol solvents. 

Initial attempts with model substrate homogeranyl benzene (70) and strong acids, e.g. sulfuric or triflic 

acid in HFIP showed full conversion of the starting material, albeit with the simultaneous formation of 

apolar side products resulting from undesired protonation of the internal olefin. Using the weakly acidic 

pyridinium bromide salt 183d as proton source increased the chemical yield to 74%, and finally 

switching the solvent to the more fluorinated and thus stronger acidic perfluoro-tert-butanol (PFTB) 

gave full conversion and a very clean formation of desired 53 in 96% yield without any trace of the 

minor diastereomer being produced. If a weaker amine base and thus stronger corresponding acid 1,4-

diazabicyclo[2.2.2]octane bistriflate (DABCO(TfOH)2, 194) is used as the catalyst the yield of 53 

remained unaltered at 96%, but the reaction time was reduced from one day to only 2 hours. The 

presented protocol convinces not only through simple experimental implementation at room temperature 

and without the need for an inert atmosphere, but also through successful conversion of electronically 

diverse substrates and an extensive functional group tolerance. Unprecedented so far, N-Boc-, Cbz- and 

Fmoc-protected amino acids with geranyl residues, as well as a geranyl functionalized epoxide and even 

the highly acid labile MOM-group were tolerated under these reaction conditions.  

As it is postulated that the surface area of polyenes decreases due to hydrophobic interactions with the 

fluorinated solvents[64,117] we finally set out to experimentally investigate this claim. 1D-1H-NOESY 

studies revealed that a visible spatial correlation between the arene protons in 70 and all methyl groups 

is indeed only visible in PFTB, whereas in other standard solvents this interaction is absent. This strongly 

hints towards a more coiled structure in solution as compared to other solvents, such as MeOH, CHCl3, 

or cyclohexane. The preferential activation of the terminal alkene was likewise demonstrated through 

titration experiments, again showing the superiority of PFTB as compared to other solvents in this 

reaction.  
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Experimenting with different protonated Lewis bases revealed that morpholinium, pyridinium, and 

protonated DABCO are able to yield the desired model product 53 in excellent yield and 

diastereoselectivity. The rate, however, increased with rising acid strength of the protonated counterion 

and decreased basicity of the Lewis base catalyst. Compared to the very slow cyclization of 70 in pure 

PFTB, DABCO bistriflate (194) accelerated the conversion of 70 by a factor of 205. This highly efficient 

ensemble of Lewis acid/Lewis base made even the efficient proton cyclization of electron-poor 

substrates possible. In total 37 substrates were successfully converted to a total of 34 unique products 

bearing cyclogeranyl, drimane, or cycloprenyl motifs. It was found during the course of this work that 

not only the (E)-configured alkene of the geranyl motif was able to smoothly undergo this cyclization, 

but in likewise good yields and selectivities also the (Z)-configured neryl moiety yielded the same trans 

products in unaltered selectivity and yield. These results are in line with the recorded kinetic 

measurements of the conversion of either homogeranyl benzene (70) and homonerylbenzene (192), 

indicating a stepwise process with the intermediate formation of the three monocyclic elimination 

products, which are then selectively further converted into the desired trans-decalin polycyclic product 

53. This observation was further supported by deuteration experiments, which show multiple 

protonation and elimination steps during the reaction.  

In both presented biomimetic methods for the halonium- and proton-induced polyene cyclizations the 

roles of the fluoroalcohols HFIP and PFTB, respectively, have been thoroughly investigated. Not only 

help they pre-arrange the substrate into a more reactive chair-like transition state, but they also interact 

very distinctly with the added Lewis base, creating a precise balance between enhanced reactivity and 

selectivity necessary to allow for polyene cyclizations to occur under these conditions.  

Besides the undeniable synthetic benefit of the presented method enantioselective version thereof would 

be of great interest. Established methods rely on a chiral catalyst − in the case of proton- or haliranium-

induced cyclizations a substituted SPINOL motif − for enantioinduction.[59,72,78] The generic approach 

in these methods is the synthesis and examination of more and more confined catalysts specifically tailed 

to the desired reaction. Nature utilizes chiral amino acid building blocks to achieve cyclization reactions 

highly selectively. It would be desirable to achieve asymmetric transformations with the help of an 

enantioselective environment induced by the solvent, thus exponentially extending the possible 

applications to a plethora of reactions. First attempts to utilize chiral solvents by Seebach and Oei in 

1975 with ees of up to 24%[131] remained unmatched for decades, resulting in the general conception, 

that “asymmetric induction caused by chiral solvents is usually rather small”.[132] However, widely 

accepted paradigms in the chemical community often stand strong – until proven wrong. Striking 

examples thereof are the asymmetric Baylis-Hillman reactions of 227 with methacrylate (228) in ionic 

liquid (229, IL) giving alcohol 230 in up to 44% ee (Scheme 26a)[133] and the aza-Baylis-Hillman 
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reaction of imino tosylate 231 with methyl vinyl ketone (232) and IL 233 furnishing the addition product 

234 in up to 39% yield and up to 84% ee (Scheme 26b).[134]  The sole source of chiral induction in both 

cases stemmed from the ionic liquids used as the solvent, wherein 229 the cation is the chiral inducer 

and in 233 the anion. 

 

Scheme 26. (a) Asymmetric Baylis-Hillman reaction[133] and (b) aza-Baylis-Hillman reaction[134] through induction by chiral 

ionic liquid 229 and 233. 

This leads to the question if other known reactions could be rendered enantioselectively when a chiral 

solvent is used. Combining the unique properties of fluorinated alcohol solvents with chiral induction 

through the solvent itself may have a staggering influence on the conformation and aggregation of the 

hydrogen network. Possible targets for a “chiral HFIP” 235 and 236, which may be able to introduce 

asymmetry during the reaction are shown in Figure 22 with the former even being commercially 

available.[135] On the other hand, chiral Lewis bases may be utilized to introduce enantioselectivity. 

Literature known C2 symmetric morpholine 237[136] or pyBOX ligands 238[137] are readily available, and 

a chiral version of Selectfluor (239-F) bearing a DABCO scaffold was successfully used in 

enantioselective fluorinations by the Gouverneur group.[138] Those could then replace the achiral Lewis 

bases described in this thesis and act as a chiral catalyst or reagent. Either approach could result in novel 

strategies for enantioselective transformations presented herein. 

 

Figure 22. Chiral fluoro alcohols 235 and 236 and chiral Lewis bases 237-239. 

Even though methods for selective halo- or protoncyclization are available, none of them conceptually 

mimic nature’s unmatched selectivity. With this work valuable novel insights were collected into the 

mode of action and activation for the cyclization of (poly)isoprene substrates in highly fluorinated 

alcohol solvents, resulting in highly selective and broad methodologies to access cyclic terpene 

substrates and building blocks. Further developments into chiral amplification using defined Lewis 

acid/Lewis base synergies could lead to unprecedented possibilities in organic synthesis.   
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4. Zusammenfassung und Ausblick 

Polyenzyklisierungsreaktionen sind eine der komplexesten Reaktionen in der Natur und ermöglichen es 

den Organismen, aus linearen Polyenen zyklische Sekundärmetaboliten in einer komplexen 

Reaktionskaskade zu bilden.[42,52-53] Zu den Herausforderungen gehört die Regioselektivität des 

anfänglichen elektrophilen Angriffs, diastereoselektive Bildung mehrerer Stereozentren und 

kontrollierter nukleophiler Angriff unter Beibehaltung der Stereochemie des linearen Alkens. Dies wird 

erreicht, indem das Substrat in der Enzymtasche vorab angeordnet wird, wodurch selektive Reaktionen 

stattfinden können. Die Grundlage für das Verständnis der Stereokonservierung in diesen 

Zyklisierungsreaktionen wurde vor über 50 Jahren von Eschenmoser und Stork in ihrer Hypothese 

gelegt.[1b] Darin klärten sie das stereospezifische Ergebnis der Protonenzyklisierung von (trans,trans)-

Farnesolsäure (40) auf. In den folgenden Jahren versuchten viele Chemiker, diese biomimetische 

Reaktion durch Behandlung linearer Polyene mit einer Reihe von Elektrophilen, wie Protonen oder 

Haloniumquellen, zu reproduzieren, erhielten aber oft nur geringe Ausbeuten oder schlechte 

Diastereoselektivitäten. Insbesondere die schwierigere Halonium-induzierte Polyenzyklisierung hat 

Chemiker schon lange fasziniert, doch erst seit kurzem stehen ausreichende Methoden zur Verfügung, 

um diese Reaktion in guten Ausbeuten und Selektivitäten durchzuführen. Diese Verfahren beruhen im 

Allgemeinen auf speziellen Halogenierungsreagenzien oder verwenden komplexe Katalysatoren unter 

oft umständlichen Reaktionsbedingungen. Aus diesem Grund bestand das erste Ziel dieser Arbeit darin, 

eine biomimetische Haliranium-induzierte Polyenzyklisierungsmethode zu entwickeln, indem die 

einzigartigen Eigenschaften fluorierter Alkohollösungsmittel genutzt werden, die sich erheblich von 

ihren nicht fluorierten Analoga unterscheiden. Sie sind in der Lage, unterschiedliche 

H-Brückennetzwerke zu bilden, wodurch supramolekulare Strukturen gebildet werden, welche 

wiederum durch ihre hohe Dielektrizitätskonstante Carbokationen stabilisieren können.[96] Sie sind 

daher vermutlich in der Lage, lineare Polyene in Lösung durch hydrophobe Wechselwirkungen in eine 

Sesselkonformation vorzufalten.[117] Wir wollten die besonderen Eigenschaften von 1,1,1,3,3,3-

Hexafluorisopropanol (HFIP) nutzen, um die enzymatische Tasche nachzuahmen, in der Substratfaltung, 

selektive Halogenierung und Stabilisierung des Übergangszustands der Schlüssel zum Erfolg von 

selektiven Halogenzyklisierungsreaktionen sind. Ziel war es, die Halonium-induzierte 

Polyenzyklisierung mit Standardhalogenquellen, wie N-Halosuccinimiden in Fluoralkoholen, zu 

optimieren, und so die Art nachzuahmen, mit der die Natur diese Reaktionen durchführt. 

Beginnend mit Polyen 70 als Modellsubstrat wurden in der ersten Stufe dieser Dissertation eine 

umfangreiche Reaktionsoptimierung durchgeführt, um das gewünschte Halozyklisierungsprodukt zu 

erhalten. Die wichtigsten Ergebnisse waren, dass HFIP das NBS über H-Brücken zu den 

Carbonylgruppen aktiviert, wodurch die Reaktivität drastisch erhöht, und die Selektivität und Ausbeute 
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der Reaktion verringert wird. Die Verwendung von N-Brommorpholin und schließlich die in-situ-

Erzeugung dieses hochinstabilen Reagenzes durch Transhalogenierung von NBS zu Morpholin erwies 

sich als optimal und lieferte den Trizyklus 93 in 76% isolierter Ausbeute und perfekter 

Diastereoselektivität (Schema 1). Es wurde ein breites Substratspektrum toleriert, das die 

Halozyklisierung verschiedener elektronenreicher und -armer Prenyl-, Geranyl- und sogar 

Farnesylderivate ermöglichte, wobei im Reaktionsverlauf entsprechend zwei, drei oder vier neue 

Bindungen gebildet wurden.  

Ersetzt man in dem modularen Ansatz das NBS durch die Iodoniumquelle NIS, so erhält man die 

entsprechenden iodozyklisierten Produkte in ebenfalls guten oder sogar besseren Ausbeuten von bis zu 

90% mit meist hervorragenden Diastereoselektivitäten von > 95:5. Sogar die weitaus schwierigere 

Chlorzyklisierung war für elektronenreiche Polyene möglich, indem die Cl+-Quelle auf 1,3-Dichlor-5,5-

dimethylhydanthoin (DCDMH) geändert wurde. Neben der Erweiterung des breiten Substratspektrums 

wurden mehrere mechanistische Studien durchgeführt, um ein tieferes Verständnis der Rolle jeglicher 

Komponente in der Reaktion zu erhalten. Es wurde nachgewiesen, dass NBS das Bromiumion auf 

Morpholin überträgt, und das resultierende N-Bromomorpholin tatsächlich von HFIP durch 

Wasserstoffbrückenbindung deaktiviert wird, wodurch die Reaktivität verringert, und so die selektive 

Bildung des gewünschten Produkts ermöglicht wird.  

 

Schema 1. Zusammenfassung der biomimetischen Halozyklisierung von Polyenen.[64] 

Da eine Vielzahl natürlich vorkommender bioaktiver Terpenoide das Drimanmotiv (Schema 2) besitzt, 

welches durch protoneninduzierte Kopf-zu-Schwanz-Zyklisierung von Farnesyl-Derivaten aufgebaut 

wird, wurden bereits viele Anstrengungen unternommen, um die Strategie der Natur im Labor 

nachzuahmen.[2a] Die einfachste Form, um protoneninduzierte Polyenzyklisierungen zu ermöglichen, ist 

die Behandlung des Polyens mit starken anorganischen Säuren. Jedoch waren weder die Ausbeuten 

aufgrund unkontrollierter Nebenreaktionen gut, noch toleriert diese Methode viele funktionelle Gruppen. 

Aufbauend auf unseren früheren Erkenntnissen zur biomimetischen Haliranium-induzierten 

Polyenzyklisierungsreaktion in HFIP[64] haben wir es uns zum Ziel gesetzt, das Konzept der Biomimetik 

auf die protoneninduzierte Zyklisierung auszudehnen. Wir haben uns erneut bemüht, die einzigartigen 

Eigenschaften fluorierter Alkohollösungsmittel zu nutzen, um kationische Zwischenprodukte zu 

stabilisieren, das Substrat durch hydrophobe Wechselwirkungen vorzufalten und das Elektrophil über 

H-Brücken zu aktivieren. 
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Schema 2. Konzept für die Protonen-induzierte Zyklisierung von Geranyl- und Farnesylderivaten mithilfe von Fluoralkoholen 

aufgespannten makromolekularen Wasserstoffbrückenbindungsnetzwerken. 

Erste Versuche mit Modellsubstrat Homogeranylbenzol (70) und starken Säuren, z.B Schwefel- oder 

Trifluoromethansulfonsäure, in HFIP zeigten eine vollständige Umsetzung des Startmaterials, jedoch 

bildeten sich eine Vielzahl an unpolaren Nebenprodukten durch die Protonierung des internen Alkens. 

Die Verwendung des schwach sauren Pyridiniumbromidsalzes 183d als Protonenquelle erhöhte die 

Ausbeute auf 74%, und schließlich führte die Umstellung des Lösungsmittels auf das höher fluorierte 

und damit stärker saure Perfluor-tert-butanol (PFTB) zu vollständigem Umsatz und einer sehr sauberen 

Bildung des gewünschten Produktes 53 in 96% Ausbeute, ohne Spuren des entsprechenden 

Diastereomers. Wenn eine schwächere Aminbase und damit eine stärkere korrespondierende Säure 1,4-

Diazabicyclo[2.2.2] oktan bistriflat (DABCO(TfOH)2, 194) als Katalysator verwendet wird, bleibt die 

Ausbeute unverändert bei 96%, aber die Reaktionszeit wurde von einem Tag auf nur 2 Stunden 

verringert. Das vorgestellte Protokoll überzeugt nicht nur durch einfache experimentelle Durchführung 

bei Raumtemperatur und ohne die Notwendigkeit einer Schutzgasatmosphäre, sondern auch durch die 

erfolgreiche Umwandlung elektronisch diverser Substrate und eine umfassende Toleranz gegenüber 

funktionellen Gruppen. Bisher beispiellos konnten so N-Boc-, Cbz- und Fmoc-geschützte Aminosäuren 

mit Geranylresten sowie ein geranyl-funktionalisiertes Epoxid und sogar die säurelabile MOM-Gruppe 

unter diesen Reaktionsbedingungen toleriert werden. 

Da postuliert wird, dass die Oberfläche von Polyenen aufgrund hydrophober Wechselwirkungen mit 

den fluorierten Lösungsmitteln verringert wird,[64,117] haben wir uns schließlich vorgenommen, diese 

Behauptung experimentell zu untersuchen. 1D-1H-NOESY-Studien zeigten, dass eine sichtbare 

räumliche Korrelation zwischen den aromatischen Protonen in 70 und allen Methylgruppen tatsächlich 

nur in PFTB sichtbar ist, während in anderen Standardlösungsmitteln diese Wechselwirkung fehlt. Dies 

deutet stark auf eine stärker gefaltete Struktur in PFTB Lösung im Vergleich zu anderen Lösungsmitteln, 

wie MeOH, CHCl3 oder Cyclohexan, hin. Die bevorzugte Aktivierung des terminalen Alkens wurde 
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ebenfalls durch Titrationsexperimente bewiesen, was wiederum die Überlegenheit von PFTB im 

Vergleich zu anderen Lösungsmitteln in dieser Reaktion zeigte. 

Experimente mit verschiedenen protonierten Lewis-Basen zeigten, dass Morpholinium, Pyridinium und 

protoniertes DABCO das gewünschte Modellsubstrat in ausgezeichneter Ausbeute und 

Diastereoselektivität liefern können. Die Geschwindigkeit nahm jedoch mit zunehmender Säurestärke 

des protonierten Gegenions und abnehmender Basizität des Lewis-Base-Katalysators zu. Im Vergleich 

zur sehr langsamen Zyklisierung von 70 in reinem PFTB, beschleunigte DABCO-Bistriflat (194) die 

Umwandlung von 70 um den Faktor 205. Dieses hocheffiziente Ensemble aus Lewis-Säure/Lewis-Base 

ermöglichte sogar die effiziente Protonenzyklisierung elektronenarmer Substrate. Insgesamt 37 

Substrate wurden erfolgreich in insgesamt 34 Produkte mit Cyclogeranyl-, Driman- oder 

Cycloprenylmotiven umgewandelt. Im Verlauf dieser Arbeit wurde festgestellt, dass nicht nur das 

(E)-konfigurierte Alken des Geranylmotivs diese Zyklisierung reibungslos durchlaufen konnte, sondern 

in ebenfalls guten Ausbeuten und Selektivitäten auch die (Z)-konfigurierte Neryleinheit das gleiche 

trans-Produkt 53 in unverändert hoher Selektivität und Ausbeute ergab. Diese Ergebnisse stimmten mit 

den aufgezeichneten kinetischen Messungen der Umwandlung von Homogeranylbenzol (70) und 

Homonerylbenzol (192) überein, was auf einen schrittweisen Prozess mit der Bildung der drei 

monocyclischen Eliminierungsprodukte hinweist, die dann selektiv weiter in das gewünschte trans-

Decalin-Produkt 53 umgewandelt werden. Diese Beobachtung wurde weiter durch Deuterierungs-

experimente gestützt, die mehrere Protonierungs- und Eliminierungsschritte während der Reaktion 

zeigten. 

In beiden vorgestellten biomimetischen Methoden für die Halonium- und Protonen-induzierten 

Polyenzyklisierungen wurden die Rolle der Fluoralkohole HFIP bzw. PFTB gründlich untersucht. Die 

Lösemittel helfen nicht nur dabei, das Substrat in einen reaktiveren sesselartigen Übergangszustand zu 

bringen, sondern interagieren auch sehr deutlich mit der zugesetzten Lewis-Base, wodurch ein präzises 

Gleichgewicht zwischen erhöhter Reaktivität und Selektivität eingestellt wird, das erforderlich ist, um 

Polyenzyklisierungen unter diesen überaus milden Bedingungen zu ermöglichen. 

Neben dem unbestreitbaren synthetischen Nutzen der vorgestellten Methode wäre eine enantioselektive 

Version davon von großem Interesse. Etablierte Methoden beruhen auf einem chiralen Katalysator − bei 

Protonen- oder Halonium-induzierten Cyclisierungen ein substituiertes SPINOL-Motiv − für die 

Enantioinduktion.[59,72,78] Der generische Ansatz bei diesen Methoden ist die Synthese und Untersuchung 

von Katalysatoren mit erhöhter struktureller Komplexität, die speziell auf die gewünschte Reaktion 

abgestimmt sind. Die Natur nutzt chirale Aminosäurebausteine, um hochselektiv 

Zyklisierungsreaktionen zu ermöglichen. Es wäre wünschenswert, asymmetrische Transformationen 

mit Hilfe einer durch das Lösungsmittel induzierten enantioselektiven Umgebung zu erreichen, wodurch 
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die möglichen Anwendungen auf eine Vielzahl von Reaktionen ausgedehnt werden könnten. Die ersten 

Versuche von Seebach und Oei im Jahr 1975, chirale Lösungsmittel für die Enantioinduktion zu 

verwenden, lieferten Produkte mit einem ee von bis zu 24%.[131] Diese Ergebnisse blieben 

jahrzehntelang unerreicht, was zu der allgemeinen Auffassung führte, dass „die durch chirale 

Lösungsmittel verursachte asymmetrische Induktion normalerweise eher gering ist“.[132] Weithin 

akzeptierte Paradigmen in der chemischen Gemeinschaft halten sich jedoch oft hartnäckig − bis sich 

schließlich herausstellt, dass sie falsch sind. Markante Beispiele hierfür sind die asymmetrischen Baylis-

Hillman-Reaktionen von 227 mit Methacrylat (228) in der ionischer Flüssigkeit (IL) 229, die Alkohol 

230 in bis zu 44% ee lieferten (Schema 3a),[133] und die Aza-Baylis-Hillman-Reaktion von Imino-

Tosylat 231 mit Methylvinylketon (232) und IL 233 liefert das Additionsprodukt 234 in bis zu 39% 

Ausbeute und bis zu 84% ee (Schema 3b).[134] Die einzige Quelle der chiralen Induktion waren in beiden 

Fällen die als Lösungsmittel verwendeten ionischen Flüssigkeiten, wobei in 229 das Kation und in 233 

das Anion der chirale Induktor ist. 

 

Schema 3. (a) Asymmetrische Baylis-Hillman Reaktion[133] und (b) aza-Baylis-Hillman Reaktion[134] ermöglicht durch IL 

basierte asymmetrische Induktion von 229 und 233. 

Dies führt zu der Frage, ob andere bekannte Reaktionen bei Verwendung eines chiralen Lösungsmittels 

enantioselektiv ablaufen könnten. Die Kombination der einzigartigen Eigenschaften fluorierter 

Alkohollösungsmittel mit der chiralen Induktion durch das Lösungsmittel selbst kann einen 

erstaunlichen Einfluss auf die Konformation und Aggregation des Wasserstoffnetzwerks haben. 

Mögliche Strukturen für ein „chirales HFIP“ 235 und 236, die möglicherweise während der Reaktion 

Asymmetrie induzieren können, sind in Abbildung 1 dargestellt, wobei ersteres sogar kommerziell 

erhältlich ist.[135] Andererseits können chirale Lewis-Basen verwendet werden, um Enantioselektivität 

einzuführen. Das literaturbekannte C2-symmetrische Morpholin 237[136] oder pyBOX-Liganden 238[137] 

sind leicht zugänglich, und eine chirale Version von Selectfluor (239-F) mit einem DABCO-Gerüst 

wurde von der Gouverneur-Gruppe erfolgreich bei enantioselektiven Fluorierungen eingesetzt.[138] 

Diese könnten dann die in dieser Arbeit beschriebenen achiralen Lewis-Basen ersetzen, und als chiraler 

Katalysator oder Reagenz wirken. Jeder Ansatz könnte zu neuen Strategien für enantioselektive 

Transformationen führen, die hier vorgestellt werden. 
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Abbildung 1. Mögliche chirale Fluoralkohole 235 und 236 und chirale Lewis Basen 237-239. 

Obwohl Methoden zur selektiven Halo- oder Protoncyclisierung verfügbar sind, ahmt keine von ihnen 

konzeptionell die unübertroffene Selektivität der Natur nach. Mit dieser Arbeit wurden wertvolle neue 

Erkenntnisse über die Wirkungsweise und Aktivierung der Zyklisierung von (Poly)isoprensubstraten in 

fluorierten Alkohollösungsmitteln gewonnen, was zu hochselektiven Methoden für den Zugang zu 

cyclischen Terpensubstraten und Bausteinen führte. Weitere Entwicklungen in der chiralen 

Amplifikation unter Verwendung definierter Lewis-Säure/Lewis-Base-Synergien könnten zu 

beispiellosen neuen Möglichkeiten in der organischen Synthese führen. 
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III. Experimental Section 

1. General Information 

Solvents used in reactions were p.A. grade. Solvents for chromatography were technical grade and 

distilled prior to use. Anhydrous dichloromethane, diethylether, and THF were obtained from a MBraun 

MB-SPS 800 solvent purification system. Other dry solvents were obtained from Fluka and Acros in the 

highest purity available and used without further purification. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) 

and nonafluro-tert-butanol (PFTB) were purchased from Fluorochem with a purity >99%. Reagents 

were purchased at the highest commercial quality and used without further purification. Yields refer to 

chromatographically and spectroscopically (1H NMR) homogeneous material unless otherwise stated. 

Reactions were monitored by thin-layer chromatography (TLC) carried out on Merck silica gel 

aluminum plates with F-254 indicator using UV light as the visualizing agent (UV), basic potassium 

permanganate solution (KMnO4), ceric ammonium molybdate (CAM), and heat as developing agents, 

or by GC-FID or GC-MS where applicable. Silica gel Merck 60 (particle size 40 – 60 µm) was used for 

flash column chromatography. n-Hexane refers to HPLC grade solvent (Fischer), whereas hexanes refer 

to distilled technical hexane fractions. Solvent mixtures are understood as volume/volume. NMR spectra 

were recorded on Bruker AV300, Bruker AV400, Bruker AV500, or Bruker AV500-cryo spectrometers. 

The spectra were calibrated using signals of residual undeuterated solvent as an internal reference 

(CDCl3 @ 7.26 ppm, CDCl3 @ 77.16 ppm 13C NMR). The following abbreviations (or combinations 

thereof) were used to explain the multiplicities: s = singlet, d = doublet, dd = doublet of doublets, t = 

triplet, dt = doublet of triplets, q = quartet, p = pentet, quint = quintet (with 1:2:3:2:1 intensity), hept = 

heptet, m = multiplet, br = broad. Melting points were measured on a Büchi 510 and are not calibrated. 

IR spectra were recorded on a JASCO FT-IR-4100 (ATR) and are reported in terms of frequency of 

absorption (cm-1). Mass spectra were conducted on a Finnigan MAT SSQ 7000 (MS-EI, 70 eV; CI, 100 

eV), or a Thermo Scientific LTQ-FT ultra and ThermoFisher Scientific LTQ Orbitrap XL spectrometer 

(ESI HRMS). The following method was used for GC separation: 60 °C 3 min, 15 °C/min → 250 °C, 

250 °C 5 min. 
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2. Preparation of Deuterated PFTB and py-DBr (183d-d1) 

 

11.2 g PFTB (47.7 mmol, 1.25 eq) were carefully added to a flask submerged in an ice bath containing 

15 mL H2O and 1.52 g NaOH (38.1 mmol, 1.0 eq) while stirring. Upon complete dissolution, the 

volatiles were removed under high vacuum, 500 µL PFTB added, stirred for 1 minute and the volatiles 

again removed under high vacuum to dryness affording 9.31 g (24.0 mmol, 63%) of a white, subliming 

powder of PFTB sodium salt 240. 

2.50 g PFTB sodium salt (240, 9.69 mmol, 1.0 eq) were slowly added to 1.5 mL of either concentrated 

sulfuric acid or D2SO4 (1.86 g, 29.1 mmol, 3.0 eq) at rt. Reduced pressure was applied via a neoprene 

tubing leading to a –78 °C cooled flask collecting the volatiles. Redistillation from rt to –78 °C afforded 

1.2 mL of PFTB-OH and 1.1 mL PFTB-OD, respectively. These solvents were applied in the KIE 

determination.  

 

500 mg Pyridinium bromide (183d, 313 µmol) were dissolved in 2 mL of D2O, stirred for 1 minute and 

the solvent was removed under reduced pressure with gentle heating. This procedure was repeated 5 

times to afford 502 mg pyridine deuterobromide 183d-d1 (312 µmol, 99%) as a colorless solid.  

IR (neat) ṽmax = 2135, 1477, 1304, 1188, 1151, 1053, 989, 925, 799, 756, 684 cm-1.  

The spectroscopic data are in accordance to those reported in the literature.[139]  

 

Figure 23. Overlaid IR spectra (neat) of py-HBr (183d, green) and py-DBr (183d-d1, blue). 
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3. 1D-1H-NOESY Measurements of 70 

12.5 mg homogeranyl benzene (70, 55.0 µmol) were dissolved in 0.55 mL (0.1 M) solvent and directly 

subjected to 1D-1H-NOESY measurements. The aromatic protons were selectively excited with 100 ± 

10 Hz. Interactions with Mea and Meb were only observed on the NMR timescale in PFTB or 

CDCl3/PFTB (1:1).  

 

 

Figure 24. Top: 1D-1H-NOESY of 70 in PFTB. Positive signals show interactions of the protons through space. Bottom: 

Stacked 1D-1H-NOESY of 0.1 M 70 in (1) CD3OD, (2) C6D12, (3) CDCl3, (4) CDCl3/PFTB 1:1, (5) PFTB. Where PFTB is used 

as a solvent a more rigid conformation of the linear polyene is assumed, making the adjacent methylene groups more visible 

on the NMR timescale. Coupling of the arene protons with the terminal methyl groups is indicative for folding in fluorinated 

alcohol solvent. 
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4. NMR Titration of 70 in Different Solvents 

12.6 mg 70 (55.0 µmol) was dissolved in 550 µL (0.1 M) of the corresponding solvent or solvent mixture 

with CDCl3 and a 13C-NMR was spectrum recorded. In the tert-butanol/CDCl3 and toluene/CDCl3 

titrations all signals, especially the ones of the olefin at C2 and C6, shifted upfield, and with 

CDCl3/PFTB all shifts except the methyl groups moved downfield. The highest change in shifts was 

observed at C2, suggesting that this position is the most activated and hence most reactive in PFTB.  

 
Figure 25. Chemical shift dependence of 70 (13C NMR) in different solvents as mixtures with CDCl3. 
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5. Preparation of DABCO(TfOH)2 (194) 

2.00 g 1,4-diazabicyclo[2.2.2]octane (DABCO, 17.8 mmol, 1.0 eq) were dissolved in 40 mL abs. CH2Cl2. 

At 0 °C, 3.31 mL trifluoromethanesulfonic acid (5.61 mL, 37.4 mmol, 2.1 eq) were added dropwise. 

The mixture was allowed to stir for 30 min at rt and then the volatiles removed under reduced pressure. 

The crude product was triturated with abs. isopropanol twice and dried under high vacuum to give 6.06 g 

194 (14.7 mmol, 83%) as a colorless solid. 

m.p. 320 °C (dec., iPrOH); 1H NMR (400 MHz, DMSO-d6) δ 3.54 (s, 12H); 13C 

NMR (101 MHz, DMSO-d6) δ 120.7 (q, J = 322.2 Hz, 2C), 42.95 (6C); 19F NMR 

(377 MHz, DMSO-d6) δ -77.75 ppm; IR (KBr) ṽmax = 3450, 1266, 1178, 1038, 648, 

521cm-1. 

 

 

6. General Cyclization Procedure 

 

The corresponding starting material was dissolved in 0.1 M PFTB at rt under air in a 4 mL screw cap 

vial with a magnetic stir bar. 20 mol% of DABCO(TfOH)2 194 were added and the mixture stirred until 

completion (GC or TLC). Then, 2 mL chloroform were added to terminate the reaction and the solvent 

was removed under reduced pressure. The crude mixture was purified by column chromatography on 

silica gel to obtain the products. 
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7. Physical and Spectroscopic Data of Prepared Compounds 

1,1,4a-Trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene (53), prepared from 70 (22.8 mg, 100 

µmol): 21.4 mg, 93.8 µmol, 94% and from 192 (22.8 mg, 100 µmol): 20.5 mg, 89.9 µmol, 90%; colorless 

oil. 

TLC: Rf = 0.60 (silica gel, hexanes) [CAM]; 1H NMR (400 MHz, CDCl3) δ 7.29 – 7.26 

(m, 1H), 7.16 – 7.02 (m, 3H), 3.00 – 2.81 (m, 2H), 2.30 (dtd, J = 12.9, 3.5, 1.6 Hz, 1H), 

1.94 – 1.86 (m, 1H), 1.81 – 1.68 (m, 2H), 1.62 (dt, J = 14.0, 3.6 Hz, 1H), 1.50 (ddt, 

J = 13.3, 3.6, 1.9 Hz, 1H), 1.46 – 1.32 (m, 2H), 1.25 (dd, J = 13.5, 4.2 Hz, 1H), 1.20 (s, 3H), 0.97 (s, 

3H), 0.95 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 150.3, 135.4, 129.1, 125.7, 125.3, 124.5, 50.44, 

41.84, 38.95, 37.95, 33.62, 33.45, 30.54, 25.01, 21.79, 19.45, 19.17 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[59] 

  

6-Methoxy-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene (55), prepared from 51 

(34.2 mg, 132 µmol); colorless oil (30.0 mg, 116 µmol, 88%). 

TLC: Rf = 0.43 (silica gel, hexanes/EtOAc; 95:5) [CAM]; 1H NMR (300 MHz, CDCl3) 

δ 6.96 (dt, J = 8.4, 1.0 Hz, 1H), 6.82 (d, J = 2.8 Hz, 1H), 6.67 (dd, J = 8.4, 2.7 Hz, 1H), 

3.78 (s, 3H), 2.94 – 2.84 (m, 1H), 2.85 – 2.75 (m, 1H), 2.30 – 2.19 (m, 1H), 1.93 – 1.82 

(m, 1H), 1.81 – 1.71 (m, 2H), 1.71 – 1.58 (m, 1H), 1.53 – 1.40 (m, 2H), 1.33 (dd, J = 12.3, 

2.4 Hz, 1H), 1.28 – 1.21 (m, 1H), 1.20 (d, J = 0.8 Hz, 3H), 0.96 (s, 3H), 0.94 (s, 3H) ppm; 13C NMR 

(75 MHz, CDCl3) δ 157.8, 151.6, 130.0, 127.6, 110.9, 110.3, 55.40, 50.47, 41.83, 38.99, 38.17, 33.64, 

33.46, 29.71, 24.89, 21.81, 19.47, 19.30 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[50]  

 

4a'-Methyl-3',4',4a',9',10',10a'-hexahydro-2'H-spiro[cyclohexane-1,1'-phenanthrene] (196), 

prepared from (E)-(7-cyclohexylidene-4-methylhept-3-en-1-yl)benzene (35.2 mg, 131 µmol); colorless 

oil (32.0 mg, 119 µmol, 91%). 

TLC: Rf = 0.78 (silica gel, hexanes) [CAM]; 1H NMR (300 MHz, CDCl3) δ 7.30 – 7.23 

(m, 1H), 7.17 – 7.08 (m, 1H), 7.08 – 6.99 (m, 2H), 3.01 – 2.75 (m, 2H), 2.29 (td, J = 12.0, 

11.4, 5.3 Hz, 2H), 1.99 (ddt, J = 13.6, 7.1, 2.1 Hz, 1H), 1.85 – 1.73 (m, 2H), 1.66 (ddd, 

J = 15.2, 7.9, 5.0 Hz, 4H), 1.45 (ddt, J = 16.1, 9.2, 3.9 Hz, 4H), 1.33 – 1.24 (m, 2H), 1.21 

(s, 3H), 0.98 – 0.73 (m, 4H) ppm; 13C NMR (76 MHz, CDCl3) δ 150.7, 135.4, 129.1, 125.7, 125.3, 
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124.5, 51.42, 39.41, 39.20, 38.27, 36.45, 33.62, 31.15, 28.12, 26.72, 26.24, 21.96, 21.92, 18.75, 18.70 

ppm; IR (KBr) ṽmax = 2935, 1683, 1449, 1217, 1044, 759 cm-1; HRMS (EI) calcd. for C20H28 [M]+ 

268.2184, found 268.2194. 

 

1,1,4a-Trimethyl-2,3,4,4a,9,9a-hexahydro-1H-xanthene (67), prepared from 65 (39.1 mg, 170 µmol); 

colorless solid (25.0 mg, 109 µmol, 64%). 

TLC: Rf = 0.19 (silica gel, n-hexane) [CAM]; 1H NMR (500 MHz, CDCl3) δ 7.11 

– 7.03 (m, 2H), 6.82 (t, J = 7.3 Hz, 1H), 6.76 (d, J = 8.0 Hz, 1H), 2.71 (dd, J = 16.3, 

5.0 Hz, 1H), 2.61 (dd, J = 16.4, 13.1 Hz, 1H), 2.00 – 1.94 (m, 1H), 1.71 (dd, J = 13.2, 

5.1 Hz, 1H), 1.69 – 1.63 (m, 1H), 1.61 (d, J = 4.2 Hz, 1H), 1.55 (dt, J = 11.7, 3.0 Hz, 1H), 1.52 – 1.46 

(m, 1H), 1.37 – 1.29 (m, 1H), 1.22 (s, 3H), 1.01 (s, 3H), 0.91 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 

153.4, 129.8, 127.3, 122.8, 119.8, 117.2, 77.36, 48.25, 41.68, 40.17, 33.54, 32.25, 23.41, 20.83, 20.00, 

19.95 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[140]  

 

7-Methoxy-1,1,4a-trimethyl-2,3,4,4a,9,9a-hexahydro-1H-xanthene (60), prepared from 2-geranyl-4-

methoxyphenol (28.1 mg, 108 µmol); produced as a 93:7 mixture of inseparable diastereoisomers; clear 

oil (24.0 mg, 92.2 µmol, 85%). 

TLC: Rf = 0.61 (silica gel, hexanes/EtOAc; 90:10) [CAM]; 

trans isomer: 1H NMR (300 MHz, CDCl3) δ 6.71 – 6.64 (m, 

2H), 6.64 – 6.61 (m, 1H), 3.75 (s, 3H), 2.69 (dd, J = 16.5, 5.5 

Hz, 1H), 2.58 (dd, J = 16.5, 12.7 Hz, 1H), 1.99 – 1.91 (m, 1H), 1.70 (dd, J = 12.6, 5.5 Hz, 1H), 1.64 

– 1.55 (m, 2H), 1.54 – 1.45 (m, 1H), 1.41 – 1.26 (m, 2H), 1.20 (s, 3H), 1.00 (s, 3H), 0.90 (s, 3H) ppm; 

13C NMR (75 MHz, CDCl3) δ 153.1, 147.4, 123.3, 117.6, 114.4, 113.3, 77.00, 55.84, 48.27, 41.68, 

40.13, 33.49, 32.23, 23.78, 20.78, 19.94, 19.84 ppm; characteristic signals for cis isomer: 1H NMR 

(300 MHz, CDCl3) δ 3.01 (dd, J = 17.6, 8.1 Hz, 1H), 1.18 (s, 3H), 0.96 (s, 3H), 0.67 (s, 3H) ppm. 

The spectroscopic data are in accordance to those reported in the literature.[140]  
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Methyl-8-hydroxy-1,1,4a-trimethyl-2,3,4,4a,9,9a-hexahydro-1H-xanthene-7-carboxylate (197), 

prepared from methyl geranyl-2,4-dihydroxybenzoate (23.6 mg, 77.5 µmol); produced as a 64:36 

mixture of inseparable C-5/C-7 regioisomers; clear oil (20.1 mg, 66.0 µmol, 85%). 

TLC: Rf = 0.35-0.42 (silica gel, hexanes/EtOAc; 95:5) 

[CAM]; C7-isomer: 1H NMR (400 MHz, CDCl3) δ 11.28 

(s, 1H), 7.60 – 7.53 (m, 1H), 6.31 (d, J = 8.8 Hz, 1H), 3.90 

(s, 3H), 2.81 (dd, J = 16.9, 4.8 Hz, 1H), 2.32 (ddd, J = 16.9, 

13.3, 0.9 Hz, 1H), 2.01 – 1.94 (m, 1H), 1.75 – 1.54 (m, 4H), 1.52 – 1.39 (m, 2H), 1.38 – 1.27 (m, 2H), 

1.22 (s, 3H), 1.04 (s, 3H), 0.94 (s, 3H) ppm; C5-isomer: 1H NMR (400 MHz, CDCl3) δ 10.60 (s, 1H), 

7.62 – 7.52 (m, 1H), 6.31 (d, J = 8.8 Hz, 1H), 3.89 (s, 3H), 2.73 – 2.60 (m, 1H), 2.52 (ddd, J = 15.9, 

13.3, 1.3 Hz, 1H), 2.01 – 1.94 (m, 1H), 1.71 – 1.55 (m, 4H), 1.53 – 1.39 (m, 2H), 1.34 – 1.29 (m, 2H), 

1.22 (s, 3H), 0.99 (s, 3H), 0.89 (s, 3H) ppm; mixture: 13C NMR (101 MHz, CDCl3) δ 171.0, 170.4, 

161.4, 161.1, 160.0, 159.4, 131.2, 128.3, 124.0, 114.7, 110.4, 109.1, 105.1, 104.2, 104.0, 51.86, 51.84, 

48.09, 47.39, 41.49, 41.34, 39.78, 39.74, 33.56, 33.48, 32.11, 32.02, 22.42, 20.68, 20.62, 20.06, 19.76, 

19.72, 17.56 ppm; IR (KBr) ṽmax = 2951, 2866, 1667, 1492, 1439, 1346, 1264, 1164, 987, 758 cm-1; 

HRMS (ESI+) calcd. for C18H25O4
+ [M+H]+ 305.1747, found 305.1726. 

 

4,4,7a-Trimethylhexahydrobenzofuran-2(3H)-one (198), prepared from 84 (32.3 mg, 177 µmol); 

produced as a 76:24 mixture of separable diastereoisomers; 31.6 mg (173 µmol, 98% combined). 

trans-isomer: colourless semisolid (24.0 mg, 132 µmol, 74%); TLC: Rf = 0.45 (silica gel, 

hexanes/EtOAc; 50:50) [CAM]; 1H NMR (300 MHz, CDCl3) δ 2.42 (dd, J = 16.3, 

14.6 Hz, 1H), 2.29 (ddd, J = 16.3, 6.8, 0.6 Hz, 1H), 2.03 – 1.94 (m, 2H), 1.83 – 1.72 

(m, 1H), 1.69 – 1.49 (m, 3H), 1.34 (d, J = 0.7 Hz, 3H), 1.32 – 1.21 (m, 1H), 0.96 (s, 

3H), 0.93 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 176.6, 86.63, 55.73, 40.24, 37.34, 32.86, 32.40, 

29.35, 20.86, 20.61, 19.95 ppm. 

cis-isomer: colourless semisolid (7.6 mg, 41.7 µmol, 24%); TLC: Rf = 0.33 (silica gel, hexanes/EtOAc; 

50:50) [CAM]; 1H NMR (500 MHz, CDCl3) δ 2.51 (dd, J = 17.3, 12.7 Hz, 1H), 2.43 

(dd, J = 17.4, 8.2 Hz, 1H), 2.06 (dd, J = 12.8, 8.2 Hz, 1H), 1.89 – 1.83 (m, 1H), 1.64 – 

1.59 (m, 2H), 1.53 (s, 3H), 1.51 – 1.35 (m, 2H), 1.33 – 1.27 (m, 1H), 1.05 (s, 3H), 0.91 

(s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 175.9, 86.25, 52.09, 34.85, 33.70, 33.41, 32.34, 30.28, 

28.55, 27.08, 19.10 ppm. 

The spectroscopic data for the trans[141] and cis[142] isomer are in accordance to those reported in the 

literature.  
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(2,6,6-Trimethylcyclohex-2-en-1-yl)methyl benzoate (199), prepared from geranyl benzoate (32.3 mg, 

125 µmol); produced as a 87:13 mixture of inseparable regioisomers (D2,3-199 and D2,7-199:); clear oil 

(27.4 mg, 106 µmol, 85%).  

TLC: Rf = 0.50 (silica gel, hexanes/EtOAc; 95:5) [KMnO4]; 

D2,3-199: 1H NMR (300 MHz, CDCl3) δ 8.06 – 7.99 (m, 2H), 

7.58 – 7.52 (m, 1H), 7.48 – 7.40 (m, 2H), 5.50 (s, 1H), 4.38 (d, 

J = 4.6 Hz, 2H), 2.03 (ddt, J = 7.4, 3.9, 2.1 Hz, 2H), 1.95 (q, J = 3.9, 3.4 Hz, 1H), 1.80 (d, J = 1.9 Hz, 

3H), 1.64 – 1.49 (m, 1H), 1.26 (dtd, J = 13.2, 5.0, 1.2 Hz, 1H), 1.03 (s, 3H), 0.97 (s, 3H) ppm; 13C NMR 

(75 MHz, CDCl3) δ 166.7, 132.9, 132.3, 130.7, 129.7, 128.5, 123.5, 64.69, 49.16, 32.32, 31.95, 27.57, 

27.40, 23.11, 23.06 ppm; D2,7-199: 1H NMR (300 MHz, CDCl3) δ 4.85 (s, 1H), 4.71 (s, 1H), 4.54 (dd, 

J = 11.1, 4.9 Hz, 1H), 4.11 (d, J = 2.4 Hz, 1H), 2.33 (dd, J = 9.4, 4.9 Hz, 1H), 0.95 (s, 3H) and further 

signals could not be discerned; 13C NMR (75 MHz, CDCl3) δ 132. 9, 129.7, 128.4, 63.51, 52.47, 36.81, 

35.28, 33.47, 28.44, 25.50, 24.00 ppm and further signals could not be discerned; mixture: IR (film) 

ṽmax = 1718, 1451, 1275, 1114, 712 cm-1; HRMS (EI) calcd. for C17H22O2
+ [M]+ 258.1614, found 

258.1629. 

 

(2,6,6-Trimethylcyclohex-2-en-1-yl)methyl 3,5-dinitrobenzoate (200), prepared from geranyl 3,5-

dinitrobenzoate (38.3 mg, 110 µmol): 29.5 mg, 84.6 µmol, 77%, produced as a 69:31 mixture of 

inseparable regioisomers (D2,3-200 and D2,7-200); yellow oil and from neryl 3,5-dinitrobenzoate (50.3 

mg, 144 µmol): 40.6 mg, 117 µmol, 81%, produced as a 68:32 mixture of inseparable regioisomers (D2,3-

200 and D2,7-200); yellow oil. 

TLC: Rf = 0.84 (silica gel, hexanes/EtOAc; 80:20) 

[UV]; D2,3-200: 1H NMR (500 MHz, CDCl3) δ 9.23 

(t, J = 2.1 Hz, 1H), 9.13 (d, J = 2.1 Hz, 2H), 5.56 (s, 

1H), 4.53 (dd, J = 11.7, 5.7 Hz, 1H), 4.48 (dd, J = 

11.7, 3.1 Hz, 1H), 2.09 – 2.05 (m, 2H), 1.97 (br s, 1H), 1.79 (q, J = 1.9 Hz, 3H), 1.66 – 1.48 (m, 2H), 

1.31 (dt, J = 13.8, 4.6 Hz, 1H), 1.04 (s, 3H), 0.98 (s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 162.6, 

148.8, 134.3, 131.3, 129.5, 124.2, 122.4, 66.35, 49.02, 32.09, 31.98, 27.71, 27.38, 23.08, 22.97 ppm; 

D2,7-200: 1H NMR (500 MHz, CDCl3) δ 9.21 (t, J = 2.2 Hz, 1H), 9.12 (d, J = 2.2 Hz, 2H), 4.87 (s, 1H), 

4.69 (s, 1H), 4.61 (d, J = 0.9 Hz, 1H), 4.60 (s, 1H), 2.39 (t, J = 7.6 Hz, 1H), 2.25 – 2.18 (m, 1H), 2.13 

(dt, J = 13.5, 5.3 Hz, 2H), 1.04 (s, 3H), 0.97 (s, 3H) ppm and further signals could not be discerned; 13C 

NMR (126 MHz, CDCl3) δ 162.6, 148.8, 146.8, 134.3, 129.6, 122.4, 110.8, 65.17, 52.46, 37.33, 34.49, 

32.86, 28.70, 25.93, 23.34 ppm; mixture: IR (neat) ṽmax = 2959, 2924, 1733, 1629, 1548, 1458, 1344, 

1261, 1165, 1075, 800 cm-1; HRMS (EI) calcd. for C17H20N2O6
+ [M]+ 348.1316, found 348.1318. 
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1,3-Diethyl 5-((2,6,6-trimethylcyclohex-2-en-1-yl)methyl) benzene-1,3,5-tricarboxylate (201), 

prepared from 1-geranyl 3,5-diethylbenzene tricarboxylate (28.1 mg, 69.9 µmol); produced as a 86:14 

mixture of inseparable regioisomers (D2,7-201 and D2,7-201); clear oil (20.4 mg, 50.7 µmol, 73%). 

TLC: Rf = 0.24 (silica gel, hexanes/EtOAc; 

95:5) [CAM]; D2,3-201: 1H NMR (300 MHz, 

CDCl3) δ 8.89 – 8.81 (m, 1H), 8.84 – 8.81 (m, 

2H), 5.53 (s, 1H), 4.45 (d, J = 5.3 Hz, 2H), 4.43 

(q, J = 7.1 Hz, 4H), 2.11 – 2.01 (m, 2H), 1.95 (t, J = 4.0 Hz, 1H), 1.79 (q, J = 1.6 Hz, 3H), 1.65 – 1.54 

(m, 1H), 1.43 (t, J = 7.2, Hz, 6H), 1.28 (dt, J = 13.3, 4.6 Hz, 1H), 1.04 (s, 3H), 0.97 (s, 3H) ppm; 13C 

NMR (75 MHz, CDCl3) δ 165.2, 165.2, 134.6, 134.6, 131.9, 131.7, 131.6, 123.8, 65.20, 61.82, 49.12, 

32.22, 31.98, 27.59, 27.54, 23.11, 23.05, 14.43 ppm; D2,7-201: 1H NMR (300 MHz, CDCl3) δ 4.86 (s, 

1H), 4.71 (s, 1H), 2.37 (dd, J = 8.1, 6.5 Hz, 1H), 2.28 – 2.14 (m, 2H), 1.04 (s, 3H), 0.96 (s, 3H) and 

further signals overlapped with the other isomer; mixture: IR (KBr) ṽmax = 2964, 1728, 1241, 1026, 741 

cm-1; HRMS (ESI+) calcd. for C23H30NaO6
+ [M+Na]+ 425.1935, found 425.1903. 

 

(2,6,6-Trimethylcyclohex-2-en-1-yl)methyl 3,5-dimethoxybenzoate (202), prepared from geranyl 

3,5-dimethoxybenzoate (41.0 mg, 129 µmol); produced as a 88:12 mixture of inseparable regioisomers 

(D2,3-202 and D2,7-202); clear oil (33.2 mg, 104 µmol, 81%). 

TLC: Rf = 0.36 (silica gel, hexanes/EtOAc; 95:5) 

[CAM]; D2,3-202: 1H NMR (300 MHz, CDCl3) δ 7.18 

(d, J = 2.4 Hz, 2H), 6.64 (t, J = 2.4 Hz, 1H), 5.50 (s, 

1H), 4.36 (d, J = 4.6 Hz, 2H), 3.82 (s, 6H), 2.06 – 

1.98 (m, 2H), 1.92 (t, J = 4.7 Hz, 1H), 1.79 (q, J = 1.4 Hz, 3H), 1.57 (dt, J = 16.2, 6.5 Hz, 1H), 1.30 – 

1.20 (m, 1H), 1.03 (s, 3H), 0.96 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 166.4, 160.8, 132.6, 132.2, 

123.5, 107.3, 107.3, 105.7, 64.79, 55.64, 49.14, 32.27, 31.94, 27.55, 27.46, 23.09 ppm; D2,7-202: 1H 

NMR (300 MHz, CDCl3) δ 7.17 (d, J = 2.4 Hz, 2H), 6.63 (t, J = 2.4 Hz, 1H), 4.85 (br s, 1H), 4.70 (dt, 

J = 1.9, 0.9 Hz, 1H), 4.51 (dd, J = 11.1, 5.1 Hz, 1H), 4.42 (dd, J = 11.0, 9.4 Hz, 1H), 3.81 (s, 6H), 2.32 

(dd, J = 9.6, 5.3 Hz, 1H), 2.27 – 2.07 (m, 2H), 1.40 – 1.30 (m, 4H), 1.03 (s, 3H), 0.94 (s, 3H) ppm; 13C 

NMR (75 MHz, CDCl3) δ 160.7, 147.3, 110.2, 107.3, 105.7, 63.68, 52.49, 37.74, 34.46, 33.31, 28.84, 

25.68, 23.50 ppm and further signals overlapped with the other isomer; mixture: IR (KBr) ṽmax = 1718, 

1598, 1463, 1302, 1206, 1157, 1050, 767 cm-1; HRMS (ESI+) calcd. for C19H26NaO4
+ [M+Na]+ 

341.1723, found 341.1723. 
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(2,6,6-Trimethylcyclohex-2-en-1-yl)methyl isoxazole-5-carboxylate (203), prepared from geranyl 

isoxazole-5-carboxylate (39.9 mg, 160 µmol); produced as a 83:17 mixture of inseparable regioisomers 

(D2,7-203 and D2,7-203); clear oil (39.7 mg, 159 µmol, 99%). 

TLC: Rf = 0.35 (silica gel, hexanes/EtOAc; 95:5); D2,3-203: 1H 

NMR (300 MHz, CDCl3) δ 8.36 (d, J = 1.8 Hz, 1H), 6.91 (d, J 

= 1.8 Hz, 1H), 5.53 – 5.46 (m, 1H), 4.47 (dd, J = 11.6, 5.8 Hz, 

1H), 4.36 (dd, J = 11.7, 3.5 Hz, 1H), 2.03 – 1.96 (m, 2H), 1.93 – 1.88 (m, 1H), 1.77 (q, J = 1.7 Hz, 3H), 

1.58 – 1.49 (m, 1H), 1.30 – 1.20 (m, 1H), 1.00 (s, 3H), 0.94 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3) 

δ 160.3, 156.7, 150.7, 131.5, 124.1, 108.7, 65.88, 48.96, 31.99, 31.89, 27.39, 27.37, 23.05, 22.97 ppm; 

D2,7-203: 1H NMR (300 MHz, CDCl3) δ 8.34 (d, J = 1.8 Hz, 1H), 6.89 (d, J = 1.8 Hz, 1H), 4.82 (d, J = 

1.6 Hz, 1H), 4.64 (br s, 1H), 4.54 (d, J = 3.3 Hz, 1H), 4.52 (d, J = 0.7 Hz, 1H), 2.31 (dd, J = 8.6, 5.9 Hz, 

1H), 1.01 (s, 3H), 0.92 (s, 3H) and further signals could not be discerned; 13C NMR (75 MHz, CDCl3) 

δ 160.2, 158.3, 150.9, 146.5, 110.6, 109.7, 64.78, 52.28, 37.69, 34.47, 33.20, 28.76, 25.54, 23.36 ppm; 

mixture: IR (neat) ṽmax = 2962, 1736, 1280, 1204, 1143, 769 cm-1; HRMS (ESI+) calcd. for 

C14H19NNaO3
+ [M+Na]+ 272.1257, found 272.1255. 

 

(2,6,6-trimethylcyclohex-2-en-1-yl)methyl thiophene-2-carboxylate (204), prepared from geranyl 

thiophene-2-carboxylate (34.6 mg, 131 µmol); slightly yellow oil (31.6 mg, 120 µmol, 91%). 

TLC: Rf = 0.60 (silica gel, hexanes/EtOAc; 95:5); 1H NMR (400 MHz, CDCl3) δ 

7.78 (dd, J = 3.7, 1.3 Hz, 1H), 7.54 (dd, J = 5.0, 1.3 Hz, 1H), 7.09 (dd, J = 5.0, 3.7 

Hz, 1H), 5.49 (tt, J = 3.7, 1.6 Hz, 1H), 4.41 – 4.29 (m, 2H), 2.07 – 1.96 (m, 2H), 1.90 

(t, J = 4.5 Hz, 1H), 1.78 (q, J = 1.9 Hz, 3H), 1.70 – 1.50 (m, 2H), 1.29 – 1.17 (m, 1H), 1.02 (s, 3H), 0.95 

(s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 162.3, 134.4, 133.3, 132.3, 132.1, 127.9, 123.6, 64.81, 

49.11, 32.22, 31.91, 27.55, 27.44, 23.12, 23.06 ppm; IR (neat) ṽmax = 2963, 1710, 1419, 1258, 1096, 

751, 718 cm-1; HRMS (ESI+) calcd. for C15H20NaO2S+ [M+Na]+  287.1076, found 287.1072. 

 

(2,6,6-Trimethylcyclohex-2-en-1-yl)methyl acetate (205), prepared from geranyl acetate (18.9 mg, 

96.3 µmol); clear oil (16.6 mg, 84.6 µmol, 88%). 

TLC: Rf = 0.51 (silica gel, hexanes/EtOAc; 95:5); 1H NMR (300 MHz, CDCl3) δ 5.44 

(tt, J = 3.5, 1.6 Hz, 1H), 4.16 (dd, J = 11.7, 5.8 Hz, 1H), 4.05 (dd, J = 11.7, 3.7 Hz, 

1H), 2.02 (s, 3H), 1.96 (dtq, J = 7.2, 3.7, 1.5 Hz, 2H), 1.83 – 1.74 (m, 1H), 1.72 (q, J = 

1.9 Hz, 3H), 1.46 (dt, J = 13.3, 8.1 Hz, 1H), 1.23 – 1.17 (m, 1H), 0.93 (s, 3H), 0.90 (s, 3H) ppm; 



 

EXPERIMENTAL SECTION 

__________________________________________________________________________________ 

77 

 

13C NMR (75 MHz, CDCl3) δ 171.3, 132.4, 123.3, 64.44, 48.90, 32.14, 31.87, 27.46, 27.13, 23.08, 23.01, 

21.26 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[143] 

 

(2,6,6-Trimethylcyclohex-2-en-1-yl)methyl ferrocene-1-carboxylate (206), prepared from geranyl 

ferrocene-1-carboxylate (25.1 mg, 68.5 µmol); deep orange oil (17.8 mg, 48.6 µmol, 71%).  

TLC: Rf = 0.53 (silica gel, hexanes/EtOAc, 90:10); 1H NMR (400 MHz, CDCl3) δ 

5.52 (s, 1H), 4.77 (dt, J = 3.4, 1.8 Hz, 2H), 4.38 (t, J = 2.0 Hz, 2H), 4.31 (dd, J = 

11.7, 5.4 Hz, 1H), 4.23 (dd, J = 11.7, 3.3 Hz, 1H), 4.19 (s, 5H), 2.08 – 2.03 (m, 2H), 

1.86 (s, 1H), 1.80 (d, J = 1.9 Hz, 3H), 1.63 (dt, J = 13.3, 8.3 Hz, 1H), 1.27 (dt, J = 

12.5, 4.3 Hz, 1H), 1.06 (s, 3H), 0.97 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 171.9, 132.3, 123.4, 

71.77, 71.29, 71.27, 70.24, 70.18, 69.82, 63.84, 49.22, 32.50, 31.96, 27.73, 27.55, 23.15, 23.11 ppm; IR 

(neat) ṽmax = 2958, 1711, 1460, 1380, 1273, 1135, 821 cm-1; Anal. Calcd. for C21H26FeO2: C: 68.86, H: 

7.16, Fe: 15.25; found: C: 68.92, H: 7.47, Fe: 15.6. 

 

(((2,6,6-Trimethylcyclohex-2-en-1-yl)methoxy)methyl)benzene (207), prepared from geranyl benzyl 

ether (35.2 mg, 144 µmol); colorless oil (35.2 mg, 144 µmol, quant.). 

TLC: Rf = 0.33 (silica gel, hexanes/EtOAc; 95:5); 1H NMR (300 MHz, CDCl3) δ 

7.41 – 7.25 (m, 5H), 5.43 (dt, J = 3.6, 2.0 Hz, 1H), 4.48 (s, 2H), 3.52 (dd, J = 9.9, 

5.4 Hz, 1H), 3.44 (dd, J = 9.9, 3.5 Hz, 1H), 1.97 (dddq, J = 9.3, 5.7, 3.9, 2.0 Hz, 

2H), 1.74 (q, J = 1.9 Hz, 3H), 1.64 (m, 1H), 1.53 – 1.43 (dt, J =13.1, 7.4 Hz, 1H), 1.19 (dtd, J = 13.2, 

5.4, 1.5 Hz, 1H), 0.97 (s, 3H), 0.91 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 138.9, 133.7, 128.4, 

127.7, 127.5, 122.4, 73.10, 70.93, 50.17, 32.58, 31.93, 27.63, 27.23, 23.28, 23.15 ppm; IR (neat) ṽmax = 

2955, 2868, 1454, 1363, 1101, 733, 697 cm-1; HRMS (EI) calcd. for C17H24O+ [M]+ 244.1822, found 

24.1815. 

 

1,5,5-Trimethyl-6-((prop-2-yn-1-yloxy)methyl)cyclohex-1-ene (208), prepared from geranyl 

propargyl ether (20.5 mg, 107 µmol); produced as a 94:6 mixture of inseparable regioisomers (D2,3-208 

and D2,7-208); colorless oil (20.3 mg, 106 µmol, 99%). 
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TLC: Rf = 0.63 (silica gel, hexanes/EtOAc; 95:5); D2,3-208:  1H 

NMR (400 MHz, CDCl3) δ 5.44 (s, 1H), 4.12 – 4.10 (m, 2H), 3.58 

(dd, J = 9.8, 5.3 Hz, 1H), 3.50 (dd, J = 9.8, 3.2 Hz, 1H), 2.40 (t, J = 

2.4 Hz, 1H), 1.97 (dtdd, J = 7.3, 5.3, 3.1, 2.0 Hz, 2H), 1.74 (q, J = 

1.9 Hz, 3H), 1.48 (dt, J = 13.1, 8.0 Hz, 1H), 1.18 (dtd, J = 13.0, 5.0, 1.2 Hz, 1H), 0.96 (s, 3H), 0.90 (s, 

3H) ppm; 13C NMR (75 MHz, CDCl3) δ 133.4, 122.7, 80.19, 74.23, 70.29, 58.08, 49.94, 32.70, 31.96, 

27.69, 27.12, 23.14, 23.10 ppm; D2,7-208: 1H NMR (400 MHz, CDCl3) δ 4.85 (dq, J = 1.9, 1.0 Hz, 1H), 

4.69 (br s, 1H), 0.99 (s, 3H), 0.84 (s, 3H) and further signals could not be discerned; mixture: IR (neat) 

ṽmax = 2956, 2914, 1452, 1364, 1096, 663 cm-1; HRMS (EI) calcd. for C13H20O+ [M]+ 192.1509, found 

192.1511. 

 

2-(((2,6,6-Trimethylcyclohex-2-en-1-yl)methoxy)methyl)oxirane (209), prepared from 2-geranyl 

methyloxirane ether (29.9 mg, 142 µmol); produced as a 50:50 mixture of inseparable diastereoisomers; 

clear oil (20.0 mg, 95.1 µmol, 67%). 

TLC: Rf = 0.29 (silica gel, hexanes/EtOAc 90:10); diastereoisomer 1: 1H NMR (400 

MHz, CDCl3) δ 5.42 (tt, J = 3.5, 1.5 Hz, 1H), 3.68 (ddd, J = 11.5, 6.3, 3.1 Hz, 2H), 

3.36 (ddd, J = 11.5, 5.7, 3.1 Hz, 2H), 3.17 – 3.11 (m, 1H), 2.78 (ddd, J = 5.1, 4.1, 1.7 

Hz, 1H), 2.60 (ddd, J = 5.2, 4.3, 2.7 Hz, 1H), 1.96 (dddq, J = 8.8, 5.7, 3.9, 2.0 Hz, 2H), 1.74 (q, J = 1.9 

Hz, 3H), 1.47 (dtd, J = 13.2, 8.1, 2.3 Hz, 1H), 1.18 (dt, J = 13.1, 4.6 Hz, 1H), 1.02 – 0.96 (m, 1H), 0.95 

(d, J = 1.1 Hz, 3H), 0.90 (s, 3H) ppm; diastereoisomer 2: 1H NMR (400 MHz, CDCl3) δ 5.42 (tt, J = 

3.5, 1.5 Hz, 1H), 3.57 (dd, J = 10.0, 5.5 Hz, 1H), 3.50 (dd, J = 4.5, 1.6 Hz, 2H), 3.42 (dd, J = 10.0, 3.4 

Hz, 1H), 3.17 – 3.11 (m, 1H), 2.78 (ddd, J = 5.1, 4.1, 1.7 Hz, 1H), 2.60 (ddd, J = 5.2, 4.3, 2.7 Hz, 1H), 

1.96 (dddq, J = 8.8, 5.7, 3.9, 2.0 Hz, 2H), 1.74 (q, J = 1.9 Hz, 3H), 1.47 (dtd, J = 13.2, 8.1, 2.3 Hz, 1H), 

1.18 (dt, J = 13.1, 4.6 Hz, 1H), 1.02 – 0.96 (m, 1H), 0.95 (d, J = 1.1 Hz, 3H), 0.90 (s, 3H) ppm; mixture 

of diastereoisomers: 13C NMR (101 MHz, CDCl3) δ 133.5, 122.6, 71.98, 71.93, 71.68, 71.46, 51.05, 

50.07, 44.51, 44.45, 32.54, 31.87, 27.61, 27.20, 27.14, 23.26, 23.12 ppm; IR (KBr) ṽmax = 2923, 1716, 

1455, 1109, 759 cm-1; HRMS (EI) calcd. for C13H22O2
+ [M]+ 210.1614, found 210.1633. 
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6-((Methoxymethoxy)methyl)-1,5,5-trimethylcyclohex-1-ene (210), prepared from geranyl 

methoxymethyl ether (18.9 mg, 95.3 µmol); colorless oil (10.6 mg, 53.5 µmol, 56%). 

TLC: Rf = 0.53 (silica gel, hexanes/EtOAc; 95:5); 1H NMR (500 MHz, CDCl3) δ 

5.44 (s, 1H), 4.60 (q, J = 6.6 Hz, 2H), 3.59 (dd, J = 10.2, 5.2 Hz, 1H), 3.53 (dd, J = 

10.3, 3.4 Hz, 1H), 3.37 (s, 3H), 1.97 (dtt, J = 7.8, 4.3, 2.2 Hz, 2H), 1.74 (q, J = 1.9 

Hz, 3H), 1.73 – 1.68 (m, 1H), 1.56 – 1.45 (m, 1H), 1.18 (dtd, J = 13.3, 5.0, 1.2 Hz, 1H), 0.97 (s, 3H), 

0.91 (s, 3H) ppm; 13C NMR (126 MHz, CDCl3) δ 133.4, 122.6, 96.74, 68.08, 55.53, 49.96, 32.59, 31.89, 

27.70, 27.20, 23.16, 23.10 ppm; IR (KBr) ṽmax = 2927, 1715, 1457, 1378, 1037, 756 cm-1; HRMS (EI) 

calcd. for C12H22O2
+ [M]+ 198.1614, found 198.1626. 

 

6-((Allyloxy)methyl)-1,5,5-trimethylcyclohex-1-ene (211), prepared from geranyl allyl ether (17.5 mg, 

90.1 µmol); colorless oil (17.5 mg, 90.1 µmol, quant.). 

TLC: Rf = 0.58 (silica gel, hexanes); 1H NMR (500 MHz, CDCl3) δ 5.91 (ddt, J = 

17.2, 10.8, 5.5 Hz, 1H), 5.42 (dt, J = 3.9, 2.2 Hz, 1H), 5.26 (dq, J = 17.2, 1.8 Hz, 1H), 

5.16 (dq, J = 10.4, 1.5 Hz, 1H), 3.94 (dd, J = 5.5, 1.5 Hz, 2H), 3.47 (dd, J = 9.9, 5.5 

Hz, 1H), 3.38 (dd, J = 10.0, 3.6 Hz, 1H), 1.96 (tdt, J = 7.0, 3.8, 2.0 Hz, 2H), 1.74 (d, J = 2.0 Hz, 3H), 

1.70 – 1.62 (m, 1H), 1.49 (dt, J = 13.1, 8.1 Hz, 1H), 1.17 (dt, J = 13.2, 4.7 Hz, 1H), 0.95 (s, 3H), 0.90 

(s, 3H) ppm; 13C NMR (75 MHz, CDCl3) δ 135.3, 133.8, 122.4, 116.7, 71.94, 70.79, 50.10, 32.56, 31.89, 

27.63, 27.18, 23.29, 23.14 ppm; IR (neat) ṽmax = 2959, 2925, 1453, 1383, 1102, 921 cm-1; HRMS (EI) 

calcd. for C13H22O+ [M]+ 194.1665, found 194.1664. 

 

6-((But-2-en-1-yloxy)methyl)-1,5,5-trimethylcyclohex-1-ene (212), prepared from geranyl but-2-en 

ether (31.5 mg, 151 µmol, E/Z = 87:13); produced as a 86:14 inseparable mixture of configurational 

isomers (E/Z); colorless oil (31.5 mg, 151 µmol, quant.). 

 TLC: Rf = 0.38 (silica gel, hexanes/EtOAc; 95:5); E-isomer: 1H NMR (300 MHz, 

CDCl3) δ 5.77 – 5.63 (m, 1H), 5.63 – 5.51 (m, 1H), 5.40 (tt, J = 3.5, 1.6 Hz, 1H), 

3.88 – 3.84 (m, 2H), 3.43 (dd, J = 10.0, 5.6 Hz, 1H), 3.34 (dd, J = 10.0, 3.6 Hz, 

1H), 1.96 (dddd, J = 8.6, 5.3, 3.8, 2.0 Hz, 2H), 1.74 – 1.72 (m, 3H), 1.71 (q, J = 1.2 Hz, 2H), 1.69 (q, J 

= 1.3 Hz, 2H), 1.58 – 1.42 (m, 1H), 1.21 – 1.11 (m, 1H), 1.08 – 0.99 (m, 1H), 0.94 (s, 3H), 0.90 (s, 3H) 

ppm; 13C NMR (75 MHz, CDCl3) δ 133.9, 129.0, 128.1, 122.2, 71.61, 70.58, 50.11, 32.56, 31.90, 27.60, 

27.15, 23.29, 23.15, 17.91 ppm; Z-isomer: 1H NMR (300 MHz, CDCl3) δ 4.00 (dt, J = 6.2, 1.0 Hz, 2H) 

ppm and further signals could not be discerned; mixture: IR (neat) ṽmax = 2957, 1452, 1365, 1102, 966 

cm-1; HRMS (EI) calcd. for C14H24O+ [M]+ 208.1822, found 208.1811. 
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(2,6,6-trimethylcyclohex-2-en-1-yl)methyl 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanoate (214), prepared from geranyl biotinate (39.4 mg, 104 µmol); produced as 

a 85:15 mixture of inseparable regioisomers (D2,3-214 and D2,7-214); colorless semisolid (28.1 mg, 73.8 

µmol, 71%).  

TLC: Rf = 0.36 (silica gel, EtOAc/MeOH; 90:10); 

D2,3-214: 1H NMR (400 MHz, CDCl3) δ 5.67 (s, 1H), 

5.44 (s, 1H), 5.36 (s, 1H), 4.51 (dd, J = 7.8, 5.0 Hz, 1H), 

4.31 (ddd, J = 7.8, 4.5, 1.6 Hz, 1H), 4.17 (ddd, J = 11.7, 

5.8, 3.1 Hz, 1H), 4.05 (dd, J = 11.7, 3.5 Hz, 1H), 3.15 (ddt, J = 8.4, 6.1, 4.5 Hz, 1H), 2.91 (dd, J = 12.9, 

5.0 Hz, 1H), 2.74 (d, J = 12.8 Hz, 1H), 2.31 (t, J = 7.5 Hz, 2H), 2.00 – 1.93 (m, 2H), 1.79 – 1.76 (m, 

1H), 1.72 (q, J = 1.9 Hz, 3H), 1.70 – 1.59 (m, 4H), 1.48 – 1.40 (m, 3H), 1.19 (dt, J = 12.9, 4.9 Hz, 1H), 

0.93 (s, 3H), 0.91 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 173.7, 163.7, 132.3 (d, J = 1.8 Hz), 123.4 

(d, J = 2.5 Hz), 64.26 (d, J = 3.4 Hz), 62.12, 60.30, 55.55, 48.97, 40.70, 34.28, 32.19, 31.89, 28.54 (d, J 

= 3.5 Hz), 27.51, 27.28, 27.26, 24.87, 23.12, 23.04 ppm; D2,7-214: 1H NMR (400 MHz, CDCl3) δ 4.81 

(s, 1H), 4.58 (d, J = 2.0 Hz, 1H), 4.25 – 4.21 (m, 1H), 2.15 (dt, J = 8.9, 4.8 Hz, 2H), 0.98 (s, 3H), 0.86 

(s, 3H) ppm and further signals could not be discerned; mixture: IR (neat) ṽmax = 3215, 2921, 1733, 

1698, 1472, 1168, 731 cm-1; HRMS (ESI+) calcd. for C20H33N2O3S+ [M+H]+ 381.2206, found 381.2210. 

 

(2,6,6-Trimethylcyclohex-2-en-1-yl)methyl 2-(-3a,5-dimethyl-6,8-dioxooctahydro-1H-1,4-

methanoinden-1-yl)propanoate (215), prepared from geranyl santonate (41.4 mg, 103 µmol); 

produced as a 55:45 mixture of separable diastereoisomers; colorless oil (combined yield: 27.3 mg, 68.0 

µmol, 66%); major diastereoisomer, produced as a 92:8 mixture of inseparable regioisomers (D2,3-215 

and D2,7-215). 

major diastereomer: TLC: Rf = 0.26 (silica gel, 

hexanes/EtOAc; 80:20); (D2,3-isomer: 1H NMR (400 

MHz, CDCl3) δ 5.45 (s, 1H), 4.23 (dd, J = 11.8, 5.7 Hz, 

1H), 3.96 (dd, J = 11.7, 2.9 Hz, 1H), 2.78 (q, J = 7.2 Hz, 

1H), 2.71 – 2.57 (m, 2H), 2.48 (dd, J = 18.1, 4.9 Hz, 1H), 2.18 (td, J = 12.4, 5.6 Hz, 1H), 2.08 (t, J = 3.6 

Hz, 1H), 2.06 – 2.00 (m, 1H), 1.99 – 1.93 (m, 2H), 1.71 (q, J = 1.9 Hz, 3H), 1.62 (dd, J = 9.4, 5.7 Hz, 

1H), 1.55 – 1.43 (m, 2H), 1.33 (s, 3H), 1.32 (d, J = 7.2 Hz, 3H), 1.15 (d, J = 6.7 Hz, 3H), 0.94 (s, 3H), 

0.91 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 216.3, 209.5, 174.4, 132.1, 123.6, 64.19, 63.09, 61.34, 

51.62, 49.04, 44.76, 44.22, 38.03, 37.83, 33.46, 32.10, 31.89, 27.58, 27.47, 26.42, 23.07, 23.03, 16.79, 

13.59, 12.67 ppm; major diastereoisomer; D2,7-isomer: 1H NMR (400 MHz, CDCl3) δ 4.82 (s, 1H), 4.59 

(s, 1H), 4.32 – 4.24 (m, 1H), 4.10 (dd, J = 8.6, 4.3 Hz, 1H), 0.98 (s, 3H), 0.85 (s, 3H) ppm and further 
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signals could not be discerned; mixture: IR (neat) ṽmax = 2931, 2875, 1727, 1713, 1458, 1382, 1324, 

1259, 1162, 1123, 1103, 1068, 1021, 921, 846, 801 cm-1; HRMS (ESI+) calcd. for C25H37O4
+ [M+H]+ 

401.2686, found 401.2688; minor diastereoisomer: TLC: Rf = 0.23 (silica gel, hexanes/EtOAc; 80:20); 

D2,3-isomer: 1H NMR (400 MHz, CDCl3) δ 5.47 (s, 1H), 4.16 – 4.04 (m, 2H), 2.77 (q, J = 7.1 Hz, 1H), 

2.69 – 2.56 (m, 2H), 2.45 (dd, J = 18.2, 4.9 Hz, 1H), 2.18 (td, J = 12.3, 5.4 Hz, 1H), 2.07 (t, J = 3.6 Hz, 

1H), 2.05 – 1.94 (m, 3H), 1.77 – 1.67 (m, 3H), 1.65 – 1.58 (m, 1H), 1.56 – 1.45 (m, 3H), 1.33 (s, 6H), 

1.32 – 1.28 (m, 2H), 1.14 (d, J = 6.8 Hz, 3H), 0.94 (s, 3H), 0.91 (s, 3H) ppm; 13C NMR (101 MHz, 

CDCl3) δ 216.2, 209.5, 174.6, 132.0, 123.8, 64.34, 63.06, 61.39, 51.78, 48.94, 44.70, 44.27, 38.02, 37.61, 

33.46, 32.38, 31.89, 27.63, 27.41, 26.21, 23.00, 22.96, 16.77, 13.61, 12.63 ppm; IR (neat) ṽmax = 2937, 

1728, 1458, 1382, 1323, 1256, 1160, 1105, 1058, 1022, 846, 800 cm-1; HRMS (ESI+) calcd. for 

C25H37O4
+ [M+H]+ 401.2686, found 401.2689. 

 

1-((9H-Fluoren-9-yl)methyl) 2-((2,6,6-trimethylcyclohex-2-en-1-yl)methyl) (2S)-pyrrolidine-1,2-

dicarboxylate (216), prepared from N-Fmoc-L-proline geranyl ester (70.6 mg, 149 µmol); produced as 

a 84:16 mixture of inseparable regioisomers (D2,3-216 and D2,7-216) and a 52:48 mixture of 

diastereoisomers; colorless oil (41.5 mg, 87.6 µmol, 59%).  

TLC: Rf = 0.38 (silica gel, hexanes/EtOAc; 80:20); 

D2,3-216: 1H NMR (400 MHz, CDCl3) δ 7.76 (dd, J = 

7.5, 4.9 Hz, 2H), 7.65 – 7.52 (m, 2H), 7.40 (td, J = 7.5, 

3.3 Hz, 2H), 7.31 (tdd, J = 7.5, 2.6, 1.2 Hz, 2H), 5.43 

(br s, 1H), 4.45 – 4.23 (m, 4H), 4.23 – 4.01 (m, 2H), 3.65 (dtt, J = 10.1, 7.9, 5.2 Hz, 1H), 3.54 (dqd, J = 

9.9, 7.1, 6.5, 2.9 Hz, 1H), 2.34 – 2.12 (m, 1H), 2.12 – 1.85 (m, 5H), 1.72 (d, J = 1.8 Hz, 1H), 1.66 (q, J 

= 2.0 Hz, 1H), 1.64 – 1.58 (m, 1H), 1.58 – 1.37 (m, 1H), 1.17 (dtd, J = 13.0, 9.6, 8.8, 6.6 Hz, 1H), 1.00 

– 0.81 (m, 7H) ppm; 13C NMR (101 MHz, CDCl3) δ 172.8, 172.7, 172.6, 155.0, 154.5, 144.3, 144.1, 

143.9, 141.4, 132.2, 132.1, 131.8, 131.7, 127.8, 127.2, 127.2, 125.4, 125.3, 125.2, 123.7, 123.7, 123.5, 

120.1, 67.89, 67.81, 67.59, 64.96, 64.68, 59.65, 59.59, 59.28, 49.03, 48.96, 48.91, 47.41, 47.15, 46.62, 

32.35, 32.22, 31.86, 31.25, 31.19, 30.00, 29.93, 27.61, 27.50, 27.37, 27.29, 27.18, 27.06, 24.52, 23.58, 

23.51, 23.03, 22.99 ppm; D2,7-216: 1H NMR (400 MHz, CDCl3) δ 4.81 (dd, J = 12.4, 7.4 Hz, 1H), 4.65 

– 4.54 (m, 1H) ppm, and further signals could not be discerned; mixture: IR (KBr) ṽmax = 2957, 1740, 

1704, 1451, 1419, 1350, 1176, 758 cm-1; HRMS (ESI+) calcd. for C30H36NO4
+ [M+H]+ 474.2639, found 

474.2639. 
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 (2,6,6-Trimethylcyclohex-2-en-1-yl)methyl N6-((benzyloxy)carbonyl)-N2-(tert-butoxycarbonyl)-

L-lysinate (217), prepared from N2-Boc-N6-Cbz-L-lysine geranyl ester (30.6 mg, 59.2 µmol); produced 

as a 88:12 mixture of inseparable regioisomers (D2,3-217 and D2,7-217); colorless semisolid (23.6 mg, 

45.6 µmol, 77%). 

TLC: Rf = 0.18 (silica gel, hexanes/EtOAc; 

80:20); D2,3-217: 1H NMR (400 MHz, CDCl3) δ 

7.38 – 7.29 (m, 4H), 7.33 – 7.29 (m, 1H), 5.46 (s, 

1H), 5.09 (s, 2H), 5.08 – 5.00 (m, 1H), 4.81 (br s, 

1H), 4.32 – 4.18 (m, 2H), 4.11 (ddd, J = 11.4, 7.5, 3.2 Hz, 1H), 3.18 (d, J = 7.4 Hz, 2H), 2.18 – 2.01 (m, 

1H), 2.01 – 1.93 (m, 2H), 1.78 (br s, 2H), 1.71 (dd, J = 3.6, 1.8 Hz, 3H), 1.68 – 1.47 (m, 3H), 1.43 (s, 

9H), 1.39 – 1.28 (m, 2H), 1.20 (dt, J = 13.7, 4.7 Hz, 1H), 0.93 (d, J = 2.6 Hz, 3H), 0.91 (s, 3H) ppm; 

13C NMR (101 MHz, CDCl3) δ 156.4, 136.6, 131.7, 128.5, 128.1, 128.1, 123.6, 123.5, 66.65, 65.02, 

64.79, 53.26, 48.88, 48.82, 40.73, 32.37, 32.06, 31.99, 31.74, 29.40, 28.33, 27.36, 27.29, 27.19, 22.91, 

22.88, 22.84, 22.37 ppm; D2,3-217: 1H NMR (400 MHz, CDCl3) δ 4.65 (s, 1H), 4.63 (s, 1H), 4.58 (s, 

1H), 4.56 (s, 1H) ppm and further signals could not be discerned; mixture: IR (neat) ṽmax = 3342, 2932, 

1712, 1524, 1250, 1168, 1023, 698 cm-1; HRMS (ESI+) calcd. for C29H44N2O6Na+ [M+Na]+ 539.3091, 

found 539.3102. 

 

 2-(2,6,6-Trimethylcyclohex-2-en-1-yl)acetonitrile (218), prepared from geranyl nitrile (37.0 mg, 227 

µmol); produced as a 55:32:13 mixture of regioisomers (D2,3-218, D1,2-218, and D2,7-218); yellow oil 

(33.3 mg, 204 µmol, 90%). 

TLC: Rf = 0.33 (silica gel, hexanes/EtOAc; 95:5) [CAM]; 

D2,3-218: 1H NMR (500 MHz, CDCl3) δ 5.50 (t, J = 3.3 Hz, 

1H), 2.45 (dd, J = 17.3, 6.3 Hz, 1H), 2.37 (dd, J = 17.4, 4.6 Hz, 

1H), 1.75 (q, J = 1.9 Hz, 3H), 1.01 (s, 3H), 0.93 (s, 3H) ppm 

and further signals could not be discerned. 13C NMR (75 MHz, CDCl3) δ 132.4, 124.0, 120.2, 46.28, 

32.36, 31.08, 27.82, 27.37, 27.01, 22.77, 17.78 ppm; D2,7-218: 1H NMR (500 MHz, CDCl3) δ 4.95 (s, 

1H), 4.74 (s, 1H), 2.55 (dd, J = 16.7, 4.3 Hz, 1H), 2.09 (dd, J = 7.8, 5.4 Hz, 1H), 0.99 (s, 3H), 0.80 (s, 

3H) ppm and further signals could not be discerned; D1,2-218: 1H NMR (500 MHz, CDCl3) δ 2.98 (s, 

2H), 1.98 (t, J = 6.3 Hz, 2H), 1.70 (s, 3H), 1.04 (s, 6H) ppm and further signals could not be discerned. 

The spectroscopic data are in accordance to those reported in the literature.[144] 
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Diethyl 2-((2,6,6-trimethylcyclohex-2-en-1-yl)methyl)malonate (219), prepared from diethyl 2-

geranyl malonate (44.2 mg, 149 µmol); produced as a 44:23:33 mixture of inseparable regioisomers 

(D2,3-219, D2,7-219, and D1,2-219); colorless oil (38.0 mg, 128 µmol, 86%). 

TLC: Rf = 0.32 (silica gel, hexanes/EtOAc; 

90:10); D2,3-219: 1H NMR (400 MHz, CDCl3) δ 

5.30 (s, 1H), 4.23 – 4.13 (m, 4H), 3.52 (dd, J = 8.8, 

6.6 Hz, 1H), 3.47 (t, J = 7.0 Hz, 1H), 1.68 (q, J = 

1.7 Hz, 3H), 1.30 – 1.23 (m, 6H), 1.13 (dt, J = 13.6, 4.4 Hz, 1H), 0.93 (s, 3H), 0.87 (s, 3H) ppm and 

further signals could not be discerned; D2,7-219: 1H NMR (400 MHz, CDCl3) δ 4.76 (s, 1H), 4.49 (s, 

1H), 3.27 (dd, J = 11.2, 3.4 Hz, 1H), 2.12 (ddd, J = 14.1, 11.2, 3.1 Hz, 1H), 1.71 (dd, J = 12.2, 3.1 Hz, 

1H), 0.86 (s, 3H), 0.82 (s, 3H) ppm and further signals could not be discerned; D1,2-219: 1H NMR (400 

MHz, CDCl3) δ 2.67 (d, J = 7.0 Hz, 2H), 1.50 (s, 3H), 0.92 (s, 6H) ppm and further signals could not be 

discerned; mixture: 13C NMR (75 MHz, CDCl3) δ 170.3, 170.0, 169.9, 169.7, 148.1, 135.9, 134.1, 130.6, 

121.2, 61.45, 61.42, 61.23, 52.89, 52.77, 51.66, 50.55, 46.80, 40.25, 34.94, 33.16, 32.91, 30.96, 30.35, 

28.80, 28.40, 27.53, 27.30, 27.24, 26.21, 23.60, 23.48, 23.13, 20.58, 19.42, 14.29, 14.26, 14.23, 14.19 

ppm.  

The spectroscopic data are in accordance to those reported in the literature.[145] 

 

2-((2,6,6-Trimethylcyclohex-2-en-1-yl)methyl)isoindoline-1,3-dione (220), prepared from N-geranyl 

phtalimide (18.5 mg, 65.4 µmol); produced as a 72:13:15 mixture of inseparable regioisomers (D2,3-220, 

D2,7-220, and D1,2-220); colorless oil (13.4 mg, 47.3 µmol, 72%). 

TLC: Rf = 0.37 (silica gel, hexanes/ EtOAc; 

90:10); D2,3-220: 1H NMR (400 MHz, 

CDCl3) δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 

(dd, J = 5.5, 3.0 Hz, 2H), 5.41 (s, 1H), 3.82 

(dd, J = 14.0, 7.0 Hz, 1H), 3.54 (dd, J = 14.0, 5.9 Hz, 1H), 2.25 (t, J = 6.5 Hz, 1H), 2.10 – 1.96 (m, 2H), 

1.72 (q, J = 1.9 Hz, 3H), 1.65 – 1.55 (m, 1H); 1.26 – 1.17 (m, 1H), 0.96 (s, 3H), 0.89 (s, 3H) ppm; 13C 

NMR (101 MHz, CDCl3) δ 168.8, 134.0, 132.3, 123.3, 123.2, 122.8, 47.29, 40.21, 32.21, 30.40, 27.31, 

26.96, 23.77, 23.20 ppm; D2,7-220: 1H NMR (400 MHz, CDCl3) δ 4.59 (t, J = 2.2 Hz, 1H), 4.41 (t, J = 

2.0 Hz, 1H), 4.00 (dd, J = 13.4, 12.2 Hz, 1H), 3.69 (dd, J = 13.4, 4.6 Hz, 1H) and further signals could 

not be discerned; D1,2-220: 1H NMR (400 MHz, CDCl3) δ 4.39 (s, 2H), 1.81 (s, 3H), 1.04 (s, 3H) ppm 

and further signals could not be discerned; mixture: IR (neat) ṽmax = 2916, 1771, 1713, 1436, 1398, 1353, 

717 cm-1; HRMS (ESI+) calcd. for C18H22NO2
+ [M+H]+ 284.1645, found 284.1646. 
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1,3,3-Trimethyl-2-oxabicyclo[2.2.2]octane (162), prepared from 161 (17.6 mg, 114 µmol); colorless 

liquid (13.5 mg, 87.5 µmol, 77%). 

TLC: Rf = 0.63 (silica gel, hexanes/EtOAc; 95:5); 1H NMR (400 MHz, CDCl3) δ 2.01 (tdd, 

J = 9.1, 3.8, 1.2 Hz, 2H), 1.73 – 1.57 (m, 2H), 1.56 – 1.43 (m, 4H), 1.39 (tq, J = 3.4, 1.2 Hz, 

1H), 1.23 (s, 6H), 1.04 (s, 3H) ppm; 13C NMR (101 MHz, CDCl3) δ 73.76, 69.92, 33.06, 

31.63, 29.02, 27.71, 22.95 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[146] 

 

2,2-Dimethyl-3,4-dihydro-2H-benzo[h]chromene-5,6-dione (221), prepared from lapachol (31.0 mg, 

128 µmol); orange crystals (27.0 mg, 111 µmol, 87%). 

TLC: Rf = 0.20 (silica gel, hexanes/EtOAc; 80:20); 1H NMR (400 MHz, CDCl3) δ 8.04 

(dd, J = 7.6, 1.2 Hz, 1H), 7.80 (dd, J = 7.9, 1.2 Hz, 1H), 7.63 (td, J = 7.6, 1.4 Hz, 1H), 

7.49 (td, J = 7.5, 1.2 Hz, 1H), 2.56 (t, J = 6.7 Hz, 2H), 1.85 (t, J = 6.7 Hz, 2H), 1.46 (s, 

6H) ppm; 13C NMR (101 MHz, CDCl3) δ 180.0, 178.7, 162.2, 134.9, 132.8, 130.8, 130.3, 

128.7, 124.2, 112.9, 79.40, 31.74, 26.89 (2C), 16.29 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[147] 

 

1,1,4a,10b-tetramethyl-1,2,3,4,4a,4b,5,6,10b,11,12,12a-dodecahydrochrysene (225), prepared from 

(E,E)-homofarnesyl benzene (35.2 mg, 119 µmol); colorless oil (24.3 mg, 82.1 µmol, 69%).  

TLC: Rf = 0.56 (silica gel, n-hexane); 1H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 7.5 Hz, 

1H), 7.12 (t, J = 7.5 Hz, 1H), 7.08 – 7.01 (m, 2H), 2.93 (ddd, J = 17.2, 6.6, 1.8 Hz, 1H), 2.86 

– 2.78 (m, 1H), 2.39 (dd, J = 9.5, 3.2 Hz, 1H), 1.85-1.76 (m, 2H), 1.73 – 1.62 (m, 3H), 1.53 – 

1.35 (m, 6H), 1.30 – 1.25 (m, 2H), 1.20 (s, 3H), 0.93 (s, 3H), 0.87 (s, 3H), 0.86 (s, 3H); 

13C NMR (126 MHz, CDCl3) δ 150.6, 135.3, 128.9, 125.8, 125.2, 124.7, 56.40, 55.30, 42.20, 40.71, 

39.95, 38.29, 37.80, 33.48, 33.44, 31.02, 26.31, 21.60, 19.27, 18.76, 18.09, 16.44 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[59]  

 

(2,5,5,8a-Tetramethyl-1,4,4a,5,6,7,8,8a-octahydronaphthalen-1-yl)methyl acetate (226), prepared 

from (E,E)-farnesyl acetate (39.4 mg, 149 µmol); produced as a 65:35 mixture of inseparable 

diastereoisomers at C1; clear oil (25.9 mg, 98.0 µmol, 66%). 
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TLC: Rf = 0.61 (silica gel, hexanes/EtOAc; 90:10); major diastereoisomer: 1H NMR 

(300 MHz, CDCl3) δ 5.52 – 5.42 (m, 1H), 4.24 (dd, J = 11.6, 3.3 Hz, 1H), 4.08 (dd, J = 

11.7, 6.4 Hz, 1H), 2.03 (s, 3H), 2.05 – 1.82 (m, 4H), 1.67 (dt, J = 2.5, 1.4 Hz, 3H), 1.54 

– 1.37 (m, 3H), 1.24 – 1.08 (m, 3H), 0.89 (s, 3H), 0.86 (s, 3H), 0.81 (s, 3H) ppm; minor diastereoisomer: 

1H NMR (300 MHz, CDCl3) δ 5.44 (br s, 1H) ppm and further signals could not be discerned; mixture: 

13C NMR (101 MHz, CDCl3) δ 171.3, 132.7, 123.8, 63.36, 53.52, 50.01, 42.23, 39.70, 36.10, 33.45, 

33.11, 23.75, 22.08, 21.85, 21.40, 18.87, 14.62 ppm.  

The spectroscopic data are in accordance to those reported in the literature.[148]  

 

(2,5,5,8a-Tetramethyl-1,4,4a,5,6,7,8,8a-octahydronaphthalen-1-yl)methyl 3,5-dimethoxybenzoate 

(227), prepared from (E,E)-farnesyl 3,5-dimethoxybenzoate (48.2 mg, 125 µmol); produced as a 65:35 

mixture of inseparable diastereoisomers at C1; clear oil (29.7 mg, 76.8 µmol, 62%).  

TLC: Rf = 0.61 (silica gel, hexanes/EtOAc; 90:10); major diastereoisomer: 

1H NMR (400 MHz, CDCl3) δ 7.17 (d, J = 2.3 Hz, 2H), 6.64 (t, J = 2.4 Hz, 1H), 

5.56 – 5.53 (m, 1H), 4.55 (dd, J = 11.7, 3.4 Hz, 1H), 4.30 (dd, J = 11.7, 6.0 Hz, 

1H), 3.82 (s, 6H), 2.18 (br s, 1H), 2.08 – 1.86 (m, 2H), 1.74 (s, 3H), 1.64 – 1.53 

(m, 2H), 1.52 – 1.38 (m, 3H), 1.25 (q, J = 5.1 Hz, 1H), 1.17 (dd, J = 12.9, 3.9 Hz, 1H), 0.90 (s, 6H), 

0.88 (s, 3H) ppm; minor diastereoisomer: 1H NMR (400 MHz, CDCl3) δ 5.48 (t, J = 7.4 Hz, 1H), 1.00 

(s, 3H) ppm and further signals could not be discerned; 13C NMR (75 MHz, CDCl3) δ 166.5, 160. 8, 

132.6, 132.5, 124.1, 107.3, 105.7, 63.85, 55.68, 53.77, 50.04, 42.23, 39.83, 36.21, 33.48, 33.13, 23.80, 

22.12, 22.05, 18.90, 14.87; IR (KBr) ṽmax = 2926, 1716, 1598, 1459, 1303, 1230, 1157, 1052, 759 cm-1; 

HRMS (ESI+) calcd. for C24H35O4
+ [M+H]+ 387.2530, found 387.2537. 

 

(±)-sclareolide (23), prepared from (E,E)-homofarnesoic acid (31.0 mg, 124 µmol); colorless solid (17.7 

mg combined, 70.7 µmol, 57%); minor 9-epi-sclareolide could not be separated from side products. 

(±)-23: TLC: Rf = 0.44 (silica gel, hexanes/EtOAc; 80:20) [KMnO4]; 1H NMR (300 

MHz, CDCl3) δ 2.41 (dd, J = 16.2, 14.7 Hz, 1H), 2.23 (ddd, J = 16.2, 6.5, 0.6 Hz, 1H), 

2.08 (dt, J = 11.8, 3.3 Hz, 1H), 1.97 (dd, J = 14.7, 6.5 Hz, 1H), 1.88 (ddt, J = 14.0, 4.2, 

2.9 Hz, 1H), 1.75 – 1.62 (m, 2H), 1.51 – 1.35 (m, 4H), 1.33 (d, J = 1.0 Hz, 3H), 1.19 (td, 

J = 13.6, 4.3 Hz, 1H), 1.04 (ddd, J = 13.8, 10.3, 3.3 Hz, 2H), 0.91 (s, 3H), 0.89 (s, 3H), 0.84 (s, 3H) 

ppm; 13C NMR (75 MHz, CDCl3) δ 177.0, 86.52, 59.28, 56.82, 42.33, 39.67, 38.88, 36.22, 33.32, 33.28, 

28.87, 21.72, 21.07, 20.71, 18.24, 15.22 ppm. 

The spectroscopic data are in accordance to those reported in the literature.[149]
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8. NXS, Morpholine and HFIP: The Ideal Combination for Biomimetic 

Haliranium-Induced Polyene Cyclizations[64] 
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IV. Abbreviations 

BDSB   bromo diethylsulfonium bromopentachloro antimonate(V) 

BINOL   1,1’-bi-2-naphthol 

CDSC   chloro diethylsulfonium hexachloroantimonate(V) 

d.r.   diastereomeric ratio 

DBDMH  1,3-dibromo-5,5-dimethylhydantoin 

DCC   N,N’-dicyclohexycarbodiimide 

DCE   1,2-dichloroethane 

DMAPP  dimethylallypyrophosphate 

DMF   N,N-dimethylformamide 

ee   enantiomeric excess  

et al.   et alii 

G3P   glyceraldehyde-3-phosphate 

GPP   geranylpyrophosphate 

HFIP   1,1,1,3,3,3-hexafluoro-2-propanol 

IDPI   imidodiphosphorimidate 

IDSI   (Et2SI)2Cl⋅SbCl6 

ÍL   ionic liquid 

IPP   isoprenylpyrophosphate 

IR   infrared spectroscopy 

MEP   methyleritriol-4-phosphate 

MVA   mevalonate 

MVAPP  mevalonate pyrophosphate 
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NBS   N-bromosucinimide 

NCS   N-chlorosucinimide 

NIS   N-iodosucinimide 

NMR   nuclear magnetic resonance spectroscopy 

PFTB   perfluoro-tert-butanol 

py   pyridine 

quant.   quantitative 

rac   racemic/racemate  

rfx   reflux 

SHC   squalene-hopene cyclase 

TBDPS   tert-butyldiphenylsilyl 

TFA   trifluoroacetic acid 

THF   tetrahydrofuran 

TLC   thin layer chromatography 

tol   toluene 
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