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Many common, commercially available fluorophores exist that have a variety of
applications, such as in biological imaging. However, these molecules often have significant
limitations, namely photobleaching. As such, continued development of new fluorophores and
fluorescent scaffolds is expected to facilitate tasks in areas such as biological analysis, where
visualization of systems with consistently good quality and high resolution is vital.
Cycloparaphenylenes (CPPs) are of interest in fluorescence research, as these cyclic
macromolecules (also referred to as “nanohoops”) are promising candidates for fluorescent
scaffolds, because not only do they generally overcome these limitations, but they also have
tunable fluorescence based on their size and functionality.

While synthetic routes for achieving [n]cycloparaphenylenes ([n]CPPs, where “n” refers
to the number of ring units within the larger nanohoop) have been well-established, further
exploration of certain types of these fluorescent molecules continue to show interesting results,
including as alternative fluorophores for live cell imaging. This research examines the [9+1]
internal alkyne-containing CPP (which contains 9 phenyl units, plus an integrated carbon-carbon
triple-bond unit, hence the “9+1), where the distortion of the alkyne unit promotes increased
reactivity that will allow for the synthesis of a range of undiscovered CPP derivatives. This
project highlights new routes for synthetic exploration with these uniquely fluorescent
nanohoops, motivated by utilizing angular-strained motifs and classic Diels-Alder reactions. As
molecular properties generally change with different functionalities, the reactivity and
photophysical properties of the class CPP derivatives explored here are unprecedented.

After completing the synthesis of the [9+1]CPP following an established synthetic route,
Diels-Alder reactivity was explored with tetraphenyl cyclopentadienone (TPCPD) in order to
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introduce new functionality at the site of the alkyne. TPCPD was selected as it is an important
building block for many organic and organometallic compounds, and there are literature
precedents describing the potential of the central ring to react as a diene with dienophiles in a
Diels-Alder reaction, similar to the alkyne in the [9+1]CPP. This successful late-stage
functionalization of a fluorophore in relatively high yield (69%) shows promising results as a
new way to achieve desired modifications of fully-synthesized CPPs, opening new avenues for
research into molecules capable of “clicking” to the alkyne-containing CPP that provide useful

functions.
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Chapter 1. Background

L.I Introduction to Fluorescence

Fluorescence is a property of some molecules that, after absorbing radiation, emit visible
light. Fluorescent molecules have demonstrated useful applications in areas such as biological
imaging'. This process is initiated when a photon of a certain energy interacts with an electron of
the molecule in its ground state, increasing the electron’s energy to an excited state. The
electron’s energy depletes as it relaxes to the lowest excited state, and eventually decays to the
ground state through the emission of a photon of light>. This emitted photon is the basis of a
molecule’s fluorescence, which ultimately contains information about the molecule itself. A

visualization of this cyclical process is shown in Figure 1.
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Figure 1. The overall absorption and emission process that produces fluorescence in a fluorophore.

In order to decode the information contained in a molecule’s fluorescence, the brightness
of the fluorophore must first be characterized. This is typically done in accordance with its
quantum yield and extinction coefficient, which are a representation of the number of emitted

photons relative to the number of photons used in the initial excitation, and a measure of how



well the fluorophore absorbs a certain wavelength of light, respectively. Together, these two
values represent how well a fluorescent molecule absorbs, then re-emits light.

Within any atom, there are orbitals of different energy levels that may or may not contain
electrons. When the molecule, which is made up of different atoms, is at its ground state (i.e.
lowest energy level), orbitals that correspond to higher energy levels are generally unoccupied,
whereas the opposite is true when the molecule is in an excited state (i.e. higher energy level).
Interactions between these atomic orbitals to form bonds within the molecule result in a series of
molecular orbitals that comprise the molecule itself—its electronic structure. The occupation of
these orbitals by electrons is systematic in nature, and interactions between the molecular orbitals
form the basis of fluorescence. When an electron is excited (i.e. receives energy, in the form of
light), it will jump from a lower-energy orbital to a higher-energy orbital, the latter of which is
usually unoccupied due to an energetic barrier. When the electron eventually returns to its
“normal” ground-state energy level, the difference in energy between both levels determines the
energy (and thus wavelength/color) of the photon that is emitted by the fluorophore. This is
usually represented as the energy difference between the highest-occupied and lowest-
unoccupied molecular orbitals (generally referred to as HOMO and LUMO, respectively),
although it is generally understood that these electronic transitions may occur from other orbitals.
A general representation of the trend in the color of an emitted photon and the associated
difference in HOMO- and LUMO- energies (generally referred to the HOMO-LUMO gap, or
bandgap) is shown in Figure 2. As the bandgap energy decreases, the fluorophore emission is
more red-shifted, whereas as the bandgap energy increases, it is more blue-shifted. Thus,
information about the structure of the molecule is contained in the characteristics of the

fluorophore emission’.
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Figure 2. Visualization of HOMO-LUMO gaps and corresponding fluorescent emission colors.

L.II Common Fluorescent Scaffolds and CPPs

Many common fluorophores exist that have a variety of applications, such as in
biological imaging'. The majority of commercially available fluorophores are based on four
fluorescent scaffolds: cyanine, fluorescein, bodipy, and coumarin. Structures of these
fluorophores are shown in Figure 3. Since these fluorophores still have significant limitations
that cause loss of fluorescence (temporarily, in certain conditions, or permanently), the
exploration of new potential fluorescent scaffolds should prove extremely valuable. Fluorescein
(Figure 3a), for example, is typically used as a contrast agent in medical imaging. However, it
can undergo a structural change at biological pH that causes a loss of fluorescence®.
Additionally, fluorophores such as cyanine (Figure 3b) and fluorescein (Figure 3a) dyes, which
are also used in fluorescence imaging of biological structures, that are exposed repeatedly or for
long amounts of time to an excitation light source may also undergo structural changes to non-
fluorescent conformations through a process called photobleaching®. Continued development of

new fluorophores and fluorescent scaffolds is expected to facilitate tasks in areas such as
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biological analysis, where visualizing systems of interest is important. The class of
macromolecules known as cycloparaphenylenes (CPPs) have become a definite area of interest
in fluorescence research, as their extinction coefficients and quantum yields are generally high,

meaning they tend to fluoresce brightly and for a longer time.
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Figure 3. Structures of common fluorescent dyes: (a) Fluorescein, (b) Cyanine, (c) Bodipy, (d)

Coumarin.

These cyclic macromolecules, also referred to as “nanohoops”, are very promising
candidates for fluorescent scaffolds because they also have tunable fluorescence based on hoop
size and functionality. The core structure of a CPP contains a series of benzene rings, cyclically
linked in the para-positions, and essentially represents the smallest cross section of a carbon
nanotube (CNT). An example CPP, CNT, and the different types of connectivity are shown in

Figure 4.
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Carbon Nanotube

Ortho

Figure 4. Example CNT, with the smallest cross section in bold. Possible connectivity of the

aromatic units is shown (ortho, meta, para).

Cycloparaphenylenes composed of “n” benzene rings are generally referred to as
[7]CPPs, and the highly-strained, radially-oriented m-system (involving orbitals associated with
the bonds in each benzene ring, shown in Figure 5) leads to unique reactivities®”’. This

t6-10, including

conjugation results in optoelectronic properties that are size-dependen
fluorescence. The radially-oriented m-system and a visualization of the size-dependent

fluorescence of different CPPs are shown in Figure 5 and 6, respectively.
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Figure 5. Typical CPP structure (left), and a simplified representation of the radially-oriented -

orbital system (right).

Figure 6. Different sizes of CPPs with their respective fluorescence, including a visual

representation of the HOMO-LUMO gaps!'.

CNTs, like CPPs, are carbon-based nanomaterials. CNTs have many desirable potential
applications, including enabling faster and stronger electronic devices, improved sensors for
disease detection, more efficient energy generation and storage, among others'?. Achieving
synthesis of CPPs was originally with the goal of using them as building blocks for successful,
controlled synthesis of CNTs, as synthetic methods for CNTs generally resulted in a mixture of
undesired sizes and lengths’. The synthesis of CPPs was first accomplished via a stepwise
method which has since allowed for significant structural customization'>'? (i.e. size,

functionality). Modifications of the basic CPP scaffold structure may have unprecedented utility
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and applications, potentially improving on some of the aforementioned limitations of other
common fluorophores. Consequently, current CPP research has focused on introducing new
types of functionalities to design synthetic polymers, rotaxanes, biological probes, and many

others!6-1°,

L.IIT Alkyne-Containing CPPs

Introduction

Although the first recorded attempted synthesis of cycloparaphenylene-like structures
was in 1934%°, only in 2008 were the first syntheses of [9], [12], and [18]CPPs successful®’.
Since this initial success, continued refinement and development has allowed for the synthesis of
many different CPP sizes, some of which were discussed earlier in this article (Figure 6) in terms
of their tunable, size-dependent fluorescent capabilities. Synthesis of alkyne-containing CPPs is
of significant interest due to the unique structural components, and subsequent reactivities, that
may provide avenues for further synthesis of novel CPP derivatives through selective, late-stage
functionalization.

Alkyne-containing CPPs are a class of macrocyclic angle-strained alkynes achieved
through a combination of different synthetic building blocks?!. Typically, alkynes (i.e. triply-
bonded carbons) prefer a linear structure due to the rigid overlap of the orbitals involved in the
two m-bonds. Angle-strained cycloalkynes are arbitrarily defined?? as cyclic molecules involving
a triple-bond where the C—C—C bond is deformed by at least 10°, and have been of interest to
researchers due to the unique reactivity associated with this distortion?!. The incorporation of an
alkyne unit into the backbone of the CPP introduces angular strain into the alkyne, ultimately
increasing reactivity at that site. In Figure 7, there is more strain (red) on the side of the ring

opposite of the alkyne as the system attempts to mitigate (i.e. redistribute) the strain on the
14



alkyne itself. There is further evidence of this trend, in that adding meta-linkers directly opposed

to the alkyne further increases the molecular strain®>.

kcal
mol
.1
[9+1]CPP
4 =163.2°

Figure 7. StrainViz calculation for [9+1] CPP, showing the strain distribution in the CPP system

with an integrated the alkyne unit®.
Cycloparaphenylenes containing an alkyne within the backbone afford a promising
method of combining a uniquely fluorescent scaffold with desired functionality in a concise,

selective way!-!

. Alkyne-containing CPPs of various sizes can undergo cycloadditions at the site
of the alkyne without a catalyst and at temperatures as cold as 0°C, whereas comparable reagents
capable of strain-promoted cycloadditions (e.g. dibenzo-fused cyclooctyne and its derivatives)
often require at least heating in order for such a reaction to occur®!. By achieving milder
conditions, this reaction opens new doors for synthetic exploration, and functionalization of these
molecules as novel fluorophores that overcome typical fluorophore limitations. In other words,
not only does this CPP constitute a reliable, consistently-fluorescent molecule, but also it can be
combined with other molecules to achieve a specific function (e.g. targeted drug delivery and
monitoring). Discovering accessible, efficient, and reliable ways to explore new molecular
properties resulting from joining smaller molecular building blocks is the fundamental logic
associated with these ‘click’ reactions??. As such, the synthesis of angle-strained alkynes and
exploration of their unique reactivities continues to be of interest, including alkyne-containing
macrocyclic structures such as the [9+1] CPP.
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Synthesis
Angle-strained cycloalkynes are synthetically challenging, as the distortion of the alkyne
unit leads to instability, due to the increased reactivity?!. Previous attempts at the synthesis of

smaller cycloalkynes®*%

were observed to have short lifetimes as a result of this instability.
Larger cycloalkynes afford more stability (i.e. less angle strain), and thus longer molecular

lifetimes, allowing them to be potentially isolated. The smallest isolated cycloalkyne

(cyclooctyne) and the core structures of other smaller, transient intermediate examples are shown

DEORES

Figure 8. Cyclo- (a) -pentyne, (b) -hexyne, (c) -heptyne, and (d) -octyne chemical structures. As

in Figure 82°.

the ring size increases, the amount of angle-strain on the alkyne unit decreases.

Alkyne-containing CPPs were first achieved through a stepwise synthesis in 2018,
affording various sizes, of which the [11+1] internal alkyne CPP was the largest?'. The [11+1]
CPP system is of interest for this reason, but the reactivity at the alkyne site in the [11+1] CPP
has been explored in a variety of ways, including with a Diels-Alder reaction. This project
instead involves the use of the [9+1] CPP, which due to its smaller size (and thus larger amount
of strain) was hypothesized to show increased reactivity (i.e. achieving product in comparably
high yield under more mild reaction conditions). The outlined synthetic method is shown in

Figure 9, including the final Diels-Alder reaction.
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Figure 9. Synthesis of [9+1] CPP and Diels-Alder reaction with TPCPD.

Beginning with the oxidative addition of methanol to commercially available 4-
methoxyphenol, 9a is then combined with commercially available 1,4-dibromobenzene via

lithiation-addition in two steps (i.e. lithium-halogen exchange, then nucleophilic addition, see
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Materials and Methods section). 9b is then TES-protected, which not only prevents unwanted
side reactions at the site of the alcohol (OH) group, but also favors the cis-geometry, which is a
necessary structural feature in the final coupling partner (see Materials and Methods

section). TES-protected 9b is then subjected to another round of lithiation-addition, with
commercially available 1,4-diiodobenzene. 9¢ is then coupled with another equivalent of itself
through a double-Sonogashira reaction, and the carbon-carbon triple bond is installed with the
help of various metal catalysts (see Materials and Methods section). 9d is then TES-protected for
similar reasons, and 9e is combined with 9f in a Suzuki cross-coupling reaction (see Materials
and Methods section). 9f’s synthetic precursor, 9g, was synthesized in a similar manner to 9c,
but involves combining 9b and 1,4-dibromobenzene instead. 9¢g is then borylated, installing
boronic ester (“Bpin”) groups through a lithium-halogen exchange, then addition of an
electrophilic source of boronic ester. Following the Suzuki coupling of 9e and 9f (to yield 9h),
the TES-protected hydroxyl groups are deprotected (9i), and the macrocycle is subjected to
aromatization conditions (9j), which ultimately reforms the aromatic benzene units in the
original component molecular building blocks. To perform the Diels-Alder reaction, 9j was

combined with 91 in a manner described in the next section, to yield the final product 9k.

I.IV Diels Alder Reactions

Introduction to Click Chemistry

Synthetic organic chemistry is at its core an imitation of fundamental, naturally occurring
processes. As new discoveries are made and developments occur, synthetic methods are
continuously improved in order to, ultimately, afford new molecules with desired properties.
Click chemistry has grown in popularity among chemists since the term was introduced in 2001%*

to describe the high efficiency and reproducibility associated with these types of
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reactions®>?*2>27_ Click reactions have a reputation as reliable and stable, often utilizing
functionalized molecules that possess an increased reactivity, such as the site of the angle-
strained alkyne in the [9+1] CPP. There are many types of click reactions, of which a few
commonly used ones are depicted in Figure 10. Some require a catalyst such as copper (Figure
10b), others rely on stain-promoted reactivities (Figure 10a), and some will occur under

favorable thermodynamic conditions (i.e. Diels-Alder, Figure 11).

IN\
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— N=N=N : —
+ K Click 10a
(SPAAC)
Ro
N=N=N : N
R, / Click \ 10b
—+ R e A ,N
=z 2 (CuAAC) . /[N'
1

Figure 10. Other common examples of Click chemistry: (a) strain-promoted azide-alkyne

cycloaddition (SPAAC), (b) copper-catalyzed azide-alkyne cycloaddition (CuAAC).

The Diels-Alder reaction, first discovered by Otto Diels and Kurt Alder in 19282,
involves the reaction of two molecules to form two new C—C bonds. Notably, these new bonds
are o-bonds, which are more stable in energy than the m-bonds initially involved in the
formation of the new bond?®. An example Diels Alder reaction is depicted in Figure 11, where
1,3-butadiene and ethylene are reacted to form cyclohexene. The four m-electrons in the
conjugated diene (1,3-butadiene) and two m-electrons in the dienophile (ethylene) shift to form
the two new C—C bonds in the product via a cyclic transition state, hence the term “[4+2]

cycloaddition”.
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Figure 11. Diels-Alder reaction mechanism for 1,3-butadiene and ethylene to form cyclohexene.

Diels-Alder reactivity has many potential uses as a clickable chemical reaction, such as in

pharmaceutics and bioengineering?®-!

, among others. Since Diels-Alder cycloadditions do not
require metal catalysts, which are often toxic, they have emerged to the forefront as one of the
most useful reactions in synthetic organic chemistry?’. Instead, Diels-Alder reactions proceed
under mild conditions, forming products in high yields, while minimizing harmful byproducts*’.
Combined with a reactive CPP scaffold, we postulate that the synthesis of many new uniquely

fluorescent derivatives with unprecedented properties via a Diels-Alder reaction will be

possible.

TPCPD Reactivity

Tetraphenyl cyclopentadienone (TPCPD) is an important building block for many
organic and organometallic compounds®2. Previous studies have indicated that TPCPD and other
cyclopentadienone derivatives are capable of Diels-Alder reactivity with a variety of substituted
alkynes, achieving cycloaddition under mild conditions with high yield**=*4. In TPCPD (Figure
12), the central ring reacts as a diene with dienophiles to achieve the Diels-Alder product in

high yield.
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Figure 12. Chemical structure of (left) tetraphenyl cyclopentadienone (R, R’ = H), and (right) the

hexaphenyl benzene moiety that results from a Diels-Alder reaction of the central dienone ring.

As discussed in the previous section, the formation of two new, stable C—C o-bonds
under mild reaction conditions is what makes this reaction unique. Paired with a reactive alkyne
dienophile, such as the angle-strained cycloalkyne in the [9+1] internal alkyne CPP, the reaction
is expected to proceed with moderate-to-high yield, affording the Diels-Alder product (see next

chapter, Figure 13), ultimately introducing new functionality at the site of the alkyne.
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Chapter II. The Diels-Alder Product

II.I Characterization

Standard characterization methods provide strong evidence of the formation of the

expected product of the Diels-Alder reaction (Figure 14) between tetraphenyl cyclopentadienone

and the [9+1] internal alkyne CPP. Manual integration of the 'H NMR spectrum in deuterated

chloroform (Figure 13) yields a total of 56 protons, which aligns with the expected total of 56

hydrogens based on the structure drawn in Figure 14. Presently, '*C NMR has not yet been

performed due to time constraints, however it is expected that the '>*C NMR spectrum will

provide further evidence in favor of the formation of this product.

'H NMR (600 MHz, Chloroform-d)  7.46 (s, 4H), 7.40 (q, J=8.9
Hz, 10H), 7.31 (dd, J= 6.3, 2.0 Hz, 14H), 7.00 (d, J = 8.2 Hz, 4H),
6.78 — 6.69 (m, 24H).
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Figure 13. 'H NMR characterization of the TPCPD and [9+1] CPP Diels-Alder product.
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Figure 14. Molecular structure of the TPCPD and [9+1] Diels-Alder product, including proposed

"H NMR signal assignments (see colors and Figure 13).

In order to quantify the fluorescence, standard fluorimetry and UV-vis were performed
on the sample, dissolved in dichloromethane. The normalized intensities as a function of
wavelength are shown in Figure 15, where the peak absorbance and fluorescence wavelengths

are 327 nm and 473 nm, respectively.
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Figure 15. Normalized absorbance and fluorescence data for the Diels-Alder product.
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Figure 16. Visible fluorescence in DCM of (a) the Diels-Alder product under UV light, and (b) a
side-by-side comparison with [9+1] CPP.

IL.II Conclusions and Future Directions

As evidenced in earlier discussions, utilizing the classic Diels-Alder reaction as a
means for late-stage functionalization of these fluorophores shows promise for a wide variety of
unprecedented applications. The absorbance/fluorescence profile is consistent with those of
comparable CPPs’, which indicates a retention of the fluorescence properties that make CPPs

special. For comparison, the maximum wavelengths of absorbance and emission, for the standard
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[9+1]CPP, are 342 nm and 463 nm, respectively?!. We expect that the slight red-shift in the
maximum emission wavelength (and associated color, which is more green-teal than blue) is due
to the increased conjugation in the Diels-Alder product compared to the parent [9+1]CPP. While
further exploration is required, this initial success paves the way for possible experimentation
with other dienes, such as TPCPD derivatives or other molecules capable of Diels-Alder
reactivity, or even other types of alkyne-containing CPPs (e.g. [7+1]CPP, which may require
even milder conditions to achieve desired product conversion due to the increased strain
resulting from the smaller ring size). By developing this synthetic route to reliably and
reproducibly ‘click’ a dienophile selectively to the CPP’s alkyne site, while maintaining key
physical properties of the CPP backbone, this project ultimately unlocks new molecular design

possibilities in fluorescence research.
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Chapter II1. Materials and Methods

LI Overview

Synthesis of the cycloparaphenylene begins using commercially available reagents to
create small, curved building blocks (coupling partners). These pieces are then assembled,
functionalized, and linked together to create a larger cyclic structure (macrocycle) of desired
size, and eventually the corresponding cycloparaphenylene (CPP). Purification of these
intermediates, to isolate them from unreacted starting material and unwanted byproducts, was
done with a variety of techniques that included: filtration, liquid-liquid extraction, vacuum
distillation, thin-layer chromatography (TLC), and flash column chromatography.
Characterization with "TH NMR techniques after each step of the synthesis, when possible,
allowed for confirmation that the desired reaction did occur, and the desired products were

formed.

IILII Reaction Procedures

Unless otherwise specified, all of the following reactions were performed in flame-dried
glassware (which was dried under vacuum) and under an inert nitrogen atmosphere to avoid the
accumulation of water and air that could disrupt the reaction. Solid state reagents were dried
under vacuum (or flame-dried when possible) prior to use, and liquid state reagents were
transferred to the reaction vessel using needles and syringes (from storage under an inert

atmosphere) in order to further minimize air and water exposure.

Lithiation Addition
This reaction is an important step in the synthesis of CPPs as it forms a new carbon-
carbon bond that connects two rings together. It involves a lithium-halogen exchange, followed
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by nucleophilic addition to a ketone, for which a typical scheme is shown in Figure 17. An alkyl-
lithium reagent (e.g. n-butyllithium) is combined with an aryl halide (e.g. 1,4-
dibromobenzene) in a tetrahydrofuran (THF) solution at -78 °C. The ketone substrate is then
slowly added, and the reaction is allowed to stir for an hour. Then, in this case, in-situ TES-
protection is performed, and the reaction mixture is allowed to warm to room temperature.

Lithiation-addition reactions are typically quenched with deionized water.

n-butyllithium

O
. 0 HO
P T MeO a o]

' Lithium-Hal Exch + Lithiation Addition
ithium-Halogen Exc ﬂnge‘.> n O

Br—@—Br BrOLi

1,4-dibromobenzene

Br “Bromoketone”
Figure 17. Reaction scheme for lithiation additions, including the lithium-halogen exchange step.
TES Protection
Triethyl silyl (TES) protection of the hydroxy (OH) group hydrogens within a molecule
allows for stereoselectivity in further additions (i.e. a more favorable cis-addition). The bulky
TES groups sterically hinder one face of the molecule, effectively promoting reactivity at the
desired site. This reaction, for which scheme is shown in Figure 18, involves combining a
molecule containing hydroxy groups (e.g. bromoketone) and imidazole in a dimethylformamide
(DMF) solution. Chlorotriethylsilane (TESCI) is then added dropwise, and the reaction mixture
is allowed to stir overnight at 40 °C. TES-protection reactions are typically quenched with

aqueous sodium bicarbonate.
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Li
e o
O thhlatlon Addition O O
Br
" “Bromoketone” cis “diBr{3]diol” trans “diBr{3]diol”

Figure 18. Overall reaction scheme for TES-protections. Also shown is the impact of the
additional TES group on the stereoselectivity of a lithiation addition reaction, which heavily

favors the cis-product.

Miyaura Borylation

Similar to lithiation-addition reactions, the mechanism of lithiation-borylation begins
with a lithium-halogen exchange. The general reaction scheme is shown in Figure 19, which first
involves combining a halide-containing molecule (e.g. diBr[3]diTES) and an alkyl-lithium
reagent (e.g. n-butyllithium) in a THF solution at -78 °C. Then, an electrophilic source of
boronic ester reagent is added (e.g. i-PrOBpin or B3pin;) and the reaction mixture is allowed to
warm to room temperature overnight while stirring before being quenched with deionized water.
Miyaura borylation reactions allow for the installation of Bpin groups, which are an important

precursor for the future Suzuki cross-coupling reaction.
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Figure 19. Miyaura borylation reaction scheme, including structures for relevant abbreviations.

Sonogashira Reaction

The palladium-catalyzed Sonogashira reaction involves the formation of a new carbon-
carbon bond between a terminal alkyne and a halide-containing molecule (e.g.
bromoiodo[3]TESol). A double-Sonogashira reaction repeats this process twice, for a total of
two new carbon-carbon bonds on either side of the alkyne, as shown in Figure 20. This reaction
involves combining the palladium catalyst (i.e. palladium acetate), triphenylphosphine, and
copper iodide in a wet (water-containing) acetonitrile solution that is then sparged with nitrogen
gas. The alkyne source (e.g. calcium carbide) and base (e.g. triethylamine) are then added to the
reaction mixture, and the solution is allowed to stir at room temperature under an inert

atmosphere for 24 hours.
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Figure 20. Double-Sonogashira reaction scheme. In this case, the integration of the alkyne unit is
also performed in this step, yielding the symmetrical Double-Sonogashira product that includes

the alkyne.

Suzuki Macrocyclization

Similar to the Sonogashira reaction, Suzuki cross-coupling reactions also involve the use
of a metal catalyst to create new carbon-carbon bonds between two molecules (highlighted in
Figure 21). This step is crucial, as it forms the macrocycle (e.g. [9+1]mac hexaTES) which in
the next steps will become the CPP, and it is performed on a very small scale in order to favor
intramolecular Suzuki coupling, rather than intermolecular coupling. These distinctions are
illustrated in Figure 17. This reaction involves the combining both coupling partners (e.g.
diBr[6+1]tetraTES and diBpin[3]diTES) with the palladium catalyst (i.e. SPhos Pd G2 or G3) in
a 1,4-dioxane solution. The reaction mixture is then sparged with nitrogen gas at room
temperature, then heated to 80 °C. An aqueous tripotassium phosphate solution is then slowly
added, and the reaction mixture is allowed to stir overnight under an inert atmosphere, and then

is removed from heat and allowed to cool to room temperature.

30



“diBpin[3]diTES" — —

TESO e OTES
Bpin Bpin
Br Br

Standard Intermolecular

“\0‘
\n“a\-\:\‘oéﬁq\\“g — Suzuki Coupling
S OTES ote®

“I9+1]mac hexaTES"”

Figure 21. Possible products of this Suzuki coupling reaction, including the desired macrocyclic
product. Newly-formed bonds are shown in red. With dilute reaction conditions, intramolecular

coupling is favored.

Deprotection and Aromatization

Deprotecting (i.e. reverting the previously-installed TES groups to their hydrogen

counterparts) and aromatizing (i.e. converting the cyclohexadiene units to aromatic phenyl

groups) are the final steps in the synthesis of a CPP (shown in Figure 22). The alcohol (OH)

groups are first deprotected using tert-butyl ammonium fluoride (TBAF), then the rings are

aromatized using a reducing agent (i.e. H2SnCly) to afford the final cycloparaphenylene

molecule (e.g. /9+1]CPP). The deprotection involves combining the TES-containing molecule

(e.g. [9+1]mac hexaTES) and TBAF in a THF solution, which is then stirred at room

temperature until the reaction is complete and quenched with deionized water. The aromatization

involves combining the now-deprotected macrocycle (e.g. [9+1]mac hexol) with a prepared
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H>SnCls solution (HCI and SnCl2*2H>O in THF) in THF at room temperature. This mixture is
then stirred under an inert atmosphere at room temperature until complete, and quenched with

aqueous sodium bicarbonate.

Aromatization

“[9+1jcPP”

“[9+1]mac hexaTES"” “[9+1]mac hexol”

Figure 22. Reaction scheme for the deprotection and aromatization of [9+1]CPP.
Diels-Alder Reaction

This reaction culminates in the formation of two new carbon-carbon bonds using
relatively mild conditions. A diene (e.g. 1,3-butadiene or TPCPD) and a dienophile (e.g.
ethylene or /9+1]CPP) are combined in a solution (e.g. Xylenes/DMSO), which is then heated

overnight before being allowed to cool to room temperature (Figure 23).
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Figure 23. Scheme of a simple Diels-Alder reaction (top), and the reaction of interest in this

project (bottom). Newly-formed C-C bonds shown in red.

IIL.III Purification Methods

Liquid Extraction

This process takes advantage of the different solubilities and densities of various organic
and aqueous solvents in order to isolate the desired synthetic product from other unwanted
materials (i.e. byproducts, excess unreacted starting materials). Standard liquid-liquid extraction
protocols involve adding the crude reaction products to a mixture of an aqueous solution (e.g.
water, brine) and an organic solvent (e.g. ethyl acetate, methylene chloride) in a separatory
funnel. Since these will have different densities, two separate layers will form. Generally, the
desired synthetics are organic molecules that are more miscible in the organic layer, and the
aqueous layer collects any water-soluble impurities. After a few washes, the organic layer is
dried with sodium sulfate, filtered, and eventually subjected to rotary evaporation, yielding the

crude, distilled product.
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Precipitation/Recrystallization

This process also relies on solubilities of different materials. When an impure product is
dissolved in a low-solubility solvent, it will precipitate (i.e. “crash out”), which ideally yields the
pure desired product in solid form while impurities remain dissolved in solution. This effect can
be improved with varying temperatures, such as placing the impure product in solution in the

freezer, as the solubility of the impure product in solution decreases at colder temperatures.

Flash Column Chromatography

This process relies on differences between the molecular polarities of the desired product
and impurities, as this technique separates the molecules based on their polarity. The crude
product is loaded onto a silica or alumina gel column and washed with a predetermined solvent
mixture. This solvent is carefully chosen through a series of thin-layer chromatography (TLC)
analyses, which can indicate the ideal solvent polarity (achieved by mixing a polar and non-polar
solvent) to isolate the desired product from impurities as it travels through the column. Once the
sample is loaded onto the column, the process is accelerated by pushing air through and small
fractions are collected. With more TLC analyses, fractions can be combined and subjected to

rotary evaporation, yielding the pure product.

Characterization

'H (proton) NMR spectra were recorded using a Varian INOVA-500 at 500 MHz and a
Bruker Avance I1I-HD at 600 MHz. '3C (carbon) NMR spectra will be recorded using the Bruker
Avance I1I-HD at 600 MHz. All '"H NMR samples were dissolved in deuterated chloroform

(CDCl).
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III.IV Materials

Substrates
The molecular building blocks key to the CPP synthesis were assembled from

commercially available starting materials (Figure 24).

Br | 0.
1,4-dibromobenzene  1,4-diiodobenzene  4-methoxyphenol

Figure 24. Commercially available materials used in this project.

Solvents

Reactions specific to the CPP synthesis were performed in one of the following solvents:
tetrahydrofuran (THF), dimethyl formamide (DMF), dichloromethane (DCM), acetonitrile, and
1,4-dioxane. These solvents were stored under an inert (argon) atmosphere in a PPT dry-solvent
purification system and retrieved using needles and syringes. Additional solvents stored under air
were used throughout the project. The Diels-Alder reaction was performed in a Xylenes and
dimethyl sulfoxide (DMSO) solution which was dried under vacuum and cycled with nitrogen

gas.
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Chapter IV. Supplemental Experimental Details

OH
<> PIDA
MeOH, 0°C
OMe MeO OMe

9a 8%

IV.I Synthesis of 9a

4-methoxyphenol (100 g, 805 mmol, 1 eq) was dissolved in methanol (900 mL) in a
flame-dried round-bottom flask equipped with a stir bar. The mixture was cooled in a water/ice
bath to 0 °C over 30 minutes. Phenyliodine diacetate (249 g, 805 mmol, 1 eq) was then added
incrementally over the course of one hour, and the resulting amber/yellow reaction mixture was
sealed and allowed to stir overnight under a nitrogen atmosphere. The reaction was quenched
with aqueous sodium bicarbonate (500 mL) and extracted with dichloromethane (4x50 mL). The
extract was dried with sodium sulfate, subjected to vacuum filtration, and the excess
dichloromethane was removed via rotary evaporation. The resulting red oil was subjected to
vacuum distillation for 48-72 hours at 55 °C, yielding a yellow oil which was then purified via
column chromatography in a 10% ethyl acetate/hexanes solution on basic alumina. Due to time
constraints, only the necessary amount of crude product was purified (10.0323 g, 8%), and the
remaining crude product was stored in a freezer. 'H NMR (600 MHz, Chloroform-d) & 6.73 (d, J

= 10.5 Hz, 2H), 6.16 (d, J = 10.4 Hz, 2H), 3.27 (s, 6H) ppm.
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IV.II Synthesis of 9b

@]
O -
1. i) n-BuLi, THF, -78°C Et3SiO

ii) 1,4-dibromobenzene

-
2. TESCI, rt

MeO OMe 5/ 9b 87%
9a

1,4-Dibromobenzene (5.5 g, 0.0204 mol, 1.2 eq) was added to a flame-dried round-
bottom flask equipped with a stir bar and dissolved in THF (28 mL, 0.7 M) under a nitrogen
atmosphere. The reaction was then cooled to -78 °C in an acetone/dry ice bath over the course of
30 minutes. Then, n-BuLi (8.17 mL, 1.05eq, 2.5 M in hexanes) was added dropwise followed a
few minutes later by the addition of 9a (2.72 mL, 0.0194 mol, 1 eq) dropwise. The reaction was
then allowed to stir at -78 °C for an hour. Chlorotriethylsilane was added (3.92 mL, 0.0233 mol,
1.2 eq) and the reaction was allowed to warm to room temperature and stirred overnight. The
reaction was quenched with deionized water, and the mixture was stirred for 20 minutes. The
solvent was removed via rotary evaporation, and the mixture was then extracted with ethyl
acetate (3x100 mL), washed with brine (3x100mL), dried over sodium sulfate, gravity filtered,
and concentrated to yield the crude product as an amber oil. The crude product was then purified
via column chromatography in a 5% EtOAc/hexanes solution on silica (6.4411 g, 19 mmol,
87%). 'H NMR (600 MHz, Chloroform-d) 6 6.73 (d, J = 10.5 Hz, 2H), 6.16 (d, J = 10.4 Hz, 2H),

3.27 (s, 6H) ppm.
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IV.III Synthesis of 9¢

TESO OH
Et3Si0 O |) n-BuLi, THF, -78°C 5
) 1,4-diiodobenzene
® - (> O

Br 9P Br  9cer% |

1,4-Diiodobenzene (7.00 g, 21.11 mmol, 1.25 eq) was dissolved in THF (78 mL, 0.219
M, ) and the solution was cooled to -78 °C. n-BuLi (2.5 M in hexanes, 8.2 mL, 1.2 eq) was added
dropwise over 5 minutes. After stirring the reaction mixture for a few minutes, 9b (6.44 g, 16.97
mmol, 1 eq) dissolved in THF (16 mL, 1.09 M) was added dropwise via syringe at -78 °C. The
resulting reaction mixture was stirred for 1 hour at -78 °C, then quenched by addition of water
(20 mL) and the reaction mixture was allowed to warm to room temperature. EtOAc (70 mL)
was added and the aqueous phase was extracted with EtOAc (3x50 mL). The combined organic
phases were washed with brine (2x40 mL), dried over sodium sulfate, and the solvent was
removed with a rotary evaporator. The crude product was purified by column chromatography on
silica in a 5% EtOAc/hexanes solution, yielding a highly viscous yellow oil (6.6157 g, 11 mmol,
67%). '"H NMR (600 MHz, Chloroform-d) § 7.69 (d, ] = 8.5 Hz, 2H), 7.42 (d, ] = 8.6 Hz, 2H),
7.22 (d, J=8.6 Hz, 2H), 7.18 (d, ] = 8.6 Hz, 4H), 2.02 (s, 1H), 0.99 (t, J = 7.9 Hz, 9H), 0.68 (q, J

=7.9 Hz, 6H) ppm.
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IV.1V Synthesis of 9d

TESO C OH
Q O Pd(OAC),, PPhj,
Cul, CaC,, TEA

acetonitrile, rt
Br 9¢ I

A solution of palladium acetate (10 mg, 0.04 mmol, 0.02 eq), triphenylphosphine (29 mg,
0.11 mmol, 0.05 eq), and copper iodide (21 mg, 0.11 mmol, 0.05 eq) in wet acetonitrile (6 mL,
0.2 M) was sparged with nitrogen gas for 1 hour in a flame-dried flask equipped with a stir bar.
9¢ (1.3 g, 2.22 mmol, 1 eq) in wet acetonitrile (6 mL, 0.2 M) in a separate flame-dried flask was
also sparged with nitrogen gas for 1 hour. Then, triethylamine (10 mL, 6.66 mmol, 3 eq),
calcium carbide (0.4269 g, 6.66 mmol, 3 eq), and 9¢ (1.2952 g, 2.22 mmol, 1 eq) were added to
the flask containing the catalysts. The light brown reaction mixture was stirred at room
temperature under nitrogen atmosphere for 24-72 hours. Then, the mixture was filtered through a
short plug of Celite to remove solids, and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography on silica in 0-100% DCM/hexanes,
yielding the product as a yellow oil (tan foam under high vacuum) (0.6684 g, 2.22 mmol, 32%).
"H NMR (600 MHz, Chloroform-d) § 7.52 (d, J = 8.6 Hz, 4H), 7.42 (dd, J = 8.5, 1.8 Hz, 8H),
7.24 (d, J=3.9 Hz, 4H), 5.99 (dd, 8H), 2.06 (s, 2H), 1.00 (t, 18H), 0.69 (q, /= 7.9, 3.5 Hz, 12H)
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IV.V Synthesis of 9¢

HO O _ O OH imidazole, TESCI
= T T
0 Q DMF, 40°C
TESO OTES

Qo= O

Br Br

9d (0.5846 g, 0.62 mmol, 1 eq) and imidazole (0.127 g, 1.87 mmol, 3 eq) were dissolved
in dry DMF (5 mL). Chlorotriethylsilane (0.23 mL, 1.37 mmol, 2.2 eq) was added and the
reaction was sparged with nitrogen gas for 20 minutes, then stirred at 40 °C overnight. The
reaction was quenched with aqueous sodium bicarbonate and extracted with DCM (2x20 mL).
The combined organic layers were washed with brine and dried over sodium sulfate. The solvent
was removed to yield a yellow oil, which under high vacuum resulted in a yellow solid. This was
purified by column chromatography on silica in 0-10% DCM/hexanes, yielding the product as a
colorless, highly viscous oil that was stored in the freezer, eventually precipitating as a white
powder (0.331 g, 0.28 mmol, 46%). 'H NMR (600 MHz, Chloroform-d) & 7.46 (d, J= 8.4 Hz,
4H), 7.40 (d, J=8.6 Hz, 4H), 7.31 (d, /= 8.4 Hz, 4H), 7.20 (d, J = 8.6 Hz, 4H), 5.99 (q, 8H),

0.95 (g, 36H), 0.68 — 0.49 (m, 24H) ppm.

IV.VI Synthesis of 9g

0]
TESO OTES
TESO O 1. i) n-BuLi, THF, -78°C C
ii) 1,4-dibromobenzene
[ - O O
2. imidazole, TESCI

DMF, 40°C
Br Br 9g 40% Br

1,4-Dibromobenzene (306.7 mg, 1.3 mmol, 1.25 eq) was dissolved in dry THF (5 mL,

0.219 M) and the solution was cooled to -78 °C in an acetone/dry ice bath for 30 minutes. n-
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BuLi (0.5 mL, 1.2 eq, 2.5 M in hexanes) was added dropwise. 9b was dissolved in
dichloromethane, transferred to a separate reaction flask, and the solvent was removed via rotary
evaporation before the flask was dried under vacuum/N> gas. 9b (0.3946 g, 10.4 mmol, 1 eq) was
dissolved in THF (2 mL, 1.09 M) and cooled to -78 °C in an acetone/dry ice bath. After 10
minutes, 9b was added dropwise via syringe at -78 °C to the flask containing the 1,4-
dibromobenzene. The resulting reaction mixture was stirred for 1 hour at -78 °C, before being
quenched by the addition of deionized water (20 mL) and allowed to warm to room temperature.
EtOAc (70 mL) was added, and the aqueous phase was further extracted with EtOAc (3x50 mL).
The combined organic phases were washed with brine (2x50 mL), dried over sodium sulfate, and
the solvent was removed via rotary evaporation. The total crude product (0.456 g, 0.85 mmol, 1
eq) was then directly combined with imidazole (0.23 g, 3.40 mmol, 1 eq) in another flame-dried
flask equipped with a stir bar, and dissolved in dry DMF (5 mL, 0.2 M) at room temperature.
Chlorotriethylsilane (0.21 mL, 1.27 mmol, 1.5 eq) was added dropwise to the solution, and the
flask was immersed in an oil bath that was pre-heated to 40 °C and stirred overnight. The
reaction mixture was allowed to cool to room temperature before being quenched with saturated
aqueous sodium bicarbonate. The aqueous phase was extracted with ethyl acetate (3x30 mL),
and the organic layers were washed with bring (2x20 mL), aqueous LiCl solution (2x20 mL),
and dried with sodium sulfate. The solvent was removed via rotary evaporation, yielding the
crude product as an amber oil that was purified via column chromatography in 100% hexanes on
silica, affording the pure product as a faint yellow oil (0.2197 g, 0.337 mmol, 40%). 'H NMR
(600 MHz, Chloroform-d) 6 7.31 (d, J= 8.6 Hz, 4H), 7.22 (d, J = 8.6 Hz, 4H), 5.98 (s, 4H), 0.99

(t,J=7.9 Hz, 18H), 0.68 (q, J= 7.9 Hz, 12H) ppm.
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IV.VII Synthesis of 9f

TESO Bpin Bpin

C OTES
n-BulLi, i-PrOBpin O O
> g
Br 9g Br

THF, -78°C
TESO Q OTES

9f 24%

A solution of 9g (0.2197 g, 0.33 mmol, 1 eq.) in THF (1.6 mL, 0.2 M) was cooled to —78
°C over 30 minutes. n-BuLi (2.5 M in hexanes, 0.31 mL, 0.77 mmol, 2.3 eq.) was added
dropwise at —78 °C. After the addition the reaction mixture was stirred at —78 °C for 5 minutes
before 2-isopropoxy- 4,4,5,5-tetramethyl-1,3,2-dioxaborolane “i-PrOBpin” (0.21 mL, 1.01
mmol, 3 eq.) was added dropwise. For 1 hour, the reaction was allowed to warm to room
temperature while the ice bath was not replenished. After 1 hour, the reaction mixture was
removed from the ice bath and allowed to completely warm to room temperature, then quenched
with water. The mixture was extracted with EtOAc (3x100 mL). The combined organic phases
were washed with water (2x100 mL) and brine (100 mL), dried over sodium sulfate, and the
solvent was removed under reduced pressure, and the residue was placed under high vacuum to
yield a viscous yellow oil. Sonication in methanol for approximately 10 minutes, yielded a white
solid, which was isolated via vacuum filtration (0.0596 g, 24%). 'H NMR (600 MHz,
Chloroform-d) 6 7.70 (d, J = 7.7 Hz, 4H), 7.34 (d, J = 7.7 Hz, 4H), 5.96 (s, 4H), 1.34 (s, 24H),

0.92 (t, J = 8.0 Hz, 18H), 0.59 (q, J = 7.9 Hz, 12H) ppm.
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IV.VIII Synthesis of 9h

TESO O O OTES
TESO Q OTES
) £)
Br Br SPhos Pd G2,
4 K3PQ, (aq)
1,4-dioxane, 80°C
Bpin Bpin

TESO C OTES

of
9¢ (0.0847 g, 0.07 mmol, 1.00 eq), 9f (0.0596 g, 0.08 mmol, 1.1 eq), and Chloro(2-

dicyclohexylphosphino-2',6'-dimethoxy-1,1'-biphenyl)[2-(2'-amino-1,1'-biphenyl) ]palladium(II)
(SPhos Pd G2, 5.24 mg, 0.007 mmol, 0.1 eq) were added to a flame-dried flask equipped with a
stir bar, and the flask was evacuated/backfilled with nitrogen five times. Then, deoxygenated
1,4-dioxane (32 mL, 0.00225 M) was added and the resulting solution was stirred and sparged
with nitrogen gas for 30 minutes at room temperature while an oil bath was preheated 80 °C.
After 30 minutes, sparging was halted and the reaction mixture was placed in the oil bath and
allowed to stir for another 30 minutes. Then, deoxygenated aqueous K3PO4 solution (0.0225 M,
3.2 mL) was added via syringe. The reaction was stirred at 80 °C overnight, under a nitrogen
atmosphere. The next day, the reaction mixture (now brown in color) was removed from heat
and allowed to cool to room temperature for approximately 20 minutes, then filtered through a
Celite plug topped with sodium sulfate and washed through with DCM. The filtrate was further
dried over sodium sulfate, filtered, and concentrated to yield the crude product as a yellow oil
(blue/teal under UV light) that was then purified using column chromatography on silica in 0-5%

EtOAc/hexanes, yielding a yellow oil (0.081 g, 74%). 'H NMR (600 MHz, Chloroform-d) § 7.58
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(d, J=8.5 Hz, 4H), 7.53 (d, J = 8.2 Hz, 4H), 7.49 (d, J = 7.9 Hz, 4H), 7.44 (d, J = 8.5 Hz, 4H),
7.34 (d, J = 8.6 Hz, 4H), 7.32 (d, 4H), 6.01 (s, 12H), 1.00 — 0.82 (m, 54H), 0.69 — 0.59 (m, 36H)

ppm.

IV.IX Synthesis of 9i

TBAF

9h (0.106g, 0.05mmol, 1eq) was dissolved in THF (6.8 mL, 0.02 M), and
tetrabutylammonium fluoride (1 M, 0.36 mL, 0.35 mmol, 6.6 eq) was added at room
temperature, turning the yellow mixture to amber/orange. The reaction mixture stirred for 1.5
hours before being transferred to a larger flask and quenched with water (40 mL), and the THF
was removed under reduced pressure. The resulting solid was filtered off and thoroughly washed
with water and DCM to afford the product as a yellow solid (0.0367 g, 0.0452 mmol, 64%) that

was directly subjected to aromatization due to its insolubility in available NMR solvents.
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IV.X Synthesis of 9j

A solution of H2SnCl4 was prepared beforehand in a flame-dried flask by adding
concentrated aqueous HCI (0.33 mL, 0.07 mmol, 12 M, 2 eq) to SnCl»*2H>0 (0.4513 g, 0.036
mmol, 1 eq) and dissolving in THF (50 mL, 0.04 M). This solution was allowed to stir under
nitrogen atmosphere for 30 mins at room temperature. 9i, which had been stored in two fractions
(#1, 1.9 mL, 0.075 mmol, 0.04 M, 1 eq) (#2, 1.1 mL, 0.043 mL, 0.04 M, 1 eq), was dissolved in
dry THF and stirred under a nitrogen atmosphere. Then, the HoSnCls solution was added (#1, 1.9
mL, 0.075 mmol, 0.04 M, leq) (#2, 1.1 mL, 0.043 mL, 0.04 M, 1 eq) and the orange mixtures
were stirred under nitrogen atmosphere for 1 hour. Then, each reaction mixture was quenched
with an aqueous solution of sodium bicarbonate. TLC on alumina in 50% DCM/hexanes
indicated both fractions could be combined. The combined solution was extracted with DCM,
washed with brine, dried with sodium sulfate, and concentrated to afford a yellow solid (blue
fluorescence). An alumina plug in 50% DCM/hexanes was run on the crude product, yielding a
blue-fluorescent filtrate that was concentrated to yield a yellow solid (0.0076 g, 0.0107 mmol,
30%). '"H NMR (600 MHz, Chloroform-d) § 7.61 — 7.51 (m, 28H), 7.49 (d, J = 5.8 Hz, 4H), 7.37

(d, J=8.3 Hz, 4H) ppm.
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I'V.XI Synthesis of 9k

20% Xylenes/DMSO

180 °C, 12h

9j (7.6 mg, 0.0107 mmol, 1 eq) in a scintillation vial was dried under high vacuum and
cycled under nitrogen atmosphere, then dissolved in a mixture of 20% Xylene/DMSO (1.07 mL
total, 0.01 M, 0.24 mL xylene, 0.86 mL DMSO) added via syringe. The mixture was then
transferred via syringe to a microwave vial, and heated to 180 °C for 12 hours, yielding a dark
red crude product (teal fluorescence under UV light). The DMSO was removed via rotary
evaporation, and the crude product was subjected to an alumina plug in 0-25% DCM/hexanes,
yielding a red oil. The crude reaction mixture (red) was then diluted in minimal hexanes, forming
a yellow (green fluorescent) precipitate. The reaction flask was then rinsed with hexanes, and the
precipitate was dissolved in DCM. TLC in 50% DCM/hexanes indicated that the yellow
precipitate is likely the product. The pure product was concentrated and dried under vacuum for
>24 hours, then sonicated in pentanes, allowed to settle, and the solvent was removed via pipette.
The precipitate was dissolved in minimal DCM and concentrated, yielding a yellow solid (green
fluorescence) (7.9 mg, 0.00741 mmol, 69%). '"H NMR (600 MHz, Chloroform-d) § 7.46 (s, 4H),
7.40 (q,J=8.9 Hz, 10H), 7.31 (dd, J = 6.3, 2.0 Hz, 14H), 7.00 (d, /= 8.2 Hz, 4H), 6.78 — 6.69

(m, 24H) ppm.
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