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Abstract 

The aim of this work was the development of a reliable synthetic route towards 

functionalized helicenes, their characterization, chiral resolution and application as 

ligands in supramolecular chemistry. 

Using two different strategies, a series of difunctionalized, racemic helicenes were 

synthesized and largely characterized. These range from racemic penta- to racemic 

heptahelicenes. The first strategy mainly relied on a nucleophilic addition of 

benzaldehydes and proved to be the superior one for the synthesis of penta- and 

heptahelicenes, whereas the second one involving a nucleophilic substitution of 

toluene derivatives was mandatory for the synthesis of hexahelicenes. The strategies 

were modular enough for the synthesis of different congeners. The pre-functionalized 

substrates each carried a methoxy group which guaranteed a late-stage 

functionalization and the introduction of donor atoms in the final step. A simple change 

in substitution pattern gave access to different regioisomers and donor angles. At the 

same time, the methoxy groups increased the solubility of the respective compounds 

in common organic solvents which was crucial for their chiral resolution by 

high-performance liquid chromatography. 

Following the synthesis of the ligands, investigations were made regarding their ability 

to form complexes with different metal ions. Out of the investigated helicenes in this 

work, two bidentate regioisomers based on heptahelicene were able to form 

polynuclear complexes with tetravalent, square planar PdII. A subtle change in donor 

positions had a drastic impact in donor angles which ultimately led to complexes of 

different compositions. A fixed donor angle of 180° in the first ligand L1 made it a 

suitable candidate as a ditopic rod for the construction of a molecular square 

Pd4(dppp)4(L1)4, whereas the variable donor angle in the second ligand L2 facilitated 

the construction of tri- and tetranuclear complexes Pd3(L2)6 und Pd4(L2)8 of different 

architectures, respectively. For each of these structures, a number of stereoisomers 

came on top as the presence of two enantiomers in each experiment resulted in the 

formation of different configurational isomers. Finally, the experiments were reiterated 

with the enantiopure compounds in order to get more insight on the exact processes 

and potential self-sorting phenomena.  
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1 Introduction 
 

The introduction to scientific studies begins in elementary school with the subject of 

mathematics. Mathematics is a field of study that deals with algebra and geometry. 

Regarding the latter, a typical task involves the duplication of geometric figures at the 

same distance from a vertical line using grid paper and a ruler. The student becomes 

familiar with the terms congruency and symmetry. Although their definitions are taught 

at the latest then, the intuitive understanding of them is already deeply rooted long 

before. This is no coincidence, as symmetry plays a fundamental role as a vital element 

in nature. From plants to animals or even human beings, almost no lifeform exists with 

a complete lack thereof. While the most occurring form of symmetry stems from the 

bilaterally symmetrical blueprint for the majority of faunal life, more inconspicuous 

forms like rotational, translational or point symmetry are imprinted more subtly in our 

brains from early on. Just thinking about an animal without any form of symmetry is a 

challenge in itself which speaks volumes about its abundance and importance in our 

world (Figure 1). 

 

Figure 1: Examples of symmetry in nature. Left: Honeycomb (iStock.com/Valengilda); right: peafowl 

(iStock.com/Peter Takacs). 

Its importance is not only reflected in nature, but also in anthropogenic concepts and 

objects. How could it be otherwise? Throughout human history, the first source of 

inspiration has always been nature itself. Be it for aesthetic or functional reasons, 

symmetry has always been an essential building block in engineering, architecture and 

the likes. This culminated in a peak during the renaissance in which scholars like 

Leonardo da Vinci or Albrecht Dürer tried to express perfectionism through both art 

and science. The Vitruvian Man, the archetypical representation of the perfectly 
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proportional human body remains a popular motive frequently reproduced to this day. 

Allegorically, the drawing represents harmony and balance. It depicts a human body 

with outstretched limbs which is encapsulated by a square and a circle (Figure 2). 

Figuratively, all forms of symmetry are cleverly integrated in such a way that the 

observer instinctively assumes that the human body indeed is the epitome of symmetry 

and the center of the cosmos. 

 

Figure 2: Allegory for harmony – the Vitruvian Man (iStock.com/EdnaM). 

At that time, little was known about the existence of atoms and molecules. But even 

on the molecular level not visible to the naked eye, symmetry plays a vital role. Herein, 

symmetry appears in molecules in the form of chirality. The congruency of molecules 

is the determining factor in biological mechanisms which rely on the lock and key 

principle. Like our hands, two mirror-image molecules are similar enough to be 

confusable on the first glance but at the same time so distinct that they can fulfill 

different roles. But while the design of scissors or pencils to fit one specific hand is a 

non-vital design choice, the design of one enantiomer to be active in our body certainly 

is not. It is safe to say that chemistry and chirality go hand in hand.  Almost every 

biologically functional molecule is chiral, meaning that it is not congruent with its mirror 

image. For instance, from an evolutionary standpoint, predominantly L-configurated 

amino acids have prevailed. 

Most commonly, chirality in molecules originates from stereogenic centers like 

asymmetric carbon centers, but chirality is not limited to them. Special cases like axial 
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chirality (e.g. in BINOLs and allenes) or planar chirality (e.g. in paracyclophanes or 

metallocenes) also break the identity of image and mirror image. The same goes for 

structures adopting a helix. The most prominent example is the DNA which consists of 

2 complementary helices. But also far less complex molecules can have an intrinsically 

helical arrangement. As a prototype for helical molecules in the chemical community, 

one specific class has emerged. Incorporating only carbon and hydrogen atoms, 

 

helicenes 

 

are a class of polycyclic aromatic molecules composed of ortho-annulated benzene 

units. From 4 benzene units onwards, the molecule begins to spiral up like a helix. 

Thereby, the spiral can turn left or right. Since both can be referred to as image and 

mirror image, they are a pair of enantiomers, meaning that helicenes are inherently 

chiral. Newman and Lednicer, who did intensive research on them and were the 

eponyms of the term, were also pioneers and influential in their popularity gain in the 

history of helicene chemistry. Among others, they also proposed a nomenclature which 

was quickly accepted in literature and replaced the IUPAC one.[1] In this nomenclature, 

either the amount of benzene units is embedded in squared brackets as numerals or 

the written-out ancient Greek or Latin numbers are placed as a prefix before the word 

“helicene”, e.g. [6]helicene and hexahelicene both refer to the same molecule. 

Regarding the numbering scheme, the innermost carbon atom which is still bound to a 

hydrogen atom, is always considered 1. Then, the molecule is circumvented and the 

counting is continued from the inside to the outside with regard to every C-H unit, until 

the innermost C-H unit from the opposite terminal benzene ring is reached. Carbon 

atoms not attached to a hydrogen atom share the same number with the preceding 

carbon atoms, but have additional lowercase Latin letters as suffixes (Scheme 1). 

Starting the counting at the interior at the same time indirectly underlines the 

significance of these positions. The positions are located in the so-called fjord region 

or bay area and numerous studies have shown that functionalization in there not only 

increases the configurational stability[2,3] but also provides a means to efficiently control 

regio- and stereoselectivity when used as ligands in catalysis.[4,5] For that reason, a 

targeted functionalization in this region can be found in a multitude of publications.[6–8]  
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Scheme 1: Numbering scheme for hexahelicene. 

Initially only a chemical curiosity, the focus of helicene chemistry has been shifted from 

general access to physico-chemical properties and applications. With their chirality 

comes a number of interesting features which led to a significant increase in academic 

studies. Over time, the family of helicenes has expanded considerably and the 

boundaries of definitions became blurrier so that not only parent carbohelicenes may 

be meant when speaking about helicenes. In a broader sense, helicenoides or 

helicene-like molecules are also member of the same species and can be addressed 

as helicenes: These include helicenophanes,[9,10] helquats,[11] double helicenes,[12] 

bihelicenyls[13] etc. (Figure 3). While the sheer number of publications is a strong 

indicator that immense mutual effort has already been put into research, it is 

undeniable that helicene chemistry is still underdeveloped and far from exhausted in 

terms of potential and possibilities. If anything, it should rather be seen as an incentive 

to continue the investigations not only for academic, but also industrial institutions. As 

of now, helicene chemistry is still growing and currently in its heyday: In the context of 

modern application-driven research, they are a “hot topic” due to their broad versatility. 

 

Figure 3: Selection of helicene-like molecules.  
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2 Motivation and tasks 
 

First and foremost, the universal interest in helicenes certainly comes from the fact that 

they are aesthetically pleasing. While that alone is a valid reason and molecules 

sometimes just have to look nice, helicenes offer enormous potential beyond their 

optical beauty. Due to their inherent chirality, helicenes exhibit a lot of optical properties 

which are one the main reasons of contemporary studies. Initial investigations were 

mainly held back by their difficult synthetic access. But with growing synthetic 

techniques, application-oriented research displayed their use in a wide range of 

different fields, exploiting their fascinating rigid, curved and chiral structure. 

To this day, their synthesis still is anything but trivial and competing reports about their 

applications scarce. It is debatable if application-oriented research on helicenes is 

generally in its infancy, but in certain areas, this statement is undoubtedly true. In the 

framework of this study, the objectives can therefore be formulated as follows: Firstly, 

a reliable access has to be established. The synthetic route should be versatile enough 

to enable the synthesis of a wide range of different derivatives. This includes not only 

the synthesis of a target molecule(s), but also its thorough design beforehand and 

characterization afterwards. Once the target molecules are in hand, they should be 

investigated in regard to their possible applications.  

For specific applications it is essential to not have a mixture but only one enantiomer 

in hand. Because of that, a way to separate the racemic mixture needs to be 

established as well which again includes thorough planning and characterization of the 

individual isomers. Out of the possible applications, our group is particularly interested 

in their use as chiral ligands in metallosupramolecular chemistry. Since carbohelicenes 

do not have any coordinating atoms themselves, it is mandatory to attach donor atoms 

like nitrogen or phosphorus at some point in the synthetic route which can then 

coordinate to the metal ions. With the helical backbone, a variety of different 

dissymmetric ligands can be constructed and different binding modes can be achieved. 

This can be regulated by means such as denticity, bond angles or bond lengths. Even 

the backbone itself does not have to stay fixed. Within the homologous series, going 

from lower to higher congeners should have a drastic impact on their structure. 

For one thing, the dihedral angle steadily increases with the number of annulated 

benzene units before it drops in [7]helicene.[14–18] Altering the framework simply 
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provides another way to adjust parameters. Of course, this can also be done by other 

means like substitution pattern, choice of donor atoms or metal ions. If a suitable 

pattern is paired with suitable metal ions, a cavity with strong π-interactions can be 

formed for instance. This can in turn be examined in view of host-guest interactions. In 

general, their coordination behavior can be examined more precisely. This field alone 

is full of unanswered questions. More often than not, the exact principles and 

mechanisms of self-sorting phenomena are unknown since they can depend on so 

many seemingly negligible factors like solvent and temperature. To date, the role of 

helicenes in metallosupramolecular chemistry is uncharted and the exact dynamics 

therein are yet to be explored.  
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3 Synthetic techniques 
 

Looking at a bare helicene from a synthetic point of view, two things immediately stand 

out. First of all, their unique structure is definitely not something a chemist would refer 

to as a “natural” conformation. Ever since the advanced chemistry classes in high 

school, the indoctrination of the planarity of benzene and other aromatic compounds 

according to Hückel’s rule has been an elemental part of the curriculum. Just by 

drawing a few ortho-annulated benzene rings on a piece of paper, the practicability of 

such an arrangement is challenged by no later than 6 units if the aim is not to reach a 

closed ring like in circulenes. 

As a logical consequence, both ends have to avoid each other sooner or later, meaning 

that the molecule spirals up to bypass steric clashes. This leads to involuntary strain 

within the molecule which in turn translates to a higher energy. In order to compensate 

for the additional energy, there needs to be a huge driving force to the unfavorable 

conformation for the synthesis to succeed. 

The second noticeable thing is that carbohelicenes merely consist of two atoms − 

carbons and hydrogens. Even heterohelicenes marginally consist of a negligible 

number of extra atoms. This means that the main strategy to get helicenes is founded 

on C-C bond formation which in itself is non-trivial and constrained by a limited number 

of reactions. This obstacle alone can be seen very distinctly during the slow and 

moderate beginnings in helicene history. Of course, a lot has changed since then, 

comparing the possibilities from the past with today’s is misleading and unequal. The 

upsurge of cross-coupling reactions opened up tremendous possibilities for the buildup 

of C-C bonds, unsurprisingly and rightfully awarded with the Nobel prize to Negishi, 

Heck and Suzuki in 2010. Although undoubtedly powerful synthetic tools, these 

reactions are not a universal panacea. Thus, the preparation of (carbo-) helicenes still 

remains a great task. 

Last but not least, a third reason which can easily be overlooked is the 

functionalization. In the context of this work, the goal is to get building blocks which 

can be employed as ligands in supramolecular complexes. For this to be feasible in 

the first place, donor atoms like nitrogen or phosphorus have to be introduced at some 

point during the synthetic route. Another valid reason to functionalize them is to 

separate the enantiomers. Since two enantiomers always have the same physical 
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properties in an achiral environment, getting the hands on each of them is challenging 

by conventional methods. The isolation of two diastereomers on the other hand is 

certainly doable by routine flash chromatography. For this occasion, converting a pair 

of enantiomers to diastereomers can be beneficial for their separation. For example, 

the usage of camphor sulfonyl chloride as a chiral auxiliary for exactly these kinds of 

purposes has more often than not proven to be proficient, not only for helicenes.[19–24] 

At first glance, functionalization of the signature aromatic framework via electrophilic 

aromatic substitution seems like a no-brainer. But unlike a simple benzene molecule 

which has a finite and manageable amount of reactive positions, the much larger 

helicene framework offers a lot more potential locations for an electrophile to attack. If 

not, SEAr reactions on carbohelicenes figuratively cry out for regioselectivity issues. 

Particularly the crowded bay area is difficult to reach with this method, a location which 

is lucrative due to several factors mentioned earlier. 

Overall, these matters combined make it very clear why there has been an outright 

discrepancy between the formal interest and the actual research of helicenes. Despite 

these challenges, a lot of effort has been put towards getting access to them since their 

discovery. Discussing each strategy would be a journey through the finesse and 

ingenuity of synthetic problem-solving, but likewise go beyond the scope of this work. 

Among the numerous different approaches, three methods particularly stand out due 

to their historic significance and reliability: 

- the photoinduced cyclization 

- the transition metal catalyzed [2 + 2 + 2] cycloisomerization 

- the Diels-Alder reaction. 

In view of the other approaches which will be briefly commented on, these methods 

have prevailed to be the standard for today’s procedures to get to helicenes in a still 

demanding but reliable manner. While the others rather belong to the category “limit 

testing and eagerness to experiment” especially during the earlier days of helicene 

chemistry, the three main strategies have stood the test of time. Still, each of them has 

its own disadvantages, so choosing the right method is dependent on several variables 

not including subjective preference.  
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3.1 Photoinduced cyclization 
 

In photoinduced cyclization reactions, light is utilized as an energy source. Starting 

from 1,2-diarylethylene precursors, in the first step a photochemical excitation induces 

an equilibrium between the trans- and the cis-isomers. Compliant with the Woodward-

Hoffmann rules, the cis-isomer can undergo an intramolecular cyclization via a 

symmetry allowed, conrotatory electrocyclization.[25] This leads to a trans-configurated 

dihydro compound which can be oxidized to the fully aromatic helicene in the 

attendance of air and catalytic amounts of iodine (Mallory reaction).[26] The reaction 

happens from the singlet S1 state, therefore, it is not susceptible to triplet quenchers 

like oxygen.[27] In absence of an oxidizing agent, the unstable dihydro intermediate 

relaxes back to the alkene. The resulting hydrogen iodide can cause a photoinduced 

reduction of double bonds so propylene oxide, cyclohexene or tetrahydrofuran can be 

added as a scavenger.[28]  

Alternatively, an oxidant can be omitted in case of an eliminative photocyclization. 

Here, the arylethylene needs to contain at least one suitable leaving group in the 

corresponding positions. The advantage of this more elegant method is that the already 

mild reaction conditions get even milder since nothing but a light source and a solvent 

are required, but the presence of a leaving group is a vulnerability for the preparation 

of the precursors altogether, most notably if the leaving group is a reactive halide. That 

is why this method is merely convenient for sparsely functionalized carbohelicenes 

(Figure 4). So far, the applicable leaving groups range from halides[29,30] and triflates[31] 

to methoxides.[32] 

 

Figure 4: Selection of carbohelicenes prepared via eliminative photocyclization (newly formed bond in 

red). 

The first report for a photoinduced cyclization towards a helicene has been made by 

Dietz in 1967, both a [4]helicene and a [5]helicene were synthesized.[33] Therein, the 

authors also raised questions regarding the regioselectivity of this reaction: Unless pre-
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occupied by other atoms bar hydrogen, the cyclization can proceed in both ortho-

positions relative to the functionalized positions (Scheme 2). This means that for every 

precursor, at least two regioisomers can be expected. Alongside the 1,3-cyclization of 

β,β′-dinaphthylethylene to the contemplated pentahelicene, their group observed a 1,4- 

and 2,4-cyclization to the respective dibenzophenanthrene. Furthermore, a second 

oxidation of the intermediate [5]helicene towards the achiral benzo[ghi]perylene was 

observed. 

 

Scheme 2: Photoinduced cyclization of β,β′-dinaphthylethylene. 

Being published over 50 years ago, this work highlights key drawbacks of the 

photocyclization which are still major hindrances to this day: The reaction is very prone 

to side products which can be tedious to separate. Beside the intramolecular side 

products, an intermolecular [2 + 2] dimerization of the alkene can occur as well. In 

order to avoid this, high diluting conditions up to 10-4 M are recommended, often in 

carcinogenic solvents like benzene which make the reaction an economic and safety 

concern. Typically, a continuous flow reactor (Figure 5, (c)) is the most practical setup 

for this kind of reaction, although the optimizations of flow rate and time of irradiation 

can be a challenging and protracting task as well. The most common type of 

photoreactors are immersion wells and external chambers (Figure 5, (a) and (b)) due 

to their easy and quick setup. Commonly, commercially available mercury lamps are 

used as a UV-light source which produce a lot of heat, making tools to cool the reaction 

mixture mandatory.[27]  
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Figure 5: Common photoreactor setups; (a) immersion well, (b) external chamber, (c) continuous flow, 

(d) LED-type, (e) electrodeless discharge lamps. Reproduced with permission from John Wiley and 

Sons.[34] 

Remarkably, a lot of research has been conducted on finding the perfect conditions for 

the respective setups: The employment of light-emitting diodes for a more effective 

irradiation,[35] the simultaneous irradiation of the reaction vessel with UV-light and 

microwaves in EDL-reactors enabling photochemistry at higher temperatures 

(Figure 5, (d) and (e))[36] or changing materials of the reaction vessel to exclusively 

concentrate light from specific wave length spans[37,38] only scratch the surface of ideal 

prerequisites and illustrate the popularity of the photochemical pathway among the 

helicene community. 

A famous application of this method was displayed by Fujita et al. in 2015 (Scheme 3). 

Therein, they showcased an elaborate substrate design to attain [16]helicene in a 

single step sextuple oxidative photocyclization, until then the largest congener.[39] The 

precursor consisted solely of four phenylene and three naphthylene units linked by six 

vinylene spacers in a [2]+[1]+[1]+[2]+[1]+[1]+[2] manner, with “[n]” denoting ortho-fused 

benzene subunits and “+” denoting the vinylene linkers. This arrangement was 

selected to keep the precursor design trivial and to minimize the emergence of 

unwanted side products: Primarily, [1]+[1]+[1] and [2]+[2] sequences would always 

involve the formation of [5]helicenes  which can easily oxidize to benzo[ghi]perylene 

(Scheme 2, top),[40] whereas [2]+[1]+[2] sequences are prone to give 

dinaphthanthracenes instead of desired [7]helicene subunits.[41] Therefore, each 
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naphthylene unit had to be separated by two phenylene units. Apart from increasing 

the synthetic aspiration, larger subunits do not necessarily give intended results: 

Despite favorable theoretical calculations, a [6]+[6] precursor did not give [13]helicene 

under any circumstances.[42] Fujita’s precursor was synthesized by a series of Wittig-

olefinations, irradiation over 48 h furnished [16]helicene in a 7 % yield. Their 

sophisticated approach demonstrated a new guideline aiming for higher helicenes. 

 

Scheme 3: Sextuple oxidative photocyclization of [16]helicene (R = TIPS). Adapted with permission 

from John Wiley and Sons.[39] 

In total, the oxidative photocyclization benefits from a wide variety of easily accessible 

substrates. As presented, the stilbene-type precursors can be prepared via Wittig-type 

olefinations or cross-coupling reactions, without the need to control diastereoselectivity 

for cis- and trans-isomers. As long as these reactions can be executed, the 

photocyclization has an exceedingly high functional group tolerance due to its mild 

reaction conditions. This is apparent from the vast number of studies in which helicenes 

containing other main group elements were obtained. These include aza-,[43,44] thio-[45] 

and phosphahelicenes[46] for instance (Figure 6). 

 

Figure 6: Selection of heterocycles prepared via oxidative photocyclization (newly formed bond in 

red). 

As of today, it is hardly surprising that this approach has remained one of the go-to 

choices for the synthesis of helicenes: The ease of the setup coupled with an easy 
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entrance to a large inventory of substrates and mild reaction conditions far outweigh 

the disadvantages in this type of reaction. The minimum requirements are a light 

source and a way to oxidize the dihydro intermediate, substrates can freely be crafted 

in a low number of steps. In all fairness, while the mild reaction conditions are definitely 

a large selling point for this method, it can also be a double-edged sword. In case of 

poor performance of individual reactions, there are fewer variables which can be 

changed compared to reactions with more reactants. 

3.2 Transition metal catalyzed [2 + 2 + 2] cycloisomerization 
 

In principle, the [2 + 2 + 2] cycloaddition of acetylene to benzene is achievable without 

the assistance of a catalyst. Thermodynamically, the symmetry allowed reaction is 

enthalpically favored (𝛥𝐻 = −594 𝑘𝐽 𝑚𝑜𝑙−1).[47] But reality shows that a barrier of about 

170 kJ/mol needs to be overcome with temperatures well above 400 °C for the 

cyclization to occur, attributed to the structural reorganization and entropic penalty. 

With moderate yields and a bunch of side reactions, this exact approach was de facto 

useless.[48–50] 

In 1948, Reppe’s discovery of a nickel-catalyzed version of the very same reaction 

kick-started a renaissance on the alkyne trimerization.[51] Changing the narrative from 

an initially inefficient reaction with little to no practical relevance, the reaction has now 

become a powerful and reliable tool, flourishing with the help of a myriad of various 

metals overcoming the kinetic and entropic barriers. By now, over 15 metals have been 

employed in this reaction: Co, Ni, Ru, Pd, Rh, Ti, Ta, Nb or Ir are most commonly used; 

but also Fe, Zr or Cr have been shown to be capable of mediating the reaction.[47,52,53] 

Owing to its high versatility and functional group tolerance, the [2 + 2 + 2] cycloaddition 

warrants the entry to complex, highly functionalized (hetero-) cycles consisting of 

unsaturated compounds like alkynes, alkenes, allenes, nitriles, imines, aldehydes, 

ketones, isocyanates and the like.[47,52–58] The enormous versatility is further amplified 

by a sheer endless amount of variable ligands attached to the metals. Varying different 

metal/ligand combinations, chemo-, regio- and enantioselectivity problems can be 

addressed all at the same time. The reaction also profits from perfect atom-economy, 

high efficiency and comparably mild reaction conditions, making it in almost no way 

inferior to the photocyclization.  
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Because of that, it is no wonder that the transition metal catalyzed [2 + 2 + 2] 

cycloisomerization has quickly emerged as a competitive rival to the 

photoisomerization in the context of helicene chemistry as well. Generally, there are 

many approaches leading to helical structures in literature, but the intramolecular 

adaption is probably the most prominent one as it solves kinetic and regioselective 

concerns collectively (Scheme 4).[57,59–64] The aromatic triynes required in this take are 

mainly obtained via Sonogashira couplings, although the synthetic effort can be 

substantially higher for more sophisticated systems. The construction of three cycles 

in a single operation allows for a rapid enlargement of the helical structure if the 

concept is scaled up to a multiple cyclization within the same molecule. Using the 

intramolecular cyclization, an oxa[19]helicene was synthesized by a simultaneous 

evolution of 12 cycles.[65] On the other hand, the impressive intermolecular cyclization 

to a [23]helicene proves that this variant is also viable if symmetric considerations 

prevent the appearance of regioisomers.[62] Despite the buildup of a highly constrained 

architecture, calculations on a DFT level of theory revealed that this reaction is still a 

highly exergonic process, although the energy gain can fluctuate heavily depending on 

the substrates.[63,66] 

 

Scheme 4: General scheme of an intramolecular [2 + 2 + 2] cycloisomerization. 

The mechanism of the reaction is not unambiguously clear, it relies on the metal 

catalyst as well as the substrates.[67,68] For late transition metals (CoI, Ni0, RhI), 

generally the following mechanism is accepted (Scheme 5): In the first step, two alkyne 

units coordinate to the metal center to form π-complex A. Then, an oxidative addition 

takes place, resulting in metallacyclopentadiene B. After complexation of the remaining 

alkyne moiety to π-complex C, either the ring is expanded to metallacycloheptatriene 

D, or an intramolecular Diels-Alder reaction delivers metallanorbornadiene E. Either 

way, a reductive elimination in the last step yields the desired product F. In this step, 

the catalyst also gets regenerated and can re-enter the catalytic cycle.[68] 
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Scheme 5: Proposed mechanism of the intramolecular [2 + 2 + 2] cycloisomerization of triynes. 

Even though the substrates are obtainable by conventional aromatic reactions, the 

vinyl groups (Scheme 4, blue) need to be kept in mind. Unlike in the photoinduced 

cyclization, they have to adopt a cis-configuration, otherwise the [2 + 2 + 2] cyclization 

cannot proceed. These cis,cis-dienetriyne motifs are difficult to achieve and only stable 

to a limited extent, so keeping the blue bonds saturated is the most common strategy. 

But if the system is not entirely unsaturated, a tetrahydrohelicene is formed which has 

to be oxidized to the fully aromatic helicene. This can be done with oxidizing agents 

like manganese dioxide,[69] DDQ[70–73] or trityl cations.[63,73–75] The group of Starý and 

Stará developed two alternative ways to solve this issue. If the saturated tether bears 

an oxygen-containing group like an acetoxy or methoxymethyl ether group, the 

corresponding tetrahydrohelicene derivative can be oxidized by an acid-assisted 

elimination (Scheme 6).[42,76–78]  
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Scheme 6: Acid-assisted aromatization by elimination (R = Ac, MOM). 

Also ingenious is the disguise of the rather labile cis,cis-dienetriynes as 

ortho-phenylenes, increasing their stability and fixing them in the cis-configuration 

(Scheme 7).[79,80] 

 

Scheme 7: Cis,cis-dienetriynes disguised as phenylenes (cis-dienes marked in red). 

In sum, these methods have also been used to synthesize more complicated 

molecules like oxa-,[65,81,82] sila-[83,84] and pyridohelicenes.[69,77] 

Like previously, the advantages can also be interpreted as downsides. Generally, there 

is no universal catalyst for the [2 + 2 + 2] cyclization as it depends on many factors. 

Even if the selection is narrowed down to the most employed metals (Ni, Co, Rh), there 

is still a myriad of ligands to choose from.[85] As diverse as the reaction can be, the 

agony of choice can be overwhelming. Many catalysts, especially those based on Ni0, 

can oxidize to inactive species which makes working under inert gas obligatory. 

Air-stable catalysts based on CoI have been reported by Hapke and coworkers, but in 

contrast to nickel-analogues which often work under room temperature, they need 

higher temperatures and microwave irradiation for better performances.[86,87] 

Moreover, the same side reactions as in the photoinduced method can emerge: 

Basically, this method is actually further exposed to polymerization as any unsaturated 

bond within the precursor is a potential weakness, with the terminal alkynes being the 

most susceptible. To be fair, these trimerizations are less likely than the photoinduced 
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dimerization because the entropic penalty would be way higher, but a cis,cis-

dienetriynes for illustration has 5 times more reactive sides than a stilbene in their 

respective reactions. Additionally, while a catalyst in theory cannot turn inactive just 

like a light source, this is not always the case in reality. Occasionally, a 

cobaltacyclopentadiene (Scheme 5, C) forms a cobaltacyclobutadiene via reductive 

elimination which is barely reactive and can be isolated.[88] For RhI, Tanaka et al. 

observed an unprecedented [2 + 1 + 2 + 1] cycloaddition via a C≡C triple bond 

cleavage as a side reaction.[89,90] Indicated before, building a triyne framework from 

scratch is not as plain as a series of Wittig olefinations. As regio- and chemoselectivity 

are a minor hurdle for the key cyclization, that is not true for the buildup of the 

substrates. Usually, it makes the most sense to start from halogenated arenes which 

themselves are not always commercially available or easy to synthesize. On top of 

that, three alkynes have to be introduced in non-arbitrary positions so that the order of 

the reaction sequences can be crucial. The synthetic route demands cautious, 

preliminary planning because there are more competing reactions/reaction sides. It is 

most reasonable to install the central alkyne first via Sonogashira coupling, but even 

here a Glaser coupling can hamper the construction of the diarylacetylene fragment. 

Nonetheless, the benefits also far outweigh the drawbacks of the [2 + 2 + 2] 

cycloaddition. The versatility cannot be understated. The reaction can infinitely be 

tailored to the own appeal so that every problem can be tackled individually. As 

opposed to the photoinduction, the metal catalyzed version can be up-scaled to 

multigram-dimensions easier since the diluting solvent plays no major role, does not 

suffer from arbitrary regioselectivity and can be carried out enantio- and 

diastereoselectively by utilization of chiral ligands. The broad functional group 

tolerance permits a modular synthetic route and the generation of three concurrent 

rings is not to be underestimated.  



 

18 
 

3.3 Diels-Alder reaction 
 

Also being a pericyclic reaction, the Diels-Alder reaction is certainly predestined for the 

formation of structures composed of 6-membered rings. Due to this, investigations 

regarding helicene synthesis have been made long before the well-established 

photocyclization, but it took the reaction over half a century to gain serious attention in 

the helicene community.[91,92] Originally accompanied with pediatric diseases like harsh 

reaction conditions, low yields and poor atom economy, it is evident why this method 

was deterred from. Solely with the optimization of reaction conditions to increase the 

yields by the group of Katz, it became a staple in the synthetic repertoire. Their 

approach involved a double [4+2] cycloaddition of 1,4-divinylbenzene and 

1,4-benzoquinone leading to a [5]helicene derivative with two quinone units at the 

periphery (Scheme 8), soon after they acquired a [6]helicenebisquinone with the same 

method.[93,94]  

 

Scheme 8: Diels-Alder reaction to [5]helicenebisquinone. 

This method has also been employed to form cycles other than the external ones, but 

it was always mandatory to have certain functional groups present in the substrates to 

make these methods word which therefore were also found in the product. On paper, 

it is possible to specifically target non-functionalized carbohelicenes, but only with 

inconvenient detours. The usage of benzyne generated in situ as a dienophile by Minuti 

et al. (Scheme 9) to gain [5]helicene clearly exposes the weakness of the Diels-Alder 

reaction: The substrate scope is constricted by the demands of diene and 

dienophile.[95] For the reaction to proceed smoothly, the constellation of an electron-rich 

diene and an electron-poor dienophile (or vice versa) has to be attained by 

electron-donating and -withdrawing groups. These can rarely be cleaved off from the 

final helicene so that the amount of potential substrate and product candidates is 

confined all at once.  
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Scheme 9: Diels-Alder with aryne as dienophile. 

Because of that, this procedure is primarily viable for the synthesis of quinones. A 

strong argument for this class of helicene derivatives can be made due to two reasons: 

Firstly, they are interesting compounds themselves. Helical quinones are prone to 

assemble in columnar structures by π-stacking which has been exploited to create 

high-quality Langmuir-Blodgett films.[96] Secondly, they can easily be converted to 

hydroquinones via the Russig-Laatsch reaction.[97,98] The alcohol functions can then 

be altered according to one’s needs. Of course, this method always entails a bilateral 

hydroxylation which has to be accounted for. But if the quinones are implemented as 

the exterior cycles, this gives entry to the bay area which is the bulkiest region within 

the molecule and difficult to access.  

Another selling point is the fact that the Diels-Alder reaction can also be modified for 

enantio- and diastereoselective purposes. The disuse of catalysts and ligands requires 

more creative sources (chiral auxiliaries or substrate control) for the chiral information 

which are often more challenging to plan into the synthesis and restricting for the 

substrate scope in general, but in terms of enantiomeric excesses, they can match the 

employment of chiral ligands in the asymmetric [2 + 2 + 2] cycloisomerization. 

Despite the fact that the Diels-Alder reaction is an obvious choice for the formation of 

6-membered rings, publications so far have more or less used the same strategies 

over and over again. Declaring it as underdeveloped would not be a huge 

understatement, further research is therefore a vital necessity. 
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3.4 Miscellaneous approaches 
 

Apart from the three main methods, numerous entries have been added to the 

synthetic portfolio of helicenes. These include pinacol couplings,[99,100] McMurry 

couplings,[101,102] ring-closing metathesis or other metal catalyzed non-[2 + 2 + 2] 

cyclizations,[103,104] radical cyclizations,[105,106] Friedel-Crafts-type cyclizations[107,108] 

and many more.[109–112] Worth mentioning is the Scholl reaction which is predominant 

in the field of chiral nanographenes.[113–117] Admittedly niche, a selected report is an 

oxy-Cope rearrangement by Karikomi (Scheme 10). Addition of a phenanthrene unit 

onto a bicyclo[2.2.2]ketone was followed by a 3-oxy-Cope rearrangement after 

treatment with KHMDS and 18-crown-6. The resulting partly saturated pentahelicene 

skeleton was turned to 2-acetoxypentahelicene in 4 steps.[118] 

 

Scheme 10: Synthesis of 2-acetoxy[5]helicene involving oxy-Cope rearrangement. 

All these examples have their own pros and cons. As a matter of fact, some are on par 

with the state-of the art methods. On the other side, some could never gain a foothold 

due to being special edge scenarios. Still, each one displays the marvelous devoted 

effort giving today’s plethora of options. 
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3.5 Retrosynthetic analysis 
 

In this section, the three main strategies have to be revisited for the retrosynthetic 

analysis since the synthetic route heavily relies on the key closing of the helicene. 

Before this decision can be made, major issues briefly mentioned above have to be 

addressed first. In the end, the aim is to get functionalized helicenes, so these two 

questions should be asked in the exact same order: 

A) How and with which groups should the functionalization be carried out? 

B) Which method serves best for the purposes of A)? 

The derivatization of carbohelicenes has caused trouble ever since their discovery. The 

exclusive existence of sp2-hybridized carbons offers just about so many possibilities 

anybody can work with. Naturally, the aromatic scaffold is perfectly suitable for 

aromatic reactions like electrophilic and nucleophilic aromatic substitutions, but the 

presence of a range of electronically similar positions in which the substitutions can 

take place is unsettling. Nonetheless, some studies suggest that these reactions can 

still be conducted regioselectively. Presumably the most typical and prevalent 

electrophile is bromine which is a potent functional group for further derivatization. Usui 

et al. demonstrated a bromination at C-6 in a [5]helicene,[24] likewise the same was 

achieved with a resemblant [6]helicene (Scheme 11).[119]  

 

Scheme 11: Bromination of methoxyhelicenes targeting C-6.  

The electrophilic aromatic substitution of a benzo[5]helicene[120] (Scheme 12, left) and 

an aza[7]helicene (Scheme 12, right)[121] provided the corresponding derivatives 

brominated at C-5. These instances prove that a selective electrophilic substitution is 

conceivable in principle, albeit only if directing groups already exist. In contrast, 

bromination without directing groups is not feasible and underdeveloped.[122] Other 

publications about derivatization of bare carbohelicenes are scarce and have so far 

been accomplished by two methods: oxidation and C-H activation.   
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Scheme 12: Bromination of benzo- and azahelicenes targeting C-5. 

Targeting C-5 and C-6, Laarhoven and coworkers illustrated an oxidation of [6]helicene 

with CrVI in acetic acid to the ortho-quinone in 70 % yield (Scheme 13).[123] Being 

valuable compounds, this method has been extensively worked on, but meaningful 

results were continuing to be bound to directing groups.[24,78,119] 

 

Scheme 13: Oxidation of [6]helicene to 5,6-diketo[6]helicene. 

One instance of a C-H activation was given by the group of Nečas. A straightforward 

borylation of [4]helicene led to the pinacol esters at positions 2 and 3 and a combined 

yield of 74 %.[124] The same procedure for [5]helicene yielded 89 % of the 

corresponding regioisomers (Scheme 14).[125] Their reaction screening specifically 

aimed for the monoborylated products, but after observation of the remaining 

chromatographic fractions, they concluded that the symmetric bisborylated species 

could also be optimized for. 

 

Scheme 14: Selective borylation of [5]helicene. 

Other publications on C-H activation exhibited interesting features, but likewise the 

same flaw in requiring directing groups.[126] To date, late-state modification is lackluster 

because it is not universally applicable. Its unpredictability makes it an analytic 
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nightmare and the lucrative position 1 is not accessible with any of the examples given 

so far. Therefore, starting from pre-functionalized building blocks seems more 

promising. As long as an appropriate group is chosen, every location can be targeted 

and (almost) every functionality can be introduced. The single limiting factor is that they 

must survive all the reactions leading to the helicene which is, to put it lightly, still 

difficult, but in the long run the most optimal choice.  

With this in mind, the Diels-Alder approach can be ruled out. Granted that C-1 is 

accessible through the quinones, at the same time C-4 is functionalized by doing so 

which is not always desirable. In addition, the demands for diene and dienophile can 

make things too convoluted and helicenes higher than [5] are unexplored with this 

method. 

Between the remaining 2 reactions in question, it is more difficult to determine a winner. 

Each of them has its own strengths and weaknesses which can also be antithetical 

à la one man’s joy is another man’s sorrow: The ease of the photochemical procedure 

can be construed as lacking flexibility, the flexibility of the [2 + 2 + 2] cycloaddition can 

be seen as extra effort. Both allow an incorporation of many functional groups and offer 

enormous potential in terms of modularity and performance: Practically, every location 

including the cramped inner territory can be aimed for and a multitude of publications 

in these fields support their eligibility. Examining and comparing them objectively would 

probably not be expedient since, depending on who is asked, both are jack-of-all-

trades in their own way. And rightfully so, each has their own place within the helicene 

community. 

Eventually, it can be narrowed down to personal concerns. Considering the scope of 

this work, the [2 + 2 + 2] cycloisomerization is chosen since the opportunities this 

method provides are valued higher than the convenient setup (which can be 

deceptively inconvenient). The regio-, chemo- and stereocontrol alongside the vast 

versatility of metal/ligand-pairings are unmatched and the capability to scale the 

capacities up is greatly appreciated in the laboratory.  

As the metal catalyzed [2 + 2 + 2] cycloaddition of not fully saturated triyne 3 does not 

necessarily lead to the fully aromatized helicene 1 (Scheme 15), the oxidation of the 

tetrahydrohelicene 2 needs to be dealt with. The synthesis of cis,cis-dienetriynes is 

conceptually interesting, but too specific for a general approach and can be ruled out. 
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The acid-mediated aromatization pioneered by the group of Starý and Stará introduces 

an oxygen atom to the system which simplifies the synthesis since it opens up the 

gateway to carbonyl chemistry.[76,77] Alternatively, a conventional aromatization with 

oxidizing agents like DDQ is completely viable, too. 

 

Scheme 15: Retrosynthetic oxidation and [2 + 2 + 2] cycloisomerization of [5]helicene 1 (X = desired 

functionality; R = OAc, H). 

To maximize the effectivity, it is best to install the internal alkyne of triyne 3 in the last 

step from a retrosynthetic perspective. This ensures the retainment of the C2 symmetry 

for the longest amount of time which essentially bisects the number of total reactions. 

This way, playing out the oxidative scenario involving mild acids, both acetates in 4 can 

be generated from hydroxy functions (Scheme 16). These in turn can be unlocked by 

the aldehydes/ketones through a formal reduction which comes in handy because the 

immediate implementation of alcohols is challenging. From here on, the retrosynthetic 

route can be branched out to multiple ways. Aromatic ketone 6 can be attained by 

Friedel-Crafts acylation of 8 with the respective acyl chloride bearing the terminal 

alkyne, but the regioselectivity relies on the desired groups attached on the pre-

functionalized benzene core.  

Starting from the right regioisomer of a benzaldehyde core 7, a nucleophilic addition of 

an organometallic C-nucleophile on the carbonyl function would omit the conventional 

reduction with reducing agents and lead directly to the alcohol 5. Presented by the 

group of Starý and Stará, a Barbier reaction with propargylic nucleophiles stemming 

from either magnesium, lithium or gallium created the corresponding alkynes in good 

to excellent yields. The acquirement of aza- and halogenated helicenes from pre-

functionalized starting materials in this manner evidently showcases the proof of 

concept.[77]   
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Scheme 16: Retrosynthesis for triyne 4 (X = desired functionality). 

In the scenario without oxygen-based substituents, the alkylation of the terminal 

alkynes is also imaginable via Friedel-Crafts alkylation, but a Wagner-Meerwein 

rearrangement would prevent a simple alkylation. Likewise, a bypass via the Friedel-

Crafts acylation and a subsequent Wolff-Kishner or Clemmensen reduction of 6 

(Scheme 17) would be questionable at best because it effectively would be equal to 

route A. Admittedly, the route is thereby reduced by 1 step (acylation of hydroxides), 

but trading a fool-proof oxidation with fewer steps might not be the most lucrative deal. 

Perhaps a more elegant method is the generation of triyne 10 from benzylic (pseudo-) 

halide 9. A nucleophilic substitution in this reactive position by the means of Grignard 

compounds or lithiated reagents evades regioselectivity problems and the workup of 

aldehydes and alcohols which can sometimes be worrisome. The terminal alkynes may 

have to be protected ad hoc with silyl groups to increase the stability and selectivity. 

They should not interfere with any reactions and can readily be cleaved off with the 

addition of fluorides at every stage during the entire route, even after the formation of 

the helicene.  
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Scheme 17: Retrosynthesis for triyne 10 (X = desired functionality, R = I, Br, Cl, etc.). 

The bridging alkyne moiety can be established by a cascade of Sonogashira 

cross-couplings of silyl-protected acetylene and the respective aryl halide 12 

(Scheme 18). If the two benzene cores are identical, the C2 symmetry of the targeted 

diphenylacetylene permits a two-fold Sonogashira coupling with gaseous acetylene or 

an in situ deprotection. 

 

Scheme 18: Retrosynthesis for diphenylacetylene 8 (X = desired functionality). 

Regarding the desired functionality X, using heteroaromatics and non-customizable, 

completed functionalities can be risky due to the unpredictable behavior of individual 

cases and diminishes the diversity of the strategy. It is smarter to keep all the 

opportunities until the end and delay their presence for the longest time possible, i.e. 

X itself should optimally be a versatile reactive center. Deductively, the usage of 

chemically inert groups, which can be turned to reactive ones after the [2 + 2 + 2] 

cycloisomerization, is the most sensible choice. This guarantees the success of all the 

previous steps leading up to the helicene. After the construction of the helix, when all 

that is left are carbon and hydrogen atoms, harsher conditions can be applied to alter 

them. Determining the right functional group is crucial for the course of the route since 

it is grounded on the utilization of pre-functionalized components. Reactive groups like 

halides and boronic acids can pre-emptively be omitted since they would compete with 
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the incipient halide in 12. Exploiting different reaction rates between iodides and 

bromides can be serviceable, but is not ideal. On the contrary, hydroxy functions can 

be turned to pseudo halides in a single step and will not hinder a selective cross-

coupling reaction. To suppress their nucleophilicity, they can be masked as alkoxides 

which can also be a lever to enhance the solubility. Alkoxides are inert enough for all 

the procedures described above and can be cleaved under acidic conditions. The 

underlying alcohol can be esterified to triflates which opens various doorways to the 

final ligand.  

 

Scheme 19: Schematic synthesis of [n]helicene (n = 5, 6, 7, 8, 9). 

No matter where the alkoxy groups are located, since the starting benzene unit 

ultimately ends up being the outer ring in the helicene, the methoxy groups are always 

at the rim, too. With this method, the bay positions 1−4 are secured. Whereas strictly 

starting from benzene blocks generates pentahelicenes exclusively, their application is 

not compulsory: The application of annulated starting materials should also be feasible 

by this method, they can even be mixed (which would break the C2 symmetry up until 

the cyclization). Accordingly, when pre-functionalized naphthalenes and 

phenanthrenes are part of the building blocks, higher derivatives ranging from hexa- to 

nonahelicenes can be crafted (Scheme 19).  



 

28 
 

4 Helicene formation – setting up the scaffold 
 

4.1 [5]Helicene 
 

For the time being, it is sufficient to start humbly with the lowest helicene to keep the 

synthesis as trivial as possible. Later on, the accumulated experience and information 

can be used to extend the strategy to higher homologues. Although [4]helicene is the 

first congener within the series of ortho-annulated benzene rings which is non-planar 

in its lowest energy conformation, the dihedral angle of 26° between the terminal 

benzene rings only accounts for a racemization barrier of 3−7 kcal/mol.[127] While this 

barrier can be raised with bulky substituents, a more than triple time elevation needs 

to be achieved for the helicene to not racemize under ambient temperature. But if one 

more benzene unit is attached, the landscape changes dramatically: In comparison 

with its predecessor, the torsion angle in [5]helicene is multiplied by one and a half to 

46° and the threshold to form the other enantiomer is multiplied by more than three to 

about 23 kcal/mol.[14,128] The distinct enantiostability therefore qualifies [5]helicenes for 

a synthetic first target. The starting materials – phenyl halides – are commercially 

omnipresent and easier to manage in relation to condensated representatives like 

naphthalenes. 

2,13-Difunctionalized [5]helicene 
 

At the core of the retrosynthetic chapter leading to the diarylacetylene fragment, 

primarily two pathways came out on top: 

- The nucleophilic addition of benzaldehydes (Scheme 16) 

- The nucleophilic substitution of toluenes (Scheme 17) 

In case of failure, it is always better to be ahead of schedule and have a fallback option 

beforehand. For the synthesis of the first helicene of this work, both pathways will be 

tested to get a better grasp in terms of reaction procedures, performance and workups 

for future applications. 

The pathway of the nucleophilic addition started with a Pd-catalyzed Sonogashira 

coupling of commercially available 2-bromo-4-methoxybenzaldehyde 13 and 

trimethylsilylacetylene after a procedure adapted from Liu and Li.[129] After purification 
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by column chromatography, aldehyde 14 was isolated in 83 % yield (Scheme 20). The 

good performance of this reaction was pleasant because it established its conditions 

as a standard instruction for future Sonogashira couplings. 

 

Scheme 20: Sonogashira coupling of 13. 

To arrange the other half of the internal alkyne for a subsequent cross-coupling 

reaction, it had to be deprotected first. As the most labile protecting group amid the silyl 

protecting groups, the trimethylsilyl group was cleaved under basic conditions, giving 

terminal alkyne 15 in almost quantitative yield (Scheme 21). 

 

Scheme 21: Deprotection of 14. 

The following Sonogashira coupling was carried out under identical conditions 

(Scheme 22). Unfortunately, the same outcome could not be duplicated. 

 

Scheme 22: Sonogashira coupling of 15 with 13.  
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The reaction was traced by TLC. Compared to the former Sonogashira cross-coupling, 

a slight amount of the starting material remained unaffected, even after increase of 

catalyst load and reaction time. Due to the tailing nature of aldehydes, the purification 

was accompanied with a sizeable loss of product material. In conjunction, a drop of 

approximately 25 % in yield was observed. Tolan derivative 16 was isolated in 62 % 

yield. 

Taken together, the buildup of the dialdehyde scaffold was achieved in three steps with 

an overall yield of 48 %, making it a solid route especially for more complex structures. 

But since molecule 16 has a C2 axis, the route can conceivably be shortened by 2 

steps if a two-fold Sonogashira cross-coupling is done. To establish such a protocol for 

symmetric derivatives, this time 16 was targeted in a one-pot double reaction 

(Scheme 23). In a worst-case scenario, only one end would react with 13 which would 

at least lead to 15. As a whole, this would render the deprotection of 14 redundant and 

still decrease the route by 1 step. 

 

Scheme 23: Two-fold Sonogashira coupling of 13. 

Replacing TMS-acetylene with its unprotected congener was also a transition from a 

liquid to a gas. Working with gases can be tricky (and dangerous) because the internal 

pressure, influx and equivalents cannot freely be adjusted, a laboratory compromise is 

the alienation of balloons to one’s own favor. Under the same conditions as the earlier 

reaction, 16 was treated with gaseous acetylene. After TLC-control, nearly the same 

observations were made: No total conversion was observed and the workup process 

was roughly identical as well. In fact, the same was true for the yield: In a single step, 

symmetric 16 was obtained in 46 % yield. While the initial route is obligatory for 

non-symmetric molecules, the second variant is a better choice for symmetric ones. 

Without hesitation, cutting off two percentage points for two reaction steps is a tradeoff 
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everyone is willing to take. Presumably, an even higher cut for reactions with other 

substrates would still be a nice tradeoff worth considering. In any case, the bottleneck 

of this reaction was the workup of the dialdehyde which caused the high material 

deficit. A workaround could be a temporary modification of the aldehyde functions: For 

instance, acetals could be introduced with ethylene glycol which could easily be 

removed under acidic conditions. Of course, this accounts for two more reactions and 

effectively would only postpone the issue. 

The next step according to the strategy is the nucleophilic addition of an organometallic 

alkyne. Several metals are eligible for this, earlier works by Starý and Stará highlighted 

magnesium, lithium, gallium and zinc as the most promising candidates.[77,130] In their 

studies, the indium-catalyzed organogallium addition exhibited the highest yields, but 

the unusually employed metals are debatable in two ways. Firstly, accentuated in a 

publication by Lee, a homoallenylation alongside the propargylation can take place 

depending on the attached residues of the propargyl bromide (Scheme 24).[131] 

 

Scheme 24: Allenylation and propargylation of carbonyl compounds. 

Secondly, in virtue of their rare natural occurrence in the Earth’s crust, they are 

comparably expensive. Since the marginally higher yields are in no way proportional 

to the costs, alternative options were pursued.  

Organolithium compounds are the most potent reagents and do not necessarily require 

a halide because they can be formed in situ by deprotonation. In this case, the alkyne 

always has to be shielded by protecting groups which in turns adds at least one more 

reaction to the total balance. Otherwise, the propargylic proton would never be 

abstracted first. Organolithiums are costlier to manufacture than other organometallic 

reagents because the molar ratio of metal to organohalide is always twice as much 

(Scheme 25). Also, lithiated compounds have to be handled carefully, particularly 

tert-BuLi is known for its spontaneous ignition on exposure to air. It is known that their 

aggregation can be manipulated by means of solvent and temperature in effort to 
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augment their reactivity: Prepackaged tert-BuLi is usually dissolved in hydrocarbons. 

In n-hexane, it exists as a tetramer,[132] but in coordinating Lewis bases, the 

aggregation number can go down to 1 (dimer in Et2O,[133–135] monomer in THF at 

<−100 °C[136]) which has a drastic impact on the reactivity. 

 

Scheme 25: Commercial preparation of alkyllithiums.  

Mandatorily working at low temperatures is a handicap for a universal strategy because 

it can negatively affect solubility and reaction time. Besides, a high potency does not 

always translate to outstanding results: Despite their high reactivity, carbanions based 

on lithium displayed moderate performance during the addition of 

2,2′-ethynylenedibenzaldehyde.[77]  

Unlike lithium, zinc is abundant and cheap and its lower reactivity is beneficial for a 

selective addition to the dialdehyde. Organozinc reagents are not sensitive to air and 

thus do not have to be treated under Schlenk conditions, they are not pyrophoric and 

several publications demonstrated that the reactions using organozinc compounds can 

even run in water.[137–139] 

 

Scheme 26: Nucleophilic addition of 16. 

Carrying on, aldehyde 16 was thus treated with propargyl bromide and zinc at room 

temperature (Scheme 26). After 24 hours, TLC-control showed no complete 

conversion. The procedures by Starý and Stará comprise a one-step propargylation 

and acylation in the same reaction vessel, but treating 16 with the same reactants did 

not lead to a replication of their work. The reaction mixture was subjected to flash 
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chromatography on silica gel, but a meaningful purification of diol 17 could not be 

achieved. In an attempt to counteract the tailing of the hydroxy groups with small 

amounts of triethylamine, a second try was carried out. The diol still could not 

completely be isolated and had some minor impurities presumably stemming from 

un- and mono-reacted species, nevertheless it was used for the subsequent reaction 

without further purification. Theoretically, 17 can already undergo the [2 + 2 + 2] 

cycloisomerization, but the extraction of the hydroxy functions would be problematic. 

Opposed to an acylation of triynes in triethylamine done by Starý and Stará, the solvent 

was changed to pyridine for a better solubility. With 4-dimethylaminopyridine as a 

nucleophilic catalyst, the acetylation proceeded smoothly. The change from an alcohol 

to an ester eliminated any worries during the workup. This was apparent by the 

circumstance that even the diastereomers could be isolated at this stage, the TLC 

revealed two distinct spots which were indistinguishable by NMR. Over 2 steps, 

diacetate 18 was isolated in 61 % yield (Scheme 27). 

 

Scheme 27: Acylation of 17. 

With the acylated triyne in hand, the key reaction was ready to start. Continuing from 

here on, first a reaction screening was conducted to fine-tune the conditions. To begin 

with, the commercially available half-sandwich complex cyclopentadienylcobalt 

dicarbonyl merged with phosphine ligands has usually been the catalyst of choice 

since its employment for the syntheses of indanes, tetralins and estrone by Vollhardt 

in the 70s.[140–143] The dark red liquid decomposes on air and needs higher 

temperatures of up to 150 °C (conventional heating) or 200 °C (microwave) for 

activation due to the strong bonding of the carbonyl groups to the CoI center,[87] but 

featured a high degree of efficiency which inter alia has been exploited for the total 

syntheses of natural products like (±)-allocolchicine or (+)-complanadine.[144–148] 
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Regarding the reaction conditions, n-decane as a high-boiling liquid and stoichiometric 

amounts of the metal catalyst and the ligand were used (Scheme 28). According to the 

TLC, stirring at 140 °C for 2 hours led to a multiplication of species. 

 

Scheme 28: [2 + 2 + 2] cycloisomerization of 18 mediated by CpCo(CO)2. 

This is expected: Respectively, (P)- and (M)-tetrahydrohelicene 19 originating from 

(R,R)-, (S,S)- and meso-18 can be formed, giving a total of 6 possible stereoisomers 

or 3 pairs of enantiomers (Figure 7). 

 

Figure 7: Tetrahydrohelicenes 19 stemming from (R,R)-18 (red), (S,S)-18 (blue) and meso-18 (green). 

Since this reaction had assured the helix formation, this was also the earliest time the 

relevance of the helical chirality became a major subject. At this stage, a possible chiral 
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resolution of (P)- and (M)-enantiomers could be discussed, but a chiral resolution could 

only be advised against at that point as the presence of 3 enantiomers would make it 

wasteful and superfluous. It would be wiser to delay the resolution to a point after the 

detachment of the acetates, when all 6 stereoisomers blend to 2 enantiomers. 

Retrospectively, the 1H-NMR spectrum of the crude mixture suggested a partial 

oxidation to fully aromatic 2,13-dimethoxyhelicene which in turn indicated the huge 

energy gain arising from the spontaneous aromatization. A black precipitate alluded to 

the incremental decay of the catalyst from an oxidized species in the form of CoII(Cp)Ln 

(which might be catalytically active) to (C5H5CoO3)x (catalytically inactive).[67] A 

purification of the complex mixture was only successful to some extent, the high 

number of distinct species prevented a complete separation of each one. One way or 

the other, since the destruction of both stereogenic centers in the next step was 

synonymous with a convergence of the diastereomers, their separation was not of 

interest. More emphasis was put on the separation from the substrates. Every fraction 

except for those from the substrates was unified and used for the next procedure. 

 

Scheme 29: Silica gel-assisted aromatization of 19. 

Though an aromatization of 19 had occurred in parts, the elimination of the residual 

acetates had to be ensured. A solution of 19 in dichloromethane was treated with silica 

gel. After evaporation of DCM under reduced pressure, the solvent-free mixture was 

stirred at 120 °C for 4 hours (Scheme 29). Indeed, TLC-control depicted a substantial 

diminution of species. The silica gel was put into a plug and extracted with DCM. The 

mixture was concentrated under vacuum, the 1H-NMR spectrum of the residue 

unmistakably proved the removal of the acetates and the generation of racemic 

pentahelicene (rac)-20 (Figure 8).  
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Figure 8: 1H-NMR spectrum and assignment of (rac)-20. 

 

Figure 9: Molecular structure of (rac)-20 as determined by single crystal XRD analysis (carbon in 

brown, hydrogen in white, oxygen in red). 

A solution of (rac)-20 in dichloromethane was layered with n-hexane at −10 °C. 

Overnight, clear yellow plates were collected and subjected to XRD analysis. (Rac)-20 

crystallizes in the orthorhombic space group Pbcn, the inner helix forms a cavity which 

has a diagonal of approximately 2.9 Å (Figure 9). The methoxy groups point towards 

each other, the C-C-C-C dihedral angles of the inner helicene rim range from 16−32°. 
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A non-coplanar conformation of the terminal carbons made a determination of the 

dihedral angle between the terminal benzene units difficult. Within the accuracy of the 

experiment, the angles and the distances in large part retain the C2 symmetry as 

anticipated. 

Unfortunately, only 26 % of (rac)-20 could be retrieved over 2 steps. It was not exactly 

clear why the efficiency of the catalyst was so poor. But the low yield made a 

progressive effort in search of superior alternatives evident. Another option based on 

CoI is its equivalent to Wilkinson’s catalyst. While the latter has found much focus in 

the [2 + 2 + 2] cycloisomerization for years,[149–152] the cobalt analogue is largely 

unexplored in the field of the trimerization. Aside from scarce reports decades ago,[153] 

solely the workgroup of Hapke has used this catalyst recently.[154] Therein, the catalyst 

exceeded in the trimerization of triynes under mild conditions. 

Head-to-head, both are commercially available or can easily by synthesized from their 

chlorides with an excess of triphenylphosphine.[155,156] But in contrast to one of the 

rarest precious metals, there is no shortage for cobalt which has a direct repercussion 

on its value: The cobalt catalyst is cheaper by a sizable margin. In the face of the fact 

that yields up to 96 % can be achieved with a variety of ether-bridged alkynes, its tryout 

was envisaged. 

 

Scheme 30: [2 + 2 + 2] cycloisomerization of 18 mediated by CoCl(PPh3)3. 

The reaction was monitored by TLC. Stirring 18 in THF at room temperature for 2 hours 

showed no effect. Even gradual increase of temperature and time up to 95 °C and 24 h 

had no impact on the mixture (Scheme 30). Despite the step backwards, 18 was 

recovered and other systems were investigated.  
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At the turn of the decade, powerful, air-stable catalysts have experienced an upsurge 

for the [2 + 2 + 2] cycloaddition.[157–159] Essentially, they all incorporate some kind of 

fumarate. Among them, a heteroleptic catalyst integrating a phosphite ligand has been 

developed by Hapke et al.[86,87] The synergy of an electronically rich σ-donor and an 

electronically poor π-acceptor provided a higher robustness of the precatalyst and 

excellent results for inter- and intramolecular cyclizations alike. The CpCoI-phosphite-

fumarate precatalyst can be stored on the bench for months and recycled quantitatively 

(except in a photochemical cyclization) via column chromatography. Interestingly, a 

re-coordination of the olefin happens as it is unattached during catalysis. In terms of 

performance and versatility, it surpasses the traditional CpCo(CO)2 complex and can 

be synthesized from it through ordinary ligand exchange in 2 steps. 

 

Scheme 31: [2 + 2 + 2] cycloisomerization of 18 mediated by CpCo[P(OEt)3](trans-dimethylfumarate) 

and subsequent oxidation to (rac)-20. 

Consequently, a procedure adapted from their group was crafted for 18. The reaction 

was assisted by microwave irradiation and heated up to 160 °C (Scheme 31). 

Unexpectedly, the air-stable catalyst exhibited the same potency as its predecessor. 

Although the operation under ambient air was convenient, far better results were hoped 

for. After the underwhelming outcome, it was concluded to leave the long-standing 

history of cobalt catalysts behind and change the metal center.  

Generally, nickel-based catalysts outperform their cobalt counterparts but are prone to 

rapid decomposition.[85] From Reppe’s discovery up to the present day, the Ni(cod)2 

catalyst has continued to be a staple in the [2 + 2 + 2] cycloaddition chemistry. The 

yellow solid is commercially available and the weakly coordinating 1,5-cyclooctadienes 
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can be replaced with electron rich phosphines to boost its agency.[64,72,79] Outside of 

the complexes involving phosphines, catalytically active Ni0 species can be generated 

in situ by treatment of Ni(acac)2 with EtMgBr.[82] If the complex carries no CO ligand, 

they mostly share the property that they function at room temperature. For that reason, 

diacetate 18 was stirred in a stock solution of Ni(cod)2 in THF at room temperature 

overnight. The higher reactivity led to an overall yield gain of only 4 percentage points. 

It was not until the intermixture with triphenylphosphine that the gap widened as the 

addition of an electronically rich ligand boosted the performance of the catalytic system 

significantly (Scheme 32). 

 

Scheme 32: [2 + 2 + 2] cycloisomerization of 18 mediated by Ni(cod)2 and subsequent oxidation to 

(rac)-20. 

Fast forward, over 2 steps, the conjunct mixture furnished 58 % of helicene (rac)-20 

after purification by column chromatography. In summary, the first half of the 

retrosynthetic analysis proved itself in praxis. Against all odds, the established, but 

simpler catalyst, far outshined its new-fashioned, more complex competitors. As 

expected, working with alcohols and aldehydes caused massive troubles which 

embodied a major obstacle. The silica-gel assisted aromatization was straightforward, 

uncomplicated and made up for the previous drawbacks to some degree. In hindsight, 

the organometallic addition of benzaldehydes prevailed as a useful manual for the 

accumulation of helicenes, but more insight in respect of the second debated strategy 

is needed to draw a final résumé. 

The nucleophilic substitution of toluenes pre-eminently features the circumvention of 

aldehydes and alcohols. The lack of oxygen atoms (minus the methoxy group as the 

key protection group) demands a more creative course of action for the installment of 

the triyne framework. This strategy is banked on the opposing reactivities of aromatic 
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and benzylic protons (catalyst, cold, core and searing heat, sunlight, side chain rule 

in basic organic chemistry curriculum). To avoid regioselectivity problems, the former 

place of the carbonyl function is now occupied by a methyl group. This benzylic position 

should react in a radical substitution SR without any complications. But in relation to 

functionalized benzaldehydes, the selection of functionalized toluenes in commercial 

catalogues is rather slim. In particular, iodides can have exorbitant price tags. A 

halogenation/alkylation of disubstituted benzenes would have been feasible, but 

contained the risk of over-halogenation/alkylation.  

The launch of the second strategy was realized with commercially available aniline 21 

(Scheme 33). Through diazotation, anilines grant access to aryl iodides which are not 

that easy to get via conventional electrophilic aromatic substitution. Comprising the 

methyl group from its inception, the aniline derivative was altered to the iodide in a 

Sandmeyer-type reaction. The aqueous workup caused a huge mess due to perpetual 

salt formation. Between the quantity and the quality of the substance, the latter was 

given the higher priority. After purification, iodide 22 was isolated in 49 % yield. In light 

of the inexpensive material and a multigram batch, this was more than tolerable. At a 

rough estimate, 20−30 % of 22 could have been saved in a scenario of a thorough and 

extensive workup. 

 

Scheme 33: Sandmeyer-type reaction of 21. 

 

Scheme 34: Radical bromination of 22. 

Next up was the accommodation of another halide. In unison with the SSS-rule, toluene 

derivative 22 was stirred at 120 °C along with bromide source NBS and radical starter 

benzoyl peroxide in benzene (Scheme 34). The selective bromination at the benzylic 
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position proceeded smoothly. After purification, 65 % of iodinated benzyl bromide 23 

was isolated. 

The lateral alkyne fragment was attached through an SN2 reaction of an in situ 

generated organolithium compound (Scheme 35). Surprisingly, the potency of the 

lithiated alkyne was disappointingly weak. The reaction only gave 14 % of alkyne 24, 

side-products arising from metal-halogen exchange were not observed. However, for 

the most part, substrate 23 could be recycled without a sensible minus past column 

chromatography. Slowly but steadily, 23 was repeatedly converted to 24. Following the 

implementation of the first alkyne, the implementations of the second and third were 

next in line. 

 

Scheme 35: Nucleophilic substitution of 23. 

Analogously to the initial protocol, 24 was subjected to a sequence of Sonogashira 

couplings. After evaluation, it was decided to discard the two-fold variant for this 

occasion. By doing this, a terminal alkyne could be harvested which would be a 

precious compound for future asymmetric cross couplings. One way or another, having 

iodide instead of bromide as a leaving group was advantageous for both. 

 

Scheme 36: Sonogashira coupling of 24. 

Accelerated by Pd(dppf)Cl2, coupling of TMS-protected acetylene this time gave 91 % 

of diyne 25 (Scheme 36). Comparing this protocol to the preceding one, their 

disparities were immediately perceived in the aftermath as the absence of carbonyl 
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functions made the workups considerably less tedious. Encouragingly, this would not 

change for the imminent procedures. 

 

Scheme 37: Deprotection of 25. 

Similar to the first deprotection, the removal of the TMS group was accomplished under 

basic conditions. The previous almost quantitative reaction could not be replicated for 

25, free alkyne 26 was isolated in 76 % yield (Scheme 37).  

The consecutive cross-coupling on the other side lived up to the earlier success: 

Terminal alkyne 26 was matched with iodide 24, 90 % of TIPS-protected triyne 27 was 

isolated (Scheme 38). With a yield in the upper percentile, the evasion of dicarbonyls 

excelled to all intents and purposes. For reference, the Sonogashira couplings towards 

C2-symmetric dialdehyde 16 in each case entailed roughly a bisection of the material 

and had a higher chromatographic effort. 

 

Scheme 38: Sonogashira coupling of 26 with 24. 

In basic media, the relative resistance of the TIPS groups is 100,000 times larger than 

that of the TMS group, therefore a hydrolysis was not feasible.[160] Exploiting the high 

affinity of silicium towards fluorides, the cleavage of the silyl group was achieved with 

a stock solution of tetra-n-butylammonium fluoride in anhydrous THF (Scheme 39). 
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After purification by column chromatography, triyne 28 was isolated in 86 % yield. With 

28 in hand, next up was the key cyclization. 

 

Scheme 39: Deprotection of 27. 

Since the duality of Ni(cod)2 and electron rich PPh3 tended to be the best system during 

the screening for the [2 + 2 + 2] cycloisomerization, it was the first choice. The shortage 

of any stereogenic centers meant no emergence of a complex isomeric mixture. 

Unfortunately, the high peak efficiency of 58 % could not be reached again, racemic 

tetrahydrohelicene (rac)-29 was obtained in 38 % yield (Scheme 40). Based on these 

observations, the reaction seemed to be very volatile and unpredictable. From batch 

to batch, even repetition of the exact same reaction had inconsistent outcomes, 

possibly arising from dissimilar sizes of the charges. 

 

Scheme 40: [2 + 2 + 2] cycloisomerization of 28. 

For the ensuing step, a suitable oxidizing agent had to be determined. The common 

denominator of reports by Crassous, Starý and Stará was the ineffectiveness of 

manganese dioxide, but there was no consensus between the supremacy of either 

DDQ or tritylium salts.[70,73] Due to present availability, (rac)-29 was refluxed in a 

solution of DDQ in anhydrous toluene overnight (Scheme 41). The oxidation 

consumed a hyperstoichiometric amount of the oxidant which resulted in a surplus of 

a black precipitate presumably originating from badly soluble hydroquinone. A basic 
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filtration facilitated the workup. The tentative 1H-NMR spectrum of the filtrate exhibited 

the same signals as anticipated (Figure 8). With a different strategy, after purification 

on silica gel, racemic 2,13-dimethoxypentahelicene (rac)-20 was once more isolated 

in 90 % yield. 

 

Scheme 41: Aromatization of (rac)-29. 

At large, the nucleophilic substitution strategy also turned out to be a viable pathway 

to helicenes. The absence of carbonyl functions in this agenda was greatly appreciated 

as it made the workup considerably less tedious. Between both, individual reactions in 

this approach had slightly lower yields, although comparing unequal substrates can 

somewhat be imbalanced and unfair. A larger chokepoint seemed to be the 

nucleophilic substitution of the alkyne unit which had a poor yield of 14 %, but the fact 

that the starting material could quantitatively be recovered implied that no side product 

formation had occurred and that the reaction could be adjusted accordingly. Either 

way, the methoxy functions each overcame every reaction up until the construction of 

the helicene. As intended, they were ready for any deliberate functionalization in the 

bay position. 

With two good synthetic procedures in hand, naturally the accumulation of further 

derivatives was the next objective. Choosing the right one surely depends on many 

factors like substrates and cost-benefit-balance which can be outside the sphere of 

influence. Both have shown flaws and leave room for improvement, as well as 

opportunities for adjustment. The overall better yields in the first route gave it ultimately 

the upper hand and made it the primary strategy for future derivatives. The reliable 

installation of the alkynes and the straightforward silica gel assisted elimination to the 

helicene were vital steps which diminished the difficulties of working with the aldehydes 

and alcohols. Their absence in the second strategy did not justify the low yields in order 

to get there in the first place. Still, the nucleophilic substitution strategy is a solid backup 

plan if the first one fails.  
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1,14-Difunctionalized [5]helicene 
 

The blueprint for an entry to the 1,14-positions was plainly accomplished by a switch 

of the methoxy position in the substrate from the para- to the meta-position (in relation 

to the aldehyde function). At the time of the contemplated acquirement, 2-bromo-3-

methoxybenzaldehyde was up to 10 times more expensive than its 4-methoxy 

counterpart at various vendors. Thus, the journey this time started with much more 

affordable 2-bromo-3-hydroxybenzaldehyde 30 (Scheme 42). Since the hydroxy 

groups most likely would hamper or would not withstand certain reactions, their 

nucleophilicity had to be suppressed by alkylation. 

 

Scheme 42: Methylation of 30. 

A swift Williamson ether synthesis of 30 in acetone gave 83 % of 2-bromo-3-

methoxybenzaldehyde 31. With the introduction of the methoxy group, the uniform 

attainment of the 1,14-difunctionalized helicene was scheduled next. The workup of 

aldehyde 32 was astonishingly way worse than all the previous times (Scheme 43). 

The two-fold Sonogashira coupling of 31 yielded only 5 % of dialdehyde 32. Granted 

that some of 31 could have been recycled, this step still was not sustainable at all on 

a multigram scale. 

 

Scheme 43: Two-fold Sonogashira coupling of 31.  
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Attempts to improve the outcome with better ligands like SPhos brought a relative 

increase of over 100 %. But in absolute terms, this only translated to a yield of 11 % 

which can even be attributed to standard deviation. Any efforts to circumvent 

purification on silica gel by recrystallization failed due to excessive impurity of the 

mother liquor. 

The idea of the sequential Sonogashira couplings was taken up again. The first cross-

coupling was executed with near quantitative yield, the difference between working up 

mono- and dialdehydes could have been hardly more extreme (Scheme 44). 

 

Scheme 44: Sonogashira coupling of 31. 

The deprotection of aldehyde 33 was on par with the one of diyne 25, free alkyne 34 

was obtained in 74 % yield (Scheme 45). Over 2 steps, the procedures reached a 

combined yield of 73 %, i.e. the following reaction had to at least reach an individual 

yield of 15 % to already secure the superior standing. 

 

Scheme 45: Deprotection of 33. 

Luckily, the completing “one-fold” Sonogashira coupling surpassed the two-fold 

coupling by a wide margin. The key distinction was the evasive workup: For one thing, 

the conversion rate was manyfold higher, for another thing, the crude product could 

directly be subjected to recrystallization from ethyl acetate. Because of mono- and 

disubstituted products in addition to the detached ligands, this was not possible before. 

Omitting any purification by chromatography on silica gel, dialdehyde 32 was isolated 
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in 71 % yield (Scheme 46). With an interrelated yield of 52 % over 3 steps, the detour 

was more than worth it. 

 

Scheme 46: Sonogashira coupling of 34 with 31. 

The organozinc addition was conducted overnight (Scheme 47), TLC-monitoring 

indicated one major tailing spot in advance. Therefore, the mixture was merely 

subjected to a quick aqueous workup, the crude white solid was used for the acylation 

without further purification. 

 

Scheme 47: Nucleophilic addition of 32. 

 

Scheme 48: Acylation of 35.  
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Different than before, the mixture displayed a single retention factor for the 3 

stereoisomers on the TLC. Nonetheless, since the hydroxy groups had been masked 

as acetates, the purification could be completed without severe complications. Over 2 

steps, nucleophilic addition and acetylation of dialdehyde 32 furnished 58 % of 

diacetate 36 (Scheme 48) which is in line with the former run. 

The nickel-catalyzed [2 + 2 + 2] cycloaddition (Scheme 49) repeatedly gave a complex 

mixture of species according to the TLC, probably stemming from the 6 stereoisomers 

and little amounts of unidentifiable species. After purification by column 

chromatography, the 1H-NMR spectrum of the fractions did not really provide detailed 

enlightenment, but ESI-mass spectrometry unmistakenly depicted a prominent peak 

belonging to 37 in conjunction with a smaller one belonging to the fully aromatized 

helicene. 

 

Scheme 49: [2 + 2 + 2] cycloisomerization of 36. 

Regardless, the unified fractions containing the stereoisomers of 37 and parts of the 

aromatized helicene were stirred at 120 °C in silica gel. After 4 h, their extraction with 

DCM converged every species to racemic 1,14-dimethoxypentahelicene (rac)-38 

(Scheme 50). 

 

Scheme 50: Silica gel-assisted Aromatization of 37.  
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Its formation was proven by both 1H-NMR (Figure 10) and ESI-mass spectrometry. 

Strangely, in retrospect, the partial existence of helicene 38 after the cyclization 

towards 37 was not evident by the 1H-NMR alone this time as no fraction 

unambiguously displayed any traces of 38. While a minor peak in the ESI(+)-spectrum 

of 37 could be assigned to protonated 38, mass spectrometric experiments of pure 38 

later on revealed that it is not easily protonated so that the exact mass needed to be 

recorded by EI-mass spectrometry. 

 

Figure 10: 1H-NMR spectrum and assignment of (rac)-38. 

Over 2 steps, the yield added up to 48 %. For the second time, the reaction was 

accompanied by reoccurring inconsistency and unpredictability since different batches 

had a deviation of up to 30 percentage points in yields. On average, this cyclization 

had a weaker performance than that of the 2,13-difunctionalized helicene. But this can 

be explained with the rationale that the 1,14-positions are intrinsically more crowded 

which makes the precursor less likely to cyclize. The favorability of 20 over 38 is further 

supported by the fact that a non-negligible fraction of 20 could be isolated during the 

cyclization towards the tetrahydrohelicene. Based on this, it can be assumed that 38 

has a higher distortion than 2,13-difunctionalized 20 which results in a higher dihedral 

angle. But in order to verify this thesis, XRD analysis was required. 
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1,13-Difunctionalized [5]helicene 
 

So far, the modus operandi has been the acquirement of C2-symmetric building blocks. 

Of course, this was not done solely for symmetry’s sake: Keeping the symmetry 

persistent throughout the whole operation simplifies the synthesis, characterization 

and analysis immensely. But asymmetric, polydentate ligands can exhibit interesting 

phenomena that are not observed in symmetric ones: The higher variety caused by 

non-equivalent binding sites can lead to different coordination modes and 

diastereomeric diversity. This along with the proof of concept of the synthetic method, 

getting hands on a 1,13-difunctionalized [5]helicene was the next target.  

Needless to say, the synthesis of non-symmetric molecules is usually more difficult, 

e.g. the two-fold Sonogashira coupling is not viable here. Fortunately, the components 

required for the first step were already available prior to their need. Since the 

asymmetric triyne basically consisted of one half of triyne 16 and another half of triyne 

32, it could be constructed by either Sonogashira coupling of 3-methoxy alkyne 34 and 

2-bromo-4-methoxybenzaldehyde 13; or 4-methoxy alkyne 15 and 2-bromo-3-

methoxybenzaldehyde 31.  

 

Scheme 51: Sonogashira coupling of 15 with 31. 

Due to present availability, it was opted for the latter. Coupling of 15 with 31 under 

routine Sonogashira coupling conditions gave rise to non-symmetric dialdehyde 39 

(Scheme 51). Evaluation of the 1H-NMR spectrum of 39 clearly validated the presence 

of magnetically dissimilar aldehyde as well as methoxy functions. With 69 %, the 

reaction had an exceptionally high yield given that the purification of dialdehydes by 

column chromatography has empirically been nothing but a chore until then.  
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Dialdehyde 39 was treated with a mixture of propargyl bromide and zinc in THF 

(Scheme 52). According to the TLC, the potential idea of a column chromatographic 

workup of the diol was quickly omitted once more. The isomeric mixture of 40 was 

subjected to an aqueous workup and readily used for the subsequent reaction. 

 

Scheme 52: Nucleophilic addition of 39. 

Luckily, acylation of 40 went smoothly. After purification of the crude mixture by column 

chromatography, an isomeric mixture of diacetate 41 was gained (Scheme 53). Over 

2 steps, the yield was 39 %. 

 

Scheme 53: Acylation of 40. 

Last but not least, diacetate 41 underwent the [2 + 2 + 2] cycloisomerization under Ni0 

catalysis. Over 2 steps, racemic 1,13-dimethoxypentahelicene (rac)-43 was obtained 

in 68 % yield past oxidative aromatization in silica gel (Scheme 54). The surprisingly 

high yield was puzzling and somehow contradicted the earlier postulated thesis of 

favorable cyclization in dependence of crowdedness. Ironically, the volatility of the 

reaction stayed constant. Due to double the amount of signals in the 1H-NMR spectrum 

caused by the loss of symmetry, an unequivocal identification was more complicated 

(Figure 11). Particularly the clumping of 6 aromatic protons into a large multiplet made 
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the full characterization awkward, but the unidentical methoxy functions and mass 

spectrometric experiments supported the presence of (rac)-43. 

 

Scheme 54: [2 + 2 + 2] cycloisomerization of 41 and subsequent oxidation to pentahelicene (rac)-43. 

 

Figure 11: 1H-NMR spectrum and assignment of (rac)-43. 

Concluding with the third attempt towards a difunctionalized pentahelicene, the 

strategy proved to be efficient and versatile to the utmost satisfaction. The modularity 

allowed for the access to every proposed constitutional isomer. At no time during each 

route was there any reason to believe that the remaining isomers are not accessible, 

as long as the functionalization happens at the termini. Admittedly, the access to the 

outer positions remains denied, but functionalization in these is of less interest in the 

context of this work.  
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4.2 [7]Helicene 
 

At this point, keeping the numerical order would be logical from a narrative point of 

view. But synthetically and strategically, aiming for heptahelicenes instead of 

hexahelicenes next was more sensible: In the synthetic route for [7]helicenes, the C2 

symmetry is retained for a longer period of time, whereas the [6]helicene gains its 

symmetry not until the cyclization which significantly facilitates the characterization of 

respective species. In light of the practical implementation, the starting piece should 

be a naphthalene unit. Advantageously, this opened up further locations for 

functionalization. The switch from pre-modified benzenes to naphthalenes extended 

the entrance from positions 1−4 to 1−6 on each side of the helicene, respectively 

(Scheme 55). 

 

Scheme 55: Access to positions 1−6 in [7]helicene. 

As for parent [7]helicene itself, the aromatic hydrocarbon unexpectedly has a dihedral 

angle that is no more than 4 degrees above that of [4]helicene. This means that the 

angle increases within the homologous series up until [6]helicene before it is divided 

in half at [7]helicene.[127] While the sudden bisection can be counterintuitive, the slope 

of the thermal stability remains consistent. The (P)- and (M)-enantiomers are 

disconnected by a kinetic barrier of approximately 40 kcal/mol which is more than 

enough for the prevention of spontaneous racemization.[15] Altogether, the drastic 

change in spatial orientation of the outer benzene units from penta- to heptahelicene  

also includes a change of the donor angle for proposed bidentate ligands. 

Mixing penta- and heptahelicenes for the purpose of heteroleptic supramolecular 

complexes can also be envisaged since it can open up endless capabilities, especially 

if non-symmetric or unequal donor motifs within the same molecule come into play.  
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2,17-Difunctionalized [7]helicene 
 

Commercially, trifunctionalized naphthalenes are scarce and consequentially 

expensive. In fact, not many naphthyl halides bearing a methoxy group are known in 

literature at all. Principally, an electrophilic aromatic substitution on naphthalene could 

work, but would likewise be too convoluted, uncertain and inefficient concerning 

regioselectivity or even reactivity in general. A safer approach would be the usage of 

its hydrogenated congener tetralin which tends to autoxidize[161] to naturally occurring 

1-tetralone.[162] Due to its importance as a key intermediate for the synthesis of 

(−)-dezocine (Dalgan), an opioid analgesic with a market capacity over 40 % in 

China,[163] the latter is largely explored in terms of chemical behavior and affordable in 

large quantities.[164–168]  

Starting from 7-methoxy-1-tetralone 44, several studies showcased a 2-step protocol 

to the desired trifunctionalized naphthalene 45 (Scheme 56).[169–171] Indeed, Vilsmeier-

Haack-type reaction of the aldehyde gave rise to vinyl bromide 45, albeit with very little 

yield. This was assumedly caused by the size of the batch: The multigram charge 

resulted in an extraordinary amount of gas, heat and salt formation during the aqueous 

workup. Cautious treatment of the aqueous phase was required because of the 

imminent danger of corrosive HBr and sudden pressure build-up in a closed system. 

As a precautionary measure, a good portion of 45 was preventively discarded over the 

course of the workup. Relatively, the yield was unsatisfying and left much to be desired, 

but absolutely, 29 % of a multigram batch was sufficient for the time being. 

 

Scheme 56: Vilsmeier-Haack-type reaction of 44. 

Vinyl bromide 45 was then refluxed with DDQ in toluene overnight (Scheme 57). The 

workup was done in the same manner as the oxidation to 2,13-dihydroxypentahelicene 

20, the anticipated filtration of the already familiar hydroquinone facilitated the process 

immensely. Following the purification on silica gel, with 88 % yield, only a loss of 2 

percentage points was recorded in comparison to the aromatization towards the 
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helicene. From here on, the next step could again be divided into two pathways, 

namely the one-fold and the two-fold Sonogashira coupling. Experientially, the latter 

has delivered mixed results so far, but was given the benefit of the doubt. At the very 

least, 2 steps could be saved that way. 

 

Scheme 57: Oxidation of 45. 

Thus, bromide 46 was subjected to a default Sonogashira procedure (Scheme 58). 

Anticlimactically, the outcome was more underwhelming than before. Granted that the 

purification of dialdehydes had been the same bad experience, the variances between 

the 1H-NMR spectra of pre- and post-purification were vanishingly small. The tailing 

made a meaningful collection of a single fraction impossible. At least 3 distinguishable 

signals in the down-field region around 11 ppm were assigned to aldehyde functions, 

4 signals in the up-field region around 4 ppm were assigned to methoxy functions, 

signals in the aromatic area and the ratio of the integrals were all over the place 

(Figure 12, middle). Supposedly, homocoupling of 2 identical partners and mono-

substitution occurred at different rates. Unfortunately, ESI-mass spectrometry did not 

provide any clarity. 

 

Scheme 58: Two-fold Sonogashira coupling of 46. 

In 2021, the group of McConnell demonstrated a copper-free, one-pot Sonogashira 

coupling for the preparation of symmetric diarylalkynes (Scheme 59).[172] In this 

publication, they overcame usual problems such as the copper-mediated 

homocoupling of acetylides while maintaining excellent yields. The innovative 
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exploitation of TBAF as a multifunctional agent made the requirement of a CuI 

co-catalyst and an amine base obsolete. Apparently, it was capable of (i) activation of 

the Pd0 species via formation of anionic Pd species, (ii) stabilization of low-coordination 

Pd0, (iii) formation of the acetylide via deprotonation, (iv) deprotection of the silyl group 

in situ and (v) phase-transfer catalysis for the inorganic base/substrate/product phases 

all at once.[173–176] Their work offered a sophisticated way to bipyridine- and 

benzimidazole-based ligands in just 1 step. 

 

Figure 12: Comparison of 1H-NMR spectra of substrate 46 (bottom), default two-fold Sonogashira 

coupling of 46 (middle) and copper-free Sonogashira coupling of 46 (top). 

 

 

Scheme 59: Synthesis of diarylacetylenes in 3 steps (black) and copper-free method in 1 step (blue).  
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To counteract the release of gaseous acetylene, the reaction was carried out in a 

pressure tube. Although only half an equivalent of TMS-acetylene would have been 

sufficient for the coupling to a symmetric diarylalkyne, the authors observed a better 

performance when committing to one equivalent. Notably, degassing of the stock 

solution of TBAF in THF did not bring any advantage. Accordingly, aldehyde 46 was 

mixed with TMS-acetylene in a 1:1 ratio and stirred at 85 °C in a pressure tube 

(Scheme 60). The workup was reminiscent of the prior CuI-catalyzed variant, but 

comparison of the 1H-NMR spectra did not cause a déjà vu (Figure 12, top). If anything, 

the new spectrum showed more similarities to that of substrate 46. Seemingly, a larger 

amount of the aldehyde remained unreacted as its aldehyde signal was discerned in 

both. The lack of the same aldehyde signals when compared to the default 

Sonogashira coupling supported the hypothesis of no Glaser coupling, but for some 

reason, the reaction was not as selective as hoped for.  

 

Scheme 60: Copper-free Sonogashira coupling of 46. 

For good measure, the same conditions were applied to the already decoded two-fold 

coupling of benzaldehyde 13. This time, only 1 aldehyde signal appeared, but it did 

align to neither the desired dialdehyde 16 nor to any of the intermediates 14 and 15 

(Scheme 61). 

 

Scheme 61: Copper-free Sonogashira coupling of 13.  
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The reaction illustrated the necessary avoidance of any side products which is ensured 

best by a successive coupling in 3 steps. In a best-case scenario, purification by silica 

gel can be skipped by recrystallization this way. A synthesis of a [5]helicene from a 

tetralone derivative by Usui et al. suggested a change in the order of the individual 

steps.[168] Therein, they carried out the cross-coupling reaction with the vinyl halide 

gained from the Vilsmeier-Haack-type reaction and oxidized it afterwards with DDQ 

(Scheme 62). 

 

 

 

 

 

 

 

Scheme 62: Synthesis of [5]helicenes by Usui et al. (R = OMe, Me).  

Following that notion, TMS-acetylene was coupled with vinyl bromide 45 (Scheme 63). 

Fortunately, a quantitative amount of 48 could be accumulated after purification by 

column chromatography. 

 

Scheme 63: Sonogashira coupling of 45. 

The deprotection of the TMS group was carried out in basic media. With the complete 

conversion and isolation from the last reaction in mind, a yield of 77 % during the 

deprotection of the TMS group was acceptable (Scheme 64). A higher value could 

have likely been achieved by prolonged stirring or usage of more selective fluoride 

sources like TBAF, but in order to figure out the most optimal synthetic route to the 

desired, difunctionalized heptahelicene, a quicker experiment was given priority.  
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Scheme 64: Sonogashira coupling of 48 

In contrast to the reaction towards bisbenzaldehyde 47, the excessive and immediate 

precipitation of a yellow solid within the first seconds of the next reaction was a good 

sign. As a matter of fact, the solid was easily crystallizable from ethyl acetate, 82 % of 

bisvinylaldehyde 50 was collected as pure crystals (Scheme 65). 

 

Scheme 65: Sonogashira coupling of 45 with 49. 

The order of the sequences in Usui’s path may have appeared arbitrary, but it did work 

out exceedingly well for the purpose of compiling 50. The ensuing oxidation on the 

other hand was doubted since dialdehyde 47 is still formed in the end. Expectedly, 

oxidation of a small sample validated the apprehensions as the same problems arose. 

 

Scheme 66: Oxidation of 50.  
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To be fair, mass spectrometric experiments this time showed an infinitesimal signal of 

47, but its isolation remained inconceivable by routine chromatography (Scheme 66). 

Therefore, the order of events was switched around once again. 

Compound 47 itself was not a crucial intermediate for the synthetic route, the 

indispensable sections within the molecule were the already established carbonyl 

functions which greatly enhanced its reactivity. The retention of the vinyl groups up until 

the aromatization could very well have a more positive impact on the sequence. If the 

elimination of the acetates fails for whatever reason, an oxidation with DDQ at that 

stage would take care of it anyways, killing two birds with one stone. 

Proceeding with 50, the nucleophilic addition was carried out overnight. Surprisingly, 

the column chromatographic workup of diol 51 was challenging, but feasible. 

Purification on silica gel got rid of gross impurities like substrates and mono-substituted 

side products. It is highly doubtful whether the fully unsaturated diol originating from 

benzaldehyde 47 would have been as easy to clean, but the question “what if” was 

irrelevant anyways as long as the current pathway was expedient. 51 could be 

identified in the 1H-NMR spectrum and in mass spectrometric experiments, in total, 

45 % was accumulated (Scheme 67). 

 

Scheme 67: Nucleophilic addition of 50. 

Leaving the worst chapters in the synthetic route behind, the transformation of the 

hydroxy groups to the esters was targeted. Stirring diol 51 with acetic anhydride in 

pyridine overnight led to diacetate 52 in 73 % yield (Scheme 68). Mutually, the 

nucleophilic addition and the acylation delivered a joint yield of roughly 33 % over 2 

steps. This is outside of the range of the previous experiments in which the crude diols 

were directly converted to the respective diacetates. These sequences had a range in 
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yield of 40 to 60 %, perhaps the same could have been achieved here without the 

extensive purification of the diol. 

 

Scheme 68: Acylation of 51. 

At this point, the oxidation of the diacetate was theoretically imaginable as well, but 

treatment with DDQ was postponed to a later point in which the number of 

functionalities within the compound were at a minimum. This reduced any risk of 

unwanted side reactions. Thus, triyne 52 was cyclized under Ni0 catalysis overnight 

(Scheme 69).  

 

Scheme 69: [2 + 2 + 2] cycloisomerization of 52. 

TLC-monitoring indicated at least three spots which were tentatively assigned to the 

diastereomers of 53. As a consequence, the crude mixture was only subjected to 

filtration over silica gel. Drawing conclusion based on 1H-NMR analysis of the filtrate 

was unreliable because of heavy overlap of the signals in conjunction to multiple sets 

of signals induced by the believed diastereomers. APCI-mass spectrometric 

measurements elucidated a one- and two-fold elimination of the acetates to the tetra- 

and hexahydrohelicene derivatives. However, a protonated species of 53 itself was not 

found. This implies that hydrated [7]helicenes are more inclined to spontaneous 

elimination than the [5]helicene analogues.  Presumably, the more compressed 
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[7]helicene (dihedral angle of [7]- and [5]helicene = 30° vs 54°[127]) causes more 

tension and a smaller degree of freedom within the system which is expressed in a 

more improbable maintenance of the tetrahedral angles in the sp3-centers and an 

easier elimination at those positions (Figure 13). Unfortunately, a low yield was 

foreseeable during the cyclization: The mixture of mono- and di-eliminated species 

made a proper determination impossible, but even in a best-case scenario the absolute 

values forecasted a huge deficit. Again, this can be interpreted as a more unfavorable 

cyclization towards hydrated [7]helicenes than [5]helicenes. The combination of sp3- 

and sp2-centers demand a cooperative conformation which is not given in the 

[7]helicene framework. Furthermore, unlike naphthaldehyde 47, partly saturated 52 

comprises two additional “naked” double bonds which are exposed to polymerization. 

 

Figure 13: GFN2-xTB[177,178] minimized structure of (R,R)-(P)-53 (carbon in brown, hydrogen in white, 

oxygen in red). Turning sp3- into sp2-centers could relieve tension due to the changes in orientations, 

sizes and numbers of the substituents. 

Silica gel-assisted elimination confirmed the assumption. Over 2 steps, 10 % of 

racemic tetrahydroheptahelicene (rac)-54 was gathered (Scheme 70). Reiterations of 

the experiment consistently reassured the hypothesis by giving lower yields than 

related [5]helicene: The drastic change in torsion angles is reflected by the lower 

willingness to cyclize as the interior gets too crowded.  

 

Scheme 70: Silica gel-assisted aromatization of 53.  
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(Rac)-54 was characterized by both 1H-NMR and mass spectrometry. While the 

existence of 54 could already be seen in the mass spectrum of the cyclization towards 

diacetate 53, the 1H-NMR spectrum this time showed the prominent signals of the 

diastereotopic benzylic protons which were the center of attention for the next 

operation. Since the oxidation of vinyl aldehyde 50 did not occur until that time, it could 

not be delayed any further. The final reaction was carried out overnight in refluxing 

toluene. After filtration and purification on silica gel, fully aromatized racemic 

2,17-dimethoxyheptahelicene (rac)-55 was acquired in 82 % yield (Scheme 71).  

 

Scheme 71: Oxidation of (rac)-54. 

 

Figure 14: 1H-NMR spectrum and assignment of (rac)-55. 

1H-NMR analysis implied the removal of the diastereotopic benzylic protons at around 

2−3 ppm and the presence of a highly symmetric species (Figure 14). These 

observations were consistent with mass spectrometric experiments in which the most 
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dominant signal matched with the mass of 55. Curiously, 55 was easier to protonate 

than the dimethoxypentahelicenes which could not be detected by ESI(+)-

spectrometric experiments. A solution of (rac)-55 in dichloromethane was layered with 

n-hexane at −10 °C. Overnight, clear dark yellow plates were collected and subjected 

to XRD analysis. (Rac)-55 crystallizes in the monoclinic space group C2/c, the inner 

helix forms a cavity which is approximately 3.1 Å wide (Figure 15). The terminal 

benzene units overlap and the C-C-C-C dihedral angles of the inner helicene rim range 

from 17−28° which is in alignment with the observation that the dihedral angle tends to 

be reduced with substituents.[179,180] 

Figure 15: Molecular structures of (rac)-55 as determined by single crystal XRD analysis (carbon in 

brown, hydrogen in white, oxygen in red). 

All things considered, the synthetic strategy has so far been useful for the synthesis of 

penta- and heptahelicenes. Admittedly, the latter required a change of the sequential 

order, but in the end, the detour was entirely worth it. The strategy involving the 

nucleophilic addition of aldehydes was robust enough for the intended purposes and 

permitted a modular pathway to every contemplated molecule. A few adjustments still 

have to be made, specifically the [2 + 2 + 2] cycloisomerization has been a let-down. 

The bottom has been touched with a 10 % yield during the synthesis of [7]helicene 

derivative 54, but the problem seemed to be of a rather inherent nature. Nonetheless, 

the strategy offers enough variables for improvement and gives confidence for the 

synthesis of hexahelicenes.  
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4.3 [6]Helicene 
 

Drawing the Lewis structure of [6]helicene immediately reveals that the molecule has 

to complete a 360° winding one way or another. Indeed, [6]helicene is the first 

carbohelicene which covers a complete rotation around the helical axis.[181] With a 

dihedral angle of 58°, it reaches a local extremum before the angle drops in 

[7]helicene.[127] The enantiomers need to overcome a kinetic barrier of approximately 

35 kcal/mol to turn into their mirror images which is large enough to prevent 

spontaneous racemization at ambient temperature.[14,16] To fill the gap between penta- 

and heptahelicene narratively, committing to hexahelicene at this point was the next 

step. 

Opposed to a photoinduced approach, a metal catalyzed [2 + 2 + 2] cycloisomerization 

towards hexahelicenes is only feasible starting from asymmetric precursors. This 

means that the strategy is not eligible for a bilateral functionalization in either position 

5 or 6 (Scheme 72). While this circumstance can make planning and interpretation of 

data more complicated, it should not affect the synthesis itself. Apart from the symmetry 

breaking, not much changes. Replacing one naphthyl unit by a phenyl unit should 

already do the job, potentially a workaround via the vinyl aldehyde is necessary but all 

the needed intel has already been gathered. The materials synthesized during both 

former routes can be reused, otherwise minor tweaks should be sufficient for a big 

head start. 

 

Scheme 72: Photochemical (left) and transition metal catalyzed (right) synthesis of [6]helicene from 

symmetric and non-symmetric precursors. Positions 5 and 6 are only accessible on one side in the 

latter method.  
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2,15-Difunctionalized [6]helicene 
 

Given the available materials, the synthesis of C2-symmetric 2,15-dimethoxyhexa-

helicene started with alkyne 15 and bromide 46. Under default Sonogashira coupling 

conditions, they were stirred at 60 °C overnight (Scheme 73). Unsurprisingly, the 

isolation proved to be tedious. After purification on silica gel, a precariously clean 

fraction of dialdehyde 56 weighing 150 mg (equal to 17 % yield) was collected. The 

1H-NMR spectrum showed non-equivalent methoxy and aldehyde signals, but the ratio 

of the integrals in the aromatic area did not quite match and the appearance of minor 

side signals prevented a precise characterization (Figure 16, bottom). Without further 

purification, dialdehyde 56 was used for the subsequent reaction. 

 

Scheme 73: Sonogashira coupling of 15 with 46. 

 

Figure 16: Comparison of presumed 1H-NMR spectra of 56 (bottom) and 57 (top).  
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With the intention of skipping the workup of the resulting diol, a one-pot procedure of 

nucleophilic addition and acylation was applied. Over the course of 2 days, dialdehyde 

56 was treated with propargyl bromide, zinc and acetic anhydride (Scheme 74). The 

hoped-for result did not really materialize. Purification of the assumed diacetate 57 on 

silica gel was not accompanied by excessive tailing, but the 1H-NMR spectrum of the 

main fraction believed to be 57 allowed ambivalent statements about the reaction 

sequence. The empty space around 10 ppm was a good sign (Figure 16, top). Beyond 

that, the assignment of the present signals was difficult. Two distinct signals around 

3.5 ppm would have spoken for the preservation of the methoxy functions, but the 

adjacent multiplets paired with a turmoil in the aromatic region made an ultimate 

proposition impossible. It is possible that the impurities from the previous reaction were 

carried over, a proper isolation of 56 would probably have been better. Either way, a 

contingent of merely 5 mg of the impure fraction was too little to carry on. 

 

Scheme 74: One-pot nucleophilic addition and acylation of 56. 

In parallel to the synthesis of [7]helicene, a detour via the vinyl compounds was 

planned. Aryl aldehyde 46 was replaced with vinyl aldehyde 49, the other half was not 

tampered with due to three reasons: Firstly, all the starting materials had been available 

so far, convenience took the upper hand. Furthermore, at that time, the equivalent 

vinylic component of 13 was not known in literature, so a high stability of substituted 

cyclohexadienes was uncertain at best. Thirdly, the molecule would stay non-

superimposable anyway, so adjusting the other half for the sake of symmetry would 

have been pointless. Analogously to the Sonogashira coupling towards 56, terminal 

alkyne 49 was coupled with 13 (Scheme 75). Considering the workup and purification, 

there was no noticeable difference as the level of difficulty was unchanged. After 

purification on silica gel, the 1H-NMR spectrum showed up to 6 signals in the range of 

10 ppm. Given the fact that the product only exhibits 2 magnetically non-equivalent 
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aldehyde protons, the 4 additional signals must have originated from other compounds. 

Since a homocoupling of both 13 and 49 had never been observed until then, it was 

unlikely that it did suddenly occur this time. 2 of these signals were likely caused by 

unreacted substrates. The usage of a surplus of 0.1 equivalents of bromide 13 meant 

that some of it should not have reacted (unless in a homocoupling). The last 2 aldehyde 

signals could have been the result of the Glaser product. The fact that there were 2 

pairs of aldehyde signals with similar integral ratios (one from product 58 itself and one 

from the Glaser product) as well as a multitude of signals around 3 ppm (where the 

benzylic/allylic signals are located) supported the theory. Altogether it was difficult to 

make absolute statements because of the heavy overlap of signals, especially the 

multiplets around 7 ppm did not provide any clarity. In every case, the purification via 

recrystallization was not successful due to the impurities. Under the assumption that 

the pair with the higher integral values stemmed from desired 58, a yield of only 31 % 

was calculated. 

 

Scheme 75: Sonogashira coupling of 49 with 13. 

In view of the poor yields in both applications of the nucleophilic addition strategy, it 

was abandoned for good. Evidently, the isolation of the asymmetric dialdehydes was 

too hard during the synthesis of [6]helicene so a reset for the purpose of reorientation 

was needed. Luckily, a fallback option was available. The nucleophilic substitution 

strategy was exactly tailored to circumvent this issue. Unfortunately, on this occasion, 

no precursors were available which meant that it essentially had to be started from 

scratch. What was true for naphthaldehydes was true for methylnaphthalenes as well, 

if not even exacerbated. Supply and demand are not always equal and the former was 

definitely lower. At the time of this work, only a few suppliers outside the European 

Union offered naphthalenes with resemblance to the demanded structures at all. 
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Barring the skyrocketing costs, an intercontinental import was ruled out for time and 

legal reasons. 

After rescheduling, the focus was put on vinyl/aryl aldehydes 45 and 46 once more. 

Reduction of the aldehydes would give the alcohols which can then be turned to halides 

or triflates with phosphorus (penta-) tribromide, thionyl chloride or 

trifluoromethanesulfonic anhydride. Acting as good nucleofuges, they should enable a 

nucleophilic substitution in the benzylic position. Because of that, aldehyde 46 was 

subjected to a reduction using a stock solution of LAH in anhydrous THF at 0 °C 

(Scheme 76).  

 

Scheme 76: Reduction of 46 with LiAlH4. 

 

 

Figure 17: APCI-mass spectrum after reduction of 46 with LiAlH4.  
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The reaction raised more questions as analytic results contradicted each other. 

TLC-control showed the formation of a single species. After purification by column 

chromatography, the 1H-NMR spectrum showed two sets of signals, none of which 

belonged to the substrate. In the mass spectrum, the most prominent signal at 

m/z = 248.991 fitted to a species bearing only 1 oxygen, a smaller signal at 

m/z = 264.986 however indicated the protonated substrate (Figure 17). 

For a better clarification and comparison, vinyl aldehyde 45 was treated under the 

same conditions as aryl aldehyde 46. Again, after purification, 1H-NMR analysis 

revealed 2 sets of signals visible in the range of the expected methoxy protons. 

ESI(+)-mass spectrometry showed no sensible protonated species, EI-mass 

spectrometry showed fragments that could have originated from the substrate, the 

product or intermediates. The impure mixture was used for the next reaction. Treatment 

with PBr3 for 2.5 h gave a single species which was identified as allylic bromide 61 by 

1H-NMR and mass spectrometry. Apparently, the bromide in vinylic position was too 

labile to withstand the reduction with LAH (Scheme 77). 

 

Scheme 77: Reduction of 45 and subsequent bromination. 

A third attempt to get to the desired alcohol 59 was made with less reactive reducing 

agents. Indeed, reduction of 46 with sodium borohydride over 2 h gave 59 in 68 % yield 

(Scheme 78). 

 

Scheme 78: Reduction of 46 with NaBH4. 

In light of the fact that the reaction sequence towards [6]helicene had just begun, the 

poor yields were demoralizing. Especially the Vilsmeier-Haack formylation towards 

aldehyde 46 entailed a minus of 74 % of the starting material. Thus, alternative options 

were looked out for. A publication by Starý and Stará featured an esterification of 
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1-bromo-7-methoxy-2-naphthol 63 which was then augmented with a benzylic 

nucleofuge with alcohol 59 as an intermediate.[64] The regioselective bromination of 

commercially inexpensive naphthol 62 was adapted from a publication by Pérez and 

Guitián.[182]  

 

Scheme 79: Bromination of 62. 

With a yield of 89 % for the very first reaction, this was a much better opening 

(Scheme 79). Likewise pleasant, the hydroxy functions on 63 were esterified almost 

quantitatively (Scheme 80).  

 

Scheme 80: Triflation of 63. 

Implementing a benzyl moiety by a formal substitution of the triflate by means of 

aromatic chemistry on the other hand is anything but trivial. One possibility is an 

alkoxycarbonylation of arenes to benzoate esters which can then be reduced with LAH 

to get to alcohol 59.[183] The Pd-catalyzed reaction uses aliphatic alcohols and carbon 

monoxide as a source for the components of the ester. With the latter being an integral, 

but also poisonous, odor- and colorless component, special safety measures were 

taken (Figure 18). A direct influx of gaseous CO with a gas cylinder or a balloon would 

have been the most convenient solution, but this was abolished because it posed a 

residual risk. A more controlled and safer approach is the indirect influx of the gas. 

Hereby, carbon monoxide is separately generated ex situ by dehydration of formic acid 

in sulfuric acid (Morgan reaction) in the decarbonylation chamber.[184] The expansion 

of the gas in the decarbonylation chamber drives it into the carbonylation chamber 

where the actual reaction takes place. Using a syringe, CO flows directly into the 

solution of the reactants.  
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Figure 18: Schematic experimental setup of methoxycarbonylation of 64. 

As described, triflate 64 was mixed with carbon monoxide and methanol in the specific 

setup, the reaction was stirred for 2 h at 70 °C (Scheme 81). Purification went smooth, 

the appearance of an additional methoxy group in the 1H-NMR spectrum proved the 

formation of ester 65. So far, the reactions reached a combined yield of 58 % over 3 

steps. For reference, the last sequence towards alcohol 59 had a combined yield of 

17 %. Admittedly, 1 extra step was still required in order to turn the ester into the 

alcohol, but the threshold for the better overall performance was an individual yield of 

29 % for the next reaction. 

 

Scheme 81: Methoxycarbonylation of 64. 

Over a period of 1 h, ester 65 was stirred with LAH in anhydrous THF (Scheme 82). 

TLC-control falsely predicted a complete conversion. Interestingly, after aqueous 

workup, the mixture contained the same impurity as in the reductions of aldehydes 45 

and 46 with LAH which were inseparable from the product due to identical retention 

factors. Based on the 1H-NMR spectrum, their ratio was approximately 1:5. Under the 
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assumption that their masses were equal, this would translate to a yield of 52 % of 

benzyl alcohol 59 which is well above the threshold of 29 %. 

 

Scheme 82: Reduction of 65. 

Semi-pure alcohol 59 as well as the pure fraction gained from the reduction with NaBH4 

were independently altered to the dibromide 66 with phosphorus tribromide within 2.5 h 

(Scheme 83). Regarding the former, the impurity could be separated from the product 

on this step. Within the measurement accuracy, both had similar performances in the 

90 % range. Despite carrying two identical functionalities, the bromides in 66 inherently 

could not be more different in terms of reactivity. Exploiting the differentiation of 

aromatic and aliphatic/benzylic positions was the key factor for the following reactions.  

 

Scheme 83: Bromination of 59. 

 

Scheme 84: Nucleophilic substitution of 66. 

Although the retention of C2 symmetry was redundant during the synthesis of 

[6]helicene, the installation of the lateral alkyne was done first similar to the synthesis 

of [5]helicene. Astonishingly, the nucleophilic substitution of dibromide 66 to alkyne 67 

(Scheme 84) proceeded much better than that of dihalogenide 23 to 24 which had a 

conversion rate of only 14 % (Scheme 35). It was unclear why this molecule had a 
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roughly six-fold higher conversion under the same conditions, but in view of the better 

outcome it was gratefully embraced. 

To be on the safer side, the bromide was transformed into the iodide. This would 

increase the overall reactivity and make an unfavorable, intramolecular Heck-type 

coupling with the internal alkyne less likely. Studies have shown that this special case 

of the reaction can occur with bromides, chlorides or triflates under rare circumstances, 

giving dienes as well as allenes via an energetically unfavored β-hydride elimination of 

a vinyl palladium species.[185,186] Conformable to a routine lithiation/iodination protocol, 

bromide 67 was stirred with n-BuLi and iodide over 16 h at −79 °C (Scheme 85). 

During the reaction, minor side product formation was observed by TLC-monitoring, 

but were not identified as dienes nor allenes. After silica gel purification, 74 % of 

iodinated naphthalene 68 was obtained as a yellow-brown oil. 

 

Scheme 85: Iodination of 67. 

The construction of the other half of the desired diarylacetylene had already been 

accomplished during the synthesis of 2,13-dimethoxypentahelicene 20. In a 

Sonogashira cross-coupling, iodide 68 was therefore mixed with diyne 26 at 60 °C 

overnight (Scheme 86). TLC-monitoring indicated the formation of more than one 

species. After purification by column chromatography a more precise picture emerged. 

The reaction did not proceed as planned. All the expected proton signals including the 

benzylic and propargylic ones were visible, but the aromatic ones had a rather 

moderate agreement concerning their integral ratios. Furthermore, extra signals not 

attributed to triyne 69 were apparent. Although a surplus of 0.1 equivalents of substrate 

26 had been used, the blank area around 2 ppm indicated no presence of a terminal 

alkyne. As the products arising from homocoupling still had not been observed, they 

were once again ruled out, shifting the focus to the remaining Glaser byproduct. The 

area around 4 ppm showed two pairs of signals with the same integral ratio which 

supported this theory.  
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Eventually, mass spectrometric experiments confirmed the theory: The APCI-spectrum 

showed the presence of 69 along with the Glaser byproduct (Figure 19), while the 

substrates or other byproducts originating from homocoupling were not observed. In a 

second purification attempt, minor successes were achieved. But ultimately, triyne 69 

was inseparable from the tetrayne. The impure mixture was used for the subsequent 

reaction without further purification. 

 

Scheme 86: Sonogashira coupling of 68 with 29. 

 

Figure 19: APCI-mass spectrum after Sonogashira coupling of 68 with 26. 

The impure mixture was treated with a stock solution of TBAF in anhydrous THF 

overnight. After column chromatography, a much cleaner 1H-NMR spectrum was 

obtained. Minor side signals were present which probably originated from remaining 

Glaser product.  After comparison of the signals with the ones published in literature,[64] 

the formation of 70 was confirmed. Over 2 steps, a yield of 39 % was calculated 

(Scheme 87).  
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Scheme 87: Deprotection of 69. 

The cyclization of 70 under nickel-catalysis (Scheme 88) was accompanied with more 

troubles than anticipated. After purification, the 1H-NMR spectrum was littered with 

undefined signals and overlapping multiplets. To be fair, tetrahydrohexahelicene 71 

was not yet C2-symmetric at that time, but its solitary presence was out of the question. 

A possible explanation for this could be an oligo- or polymerization of the substrate 

towards varying oligo- and polymers which share similar retention factors, making them 

impossible to separate by column chromatography. Especially the area around 4 ppm 

showed the presence of at least 12 magnetically non-equivalent methoxy protons. 

Since the product only bears 2, this would mean that at least 5 other species were 

present. Pursuing the same strategy as before, the impure composition was used for 

the subsequent reaction in hopes of an easier purification after that. 

 

Scheme 88: [2 + 2 + 2] cycloisomerization of 70. 

 

Scheme 89: Aromatization of (rac)-71.  
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The mixture was subjected to DDQ in refluxing toluene overnight (Scheme 89) and 

purified under routine workup conditions. Excluding the empty space in the area of the 

benzylic protons (2−3 ppm), superimposition of pre- and post-reaction 1H-NMR spectra 

more or less revealed their conformability in terms of multiplicities and chemical shifts. 

The aromatic as well as the aliphatic area gave no hint to a C2-symmetrical species, 

again a multitude of methoxy signals were present which indicated the formation of 

oligo- and polymers. Unfortunately, this also meant that the isolation was not possible 

at this stage and probably would not be possible at a later stage either. However, mass 

spectrometric experiments proved the existence of racemic 2,15-dimethoxy-

hexahelicene (rac)-72 in the composition (Figure 20). Strangely, the highest signal was 

shown at m/z = 415.168. 

 

Figure 20: APCI-mass spectrum after aromatization of (rac)-71. 

Under the assumption that this signal belonged to a species containing only carbon, 

hydrogen and oxygen atoms, a molecule with the constitution of [72+C2H3]+ or 

[C30H22O2+H]+ would fit. Since neither C2H2 nor C2H3 are typical adducts in mass 

spectrometry, this was very surprising. Two additional carbon atoms could only be 

explained by the Glaser product which would then not have been separated from 
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precursor 70 as thoroughly as initially assumed. Indeed, a cyclization of the Glaser 

product would have the chemical formula of C30H22O2. Although the oligomerization of 

alkynes to the rather unstable cyclooctatetraene usually needs harsher 

conditions,[51,187] different products involving a consecutive intramolecular Glaser 

coupling of the tetrayne formed after the Sonogashira coupling towards 69, Heck-type 

coupling of alkynes as described before or something similar, were even more unlikely. 

In the end, the evasion maneuver via the nucleophilic substitution strategy was not 

enough to isolate hexahelicene 72. The marginal deviation of the retention factors of 

the presumed oligo-/polymers as well as the cyclized Glaser product made their 

separation impossible. Nonetheless, the route was at least successful up until the 

cyclization, arguably also after. The side products in the key reaction were a major 

obstacle, but this can potentially be remedied by further dilution or change in catalyst. 

Alternatively, other purification methods like crystallization, sublimation etc. can be 

pursued. 

As a whole, the proof of concept still succeeded in the end. The combination of the 

nucleophilic addition and the nucleophilic substitution strategy proved to be serviceable 

for a general approach to penta-, hexa- and heptahelicenes. Both displayed their 

modularity and reliability in the sense that only minor modifications were required in 

order to get to other constitutional isomers or higher homologues. In direct comparison 

they are not too different in regard to the expected yields. The nucleophilic addition 

strategy was wrongly crowned the winner in advance because of the abysmally poor 

yield during the nucleophilic substitution enroute towards [5]helicene, but the strategy 

later on redeemed itself with a six-fold higher performance during the synthesis of 

[6]helicene. With cautious confidence it can be said that they should be eligible for the 

synthesis of octa- and nonahelicenes by a simple change in substrates (employing at 

least one phenanthrene unit).  
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5 Stereochemistry 
 

With the first helicenes set up, this is the very latest point at which their topology has 

to be addressed and discussed on a stereochemical level. The executed cyclizations 

forced a special kind of topology on the molecules which unlocked a number of new 

features. With the adoption of the helical conformation, these features can mainly be 

traced back to a single element: Although the synthesized helicenes lacked any 

stereogenic centers, their helical winding induced an unusual form of chirality. 

Analogously to left- and right-handed screws, helicenes imitate a thread which can run 

clock- or anti-clockwise. 

 

Figure 21: Racemic mixture of 72. 

In relation, they are non-superimposable, mirror-inverted molecules, or in other words, 

they are enantiomers (Figure 21). This means that a non-stereoselective cyclization 

towards a helicene gives at least two isomers which is typically a pair of enantiomers 

(diastereomers if other chiral elements were attached to the precursor). As a matter of 

course, their chirality is one of the reasons why so much research has been done on 

them. To date, there are numerous applications in which their chirality has been 

exploited. But in order to exploit their chiral properties, tools to resolve the isomers are 

needed in the first place.  
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5.1 Asymmetric synthesis 
 

Strictly speaking not a chiral resolution, the problem can also be addressed 

preventively with asymmetric synthetic techniques. For this, many entities like 

reactants, solvents etc. can act as a source for the chiral information. Needless to say, 

not every method is as effective as others, but a general enrichment of a specific 

isomer is possible employing different strategies. Since the review of each one would 

definitely go too far, the selection in this chapter will be restricted to examples 

categorized by their significance. 

 

Asymmetric photocyclization 
 

Shortly after Dietz’s first photocyclization of tetra- and pentahelicene, Kagan et al. 

conducted intensive research on an asymmetric variant using circularly polarized light. 

Depending on the irradiation of the sample with left- or right circularly polarized light, 

they enriched either (P)- or (M)-enantiomers of [6]helicene (Scheme 90).[188] Four 

years later, they expanded their series up to [13]helicene, although the chiral induction 

was unsuccessful in the case of higher helicenes than [10]helicene for unexplained 

reasons.[189]  

For this reaction, three mechanisms were proposed:[190–193] 

- The preferential destruction of the disfavored enantiomer (asymmetric 

photodestruction) 

- The preferential ring opening of a dihydrohelicene to the precursor which delays 

the oxidation of one enantiomer (partial photoresolution) 

- Faster cyclization of one enantiomer (asymmetric synthesis) 

Independent reports in favor of the third[188,190] and in opposition to the others[180,194] 

make it the most plausible theory. While the enantioenrichment of helicenes stemming 

from unequally populated excited states of the involved participants is conceptually 

fascinating, the absolute values for enantiomeric excesses lag behind. Although the 

results are consistently reproducible and unlikely to be due to measurement errors, ee 

values below 1 % are rather discouraging. Similar observations were made with the 

usage of chiral solvents[195,196] or cholesteric liquid crystals.[197,198] The question arises 



 

81 
 

whether meaningful percentages can be achieved at all. Because of that, asymmetric 

photocyclizations have remained an interesting concept with little practical relevance. 

 

Scheme 90: Asymmetric photocyclization with circularly polarized light. 

High enantioselectivity can also be achieved via substrate control. The synthesis of a 

(M)-[6]helicene exploited the bulkiness of the [2.2]paracyclophane in the substrate 

which completely prevented the formation of the (P)-isomer (Scheme 91). At the same 

time, the exploitation of the kinetic isotope effect through a deuterium-labelled 

substrate led to the formation of only one regioisomer.[199] With perfect 

enantioselectivity, the outlier shows that high values can be achieved, but to be fair, 

this example is very specific and strictly has little to do with an asymmetric 

photosynthetic technique itself as the substrate induced strategy would work with every 

method. 

 

Scheme 91: Substrate-controlled asymmetric photocyclization. 

 

Asymmetric [2 + 2 + 2] cycloisomerization 
 

Obviously, when it comes to asymmetric metal catalyzed reactions, the first thing that 

comes to mind is the application of chiral ligands. Shortly after establishing the non-

asymmetric methodology,[200] the group of Starý and Stará pioneered the asymmetric 

one as well. In this, an axially chiral monophospine gave tetrahydro[6]helicene in 
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48 % ee.[72] Since then, the enantioselectivity has steadily been increased with newer 

ligands.[79,201] Curiously enough, a hopefully temporary peak in terms of asymmetric 

Ni0 catalyzed reactions was reached with a novel helicenoidal NHC precursor: Two 

oxahelicenes linked by an imidazolium salt reached an ee of 86 % (Scheme 92).[82] 

 

Scheme 92: Enantioselective [2 + 2 + 2] cycloaddition with helical NHC ligand. 

Asymmetric catalysis on the basis of CoI is not as effective, the only permanently bound 

ligand to the metal center during the catalytic cascade is the Cp moiety, thus, it has to 

carry the chiral information.[52,201,202] Out of the examined catalysts, the most potent 

one has reached a moderate ee of 25 %. 

The highest chirality transfers well over 90 % ee have been observed under RhI 

catalysis, but the catch is that the general yields can be low due to incidental 

[2 + 1 + 2 + 1] cycloaddition. However, out of the three main metals used for the 

synthesis of helicenes, RhI is the only one which is able to promote an intermolecular 

[2 + 2 + 2] cycloaddition between tetraynes and diynes. Pre-eminent in this field is the 

group of Tanaka. The combination of cationic RhI complexes and axially chiral 

phosphines profits from the latter being largely commercially available, giving 

consistently high enantiomeric excesses up to virtually enantiopure compunds.[203–205] 

Curiously, in one instance the enantiomeric excess was retroactively increased from 

64 to 99 % by preparative TLC (the racemic product had a lower solubility in the eluent 

than the enantiopure product).[206]  
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Aside from these, there are a few instances involving Pd0 complexes[182,207] or IrI 

complexes.[83] Interestingly, in the single instance employing IrI, the system was not 

able to mediate the intended tandem intermolecular-intramolecular domino sequence 

of the substrate. While the intermolecular [2 + 2 + 2] cycloaddition succeeded, the 

intramolecular one was promoted post hoc by Ni0.  

Stoichiometrically, a substrate-controlled diastereo- and enantioselective synthesis 

was elaborately designed by Starý and Stará. Relying on a 1,3-diaxial interaction, a 

point to helical chirality transfer was achieved with enantiopure triynes and practically 

complete diastereo- and enantioselectivity. Initially fixing the absolute configurations of 

both propargylic centers in the substrate,[158] they later on achieved the same with only 

one fixed configuration (Scheme 93).[76]  

 

Scheme 93: Asymmetric [2 + 2 + 2] cycloaddition governed by 1,3-allylic-type strain. 

By contrast, the benzylic position only had a minor impact on the direction of rotation 

of the helicene. Theoretical calculations revealed that the stereocontrol stems from the 

interactions between the functional group in propargylic position and the p-tolyl group 

attached to the alkyne. In the disfavored helicity, both these groups cause an 1,3-allylic-

type strain which results in a free energy difference of up to 5.5 kcal/mol (Figure 22). 

Because of that, only one diastereomer is formed. Interestingly, owing to a low 

epimerization barrier, the outcome is governed by a thermodynamic equilibrium after 

the cyclization. When methoxymethyl ether groups were used, they could be cleaved 
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off from the product by an acid-assisted elimination afterwards, highlighting their role 

as a chiral auxiliary. The proof of concept was shown by alternating the absolute 

configurations. (R)-configurated propargylic MOM groups consistently gave 

(P)-helicenes, while (S)-configurated ones gave the (M)-antipode. With this strategy, 

their group managed to synthesize parent penta-, hexa- and heptahelicene as well as 

functionalized derivatives with high yields and over 99 % ee under various reaction 

conditions. In each case, the stereochemically undefined MOM group in benzylic 

position was solely used for the mild oxidation towards the final helicene. Apart from 

the asymmetric RhI-catalyzed [2 + 2 + 2] cycloisomerization employing chiral ligands, 

their approach is probably the closest to being a general approach to an asymmetric 

synthesis with absolute stereocontrol. 

 

Figure 22: Point to helical chirality transfer. The (R)-configurated 9-OH group dictates the helicity, 

while the configuration of the 5-OH group is insignificant. The fixed absolute configuration in position 9 

can cause a 1,3-allylic-type strain between the hydroxy and the p-tolyl groups (red). The position 5 

does not cause any strain (blue). Adapted with permission from the American Chemical Society.[76] 

 

Asymmetric Diels-Alder reaction 
 

Since the non-asymmetric Diels-Alder reaction is already underdeveloped compared 

to the photosynthetic or metal catalyzed reaction, the same logically holds true for its 

asymmetric variant. In principle, only the group of Carreño has focused on enantio- or 

diastereoselective Diels-Alder reactions, from which two methods developed. The first 

clever example is the enrichment of enantiopure helicenes with a homochiral auxiliary 

carrying a chiral sulfur atom. The usually more stable s-cis conformation of the 
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(S)-configurated sulfoxide dictates the endo-approach of the diene to the less 

encumbered side facing the lone pair which leads to the (M)-bisquinone in 80 % ee 

(Scheme 94).[208] The s-trans conformation can be enforced by means of bulky 

substituents like methoxy groups which would clash with the sulfinylic oxygen of the 

s-cis rotamer, giving (P)-handed products up to >98 % ee.[209] After the cycloadduct is 

formed, the sulfoxide moiety undergoes a spontaneous elimination which recovers the 

quinone backbone.[210] 

 

Scheme 94: Regio- and π-facial-selective Diels-Alder reaction. 

The second example is a dynamic kinetic resolution (DKR) in a synthesis of [5]helicenic 

quinones using the same chiral auxiliary. An axially chiral racemic diene underwent 

[4 + 2] cycloaddition with the chiral sulfoxide, giving a (P,Sa)-[5]helicenequinone 

bearing a biphenyl in 100 % diastereomeric excess (Scheme 95).[211] The domino 

Diels-Alder reaction − sulfoxide elimination − aromatization process resulted in a 

double asymmetric induction of helical and axial chirality. The stereolabile chiral axis 

in the substrate allowed an epimerization of the racemate to the one atropisomer which 

enters the cycloaddition faster. As before, the sulfoxide dictated the helical chirality, but 

the axial chirality is believed to originate from a contact distance of 3.4−3.6 Å between 

the biphenyl and the naphthoquinone moiety which is within the range of 

π-π-interactions.[212] The final product adopts the (Sa)-configuration to maximize 

π-stacking.  

Reports surrounding asymmetric Diels-Alder reactions are scarce articles which 

involve mainly one group (Carreño) as well as one chiral auxiliary for the regulation of 

the enantioselectivity. Furthermore, the example involving the diastereoselective 

synthesis is again of substrate-controlled nature. This leaves plenty of room for further 

research.  
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Scheme 95: Diastereoselective Diels-Alder reaction. 

 

Miscellaneous asymmetric methods 
 

Obviously, other methods each have their own asymmetric version as well. Most of 

them share the similarity that the chiral information came down to chiral ligands in 

catalysts (e.g. chiral Grubbs catalyst for asymmetric RCM[213]) or chiral additives (e.g. 

(−)-sparteine in asymmetric anellation[214]), although most of them are borderline cases 

between substrate and non-substrate control. De facto, all of them are niche solutions 

providing moderate to low enantioselectivity. As of now, only the [2 + 2 + 2] 

cycloisomerization and the Diels-Alder addition have consistently been practicable for 

the efficient enantioselective synthesis of large amounts. 

An honorable mention is the predetermined enantioselectivity which is strictly speaking 

not an asymmetric synthesis per se and also falls under the category of substrate-

controlled enantioselectivity. This strategy is based on an axial to helical chirality 

transfer from configurationally defined atropisomers (e.g. benzylic-type coupling of 

(S)-BINOL would give a (P)-helicene exclusively). Examples for this are “asymmetric” 

Wurtz couplings[101,215] or Stevens rearrangements.[110]  
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5.2 Chiral resolution 
 

Although the asymmetric synthesis is an attractive and powerful approach, not every 

reaction can be tailored to be enantioselective or diastereoselective. Thus, the manual 

resolution of racemic mixtures is as important and indispensable. There are several 

ways to separate a racemate into its components, both classic and old-fashioned as 

well as modern ones have been used for the resolution of helicenes which will be 

discussed here. 

 

Recrystallization 
 

Especially in early research when there were no other options, manual crystal picking 

after Pasteur was common practice. Initially, [6]-, [7]-, [8]- and [9]helicenes were 

resolved that way,[41,216] higher homologues however did not crystallize as 

conglomerates.[217] Of course, the classic hand-picking is almost obsolete today as it 

is too tedious and substances crystallize much more frequently as true racemates than 

conglomerates. The addition of chiral reagents was not new, but unexplored for the 

optical resolution of helicenes. In 1955, Newman and Lednicer published the 

employment of the π-complexing agent 2-(2,4,5,7-tetranitro-9-fluorenylidene-

aminooxy)propionic acid (TAPA) in order to get separable diastereomeric charge 

transfer complexes out of [6]helicene (Figure 23).[1,218] Their innovative fractional 

crystallization was a landmark and opened up new possibilities. Since then, chiral 

clathrates have been formed from helicenes using silver D-(−)-hydrogendibenzoyl-

tartrate,[219] (−)-quinine[220] or (−)-brucine,[221] (±)-O,O′-dibenzoyl-D-tartaric acid[69] and 

more.  

 

Figure 23: Selection of chiral reagents used for optical resolution of helicenes by crystallization.  
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Enzymatic resolution 
 

Liu and Katz achieved a kinetic optical resolution of [5]helicenebisquinone via 

enzymatic hydrolysis (Scheme 96).[93] The racemic compound was converted to a 

hemiketal which in turn was acylated. The acetate was hydrolyzed and resolved with 

the aid of bovine pancreas back to the optically active hemiketal which was oxidized to 

the original quinone. The enzymatic kinetic resolution yielded an enantiomeric excess 

of 62 %. 

 

Scheme 96: Enzymatic kinetic resolution of [5]helicenebisquinone. 

Using a similar strategy, Tanaka et al. achieved a lipase-catalyzed kinetic resolution of 

a bis(hydroxymethyl)[7]thiahelicene (Scheme 97).[222] When treated with Pseudo-

monas cepacia (PS) in an acylation, the reaction favorably took place on the 

(M)-enantiomer, leaving the unreacted (P)-enantiomer in 98 % ee. The reverse 

phenomenon was observed using Candida antarctica (CA), leaving the antipode with 

92 % ee. 

 

Scheme 97: Lipase-catalyzed resolution of tetrathia[7]helicene.  
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Capillary electrophoresis 
 

Particularly specific is the optical resolution of charged helicenes by capillary 

electrophoresis (CE). Randomly sulphated α-, β- and γ-cyclodextrins were used as 

chiral selectors for the enantioresolution of a series of helical N-heteroaromatic 

dications (helquats) with 5-, 6- and 7-fused rings.[223] Against slow electro-osmotic flow 

(EOF), the anions resulting from complex formation of cationic helquats with the 

sulfated cyclodextrins migrate towards the detector in an electric field, while positively 

charged unattached helquats migrate to the opposing pole (Figure 24). Thereby, the 

anions resulting from the (P)- and (M)-enantiomers have a different effective mobility 

which allowed for their separation. The high polarity resulting from quaternary nitrogen 

atoms made the helquats reasonably soluble in water. The method benefits from a 

quick separation with low sample and reagent consumption, but the success of this 

method relies on the existence of charges and the solubility of the analyte in water. 

 

Figure 24: Schematic optical resolution of helquats by CE. Reproduced with permission from John 

Wiley and Sons.[223] 

 

Flash chromatography on achiral phase 
 

The optical resolution by conventional chromatography on an achiral mobile and 

stationary phase is of course only feasible with chiral auxiliaries. Also addressing 

charged compounds, Lacour et al. managed to separate helicenium cations with 

enantiopure hexacoordinated BINPHAT anions to achieve a resolution of over 96 % ee 

(Figure 25).[224] The diastereomeric salts were subjected to column chromatography 

on alumina, the absolute configurations were determined by vibrational circular 
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dichroism spectroscopy (VCD). This approach is noteworthy in the sense that it does 

not form covalent bonds as the salt formation relies basically on 

protonation/deprotonation, but again, it stands or falls with the presence of charges.   

With aid of (R)-(+)-methyl-p-tolylsulfoxide, the covalent formation of diastereomers was 

also done by their group in order to resolve helquats in over 98 % ee.[225] With a gap 

of 0.36 in retention factors, the diastereomers were separated by regular flash 

chromatography on silica gel. Interestingly, the cleavage of the auxiliary via an 

unprecedented Pummerer-like β-C-C fragmentation was promoted by the electrofugal 

character of the original helquat. 

 

Figure 25: Selection of chiral reagents used for optical resolution of helicenes by CE or column 

chromatography. 

Uncharged enantiomers were separated via derivatization to diastereomers by Katz et 

al. The chiral resolution with camphanates in organic chemistry is well known,[19–24] the 

functional principle involves the pointing direction of the lactone moiety which 

manipulates the polarity of the diastereomers: In the (P)-configurated diastereomer, 

the lactone points upwards which enhances its polarity, in the (M)-diastereomer the 

sterically favored configuration is the one in which the lactone points downwards, 

leading to a comparably lower polarity (Figure 26). After column chromatography, the 

auxiliary was cleaved off with methyllithium and chloranil and the enantiomers were 

retrieved.[226] Because the (P)-isomer is usually always more polar as a camphanate 

compared to its antipode, a quick TLC gives a direct proposition for the absolute 

configuration as well. The frequency of publications using the same auxiliary confirms 
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the reliability of this method, in some cases, the favored crystallization of the more 

polar camphanate was reported, making the resolution even easier.[23,209,227] 

 

Figure 26: Regulation of the polarity by a lactone moiety in a (M)-[6]helicene. Adapted with permission 

from the American Chemical Society.[226] 

 

Flash chromatography on chiral phase 
 

Not every substance crystallizes as a conglomerate (or at all), can be functionalized to 

diastereomers ad libitum or carries charges. Out of the examples mentioned above, 

probably only the derivatization to diastereomers is versatile enough for a general 

chiral resolution. But on top of the fact that reactive sides are necessary, this method 

carries the additional risk that introduction and cleavage could entail a huge deficit in 

analyte. The ideal solution for this problem would be to make the resolution 

independent of the analyte, or in other words, relocating the location of the chiral 

differentiator from the substrate to the external environment. 

Undoubtedly the most universal technique for the separation of optically active 

compounds is the resolution by flash chromatography on a chiral phase. A recurring 

application is the exploitation of either (+)- or (−)-TAPA to interact better with (P)- or 

(M)-helicenes: This time, silica gel columns coated in situ with TAPA acted as a chiral 

stationary phase (CSP).[228,229] For this, eluents had to be carefully selected in which 

the analytes, but not TAPA, were soluble. 

With the exponential technological progress, more refined and more versatile 

stationary phases and (semi-) automated systems were developed. With the invention 

of the initially rudimentary high-performance liquid chromatography (HPLC) in the 

1970s,[230] it was not a question of if, but when it would become the gold standard for 

the optical resolution of isomers. Nowadays, powerful systems coming along with a 
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multitude of CSPs have long since reached the commercial market. This method is 

practically useful for every kind of isomeric (and non-isomeric) mixture. It stands out 

due to the fast, efficient and reliable resolution and has surpassed the old-fashioned 

methods by a wide margin. With low preparative effort, a lot of enantiopure material 

can be obtained. The only Achilles’ heel in this method is the fact that the analyte must 

be highly soluble in the eluent. Arguably, the acquisition cost of the machine can also 

be a negative point, but in view of the saved time and effort, the investment quickly 

pays off. 

The strong arguments paired with an established HPLC in-house expertise made it the 

first choice for the chiral resolution of isomeric mixtures in this work. For that reason, a 

quick introduction to pivotal technical parameters in HPLC terms is obligatory. When 

we speak about the elution time, it can mean different things: the elution time of the 

dead volume t0 (volume in the chromatographic system which is not swept by the 

mobile phase) or the elution time of the enantiomers tn. Furthermore, the individual 

peak widths of each enantiomer ωn can be extracted from the chromatogram 

(Figure 27). Indirectly, both provide information about the efficiency of the 

chromatographic experiment.[231] 

 

Figure 27:  HPLC parameters displayed in a chromatogram.  

-50

50

150

250

350

450

550

650

0 1 2 3 4 5 6

in
te
n
si
ty
/m

A
U

time/min



 

93 
 

Given a specific system and experiment, the enantiomers each have a distinct elution 

time. But as it depends on many variables like eluent, flow rate and column dimensions, 

it only makes a statement for the one conducted resolution. More generally valid 

statements can be made with the capacity factor kn which can be calculated as shown 

below. 

𝑘n =
𝑡n − 𝑡0

𝑡0
  

(1) 

The capacity factors are equilibrium constants and give statements for every 

enantiomer independent of external influences, therefore they are useful for comparing 

different HPLC systems. The higher the value, the more amount of time the analyte 

has spent interacting with the stationary phase (and vice versa). The value should 

always lie above 1, otherwise the analyte does not interact with the CSP and may not 

be resolved at all. The other way around it would be just as bad: If the value is too high, 

the separation time gets too high as well. As a guideline, the value should be kept 

around 1 and 10. If statements about the selectivity of the resolution are to be made, 

the separation factor α can be derived as their quotient. 

𝛼 =
𝑘2

𝑘1
  

(2) 

Visually, it represents the difference between both apices of the signals, e.g. the higher 

the value, the higher the baseline separation. A high selectivity is indicative for a good 

resolution, but the flaw in this value is that it only accounts for the retention time. For 

Gaussian curves, this is sufficient enough, but not every chromatographic signal 

behaves ideally: Dispersion and absorption effects can cause tailing which breaks the 

symmetry of the signal and decreases the slope towards the end. Oppositely, a high 

concentration of the analyte can increase the slope in the first half towards the apex. 

Generally, asymmetric peaks are a bad sign because they make the separation, 

reproducibility and integration of the signals difficult. 

If the sum of the peak widths ωn is accounted for, the resolution factor Rs can be derived 

as shown in equation (3). 

𝑅s = 2
𝑡2 − 𝑡1

𝜔2 + 𝜔1
  

(3) 

The resolution factor includes the time and width in an inverse manner which means 

that it should be balanced within a certain range so that the most optimal resolution 



 

94 
 

can be conducted in the least amount of time. If the value is greater than 1, a separation 

is occurring to a small degree, but that is not sufficient for a (semi-) preparative 

resolution without infinite recycling. For a good resolution, the value should be kept 

around 1.5. 

On a practical level, several studies focused on the chiral resolution of helicenes by 

HPLC. By now, possible CSPs, resolution and separation factors are listed in tabular 

form and can easily be looked up.[232–236] Out of the sheer infinite pool of CSPs, 

particularly the ones based on cellulose have shown to be capable of the resolution of 

helicenes.[237–240] Considering the already available CSPs, the selection was narrowed 

down to three different ones from three different manufacturers (Figure 28). The 

CHIRALPAK-IB (Daicel) and the CHIRAL ART Cellulose-SC (YMC) each carry a 

phenylcarbamate on their cellulose backbone, the (S,S)-Whelk-O-1 

(Gamma Analysentechnik GmbH) bears a benzamide and a naphthalene function. All 

have in common that they provide at least one side for π-π interactions, hydrogen 

bonds and van der Waals forces. Out of the three, the (S,S)-Whelk-O-1 offers more 

sides for π-π interactions which probably is beneficial for the separation of helicene 

derivative which literally consist of a “π-skeleton”. 

 

Figure 28: In-house inventory of chiral stationary phases. 
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5.3 Analysis of structure 

 

After the chiral resolution, the characterization of the fractions is logically the next 

endeavor. While usual 1H-NMR is perfectly fine for the relative configuration of 

structures, the measurement of 1H-NMR spectra of two enantiomers would lead to a 

one-to-one copy. The derivatization to diastereomers along with NMR experiments 

making use of the nuclear Overhauser effect can be helpful in elucidating the helicity. 

Carreño et al. used NOESY NMR go gain insight on protons in close proximity in order 

to derive the absolute configuration,[241] a similar practice was done using ROESY.[242] 

Generally, a series of chiral derivatizing agents have been used for the assignment of 

absolute configuration by NMR.[243] Above all, the famous mosher ester analysis for 

alcohols and amides is the most famous one.[244,245] 

A pretty safe bet is the prediction or deduction of the absolute configuration from logical 

conclusions. Some methods have been discussed already, e.g. the predetermined 

enantioselective synthesis methods with enantiopure BINOL or the diastereoselective 

point-to-helical chirality transfer of (oxa-) helicenes by Starý and Stará (vide supra). As 

long as the configurations of the starting materials are defined and known, they should 

be the same for the product (barring special scenarios like SN2 or spontaneous 

epimerization). Analogously, the deduction from the polarity of camphanates by Katz 

can provide information about the absolute configuration as the camphanates of 

(P)-helicenols show a higher polarity than the ones of (M)-helicenols. Of course, this 

only works if both diastereomers are available in the first place, in reactions with 

absolute enantioselectivity, a quick TLC only gives one retention factor. 

Another reliable hint is the algebraic sign of the specific rotation [α]. As a rule of thumb, 

it appears that dextrorotatory helicenes are (P)-configurated, levorotatory helicenes 

appear to be (M)-configurated. Other chiroptical techniques are also valid for the 

assignment. In consequence of their strong π-π* transitions arising from strong dipolar 

magnetic and electric transition moments, helicenes display intense electronic circular 

dichroism (ECD) spectra which can be compared to the calculated ones in order to 

figure out their direction of rotation.[246,247] In dependance of the area of the 

electromagnetic spectrum, optical rotatory dispersion, vibrational circular dichroism or 

Raman optical activity have been used especially in the early days of helicene 

chemistry for their characterization.[248]  
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But as far as analytical tools go, X-ray crystallography is the most conclusive one. The 

depiction of atoms in three dimensions allows for the interpretation of their spatial 

arrangement in terms of locations and distances which can be inaccurate in other 

methods. However, the determination of the absolute configuration is more complex 

than a standard XRD experiment. 

By definition, an enantiomer possesses a non-centrosymmetric space group (space 

group without inversion centers), so the determination of the absolute configuration 

comes down to the assignment of these non-centrosymmetric space groups to one of 

the two invertible enantiomeric structures. Since the inversion of a crystal structure 

equals the inversion of its diffraction pattern, matching the experimentally gathered 

inverted and non-inverted data with the respective calculated data should allow a 

distinction of the enantiomers. Theoretically, the better fitting data set defines which 

absolute configuration is the correct one. In practice it is not that simple. According to 

Friedel’s law, X-ray diffraction patterns themselves are approximately 

centrosymmetric, so an inversion would not do anything and the assignment of the 

absolute structure remains denied. 

When X-rays with the wavelength in the vicinity of the absorption edge of an element 

is used, the photon gets absorbed by excitation of the electrons of the atom. This leads 

to anomalous dispersion which does not strictly follow Friedel’s law. For the 

configurational assignment to be feasible, the contribution of the non-anomalous 

scattering has to be small compared to the contribution of the anomalous one. For 

heavy atoms like bromine or chlorine, this is the case. For atoms lighter than oxygen, 

the effects are the smallest which is of course inconvenient for organic molecules.[249] 

In 1983, Flack described how the anomalous scattering can be used to determine the 

absolute configuration.[250] The corresponding isolated scattering can be assigned to 

specific atoms, visually it is noticeable by a change of the structure factor when the 

incident photon is close to the absorption edge.[251] The sample is considered a 

reference domain comprising the inverted and non-inverted absolute structures. The 

relative proportion of the inverted domain is quantified by the Flack parameter x which 

makes a relative statement about the correctness of the absolute configuration. If the 

parameter gets closer to 0, the current model has the correct absolute structure, 

likewise an approach towards 1 implies a rising share of the opposing enantiomer in 

the crystal.  
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Vital for the quality criterion is its standard uncertainty u which is usually attached in 

brackets after the parameter and refers to the last quoted decimal place, e.g. a value 

of x = 0.1(9) would have such a low precision that neither (+)- nor (−)-configuration can 

be assumed. Going by a sequential report by Flack, u should not exceed 0.1 for 

compounds known to be enantiopure. For compounds with unknown enantiopurity, the 

value should be below 0.04. Regarding x itself, the value should lie within 0±2u. 

Because of random experimental errors, x can take negative values. Following a 

Gaussian probability distribution function, x most likely lies somewhere between −3u 

and 1+3u. Values far outside are practically unusable und indicate erroneous 

refinement or data. As already indicated, the uncertainty depends on the wavelengths 

of the X-ray and the magnitude of the anomalous scattering which in turn relies on the 

chemical elements in the crystal. This is why the analyte artificially had to be prepared 

with heavy atoms like chlorine in the past. With better equipment nowadays, this is not 

mandatory anymore.[252] 

Today, his method has become the most common one for the elucidation of the 

absolute configuration via XRD. It stands out from the other methods due to the 

quickness and inexpensiveness. To be fair, the solid state does not necessarily reflect 

the situation in solution, but a spontaneous epimerization upon change of aggregate 

state is doubtful to say the least. One drawback is the fact that not every compound 

crystallizes and that the resolution of the measurement is dependent on the X-ray 

source. This can be remedied by synchrotron irradiation for example, but not everyone 

has access to a particle accelerator. 

Therefore, the best method depends on the investigated isomer. If crystals can be 

grown, XRD is certainly a solid choice, but that does not diminish the importance or 

accuracy of the other methods. As for almost everything, there is no universal remedy 

for this problem. Nevertheless, the palette of presented methods gives flexible control 

over the assignment of the absolute configuration. In fact, the synergy of the 

techniques is what makes them accurate because the more independent methods 

agree with the proposed configuration, the more convincing, reliable and definite it 

becomes in the end.  
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6 Ligand formation – from scaffold to complete structure 

 

6.1 [5]Helicene 
 

2,13-Difunctionalized [5]helicene 
 

The synthesis of 2,13-dimethoxy [5]helicene (rac)-20 was continued with its chiral 

resolution. The high solubility facilitated the screening for a suitable mobile phase. 

Performing a resolution on an analytical scale using a Daicel CHIRALPAK IB-U 

column, the enantiomers eluted after 1.38 and 2.38 min in a mixture of n-hexane and 

isopropanol (Figure 29). Considering the elution time of the dead volume t0 to be 

0.63 min, a separation factor of α = 2.33 and a resolution factor of Rs = 2.38 were 

achieved which was a promising analytical separation performance.  

 

Figure 29: Chiral resolution of (rac)-20 by analytical HPLC (n-hexane/iPrOH = 98:2, Daicel 

CHIRALPAK IB-U column, 0.85 mL/min, 235 nm). 

Luckily, this performance was transferred to the semipreparative run (Figure 30). 

Under analogous conditions, the enantiomers of (rac)-20 eluted after 6.37 and 

7.98 min which results in a separation and resolution factor of α = 1.42 and Rs = 0.88. 

-50

0

50

100

150

200

250

300

350

400

450

0 0,5 1 1,5 2 2,5 3 3,5 4

in
te
n
si
ty
/m

A
U

time/min

2.38

1.38 



 

99 
 

These values are expected to deteriorate from analytical to semipreparative scale, but 

a slight baseline separation was achieved anyways. 

 

Figure 30: Chiral resolution of (rac)-20 by semipreparative HPLC (n-hexane/iPrOH = 98:2, Daicel 

CHIRALPAK IB column, 18 mL/min, 235 nm). 

With both enantiomers in hand, the characterization of the obtained fractions was the 

next objective. As anticipated, both showed the same 1H-NMR and mass spectrum. A 

first but educated guess was made with the specific rotation [α]. Based on their 

algebraic signs, the first eluting fraction of 20 was tentatively assigned to the 

(M)-isomer, the second eluting fraction to the (P)-enantiomer. For some helicenes 

though, the rule is not rigorously followed and is not regarded as a proof.[253] 

Therefore, ECD-spectra were recorded. The emergence of an image − mirror image 

relationship was a good sign and proved the presence of two enantiomers (Figure 31). 

Theoretical ECD spectra were simulated for each enantiomer via simplified time-

dependent density functional theory (DFT) by Lukas Kunze from the Grimme 

group.[254,255] The simulated spectrum had a slight offset to the experimental one which 

could indicate an incomplete consideration of possible conformers for the calculations. 

Based on the calculations, a coinciding observation with the optical rotations at the 

sodium D line was made: The first eluting fraction was assigned to the right-handed 
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isomer and vice versa. The spectra display two distinct bands around λ = 270 and 

310 nm of opposite sign, showing a strong resemblance to parent [5]helicene.[247] 

 

Figure 31: Experimental ECD spectra of (P)-20 (blue solid line, dichloromethane, c = 4.0×10-4 g/L), 

(M)-20 (orange solid line, dichloromethane, c = 4.0×10-4 g/L), respectively, and the corresponding 

calculated ECD spectra (dashed lines). 

Single crystals were grown by layering of n-hexane on top of a solution of enantiopure 

20, respectively. Since enantiopure compounds can only crystallize in Sohncke space 

groups, (+)- and (−)-20 do not crystallize in the same space group like (rac)-20 (Pbcn), 

but in the orthogonal space group P21212. Apart from that, the distances and torsional 

angles were compliant to the racemic compound. Unfortunately, the quality of the 

crystal was not good enough for a conclusive analysis of the Flack parameter. 

The successful optical resolution of (rac)-20 meant that obtaining both enantiomers 

was possible. Of course, this is not the most optimal stage at which a resolution is 

sensible: For each past stage a summand of 1 is added to the total sequence of 

reactions because each reaction from then on must be carried out twice, but in a worst-

case scenario in which every following intermediate is irresolvable, the secured 

resolution was a preliminary solution. 

After the assembly of the helix, the focus shifted to the only non-hydrocarbon element 

left. The methoxy groups survived all the reactions so their purpose was fulfilled. 

Deprotection of ethers can be done under either Brønsted or Lewis acidic conditions. 

The former often needs harsher conditions like high temperatures, so it was opted for 
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the latter. Helicene (rac)-20 was stirred with boron tribromide at −78 °C overnight 

(Scheme 98). The workup was exacerbated by the much lower solubility of the 

dihydroxy compound. 

 

Scheme 98: Deprotection of (rac)-20. 

Contrary to expectation, the newly formed hydrogen bond donors did not provide any 

benefit for the optical resolution, possibly because of the low solubility in common 

organic solvents. The resolution showed an overall increase in retention times as well 

as a higher difference of those (Figure 32). 

 

Figure 32: Chiral resolution of (rac)-73 by analytical HPLC (n-hexane/iPrOH = 10:1, (S,S)-Whelk-O-1 

column, 1 mL/min, 235 nm). 

Both could not be improved by change of eluents without drastically lowering the 
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semipreparative scale. Furthermore, a small shoulder adjacent to the first eluting 

enantiomer prevented a clean baseline separation, so the idea of a semipreparative 

resolution was discarded. After purification by column chromatography, 72 % of 

racemic 2,13-dihydroxy[5]helicene (rac)-73 were accumulated. Byproducts like the 

mono deprotected alcohol could not be identified, but the yield is in line with the 

deprotection of 2,15-dimethoxy[6]helicene which in turn seemed to be more difficult to 

deprotect than the mono functionalized [6]helicene.[64] A harder access to the bay area 

may be the cause of this. 

The penultimate step towards a finished ligand was the esterification of the hydroxy 

groups so that good nucleofuges were available. Alcohol (rac)-73 was triflated with the 

corresponding anhydride at 0 °C (Scheme 99). In relation to the hydroxy groups, the 

triflates raised the solubility of the compound enormously which allowed for a smooth 

purification on silica gel. Racemic triflate (rac)-74 was gained in 80 % yield. 

 

Scheme 99: Triflation of (rac)-73. 

From there on, precursor (rac)-74 paved the way for the synthesis of the final ligands. 

Various cross-coupling reactions should permit the installation of σ-donors which can 

then form complexes with various metal centers. For the first donor motif, a 4-pyridinyl 

moiety was chosen which kept the C2 symmetry intact. Triflate (rac)-74 was coupled 

with 4-pyridineboronic acid pinacol ester in a Suzuki-Miyaura cross coupling. Mediated 

by Pd(dppf)Cl2, TLC-monitoring did not indicate any transformation. After refluxing for 

2 days, the substrate spots still remained (Scheme 100, left). The substrate was 

retrieved by column chromatography without significant deficits. It was unclear why the 

catalyst was not able to promote the cross-coupling reaction in any way. The system 

was changed in 2 ways: The catalyst was replaced with Pd(PPh3)4 and the base was 

replaced with potassium carbonate (Scheme 100, right). Luckily, this time TLC-control 

indicated a substantially more polar fraction which was assumed to be caused by the 

newly attached pyridine units. The fraction was isolated by column chromatography on 

silica gel. 1H-NMR spectroscopy (Figure 33) and mass spectrometry proved the 
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formation of bis(pyridine) (rac)-75. In total, 54 % was obtained, partly because of the 

mono functionalized side product. A longer reaction time probably would have given 

more yield. Nonetheless, the first ligand was ready for complexation attempts. 

 

Scheme 100: Suzuki coupling of (rac)-74 to (rac)-75. 

 

Figure 33: 1H-NMR spectrum and assignment of (rac)-75. 

The racemic mixture was subjected to HPLC resolution. Analytically, the signals were 

broader than during the resolution of (rac)-20 and the retention times were a bit higher 

(t1 = 2.47 min and t2 = 3.70 min). The basic character of the pyridines had to be 

counteracted with 3 vol% of diethylamine. A baseline separation was achieved with a 

separation and a capacity factor of α = 1.67 and Rs = 2.32, respectively (Figure 34). 

Overly optimistic, the assay was resolved by semipreparative HPLC. Hereby, with 



 

104 
 

retention times of t1 = 10.58 min and t2 = 13.59 min, the separation and capacity 

factors were α = 1.38 and Rs = 1.60 (Figure 35). 

 

Figure 34: Chiral resolution of (rac)-75 by analytical HPLC (n-hexane/EtOH = 7:3 + 0.3 vol% DEA, 

Daicel CHIRALPAK IB-U column, 0.85 mL/min, 235 nm). 

 

Figure 35: Chiral resolution of (rac)-75 by semipreparative HPLC (n-hexane//EtOH = 7:3 + 0.3 vol% 

DEA, Daicel CHIRALPAK IB column, 18 mL/min, 235 nm). 

Repeatedly, the characterization routine started with the optical rotations at the sodium 

D line. According to them, the first eluting enantiomer had to be the right-handed helix. 

-100

0

100

200

300

400

500

600

700

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5

in
te
n
si
ty
/m

A
U

time/min

-100

400

900

1400

1900

2400

0 5 10 15 20

in
te
n
si
ty
/m

A
U

time/min

3.70 

2.47 

10.58    13.59 



 

105 
 

A first confirmation was made with the ECD spectra which showed the typical 

image − mirror image relationship (Figure 36). The three most prominent bands of the 

spectra are around λ = 250, 290 and 330 nm. The simulated spectra had a moderate 

agreement to the experimental ones. The lower similarity between the ECD spectra of 

(P)-75 and (M)-75 compared to the similarity between those of (P)-20 and (M)-20 

indicated a higher number of non-considered conformers which contributed to the final 

spectrum. In light of the fact that both 20 and 75 should have comparable 

conformational degrees of freedom, an offset twice as large was unexpected. An 

alternative or additional explanation could be interfering charge transfer excitations of 

the molecules which can be difficult to characterize with DFT.[256–258] Still, the moderate 

agreement was sufficient enough for the confirmation of the previous assignments 

made on the basis of the optical rotations. 

 

Figure 36: Experimental ECD spectra of (P)-75 (blue solid line, dichloromethane, c = 5.8×10-4 g/L), 

(M)-75 (orange solid line, dichloromethane, c = 6.1×10-4 g/L), respectively, and the corresponding 

calculated ECD spectra (dashed lines). 

Single crystals for XRD analysis were grown by layering n-hexane on top of a solution 

of enantiopure 75 in dichloromethane overnight at −10 °C. Like enantiopure 20, 

(+)- and (−)-75 crystallize in the orthogonal space group P21212. The inner cavity has 

a diameter of approximately 2.9 Å, the tilt and torsional angles are in the same range 

of 20 as well (Figure 37). The distance of the nitrogen atoms within the 4-pyridinyl 

moieties accounted for 7.0 Å. Last but not least, Flack parameter analysis reconfirmed 

the predictions of the absolute configurations.  
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Figure 37: Molecular structure of (M)-75 as determined by single crystal XRD analysis (carbon in 

brown, hydrogen in white, nitrogen in blue). 

With the first bidentate ligand in hand, the preparation of additional ones to fill the 

assortment was the next aim. Without deviating from the bidentate bis(pyridine) moiety, 

the keynote for the following building block was the increase of the degrees of freedom 

in terms of rotation and resulting donor angle. Thus, a lower symmetry was envisaged, 

caused by a change in position of the donating nitrogen atom from 4 to the 3. Adopting 

the same procedure of (rac)-75, triflate (rac)-74 was coupled with 3-pyridineboronic 

acid. Promoted by Pd(PPh3)4, the Suzuki coupling of (rac)-74 gave racemic 

pentahelicene (rac)-76 in 40 % yield (Scheme 101). Bis(pyridine) 76 showed a much 

higher polarity compared to its constitutional isomer 75 which probably caused the 

lower yield. The 1H-NMR spectrum showed sharp signals with little to no overlap and 

indicated a species with high symmetry which made the assignment considerably 

easier (Figure 38). Unfortunately, every attempt to resolve the racemate by analytical 

HPLC or to crystallize the compound was not fruitful. Nonetheless, the second ligand 

was ready to be complexed with a metal. 

 

Scheme 101: Suzuki coupling of (rac)-74 to (rac)-76.  
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Figure 38: 1H-NMR spectrum and assignment of (rac)-76. 

For the third ligand, the bond lengths were re-examined and re-evaluated. In case of 

overcrowded vicinity, the donor motifs had to be further distanced from the helical 

skeleton. To increase the ligand cone angle, an acetylene spacer between the helical 

shore and the pyridine unit was envisaged. Unexpectedly, triflate (rac)-74 did not react 

in a Sonogashira reaction under various conditions (Scheme 102). 

 

Scheme 102: Sonogashira coupling of (rac)-74 to (rac)-77 under various conditions. 

Using the established routine protocol with Pd(PPh3)2Cl2, TLC-monitoring indicated an 

unaltered solution. After column chromatography on silica gel, (rac)-74 was completely 

recovered. Any attempt to facilitate the oxidative addition with more electron rich 

ligands failed and the substrate was recovered every time. It was obscure why the 
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precursors underwent oxidative addition in Suzuki, but not in Sonogashira cross-

couplings. But since the former had already been figured out, the acetylene spacer 

was substituted by a 1,4-phenylene spacer. Indeed, cross-coupling of triflate (rac)-74 

under the established Suzuki coupling protocol gave racemic bis(pyridine) (rac)-78 in 

good yield (Scheme 103). The high yield was achieved by omitting chromatographic 

workup on silica gel. Via recrystallization, racemic (rac)-78 was collected in the form of 

yellow needles and analyzed by 1H-NMR spectroscopy (Figure 39) and mass 

spectrometry. 

 

Scheme 103: Suzuki coupling of (rac)-74 to (rac)-78. 

 

Figure 39: 1H-NMR spectrum and assignment of (rac)-78.  
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Figure 40: Molecular structure of (rac)-78 as determined by single crystal XRD analysis (carbon in 

brown, hydrogen in white, nitrogen in blue). 

The yellow needles were subjected to XRD analysis, racemic (rac)-78 crystallizes in 

the monoclinic space group C2/c. The diameter of the cavity of the [5]helicene 

backbone remains the same overall, but the gap between the attached aryl units 

widened. In 78, the positions previously occupied by nitrogen atoms (in pentahelicene 

75) had a larger distance of 7.4 Å (compared to 7.0 Å in 75), the outermost carbon 

atoms have a distance of 12.0 Å (Figure 40).  

 

Figure 41: Chiral resolution of (rac)-78 by analytical HPLC (dichloromethane/MeOH = 995:5, 

(S,S)-Whelk-O-1 column, 1 mL/min, 235 nm).  
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Regarding the optical resolution by HPLC, only a slight separation was achieved 

without lowering the solubility of (rac)-78 too much (Figure 41). On the first glance, a 

recycling HPLC run would theoretically have been feasible, but the long retention times 

made the cost-benefit ratio way too poor for an actual semipreparative resolution. In 

light of the dwindling material, a further screening on reverse phase was not made. 

Nonetheless, for the time being, there was enough material left for complexation 

experiments. 

Based on a 2,13-difunctionalized pentahelicene, a total of three C2-symmetric 

bidentate ligands have been synthesized. While the nitrogen donor motif is throughout 

the same, the resulting donor, bite and cone angles should vary. This should lead to 

different assemblies around the same metal centers. The 3-pyridine units display a 

higher amount of flexibility due to the bond rotation of two bridge-head carbon atoms 

which connect two phenyl units, but have a lower symmetry than the 4-pyridine units 

which can make analysis of resulting complexes by NMR spectroscopic experiments 

more difficult. 

 

1,14-Difunctionalized [5]helicene 
 

The route towards 1,14-difunctionalized bidentate ligands started with the optical 

resolution of racemic 1,14-dimethoxy [5]helicene (rac)-38. Using the same stationary 

phase as in the separation of (rac)-20, the enantiomers of 38 eluted after 1.41 and 

2.22 min (Figure 42). This resulted in a separation factor of α = 2.03 and a resolution 

factor of Rs = 2.59. 

The semipreparative run was free of any disturbances as well, the overall scale-up 

gave retention times of t1 = 6.18 min and t2 = 7.47 min, a separation factor of α = 1.44 

and a resolution factor of Rs = 0.76 (Figure 43). The enantiomers were crystallized via 

layering of n-hexane on top of their respective solutions in dichloromethane at −10 °C 

overnight and subjected to XRD analysis. Like (P)- and (M)-20, (P)- and (M)-38 

crystallize in the orthogonal space group P21212. But compared to 20, 38 has a 0.3 Å 

larger inner cavity and a 4° higher torsional angle (Figure 44). Apparently, 20 has a 

higher topological similarity towards unfunctionalized parent pentahelicene with which 

it shares similar dihedral angles and diameters.[2] This is not surprising: The steric 

impact of the methoxy groups should be much higher in the innermost position which 
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results in the overall higher values. After analysis of the Flack parameters, the first 

eluted fraction was assigned to the right-handed enantiomer and the second to the left-

handed one. The algebraic signs of the optical rotations validated the suggestions 

about the absolute configurations.  

 

Figure 42: Chiral resolution of (rac)-38 by analytical HPLC (n-hexane/iPrOH = 9:1, Daicel CHIRALPAK 

IB-U column, 0.85 mL/min, 235 nm). 

 

Figure 43: Chiral resolution of (rac)-38 by semipreparative HPLC (n-hexane/iPrOH = 95:5, Daicel 

CHIRALPAK IB column, 18 mL/min, 235 nm).  
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Figure 44: Molecular structure of (M)-38 as determined by single crystal XRD analysis (carbon in 

brown, hydrogen in white, oxygen in red). 

The ECD spectra displayed distinct bands at around λ = 251, 296 and 340 nm for both 

enantiomers, further emphasizing the lower similarity to parent [5]helicene compared 

to 20 (Figure 45).[247] Last but not least, the calculated spectra had a good agreement 

with the experimental ones and supported the assignment of the absolute 

configurations: The first eluting fraction was identified as the (M)-enantiomer and vice 

versa. The secured optical resolution was a good fallback option in case future 

resolutions on later stages would have been unsuccessful. 

 

Figure 45: Experimental ECD spectra of (P)-38 (blue solid line, dichloromethane, c = 4.0×10-4 g/L), 

(M)-38 (orange solid line, dichloromethane, c = 4.0×10-4 g/L), respectively, and the corresponding 

calculated ECD spectra (dashed lines).  
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Analogously to the previous pathway, the deprotection of the methoxy groups was 

targeted next. 1,14-Dimethoxy[5]helicene was treated with a stock solution of boron 

tribromide in dichloromethane at −78 °C overnight (Scheme 104). The workup was 

remarkably easier compared to the one of regioisomer 2,13-dihydroxy[5]helicene 73. 

The running behavior of the compound on a regular silica gel-coated TLC plate showed 

a suspiciously low polarity and its solubility in dichloromethane was unexpectedly high, 

whereas the congener 73 was only moderately soluble upon addition of methanol. 

 

Scheme 104: Deprotection of (rac)-38 with BBr3. 

Nonetheless, the easy purification gave a very clean 1H-NMR spectrum. Since O-H 

protons are rarely observed via proton NMR due to their fast exchange rate, the integral 

ratios in the spectrum matched those expected for racemic 1,14-dihydroxy[5]helicene 

(rac)-79 (Figure 46).  

 

Figure 46: 1H-NMR spectrum after deprotection of (rac)-38 with BBr3.  
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The signals of the methoxy protons disappeared and the 13C-NMR spectrum also 

indicated the formation of (rac)-79. On the other hand, mass spectrometric analysis did 

not align with the expected result. EI-mass spectrometry showed a prominent peak 

with m/z = 292.0 which would fit to a species with the chemical formula of C22H12O. 

Out of the structures that made logical sense and fitted to all the spectroscopic 

observations, one resulting from a removal of one methoxy group and subsequent 

intramolecular ether formation was considered, leading to the bridged helicene 80 

(Figure 47). Such closed structures are called helicenophanes. Marinetti and 

coworkers used this structure motif in order to ensure configurational stability at room 

temperature. A chiral tether locked the [5]helicene in its configuration and prevented a 

racemization at elevated temperatures which occurred in the unfunctionalized 

equivalent.[9] 10 years later, a tether based on L-(+)-tartaric acid was introduced to a 

[7]helicene by Quideau et al.[10] 

 

Figure 47: Selection of helicenophanes. 

But in these examples, the bridges stretch over multiple atoms. The short oxygen tether 

in 80 makes such an arrangement rather strained und unfavored. A quick 

GFN2-xTB[177,178] minimized model depicted that the oxygen chain forces the molecule 

into a bowl shape. This would introduce an internal mirror plane σh into the molecule 

which would also make it achiral. First signs supporting this hypothesis were gathered 

through analytical HPLC (Figure 48). In diverse stationary and mobile phases, not 

even the slightest separation in the apex of each signal was visible. Combined with a 

sleek, sharp and slim signal during every run, the observations suggested that only 

one species was present.  

Luckily, single crystals of 80 could be grown by layering of n-hexane over its solution 

in dichloromethane at −10 °C. The crystals took the shapes of plates and needles. 

XRD analysis confirmed the highly compressed configuration and the achiral nature 

(Figure 49). Depending on its crystal shape, 80 crystallizes either in the orthorhombic 
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space groups P212121 or Pbca. The average dihedral angle between the inner carbon 

atoms (marked in red in Figure 47) was 22°. The bridging oxygen atom dictates the 

bowl shape within the molecule and locks it in this configuration. 

 

Figure 48: Attempted resolution of putative (rac)-79 by analytical HPLC (n-hexane/iPrOH = 95:5, 

Daicel CHIRALPAK IB-U column, 0.85 mL/min, 235 nm). 

 

Figure 49: Molecular structures of 80 as determined by single crystal XRD analysis (carbon in brown, 

hydrogen in white, oxygen in red). 

Class-wise, the helicenophane can also be categorized as a benzoxepin. Oxepins are 

known to be in a dynamic equilibrium with their valence isomers benzene oxide 

(Scheme 105, left).[259] While such a tautomerization was not observed for 80, it cannot 
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be entirely be ruled out to a full extent. But opposed to oxepin, forming the epoxide in 

80 would involve a double dearomatization which would be energetically unfavored 

and highly improbable. 

 

Scheme 105: Valence tautomerism for oxepin (left) and 80 (right). 

Mechanistically, it was assumed to be a Scholl-type reaction in which the Lewis-acid 

BBr3 causes either an arenium ion or a radical cation.[260] Although electron donating 

groups like methoxy functions can improve reactivity and selectivity in Scholl 

reactions,[261] the yield of 55 % was still astonishingly high in the face of the fact that 

the reaction temperature was low and that Scholl reactions typically do not have the 

highest yields (Scheme 106).  

Despite the fact that benzoxepin 80 was definitely an interesting and unexpected 

compound, it was also a dead end in view of the synthetic route. Treating 80 under 

extreme conditions like refluxing in aqueous HBr over multiple days showed its stability. 

In order to get back on the right track and gain access to alcohol 79, the ether functions 

of 38 had to be cleaved by means preventing the formation of a bridging ether moiety. 

 

Scheme 106: Synthesis of 80 with BBr3. 

In hope of not forming the benzoxepin, the use of Lewis acids was avoided. Ethers can 

also be cleaved with Brønsted acids. However, refluxing (rac)-38 in a solution of HBr 

in glacial acetic acid over two days did not cause any change. The substrate was 

recovered by column chromatography. It was not until a phase transfer catalyst was 

added that a change was observed. Starks’ catalyst,[262] a quaternary ammonium salt 
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which is also advertised as Aliquat 336, has been used to accelerate the demethylation 

of aryl methyl ethers.[263]  

 

Figure 50: Comparison of 1H-NMR spectra of substrate (rac)-38 (bottom), acidic deprotection of 

(rac)-38 (middle) and benzoxepin 80 (top). 

Indeed, implementing their protocol on helicene (rac)-38 had a noticeable effect, but 

unfortunately not a positive one. The crude 1H-NMR spectrum showed new signals, 

but upon stacking of different spectra it was clear that (i) a lot of material remained 

unreacted and (ii) the new signals corresponded to benzoxepin 80 (Figure 50). 

Evidently, the reaction could also be promoted by Brønsted acids, albeit with far higher 

temperatures and reaction time. Based on the integral ratios, 18 % of (rac)-38 was 

converted to 80 over the course of 2 days (Scheme 107). 

 

Scheme 107: Deprotection of (rac)-38 with HBr.  
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Due to that, the strategy was re-evaluated and changed altogether. The protection 

group had to be cleaved under such mild and selective conditions that virtually no other 

side reaction could have occurred. As the methoxy functions did not meet these criteria, 

the group was replaced by benzylic ethers. They can selectively be turned to toluene 

by mild hydrogenation under palladium catalysis. Synthetically, beside the first step in 

which the protection group is introduced, nothing much changed.  

Starting with 2-bromo-3-hydroxybenzaldehyde 30, the SN2 reaction with benzyl 

bromide gave 81 in 76 % yield (Scheme 108). The Sonogashira cascade was very 

straightforward and had expected yields and performances, purification of dialdehyde 

84 by recrystallization instead of column chromatography did not cause any material 

loss. Over 3 steps, the combined yield was 51 %. The nucleophilic addition of the 

dialdehyde 84 followed by the acylation of the diol 85 on the other hand gave diacetate 

86 in only 14 % yield over 2 steps. This was caused by the rather rudimentary workup 

which prioritized quality of the material over its quantity. In addition, the focus was put 

on a quick acquirement of the final helicene in order to figure out whether the desired 

deprotection of the ether was feasible. The Ni0 facilitated key [2 + 2 + 2] 

cycloisomerization gave a rather complex 1H-NMR spectrum. This was to be expected: 

The additional protons from the benzyl group can make the aromatic area around 

7 ppm too congested for a meaningful analysis. Without detailed characterization, the 

isomeric mixture was stirred at 120 °C in silica gel. After purification by column 

chromatography on silica gel, a much cleaner 1H-NMR spectrum was attained. Despite 

the additional aromatic protons, the aromatic area was not too convoluted as few 

signals had intersections (Figure 51). APCI-mass spectrometry showed a single 

prominent signal at m/z = 491.200 which matched with the monoisotopic mass of 

1,14-dibenzyloxypentahelicene 88. Over 2 steps, (rac)-88 was gained in 35 % yield.  

Overall, with the exception of the nucleophilic substitution − acylation sequence, the 

yields are in line with the previous syntheses of [5]helicenes. While the initial reactions 

partially outperform the ones from previous derivatives, the cyclization sequence 

performed worse than those towards methoxy[5]helicenes 20, 38 and 43. Considering 

the fact that the reaction has been very volatile so far, with a sample size of 1, an 

“average” yield of 35 % is statistically insignificant. Still, a lower value can be explained 

by the fact that the benzyl groups demand way more space than the methoxy groups 

which negatively affects the cyclization.  
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Scheme 108: Synthetic route towards (rac)-88. 

The synthesis of the pentahelicene was then followed by the removal of its benzyl 

functions. Under an atmosphere of hydrogen gas, the heterogeneous catalytic 

hydrogenation with palladium on charcoal was carried out in a mixture of 

dichloromethane and methanol (Scheme 109). 

 

Scheme 109: Deprotection of (rac)-88 with hydrogen.  
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Figure 51: 1H-NMR spectrum and assignment of (rac)-88. 

TLC-monitoring indicated the formation of several species which were difficult to 

separate by chromatographic means. Two fractions were collected of which one was 

undoubtedly the substrate. The 1H-NMR spectrum of the other one showed the loss of 

the benzylic protons around 4 ppm which was a good sign (Figure 52). 

 

Figure 52: Comparison of 1H-NMR spectra of substrate (rac)-88 (bottom), hydrogenation of (rac)-38 

(middle) and benzoxepin 80 (top).  
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But the spectrum of the semi-pure fraction shared the same signals with the one of 

benzoxepin 80. Despite its torsional strain and against chemical intuition, 80 seems to 

be energetically more favored than expected. In every reaction so far, it has been 

formed at least to some extent. It seemed that the access to 1,14-dihydroxy[5]helicene 

79 is not accomplishable with this strategy. Once the helicene has been formed, the 

formation to the desired alcohol always leads to the more stable diarylether. A possible 

workaround could be a deprotection prior to the [2 + 2 + 2] cyclization, but the 

resilience of hydroxy functions in these reactions can vary.[264] 

Therefore, the route towards 1,14-difunctionalized ligands based on pentahelicene 

was abandoned for the time being. The narrow space in the overcrowded positions 1 

and 14 was a major obstacle. Even though these positions are interesting due to the 

fact that: (i) accommodating for the limited space should induce constrained and 

extreme conformations and (ii) the racemization barrier should be extraordinarily high, 

it is questionable whether bulky pyridine functions can be introduced there in the first 

place. A GFN2-xTB[177,178] minimized model of 1,14-di(pyridin-4-yl)pentahelicene 

showed that an introduction of two 4-pyridyl units leads to a 15 % increase in the mean 

dihedral angle, compared to the 2,13-functionalized analogue (Figure 53). 

 

Figure 53: GFN2-xTB[177,178] minimized structure of (P)-1,14-di(pyridin-4-yl)pentahelicene (carbon in 

brown, hydrogen in white, nitrogen in blue). 
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6.2 [7]Helicene 
 

2,17-Difunctionalized [7]helicene 
 

Because the earliest point at which a chiral resolution made sense was after the 

removal of the acetates which were attached to the stereogenic carbon centers, a first 

attempt was not made with the fully aromatic [7]helicene (rac)-55 itself, but with its 

tetrahydro precursor (rac)-54. A baseline separation was achieved with separation and 

resolution factors of α = 1.40 and Rs = 3.56 which again ensured an early resolution 

within the multistep synthesis towards the desired ligand scaffolds in case these could 

not be resolved at a later stage (Figure 54).  

 

Figure 54: Chiral resolution of (rac)-54 by analytical HPLC (n-hexane/dichloromethane = 85:15, 

(S,S)-Whelk-O-1 column, 1 mL/min, 235 nm). 

Progressing from the fully aromatic 2,17-dimethoxy[7]helicene (rac)-55, the methoxy 

groups were removed with BBr3 in dichloromethane overnight (Scheme 110). 

 

Scheme 110: Deprotection of (rac)-55.  
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Just in case, an eye was kept on the formation of a diarylether similar to achiral 80. 

Collectively, the unpurified mixture showed a solubility and polarity appropriate for an 

alcohol. Mass spectrometric analysis revealed just a single signal with the mass of 

desired diol 89. At large, 81 % of (rac)-89 was isolated after purification. 

The triflation was carried out with Tf2O in anhydrous pyridine (Scheme 111). At the 

latest from that point on it was clear that diol (rac)-89 had been formed: Since an ether 

would not undergo a triflation, the presence of (rac)-90 simultaneously proved the 

presence of its predecessor. Fortunately, the quantitative conversion meant that 

enough material was available for the upcoming late-stage functionalizations. 

 

Scheme 111: Triflation of (rac)-89. 

In the same fashion as for [5]helicene, [7]helicene (rac)-90 was first coupled with 

4-pyridine boronic acid in order to introduce a donor atom (Scheme 112). Refluxing 

over 24 h led to a yellow precipitate which was believed to be the product. The low 

solubility made the routine aqueous workup difficult. TLC-analysis showed a species 

of high polarity which is in accordance with the behavior of its lower homologue based 

on pentahelicene (rac)-75. 

 

Scheme 112: Suzuki coupling of (rac)-90 to (rac)-91. 

For column chromatography purposes, the same stationary phase and eluent system 

as for (rac)-75 was implemented. In direct comparison, (rac)-91 had a much lower 

solubility in these solvents, probably attributed to the higher quota of carbon atoms. 

Counterintuitively at the same time, (rac)-91 had a much higher polarity. In the end, a 
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mixture of dichloromethane, ethyl acetate and methanol was required to resolve 

(rac)-91 on silica gel. These circumstances resulted in a rather poor yield of 20 % which 

was still enough to do the complexation experiments. The low solubility also related to 

a 1H-NMR spectrum of low resolution (Figure 55), but mass spectrometric experiments 

proved the formation of (rac)-91. Due to its low solubility, the substance was not 

compatible with resolution by HPLC.  

 

Figure 55: 1H-NMR spectrum and assignment of (rac)-91. 

The second ligand was also planned with an elongation of the lateral side arms in mind. 

Since the failed Sonogashira reactions inhibited the introduction of an acetylene spacer 

for the ligands based on [5]helicene, the same was forecasted for [7]helicene and it 

was opted for a 1,4-phenylene spacer again. Performing the same reaction with a 

different coupling partner (Scheme 113) was accompanied with the same 

observations, i.e. a yellow precipitate occurred which was believed to be the product. 

The precipitate shared the same properties with [7]helicene (rac)-91 in the sense that 

(i) the same amount of a saturated solution of EDTA had to be used for the aqueous 

workup and (ii) the same combination of solvents as the mobile phase had to be used 

for chromatographic purposes due to their similar polarities. But based on the even 

higher ratio of carbon atoms, the solubility of (rac)-92 was worse so that purification by 
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column chromatography did not properly isolate the desired ligand at first. Repeating 

the chromatographic purification multiple times brought only slight improvements in 

purification grade. The semi-pure mixture was recrystallized from ethyl acetate which 

provided a much cleaner 1H-NMR spectrum. While the low solubility also resulted in a 

spectrum of lower quality (Figure 56), the integrals and multiplicities matched those 

for (rac)-92. The multiple purification processes had a toll on the yield, in the end, 16 % 

of (rac)-92 was isolated. 

 

Scheme 113: Suzuki coupling of (rac)-90 to (rac)-92. 

 

Figure 56: 1H-NMR spectrum and assignment of (rac)-92. 

Mass spectrometric and X-ray diffractometric analysis confirmed the formation of the 

ligand. (Rac)-92 crystallizes in the monoclinic space group P21/c, has a cavity with a 

diameter of 3.0 Å and a wingspan of 21.4 Å measured by the distance between the 

nitrogen atoms (Figure 57). For the same reasons as for (rac)-91, the idea of a 

resolution by analytical HPLC was rejected beforehand. 
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Figure 57: Molecular structures of (rac)-92 as determined by single crystal XRD analysis (carbon in 

brown, hydrogen in white, nitrogen in blue). 

The third and final ligand was prepared with (4-(pyridin-3-yl)phenyl)boronic acid 

(Scheme 114). With the established conditions for the Suzuki coupling of helicenes in 

this work, the same observations and workup routine were anticipated. Surprisingly, 

this was not the case this time: The regioisomer had a much higher solubility in 

common organic solvents than its counterparts (rac)-91 and (rac)-92. During the 

reaction, no yellow precipitate was visible throughout the 24 hours (only small amounts 

of a black precipitate were visible which were attributed to oxidized catalytically inactive 

palladium species). The aqueous workup required considerably less solution of EDTA. 

The polarity matched that of compound (rac)-92, but the chromatographic purification 

benefitted greatly from the higher solubility. Without crystallization and after a single 

purification by column chromatography, a clean 1H-NMR spectrum was gained 

(Figure 58). The better resolution of the much sharper signals made their assignment 

much easier. Mass spectrometric analysis confirmed the presence of (rac)-93. 

 

Scheme 114: Suzuki coupling of (rac)-90 to (rac)-93.  
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Figure 58: 1H-NMR spectrum and assignment of (rac)-93. 

 

Figure 59: Chiral resolution of (rac)-93 by analytical HPLC (dichloromethane/EtOH = 2:8 + 0.8 vol% 

DEA, Daicel CHIRALPAK IC-U column, 0.43 mL/min, 235 nm). 

The higher solubility also meant that an optical resolution was within the realm of 

possibilities. The racemic mixture was subjected to analytical HPLC. As with the 

separation of bis(pyridine) (rac)-75, the basicity of (rac)-93 had to be counteracted with 
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8 vol% diethylamine, too. With the Daicel Chiralpak IC-U column, a good baseline 

separation with retention times of t1 = 3.36 min and t2 = 4.49 min was achieved 

(Figure 59). Overall, the separation took a bit longer than that of (rac)-75. The retention 

times corresponded to separation and capacity factors of α = 1.41 and Rs = 3.96. In 

light of the slightly higher retention times during the analytical HPLC run, it was to be 

expected that the retention times of the semipreparative HPLC run would also be 

higher compared to those of (rac)-75. With retention times of t1 = 14.63 min and 

t2 = 17.66 min, separation and capacity factors of α = 1.25 and Rs = 1.36 were 

calculated for the semipreparative HPLC run (Figure 60). 

 

Figure 60: Chiral resolution of (rac)-93 by semipreparative HPLC 

(dichloromethane//EtOH = 2:8 + 0.8 vol% DEA, YMC CHIRAL ART Cellulose-SC column, 10 mL/min, 

235 nm). 

Needless to say, the enantiomers needed to be characterized in regard of their 

absolute configurations. The specific rotation of the first eluting enantiomer suggested 

an (M)-configuration due to its negative algebraic sign. ECD spectra were recorded 

from the solution of each enantiomer in dichloromethane (Figure 61). The mirror 

symmetric spectra showed distinct bands at around λ = 292, 324 and 367 nm. The 

simulated spectra showed a high level of agreement with the experimental ones and 

confirmed the first eluting enantiomer to be (M)-configurated and the second one to be 

(P)-configurated. Unfortunately, the higher solubility was at the expense of the ability 

to form crystals. In several organic solvents and within a wide temperature range, no 
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single crystals could be grown out of (rac)-93. Structure-wise, (rac)-93 should not be 

much different than regioisomer (rac)-92. A GFN2-xTB[177,178] minimized structure 

indicated that on the whole, distances and torsional angles are in the same range 

(Figure 62). With 3 ligands in hand, the focus was put on the complexation 

experiments. 

 

Figure 61: Experimental ECD spectra of (P)-93 (blue solid line, dichloromethane, c = 3.7×10-3 g/L), 

(M)-93 (orange solid line, dichloromethane, c = 3.1×10-3 g/L), respectively, and the corresponding 

calculated ECD spectra (dashed lines). 

 

Figure 62: GFN2-xTB[177,178] minimized structures of (P)-93 (carbon in brown, hydrogen in white, 

nitrogen in blue).  
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7 Coordination chemistry 

 

7.1 Coordination chemistry of helicenes 
 

As the name suggests, coordination chemistry relies on coordinative interactions 

between metal acceptors and ligands bearing a donor atom. Thereby, both 

components are not set in stone, meaning that ligands with different coordinating 

atoms can be paired with a large variety of metal cations to give structures ranging 

from one-dimensional, linear rods[265–267] to three-dimensional, Archimedean[268] or 

Platonic[269] polyhedra.  

Incorporating helicenic elements, a mechanical switch has been created by Crassous 

and coworkers. A bis-4-aza[6]helicene with a central bipy unit switched gradually from 

its transoid to its cisoid form upon titration with Zn(OAc)2, resembling the motion of a 

molecular hinge (Scheme 115). The coordination-induced motion was reversible as 

the metal center could be removed by N,N,N′,N′-tetrakis(2-pyridylmethyl)ethane-1,2-

diamine (TPEN).[270]  

 

Scheme 115: (De-) coordination-induced motion mimicking a molecular hinge. 

Using a bis-helicenic ligand bearing a central terpyridine unit, their group also exploited 

the same coordination/decoordination strategy to induce a mechanical rotation of both 

C-C bonds at each side of the central pyridyl unit from a molecular W-shape to a 

U-shape. Again, the rotation was reversible upon addition of the metal scavenger 

TPEN.[271] In both cases, the chemical stimuli modified the spectroscopic properties 

greatly so that the systems acted as chiroptical switches offering multi-output readouts 

(UV-Vis, ECD, OR, fluorescence, CPL). 

The combination of a phthalocyanine and homochiral [7]helicenes gave a polydentate 

ligand which displayed strong NLO activity upon coordination of Cu(II) and Ni(II) into 

its inner cavity (Figure 63). The complexes were spin-coated on mica substrates and 
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studied by atomic force microscopy (AFM). A face-to-face columnar stacking of the 

molecules with their helical axes perpendicular to the surface was observed starting 

from an approximately 3:1 threshold of ethanol and chloroform, presumably resulting 

from favorable π-stacking of the aromatic units and van der Waals interactions from 

the n-dodecyl sidechains. When assembled in Langmuir-Blodgett films, stacking 

occurred with the axes parallel to the air-water interface.[272] 

 

Figure 63: Helical phthalocyanine (M = Cu, Ni; R = C12H25). 

The disproportional (and at the same time still scarce) occurrence of either 

monodentate or mononuclear (or both) complexes in literature is not due to the fact 

that coordination chemistry of helicenes is only limited to these, but rather due to the 

current lack of comprehensive investigation in this field. Although more challenging and 

sophisticated, the formation of higher structures comprising polydentate ligands and 

more than one metal ion should also be possible using helicenes. For this, an elaborate 

concept has to be created first.  

For instance, a molecular square can be constructed with 4 corners dictating a 90° turn 

and 4 linear edges. Thereby, the metals can provide right angles in linkage which can 

be difficult to achieve by other means, while the easier realization of 180° angles can 



 

132 
 

be achieved with organic ligands. Conceptually, this is nothing else than the directional 

bonding approach which has been developed by Stang.[273–276] Based on the alignment 

of the employed subunits, a prediction for the geometry of the formed product can be 

made (Figure 64). Of course, this guideline can only make tentative predictions. 

Although these are reasonable, designing such polygons does not necessarily lead to 

them. For instance, subunits can be more flexible than the Lewis structure suggests. 

 

Figure 64: Molecular polygons attainable by systematic combination of ditopic subunits. Reproduced 

with permission from the American Chemical Society.[276] 

Based on this rationale, three dimensional structures should also be accessible if the 

concept is extended. As mentioned before, the creation of three-dimensional 

architectures based on helicenes is underexplored. While this circumstance certainly 

correlates with the synthetic effort and the challenging planning, these architectures 

are highly interesting because they can be arranged with tailored cavities in mind. This 

gives entry to host-guest chemistry, a field that itself is particularly captivating due to 

its relevance in catalysis[277] or molecular recognition/separation[278]. 
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7.2 Chiral self-sorting 
 

In a multi-component system, (stereo-) selective considerations have to be discussed. 

For a self-assembly of a metal with more than one ligand, a distinction can be made 

between 3 extreme scenarios (Scheme 116): 

- The metal only binds to one ligand each and forms exclusively homoleptic 

complexes (narcissistic self-sorting). 

- The metal binds to every ligand in every possible way and forms the respective 

homo- and heteroleptic complexes according to the statistical distribution. 

- The metal binds to both ligands and forms heteroleptic complexes deviating 

from the statistical distribution (social self-sorting). 

 

Scheme 116: Different outcomes of self-sorting of metal ions (blue) and two types of ligands (red and 

green). 

The three scenarios mentioned above are just the edge cases. Mixed scenarios 

involving various degrees of each can lie in between. In fact, every deviation from the 

statistical probability can be regarded as a form of self-sorting. Numerous 

circumstantial causes like solvents, counterion etc. can affect this selectivity, therefore 

it is hardly predictable and not entirely understood. But at the same time, numerous 

strategies like templates, steric effects, complementarity of size and shape, ligand 

interactions or control of the metal’s coordination sphere have been used to influence 

the standard distribution.[279–281]
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But the definition can not only be applied to homo- and heteroleptic structures involving 

mixtures of ligands. If the concept is extended and applied to enantioselective or chiral 

self-sorting, subcategories of the categories mentioned above can be made with homo- 

and heterochiral complexes. In terms of helicenic self-sorting, there is only one 

publication in which a self-discrimination has been achieved so far. Using a racemic 

[6]helicene, coordination with palladium gave a single heterochiral meso-cage 

incorporating both enantiomers exclusively (Scheme 117). The presence of the 

tetracationic [Pd2L4]4+ species was proven by mass spectrometry and 1H-NMR 

spectroscopy. A signal splitting occurred which could only be rationalized by a 

cis-arrangement of the respective enantiomers. Interestingly, when an enantiopure 

[6]helicene with an elongated side arm was used, the solvent determined whether a 

[Pd2L4]4+ cage or an interpenetrated [Pd4L8]8+ dimer formed.[282] 

 

Scheme 117: Helicene-based coordination cages. a) Synthesis of ligand L1, b) synthesis of ligand L2. 

Depending on the composition and the ligand, different coordination cages are formed. Reproduced 

with permission from John Wiley and Sons.[282]   
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8 Coordination experiments – setting up the complex 
 

8.1 [5]Helicene 
 

2,13-Difunctionalized [5]helicene 
 

With the incorporation of nitrogen donor atoms into the ligands, supramolecular 

assemblies with tailored geometries dependent on the employed metal cation were 

envisaged. The first complexation experiments were carried out with bidentate 

bis(pyridine) ligand (rac)-75. Mixing helical ligands with square planar d8 metals like 

Pd(II) or Pt(II) has given access to complexes of interesting architectures.[282–285] In 

hopes of recreating those, (rac)-75 was treated with Pd(MeCN)4(BF4)2 in common 

organic solvents at room temperature. Unexpectedly, the ligand remained mostly free 

and unattached in these solvents. After 24 h, other signals appeared in the 1H-NMR 

spectrum of the experiment in dichloromethane (Figure 65) which did not really 

increase or supersede the ligand signals over the course of 3 days of stirring. 

 

Figure 65: Comparison of 1H-NMR spectra of free ligand (rac)-75 (bottom) and after complexation 

attempt with Pd(MeCN)4(BF4)2 (top).  
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The 3 new signals around 9 ppm indicate 3 new chemical environments for the protons 

next to the pyridine nitrogen. These can only be explained by coordination to the metal 

center. Unfortunately, the new signals around 8 ppm were not pronounced enough to 

make conclusive statements and mass spectrometric analysis showed no species with 

a charge higher than +I. Due to the same integral value of the outer signals at 9 ppm, 

it is possible that they belong to one species with magnetically non-equivalent 

α-protons (in relation to the pyridine nitrogen), possibly from a heterochiral complex. 

Alternatively, a complex in which 75 does not act as a chelating, but monodentate 

ligand, would also have double the amount of signals. 

A second complexation attempt was done with Pd(dppp)(OTf)2. Due to the fixed 

cis-attachment of the bidentate dppp ligand, the number of possible architectures were 

narrowed down to those consisting of di- and tri-ligated metal centers. A di-ligated 

complex would require an attachment of a single bis(pyridine) ligand 75 in a cis-fashion 

which would force a heavy distortion onto the molecule. Therefore, polynuclear 

complexes with 3 ligands (1 × dppp + 2 × 75) on each metal center were anticipated. 

 

Figure 66: Comparison of 1H-NMR spectra of free ligand (rac)-75 (bottom) and after complexation 

attempt with Pd(dppp)(OTf)2 (top). 

The 1H-NMR spectrum showed a change in chemical shift in comparison to the free 

ligand (Figure 66). However, upon complexation of the nitrogen atom to the palladium 
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atom, a downfield shift of the α-protons is usually expected due to the lower electron 

density, which was not the case here.[282] The mass spectrum suggested neither the 

presence of mono- nor polynuclear complexes. Aside from the signal of 75, singly 

charged species of unknown composition and with low intensities were displayed. It 

was evident that the donor atoms in 75 were too constricted to form complexes of any 

kind. 

The higher rotational freedom of the nitrogen donors in 76 should make complex 

formation more probable. Mixing the ligand with Pd(MeCN)4(BF4)2 overnight led to an 

1H-NMR spectrum with scrambled signals which made a proper analysis impossible 

(Figure 67). The isotope pattern of a signal in the mass spectrum showed a doubly 

charged species with m/z = 485.118. This would fit to a di-ligated mononuclear 

complex with the composition of [Pd(76)2]2+. The multitude of signals can be 

rationalized by homochiral complexes consisting of enantiopure 76 and heterochiral 

complexes consisting of one enantiomer each. 

 

Figure 67: Comparison of 1H-NMR spectra of free ligand (rac)-76 (bottom) and after complexation 

attempt with Pd(MeCN)4(BF4)2 (top). 

On top of that, each combination can theoretically adopt a cis- or trans-configuration 

with respect to the nitrogen atoms attached on one ligand. This makes a sum of 6 

conceivable isomers. It is doubtful whether every isomer has been formed, but based 

on the 1H-NMR spectrum alone, it cannot be ruled out. Tentative models based on 
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MMFF[286] molecular mechanics refined geometries indicated that cis- and trans- 

configurated complexes were generally feasible, but the GFN2-xTB[177,178] minimized 

structures showed that both arrangements were not achievable without deviation from 

the square planar palladium center. 

In order to get more insight and figure out whether a cis-configuration was 

experimentally feasible, the complexation experiment was reiterated with 

Pd(dppp)(OTf)2. As before, the 1H-NMR spectrum showed a change in chemical shifts 

and new signals, but did not allow any evaluation due to heavy overlap and insufficient 

resolution (Figure 68). 

 

Figure 68: Comparison of 1H-NMR spectra of free ligand (rac)-76 (bottom) and after complexation 

attempt with Pd(dppp)(OTf)2 (top). 

The mass spectrum did not show any noteworthy signals. With this information, a 

cis-arrangement of ligand 76 in the complex [Pd(76)2]2+ can probably be ruled out as 

well. This would reduce the number of stereoisomers from a maximum of 6 to 3. 

Trans-chelated PdII complexes occur much less frequently than cis-chelated ones 

because the motif of opposing donor atoms with proper distances is difficult to 

accomplish synthetically.[287–291] A remarkable example is the trans-chelation of a 

[2.2]paracyclophane derivative which featured chiral self-sorting: When a racemic 

[2.2]paracyclophane with a bis(pyridine) donor motif was mixed with PdII, homochiral 
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PdL2 complexes were formed exclusively. The experiment showcased a chiral 

self-sorting in a narcissistic self-recognition manner.[292] 

Interestingly, observations affirming the assumption of a possible trans-chelation were 

also made during the complexation attempts of (rac)-76 with Cu(MeCN)4BF4. While 

ligand (rac)-75 did not form any complexes with Cu(I)-salts, (rac)-76 coordinated 

readily with Cu in multiple ways. Initially, the 1H-NMR spectrum after the experiment 

suggested the sole presence of ligand 76 (Figure 69). But in the mass spectrum, every 

major signal (excluding the ligand signal) proved the coordination of 76 to the metal 

center (Figure 70). In dependance of the coordination number, the preferred 

coordination geometry of d10-configurated Cu(I) is either linear, trigonal-planar or 

tetrahedral.[293] With a m/z = 495.092, a complex in the form of [Cu(76)]+ indicated that 

76 formed a trans-chelated complex with copper. This configuration shows that 76 is 

principally capable of trans-chelation as assumed in [Pd(76)2]2+. Of course, both 

comparisons of smaller CuI with larger PdII and mono- with di-ligated complexes are 

somewhat flawed. 

 

Figure 69: Comparison of 1H-NMR spectra of free ligand (rac)-76 (bottom) and after complexation 

attempt with Cu(MeCN)4BF4 (top). 

Alongside the mono-ligated complex, a di-ligated complex with a composition of 

[Cu(76)(MeCN)]+ (presumably resulting in a trigonal planar geometry) and a di-ligated 

complex with a composition of [Cu(76)2]+ (presumably resulting in a tetrahedral 

geometry) were shown. The most interesting signal was the one at m/z = 1360.422. 
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This mass would fit to a tri-ligated complex with the composition of [Cu(76)3]+. In 

contrast to Cu(II), Cu(I) usually does not form hexa-coordinated complexes and is 

rather oxidized to the former. The presence of [Cu(76)3]+ could either mean that the 

bulky ligand 76 can stabilize the metal center in such a way that an octahedral complex 

is feasible or that not every ligand binds with both donor atoms to the metal center. For 

example, two ligands can each be bound with a single nitrogen atom to the metal 

center, leaving the second nitrogen atom uncoordinated. But these arrangements 

would always lower the symmetry of the complex, leading to a splitting of NMR signals. 

For illustration, a C3-symmetric complex originating from 3 singly bound ligands 76 

would have double the amount of signals because of the magnetically non-equivalent 

protons. Since the protons next to the nitrogen atom should experience the highest 

change in electron density, a splitting of signals should particularly be visible around 

9 ppm. In view of the obtained 1H-NMR spectrum, such a splitting was not observed. 

 

Figure 70: ESI(+)-mass spectrum after complexation attempt of (rac)-76 with Cu(MeCN)4BF4. 

Following the last series of experiments, ligand (rac)-78 was treated under the same 

conditions. Both the 1H-NMR as well as the mass spectrum after mixing (rac)-78 with 

Pd(MeCN)4(BF4)2 gave no hint to a complex formation. The only discernible signal in 

the mass spectrum belonged to a triply charged species with m/z = 870.905 

[76+H]+ 

[Cu(76)(MeCN)]+ 

[Cu(76)]+ 

[Cu(76)2]+ 

[Cu(76)3]+ 
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(Figure 71). Unfortunately, no anion could be identified that would have reduced the 

charge of a complex with the constitution of [Pd2(78)4]4+. 

 

Figure 71: ESI(+)-mass spectrum after complexation attempt of (rac)-78 with Pd(MeCN)4(BF4)2. 

Likewise, mixing (rac)-78 with Cu(MeCN)4BF4 did not result in meaningful complexes 

either. Again, only the presence of the free ligand 78 was indicated. To be fair, the mass 

spectrum displayed a signal with m/z = 647.158 which would fit to a mono-ligated 

complex with the composition of [Cu(78)]+, but the signal was so small that it was 

negligible (Figure 72).  

 

Figure 72: ESI(+)-mass spectrum after complexation attempt of (rac)-78 with Cu(MeCN)4BF4. 

Apparently, the elongation of the side arm bearing the donating nitrogen atom with 

1,4-phenylene spacers did not provide any benefits in terms of the ability to form 

[78+H]+ 

[78+H]+ [78+2H]2+ 

[Cu(78)]+ 
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complexes. Out of the 3 employed ligands, only (rac)-76 was able to form stable 

complexes with both Pd(II) and Cu(I) to a non-negligible extent. 

So far, the 2,13-difunctionalized [5]helicene was not able to form polynuclear 

complexes. The bond distances and angles are aligned in such a way that the entropic 

penalty cannot be compensated with favorable enthalpic contributions. All efforts in 

order to have an impact on this balance were unsuccessful. Conceptually, the 

possibilities have been exhausted – the adjustment of lengths and angles can only go 

so far. Without changing the substitution pattern, further customization of the donor 

angle is not really possible. Of course, an elongation of the side arm to any extent up 

to infinity is always possible, but certainly not sensible and feasible. 

The question whether a 1,14-difunctionalized [5]helicene would have been the turning 

point from mono- to di- or polynuclear PdII complexes remains open. Based on the 

GFN2-xTB[177,178] minimized model (Figure 53), a substitution pattern of the positions 

1 and 14 would bring the donor atoms not closer, but further apart. Introduction of two 

4-pyridyl units would lead to a donor angle of approximately 180°. This would make 

the compound highly interesting for the generation of grid-like structures. Such 

components might serve as ideal candidates for the construction of Archimedean or 

Platonic polyhedra which essentially are molecular frameworks with well-defined inner 

cavities.  
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8.2 [7]Helicene 
 

2,17-Difunctionalized [7]helicene 
 

Effectively, a change of the backbone from penta- to heptahelicene is the same as a 

change in substitution pattern. Regarding ligands based on heptahelicene, as the 

higher homologue of pentahelicene 75, ligand 91 was examined first. In terms of its 

capability to form a complex with Pd(II), (rac)-91 behaved similarly to (rac)-75 in the 

sense that neither entered a coordinative bond. Even after prolonged stirring at higher 

temperatures, the 1H-NMR (Figure 73) and mass spectrum (Figure 74) mainly showed 

the signals of the substrate. The 1H-NMR showed a slight shift for every signal which 

was probably caused by the different solvent: While the 1H-NMR of the substrate was 

recorded in chloroform, the one of the complexation experiment was recorded in 

DMSO.  

 

Figure 73: Comparison of 1H-NMR spectra of free ligand (rac)-91 (bottom) and after complexation 

attempt with Pd(MeCN)4(BF4)2 (top). 

The mass spectrum had a minor signal with m/z = 420.144 originating from a doubly 

charged species. But the mass was too small to be able to assign it to a suitable 

species incorporating both 75 and Pd(II). The same was true for an even smaller signal 

at m/z = 617.257 originating from a singly charged species. Despite the change in 
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donor angle induced by the switch to a higher homologue, the molecules incorporating 

4-pyridinyl side arms were continuously too constricted to form dative bonds with Pd(II). 

Presumably, it can therefore be concluded that this was rather a problem of bond 

lengths and not donor angles. 

 

Figure 74: ESI(+)-mass spectrum after complexation attempt of (rac)-91 with Pd(MeCN)4(BF4)2. 

Ligand 92 can be considered as a modified successor of 91. The 1,4-phenylene spacer 

is what distinguishes them, but the donor angle should be the common denominator. 

From the crystal structure of (rac)-92 it becomes clear that the donor angle is close to 

180°. Combined with the fact that the donor atoms point against and not towards each 

other, the ligand should be suitable as a straight line or an edge in polyhedra. This also 

means that it cannot be simply paired with any metal. When all coordination sites are 

open in a metal ion, oligo- or polymeric structures are expected to form. For this to not 

occur, some sites have to be blocked specifically so that the proceeding perpetual 

coordination is forced to stop at some point. This can be visualized in the form of a 

mesh: If the metal ion is d8-configurated and square planar, coordination with a linear 

ligand would inevitably lead to an infinite mesh with the metal center as junctions. But 

if two adjacent entries of each junction are blocked on a molecular level, basically a 

square can be cut out of the mesh. 

Since ligand 92 could be employed as a ditopic rod for a molecular square due to its 

180° angle, the metal ions had to ensure a 90° turn in order to be suitable as the 

corners. The previously used Pd(dppp)(OTf)2 fulfills this purpose and was therefore an 

obvious first choice. After mixing (rac)-92 with the metal salt in DMSO (Scheme 118), 

the otherwise poorly soluble (rac)-92 disappeared into a clear solution.  

 

[91+H]+ 
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Scheme 118: Complexation attempt of (rac)-92 with Pd(dppp)(OTf)2. 

 

Figure 75: Comparison of 1H-NMR spectra of free ligand (rac)-92 (bottom) and after complexation 

attempt with Pd(dppp)(OTf)2 (top). 

The 1H-NMR spectrum after 1 h had a better resolution and showed broadened signals 

which speaks for the emergence of a larger structure whose motion is slow on the NMR 

time scale (Figure 75). Moreover, the sum of the integral ratios had a common 

denominator with the actual number of protons expected for a molecular square (32 

aromatic protons for each 92 unit and 20 aromatic protons for each dppp unit, total of 
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208 aromatic protons). The mixture was stirred for an additional 11 h, but the 1H-NMR 

spectrum remained unchanged. 

 

Figure 76: DOSY spectrum after complexation attempt of (rac)-92 with Pd(dppp)(OTf)2. 

The solution was also analyzed by diffusion-ordered spectroscopy (DOSY). Therein, 

the 2D spectrum showed a single diffusion constant D for every signal. For that reason, 

it can be assumed that one species (not including isomers) is present. The diffusion 

constant was D = 5.55×10-11 m2 s-1 (Figure 76). The diffusion constant can be put into 

relation with the hydrodynamic radius rH according to the Stokes-Einstein equation (4). 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑟H
 

(4) 

In this equation, kB is the Boltzmann constant, T the absolute temperature and η the 

viscosity of the fluid. After rearranging the equation, a hydrodynamic radius of 

rH = 17.6 Å can be calculated which corresponds to a diameter of 35.2 Å. It should be 

noted that 6 in the equation is a shape-correction factor for spherical particles of 

colloidal dimensions so that the equation is strictly speaking only applicable to 

spheres.[294] Of course, a square is not even in the broadest sense something 

resembling a sphere, therefore the formula can only be applied with reservations. The 
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models based on MMFF[286] molecular mechanics refined geometries showed a 

distance of 35.2 Å between opposing Pd atoms under maintenance of their square 

planar configuration (Figure 77), the GFN2-xTB[177,178] minimized structures repeatedly 

showed that the arrangement was not achievable without deviation from the square 

planar palladium center. 

 

Figure 77: MMFF[286] minimized structure of a molecular square Pd4(dppp)4((M)-92)4 (carbon in brown, 

hydrogen in white, nitrogen in blue, phosphorus in orange, palladium in cyan). 

The mixture was also subjected to mass spectrometric analysis. The largest signal was 

that of free ligand 92 at m/z = 685.264 (Figure 78). Next to it, there were fragments of 

the assumed square at regular intervals, although with low intensity. These ranged 

from one corner in the form of [Pd(dppp)(92)2]2+ up to half a square in the form of 

[Pd2(dppp)2(92)2]4+. Unfortunately, the whole assembly was not found even after 

zooming in on the spectrum. While complexes with the same metal-to-ligand ratio, but 

different nuclearity where partially found underneath the major signals (Figure 79), no 

trace of the Pd4(dppp)4(92)4 square was found anywhere. It remains unclear whether 

the square has definitely been formed. While the NMR spectroscopic analysis is in 

favor of such an arrangement, the mass spectrometric is not. Regarding the mass 

spectrometric experiments, the complex could theoretically be too labile for ionization 

or too labile in the gas phase in general.  
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But if the formation of a molecular square is considered, every possible isomer has to 

be discussed. Since (rac)-92 consists of 2 enantiomers, a complex incorporating 4 of 

either can consist of 5 ratios between the (P)- and (M)-enantiomer (Table 1). In case 

of the complex that incorporates 2 of each, cis- and trans-configurations also need to 

be considered. This adds up to a total of 6 theoretically feasible isomers of which 4 are 

a pair of enantiomers, respectively. This in turn means that at least 4 sets of signals 

originating from the 4 diastereomers are to be expected in the 1H-NMR. 

Table 1: Possible arrangements and symmetry/probability considerations of a molecular square 

[Pd4(dppp)4)(92)4]8+ consisting of (P)-92 (red line) and (M)-92 (blue line). Black dashed lines show 

axes of rotation C2, black solid lines show mirror planes σ, black dots show the main axes of rotation 

which point upwards (C4 for 4:0 and 0:4, C2 for 2:2 trans). 
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Statistically, one might assume that each isomer has the same probability. In absence 

of any driving force towards a species, each enantiomer of 92 would then have a 50 % 

chance to occupy one of the four edges of the square. With that in mind, each possible 

square would have the same probability of p = 0.54 = 6.25 %. But since there are 

different numbers of permutations for each isomer of the complex, their probabilities 

vary. 

The complex consisting of 4 units of (P)-92 and the one incorporating 4 units of (M)-92 

are a pair of enantiomers (ratios 4:0 and 0:4). Since they only have one permutation 

each, their combined probability is p = 12.5 %. The resulting homochiral molecular 

square belongs to the point group D4. The highly symmetrical complex should not 

cause any signal splitting because every ligand can be converted into each other while 

the C2 symmetry of each helicene itself is retained which means that each half of each 

helicene has the same chemical environment. 

The other enantiomers are the complexes with a ratio of 3:1 and 1:3. They are part of 

the C2 point group. Due to the lower symmetry, these complexes should induce a signal 

splitting. The resulting square has one rotational axis C2 which retains the C2-symmetry 

of just 2 helicenes within the square and the ligands cannot freely be converted into 

each other, leading to different chemical environments of former magnetically 

equivalent protons and a splitting of NMR signals. Each enantiomer has 4 

permutations, so their combined probability to form is p = 50 %.  

In the heterochiral complexes with a 2:2 ratio, a distinction must be made between the 

trans- and the cis-isomer. The former falls under the point group D2d which makes it 

achiral, the presence of 2 rotational axes C2 and 2 mirror planes σd means that the C2 

symmetry of each ligand is retained and that neighboring and opposing ligands can be 

converted into each other. Because of that, this complex should not cause a signal 

splitting. Interestingly, the trans-isomer has half the probability of forming compared to 

the cis-isomer due to having half as many permutations (p = 12.5 %).  

But unlike the probability, the symmetry decreases with the cis-isomer. The presence 

of a rotational axis C2 and a mirror plane σh means that the isomer is achiral and 

belongs to the point group C2h. Although neighboring helicenes can be converted into 

each other, the presence of just one rotational axis along the corners of the square 

means that every helicene loses its main C2 axis. As a result, the halves of each 
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helicene do not have the same chemical environment any more, leading to a signal 

splitting of NMR signals. 

The actual probabilities need to be examined in order to figure out if self-sorting occurs. 

The best method to do this would be XRD analysis. Unfortunately, single crystals could 

not be grown out of the solution. But since any deviation from the statistical probability 

is a form of self-sorting, an exclusion procedure would be sufficient in order to prove 

any self-sorting behavior. For instance, if the enantiopure ligand would not form any 

complex, a deviation from the expected distribution and a social self-sorting process is 

already proven. Since (rac)-92 was too badly soluble for any optical resolution by 

HPLC, another pathway was needed. An optical resolution of the precursor followed 

by its conversion to enantiopure 92 under stereo preservation was considered. As a 

triflate, substrate (rac)-90 was highly soluble in many common organic solvents and 

therefore perfectly suitable for an optical resolution by HPLC. With retention times of 

t1 = 1.15 min and t2 = 1.34 min, both fractions eluted very quickly from the Daicel 

CHIRALPAK IB-U column (Figure 80). But with a separation and capacity factor of 

α = 1.36 and Rs = 1.05, the goal of a baseline separation was narrowly missed. Thus, 

a proper resolution was only feasible with recycling of the fractions and multiple runs 

(recycling-HPLC).  

 

Figure 80: Chiral resolution of (rac)-90 by analytical HPLC (n-hexane/iPrOH/EtOH = 98:2:2, Daicel 

CHIRALPAK IB-U column, 0.85 mL/min, 235 nm).  

-100

0

100

200

300

400

500

0 0,5 1 1,5 2 2,5 3

in
te
n
si
ty
/m

A
U

time/min

1.34

1.15 



 

153 
 

As expected, in the first semipreparative run, a slight separation of the signals could 

be achieved. A determination of separation and capacity factor at this stage would have 

been meaningless. Altogether, the fractions had to be recycled and injected 5 times 

into the system for the separation to be sufficient (Figure 81). In combination, this led 

to retention times of t1 = 30.42 min and t2 = 33.15 min, a separation factor of α = 1.10 

and a capacity factor of Rs = 0.94. 

 

Figure 81: Chiral resolution of (rac)-90 by semipreparative recycling-HPLC 

(n-hexane/iPrOH/EtOH = 98:2:2, Daicel CHIRALPAK IB column, 18 mL/min, 235 nm). 

Prior to their conversion to 92, the fractions were characterized regarding their absolute 

configurations. The algebraic signs from the first to the second fraction went from 

negative to positive which is in line with every helicene resolved by the Daicel 

CHIRALPAK IB column thus far. The experimental ECD spectra had distinct bands at 

bands around λ = 270, 265, 340 and 350 nm (Figure 82). Based on the simulations, 

the assignment of the first eluting fraction to the (M)-enantiomer (and vice versa) was 

also confirmed. With both enantiomers collected, Suzuki coupling towards 92 was 

carried out two additional times. After analogous purification procedures, (P)- and 

(M)-92 were obtained in 13 and 12 % yield, respectively (Scheme 119) – similar to the 

transformation of (rac)-90 to (rac)-92.  

-500

0

500

1000

1500

2000

2500

3000

3500

0 5 10 15 20 25 30 35 40

in
te
n
si
ty
/m

A
U

time/min

30.42

33.15



 

154 
 

 

Scheme 119: Suzuki coupling of enantiopure 90 to enantiopure 92. 

 

Figure 82: Experimental ECD spectra of (P)-90 (blue solid line, dichloromethane, c = 5.5×10-4 g/L), 

(M)-90 (orange solid line, dichloromethane, c = 6.3×10-4 g/L), respectively, and the corresponding 

calculated ECD spectra (dashed lines). 

The complexation experiments were reiterated with enantiopure 92. The 1H-NMR 

spectra of the experiments with (P)- and (M)-92 showed a high resemblance to the one 

with (rac)- 92 (Figure 83). The mass spectrometric data also aligned with those of the 

racemic experiment in the sense that the same fragments were observed. Due to that, 

it can be assumed that the homochiral complexes were definitely formed in the racemic 

experiment. But based on this information alone, no statement can be made as to 

whether heterochiral complexes were formed or not. The nearly identical signals could 

indicate that no diastereomeric species (which should have different chemical 

environments for their protons) are present, but (i) it was hard to tell whether the broad 

signals had a perfect alignment, (ii) signals from any heterochiral species could lie 

underneath the broad signals in the racemic experiment and (iii) for some homochiral 

and heterochiral diastereomers, the spectra are nearly identical.[295]  
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Figure 83: Comparison of 1H-NMR spectra of experiments with (rac)-92 (bottom), (M)-92 (middle) and 

(P)-92 (top) and Pd(dppp)(OTf)2, respectively. 

Last but not least, ligand 93 was also investigated with regard to its coordination 

behavior. In contrast to ligand 92, the 3-pyridinyl motif should not result in a 180° donor 

angle which means that no oligo- or polymeric complexes were necessarily to be 

expected upon mixing with metal ions having 180° and 90° linkages. Mixing (rac)-93 

with Pd(MeCN)4(BF4)2 gave a 1H-NMR spectrum with a multitude of undefined partly 

overlapping signals (Figure 84). Especially the area around 9−10 ppm, where the 

signals of the 4 protons adjacent to the nitrogen atoms were expected to be, was more 

crowded than anticipated. The abundance of these signals indicated the presence of 

more species than the maximum number of different hypothetical homo- and 

heterochiral Pd2L4 complexes that exist. 

In the mass spectrum, the major signals indicated the assembly of a complex in the 

form of [Pd3(93)6]6+ (Figure 85) which would explain the higher number of signals 

compared to the 6 isomers of a hypothetical [Pd2(93)4]4+. Assuming a homoleptic and 

homochiral trinuclear complex with chemically equal binding sites, there are up to 7 

possible arrangements if the maximum occupancy rule is obeyed (Figure 86). 
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Figure 84: Comparison of 1H-NMR spectra of free ligand (rac)-93 (bottom) and after complexation 

attempt with Pd(MeCN)4(BF4)2 (top). 

 

Figure 85: ESI(+)-mass spectrum after complexation attempt of (rac)-93 with Pd(MeCN)4(BF4)2.  
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Figure 86: Possible topologies of six bidentate ligands with three square planar metals. Adapted with 

permission from John Wiley and Sons.[296] 

Since there are 7 different ratios for (P)- and (M)-enantiomer in a complex with 6 

ligands, there are at least 7 isomers for every model. If different configurations come 

into play, it could very well go into the double digits. For model M1 which has the highest 

symmetry (D3h symmetry), there are 16 possible isomers (Table 2). Accordingly, every 

model with a lower symmetry should have more than 16 isomers. 

Table 2: Possible arrangements of (P)- and (M)-93 and their probabilities in a [Pd3(93)6]6+ complex. 

Ratio (P):(M) ∑Permutations  ∑Isomers Probability 

0:6 1 ≥1 1.5625 % 

1:5 6 ≥1 9.375 % 

2:4 15 ≥4 23.4375 % 

3:3 20 ≥4 31.25 % 

4:2 15 ≥4 23.4375 % 

5:1 6 ≥1 9.375 % 

6:0 1 ≥1 1.5625 % 

 

Of course, it is questionable whether every model is present. While all of them are 

theoretically constructible with a molecule construction kit, most of them can be ruled 

out since they would require an extremely flexible and elongated ligand which 93 is 

not. As an example, all the intertwined models (M3−M7) are rather unlikely for bulky 93 

since atoms and bonds would have to interpenetrate each other (Figure 87).  
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Figure 87: Illustrative structure of upper half of model M7 for reference, lower half omitted for clarity 

(carbons of respective ligands in blue, red and green; Pd in yellow, hydrogen in white). The ligands 

would have to interpenetrate each other to make such an arrangement. 

Additionally, only the two models M1 and M7 have been reported for the rarely occurring 

Pd3L6 aggregates thus far. Generally, the formation of a cage with a higher nuclearity 

is entropically disfavored since formation of the smallest possible PdnL2n cage requires 

fewer components to build. But the formation of architectures with more complex 

topologies can be thermodynamically facilitated by rational ligand design, usage of 

templates, solvent effects, counter anions and so on. Since there are so many 

variables which can influence the resulting structure, the formation of more complex 

ones is often a product of serendipity. 

The double-walled triangle M1 is the more common one due to its higher symmetry and 

simplicity. Each Pd center is bridged by two ligands, the upper and lower halves are 

identical and interconvertible through a mirror plane σh. Only a few reports of such an 

arrangement have been made.[297–305] In these cases, the driving force towards the 

trinuclear cage is more or less a fixed donor angle of the nitrogen atoms around 60° 

which renders the ligands incapable of forming the smaller Pd2L4 product. 

For model M7, there has ever only been one report.[296] The C3h-symmetric 

arrangement is characterized by intertwining ligands which form two chiral 

hemispheres which are also interconvertible though a mirror plane σh. But in contrast 

to model M1, this leads to chemically non-identical donor sites, and thus, a splitting of 

NMR signals. In the publication, this arrangement was only enabled by an unusually 

flexible and long ligand (Scheme 120). Although a Pd2L4 cage would have been 
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feasible with the same ligand, the driving force towards the trinuclear cage seemed to 

be attractive interactions like inter-ligand hydrogen bonding and extended π-π 

interactions within the double trefoil-knotted structure. 

 

Scheme 120: Intertwined Pd3L6 complex. Adapted with permission from John Wiley and Sons.[296] 

Interestingly, a heptacationic species at m/z = 855.527 was shown in the mass 

spectrum after the complexation attempt of (rac)-93 with Pd(MeCN)4(BF4)2 as well. This 

would match to a tetranuclear complex in the form of [Pd4(93)8](BF4). Actually, the 

concomitant ability of a ligand to form Pd3L6 and Pd4L8 complexes simultaneously is 

not an unprecedented phenomenon as in many of the available publications, the same 

occurrence was observed as well.[297–301] The fixed donor angle around 60° allows for 

the formation of both cages so that they often can be in dynamic equilibrium. This 

equilibrium can be shifted by change in chemical or physical environment (solvent, 

counterion, temperature, etc.).[306] 

Although entropically even more disfavored, Pd4L8 complexes are more common than 

their trinuclear counterpart, but still rare. In regard of possible topologies, the number 

of models definitely reach the double digits because – apart from intertwined species 

– oligomeric interlocked catenated species also come into play. As far as possible 

structures go, mainly three different ones have been reported in literature (Figure 88). 

Analogously to model M1, a macrocycle can also be constructed with Pd4L8 

complexes.[298–301,307–309] Therein, two ligands linearly bridge two metal centers to form 

a 4-membered ring with a crown-like structure. Although it is the structure with the 

highest symmetry (D4h symmetry) compared to its competing structures, it is not as 

dominant as M1 in terms of empirical occurrence. 

The second structure is that of a D2d-symmetric tetrahedron in which the metal ions lie 

at the corners.[297,310–314] This time, two of the six edges are doubly bridged by two 
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ligands, whereas the remaining ones are singly bridged by one ligand. Depending on 

the employed ligands, the tetrahedron can take on a distorted shape so that pseudo-

tetrahedra also fall under this category. 

Thirdly, catenated species have been assembled in which two Pd2L4 cages are 

interlocked.[315–318] The most prevalent one is a quadruply interlocked double cage of 

D4 symmetry which has a linear arrangement of the metal centers. Recently, a new 

species of C2h-symmetric, triply interlocked cages with a staggered arrangement has 

been reported which coexisted with the quadruply interlocked cage.[319]  

A single report has been made of a doubly bridged bowl with a (Pd2L3)(μ-L)2(Pd2L3)-

type of structure in which two edges of the bowl are triply bridged by three ligands, 

whereas the remaining two edges are singly bridged by one ligand.[320] 

 

Figure 88: Reported topologies of Pd4L8 aggregates (Pd as green spheres, curved ligands as yellow 

tubes).  

Table 3: Possible arrangements of (P)- and (M)-93 and their probabilities in a [Pd4(93)8]8+ complex. 

Ratio (P):(M) ∑Permutations ∑Isomers Probability 

0:8 1 ≥1 0.390625 % 

1:7 8 ≥1 3.125 % 

2:6 28 ≥6 10.9375 % 

3:5 56 ≥7 21.875 % 

4:4 70 ≥13 27.34375 % 

5:3 56 ≥7 21.875 % 

6:2 28 ≥6 10.9375 % 

7:1 8 ≥1 3.125 % 

8:0 1 ≥1 0.390625 % 
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Considering the different ratios of enantiomers for 93 and the structure with the highest 

symmetry, a hypothetical D4h-symmetric crown-shape would already have 43 isomers 

alone (Table 3). Accordingly, every other model has at least 43 possible isomers. In 

the 1H-NMR spectrum, the proton signals from these structures would come on top of 

the signals originating from any Pd3L6 species which would explain the multitude of 

observed signals. Disentanglement of these signals alone was impossible since too 

many factors needed to be paid attention to. 

In hopes of differentiating between tri- and tetranuclear species, DOSY-NMR was 

carried out (Figure 89). A precise determination of hydrodynamic radii rH was not 

feasible because of the amount of overlapping signals. Nonetheless, the spectrum 

implied the presence of at least two distinct species with different diffusion constants 

D which were approximately correlated to hydrodynamic radii between 

rH = 12.2−17.6 Å or diameters between 24.4−35.2 Å. 

 

Figure 89: DOSY spectrum after complexation attempt of (rac)-93 with Pd(MeCN)4(BF4)2. 

The more compact double walled Pd3(93)6 should be much smaller than the double 

walled Pd4(93)8 which comprises far more atoms. Of course, the presence of double 

walled species can only be assumed. Different topologies can vary in size which should 
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have a drastic impact on hydrodynamic radii. Again, all these structures do not really 

resemble a spherical particle so that deviations are expected. For reference, the 

models based on MMFF[286] showed diameters of 23.2 Å and 36.6 Å for the double 

walled Pd3(93)6 and Pd4(93)8, respectively, whereas the GFN2-xTB[177,178] minimized 

structures repeatedly showed that the arrangement was not achievable without 

deviation from the square planar palladium center. 

As with the molecular square consisting of ligand 92, a limitation was made by process 

of elimination. Focusing on all-homochiral complexes should provide more clarity on 

this matter. The described experiments were reiterated each with (M)- and (P)-93. 

Among themselves, the respective 1H-NMR spectra were identical, but compared to 

that of the racemic experiment, they showed fewer signals altogether (Figure 90). 

Especially the area around 9−10 ppm had more pronounced and distinct signals, 

indicating that far fewer species are involved in the enantiopure experiments. However, 

the collectivity of the overall signals still indicated the presence of many species of low 

symmetry. 

 

Figure 90: Comparison of 1H-NMR spectra of experiments with (rac)-93 (bottom), (M)-93 (middle) and 

(P)-93 (top) and Pd(MeCN)4(BF4)2, respectively.  
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Interestingly, the mass spectra indicated neither multicationic species nor signals with 

the isotope pattern of palladium of high intensity. Interpreting this means that no 

homochiral species in the form of Pd3(93)6 and Pd4(93)8 had been formed and that 

these complexes only exist as heterochiral aggregates, indicating a form of social self-

sorting during the racemic experiment which would be incredible. In view of the 

1H-NMR of the enantiopure experiments it was more plausible that some of the isomers 

may only exist as heterochiral aggregates (explaining the fewer signals) and that the 

homochiral aggregates were too labile in the gas phase for the detection by mass 

spectrometry. In addition, the 1H-NMR spectrum of the racemic experiment does not 

really imply any highly symmetric structures. However, social self-sorting usually leads 

to highly symmetric aggregates which incorporate the same amount of each 

enantiomer as these structures tend to have the best compromise in energetics. A 

social-self sorting yielding low-symmetry aggregates as suggested for (rac)-93 would 

be very uncommon. Unfortunately, single crystals for XRD analysis could not be grown 

so that further statements could not be made. 

To get more insight on this matter, enantiopure 93 was treated with Pd(dppp)(OTf)2. 

Despite the additional aromatic protons from the dppp unit, the aromatic region of the 

1H-NMR spectrum was not as crowded as the one of enantiopure 93 and 

Pd(MeCN)4(BF4)2 (Figure 91). Still uneven ratios between the integrals and heavy 

overlap made the data hard to interpret. On the other hand, the mass spectrum was 

similar to that of enantiopure 93 and Pd(MeCN)4(BF4)2 as no indications of multicationic 

species or signals with the isotope pattern of palladium were visible. The major signals 

were those of [93+H]+ and [93+2H]2+, minor signals of monocationic species could not 

be assigned to coordination of enantiopure 93 to Pd or any sensible constitutions at all 

(Figure 92). Considering all these data, it was more probable that the enantiopure 

ligand 93 coordinated to the Pd center in some form and to some extent in order to 

form aggregates which were not detectable by mass spectrometric experiments. 

During the racemic experiments, the presence of both enantiomers led to formation of 

additional isomers which increased the number of signals significantly. Thereby, the 

exact compositions of the complexes and the ratios of the enantiomers remain 

unspecified.  
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Figure 91: Comparison of 1H-NMR spectra of free ligand (P)-93 (bottom) and after complexation 

attempt with Pd(dppp)(OTf)2 (top). 

 

Figure 92: ESI(+)-mass spectrum after complexation attempt of (P)-93 with Pd(dppp)(OTf)2.  

[93+H]+ 

[93+2H]2+ 
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Altogether, 2 out of 3 ligands based on [7]helicene were able to form PdII complexes. 

The initial ligand (rac)-91 likely failed to coordinate to Pd centers due to the proximity 

of the donor atoms to the main body which made it impossible for the metal center to 

approach them. The elongation of the side arms proved to be the solution to this 

problem as both the elongated 92 and 93 formed complexes with square planar PdII. 

Head-to-head, 92 and 93 were able to form aggregates of different compositions. The 

change from a fixed donor angle of nearly 180° to a variable donor angle around 60° 

had a drastic impact on possible architectures. No homochiral complexes were found 

during the experiment with enantiopure 93. Unfortunately, the data do not allow final 

and conclusive statements in this regard. It is likely that 93 can form both homo- and 

heterochiral complexes of different compositions and topologies, from which not all are 

stable enough for detection by mass spectrometry. On the other hand, ligand 92 was 

able to form homo- and heterochiral complexes, as proven by both 1H-NMR 

spectroscopy and mass spectrometry.  
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9 Conclusions and outlook 
 

The aim of this work was the development of a reliable synthetic route towards 

functionalized helicenes, their characterization, chiral resolution and application as 

ligands in supramolecular chemistry. 

With the combination of different established synthetic strategies and thoughtful 

planning as well as the ability to adjust the route at every stage, the first aim was 

realized and yielded two pathways to functionalized penta-, hexa- and heptahelicenes. 

The strategy involving the nucleophilic addition of organozinc zinc reagents proved to 

be the slightly better one as the overall yields were higher. But for hexahelicene, the 

strategy involving the nucleophilic substitution of organolithium compounds was 

necessary in order to get hands on the compound. Unfortunately, the isolation of the 

hexahelicene itself was not successful due to heavy degree of impurity. Still, this is 

more a problem of the purification process and not of the synthetic route itself. Both 

strategies are modular and reliable in the sense that a quick change of substitution 

pattern in the substrate is enough to give access to every region in the innermost bay 

area. The choice of the methoxy functions as a protection group which were principally 

masked as a good nucleofuge proved to be profitable: They were resilient towards 

every reaction condition including the acidic aqueous workups and could readily be 

cleaved with BBr3. At the same time, they guaranteed the solubility of the respective 

species. Even the fully aromatic helicenes which mainly consisted of hydrogen and 

carbon atoms were highly soluble in common organic solvents like DCM particularly 

attributed to the 2 extra methoxy functions – the same solubility of the respective 

hydrocarbons would have been unlikely. The installment of the eventual functional 

group bearing the donor atom in the very last step increased the versatility even more 

as the commitment of different functional groups in the substrate itself would effectively 

branch out the entire route and reduce its predictability. In addition, it can confidently 

be said that these routes should also grant access to higher homologues like octa- and 

nonahelicenes via simple substrate alteration (Scheme 121). 

Depending on the selected route, the quickest way to a fully aromatic helicene could 

be 5 steps long with mostly good yields. At the expense of synthetic rapidity, better 

yields can be achieved with detours. As a general trend it can be said that the effort 

increases within the homologous series. The synthesized [5]helicenes required 
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considerably less effort than their higher homologues. The key [2 + 2 + 2] 

cycloisomerization remains a key bottleneck for the synthetic route as a large chunk of 

material goes down the drain due to potential side reactions. Future investigations 

should therefore focus on its optimization. Adjustments can be made through choice of 

catalyst or reaction conditions. Regarding the latter, screening for reaction conditions 

could be conducted in a microwave. As for non-optimizing procedures, a prospect for 

the enantio- or diastereoselective synthesis can be posed. The change from non-chiral 

to chiral ligands can not only increase the overall performance, but likewise give 

enantio- or diastereoenriched products which could save the chiral resolution 

afterwards. Of course, this can only be realized if ee or de values of nearly 100 % are 

achieved. Thus far, values coming even close to 100 % have not been achieved with 

systems incorporating catalysts based on CoI and Ni0. Optical resolution by HPLC is 

still unparallelled and the way to go to get enantiopure compounds. Therefore, further 

research to get total enantio-/diastereoconvergence is required and would be a major 

breaking point. 

 

Scheme 121: Modular synthetic route towards functionalized [n]helicenes (n = 5, 6, 7, 8, 9; R = H, Br, 

O, OH, OAc).  
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Speaking of, the enhanced solubility stemming from the methoxy groups was also 

crucial for the chiral resolution by HPLC. Every (tetrahydro-) helicene incorporating 

methoxy groups could be resolved on a chiral stationary phase. This ensured the 

access to the enantiomers of the later helicenes. But for the synthesized ligands in this 

work, this backup plan was luckily never needed. Almost every finished ligand was 

soluble enough to allow an optical resolution. Just in one case, only one step 

backwards had to be taken in order to resolve the enantiomers. Heptahelicene (rac)-90 

was easily separated into its enantiomers and was the precursor of every ligand based 

on [7]helicene. The enantiopure 90 was then converted to enantiopure 92. 

In this work, a total of 15 helicenes have been synthesized and largely fully been 

characterized (Figure 93). These range from penta- to hexa- and heptahelicenes. All 

of them have in common, that only the second innermost positions have been 

accessed. While for hexa- and heptahelicene this was mostly a problem of available 

substrates, the same was not true for pentahelicene. Interestingly, the cleavage of 

varying protection groups under varying reaction conditions always led to a new 

benzoxepin which was equally bound to the loss of chirality. Contrary to initial beliefs, 

the unusual conformation is more favored than the expected helical conformation. 

From a mechanistic point of view, this reaction is particularly interesting: Since the 

reaction is not necessarily catalyzed by Lewis acids, it does not necessarily seem to 

go through an arenium ion or radical cation, as is suspected in a Scholl reaction. It 

could very well also be an SNAr-type of mechanism involving a Meisenheimer complex 

or yet another mechanism involving an aryl cation. 

Anyway, future research should also focus on the access to positions 1 and 14. One 

possible solution approach was already mentioned in section 6.1.2. But apart from a 

deprotection prior to the [2 + 2 + 2] cyclization, a stepwise deprotection using two 

different protection groups could also lead to desired 1,14-dihydroxy[5]helicene 

(rac)-79. For example, a silyl group could be used alongside the methoxy group. Even 

if these should not lead to (rac)-79, it would give valuable insights on the mechanistic 

sequence of the reaction. If everything should fail, a substitution of the methoxy group 

by another (masked) nucleofuge should definitely work out. Juggling between 

reactivities of different halides, the methoxy group could be substituted by a bromide 

so that an iodide should be installed to absorb the initial Sonogashira reaction.  
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Figure 93: Synthesized helicenes in this work. 

Out of the 15 synthesized helicenes, 6 were used as ligands in self-assembly studies 

aiming at metallosupramolecular aggregates. None of the investigated pentahelicenes 

were able to form polynuclear complexes. In fact, only ligand (rac)-76 was able to form 

any complexes with Pd and Cu salts at all. It seems that the positions 2 and 13 in 

[5]helicene do not give a favorable donor angle for larger aggregates. Future 

investigations should have the objective to extend the library of helicenic ligands. Since 

the established strategies allow for the functionalization of the exterior benzene units, 

the positions 1 and 14, 3 and 12 or 4 and 11 should be investigated in regard of their 

donor angle and potential self-sorting behavior. Moreover, the retainment of the 
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C2 symmetry is not compulsory either. A first step towards an asymmetric ligand was 

already done with the synthesis of 1,13-dimethoxypentahelicene (rac)-43. But future 

ligands can consist of any combinations of the mentioned positions. While the 

functionalization of the interior benzene units was not addressed in this work, this 

would still be feasible with the available strategies. For once, during the nucleophilic 

addition strategy, the hydroxy groups do not necessarily have to be turned to the 

acetates in order to get good leaving groups for the mild silica gel-assisted 

aromatization. As seen during the nucleophilic substitution strategy, the latter can be 

realized by an oxidation with DDQ. By doing so, the hydroxy groups should be 

transferred up to the helicene so they can also be turned to triflates, giving access to 

positions 5 and 10. Alternatively, positions 6, 7, 8 and 9 can also be accessed by careful 

choice of the metalorganic reagent (Scheme 122). 

 

Scheme 122: Access to positions 5 and 10 (blue) or 6, 7, 8 and 9 (red). 

Analogously, higher homologues could of course be functionalized in these positions 

as well. But regardless of the homologue, the donor angle should more or less be the 

same (especially for positions 7 and 8) for every congener as they all share the same 

backbone. A meaningful change in donor angle can realistically only be fulfilled by 

extending the helicene further. So far, [7]helicene showed promising properties in 

terms of its ability to form polynuclear complexes. Both ligand 92 as well as ligand 93 

were able to form di- to tetranuclear complexes with PdII. The near 180° donor angle 

in 92 made it a suitable candidate for a molecular square. Unfortunately, the mass 

spectrometric and NMR spectroscopic data were not sufficient enough to elucidate the 

reaction to the fullest since the intact square could not be detected with the former. For 
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that reason, the experiment could be reiterated with cis-protected PtII. Compared to 

PdII, complexes consisting of PtII are usually kinetically more inert which could be a 

problem for the assembly. But at the same time, these complexes are 

thermodynamically more stable, and thus, more likely to survive the ionization process 

during the detection by mass spectrometry. The exact structure and composition could 

be elucidated with X-ray crystallography so that growing crystals suitable for XRD 

analysis should be the main concern. 

Ligand 93 on the other hand had a variable donor angle which enabled the formation 

of Pd3L6 and Pd4L8 species which are rather rare among metallosupramolecular 

assemblies with tetravalent palladium ions. Still, these often tend to be in equilibrium. 

Compared to the more often occurring Pd2L4 complexes, they have a way higher 

number of viable topologies. Out of the possible ones, 2 have been reported for Pd3L6 

aggregates and 5 have been reported for Pd4L8 aggregates. It is unclear if one of these 

or even a new topology is involved in the case of 93. 1H-NMR spectroscopic analysis 

did not suggest the formation of only few highly symmetric species. In addition, 

reiteration with enantiopure 93 implied that some form of chiral-self sorting may have 

occurred as no homochiral complexes were detected. Again, XRD analysis could 

provide more insight. 

Both 92 and 93 have shown to be applicable ligands for the purpose of 

metallosupramolecular chemistry. As of yet, there has only been one report for a chiral 

self-sorting of helicenes. Metallosupramolecular helicene chemistry is still in its infancy 

and offers a lot of untapped potential, which is why active research should not slow 

down here. The proposed synthesis routes established in this work should provide the 

means and tools to extend the library of helicenes further. 

But not only viewed from a supramolecular lens the potential of helicenes has been 

displayed and indicated. Owing to their conjugated aromatic π-system, they offer great 

potential as organic semiconductors and light-emitting compounds in electronic 

devices. The ever-growing demand for semiconducting and light-emitting materials is 

not only a highly attractive field from an economic point of view; the continual increase 

of their efficiency still remains a scientific challenge.  Therefore it is not surprising that 

they have been used as emissive or hole-transporting components in organic light-

emitting diodes (OLEDs).[321,322] But a key advantage over common organic 

semiconductors in OLEDs is that helicenes are intrinsically chiral so that they benefit 
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from their additional chiroptical properties. The capability of inducing circularly 

polarized luminescence can be exploited to manufacture CP-OLEDs which offer 

benefits on their own. In 2016, Fuchter and coworkers used a cyclometalated 

platinahelicene as a host material for a circularly polarized phosphorescent light-

emitting diode.[323] As far as optoelectronic materials are concerned, helicenes have 

also been investigated in their role in transistors[324,325] or photovoltaics.[326,327] What 

was true for supramolecular chemistry is certainly true for optoelectronic materials as 

well: It is an emerging and underdeveloped field. So far, investigations have mainly 

been done with few helicenes and are far from being competitive with state-of-the-art 

devices. But at the same time, the condensed opportunities draw prolonged interest 

which hopefully catalyzes increasing research in the future. 

Apart from optoelectronics and supramolecular chemistry, research with helicenes has 

focused on asymmetric synthesis. Due to their bulkiness, thermodynamic stability and 

rigidity, they were investigated with regard to their enantiodiscriminating abilities: 

Phosphorus containing helicenes have been employed as ligands in RhI catalyzed 

hydrogenations,[328] Pd0 catalyzed Tsuji-Trost reactions[329] or IrI catalyzed allylic 

aminations.[4] The helicenes employed in asymmetric synthesis not only differ in size, 

but also in the installed functional groups: Beside the phosphorus containing helicenes 

mentioned above, sulphur[330] or nitrogen[331–333] containing ones have also shown to 

induce chirality (Figure 94). Enantiomeric excesses up to 99 % have been achieved, 

but overall, they cannot compete with mainstream ligands like BINAP yet which should 

be the main focus after all. 

 

Figure 94: Selection of helicenes used in asymmetric synthesis.  
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In conclusion, the aim of this work has been accomplished. Out of the 3 leading 

methods for the synthesis of helicenes, two strategies have been developed using the 

metal catalyzed [2 + 2 + 2] cycloisomerization. With these, a selection of different 

helicenes ranging from penta- to heptahelicenes have been synthesized and 

characterized, using complementary NMR spectroscopic, mass spectrometric, ECD 

spectroscopic, OR and XRD analytic tools. Last but not least, they were investigated 

in regard to their self-sorting behavior. The first ground was set with ligands 92 and 93 

which formed polynuclear complexes with PdII. While the exact compositions could not 

be verified, these examples very clearly show that helicene chemistry is far from being 

exhaustive and have plenty of room for future investigation. Especially the extensive 

literature coverage including reviews[122,180,334] and books[27,335] in recent times prove 

that helicene chemistry has long since left purely curiosity driven research behind.  
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10 Experimental section 
 

10.1 General procedure 
 

Working under argon atmosphere 

Air- and moisture-sensitive reactions were carried out under argon atmosphere using 

standard Schlenk techniques, glassware was flame-dried at 550 °C with a heat gun 

under vacuum and cooled under argon. 

Reagents and solvents 

Reagent grade materials were commercially obtained by abcr, Thermo Fisher 

Scientific, Merck, Sigma Aldrich, TCI, BLDpharm, Fluorochem, Carl Roth or VWR and 

used as received without further purification. 

Anhydrous dichloromethane and anhydrous tetrahydrofuran were extracted from a 

solvent purification system (MS-SPS 800, Braun). Cyclohexane, ethyl acetate and 

dichloromethane were distilled from their respective technical grade analogue.  

The following chemicals were synthesized according to literature protocol: 

CpCo[P(OEt)3](trans-dimethylfumarate),[86] bis(triphenylphosphine)palladium chloride, 

[336] [1,3-bis(diphenylphosphino)propane]palladium(II) triflate.[337] 

Flash chromatography 

Flash chromatography was performed on silica gel 60 (0.040−0.063 mm, Merck). 

Thin-layer chromatography 

Analytical thin-layer chromatography (TLC) was performed on silica gel 60 F254-coated 

aluminum sheets (Merck), detection was performed at the wavelengths 254 nm and 

366 nm using a UV lamp. The respective retention factors Rf are indicated in the 

descriptions of the experiments. 

NMR-spectroscopy 

1H-NMR-, 13C-NMR-, 19F-NMR-, 1H-1H-COSY-, 1H-13C-HSQC-, 1H-13C-HMBC-, 

1H-1H-NOESY- and 1H-DOSY-spectra were recorded on a Bruker Avance I 300 MHz, 

a Bruker Avance I 400 MHz, a Bruker Avance I 500 MHz, a Bruker Avance III HD 
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Ascend 500 MHz or a Bruker Avance III HD Ascend 700 MHz. 1H-NMR-spectra were 

referred and calibrated to residual signals of non-deuterated solvent signals, 

13C-NMR-spectra to those of deuterated solvent signals. Chemical shifts δ are 

indicated in parts per million (ppm), coupling constants J in Hertz (Hz).[338] The 

following abbreviations are used to indicate the multiplicities of the signals: s (singlet), 

d (doublet), t (triplet), q (quartet), m (multiplet). For the interpretation of the spectra, the 

software MestReNova 8.0.1 (Mestrelab Research S.L.) was used. Diffusion constants 

D were put in relation to the hydrodynamic radius rH according to the Stokes-Einstein-

equation with the shape-correction factor for spherical particles of colloidal 

dimensions.[294,339] 

𝐷 =
𝑘B𝑇

6𝜋𝜂𝑟H
 

(4) 

 

In equation (4), kB is the Boltzmann constant, T the absolute temperature and η the 

viscosity of the fluid. 

Mass spectrometry 

Mass spectrometric measurements via electrospray ionization (ESI), electron 

ionization (EI) or atmospheric pressure chemical ionization (APCI) were performed on 

a MAT 95 XL (Thermo Finnigan), a MAT 90 (Thermo Finnigan), a micrOTOF-Q (Bruker 

Daltonik) or an Orbitrap XL (Thermo Fisher Scientific). 

High performance liquid chromatography 

Analytical high-performance liquid chromatography (HPLC) was either conducted on a 

Prominence LC-20 (Shimadzu), consisting of three separate solvent delivery units 

(2×LC20-AT, 1×LC20-AD), a degassing unit (DGU-20A3), a photo-diode array detector 

(SPD-M20A), a fraction collector (FRC-10A), a high-pressure selection valve 

(FCV-20AH2) and a (S,S)-Whelk-O-1 (Gamma Analysentechnik GmbH) column as the 

stationary phase; or on a Knauer AZURA system equipped with a binary high pressure 

gradient pump P 6.1L, an online degasser, a photodiode array detector DAD 6.1L with 

a deuterium and a halogen lamp and a CHIRALPAK IB-U (Daicel) or a CHIRALPAK 

IC-U (Daicel) column.  

High performance liquid chromatography on a (semi-) preparative scale was performed 

on a Knauer AZURA system equipped with a binary high pressure gradient pump 
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P 6.1L, an online degasser, a multi wavelength detector MWL 2.1L with a deuterium 

lamp, a 16-1 port multi position fraction valve V2.1S and a CHIRALPAK IB (Daicel) or 

a CHIRAL ART Cellulose-SC (YMC) column. 

Electronic circular dichroism spectroscopy 

Electronic circular dichroism spectra were recorded on a J-810 spectrometer (Jasco) 

equipped with a Peltier element (PTC-423S) and an Osram 150 W xenon lamp. Quartz 

glass cuvettes (Hellma Analytics) with a layer thickness of 10 mm were used. For 

interpretation of the spectra, Jasco Spectra Manager 1.5 was used. 

The measured ellipticity ϴ was put in relation to the molar circular dichroism Δε 

according to the Beer-Lambert extinction law.  

𝛳 =
𝑙𝑛10

4
∙

180°

𝜋
∆𝜀 ∙ 𝑐 ∙ 𝑙  

(5) 

 

In equation (5), c is the concentration of the analyte and l is the cell pathlength of the 

cuvette. 

Optical rotation 

Specific rotation values were measured on an Anton Paar Model MCP 150 polarimeter 

with a standard wavelength of 589 nm using a cuvette with a layer thickness of 10 mm. 

Microwave assisted reactions 

Microwave assisted [2+2+2] cycloisomerizations were performed in a microwave 

reactor (CEM Discover SP). 

X-ray crystallography 

Single crystals were grown as described in the respective descriptions of the 

experiments. Single crystal diffraction data were either collected on a STOE IPDS-2T 

diffractometer, equipped with a low temperature device Oxford Cryostream 700 series 

(Oxford Cryosystems) using graphite-monochromated MoKα radiation (λ = 0.71073 Å); 

or a Bruker D8 Venture diffractometer, equipped with a low temperature device 

Cryostream 800 series (Oxford Cryosystems) using mirror-monochromated CuKα 

radiation (λ = 1.54184 Å). Intensities were measured by fine-slicing φ- and ω-scans 

and corrected for background, polarization and Lorentz effects. Semi-empirical 
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absorption corrections were applied for all data sets following Blessing’s method.[340] 

The structures were solved by intrinsic phasing methods[341] and refined anisotropically 

by the least-squares procedure implemented in the ShelX program system.[342] The 

hydrogen atoms were included isotropically using the riding model on the bound 

carbon atoms. Crystallographic data and refinement parameters are shown in 

descriptions of the experiments.  
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10.2 Synthetic procedures 
 

Synthesis of ligands 
 

4-Methoxy-2-[(trimethylsilyl)ethynyl]benzaldehyde 14[129] 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 130.55 mg of PdCl2(PPh3)2 (4 mol%), 61.98 mg of CuI 

(7 mol%) and 1.0 g of 2-bromo-4-methoxybenzaldehyde 13 (4.65 mmol, 1.0 equiv.) 

were dissolved in anhydrous THF (5 mL) and degassed NEt3 (10 mL). After adding 

0.99 mL of trimethylsilylacetylene (6.97 mmol, 1.50 equiv.), the mixture was stirred at 

60 °C for 0.5 h. The reaction mixture was poured into a saturated solution of aqueous 

NH4Cl (20 mL) and extracted with DCM (3×30 mL). The combined organic portions 

were washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated 

under reduced pressure. The crude product was purified by flash chromatography on 

silica gel (cyclohexane/ethyl acetate = 9:1). Aldehyde 14 was obtained as a yellow oil. 

Yield:    900.11 mg (3.87 mmol, 83 %) 

Molecular formula:  C13H16O2Si 

Molecular weight:  232.35 g/mol 

Retention factor:  0.50 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 10.40 (d, 1H, J = 0.9 Hz), 7.87 (d, 1H, J = 8.7 Hz), 7.01 (d, 1H, J = 2.5 Hz), 

6.94 (ddd, 1H, J = 8.7 Hz, J = 2.5 Hz, J = 0.9 Hz), 3.88 (s, 3H), 0.28 (s, 9H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[343] 
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2-Ethynyl-4-methoxybenzaldehyde 15 

 

In a round bottomed flask equipped with a magnetic stir bar, 900.0 mg of aldehyde 14 

(3.87 mmol, 1.0 equiv.) were dissolved in methanol (20 mL) and 749.49 mg of K2CO3 

(5.42 mmol, 1.40 equiv.) were added in batches. The mixture was stirred at room 

temperature for 0.5 h. The reaction mixture was poured into water (20 mL) and 

extracted with DCM (3×30 mL). The combined organic portions were dried with 

anhydrous MgSO4 and concentrated under reduced pressure. The crude product was 

purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 4:1). 

Aldehyde 15 was obtained as a white solid. 

Yield:    583.25 mg (3.64 mmol, 94 %) 

Molecular formula:  C10H8O2 

Molecular weight:  160.17 g/mol 

Retention factor:  0.34 (cyclohexane/ethyl acetate = 3:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 10.39 (d, 1H, J = 0.8 Hz), 7.90 (d, 1H, J = 8.7 Hz), 7.07 (d, 1H, J = 2.5 Hz), 

6.99 (ddd, 1H, J = 8.7 Hz, J = 2.5 Hz, J = 0.8 Hz), 3.89 (s, 3H), 3.43 (s, 1H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[344]  
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2,2'-(Ethyne-1,2-diyl)bis(4-methoxybenzaldehyde) 16 

 

Approach A 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 2.0 g of 2-bromo-4-methoxybenzaldehyde 13 

(9.30 mmol, 1.0 equiv.), 195.84 mg of PdCl2(PPh3)2 (3 mol%) and 35.42 mg of CuI 

(2 mol%). The atmosphere was evacuated and flushed with gaseous acetylene using 

a balloon. A solution of degassed triethylamine (15 mL) and anhydrous THF (5 mL) 

was added under stirring at room temperature. Then the mixture was heated to 60 °C 

and stirred for 3 h. The reaction mixture was poured into an aqueous solution of 

saturated NH4Cl (40 mL) and then extracted with dichloromethane (3×30 mL). The 

combined organic portions were washed with brine (150 mL), dried with anhydrous 

MgSO4 and concentrated under reduced pressure. The crude product was purified by 

flash chromatography on silica gel (cyclohexane/ethyl acetate = 9:1 to 1:1) and 

recrystallized (ethyl acetate) to obtain dialdehyde 16 as a white solid. 

Yield:    630.05 mg (2.14 mmol, 46 %) 

Molecular formula:  C18H14O4 

Molecular weight:  294.31 g/mol 

Retention factor:  0.10 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  333.052 [M+K]+, 317.078 [M+Na]+, 295.096 [M+H]+ 

HRMS (C18H14O4H+): calculated = 295.0965 

    found = 295.0963 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.47 (d, 2H, H-1, 5J1,4 = 0.8 Hz), 7.94 (d, 2H, H-3, 3J3,4 = 8.8 Hz), 7.14 (d, 2H, 

H-7, 4J7,4 = 2.5 Hz), 7.03 (ddd, 2H, H-4, 3J4,3 = 8.8 Hz, 4J4,7 = 2.5 Hz, 5J4,1 = 0.8 Hz), 

3.93 (s, 6H, H-6). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 189.9 (C-1), 164.0 (C-5), 130.3 (C-3), 130.0 (C-2), 127.6 (C-8), 117.7 (C-7), 

116.4 (C-4), 91.5 (C-9), 56.0 (C-6). 

 

Approach B 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 52.58 mg of PdCl2(PPh3)2 (4 mol%), 24.96 mg of CuI 

(7 mol%), 300.0 mg of 2-ethynyl-4-methoxybenzaldehyde 15 (1.87 mmol, 1.0 equiv.) 

and 443.07 mg of 2-bromo-4-methoxybenzaldehyde 13 (2.06 mmol, 1.10 equiv.) were 

added. After adding anhydrous THF (5 mL) and degassed NEt3 (10 mL), the mixture 

was heated to 60 °C and stirred for 3 h. The reaction mixture was poured into an 

aqueous solution of saturated NH4Cl (40 mL) and then extracted with dichloromethane 

(3×30 mL). The combined organic portions were washed with brine (150 mL), dried 

with anhydrous MgSO4 and concentrated under reduced pressure. The crude product 
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was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 9:1 to 

1:1) and recrystallized (ethyl acetate) to obtain dialdehyde 16 as a white solid. 

Yield:    341.23 mg (1.15 mmol, 62 %) 

 

Approach C 

 

The reaction was carried out under Schlenk conditions. A pressure tube equipped with 

a magnetic stir bar was charged with 1.0 g of 2-bromo-4-methoxybenzaldehyde 13 

(4.65 mmol, 1.0 equiv.) and 163.19 mg of PdCl2(PPh3)2 (5 mol%). Using counterflow 

technique, a stock solution of tetra-n-butylammonium fluoride (27.90 mL, 1.0 M in THF, 

6.0 equiv.) and 0.66 mL of trimethylsilylacetylene (4.65 mmol, 1.0 equiv.) were added. 

The pressure tube was closed and the mixture was stirred at 85 °C for 3 h. After cooling 

to room temperature, the reaction mixture was poured into an aqueous solution of 

saturated NH4Cl (40 mL) and then extracted with dichloromethane (3×30 mL). The 

combined organic portions were washed with brine (150 mL), dried with anhydrous 

MgSO4 and concentrated under reduced pressure. The residue was subjected to flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 9:1 to 1:1). The product 

could not be isolated. 

 

1,1'-[Ethyne-1,2-diylbis(4-methoxy-2,1-phenylene)]bis(but-3-yn-1-ol) 17 
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The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 666.44 mg of zinc powder (10.19 mmol, 

10.0 equiv.). Anhydrous tetrahydrofuran (15 mL) was added, the flask was immersed 

in a water bath at room temperature and a solution of propargyl bromide (1.14 mL, 

80 wt.% in toluene, 10.19 mmol, 10.0 equiv.) was added slowly. The solution was 

stirred at room temperature for 30 minutes before it was added to the suspension of 

dialdehyde 16 (300.0 mg, 1.02 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

(10 mL). After 24 h of stirring, the mixture was poured into water (50 mL) and extracted 

with dichloromethane (3×40 mL), then the combined organic portions were washed 

with brine (200 mL) and HCl (200 mL, 6 M in water), dried with anhydrous Mg2SO4 and 

concentrated under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 5:2 to 1:1) to obtain diol 17 

as a yellow solid. The diol could not completely be isolated and had some minor 

impurities, nonetheless it was used for the subsequent reaction. 

Yield:    n/a 

Molecular formula:  C24H22O4 

Molecular weight:  374.43 g/mol 

Retention factor:  0.80 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  397.140 [M+Na]+ 

HRMS (C24H22O4Na+): calculated = 397.1410 

    found = 397.1403 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.52 (d, 2H, H-6, 3J6,7 = 8.7 Hz), 7.05 (d, 2H, H-10, 4J10,7 = 2.7 Hz), 6.96 (dd, 

2H, H-7, 3J7,6 = 8.7 Hz, 4J7,10 = 2.7 Hz), 5.40−5.33 (m, 2H, H-4), 3.84 (s, 6H, H-9), 

2.88−2.63 (m, 4H, H-3), 2.11−2.08 (m, 2H, H-1). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 158.9 (C-8), 136.5 (C-5), 126.9 (C-6), 121.6 (C-11), 117.1 (C-10), 115.7 (C-7), 

91.8 (C-12), 81.0 (C-2), 70.3 (C-4), 70.2 (C-1), 55.6 (C-9), 28.8 (C-3). 

 

[Ethyne-1,2-diylbis(4-methoxy-2,1-phenylene)]bis(but-3-yne-1,1-diyl diacetate 

18 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of diol 17 

(385.0 mg, 1.03 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (15.07 mg, 

0.12 mmol, 0.12 equiv.) in anhydrous pyridine (8 mL) was prepared. After adding 

1.16 mL of acetic anhydride (12.33 mmol, 12.0 equiv.) at 0 °C while stirring, the 

reaction mixture was allowed to slowly reach room temperature and stirring was 

continued at the same temperature for an additional 24 h. The mixture was poured into 

water (20 mL) and extracted with dichloromethane (3×20 mL), then the combined 

organic portions were washed with a saturated aqueous solution of KHCO3 (100 mL), 

dried with anhydrous Mg2SO4 and concentrated under reduced pressure. The crude 

product was purified by flash chromatography on silica gel (cyclohexane/ethyl 

acetate = 3:1) to afford diacetate 18 as a yellow oil. 

Yield:    280.53 mg (0.62 mmol, 61 %) over 2 steps 

Molecular formula:  C28H26O6 

Molecular weight:  458.51 g/mol 

Retention factor:  0.48 (cyclohexane/ethyl acetate = 3:1) 
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ESI(+)-MS: m/z =  497.136 [M+K]+, 481.163 [M+Na]+, 476.208 

[M+NH4]+ 

HRMS (C28H26O6Na+): calculated = 481.1622 

    found = 481.1624 

 

1H-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 7.42−7.40 (m, 2H, H-7), 7.12−7.10 (m, 2H, H-3), 6.94−6.91 (m, 2H, H-8), 

6.39−6.35 (m, 2H, H-9), 3.84 (s, 6H, H-1), 2.95−2.88 (m, 4H, H-10), 2.12 (s, 6H, H-14), 

1.99−1.97 (m, 2H, H-12). 

 

13C-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 169.9 (d, C-13), 159.1 (C-2), 133.0 (d, C-6), 127.5 (d, C-7), 122.4 (d, C-4), 

117.0 (d, C-3), 115.8 (C-8), 91.8 (C-5), 79.7 (d, C-11), 71.4 (d, C-9), 70.8 (d, C-12), 

55.6 (C-1), 25.8 (C-10), 21.2 (C-14). 

 

2,13-Dimethoxy-5,6,9,10-tetrahydropentahelicene-5,10-diyl diacetate 19 

 

Approach A 

 

The reaction was carried out under Schlenk conditions. N-decane was degassed by 3 

freeze-pump-thaw cycles before use. A two-necked flask equipped with a magnetic stir 

bar was charged with 200.0 mg of triyne 18 (0.43 mmol, 1.0 equiv.) and 228.82 mg of 
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PPh3 (0.87 mmol, 2.0 equiv.). Then a solution of CpCo(CO)2 (0.058 mL, 0.44 mmol, 

1.0 equiv.) in n-decane (20 mL) was added. The reaction mixture was stirred at 140 °C 

for 2 h and filtered through a plug of silica gel. The solvent was removed under reduced 

pressure. The crude product was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 5:2) to afford tetrahydro[5]helicene derivative 19 as a 

complex mixture of stereoisomers. The mixture was used for the subsequent reaction 

without further analytical characterization. 

Yield:    n/a 

Molecular formula:  C28H26O6 

Molecular weight:  458.51 g/mol 

Retention factor:  0.32 (cyclohexane/ethyl acetate = 5:2) 

 

Approach B 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, CoCl(PPh3)3 (10 mol%) was suspended in anhydrous THF 

(1 mL). 130 mg of triyne 18 (0.28 mmol, 1.0 equiv.) were added and the resulting 

mixture was stirred overnight at 95 °C. The reaction was monitored by TLC. No 

turnover was observed after that time and the starting material was recovered by 

column chromatography on silica gel (cyclohexane/ethyl acetate = 4:1).  
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Approach C 

 

A glass vial equipped with a magnetic stir bar was charged with 100.0 mg of triyne 18 

(0.22 mmol, 1.0 equiv.) and 9.47 mg of CpCo[P(OEt)3](trans-dimethylfumarate) 

(10 mol%). After adding anhydrous THF (3 mL) the vial was sealed with a septum-cap 

and the mixture was degassed by argon bubbling through the septum. After that the 

mixture was stirred at 160 °C for 1 h under microwave irradiation. The solvent was 

removed under reduced pressure and the residue was subjected to flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 5:2) to afford 

tetrahydro[5]helicene derivative 19 as a complex mixture of stereoisomers. The 

mixture was used for the subsequent reaction without further analytical 

characterization. 

Yield:    n/a 

 

Approach D 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 100.0 mg of triyne 18 (0.22 mmol, 1.0 equiv.) were dissolved 

in anhydrous THF (1 mL). After adding a stock solution of Ni(cod)2 (3.63 mL, 0.06 M in 

THF, 1.0 equiv.), the mixture was stirred at room temperature for 24 h. The solvent 

was evaporated under reduced pressure and the residue was subjected to flash 
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chromatography on silica gel (cyclohexane/ethyl acetate = 5:2) to afford 

tetrahydro[5]helicene derivative 19 as a complex mixture of stereoisomers. The 

mixture was used for the subsequent reaction without further analytical 

characterization. 

Yield:    n/a 

 

Approach E 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 100.0 mg of triyne 18 (0.22 mmol, 1.0 equiv.) and 114.41 mg 

of PPh3 (0.44 mmol, 2.0 equiv.) were dissolved in anhydrous THF (1 mL). After adding 

a stock solution of Ni(cod)2 (3.63 mL, 0.06 M in THF, 1.0 equiv.), the mixture was stirred 

at room temperature for 24 h. The solvent was evaporated under reduced pressure 

and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 5:2) to afford tetrahydro[5]helicene derivative 19 as a 

complex mixture of stereoisomers. The mixture was used for the subsequent reaction 

without further analytical characterization. 

Yield:    n/a 

 

2,13-Dimethoxypentahelicene 20 (see also page 201) 
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In a round bottomed flask equipped with a magnetic stir bar, a solution of 

tetrahydro[5]helicene derivative 19 (200.0 mg, 0.43 mmol, 1.0 equiv.) in dichloro-

methane (5 mL) was prepared. After adding silica gel (500 mg), the solvent was 

evaporated under reduced pressure and the solvent-free mixture was heated at 120 °C 

for 4 h under vigorous stirring. The product was extracted from silica gel with 

dichloromethane (100 mL). Removal of the solvent under reduced pressure gave rise 

to 2,13-dimethoxy[5]helicene 20 as an amorphous brown solid. 

Single crystals for XRD analysis were grown by layering n-hexane on top of a solution 

of racemic or enantiopure 20 in dichloromethane (3:1 or 2:1) overnight at −10 °C. 

 

Yield over 2 steps:  Approach A: 38.52 mg (0.11 mmol, 26 %) 

Approach C: 19.21 mg (0.056 mmol, 26 %) 

    Approach D: 22.12 mg (0.065 mmol, 30 %) 

    Approach E: 43.01 mg (0.12 mmol, 58 %) 

Molecular formula:  C24H18O2 

Molecular weight:  338.41 g/mol 

Retention factor:  0.5 (cyclohexane/ethyl acetate = 3:1) 

EI-MS:   m/z =  338.1 [M]•+, 323.1 [M-CH3]+, 308.1 [M-C2H6]•+, 

    276.1 [M-C2H6O2]•+ 

HRMS (C24H18O2
•+):  calculated = 338.1306 

    found = 338.1311 

Specific optical rotation: (−)-(M)-20: [𝛼]𝐷
20 = −1430° mL×dm−1×g−1 (c = 0.92 g/L, 

dichloromethane) 

(+)-(P)-20: [𝛼]𝐷
20 = +1440° mL×dm−1×g−1 (c = 1.01 g/L, 

dichloromethane) 

ECD: (−)-(M)-20: λ/nm (Δε/M–1×cm-1) = 247 (−80.9), 273 (+92.0), 

321 (−133.7); (c = 4.0×10-4 g/L, dichloromethane) 

 (+)-(P)-20: λ/nm (Δε/M–1×cm-1) = 247 (+77.7), 273 (−54.1), 

321 (+148.1); (c = 4.0×10-4 g/L, dichloromethane) 
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Analytical HPLC: CHIRALPAK IB-U; n-hexane/isopropanol (98:2); f = 0.85 

mL min-1); (–)-(M)-20: tR = 1.38 min; (+)-(P)-20: tR = 

2.38 min 

Semipreparative HPLC: CHIRALPAK IB; n-hexane/isopropanol (98:2); f = 18 mL 

min-1); (–)-(M)-20: tR = 6.37 min, 99.2 % ee; (+)-(P)-20: tR = 

7.92 min, 99.2 % ee 

 

1H-NMR (700 MHz, CD2Cl2, 298 K): 

δ/ppm = 7.91 (d, 2H, H-6/H-7, 3J6,7 = 8.5 Hz), 7.90 (d, 2H, H-4, 3J4,3 = 8.7 Hz), 7.90 (s, 

2H, H-9), 7.80 (d, 2H, H-6/H-7, 3J6,7 = 8.5 Hz), 7.79 (d, 2H, H-12, 4J12,3 = 2.5 Hz), 7.19 

(dd, 2H, H-3, 3J3,4 = 8.7 Hz, 4J3,12 = 2.5 Hz), 3.54 (s, 6H, H-1). 

 

13C-NMR (700 MHz, CD2Cl2, 298 K): 

δ/ppm = 157.0 (C-2), 133.2 (C-10/C-11), 131.8*, 130.0 (C-4/C-9), 128.3 (C-5), 127.9 

(C-4/C-9), 127.5 (C-6/C-7), 126.7*, 124.6 (C-6/C-7), 118.2 (C-3), 110.5 (C-12), 55.4 

(C-1). 

 

*The signal could not be unambiguously assigned. 

 

Crystallographic data [(rac)-20] 

Empirical formula: C24H18O2; M = 338.38 g/mol; T = 180.15 K; radiation type: MoKα; 

λ = 0.71073 Å; crystal system: orthorhombic; space group: Pcbn; unit cell: 

a = 10.8757(8) Å, b = 10.3493(9) Å, c = 15.3773(14) Å, α = 90°, β = 90°, γ = 90°, 

V = 1730.8(3) Å3, Z = 4, ρcalc = 1.299 g/cm3; absorption correction = integration; 

µ = 0.081 mm-1; minimum transmission = 0.1010; maximum transmission = 0.4615; 

F(000) = 712.0; crystal color: clear colorless; crystal size = 0.28×0.21×0.14 mm3; 2Θ 

range for data collection: 5.30°−51.99°; Reflections collected [R(int)] = 6887 [0.1578]; 

Reflections [I>2σ(I)] = 1679; data completeness = 98.0 %; Data/parameters/restraints 

= 1679/119/0; Goodness-of-fit on F2 = 0.950; Final R indexes [I>=2σ(I)]: R1 = 0.0672, 
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wR2 = 0.1129; Final R indexes [all data]: R1 = 0.1086, wR2 = 0.1262; Largest diff. 

peak/hole = 0.22/−0.18 e Å-3. 

Crystallographic data [(−)-20] 

Empirical formula: C24H18O2; M = 338.38 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: orthorhombic; space group: P212121; unit cell: 

a = 5.1510(3) Å, b = 15.9799(9) Å, c = 20.4287(19) Å, α = 90°, β = 90°, γ = 90°, 

V = 1681.54(21) Å3, Z = 4, ρcalc = 1.337 g/cm3; absorption correction = multi-scan; 

µ = 0.660 mm-1; minimum transmission = 0.6492; maximum transmission = 0.9282; 

F(000) = 712.0; crystal color: clear colorless; crystal size = 0.3×0.10×0.05 mm3; 2Θ 

range for data collection: 8.66°−135.48°; Reflections collected [R(int)] = 9716 [0.0814]; 

Reflections [I>2σ(I)] = 2924; data completeness = 99.2 %; Data/parameters/restraints 

= 2924/238/0; Goodness-of-fit on F2 = 1.026; Final R indexes [I>=2σ(I)]: R1 = 0.0597, 

wR2 = 0.1557; Final R indexes [all data]: R1 = 0.0677, wR2 = 0.1645; Largest diff. 

peak/hole = 0.25/−0.34 e Å-3; Flack parameter = 0.6(5)*. 

 

*The high uncertainty originated from a poor quality of the crystal. The assignment of 

the enantiomer was done based on ECD spectra. 

Crystallographic data [(+)-20] 

Empirical formula: C24H18O2; M = 338.38 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: orthorhombic; space group: P212121; unit cell: 

a = 5.16009(16) Å, b = 15.9555(7) Å, c = 20.4345(7) Å, α = 90°, β = 90°, γ = 90°, 

V = 1682.41(11) Å3, Z = 4, ρcalc = 1.336 g/cm3; absorption correction = multi-scan; 

µ = 0.660 mm-1; minimum transmission = 0.6740; maximum transmission = 0.9081; 

F(000) = 712.0; crystal color: clear colorless; crystal size = 0.45×0.18×0.05 mm3; 2Θ 

range for data collection: 7.03°−135.34°; Reflections collected [R(int)] = 14985 

[0.0532]; Reflections [I>2σ(I)] = 2998; data completeness = 99.0 %; 

Data/parameters/restraints = 2998/238/0; Goodness-of-fit on F2 = 1.048; Final R 

indexes [I>=2σ(I)]: R1 = 0.0388, wR2 = 0.1003; Final R indexes [all data]: R1 = 0.0417, 

wR2 = 0.1027; Largest diff. peak/hole = 0.16/−0.20 e Å-3; Flack parameter = 0.2(3)*. 

 

*The high uncertainty originated from a poor quality of the crystal. The assignment of 

the enantiomer was done based on ECD spectra.  
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2-Iodo-4-methoxy-1-methylbenzene 22[64] 

 

In a round bottomed flask equipped with a magnetic stir bar, a suspension of 

5-methoxy-2-methylaniline 21 (5.0 g, 36.45 mmol, 1.0 equiv.) in concentrated sulfuric 

acid (8 mL) and water (129 mL) was cooled to 0 °C. After adding a solution of sodium 

nitrite (2.67 g, 38.64 mmol, 1.06 equiv.) in water (8 mL) under stirring while maintaining 

a temperature between 0−5 °C, the mixture was slowly warmed up to room 

temperature and treated with 6.05 g of potassium iodide (36.45 mmol, 1.0 equiv.). The 

reaction mixture was stirred for 1 h at room temperature and an additional hour at 

100 °C. The reaction mixture was extracted with dichloromethane (3×50 mL). The 

combined organic portions were washed with an aqueous saturated solution of KHCO3 

(4×200 mL), an aqueous saturated solution of Na2S2O3 (5×200 mL) and water 

(200 mL), dried with anhydrous MgSO4 and concentrated under reduced pressure. The 

residue was filtered through a plug of silica gel. The solvent was removed under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 19:1) to obtain iodide 22 as a yellow oil. 

Yield:    4.50 g (18.14 mmol, 49 %) 

Molecular formula:  C8H9OI 

Molecular weight:  248.06 g/mol 

Retention factor:  0.50 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.36 (d, 1H, J = 2.6 Hz), 7.12 (dd, 1H, J = 8.5 Hz, J = 0.8 Hz), 6.81 (dd, 1H, 

J = 8.5 Hz, J = 2.6 Hz), 3.76 (s, 3H), 2.36 (s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64]  
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1-(Bromomethyl)-2-iodo-4-methoxybenzene 23[64] 

 

In a round bottomed flask equipped with a magnetic stir bar, a mixture of iodine 22 

(4.78 g, 19.25 mmol, 1.0 equiv.), N-bromosuccinimide (3.77 g, 21.18 mmol, 

1.10 equiv.) and benzoyl peroxide (233.19 mg, 0.96 mmol, 0.05 equiv.) in benzene 

(20 mL) was stirred at 120 °C for 4 h. The reaction was cooled to room temperature 

and filtered. The filtrate was washed with an aqueous saturated solution of Na2SO3 

(100 mL) and extracted with dichloromethane (3×50 mL). The combined organic 

portions were dried with anhydrous MgSO4 and concentrated under reduced pressure. 

The crude product was purified by flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 10:1) to obtain bromide 23 as a yellow solid. 

Yield:    4.10 g (12.54 mmol, 65 %) 

Molecular formula:  C8H8OIBr 

Molecular weight:  325.88 g/mol 

Retention factor:  0.47 (cyclohexane/ethyl acetate = 5:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.39−7.34 (m, 2H), 6.88 (dd, 1H, J = 8.5 Hz, J = 2.6 Hz), 4.60 (s, 3H), 3.79 (s, 

3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

2-Iodo-4-methoxy-1-[4-(triisopropylsilyl)-3-butyn-1-yl]benzene 24[64] 
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The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 4.11 mL of n-butyllithium (2.5 M in n-hexane, 10.28 mmol, 

1.05 equiv.) were added dropwise to a solution of triisopropyl(prop-1-yn-1-yl)-silane 

(2.45 mL, 10.37 mmol, 1.06 equiv.) in anhydrous THF (20 mL) at −78 °C under 

vigorous stirring. After stirring the mixture at −78 °C for 1.5 h, a solution of bromide 23 

(3.20 g, 9.79 mmol, 1.0 equiv.) in anhydrous THF (20 mL) was added dropwise. A 

color change from red over purple and green to yellow was observed. The mixture was 

stirred at this temperature for 24 h and slowly warmed up to room temperature. The 

solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 20:1) to obtain alkyne 24 as 

a colorless oil. 

Yield:    620.77 mg (1.40 mmol, 14 %) 

Molecular formula:  C20H31OISi 

Molecular weight:  442.46 g/mol 

Retention factor:  0.60 (cyclohexane/ethyl acetate = 5:1) 

1H-NMR (300 MHz, CDCl3, 298 K): 

δ/ppm = 7.35 (d, 1H, J = 2.6 Hz), 7.20 (d, 1H, J = 8.5 Hz), 6.82 (dd, 1H, J = 8.5 Hz, 

J = 2.6 Hz), 3.76 (s, 3H), 2.89 (t, 2H, J = 7.2 Hz), 2.53 (t, 2H, J = 7.2 Hz), 1.05 (d, 21H, 

J = 3.7 Hz). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

Triisopropyl[4-(4-methoxy-2-((trimethylsilyl)ethynyl)phenyl)but-1-yn-1-yl]silane 

25 
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The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 174.64 mg of PdCl2(dppf) (5 mol%), 90.91 mg of CuI 

(10 mol%) and 2.11 g of alkyne 24 (4.77 mmol, 1.0 equiv.) were dissolved in 

anhydrous THF (5 mL) and degassed NEt3 (10 mL). After adding 1.02 mL of 

trimethylsilylacetylene (7.16 mmol, 1.50 equiv.), the mixture was stirred at 60 °C for 

0.5 h. The reaction mixture was poured into a saturated solution of aqueous NH4Cl 

(30 mL) and extracted with DCM (3×30 mL). The combined organic portions were 

washed with brine (100 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 8:1). Diyne 25 was obtained as a yellow solid. 

Yield:    1.80 g (4.36 mmol, 91 %) 

Molecular formula:  C25H40OSi2 

Molecular weight:  412.76 g/mol 

Retention factor:  0.65 (cyclohexane/ethyl acetate = 4:1) 

APCI-MS:   m/z =  413.269 [M+H]+ 

HRMS (C25H40OSi2H+): calculated = 413.2690 

    found = 413.2692 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.15 (d, 1H, H-4, 3J4,3 = 8.5 Hz), 6.96 (d, 1H, H-7, 4J7,3 = 2.8 Hz), 6.79 (dd, 

1H, H-3, 3J3,4 = 8.5 Hz, 4J3,7 = 2.8 Hz), 3.77 (s, 3H, H-1), 2.95 (t, 2H, H-11, 

3J11,12 = 7.6 Hz), 2.56 (t, 2H, H-12, 3J12,11 = 7.6 Hz), 1.09−0.97 (m, 21H, H-15, H-16), 

0.26 (s, 9H, H-10).  
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13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 157.9 (C-2), 135.7 (C-5), 130.3 (C-4), 123.3 (C-6), 116.7 (C-7), 115.6 (C-3), 

108.6 (C-13), 103.7 (C-8), 98.4 (C-9), 80.8 (C-14), 55.5 (C-1), 33.7 (C-11), 21.1 (C-12), 

18.8 (C-16), 11.5 (C-15), 0.1 (C-10). 

 

[4-(2-Ethynyl-4-methoxyphenyl)but-1-yn-1-yl]triisopropylsilane 26 

 

In a round bottomed flask equipped with a magnetic stir bar, 1.80 g of alkyne 25 

(4.36 mmol, 1.0 equiv.) were dissolved in methanol (5 mL) and 843.81 mg of K2CO3 

(6.11 mmol, 1.40 equiv.) were added in batches. The mixture was stirred at room 

temperature for 0.5 h. The reaction mixture was poured into water (20 mL) and 

extracted with DCM (3×10 mL). The combined organic portions were dried with 

anhydrous MgSO4 and concentrated under reduced pressure. The crude product was 

purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 4:1) to 

obtain alkyne 26 as a yellow oil. 

Yield:    1.13 g (3.32 mmol, 76 %) 

Molecular formula:  C22H32OSi 

Molecular weight:  340.58 g/mol 

Retention factor:  0.55 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  341.229 [M+H]+ 

HRMS (C22H32OSiH+): calculated = 341.2295 

    found = 341.2291 
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1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.20 (d, 1H, H-4, 3J4,3 = 8.5 Hz), 7.00 (d, 1H, H-7, 4J7,3 = 2.7 Hz), 6.82 (dd, 

1H, H-3, 3J3,4 = 8.5 Hz, 4J3,7 = 2.7 Hz), 3.78 (s, 3H, H-1), 3.24 (s, 1H, H-9), 2.96 (t, 2H, 

H-10, 3J10,11 = 7.3 Hz), 2.57 (t, 2H, H-11, 3J11,10 = 7.3 Hz), 1.10−0.95 (m, 21H, H-14, 

H-15). 

 

13C-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 157.9 (C-2), 135.7 (C-5), 130.6 (C-4), 122.3 (C-6), 117.5 (C-7), 115.6 (C-3), 

108.4 (C-12), 82.2 (C-8), 81.1 (C-9), 80.8 (C-13), 55.5 (C-1), 33.1 (C-10), 21.2 (C-11), 

18.8 (C-15), 11.5 (C-14). 

 

1,2-Bis(5-methoxy-2-(4-(triisopropylsilyl)but-3-yn-1-yl)phenyl)ethyne 27 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 20.61 mg of PdCl2(PPh3)2 (2 mol%), 11.18 mg of CuI 

(4 mol%), 500.0 mg of alkyne 26 (1.47 mmol, 1.0 equiv.) and 650.0 mg of iodide 24 

(1.47 mmol, 1.0 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (10 mL), the mixture was heated to 60 °C and stirred for 24 h. The 

reaction mixture was poured into an aqueous solution of saturated NH4Cl (40 mL) and 

then extracted with dichloromethane (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 
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reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 10:1) to obtain triyne 27 as a yellow oil. 

Yield:    866.68 mg (1.32 mmol, 90 %) 

Molecular formula:  C42H62O2Si2 

Molecular weight:  655.13 g/mol 

Retention factor:  0.69 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  655.436 [M+H]+ 

HRMS (C42H62O2Si2H+): calculated = 655.4361 

    found = 655.4359 

 

1H-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 7.23 (d, 2H, H-4, 3J4,3 = 8.5 Hz), 7.04 (d, 2H, H-7, 4J7,3 = 2.8 Hz), 6.82 (dd, 

2H, H-3, 3J3,4 = 8.5 Hz, 4J3,7 = 2.8 Hz), 3.81 (s, 6H, H-1), 3.02 (t, 4H, H-9, 

3J9,10 = 7.2 Hz), 2.64 (t, 4H, H-10, 3J10,9 = 7.2 Hz), 1.08−0.96 (m, 42H, H-13, H-14). 

 

13C-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 158.0 (C-2), 134.8 (C-5), 130.6 (C-4), 123.4 (C-6), 117.0 (C-7), 115.1 (C-3), 

108.2 (C-11), 91.5 (C-8), 81.2 (C-12), 55.6 (C-1), 33.5 (C-9), 21.5 (C-10), 18.8 (C-14), 

11.4 (C-13).  
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1,2-Bis(2-(but-3-yn-1-yl)-5-methoxyphenyl)ethyne 28 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 866.68 mg of triyne 27 (1.32 mmol, 1.0 equiv.) were dissolved 

in anhydrous THF (10 mL). After adding a stock solution of tetra-n-butylammonium 

fluoride (3.31 mL, 1.0 M in THF, 2.50 equiv.), the mixture was stirred at room 

temperature for 0.5 h. The mixture was poured into a saturated aqueous solution of 

sodium chloride (20 mL) and extracted with dichloromethane (3×30 mL), then the 

combined organic portions were dried with anhydrous Mg2SO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 9:1) to afford triyne 28 as a brown solid. 

Yield:    387.65 mg (1.13 mmol, 86 %) 

Molecular formula:  C24H22O2 

Molecular weight:  342.44 g/mol 

Retention factor:  0.40 (cyclohexane/ethyl acetate = 4:1) 

APCI-MS:   m/z =  343.169 [M+H]+ 

HRMS (C24H22O2H+): calculated = 343.1693 

    found = 343.1689 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.21 (d, 2H, H-4, 3J4,3 = 8.5 Hz), 7.07 (d, 2H, H-7, 4J7,3 = 2.7 Hz), 6.86 (dd, 

2H, H-3, 3J3,4 = 8.5 Hz, 4J3,7 = 2.7 Hz), 3.82 (s, 6H, H-1), 3.04 (t, 4H, H-9, 

3J9,10 = 7.5 Hz), 2.57 (td, 4H, H-10, 3J10,9 = 7.5 Hz, 4J10,12 = 2.6 Hz), 1.98 (t, 2H, H-12, 

4J12,10 = 2.6 Hz). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 158.1 (C-2), 134.6 (C-5), 130.3 (C-4), 123.6 (C-6), 117.1 (C-7), 115.3 (C-3), 

91.5 (C-8), 84.0 (C-11), 69.1 (C-12), 55.6 (C-1), 33.2 (C-9), 20.1 (C-10). 

 

2,13-Dimethoxy-5,6,9,10-tetrahydropentahelicene 29 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 120.0 mg of triyne 28 (0.35 mmol, 1.0 equiv.) and 183.83 mg 

of PPh3 (0.70 mmol, 2.0 equiv.) were dissolved in anhydrous THF (5 mL). After adding 

a stock solution of Ni(cod)2 (5.86 mL, 0.06 M in THF, 1.0 equiv.), the mixture was stirred 

at room temperature for 24 h. The solvent was evaporated under reduced pressure 

and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 8:1) to afford tetrahydro[5]helicene derivative 29 as a 

yellow solid.  
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Yield:    45.06 mg (0.13 mmol, 38 %) 

Molecular formula:  C24H22O2 

Molecular weight:  342.44 g/mol 

Retention factor:  0.51 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  343.168 [M+H]+ 

HRMS (C24H22O2H+): calculated = 343.1693 

    found = 343.1689 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.16 (d, 2H, H-7, 3J7,6 = 8.2 Hz), 7.12 (s, 2H, H-12), 6.81 (d, 2H, H-3, 4J3,6 

= 2.6 Hz), 6.68 (dd, 2H, H-6, 3J6,7 = 8.2 Hz, 4J6,3 = 2.6 Hz), 3.43 (s, 6H, H-5), 2.90−2.58 

(m, 8H, H-9, H-10). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 157.3 (d, C-4), 139.5 (d, C-1), 135.4 (d, C-2), 132.9 (d, C-11), 131.5 (d, C-8), 

128.4 (C-7), 126.8 (C-12), 115.3 (d, C-3), 114.0 (d, C-6), 55.2 (d, C-5), 30.7 (d, C-10), 

29.0 (d, C-9). 

 

2,13-Dimethoxypentahelicene 20 (see also page 188) 

 

The reaction was carried out under Schlenk conditions. In a two-necked flask equipped 

with a magnetic stir bar, 100.0 mg of tetrahydro[5]helicene derivative 29 (0.29 mmol, 

1.0 equiv.) were dissolved in anhydrous toluene (20 mL). After adding 464.02 mg of 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (2.04 mmol, 7.0 equiv.), the mixture was 
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stirred at 120 °C for 24 h. The mixture was slowly cooled down to room temperature 

and filtered over a plug of silica gel. The solvent was evaporated under reduced 

pressure and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 99:1) to afford 2,13-dimethoxy[5]helicene 20 as an 

amorphous brown solid. 

Yield:    88.75 mg (0.26 mmol, 90 %) 

Molecular formula:  C24H18O2 

Molecular weight:  338.41 g/mol 

Retention factor:  0.5 (cyclohexane/ethyl acetate = 3:1) 

1H-NMR (700 MHz, CD2Cl2, 298 K): 

δ/ppm = 7.91 (d, 2H, H-6/H-7, 3J6,7 = 8.5 Hz), 7.90 (d, 2H, H-4, 3J4,3 = 8.7 Hz), 7.90 (s, 

2H, H-9), 7.80 (d, 2H, H-6/H-7, 3J6,7 = 8.5 Hz), 7.79 (d, 2H, H-12, 4J12,3 = 2.5 Hz), 7.19 

(dd, 2H, H-3, 3J3,4 = 8.7 Hz, 4J3,12 = 2.5 Hz), 3.54 (s, 6H, H-1). 

 

The spectral data were in agreement with those previously reported for this compound 

(page 190). 

 

2-Bromo-3-methoxybenzaldehyde 31[345] 

 

In a round bottomed flask equipped with a magnetic stir bar, 3.78 g of K2CO3 

(27.36 mmol, 1.10 equiv.) were added to a solution of 2-bromo-3-hydroxy-

benzaldehyde 30 (5.0 g, 24.87 mmol, 1.0 equiv.) in acetone (50 mL). After adding 

2.01 mL of methyl iodide (32.33 mmol, 1.30 equiv.), the solution was stirred at room 

temperature for 3 h. The mixture was poured into water (50 mL) and extracted with 

dichloromethane (3×30 mL). The combined organic portions were dried with 

anhydrous Mg2SO4 and the solvent was evaporated under reduced pressure. The 

crude product was purified by flash chromatography on silica gel (cyclohexane/ethyl 

acetate = 3:1) to afford aldehyde 31 as a white solid.  



 

203 
 

Yield:    4.48 g (20.87 mmol, 83 %) 

Molecular formula:  C8H7O2Br 

Molecular weight:  215.05 g/mol 

Retention factor:  0.39 (cyclohexane/ethyl acetate = 3:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 10.45 (d, 1H, J = 0.8 Hz), 7.53 (dd, 1H, J = 7.8 Hz, J = 1.4 Hz), 7.38 (t, 1H, 

J = 7.8 Hz), 7.13 (dd, 1H, J = 8.2 Hz, J = 1.5 Hz), 3.96 (s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[345] 

 

2,2'-(Ethyne-1,2-diyl)bis(3-methoxybenzaldehyde) 32 

 

Approach A 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 4.48 g of 2-bromo-3-methoxybenzaldehyde 31 

(20.87 mmol, 1.0 equiv.), 439.47 mg of PdCl2(PPh3)2 (3 mol%) and 79.49 mg of CuI 

(2 mol%). The atmosphere was evacuated and flushed with gaseous acetylene using 

a balloon. A solution of degassed triethylamine (15 mL) and anhydrous THF (5 mL) 

was added under stirring at room temperature. Then the mixture was heated to 60 °C 

and stirred for 3 h. The reaction mixture was poured into an aqueous solution of 

saturated NH4Cl (40 mL) and then extracted with dichloromethane (3×30 mL). The 

combined organic portions were washed with brine (150 mL), dried with anhydrous 

MgSO4 and concentrated under reduced pressure. The crude product was purified by 
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flash chromatography on silica gel (cyclohexane/ethyl acetate = 2:1 to 0:1) and 

recrystallized (ethyl acetate) to obtain dialdehyde 32 as a white solid. 

Yield:    300.10 mg (1.02 mmol, 5 %) 

Molecular formula:  C18H14O4 

Molecular weight:  294.31 g/mol 

Retention factor:  0.44 (cyclohexane/ethyl acetate = 4:3) 

EI-MS:   m/z =  294.0 [M]•+, 279.0 [M-CH3]+, 264.0 [M-C2H6]•+ 

HRMS (C18H14O4
•+):  calculated = 294.0892 

    found = 294.0890 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.75 (d, 2H, H-1, 5J1,4 = 0.9 Hz), 7.58 (dd, 2H, H-3, 3J3,4 = 7.8 Hz, 

4J3,5 = 1.0 Hz), 7.44 (td, 2H, H-4, 3J4,3/4,5 = 8.0 Hz, 5J4,1 = 0.9 Hz), 7.16 (dd, 2H, H-5, 

3J5,4 = 8.2 Hz, 4J5,3 = 1.0 Hz), 3.99 (s, 6H, H-7). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 192.5 (C-1), 161.1 (C-6), 137.4 (C-2), 130.1 (C-4), 119.2 (C-3), 116.1 (C-8), 

115.7 (C-5), 92.8 (C-9), 56.5 (C-7).  
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Approach B 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 1.0 g of 2-bromo-3-methoxybenzaldehyde 31 

(4.65 mmol, 1.0 equiv.), 97.92 mg of PdCl2(PPh3)2 (3 mol%), 114.55 mg of SPhos 

(6 mol%) and 17.71 mg of CuI (2 mol%). The atmosphere was evacuated and flushed 

with gaseous acetylene using a balloon. A solution of degassed triethylamine (15 mL) 

and anhydrous THF (5 mL) was added under stirring at room temperature. Then the 

mixture was heated to 60 °C and stirred for 3 h. The reaction mixture was poured into 

an aqueous solution of saturated NH4Cl (40 mL) and then extracted with 

dichloromethane (3×30 mL). The combined organic portions were washed with brine 

(150 mL), dried with anhydrous MgSO4 and concentrated under reduced pressure. The 

crude product was purified by flash chromatography on silica gel (cyclohexane/ethyl 

acetate = 2:1 to 0:1) and recrystallized (ethyl acetate) to obtain dialdehyde 32 as a 

white solid. 

Yield:    150.70 mg (0.51 mmol, 11 %) 

 

Approach C 
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The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 185.81 mg of PdCl2(PPh3)2 (2 mol%), 100.83 mg of CuI 

(4 mol%), 2.12 g of 2-ethynyl-3-methoxybenzaldehyde 34 (13.23 mmol, 1.0 equiv.) 

and 2.84 g of 2-bromo-3-methoxybenzaldehyde 31 (13.23 mmol, 1.0 equiv.) were 

added. After adding anhydrous THF (5 mL) and degassed NEt3 (10 mL), the mixture 

was heated to 60 °C and stirred for 3 h until the precipitation of a yellow solid was 

observed. The reaction mixture was concentrated under reduced pressure. The crude 

product was recrystallized (ethyl acetate) and washed with water (800 mL), acetone 

(800 mL) and dichloromethane (800 mL) to obtain dialdehyde 32 as yellow needles. 

Yield:    2.75 g (9.34 mmol, 71 %) 

 

3-Methoxy-2-[(trimethylsilyl)ethynyl]benzaldehyde 33 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 274.17 mg of PdCl2(PPh3)2 (2 mol%), 148.77 mg of CuI 

(4 mol%) and 4.20 g of 2-bromo-3-methoxybenzaldehyde 31 (19.53 mmol, 1.0 equiv.) 

were dissolved in anhydrous THF (5 mL) and degassed NEt3 (10 mL). After adding 

4.17 mL of trimethylsilylacetylene (29.29 mmol, 1.50 equiv.), the mixture was stirred at 

60 °C for 0.5 h. The reaction mixture was poured into a saturated solution of aqueous 

NH4Cl (20 mL) and extracted with DCM (3×30 mL). The combined organic portions 

were washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated 

under reduced pressure. The crude product was purified by flash chromatography on 

silica gel (cyclohexane/ethyl acetate = 9:1). Aldehyde 33 was obtained as a yellow oil. 

Yield:    4.50 g (19.37 mmol, 99 %) 

Molecular formula:  C13H16O2Si 

Molecular weight:  232.35 g/mol 

Retention factor:  0.50 (cyclohexane/ethyl acetate = 4:1) 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.55 (d, 1H, J = 0.9 Hz), 7.51 (dd, 1H, J = 7.8 Hz, J = 1.1 Hz), 7.38 (td, 1H, 

J = 8.0 Hz, J = 0.9 Hz), 7.10 (dd, 1H, J = 8.2 Hz, J = 1.1 Hz), 3.93 (s, 3H), 0.29 (s, 9H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[346] 

 

2-Ethinyl-3-methoxybenzaldehyde 34 

 

In a round bottomed flask equipped with a magnetic stir bar, 4.50 g of aldehyde 33 

(19.37 mmol, 1.0 equiv.) were dissolved in methanol (20 mL) and 3.75 g of K2CO3 

(27.11 mmol, 1.40 equiv.) were added in batches. The mixture was stirred at room 

temperature for 0.5 h. The reaction mixture was poured into water (20 mL) and 

extracted with DCM (3×30 mL). The combined organic portions were dried with 

anhydrous MgSO4 and concentrated under reduced pressure. The crude product was 

purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 10:1). 

Aldehyde 34 was obtained as a red solid. 

Yield:    2.30 g (14.35 mmol, 74 %) 

Molecular formula:  C10H8O2 

Molecular weight:  160.17 g/mol 

Retention factor:  0.45 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.55 (d, 1H, J = 0.9 Hz), 7.54 (dd, 1H, J = 7.8 Hz, J = 1.1 Hz), 7.44 (td, 1H, 

J = 8.0 Hz, J = 0.9 Hz), 7.14 (dd, 1H, J = 8.3 Hz, J = 1.1 Hz), 3.96 (s, 3H), 3.69 (s, 1H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[347]  
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1,1'-[Ethyne-1,2-diylbis(3-methoxy-2,1-phenylene)]bis(but-3-yn-1-ol) 35 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 444.29 mg of zinc powder (6.80 mmol, 

10.0 equiv.). Anhydrous tetrahydrofuran (10 mL) was added, the flask was immersed 

in a water bath at room temperature and a solution of propargyl bromide (0.76 mL, 

80 wt.% in toluene, 6.80 mmol, 10.0 equiv.) was added slowly. The solution was stirred 

at room temperature for 30 minutes before it was added to the suspension of 

dialdehyde 32 (200.0 mg, 0.68 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

(10 mL). After 24 h of stirring, the mixture was poured into water (30 mL) and extracted 

with dichloromethane (3×40 mL), then the combined organic portions were washed 

with brine (100 mL) and HCl (100 mL, 6 M in water), dried with anhydrous Mg2SO4 and 

concentrated under reduced pressure. The crude product was used for the subsequent 

reaction without further purification. 

Yield:    n/a 

Molecular formula:  C24H22O4 

Molecular weight:  374.43 g/mol 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.34−7.30 (m, 2H, H-7), 7.11−7.07 (m, 2H, H-6), 6.88−6.85 (m, 2H, H-8), 5.22 

(dt, 2H, H-4, 3J4,3 = 8.7 Hz, 4J4,6 = 4.5 Hz), 3.98 (s, 6H, H-10), 3.04−2.80 (m, 4H, H-3), 

2.09−2.07 (m, 2H, H-1). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 160.6 (d, C-9), 145.8 (d, C-5), 129.8 (d, C-7), 118.8 (d, C-6), 109.8 (d, C-8), 

109.7 (C-11), 94.0 (d, C-12), 81.6 (C-2), 72.1 (d, C-4), 70.6 (d, C-1), 56.1 (C-10), 27.7 

(d, C-3). 

 

[Ethyne-1,2-diylbis(3-methoxy-2,1-phenylene)]bis(but-3-yne-1,1-diyl) diacetate 

36 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of diol 35 

(312.0 mg, 0.83 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (12.21 mg, 

0.010 mmol, 0.12 equiv.) in anhydrous pyridine (10 mL) was prepared. After adding 

0.94 mL of acetic anhydride (10.0 mmol, 12.0 equiv.) at 0 °C while stirring, the reaction 

mixture was allowed to slowly reach room temperature and stirring was continued at 

the same temperature for an additional 24 h. The mixture was poured into water 

(20 mL) and extracted with dichloromethane (3×20 mL), then the combined organic 

portions were washed with a saturated aqueous solution of KHCO3 (100 mL), dried 

with anhydrous Mg2SO4 and concentrated under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 4:1 to 

2:1) to afford diacetate 36 as a white solid. 

Yield:    225.0 mg (0.49 mmol, 58 %) over 2 steps 

Molecular formula:  C28H26O6 

Molecular weight:  458.51 g/mol 
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Retention factor:  0.10 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS: m/z =  497.136 [M+K]+, 481.162 [M+Na]+, 476.207 

[M+NH4]+ 

HRMS (C28H26O6Na+): calculated = 481.1622 

    found = 481.1621 

 

1H-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 7.32−7.28 (m, 2H, H-7), 7.13−7.09 (m, 2H, H-6), 6.87−6.84 (m, 2H, H-8), 

6.54−6.48 (m, 2H, H-9), 3.96 (6H, H-1), 3.09−2.84 (m, 4H, H-10), 2.19−2.17 (m, 6H, 

H-14), 1.97-1.92 (m, 2H, H-12). 

 

13C-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 170.0 (d, C-13), 160.5 (d, C-2), 142.2 (d, C-5), 129.4 (d, C-7), 117.7 (d, C-6), 

110.7 (d, C-3), 109.9 (d, C-8), 93.3 (d, C-4), 80.3 (d, C-11), 71.8 (d, C-9), 70.3 (d, 

C-12), 56.1 (d, C-1), 25.3 (d, C-10), 21.3 (d, C-14). 

 

1,14-Dimethoxy-5,6,9,10-tetrahydropentahelicene-5,10-diyl diacetate 37 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 100.0 mg of triyne 36 (0.22 mmol, 1.0 equiv.) and 114.41 mg 

of PPh3 (0.44 mmol, 2.0 equiv.) were dissolved in anhydrous THF (1 mL). After adding 

a stock solution of Ni(cod)2 (3.63 mL, 0.06 M in THF, 1.0 equiv.), the mixture was stirred 
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at room temperature for 24 h. The solvent was evaporated under reduced pressure 

and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 3:1) to afford tetrahydro[5]helicene derivative 37 as a 

complex mixture of stereoisomers. The mixture was used for the subsequent reaction 

without further analytical characterization. 

Yield:    n/a 

Molecular formula:  C28H26O6 

Molecular weight:  458.51 g/mol 

Retention factor:  0.29 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS: m/z =  497.135 [M+K]+, 481.162 [M+Na]+, 476.207 

[M+NH4]+ 

HRMS (C28H26O6Na+): calculated = 481.1622 

    found = 481.1621 

 

1,14-Dimethoxypentahelicene 38 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of 

tetrahydro[5]helicene derivative 37 (48.0 mg, 0.10 mmol, 1.0 equiv.) in 

dichloromethane (5 mL) was prepared. After adding silica gel (200 mg), the solvent 

was evaporated under reduced pressure and the solvent-free mixture was heated at 

120 °C for 4 h under vigorous stirring. The product was extracted from silica gel with 

dichloromethane (100 mL). Removal of the solvent under reduced pressure gave rise 

to 1,14-dimethoxy[5]helicene 38 as an amorphous brown solid. 

Single crystals for XRD analysis were grown by layering n-hexane on top of a solution 

of enantiopure 38 in dichloromethane (2:1) overnight at −10 °C. 
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Yield:    35.91 mg (0.11 mmol, 48 %) over 2 steps 

Molecular formula:  C24H18O2 

Molecular weight:  338.41 g/mol 

Retention factor:  0.64 (cyclohexane/ethyl acetate = 1:1) 

EI-MS:   m/z =  338.1 [M]•+, 323.1 [M-CH3]+, 308.1 [M-C2H6]•+, 

    276.1 [M-C2H6O2]•+ 

HRMS (C24H18O2
•+):  calculated = 338.1306 

    found = 338.1308 

Specific optical rotation: (−)-(M)-38: [𝛼]𝐷
20 = −1644° mL×dm−1×g−1 (c = 1.17 g/L, 

dichloromethane) 

(+)-(P)-38: [𝛼]𝐷
20 = +1634° mL×dm−1×g−1 (c = 0.87 g/L, 

dichloromethane) 

ECD: (−)-(M)-38: λ/nm (Δε/M–1×cm-1) = 249 (−85.6), 260 (−28.5), 

267 (−34.3), 280 (+1.3), 294 (−51.5), 321 (−2.5), 340 

(−67.9); (c = 4.0×10-4 g/L, dichloromethane) 

 (+)-(P)-38: λ/nm (Δε/M–1×cm-1) = 249 (+98.1), 260 (+38.9), 

267 (+49.4), 280 (+26.8), 294 (+90.5), 321 (+25.2), 340 

(+83.4); (c = 4.0×10-4 g/L, dichloromethane) 

Analytical HPLC: CHIRALPAK IB-U; n-hexane/isopropanol (95:5); f = 0.85 

mL min-1); (–)-(M)-38: tR = 1.41 min; (+)-(P)-38: tR = 

2.22 min 

Semipreparative HPLC: CHIRALPAK IB; n-hexane/isopropanol (95:5); f = 18 mL 

min-1); (–)-(M)-38: tR = 6.18 min, 99.3 % ee; (+)-(P)-38: tR = 

7.47 min, 99.3 % ee 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.97 (s, 2H, H-5), 7.92−7.87 (m, 4H, H-7, H-8), 7.61 (dd, 2H, H-10, 

3J10,11 = 7.9 Hz, 4J10,12 = 1.2 Hz), 7.48 (t, 2H, H-11, 3J11,10 = 7.8 Hz, 3J11,12 = 7.8 Hz), 

6.71 (dd, 2H, H-12, 3J12,11 = 7.8 Hz, 4J12,10 = 1.2 Hz), 2.86 (s, 6H, H-1). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 156.2 (C-2), 132.7 (C-9), 131.5 (C-4), 126.8 (C-6), 126.6 (C-7/C-8), 126.4 

(C-7/C-8), 125.7 (C-11), 125.3 (C-5), 124.8 (C-3), 119.8 (C-10), 104.9 (C-12), 53.7 

(C-1). 

Crystallographic data [(−)-38] 

Empirical formula: C24H18O2; M = 338.38 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: orthorhombic; space group: P212121; unit cell: 

a = 9.3010(4) Å, b = 9.9441(4) Å, c = 18.6907(8) Å, α = 90°, β = 90°, γ = 90°, 

V = 1728.70(13) Å3, Z = 4, ρcalc = 1.30 g/cm3; absorption correction = empirical; 

µ = 0.643 mm-1; minimum transmission = 0.6605; maximum transmission = 0.7536; 

F(000) = 712.0; crystal color: clear colorless; crystal size = 0.24×0.16×0.10 mm3; 2Θ 

range for data collection: 9.46°−135.42°; Reflections collected [R(int)] = 32887 

[0.0296]; Reflections [I>2σ(I)] = 3117; data completeness = 99.5 %; 

Data/parameters/restraints = 3117/237/0; Goodness-of-fit on F2 = 1.098; Final R 

indexes [I>=2σ(I)]: R1 = 0.0287, wR2 = 0.0726; Final R indexes [all data]: R1 = 0.0287, 

wR2 = 0.0726; Largest diff. peak/hole = 0.16/−0.24 e Å-3; Flack parameter = 0.03(2). 

Crystallographic data [(+)-38] 

Empirical formula: C24H18O2; M = 338.38 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: orthorhombic; space group: P212121; unit cell: 

a = 9.3078(6) Å, b = 9.9410(7) Å, c = 18.6922(13) Å, α = 90°, β = 90°, γ = 90°, 

V = 1729.6(2) Å3, Z = 4, ρcalc = 1.30 g/cm3; absorption correction = empirical; 

µ = 0.642 mm-1; minimum transmission = 0.6366; maximum transmission = 0.7535; 

F(000) = 712.0; crystal color: clear colorless; crystal size = 0.31×0.30×0.12 mm3; 2Θ 

range for data collection: 9.46°−135.43°; Reflections collected [R(int)] = 19749 

[0.0300]; Reflections [I>2σ(I)] = 3092; data completeness = 99.1 %; 

Data/parameters/restraints = 3092/237/0; Goodness-of-fit on F2 = 1.124; Final R 
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indexes [I>=2σ(I)]: R1 = 0.0313, wR2 = 0.0777; Final R indexes [all data]: R1 = 0.0313, 

wR2 = 0.0777; Largest diff. peak/hole = 0.16/−0.27 e Å-3; Flack parameter = 0.07(3). 

 

2-[(2-Formyl-5-methoxyphenyl)ethynyl]-3-methoxybenzaldehyde 39 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 87.64 mg of PdCl2(PPh3)2 (4 mol%), 41.61 mg of CuI 

(7 mol%), 500.0 mg of alkyne 15 (3.12 mmol, 1.0 equiv.) and 738.45 mg of bromide 31 

(3.43 mmol, 1.10 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (10 mL), the mixture was heated to 60 °C and stirred for 24 h. The 

reaction mixture was poured into an aqueous solution of saturated NH4Cl (40 mL) and 

then extracted with dichloromethane (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 4:1 to 1:0) to obtain dialdehyde 39 as a white solid. 

Yield:    630.04 mg (2.14 mmol, 69 %) 

Molecular formula:  C18H14O4 

Molecular weight:  294.31 g/mol 

Retention factor:  0.31 (cyclohexane/ethyl acetate = 1:1) 

ESI(+)-MS:   m/z =  317.078 [M+Na]+, 295.096 [M-H]+ 

HRMS (C18H14O4H+): calculated = 295.0965 

    found = 295.0963 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.63 (d, 1H, H-1, 5J1,4 = 0.8 Hz), 10.59 (d, 1H, H-12, 5J12,15 = 0.8 Hz), 7.95 

(d, 1H, H-14, 3J14,15 = 8.7 Hz), 7.58 (dd, 1H, H-3, 3J3,4 = 7.8 Hz, 4J3,5 = 1.1 Hz), 

7.50−7.45 (m, 1H, H-4), 7.18 (dd, 1H, H-5, 3J5,4 = 8.2 Hz, 4J5,3 = 1.1 Hz), 7.13 (d, 1H, 

H-17, 4J17,15 = 2.6 Hz), 7.01 (ddd, 1H, H-15, 3J15,14 = 8.7 Hz, 4J15,17 = 2.6 Hz, 

5J15,12 = 0.8 Hz), 3.99 (s, 3H, H-7), 3.92 (s, 3H, H-18). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 191.4 (C-1), 190.9 (C-12), 163.9 (C-16), 161.4 (C-6), 137.3 (C-2), 130.3 (C-4), 

130.1 (C-14), 129.7 (C-13), 128.5 (C-11), 119.8 (C-3), 117.1 (C-17), 116.2 (C-15), 

115.8 (C-5), 115.1 (C-8), 96.3 (C-10), 88.0 (C-9), 56.5 (C-7), 56.0 (C-18). 

 

1-[2-((2-(1-Hydroxybut-3-yn-1-yl)-5-methoxyphenyl)ethynyl]-3-

methoxyphenyl)but-3-yn-1-ol 40 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 444.29 mg of zinc powder (6.80 mmol, 

10.0 equiv.). Anhydrous tetrahydrofuran (10 mL) was added, the flask was immersed 

in a water bath at room temperature and a solution of propargyl bromide (0.76 mL, 

80 wt.% in toluene, 6.80 mmol, 10.0 equiv.) was added slowly. The solution was stirred 

at room temperature for 30 minutes before it was added to the suspension of 

dialdehyde 39 (200.0 mg, 0.68 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 
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(10 mL). After 24 h of stirring, the mixture was poured into water (30 mL) and extracted 

with dichloromethane (3×40 mL), then the combined organic portions were washed 

with brine (100 mL) and HCl (100 mL, 6 M in water), dried with anhydrous Mg2SO4 and 

concentrated under reduced pressure. The crude product was used for the subsequent 

reaction without further purification and analytical characterization. 

Yield:    n/a 

Molecular formula:  C24H22O4 

Molecular weight:  374.43 g/mol 

 

1-[2-((2-(1-Acetoxybut-3-yn-1-yl)-5-methoxyphenyl)ethynyl]-3-

methoxyphenyl)but-3-yn-1-yl acetate 41 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of diol 40 

(250.0 mg, 0.67 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (9.79 mg, 

0.080 mmol, 0.12 equiv.) in anhydrous pyridine (10 mL) was prepared. After adding 

0.76 mL of acetic anhydride (8.01 mmol, 12.0 equiv.) at 0 °C while stirring, the reaction 

mixture was allowed to slowly reach room temperature and stirring was continued at 

the same temperature for an additional 24 h. The mixture was poured into water 

(20 mL) and extracted with dichloromethane (3×20 mL), then the combined organic 

portions were washed with a saturated aqueous solution of KHCO3 (100 mL), dried 

with anhydrous Mg2SO4 and concentrated under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 4:1) to 

afford diacetate 41 as a yellow oil. 

Yield:    120.75 mg (0.26 mmol, 39 %) over 2 steps 

Molecular formula:  C28H26O6 

Molecular weight:  458.51 g/mol 
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Retention factor:  0.22 (cyclohexane/ethyl acetate = 3:1) 

ESI(+)-MS:   m/z =  481.162 [M+Na]+, 476.206 [M+NH4]+ 

HRMS (C28H26O6Na+): calculated = 481.1622 

    found = 481.1619 

 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.44 (dd, 1H, H-21, 3J21,20 = 8.7 Hz, 5J21,17 = 1.3 Hz), 7.32 (t, 1H, H-9, 3J9,8 = 

8.1 Hz, 3J9,10 = 8.1 Hz), 7.13−7.06 (m, 2H, H-8, H-17), 6.91 (dd, 1H, H-20, 

3J20,21 = 8.7 Hz, 4J20,17 = 2.7 Hz), 6.89−6.85 (m, 1H, H-10), 6.51−6.45 (m, 1H, H-23), 

6.42−6.36 (m, 1H, H-3), 3.95 (s, 3H, H-12), 3.83 (s, 3H, H-19), 3.04−2.77 (m, 4H, H-4, 

H-26), 2.15 (d, 3H, H-1/H-25, 5J1,3 = 0.6 Hz/5J25,23 = 0.6 Hz), 2.14 (d, 3H, H-1/H-25, 

5J1,3 = 0.8 Hz/5J25,23 = 0.8 Hz), 2.01−1.98 (m, 1H, H-6/H28), 1.97−1.95 (m, 1H, 

H-6/H28). 

 

13C-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 169.9 (C-2, C-24), 160.9 (C-11), 159.0 (C-18), 142.2 (d, C-7), 133.2 (d, C-22), 

129.8 (d, C-9), 127.4 (d, C-21), 122.3 (d, C-16), 117.7 (d, C-8), 116.5 (d, C-17), 115.4 

(d, C-20), 110.7 (d, C-13), 110.2 (d, C-10), 96.8 (d, C-15), 88.3 (d, C-14), 80.2 (d, 

C-27), 79.8 (d, C-5), 71.9 (d, C-3), 71.5 (d, C-23), 70.7 (d, C-28), 70.5 (d, C-6), 56.1 

(d, C-12), 55.6 (C-19), 25.8 (d, C-26), 25.4 (d, C-4), 21.3 (C-1/C-25), 21.2 (C-1/C-25).  
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1,13-Dimethoxy-5,6,9,10-tetrahydropentahelicene-5,10-diyl diacetate 42 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 120.0 mg of triyne 41 (0.26 mmol, 1.0 equiv.) and 137.29 mg 

of PPh3 (0.52 mmol, 2.0 equiv.) were dissolved in anhydrous THF (5 mL). After adding 

a stock solution of Ni(cod)2 (4.37 mL, 0.06 M in THF, 1.0 equiv.), the mixture was stirred 

at room temperature for 24 h. The solvent was evaporated under reduced pressure 

and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 4:1) to afford tetrahydrohelicene derivative 42 as a 

complex mixture of stereoisomers. The mixture was used for the subsequent reaction 

without further analytical characterization. 

Yield:    n/a 

Molecular formula:  C28H26O6 

Molecular weight:  458.51 g/mol 

Retention factor:  0.20 (cyclohexane/ethyl acetate = 4:1) 

 

1,13-Dimethoxypentahelicene 43 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of 

tetrahydro[5]helicene derivative 42 (120.0 mg, 0.26 mmol, 1.0 equiv.) in 

dichloromethane (5 mL) was prepared. After adding silica gel (200 mg), the solvent 

was evaporated under reduced pressure and the solvent-free mixture was heated at 
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120 °C for 4 h under vigorous stirring. The product was extracted from silica gel with 

dichloromethane (100 mL). Removal of the solvent under reduced pressure gave rise 

to 1,13-dimethoxypentahelicene 43 as an amorphous yellow solid.  

Yield:    60.48 mg (0.18 mmol, 68 %) over 2 steps 

Molecular formula:  C24H18O2 

Molecular weight:  338.41 g/mol 

Retention factor:  0.39 (cyclohexane/ethyl acetate = 4:1) 

EI-MS:   m/z =  338.1 [M]•+, 276.1 [M-C2H6O2]•+ 

HRMS (C24H18O2
•+):  calculated = 338.1306 

    found = 338.1308 

 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.95−7.88 (m, 4H, H-14, H-15, H-17, H-18), 7.88−7.83 (m, 2H, H-9, H-11), 

7.78 (d, 1H, H-12, 3J12,11 = 8.5 Hz), 7.64 (dd, 1H, H-20, 3J20,21 = 7.9 Hz, 

4J20,22 = 1.2 Hz), 7.55 (t, 1H, H-21, 3J21,20 = 7.8 Hz, 3J21,22 = 7.8 Hz), 7.52 (d, 1H, H-5, 

4J5,8 = 2.5 Hz), 7.15 (dd, 1H, H-8, 3J8,9 = 8.7 Hz, 4J8,5 = 2.5 Hz), 6.85 (dd, 1H, H-22, 

3J22,21 = 7.7 Hz, 4J22,20 = 1.2 Hz), 3.40 (s, 3H, H-7), 3.06 (s, 3H, H-24). 

 

13C-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 157.3 (C-6), 156.7 (C-23), 134.5 (C-4/C-19), 134.4 (C-4/C-19), 132.5*, 131.1 

(C-3/C-10), 129.1 (C-9), 128.2*, 127.5*, 127.2*, 126.8 (C-11), 126.7*, 126.6 (C-21), 

126.4*, 125.8 (C-3/C-10), 123.8 (C-12), 123.3*, 122.0 (C-1), 120.3 (C-20), 117.5 (C-8), 

106.3 (C-22), 104.8 (C-5), 54.7 (C-7), 54.1 (C-24). 

 

*The signal could not be unambiguously assigned.  
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1-Bromo-3,4-dihydro-7-methoxy-2-naphthalenecarboxaldehyde 45 

 

In a round bottomed flask equipped with a magnetic stir bar, 10.19 mL of 

N,N-dimethylformamide (131.65 mmol, 2.55 equiv.) were added dropwise to solution 

of phosphorus tribromide (10.99 mL, 115.76 mmol, 2.55 equiv.) in chloroform (85 mL) 

at 0 °C and the mixture was stirred at this temperature for 2 h. A solution of 

7-methoxytetralone 44 (8.0 g, 45.39 mmol, 1.0 equiv.) in chloroform (15 mL) was 

added at 0 °C and the mixture was stirred at 70 °C for 2 h. The mixture was slowly 

cooled down to room temperature, poured into a saturated aqueous solution of 

NaHCO3 (150 mL) and extracted with dichloromethane (5×40 mL). The combined 

organic portions were dried with anhydrous Mg2SO4 and concentrated under reduced 

pressure. The crude product was purified by flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 20:1) to afford bromide 45 as a yellow solid. 

Yield:    3.60 g (13.57 mmol, 29 %) 

Molecular formula:  C12H11BrO2 

Molecular weight:  267.12 g/mol 

Retention factor:  0.45 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 10.25 (s, 1H), 7.46 (d, 1H, J = 2.6 Hz), 7.11 (d, 1H, J = 8.2 Hz), 6.90 (dd, 1H, 

J = 8.2 Hz, J = 2.6 Hz), 3.83 (s, 3H), 2.81−2.74 (m, 2H), 2.65−2.57 (m, 2H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[348]  
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1-Bromo-7-methoxy-2-naphthalenecarboxaldehyde 46 

 

In a two-necked flask equipped with a magnetic stir bar, 3.60 g of bromide 45 

(13.57 mmol, 1.0 equiv.) were dissolved in toluene (20 mL). After adding 19.12 g of 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (84.23 mmol, 6.25 equiv.), the mixture 

was stirred at 120 °C for 24 h. The mixture was slowly cooled down to room 

temperature, filtered over a plug of silica gel and washed with dichloromethane 

(500 mL). The solvent was evaporated under reduced pressure and the residue was 

subjected to flash chromatography on silica gel (cyclohexane/ethyl acetate = 100:1 to 

10:3) to obtain aldehyde 46 as a yellow solid. 

Yield:    3.15 g (11.88 mmol, 88 %) 

Molecular formula:  C12H9BrO2 

Molecular weight:  265.11 g/mol 

Retention factor:  0.40 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (300 MHz, CDCl3, 298 K): 

δ/ppm = 10.66 (s, 1H), 7.82−7.72 (m, 4H), 7.33 (dd, 1H, J = 8.9 Hz, J = 2.5 Hz), 4.02 

(s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[171]  
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Attempts to synthesize 1,1'-(ethyne-1,2-diyl)bis(7-methoxy-2-

naphthalenecarboxaldehyde) 47 

 

Approach A 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 200.0 mg of bromide 46 (9.30 mmol, 1.0 equiv.), 

21.18 mg of PdCl2(PPh3)2 (4 mol%) and 2.87 mg of CuI (2 mol%). The atmosphere 

was evacuated and flushed with gaseous acetylene using a balloon. A solution of 

degassed triethylamine (15 mL) and anhydrous THF (5 mL) was added under stirring 

at room temperature. Then the mixture was heated to 60 °C and stirred for 3 h. The 

reaction mixture was poured into an aqueous solution of saturated NH4Cl (40 mL) and 

then extracted with dichloromethane (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 9:1 to 1:1). The product could not be isolated. 

 

Approach B 

 

The reaction was carried out under Schlenk conditions. A pressure tube equipped with 

a magnetic stir bar was charged with 1.0 g of bromide 46 (3.77 mmol, 1.0 equiv.) and 

132.37 mg of PdCl2(PPh3)2 (5 mol%). Using counterflow technique, a stock solution of 
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tetra-n-butylammonium fluoride (22.63 mL, 1.0 M in THF, 6.0 equiv.) and 0.53 mL of 

trimethylsilylacetylene (3.77 mmol, 1.0 equiv.) were added. The pressure tube was 

closed and the mixture was stirred at 85 °C for 3 h. After cooling to room temperature, 

the reaction mixture was poured into an aqueous solution of saturated NH4Cl (40 mL) 

and then extracted with dichloromethane (3×30 mL). The combined organic portions 

were washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated 

under reduced pressure. The residue was subjected to flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 9:1 to 1:1). The product could not be isolated. 

 

Approach C 

 

The reaction was carried out under Schlenk conditions. In a two-necked flask equipped 

with a magnetic stir bar, 100.0 mg of dialdehyde 50 (0.25 mmol, 1.0 equiv.) were 

dissolved in anhydrous toluene (20 mL). After adding 125.33 mg of 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (0.55 mmol, 2.20 equiv.), the mixture was stirred at 120 °C 

for 16 h. The mixture was slowly cooled down to room temperature and filtered over a 

plug of silica gel. The solvent was evaporated under reduced pressure and the residue 

was subjected to flash chromatography on silica gel (cyclohexane/ethyl acetate = 9:1 

to 1:1). The product could not be isolated. 

 

3,4-Dihydro-7-methoxy-1-((trimethylsilyl)ethynyl)-2-naphthalenecarboxaldehyde 

48 
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The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 106.42 mg of PdCl2(PPh3)2 (3 mol%), 67.37 mg of CuI 

(7 mol%) and 1.35 g of bromide 45 (5.05 mmol, 1.0 equiv.) were dissolved in 

anhydrous THF (5 mL) and degassed NEt3 (10 mL). After adding 1.08 mL of 

trimethylsilylacetylene (7.58 mmol, 1.50 equiv.), the mixture was stirred at 60 °C for 

0.5 h. The reaction mixture was poured into a saturated solution of aqueous NH4Cl 

(20 mL) and extracted with DCM (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 9:1). Alkyne 48 was obtained as a yellow solid. 

Yield:    1.45 g (5.09 mmol, 100 %) 

Molecular formula:  C17H20O2Si 

Molecular weight:  284.43 g/mol 

Retention factor:  0.40 (cyclohexane/ethyl acetate = 4:1) 

APCI-MS:   m/z =  285.130 [M+H]+ 

HRMS (C17H20O2SiH+): calculated = 285.1305 

    found = 285.1301 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.40 (s, 1H, H-1), 7.41 (d, 1H, H-10, 4J10,7 = 2.7 Hz), 7.11 (d, 1H, H-6, 

3J6,7 = 8.3 Hz), 6.89 (dd, 1H, H-7, 3J7,6 = 8.3 Hz, 4J7,10 = 2.7 Hz), 3.85 (s, 3H, H-9), 2.74 

(t, 2H, H-4, 3J4,3 = 8.1 Hz), 2.57 (t, 2H, H-3, 3J3,4 = 8.1 Hz), 0.31 (s, 9H, H-15).  
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13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 192.7 (C-1), 158.6 (C-8), 141.7 (C-2), 136.0 (C-12), 133.1 (C-11), 129.8 (C-5), 

128.7 (C-6), 116.5 (C-7), 112.6 (C-10), 108.0 (C-14), 98.1 (C-13), 55.5 (C-9), 25.9 

(C-4), 20.3 (C-3), -0.1 (C-15). 

 

3,4-Dihydro-1-ethynyl-7-methoxy-2-naphthalenecarboxaldehyde 49 

 

In a round bottomed flask equipped with a magnetic stir bar, 1.45 g of aldehyde 48 

(6.24 mmol, 1.0 equiv.) were dissolved in methanol (20 mL) and dichloromethane 

(20 mL), then 1.21 g of K2CO3 (8.73 mmol, 1.40 equiv.) were added in batches. The 

mixture was stirred at room temperature for 0.5 h. The reaction mixture was poured 

into water (30 mL) and extracted with DCM (3×30 mL). The combined organic portions 

were dried with anhydrous MgSO4 and concentrated under reduced pressure. The 

crude product was purified by flash chromatography on silica gel (cyclohexane/ethyl 

acetate = 5:1). Aldehyde 49 was obtained as a yellow solid. 

Yield:    1.02 g (4.80 mmol, 77 %) 

Molecular formula:  C14H12O2 

Molecular weight:  212.24 g/mol 

Retention factor:  0.55 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  213.091 [M+H]+ 

HRMS (C14H12O2H+): calculated = 213.0910 

    found = 213.0908 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.40 (s, 1H, H-1), 7.41 (d, 1H, H-10, 4J10,7 = 2.7 Hz), 7.12 (d, 1H, H-6, 

3J6,7 = 8.2 Hz), 6.90 (dd, 1H, H-7, 3J7,6 = 8.2 Hz, 4J7,10 = 2.7 Hz), 3.85 (s, 3H, H-9), 3.70 

(s, 1H, H-14), 2.76 (t, 2H, H-4, 3J4,3 = 8.1 Hz), 2.58 (t, 2H, H-3, 3J3,4 = 8.1 Hz). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 192.3 (C-1), 158.7 (C-8), 142.8 (C-2), 134.9 (C-12), 132.9 (C-11), 129.7 (C-5), 

128.8 (C-6), 116.4 (C-7), 112.8 (C-10), 89.0 (C-14), 77.2 (C-13)*, 55.6 (C-9), 25.9 

(C-4), 20.4 (C-3). 

 

*The signal was only visible in the HMBC-NMR. 

 

1,1'-(Ethyne-1,2-diyl)bis(3,4-dihydro-7-methoxy-2-naphthalenecarboxaldehyde) 

50 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 106.42 mg of PdCl2(PPh3)2 (3 mol%), 67.37 mg of CuI 

(7 mol%), 1.35 g of bromide 45 (5.05 mmol, 1.0 equiv.) and 1.07 g of alkyne 49 

(5.05 mmol, 1.0 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (10 mL), the mixture was heated to 60 °C and stirred for 1 h until the 

precipitation of a yellow solid was observed. The reaction mixture was concentrated 

under reduced pressure. The crude product was recrystallized (ethyl acetate) and 
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washed with water (500 mL), acetone (500 mL) and dichloromethane (500 mL) to 

obtain dialdehyde 50 as yellow needles. 

Yield:    1.65 g (4.14 mmol, 82 %) 

Molecular formula:  C26H22O4 

Molecular weight:  398.45 g/mol 

Retention factor:  0.40 (cyclohexane/ethyl acetate = 2:1) 

ESI(+)-MS:   m/z =  399.158 [M+H]+ 

HRMS (C26H22O4H+): calculated = 399.1591 

    found = 399.1581 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.51 (s, 2H, H-1), 7.41 (d, 2H, H-10, 4J10,7 = 2.6 Hz), 7.17 (d, 2H, H-6, 3J6,7 = 

8.3 Hz), 6.93 (dd, 2H, H-7, 3J7,6 = 8.3 Hz, 4J7,10 = 2.6 Hz), 3.81 (s, 6H, H-9), 2.82 (t, 4H, 

H-4, 3J4,3 = 8.0 Hz), 2.67 (t, 4H, H-3, 3J3,4 = 8.0 Hz). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 191.2 (C-1), 158.9 (C-8), 143.0 (C-2), 134.9 (C-12), 132.9 (C-11), 129.8 (C-5), 

129.1 (C-6), 116.8 (C-7), 112.5 (C-10), 94.1 (C-13), 55.6 (C-9), 25.4 (C-4), 20.8 (C-3).  
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1,1'-(Ethyne-1,2-diylbis(3,4-dihydro-7-methoxy-naphthalene-1,2-diyl))bis(but-3-

yn-1-ol) 51 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 656.34 mg of zinc powder (10.03 mmol, 

10.0 equiv.). Anhydrous tetrahydrofuran (10 mL) was added, the flask was immersed 

in a water bath at room temperature and a solution of propargyl bromide (1.11 mL, 

80 wt.% in toluene, 10.03 mmol, 10.0 equiv.) was added slowly. The solution was 

stirred at room temperature for 30 minutes before it was added to the suspension of 

dialdehyde 50 (400.0 mg, 1.0 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran (10 mL). 

After 24 h of stirring, the mixture was poured into water (50 mL) and extracted with 

dichloromethane (3×40 mL), then the combined organic portions were washed with 

brine (200 mL) and HCl (200 mL, 6 M in water), dried with anhydrous Mg2SO4 and 

concentrated under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 1:1) to obtain diol 51 as a 

yellow oil. The diol could not completely be isolated and had some minor impurities, 

nonetheless it was used for the subsequent reaction. 

Yield:    218.29 mg (0.45 mmol, 45 %) 

Molecular formula:  C32H30O4 

Molecular weight:  478.58 g/mol 

Retention factor:  0.53, 0.48 (cyclohexane/ethyl acetate = 1:1) 

ESI(+)-MS:   m/z =  496.247 [M+NH4]+ 

HRMS (C32H30O4NH4
+): calculated = 496.2482 

    found = 496.2472 
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[Ethyne-1,2-diylbis(3,4-dihydro-7-methoxy-naphthalene-1,2-diyl)]bis(but-3-yne-

1,1-diyl) diacetate 52 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of diol 51 

(218.29 mg, 0.45 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (6.68 mg, 

0.054 mmol, 0.12 equiv.) in anhydrous pyridine (5 mL) was prepared. After adding 

0.51 mL of acetic anhydride (5.47 mmol, 12.0 equiv.) at 0 °C while stirring, the reaction 

mixture was allowed to slowly reach room temperature and stirring was continued at 

the same temperature for an additional 24 h. The mixture was poured into water 

(20 mL) and extracted with dichloromethane (3×30 mL), then the combined organic 

portions were washed with a saturated aqueous solution of KHCO3 (100 mL), dried 

with anhydrous Mg2SO4 and concentrated under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 8:1) to 

afford diacetate 52 as a yellow oil. 

 

Yield:    188.71 mg (0.33 mmol, 73 %) 

Molecular formula:  C36H34O6 

Molecular weight:  562.66 g/mol 

Retention factor:  0.25, 0.30 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  585.225 [M+Na]+ 

HRMS (C36H34O6Na+): calculated = 585.2253 

    found = 585.2250 
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1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.37 (d, 2H, H-17, 4J17,3 = 2.6 Hz), 7.06 (d, 2H, H-4, 3J4,3 = 8.2 Hz), 6.75 (dd, 

2H, H-3, 3J3,4 = 8.2 Hz, 4J3,17 = 2.6 Hz), 6.26 (t, 2H, H-9, 3J9,10 = 6.4 Hz), 3.79 (s, 6H, 

H-1), 2.89−2.70 (m, 8H, H-6, H-10), 2.62−2.36 (m, 4H, H-7), 2.10 (s, 6H, H-14), 2.02 

(t, 2H, H-12, 4J12,10 = 2.6 Hz). 

 

13C-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 169.8 (d, C-13), 158.7 (d, C-2), 144.3 (d, C-8), 134.0 (d, C-16), 128.1 (C-4), 

127.3 (d, C-5), 119.6 (d, C-15), 113.5 (d, C-3), 111.7 (d, C-17), 92.2 (d, C-18), 79.4 

(C-11), 73.3 (d, C-9), 71.1 (d, C-12), 55.6 (d, C-1), 26.6 (d, C-6), 23.5 (d, C-7/C-10), 

23.4 (C-7/C-10), 20.9 (C-14). 

 

2,17-Dimethoxy-5,6,7,8,11,12,13,14-octahydroheptahelicene-7,12-diyl diacetate 

53 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 400.0 mg of triyne 52 (0.71 mmol, 1.0 equiv.) and 372.92 mg 

of PPh3 (1.42 mmol, 2.0 equiv.) were dissolved in anhydrous THF (10 mL). After 

adding a stock solution of Ni(cod)2 (11.87 mL, 0.06 M in THF, 1.0 equiv.), the mixture 

was stirred at room temperature for 24 h. The solvent was evaporated under reduced 

pressure and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 8:1) to afford octahydro[7]helicene derivative 53 as a 
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complex mixture of stereoisomers. The mixture was used for the subsequent reaction 

without further analytical characterization. 

Yield:    n/a 

Molecular formula:  C36H34O6 

Molecular weight:  562.66 g/mol 

Retention factor:  0.60, 0.50, 0.45 (cyclohexane/ethyl acetate = 4:1) 

 

2,17-Dimethoxy-5,6,13,14-tetrahydroheptahelicene 54 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of 

octahydro[7]helicene derivative 53 (50.0 mg, 0.089 mmol, 1.0 equiv.) in 

dichloromethane (5 mL) was prepared. After adding silica gel (200 mg), the solvent 

was evaporated under reduced pressure and the solvent-free mixture was heated at 

120 °C for 4 h under vigorous stirring. The crude product was extracted from silica gel 

with dichloromethane (100 mL) and subjected to flash chromatography on silica gel 

(petroleum ether/ethyl acetate = 100:1) to afford tetrahydro[7]helicene derivative 54 as 

a yellow solid. 

Yield:    30.05 mg (0.067 mmol, 10 %) over 2 steps 

Molecular formula:  C32H26O2 

Molecular weight:  442.55 g/mol 

Retention factor:  0.50 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  443.200 [M+H]+ 

HRMS (C32H26O2H+): calculated = 443.2011 

    found = 443.2002 
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Analytical HPLC: (S,S)-Whelk-O-1; n-hexane/dichloromethane (85:15); f = 

1.0 mL min-1); (–)-(M)-54: tR = 6.94 min; (+)-(P)-54: tR = 

9.47 min 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.65 (d, 2H, H-10, 3J10,9 = 7.8 Hz), 7.60 (s, 2H, H-12), 7.34 (d, 2H, H-9, 3J9,10 

= 7.8 Hz), 6.77 (d, 2H, H-4, 3J4,3 = 8.1 Hz), 6.47 (d, 2H, H-16, 4J16,3 = 2.6 Hz), 6.44 (dd, 

2H, H-3, 3J3,4 = 8.1 Hz, 4J3,16 = 2.6 Hz), 3.39 (s, 6H, H-1), 2.82−2.76 (m, 2H, H-7), 

2.53−2.45 (m, 2H, H-7), 2.44−2.32 (m, 4H, H-6). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 157.0 (C-2), 137.5 (C-8), 137.1 (C-15), 135.4 (C-5/C-14), 133.5 (C-11/C-13), 

129.8 (C-5/C-14), 128.2 (C-4), 127.3 (C-10), 127.0 (C-9), 126.3 (C-12), 126.2 

(C-11/C-13), 112.8 (C-3), 110.7 (C-16), 54.5 (C-1), 30.2 (C-7), 27.4 (C-6). 

 

2,17-Dimethoxyheptahelicene 55 

 

The reaction was carried out under Schlenk conditions. In a two-necked flask equipped 

with a magnetic stir bar, 115.21 mg of tetrahydro[7]helicene derivative 54 (0.26 mmol, 

1.0 equiv.) were dissolved in anhydrous toluene (20 mL). After adding 412.90 mg of 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.81 mmol, 7.0 equiv.), the mixture was 

stirred at 120 °C for 24 h. The mixture was slowly cooled down to room temperature 

and filtered over a plug of silica gel. The solvent was evaporated under reduced 

pressure and the residue was subjected to flash chromatography on silica gel 
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(cyclohexane/ethyl acetate = 100:1 to 10:1) to afford 2,17-dimethoxy[7]helicene 55 as 

an amorphous yellow solid. 

Single crystals for XRD analysis were grown by layering n-hexane on top of a solution 

of racemic 55 in dichloromethane (3:1) overnight at −10 °C. 

 

Yield:    94.84 mg (0.21 mmol, 82 %) 

Molecular formula:  C32H22O2 

Molecular weight:  438.52 g/mol 

Retention factor:  0.45 (cyclohexane/ethyl acetate = 4:1) 

APCI-MS:   m/z =  439.169 [M+H]+ 

HRMS (C32H22O2H+): calculated = 439.1693 

    found = 439.1687 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 8.07 (s, 2H, H-12), 8.03 (d, 2H, H-10, 3J10,9 = 8.2 Hz), 7.92 (d, 2H, H-9, 3J9,10 

= 8.2 Hz), 7.67 (d, 2H, H-7, 3J7,6 = 8.4 Hz), 7.55 (d, 2H, H-6, 3J6,7 = 8.4 Hz), 7.29 (d, 

2H, H-4, 3J4,3 = 8.7 Hz), 6.61 (dd, 2H, H-3, 3J3,4 = 8.7 Hz, 4J3,16 = 2.5 Hz), 6.51 (d, 2H, 

H-16, 4J16,3 = 2.5 Hz), 3.12 (s, 6H, H-1). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 156.7 (C-2), 132.0 (C-11), 131.4 (C-8), 131.0 (C-15), 128.4 (C-4), 128.1 

(C-14), 127.5 (C-9), 127.4 (C-6), 127.3 (C-10), 127.1 (C-5), 126.8 (C-12), 125.0 (C-13), 

123.2 (C-7), 117.2 (C-3), 104.9 (C-16), 54.0 (C-1). 

Crystallographic data [(rac)-55] 

Empirical formula: C32H22O2; M = 438.52 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: monoclinic; space group: C2/c; unit cell: 

a = 32.6415(7) Å, b = 10.10684(12) Å, c = 26.5897(6) Å, α = 90°, β =  
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90.4944(17)°, γ = 90°, V = 8771.7(3) Å3, Z = 16, ρcalc = 1.328 g/cm3; absorption 

correction = multi-scan; µ = 0.64 mm-1; minimum transmission = 0.6629; maximum 

transmission = 0.8299; F(000) = 3680.0; crystal color: clear dark yellow; crystal 

size = 0.32×0.22×0.1 mm3; 2Θ range for data collection: 6.648°−141.16°; Reflections 

collected [R(int)] = 107584 [0.0607]; Reflections [I>2σ(I)] = 8369; data 

completeness = 99.9 %; Data/parameters/restraints = 8369/617/2; Goodness-of-fit on 

F2 = 1.058; Final R indexes [I>=2σ(I)]: R1 = 0.0792, wR2 = 0.2202; Final R indexes [all 

data]: R1 = 0.0868, wR2 = 0.2269; Largest diff. peak/hole = 0.67/−0.41 e Å-3. 

 

1-[(2-Formyl-5-methoxyphenyl)ethynyl]-7-methoxy-2-naphthaldehyde 56 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 70.11 mg of PdCl2(PPh3)2 (4 mol%), 28.53 mg of CuI 

(6 mol%), 400.0 mg of alkyne 15 (2.49 mmol, 1.0 equiv.) and 728.27 mg of bromide 46 

(2.74 mmol, 1.10 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (10 mL), the mixture was heated to 60 °C and stirred for 24 h. The 

reaction mixture was poured into an aqueous solution of saturated NH4Cl (40 mL) and 

then extracted with dichloromethane (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 9:1 to 1:1). The product could not completely be 

isolated and was used for the subsequent reaction without further purification and 

analytical characterization. 

Yield:    150.05 mg (0.44 mmol, 17 %) 

Molecular formula:  C22H16O4 

Molecular weight:  344.36 g/mol 
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Retention factor:  0.22 (cyclohexane/ethyl acetate = 3:1) 

 

Attempt to synthesize 1-(1-((2-(1-acetoxybut-3-yn-1-yl)-5-

methoxyphenyl)ethynyl)-7-methoxynaphthalen-2-yl)but-3-yn-1-yl acetate 57 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 284.78 mg of zinc powder (4.36 mmol, 

10.0 equiv.). Anhydrous tetrahydrofuran (10 mL) was added, the flask was immersed 

in a water bath at room temperature and a solution of propargyl bromide (0.48 mL, 

80 wt.% in toluene, 4.36 mmol, 10.0 equiv.) was added slowly. The solution was stirred 

at room temperature for 30 minutes before it was added to the suspension of 

dialdehyde 56 (150.0 mg, 0.43 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran (5 mL). 

After 24 h of stirring, 6.39 mg of 4-dimethylaminopyridine (0.052 mmol, 0.12 equiv.), 

0.21 mL of anhydrous pyridine (2.61 mmol, 6.0 equiv.) and 0.49 mL of acetic anhydride 

(5.23 mmol, 12.0 equiv.) were added at 0 °C, the reaction mixture was allowed to 

slowly reach room temperature and stirring was continued at the same temperature for 

an additional 24 h. The mixture was poured into water (30 mL) and extracted with 

dichloromethane (3×20 mL), then the combined organic portions were washed with a 

saturated aqueous solution of KHCO3 (100 mL), dried with anhydrous Mg2SO4 and 

concentrated under reduced pressure. The residue was subjected to flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 10:1). The product could 

not be isolated.  
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Attempt to synthesize 3,4-dihydro-1-[(2-formyl-5-methoxyphenyl)ethynyl]-7-

methoxy-2-naphthalenecarboxaldehyde 58 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 99.20 mg of PdCl2(PPh3)2 (3 mol%), 62.80 mg of CuI 

(7 mol%), 1.0 g of alkyne 49 (4.71 mmol, 1.0 equiv.) and 1.11 g of bromide 13 

(5.18 mmol, 1.10 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (10 mL), the mixture was heated to 60 °C and stirred for 24 h. The 

reaction mixture was poured into an aqueous solution of saturated NH4Cl (40 mL) and 

then extracted with dichloromethane (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 9:1). The product could not be isolated. 

 

(1-Bromo-7-methoxynaphthalen-2-yl)methanol 59 

 

Approach A 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, a stock solution of lithium aluminium hydride (1.38 mL, 1.0 M 

in THF, 1.38 mmol, 0.60 equiv.) was added dropwise to a solution of aldehyde 46 

(608.0 mg, 2.29 mmol, 1.0 equiv.) in anhydrous THF (10 mL). The reaction mixture was 
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stirred at 0 °C for 1 h. The reaction mixture was poured into water (20 mL) and 

extracted with dichloromethane (3×20 mL). The combined organic portions were dried 

with anhydrous MgSO4 and concentrated under reduced pressure. The residue was 

subjected to flash chromatography on silica gel (cyclohexane/ethyl acetate = 10:1). 

The product could not be isolated. 

 

Approach B 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 2.50 g of aldehyde 46 (9.43 mmol, 1.0 equiv.) and 713.48 mg 

of sodium borohydride (18.86 mmol, 2.0 equiv.) were dissolved in anhydrous 

acetonitrile (20 mL). The reaction mixture was stirred at room temperature for 2 h. The 

reaction mixture was poured into water (20 mL) and extracted with ethyl acetate 

(3×20 mL). The combined organic portions were dried with anhydrous MgSO4 and 

concentrated under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 6:1) to obtain alcohol 59 as 

a white solid.  

Yield:    1.72 g (6.42 mmol, 68 %) 

Molecular formula:  C12H11BrO2 

Molecular weight:  267.12 g/mol 

Retention factor:  0.20 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.79−7.71 (m, 2H), 7.59 (d, 1H, J = 2.5 Hz), 7.49 (d, 1H, J = 8.3 Hz), 7.18 (dd, 

1H, J = 8.9 Hz, J = 2.5 Hz), 4.98 (s, 2H), 3.98 (s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64]  
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Approach C[64] 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, a stock solution of lithium aluminium hydride (2.03 mL, 1.0 M 

in THF, 2.03 mmol, 0.60 equiv.) was added dropwise to a solution of methyl ester 65 

(1.0 g, 3.39 mmol, 1.0 equiv.) in anhydrous THF (20 mL). The reaction mixture was 

stirred at 0 °C for 1 h. The reaction mixture was poured into water (30 mL) and 

extracted with dichloromethane (3×30 mL). The combined organic portions were dried 

with anhydrous MgSO4 and concentrated under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 10:1) 

to obtain bromide 59 as a white solid. The product could not completely be isolated 

and was used for the subsequent reaction without further purification. 

Yield:    475.45 mg (1.78 mmol, 52 %) 

 

3,4-Dihydro-7-methoxy-2-naphthalenemethanol 60 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, a stock solution of lithium aluminium hydride (2.99 mL, 1.0 M 

in THF, 2.99 mmol, 1.0 equiv.) was added dropwise to a solution of aldehyde 45 

(800.0 mg, 2.99 mmol, 1.0 equiv.) in anhydrous THF (10 mL). The reaction mixture was 

stirred at 0 °C for 1 h. The reaction mixture was poured into water (20 mL) and 

extracted with dichloromethane (3×20 mL). The combined organic portions were dried 

with anhydrous MgSO4 and concentrated under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 2:1). 

The product could not completely be isolated and was used for the subsequent reaction 

without further purification. 
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Yield:    350.99 mg (1.84 mmol, 61 %) 

Molecular formula:  C12H14O2 

Molecular weight:  190.24 g/mol 

Retention factor:  0.43 (cyclohexane/ethyl acetate = 1:2) 

EI-MS:   m/z =  190.1 [M]•+ 

 

3-(Bromomethyl)-1,2-dihydro-6-methoxynaphthalene 61 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 350.0 mg of alcohol 60 (1.84 mmol, 1.0 equiv.) were dissolved 

in anhydrous THF (10 mL). After adding 0.053 mL of phosphorus tribromide 

(0.56 mmol, 0.32 equiv.), the reaction mixture was stirred at 0 °C for 2.5 h. The reaction 

mixture was poured into water (20 mL) and extracted with dichloromethane (3×20 mL). 

The combined organic portions were dried with anhydrous MgSO4 and concentrated 

under reduced pressure. The crude product was purified by flash chromatography on 

silica gel (cyclohexane/ethyl acetate = 6:1) to obtain bromide 61 as a yellow oil.  

Yield:    200.51 mg (0.79 mmol, 43 %) 

Molecular formula:  C12H13BrO 

Molecular weight:  253.13 g/mol 

Retention factor:  0.50 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.03 (d, 1H, J = 8.2 Hz), 6.71 (dd, 1H, J = 8.2 Hz, J = 2.7 Hz), 6.62 (d, 1H, 

J = 2.7 Hz), 6.53 (s, 1H), 4.16 (s, 2H), 3.78 (s, 3H), 2.80 (t, 2H, J = 7.2 Hz), 2.43 (t, 2H, 

J = 7.2 Hz). 

 

The spectral data were in agreement with those previously reported for this 

compound.[349]  
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1-Bromo-7-methoxy-2-naphthol 63[182] 

 

In a round bottomed flask equipped with a magnetic stir bar, 2.0 g of 7-methoxy-2-

naphthol 62 (11.48 mmol, 1.0 equiv.) were dissolved in diisopropylamine (0.16 mL) 

and dichloromethane (10 mL). After adding a solution of N-bromosuccinimide (2.04 g, 

11.48 mmol, 1.0 equiv.) in dichloromethane (10 mL), the mixture was stirred at room 

temperature for 1 h. The reaction mixture was poured into water (20 mL) and taken to 

pH = 1 by addition of concentrated sulfuric acid. The resulting mixture was extracted 

with dichloromethane (3×10 mL). The combined organic portions were dried with 

anhydrous MgSO4 and concentrated under reduced pressure. The crude product was 

purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 3:1) to 

obtain bromide 63 as a white solid. 

Yield:    2.60 g (10.27 mmol, 89 %) 

Molecular formula:  C11H9O2Br 

Molecular weight:  253.09 g/mol 

Retention factor:  0.36 (cyclohexane/ethyl acetate = 3:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.69−7.64 (m, 2H), 7.32 (d, 1H, J = 2.5 Hz), 7.11 (d, 1H, J = 8.8 Hz), 7.04 (dd, 

1H, J = 8.9 Hz, J = 2.5 Hz), 5.88 (bs, 1H), 3.97 (s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[182] 

 

1-Bromo-7-methoxynaphthalen-2-yl trifluoromethanesulfonate 64[64] 
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In a round bottomed flask equipped with a magnetic stir bar, a solution of bromide 63 

(2.60 g, 10.27 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (62.75 mg, 0.51 mmol, 

0.12 equiv.) in anhydrous pyridine (5 mL) was prepared. After adding 2.16 mL of 

trifluoromethanesulfonic anhydride (12.84 mmol, 1.25 equiv.) at 0 °C while stirring, the 

reaction mixture was allowed to slowly reach room temperature and stirring was 

continued for an additional 24 h. The mixture was concentrated under reduced 

pressure and the crude product was purified by flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 8:1 to 6:1) to afford triflate 64 as a colorless oil. 

Yield:    3.86 g (10.02 mmol, 98 %) 

Molecular formula:  C12H8BrF3O4S 

Molecular weight:  385.15 g/mol 

Retention factor:  0.44 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.82−7.76 (m, 2H), 7.56 (d, 1H, J = 2.5 Hz), 7.29 (d, 1H, J = 8.9 Hz), 7.25 (dd, 

1H, J = 8.9 Hz, J = 2.5 Hz), 3.99 (s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

Methyl 1-bromo-7-methoxy-2-naphthalenecarboxylate 65[64] 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 3.86 g of triflate 64 (10.02 mmol, 1.0 equiv.), 112.05 mg of 

Pd(OAc)2 (5 mol%) and 206.69 mg of dppp (5 mol%) were dissolved in anhydrous 

DMSO (20 mL), degassed methanol (40 mL) and degassed triethylamine (3 mL). 

Carbon monoxide, which was generated by careful addition of formic acid to 

concentrated sulfuric acid, was bubbled through the solution via a syringe while the 

mixture was stirred at 70 °C for 2 h. The reaction mixture was poured into water 

(100 mL) and extracted with diethyl ether (4×50 mL). The combined organic portions 
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were dried with anhydrous MgSO4 and concentrated under reduced pressure. The 

crude product was purified by flash chromatography on silica gel (cyclohexane/ethyl 

acetate = 8:1) to obtain ester 65 as a white solid. 

Yield:    1.97 g (6.67 mmol, 67 %) 

Molecular formula:  C13H11BrO3 

Molecular weight:  295.13 g/mol 

Retention factor:  0.50 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.79−7.71 (m, 3H), 7.54 (d, 1H, J = 8.4 Hz), 7.26 (dd, 1H, J = 8.9 Hz, 

J = 2.5 Hz), 4.00 (s, 3H), 3.99 (s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

1-Bromo-2-(bromomethyl)-7-methoxynaphthalene 66[64] 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 1.72 g of alcohol 59 (6.42 mmol, 1.0 equiv.) were dissolved in 

anhydrous THF (20 mL). After adding 0.26 mL of phosphorus tribromide (2.76 mmol, 

0.43 equiv.), the reaction mixture was stirred at 0 °C for 2.5 h. The reaction mixture 

was poured into water (20 mL) and extracted with dichloromethane (3×20 mL). The 

combined organic portions were dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 6:1) to obtain dibromide 66 as a white solid.  

Yield:    1.94 g (5.88 mmol, 91 %) 

Molecular formula:  C12H10Br2O 

Molecular weight:  330.01 g/mol 
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Retention factor:  0.42 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.75−7.70 (m, 2H), 7.62 (d, 1H, J = 2.5 Hz), 7.39 (d, 1H, J = 8.4 Hz), 7.19 (dd, 

1H, J = 8.9 Hz, J = 2.5 Hz), 4.85 (s, 2H), 3.98 (s, 3H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

[4-(1-Bromo-7-methoxynaphthalen-2-yl)but-1-yn-1-yl]triisopropylsilane 67[64] 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 2.47 mL of n-butyllithium (2.5 M in n-hexane, 6.17 mmol, 

1.05 equiv.) were added dropwise to a solution of triisopropyl(prop-1-yn-1-yl)-silane 

(1.47 mL, 6.23 mmol, 1.06 equiv.) in anhydrous THF (15 mL) at −78 °C under vigorous 

stirring. After the mixture was stirred at −78 °C for 1.5 h, a solution of dibromide 66 

(1.94 g, 5.88 mmol, 1.0 equiv.) in anhydrous THF (10 mL) was added dropwise. A 

color change from red over purple and green to yellow was observed. The mixture was 

stirred at this temperature for 2 h and slowly warmed up to room temperature. The 

solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 10:1) to obtain alkyne 67 as 

a colorless oil. 

Yield:    2.18 g (4.90 mmol, 83 %) 

Molecular formula:  C24H33BrOSi 

Molecular weight:  445.51 g/mol 

Retention factor:  0.62 (cyclohexane/ethyl acetate = 4:1)  
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1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.69 (d, 1H, J = 8.9 Hz), 7.64 (d, 1H, J = 8.3 Hz), 7.61 (d, 1H, J = 2.5 Hz), 

7.31 (d, 1H, J = 8.2 Hz), 7.14 (dd, 1H, J = 8.9 Hz, J = 2.5 Hz), 3.98 (s, 3H), 3.20 (t, 2H, 

J = 7.4 Hz), 2.67 (t, 2H, J = 7.4 Hz), 1.03 (d, 21H, J = 3.7 Hz). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

(4-(1-Iodo-7-methoxynaphthalen-2-yl)but-1-yn-1-yl)triisopropylsilane 68[64] 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 1.97 mL of n-butyllithium (2.5 M in n-hexane, 4.93 mmol, 

1.01 equiv.) were added dropwise to a solution of aryl bromide 67 (2.18 g, 4.88 mmol, 

1.0 equiv.) in anhydrous THF (15 mL) at −78 °C under vigorous stirring. After the 

mixture was stirred at −78 °C for 3 h, a solution of iodine (1.61 g, 6.35 mmol, 

1.30 equiv.) in anhydrous THF (10 mL) was added dropwise. The mixture was stirred 

at this temperature for 1 h and slowly warmed up to room temperature. After stirring 

for 12 h, the mixture was poured into an aqueous solution of saturated Na2S2O3 

(100 mL) and extracted with dichloromethane (3×50 mL), then the combined organic 

portions were dried with anhydrous Mg2SO4 and concentrated under reduced 

pressure. The crude product was purified by flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 9:1) to afford iodine 68 as a brown oil. 

Yield:    1.79 g (3.63 mmol, 74 %) 

Molecular formula:  C24H33IOSi 

Molecular weight:  492.51 g/mol 

Retention factor:  0.62 (cyclohexane/ethyl acetate = 4:1)  
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1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.66 (d, 1H, J = 8.8 Hz), 7.64 (d, 1H, J = 8.2 Hz), 7.58 (d, 1H, J = 2.5 Hz), 

7.31 (d, 1H, J = 8.2 Hz), 7.12 (dd, 1H, J = 8.9 Hz, J = 2.5 Hz), 3.99 (s, 3H), 3.24 (t, 2H, 

J = 7.4 Hz), 2.65 (t, 2H, J = 7.4 Hz), 1.07−0.98 (m, 21H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

Triisopropyl(4-(7-methoxy-1-((5-methoxy-2-(4-(triisopropylsilyl)but-3-yn-1-

yl)phenyl)ethynyl)naphthalen-2-yl)but-1-yn-1-yl)silane 69 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 118.16 mg of PdCl2(dppf) (5 mol%), 61.51 mg of CuI 

(10 mol%), 1.10 g of alkyne 26 (3.23 mmol, 1.0 equiv.) and 1.59 g of iodide 68 

(3.23 mmol, 1.0 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (10 mL), the mixture was heated to 60 °C and stirred for 24 h. The 

reaction mixture was poured into an aqueous solution of saturated NH4Cl (40 mL) and 

then extracted with dichloromethane (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 100:1). The product could not completely be isolated 

and was used for the subsequent reaction without further purification. 

Yield:    n/a 

Molecular formula:  C46H64O2Si2 

Molecular weight:  705.18 g/mol 
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Retention factor:  0.54 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  705.454 [M+H]+ 

HRMS (C42H64O2Si2H+): calculated = 705.4518 

    found = 705.4526 

 

2-(But-3-yn-1-yl)-1-((2-(but-3-yn-1-yl)-5-methoxyphenyl)ethynyl)-7-

methoxynaphthalene 70[64] 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 2.39 g of triyne 69 (3.38 mmol, 1.0 equiv.) were dissolved in 

anhydrous THF (15 mL). After adding a stock solution of tetra-n-butylammonium 

fluoride (8.47 mL, 1.0 M in THF, 2.50 equiv.), the mixture was stirred at room 

temperature for 24 h. The mixture was poured into a saturated aqueous solution of 

sodium chloride (30 mL) and extracted with dichloromethane (3×30 mL), then the 

combined organic portions were dried with anhydrous Mg2SO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 99:1 to 9:1) to afford triyne 70 as a yellow oil. 

Yield:    520.17 mg (1.32 mmol, 39 %) over 2 steps 

Molecular formula:  C28H24O2 

Molecular weight:  392.49 g/mol 

Retention factor:  0.62 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 7.70−7.64 (m, 2H), 7.58 (d, 1H, J = 2.5 Hz), 7.28 (d, 1H, J = 8.3 Hz), 7.17 (d, 

1H, J = 8.5 Hz), 7.13 (dd, 1H, J = 8.9 Hz, J = 2.4 Hz), 7.01 (d, 1H, J = 2.8 Hz), 

6.86 (dd, 1H, J = 8.5 Hz, J = 2.8 Hz), 3.99 (s, 3H), 3.78 (s, 3H), 3.25 (t, 2H, J = 7.6 Hz), 
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2.96 (t, 2H, J = 7.6 Hz), 2.58 (td, 2H, J = 7.5 Hz, J = 2.6 Hz), 2.50 (td, 2H, J = 7.5 Hz, 

J = 2.6 Hz), 2.01 (t, 1H, J = 2.6 Hz), 1.97 (t, 1H, J = 2.6 Hz). 

 

The spectral data were in agreement with those previously reported for this 

compound.[64] 

 

2,15-Dimethoxy-5,6,9,10-tetrahydrohexahelicene 71 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 260.0 mg of triyne 70 (0.66 mmol, 1.0 equiv.) and 374.50 mg 

of PPh3 (1.32 mmol, 2.0 equiv.) were dissolved in anhydrous THF (5 mL). After adding 

a stock solution of Ni(cod)2 (11.07 mL, 0.06 M in THF, 1.0 equiv.), the mixture was 

stirred at room temperature for 24 h. The solvent was evaporated under reduced 

pressure and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 10:1). The product could not completely be isolated and 

was used for the subsequent reaction without further purification and analytical 

characterization. 

Yield:    n/a 

Molecular formula:  C28H24O2 

Molecular weight:  392.49 g/mol 

Retention factor:  0.62 (cyclohexane/ethyl acetate = 4:1)  
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2,15-Dimethoxyhexahelicene 72 

 

The reaction was carried out under Schlenk conditions. In a two-necked flask equipped 

with a magnetic stir bar, 100.0 mg of tetrahydro[6]helicene derivative 71 (0.25 mmol, 

1.0 equiv.) were dissolved in anhydrous toluene (20 mL). After adding 404.85 mg of 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.78 mmol, 7.0 equiv.), the mixture was 

stirred at 120 °C for 24 h. The mixture was slowly cooled down to room temperature 

and filtered over a plug of silica gel. The solvent was evaporated under reduced 

pressure and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 100:1 to 10:1). The product could not completely be 

isolated. 

Yield:    n/a 

Molecular formula:  C28H20O2 

Molecular weight:  388.46 g/mol 

Retention factor:  0.45 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  389.153 [M+H]+ 

HRMS (C28H20O2H+): calculated = 389.1536 

    found = 389.1536 
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2,13-Dihydroxypentahelicene 73 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of 

2,13-dimethoxy[5]helicene 20 (250.0 mg, 0.73 mmol, 1.0 equiv.) in dichloromethane 

(15 mL) was cooled to −78 °C. A solution of BBr3 (7.39 mL, 1 M in CH2Cl2, 7.39 mmol, 

10.0 equiv.) in dichloromethane was added, the mixture was slowly warmed up to room 

temperature and stirred for 24 h. The reaction mixture was poured into an aqueous 

solution of saturated NaHCO3 (30 mL) and then extracted with ethyl acetate 

(3×15 mL). The combined organic portions were washed with water (100 mL), dried 

with anhydrous MgSO4 and concentrated under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 5:1) to 

obtain 2,13-dihydroxy[5]helicene 73 as a purple solid. 

Yield:    165.58 mg (0.53 mmol, 72 %) 

Molecular formula:  C22H14O2 

Molecular weight:  310.35 g/mol 

Retention factor:  0.16 (cyclohexane/ethyl acetate = 5:1) 

EI-MS:   m/z =  310.0 [M]•+, 292.0 [M-H2O]+ 

HRMS (C22H14O2
•+):  calculated = 310.0994 

    found = 310.0989 

Analytical HPLC: (S,S)-Whelk-O-1; n-hexane/isopropanol (10:1); f = 1.0 mL 

min-1); (–)-(M)-73: tR = 6.55 min; (+)-(P)-73: tR = 7.98 min 
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1H-NMR (500 MHz, MeOD, 298 K): 

δ/ppm = 7.85−7.80 (m, 8H, H-3, H-6, H-8/H-9, H-11), 7.69 (d, 2H, H-8/H-9, 

3J8,9 = 8.4 Hz), 7.07 (dd, 2H, H-5, 3J5,6 = 8.7 Hz, 4J5,3 = 2.4 Hz). 

 

13C-NMR (500 MHz, MeOD, 298 K): 

δ/ppm = 155.7 (C-4), 133.9*, 133.3*, 130.5*, 128.5*, 128.2*, 128.1*, 127.4*, 124.3*, 

118.5 (C-5), 113.5 (C-3). 

 

*The signal could not be unambiguously assigned. 

 

Pentahelicene-2,13-diyl bis(trifluormethanesulfonate) 74 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of diol 73 

(165.0 mg, 0.53 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (3.25 mg, 

0.027 mmol, 0.12 equiv.) in anhydrous pyridine (5 mL) was prepared. After adding 

0.39 mL of trifluoromethanesulfonic anhydride (2.33 mmol, 4.40 equiv.) at 0 °C while 

stirring, the reaction mixture was allowed to slowly reach room temperature and stirring 

was continued at 40 °C for an additional 24 h. The mixture was concentrated under 

reduced pressure and the crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 4:1) to afford triflate 74 as an off-white solid. 

Yield:    243.24 mg (0.42 mmol, 80 %) 

Molecular formula:  C24H12F6O6S2 

Molecular weight:  574.46 g/mol 

Retention factor:  0.35 (cyclohexane/ethyl acetate = 3:1) 

EI-MS:   m/z =  574.0 [M]•+ 

HRMS (C24H12F6O6S2
•+): calculated = 573.9979 

    found = 573.9972 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 8.29 (d, 2H, H-12, 4J12,3 = 2.3 Hz), 8.07 (d, 2H, H-4, 3J4,3 = 8.9 Hz), 8.01−7.94 

(m, 6H, H-6, H-7, H-9), 7.45 (dd, 2H, H-3, 3J3,4 = 8.9 Hz, 4J3,12 = 2.3 Hz). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 146.9 (C-2), 133.2 (C-8/C-10), 132.0 (C-5), 131.1 (C-11), 130.8 (C-4), 128.4 

(C-6/C-7/C-9), 127.8 (C-6/C-7/C-9), 127.5 (C-6/C-7/C-9), 126.4 (C-8/C-10), 120.3 

(C-12), 119.9 (C-3), 118.1 (q, C-1). 

 

2,13-Di(pyridin-4-yl)pentahelicene 75 

 

Approach A 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (10:1) was degassed by 4 freeze-pump-thaw cycles before use. In a Schlenk 

flask equipped with a magnetic stir bar, 1.08 mg of PdCl2(dppf) (5 mol%), 0.82 mg of 

dppf (5 mol%), 25.12 mg of potassium phosphate (0.11 mmol, 4.0 equiv.), 18.20 mg of 

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (0.088 mmol, 3.0 equiv.) and 

17.0 mg of triflate 74 (0.029 mmol, 1.0 equiv.) were dissolved in a mixture of degassed 

1,4-dioxane and water (5 mL). The mixture was stirred at 105 °C for 48 h. The reaction 

was monitored by TLC. No turnover was observed after that time and the starting 

material was recovered by column chromatography on silica gel (cyclohexane/ethyl 

acetate = 4:1). 
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Approach B 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (10:1) was degassed by 4 freeze-pump-thaw cycles before use. In a Schlenk 

flask equipped with a magnetic stir bar, 39.58 mg of Pd(PPh3)4 (8 mol%), 147.96 mg 

of potassium acetate (1.07 mmol, 2.50 equiv.), 219.53 mg of 4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)pyridine (1.07 mmol, 2.50 equiv.) and 246.51 mg of triflate 74 

(0.42 mmol, 1.0 equiv.) were dissolved in a mixture of degassed 1,4-dioxane and water 

(15 mL). The mixture was stirred at 105 °C for 48 h. The reaction was monitored by 

TLC. No turnover was observed after that time and the starting material was recovered 

by column chromatography on silica gel (cyclohexane/ethyl acetate = 4:1). 

 

Approach C 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (4:1) was degassed by 4 freeze-pump-thaw cycles before use. In a Schlenk flask 

equipped with a magnetic stir bar, 39.10 mg of Pd(PPh3)4 (8 mol%), 146.15 mg of 

potassium carbonate (1.05 mmol, 2.50 equiv.), 216.85 mg of 4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)pyridine (1.05 mmol, 2.50 equiv.) and 243.10 mg of triflate 74 

(0.42 mmol, 1.0 equiv.) were dissolved in a mixture of degassed 1,4-dioxane and water 

(15 mL). The mixture was stirred at 105 °C for 48 h. The reaction mixture was poured 

into a saturated solution of aqueous EDTA (30 mL) and extracted with DCM (3×30 mL). 

The combined organic portions were washed with brine (100 mL), dried with anhydrous 
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MgSO4 and concentrated under reduced pressure. The crude product was purified by 

flash chromatography on silica gel (cyclohexane/ethyl acetate/triethylamine = 1:1:0.05 

to 0:1:0.05). [5]Helicene derivative 75 was obtained as a white solid. 

Single crystals for XRD analysis were grown by layering n-hexane on top of a solution 

of enantiopure 75 in dichloromethane (2:1) overnight at −10 °C. 

 

Yield:    100.70 mg (0.23 mmol, 54 %) 

Molecular formula:  C32H20N2 

Molecular weight:  432.52 g/mol 

Retention factor:  0.44 (ethyl acetate) 

APCI-MS:   m/z =  433.170 [M+H]+ 

HRMS (C32H20N2H+): calculated = 433.1699 

    found = 433.1697 

Specific optical rotation: (−)-(M)-75: [𝛼]𝐷
20 = −2980° mL×dm−1×g−1 (c = 5.02 g/L, 

dichloromethane) 

(+)-(P)-75: [𝛼]𝐷
20 = +2979° mL×dm−1×g−1 (c = 4.97 g/L, 

dichloromethane) 

ECD: (−)-(M)-75: λ/nm (Δε/M–1×cm-1) = 254 (+358.9), 270 

(+21.3), 293 (+255.8), 330 (−320.0); (c = 6.1×10-4 g/L, 

dichloromethane) 

 (+)-(P)-75: λ/nm (Δε/M–1×cm-1) = 254 (−191.8), 270 

(+69.1), 293 (−42.1), 330 (+313.4); (c = 5.8×10-4 g/L, 

dichloromethane) 

Analytical HPLC: CHIRALPAK IB-U; n-hexane/ethanol/diethylamine 

(70:30:0.03); f = 0.85 mL min-1); (–)-(M)-75: tR = 2.47 min; 

(+)-(P)-75: tR = 3.70 min 

Semipreparative HPLC: CHIRALPAK IB; n-hexane/ethanol/diethylamine 

(70:30:0.03); f = 18 mL min-1); (–)-(M)-75: tR = 10.58 min, 

90.0 % ee; (+)-(P)-75: tR = 13.59 min, 95.0 % ee 
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1H-NMR (700 MHz, CD2Cl2, 298 K): 

δ/ppm = 8.93 (d, 2H, H-3, 4J3,8 = 1.8 Hz), 8.43−8.40 (m, 4H, H-7), 8.15 (d, 2H, H-9, 

3J9,8 = 8.3 Hz), 8.03 (d, 2H, H-11, 3J11,12 = 8.4 Hz), 7.99 (d, 2H, H-12, 3J12,11 = 8.4 Hz), 

7.98 (s, 2H, H-14), 7.86 (dd, 2H, H-8, 3J8,9 = 8.3 Hz, 4J8,3 = 1.8 Hz), 7.23−7.21 (m, 4H, 

H-6). 

 

13C-NMR (700 MHz, CD2Cl2, 298 K): 

δ/ppm = 150.7 (C-7), 148.1 (C-5), 134.6 (C-4), 133.6 (C-10), 133.4 (C-13), 131.2 (C-2), 

129.8 (C-9), 128.3 (C-12/C-14), 128.0 (C-12/C-14), 127.8 (C-11), 127.7 (C-3), 127.5 

(C-1), 125.4 (C-8), 121.8 (C-6). 

Crystallographic data [(−)-75] 

Empirical formula: C32H20N2; M = 432.51 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: orthorhombic; space group: P212121; unit cell: 

a = 6.22994(23) Å, b = 18.5750(9) Å, c = 18.8091(10) Å, α = 90°, β = 90°, γ = 90°, 

V = 2176.61(17) Å3, Z = 4, ρcalc = 1.320 g/cm3; absorption correction = multi-scan; 

µ = 0.59 mm-1; minimum transmission = 0.6782; maximum transmission = 0.9480; 

F(000) = 904.0; crystal color: clear colorless; crystal size = 0.3×0.3×0.03 mm3; 2Θ 

range for data collection: 6.688°−140.782°; Reflections collected [R(int)] = 18992 

[0.0636]; Reflections [I>2σ(I)] = 4127; data completeness = 100 %; 

Data/parameters/restraints = 4127/307/0; Goodness-of-fit on F2 = 1.083; Final R 

indexes [I>=2σ(I)]: R1 = 0.0559, wR2 = 0.1398; Final R indexes [all data]: R1 = 0.0633, 

wR2 = 0.1475; Largest diff. peak/hole = 0.22/−0.22 e Å-3; Flack parameter = −0.5(10)*. 

 

*The high uncertainty originated from a poor quality of the crystal. The assignment of 

the enantiomer was done based on ECD spectra. 
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Crystallographic data [(+)-75] 

Empirical formula: C32H20N2; M = 432.51 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: orthorhombic; space group: P212121; unit cell: 

a = 6.2349(3) Å, b = 18.5717(8) Å, c = 18.7974(9) Å, α = 90°, β = 90°, γ = 90°, 

V = 2176.59(17) Å3, Z = 4, ρcalc = 1.320 g/cm3; absorption correction = multi-can; 

µ = 0.59 mm-1; minimum transmission = 0.5050; maximum transmission = 0.9163; 

F(000) = 904.0; crystal color: clear colorless; crystal size = 0.5×0.06×0.04 mm3; 2Θ 

range for data collection: 6.69°−141.226°; Reflections collected [R(int)] = 27403 

[0.0896]; Reflections [I>2σ(I)] = 4042; data completeness = 100 %; 

Data/parameters/restraints = 4042/307/0; Goodness-of-fit on F2 = 1.091; Final R 

indexes [I>=2σ(I)]: R1 = 0.0495, wR2 = 0.1162; Final R indexes [all data]: R1 = 0.0647, 

wR2 = 0.1333; Largest diff. peak/hole = 0.22/−0.25 e Å-3; Flack parameter = −0.6(5)*. 

 

*The high uncertainty originated from a poor quality of the crystal. The assignment of 

the enantiomer was done based on ECD spectra. 

 

2,13-Di(pyridin-3-yl)pentahelicene 76 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (4:1) was degassed by 4 freeze-pump-thaw cycles before use. In a Schlenk flask 

equipped with a magnetic stir bar, 16.09 mg of Pd(PPh3)4 (8 mol%), 60.14 mg of 

potassium carbonate (0.43 mmol, 2.50 equiv.), 53.49 mg of 3-pyridinylboronic acid 

(0.43 mmol, 2.50 equiv.) and 100.0 mg of triflate 74 (0.17 mmol, 1.0 equiv.) were 

dissolved in a mixture of degassed 1,4-dioxane and water (10 mL). The mixture was 

stirred at 105 °C for 48 h. The reaction mixture was poured into a saturated solution of 

aqueous EDTA (20 mL) and extracted with DCM (3×20 mL). The combined organic 

portions were washed with brine (80 mL), dried with anhydrous MgSO4 and 

concentrated under reduced pressure. The crude product was purified by flash 
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chromatography on silica gel (dichloromethane/methanol = 100:1 to 100:3). 

[5]Helicene derivative 76 was obtained as a white solid. 

Yield:    30.44 mg (0.069 mmol, 40 %) 

Molecular formula:  C32H20N2 

Molecular weight:  432.52 g/mol 

Retention factor:  0.52 (dichloromethane/methanol = 10:1) 

APCI-MS:   m/z =  433.168 [M+H]+ 

HRMS (C32H20N2H+): calculated = 433.1699 

    found = 433.1692 

 

1H-NMR (500 MHz, CD2Cl2, 298 K): 

δ/ppm = 8.86 (s, 2H, H-3), 8.58 (s, 2H, H-6), 8.41 (d, 2H, H-7, 3J7,8 = 4.8 Hz), 8.13 (d, 

2H, H-11, 3J11,10 = 8.3 Hz), 8.02 (d, 2H, H-13, 3J13,14 = 8.6 Hz), 7.99−7.94 (m, 4H, H-14, 

H-16), 7.83 (d, 2H, H-10, 3J10,11 = 8.3 Hz), 7.64 (d, 2H, H-9, 3J9,8 = 8.0 Hz), 7.18 (dd, 

2H, H-8, 3J8,9 = 8.0 Hz, 3J8,7 = 4.8 Hz). 

 

13C-NMR (500 MHz, CD2Cl2, 298 K): 

δ/ppm = 148.9 (C-7), 148.6 (C-6), 136.6 (C-5), 134.5 (C-9), 134.3 (C-4), 133.3 (C-15), 

132.9 (C-12), 131.5 (C-2), 129.8 (C-11), 128.2 (C-14/C-16), 127.8 (C-14/C-16), 127.7 

(C-3), 127.5 (C-13), 127.4 (C-1), 125.8 (C-10), 124.0 (C-8).  
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Attempts to synthesize 2,13-bis(pyridin-3-ylethynyl)pentahelicene 77 

 

Approach A 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 4.88 mg of PdCl2(PPh3)2 (4 mol%), 2.32 mg of CuI (7 mol%), 

100.0 mg of triflate 74 (0.17 mmol, 1.0 equiv.) and 44.87 mg of 3-ethynylpyridine 

(0.43 mmol, 2.50 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (5 mL), the mixture was heated to 60 °C and stirred for 24 h. The 

reaction was monitored by TLC. No turnover was observed after that time and the 

starting material was recovered by column chromatography on silica gel 

(cyclohexane/ethyl acetate = 4:1). 

 

Approach B 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 0.97 mg of Pd(OAc)2 (5 mol%), 3.57 mg of SPhos (10 mol%), 

0.82 mg of CuI (5 mol%), 50.0 mg of triflate 74 (0.087 mmol, 1.0 equiv.) and 22.44 mg 

of 3-ethynylpyridine (0.21 mmol, 2.50 equiv.) were added. After adding degassed 

1,4-dioxane (5 mL) and degassed diisopropylamine (5 mL), the mixture was heated to 

50 °C and stirred for 24 h. The reaction was monitored by TLC. No turnover was 

observed after that time and the starting material was recovered by column 

chromatography on silica gel (cyclohexane/ethyl acetate = 4:1). 
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Approach C 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask equipped 

with a magnetic stir bar, 2.66 mg of Pd[P(tBu)3]2 (6 mol%), 0.66 mg of CuI (4 mol%), 

50.0 mg of triflate 74 (0.087 mmol, 1.0 equiv.) and 22.44 mg of 3-ethynylpyridine 

(0.21 mmol, 2.50 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (5 mL), the mixture was heated to 80 °C and stirred for 24 h. The 

reaction was monitored by TLC. No turnover was observed after that time and the 

starting material was recovered by column chromatography on silica gel 

(cyclohexane/ethyl acetate = 4:1). 

 

2,13-Bis[4-(pyridin-3-yl)phenyl]pentahelicene 78 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (4:1) was degassed by 4 freeze-pump-thaw cycles before use. In a Schlenk flask 

equipped with a magnetic stir bar, 19.31 mg of Pd(PPh3)4 (8 mol%), 72.17 mg of 

potassium carbonate (0.52 mmol, 2.50 equiv.), 103.93 mg of (4-(pyridin-3-

yl)phenyl)boronic acid (0.52 mmol, 2.50 equiv.) and 120.0 mg of triflate 74 (0.21 mmol, 

1.0 equiv.) were dissolved in a mixture of degassed 1,4-dioxane and water (10 mL). 

The mixture was stirred at 95 °C for 24 h. The reaction mixture was poured into a 

saturated solution of aqueous EDTA (20 mL) and extracted with DCM (3×20 mL). The 

combined organic portions were washed with brine (80 mL), dried with anhydrous 
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MgSO4 and concentrated under reduced pressure. The crude product was 

recrystallized (ethyl acetate) to obtain [5]helicene derivative 78 as yellow needles. 

Yield:    70.02 mg (0.16 mmol, 77 %) 

Molecular formula:  C44H28N2 

Molecular weight:  584.72 g/mol 

APCI-MS:   m/z =  585.232 [M+H]+ 

HRMS (C44H28N2H+): calculated = 585.2325 

    found = 585.2322 

 

1H-NMR (500 MHz, CD2Cl2, 298 K): 

δ/ppm = 8.96 (dd, 2H, H-20, 4J20,11 = 1.8 Hz, 5J20,12 = 0.8 Hz), 8.78 (dd, 2H, H-1, 

4J1,4 = 2.4 Hz, 5J1,3 = 0.9 Hz), 8.52 (dd, 2H, H-2, 3J2,3 = 4.8 Hz, 4J2,4 = 1.6 Hz), 8.13 (d, 

2H, H-12, 3J12,11 = 8.4 Hz), 8.02 (d, 2H, H-14, 3J14,15 = 8.5 Hz), 7.96 (s, 2H, H,17), 7.95 

(d, 2H, H-15, 3J15,14 = 8.5 Hz), 7.90 (dd, 2H, H-11, 3J11,12 = 8.4 Hz, 4J11,20 = 1.8 Hz), 

7.84 (ddd, 2H, H-4, 3J4,3 = 7.9 Hz, 4J4,1 = 2.4 Hz, 4J4,2 = 1.6 Hz), 7.54−7.49 (m, 8H, H-7, 

H-8), 7.32 (ddd, 2H, H-3, 3J3,4 = 7.9 Hz, 3J3,2 = 4.8 Hz, 5J3,1 = 0.9 Hz). 

 

13C-NMR (500 MHz, CD2Cl2, 298 K): 

δ/ppm = 149.1 (C-2), 148.6 (C-1), 141.1 (C-9), 137.2 (C-6), 136.9 (C-10), 136.3 (C-5), 

134.4 (C-4), 133.3 (C-16), 132.7 (C-13), 131.6 (C-19), 129.5 (C-12), 128.2 (C-7/C-8), 

128.1 (C-14), 127.9 (C-7/C-8), 127.8 (C-15/C-17), 127.6 (C-18), 127.5 (C-20), 127.2 

(C-15/C-17), 125.9 (C-11), 124.0 (C-3). 

Crystallographic data [(rac)-78] 

Empirical formula: C44H28N2; M = 584.68 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54186 Å; crystal system: monoclinic; space group: C2/c; unit cell: 

a = 31.101(2) Å, b = 5.8274(3) Å, c = 32.690(3) Å, α = 90°, β = 94.046(7)°, γ = 90°, 
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V = 5910.0(8) Å3, Z = 8, ρcalc = 1.314 g/cm3; absorption correction = multi-scan; 

µ = 0.59 mm-1; minimum transmission = 0.6363; maximum transmission = 0.9479; 

F(000) = 2448.0; crystal color: clear colorless; crystal size = 0.3×0.04×0.02 mm3; 2Θ 

range for data collection: 7.584°−141.056°; Reflections collected [R(int)] = 62455 

[0.6434]; Reflections [I>2σ(I)] = 5612; data completeness = 99.9 %; 

Data/parameters/restraints = 56512/415/0; Goodness-of-fit on F2 = 1.030; Final R 

indexes [I>=2σ(I)]: R1 = 0.1217, wR2 = 0.2675; Final R indexes [all data]: R1 = 0.2843, 

wR2 = 0.3735; Largest diff. peak/hole = 0.37/−0.43 e Å-3. 

 

Dinaphtho[8,1,2-def:2′,1′,8′-jka][3]benzoxepin 80 

Approach A 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of 

1,14-dimethoxy[5]helicene 38 (500.0 mg, 1.48 mmol, 1.0 equiv.) in dichloromethane 

(15 mL) was cooled to −78 °C. A solution of BBr3 (7.39 mL, 1 M in CH2Cl2, 7.39 mmol, 

5.0 equiv.) in dichloromethane was added, the mixture was slowly warmed up to room 

temperature and stirred for 24 h. The reaction mixture was poured into an aqueous 

solution of saturated NaHCO3 (30 mL) and then extracted with ethyl acetate 

(3×15 mL). The combined organic portions were washed with water (100 mL), dried 

with anhydrous MgSO4 and concentrated under reduced pressure. The crude product 

was purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 5:1) to 

obtain Dinaphtho[8,1,2-def:2′,1′,8′-jka][3]benzoxepin 80 as a yellow solid. 

Single crystals for XRD analysis were grown by layering n-hexane on top of a solution 

of 80 in dichloromethane (2:1) overnight at −10 °C. Dinaphtho[8,1,2-def:2′,1′,8′-

jka][3]benzoxepin crystallized as plates and needles. 

Yield:    235.79 mg (0.81 mmol, 55 %) 

Molecular formula:  C22H12O 

Molecular weight:  292.33 g/mol 
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Retention factor:  0.53 (cyclohexane/ethyl acetate = 4:1) 

EI-MS:   m/z =  292.0 [M]•+ 

HRMS (C22H12O•+):  calculated = 292.0888 

    found = 292.0880 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 8.06 (s, 2H, H-11), 7.85 (d, 2H, H-9, 3J9,8 = 8.6 Hz), 7.75 (d, 4H, H-6, H-8, 

3J6,5 = 8.6 Hz, 3J8,9 = 8.6 Hz), 7.66 (t, 2H, H-5, 3J5,6 = 7.6 Hz, 3J5,4 = 7.6 Hz), 7.62 (dd, 

2H, H-4, 3J4,5 = 7.6 Hz, 3J4,6 = 1.5 Hz). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 156.3 (C-3), 134.7 (C-7), 132.7 (C-1), 128.6 (C-9), 128.3 (C-11), 127.9 (C-5), 

126.8 (C-2), 126.3 (C-8), 125.1 (C-10), 125.0 (C-6), 118.6 (C-4). 

Crystallographic data [80] as needles 

Empirical formula: C22H12O; M = 292.32 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54178 Å; crystal system: orthorhombic; space group: P212121; unit cell: 

a = 3.9794(2) Å, b = 16.4442(7) Å, c = 20.4271(8) Å, α = 90°, β = 90°, γ = 90°, 

V = 1336.71(10) Å3, Z = 4, ρcalc = 1.453 g/cm3; absorption correction = multi-scan; 

µ = 0.685 mm-1; minimum transmission = 0.5402; maximum transmission = 0.7536; 

F(000) = 608.0; crystal color: clear colorless; crystal size = 0.36×0.08×0.04 mm3; 2Θ 

range for data collection: 6.9°−135.472°; Reflections collected [R(int)] = 14436 

[0.0403]; Reflections [I>2σ(I)] = 2420; data completeness = 99.7 %; 

Data/parameters/restraints = 2420/208/0; Goodness-of-fit on F2 = 1.061; Final R 

indexes [I>=2σ(I)]: R1 = 0.0260, wR2 = 0.0646; Final R indexes [all data]: R1 = 0.0263, 

wR2 = 0.0647; Largest diff. peak/hole = 0.22/−0.14 e Å-3.  
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Crystallographic data [80] as plates 

Empirical formula: C22H12O; M = 292.32 g/mol; T = 100.0 K; radiation type: CuKα; 

λ = 1.54178 Å; crystal system: orthorhombic; space group: pbca; unit cell: 

a = 10.6248(4) Å, b = 14.7226(5) Å, c = 35.5511(15) Å, α = 90°, β = 90°, γ = 90°, 

V = 5561.1(4) Å3, Z = 16, ρcalc = 1.397 g/cm3; absorption correction = multi-scan; 

µ = 0.659 mm-1; minimum transmission = 0.3317; maximum transmission = 0.7536; 

F(000) = 2432.0; crystal color: clear colorless; crystal size = 0.36×0.18×0.04 mm3; 2Θ 

range for data collection: 4.972°−135.496°; Reflections collected [R(int)] = 45329 

[0.1396]; Reflections [I>2σ(I)] = 5031; data completeness = 99.9 %; 

Data/parameters/restraints = 5031/415/0; Goodness-of-fit on F2 = 1.154; Final R 

indexes [I>=2σ(I)]: R1 = 0.0826, wR2 = 0.2034; Final R indexes [all data]: R1 = 0.1022, 

wR2 = 0.2149; Largest diff. peak/hole = 0.32/−0.43 e Å-3. 

 

Approach B 

 

In a round bottomed flask equipped with a magnetic stir bar, 110.0 mg of 

1,14-dimethoxy[5]helicene 38 (0.33 mmol, 1.0 equiv.) were suspended in acetic acid 

(9 mL). After adding a solution of hydrogen bromide (0.60 mL, 33 wt.% in acetic acid, 

10.25 equiv.) the mixture was refluxed for 48 h. The reaction was monitored by TLC. 

No turnover was observed after that time and the starting material was recovered by 

column chromatography on silica gel (cyclohexane/ethyl acetate = 4:1). 

 

Approach C 
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In a round bottomed flask equipped with a magnetic stir bar, 160.0 mg of 

1,14-dimethoxy[5]helicene 38 (0.47 mmol, 1.0 equiv.) were added to a solution of 

Aliquat 336 (0.02 mL, 0.047 mmol, 0.10 equiv.) in hydrogen bromide (20 mL, 8.89 M in 

water). The solution was refluxed for 48 h. The reaction mixture was poured into water 

(40 mL) and then extracted with ethyl acetate (3×30 mL). The combined organic 

portions were washed with brine (2×150 mL), dried with anhydrous MgSO4 and 

concentrated under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 4:1). The product could not 

completely be isolated. 

Yield:    18.0 mg (0.05 mmol, 18 %) 

 

Approach D 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 55.0 mg of 1,14-di(benzyloxy)pentahelicene 38 

(0.11 mmol, 1.0 equiv.) and 11.93 mg of palladium on carbon (10 wt.%, 0.10 equiv.). 

The atmosphere was evacuated and flushed with hydrogen three times using a 

balloon. Degassed methanol (3 mL) and degassed dichloromethane (9 mL) were 

added. After 24 h of stirring at room temperature, the mixture was filtered through a 

plug of silica gel and extracted with dichloromethane (100 mL). The solvent was 

removed under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (cyclohexane/ethyl acetate = 10:1). The product could 

not be isolated. 

Yield:    n/a  
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3-(Benzyloxy)-2-bromobenzaldehyde 81[350] 

 

In a round bottomed flask equipped with a magnetic stir bar, 4.12 g of K2CO3 

(29.84 mmol, 1.20 equiv.) were added to a solution of 2-bromo-3-hydroxy-

benzaldehyde 30 (5.0 g, 24.87 mmol, 1.0 equiv.) in acetone (50 mL). After adding 

3.84 mL of benzyl bromide (32.33 mmol, 1.30 equiv.), the solution was stirred at 30 °C 

for 3 h. The mixture was concentrated under reduced pressure, poured into water 

(50 mL) and extracted with dichloromethane (3×30 mL). The combined organic 

portions were dried with anhydrous Mg2SO4 and the solvent was evaporated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 4:1) to afford aldehyde 81 as a white solid. 

Yield:    5.47 g (18.80 mmol, 76 %) 

Molecular formula:  C14H11O2Br 

Molecular weight:  291.14 g/mol 

Retention factor:  0.20 (cyclohexane/ethyl acetate = 4:1) 

1H-NMR (400 MHz, CDCl3, 298 K): 

δ/ppm = 10.46 (d, 1H, J = 0.8 Hz), 7.54 (dd, 1H, J = 7.7 Hz, J = 1.5 Hz), 7.51−7.46 (m, 

2H), 7.41 (ddd, 2H, J = 8.0 Hz, J = 7.1 Hz, J = 1.0 Hz), 7.38−7.31 (m, 2H), 7.16 (dd, 

1H, J = 8.1 Hz, J = 1.5 Hz), 5.21 (s, 2H). 

 

The spectral data were in agreement with those previously reported for this 

compound.[350]   



 

265 
 

3-(Benzyloxy)-2-[(trimethylsilyl)ethynyl]benzaldehyde 82 

 

The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 144.65 mg of PdCl2(PPh3)2 (2 mol%), 78.49 mg of CuI 

(4 mol%) and 3.0 g of bromide 81 (10.30 mmol, 1.0 equiv.) were dissolved in 

anhydrous THF (5 mL) and degassed NEt3 (10 mL). After adding 2.20 mL of 

trimethylsilylacetylene (15.46 mmol, 1.50 equiv.), the mixture was stirred at 60 °C for 

0.5 h. The reaction mixture was poured into a saturated solution of aqueous NH4Cl 

(30 mL) and extracted with DCM (3×30 mL). The combined organic portions were 

washed with brine (150 mL), dried with anhydrous MgSO4 and concentrated under 

reduced pressure. The crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 9:1). Aldehyde 82 was obtained as a yellow solid. 

Yield:    2.50 g (8.11 mmol, 79 %) 

Molecular formula:  C19H20O2Si 

Molecular weight:  308.45 g/mol 

Retention factor:  0.36 (cyclohexane/ethyl acetate = 4:1) 

EI-MS:   m/z =  308.1 [M]•+ 

HRMS (C19H20O2Si•+): calculated = 308.1233 

    found = 307.1149* 

 

*The mass difference of 1 u is likely due to the formation of a benzylic radical. 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.58 (d, 1H, H-11, 5J11,8 = 0.8 Hz), 7.55−7.50 (m, 3H, H-3, H-9), 7.43−7.30 

(m, 4H, H-1, H-2, H-8), 7.16 (dd, 1H, H-7, 3J7,8 = 8.2 Hz, 4J7,9 = 1.1 Hz), 5.20 (s, 2H, 

H-5), 0.29 (s, 9H, H-15). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 192.2 (C-11), 160.4 (C-6), 137.6 (C-10), 136.5 (C-4), 129.6 (C-8), 128.6 (C-2), 

128.1 (C-1), 126.9 (C-3), 119.3 (C-9), 117.8 (C-7), 116.9* (C-12), 107.5* (C-14), 70.8 

(C-5), 0.0 (C-15). 

 

*The signal was only visible in the HMBC-NMR, the signal for (C-13) was not visible. 

 

3-(Benzyloxy)-2-ethynylbenzaldehyde 83 

 

In a round bottomed flask equipped with a magnetic stir bar, 2.50 g of aldehyde 82 

(8.11 mmol, 1.0 equiv.) were dissolved in methanol (20 mL) and 1.57 g of K2CO3 

(11.35 mmol, 1.40 equiv.) were added in batches. The mixture was stirred at room 

temperature for 0.5 h. The reaction mixture was poured into water (20 mL) and 

extracted with DCM (3×30 mL). The combined organic portions were dried with 

anhydrous MgSO4 and concentrated under reduced pressure. The crude product was 

purified by flash chromatography on silica gel (cyclohexane/ethyl acetate = 4:1) to 

obtain aldehyde 83. 

Yield:    1.24 g (5.23 mmol, 64 %) 
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Molecular formula:  C16H12O2 

Molecular weight:  236.27 g/mol 

Retention factor:  0.30 (cyclohexane/ethyl acetate = 4:1) 

EI-MS:   m/z =  235.0 [M]•+ 

HRMS (C16H12O2
•+):  calculated = 236.0837 

    found = 235.0754* 

 

*The mass difference of 1 u is likely due to the formation of a benzylic radical. 

 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.56 (d, 1H, H-11, 5J11,8 = 0.8 Hz), 7.54 (dd, 1H, H-9, 3J9,8 = 7.8 Hz, 4J9,7 = 

1.1 Hz), 7.48 (ddd, 2H, H-3, 3J3,2 = 7.7 Hz, 4J3,1 = 1.7 Hz, 4J3,5 = 0.8 Hz), 7.43−7.31 (m, 

4H, H-1, H-2, H-8), 7.15 (dd, 1H, H-7, 3J7,8 = 8.3 Hz, 4J7,9 = 1.0 Hz), 5.24 (s, 2H, H-5), 

3.70 (s, 1H, H-14). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 191.8 (C-11), 160.6 (C-6), 138.1 (C-10), 136.3 (C-4), 129.9 (C-8), 128.8 (C-

2), 128.2 (C-1), 127.1 (C-3), 119.6 (C-9), 117.9 (C-7), 115.7 (C-12), 89.0 (C-14), 75.4 

(C-13), 71.0 (C-5).  
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2,2'-(Ethyne-1,2-diyl)bis[3-(benzyloxy)benzaldehyde] 84 

 

The reaction was carried out under Schlenk conditions. To a Schlenk flask charged 

with a magnetic stir bar, 59.41 mg of PdCl2(PPh3)2 (2 mol%), 32.24 mg of CuI 

(4 mol%), 1.0 g of alkyne 83 (4.23 mmol, 1.0 equiv.) and 1.23 g of bromide 81 

(4.23 mmol, 1.0 equiv.) were added. After adding anhydrous THF (5 mL) and 

degassed NEt3 (10 mL), the mixture was heated to 60 °C and stirred for 3 h until the 

precipitation of a yellow solid was observed. The reaction mixture was concentrated 

under reduced pressure. The crude product was recrystallized (ethyl acetate) and 

washed with water (500 mL), acetone (500 mL) and dichloromethane (500 mL) to 

obtain dialdehyde 84 as yellow needles. 

Yield:    1.89 g (4.23 mmol, 100 %) 

Molecular formula:  C30H22O4 

Molecular weight:  446.50 g/mol 

Retention factor:  0.20 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS: m/z =  485.115 [M-K]+, 469.141 [M+Na]+, 464.186 

[M+NH4]+ 

HRMS (C30H22O4Na+): calculated = 469.1410 

    found = 469.1409 
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1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 10.62 (d, 2H, H-11, 5J11,8 = 0.9 Hz), 7.54 (dd, 2H, H-9, 3J9,8 = 7.7 Hz, 4J9,7 = 

1.1 Hz), 7.44 (dd, 4H, H-3, 3J3,2 = 7.4 Hz, 4J3,1 = 1.7 Hz), 7.44−7.31 (m, 8H, H-1, H-2, 

H-8), 7.18 (dd, 2H, H-7, 3J7,8 = 8.4 Hz, 4J7,9 = 1.1 Hz), 5.21 (s, 4H, H-5). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 191.9 (C-11), 160.1 (C-6), 137.5 (C-10), 136.0 (C-4), 129.9 (C-8), 129.0 (C-2), 

128.4 (C-1), 127.5 (C-3), 119.4 (C-9), 117.3 (C-7), 116.6 (C-12), 92.8 (C-13), 71.2 

(C-5). 

 

1,1'-[Ethyne-1,2-diylbis(3-(benzyloxy)-2,1-phenylene)]bis(but-3-yn-1-ol) 85 

 

The reaction was carried out under Schlenk conditions. A Schlenk flask equipped with 

a magnetic stir bar was charged with 732.14 mg of zinc powder (11.20 mmol, 

10.0 equiv.). Anhydrous tetrahydrofuran (10 mL) was added, the flask was immersed 

in a water bath at room temperature and a solution of propargyl bromide (1.24 mL, 

80 wt.% in toluene, 11.20 mmol, 10.0 equiv.) was added slowly. The solution was 

stirred at room temperature for 30 minutes before it was added to the suspension of 

dialdehyde 84 (500.0 mg, 1.12 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

(10 mL). After 24 h of stirring, the mixture was poured into water (30 mL) and extracted 
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with dichloromethane (3×40 mL), then the combined organic portions were washed 

with brine (100 mL) and HCl (100 mL, 6 M in water), dried with anhydrous Mg2SO4 and 

concentrated under reduced pressure. The crude product was used for the subsequent 

reaction without further purification and analytical characterization. 

Yield:    n/a 

Molecular formula:  C36H30O4 

Molecular weight:  526.63 g/mol 

 

[Ethyne-1,2-diylbis(3-(benzyloxy)-2,1-phenylene)]bis(but-3-yne-1,1-diyl) 

diacetate 86 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of diol 85 (1.2 g, 

2.27 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (33.41 mg, 0.27 mmol, 

0.12 equiv.) in anhydrous pyridine (20 mL) was prepared. After adding 2.58 mL of 

acetic anhydride (27.3 mmol, 12.0 equiv.) at 0 °C while stirring, the reaction mixture 

was allowed to slowly reach room temperature and stirring was continued at the same 

temperature for an additional 24 h. The mixture was poured into water (20 mL) and 

extracted with dichloromethane (3×30 mL), then the combined organic portions were 

washed with a saturated aqueous solution of KHCO3 (100 mL), dried with anhydrous 

Mg2SO4 and concentrated under reduced pressure. The crude product was purified by 

flash chromatography on silica gel (cyclohexane/ethyl acetate = 4:1) to afford diacetate 

86 as a white solid. 

Yield:    200.74 mg (0.33 mmol, 14 %) over 2 steps 

Molecular formula:  C40H34O6 

Molecular weight:  610.71 g/mol 
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Retention factor:  0.16 (cyclohexane/ethyl acetate = 4:1) 

EI-MS:   m/z =  610.3 [M]•+ 

HRMS (C40H34O6
•+):  calculated = 610.2355 

    found = 610.2352 

 

1H-NMR (500 MHz, CD2Cl2, 298 K): 

δ/ppm = 7.48−7.43 (m, 4H, H-3), 7.39−7.28 (m, 6H, H-1, H-2), 7.24 (t, 2H, H-8, 3J8,7 = 

8.1 Hz, 3J8,9 = 8.1 Hz), 7.04 (dt, 2H, H-9, 3J9,8 = 7.8 Hz, 4J9,7 = 0.8 Hz, 4J9,11 = 0.8 Hz), 

6.88 (dd, 2H, H-7, 3J7,8 = 8.4 Hz, 4J7,9 = 1.0 Hz), 6.28 (t, 2H, H-11, 3J11,14 = 5.2 Hz), 

5.25−5.16 (m, 4H, H-5), 2.75 (ddd, 2H, H-14, 2J14,14 = 17.2 Hz, 3J14,11 = 5.7 Hz, 

4J14,16 = 2.7 Hz), 2.51 (ddd, 2H, H-14, 2J14,14 = 17.2 Hz, 3J14,11 = 4.8 Hz, 4J14,16 = 

2.6 Hz), 2.11 (s, 6H, H-18), 1.89 (t, 2H, H-16, 4J16,14 = 2.6 Hz). 

 

13C-NMR (500 MHz, CD2Cl2, 298 K): 

δ/ppm = 170.0 (C-17), 159.8 (C-6), 143.3 (C-10), 137.5 (C-4), 129.7 (C-8), 129.1 (C-2), 

128.5 (C-1), 128.3 (C-3), 118.5 (C-9), 111.8 (C-7), 111.2 (C-12), 93.5 (C-13), 80.5 

(C-15), 71.7 (C-11), 71.1 (C-5), 71.0 (C-16), 25.3 (C-14), 21.4 (C-18). 

 

1,14-Di(benzyloxy)-5,6,9,10-tetrahydropentahelicene-5,10-diyl diacetate 87 
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The reaction was carried out under Schlenk conditions. In a Schlenk flask equipped 

with a magnetic stir bar, 200.0 mg of triyne 86 (0.33 mmol, 1.0 equiv.) and 171.79 mg 

of PPh3 (0.65 mmol, 2.0 equiv.) were dissolved in anhydrous THF (3 mL). After adding 

a stock solution of Ni(cod)2 (5.47 mL, 0.06 M in THF, 1.0 equiv.), the mixture was stirred 

at room temperature for 24 h. The solvent was evaporated under reduced pressure 

and the residue was subjected to flash chromatography on silica gel 

(cyclohexane/ethyl acetate = 4:1) to afford tetrahydro[5]helicene derivative 87 as a 

complex mixture of stereoisomers. The mixture was used for the subsequent reaction 

without further analytical characterization. 

Yield:    n/a 

Molecular formula:  C40H34O6 

Molecular weight:  610.71 g/mol 

Retention factor:  0.26 (cyclohexane/ethyl acetate = 4:1) 

ESI(+)-MS:   m/z =  633.224 [M+Na]+ 

HRMS (C40H34O6Na+): calculated = 633.2248 

    found = 633.2244 

 

1,14-Di(benzyloxy)pentahelicene 88 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of 

tetrahydrohelicene derivative 87 (48.0 mg, 0.10 mmol, 1.0 equiv.) in dichloromethane 

(5 mL) was prepared. After adding silica gel (200 mg), the solvent was evaporated 

under reduced pressure and the solvent-free mixture was heated at 120 °C for 4 h 

under vigorous stirring. The product was extracted from silica gel with dichloromethane 

(100 mL). Removal of the solvent under reduced pressure gave rise to 

1,14-(dibenzyloxy)[5]helicene 88 as an amorphous brown solid. 
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Yield:    57.71 mg (0.12 mmol, 35 %) over 2 steps 

Molecular formula:  C36H26O2 

Molecular weight:  490.60 g/mol 

APCI-MS:   m/z =  491.200 [M+H]+ 

HRMS (C36H26O2H+): calculated = 491.2006 

    found = 491.2000 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 7.97 (s, 2H, H-9), 7.82 (d, 2H, H-11, 3J11,12 = 8.4 Hz), 7.60 (d, 2H, H-12, 

3J12,11 = 8.4 Hz), 7.30 (t, 2H, H-15, 3J15,14 = 7.8 Hz, 3J15,16 = 7.8 Hz), 7.18 (dd, 2H, H-14, 

3J14,15 = 7.8 Hz, 4J14,16 = 1.3 Hz), 7.14−7.08 (m, 2H, H-1), 7.07−7.00 (m, 4H, H-2), 6.76 

(dd, 2H, H-16, 3J16,15 = 7.8 Hz, 4J16,14 = 1.3 Hz), 6.46 (dd, 4H, H-3, 3J3,2 = 7.3 Hz, 

4J3,1 = 1.7 Hz), 4.45 (d, 2H, H-5, 2J5,5 = 12.2 Hz), 3.98 (d, 2H, H-5, 2J5,5 = 12.2 Hz). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 155.7 (C-6), 136.8 (C-4), 133.2 (C-13), 131.4 (C-10), 127.8 (C-2), 127.3 

(C-12), 126.9 (C-1), 126.4 (C-3), 126.2 (C-9), 126.0 (C-11), 125.8 (C-8), 125.4 (C-15), 

125.0 (C-7), 120.2 (C-14), 106.6 (C-16), 69.9 (C-5). 

 

2,17-Dihydroxyheptahelicene 89 
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In a round bottomed flask equipped with a magnetic stir bar, a solution of 

2,17-dimethoxy[7]helicene 55 (94.73 mg, 0.21 mmol, 1.0 equiv.) in dichloromethane 

(15 mL) was cooled to −78 °C. A solution of BBr3 (2.14 mL, 1 M in CH2Cl2, 2.14 mmol, 

10.0 equiv.) was added, the mixture was slowly warmed up to room temperature and 

stirred for 24 h. The reaction mixture was poured into an aqueous solution of saturated 

NaHCO3 (30 mL) and then extracted with ethyl acetate (3×15 mL). The combined 

organic portions were washed with water (100 mL), dried with anhydrous MgSO4 and 

concentrated under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (petroleum ether/ethyl acetate = 4:1) to obtain 

2,17-dihydroxy[7]helicene 89 as a yellow solid. 

Yield:    71.41 mg (0.17 mmol, 81 %) 

Molecular formula:  C30H18O2 

Molecular weight:  410.47 g/mol 

Retention factor:  0.10 (petroleum ether/ethyl acetate = 4:1) 

APCI-MS:   m/z =  411.138 [M+H]+ 

HRMS (C30H18O2H+): calculated = 411.1380 

    found = 411.1377 

 

1H-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 8.05 (s, 2H, H-12), 8.02 (d, 2H, H-10, 3J10,9 = 8.1 Hz), 7.95 (d, 2H, H-9, 3J9,10 

= 8.1 Hz), 7.66 (d, 2H, H-7, 3J7,6 = 8.3 Hz), 7.59 (d, 2H, H-6, 3J6,7 = 8.3 Hz), 7.31 (d, 

2H, H-4, 3J4,3 = 8.5 Hz), 6.60 (dd, 2H, H-3, 3J3,4 = 8.5 Hz, 4J3,1 = 2.5 Hz), 6.47 (d, 2H, 

H-1, 4J1,3 = 2.5 Hz).  
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13C-NMR (700 MHz, CDCl3, 298 K): 

δ/ppm = 152.7 (C-2), 132.1 (C-11), 131.3 (C-8), 130.8 (C-15), 128.8 (C-4), 127.8 

(C-14), 127.7 (C-9), 127.5 (C-6), 127.4 (C-10), 127.2 (C-5), 126.9 (C-12), 124.8 (C-13), 

123.2 (C-7), 115.9 (C-3), 109.5 (C-1). 

 

Heptahelicene-2,17-diyl bis(trifluormethanesulfonate) 90 

 

In a round bottomed flask equipped with a magnetic stir bar, a solution of diol 89 

(65.98 mg, 0.16 mmol, 1.0 equiv.) and 4-dimethylaminopyridine (0.96 mg, 

0.0079 mmol, 0.12 equiv.) in anhydrous pyridine (5 mL) was prepared. After adding 

0.23 mL of trifluoromethanesulfonic anhydride (0.69 mmol, 4.40 equiv.) at 0 °C while 

stirring, the reaction mixture was allowed to slowly reach room temperature and stirring 

was continued at 40 °C for an additional 24 h. The mixture was concentrated under 

reduced pressure and the crude product was purified by flash chromatography on silica 

gel (cyclohexane/ethyl acetate = 4:1) to afford triflate 90 as an off-white solid. 

Yield:    110.24 mg (0.16 mmol, 100 %) 

Molecular formula:  C32H16F6O6S2 

Molecular weight:  674.58 g/mol 

Retention factor:  0.45 (cyclohexane/ethyl acetate = 4:1) 

APCI-MS:   m/z =  674.029 [M]•+ 

HRMS (C32H16F6O6S2
•+): calculated = 674.0287 

    found = 674.0284  
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Specific optical rotation: (−)-(M)-90: [𝛼]𝐷
20 = −1888° mL×dm−1×g−1* (c ≈ 0.63 g/L, 

dichloromethane) 

(+)-(P)-90: [𝛼]𝐷
20 = +2036° mL×dm−1×g−1* (c ≈ 0.55 g/L, 

dichloromethane) 

 

*The difference observed is likely due to deviations in concentrations caused by the 

volatility of dichloromethane. 

 

ECD: (−)-(M)-90: λ/nm (Δε/M–1×cm-1) = 250 (+54.6), 270 

(+295.8), 293 (+28.5), 317 (−66.7), 351 (−191.5), 400 

(−73.1); (c = 6.3×10-4 g/L, dichloromethane) 

 (+)-(P)-90: λ/nm (Δε/M–1×cm-1) = 250 (+38.5), 270 

(−262.3), 293 (−91.7), 317 (−46.3), 351 (+65.4), 400 

(−39.6); (c = 5.5×10-4 g/L, dichloromethane) 

Analytical HPLC: CHIRALPAK IB-U; n-hexane/isopropanol/ethanol (98:2:2); 

f = 0.85 mL min-1); (–)-(M)-90: tR = 1.15 min; (+)-(P)-90: tR 

= 1.34 min 

Semipreparative HPLC: CHIRALPAK IB; n-hexane/ethanol (98:2); f = 18 mL min-1); 

(–)-(M)-90: tR = 30.42 min, >98 % ee; (+)-(P)-90: tR = 33.15 

min, 96.0 % ee 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 8.13 (s, 2H, H-12), 8.12 (d, 2H, H-10, 3J10,9 = 8.2 Hz), 8.02 (d, 2H, H-9, 3J9,10 

= 8.2 Hz), 7.89 (d, 2H, H-7, 3J7,6 = 8.5 Hz), 7.62 (d, 2H, H-6, 3J6,7 = 8.5 Hz), 7.45 (d, 

2H, H-4, 3J4,3 = 8.8 Hz), 7.00 (d, 2H, H-16, 4J16,3 = 2.5 Hz) 6.86 (dd, 2H, H-3, 3J3,4 = 

8.8 Hz, 4J3,16 = 2.5 Hz).  
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13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 146.4 (C-2), 132.7 (C-11), 131.9 (C-8), 131.0 (C-5), 129.8 (C-15), 129.2 (C-4), 

128.5 (C-10/C-12), 127.9 (C-10/C-12), 127.8 (C-9), 127.7 (C-7), 127.3 (C-14), 126.7 

(C-6), 124.1 (C-13), 118.5 (C-3), 116.8 (C-16).* 

 

*C-1 is not visible in the 13C-spectrum. 

 

2,17-Di(pyridin-4-yl)heptahelicene 91 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (4:1) was degassed by 3 freeze-pump-thaw cycles before use. In a Schlenk flask 

equipped with a magnetic stir bar, 16.44 mg of Pd(PPh3)4 (8 mol%), 61.46 mg of 

potassium carbonate (0.44 mmol, 2.50 equiv.), 54.66 mg of 4-pyridinylboronic acid 

(0.44 mmol, 2.50 equiv.) and 120.0 mg of triflate 90 (0.17 mmol, 1.0 equiv.) were 

dissolved in a mixture of degassed 1,4-dioxane and water (20 mL). The mixture was 

stirred at 100 °C for 24 h. The reaction mixture was poured into a saturated solution of 

aqueous EDTA (20 mL) and extracted with DCM (3×20 mL). The combined organic 

portions were washed with brine (80 mL), dried with anhydrous MgSO4 and 

concentrated under reduced pressure. The crude product was purified by flash 

chromatography on silica gel (dichloromethane/ethyl acetate/methanol = 1:1:0 to 

50:50:4). [7]Helicene derivative 91 was obtained as a yellow solid. 

Yield:    20.39 mg (0.036 mmol, 20 %) 

Molecular formula:  C40H24N2 

Molecular weight:  532.64 g/mol 

Retention factor:  0.08 (ethyl acetate) 

ESI(+)-MS:   m/z =  533.202 [M+H]+, 267.105 [M+2H]2+  
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HRMS (C40H24N2H+): calculated = 533.2012 

    found = 533.2018 

 

1H-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 8.61 (s, 4H, H-1), 8.24−8.20 (m, 4H, H-12, H-14), 7.94 (d, 2H, H-11, 

3J11,12 = 8.1 Hz), 7.85 (s, 2H, H-18), 7.57−7.46 (m, 8H, H-2, H-6, H-9), 7.41−7.34 (m, 

4H, H-5, H-8). 

 

13C-NMR (500 MHz, CDCl3, 298 K): 

δ/ppm = 140.4 (C-1), 133.9 (C-3), 133.3*, 131.8*, 129.4*, 129.2*, 129.1*, 129.0*, 

128.9*, 128.4*, 127.9*, 127.5*, 126.7*, 125.9*, 125.0*, 124.5*, 123.0 (C-2/C-5). 

 

*The signal could not be unambiguously assigned. 

 

2,17-Bis[4-(pyridin-4-yl)phenyl]heptahelicene 92 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (4:1) was degassed by 3 freeze-pump-thaw cycles before use. In a Schlenk flask 

equipped with a magnetic stir bar, 16.44 mg of Pd(PPh3)4 (8 mol%), 61.46 mg of 

potassium carbonate (0.44 mmol, 2.50 equiv.), 88.50 mg of (4-(pyridin-4-

yl)phenyl)boronic acid (0.44 mmol, 2.50 equiv.) and 120.0 mg of triflate 90 (0.17 mmol, 

1.0 equiv.) were dissolved in a mixture of degassed 1,4-dioxane and water (20 mL). 

The mixture was stirred at 100 °C for 24 h. The reaction mixture was poured into a 

saturated solution of aqueous EDTA (20 mL) and extracted with DCM (3×20 mL). The 
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combined organic portions were washed with brine (80 mL), dried with anhydrous 

MgSO4 and concentrated under reduced pressure. The crude product was purified by 

flash chromatography on silica gel (dichloromethane/ethyl acetate/methanol = 1:1:0 to 

50:50:2) and recrystallized (ethyl acetate/methanol = 20:1). [7]Helicene derivative 92 

was obtained as yellow needles. 

Yield:    20.92 mg (0.029 mmol, 16 %) 

Molecular formula:  C52H32N2 

Molecular weight:  684.84 g/mol 

Retention factor:  0.05 (dichloromethane/ethyl acetate = 1:1) 

ESI(+)-MS:   m/z =  685.266 [M+H]+, 343.136 [M+2H]2+ 

HRMS (C52H32N2H2
2+): calculated = 343.1356 

    found = 343.1363 

Specific optical rotation: (−)-(M)-92: [𝛼]𝐷
20 = −1176° mL×dm−1×g−1* 

(c = 1.7×10-2 g/L, DMSO) 

(+)-(P)-92: [𝛼]𝐷
20 = +1000° mL×dm−1×g−1* (c = 5.0×10-2 g/L, 

DMSO) 

 

*Due to the low solubility of the substance, the solutions had a lower concentration 

than is usually required for measurements of optical rotations. For that reason, the 

obtained values carry a considerable uncertainty. 

 

ECD: (−)-(M)-92: λ/nm (Δε/M–1×cm-1) = 300 (+13.5), 311 (+12.1), 

328 (+16.3), 370 (−101.2), 386 (−89.9); (c = 1.7×10-2 g/L, 

dimethylsulfoxid) 

 (+)-(P)-92: λ/nm (Δε/M–1×cm-1) = 300 (+0.5), 311 (+0.3), 

328 (−2.1), 370 (+86.0), 386 (+79.1); (c = 3.0×10-2 g/L, 

dimethylsulfoxid) 
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1H-NMR (400 MHz, DMSO-d6, 298 K): 

δ/ppm = 8.69−8.66 (m, 4H, H-1), 8.30−8.26 (m, 4H, H-16, H-18), 8.18 (d, 2H, H-15, 

3J15,16 = 8.2 Hz), 7.83−7.78 (m, 8H, H-2, H-5), 7.66 (d, 2H, H-13, 3J13,12 = 8.6 Hz), 

7.57−7.52 (m, 6H, H-10, H-12, H-22), 7.45 (dd, 2H, H-9, 3J9,10 = 8.2 Hz, 4J9,22 = 1.9 Hz), 

7.23 (d, 4H, H-6, 3J6,5 = 8.4 Hz). 

 

13C-NMR (400 MHz, DMSO-d6, 298 K): 

No spectrum could be measured due to low solubility of the compound. 

Crystallographic data [(rac)-92] 

Empirical formula: C52H32N2C2H8O2; M = 748.88 g/mol; T = 100.0 K; radiation type: 

CuKα; λ = 1.54186 Å; crystal system: monoclinic; space group: P21/c; unit cell: 

a = 14.8051(7) Å, b = 13.9724(4) Å, c = 18.4223(9) Å, α = 90°, β = 92.683(4)°, γ = 90°, 

V = 3806.7(3) Å3, Z = 4, ρcalc = 1.307 g/cm3; absorption correction = multi-scan; 

µ = 0.613 mm-1; minimum transmission = 0.6981; maximum transmission = 0.9056; 

F(000) = 1576.0; crystal color: clear light yellow pale; crystal size = 

0.5×0.15×0.04  mm3; 2Θ range for data collection: 5.976°−141.298°; Reflections 

collected [R(int)] = 36967 [0.0881]; Reflections [I>2σ(I)] = 7166; data 

completeness = 99.3 %; Data/parameters/restraints = 7166/527/0; Goodness-of-fit on 

F2 = 1.059; Final R indexes [I>=2σ(I)]: R1 = 0.0797, wR2 = 0.2123; Final R indexes [all 

data]: R1 = 0.1219, wR2 = 0.2521; Largest diff. peak/hole = 0.49/−0.36 e Å-3.  



 

281 
 

2,17-Bis[4-(pyridin-3-yl)phenyl]heptahelicene 93 

 

The reaction was carried out under Schlenk conditions. A mixture of 1,4-dioxane and 

water (4:1) was degassed by 4 freeze-pump-thaw cycles before use. In a Schlenk flask 

equipped with a magnetic stir bar, 15.07 mg of Pd(PPh3)4 (8 mol%), 56.34 mg of 

potassium carbonate (0.40 mmol, 2.50 equiv.), 81.13 mg of (4-(pyridin-3-

yl)phenyl)boronic acid (0.40 mmol, 2.50 equiv.) and 110.0 mg of triflate 90 (0.16 mmol, 

1.0 equiv.) were dissolved in a mixture of degassed 1,4-dioxane and water (20 mL). 

The mixture was stirred at 100 °C for 24 h. The reaction mixture was poured into a 

saturated solution of aqueous EDTA (20 mL) and extracted with DCM (3×20 mL). The 

combined organic portions were washed with brine (80 mL), dried with anhydrous 

MgSO4 and concentrated under reduced pressure. The crude product was purified by 

flash chromatography on silica gel (dichloromethane/ethyl acetate/methanol = 1:1:0 to 

50:50:2), [7]helicene derivative 93 was obtained as a yellow solid. 

Yield:    47.68 mg (0.069 mmol, 42 %) 

Molecular formula:  C52H32N2 

Molecular weight:  684.84 g/mol 

Retention factor:  0.05 (dichloromethane/ethyl acetate = 1:1) 

ESI(+)-MS:   m/z =  685.263 [M+H]+, 343.135 [M+2H]2+ 

HRMS (C52H32N2H+): calculated = 685.2638 

    found = 685.2634  
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Specific optical rotation: (−)-(M)-93: [𝛼]𝐷
20 = −3660° mL×dm−1×g−1* (c = 10.0 g/L, 

dichloromethane) 

(+)-(P)-93: [𝛼]𝐷
20 = +3720° mL×dm−1×g−1* (c = 10.01 g/L, 

dichloromethane) 

 

*The difference observed is likely due to deviations in concentrations caused by the 

volatility of dichloromethane. 

 

ECD: (−)-(M)-93: λ/nm (Δε/M–1×cm-1) = 269 (+179.3), 293 

(+331.5), 310 (+180.4), 368 (−267.8), 379 (−241.5); (c = 

3.1×10-3 g/L, dichloromethane) 

 (+)-(P)-93: λ/nm (Δε/M–1×cm-1) = 269 (−110.6), 293 

(−227.4), 310 (−105.6), 368 (+192.2), 379 (+172.5); (c = 

3.7×10-3 g/L, dichloromethane) 

Analytical HPLC: CHIRALPAK IC-U; dichloromethane/ethanol/diethylamine 

(20:80:0.08); f = 0.43 mL min-1); (–)-(M)-93: tR = 3.66 min; 

(+)-(P)-93: tR = 4.49 min 

 

Semipreparative HPLC: YMC CHIRAL ART Cellulose-SC; 

dichloromethane/ethanol/diethylamine (20:80:0.08); f = 10 

mL min-1); (–)-(M)-93: tR = 14.63 min, >99 % ee; (+)-(P)-93: 

tR = 17.66 min, 98 % ee 

 

1H-NMR (700 MHz, CD2Cl2, 298 K): 

δ/ppm = 8.92 (dd, 2H, H-1, 4J1,4 = 2.4 Hz, 5J1,3 = 0.9 Hz), 8.60 (dd, 2H, H-2, 

3J2,3 = 4.8 Hz, 4J2,4 = 1.6 Hz), 8.13 (s, 2H, H-20), 8.12 (d, 2H, H-18, 3J18,17 = 8.2 Hz), 

7.97 (ddd, 2H, H-4, 3J4,3 = 7.7 Hz, 4J4,1 = 2.4 Hz, 4J4,2 = 1.6 Hz), 7.96 (d, 2H, H-17, 
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3J17,18 = 8.2 Hz), 7.61 (d, 2H, H-24, 4J24,11 = 1.7 Hz), 7.59−7.56 (m, 4H, H-7), 7.47 (d, 

2H, H-15, 3J15,14 = 8.4 Hz), 7.45 (d, 2H, H-12, 3J12,11 = 8.2 Hz), 7.43−7.40 (m, 4H, H-3, 

H-14), 7.36 (dd, 2H, H-11, 3J11,12 = 8.2 Hz, 4J11,24 = 1.7 Hz), 7.23−7.19 (m, 4H, H-8). 

 

13C-NMR (700 MHz, CD2Cl2, 298 K): 

δ/ppm = 149.1 (C-2), 148.7 (C-1), 140.3 (C-9), 136.8 (C-6), 136.6 (C-5), 135.6 (C-10), 

134.5 (C-4), 132.8 (C-19), 132.1 (C-16), 131.9 (C-13), 130.0 (C-23), 128.8 (C-22), 

128.0 (C-17), 127.96 (C-12), 127.94 (C-18/C-20), 127.8 (C-8), 127.5 (C-18/C-20), 

127.4 (C-14), 127.3 (C-7), 126.6 (C-15), 125.6 (C-21), 124.3 (C-11), 124.1 (C-3), 123.9 

(C-24).  
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Complexation experiments 
 

[Pd(76)2](BF4)2 

In a microwave tube equipped with a magnetic stir bar, 1.77 mg of (rac)-76 (4.09 μmol, 

1.0 equiv.) were dissolved in CD3CN (0.4 mL). A stock solution of Pd(MeCN)4(BF4)2 

(225 μL, 10.0 mM in CD3CN, 0.55 equiv.) was added. The tube was closed with a screw 

cap and the solution was stirred at room temperature overnight. 

ESI(+)-MS: m/z =  1057.240 {[Pd(76)2](BF4)}+, 989.234 {[Pd(76)2]F}+, 485.118 

[Pd(76)2]2+, 433.172 [76+H]+ 

1H-NMR (500 MHz, CD3CN, 298 K): 

The signals could not be assigned due to the heavy amount of overlapping multiplets. 

 

[Cu(76)](BF4), [Cu(76)(MeCN)](BF4), [Cu(76)2](BF4), [Cu(76)3](BF4) 

The reaction was carried out under Schlenk conditions. In a microwave tube equipped 

with a magnetic stir bar, 1.12 mg of (rac)-76 (2.58 μmol, 1.0 equiv.) were dissolved in 

CD3CN (0.39 mL). A stock solution of Cu(MeCN)4(BF4) (129 μL, 10.0 mM in CD3CN, 

0.50 equiv.) was added. The tube was closed with a screw cap and the solution was 

stirred at room temperature overnight. 

ESI(+)-MS: m/z =  1360.422 [Cu(76)3]+, 927.255 [Cu(76)2]+, 536.119 

[Cu(76)(MeCN)]+, 495.092 [Cu(76)]+, 433.170 [76+H]+ 

1H-NMR (400 MHz, CD3CN, 298 K): 

δ/ppm = 8.84 (s, 2H), 8.58 (bs, 2H), 8.41 (bs, 2H), 8.21 (d, 2H, 3J = 8.3 Hz), 8.09 (d, 

2H, 3J = 8.6 Hz), 8.06−8.02 (m, 4H), 7.90 (dd, 2H, 3J = 8.4 Hz, 4J = 1.8 Hz), 7.74−7.70 

(m, 2H), 7.26 (bs, 2H). 

 

[Pd2(dppp)2(92)2](OTF)4, [Pd2(dppp)(92)2](OTf)2 

In a microwave tube equipped with a magnetic stir bar, 5.0 mg of (P)-92, (M)-92 or 

(rac)-92 (7.30 μmol, 1.0 equiv.) were dissolved in DMSO-d6 (0.30 mL). A stock solution 

of Pd(dppp)(OTf)2 (730 μL, 10.0 mM in DMSO-d6, 1.0 equiv.) was added. The tube was 

closed with a screw cap and the solution was stirred at room temperature overnight. 
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ESI(+)-MS: m/z =  2037.532 {[Pd(dppp)(92)2](OTf)}+, 1351.268 

{[Pd2(dppp)2(92)2](OTf)2}2+, 851.861 {[Pd2(dppp)2(92)2](OTf)}3+, 685.264 

[92+H]+, 601.157 [Pd2(dppp)2(92)2]4+ 

1H-NMR (400 MHz, CD3CN, 298 K): 

δ/ppm = 8.74 (bs, 16H), 8.23 (bs, 16H), 8.08 (bs, 8H), 7.71 (bs, 64H), 7.60−7.35 (m, 

88H), 7.17 (bs, 16H), 3.20 (bs, 24H). 

 

[Pd3(93)6](BF4)6, [Pd4(93)8](BF4)8 

In a microwave tube equipped with a magnetic stir bar, 4.50 mg of (P)-93, (M)-93 or 

(rac)-93 (6.57 μmol, 1.0 equiv.) were dissolved in DMSO-d6 (0.45 mL). A stock solution 

of Pd(MeCN)4(BF4)2 (328 μL, 10.0 mM in DMSO-d6, 1.0 equiv.) was added. The tube 

was closed with a screw cap and the solution was stirred at 50 °C overnight. 

ESI(+)-MS: m/z =  1150.317 {[Pd3(93)6](BF4)2}4+, 903.054 {[Pd3(93)6](BF4)}5+, 

855.527 {[Pd4(93)8](BF4)}7+, 737.877 [Pd3(93)6]6+, 684.257 [93]•+ 

1H-NMR (400 MHz, CD3CN, 298 K): 

The signals could not be assigned due to the heavy amount of overlapping multiplets. 

 

 

  



 

286 
 

11 Abbreviations 
 

acac   Acetylacetone 

AFM   Atomic force microscopy 

APCI   Atmospheric pressure chemical ionization 

b   Broad 

BINAP  [2,2′-Bis(diphenylphosphino)-1,1′-binaphthyl] 

BINOL  1,1′-Bi-2-naphthol 

BINPHAT Bis(tetrachlorobenzenediolato)mono([1,1‘]binaphthalenyl-

2,2‘diolato)phosphate(V) 

BPO   Benzoyl peroxide 

BuLi   Butyllithium 

C-PCM  Conductor-like polarizable continuum model 

CA   Candida antarctica 

CA   Cycloaddition 

CAN   Cerium ammonium nitrate 

CD   Cyclodextrin 

CE   Capillary eletrophoresis 

cod   1,5-Cyclooctadiene 

COSY   Correlation spectroscopy 

CP   Circularly polarized 

CPL   Circularly polarized luminescence 

CSP   Chiral stationary phase 

DCM   Dichloromethane 

DDQ   2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

de   Diastereomeric excess 

DEA   Diethylamine 

DFT   Density functional theory 

Diff.   Difference 

DKR   Dynamic kinetic resolution 

DMAP   4-Dimethylaminopyridine 
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DME   Dimethoxyethane 

DMF   Dimethylformamide 

DMSO  Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DOSY   Diffusion-ordered spectroscopy 

dppf   1,1′-Bis(diphenylphosphino)ferrocene 

dppp   1,3-Bis(diphenylphosphino)propane 

ECD   Electronic circular dichroism  

EDL   Electrodeless discharge lamps 

EDTA   Ethylenediaminetetraacetic acid 

ee   Enantiomeric excess 

e.g.   exempli gratia 

EI   Electron ionization 

EOF   Electro-osmotic flow 

equiv.   Equivalents 

ESI   Electrospray ionization 

HMBQ  Heteronuclear multiple-bond correlation 

HPLC   High-performance liquid chromatography 

HRMS   High-resolution mass spectrometry 

HSQC   Heteronuclear single quantum coherence 

i.e.   id est 

IUPAC  International Union of Pure and Applied Chemistry 

KHMDS  Potassium hexamethyldisilazide 

l   Left 

L   Ligand 

LAH   Lithium aluminium hydride 

LED   Light-emitting diode 

MMFF   Merck molecular force field 

MW   Microwaves 

mol%   Mole percent 

NBS   N-Bromosuccinimide 
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NHC   N-Heterocyclic carbene 

NLO   Nonlinear optics 

NMR   Nuclear magnetic resonance 

NOESY  Nuclear Overhauser enhancement spectroscopy 

OR   Optical rotation 

pin   Pinacol 

ppm   Parts per million 

PS   Pseudomonas cepacian 

r   Right 

rac   Racemic 

RCM   Ring closing metathesis 

ROESY  Rotating frame Overhauser enhancement spectroscopy 

r.t.   Room temperature 

TAPA   2-(2,4,5,7-Tetranitro-9-fluorenylideneaminooxy)propionic acid 

TBAF   Tetra-n-butylammonium fluoride 

THF   Tetrahydrofuran 

TIPS   Triisopropylsilyl 

TLC   Thin-layer chromatography 

TMS   Trimethylsilyl 

TPEN   N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethane-1,2-diamine 

UV   Ultraviolet 

VCD   Vibrational circular dichroism 

Vis   Visible 

wt.%   Weight percent 

XRD   X-ray diffraction  
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13 Appendix 
 

13.1 List of molecules 
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13.2 NMR spectra 
 

 

Figure 95: 1H-NMR spectrum of 16 in CDCl3. 

 

Figure 96: 13C-NMR spectrum of 16 in CDCl3. 
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Figure 97: COSY-NMR spectrum of 16 in CDCl3. 

 

Figure 98: HSQC-NMR spectrum of 16 in CDCl3. 
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Figure 99: HMBC-NMR spectrum of 16 in CDCl3. 

 

 

Figure 100: 1H-NMR spectrum of 17 in CDCl3. 
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Figure 101: 13C-NMR spectrum of 17 in CDCl3. 

 

 

Figure 102: COSY-NMR spectrum of 17 in CDCl3. 
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Figure 103: HSQC-NMR spectrum of 17 in CDCl3. 

 

 

Figure 104: HMBC-NMR spectrum of 17 in CDCl3. 
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Figure 105: 1H-NMR spectrum of 18 in CDCl3. 

 

 

Figure 106: 13C-NMR spectrum of 18 in CDCl3. 
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Figure 107: HSQC-NMR spectrum of 18 in CDCl3. 

 

 

Figure 108: HMBC-NMR spectrum of 18 in CDCl3. 
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Figure 109: 1H-NMR spectrum of 20 in CD2Cl2. 

 

 

Figure 110: 13C-NMR spectrum of 20 in CD2Cl2. 
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Figure 111: HSQC-NMR spectrum of 20 in CD2Cl2. 

 

 

Figure 112: HMBC-NMR spectrum of 20 in CD2Cl2. 
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Figure 113: 1H-NMR spectrum of 25 in CDCl3. 

 

 

Figure 114: 13C-NMR spectrum of 25 in CDCl3. 
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Figure 115: COSY-NMR spectrum of 25 in CDCl3. 

 

 

Figure 116: HSQC-NMR spectrum of 25 in CDCl3. 
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Figure 117: HMBC-NMR spectrum of 25 in CDCl3. 

 

 

Figure 118: 1H-NMR spectrum of 26 in CDCl3. 
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Figure 119: 13C-NMR spectrum of 26 in CDCl3. 

 

 

Figure 120: COSY-NMR spectrum of 26 in CDCl3. 
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Figure 121: HSQC-NMR spectrum of 26 in CDCl3. 

 

 

Figure 122: HMBC-NMR spectrum of 26 in CDCl3. 
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Figure 123: 1H-NMR spectrum of 27 in CDCl3. 

 

 

Figure 124: 13C-NMR spectrum of 27 in CDCl3. 
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Figure 125: COSY-NMR spectrum of 27 in CDCl3. 

 

 

Figure 126: HSQC-NMR spectrum of 27 in CDCl3. 
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Figure 127: HMBC-NMR spectrum of 27 in CDCl3. 

 

 

Figure 128: 1H-NMR spectrum of 28 in CDCl3. 
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Figure 129: 13C-NMR spectrum of 28 in CDCl3. 

 

 

Figure 130: COSY-NMR spectrum of 28 in CDCl3. 
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Figure 131: HSQC-NMR spectrum of 28 in CDCl3. 

 

 

Figure 132: HMBC-NMR spectrum of 28 in CDCl3. 
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Figure 133: 1H-NMR spectrum of 29 in CDCl3. 

 

 

Figure 134: 13C-NMR spectrum of 29 in CDCl3. 
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Figure 135: COSY-NMR spectrum of 29 in CDCl3. 

 

 

Figure 136: HSQC-NMR spectrum of 29 in CDCl3. 
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Figure 137: HMBC-NMR spectrum of 29 in CDCl3. 

 

 

Figure 138: 1H-NMR spectrum of 32 in CDCl3. 
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Figure 139: 13C-NMR spectrum of 32 in CDCl3. 

 

 

Figure 140: COSY-NMR spectrum of 32 in CDCl3. 
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Figure 141: HSQC-NMR spectrum of 32 in CDCl3. 

 

 

Figure 142: HMBC-NMR spectrum of 32 in CDCl3. 
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Figure 143: 1H-NMR spectrum of 35 in CDCl3. 

 

 

Figure 144: 13C-NMR spectrum of 35 in CDCl3. 
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Figure 145: COSY-NMR spectrum of 35 in CDCl3. 

 

 

Figure 146: HSQC-NMR spectrum of 35 in CDCl3. 
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Figure 147: HMBC-NMR spectrum of 35 in CDCl3. 

 

 

Figure 148: 1H-NMR spectrum of 36 in CDCl3. 
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Figure 149: 13C-NMR spectrum of 36 in CDCl3. 

 

 

Figure 150: COSY-NMR spectrum of 36 in CDCl3. 
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Figure 151: HSQC-NMR spectrum of 36 in CDCl3. 

 

 

Figure 152: HMBC-NMR spectrum of 36 in CDCl3. 
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Figure 153: 1H-NMR spectrum of 38 in CDCl3. 

 

 

Figure 154: 13C-NMR spectrum of 38 in CDCl3. 
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Figure 155: COSY-NMR spectrum of 38 in CDCl3. 

 

 

Figure 156: HSQC-NMR spectrum of 38 in CDCl3. 



 

335 
 

 

Figure 157: HMBC-NMR spectrum of 38 in CDCl3. 

 

 

Figure 158: 1H-NMR spectrum of 39 in CDCl3. 
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Figure 159: 13C-NMR spectrum of 39 in CDCl3. 

 

 

Figure 160: COSY-NMR spectrum of 39 in CDCl3. 
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Figure 161: HSQC-NMR spectrum of 39 in CDCl3. 

 

 

Figure 162: HMBC-NMR spectrum of 39 in CDCl3. 
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Figure 163: 1H-NMR spectrum of 41 in CDCl3. 

 

 

Figure 164: 13C-NMR spectrum of 41 in CDCl3. 



 

339 
 

 

Figure 165: COSY-NMR spectrum of 41 in CDCl3. 

 

 

Figure 166: HSQC-NMR spectrum of 41 in CDCl3. 
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Figure 167: HMBC-NMR spectrum of 41 in CDCl3. 

 

 

Figure 168: 1H-NMR spectrum of 43 in CDCl3. 
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Figure 169: 13C-NMR spectrum of 43 in CDCl3. 

 

 

Figure 170: COSY-NMR spectrum of 43 in CDCl3. 
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Figure 171: HSQC-NMR spectrum of 43 in CDCl3. 

 

 

Figure 172: HMBC-NMR spectrum of 43 in CDCl3. 
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Figure 173: 1H-NMR spectrum of 48 in CDCl3. 

 

 

Figure 174: 13C-NMR spectrum of 48 in CDCl3. 
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Figure 175: COSY-NMR spectrum of 48 in CDCl3. 

 

 

Figure 176: HSQC-NMR spectrum of 48 in CDCl3. 
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Figure 177: HMBC-NMR spectrum of 48 in CDCl3. 

 

 

Figure 178: 1H-NMR spectrum of 49 in CDCl3. 
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Figure 179: 13C-NMR spectrum of 49 in CDCl3. 

 

 

Figure 180: COSY-NMR spectrum of 49 in CDCl3. 
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Figure 181: HSQC-NMR spectrum of 49 in CDCl3. 

 

 

Figure 182: HMBC-NMR spectrum of 49 in CDCl3. 
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Figure 183: 1H-NMR spectrum of 50 in CDCl3. 

 

 

Figure 184: 13C-NMR spectrum of 50 in CDCl3. 
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Figure 185: COSY-NMR spectrum of 50 in CDCl3. 

 

 

Figure 186: HSQC-NMR spectrum of 50 in CDCl3. 
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Figure 187: HMBC-NMR spectrum of 50 in CDCl3. 

 

 

Figure 188: 1H-NMR spectrum of 52 in CDCl3. 
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Figure 189: 13C-NMR spectrum of 52 in CDCl3. 

 

 

Figure 190: COSY-NMR spectrum of 52 in CDCl3. 
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Figure 191: HSQC-NMR spectrum of 52 in CDCl3. 

 

 

Figure 192: HMBC-NMR spectrum of 52 in CDCl3. 
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Figure 193: 1H-NMR spectrum of 54 in CDCl3. 

 

 

Figure 194: 13C-NMR spectrum of 54 in CDCl3. 
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Figure 195: COSY-NMR spectrum of 54 in CDCl3. 

 

 

Figure 196: HSQC-NMR spectrum of 54 in CDCl3. 
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Figure 197: HMBC-NMR spectrum of 54 in CDCl3. 

 

 

Figure 198: 1H-NMR spectrum of 55 in CDCl3. 
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Figure 199: 13C-NMR spectrum of 55 in CDCl3. 

 

 

Figure 200: COSY-NMR spectrum of 55 in CDCl3. 
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Figure 201: HSQC-NMR spectrum of 55 in CDCl3. 

 

 

 Figure 202: HMBC-NMR spectrum of 55 in CDCl3. 
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Figure 203: 1H-NMR spectrum of 73 in MeOD. 

 

 

Figure 204: 13C-NMR spectrum of 73 in MeOD. 
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Figure 205: HSQC-NMR spectrum of 73 in MeOD. 

 

 

Figure 206: HMBC-NMR spectrum of 73 in MeOD. 
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Figure 207: 1H-NMR spectrum of 74 in CDCl3. 

 

 

Figure 208: 13C-NMR spectrum of 74 in CDCl3. 
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Figure 209: COSY-NMR spectrum of 74 in CDCl3. 

 

 

Figure 210: HSQC-NMR spectrum of 74 in CDCl3. 
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Figure 211: HMBC-NMR spectrum of 74 in CDCl3. 

 

 

Figure 212: 1H-NMR spectrum of 75 in CD2Cl2. 
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Figure 213: 13C-NMR spectrum of 75 in CD2Cl2. 

 

 

Figure 214: COSY-NMR spectrum of 75 in CD2Cl2. 



 

364 
 

 

Figure 215: HSQC-NMR spectrum of 75 in CD2Cl2. 

 

 

Figure 216: HMBC-NMR spectrum of 75 in CD2Cl2. 
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Figure 217: 1H-NMR spectrum of 76 in CD2Cl2. 

 

 

Figure 218: 13C-NMR spectrum of 76 in CD2Cl2. 
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Figure 219: COSY-NMR spectrum of 76 in CD2Cl2. 

 

 

Figure 220: HSQC-NMR spectrum of 76 in CD2Cl2. 
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Figure 221: HMBC-NMR spectrum of 76 in CD2Cl2. 

 

 

Figure 222: 1H-NMR spectrum of 78 in CD2Cl2. 
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Figure 223: 13C-NMR spectrum of 78 in CD2Cl2. 

 

 

Figure 224: COSY-NMR spectrum of 78 in CD2Cl2. 
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Figure 225: HSQC-NMR spectrum of 78 in CD2Cl2. 

 

 

Figure 226: HMBC-NMR spectrum of 78 in CD2Cl2. 
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Figure 227: 1H-NMR spectrum of 80 in CDCl3. 

 

 

Figure 228: 13C-NMR spectrum of 80 in CDCl3. 
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Figure 229: COSY-NMR spectrum of 80 in CDCl3. 

 

 

Figure 230: HSQC-NMR spectrum of 80 in CDCl3. 
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Figure 231: HMBC-NMR spectrum of 80 in CDCl3. 

 

 

Figure 232: 1H-NMR spectrum of 82 in CDCl3. 
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Figure 233: 13C-NMR spectrum of 82 in CDCl3. 

 

 

Figure 234: COSY-NMR spectrum of 82 in CDCl3. 
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Figure 235: HSQC-NMR spectrum of 82 in CDCl3. 

 

 

Figure 236: HMBC-NMR spectrum of 82 in CDCl3. 



 

375 
 

 

Figure 237: 1H-NMR spectrum of 83 in CDCl3. 

 

 

Figure 238: 13C-NMR spectrum of 83 in CDCl3. 
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Figure 239: COSY-NMR spectrum of 83 in CDCl3. 

 

 

Figure 240: HSQC-NMR spectrum of 83 in CDCl3. 



 

377 
 

 

Figure 241: HMBC-NMR spectrum of 83 in CDCl3. 

 

 

Figure 242: 1H-NMR spectrum of 84 in CDCl3. 
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Figure 243: 13C-NMR spectrum of 84 in CDCl3. 

 

 

Figure 244: COSY-NMR spectrum of 84 in CDCl3. 



 

379 
 

 

Figure 245: HSQC-NMR spectrum of 84 in CDCl3. 

 

 

Figure 246: HMBC-NMR spectrum of 84 in CDCl3. 
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Figure 247: 1H-NMR spectrum of 86 in CD2Cl2. 

 

 

Figure 248: 13C-NMR spectrum of 86 in CD2Cl2. 
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Figure 249: COSY-NMR spectrum of 86 in CD2Cl2. 

 

 

Figure 250: HSQC-NMR spectrum of 86 in CD2Cl2. 
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Figure 251: HMBC-NMR spectrum of 86 in CD2Cl2. 

 

 

Figure 252: 1H-NMR spectrum of 88 in CDCl3. 
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Figure 253: 13C-NMR spectrum of 88 in CDCl3. 

 

 

Figure 254: COSY-NMR spectrum of 88 in CDCl3. 
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Figure 255: HSQC-NMR spectrum of 88 in CDCl3. 

 

 

Figure 256: HMBC-NMR spectrum of 88 in CDCl3. 
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Figure 257: 1H-NMR spectrum of 89 in CDCl3. 

 

 

Figure 258: 13C-NMR spectrum of 89 in CDCl3. 
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Figure 259: COSY-NMR spectrum of 89 in CDCl3. 

 

 

Figure 260: HSQC-NMR spectrum of 89 in CDCl3. 
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Figure 261: HMBC-NMR spectrum of 89 in CDCl3. 

 

 

Figure 262: 1H-NMR spectrum of 90 in CDCl3. 
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Figure 263: 13C-NMR spectrum of 90 in CDCl3. 

 

 

Figure 264: COSY-NMR spectrum of 90 in CDCl3. 
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Figure 265: HSQC-NMR spectrum of 90 in CDCl3. 

 

 

Figure 266: HMBC-NMR spectrum of 90 in CDCl3. 
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Figure 267: 1H-NMR spectrum of 91 in CDCl3. 

 

 

Figure 268: 13C-NMR spectrum of 91 in CDCl3. 
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Figure 269: COSY-NMR spectrum of 91 in CDCl3. 

 

 

Figure 270: HSQC-NMR spectrum of 91 in CDCl3. 
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Figure 271: HMBC-NMR spectrum of 91 in CDCl3. 

 

 

Figure 272: 1H-NMR spectrum of 92 in DMSO-d6. 



 

393 
 

 

Figure 273: COSY-NMR spectrum of 92 in DMSO-d6. 

 

 

Figure 274: 1H-NMR spectrum of 93 in CD2Cl2. 
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Figure 275: 13C-NMR spectrum of 93 in CD2Cl2. 

 

 

Figure 276: COSY-NMR spectrum of 93 in CD2Cl2. 
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Figure 277: HSQC-NMR spectrum of 93 in CD2Cl2. 

 

 

Figure 278: HMBC-NMR spectrum of 93 in CD2Cl2. 
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Figure 279: 1H-NMR spectrum of complexation of 76 with Pd(MeCN)4(BF4)2 in CD3CN. 

 

 

Figure 280: 1H-NMR spectrum of complexation of 76 with Cu(MeCN)4(BF4) in CD3CN. 
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Figure 281: 1H-NMR spectrum of complexation of (rac)-92 with Pd(dppp)(OTf)2 in DMSO-d6. 

 

 

Figure 282: 1H-NMR spectrum of complexation of (M)-92 with Pd(dppp)(OTf)2 in DMSO-d6. 
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Figure 283: 1H-NMR spectrum of complexation of (P)-92 with Pd(dppp)(OTf)2 in DMSO-d6. 

 

 

Figure 284: 1H-NMR spectrum of complexation of (rac)-93 with Pd(MeCN)4(BF4)2 in DMSO-d6.  
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13.3 Mass spectra 
 

 

Figure 285: ESI(+)-mass spectrum of 16. 

 

Figure 286: Experimental exact mass (top) and calculated exact mass (bottom) of 16. 



 

400 
 

 

Figure 287: ESI(+)-mass spectrum of 17. 

 

Figure 288: Experimental exact mass (top) and calculated exact mass (bottom) of 17. 
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Figure 289: ESI(+)-mass spectrum of 18. 

 

Figure 290: Experimental exact mass (top) and calculated exact mass (bottom) of 18. 
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Figure 291: EI-mass spectrum of 20. 

 

Figure 292: Experimental exact mass of 20. 
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Figure 293: APCI-mass spectrum of 25. 

 

Figure 294: Experimental exact mass (top) and calculated exact mass (bottom) of 25. 
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Figure 295: ESI(+)-mass spectrum of 26. 

 

Figure 296: Experimental exact mass (top) and calculated exact mass (bottom) of 26. 



 

405 
 

 

Figure 297: ESI(+)-mass spectrum of 27. 

 

 

Figure 298: Experimental exact mass (top) and calculated exact mass (bottom) of 27. 
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Figure 299: APCI-mass spectrum of 28. 

 

Figure 300: Experimental exact mass (top) and calculated exact mass (bottom) of 28. 
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Figure 301: ESI(+)-mass spectrum of 29. 

 

Figure 302: Experimental exact mass (top) and calculated exact masses (middle, bottom) of 29. 
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Figure 303: EI-mass spectrum of 32. 

 

Figure 304: Experimental exact mass of 32. 
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Figure 305: ESI(+)-mass spectrum of 36. 

 

Figure 306: Experimental exact mass (top) and calculated exact mass (bottom) of 36. 
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Figure 307: ESI(+)-mass spectrum of 37. 

 

Figure 308: Experimental exact mass (top) and calculated exact mass (bottom) of 37. 
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Figure 309: EI-mass spectrum of 38. 

 

Figure 310: Experimental exact mass of 38. 
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Figure 311: ESI(+)-mass spectrum of 39. 

 

Figure 312: Experimental exact mass (top) and calculated exact mass (bottom) of 39. 
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Figure 313: ESI(+)-mass spectrum of 41. 

 

Figure 314: Experimental exact mass (top) and calculated exact mass (bottom) of 41. 
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Figure 315: EI-mass spectrum of 43. 

 

Figure 316: Experimental exact mass of 43. 
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Figure 317: APCI-mass spectrum of 48. 

 

Figure 318: Experimental exact mass (top) and calculated exact mass (bottom) of 48. 
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Figure 319: ESI(+)-mass spectrum of 49. 

 

Figure 320: Experimental exact mass (top) and calculated exact mass (bottom) of 49. 
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Figure 321: APCI-mass spectrum of 50. 

 

Figure 322: Experimental exact mass (top) and calculated exact mass (bottom) of 50. 
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Figure 323: ESI(+)-mass spectrum of 51. 

 

Figure 324: Experimental exact mass (top) and calculated exact masses (middle, bottom) of 51. 
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Figure 325: ESI(+)-mass spectrum of 52. 

 

Figure 326: Experimental exact mass (top) and calculated exact mass (bottom) of 52. 
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Figure 327: APCI-mass spectrum of 54. 

 

Figure 328: Experimental exact mass (top) and calculated exact mass (bottom) of 54. 

 

Figure 329: APCI-mass spectrum of 55. 
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Figure 330: Experimental exact mass (top) and calculated exact masses (middle, bottom) of 55. 

 

Figure 331: EI-mass spectrum of 60. 
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Figure 332: APCI-mass spectrum of 69. 

 

Figure 333: Experimental exact mass (top) and calculated exact mass (bottom) of 69. 
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Figure 334: APCI-mass spectrum of 72. 

 

Figure 335: Experimental exact mass (top) and calculated exact mass (bottom) of 72. 
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Figure 336: EI-mass spectrum of 73. 

 

Figure 337: Experimental exact mass of 73. 
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Figure 338: EI-mass spectrum of 74. 

 

Figure 339: Experimental exact mass of 74. 
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Figure 340: APCI-mass spectrum of 75. 

 

Figure 341: Experimental exact mass (top) and calculated exact mass (bottom) of 75. 
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Figure 342: APCI-mass spectrum of 76. 

 

Figure 343: Experimental exact mass (top) and calculated exact mass (bottom) of 76. 
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Figure 344: APCI-mass spectrum of 78. 

 

Figure 345: Experimental exact mass (top) and calculated exact mass (bottom) of 78. 
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Figure 346: EI-mass spectrum of 80. 

 

Figure 347: Experimental exact mass of 80. 
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Figure 348: EI-mass spectrum of 82. 

 

Figure 349: Experimental exact mass of 82. 
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Figure 350: EI-mass spectrum of 83. 

 

Figure 351: Experimental exact mass of 83. 
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Figure 352: ESI(+)-mass spectrum of 84. 

 

Figure 353: Experimental exact mass (top) and calculated exact mass (bottom) of 84. 
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Figure 354: EI-mass spectrum of 86. 

 

Figure 355: Experimental exact mass of 86. 
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Figure 356: ESI(+)-mass spectrum of 87. 

 

Figure 357: Experimental exact mass (top) and calculated exact mass (bottom) of 87. 
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Figure 358: APCI-mass spectrum of 88. 

 

Figure 359: Experimental exact mass (top) and calculated exact mass (bottom) of 88. 
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Figure 360: APCI-mass spectrum of 89. 

 

Figure 361: Experimental exact mass (top) and calculated exact mass (bottom) of 89. 
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Figure 362: APCI-mass spectrum of 90. 

 

Figure 363: Experimental exact mass (top) and calculated exact mass (bottom) of 90. 
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Figure 364: ESI(+)-mass spectrum of 91. 

 

Figure 365: Experimental exact mass (top) and calculated exact mass (bottom) of 91. 
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Figure 366: ESI(+)-mass spectrum of 92. 

 

Figure 367: Experimental exact mass (top) and calculated exact mass (bottom) of 92. 
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Figure 368: ESI(+)-mass spectrum of 93. 

 

Figure 369: Experimental exact mass (top) and calculated exact mass (bottom) of 93. 
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Figure 370: ESI(+)-mass spectrum of complexation of 76 with Pd(MeCN)4(BF4)2. 

 

Figure 371: Excerpts of ESI(+)-mass spectrum of complexation of 76 with Pd(MeCN)4(BF4)2. 
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Figure 372: ESI(+)-mass spectrum of complexation of 76 with Cu(MeCN)4(BF4). 

 

Figure 373: Experimental exact mass (top) and calculated exact masses (bottom four) of 

complexation of 76 with Cu(MeCN)4(BF4). 



 

443 
 

 

Figure 374: ESI(+)-mass spectrum of complexation of (rac)-92 with Pd(dppp)(OTf)2. 

 

Figure 375: Excerpts of ESI(+)-mass spectrum of complexation of (rac)-92 with Pd(dppp)(OTf)2. 
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Figure 376: Experimental exact mass (top) and calculated exact masses (middle, bottom) of 

complexation of (rac)-92 with Pd(dppp)(OTf)2. 

 

Figure 377: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(rac)-92 with Pd(dppp)(OTf)2. 



 

445 
 

 

Figure 378: Experimental exact mass (top) and calculated exact masses (middle, bottom) of 

complexation of (rac)-92 with Pd(dppp)(OTf)2. 

 

Figure 379: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(rac)-92 with Pd(dppp)(OTf)2. 
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Figure 380: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(rac)-92 with Pd(dppp)(OTf)2. 

 

Figure 381: ESI(+)-mass spectrum of complexation of (M)-92 with Pd(dppp)(OTf)2. 
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Figure 382: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(M)-92 with Pd(dppp)(OTf)2. 

 

Figure 383: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(M)-92 with Pd(dppp)(OTf)2. 
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Figure 384: ESI(+)-mass spectrum of complexation of (P)-92 with Pd(dppp)(OTf)2. 

 

Figure 385: Experimental exact mass (top) and calculated exact masses (middle, bottom) of 

complexation of (P)-92 with Pd(dppp)(OTf)2. 
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Figure 386: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(P)-92 with Pd(dppp)(OTf)2. 

 

Figure 387: Experimental exact mass (top) and calculated exact masses (middle, bottom) of 

complexation of (P)-92 with Pd(dppp)(OTf)2. 
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Figure 388: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(P)-92 with Pd(dppp)(OTf)2. 

 

Figure 389: ESI(+)-mass spectrum of complexation of (rac)-93 with Pd(MeCN)4(BF4)2. 
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Figure 390: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(rac)-93 with Pd(MeCN)4(BF4)2. 

 

Figure 391: Experimental exact mass (top) and calculated exact mass (bottom) of complexation of 

(rac)-93 with Pd(MeCN)4(BF4)2. 


