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Abstract

The electronic properties of SWCNTSs depend strongly on well-defined characteristics such as their
diameter, #,7-indices and chirality.['-4 Traditional purification methods do not allow to selectively obtain
samples of SWCNT's with precisely defined characteristics and high purity. The separation and purification
of SWCNTs is an ongoing challenge as the selectivity towards traditional means of purification remains low
at best.

Here, we propose a new strategy to achieve a controlled and selective debundling and separation of
SWCNTs depending on their size and chirality. The focus of this thesis is the design and synthesis of a
molecular hook for specific SWCNTs. Conceptually, the hook consists of a chiral building block with a
concave m-system, which can be accessed using stereospecific Diels-Alder reactions as key steps.
Polymerization with interlinking building blocks then leads to chiral ribbons, which are envisaged to
selectively coat a specific SWCNT and disperse it. The driving force for the coating process is mainly the
interaction of the SWCNT with the concave n-moiety while the size exclusion is defined by the resulting
secondary structure of the polymer, the polymer backbone and the interlinking molecules. Variation of the
interlinking building blocks allows altering of the properties of the polymer at a late stage in the synthesis
and ultimately defines the dispersion capability of the polymer. Each of the three successfully synthesized
copolymers contains an enantiomerically pure ethenoanthracene derivative as the concave n-moiety. As a
reliable release of the coated SWCNT is highly desirable, we further present a diamine monomer unit
designed for Schiff base linked copolymerization that will allow for acid-labile depolymerization resulting in
uncoating of the dispersed SWCNTSs. Each of the polymer was characterized and the dispersion capability

assessed subsequently.
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Polymers

A polymer is a macromolecule with high molar mass that consists of repeating subunits or monomers. A key
characteristic is the degree of polymerization # which relates to the number of monomers present in the
polymer. The degree of polymerization has to be large enough that adding another monomeric unit does not
alter the physical and chemical properties of the macromolecule. If the degree of polymerization is low (7 <

20), the resulting macromolecule is typically called an oligomer.[!

Types and Synthesis of Polymers
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Scheme 1. 2) Molecular example of chain-growth polymerization of polyethylene, b) molecular example of a typical step-growth
polymerization, a polyester condensation.

The two largest groups of synthetic polymers are called chain-growth and step-growth polymers, evidently derived
from the type of polymerization used to grow the polymer chain, the chain-growth- or step-growth
polymerization. The main difference between these two types is that in a chain-growth polymetrization the
reactive center is moved to the newly attached monomer unit, while in a sfep-growth polymerization the
monomer unit possesses two functional groups that form a covalent bond. Therefore new monomers are
added one by one in a clean chain-growth polymerization, while chains of monomers (oligomers or smaller
polymers) can connect together to form larger polymers in a step-growth polymerization. In the latter, all
intermediates are stable and in principle isolatable. Typical examples are polyethylene and polyesters or
polyamides for chain-growth and the step-growth polymerization, respectively (scheme 1).10 Whereas chain-growth
polymerization reactions typically lead to high mass polymers within seconds, the formation of long chains

in step-growth polymerization is considerably slower.

As mentioned, polymerization reactions are usually divided into two groups, step- and chain-growth
polymerization. Common ways to assemble synthetic polymers include poly-addition, poly-condensation and ring-
opening polymerization, which are subgroups of either stgp- and chain-growth polymerization reactions. Clean
transformations are a key feature for achieving samples with high molar mass and low dispersity (see next
section for definition), as already small amounts of side reactions prevent the formation of long chains. This
is especially true for szep-growth polymerization, where all the molecules in the mixture feature the same
reactivity and can take part in the reaction. For illustration, let us consider a schematic presentation of a po/y-
condensation (figure 1). In a fictional sample of 25 monomer units, where each monomer can form two bonds,
a conversion of 24% would lead to 6 bond formations, mostly as dimers. Increasing the conversion to 48%
can result in the formation of a sample of dimers and short oligomers. Even if the conversion would reach
80% the likelihood to form a long chain polymer is still low and the sample would contain mostly short

oligomers.P!
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Figure 1. Schematic view of a poly condensation of a monomer with two reactive sites in relation to conversion. White: unreacted
monomer; blue: subunit with one linkage; grey: subunit with two linkages

There are ample variations in polymer architecture. In the simplest case, a monomeric building block A is
lineatly connected (figure 2a) to give a linear polymer. If the monomer A features multiple binding sites
(intersections), a branched 2D or 3D polymer may result (figure 2b). This allows for a large variety of shapes
such as star, comb, brush, dendronized or ladder polymers, and dendrimers. Similar to small molecules,

isomerization can occut, either during or after the product formation.

It is usually distinguished between different structural isomers (figure 2c), like in the case of polyvinyl alcohols
and polyethylene glycols where the position of the linkage varies. The second important class are based on
stereo isomers (figure 2d), where each monomer can theoretically adopt multiple configurations or
conformations such as s/ trans, R/ S ot eclipsed/ staggered isomers. It is also possible that the intetlinking of
monomers introduces a stereo centet. If the formation of such stereo center is not stereospecific, the number
of possible stereoisomers of the entire assembly can be enormous. Interestingly, the stereo centers affect the
physical properties of the polymer, especially in the case of stereo regular polymers, more than it is typical in

small molecules.

Polymer synthesis is not limited to a single type of monomer. A polymer formed from more than one type
of monomer is called a cgpolymer. Evidently, the use of multiple building blocks greatly increases the available
structural diversity. Consider the simplest case featuring two building blocks A and B. Interlinking the first
two building blocks can yield four products AA, BB, AB and BA. Each can react with another monomer A
or B, eventually leading to statistical copolymers with random sequential arrangements. To prevent the
statistical formation of polymeric products, restrictions can be imposed upon the monomers. For instance,
the functionalities can be chosen such that A exclusively reacts with B and vice versa. The formed polymer is

then defined as an alternating copolymer (figure 2e, AB).[7
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Figure 2. Schematic view of different poly architecture (upper part, a-d); variation of different copolymers: homopolymer, alternating
copolymet, periodic copolymet, block copolymet, statistical copolymer (lower part, €)

In a periodic copolymer the different monomer units do not alternate with every addition but they alter in a
periodic way, where a repeating pattern of the single units can be observed, ¢.g. AABAAB. Block copolymers
feature domains of one monomer unit that are linked together to form a polymer (AAABBB). In the case of
a graffed copolymer the polymer consists of a monomer backbone and side chains made from a different
monomer unit.

Properties of Polymers

The physical properties of a polymer are different than that of its monomer and depend strongly on it’s
dispersity, chain length, it’s architecture, level of conjugation, homogeneity and density. The monomers can,
however, introduce specific functionalities that allow for molecular recognition, cross linking or solubility that
can be preserved in the macroscopic polymer. Unique properties of polymers are for instance their
viscoelasticity, toughness and texture, formation of glasses and semi crystalline structures. Hence it is not

surprising that many polymeric structures occur in Nature, some with even vital functions for organisms.

The variety of possibilities of the final structure of a synthetic polymer has little limits. For instance, by using
two sites of potential linkage in the subunit results variation of length and cross-linkage and thus its tensile

strength, density and viscosity. Accordingly, increasing the complexity of the monomer leads to more complex



polymeric systems. It is therefore key to define characteristics to allow for comparability and reproducibility

and ultimately to tailor the property of the polymer to the desired application.

As mentioned, polymers feature important characteristics, depending among other things on their length,
weight, architecture, porosity, level of conjugation and viscosity. For example, a branched polymer can have
completely different properties depending on the amount of intetlinking, even though it is build up from the
same number of monomer units. It is therefore essential to define typical characteristics to benchmark
polymers. Two important features are: molar mass and degree of polymerization 7. Over the years, several
techniques were established to measure these parameters, which are divided into two groups: the absolute
methods where the measured data can be converted directly into the molar mass and the relative methods whetre
calibration to a known sample is necessary. Techniques like MALDI-TOF (abso/ute) and GPC (relative) are
used to determine molar mass distribution. For small molecules, the molar mass is well defined. However,
the synthesis of a polymer rarely provides a single defined length of the polymer chain, but instead a sample
of polymers that differ in the degree of polymerization is formed. Hence, such polymer samples are
polydisperse and the molar mass is defined as an average value of polymers of similar lengths contained in

the sample.[>4]

viscosity average
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Figure 3. Schematic plot of a polymeric molar mass distribution. Along with the position of typical average molar masses My, My,
M,.

The number (M), the weight (My), the centrifugation (M,) and the viscosity (My) average molar mass are the
most common molar mass averages used to describe a sample of polymers (figure 3). These averaged values
are equal if all the molecules in a sample have exactly the same size/chain length. Such a sample is then called
monodisperse. Monodisperse polymers are rare (DNA for instance), especially for synthetic polymers. In
polydisperse samples (samples containing different sizes of polymers) no single average number describes the
polymer accurately. It is best to know besides an average value as well the polydispersity index (D = My/My)
to define the polymer. A D value of 1 relates to a monodisperse sample, the larger the value gets, the broader

the molar mass distribution is.[8l



The number average molar mass (M,) is determined by the total weight of all the polymer molecules present
in a sample, divided by the total amount of polymer molecules in this sample:

_ ZiNiM;

Mn =S M

Ni = number of polymer chains in the sample with molar mass M;
M; = molar mass of a polymer / with a defined chain length

All molecules are therefore weighted according to their respective amounts present in the sample. The M,
value can be determined experimentally by several methods like gel permeation chromatography (GPC),

viscometry, vapor pressure osmometry, end-group determination or proton NMR.

For the weight average molar mass (M), the molecules in a sample are weighted according to their molar
mass. Here a larger molecule contributes more to the total mass of the polymer sample than the smaller
molecules do.

2
_ XiNiM;

My, = YiNiM; @

To determine My, of a given polymer sample, static light scattering, small angle neutron scattering, X-ray

scattering, sedimentation velocity and GPC are used.

Another commonly used descriptor is the centrifugation average molar mass (M.), which is determined by
the sedimentation equilibrium. M, is calculated by the following equation (3):

3
_ XiNiM;

Mz = YiN?M; 3

The viscosity average molar mass (M) is based on the idea that larger molecules induce viscosity in a sample,

which scales with the size of the polymer, and therefore its mass.

1
_ ZiNiMilJra]E

M, =
v XiNiM;

)
« = exponent in the Mark-Houwink equation, which relates the intrinsic viscosity to molar mass.
In general, the molar mass values increase in the following order M, = M, < My, = M,.

Especially for an AB-copolymer, an important factor is the accuracy of stoichiometry. An excess of one of
the monomer units increases the chance of having the same unit on both ends of the assembly. This prevents

that two longer strands (oligomeric or even polymeric) couple together, and results in lower molar mass.



Polymers and their Use
We find many examples of polymers in nature. The main component of cell walls of green plants is a polymer

— cellulose, which is likely one of the most abundant organic polymers on Earth. Other well-known examples
of polymers in nature are DNA and proteins which exist in almost every living organism. Due to polymers
unique physical properties, they play an essential role in various materials we now use in everyday life. Their
large molar mass results in unique physical properties, including toughness, viscoelasticity, and a tendency to
form glasses and semi crystalline structures rather than crystals, with tremendous implications for the electrical
and electronic industry. The use of Thermoplastic, a well-known family of polymer, is widespread. On account
of the material being cheap, versatile, easy to form, occurring in various degrees of stiffness and its resistance
to water, it is no surprise that it is used from packing material to space shuttle construction. The use of
Thermoplastics is crucial in coating electrical wires — as it is a flexible and insulating material at the same time.
Even in materials applications, polymers play an important role as protecting layer, light conducting panels or

dielectric medium in Microchips, solar cells and LEDs.[>-7]



Carbon Nanotubes

Carbon Nanotubes as a Promising Material
The worldwide commercial interest in carbon nanotubes (CNTs) is reflected in its annual production

exceeding several thousand tons.’l Two key features of CNTSs are their extraordinary tensile strength, about

10-fold higher than that of any industrial fiber,['l and their outstanding physical properties. In particular their

Figure 4. Electron micrographs of CNT, the parallel dark lines correspond to the (002) lattice images of graphite. The three different

pictures represent a five-walled CNT (a), a two-walled CNT (b) and a seven-walled CNT (c), Reprinted with permission from S.
lijima ef al.”?

thermal, electronical, mechanical and optical features make them promising functional materials in numerous
applications. The thermal conductivity of individual single-walled carbon nanotubes (SWCNTSs,for
clarification see following chapter) exceeds the value of the thermal conductivity of diamonds (3500 W m!
K1 at room temperature based on their wall area)l!!l. Although, Oberlin ¢ 4/ 1'% described hollow carbon
fibers obtained from vapor-growth in Journal of Crystal Growth (1976), Suomio Lijima is known as the first
researcher to serendipitously discover the occurrence of these structures, during his attempt in 1991 to
produce fullerene using arc discharge (figure 4).[314. Commercial presence of CNTs has grown exponentially

especially in the past decade and with it the annual number of CNT-related publications (figure 5).1%]
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Figure 5. Trends in CNT research and commercialization. (A) Journal publications and issued worldwide patents per year, along
with estimated annual production capacity (see supplementary materials). (B to E) Selected CNT-related products: composite bicycle
frame [Photo courtesy of BMC Switzerland AG]J, antifouling coatings [Courtesy of NanoCyl], printed electronics [Photo courtesy
of NEC Corporation; unauthorized use not permitted]; and electrostatic discharge shielding [Photo courtesy of NanoComp
Technologies, Incorporated]. Reprinted with permission from de Volder e al?



As a light but extremely strong material CNTs were used in the winner’s bike of Armstrong (prototype
Madone SSLx, unfortunately disqualified years later) at tour the France in 2005. Not only the bicycle industry
makes advantage of this material, the boat industry uses antifouling paintings made of CNT's, they are as well
found in printed electronic devices and used as electrostatic discharge shields. Current applications of CNT's
are mostly limited to the properties of CNT's in a bulk, which are mixtures of unorganized CNT architectures
with different nanotube fragments. As of today, large scale production has yet to produce monodisperse
SWCNTs. Fueled by potential promising applications of these materials, research has grown to an astonishing
scale, finding new challenges and opportunities for chemistry of this material.['’)l Among others, devices such
as electronic thin-film-transistors (TTT),¢ flexible displays,? flexible integrated circuits,['”] and chemical &
bio sensors!'8-211 see promising use of CNTs. The high quantum yield and the variable emission range of
SWCNTSs opens the opportunity for applications in photonic devices.l?2l Potential use of SWCNTSs were
tested for optical gain purposes as amplifier,[?3) mode-lockers for ultrafast lasers,?¥ or ultrafast optical
switching.[?’l Other examples of the application potential of SWCNTSs are their usage as catalytic fuel cells, 2]
as catalyst in proton exchange membrane fuel cells,|?’l as catalyst for cross coupling reactions,?8l hydrogen
storage,[??! high strength fibers,[!l solar cells,ll and transparent electrodes of solar cells.?") However, the fast
growth of SWCNT's mass-production is hampered due to their poor solubility, which originates from their
tendency to form aggregates as much as the challenges to obtain monodisperse samples of SWCNTSs. The
electronic properties of SWCNTs depend heavily on the integers (1,7, clarification in the next section), but
in many of the above mentioned applications only a minor fraction of the SWCNTSs actually possess the
appropriate physical properties for the device. It can be concluded that only a small fraction of tubes
contribute to the performance of the device while the rest are “silent” in the best case and dilute the active
species. As SWCNTSs are currently still produced as random, polydisperse mixtures, purification and targeted

production of SWCNT's move increasingly into focus of interest.

Classification of CNT's and their Production
Carbon nanotubes (CNTs) are hollow cylindrical tubes of one or more layers of graphene with nanometer

scale diameters and lengths up to a few micrometers.3!l These nanostructures can be described as a strip cut
of an infinite graphene sheet that is rolled up seamlessly to form a tube. Depending on number of layers of
graphene in a tube they are denoted as single-walled (SWCNTs), or multiwalled (MWCNTSs) carbon

nanotubes.P?

Whereas SWCNTSs are made up of a single graphene sheet and closed by a hemispheric fullerene
cap at its end, MWCNTSs are made up of several concentric graphene cylinders. Diameters of SWCNTSs are
smaller than the ones of MWCNTS, typically in a range of 0.8 to 2 nm and 5 to 20 nm, respectively, although
MWCNT diameters can get larger than 100 nm. Their length connects molecular and macroscopic scales,

reaching from less than 100 nm up to a few centimeters.!
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Perfect CNTs have all carbons bonded in a hexagonal lattice except at their ends and are made exclusively of
sp? hybridized carbon atoms. Unlike in benzene, carbon atoms in a nanotube are pyramidalized because the
surface of the tubes is curved. This leads to a misalignment of the n-orbitals over the carbon lattice and is
more pronounced in CNT with smaller diameters (figure 6).1% As a result, the reactivity of CNT is higher
when compared to graphene and decreases with larger diameters. The diameter and curvature of the tube and
its electronic properties depend on its chirality, which is defined as the orientation of the graphene lattice with
respect to the tube’s axis.’ There are numerous distinguishable symmetry-related ways of rolling up
hexagonal graphene sheets such that the edge atoms meet to form regular cylinders. To represent the diameter
and the helicity of a SWCNT the chiral indices (7,7) are used. These two integers define the roll-up vector Cy,

of the graphene lattice of a CN'T, with d; and @, as basis vectors (figure 7):53I

C, = na, + ma, = (n,m) (5)
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Figure 7. Principle of roll up vector of SWCNTs and example of R-(7,6) tube. # Represents the integer of the a; vector (purple)
and  the one of the azvector (blue). The roll up vector C) (orange) defines the connecting points for a (7,6)-SWCNT and its chiral
angle o.



SWCNTSs can be either metallic or semiconducting depending on their chiral indices. Studies have shown that
for given chiral indices (1,7), the electrical properties of the SWCNT can be predicted. If # = » the tube can
be referred to metallic. The quasi metallic tubes are a special case with a very small band gap; they are often
defined as metallic. For these tubes (7 — ) is a multiple of 3 and 7 # 7 and 7 x m # 0. All other CNTs are
semiconductors. 13 This imposes that approximately one third of the SWCNT are metallic and two thirds are
semiconducting. Metallic tubes have a finite value of charge carriers in the density of states at the Fermi energy
while semiconducting tubes have none (figure 8). Their band gaps are inversely proportional to the tube’s

diameter.l37]
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Figure 8. Electronic properties of two different CNT's and there corresponding density of states at different energies ((5,5)-metallic-
armehair-SWCNT (a) and (7,0)-semiconducting-zigzag-SWCNT (b)). Reprinted with permission from J.-C. Chatlier ez a/?”

Not all variations of rolling up a graphene sheet end up in a helical chirality of the surface pattern on the tube.
Therefore the SWCNTS are further divided into three groups according to their chirality. Achiral nanotubes
are called zigzag if 7 = 0 and armchair if # = m. Otherwise, they possess a helical chirality with the existence

of two enantiomers and are simply called chiral (figure 9).58]
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Today’s production of carbon nanotubes is dominated by catalytic chemical vapor deposition (CCVD),
particularly with the use of the floating catalyst method®! using nanosized iron particles that are dispersed on
the substrate or a floating reactant technique.l'24 The advantage of this technique is the production on large
scale while maintaining the control of the multiplicity of the nanotube walls. Highly crystalline CNTs are
commercially produced in combination with high-temperature thermal treatment. Other common techniques
to produce CNTs are arc dischargel*l], laser ablation or high-pressure carbon monoxide disproportionation
(HiPco) and high-pressure carbon monoxide disproportionation on Co-Mo catalyst (CoMoCAT) as a
subcategory of the CVD method.[*?l Each method is used to produce CNTs of different range of diameters
#31: HiPco and CoMoCAT tend to form SWCN'Ts with diameters between 0.7 — 1.1 nm, laser ablation 1.0 —

1.4 nm and arc disacharge between 1.2 — 1.7.143

Regardless of the technique used for the CNT preparation, the samples always contain undesired impurities.
The outlined techniques produce powders, usually containing a small fraction of desired CNT's among other
carbonaceous particles, like graphite, amorphous carbon, fullerenes, CNTs with defects, as well as metals
from the catalysts. These impurities alter the properties of the CNTs in the bulk material. Additionally, these
approaches do not result in monodisperse samples but mixtures of CNT's with different chiralities, diameters
and lengths. Recently, the production of SWCNT samples with highly enriched single-chirality species has
been described, either through controlled growth or postsynthetic separation approaches or a combination
of both. Fasel and co-workers converted a molecular template into ultrashort singly capped (6,6) ‘armchair’
nanotube seeds to catalytically grow a well-defined SWCNT on a surface.l* The state-of-the-art of chiral
controlled synthesis of SWCNTs is discussed in the review of Lie e 2/.*1 in detail. The main problems of
button up synthesis are upscaling and purity issues. Besides a targeted growth of carbon nanotubes,

purification techniques to isolate CNT's with desired diameters or chirality have been investigated.

Purification Techniques; Covalent Versus Non Covalent Functionalization
Purification of SWCNTSs with a specific characteristics is particularly challenging for several reasons. Two key

challenges are a) the structural similarity of the side-products formed during the synthesis of the nanotubes
and b) the tendency of SWCNT’s to aggregate which results in their poor solubility. Strong van der Waals
interactions between SWCNTSs reaching up to ~500 eV per 1 um of tube lengthl* lead to triangular, highly
polarizable, smooth bundles.[*”l SWCNT's are essentially build from sp? hybridized carbon atoms and differ
little in terms of chemical reactivity. In combination with the poor solubility the common purification

methods are insufficient to obtain pure samples of SWCNT's with a specific characteristics.
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Figure 10. Advantage and disadvantage of SWCNTs dispersion methods (covalent and noncovalent)

A limited number of solvents are known to solubilize carbon nanotubes to some extent. o-Dichlorobenzene,

N, N-dimethylformamide, N-methylpyrrolidinone and N,N-dimethylacetamide are among the best but the

solubility is still too low to process SWCNTs samples for application use.*8-52 Density gradient
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Figure 11. Summary of typical reactions used for covalent functionalization of SWCNTs for their dispersion.
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ultracentrifugationl>>>4 showed promising purification results and allowed access to samples of electronically-
enriched SWCNTSs. Subsequently, electrophoresis,>®l two phase extraction,6571 gell$] and size—exclusion
chromatographyl® further demonstrated capability to separate metallic and semiconducting SWCNTSs. Since
the discovery of ultracentrifugation, two common approaches to solubilize and purify SWCNT's based on
their electronic character and their chirality have been developed. Both rely on chemical modification of
individual SWCNTs to break the aggregates and solubilize the tubes (figure 10).°1 Addition of chemical
groups to the tubular walls disrupts the strong interactions between the tubes and therefore helps to unbundle
SWCNTSs and get them into solution.l®?l Typical approaches for the covalent modification of SWCNT are
summarized in figure 11. These include oxidation of CNT's end tips or sidewalls by introduction of a carboxyl
group that can be further derivatized to a desired functional group,[®3-8] sidewall halogenation, hydrogenation,
cycloadditions, radical additions and ozonolysis.[l The covalent functionalization is generally better in terms
of dispersion stability when compared to the noncovalent functionalization and effective reinforcement of
polymer films to the CNTs.["*-73l However, modification of the tube’s sidewall usually influences the tube’s
intrinsic properties in a permanent, uncontrollable way.’47% Furthermore this technique can result in cutting
the tube into shorter segments.[ Both the dependence of reactivity on electronic structure and the effect of
chemical modification on the electrical and mechanical properties have to be well understood to use this

techniques.[7l

Noncovalent dispersion of SWCNT is a milder method less prone to damage the tube retaining its inherent
properties after dispersion. It is realized by adsorption of a small molecule or a polymer to the surface of the
tube, typically involving vigorous stirring (e.g. sonication followed by centrifugation). However, a common
problem of this technique is a considerably weaker coating stability of the surfactant when compared to a

covalent bond (figure 10).1323443.69.77] The interaction of the dispersant can take place at different sites of the

tube (figure 12).
dispersant
(b

enthalpic (n-, CH-, etc)
?
l P ib

—> Pyrene, porphyrin, etc.
— —> Surfactant

entropic (hydrophobic)

CNT functionalization

Figure 12. Different interaction sites of the tube and the surfactant: groove of two tubes (A), sidewall (B), interstitial cavity (C),
individual tubes cavity (D) (left). Non covalent dispersion modes, reprinted with permission from Fujigaya e a/%%(right).

It can interact with the tube at a groove of two tubes (figure 12, A), at the outer surface of a sidewall (figure
12, B), at an interstitial cavity (figure 12, C) or at the nanotube cavity (figure 12, D).13 In general, the interior
of a SWCNT is more inert than the exterior, which is also true for covalent bonded functionalization.
Dispersing SWCNTSs in a noncovalent manner is either enthalpy-driven, involving n-n and van der Waals
interactions etc. or an entropy-driven process, such as hydrophobic interactions using surfactants.[s]

Surfactants on the SWCNT surface are in a dynamic equilibrium with the bulk solution. This enables the
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removal of the surfactants from the tube by simple filtration and dialysis to recover free aggregated tubes.[”!
Sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS), sodium cholate (SC),
cethyltrimethylammonium bromide (CTAB), Brij, Tween and Triton X are typically used surfactants due to
their low cost and good availability.[%l In contrast conjugated polymers that have multiple sites interacting

with the nanotube shell can shift the equilibrium that leads to a static dispersion and more stable solutions.[”]

Such polymer—tube complexes remain after filtration and washing, prohibiting re-bundling of the tubes. This
type of adsorption can influence the intrinsic properties of the tube even if no covalent bonds between the
polymer and the tube are formed. Polymer wrapping for solubilization is known,81:82 in particular single-
stranded DNA was found to be capable of sorting SWCNTS5.[83-%1 Relatively recently, conjugated polymers
have been found to disperse semiconducting SWCNTs efficiently and selectively. Nicholas and co-workers(8]
were first to report that poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) (entry 1 and 3, table 1) shows a specific
selectivity towards semiconducting SWCNTs. It was found that the PFO-SWCNT dispersion in toluene
contained only a small fraction of SWCNTSs compared to the unselective dispersion of the same sample of
SWCNTSs with SDBS in water. As one can see cleatly in figure 13 a and b dispersion with the polymer did not
decrease the emission intensity of (8,6)-tubes compared to the solution with SDBS, but it decreased or even

eliminated the presence of other tubes.
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Figure 13. Dispersion ability of PFO and PFO-BT towards HiPco SWCNTs in comparison to SDBS. Measured photoluminescence
excitation maps of the polymer-SWCNTSs solutions a, ¢ and corresponding graphene sheet maps b, d. First reported by Nicholas and
co-workers. Reprinted with permission from A. Nish ez a/%¢

Interestingly, insertion of a benzothiadiazole into the polymer backbone (poly[9,9-dioctylfluorenyl-2,7-diyl)-
co-1,4-benzo-{2,1°-3}-thiadiazole)] (PFO—BT or F8BT)) changed the selectivity towards (10,5) — SWCNT's
adressing a larger diameter, but only a small subset of tubes was dispersed. The dispersion protocol involved
sonication of a solution of the polymer and the tube, first for 60 minutes in a usual sonic bath and then for
15 min in a ultrasonic disintegrator, before centrifuging the sample for 3 minutes at 9,000 g to observe the
desired dispersion. The authors postulated that the selectivity of the polymer towards the specific SWCNTs

is enhanced with rigidity of the polymer backbone. Due to the limited conformational freedom in the polymer
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backbone, the n-m stacking is limited to SWCNT's with suitably curved. Absorption, emission and Raman
spectroscopies proved that the samples were enriched with SWCNT's of specific chirality and that the metallic
tubes were absent. The selectivity changed if different solvents or SWCNT samples were used.l”] For
example, PFO and PFO-BT displayed the highest selectivity in toluene or xylene, while it decreased in THF
and, in particular, in chloroform because the density of chloroform precluded the sedimentation of nanotube
bundles during centrifugation. In the same paper, the influence of the rigidness of the polymers backbone

was investigated. The authors concluded that more rigid polymers are more likely to be selective for specific

SWCNTs.

Chen et a/18% (entry 3, table 1) used the same polymers (PFO and PFO-BT) and investigated their dispersing
quality towards narrow-diameter distributed CNTs concluding that PFO disperses smaller diameter
semiconducting SWCNTSs than PFO-BT (0.83 — 1.03 nm, 1.03 — 1.07 nm respectively). In addition they were
able to reproduce the results of Nicholasl®l by using HiPco CNT material, which is remarkable because the
diameter range of a given sample of SWCNTSs is strongly dependent on the manufacturing process and varies
even from batch to batch for any given synthesis. It is thus not surprising that the results obtained for a
polymer depend on the sample of SWCNTS, which therefore requires a clear description of the SWCNT's

sample.

Since the discovery of the dispersing power of PFO, various polymers were designed to selectively enrich
samples with SWCNTSs of specific chiraliy. This depends on the nature of the polymer, the production
technique of the SWCNTs, the solvent used for the dispersion, the polymer : SWCNT ratio and on the
dispersion conditions. A fluorene subunit represents the most popular building block in conjugated polymers
which serve as semiconducting SWCNT dispersant. Thiophene- and carbazole- based polymers were
investigated, too.3%-21 Despite considerable efforts, there are no polymers to date that are known to disperse
metallic SWCNTSs exclusively. Table 1 highlights the performance of some of the polymers and the SWCNTSs

characteristics which they enrich in samples of SWCNTs.[+3]
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Table 1. Highlighted selective conjugated polymers and their dispersion properties

enriched
primary chiral
SWCNT chirality = diameter angle
entry polymer structure production (n,m) (nm) ©) Solvent
O.D CoMoCAT (7,5) 0.82 24.5 toluene
1 CeH17CoH1r (n) HiPco (8,6) 0.95 25.3 toluene
PFO Laser aplation 9,7 1.09 25.9 toluene
Cr DL
() N~ N
2 CotnCaHir (n CoMoCAT (6,5) 0.76 27.0 toluene
PFO-BPy
N'S'N
O O HiPco (10,5) 1.05 19.1 toluene
3 (S HiPco 9,4) 0.90 17.5  o-xylene
CgH17CgH17 (r)
Arc discharge (15,4) 1.36 11.5 toluene
F8BT or PFO-BT
4 C8C8H17(n) HiPco 8,7) 1.03 27.8 toluene
PPhO
5 50 i
C12H25012H25(n) HiPco (7,6) 0.88 27.5 toluene
PFDD
. <
6
HiPco 20 toluene
7 HiPco ®24> toluene
8 CaoHor CroH Y HiPco (10,3) 0.94 127 toluene
P7 x:y=15:85
O‘D N |
9 i) Laser aplation (13,5) 1.26 15.6 toluene
CgH17CsH17
PFOPy

16



Ozawa e¢f al. presented PFO-BPy as suitable polymer for enrichment of (6,5) SWCNTSs out of a CoMoCAT
nanotube sample (entry 2, table 1).1921 The purity of the enriched sample was determined to be up to 97%.
The sorting of HiPco SWCNTs by conjugated polymers was investigated extensively and with promising
results regarding chirality. Entries 7 and 8 in table 1 show the results of Ozawa ez a/., who systematically varied
the ratio of the fluorine subunit with a linear and a branched, more bulky side chain in the polymer. With the
different copolymers they revealed that the increase in steric bulk of the side chain leads to a dispersion of
SWCNTs with smaller chiral angles.3l They also investigated the variation of the backbone and compared
the selectivity of PFO and PPhO polymers.[l Their results indicate that PPhO preferably recognizes SWNT's
with larger-diameter and higher chiral angles compared to those recognized by PFO. The influence of non-
aromatic ring numbers of the backbone of PPhO results in different SWNT chirality recognition/extraction

behaviors (entry 4, table 1).

The effect of the length of the solubilizing alkyl chains of PFO on the selectivity of the HiPco and arc plasma
jet prepared SWCNT dispersion in toluene was examined by Loi and co-workers.[?’] Systematic elongation of
the alkyl chain from 6 to 12 carbons in PFOs were tested. For dispersions with longer alkyl chain polymers,
a higher SWCNT concentration was observed, together with a selectivity towards larger diameter
semiconducting SWCNTSs. However, the overall selectivity decreased and more metallic impurities were
found in the samples. That sidechains affect the dispersing selectivity and quantity was as well shown by the
work of Kappes and co-workers (entry 5, table 1).°% In addition, they were able to enrich predominantly
specific SWCNT species, by optimization of polymer mass concentration in relation to the one of precursor
SWCNT material. Obtaining specific enrichment of (7,5), (7,6), (10,5), or (9,7) SWCNTs, through the ratio
optimization of various combinations of PFO or poly(9,9-di-#-dodecylfluorene) (PFDD) polymers and
different produced SWCNT material. They postulate that limiting the polymer amount was critical for single-
chirality selectivity. The impact that preparation conditions have on the dispersion selectivity is again

underlined with these results.

Modifications in the polymer backbone was investigated to understand the selectivity towards other specific
diameters of SWCNTSs.1971 A trend that overall high conformational rigidity in the polymer backbone correlates
with the dispersion of tubes with larger diameter has been observed, while polymers which exhibit more

flexible backbone were more selective to small diameter tubes.[%8]

The group of Mayor used a polycarbazole instead of PFO (entry 06, table 1) to disperse HiPco SWCNTs. 1
Polycarbazoles possess an increased n- conjugation in the polymer backbone and lower steric hindrance due
to the presence of a single alkyl sidechain, in contrast to two side chains in fluorene. In this study, the
molecular weight of the polymers/oligomers was relatively low, due to the poor solubility of the carbazole
unit, which made it difficult to compare directly with the results obtained for the fluorene-based polymers.
Nevertheless, dispersion of semiconducting SWCNTs was observed. While PFO derivatives disperse
selectively HiPco SWCNT's with a chiral angle @ = 20°, the polycarbazole derivative (P6) disperses tubes with

a chiral angle of @ < 20°. Rice ¢t al. presented a high molar mass polycarbazole including a different
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solubilizing group which is selective towards small diameter semiconducting SWCNTSs in toluene and THF .-
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Figure 14. Structural variation in the polymers backbone of PFO and carbazole based polymers. Reprinted with permission from F.
Lemasson ez al.’0?

In the context of structural variation of the polymer backbone, the Mayor group synthesized a library of
fluorene and carbazole based homo- and copolymers, including naphthalene, anthracene, or anthraquinone
linkers with different connection points in the individual subunits.'92 The results generally show that the
most stable suspension was formed with 2,7-connected fluorenyl and carbazole polymers, with an exception

of (poly(IN-decyl-3,6-carbazole) which unselectively dispersed a wide range of SWNT species (figure 14).

With PFOPy and laser ablation CNTs (entry 9, table 1), Tange ¢f al. were able to capture SWCNTSs with
diameter size of 1.26 nm that emit light in the near infrared region, suitable for applications in
telecommunication.'] Further they used PFO-BT polymers (entry 3, table 1) with Arc-discharge tubes to
selectively address (15,4)-SWNTs, which confired previous results that PFO-BT is selective towards tubes
with larger diameters (~1.38 nm).['14 This selectivity is attributed to the matching energy levels of the polymer
and the tube. Considering that the band gaps of SWCNTSs are related to their diameter, it is evident that

recognition of SWCNT with various diameters has attracted considerable interest.
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Figure 15. HiPco SWNTs dispersed in aqueous solution using sodium cholate (upper graphic) and in toluene using organic

copolymers (lower graphic). The graph shows the chiral angle of the tube versus its diameter and the size of the data points refers to
the concentration of the specific SWCNTs. Reprinted with permission from N. Berton ez al’0°
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The anthracene group in poly(9,9-didodecylfluorene-2,7-diyl-a/-anthracene-1,5-diyl) is attributed to be the
reason of the preference of the polymer to wrap around SWCNTSs having a diameter of = 0.95 nm.['%] In
figure 15 one can see the dispersion of HiPco SWCNT's in aqueous solution with only sodium cholate as
reference (figure 15, top left) compared to the dispersion of the same SWCNT batch with the polymer in
toluene (figure 15, bottom left). Blackburn and co-workersl'%l observed the same selectivity towards larger
diameter semiconducting SWCNT's when the surface area of the aromatic rings in the repeating units in the
copolymer backbone increased. A different connection of anthracene unit in a copolymer than discussed
above increased the conjugated n-system and the selectivity of the copolymer towards large diameter (10,8)-

SWCNTs (1.24 nm). Such correlation was also found in more recent studies.[107-10%

In addition, SWCNTSs with larger diameters (= 1.1 nm) were dispersed by copolymers comprising either
fluorene/pytidine or carbazole/pyridine unites by Mayor and co-workers.['1% The putification step of the
sample after dispersion was shortened to a one-pot extraction where no further ultracentrifugation was
needed. Even though the selectivity was reduced, the sorting yield could be enhanced. Similar results were

obtained for the fluorene-based polymers presented by Mistry e 2/119]

The influence of polymers chain length on the polymer dispersion ability was as well investigated by the
groups of Mayor and Adronov.[111112] The sorting yield and the purity of SWCNTSs after dispersion depend
on the molar mass of the polymer. In the case of PFDD at least six fluorene subunits are needed to observe
any dispersion activity. Although fast precipitation of the oligomers—SWCNTs complexes was observed,
stability and dispersion was found to increase with higher molar mass of the polymer.[1!!l Andronov and co-
workers synthesized poly[2,7-(9,9-dioctylfluorene)-alt-2,5-(3-dodecyl-thiophene)| (PFT's) with a molar mass
ranging from 5.7 up to 83 kg/mol.l''2l The maximum concentration of SWCNTSs was reached with polymers
with My between 10 and 35 kg mol~!. Higher and lower M, resulted in substantially reduced nanotube
concentration, which is attributed to a weak n- interaction between oligomers and the SWCNT surfaces, and

the lower solubility of larger polymers and therefore their tendency to aggregate (figure 16), respectively.
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Figure 16. Dispersion concentration of PFT-SWCNT complex versus molecular length of the used polymer. Reprinted with
permission from P. Imin ef al.'7?
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A similar behavior was observed for PFDD by Ding e @/l On the other hand, increasing the molar mass
of the asymmetric polymer poly(9-dodecyl-9-methyl-fluorene) (PF-1-12) resulted in a reduced selectivity,

most likely due to increased viscosity of the high-molar-mass polymer solution.[''4

To increase the variety of polymers the group of Mayor explored the synthesis of copolymers by using click
chemistry. These copolymers comprise a 1,2,3-triazole combined with a fluorene unit..l''3l These polymers
were selective towards HiPco synthesized SWCNTSs with @) > 20°. Overall the selectivity and the dispersion
ability was found similar to POF. However, the preparation of the copolymer with click chemistry approach

offers a number of advantages compared to polymerization by Suzuki coupling (figure 17).
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Figure 17. Structural diversion in conjugated copolymers backbone for SWCNT presented by Mayor ez al.’’>

The group of Bao investigated polythiophene derivatives and their sorting ability for CoMoCAT and HiPco
SWNTs. 89 Examination of the influence of side-chains was performed by randomly varying compositions of
branched and linear alkyl chains in diketopyrrolopyrrole-co-tertthiophene (PDPP-3T) (0 — 20% linear alkyl
chains). Decreasing steric hindrance using linear alkyl chains increased the strength of the interaction of the
polymer with the SWCNT. An ideal balance of sorting yield and selectivity was found for the polymer
containing 10% of linear alkyl chains.[''9l Furthermore, excessive decrease of the amount of side chains results
in complete loss of polymer dispersion ability. The sorting yield of semiconducting CoMoCAT tubes related
directly to the length of side-chains used in the polymer (longer chains = higher sorting yield).’”l The
selectivity leaned towards smaller-diameter semiconducting tubes with larger bandgaps, which are ideal for
the use in active layers of solar cells. With HiPco SWCNT's a high purity and selectivity with polythiophene
as dispersing polymer was obtained (semiconducting SWCNTSs purity > 99%).[1171 Overall both the length
and the density of the side chain in the polymer influence the polymer dispersion ability. In addition, the same
group addressed larger diameter semiconducting tubes by using copolymers with rigid backbones and
increased surface area of aromatic units with improved selectivity towards larger diameter SWCNTSs in accord

with the studies using polyfluorenes.P0:116.118]

Electronic properties of the polymer backbone influence the selectivity towards metallic or semiconducting
SWCNTSs.P8 Currently, the use of electron rich n — conjugated building blocks like fluorene, thiophene and

carbazole provide polymers that selectively disperse semiconducting SWCNTs. The group of Adronov
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investigated the dispersion of electronically distinct polymers.[11%120] They compared the dispersion ability of
two fluorene based copolymers, one with an electron rich p-dimethoxyphenyl and one with an electron poor
p-dinitrophenyl linker. While the electron rich copolymer dispersed semiconducting SWCNT's selectively, the
electron poor copolymer was unselective and dispersed both semiconducting and metallic SWCNTs.['1%] In a
subsequent work they investigated the dispersion of poly(fluorene-co-pyridine) copolymers and their
positively charged methylated derivative. The decrease in electron density was found to strongly increase the
amount of metallic SWCNTSs that were dispersed.')] The results show that electron density in the polymer

backbone has a strong impact on the amount of dispersed metallic SWCNTs.

From the perspective of device fabrication, not only the dispersion ability matters but as well the influence of
the conjugated polymer on the properties of the tube. Even though fluorene containing polymers show good
selectivity to semiconducting polymers, they exhibit unsuitable large bandgaps. In this context thiophene
based polymers are better, though less selective. Nicholas and co-workers found that thiophene based
polymers have higher affinity towards SWCNTs than fluorene based polymers even though they are less
selective.'21.122] Initially they dispersed semiconducting SWCNTSs whit PFO, to then perform a polymer
exchange with the less selective but stronger binding poly(3-hexylthiophene) (P3HT) and by this enabled a

better performance in electronic devices.

Earlier it was mentioned how dispersion by polymers was realized by Nicholas co-workers. It can be generally
concluded, that a few parameters of the dispersion protocol influence the dispersion ability of a polymer as
summarized in figure 18. The influence of the polymer structure, the type of nanotube material used for the
dispersion and the influence of ratio of the two was already discussed before. That variation of solvent has
an impact on dispersion was mentioned and it was highlighted that dispersion selectivity towards
semiconducting SWCNTSs tend to be much better in non-polar solvent, such as toluene.l'?3] The fact that
these solvents are unable to stabilize dipole moments is thought to be the reason that the more polarizable
metallic SWCNT/polymer complexes can aggregate into bundles, due to dipole-dipole interactions and

sediment during centrifugation as a result of the higher density bundles compared to the individual

Figure 18. General overview of SWCNT dispersion and the parameters which can be influence during the dispersion protocol; a) #pe
of SWCNT fabrication; b) solubilizing polymer: backbone structure, molar mass, side chains; ratio of a and b; c) sonication #me, solvent and
temperature; resulting in d) SWCNT bundles and soluble polymer coated SWCNTSs; e) centrifugation to remove the SWCNT bundles:
speed €) dispersed polymer coated SWCNTs.
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semiconducting SWCNTSs/polymer complexes.[*3.124 These trends are not absolute. Dispersions in polar THF
tend to have poor selectively, but individual examples exist in literature were selectivity towards
semiconducting SWCNTs are reported in THF.PL100.120] Furthermore, several solvent properties like viscosity
and density have shown to influence the dispersion selectivity and ability and are currently
investigated.l123.125.126] As well the sonication power, length and temperature and the centrifugation power can
have an impact and should be considered. Different trends of these parameters are concluded in the review

of Adronov.8l

Nakashima and co-workers were first to bring the complexation of SWCNTSs and polymers a step further in
terms of chirality.'?’l They were able to enrich either left or right handed semiconducting SWCNT's by using
a bulky chiral fluorene-binaphthol copolymer. The binaphthol building block was responsible for the
incorporation of the chiral moiety and the fluorene was chosen as it is already known to disperse
semiconducting SWCNTs (figure 19). Through simple one-pot sonication of the copolymers and CoMoCAT
SWCNTs, extraction of right-, respectively left-handed semiconducting SWNT enantiomers with (6,5)- and

(7,5)- enriched chirality was achieved as confirmed by Circular Dichroism (CD) spectroscopy.

Enantiomer

separation

Figure 19. Copolymer presented by Nakashima and co-workers for enantiomeric separation of SWCNTSs. Reprinted with permission
from K. Akazai ez al.’?

Selectivity for handedness was also achieved by Deria e a/..28] They used highly charged semiconducting
polymers including R respectively S conformers of 1,1'-bi-2-naphthol detivatives in the conjugated polymer

backbone and achieved significant preference wrapping of SWCNT's single helical handedness.
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Figure 20. Ability to release the wrapping of the dispersed SWCNT on demand, through change of the polymers conformation.
Reprinted with permission from Y. Joo ef al.’?
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In order to use the dispersed SWCNT's properties without interfering effects of the polymer, various attempts
of polymers were realized which enable release of the wrapping after dispersion. In this context Joo ez a/l1%]
used the ability of the bipyridyl units in PFO-BPy to chelate rthenium. Through complexation to rhenium the
conformation of the polymers backbone changes and therefore looses the adsorption interaction to the
SWCNT during wrapping and allowed the release of the tube. Thus, as seen in figure 20, a combination of
first use the selective wrapping and dispersion ability of PFO-BPy towards semiconducting SWCNT's
followed by the disorientation and unwrapping of the polymer through metal complexation, it was possible

to isolate a pristine semiconducting SWCNT sample.

Dynamic metal coordination chemistry was also used by Nakashima and co-workers.[130 In their work they
used supramolecular coordination chemistry to form metal linked polymers. The formed polymer consists of
a fluorene unit with two phenanthroline moieties used for metal-complexation linkage to the next unit. Non-
selective dispersion of metal and semiconducting SWCNT in benzonitrile was feasible with this polymers.
Addition of toluene initated sedimentation of the metallic tubes while keeping semiconducting SWCNT's
dispersed. Subsequent release of the polymer was achieved by degradation of the polymer by addition of

trifluoroacetic acid.

Another approach to address the release of a SWCNT from the polymer is to degrade the polymer which
enwraps the semiconducting SWCNT after it’s dispersion to enable a release as the multiple adsorption points
of one molecule are lost. Using hydrogen bonding and imine hydrolysis Bao and co-workers were able to sort
the desired tubes, release them from the polymers by degradation and not only isolate the purified SWCNTSs
but as well recycle and reuse the polymer (figure 21).1124131,132]
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Figure 21. SWCNT wrapping release through hydrolysis of the imine bonded polymer and recycling via reformation of the re-
polymerization of the monomeric units. Reprinted with permission from T. Lei ef al.’?

Our group address this challenge with a photo cleavable polymer, containing a ¢-nitrobenzylether (Y) in the
fluorene (X) backbone (figure 22).133 To ensure selectivity the X:Y ratio has to be at least three to one,
meaning three consecutive fluorene subunits need to be present. Upon photo-lrradiation, the polymer which

wrapped the SWCNT could be cut into small sections, which allowed removal of the tubes surface.
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Figure 22. Structure of photo cleavable copolymer published by Mayor ez a/.’?

Postulated Sorting Mechanism of Conjugated Polymers towards SWCNT's
The SWCNT sorting ability of certain polymers by selective dispersion is multifaceted and not yet

comprehensively understood. Considering the general procedure of dispersing SWCTs with conjugated
polymers, the selectivity could occur at two stages, either during centrifugation through formation of selective
bundles or through selective exfoliation and wrapping of the polymer around the SWCNT during the
sonication process (figure 18).1961341 These two concepts of selectivity (post-wrapping/exfoliation) do not

necessarily exclude each other, selectivity is likely to feature a contribution from both.

Aspects in favor of selective aggregation were proposed by Bao ez 21123l They postulated that polarizability of
SWCNTSs was one of the central parameters for selectivity. Calculations showed that semiconducting and
metallic SWCNTSs have markedly different polarizabilities, the metallic SWCNTs being ~10% times more
polarizable than the semiconducting ones. Based on this knowledge, it follows that metallic SWCNT—polymer
complexes aggregate into bundles during centrifugation in non-polar solvents while semiconducting
complexes are dispersed due to pronounced dipole—dipole interactions between metallic complexes.['23 This
reasoning is underlined by the observed solvent dependency, where non-polar solvents — which are incapable
of stabilizing dipole moments — usually display higher selectivities. There are, however, exceptions to this rule
and some teports show selective aggregation/dispersion in polarizable solvents such as THF, which is able
to stabilize dipole moments. Moreover, only a resolution of metallic and semiconducting SWCNT's would be
feasible but selectivity towards a specific diameter of a SWCNT or even chirality would be challenging to
explain. Adronov ef al. suggested that selectivity arises in the exfoliation step.”! They postulated a
thermodynamically driven process, with enough energy available from the sonication to overcome the
activation energy of the polymer SWCNT complex formation. Additionally, it would allow to overcome the
energy barrier to aggregate specific SWCNT bundles and therefore allowing reversibility of the exfoliation
and bundling. Selectivity would thus arise from the stability of the polymer SWCNT complex and the stability
of the bundles within the sample. In accord with this postulate is the fact that polymer exchange of P3HT
and PFO-SWCNT complexes are feasible with sonication.[?ll Moreover, the displacement of fluorene
oligomers with PFDD-BT polymers underline as well the likelihood of a selective exfoliation controlled
process.[111 That dispersion selectivity is enhanced by limiting the amount of available amounts of polymer

during the dispersion also point towards a selective exfoliation process.

In this summary, various examples of the selective dispersion of SWCNTSs through polymers were
highlighted, demonstrating that variation of the polymer structure has an impact on the selectivity — even

though the reason for selectivity is far from being completely understood.
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Justification for our Work
This comprehensive overview about noncovalent wrapping and sorting of SWCNT's by conjugated polymers

demonstrates the complexity of this quickly growing research field. Clearly, numerous variables influence the
selectivity and quantity of SWCNT's dispersion. The polymer structure, its molar mass, the type of the used
CNTs, the sonication temperature, the ratio of polymers and CNT material, the solvent used for the
dispersion and other experimental conditions influence the selectivity.3*77981 A full understanding of the
observed selectivity principles and the underlying mechanism has not yet been achieved. The comparison of
the results from different studies is also challenging because the results depend significantly on the
experimental conditions and the samples of CNTs. The analysis of relationships between the experimental
parameters is crucial to maintain the consistency during a study. But, systematic variation of the conjugated
polymer structure to dedicate the CNT selectivity is non-trivial as structural changes of the monomer unit
derive in different reactivity during the polymerization and therefore often resulting in different polymers
length. It is nonetheless important to conduct these studies relentlessly, with the vision of achieving large

amounts of monodisperse, and affordable SWCNTs one day.
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Molecular Design

Figure 23. Schematic view of AB copolymer (left) and AB copolymer wrapping around a SWCNT.

We have a long standing interest to use polymers for dispersion of large, insoluble polyaromatic systems such
as carbon nanotubes. Conceptually, the use of aromatic organic polymers to selectively solubilize certain types
of single walled carbon nanotubes was first published by Nish e all8l They found that poly(9,9-
dioctylfluorenyl-2,7-diyl) (PFO) has a particularly strong selectivity for (8,6) SWCNT, if a HiPco mixture is
solubilized in toluene. The selectivity for both chiral angle and tube diameter was found to be modulate
strongly with small changes of the polymer structure. Since the publication of Nish ¢ al. various polymers
were found to be able to solubilize carbon nanotubes and the interest in this research field has grown.[#3.98,133]
Our group focused as well on dispersing qualities of polymers. Instead of fluorene units, copolymers of
carbazole were used. Poly(N-decyl-2,7-carbazole) as well as different copolymers of fluorene and carbazole

units showed good dispersing qualities.[?1,102105110,111,115,133]

As outlined in the introduction, polymers can be tuned towards selective interactions with other
macromolecular structures. Of particular interest are single-walled carbon nanotubes (SWCNTSs), whose
monodisperse isolation remains challenging. We envisioned that we can encode a strong interaction of a
building block towards a curved n-surface and amplify this interaction across an entire copolymer (figure 23).
Depending on the type of linkage, the formed copolymer should adopt a different tertiary structure and thus
be selective towards a specific tube-diameter and 7 indices. The resulting tightly bound copolymer-tube
assembly should dissolve in common organic solvents, depending on the solubilizing groups introduced into
each monomeric building block and therefore be separable from the uncoated SWCNTs. The usage of chiral
monomer units might allow selection for tube chirality — a feature that controls many of the properties of

SWCNTs but is extremely challenging to obtain as monodisperse sample.

As previously outlined, the key requirements for the main building block are a) an efficient and modular
assembly, with the potential of achieving multi-gram scales; b) high structural integrity, c) high solubility in
common organic solvents; d) a platform to introduce chirality selectively and ¢) incorporation of a reactive
moiety for efficient polymerization. Additionally, the assembly should be highly modular as it is challenging

to predict the exact spatial requirement of each building block to show optimal selectivity.
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Figure 24. Conceptual drawing of the polymer (left) molecular representation of the envisaged polymer (right).

Eventually, we devised alternating A-B copolymers that consists of a chiral interface A and a linker B for
connection and spatial resolution. The most prominent structural feature of our polymer is a triptycene
analogue (ethenoanthracenes) as triptycenes are literature known as surfactants for CNTI30 and possess a
concave m-system for an efficient and selective surface n-n interaction with the desired carbon nanotube
(figure 24). Deplanarization of a parent anthracene via regioselective Diels-Alder reaction introduces the
concave binding interface and allows the overall physical and chemical properties of the polymer to be fine-
tuned. To increase solubility of the polymer — before and after dispersion- long alkyl chains can be introduced,
which also can be altered to introduce other features like solubility in other solvents or to immobilize the
complex on a surface. Attachment of the linkers on opposite ends of the ethenoanthracene building block
defines a preferred wrapping direction and introduces chirality upon deplanarization. Two enantiomeric
centers are formed leading, due to the selectivity of the Diels-Alder step, exclusively to two enantiomers which
can be separated by chiral chromatography. As the chiral centers of the monomer unit cannot racemise
without decomposition of the molecule and the polymerization reaction has no influence on the chiral unit,
the product should be an enantiomerically pure copolymer. Both enantiomers would be accessible from their
respective enantiomeric monomers. As poly(9,9-dioctylfluorenyl-2,7-diyl) and their derivatives already
showed adsorption affinity to SWCNTSs, we intended to start with fluorene unit as linker. Varying the linkers

allows to tune the selectivity for diameter, rigidness and to degrade the polymer after dispersion.
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Building blocks
As outlined in the prior section our envisaged polymer features two main building blocks — the chiral interface

(1) and the linker (5), which are assembled independently (scheme 2).
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Scheme 2. Retrosynthesis of a representative target polymer P1 and molecular representation of the individual building blocks

Chiral Interface. Anthracenes are abundant and well explored, making them ideal starting materials. To provide
an addressable handle for interlinkage by cross-coupling and to make the molecule chiral once deplanarized,
we settled on a 2,6-disubstituted anthracene derivative. Reduction of anthraflavic acid (4)['3"] and subsequent
triflation of the formed 2,6 dihydroxyanthracene (3) installs handles for initiating polymerization, while

reaction with dimethyl acethylene-dicarboxylate would give the desired ethenoanthracene 2 framework.

Linker. As polyfluorene is known to show dispersing quality, we decided to incorporate fluorene as a linker
in our initial attempts. It provides two alkane chains, for increased solubility in organic solvents, an essential
feature for good dispersing properties. Based on previous successes in our group we envisaged to
copolymerize the linker 5 and ethenoanthracene 1 using a Suzuki-based polymerization. Suzuki cross-
couplings are known to be highly regio —selective and tolerating a wide range of functional groups. Thus the
linker needed boron moieties on each end. The synthesis of this initial linker is literature known and realized

via a twofold borylation of 2, 7-dibromofluorene (6).!33]
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Results and Discussion

Synthesis of dimethyl polymer P1
We began our investigation on commercially available 2-bromoanthracene (7) with the intention on

converting the structure to the corresponding ethenoanthracene and attach a model-linker via Suzuki-Miyaura
cross-coupling. Indeed, we observed clean conversion of 2-bromoanthracene (7) into the corresponding
ethenoanthracene 8 (98%) with dimethyl acethylene-dicarboxylate (DMAD) at elevated temperatures. Diels-
Alder reactions are concerted pericyclic reactions and due to the substitution pattern of the starting material,
two enantiomers (8, RS and SR) were observed. We found the structure 8 to be well soluble in organic
solvents, on account of curvature and the incorporated ester moieties. These will allow for post-assembly
modification of solubility etc. Pleasingly, the halogen was still present after the conversion and could be
subjected to Suzuki cross-coupling with phenyl boronic acid. To avoid cleavage of the ester, mild conditions
featuring Pd(dppf)Cl> were selected. Again, the conversion was excellent, validating the suitability of the
chosen conditions for the model system (scheme 3). Due to the excellent yield, we decided to employ the

same strategy for interlinking the individual building blocks into the corresponding polymer.

Phenylboronic acid
pinacol ester
Cs,CO;3, Pd(dppf)Cly

\

Br DMAD

toluene, 48 h

DMF, 7 h, 85 ° t.
reflux, 98% ,7h,85°C, quan

7
0 1) NaBH., MeOH o
Br 1h, rt Br 1) NaBH,, MgOH, reflux Br
Br  2)IN HCI, MeOH/H,0 O‘O Br  2)2NHCI, MeOH/H,0 Br
O 1h,60°C 18 h, reflux 12
10 11 H
DMAD
toluene

Scheme 3. Synthesis of mono functionalized model compound 9, and initial trials towards dibromo-ethenoanthracene 13.

To obtain a building block suitable for polymerization, we intended to use 2,6-dibromo-anthracene (12) in
analogy to our initial model systems. As it is not commercially available, we began with the 2,6-dibromo-9,10-
anthracenedione (10) precursor with the intention of reduction to the anthracene derivative 12. Reductive
conditions similar to literaturel!3813] gave the mono-reduced intermediate 2,6-dibromoanthracene-9(10H)-
one (11) but no further reaction was observed, only partial retention of starting material was obtained (scheme

3).
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Scheme 4. Synthetic route for copolymer P1

As the reduction of anthraflavic acid (4) is described in literature, 38140 we envisaged to convert the hydroxyl
groups into triflates, which are known to undergo Suzuki couplings with a variety of boronic acids and esters.
The overall approach would thus remain similar. Anthraflavic acid (4) was reduced with NaBH,4 in moderate
yields to give 2,6-dihydroxy anthracene (3). We intended to carry out the Diels-Alder reaction as eatly as
possible in the synthesis, which would allow us to separate the enantiomers on plentiful materials. However,
heating diol 3 in dimethyl acethylene-dicarboxylate did not yield the desired Diels-Alder product in reasonable
yields, likely because of precipitation. We reasoned that triflates could help to promote the DA step and
converted the hydroxyl groups into triflates prior to the cycloaddition. Dry and degassed base was crucial for
the success of the triflation, as well as low temperature to prevent hydrolysis of the triflates. Satistyingly,
compound 2 quantitatively reacted with dimethyl acethylene-dicarboxylate in refluxing toluene to the desired
racemic Diels-Alder product 1 (scheme 4). Prior to polymerization, chiral resolution of the monomeric
building blocks was crucial. A racemic building block would lead to a statistical mixture of a vast amount of
stereoisomers. Consequently, ethenoanthracene derivative 1 was resolved into its enantiomers by HPLC on a
chiral stationary phase. Screening was initiated using an analytical Daicel Chemical Industries, Ltd.
CHIRALPAK IA column, (4,6 X 250 mm, particle size: 5 micron). Ultimately, ideal conditions were found
(figure 25): 30:70 isopropanol/hexane, at 25 °C and a flowrate of 1 mL/min with UV detection at 254 nm.
The resolution parameter of the two enantiomers was found to be R, = 8.07 (o = 2.67). The excellent baseline
separation on the analytical column allowed upscaling to a preparative column with retention of the
separation. A CHIRALPAK IA 250 x 30 mm 5 mic column was used for preparative separation and the
flowrate was increased to 42.5 mL/min, with otherwise identical parameters. Per run, it was possible to
separate 100 mg of racemate. Both fractions were subjected to CD spectroscopy giving identical spectra with
opposite signs, as expected for enantiomers (1-F1 and 1-F2, figure 25). The NMR spectra of both enantiomers

exhibit identical shifts and coupling constants for the resonances. Additionally, LC-MS of both compounds
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revealed identical masses and retention times. Thus isolated, the enantiomerically pure building block 1 was

ready to be subjected to copolymerization.
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Figure 25. Chiral HPLC traces of 1, (254 nm, 1 mL/min, 30:70 isopropanol:hexane, 72); preparative sepatated enantiomers teinjected
to the analytical HPLC under the same conditions a) crude (black) b) fraction 1 (orange) ¢) fraction 2 (blue);. d) UV/vis spectrum of
racemate 1 (black, 30:70 isopropanolhexane, 1 cm cuvette, 7£); ¢) CD spectra of the enantiomers 1-F1 and 1-F2 (30:70

isopropanol:hexane, 1 cm cuvette, 7.) fraction 1 (orange) fraction 2 (blue).
As outlined, we intended to interlink the building blocks with a linker to introduce modularity at a late stage
of the assembly. We chose diboronic ester 5 bearing two pinacol esters as initial linker, which was obtained

by efficient Miyaura borylation of the dibromofluorene detivative 6.1105]

We now turned our attention to initiate a first Suzuki-based polymerization using the ditriflate monomer 1

and the obtained diboronic ester 5.

phenylboronic acid
Cs3C03, Pd[(CeH5)3Pla

DMF, 72 h, 90 °C

phenylboronic pinacol ester,
Cs,CO3, Pd(dppf)Cl ,

: o

DMF, 16 h, 90 °C

14, 70% 15, 26%

Scheme 5. Screening reaction conditions for the Suzuki based polymerization.

For convenience, a mono-functionalized linker (phenyl boronic acid) was used to establish Suzuki conditions
(scheme 5). Ideally, these conditions could then be used to enable co-polymetization of P1. Initially, reaction
of the monomer unit 1 with phenyl boronic acid, a source of Pd? (tetrakis(triphenylphosphine)palladium) as
catalyst, and Cs2COj as base in DMF let to decomposition of the starting material. Exchanging the acid for

the corresponding pinacol ester instigated slow release of the boronic acid by hydrolysis under the employed
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conditions. Together with a catalyst (Pd(dppf)Clz) known for functional group tolerance, the target
ethenoanthracene moiety 14 was obtained in 70% after heating for 12 hours, together with the mono reacted
side product 15 (26%). These conditions were transferred to the target polymerization. Before initiating
polymerization, an exact 1:1 ratio of monomer and linker was established by 'H-NMR spectroscopy, as

polycondensation reactions are crucially dependent on  stoichiometric ratios.
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Figure 26. GPC analysis of the two enantiomeric copolymers P1-F1 and P1-F2; a) deriving from monomer 1 fraction 1 (orange) b)
synthesized from monomer 1 fraction 2 (blue) c) the racemic equivalent 1 (black) obtained by Suzuki cross coupling reaction

Gel permeation chromatography (GPC) was used for relative molar mass determination of the obtained
polymeric compounds P1-F1, P1-F2 and P1 (figure 26). GPC traces were recorded and analyzed in WinGPC
UniCrom (V 8.30 - build 8217, Polymer Standard Service (PSS), Germany). The measurements were
performed on an Agilent-based system with linear-S SDV columns (pre-column (5 cm), three analytical
columns (30 cm) all 5 pm particles and 0.8 cm in diameter, PSS, Germany) or a pair of SDV columns (pre-
column (5 cm), a 103 A and a 105 A both 30 cm, all 5 um particles and 0.8 cm in diameter, PSS, Germany).
Detector and columns were kept at 35 °C using chloroform (stabilized with EtOH), with a flowrate of 1
mL/min and sample loading of 100 pL per run. The system was calibrated against narrowly dispersed

polystyrene standards.

According to GPC analysis, the mass average molar mass (My,) of the two enantiomeric polymers/oligomer
P1-F1 and P1-F2 are both shorter than the racemic polymer P1. Polymerization with enantiomer 1-F1 eluting
first on the chiral column showed almost no polymeric material (theoretical My, = 1.11 * 103 Da, 1.35
monomer units). The peak maximum is located at 7551 Da, which corresponds to an oligomer with 9
repeating units. Enantiomer 1-F2 gave a higher density of longer chains. The measured My, equals 9.15 * 103
Da (11 repeating units). A high polydispersity of D = 2.01 was found with a masses up to 40000 Da (48 units).
The difference between P1-F1 and P1-F2 is likely not related to the chirality of the starting material. We
speculate that the purity of the starting materials and the stoichiometry of the components is detrimental for
the success of the polymerization. With the small amounts of starting material available for copolymerization
these parameters were challenging to keep consistent. The My, of the racemic polymer P1 was determined to

be 2.86 * 104 Da, which equals 34 repeating units. We observed diminished solubility for the formed
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oligomers/copolymers. It appears that the short alkyl chains on the esters are only marginally suited to enable
solubility which likely inhibits the polymer from growing to higher molecular weight. Furthermore, it makes

purification and characterization of the obtained systems challenging.

The SWCNT dispersion ability of the longer copolymer P1-F2 was investigated by the group of Professor M.
Kappes at the Katlsruhe Institute of Technology (KIT). The copolymer did not show dispersion of SWCNT,
likely on account of the short length of the polymer. Dispersion is mediated by cooperativity, which enables
strong binding after reaching a threshold of units. Short copolymers provide less docking units and are
therefore more likely to go back into solution rather than staying bound to the SWCNT. Additionally, the
solubility of the final copolymer in common organic solvent is a concern. If the solubility of the polymer-
SWCNT is too poor, the complex precipitates during centrifugation together with the SWCNTSs. We therefore

had to redesign the structure of the copolymer.
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Synthesis of diisoamyl polymer P2
To improve the solubility of the polymer and with that hopefully increase the molecular weight of the

individual polymers, the polymer was redesigned: we adapted the synthesis to have better variability of the

ester moiety, which in turn allows to screen for a variety of solubilizing side chains.
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Scheme 6. Transesterifications of the carboxyl groups at different stages of the synthetic route towards copolymer P2.

To enhance solubility by the incorporation of long alkyl chains, the ester moieties are particulatly suited.
Transesterification could, in principle, be performed at any stage of the assembly. Ideally however, it is tested
as early as possible in the synthesis on less precious starting materials. Two particular points were desirable,
either modification of the dienophile 16 or transesterification after the Diels-Alder step. It was found that
transesterification of dimethyl acetylene-dicarboxylate (16) using isoamylalcohol as solvent led to
decomposition (scheme 6). We therefore shifted to transesterification at the ethenoanthracene state. To
encourage the anthracene derivative to undergo the DA-step, the free hydroxyl groups were protected with
tert-butyldimethylsilyl, which are cleavable with strong bases or acids, the protected anthracene underwent
good conversion to the desired ethenoanthracene derivative 18 in 88% yield (scheme 7). However, the
subsequent transesterification lead to preferential cleavage of the protection group, with some observable
traces of mono- transesterificated compound 20. This result clearly hinted at performing the deprotection

prior to transesterification.
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Scheme 7. Synthesis of copolymer P2.

Acidic deprotection of the silyl protected hydroxyl groups was performed with HCI in a mixture of methanol
and dichloromethane, as the starting material showed poor solubility in pure methanol. At room temperature,
the two methylesters were stable towards the employed reaction conditions. Transesterification was realized
by refluxing ethenoanthracene derivative 21 in freshly distilled isoamylalcohol. The conversion was
quantitative yielding 47% to the desired di isopropyl ester derivative 23 in a mixture with an undesired
unknown compound with the same molecular mass. Determination of the unknown compound (22, 53%
yield) was possible by 2D NMR analysis directly on the mixture. Ultimately, the side-product was determined
to be a rearranged isomer of the isoamyl sidechain of the target compound 23. This (stereochemically)
unselective rearrangement introduces a new chiral center in one alkyl chain leading to diastereomers which
can be identified by NMR (figure 27). The 'H NMR spectrum obtained from the mixture of enantiomer 23
and diastereomers 22 show resonances for the arylic protons (figure 27, marked orange) with nearly identical
shifts, even though they are obtained from different compounds. Two additional, split resonances (purple)
were observed, belonging to the protons directly next to the new chiral center. The additional stereocenter is
however remote from the chiral backbone of the system and is unlikely to affect the chiral selectivity of the
SWCNT dispersion. The chemical similarities of the species 23-RR and 22-RRR/RRS (23-SS and 22-
SSS/SSR, respectively) prevented separation of the constitutional isomers by column chromatography,

crystallization or GPC and were consequently carried forward as mixtures (scheme 8).
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Figure 27. 'TH-NMR of the isolated mixture of isoamyl derivative 23 and its constitutional isomer 22. The proton spectra was recorded
in C,D,Cly, at 298 K, 600 MHz.

The longer sidechain did result in improved solubility in organic solvents as intended, allowing to substitute
acetonitrile for CH2Clz as solvent in the triflation step. This allowed to use lower temperatures below the

freezing point of acetonitrile (-78°C instead of -35°C) leading to an improved 94% yield.
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Scheme 8. Overview of the formation of different isomers during transesterification and their possible separation after triflation

For the purpose of the following discussion, we define the enantiomeric isomers eluting first of the column
E1 and the second E2. As E1/E2 can either contain the desired (26) or the rearranged chain (25), we label
the undesired chain with (*). The first peak to elute from the column contains a mixture of E1 and E1* due
to the short retention time. The second enantiomer elutes substantially later and can thus be partially resolved
into E1 (fraction 2, figure 28 F2) and E2* (fraction 3, figure 28 F3). The separation did not lead to pure
samples, but substantial enrichment of E2 was observed for fraction 2. Nevertheless, it was not possible even
upon repeated injections and intense investigation in different solvent systems, to obtain pure fractions of

E2. The resolution parameter of fraction 1 and 2 is R, = 8.57 with a selectivity parameter of o = 3.67.
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CD spectroscopy of fractions 1 (containing E1/E1*) and 2 (containing E2>E2*) gave mitrored CD spectra,

demonstrating the negligible influence of the additional chiral center on the overall chirality.
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Figure 28. Chiral HPLC of ditriflate-ethenoanthracene 26/25, (254 nm, 1 mL/min, 20:80 isopropanol:hexane, %) preparative
separated enantiomers reinjected to the analytical HPLC under the same conditions a) crude (black, fraction 1 (F1, 52%), fraction
2 (F2, 38%), fraction 3 (F3, 10%) relative uv intensity), b) fraction 1 (orange) ¢) fraction 2 (blue) d) UV/vis spectrum of racemate
26/25 (black, THF, 1 cm cuvette, 72), ¢) Cd spectra of the enantiomers E1/E2 (THF, 1 cm cuvette, 72) fraction 1 (orange) fraction

2 (blue).
Polymetization of enantiomeric detivative 26/25 (E2>E2*, fraction 2, figure 28, (b)) was initiated under the
same conditions as the methyl derivative 1 (Cs2COs, Pd(dppf)Cl., DMF, 72 h, 90 °C). After completion,
threefold precipitation from chloroform/hexane yielded three batches. Batch I after one precipitation cycle
contained insoluble waste material. The third precipitation batch III (figure 29, purple) included low molecular
weight copolymers and oligomers according to GPC analysis. However, batch II (figure 29, black) gave broad
proton resonances in the expected area of chemical shifts as well as a Gaussian polymer distribution as
indicated by '"H NMR and GPC, respectively. The change to a longer solubilizing chain appears to positively
influence the obtained polymer lengths - the mass average molar mass (M) of the second batch II was found
to be 1.929 * 10* Da, which is around 20 repeating units. The polydispersity is high (1.67) as expected for
endcapped polymerizations, with a mass range of ~2300 (2.5 units) up to ~57000 (61 units). The dispersion
quality of this copolymer towards SWCNTs is currently under investigation by the group of M. Kappes.
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Figure 29. GPC traces of enantiometic copolymer P2 F2 synthesised from monomer unit 26/25 fraction 2 (E2>E2*) a) Two
different length of the same enantiomeric polymer: batch II precipitate (black) batch IIT precipitate (purple), ¢) magnified of the
low molecular batch III.
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Synthesis towards imine linked polymer P3
So far, covalently linked polymers were investigated. While the rigidity of the linkages allows to subject the

obtained polymers to an array of purification and characterization techniques, the initial estimate parameters
such as chain-length or linker size is detrimental to the dispersion properties and selectivity of the polymer.
In contrast stands a polymer that would self-assemble around a suitable tube. Not only would the polymer be
formed into a thermodynamic minimum (good fit), the reversibility of the linkage would allow the polymer
to overcome structural defects (self-healing). Another interesting feature would be release of the wrapping
after the dispersion of the tubes by chemical cleavage of the linker, giving access to the properties of the

“clean”, sorted SWCNT.

We envisaged a Schiff-base topology to interlink a diamine-ethenoanthracene monomer with a previously
described bis-aldehyde fluorene linker. Schiff-bases are known to form by mild condensation of an amine
with an aldehyde and cleavage under acidic conditions. Taking our modular building block 1 and formally
substituting both triflates for amines and the diboronic esters of the fluorine linker for aldehydes gives the

proposed target building blocks 32 and 35 (scheme 9).

Initially we envisaged to introduce a masked amine at the anthracene level, by a double Buchwald-Hartwig
amination. The previously synthesized 2,6-bis(trifluoromethansulfonate)-anthracene (2) was cross coupled
twice with benzophenone imine with excellent 95% yield. However, no subsequent Diels-Alder product 29
with dimethyl acetylenedicarboxylate (16) was observed, probably on account of either the steric congestion
of the diimine or the electronic change inflicted on the diene. Instead obtaining the desired Diels-Alder
adduct, starting material was re-isolated accompanied by substantial amounts of decomposition.
Consequently, it was decided to deprotect the amine prior to the Diels-Alder reaction. Treatment of 28 with
acid in THF resulted in immediate precipitation of the highly unstable diamine 30, which decomposed before
the completion of full characterization. In principle, it would be possible to convert the diamine compound
30 into the diiodo derivative 31 7z situ by a Sandmeyer-type reaction. The compound would be an interesting
starting material for any cross coupling polymerization reactions. Unfortunately, procedures as described!!#!]
by Knochel ¢z a/. resulted exclusively in insoluble decomposition material. To citcumvent the troublesome
Diels-Alder reaction between 16 and diimine 28 we decided to perform the cycloaddition prior to the
Buchwald-Hartwig reaction (quant.). The subsequent transformation of the triflate moiety to the
corresponding imine 29 did proceed in poor 18% yield without observable liberation of the amine upon
treatment with acid or base. Using a sterically less demanding Boc-protected amine, the transformation
worked in considerable better yield (80%): Isolation of the corresponding chlorine salt 34 by precipitation

was quantitative. The free amine derivative 32 was subsequently obtained by basic extraction.
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Scheme 9. Synthesis of a diamine functionalized monomer 32 for a self-assembling polymer P3.

Screening of the enantiomeric resolution was performed after the C-N coupling with compound 33 and not
with the free amine 32 (Chiralpak IA column, 250 x 4,6 mm 5 mic, 1 ml/min, 70/30 hexane:isopropanol,
25°C) giving resolution of the two enantiomers of Ry = 2.996 and a selectivity parameter of « = 1.383. A
better resolution of Ry = 5.054 was achieved with less petcentage of isopropanol (80/20, hexane:isopropanol,

o = 1.334, figure 30). Due to better separation of the corresponding enantiomers at the triflate state 1
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compared to the boc amide 32, enantiomeric separation in preparative amounts were performed on
compound 1 and the Buchwald-Hartwig type reaction was performed with the enantiomerically pure
compounds. Copolymetrization of the free amine 32 and the dialdehyde fluorene 35 and subsequent SWCNT

dispersion is currently under investigation by M. Valasek at the KIT.
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Figure 30. a) Chiral HPLC of diamide detivative 33, (254 nm, 1 mL/min, 30:70 isopropanol:hexane, 7£), b) Chiral HPLC of diamide
derivative 33, (254 nm, 1 mL/min, 20:80 isopropanol:hexane, 7£). d) UV/vis spectrum of enantiomers 33-F1 and 33-F2 (20:80
isopropanol:hexane, 1 cm cuvette, 72) fraction 1 (orange) fraction 2 (blue). d) CD spectra of the enantiomers 33-F1 and 33-F2
(20:80 isopropanol:hexane, 1 cm cuvette, 7%) fraction 1 (orange) fraction 2 (blue).
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Synthesis of imide polymer P4
While it was found that longer alkyl chains have a dramatic effect on the resulting polymer length, sterical

interference of the solubilizing chain eventually becomes a concern. We reasoned that a spatial control of the
chain would allow us to employ longer chains and thus further increase the length of polymers. Structure 37
features an imide-based bridge. While the amount of present solubilizing chains is halved, the resulting chain
originates perpendicularly to the polymer, which allows to use substantially longer alkyl groups. Imides are
usually obtained by condensation of a diester with a variety of primary amines, which retains modularity of

the building block.
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Scheme 10. Synthesis of imide-based polymer P4.

The synthesis remained largely identical to isopropyl compound 26 up to the silyl protected ethenoanthracene
18. Instead of treating this building block with acid to deprotect the phenols, treatment with aqueous base to
hydrolyze the esters simultaneously with the deprotection of the phenols quantitatively gave diacid
ethenoanthracene 36. Unfortunately, heating diacid 36 in imidazole with octylamine and a zinc acetate as
catalyst did not yield the desired imide derivative 37. However, a stepwise introduction involving two

subsequent hydrolysis steps (scheme 10) resulted in imide 38 in 64% (over three steps). Under the reaction
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conditions the phenol groups were acylated as well, which could be liberated using hydrochloric acid in
ethanol yielding the desired diphenol imide triptycene derivative 37 quantitatively. It is noteworthy, that
reduction with DIBAL-H did not give 37. The conversion of the alcohol to the triflate in the presence of the
imide functionality was challenging. Various reaction conditions were screened (table 2). The use of the
suitable base (NEt;), temperature (0 — 25 °C) under exclusion of water (dry solvent/bases) were crucial for

the success of the reaction (table 2, entry 5).

M \/\/\/\|

N_O N_O
o] > o]
Ho AN/E S o @‘.@ OTf
Table 2. Screening of triflation conditions

entry? base / equiv. solvent® A[°C] reaction time yielde
1 pyridine pyridine 0-25 15h SM
2 pytidine / 10.0 THF 0-25 1h SM
3 Cs;CO5/ 2.4 DMF 0-50 5h decomposition
4 K5PO4 / 4.0 toluene/H,O 0-25 15h mostly SM
5 NEt; / 4.8 DCM -78 - 25 15h 94%

“Trifluoromethanesulfonic anhydride (2.5 equiv.); P6 mL; ¢ SM = starting material recovered

Analytical chiral separation of the enantiomers of the ditriflate derivative 39 was possible on a Chiralpak 1A
column (250 x 4,6 mm, 5 mic). The column conditions used for the HPLC traces shown in figure 31, were:
30/70 isopropanol:hexane, 25°C, flowrate = 1 mL/min detection at 254 nm. The resolution parameter of the
two enantiomers was obtained as R; = 3.01 and a selectivity parameter of a = 1.67. The parameters were

unsuited to upscale the separation on a preparative system, (no baseline separation of the two enantiomers).

c) ,‘

01 23 456 7 8 910
tR(mm

Figure 31. Chiral HPLC traces of ditriflate imide detivative 39, (254 nm, 1 mL/min, 30:70 isopropanol:hexane, 7%). a) Crude mixture
(black) b) reinjected fraction 1 (orange), c) reinjected fraction 2.
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We decided to attempt the chiral resolution at the stage of the dihydroxy imide compound 37, due to
observation that the hydroxyl group seemed to enhance the chiral resolution. Racemization of enantiomer 37
would proceed through an unlikely 7ezr0 Diels — Alder and subsequent Diels — Alder reaction, and we reasoned

that it would be possible to triflate after chiral resolution.

The two enantiomers of diphenol derivative 37 were resolved by chiral HPLC (figure 32). To test separation
conditions an analytical Chiralpak IA, column (250 x 4,6 mm, 5 mic) was used and later successfully upscaled
to a preparative Chiralpak IA column (250 x 30 mm, 5 mic). The resolution of the two enantiomer was
substantially improved in comparison to triflate 39, (R, = 7.74 vs R, = 3.01). The selectivity parameter was
found to be a = 2.64. The preparative column could be loaded with 200 mg of racemate 37, still giving baseline
separation of the two enantiomers. The limiting factor was the solubility of the monomer unit 37 in the mobile
phase (~100 mg/ml). On a side note, the ditriflate enantiomer 39 detived from dihydroxyl enantiomer 37-F1

elutes second from the chiral column, while its parent structure elutes first.
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Figure 32. Chiral HPLC traces of di hydroxy imide ethenoanthracene derivative 37, (254 nm, 1 mI./min, 30:70 isopropanol:hexane,
1t.); a) crude (black), preparative separated enantiomers reinjected to the analytical HPLC under the same conditions b) fraction 1
(orange) ¢) fraction 2 (blue) d) UV/vis spectrum of racemate 37 (black, THF, 1 cm cuvette, 72.); ¢) Cd spectra of the enantiomets 37-
F1 and 37-F2 (THF, 1 cm cuvette, 72) fraction 1 (orange) fraction 2 (blue).

To instigate polymerization, chiral imide ethenoanthracenes 39 were subjected to Suzuki conditions
(Pd(PPH3)4 as catalyst, Na,COs3 as base, reflux 2:1, water/toluene). After three days of reflux, 65% of
bispinacolatoboron 5 was recovered along with some pootly soluble material without any resonances similar
to a bridged ethenoanthracene proton. Therefore we decided to test the stability of the ditriflate derivative 39
in aqueous solution. A sample was dissolved in deuterated chloroform with deuterated water, an excess of

sodium carbonate was added and heated to 50 °C for 3 days while incrementally monitoring by 'H NMR

spectroscopy. The compound was found to be stable for about 1h under the used conditions, but decomposed
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afterwards (figure 33). If decomposition is occurring as low as 50 °C, it stands to reason that continuous

refluxing will similarly resulting in decomposition, which explains the poor conversion in the reaction.
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J \ | 1 AM
a) 0 hours
_ j 1 }J\J \ Jl
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Figure 33. Stability test of ditriflate 39 by 1H — NMR. a) Measured in CDCl3; b) after heating for 1 h at 50 °C and addition of Na;CO3
D,0O; ¢) after heating for 4 days under the same conditions.

The conditions which were suited for Suzuki-polymerization of the dimethyl ester derivative 1 did equally fail,
even when substituting water for dry DMF, Pd(PPhs)4 for Pd(dppf)Clz, and using dried cesium carbonate as
base. Even using either monofunctionalized pinacolester or —acid, respectively, (figure 11) resulted in either

detriflation of the starting material or decomposition.

(\N\/ a) pinacolester, Pd(PPhg3)4 (\N\/
/

N O CsF, Ag,0, THF, 14 h, reflux NP
o > o]
b) phenylboronic acid ‘
CZ oTf CZ
TiO & Cs,CO3, Pd(PPhg),, DMF O & O
39 100 °C, 24 h 42

Scheme 11. Coupling attempts of imide 39 with either phenyl boronic ester or -acid.

Considering the instability of the triflate 39 under polymerization conditions, we reasoned that we could
employ SN2 reactions to instigate polymerization starting from dihydroxy derivative 37. The rationale was that
we would not only circumvent the troublesome stability of the triflates but also investigate a flexible linker
motif. Adsorption to the tube would be driven exclusively from the interaction of the ethenoanthracene with
the tube. As a starting point, we envisaged to use dibromopropane as linker, that would react with dihydroxy

derivative 37 to form an alkyl-linked polymer 43. Over the course of the reaction traces of pentamer(s) were



be observed by MALDI-ToF even though the trimeric adduct was prominent (figure 34). After workup
however, only decomposition material was obtained. A similar observation was made when using dibromo-

p-xylene as linker.
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Scheme 12. Attempts at Sy2-initiated polymerization.
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Figure 34 Reaction control by MALDI-ToF of Sx2 copolymerisation 43 (dihydroxy derivative 37 and 1,3 dibromo propane)

Having attempted a variety of conditions to initiate polymerizations (Suzuki, Sx2) we began investigating
milder protocols. In particular Glaser-Hay conditions were appealing, as they require neither high
temperatures nor the presence of water. Glaser-Hay couplings require the presence of free acetylenes, which
we introduced directly at the hydroxyl terminus by a mild Sx2 reaction with propargylbromide (Cs2COjs as
base, 18-Crown-6, in DMF, 17 h, 50 °C, 63%). The obtained bis-acetylene 41 was then subjected to Glaset-
Hay polymerization conditions (TEMEDA, CuCl, MeOH, 72 h, ).
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Figure 35. GPC analysis of the two enantiomeric polymers P4-F1 and P4-F2 deriving from monomer 41 fraction 1 (orange);
synthesized from monomer 41 fraction 2 (blue) and the racemic equivalent P4 (black) obtained by Glaser-Hay coupling reaction

The polymer derived from the racemic starting material 41 showed pronounced polydispersity (D = 4.25, My,
= 1.11 * 10 Da, 23 repeating units, figure 35, black). GPC analysis of the polymerization of the enantiomer
P4-F1 gave an oligomer with My, of 6.40 * 103 Da which corresponds to approximately 13 repeating units
(figure 35, orange). The observed polydispersity was high with a value of 3.37 mostly as oligomers. As
preparative GPC purification was carried out prior to characterization for the 2nd enantiomer P4-F2, a
narrower polydispersity (1.67) was observed but with higher My, (1.10 * 104 Da, 22 repeating units). Selective
dispersion ability of the polymer P4-F2 and oligomer P4-F1 towards SWCNTSs was tested at KIT by the
group of Professor M. Kappes. Neither dispersed SWCNT to an observable extend under initial conditions.
Coupled with the short overall length of the polymer/oligomer, it is especially the poor overall yield (40 — 60

mg) that makes the screening of suitable dispersion protocols challenging.
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Synthesis towards triptycene derivative polymer
The bottleneck of the synthesis of any polymers presented herein is the requirement for chiral resolution by

HPLC. To maintain efficient separation, the injection volume is typically limited to below 100 mg per run.
We were therefore interested in transforming the enantiomeric separation into a diastereomeric resolution.
Especially crystallization techniques after chiral functionalization with an enantiomerically pure moiety were
appealing. At the same time, we desired a compound stable towards higher temperatures needed for efficient
crystallization in our context translating to inhibition of the refro Diels — Alder reaction. For these purposes,
we designed a triptycene moiety with two hydroxyl moieties in in para positions of an aromatic upper ring.
Said aromatic system should prevent the resro Diels — Alder reaction and, in comparison to the ester groups,

the solubilizing ether groups should point further away from the binding cavity.
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Scheme 13. Synthesis of diastereomeric monomer units for resolution trials.

To assembly the triptycene unit we intended to perform a Diels — Alder reaction with commercially available
para-benzoquinone and an anthracene derivative and then aromatize the upper ring. The cyclisation reaction
did not proceed with the free 2,6-dihydroxy anthracene (3) and para-benzoquinone. Even after addition of

aluminum chloride as Lewis acid catalyst, only insoluble decomposition material was observed. Hence, our
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already synthesized silyl protected anthracene derivative 24 together with the para-benzoquinone was
successfully subjected to Diels — Alder reaction (reflux in toluene, 70%, scheme 13). To improve the yield of
70%, two attempts were done; either to elevate the reaction temperature by changing toluene to para — xylene
ot to introduce aluminum chloride as known catalyst for Diels — Alder reactions. The catalyst prevented the
reaction completely and the higher reaction temperature did neither accelerate the reaction duration nor raised
the yield. Therefore it was proceeded with toluene and a reaction yield of 70%. The formed compound 45
was isolated as a diastereomeric product as the Diels — Alder reaction induced four new stereogenic centers,
by which two are lost again after the aromatization of the upper ring. The introduction of the solubilizing
alkyl chains and the aromatization of the upper ring, was planned to be the next step. As the introduction of
the alkyl chains were challenging, a less functionalized test system 54 (scheme 14) was used to figure out
suitable reaction conditions. The aromatization and alkylation was realized in one step at the test system 54.
Different solvents and bases were investigated: acetonitrile with potassium carbonate and dimethyl form
amide with either potassium carbonate, sodium Zr#butoxide, or sodium hydride was tried out. The
combination of the strong polar aprotic solvent DMF and potassium carbonate as a base yielded the highest

results with 96%.
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Scheme 14. Test system for the introduction of the alky chains and aromatizing the upper ring.

For the target compound 47 it did not work in one step, using potassium carbonate as base and the
corresponding bromo alkyne did not give the desired enolate formation and Sx2 reaction but to the
aromatization of the upper ring. Therefore we followed a two steps reaction mechanism were we first
aromatized the system, with a yield of 82% and coupled the alkyne chain with a Mitsunobu reaction (39%).
The deprotection of the silyl groups gave quantitatively the desired triptycene moiety 48. To ensure and
confirm the chirality of the compound chiral chromatography was performed and cd spectra measured (figure

36).

a) b) c) OR
1.0- 4.0x10™ O
| RO ‘
08- 4 Ho g - OH
2.0x10™ [\
o \ R=C12H15
] s ) S ——
< g o0 ] 1 I
0.4 \
] 2.0x10™
0.2- J
E . \/
— 00 —————— 4 01— ————————— T
0 5 10 15 20 200 250 300 350 400 200 250 300 350 400
rR(min) wavelength (nm) wavelength (nm)

Figure 36. 2) HPLC trace of compound 48, (254 nm, 1 mL/mi, 12:88 isopropanol:hexane, %) with Rs=4.28 and 2=1.633. b) UV
spectrum of racemate 48 (12:88 isopropanol:hexane, 1 cm cuvette, 7%). ¢) CD spectra of enantiomers 48-F1 and 48-F2 (12:88
isopropanol:hexane, 1 cm cuvette, %) fraction 1 (orange) fraction 2 (blue)
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To instigate diastereomeric resolution, Mosher’s acid was introduced at the two phenol moieties via Steglich
— esterification conditions. The diastereomers showed the same retention times on silica and were obtained
as colotless, oily compounds, which could not be solidified by precipitation/slow diffusion, preventing

diastereomeric resolution. A possible reason is the long alkyl chains introduced in the upper ring.

To help the diastereomeric resolution and support crystallization, the idea was to introduce the additional
enantiomerically pure chiral center (and therefore the formation of diastereomers) before the alkylation of
the compound. The goal was to assemble this new chiral center closer to the two chiral centers of the
triptycene moiety to have a more pronounced impact. As keptopinic acid is known for diastereomeric
resolution and substantially cheaper than Mosher’s acid we decided to introduce the keptopinic acid on the
upper diphenol moiety of compound 46. However, with Steglich — esterification only 6% of the desired
compound 51 was formed, as a side product we could isolate 2% of the mono ester product 52 and a mixture

of starting material and decomposition. Subsequent upscaling failed forcing us to abandon this approach.

Instead of silyl protection on the 2,6 — dihydroxy anthracene the keptopinic acid was assembled already at the
protection step of 2,6 — dihydroxy anthracene (3) to give di-ester 56 as an enantiomerically pure white
crystalline compound (scheme 15). The product was only formed in 20% but the mono functionalized 57
could also be isolated in 38% and converted into the desired di — ester product 56 in 45%. Purification of this
di-ester was troublesome in the beginning. On usual column chromatography hydrolysation of an ester moiety

occurred as it can be seen on the 2D TLC (figure 37).
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Scheme 15. Synthesis towards diastereomeric unit for resolution trials.
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Figure 37. Crystal structure of enantiomerically pute compound 56 on the left and 2D TLC stability analysis of compound 56 in 1:10
cthylacetate:toluene on the right

Recrystallization in hexane, toluene or ethyl acetate did not lead to a clean fraction. Furthermore, solubility
of the compound was marginal in dichloromethane, excluding GPC as means for purification. Purification
was ultimately possible by iterative column chromatography on a Biotage Isolera ACI system and subsequent
recrystallization in ethyl acetate. Additionally, the mono functionalized compound 57 could be isolated and
converted to the desired compound. The Diels — Alder reaction with para-benzoquinone and the sterically
demanding anthracene derivative 56 yielded 37% of the directly aromatized triptycene derivative 58. Only
14% of the diastereomeric Diels — Alder product 59 was formed which could be converted into the desired
target 58 by heating in solution of potassium carbonate in dioxane at 50 °C. The obtained diastereomers of
compound 58 did not show different retention times on silica nor crystallized differently in any of the array

of solvent mixtures tried.

Due to the lack of diastereomeric resolution of the diastereomers 58 we decided to change the monomer
structure back to the di — ester ethenoanthracene moiety, instead of the triptycene. The first intention to form
the diastereomers 60 was the Diels — Alder reaction with keptopinic protected anthracene derivative 56 and
dimethyl acetylenedicarboxylate (16). The product was formed in poor 9% yield, most likely due to low
solubility and steric hindrance. Therefore we decided to perform the Diels — Alder reaction prior to the
introduction of the new chiral center. The already synthesized di-phenol di-ester derivative 21 was used as
starting material for a Steglich— esterification and the keptopinic acid was successfully introduced improving
the yield to 81 %. The product 60 was isolated as a white crystalline product. On reversed phase and normal
phase column chromatography the diastereomers did not show any separation. Recrystallization in
dichloromethane and methanol and hexane did lead to diastereomerical crystals as shown by the crystal

structure of compound 60 (figure 38).

The diastereomeric packing seems to be favorable compared to the enantiomeric pure one. It seems that the
diastereomeric resolution by introducing an additional “chiral center” like keptopinic or Mosher’s acid to our

bridged racemic structures is not enough for effective diastereomeric separation.
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Figure 38. Crystal structure of diastereomeric triptycene derivative 60
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Conclusion

Carbon exists in a multitude of allotropes. Amongst those, single walled carbon nanotubes (SWCNT) are
attractive targets on account of their tensile strength, their topology, and the broad range of electronic
properties. Besides considerable efforts, the synthesis of SWCNT' still largely results in polydisperse mixtures
with a broad range of diameters, chiralities and lengths. Consequently, research is invested in the development
of efficient purification techniques such as density gradient ultracentrifugation, two phase extractions, Gel
and size exclusion chromatography. Amongst those, dispersion techniques hold great appeal. Not only could
they selectively target a specific type of tube (diameter, chirality) but they enable the subsequent study and
transformation of the originally insoluble tube in solution. Encouraging progress has been made over the last

decade but to date, the dispersion of nanotubes still results in poor overall yield.

The scope of this thesis was to develop an ethenoanthracene-based chiral copolymer to disperse chiral
nanotubes. The thesis describes the successful synthesis of a variety of soluble ethenoanthracene derivatives,
their chiral resolution and polymerization. Dispersion of SWCNT by the formed polymers was then studied

by the group of Prof. Dr. M. Kappes at the Karlsruhe Institute of Technology (KIT, Germany).

From suitably functionalized anthracene derivatives, three ethenoanthracene-types were realized (scheme 16,
a, b and ¢), either bearing dimethylester 1, dialkylester 25/26 ot imide 41 functionalized bridge. All three allow
to modulate solubility by the choice of solubilizing (alkyl)-chain, for the ester and imide based systems even
post-assembly. They differ in their strategic use. The ester moiety was selected for its synthetic availability and
robustness under the required subsequent chemical transformations. The patent dimethyl
acetylenedicarboxylate (16) is known to undergo efficient Diels-Alder cycloadditions and thus an ideal
synthetic target to explore the chemistry towards the desired copolymers. The imide system 41 moves the
solubilizing chain out of proximity to the binding site into a perpendicular position resulting in a sterically less
congested system that should increase the required n-n interaction with the SWCNT thus show increased
dispersion qualities. For both ester systems, retro-DA under elevated temperatures could potentially release a
dispersed tube. However, it constrains the synthesis of the building blocks to lower temperatures. We thus
complemented the series by a triptycene based system (scheme 16, ¢). Retro-DA would require to break

aromaticity, which is thermodynamically unfavored.

Besides the ethenoanthracene derivatives, considerable effort was dedicated to the development of suitable
linker topologies. Three types were described: aryl-aryl and Schiff-base-linked fluorenes, as well as butadiynes.
Fluorenes are known to undergo efficient polymerization and have been used as main unit in SWCNT
dispersing polymers. The sp3-center allows to install additional side-chains, while the backbone provides
rigidity. Suitable functionalization allows the formation of a labile linkage between ethenoanthracene 32 and
fluorine 35 (Schiff-base) giving potential self-assembly and -healing properties as well as SWCNT release after
dispersion. A concern for the fluorine-based linking approach was the interference of the linker when
dispersing. Glaser-Hay homo-coupling of propargyl ethers gave a butadiyne based topology with reduced

strain to maximize the n-7 interactions. Because the required acetylene were directly installed on the monomer
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41, the polymer could be realized through homo-polymerization, with the profound advantage that the degree

of polymerization is not depending on an exact 1:1 ratio of the monomer units.

Of the library of synthesized compounds, the following where selected for polymerization both from their

respective enantiomers and racemate:
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Scheme 16. Summary of synthesized monomers, copolymers and observed dispersions.

Two key factors have limited the amount of obtained polymers. Availability of the enatiomerically pure
starting materials and efficiency of polymerization. Enantiomeric resolution relied largely on chiral HPLC,
which limited the throughput substantially. Crystallization was considered as a potential bypass to HPLC.
Diastereomeric resolution by detivatization of a racemic mixture of suitably functionalized monomers by
Mosher’s acid or keptopinic acid either lead to the formation of racemic crystals or amorphous material,
eventually forcing to return to resolution by chiral HPLC. Besides the availability of the building blocks, it is
polymerization itself that was found to be challenging. Either the employed conditions were found to mediate
each coupling inefficiently — for polymerization, even a yield of 90% per coupling will result in early chain
termination. This is in particular true for the Suzuki-based methodologies. Switching to highly efficient
Glaser-Hay coupling was atom-efficient and found to yield longer polymers with well-behaved purification

ability of the resulting polymer.
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Despite the small amounts of each polymer, initial dispersion of SWCNT was performed with copoylmers
P1 and P4 (P2 and P3 are still under investigation). To date, only marginal dispersion was observed. Because
of the limited amounts available, the trials were restricted to a very small number, preventing extensive
screening of conditions. Additionally, the dispersed SWCNT are challenging to detect and investigate. On the

employed scale, it is therefore difficult to draw firm conclusions and adopt the molecular design accordingly.

Outlook

The key issues to address are the amount of available chiral material and the lengths and the solubility of the
polymer. Considering literature, the length of the used conjugated polymer can have dramatic effects on
dispersion ability and selectivity. Under the employed Suzuki-conditions, the chain length is mainly
determined by defunctionalization of the monomer unit, deactivation of the catalyst, uncertainties in the molar
ratios of the reaction partners and decreasing solubility of the growing polymers. The modularity of the
molecular design allows to address these issues on multiple levels. Solubility can be enhanced by even longer,
branched sidechains the isoamyl/octyl chains used so far. Additionally, this might even allow to completely
change the solubility to polar or aqueous media, which in turn might be used to drive dispersion. Optimization
of the Suzuki conditions is another handle to improve chain length. Exchanging the used triflates to a less
reactive bromine, might give a better rate match to the slow transmetallation step and slow down the chain-
terminating dehalogenation. A suitable dibrominated triptycene derivative 13 can be accessed from the
corresponding diamine by Sandmeyer reaction which in turns is accessed by nitration and reduction (scheme
17). Formation of two regioisomers 61 and 32 are expected for the nitration which can be separated by
diastereo selective gelation (recently published by Schneebeli and co-workers['#21 99 % ee in gram scale).[143.144]
This approach would give access to the diamine derivative 32 in larger quantities and allows to explore the

Schiff-base linked polymer. The conclusions of linker and side-chain design are valid here as well.

1) Diels-Alder { 4 /

v 0o 0o Qo
DMAD O/ O/ Sandmeyer O/
-------------------------- > O + [e] R REREEEEEEEEEEEES o}
2) nitration =7 ‘ ‘ ‘
3) reduction HoN -, HoN LN W e

53 61 NH; 32 13

Scheme 17. Projected synthesis towards dibromo ethenoantracene 13.

Additionally, diastereomeric resolution by crystallization is still an attractive methodology to obtain large
amounts of enantiomerically pure material. It is likely that the differences in the diasterecomers are more
pronounced if the chiral centers of the bridge and the additive (Moshers acid, keptoic acid) are brought closer

together. In this context, modification of the diester moiety instead of the anthracene could be beneficial.

The Glaser-Hay coupling of the monomer holds great appeal, as it is a very atom efficient approach and
known to yield polymers efficiently. A concern is the potential interference of the ether moiety while
dispersing, which can be addressed by introduction of a directly aryl-linked acetylene. Likely, Sonogashira

cross-coupling on the dibrominated anthracene or triptycene would yield the desired bis-acetylene precursor.

56



It is possible to explore other polymerization techniques. A promising polymerization protocol would include
copper catalyzed click chemistry, as they end up in both regio and szereo specific triazoles linkage under mild
reaction conditions. As outlined in the introduction, triazole linked polymers showed promising dispersion
capabilities. Such a polymerization would be realizable with either ethenoanthracene or triptycene bearing a

directly aryl-linked acetylene or azide, both of which are accessible by conventional chemistry.

A final approach to be considered is the immobilization of an initial building block on a solid support. Not
only would this allow to gain better control of the growth of the polymer, the issues with solubility could be
completely circumvented. Intriguingly, the polymer would not have to be released to disperse SWCNTSs and

would allow to monitor the dispersion directly on the solid support.
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Experimental section

General Procedure
Reagent and Solvents: All chemical were used as received without any further purification unless explicitly

stated otherwise. Dry Solvents were purchased from Fluka or Accros. NMR solvent were obtained from

Cambridge Isotope Laboratories, Inc. (Andover, MA,USA).

1H and BBC Nuclear Magnetic Resonance (NMR): were recorded on a Bruker DPX-NMR (400 MHz, 101
MHz respectively) instrument. All chemical shifts are reported relative to trimethylsilane (TMS) or to the used
solvent. The measurements were performed at room temperature if stated otherwise. The multiplicities are

written as: s = singlet, d = doublet, t = triplet , dd = doublet of doublets and m = multiplet.

GC/MS: For GC/MS analysis a Shimadzu GCMS-QP2010 SE gas chromatograph system was used, with a
Zebron 5 MS Inferno column (30 m x 0.25 mm x 0.25 mm), at 1 mL/min He-flow rate (split = 20:1) with a
Shimadzu mass detector (EI 70 eV).

Mass spectroscopy (MS): MALDI-TOF analyses were performed on a Burker microflex system.

High-resolution mass spectra (HRMS): HR-ESI-ToF-MS were measured with a Maxis 4G instrument
from Bruker with the addition of NaOAc.

Direct Analysis in Real Time (DART-MS): DART-MS was measured on an IonSense DART-SVP100 (He,
450 °C) connected to a Shimadzu 1.C-2020.

Column Chromatography: For column chromatography SiliaFlash® P60 from SILICYCLE was used with
a particle size of 40-63 um (230-400 mesh), , and TLC was performed on silica gel 60 F254 glass plates with

a thickness of 0.25 mm purchased from Merck.

High performance liquid chromatography (HPLC): was performed on a Shimadzu LC-20AT HPLC
equipped with diodearry UV/Vis detector (SPD-M10 VP from Shimadzu, A = 200 - 600 nm) equipped with
the corresponding column (regular chiral: chiralpak IA 0.46 x 25 cm; Daicel Chemical Industries Ltd.; GPC:
2 x Repro-Gel GPC 500, 5 um 20 x 600 mm).

UV-Vis Spectroscopy: The UV-Vis spectra were recorded on a Shimadzu UV spectrometer UV-1800 at

room temperature.

CD measurements were performed on a Chirascan CD Spectrometer with the indicated solvent at room
temperature in 1 cm quartz glass cuvettes directly after the chiral HPLC. All solutions were prepared and

measured under air saturated conditions.
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Experimental Section of Poly[9,10-dihydro-11,12-dicarbomethoxyethenoanthracene-2,6-diyl-al-
(9,9-didodecylfluorene-2,7-diyl)] (P1)
2,6-Dihydroxyanthracene (3)

oo™
HO

Anthraflavic acid (4, 1.00 g, 4.16 mmol, 1.00 equiv.) was added in portions to a suspension of NapCO3 (5.29
g, 50.0 mmol, 12.0 equiv.) and NaBH4 (2.46 g, 62.4 mmol, 15.0 equiv.) in H2O (50 mL). The mixture was
stirred at 77 overnight, poured on ice-cold 6 N HCI (5 mL), which was covered with a layer of EtOAc (5 mL).
The precipitate was filtered and taken up in acetone and filtered over a short pad of celite. The solvent was
evaporated yielding in the first batch of product. The aqueous layer was extracted three times with EtOAc
(probably more than 3 times are required) and the combined organic layers were washed with saturated
NaHCO3 solution, dried over NapSO4 and concentrated to yield crude product (3, 775 mg, 3.69 mmol,

89%), which was used without further purification.[40]

1H NMR (400 MHz, DMSO-ds) & = 9.64 (s, 2H), 8.14 (s, 2H), 7.83 (d, 3y = 9.0 Hz, 2H), 7.14 (d, “Jup =
2.3 Hz, 2H), 7.08 (dd, 3un = 9.0, 4fun = 2.4 Hz, 2H).

3C NMR (101 MHz, DMSO-d;) & = 153.6, 130.8, 129.0, 127.7, 123.0, 120.4, 106.7.

2,6- Bis(trifluoromethanesulfonate)-anthracene (2)

AT

To an oven dried and argon-flushed Schlenk tube was added 2,6-Dihydroxyanthracene (3, 2.06 g, 9.80 mmol,
1.00 equiv.) and NEt; (6.60 mL, 47.0 mmol, 4.80 equiv., freshly dried over CaHy) along with ACN (50 mL).
The reaction mixture was cooled down to -41 °C and stitred for 10 minutes. Trifluoromethanesulfonic
anhydride (3.9 mlL, 23.5 mmol, 2.40 equiv.) was added dropwise and the reaction mixture was stirred for
another 5 hours at -41 °C. The solvent was removed under reduced pressure and the residue was purified by
column chromatography  (SiO2;  cyclohexane/toluene, 2:1 to pure toluene) to give 2,6-

bis(trifluoromethanesulfonate)-anthracene (2, 3.89 g, 9.80 mmol, 85%) as an off white solid.

TH NMR (400 MHz, CDCls) 6 = 8.54 (s, 2H), 8.12 (d, *Juu = 9.1 Hz, 2H), 7.95 (d, *Juu = 2.5 Hz, 2H), 7.43
(dd, 3Jup = 9.3, 4Jun = 2.4 Hz, 2H).

3C NMR (101 MHz, CDCLy) § = 147.4, 131.5, 131.4, 130.9, 127.7, 120.9, 119.4, 119.0 (q, YJcr = 320.8 Hz).
BSDEPT (101 MHz, CDCls) 6 = 131.4, 127.7, 120.9, 119.4.

HRMS (ESI) caled for CisH7FsO6S2 [M-H]- 472.9594, found 472.9593.
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Dimethyl 2,6-bis(trifluoromethanesulfonate)-9,10-dihydro-9,10-ethenoanthracene-11,12-
dicarboxylate (1)
|

To an oven dried round bottom flask 2,6-bis(trifluoromethanesulfonate)-anthracene (2, 1.00 g, 2.11 mmol,
1.00 equiv.) and DMAD (1.50 mL, 10.6 mmol, 1.00 equiv.) were added under argon atmosphere and dissolved
in toluene (10 mL). The reaction mixture was heated to reflux and stirred for 42 hours. The solvent was
removed under reduced pressure and the crude product was purified by column chromatography (SiOa;
cyclohexane/toluene, 2:3 to pute toluene and then to pure EtOAc). The target compound was isolated as an

off white solid (1, 1.29 g, 2.11 mmol, quant.).

1H NMR (400 MHz, CDCL): § = 7.46 (d, 3Jin = 8.2 Hz, 2H), 7.33 (d, i = 2.4 Hz, 2H), 6.99 (dd, 3 =
8.1, *Jip = 2.4 Hz, 2H), 5.55 (s, 2H), 3.82 (s, GH).

3C NMR (101 MHz, CDCl3): 6 = 165.1, 147.2, 146.5, 145.9, 143.2, 125.5, 118.8 (q, !Jcr = 320.9 Hz), 118.8,
117.8, 52.9, 51.7.

BDEPT (101 MHz, CDCls): & = 125.5, 118.8, 117.8, 52.9, 51.7.
19F NMR (376 MHz, CDCL): & = -72.84 (s).

HRMS (ESI) caled for CooHisFO10S, [M+H]* 617.0005: found 617.0002.
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Poly[9,10-dihydro-11,12-dicarbomethoxyethenoanthracene-2,6-diyl- 2/+(9,9-didodecylfluorene-2,7-
diyl)] (P1)
|
~o°
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A an oven dried and argon-flushed 20 ml Schlenk tube was charged with 2,6-Bis(trifluoromethane-sulfonate)-
9,10-dihydro-11,12-dicarbomethoxyethenanthracene (1, 100 mg, 0.162 mmol, 1.00 equiv.), 9,9-Didodecyl-2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)fluorene (5, 126 mg, 0.126 mmol, 1.00 equiv.) and Cs,CO3 (267
mg, 0.810 mmol, 5.00 equiv). The vial was sealed and evacuated/backfilled with nitrogen (3X).
Dimethylformamide (3 mL) was added, and the reaction was flushed again with nitrogen (3X) under
sonication. Pd(dppf)Clz -+ CH2Clz (26.5 mg, 0.0324 mmol, 0.20 equiv.) was added and the reaction mixture
was evacuated and backfilled with nitrogen under sonication once more before heated to 90 °C. The reaction
mixture was stitred for 3 days at 90 °C. The reaction was cooled to room temperature, diluted with
dichloromethane (40 ml) and washed with Water. The aqueous layer was back extracted with
dichloromethane (3 x 20 mL), the combined organic layers were dried over MgSO4 and the solvent was
removed under reduced pressure. The residue was solved in a minimal amount of chloroform and the product
was precipitated with hexane. The precipitate was filtered and the polymer was obtained as a brown solid (P1,

89.0 mg).

SEC (DA) My, = 9.15x 10° Da, D = 2.01

TH NMR (400 MHz, CDCLs): § = 7.83 — 7.63 (m, 4H), 7.58 — 7.43 (m, 6H), 7.39 — 7.29 (m, 2H), 5.64 (s, 2H),
3.84 (s, GH), 2.02 (br, 4H), 1.35 — 0.98 (m, 32H), 0.93 — 0.78 (m, 8H), 0.66 (br, GH).

BSDEPT (101 MHz, CDCL): & = 126.1, 124.4, 124.4, 124.1, 124.1, 123.0, 123.0, 121.6, 121.6, 120.0, 119.9,
52.5, 52.3, 40.6, 31.9, 30.1, 29.6, 29.6, 29.3, 23.9, 22.7, 14.1.
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Experimental section of Poly[Diisopentyl-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylate-
2,6-diyl-alt-(9,9-didodecylfluorene-2,7-diyl)] (P2)

2,6-Bis(tert-butyldimethylsiloxy)anthracene (24)

\S:iJ<

SO

>rS|i:

2,6-Dihydroxyanthracene (3, 3.22 g, 15.3 mmol, 1.00 equiv.) and tert-butyldimethylsilyl chloride (7.06 g, 45.9
mmol, 3.00 equiv.) were dissolved under stirring in DMF (100 mL) under argon. Triethylamine (6.52 mL,
45.9 mmol, 3.00 equiv.) was added, and the reaction turned dark red immediately. The reaction was stirred at
35 °C for 6 h and then cooled to room temperature. The DMF was removed under vacuum yielding an
orange-black semisolid that was suspended in 100 mL of petroleum ether/ether (9/1), placed on a flash silica
pad, and eluted with more solvent. The yellow band was collected and the solvent was evaporated yielding an

orange red solid (24, 5.74 g, 15.3 mmol, 86%0).1137]

1H NMR (400 MHz, CDCly): & = 8.19 (s, 2H), 7.84 (d, 3] = 9.1 Hz, 2H), 7.28 (d, *Juup = 2.3 Hz, 2H), 7.0
(dd, 3ip = 9.1, un = 2.3 Hz, 2H), 1.05 (s, 18H), 0.28 (s, 12H).

3C NMR (101 MHz, CDCly): 6 = 152.4, 131.6, 129.4, 128.9, 124.3, 123.6, 113.5, 25.9, 18.5, -4.1.
BSDEPT (101 MHz, CDCL): § = 129.4, 124.3, 123.6, 113.5, 25.9.

HRMS (ESI) no ms laut paper sollte ESI gehen
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2,6-Bis(tert-butyldimethylsiloxy)-9,10-dihydro-11,12-dicarbomethoxyethenoanthracene (18)
/
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To an oven dried and argon-flushed Schlenk tube (50 mL) 2,6-bis(tert-butyldimethylsiloxy)anthracene (24,
1.08 g, 2.46 mmol, 1.00 equiv.) and dimethylacetylenedicarboxylate (1.59 mL, 12.3 mmol, 5.00 equiv.) were
added and dissolved in toluene (10 mL). The mixture was flashed with argon and heated to reflux for 72
hours. The solvent was removed under reduced pressure and the remaining starting material was removed by
bulb to bulb distillation (100 °C, 5 x 10-! mbar). The crude product was purified by column chromatography
(SiO»; cyclohexane/ethyl acetate, 1:4) to yield the target compound as off white solid (18, 1.30 g, 2.46 mmol,
91%).

H NMR (400 MHz, CDCL): & = 7.17 (d, 3un = 7.9 Hz, 2H), 6.87 (d, Jup = 2.3 Hz, 2H), 6.43 (dd, 3 =
7.9, 4y = 2.3 Hz, 2H), 5.29 (s, 2H), 3.79 (s, GH), 0.96 (s, 18H), 0.16 (d, 12H).

BC NMR (101 MHz, CDCL): § = 166.2, 153.3, 147.4, 145.9, 136.4, 124.2, 116.4, 115.6, 52.5, 51.9, 25.8, 18.2,
43,

BSDEPT (101 MHz, CDCl3): 6 = 124.1, 116.3, 115.4, 52.4, 51.8, 25.6.

HRMS (ESI) caled for C3H4506Si> [M+H]*: 581.2749 found 581.2750.
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2,6-dihydroxy-9,10-dihydro-11,12-dicarbomethoxyethenoanthracene (21)
|
o0

In a 50 mL round bottom flask 2,6-bis(tert-butyldimethylsiloxy)-9,10-dihydro-11,12-dicarbomethoxyetheno-
anthracene (18, 807 mg, 1.39 mmol, 1.00 equiv.) was suspended in methanol (10 mL). Dichloromethane was
added until a solution was formed (4 mL), then aq. HCI (37%, 1.01 mL, 12.2 mmol, 8.75 equiv.) was added
and the reaction mixture was stirred at room temperature for 4.5 hours. The reaction mixture was
concentrated and the crude mixture was purified by column chromatography  (SiOs;
cyclohexane/dichloromethane, 3:2) to yield the target compound as off white solid (21, 520 mg, 1.39 mmol,

quant.).

1H NMR (400 MHz, acetone-ds): § = 8.21 (s, 2H), 7.21 (d, 3Juun = 7.9 Hz, 2H), 6.95 (d, 4y = 2.4 Hz, 2H),
6.44 (dd, 3 = 7.9, Jup = 2.4 Hz, 2H), 5.38 (s, 2H), 3.73 (s, GH). .

BC NMR (101 MHz, acetone-d3): 6 = 166.6, 155.9, 148.2, 147.5, 135.9, 125.0, 112.7, 111.4, 52.5, 52.4.
BSDEPT (101 MHz, acetone-d;): 6 = 125.0, 112.7, 111.4, 52.5, 52.4.

HRMS (ESI) caled for Cz0HisNaOg [M+Na]*: 375.0839 found 375.0841.
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Diisopentyl-2,6-dihydroxy-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylate (23)

To an oven dried and argon flushed 10 mL round bottom flask 2,6-dihydroxy-9,10-dihydro-11,12-
dicarbomethoxyethenoanthracene (21, 520 mg, 1.48 mmol, 1.00 equiv.) and freshly distilled isoamylalcohol
(5.01 mL, 45.4 mmol, 30.7 equiv.) were added. The reaction mixture was heated up to 100 °C and then para -
toluenesulfonic acid monohydrate (45.0 mg, 0.986 mmol, 0.158 equiv.) was added. The reaction mixture was
stirred at 100 °C for 24 hours. Ethyl acetate was added to the teaction mixture and then it was washed with
brine, saturated NaHCO3 and water. The organic layer was dried over MgSO4 and the solvent was removed
under reduced pressure. The crude mixture was purified by column chromatography (SiO2; cyclohexane/ethyl
acetate, 1:1) and the remaining isoamylalcohol was removed by bulb to bulb distillation (40 °C, 5 x 10-! mbat)

to yield the target compound as colotless solid (22, 23, 687 mg, 1.48 mmol, quant.).

1H NMR (400 MHz, CDCL): § = 6.92 (d, 3iun = 7.9 Hz, 2H), 6.71 (d, 4Jun = 2.3 Hz, 2H), 6.19 (dd, 3iun
= 7.9, 4Jun = 2.4 Hz, 1H), 6.07 — 5.57 (m, 1H), 5.11 (d, *Jiups = 3.1 Hz, 1H), 4.07 (t, 3iun = 7.0 Hz, 3H), 3.98
—3.78 (m, 1H), 1.64 — 1.45 (m, 2H), 1.39 (q, fun = 7.0 Hz, 2H), 1.29 — 0.98 (m, 1H), 0.76 (d, 3/ = 6.6 Hz,
GH).

BCNMR (101 MHz, CDCl3): 6 = 166.5, 153.7, 147.1, 146.2, 135.6, 124.4, 112.0, 111.1, 70.6, 64.7, 51.8, 37.2,
34.1, 27.0, 26.1, 25.1, 22.6, 16.5, 11.3.

BSDEPT (101 MHz, CDCL): § = 124.4, 112.0, 111.1, 70.6, 64.7, 51.8, 37.2, 34.1, 26.1, 25.2, 22.6, 16.5, 11.3.

HRMS (ESI) caled for C2sH3306 [M+H]™: 465.226 found 465.2266.
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Diisopentyl-2,6-bis(trifluoromethanesulfonate)-9,10-dihydro-9,10-ethenoanthracene-11,12-
dicarboxylate (26)

A

Vg ‘Q OTf

TfO

To an oven dried and argon flushed Schlenk tube (25 mlL) diisopentyl-2,6-dihydroxy-9,10-dihydro-9,10-
ethenoanthracene-11,12-dicarboxylate (23, 340 mg, 0.732 mmol, 1.00 equiv.) and NEt; (494 pL, 3.51 mmol,
4.80 equiv., freshly dried over CaH,) was added along with dichloromethane (6 mL). The reaction mixture
was cooled down to -78 °C and stirred for 10 minutes. Trifluoromethanesulfonic anhydride (292 uL, 1.76
mmol, 2.40 equiv.) was added dropwise over 10 minutes and the reaction mixture was stirred for another 6
hours at -41 °C. The Reaction mixture was filtered over celite and the solvent was removed under reduced
pressure. The residue was purified by column chromatography (SiO»; cyclohexane/ethyl acetate, 10:1) to gain
Diisopentyl-2,6-bis(trifluoromethylsulfonate)-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylate (26,
500 g, .732 mmol, 94%) as a colorless foam.

H NMR (400 MHz, CDCL): § = 7.45 (dd, ] = 8.2, 1.4 Hz, 2H), 7.34 (t, ] = 1.8 Hz, 2H), 6.98 (dt, ] = 8.0,
1.8 Hz, 2H), 5.57 (d, ] = 3.5 Hz, 2H), 4.24 (t, ] = 6.9 Hz, 3H), 4.15 — 3.96 (m, 1H), 1.70 (ddq, ] = 26.6, 13.2,
6.6 Hz, 1H), 1.56 (q, ] = 6.9 Hz, 3H), 1.49 — 1.15 (m, 2H), 0.96 — 0.90 (m, 12H).

B3C NMR (101 MHz, CDCl3): 6 = 164.7, 147.2, 147.2, 146.1, 146.1, 146.0, 146.0, 143.3, 125.3, 118.8 (q, {Jcr
= 320.7 Hz), 118.6, 117.6, 117.6, 70.7, 64.8, 51.8, 51.7, 51.7,42.8, 37.1, 34.1, 29.8, 26.0, 25.1, 22.4, 16.4, 13.9,
11.2.

BSDEPT (101 MHz, CDCl3): & = 125.3, 125.3, 118.6, 117.6, 117.6, 70.7, 64.8, 51.8, 51.7, 51.6, 42.7, 37.1,
34.1,29.7, 26.0, 25.1, 25.1, 22.4, 22.4, 16.4, 13.9, 11.2.

HRMS (ESI) calcd for C3()H31F601()Sz M‘FH]*: 729.1257 found 729.1255.
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Poly[Diisopentyl-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylate-2,6-diyl-a/#(9,9-
didodecylfluorene-2,7-diyl)] (P2)

o)
RR
R'=H, CHj n
R = CqoHys

A an oven dried and argon-flushed 25 ml Schlenk tube was charged with diisopentyl-2,6-
bis(trifluoromethylsulfonate)-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylate (26, 133 mg, 0.183
mmol, 1.00 equiv.), 9,9-Didodecyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)fluorene (5, 142 mg, 0.183
mmol, 1.00 equiv.) and CsxCO; (301 mg, 0.915 mmol, 5.00 equiv). The vial was sealed and
evacuated/backfilled with nitrogen (3X). Dimethylformamide (3 mL) was added, and the reaction was flushed
again with nitrogen (3X) under sonication. Pd(dppf)Cl> - CH2Cl» (29.9 mg, 32.4 pmol, 0.20 equiv.) was added
and the reaction mixture was evacuated and backfilled with nitrogen under sonication once more before
heated to 90 °C. The reaction mixture was stirred for 3 days at 90 °C. The reaction was cooled to room
temperature, diluted with dichloromethane (40 mL) and washed with Water. The aqueous layer was back
extracted with dichloromethane (3 x 20 mL), the combined organic layers were dried over MgSOj4 and the
solvent was removed under reduced pressure. The residue was solved in a minimal amount of chloroform
and side products were precipitated with hexane. The solvent of the mother layer was removed under reduced
pressure and the precipitation procedure was repeated once more. The precipitate of the second batch was

filtered and to obtain the target polymer P2 as a brown solid (56.0 mg).
SEC (DA) M, =1.929 x 10* Da, D = 1.67
TH NMR (400 MHz, CDCls): & = 7.88 — 7.31 (m, 12H), 5.62 (bt, 2H), 4.26 (bt, 4H), 2.15 — 0.46 (m, 68H).

13C NMR (101 MHz, CDCls): § = 165.7, 151.6, 151.4, 150.9, 146.5, 144.6, 142.7, 140.0, 139.8, 139.5, 131.7,
131.4, 131.3, 128.8, 128.4, 128.2, 127.2, 126.1, 124.4, 124.1, 122.9, 121.6, 120.0, 75.0, 74.1, 74.0, 73.5, 70.3,
64.3, 55.3, 55.2, 52.5, 40.6, 37.2, 34.1, 31.9, 30.2, 30.1, 29.7, 29.7, 29.6, 29.6, 29.4, 29.3, 26.1, 25.1, 24.9, 23.9,
22.7,22.5,16.5, 14.1, 11.3.
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Experimental section towards Schiff base polymer
2,6-Bis(tert-butoxycarbonyl-amino)-9,10-dihydro-11,12-dicarbomethoxyethenoanthracene (33)

A an oven dried and argon-flushed 100 ml Schlenk tube was charged with Dimethyl 2,6-
bis(trifluoromethanesulfonate)-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylate (1, 565 mg, 917
pumol, 1.00 equiv.), tert-butyl carbamate (280 mg, 2.34 mmol, 2.55 equiv.), Pdzdbas (84.0 mg, 91.7 umol, 0.100
equiv.), Xantphos (162 mg, 0.275 mmol, 0.300 equiv.) and Cs2CO; (845 mg, 2.57 mmol, 2.80 equiv.). The vial
was sealed and evacuated/backfilled with nitrogen (3X). Dioxane (9 mL) was added, and the reaction was
flushed again with nitrogen (3X). The reaction mixture was stirred at 100 °C for 20 h. It was then cooled to
room temperature, filtered over Celite with DCM and the solvent was evaporated. The residue was purified
by column chromatography (SiOz; EtOAc/toluene, 2:8) to afford the target compound (33, 444 mg, 917
umol, 88%) as a yellowish solid.

1H NMR (400 MHz, CDCLy): & = 7.68 (s, 2H), 7.23 (d, 3Jun = 8.0 Hz, 2H), 6.77 (dd, i = 7.9, “fupn = 2.1
Hz, 2H), 6.52 — 6.44 (m, 2H), 5.38 (s, 2H), 3.79 (s, 6H), 1.51 (s, 18H).

BC NMR (101 MHz, CDCls): & = 166.0, 152.9, 147.2, 145.2, 138.3, 135. 9, 124.0, 115.0, 114.9, 80.7, 52.5,
52.0, 28.4.

BSDEPT (101 MHz, CDCl3): 6 = 123.90, 115.0, 114.8, 52.4, 51.9, 28.3.

HRMS (ESI) caled for C30H3sN20s [M+H]*™ 551.2388: found 551.2380.
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9,10-Dihydro-11,12-dicarbomethoxyethenanthracene-2,6-diaminium chloride (34)

An oven dried and argon-flushed 50 ml two neck round bottom flask was charged with 2,6-Bis(zerr
butoxycarbonyl-amino)-9,10-dihydro-11,12-dicarbomethoxyethenanthracene (33, 160 mg, 291 pmol, 1.00
equiv.) and dissolved in dioxane (10 mL). The solution was heated to 60 °C and dry HCI gas was bubbled
through for 18 minutes. The reaction mixture was stirred for another hour at 60 °C. The suspension was
cooled down to room temperature, filtered and the product was washed with cold dioxane. The product was
isolated as yellow solid (34, 123 mg, 0.291 mmol, quant.).

H NMR (400 MHz, D20O): 6 = 7.64 (d, 3Jun = 7.9 Hz, 2H), 7.56 (s, 2H), 7.16 (d, 3Jun = 7.9 Hz, 2H), 5.88
(s, 2H), 3.85 (s, 6H).

BC NMR (101 MHz, D;O): & = 167.7, 147.9, 146.1, 144.5, 128.4, 126.0, 121.1, 119.6, 53.9, 51.4.
BSDEPT (101 MHz, D,O): 6 = 126.0, 121.1, 119.6, 53.9, 51.4.
HRMS (ESI) caled for CisH19N2O, [M-HCI, -CI]+ 351.1339: found 351.1343.

9,10-Dihydro-11,12-dicarbomethoxyethenanthracene-2,6-diamine (32)
|

9,10-Dihydro-11,12-dicarbomethoxyethenanthracene-2,6-diaminium chloride (34, 90.0 mg, 214 umol, 1.00
equiv.) was taken up in water ( 5 mL) diluted with saturated NaHCO3 (5 mL) and extracted three times with
DCM (3 x 10 mL). The organic layer was washed with brine and the solvent was evaporated under reduced

pressure. The target compound was isolated as yellow solid (32, 74.0 mg, 212 pmol, quant.).

'H NMR (400 MHz, CDCl3): § = 6.99 (d, 3Jiin = 7.8 Hz, 2H), 6.64 (d, “Jiun = 2.2 Hz, 2H), 6.16 (dd, 31 =
7.8, Yun = 2.2 Hz, 2H), 5.1 (s, 2H), 3.68 (s, 6H), 3.55 — 3.26 (br, 4H).

HRMS (ESI) caled for CisHioNoO, [M+H]* 351.1339: found 351.1343.
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Experimental section Poly[N-octyl-(2,6- bis(propargyl-1-oxy))-9,10-dihydro-9,10-
maleimidoanthracene] (P4)
2,6-dihydroxy-9,10-dihydro-9,10-ethenoanthracene-11,12-dicarboxylic acid (36)
HO_O
OH
o /

@‘Q OH

HO

A solution of 2,6-bis(#er#-butyldimethylsiloxy)-9,10-dihydro-11,12-dicatbomethoxyethenoanthracene (18, 4.10
g, 7.06 mmol, 1.00 equiv.) in a mixture of tert-butanol (200 mL) and dioxane (20 mL) was heated to 80 °C in
a round bottom flask under atmosphere. Potassium hydroxide (1.98 g, 35.3 mmol, 5.00 eq.) was added after
10 min and the reaction mixture was stirred for 7 hours. The solvent was removed under reduced pressure
and the residue was suspended in DCM and washed with brine. The aqueous layer was acidified with
concentrated HCI and was extraced three times with EtOAc. The combined organic layers were dried over
Na,SO4 and the solvent was removed under reduced pressure. The residue was purified by flash column
chromatography (reversed-phase - Cis; water/acetonitrile, 1:1). The product was obtained as a yellow solid (36,

2.28 g, 7.06 mmol, quant.).

1H NMR (400 MHz, MeOD-4)) : 6 = 7.16 (d, 3 = 7.9 Hz, 2H), 6.85 (d, un = 2.3 Hz, 2H), 6.40 (dd,
3 = 7.9, 4Jup = 2.4 Hz, 2H), 5.41 (s, 2H).
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N-octyl-(2,6-diacetate)-9,10-dihydro-9,10-maleimidoanthracene (38)

M

N_O
O/
0O
JLOO»_
O

An oven dried and argon-flushed round bottom flask (250 mL) was charged with 2,6-dihydroxy-9,10-dihydro-
9,10-ethenoanthracene-11,12-dicarboxylic acid (36, 1.00 g, 3.08 mmol, 1.00 equiv.) and acetic anhydride (20
ml). The solution was heated to 130 °C for 5 hours and then the solvent was removed under reduced
pressure. The crude mixture was dissolved in freshly dried chloroform (20 mL) and 1-octanamine (freshly
distilled before use, 1.03 mL, 6.16 mmol, 2.00 equiv.) was added. The solution was heated to 50 °C for 20
hours and then the solvent was removed under reduced pressure. The crude mixture was dissolved in acetic
anhydride (20 mL), sodium acetate (1.03 g, 12.3 mmol, 4.00 equiv.) was added and the reaction mixture was
heated to 100 °C for 20 hours. The solvent was removed undet reduced pressute and the residue was taken
up in ethyl acetate and washed with water. The aqueous layer was back extracted with ethyl acetate (3x) and
the combined organic layers were washed once with brine and dried over MgSO4. The solvent was removed
under reduced pressure and the residue was putified by column chromatography (SiO»; cyclohexane/ethyl

acetate, 4:1) to yield the target compound as off white solid (38, 1.01 g, 2.01 mmol, 65%).

IH NMR (400 MHz, DMSO - d): 6 = 7.52 (d, *Jinn = 8.0 Hz, 2H), 7.33 (d, “Jun = 2.3 Hz, 2H), 6.78 (dd,
3o = 8.0, 4 = 2.3 Hz, 2H), 5.78 (s, 2H), 3.27 (t, 3 = 7.2 Hz, 2H), 2.23 (s, 6H), 1.41 (q, 3Jin = 7.1 Hz,
2H), 1.26 — 1.10 (m, 10H), 0.81 (t, 3 = 6.9 Hz, 3H).

13C NMR (101 MHz, DMSO - d): 8 = 169.3, 165.9, 155.8, 147.7, 146.0, 141.4, 125.0, 118.8, 118.1, 45.2, 37.5,
31.1, 28.4, 28.4, 28.1, 26.2, 22.0, 20.7, 13.9.

HRMS (ESI) caled for CsHzNONa [M+Na]*: 524.2004 found 524.2050.
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N-octyl-(2,6-dihydroxy)-9,10-dihydro-9,10-maleimidoanthracene (37)

M

N_O
O

@Q OH

HO

To a round bottom flask was added N-octyl-(2,6-diacetate)-9,10-dihydro-9,10-maleimidoanthracene (38, 400
mg, 0.797 mmol, 1.00 equiv.) and ethanol (40 mL). Concentrated aqueous hydrochloric acid (200 pL, 2.41
mmol, 3.03 equiv.) was added dropwise and the reaction mixture was stirred for 15 hours. The solvent was
removed under reduced pressure and the residue was purified by column chromatography (SiOz;

cyclohexane/ethyl acetate, 5:1) to yield the target compound as yellow solid (37, 332 mg, 0.797 mmol, quant.).

1H NMR (400 MHz, CDCL): 6 = 7.15 (d, 3 = 7.9 Hz, 2H), 6.90 (d, Jup = 2.4 Hz, 2H), 6.41 (dd, i =
7.9, Yup = 2.5 Hz, 2H), 5.32 (s, 2H), 3.37 (t, 3 = 7.4 Hz, 2H), 1.48 (q, 3Jup = 7.2 Hz, 2H), 1.31 — 1.14 (m,
10H), 0.85 (t, 3y = 7.0, 3H).

BC NMR (101 MHz, CDCl3): 6 = 167.0, 156.5, 153.5, 146.8, 136.1, 125.1, 112.9, 111.1, 46.5, 38.3, 31.9, 29.2,
29.0, 26.9, 25.4, 22.7, 14.2.

BSDEPT (101 MHz, CDCl3): 6 = 125.1, 112.9, 111.1, 46.5, 38.3, 31.9, 29.2, 29.0, 26.9, 22.7, 14.2.

HRMS (ESI) caled for CogHagNO4 [M+H]*: 416.1867 found 416.1872.
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N-octyl-(2,6-bis(propargyl-1-oxy))-9,10-dihydro-9,10-maleimidoanthracene (41)

M

N_O

2
§/\O O\é

To an oven dried and argon-flushed Schlenk tube (25 ml) N-octyl-(2,6-dihydroxy)-9,10-dihydro-9,10-
maleimidoanthracene (37, 105 mg, 251 pmol, 1.00 equiv.), CsCOj3 (197 mg, 602 umol, 2.40 equiv.), and 18-
Crown-6 (1.38 mg, 5.17 pmol, 0.0206 equiv.) were added and dissolved in dimethylformamide (2 mL). The
tube was subjected shortly to vacuum under sonication and backfilled with argon (3x). Propargyl bromide
(80% solution in toluene, 89.6 mg, 602 pmol, 2.40 equiv.) was added and the mixture was heated to 50 °C for
17 hours. The reaction mixture was filtered and washed with dichloromethane. The solvent was removed
under reduced pressure and the residue was purified by column chromatography (SiO»; cyclohexane/ethyl

acetate, 5:1) to yield the target compound as a yellow solid (41, 78.0 mg, 0.251 mmol, 63%).

TH NMR (400 MHz, CDCly): § = 7.28 (d, 3Jiup = 8.1 Hz, 2H), 7.05 (d, Jiup = 2.4 Hz, 2H), 6.59 (dd, 3iup =
8.1, 4un = 2.5 Hz, 2H), 5.38 (s, 2H), 4.62 (d, “fun = 2.4 Hz, 4H), 3.43 — 3.31 (m, 2H), 2.50 (t, 4Jiup = 2.4 Hz,
2H), 1.54 — 1.44 (m, 2H), 1.26 — 1.16 (m, 10H), 0.85 (t, i = 6.8 Hz, 3H).

1BC NMR (101 MHz, CDCL): & = 166.7, 156.3, 155.5, 146.5, 136.9, 124.9, 112.9, 110.1, 78.5, 75.9, 56.2, 46.6,
38.2,31.9,29.2,29.2, 29.0, 26.9, 22.7, 14.2.

167.0, 156.5, 153.5, 146.8, 136.1, 125.1, 112.9, 111.1, 46.5, 38.3, 31.9, 29.2, 29.2, 29.0, 26.9, 25.4, 22.7, 14.2.

BSDEPT (101 MHz, CDCl3): & = 124.9, 112.9, 110.1, 78.5, 75.9, 56.2, 46.6, 38.2, 31.9, 29.2, 29.2, 29.0, 26.9,
22.7,14.2.

HRMS (ESI) caled for C32H3NO4 [M+H]*: 494.2326 found 494.2329.
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Poly[N-octyl-(2,6- bis(propargyl-1-oxy))-9,10-dihydro-9,10-maleimidoanthracene] (P4)

To a 100 mL round bottom flask was added N-octyl-(2,6-bis(propargyl-1-oxy))-9,10-dihydro-9,10-
maleimidoanthracene (41, 100 mg, 203 pmol, 1.00 equiv.), TEMEDA (47.4 mg, 406 pmol, 2.00 equiv.), and
copper(I)chloride (41.4 mg, 406 umol, 2.00 equiv.). The mixture was dissolved in methanol (55 mL) and
stirred at room temperature for 72 hours. The reaction mixture was diluted with chloroform and washed with
saturated aqueous NH4Cl and then with brine. The organic layer was dried over MgSOy and the solvent was

concentrated. The residue was purified over an automated recyclable Gel-Permeations-Chromatographie

(GPC, CHCl) yielding the target polymer (P4, 40 mg).

SEC (DA) M,, = 1.10 x 10* Da, D = 1.67.

TH NMR (400 MHz, CDCL): § = 7.36 — 7.19 (m, 2H), 7.08 — 6.90 (m, 2H), 6.61 — 6.46 (m, 2H), 5.73 (br,
1H), 5.52 (br, 1H), 4.77 — 4.57 (m, 4H), 3.27 (br, 2H), 1.56 — 1.44 (m, 2H), 1.36 — 1.18 (m, 10H), 0.94 — 0.78
(m, 3H).
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Experimental section diastereomeric resolution
2,6-Bis((tert-butyldimethylsilyl)oxy)-11,12-dihydro-triptycene-13,16-dione (45)

o

i 2 ‘
N L0
To an oven dried round bottom glass 2,6-bis(tert-butyldimethylsiloxy)anthracene (24, 4.09 g, 9.32 mmol, 1.00
equiv.) and p-benzopuinone (2.02 g, 18.6 mmol, 2.00 equiv.) were added before subjecting the flask to
vacuum. The mixture was flashed with argon and dissolved in toluene (50 mL). After heating the reaction
mixture to reflux it was stirred overnight. The reaction mixture was filtered and the solvent was removed

under reduced pressure. The crude product was purified by column chromatography (SiO2; EtOAc:Cyc, 1:8)
to yield the target compound as off white solid (45, 3.58 g, 6.55 mmol, 70%).

1H NMR (400 MHz, CDCly): 6 = 7.20 (d, 311 = 8.0 Hz, 1H), 7.00 (d, 3y = 8.0 Hz, 1H), 6.87 (d, 4Jiup =
2.4 Hz, 1H), 6.67 (d, “fun = 2.4 Hz, 1H), 6.62 (dd, 3in = 8.0, 4in = 2.4 Hz, 1H), 6.53 (dd, 3 1u = 8.0, 4]
mp = 2.4 Hz, 1H), 6.29 (s, 2H), 4.69 (dd, 3] un = 4.4, 4] un = 2.0 Hz, 2H), 3.07 (s, 2H), 0.97 (s, 9H), 0.93 (s,
9H), 0.18 (s, GH), 0.11 (s, 6H).

13C NMR (101 MHz, CDCly): § = 198.9, 198.7, 154.6, 154.5, 143.3, 141.5, 140.7, 140.6, 134.1, 132.3, 125.5,
124.7,117.9, 117.5, 117.1, 115.9, 49.6, 49.5, 48.8, 48.7, 25.8, 25.8, 18.3, 18.3, -4.2, -4.3, -4.3, -4.3.

BDEPT (101 MHz, CDClLs) : 140.5, 140.5, 125.4, 124.6, 117.8, 117.4, 116.9, 115.7, 49.4, 49.3, 48.6, 48.0,
25.7, 25.6.

MS (APCI) caled for CsoHip04Si, [M+H]*: 547.26 found 547.20.
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2,6-Bis((zert-butyldimethylsilyl)oxy)-13,16-dihydroxy-triptycene (46)

O OH
HO

stlia CZ ‘Q QY
A mixture of 2,6-bis((tert-butyldimethylsilyl)oxy)-11,12-dihydro-triptycene-13,16-dione (45, 300 mg, 549
umol, 1.00 equiv.) and KoCOs (460 mg, 3.29 mmol, 6.00 equiv.) was put under vacuum for 10 minutes. The
mixture was floated with argon and dissolved in dioxane (14 mL). The reaction mixture was heated to 50 °C
for 17 h under a nitrogen atmosphere. The solvent was removed under reduced pressure and the residue was
dissolved in DCM. The mixture was washed with saturated NH4Cl and the organic layer was separated. The
aqueous layer was extracted twice with dichloromethane. The combined organic layers were washed with
saturated NaHCO3, dried over Na SOy, filtered, and evaporated in vacuum. The residue was purified by column

chromatography (SiO»; EtOAc/cyclohexane, 1:4) to give the desired product as off white solid (46, 245 mg,
0.448 mmol, 82%).

H NMR (400 MHz, Acetone-ds): 6 = 7.76 (s, 2H), 7.24 (d, 3Jun = 7.9 Hz, 2H), 6.95 (d, 4 = 2.4 Hz, 2H),
6.45 (dd, 3un = 7.9, 4Jup = 2.4 Hz, 2H), 6.38 (s, 2H), 5.78 (s, 2H), 0.96 (s, 18H), 0.16 (s, 12H).

BC NMR (101 MHz, Acetone-dq): & = 153.5, 149.1, 145.9, 139.9, 133.9, 124.9, 116.8, 115.8, 113.9, 47.6, 26.0,
187, -4.3, -4.3.

ISDEPT (101 MHz, Acetone-cb): & = 1249, 1168, 1158, 13.9, 47.6, 26.0, -4.3, -43.
HRMS (ESI) caled for CsoHysO4Si, [M+H]*: 547.2694 found 547.2698.
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2,6-Bis((zert-butyldimethylsilyl)oxy)-13,16-bis(dodecyloxy)-triptycene (47)

O o)
(0]
%,S('i)/ ‘Q O‘S?-

To an argon-flushed Schlenk tube was added 2,6-bis((tert-butyldimethylsilyl)oxy)-13,16-dihydroxy-triptycene

(46, 200 mg, 366 pmol, 1.00 equiv.), 1-dodecanol (170 pL, 767 pmol, 2.10 equiv.), triphenylphosphine (203
mg, 0.767 mmol, 2.10 equiv.), and THF (1 mL). The reaction mixture was degassed under sonication. The
reaction vessel was then lowered into a 40-kHz sonication bath and sonicated for several minutes (to allow
for mixing). While sonicating, diisopropylazodicarboxylate (160 pL, 767 pumol, 2.10 equiv.) diluted in 1 mL
THF was added dropwise to the reaction mixture over the course of 7 min. Overall, the reaction mixture
(amber color) was sonicated for 15 min. The reaction mixture was purified by flash chromatography (SiO»;
EtOAc/cyclohexane, 1:100 to 40:100) to give 2,6-bis((tert-butyldimethylsilyl)oxy)-13,16-bis(dodecyloxy)-
triptycene (47, 127 mg, 39%) as an oil.

TH NMR (400 MHz, CDCls): 6 = 7.16 (d, *Juu = 7.9 Hz, 2H), 6.86 (d, */u,u = 2.3 Hz, 2H), 6.46 (s, 2H), 6.37
(dd, 3fin = 7.8, 4Jun = 2.3 Hz, 2H), 5.66 (s, 2H), 3.91 (t, 3/un = 6.5 Hz, 4H), 1.86 — 1.75 (m, 4H), 1.37 — 1.22
(m, 36H), 0.94 (s, 18H), 0.91 — 0.85 (m, 6H), 0.13 (s, 12H).

BC NMR (101 MHz, CDCls): 6 = 124.0, 116.1, 114.9, 110.7, 69.9, 46.9, 32.1, 29.8, 29.6, 29.5, 26.4, 25.8, 22.9,
18.2,14.3,0.2, -4.3.

BSDEPT (101 MHz, CDCLy): § = 124.0, 116.1, 114.9, 110.7, 69.8, 46.8, 31.9, 29.8, 29.7, 29.7, 29.7, 29.5, 29.5,
29.4,26.2,25.6,22.7, 14.1.

DART MS (550 °C, +): m/z (%) 829.6 (16.6), 883.6 (M, 88.2), 883.6 (47.5), 884.6 (52.1), 885.7 (21.8), 900.7
(M + NH,*, 100.0), 901.6 (48.5), 902.7 (20.3), 1767.5 (2M*, 14.5), 1767.8 (11.5), 1783.3 (2M + NH,*, 42.3),
1784.0 (72.7), 1784.9 (78.1), 1786.5 (33.8), 1786.6 (17.1).
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2,6-Dihydroxy-13,16-bis(dodecyloxy)-triptycene (48)

A

@‘Q OH

HO

To an argon-flushed Schlenk tube was added 2,6-bis((tert-butyldimethylsilyl)oxy)-13,16-bis(dodecyloxy)-
triptycene (47, 135 mg, 153 pmol, 1.00 equiv.), MeOH (2 mL) and DCM (2 mL). Concentrated aqueous HCl
(37%, 152 pl., 1.83 mmol, 12.00 equiv.) was added, the clear solution changed immediately to a milky solution.
The reaction mixture was stirred for 13 hours at room temperature. The reaction mixture was diluted in DCM
(100 mL) and washed with aqueous NaHCOs3. The aqueous layer was extracted twice with DCM. The
combined organic layers were washed with brine, dried over Na,SO4 and the solvent was removed under
reduced pressure. The residue was purified over a silica plug (S8iO2; EtOAc). The product was obtained as an

off white solid (48, 101 mg, 153 pmol, quant.).

1H NMR (400 MHz, CDCls): & = 7.19 (d, 3Jin = 7.9 Hz, 2H), 6.89 (d, Jin = 2.4 Hz, 2H), 6.48 (s, 2H), 6.38
(dd, 3up = 7.9, “fun = 2.5 Hz, 2H), 5.70 (s, 2H), 4.45 (br, 2H), 3.91 (t, 3 = 6.5 Hz, 4H), 1.86 — 1.76 (m,
4H), 1.56 — 1.45 (m, 4H), 1.44 — 1.21 (m, 32H), 0.93 — 0.85 (m, GH).

13C NMR (101 MHz, CDCls): & = 153.0, 148.3, 148.2, 138.2, 135.8, 124.4, 111.9, 110.9, 110.6, 100.1, 69.8, 46.8, 32.1, 29.9, 29.8,
29.6, 29.5, 26.4, 12.9, 143.

BSDEPT (101 MHz, CDCL): 6 = 1244, 111.9, 110.9, 110.6, 69.8, 46.8, 32.1, 29.9, 29.9, 29.8, 29.1, 29.6, 29.5, 26.4, 22.9, 143.
Maldi-TOF MS: m/z = 654.633 (M™).
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2,6-Bis((S)-(-)-alpha-methoxy-alpha-(trifluoromethyl)phenylacetyl)-13,16-bis(dodecyloxy)-
triptycene (49)

O 0}
FsC O © ‘
gLt
o O—
To a stirred solution of (S)-(-)-alpha-methoxy-alpha-(trifluoromethyl)phenylacetic acid (87.2 mg, 373 pmol,
2.03 equiv.), DCC (85.5 mg, 410 pmol, 2.24 equiv.), DMAP (9.10 mg, 074.5 umol) in DCM (2 mL) was added
a solution of 2,6-dihydroxy-13,16-bis(dodecyloxy)-triptycene (48, 120 mg, 183 pmol, 1.00 equiv.) in DCM (1
mL) and THF (0.5 mL) under argon atmosphere. The mixture was stirred for further 5 hours at room
temperature. The mixture was concentrated under reduced pressure, dissolved in AcOEt and filtered through
a Celite pad. The filtrate was evaporated and subjected to column chromatography (SiOs;

EtOAc/cyclohexane, 1:8) to give the desired product as colotless oil (49, 183 mg, 0.168 mmol, 93%).

H NMR (400 MHz, CDCL): § = 7.64 — 7.57 (m, 4H), 7.48 — 7.41 (m, 6H), 7.37 (dd, 3uun = 8.0, Jup = 2.8
Hz, 2H), 7.20 (dd, 4Jiup = 2.3, “fun = 1.2 Hz, 2H), 6.76 (dd, 3ip = 8.0, “fupn = 2.3 Hz, 2H), 6.50 (d, Jun =
3.1 Hz, 2H), 5.87 (s, 2H), 3.99 — 3.85 (m, 4H), 3.65 (s, GH), 1.89 — 1.76 (m, 4H), 1.58 — 1.45 (m, 4H), 1.45 —
1.20 (m, 32H), 0.95 — 0.83 (m, GH).

BC NMR (101 MHz, CDCl3): 6 = 165.1, 148.3, 147.4, 147.1, 146.5, 143.6, 132.0, 129.8, 128.6, 127.3, 124.5,
117.0, 116.9, 110.8, 69.5, 55.6, 46.8, 31.9, 29.7, 29.7, 29.5, 29.4, 26.2, 22.7, 14.1.

BSDEPT (101 MHz, CDCl3): 6 = 13C NMR (101 MHz, CDCI3) & 129.8, 128.6, 127.3, 124.5, 117.0, 117.0,
110.8, 69.5, 55.6, 46.8, 31.9, 29.7, 29.7, 29.5, 29.4, 26.2, 26.2, 22.7, 14.1.

9 NMR (376 MHz, (DCk): & = -T1.6, -T1.6.
Maldi-TOF MS: m/z = 1086.232 (M*).
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Anthracene-2,6-diyl bis((1S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptane-1-carboxylate) (56)

To a stirred solution of (1S)-(+)-ketopinic acide (2.75 g, 15.1 mmol, 2.03 equiv.), DCC (3.47 g, 16.7 mmol,
2.24 equiv.), DMAP (369 mg, 3.02 mmol, 0.80 equiv.) in THF (50 mL) was added a solution of 2,6-
dihydroxyanthracene (3, 1.56 g, 7.43 mmol, 1.00 equiv.) in THF (25 mlL) under argon atmosphere. The
mixture was stirred for further 18 hours at room temperature. The mixture was concentrated under reduced
pressure, dissolved in ethyl acetate and filtered through a Celite pad. The filtrate was evaporated and subjected
to column chromatography (SiO2; EtOAc/cyclohexane, 1:4). Due to further impurities it was subjected a
second time to column chromatography (SiO»; Toluene/cyclohexane, 10:1) and recrystalliesed in EtOAc. The
desired product was obtained as colotless crystalline compound (56, 800 mg, 1.484 mmol, 20%). As a
byproduct the monofuntionalized anthracene derivative 57 was isolated as a colorless solid (57, 1.05 g, 2.81

mmol, 37.8%).

TH NMR (400 MHz, CDCLy): 6 = 8.38 (s, 2H), 8.00 (d, 3up = 9.1 Hz, 2H), 7.75 (d, fun = 2.2 Hz, 2H),
7.29 (dd, 3up = 9.1, Yun = 2.3 Hz, 2H), 2.73 — 2.49 (m, 4H), 2.22 (t, 3up = 4.4 Hz, 2H), 2.20 — 1.95 (m,
G6H), 1.52 (ddd, ] 2fun = 12.9, 3un = 9.2, “fupn = 3.9 Hz, 2H), 1.33 (s, 6H), 1.26 (s, 6H).

BC NMR (101 MHz, CDCl3): & = 210.5, 169.0, 148.0, 131.6, 130.3, 129.8, 126.3, 122.4, 118.3, 68.3, 49.8,
44.7,44.2,26.7, 26.6, 21.6, 20.1.

BSDEPT (101 MHz, CDCl3): 6 = 129.8, 126.3, 122.4, 118.3, 44.7, 44.2, 26.7, 26.6, 21.6, 20.1.

HRMS (ESI) caled for CsHaNaO, [M+H]*: 561.2248 found 561.2254,
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2,6-Bis((1S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptane-1-carboxylate)-13,16-dihydroxy-triptycene (58)

e

0 o

To an oven dried round bottom glass anthracene-2,6-diyl bis((1S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptane-
1-carboxylate) (56, 340 mg, 631 pmol, 1.00 equiv.) and p-benzopuinone (137 mg, 1.27 mmol, 2.01 equiv.)
were dissolved in toluene (15 mL). The reaction mixture was heated to reflux and stirred overnight. Toluene
(150 mL) was added and the solution was washed with water (3x50 mL). The solvent was removed under
reduced pressure and the crude product was putified by column chromatography (SiO2; EtOAc/cyclohexane,
1:4). To remove remaining impurities another column chromatography (reversed-phase - Cis;
water/acetonitrile, 2:8) was performed to yield the target compound as colotless glasslike compound (58, 150

mg, 0.631 mmol, 37%). The Diels — Alder product 59 was isolated only in 14% as diastereomers.
TH NMR (500 MHz, DMSO-dg): & = 8.92 (s, 2H), 7.42 (d, 3Jun = 8.1, Hz, 2H), 7.17 (d, *Jun = 2.0 Hz, 2H),
6.70 (dd, 3Jupn = 7.9, 4lun = 2.2 Hz, 2H), 6.35 (br, 2H), 5.87 (s, 2H), 2.62 — 2.54 (m, 2H), 2.43 — 2.33 (m, ] =

12.7 Hz, 2H), 2.17 — 2.12 (m, 2H), 2.08 — 1.93 (m, 4H), 1.79 — 1.71 (m, 2H), 1.51 — 1.42 (m, 2H), 1.13 (s,
3H), 1.11 (s, 3H).

BC NMR (101 MHz, CDCls): 6 =147.6, 145.7,143.5, 131.7, 124.8, 118.1, 117.9, 113.9, 46.3, 44.3, 43.7, 26.4,
26.0, 21.5, 19.9.

DART MS (550 °C, +): m/z (%) 500 (25), 664.3.6 (M+NH,*, 100), 665.3 (49), 828.4 (42), 1310 (M+NH,*,
11.5).
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2,6-Bis((1S)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptane-1-carboxylate)-9,10-dihydro-11,12-
dicarbomethoxyethenanthracene (60)
/

\Ooo
(@] oy
aeas¥e

To a degassed stirred solution of (1S)-(+)-ketopinic acide (186 mg, 937 umol, 2.20 equiv.), DCC (200 mg, 959
umol, 2.25 equiv.), DMAP (52.0 mg, 341 umol, 0.80 equiv.) in DCM (6 mL) was added a solution of 2,6-
dihydroxy-9,10-dihydro-11,12-dicarbomethoxyethenanthracene (21, 150 mg, 426 pmol, 1.00 equiv.) in DCM
(1.5 mL) under argon atmosphere. The mixture was stirred for further 18 hours at room temperature. The
reaction mixture was diluted in ethyl acetate and filtered. The mixture was concentrated under reduced
pressute and subjected to column chromatography (SiO2; tBME/cyclohexane, 2:3) to yield the target

compound as white crystalline compound (60, 240 mg, 345 pumol, 81%).

1H NMR (400 MHz, CDCLy): & = 7.34 (dd, *fin = 8.0, 4fun = 2.2 Hz, 2H), 7.20 (d, 4Jun = 2.1 Hz, 2H),
6.78 (dd, 3Jipn = 7.9, Jun = 2.2 Hz, 2H), 5.43 (s, 2H), 3.78 (s, 6H), 2.67 — 2.53 (m, 2H), 2.53 — 2.37 (m, 2H),
2.21 — 1.84 (m, 8H), 1.48 — 1.40 (m, 2H), 1.22 (s, 6H), 1.17 (s, 6H).

3C NMR (101 MHz, CDCls): & = 210.4, 168.7, 165.7, 148.1, 147.0, 145.3, 141.0, 124.6, 118.4, 118.1, 68.2,
52.6,51.9,49.7, 44.7, 44.1, 26.5, 21.5, 20.0.

BSDEPT (101 MHz, CDCls): & = 124.6, 118.4, 118.1, 52.6, 51.9, 44.7, 44.1, 26.5, 26.5, 21.5, 20.0.

HRMS (ESI) caled for C4oH41O10 [M+H]*: 681.294 found 681.2692.
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