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DISSERTATION ABSTRACT

Tavis William Price
Doctor of Philosophy in Chemistry
Title: Functionalized Carbon Nanohoops: Nitrogen-Doped Partial Belts, Macrocyclic Ligands, and

the Inherent Strain That Affects Their Chemical Properties

Cycloparaphenylenes and related nanohoops offer a new topology to organic chemists to
expand the catalogue of electro-responsive materials. Developments in their synthesis have made
many functional groups and arenes accessible for insertion into the bent nanohoop backbone. It is
necessary to continue expanding our synthetic toolbox for developing more nanohoops with
emergent properties for use in future devices and fundamental exploration of the electronic processes
in organic materials. As more diverse nanohoops are developed, it important to characterize their
optical and electrochemical properties to advance the field in reliable structure-property relationships.
Computational analysis of these exact structures offers a glimpse into these emergent properties to
narrow down the list of possible structures. Corroboration with experimental measurements can
ameliorate flaws in computational predictions by explaining the delocalized character of -electrons
in the cyclic T-system. Fundamentally, we can also gain insight into how inherent strain affects the
optoelectronic properties of any arene substituted into the nanohoop backbone.

The following manuscript explains how research on carbon nanobelts has developed over
the past 70 years and the nitrogen-doped structures that have come after to tease out more unique
properties. The development of synthetic methods leading to pyridinium, quaternary nitrogen, partial
belt structures is discussed in the chapter following the history of nanobelts. Chapter 3 presents a
new nanohoop ligand using a terpyridine fragment and addresses the optoelectronic differences
between the nanohoop-iridium complex and the small molecule analogue. The remaining chapters
focus on the computational results of the reactivity of inherently strained molecules, their host-guest
properties, and their optoelectronic properties to provide a deeper understanding and relate the
structure with the intrinsic properties of strained nanohoop derivatives. These final chapters include

previously published co-authored material.
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CHAPTER |
A REVIEW OF CARBON NANOBELT AND PARTIAL-BELT STRUCTURES
1.1. Background

Due to carbon’s valence the number of possible structures is innumerable. As a result, a variety of
structures have caught the interest of materials chemists because of their potential as electronically active
building blocks.'-3 Combining electron-rich and electron-poor units to create organic semi-conductors,
molecular magnets, light-emitting diodes, and photoresponsive materials drives the ever-expanding
research into novel carbon nanostructures.'?-10 Theory tends to lead experimental interest, so a variety of
structures have been predicted decades before experimentalists could catch up.'"'2 This can guide
discoveries in synthetic methodology and then material development towards unique carbon structures.

The interest in exploring carbon nanostructures began with the development of carbon-rich small
molecules. Cyclophanes, cyclic structures containing at least one aromatic sub-units have maintained
significant interest as molecules that impart strain on traditionally planar aromatic molecules.'-13-5 As the
barrier to more and more strained structures has been surpassed, the goal post has moved to larger
exceedingly ambitious structures. This was further motivated by the discovery of curved carbon allotropes.
The field of carbon nanoscience exploded with the discovery and continued study of fullerenes and carbon
nanotubes (CNTs).'6-18 Because of their useful electronic and thermal properties, chemists have developed
the field to functionalize and deconstruct carbon nanomaterials to make more useful topologies for future
devices.'® This has ultimately coincided with cyclophane chemistry as sections of fullerenes and carbon
nanotubes resemble such predicted structures hypothesized by Heilbronner and Vdgtle.!20
Cycloparaphenylenes (CPPs), the smallest section of an armchair CNT, are prime examples of the
emerging utility of carbon nanochemistry as many labs are focused on the functionalization of these
inherently strained nanohoops to explore and take advantage of their unique optoelectronic properties.?'-
25 Designing interesting or elegant structures and studying their properties has guided organic materials
chemists to this day.

Presented herein is the development of carbon nanobelt (CNB) and belt-like molecules, their
synthesis, and their properties. This starts with the attempted syntheses of cyclacenes by Stoddart which
culminates in successful syntheses of benzo-fused cyclacenes by multiple groups. Second, the theory of
armchair CNBs and the syntheses by Itami. Third, chiral CNBs synthesized by Miao which completes the
list of molecular analogues of CNTs. Fourth, a Mdbius belt that does not map onto any known CNT or
represent an intermediate to other CNBs. Fifth, incorporation of heteroatoms into the backbone. Overall,
the focus of this review will be on the development of inherently strained aromatic macrocycles.

I.2. Cyclacenes

The first report of cyclacenes as an interesting synthetic target was made by Edgar Hielbronner in
1954, who predicted the eigenvalues and possible molecular orbitals of [12]cyclacene.?? Cyclacenes can
be defined as cross-sections of zig-zag CNTs or simply as cyclic analogues of fused polyacenes. The “n”

in [n]cyclacene denotes the number of rings composing the macrocycle, typically six-membered rings but
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non-alternant systems exist with five, seven, or eight membered rings that also use the “cyclacene” name.
Belt[n]arene is also used as an unambiguous name for discrete “zig-zag” CNT cross sections; however,
“[n]cyclacene” and “belt[n]arene” have been used interchangeably in the literature.?6 Predictions of the
electronic properties were categorized as either valance bond dominant, Clar sextet dominant, or in
resonance between the two.27-2? It follows that due to the inherent strain of these macrocycles, the valence
bond dominant structure could persist for smaller [n]cyclacenes to mitigate the bending of aromatic units in
the Clar sextet dominant structure. As seen with large flat acenes, the bonding structure maximizes the

number of aromatic units containing six m-electrons.?® In the case of [n]cyclacenes, this would result in

[n]cyclacene

Clar sextet Valence bond
resonance resonance

(n,0)CNT
“zig-zag” CNT
multiradical species as shown in Figure 1.1, making them progressively difficult to synthesize.
Figure I.1. Structure of an [n]cyclacene mapping onto its corresponding zig-zag CNT. Representative
resonance structures of an [n]cyclacene where n is an even number.
Initial productive attempts at synthesizing [n]cyclacenes relied on multiple stereoselective Diels-
Alder (DA) reactions. Oxo-bridged building blocks help direct subsequent DA reactions to favor endotopic
products.30-32 Stoddart utilized iterative DA reactions to make macrocycles that are arranged to aromatize
into the desired [n]cyclacene thanks to the additive curvature of each oxo-bridged subunits. Although the
thermodynamic driving force for aromatizing individual six-membered ring is large, the inherent strain of
aromatic belts is prohibitively larger for most sizes.?6:33-36 For example, the [12]cyclacene that was
attempted by Stoddart has a predicted strain energy around 110 kcal/mol—similar to
[5]cycloparaphenylene, 116 kcal/mol, which is not stable under ambient conditions.?6:37:38 The synthetic
route shown in Scheme 1.1 starts with two subsequent non-stereoselective DA reactions between in-situ
generated 4,5-dibromobenzyne and two equivalences of furan to make an equivalent amount of syn and
anti I.LA as the major dienophile building block.3"3234 Diene I.B was synthesized by step-wise
carboxymethylation, reduction, chlorination, and finally R-elimination.30-32.34 Refluxing I.A and I.B in toluene

provided a larger diene I.C with stereoelectronic selectivity due to the repulsion by the oxo-bridges.3? The
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addition of another equivalent of ILA under high pressures resulted in a macrocycle with twelve six-
membered rings “Kohnkene” poised to be reduced to the final [12]cyclacene.?'34 |terative reduction only

afforded the [12]collarene which was unable to fully aromatize to [12]cyclacene.

0O CUC|2
pd/c MeO,C COzMe THF CIH2C CHyCl +BuOK
‘é, 0— - 1.B
MeOH  \ie0,C CO,Me 2) SOC'z CIH,C CH,cl THF
o CO (3 atm)

. QYIS oma
OO

syn LA 1) toluene 1) TiCly, LiAIH4, THF
reflux, 16 h refluxto 0 °Ctor.t., 24 h
+ > >
2) LA syn 2) Ac,0, HCI, reflux, 16 h

21B CH,Cl,, 60 °C
10 kbar, 200 h

3) Li/NH3, Et,O/EtOH

Scheme 1.1. Attempted synthesis of [12]cyclacene by Stoddart et al. with representative structure named
when necessary.

Modern synthetic methodologies have transformed the possible transformations that can impart
the necessary strain required for fully aromatized [n]cyclacenes. The majority of reported methods have
heavily relied on DA reactions via aryne intermediates. Effective separation techniques are required
because the reactions are non-stereoselective. Outlined are the notable reports which led to successes in
partially aromatized and fully aromatized [n]cyclacene derivatives.

The first attempt by the Itami lab relied on a 12-fold annulation strategy to convert an aryl-ethynyl
macrocycle into [12]benzo[12]cyclacene, where benzo-fusions localize the bonds to stabilize the resulting
nanobelt. This began with an electrophilic borylation then double Suzuki-Miyaura cross-coupling reaction
to obtain dibromide 1.D which is then borylated and reacted with another equivalent of .D to make the aryl-
ethynyl macrocycle I.E.?° Heating to 150 °C in dimethylacetamide resulted in a product of cycloadditions

and electrocyclic ring-opening reactions instead of the desired [12]benzo[12]cyclacene (Scheme 1.2).3°
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[12]benzo[12]cyclacene
Scheme 1.2. ltami’s attempted synthesis of [12]benzo[12]cyclacene via benzannulation of an arylethynyl

macrocycle.3

Revisiting DA reaction routes, Profs. Dolores Pérez and Diego Pefa attempted to reduce an oxo-
bridged [10]cyclacene derivative on a Cu(111) surface and visualized only partial deoxygenation.4® The
macrocycles were made from DA reactions between aryne and iso-furan functionalized arenes, but the
tetraepoxy[10]cyclacene was the only macrocycle that could be visualized before and after deoxygenation
attempts. Unlike Stoddart’s synthetic routes, no stereoselectivity is present in these reactions; however, the
only productive pathway is with the syn-adduct so the products did not need to be resolved prior to
subsequent steps. Synthesis proceeds with the identical dienophile I.A that Stoddart used via a tetrazine-
mediated retro-DA reaction followed by an in-situ two-fold DA-reaction with dinaphthyne generated by
reaction of 3,7-bis(trimethylsilyl)naphthalene-2,6-trifluoromethylsulfonate with cesium fluoride (Scheme
1.3).40 The resulting syn-addition adduct was reacted with another equivalent of dienophile I.A in the same
reaction conditions to generate the tetraepoxy[10]cyclacene. Deoxygenation of Cu(111) using STM tip-
induced deoxygenation successfully removed two oxygen atoms in two different orientations, but no fully
deoxygenated structures were visualized by AFM or STM.#? Synthetically, these examples set the bar closer
to realizing a fully aromatic [n]cyclacene but required a stronger thermodynamic driving force or strained

intermediate to facilitate the final aromatization reaction.
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Scheme 1.3. Pefa et al.’s attempted synthesis of [10]cyclacene by reduction of a tetraepoxy-macrocycle

on a Cu(111) surface by scanning-tunneling-microscopy (STM).

Back-to-back reports in the literature soon followed with the first successful synthesis of a
[nlcyclacene derivative accomplished by the lab of Prof. Mei-Xiang Wang at Tsinghua University. The
synthetic route began with an alkene functionalized pillar[4]arene that was converted to the aldehyde
functionalized pillar[4]arene.*' Addition of an aryl-Grignard follow by Friedel-Crafts alkylation produced a
collar[8]arene which underwent a DA reaction with DDQ then laser-mediated retro-DA reaction to make the
substituted [8]cyclacene.*' The final product was confirmed by high-resolution mass spectrometry along
with partially aromatized products. This result was foundational to future works since it set the precedent
that [n]cyclacenes are synthetically accessible under the appropriate conditions. Although this is the only
example of a true [n]cyclacene in the literature, other groups have reported successful syntheses of
benzo[n]cyclacenes in measurable quantities. Other methods reported in literature follow the DA approach
of using functionalized arynes and isofurans to build benzo-fused intermediates that are finally reduced to
the benzo[n]cyclacenes. Chi and Itami’s group simultaneously reported the first examples of this pathway
by utilizing functionalized pyrene units which combine one at a time for Itami’s route and symmetrically in
the case of Chi’s route.*243 Each of these routes are summarized in Scheme 1.4 and illustrate the power of
the DA reaction to make a variety of [n]cyclacene derivatives. The Miao group soon after reported the
synthesis of multiple benzo[n]cyclacenes precursors via the same synthetic methodology.#4 Miao’s
[8]benzo[20]cyclacene precursor was successfully aromatized; however, due to the extended acene
fragments within the belt it was prone to oxidation in air.#* This reflects the barrier to fully aromatic
[n]lcyclacenes with minimal to no benzo-fusions. As the length of acene fragments decrease, the favorable
electronic properties disappear and smaller [n]cyclacene derivatives increase the inherent strain, reducing

stability of individual acene fragments.
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Scheme l.4. Synthetic routes to benzo-fused [n]cyclacenes reported by Wang, Itami, and Chi.#'-43

So far, there are multiple synthetic routes to [n]cyclacene derivatives reported in the literature. The
variety of methods and the continued development of new methods offer materials and organic chemists
the appropriate tools to expand carbon nanoscience. Success by the groups presented in this chapter could
converge to a true [n]cyclacene for studying their intrinsic optoelectronic properties. A significant aspect of
[nlcyclacenes that requires experimental investigation is the bond order of the total belt, bond length
alternations of the structure, and practical applications as unique semiconducting molecules.
1.3. Armchair belts

Motivations to synthesize armchair belts began with Vogtle and led to many attempts to make the
first CPP by desulfurization methods but none were successful. Nakamura took an alternative approach by
starting with a larger structure, fullerenes, then dismantled the “top” and “bottom” to make a functionalized
[10]cyclophenacene*s and Gan used the same methodology to synthesize a Vogtle [10]belt*® from Cso and
Cro, respectively. Although the structures they reported are not “belts” because they are closed on both
ends, the dominate structural motif maps onto a (5,5) CNB. Iterative methylation then cyanation afforded a
partially dearomatized Ceo that was phenylated and the cyano group was removed to obtain the

[10]cyclophenacene derivative (see Figure 1.2).
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Figure 1.2. Summarized route to converting Ceo to a functionalized [10]cyclophenacene reported by
Nakamura et al.#®

After sufficient time and development, the Itami group determined a suitable reaction pathway that
could overcome the inherent strain of building up a curved nanobelt. Macrocycles were first constructed
from iterative Wittig reactions of appropriately sized vinylbenzene oligomers.4748 A final Wittig reaction of
an adequately sized triphenylphosphonium-aldehyde makes a highly-functional vinylbenzene macrocycle
which is subjected to a multi-fold reductive coupling to produce the desired armchair CNB. ltami’s route has
shown to be robust to make CNBs of various sizes, even highly strained derivatives like (6,6) CNB (Scheme
[.5). The resulting structures have size-dependent properties like CPPs with emergent properties from the
rigidified backbone.*® CNBs discussed are highly fluorescent with the (6,6) CNB presented broadly emitting
between 550 and 800 nm in dichloromethane.*” Although the yields to the CNB are not high, the methods
are more convergent than incrementally building in functionality to convert to the belt. The conversion from
bromines to carbon-carbon bonds is robust using a multi-fold Yamamoto coupling approach and has low
steric repulsion compared to olefin metathesis routes.*°
Ni(cod),

5,5'-dimethoxycarbonyl-
2,2’-bipyridine

DMA
75 °C, 30 min.
n=1,3,7

Scheme L.5. Final step in the synthesis of armchair CNBs from ltami’s group, “n denotes the size of the belt
for (n,n) CNB).48
Miao took an alternate approach leading to both an armchair CNB or chiral CNB, as will be

discussed in the following section, using the same key building block for both routes. This highlights the
variety of approaches groups have taken to synthesize molecular CNT fragments. By functionalizing
building blocks compatible with CPP synthesis—which | will elaborate on in the coming chapters—a diverse
set of belt and belt-like structures have been synthesized.*%0 A highly-functionalized [12]CPP derivative
with electron-rich arenes was made via non-selective Suzuki cross-coupling conditions followed by
reductive aromatization. The electron-rich arene functionalized [12]CPP was subjected to Scholl oxidation
conditions to obtain the (12,12) CNB[42], a m-extended version of ltami’'s (12,12) CNB with electron-rich

solubilizing groups (Scheme 1.6). Miao’s armchair CNB has emissive properties similar to Itami’'s CNBs.48:50
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toluene, reflux

(18,12) CNB[42]
Scheme 1.6. Synthesis of armchair (12,12) CNB[42] (top) and chiral (18,12) CNBJ[42] (bottom) from the

Miao group.5®
1.4. Chiral belts
Following the same method Miao presented for making the (12,12) CNB[42], by replacing every

other phenylene with a functionalized naphthalene they made an (18,12) CNB[42] derivative after reductive
aromatization and Scholl oxidation, see Scheme I1.6. This, so far, represents the only example of a chiral
CNT mimic as a CNB. Although they map onto different CNT structures, the (18,12) CNB derivative has
similar optical properties to the armchair CNBs present in the literature, noting the blue-shifted emission
due to the larger belt size.?? The number of chiral structures are expanded to increase as synthetic methods
develop to arrive at functionalized chiral CNBs or different chiral vectors to explore their intrinsic chiroptical
properties.
I.5. M6bius belt

Carbon nanomaterials are promising candidates for an array of optoelectronic applications, but
traditional synthetic methods result in heterogeneous mixtures of structures, which are often not desirable.

Alternatively, synthetic organic chemistry enables fragments of carbon nanomaterials to be prepared with
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unprecedented atomic precision, providing a way to access and tune carbon nanomaterials. In particular,
synthetic methods to prepare CNB structures that map onto various chirality CNTs have undergone a
renaissance in the past few years.?® Using a variety of methods and strategies, all sp2-hybridized CNBs
have been prepared that map onto armchair, zigzag and chiral nanotubes. With these strategies rapidly
evolving, the range of possible topologies of carbon nanomaterials are also increasing and our imagination
is truly the only limit.

Itami and co-workers reported a synthetic method to prepare an all sp?-hybridized CNB that has a
Mobius topology—a Mobius carbon nanobelt (MCNB).5! Although Mobius objects have appeared in works
of art and in mathematics for centuries, the MCNB is the first example of this topology being introduced into
a CNB using a rational bottom-up synthetic approach.

A Mobius topology can be envisioned by considering the ways a flat two-dimensional strip can be
connected into a cylindrical object.52 In a more common scenario, a flat strip can be wrapped around to
form a cylinder by connecting the top edge of one side of the strip with the top edge of the other side (Figure
I.3a, left). Adding a single twist to the strip such that the top edge meets the bottom edge creates a Mobius
strip with a non-orientable surface (Figure 1.3a, right). Mdbius molecules pose a formidable synthetic
challenge as a twist needs to be forced into the molecule before making the final bond that closes the cyclic
structure. Not surprisingly, synthetic examples of Mobius molecules are very rare.52-%5 Theoretical
calculations of Maobius Tm-conjugated molecules also motivate their synthesis due to the potential to
investigate basic concepts of aromaticity, which are critical to understanding optical and electronic
properties of materials. Hiickel aromaticity follows a (4n + 2) m-electron rule whereas Mobius aromaticity
follows a 4n 1-electron rule. The change in the number of 1-electrons is a result of the change in p-orbital
phases as the molecule makes a twist, cancelling out when they meet back at the point of origin.
Experimentally, this results in noticeably different optoelectronic properties of Mdbius molecules compared

with their Hiickel counterparts.5253
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Figure 1.3. a) two different topologies can be created by closing a two-dimensional strip. b) Iterative Wittig
reactions and Yamamoto couplings are used to synthesize a (25,25) MCNB.

The synthetic approach to the MCNB in this work is an adaptation of previous methods used to
make armchair CNBs reported by the Itami group.#’48 Based on this earlier work,*” the authors surmised
that the upper-bound for the build-up of strain energy in the final bond-forming reaction (Yamamoto
coupling) is ~40 kcal mol-'. As a consequence of this consideration, the Itami group targeted the (25,25)
MCNB—this larger Mobius belt alleviates the demand of the synthesis in that the twisted belts are much
more strained than the previously synthesized armchair belts. The other key feature in their synthetic
strategy is to target a precursor that has two functional groups for macrocyclization that are positioned on
opposite edges of the ultimate belt, therefore forcing the twist.

An appropriate precursor to the (25,25) MCNB is key Wittig precursor 1.2 (Figure 1.3b); the aldehyde
and phosphorus ylide are on opposite edges of the belt precursor, and a Wittig macrocyclization should
lead to a macrocycle with a single twist. After macrocyclization, Itami and co-workers envisioned that a
sequential Yamamoto reductive aryl-aryl coupling reaction would deliver the target MCNB. In a forward
sense, Wittig precursor 1.2 was prepared by sequential Z-selective Wittig reactions using building block
1.1—this key molecular building block can be converted to a phosphonium ylide via the chloride or an
aldehyde by deprotection of the acetal, providing an iterative method to build up a linear structure. As
planned, a series of Z-selective iterative Wittig couplings and functional group interconversions enables the
preparation of linear precursor 1.2 in good yields. Once the linear molecule 1.2 is prepared, an intramolecular
Wittig via a twist is executed to deliver the Mdbius nanobelt precursor macrocycle 1.3 in an excellent 67%
yield. A one-pot 15-fold intramolecular Yamamoto coupling affords the (25,25) MCNB in a remarkable 20%
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overall yield (on average, ~90% for each C-C bond forming reaction).

Interestingly, a (15,15) MCNB belt could also be targeted using the same building blocks, but was
unsuccessful in the Yamamoto coupling reaction, presumably owing to the higher strain energy. The (25,25)
MCNB was characterized using mass spectrometry and "H NMR spectroscopy, which was corroborated by
predicted spectra.5 Increasing the temperature while obtaining the 'H NMR spectrum results in sharper
peaks compared with the room-temperature spectrum, which is consistent with dynamic movement of the
twist throughout the belt. The intramolecular Wittig reaction can occur in two orientations and, as a result,
the reaction should produce two enantiomers in equal amounts. This prediction was verified by separation
of enantiomers and matching of the circular dichroism spectrum to the simulated spectrum of each, further
confirming the structure.

This MCNB is a new topological nanocarbon. Notably, the CNB has Mobius topology but does not
show obvious Moébius aromatic properties, which would require delocalization through the macrocycle.
Although the goal here was to construct an aromatic belt with Mobius topology, further experiments
exploring the electronic structure of the reduced or oxidized structure (which may be more globally aromatic)
will provide interesting information on Mébius aromatic hydrocarbon belts. Overall, this synthetic approach
represents an important advancement in the development of topologically diverse nanocarbons by a
bottom-up synthetic approach. And like the recent explosion of CNBs, this breakthrough will inspire many
more Md&bius 1T-conjugated molecules with new properties.

1.6. Nitrogen-incorporated belts

Since the development of CNB structures, the interest in incorporating heteroatoms to manipulate
the electronic properties of such structures or facilitate their synthesis has been ever present.?-62 Nitrogen
atom doping in carbon nanostructures has proven to be a valuable method for amplifying their appealing
electronic properties. It stands to continue developing nitrogen-doped carbon nanostructures to understand

how different isomers affect their applications in future devices. Two N-doped cyclacenes and an N-doped

armchair CNB have been reported thus far and their synthesis is elaborated herein (Figure 1.4).

Ar = E—Q*OMe

[6.8N,],Cyclacene N,-CH,-bridged[6]CPP [6.7N](6,6)CNB
Wu 2021 Chen 2021 Itami 2022

Figure 1.4. N-doped carbon nanobelt structures reported in the literature.

The first example of N-doped carbon nanobelt synthesis was reported by the Wu group. They
represent a collection of cyclacene derivatives assembled by imine chemistry. Dynamic covalent chemistry
has been established as a powerful tool for materials chemists to make a range of thermodynamically

preferred structures.t® With the appropriate diketone-diamine, four N-doped cyclacene structures were
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successfully isolated. Standard organic transformations precede the macrocyclization step, and molecule
1.6.5a is used to make the [6.8Nz]scyclacene by refluxing in toluene with diphenylphosphate.?364 These
conditions have been established for making [1,5]diazocine structures since 1896 and only recently applied
to making aromatic macrocycles.® The larger structures were obtained using the same reaction conditions
with the addition of o-dichlorobenzene in place of toluene for the two larger structures in order to solubilize
the mixture. Structurally, the eight-membered ring results in a triangular macrocycle for 1.6.1a, 1.6.2a, and
1.6.3a and a square macrocycle for 1.6.4a (Scheme 1.7). Larger macrocycles have red-shifting absorbance
profiles due to the increased conjugation of the larger acene panels. Expanding this to even larger acene

building blocks would be a facile way to solubilize conventionally insoluble electronically active organic

molecules.
o]
HaN pn  diphenyl phosphate
_
Ph NH, toluegia/reﬂux
O (]
1.6.5a
0
HoN Ar diphenyl phosphate
r —_— >
Ar' OO toluene, reflux
NH; 19%
]

dlphenyl phosphate

OOO "
NH, o-dlchlorobenzene

120 °C
3a: 15%
4a: 5%

1.6.3a 1.6.4a
Scheme 1.7. Synthesis of [6.8Nz].cyclacenes reported by the Wu group. The aryl groups used are specified

in the inlay box.64

The next example maps onto a [6]CPP, but it has alternating methylene and amino bridging five-
membered rings. By condensing a functionalized carbazole 1.6.1b with paraformaldehyde, Chen et al. made
calix[3]carbazole which, through functional group conversions, was reductively coupled to form the final
carbon-carbon bonds of 1.6.2b.%5 The increased conjugation of the final belt structure produces a red-shifted
absorbance band from 320 to 450 nm, compared to the starting calix[3]carbazole and nanohoop relative

[6]CPP.85 Unlike nanohoops of the same size, this non-alternant N-doped belt 1.6.2b is fluorescent with an
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emission from 500 to 600 nm. Electrochemically, 1.6.2b has multiple reversible reduction and oxidation
events in a narrow electrochemical window. Paired with the high-yielding synthesis, this sets precedent for
carbon nanobelt structures as viable electronically active materials (Scheme 1.8).

1) FeCl; «6H,0, (CH,0),

Rn CH,Cl,, 0 °C _
MeOOMe 2) BBrs, CHyCly, 0 °C Ni(cod),, bpy
_ |
- NMP, 80 °
L6.1b 3) Tf,O, DMAP »80°C
6. CHCly, 0 °C

oTf  TfO
Scheme 1.8. Synthesis of a non-alternant N-doped [6]CNB, N3-CH2-bridged[6]CPP, from Chen et al. starting

from a functionalized carbazole.®5

The last example of N-doped CNBs in the literature is a belt with seven-membered rings with one
nitrogen synthesized by the Itami lab. They report the successful Buchwald-Hartwig amination of a
previously reported precursor to the (6,6) CNB.#76¢ Using p-methoxyaniline, they performed a six-fold
Buchwald-Hartwig amination to make 1.6.1¢, the [6.7N](6,6) CNB (Scheme 1.9). They report that belts with
aromatic units with seven-membered rings or larger help to dissipate the inherent strain, resulting in
optoelectronic properties closer to their linear analogues. Belt 1.6.1¢ shows an absorption peak at 334 nm
and no fluorescent properties and addition of a chemical oxidant results in a growing peak at 520 nm from
the dication of 1.6.1¢.%® These examples represent inventive ways to synthesize complex unnatural products
to understand how new topologies affect electronic and chemical properties of curved aromatic molecules.

HZN—O—OMe Are
N

Pd(dba),, PMe(Bu),*HBF,
NaO'Bu

L
y

m-xylene, 140 °C, 8 h

Scheme 1.9. Final step of N-doped CNB, [6.7N](6,6)CNB, from Itami et al. accomplished via Buchwald-
Hartwig coupling.®

I.7. Conclusion

Since their conception, carbon nanobelts have intrigued organic chemists because of their synthetic
challenge and natural beauty. Constructing curved aromatic molecules to study their resulting properties
led to many of the examples presented. Although they are not practical for application in devices, continued
work will expand our fundamental knowledge in synthetic methodology and structure-property relationships.
Overall, we have established many trends in optoelectronic properties as they relate to inherent strain. Not

only has the community made molecular analogues of zig-zag, armchair, and chiral CNTs, belts that do not
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map onto a CNT have been made. Introduction of heteroatoms has also been accomplished and offer a
way to understand how heteroatoms affect bulk properties of carbon nanomaterials. It follows that more
varieties of belts and belt-like structures should be investigated to have a complete understanding of
intrinsic material properties and continue expanding our synthetic toolbox.
1.8. Co-authored content

This thesis contains co-authored content that was published in peer-reviewed journals and other
co-authored content that is unpublished. Work in Chapter 1 was co-authored with Prof. Ramesh Jasti and
published under the title “Carbon nanobelts do the twist” in Nature Synthesis: News & Views®” Work in
Chapter 2 was co-authored with Dylan Nguyen, Victor Salpino, Luca Zocchi, Dr. Lev Zakharov, and Prof.
Ramesh Jasti and is in preparation for submission. Work in Chapter 4 was co-authored with Dr. Curtis
Colwell, Prof. Tim Stauch, and Prof. Ramesh Jasti and published under the title of “Strain Visualization for
Strained Macrocycles” in Chemical Science.®® Work in Chapter 5 has unpublished and co-authored content
with Julia Fehr, Tara Clayton, Nathalie Myrthil, Anna Garrison, Dr. Lev Zakharov, Prof. Steven Lopez, and
Prof. Ramesh Jasti with the published material listed under “Experimental and theoretical elucidation of
SPAAC kinetics for strained alkyne-containing cycloparaphenylenes” in Chemical Science.®® Work in
Chapter 6 has unpublished and co-authored content with Dr. Claire Otteson and Prof. Ramesh Jasti for the
unpublished material and Viktor Pedersen, Dr. Nicolaj Kofod, Dr. Bo Laursen, Prof. Ramesh Jasti, and Prof.
Mogens Nielsen under the title “Synthesis and Properties of Fluorenone-containing Cycloparaphenylenes
and Their Late-State Transformation” in Chemistry, a European Journal.”™
1.9. Bridge to Chapter 2

Belt and belt-like molecules have been reported with emergent properties as the aromatic rings in
curved aromatic systems and increased coplanar arrangements. N-doped CNBs have been reported but
each have examples with graphitic or imine type nitrogen atoms. In the next chapter, we proposed building
pyridinium belt-like nanohoops to study the effect of coplanarization of the pyridinium ring with the rest of

the nanohoop.
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CHAPTER I
ACCESSING CATIONIC AZA-CARBON NANOTUBE FRAGMENTS VIA INTRAMOLECULAR Sn2 AND
PYRIDINE-DIRECTED C-H ACTIVATION
I1.1. Introduction

Development of next-generation technologies is dependent on the creation of new materials with
emergent properties.23° Organic materials offer synthetic advantages through bottom-up synthetic
precision, solution processability, and flexibility as soft materials.2-38 Many organic materials with appealing
electronic properties are continually being developed, but the variety of available organic n-type materials
is much less compared to p-type organic materials.!3871.72 Organic photovoltaics (OPVs), organic light
emitting diodes (OLEDs), and redox flow batteries rely on a catalogue of organic materials with various
electrochemical windows that suit device performance. An organic scaffold that is readily synthesized with
a variety of functionalization and does not impair the electronic properties is, therefore, ideal for developing
diverse organic optoelectronic materials.

Nitrogen-doped carbon nanomaterials have made promising breakthroughs in functional devices
by gradually lowering the energy gap of materials and introducing charge carriers.573-77 CNTs doped with
nitrogen have improved material properties as capacitors, batteries, and electro-catalysts.”®7477 However,
it is difficult to make precise structures due to the random replacement of carbon for nitrogen in the doping
process resulting in a variety of nitrogen content and valence.”375 Bottom-up approaches to nitrogen-doped
materials are ideal for understanding the effect of gradual replacement of carbon atoms with nitrogen of
different valences. ll-rich pyridinium structures are good candidates for this end because of their
established syntheses, modular band gaps, and reversible redox properties. A variety of labs have
accomplished syntheses of nitrogen-doped carbon nanobelts (CNB), but none have explored the effect of

having quaternary nitrogen atoms in the backbone (Figure 11.1).64-66

This work
Figure II.1. Nitrogen-doped belt structures and partial belts. a) [6.8N2]sCyclacene b) Ns-methylene-
bridged[6]CPP c) [6.7N](6,6)CNB d) bridged-pyridinium[n]CPPs. (Ar = p-methoxyphenyl).
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Cycloparaphenylene synthesis has developed in recent years to make functional materials with
size-dependent properties as well as finely tuned optical and electrochemical properties based on the
functional groups appended to the nanohoop.2570.78-%0 Aza[n]CPPs, pyridine-included CPPs, mimic all-
carbon CPPs in their electronic properties, but they offer a site for discrete functionalization.”®:21-% Following
previous reports on aza[n]CPPs, the nitrogen has been methylated to make a series of donor-acceptor
nanohoops referred to as N-methylaza[n]CPPs or pyridinium[n]CPPs.79%9 As seen by fully bridged
armchair carbon nanobelt structures reported by the Itami lab and partially-bridged nanobelt structure by
our lab, increasing the coplanarity of adjacent phenylene results in a decreased HOMO-LUMO gap.47-49.96.97
N-methyl aza[n]CPPs show lower reduction potentials indicative of a lower LUMO energy but lack the
stability for application. Smaller aza[n]CPPs, which have smaller HOMO-LUMO gaps, have shown to be
particularly unstable upon methylation as well as more difficult to methylate in multiple positions.”®.93
Therefore, we propose incorporating bridged-pyridinium units to increase the coplanarity of the system,
reliably alkylate multiple positions, and provide increased stability. Incremental introduction of bridged-
pyridinium units is hypothesized to gradually lower the LUMO energy of the resulting nanohoop and provide
incremental reduction waves with the hope of reversibility seen by Swager’s pyridinium polymers and similar
bridging-pyridinium systems.29.9 These functional units also act to bridge the gap towards pyridinium belt-
like structures.

A caveat to the bottom-up synthesis of these molecules is the prefunctionalization of building blocks
for each derivative. Incorporating alkyl fragments adjacent to the pyridyl unit in two [6]CPP derivatives, two
bridging-pyridinium[6]CPPs have been synthesized. Characterization of their optical and electronic
properties was achieved. To rapidly access other pyridinium belt-like structures, we propose using the
pyridyl unit in aza[n]CPPs to direct covalent functionalization via pyridine-directed C-H activation.100-102
Herein we report the first example of synthesizing functionalized aza[n]CPPs using pyridine-directed C-H
activation.

I1.2. Synthesis and identification of bridged-pyridinium nanohoops

Precursor aza[n]CPP derivatives were synthesized using techniques familiar to our lab as well as
a recently reported method by the von Delius group.7?9%% The key challenges of the synthesis involve
isolating a precursor to the aza[n]CPPs with ethanol fragments adjacent to the pyridine units to form the 6-
membered ring upon alkylation. Ester groups were the most robust to bring through the syntheses. A
pivaloyl group was used for both the mono(bridged-pyridinium)[6]CPP bp[6]CPP and the di(bridged-
pyridinium)[6]CPP dibp[6]CPP. Coupling partners 1l.2 and 11.84 can be obtained in good yields for the
Suzuki cross-coupling reaction to make 1.6 (Scheme 1l.1); however, subsequent steps including the
oxidative homo-coupling reaction proceed in low yields unless the boronate, 1.7, is slowly added to the
activated catalyst mixture.'%3 Synthetic steps to afford the bisboronate Il.5 proceed in good yields and cross-
coupling reactions to obtain macrocycle 1.9 occur in good yields with the desired structure as the major
product. TBAF-mediated desilylation and mild tin-mediated reduction of Il.8 to obtain the aza[6]CPP

derivative II.A1 worked best, but identical conditions with macrocycle 1.9 were not successful. Deprotection
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of macrocycle 11.9 with TBAF and subsequent aromatization using SnCl2 and PBrs conditions published by
the Yamago group'® were successful to synthesize the diaza[6]CPP derivative in good yields. X-ray
analysis of Il.B1 verifies the identity of the product as well as its rotation enantiomer due to hindered
rotational motion because of the large alkyl fragments of the phenyl ring between the pyridine units. With
each aza[n]CPP derivative in hand, the esters were reduced efficiently with excess diiso-butylaluminum
hydride to obtain each alcohol in suitable purity for chlorination with thionyl chloride. The chlorination step
proceeds in high yield and purity with purified thionyl chloride starting at -78 °C and warming to room
temperature. Removal of solvent and excess thionyl chloride gave dark solids that were subjected to anion
exchange with KPFs to better compare their optical properties and maintain solubility in a single solvent.
The resulting PFs salts (1l.LA2 and I11.B2) are notably stable in a freezer for months. "H NMR spectrum of the
pristine material and six-month old samples showed no decomposition. In addition to their increased
stability, these bridging-pyridinium nanohoops represent a synthetic achievement to obtain nanohoops with
multiple pyridinium fragments in good yields. Prior to this, harsh conditions were required to alkylate multiple
positions and multiple products were inevitable. The preorganization of nucleophile adjacent to electrophile
favors rapid cyclization to the bridging-pyridinium unit. Using this method, highly N-doped cationic

nanohoops can be synthesized.
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Scheme Il.1. Synthetic routes to bp[6]CPP 1l.A2, dibp[6]CPP I1.B2, isoq[8]CPP II.C, and isoq[10]CPP II.D.
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X-ray analysis of the dibp[6]CPP PFs salt 11.B2 shows tubular packing of the nanohoops with layers
of counter ions. The presence of CH2Cl2 molecules in the pores, omitted for clarity, suggest hosting of
smaller anions may be possible. Average dihedral angles of [6]CPP, aza[6]CPP, 11.B1, and 11.B2 are 28.1°,
24.3°,17.6°, and 17.9° respectfully (Figure 11.2).93.195 As the number of nitrogen atoms within the nanohoop
increase, the average dihedral angle between arenes decreases. As a result, the conjugation throughout

the nanohoop increases and the HOMO-LUMO gap shrinks.

Figure I1.2. Single crystal x-ray diffraction results for molecules 11.B1 (a) and 1l.B2 (b) with the space-filling
packing structure on the left and the ORTEP drawing on the right (solvent molecules omitted for clarity).
Aza[10]CPP and aza[8]CPP were synthesized following reported methods to explore pyridine-
directed C-H activation reactions.”®% Attempts to functionalize aza[6]CPP via the same C-H activation
reactions were not successful. Following methods developed in the literature,%9-192 gn isoquinolinium
fragment was formed via Rh-catalyzed C-H annulation with diphenylacetylene. Each aza-nanohoop was

added to a microwave vial along with diphenylacetylene, the rhodium dichloride dimer, and dichloroethane,
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then sparged with oxygen gas. Silver trifluoromethyl sulfonate was used to make Il.D and the combination
of copper (Il) acetate and potassium hexafluorophosphate were used to make II.C, analogous to published
methods. The reactions with aza[8]CPP did not typically go to completion unlike the reactions with
aza[10]CPP. Annulation was also compatible with other silver salts like silver tetrafluoroborate and silver
hexafluorophosphate, but the triflate salt was the most compatible for characterizing II.D in acetonitrile like
the other pyridinium salts discussed herein. Product Il.D was obtained in higher yields compared to II.C,
likely due to the reduced strain of the larger aza[10]CPP compared to aza[8]CPP. The products were
obtained after purification by preparative silica TLC. 'THNMR spectra for Il.C and aza[8]CPP are elaborated
on in Figure I1.3. Preliminary experiments with pyridine-directed C-H activation represent a significant
development of CPP chemistry since these methods can be used to rapidly functionalize aza[n]CPPs
instead of prefunctionalization of requisite building blocks that must survive bottom-up synthetic strategies.

31 90 8s 8s 87 86 85 84 83 e'.zf 81  s0 78 78 77 76 75 74 73 72

Figure I1.3. 'THNMR spectrum of aza[8]CPP and II.C in CB:SN with representative shifts highlighted.
11.3. Optical and electrochemical characterization

Absorption profiles of the parent aza[n]CPPs show a red-shifting shoulder with increasing number
of pyridine units with respect to the size of CPP, see Figure 11.4.24 The bridged-pyridinium CPPs have a red-
shifted shoulder compared to the parent aza[6]CPPs and a broadening of the absorbance with increasing
bridged-pyridinium units. The Amax for the bridging-pyridinium[6]CPPs also red-shifts from their aza[6]CPP
counterparts. As the number of pyridinium units increases, the LUMO energy gradually decreases more
than the HOMO energy. The increased coplanarity of the pyridinium unit and adjacent phenylene increases
conjugation throughout the hoop, effectively further decreasing the HOMO-LUMO gap. Analogously,
products II.C and II.D have red-shifted shoulders from their aza[n]CPP counterparts; however, the Amax are
blue-shifted, as seen with the N-methyl aza[10]CPP reported by von Delius.®®> A note regarding the
absorbance profile is that the iodide salts previously reported by our group are more polarized than the
hexafluorophosphate salts reported herein. As a result, they exhibit charge transfer characteristics that
show a more red-shifted absorbance profile. Attempts to chemically reduce the bp[6]CPPs to study the EPR

and absorbance profiles of the reduced structures remain unsuccessful.
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Figure I1.4. Left spectra are UV-vis absorbance profiles of A1 and B1 in dichloromethane overlapped with
A2 and B2 in acetonitrile (inlay shown as a magnified region for A2 and B2). Right spectra are UV-vis
absorbance profiles of C and D in acetonitrile and absorbance and emission profiles of aza[8]CPP and
aza[10]CPP in dichloromethane.

Cyclic voltammetry was used to probe the electrochemical reduction and identify if the process is
reversible for each product. Figure 11.5 shows each pyridinium molecule in acetonitrile with 0.2 M NBu4PFe
as the electrolyte, with the exception of the dibp[6]CPP which was a 1:1 mixture of acetonitrile and DCM.
Although the small molecule analogues of the di(pyridinium)phenylene unit show two reversible reduction
events, the pyridinium[6]CPP derivatives discussed here do not have reversible reduction events. This is
attributed to the strain of the molecule which greatly increases the reactivity of the reduced structures. The
pyridinium[8]CPP and pyridinium[10]CPP derivatives have reversible reduction events but the [10]CPP
derivative is not as reversible and resides at the edge of acetonitrile’s electrochemical window. Structures
II.C and II.D formed via CH-activation are likely more reversible due to less inherent strain in the larger
nanohoops, the added electronic stabilization of the bridging alkene, and the steric protection offered by

the phenyl groups on the bridging alkene. Optical and electrochemical data is summarized in Table 11.1.

Compound  Vieq (V) Egeuc(€V) Egpe(€V) Aggge (NM) £y (104 Mrcm!)
bp[6]CPP -0.89 2.53 2.00 620 3.56
dibp[6]CPP  -0.99 2.21 1.92 646 412
isoq[8]CPP  -1.92 2.62 2.36 526 1.67
isoq[10]CPP  -2.39 2.62 2.55 486 1.50

Table Il.1. Summary of optical and electrochemical data for each bridged-pyridinium nanohoop in
acetonitrile. Eopt Was calculated from the band edge wavelength (Aeage), Which is determined by the steepest
slope of the lowest energy transition. The molar absorptivity (€max) Was determined from the most intense

absorption event.
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Figure II.5. Cyclic voltammograms of I.D (top left), Il.C (bottom left), 11.B2 (top right), and Il.A2 (bottom

right) in acetonitrile for II.D, II.C, and Il.A2 or acetonitrile/dichloromethane for Il.B2; supporting electrolyte:
0.2 M BusNPFs, scan rate: 0.2 V/s. All potentials are referenced to the Fc/Fc* redox couple.
I.4. Computational analysis of bridged-pyridinium nanohoops and their aza[n]CPP analogues

DFT calculations were performed on the synthesized molecules as well as other hypothetical
derivatives with increasing number of pyridinium units. Computational results were obtained using the
Gaussian 09 package'%® with B3LYP/6-31G(d) as the functional and basis set. Results are corroborated
with previously reported computational experiments by our lab.7?9% Orbital energies are obtained by single
point calculations using the same functional and basis set with the default self-consistent reaction field
method in the dielectric constant for acetonitrile. The Ey of the aza[n]CPPs follow similar trends in energies
to their [n]CPP counterparts. Upon forming the bridging-pyridinium fragment, the LUMO energy decreases
by about one eV while the HOMO energy decreases by different amounts depending on the size of the
nanohoop (Figure I1.6). Increasing the number of bridging-pyridinium units continues to decrease the LUMO
energy with diminishing change in the HOMO-LUMO gap. The HOMO is affected more by increasing the
number of pyridinium units since the fragments occupy a larger portion of the nanohoop and reduce the
number of bent phenylenes, which are the primary contributors of the HOMO. Orbitals associated with the
HOMO and LUMO are shown for each molecule. It has been established that spatially isolated orbitals
increase the donor-acceptor character.” The N-methyl aza[n]CPPs have greater donor-accepter character
due to the localization of the LUMO onto the pyridinium fragment, resulting in their red-shifted absorbance
shoulder. Computationally, the structures presented have similar HOMO-LUMO gaps but noticeably
different orbital distributions. This results in the LUMO localized to the bridging pyridinium unit more in Il.C
and I1.D than 1l.A2 and 11.B2 making the LUMO energies nearly equivalent to each other and small molecule

analogues.
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Figure 11.6. Calculated frontier molecular orbital energies and their respective occupancy for each bridged-

pyridinium nanohoop (II.D, II.C, Il.LA2, and 11.B2) and their precursor aza[n]CPP (aza[10]CPP, aza[8]CPP,
ILA1, and 1I.B1) at the B3LYP/6-31G(d) level of theory (isosurface value set to 0.03).
I.5. Conclusions

In conclusion, we have presented two methods for synthesizing bridging-pyridinium nanohoops.
Bottom-up methods are synthetically robust enough to incorporate multiple bridging-pyridinium units in
highly strained systems, evidenced by dibp[6]CPP. Preliminary pyridine-directed C-H activation reactions
have been successful in making bridging-pyridinium units from unfunctionalized aza[n]CPPs. This finding
is important for rapid development of functionalized aza[n]CPPs. So far aza[8]CPP is the most strained
nanohoop to undergo C-H activation, but we are continuing to investigate other pyridine-directed C-H
activation reactions to develop the scope on aza[n]CPPs. These molecules have reduced HOMO-LUMO
gaps and lower reduction potentials compared to their parent aza[n]CPPs. Computational results support
the incremental reduction of the LUMO energy with increasing number of bridging-pyridinium units.
Absorbance profiles have red-shifted shoulders upon alkylation of the pyridine for each product discussed,
followed by broadening of the absorbance with increasing number of pyridinium units. By bridging the
adjacent phenylene with the pyridinium unit, the typically unstable pyridinium nanohoop resulted in a stable
salt that can be stored for multiple months in a freezer without noticeable decomposition. With further
development, fully fused cationic nitrogen-doped CNBs could be synthesized, resulting in stable and soluble
nanohoops with multiple easily accessible reduction potentials.
I1.6. General experimental details

All glassware was flame dried and cooled under an inert atmosphere of nitrogen unless otherwise

noted. Moisture sensitive reactions were carried out under nitrogen atmosphere using Schlenk and
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standard syringe/septa techniques. Tetrahydrofuran, dichloromethane, dimethylformamide and 1,4-dioxane
were dried by filtration through alumina according to the methods described by Grubbs.'97 Silica column
chromatography was conducted with Zeochem Zeoprep 60 Eco 40-63 um silica gel. Automated flash
chromatography was performed using a Biotage Isolera One. Thin Layer Chromatography (TLC) was
performed using Sorbent Technologies Silica Gel XHT TLC plates. Developed plates were visualized using
UV light at wavelengths of 254 and 365 nm. 'H NMR spectra were recorded at 500 MHz or 600 MHz on a
Bruker Advance-llI-HD NMR spectrometer. 3C NMR spectra were recorded at 150 MHz on a Bruker
Advance-IlI-HD NMR spectrometer. All '"H NMR spectra were taken in CDCIs (referenced to TMS, & 0.00
ppm, or residual chloroform, & 7.26 ppm), methylene chloride-d- (referenced to residual methylene chloride,
0 5.32 ppm), or acetonitrile-ds (referenced to residual acetonitrile, & 1.94 ppm). All 3C NMR spectra were
taken in CDCIs (referenced to chloroform, & 77.16 ppm), methylene chloride-d2 (referenced to methylene
chloride, © 53.84 ppm), or acetonitrile-ds (referenced to residual acetonitrile, d 118.31 ppm). Mass spectra
were obtained from the University of lllinois at Urbana-Champaign Mass Spectrometry Lab using El, ESI,
or ASAP or from University of Oregon CAMCOR using ASAP or ESI. HRMS was attempted for all
compounds, but when not successful, LRMS is reported. Absorbance and fluorescence spectra were
obtained in a 1 cm Quartz cuvette with dichloromethane or acetonitrile using an Agilent Cary 100 UV-Vis
spectrometer and a Horiba Jobin Yvon Fluoromax-4 Fluorimeter. All reagents were obtained commercially
unless otherwise noted. Compounds para-benzoquinone mono-methyl ketal, '8 11.S1,109 |.§2,%4 2-bromo-
5-chlorobenzene ethanol,'® Pd PPhs Gen Ill and Pd SPhos Gen Ill were prepared according to literature
procedure. !
11.6.1. Computational details

Using Gaussian09 software, computations were performed using Density Functional Theory (DFT)
at the B3LYP/6-31G(d) level of theory. All results were solvated using the self-consistent reaction field using
the default Polarizable Continuum Model method with the dielectric constant for acetonitrile. All output files
are available at: https://figshare.com/s/08ca10095953cab11d9e
11.6.2. Synthesis and characterization

Bl O
I. N-buLl
Br i sio
MeO Et;Si
) Meo><z>: ©
= c - 7y
Br iii. Et3SiCl XN
THF, —78 °C to rt Br
39%

11.1. 20.0 g (84.4 mmol, 1 equiv.) of 2,5-dibromopyridine was added to a flame dried heart-shaped
flask. The contents were evacuated, backfilled with nitrogen three times, and capped with a rubber septum
under an atmosphere of nitrogen. 20 mL of dry THF was cannula transferred to the heart-shaped flask. 120
mL of dry THF was added to a flame dried round-bottom flask equipped with stirring. The mixture was
cooled to -78 °C and 34.2 mL (86.1 mmol, 1.02 equiv., 2.52 M) of n-BuLi was added to the round-bottom

flask. The 2,5-dibromopyridine solution in the heart-shaped flask was cannula transferred dropwise into the
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round-bottom flask at -78 °C and 5.7 mL (84.4 mmol, 1 equiv.) of para-benzoquinone monomethyl ketal
was transferred immediately after. The mixture was stirred at -78 °C for 1 hour and then 16.4 mL (92.8
mmol, 1.1 equiv.) of chlorotriethylsilane was added. The mixture was left to stir at room temperature under
nitrogen overnight. 30 mL of saturated sodium bicarbonate solution was added slowly and then diluted with
50 mL of DI water. The organic solvent was removed under reduced pressure and the aqueous layer was
extracted three times with 50 mL of ethyl acetate. The organic layers were combined and washed with brine
and dried over sodium sulfate. Ethyl acetate was removed under reduced pressure and the crude orange-
red oil was recrystallized from absolute ethanol to obtain 1.1 as colorless needle-like crystals (12.6 g, 39%).
"H NMR (500 MHz, Chloroform-d) 6 8.51 (d, J = 2.6 Hz, 1H), 7.51 (dd, J = 8.3, 2.6 Hz, 1H), 7.44 (d, J = 8.3
Hz, 1H), 6.78 (d, J = 9.8 Hz, 2H), 6.27 (d, J = 9.8 Hz, 2H), 0.96 (t, J = 7.9 Hz, 10H), 0.66 (q, J = 7.9 Hz,
6H). 13C NMR (126 MHz, Chloroform-d) 6 185.06, 150.55, 148.31, 141.99, 136.09, 135.65, 127.96, 127.53,
71.89, 6.97, 6.31. HRMS (ASAP) (m/z): [M+H]* calculated for C17H23NO2SiBr, 380.0681; found 380.0663.
IR (neat): 3089, 3070, 3041, 2957, 2909, 2876, 1690, 1671, 1629, 1604, 1574, 1560, 1448, 1412, 1386,
1359, 1281, 1233, 1198, 1179, 1145, 1137, 1078, 1065, 1026, 1017, 1003, 968, 926, 886, 832, 788, 741.

Et;SiO C OSiEt, i-_(’-IE:L;U
1. 1.
iii. Et;SiCl
O
THF, 78 °C to rt
Br 56%

Cl

I.2. 6.4 g (10.5 mmol, 1 equiv.) of I.S1 was added to a 50 mL flame-dried round-bottom flask
equipped with stirring. The contents were evacuated, backfilled three times with nitrogen, and capped with
a rubber septum under an atmosphere of nitrogen. About 20 mL of dry THF was added and the mixture
was cooled to -78 °C. 4.0 g (10.5 mmol, 1 equiv.) of Il.1 was added to a flame-dried heart-shaped flask.
The contents were evacuated and backfilled with nitrogen three times. 15 mL of dry THF was added to the
heart-shaped flask. 4.43 mL (10.6 mmol, 1.01 equiv., 2.5 M) of n-BuLi was added to the round-bottom flask
dropwise and the mixture was stirred for 10 minutes before cannula transferring the solution in the heart-
shaped flask. The mixture was stirred for an hour at -78 °C then 1.95 mL (10.7 mmol, 1.02 equiv.) of
chlorotriethylsilane was added. The reaction was stirred overnight at room temperature. The mixture was
quenched with saturated sodium bicarbonate solution and diluted with DI water. Solvent was removed under
reduced pressure and the aqueous mixture was extracted with hexanes. The organic layer was washed
with brine and dried over sodium sulfate. The solvent was removed under reduced pressure and the
resulting dark oil was eluted through a silica plug using 5% ethyl acetate in hexanes. The solvent was
removed under reduced pressure to obtain a yellow oil then recrystallized using ethanol to obtain the
product as a white crystalline solid (6.0 g, 56%). '"H NMR (500 MHz, Methylene Chloride-d=) & 8.28 (dd, J
= 2.6, 0.7 Hz, 1H), 7.39 (dd, J = 8.4, 2.6 Hz, 1H), 7.30 (dd, J = 8.3, 0.7 Hz, 1H), 7.28 (d, J = 2.7 Hz, 4H),
7.26 —7.23 (m, 4H), 6.13 (d, J = 10.1 Hz, 2H), 6.05 (d, J = 10.1 Hz, 2H), 5.95 (d, J = 10.2 Hz, 2H), 5.92 (d,
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J=10.1 Hz, 2H), 0.99 — 0.88 (m, 36H), 0.71 — 0.52 (m, 24H). 13C NMR (126 MHz, CD:Cl2) 5 148.95, 145.98,
145.37, 145.33, 141.71, 141.22, 136.78, 133.36, 133.01, 132.26, 131.85, 131.00, 128.71, 127.90, 127.76,
126.54, 126.29, 71.79, 71.75, 71.48, 70.79, 7.37, 6.98. HRMS (ASAP) (m/z): [M+H]* calculated for
Cs3HaoNO4SisCIBr, 1020.4036; found 1020.3975. IR (neat): 3033, 2953, 2909, 2874, 1573, 1559, 1482,
1849, 1406, 1377, 1353, 1238, 1205, 1188, 1172, 1107, 1061, 1011, 987, 957, 881, 858, 829, 759.

i. n-BuLi
1§ ii. Ets;i\(){@[o
\ 2 11.82
c’ N >
Br iii. Et3SiCl

THF, -78 °C to rt
63%

11.3. 0.75 g (3.18 mmol, 1 equiv.) of 1,4-dibromobenzene was added to a 50 mL flame-dried round-
bottom flask equipped with stirring. The contents were evacuated, backfilled three times with nitrogen, and
capped with a rubber septum under an atmosphere of nitrogen. About 10 mL of dry THF was added and
the mixture was cooled to -78 °C. 2.14 g (6.36 mmol, 2 equiv.) of I.S2 was added to a flame-dried heart-
shaped flask. The contents were evacuated and backfilled with nitrogen three times. 10 mL of dry THF was
added to the heart-shaped flask. 1.28 mL (3.20 mmol, 1.01 equiv., 2.5 M) of n-BuLi was added to the round-
bottom flask dropwise and the mixture was stirred for 10 minutes before transferring 5 mL of the solution in
the heart-shaped flask. The mixture was stirred for 30 min at -78 °C then 1.28 mL (3.20 mmol, 1.01 equiv.,
2.5 M) of n-BuLi was added to the round-bottom flask dropwise. The mixture was stirred for 10 minutes
before transferring the remaining 5 mL of the solution in the heart-shaped flask. The mixture was stirred for
30 min at -78 °C. 1.13 mL (6.39 mmol, 2.01 equiv.) of chlorotriethylsilane was added. The reaction was
stirred overnight at room temperature. The mixture was quenched with saturated sodium bicarbonate
solution and diluted with DI water. Solvent was removed under reduced pressure and the aqueous mixture
was extracted with hexanes. The organic layer was washed with brine and dried over sodium sulfate. The
solvent was removed under reduced pressure and the resulting dark oil was eluted through a silica plug
using 10% ethyl acetate in hexanes. The solvent was removed under reduced pressure to obtain an orange
oil which was recrystallized using ethanol to obtain the product as a white crystalline solid (1.96 g, 63%) 'H
NMR (500 MHz, Methylene Chloride-d2) & 8.33 — 8.29 (dd, J = 2.5, 0.7 Hz, 2H), 7.47 (dd, J = 8.4, 2.6 Hz,
2H), 7.30 (s, 4H), 7.24 (dd, J = 8.3, 0.7 Hz, 2H), 6.12 (d, J = 10.1 Hz, 4H), 5.92 (d, J = 10.1 Hz, 4H), 0.96
(t, J=7.9Hz,9H), 0.90 (t, J = 7.9 Hz, 9H), 0.67 (q, J = 7.9 Hz, 6H), 0.55 (q, J = 8.0 Hz, 6H). 3C NMR (126
MHz, Methylene Chloride-d2) & 150.57, 148.30, 145.62, 141.19, 136.99, 132.87, 131.10, 126.43, 124.04,
71.46, 70.73, 7.32, 6.93, 6.84. HRMS (ASAP) (m/z): [M+H]* calculated for Cs2H79N204SisCl2, 977.4494;
found 977.4504. IR (neat): 2954, 2935, 2910, 2875, 1577, 1562, 1498, 1452, 1408, 1400, 1377, 1365,
1356, 1280, 1238, 1205, 1191, 1140, 1061, 1002, 969, 957, 924, 881, 856, 833, 768.
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Br DMAP Br
OH  pivalic anhydride OPiv
_—
THF, 40 °C, 18 h 1.S3
63%

11.S3. 2-bromo-5-chIo(l?cl)phenylethyl pivalate. A 250 mElround bottom flask equipped with stirring
was loaded with 9.00 g (14.3 mmol, 1 equiv.) of 2-bromo-5-chlorobenzene ethanol. 0.467 g (3.82 mmol, 0.1
equiv.) of 4-(dimethylamino)pyridine was added to the flask and the contents were evacuated and backfilled
with nitrogen three times and capped with a rubber septum under an atmosphere of nitrogen. 130 mL of
THF was added to the flask and the mixture was stirred at 40 °C while 11.6 mL (10.7 g, 57.3 mmol, 1.5
equiv.) of pivalic anhydride and 4.61 mL (4.53 g, 57.3 mmol, 1.5 equiv.) of pyridine was added to the reaction
flask. The mixture was stirred overnight then cooled to room temperature and quenched with saturated
ammonium chloride. The mixture was extracted three times with hexanes. The organic layer was washed
with an aqueous copper (Il) sulfate solution to remove excess pyridine, then it was washed with a 15%
NH4OH and EDTA solution to remove excess copper (Il) sulfate. The resulting organic layer was washed
with brine, dried over sodium. The solvent was removed under reduced pressure to obtain a pale-yellow
oil. The mixture was purified via a plug of silica by flushing with 5% ethyl acetate in hexanes. The eluent
was concentrated under reduced pressure to obtain the desired product as a colorless oil (7.70 g, 63%). 'H
NMR (500 MHz, Chloroform-d) & 7.47 (d, J = 8.5 Hz, 1H), 7.24 (d, J = 2.6 Hz, 1H), 7.09 (dd, J = 8.5, 2.6
Hz, 1H), 4.29 (t, J= 6.6 Hz, 2H), 3.06 (t, J = 6.6 Hz, 2H), 1.17 (s, 9H). '3C NMR (126 MHz, CDCl3) d 178.52,
139.35, 134.01, 133.34, 131.33, 128.49, 122.53, 62.87, 38.90, 35.34, 27.30. HRMS (ASAP) (m/z): [M]*
calculated for C13H1602CIBr, 319.0100; found 319.0095. IR (neat): 2970, 2933, 2905, 2871, 1725, 1647,
1585, 1559, 1479, 1462, 1397, 1281, 1229, 1198, 1145, 1098, 1026, 987, 940, 876, 847, 809, 769.

Br Pd(dppf)Cl Bpin
OPiv  KOAc, Bypin, OPiv
PhCH3 .84
! serzn )
11.S4. 2-boropinacolato-5-chlorophenylethyl pivalate. A 25 mL round bottom flask equipped with
stirring was loaded with 6.14 g (62.6 mmol, 5 equiv.) of oven-dried potassium acetate. 4.00 g (12.5 mmol,
1 equiv.) of 2-bromo-5-chlorophenylethyl pivalate, 3.34 g (13.1 mmol, 1.05 equiv.) of bis(pinacolato)diboron,
and 0.256 g (0.313 mmol, 2.5 mol%) of [1,1’-bis(diphenylphosphino)ferrocene]palladium dichloride were
added to the flask and the contents were evacuated and backfilled with nitrogen three times and capped
with a rubber septum under an atmosphere of nitrogen. 30.0 mL of dry toluene was added to the flask and
the mixture was stirred at 90 °C over three days (72 hours). The mixture was cooled to room temperature
and diluted with toluene. The mixture was filtered through a pad of celite and the solvent was removed
under reduced pressure. This was repeated twice with hexanes to remove most of the starting material.
The resulting solution in hexanes was filtered through a thin layer of silica (~1 cm) to remove any remaining
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catalyst. The solvent was removed under reduced pressure and the resulting oil was heated under vacuum
to sublime any excess Bazpinz. The desired product was obtained as a colorless oil (2.0 g, 44%). '"H NMR
(500 MHz, Chloroform-d) 6 7.82 — 7.66 (d, J = 8.1 Hz, 1H), 7.20 (d, J = 6.0 Hz, 2H), 4.24 (t, J = 6.5 Hz, 2H),
3.20 (t, J = 6.6 Hz, 2H), 1.33 (s, 12H), 1.15 (s, 9H). '3C NMR (126 MHz, CDCls) & 178.59, 147.14, 137.92,
136.97, 130.56, 126.08, 83.95, 65.59, 38.88, 34.79, 27.33, 25.01. HRMS (ASAP) (m/z): [M]* calculated for
C19H28BO4Cl, 366.1769; found 366.1801. IR (neat): 2976, 2933, 2871, 1726, 1590, 1557, 1480, 1459, 1397,
1379, 1372, 1344, 1317, 1281, 1214, 1194, 1143, 1125, 1102, 1070, 1053, 1033, 984, 962, 907, 876, 850,
823, 770, 752.

Br Piv,0, DMAP Br
HO pyridine PivO
%
oH THF, 40 :C, 18 h OPiv
Br 60% Br
11.S5

11.S5. 1,4-dibromo-2,5-phenyldiethyl pivalate. 6.10 g (18.8 mmol, 1 equiv.) of 1,4-dibromo-2,5-
phenyldiethanol and 0.46 g (3.77 mmol, 0.2 equiv.) of N,N-dimethyl-4-aminopyridine was added to a flame-
dried 250 mL round-bottom flask equipped with stirring. The contents were evacuated and backfilled three
times with nitrogen and capped with a rubber septum under an atmosphere of nitrogen. 100 mL of dry THF
was added and the mixture was stirred at room temperature while 11.5 mL (56.5 mmol, 3 equiv.) of pivalic
anhydride and 4.55 mL (56.5 mmol, 3 equiv.) of dry pyridine were added to the flask. The reaction was
stirred overnight at 40 °C under an atmosphere of nitrogen. About 60 mL of DI water was added to quench
the reaction, and the THF was removed under reduced pressure. The aqueous layer was extracted three
times with 60 mL of ethyl acetate. The organic layer was washed with an aqueous solution of CuSOs4 in
water to remove excess pyridine. The organic layer was washed with brine and dried over sodium sulfate.
The solvent was removed under reduced pressure to obtain a white greasy solid that was purified via flash
column chromatography on silica starting in 5% ethyl acetate in hexanes and finishing with 20% ethyl
acetate in hexanes. The desired product was obtained as a white waxy solid (5.60 g, 60%). "H NMR (500
MHz, Chloroform-d) & 7.43 (s, 1H), 4.27 (t, J = 6.6 Hz, 2H), 3.03 (t, J = 6.6 Hz, 2H), 1.16 (s, 9H). 3C NMR
(126 MHz, CDCls) & 178.41, 137.68, 134.99, 123.10, 62.81, 38.78, 34.64, 27.18. HRMS (ASAP) (m/z):
[M+H]* calculated for C20H2004Br2, 491.0433; found 491.0435. IR (neat): 3093, 3044, 2970, 2955, 2932,
2870, 1713, 1542, 1474, 1460, 1433, 1397, 1373, 1366, 1325, 1282, 1249, 1229, 1182, 1150, 1054, 1035,
999, 981, 942, 935, 916, 904, 882, 840, 797, 772.
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Br ~ Pd(OAG),, SPhos Bpin

OPiv szinz, KOAc OPiv
_
PivO PhCHs, 90 °C, 18 h PivO
Br 73% Bpin
I.5

I1.5. 1,4-di(boropinacolato)-2,5-phenyldiethyl pivalate. 3.00 g (6.09 mmol, 1 equiv.) of Il.85, 6.2
g (24.4 mmol, 4 equiv.) of bis(pinacolato)diboron, 0.068 g (0.305 mmol, 0.05 equiv.) of Pd(OAc)2, 0.313 g
(0.762 mmol, 0.125 equiv.) of SPhos, and 3.6 g (36.6 mmol, 6 equiv.) of oven-dried potassium acetate were
loaded into a 50 mL flame-dried round-bottom flask equipped with stirring. The contents were evacuated
and backfilled three times with nitrogen and capped with a rubber septum under an atmosphere of nitrogen.
15 mL of dry toluene was added and the mixture was heated to 90 °C and stirred overnight under an
atmosphere of nitrogen. The mixture was removed from heating to cool to room temperature. The contents
were diluted with ethyl acetate and filtered through a pad of celite to remove any solids. The resulting
solution was concentrated under reduced pressure to afford a dark oil that was sonicated in methanol to
obtain the product as a flocculent white solid (2.6 g, 73%) 'H NMR (600 MHz, Chloroform-d) & 7.65 (s, 1H),
4.21 (t, J = 6.7 Hz, 2H), 3.19 (t, J = 6.8 Hz, 2H), 1.32 (s, 11H), 1.15 (s, 9H). 3C NMR (151 MHz, CDCl3) &
178.68, 141.93, 138.42, 83.73, 66.15, 38.85, 34.44, 27.39, 25.02. HRMS (ASAP) (m/z): [M+H]* calculated
for Ca2Hs2B20s, 587.3927; found 587.3983. IR (neat): 2976, 2932, 1723, 1499, 1480, 1458, 1410, 1396,
1379, 1372, 1327, 1301, 1283, 1212, 1142, 1098, 1033, 965, 915, 861, 850, 787, 771, 762, 743.

Pd(PPh3),Clp, PPhs
CSQCO3
—_——
PhCHa/H,0
120 °C, 72 h, pW
79%

Cl Bpin
11.6. 1.53 g (1.49 mmol, 1 equiv.) of Il.2 and 0.24 g (0.299 mmol, 0.2 equiv.) of Pd(dppf)Cl2 were

loaded into a 25 mL rb flask equipped with stirring. The contents were evacuated and backfilled three times

with nitrogen and capped with a rubber septum under an atmosphere of nitrogen. 0.485 g (1.49 mmol, 1
equiv.) of I.S3 in 4 mL of toluene and 4 mL of DMF was added under nitrogen. The mixture was sparged
with nitrogen for about 30 min. The mixture was heated to 90 °C and 0.8 mL of 2 M K3zPO4 (aq) was added
that was sparged with nitrogen for 1 h before addition. The mixture was stirred for 24 h at 90 °C. The mixture
was quenched with water and extracted with diethyl ether three times. The organic layer was washed with
5% LiCl solution then brine. The organic layer was dried over magnesium sulfate and evaporated under
reduced pressure to obtain a dark oil. The oil was suspended on celite and purified on a plug of silica using
10% ethyl acetate in hexanes to obtain the product as a colorless oil (1.33 g, 78%). '"H NMR (500 MHz,
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Methylene Chloride-d2) & 8.64 (dd, J = 2.4, 0.9 Hz, 1H), 7.60 (dd, J = 8.1, 2.4 Hz, 1H), 7.35 - 7.15 (m, 12H),
6.13 (d, J = 10.1 Hz, 2H), 6.05 — 6.00 (m, 4H), 5.93 (d, J = 10.1 Hz, 2H), 4.12 (t, J = 6.6 Hz, 2H), 3.03 (t, J
= 6.6 Hz, 2H), 1.10 (s, 9H), 0.93 (m, 36H), 0.72 — 0.54 (m, 24H). 3C NMR (126 MHz, CDCl2) 5 178.55,
157.91, 147.80, 145.81, 145.56, 145.35, 140.40, 139.58, 139.21, 134.47, 134.18, 133.27, 132.76, 132.26,
131.87, 131.81, 131.37, 128.64, 127.89, 127.08, 126.45, 126.32, 123.71, 71.78, 71.74, 71.60, 71.01, 64.85,
32.76, 27.46, 7.37, 7.36, 6.98, 6.96, 6.93, 6.90. HRMS (ASAP) (m/z): [M+H]* calculated for CesHesNO6Sia,
1180.5692; found 1180.5613. IR (neat): 2953, 2909, 2875, 1727, 1595, 1571, 1480, 1467, 1401, 1377,
1282, 1238, 1189, 1150, 1071, 1004, 959, 881, 859, 820.

Pd(OAc),, SPhos  Et;SiO
Bopin,, KOAc
—
PhCHs;, 90 °C, 18 h
80%

OPiv

Bpin
1.7. 1.33 g (1.17 mmol, 1 equiv.) of 1.6 was transferred with 5 mL of dry toluene to a 25 mL flame-

dried round-bottom flask equipped with stirring. 0.711 g (2.80 mmol, 2.4 equiv.) of bis(pinacolato)diboron,
0.026 g (0.117 mmol, 0.1 equiv.) of Pd(OAc)2, 0.120 g (0.292 mmol, 0.25 equiv.) of SPhos, and 0.687 g
(7.00 mmol, 6 equiv.) of oven-dried potassium acetate were added, the flask was capped with a rubber
septum, and the mixture was sparged with nitrogen for 30 min. The mixture was heated to 90 °C and left to
stir under an atmosphere of nitrogen overnight. The flask was removed from heating and left to cool to room
temperature before diluting with ethyl acetate and eluting through a pad of celite. The eluent was
concentrated under reduced pressure to obtain a yellow-brown oil. The oil was sonicated in 15 mL of
methanol to obtain the product as a flocculent white solid (1.23 g, 80%). '"H NMR (500 MHz, Methylene
Chloride-d2) 6 8.71 (dd, J = 2.4, 0.8 Hz, 1H), 7.74 (d, J = 1.2 Hz, 1H), 7.66 (dd, J = 7.5, 1.3 Hz, 1H), 7.66 —
7.60 (m, 2H), 7.55 (dd, J = 8.2, 2.4 Hz, 1H), 7.36 — 7.24 (m, 8H), 6.15 — 6.09 (m, 2H), 6.06 — 5.94 (m, 6H),
414 (t, J = 6.6 Hz, 2H), 3.04 (t, J = 6.6 Hz, 2H), 1.34 (s, 12H), 1.29 (s, 12H), 1.11 (s, 9H), 1.01 — 0.87 (m,
36H), 0.71 — 0.54 (m, 24H). '3C NMR (126 MHz, CD2Cl2) 6 178.65, 158.89, 149.67, 147.75, 145.91, 145.38,
143.59, 140.19, 138.23, 136.29, 135.06, 134.35, 133.20, 132.84, 132.14, 131.95, 131.31, 129.84, 126.44,
126.24, 125.72,123.70, 84.39, 84.26, 72.16, 71.83, 71.65, 71.06, 65.45, 39.09, 32.68, 27.53, 25.26, 25.22,
7.37,6.94. HRMS (ASAP) (m/z): [M+H]* calculated for C7sH120B2NO10Sis, 1180.5692; found 1180.5613. IR
(neat): 2956, 2914, 2877, 1726, 1609, 1504, 1458, 1397, 1360, 1321, 1283, 1237, 1212, 1181, 1147, 1107,
1079, 1062, 1052, 1004, 958, 923, 880, 859, 830.
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Et,SiO OSiEt,

. Pd(PPh3),Cly a O s
OSiEt
3 B(OH)3, K3PO, (aq) Et,SiO OSiEt;

1,4-dioxane, 80 °C, air

49% S

OPiv
OPiv

11.8. 0.50 g (0.366 mmol, 1 E::;Ziv.) of I.7 was added to an addition funnel with 30 mL of 1,4-dioxane.
0.113 g (1.83 mmol, 5 equiv.) of boric acid and 0.064 g (0.0916 mmol, 0.25 equiv.) of Pd(PPhs)Cl> were
added to a 500 mL flask equipped with stirring. 300 mL of 1,4-dioxane was added and the mixture was
heated to 80 °C and left to stir open to air for 15 minutes before adding 36 mL of 0.4 M KsPOs (aq). The

solution of II.7 was added dropwise over 30 minutes. The reaction was stirred at 80 °C for 3 hours, but

samples taken for NMR analysis showed no further reaction after 1 hour. The flask was removed from
heating and the solvent was removed under reduced pressure. The resulting suspension was extracted
three times with DCM, the organic layer was washed with brine, dried over sodium sulfate, and evaporated
under reduced pressure to yield a dark oil. The mixture was purified via 2000 micron thick preparative silica
TLC. The product was eluted from the silica and concentrated under reduced pressure to obtain a colorless
0il (0.20 g, 49%). "H NMR (500 MHz, Methylene Chloride-d2) & 8.21 (d, J = 2.3 Hz, 1H), 7.85 (dd, J = 8.4,
2.3 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 2.0 Hz, 1H), 7.41 - 7.36 (m, 3H), 7.29 (d, J = 8.6 Hz, 2H),
6.78 (d, J=8.8 Hz, 2H), 6.75 (d, J = 8.7 Hz, 2H), 6.21 (dd, J = 10.3, 2.5 Hz, 1H), 6.16 (dd, J = 10.2, 2.6 Hz,
1H), 6.07 (dd, J = 10.1, 2.5 Hz, 1H), 6.00 (dd, J = 10.3, 2.5 Hz, 1H), 5.82 (dd, J = 10.0, 2.6 Hz, 1H), 5.76
(dd, J=10.2, 2.5 Hz, 1H), 5.60 (dd, J = 10.1, 2.5 Hz, 1H), 5.47 (dd, J = 10.0, 2.5 Hz, 1H), 4.37 (dt, J=10.7,
6.8 Hz, 1H), 4.29 (dt, J = 10.4, 6.6 Hz, 1H), 3.84 (dt, J = 13.7, 6.7 Hz, 1H), 3.22 (dt, J = 14.0, 6.8 Hz, 1H),
1.16 (s, 9H), 0.93 (dt, J = 13.3, 7.9 Hz, 36H), 0.68 — 0.55 (m, 24H). '3C NMR (126 MHz, CD2Cl.) & 178.78,
161.11, 145.73, 145.24, 144.75, 143.92, 141.41, 141.29, 139.47, 137.01, 135.97, 135.26, 135.12, 134.38,
133.73, 133.40, 131.88, 130.72, 130.13, 129.48, 128.69, 128.54, 127.23, 125.83, 125.77, 125.63, 119.73,
71.55,71.19,70.74, 69.69, 65.82, 39.15, 34.53, 30.28, 27.55, 7.42, 7.38, 7.35, 7.33, 7.07, 7.06, 6.91, 6.86.
HRMS (ASAP) (m/z): [M+H]* calculated for CesHosNOeSis, 1110.6315; found 1110.6254. IR (neat): 2954,
2909, 2875, 1727, 1583, 1557, 1496, 1458, 1398, 1377, 1283, 1237, 1189, 1151, 1115, 1066, 1004, 957,
878, 859, 821, 801.
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Et;Si0 OSiEt,

1) TBAF O
3 O s THF, 1t, 3 h
Et,SiO OSiEt; — > @ - @
2) stnC|4 \ /
THF, 1t, 2 h N
O 22%

OPiv PIVO

1.A1
I.LA1 (aza[6]CPP benzene ethylpivalate). 0.20 g (0.18 mmol, 1 equiv.) of 1.8 was loaded into a

25 mL round-bottom flask equipped with stirring. The contents were evacuated and backfilled with nitrogen
three times and capped with a rubber septum under an atmosphere of nitrogen. 1.0 mL of dry THF was
added and the mixture was stirred while 1.08 mL (1.08 mmol, 6 equiv.) of a 1 M solution of
tetrabutylammonium fluoride in THF was added. After stirring for three hours, DI water was added to quench
the reaction and the resulting precipitate was filtered. The solid was washed with copious amounts of DI
water and DCM then placed into a round-bottom flask. A stir bar was added, the contents were evacuated
and backfilled three times with nitrogen, and the flask was capped with a rubber septum under an
atmosphere of nitrogen. A solution of H2SnCl4 in THF was prepared by adding 248 mg (1.10 mmol) of SnClz
* 2H20 into a 25 mL heart-shaped flask. 5 mL of dry THF was added to the heart-shaped flask under
nitrogen along with 0.190 mL of concentrated (36%) HCI (aq). The solution was stirred for about 5 minutes.
1.0 mL of dry THF was added to the round-bottom flask and the mixture was stirred while 1.1 mL (0.243
mmol, 2.2 equiv) of the H2SnCls solution was added dropwise. The reaction was left to stir for 2 hours before
quenching with aqueous saturated sodium bicarbonate solution. The mixture was extracted three times
using DCM, washed with brine, dried over sodium sulfate, and concentrated under reduced pressure to
obtain a pale-orange solid. The crude solid was purified via preparative basic alumina TLC to obtain the
desired product as an orange solid (28 mg, 22%). '"H NMR (600 MHz, Methylene Chloride-d-) 5 8.63 (d, J
=2.3Hz, 1H), 7.85 (ddd, J=9.0, 5.2, 2.2 Hz, 2H), 7.78 — 7.67 (m, 6H), 7.63 (d, J = 2.1 Hz, 1H), 7.58 — 7.45
(m, 6H), 7.42 (dd, J = 8.9, 2.2 Hz, 1H), 7.33 (dd, J = 8.7, 2.1 Hz, 1H), 7.27 (dd, J = 8.8, 2.2 Hz, 1H), 7.24
(d, J =8.7 Hz, 1H), 4.48 (dt, J= 10.5, 7.0 Hz, 1H), 4.36 (ddd, J = 10.6, 7.3, 6.4 Hz, 1H), 4.02 (dt, J = 13.6,
6.8 Hz, 1H), 3.32 (dt, J = 14.0, 7.1 Hz, 1H), 1.17 (s, 9H). '3C NMR (151 MHz, CD2Cl2) 5 178.81, 156.24,
148.56, 139.25, 137.71, 137.54, 136.80, 136.50, 136.22, 136.19, 135.99, 135.92, 135.78, 135.33, 133.56,
131.61, 131.13, 130.72, 130.53, 130.30, 129.99, 129.96, 129.72, 129.62, 129.48, 126.59, 126.34, 126.07,
125.94, 125.91, 125.81, 125.67, 125.45, 125.11, 117.64, 66.17, 39.12, 34.66, 30.25, 27.52. HRMS (ASAP)
(m/z): [M+H]* calculated for C42H3sNO2, 586.2746; found 586.2773. IR (neat): 2956, 2922, 2853, 1719,
1663, 1608, 1569, 1558, 1533, 1516, 1507, 1478, 1456, 1396, 1364, 1283, 1261, 1249, 1200, 1153, 1088,
1033, 1009, 989, 982, 951, 898, 880, 815, 771, 738.
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O O 1) SOCI,, pyridine O
B @ DIBAL-H B @ CH,Cl,,-78 °Ctort, 1 h @ @

THF, 0°Ctort,2h

N\ / N 2) KPFg \ 4
N N CH,Cl,/MeCN, rt, 2 h o —N®
16% 3 steps PFg
PivO HO Il.A2

I.LA2 (bridged-pyridinium[G]CI_DP PFg). 0.012 g (0.021 mmol, 1 equiv.) of Il.LA1 was loaded into a
5 ml round-bottom flask equipped with stirring. The contents were evacuated and backfilled three times with
nitrogen and the flask was capped with a rubber septum under an atmosphere of nitrogen. 0.5 ml of dry
THF was added. The solution was cooled to 0 °C in an ice bath. 0.08 mL (0.082 mmol, 4 equiv.) of 1 M
solution of diiso-butylaluminium hydride in hexanes was added dropwise and the ice bath was removed.
The reaction was stirred at room temperature for 2 hours. 3 mL of ethyl acetate was added, quenching the
reaction. A saturated aqueous solution of sodium potassium tartrate was added, and the mixture was stirred
for 10 minutes to break up any emulsion. The mixture was extracted three times with ethyl acetate, washed
with brine, dried over sodium sulfate, and concentrated under reduced pressure to yield a red oil. The oil
was purified via preparative alumina TLC using 80% DCM and 20% hexanes. The second fraction was
eluted with DCM to obtain the alcohol product as a red oil, which was immediately used in the following
reaction. Using the round-bottom flask which the oil was concentrated in, a stir bar was added, and the
contents were evacuated and backfilled three times with nitrogen. The flask was capped with a rubber
septum under a positive pressure of nitrogen. 0.5 mL of dry DCM and 1 drop of dry pyridine was added and
the flask was cooled to -78 °C. A 0.5 M solution of freshly-distilled thionyl chloride in dry DCM was prepared.
0.06 mL of the thionyl chloride solution was added to the reaction while stirring. The flask was left to stir at
room temperature for 1 hour. All volatile components were removed under high vacuum with a cold trap
attached. The resulting dark red solid was dissolved with minimal DCM then precipitated using hexanes.
The solid was filtered and washed with water then acetone. The filter paper was washed with DCM to
dissolve the chloride salt into a round-bottom flask. 15 mg of KPFs in minimal DI water was added and the
mixture was stirred for 2 hours at room temperature then filtered. The solution was concentrated under
reduced pressure and sonicated with 50% methanol in water solution. The suspension was filtered using a
0.1 mm PTFE syringe filter and eluted with acetone. The solution was concentrated under reduced pressure
to obtain a dark-red solid. (2 mg, 16%). '"H NMR (500 MHz, Acetonitrile-d3)  8.80 (d, J = 2.1 Hz, 1H), 8.49
(dd, J=9.3, 2.1 Hz, 1H), 8.04 — 7.62 (m, 21H), 4.82 (ddd, J = 12.6, 6.2, 2.1 Hz, 1H), 4.65 (td, J=13.2, 6.4
Hz, 1H), 3.66 (ddd, J=19.4, 13.7, 6.2 Hz, 1H), 3.47 — 3.38 (m, 2H). '*C NMR (126 MHz, CD3CN) & 145.586,
139.04, 138.35, 137.89, 136.08, 135.58, 134.92, 134.36, 133.94, 130.91, 130.39, 129.58, 129.44, 129.36,
129.30, 128.98, 128.91, 128.75, 127.44, 126.84, 126.81, 126.39, 126.36, 126.23, 125.86, 125.64, 125.48,
124.83, 124.20, 123.96, 53.90, 29.31. "®F NMR (471 MHz, CD3sCN) & -72.20, -73.70. 3'P NMR (202 MHz,
CD3CN) 0 -137.64, -141.13, -144.61, -148.10, -151.59. HRMS (ASAP) (m/z): [M]* calculated for C3s7H2sN*,
484.2065; found 484.2020. IR (neat): 3053, 2922, 2853, 1662, 1632, 1603, 1573, 1504, 1486, 1467, 1421,
1383, 1296, 1261, 1250, 1203, 1181, 1161, 1151, 1119, 1081, 1045, 1023, 1005, 920, 894, 873, 817.
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Pd SPhos G3
K3POy4 (aq)

1,4-dioxane, 70 °C, 18 h
51%

OPiv

PivO

Bpin 1.9
1.9. 0.5 g (0.511 mmol, 1 equiv.) of 1.3, 0.315 g (0.537 mmol, 1.05 equiv.) of 1.5, and 0.042 g

(0.0511 mmol, 10 mol%) of Pd SPhos G3 were added to a 500 mL rb flask equipped with stirring. The
contents were evacuated and backfilled with nitrogen three times and the flask was capped with a rubber
septum under an atmosphere of nitrogen. 340 mL of dry dioxane was added and the solution was sparged
with nitrogen for at least 60 min. The solution was heated to 70 °C and 34 mL of pre-sparged K3PO4 was
added, and the mixture was stirred overnight. The reaction was removed from heat and cooled to room
temperature. The aqueous layer was removed and the dioxane layer was dried over sodium sulfate, filtered,
and concentrated under reduced pressure to obtain an orange oil. The crude product was purified via
automated flash column chromatography on silica using a gradient of 5% ethyl acetate to 10% ethyl acetate
in hexanes. The resulting mixture was heated under vacuum to remove the proto-deborylated II.5
byproduct. The product was obtained as an oily off-white solid (0.324 g, 51%). '"H NMR (500 MHz,
Methylene Chloride-d2) & 8.17 (d, J = 2.2 Hz, 2H), 7.93 — 7.84 (m, 2H), 7.64 (d, J = 8.3 Hz, 2H), 7.12 (s,
2H), 6.82 (d, J = 0.9 Hz, 4H), 6.18 (dd, J = 10.2, 2.5 Hz, 2H), 6.03 (dd, J = 10.3, 2.4 Hz, 2H), 5.80 (dd, J =
10.1, 2.5 Hz, 2H), 5.51 (dd, J = 10.0, 2.4 Hz, 2H), 4.27 (dt, J=10.7, 6.7 Hz, 2H), 4.18 (dt, J= 10.7, 6.6 Hz,
2H), 3.82 (dt, J = 13.8, 6.7 Hz, 2H), 3.12 (dt, J = 13.9, 6.7 Hz, 2H), 1.14 (d, J = 1.0 Hz, 17H), 0.94 (dt, J =
12.7, 7.8 Hz, 36H), 0.63 (dq, J = 8.8, 6.9, 6.3 Hz, 24H). '3C NMR (126 MHz, CD2Cl2) & 178.71, 160.61,
145.40, 144.54, 141.80, 137.36, 136.89, 136.58, 135.91, 135.67, 134.75, 129.52, 129.13, 128.10, 125.83,
119.88, 71.33, 70.08, 65.71, 39.10, 34.04, 27.52, 7.37, 7.36, 7.02, 6.86. HRMS (ASAP) (m/z): [M]*
calculated for C72H108N20sSia, 1238.7026; found 1238.6990. IR (neat): 2954, 2910, 2875, 1726, 1683, 1582,
1553, 1539, 1495, 1479, 1458, 1398, 1373, 1283, 1237, 1188, 1150, 1114, 1068, 1004, 956, 875, 858, 831,
760.
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1) TBAF
THF, rt, 3 h
_—
2) SnClz, PBr3
THF, rt, 30 min
43%

PivO

1.B1
11.B1 (diaza[6]CPP benzene diethylpivalate). 0.360 g (0.290 mmol, 1 equiv.) of Il.9 was added to

a 25 mL round-bottom flask equipped with stirring. The contents were evacuated and backfilled three times
with nitrogen and the flask was capped with a rubber septum under flow of nitrogen. 3 mL of THF and 1.6
mL (1.45 mmol, 5 equiv.) of a 1 M solution of tetrabutyl ammonium fluoride in THF were added and mixture
was stirred for 3 hours at room temperature. Water was added and the mixture was sonicated before
filtering. The solid was then washed with DCM and transferred to a round-bottom flask equipped with stirring
for the following reaction. 240 mg (1.34 mmol, 5 equiv.) of SnCI2 was added. The contents were evacuated
and backfilled with nitrogen three times and the flask was capped with a rubber septum under a flow of
nitrogen. 10 mL of dry THF was added and the mixture was stirred while 0.05 mL (0.800 mmol, 3 equiv.) of
phosphorous tribromide (neat) was added. The mixture became dark red and was stirred for 30 min. The
reaction was quenched with saturated sodium bicarbonate and extracted with ethyl acetate three times.
The organic layer was washed with brine, dried over sodium sulfate, and concentrated under reduced
pressure to afford a cloudy red oil. The material was purified via an alumina preparative plate using 2%
ethyl acetate in DCM. The product was then eluted and concentrated to afford red crystals. (90 mg, 43%).
"H NMR (600 MHz, Methylene Chloride-d2) 6 8.70 (d, J = 2.3 Hz, 2H), 7.89 — 7.68 (m, 10H), 7.62 — 7.47
(m, 4H), 7.42 (s, 2H), 7.39 (dd, J = 8.9, 2.2 Hz, 2H), 4.41 (dt, J = 10.5, 7.1 Hz, 2H), 4.31 (dt, J = 10.6, 6.6
Hz, 2H), 4.13 (dt, J = 13.5, 6.7 Hz, 2H), 3.24 (dt, J = 14.1, 7.2 Hz, 2H), 1.14 (s, 12H). '3C NMR (126 MHz,
CD2Cl2) 5 178.25, 147.15,137.27, 135.87, 135.14, 133.05, 132.69, 130.70, 129.84, 128.86, 128.07, 126.55,
126.38, 125.55, 118.11, 65.44, 38.56, 34.73, 26.98. HRMS (ASAP) (m/z): [M]* calculated for CasH4sN204,
714.3458; found 714.3383. IR (neat): 2957, 2930, 2852, 1717, 1674, 1557, 1529, 1478, 1456, 1396, 1362,
1282, 1261, 1253, 1228, 1148, 119, 1082, 1033, 1012, 990, 940, 888, 872, 815, 770, 751, 737, 708, 637,
622, 612, 592, 581, 576, 573, 566, 562, 557, 553.

1) SOCl,, pyridine

CH2C|2/MGCN
DIBAL-H 78°Ctort, 1 h
THF, 0°Ctort, 2 h OKPFs

CH,CI,/MeCN, 40 °C, 2 h
70% 3 steps

PivO

11.B2 di(bridged-pyridinium)[6]CPP PFe. 0.090 g (0.126 mmol, 1 equiv.) of 11.B1 was loaded into
a 25 mL round-bottom flask equipped with stirring. The contents were evacuated and backfilled three times
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with nitrogen then capped with a rubber septum under an atmosphere of nitrogen. 5 ml of dry THF was
added. The solution was cooled to 0 °C in an ice bath. 1.0 mL (1.01 mmol, 8 equiv.) of 1 M solution of diiso-
butylaluminium hydride in hexanes was added dropwise and the ice bath was removed. The reaction was
stirred at room temperature for 2 hours. A saturated aqueous solution of sodium potassium tartrate was
added to quench the reaction and stirred for 30 minutes to assist with extraction. The mixture was extracted
three times with ethyl acetate, washed with brine, and dried over sodium sulfate. The organic solution was
concentrated under reduced pressure to yield a red oil. The oil was purified via preparative basic alumina
plate and immediately continued to the next reaction. The red oil was loaded into a 25 mL round-bottom
flask equipped with stirring. The contents were evacuated and backfilled three times with nitrogen then
capped with a rubber septum under an atmosphere of nitrogen. 4.6 mL of dry DCM, 4.6 mL of dry
acetonitrile, and 0.037 mL (0.461 mmol, 4 equiv.) of dry pyridine was added and the mixture was stirred at
-78 °C. 1.84 mL (0.922 mmol, 8 equiv.) of a 0.5 M solution of thionyl chloride in dry DCM was added
dropwise. The mixture was removed from the cold bath and stirred at room temperature for 1 hour. The
mixture was concentrated under high vacuum with a cold trap attached to remove solvent and excess
thionyl chloride. The resulting dark purple solid was dissolved in minimal DCM then precipitated by adding
10 mL of hexanes. The dark solid was filtered and washed with hexanes then acetone. The solid was
dissolved with 10 mL DCM and the solution was transferred to a round-bottom flask equipped with stirring.
10 mL of acetonitrile and 0.284 g (1.54 mmol, 15 equiv.) of KPFe in minimal DI water was added and the
mixture was stirred at 40 °C for 2 hours. The solvent was removed under reduced pressure and redissolved
in minimal acetonitrile. The mixture was filtered, and the acetonitrile was removed under reduced pressure.
Minimal acetone was added to dissolve the solid, hexanes was added to precipitate the product, and the
suspension was vacuum filtered. The solid was then washed with DCM then methanol then water then
methanol then DCM again to remove any inorganic salts and impurities. The resulting product was isolated
as a dark purple-brown solid. (65 mg, 79%). '"H NMR (500 MHz, Acetonitrile-d3) & 8.96 (d, J = 2.2 Hz, 2H),
8.65 (dd, J = 9.3, 2.2 Hz, 2H), 8.40 (d, J = 9.3 Hz, 2H), 8.06 (s, 2H), 8.01 — 7.94 (m, 6H), 7.95 — 7.89 (m,
4H), 7.84 (dd, J = 9.1, 2.3 Hz, 2H), 4.81 — 4.74 (m, 4H), 3.58 (dt, J = 16.7, 7.4 Hz, 2H), 3.49 (dt, J = 16.7,
6.9 Hz, 2H). 3C NMR (151 MHz, CDsCN) & 145.00, 141.91, 140.14, 139.55, 137.71, 136.10, 135.99,
133.06, 130.99, 129.84, 129.63, 129.59, 129.33, 129.07, 128.76, 128.50, 126.45, 55.21, 28.32. '"°F NMR
(471 MHz, CD3CN) 6 -72.09, -73.59. 3'P NMR (202 MHz, CD3sCN) & -134.11, -137.59, -141.09, -144.57, -
148.06, -151.55, -155.04. HRMS (ES+) (m/z): [M+PFe]* calculated for CssH2sN2FsP, 657.1894; found
657.1890. IR (neat): 3100, 2924, 1575, 1553, 1506, 1490, 1459, 1427, 1383, 1359, 1297, 1273, 1256,
1213, 1196, 1164, 896, 877, 817, 740, 733, 716, 705, 690, 678, 653, 617, 607, 590, 573, 554.
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[RhCI,Cp~],
KPFg, Cu(OAc),
Ph—=—Ph
_—
DCE, 130 °C, uW
0,,24 h
22%

I.C
II.C isoquinolinium[8]CPP PFs. 0.010 g (0.0164 mmol, 1 equiv.) of aza[8]CPP was loaded into a

microwave vial equipped with stirring. Following this, 0.002 g (0.00328 mmol, 0.2 equiv.) of [RhCI2Cp*]2,
0.015 g (0.082 mmol, 5 equiv.) of KPFe, 0.003 g ( 0.0164 mmol, 1 equiv.) of diphenylacetylene, 0.007 g

(0.0344 mmol, 2.1 equiv.) of Cu(OAc)2 were added sequentially to the vial. The contents were sparged with

oxygen gas for 5 minutes to ensure a thoroughly mixed solution under an oxygen atmosphere. An
appropriate volume of dry DCE was added to the mixture. The flask was then sealed and subjected to
microwave irradiation at 130 °C for a period of 24 hours. After completion of the reaction, the mixture was
allowed to cool to room temperature. It was then diluted with a sufficient volume of DCM to assist in the
extraction process. The mixture was filtered through cotton to remove any solid impurities and obtain a
clear filtrate. The filtrate was transferred to a preparative thin-layer chromatography plate pre-coated with
silica and eluted with 10% methanol in DCM. After separation, the product-containing band was identified
as an orange band and isolated from the plate with 5% methanol in DCM. The isolated product was
dissolved in a minimal amount of DCM and filtered through a 0.1 ym syringe filter to remove any remaining
silica. This solution was transferred to a rotary evaporator where it was concentrated under reduced
pressure to remove the solvent and obtain a concentrated product as an orange solid. (3.4 mg, 22%). 'H
NMR (600 MHz, Acetonitrile-ds) 6 8.90 (d, J = 9.6 Hz, 1H), 8.66 (d, J = 9.2 Hz, 1H), 8.66 (dd, J = 9.6, 1.8
Hz, 1H), 8.40 (d, J = 1.8 Hz, 1H), 8.34 (dd, J = 9.3, 1.9 Hz, 1H), 7.66 (d, J = 1.9 Hz, 1H), 7.66 — 7.58 (m,
24H), 7.53 — 7.47 (m, 4H), 7.44 — 7.40 (m, 6H). '3C NMR (151 MHz, CD3CN) & 143.71, 140.21, 139.58,
138.20, 138.06, 137.73, 137.59, 137.17, 137.08, 136.91, 136.65, 136.31, 136.03, 135.36, 134.96, 134.83,
133.39, 133.34, 132.95, 130.92, 130.63, 130.36, 129.83, 129.79, 129.50, 128.80, 128.59, 128.08, 127.96,
127.49, 127.44, 127.40, 127.36, 125.85, 125.18, 123.78, 123.02. 'F NMR (471 MHz, CDsCN) & -72.22, -
73.72. 3P NMR (202 MHz, CDsCN) 6 -137.64, -141.13, -144.62, -148.11, -151.60. HRMS (ES+) (m/z): [M]+
calculated for Ce1H40N"*, 788.3311; found 788.3345. IR (neat): 3027, 2927, 2853, 1706, 1596, 1456, 1379,
1255, 1223, 1154, 1075, 1030, 1003, 815, 756.

Page | 52



[RhCI,Cp*],

6 Q /_; O q DCEbl?g;Ch, pw:
70%

I.D isoquinolinium[10]CPP OTf. 0.018 g (0.0236 mmol, 1 equiv.) of aza[10]CPP, 0.0046 g
(0.0260 mmol, 1.1 equiv.) of diphenylacetylene, 0.0015 g (0.00236 mmol, 0.1 equiv.) of [RhCI.Cp*]2, and
0.013 g (0.0496 mmol, 2.1 equiv.) of silver trifluoromethylsulfonate were added a microwave reaction vial
equipped with stirring. 2.3 mL of 1,2-dichloroethane was added and the mixture was sparged with pure
oxygen for 5 minutes. The mixture was heated to 150 °C in the microwave reactor for 18 hours. The reaction
was cooled to room temperature then diluted with DCM. The mixture was washed with water then brine and
dried over sodium sulfate. Solvent was removed under reduced pressure and the resulting dark orange
solid was purified via preparative silica TLC using 10% methanol in DCM as the eluent. An Orange band
was removed with 5% methanol in DCM and the solvent was removed under reduced pressure to obtain
the product as an orange solid. (18 mg, 70%). '"H NMR (500 MHz, Acetonitrile-d3) & 9.05 (d, J = 9.5 Hz,
1H), 8.79 (d, J = 9.2 Hz, 1H), 8.71 (dd, J = 9.5, 1.9 Hz, 1H), 8.54 (d, J = 1.8 Hz, 1H), 8.35 (dd, J=9.2, 2.0
Hz, 1H), 7.73 (d, J= 1.9 Hz, 1H), 7.70 — 7.59 (m, 32H), 7.52 — 7.38 (m, 10H). '3C NMR (126 MHz, CD3CN)
0 145.11, 142.02, 141.31, 139.81, 139.23, 138.98, 138.77, 138.61, 138.18, 137.70, 136.51, 135.44, 134.81,
134.61, 134.21, 132.33, 131.99, 131.59, 129.74, 129.66, 129.10, 128.87, 128.79, 128.67, 128.41, 128.38,
128.36, 128.32, 127.06, 125.53, 124.95, 124.25. '°F NMR (471 MHz, CD3CN) 6 -79.33. HRMS (ES+) (m/z):
[M]* calculated for C73HasN*, 938.3787; found 938.3854. IR (neat): 3044, 2973, 2918, 2013, 1991, 1960,
1733, 1683, 1616, 1558, 1506, 1456, 1419, 1373, 1264, 1084, 1021, 895, 733.

I1.7. Co-authored content

The work in Chapter 2 was co-authored with Dylan Nguyen, Victor Salpino, Luca Zocchi, Dr. Lev
Zakharov, and Prof. Ramesh Jasti and is in preparation for submission. | drafted the manuscript and
performed most of the synthesis and characterization. Dylan Nguyen helped with synthesis and collection
of absorption spectra of isoq[8]CPP and helped draft the supplementary information. Victor Salpino
assisted with screening reaction conditions for C-H activation of aza[n]CPPs. Luca Zocchi helped develop
synthetic routes to bp[6]CPP. Dr. Lev Zakharov solved crystal structure data for the molecules presented.
Prof. Ramesh Jasti edited the manuscript.

11.8. Bridge to Chapter 3

Development of new nitrogen-doped nanohoops have resulted in molecules with unique redox
properties due to the electron-accepting pyridinium units. Introduction of nitrogen atoms in a cooperative
geometry can also be used to make nanohoop ligands. Chapter 3 addresses the optoelectronic
consequences of placing three pyridyl-units adjacent to each other to form a 2,2":6’,2”-terpyridine fragment

within the nanohoop backbone and its resulting iridium (lll) 2-phenylpyridine complex.
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CHAPTER I
TERPYRIDINE-INCLUDED NANOHOOPS AS NOVEL CURVED LIGANDS
lll.1. Introduction:

As the global energy demand increases, the need for renewable energy harvesting materials will
grow and promote the investigation of new materials.'-36.72 Dye-sensitized solar cells (DSSCs) represent a
cheap and scalable option for capturing solar energy due to the material properties intrinsic to organic
dyes.510.112 Bipyridine or terpyridine metal complexes are common organic dyes present in DSSCs because
of the broad visible absorption associated with the metal to ligand charge transfer (MLCT) event. Ligands
are typically redox active to facilitate the flow of electrons from dye molecule to the anode, via photoinduced
electron transfer, while a redox mediator transfers an electron to the oxidized dye molecule. Terpyridine
ligands are particularly appealing due to their multiple accessible reduction potentials.3-18 This allows for
better band alignment for electron transfer to the photoanode.

Cycloparaphenylenes represent an interesting scaffold for ligand incorporation due to their
shortened HOMO-LUMO gap, increased solubility, and intrinsic curvature that distorts typical ligand
geometries.”94.119-124 Strong absorbing properties of CPPs make them viable candidates for exploring
photoinduced electron transfer processes relevant to DSSCs. Incorporation of multiple pyridyl units into the
backbone of nanohoops results in a variety of ligand topologies. The first examples included 2,2’-bipyridyl
(bipy) units that bind metals in a bidentate fashion (Figure 1ll.1). Our lab demonstrated that bipy[n]CPPs

have electronic properties different from linear bipy ligands due to the curved geometry and narrow HOMO-
LUMO gap.94122
aza[n]CPP bipy[n]CPP tpy[n]CPP

Figure lll.1. Summary of established cycloparaphenylene ligand developed by our lab, presenting
terpyridine[n]CPPs (tpy[n]CPPs) as a new ligand topology.

It stands that other ligand geometries could be explored to study the effect of the curved 1-system
on the MLCT, ligand to metal charge-transfer (LMCT), and magnetic properties. Three pyridyl units denoted
as a 2,2":6’,2"-terpyridine (tpy) fragment is of interest because of the large body of research and increasing
interest for metal-tpy complexes for their applications in supramolecular chemistry and as dyes for
DSSCs.5114,118,125-127 Tpy ligands are notably difficult to functionalize due to the limited routes to assemble
the three pyridyl groups in the correct orientation. Incorporation of a tpy fragment into a nanohoop should
change the binding geometry and the frontier molecular orbitals (FMOs) associated with their optoelectronic
properties. This offers a unique way to functionalize the tpy fragment via geometric deformation and

incorporation of inherent strain. Due to the geometry of the fragment, the metal should also bind in the pore
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of the hoop, see Figure lll.1. These factors motivate investigating the feasibility of a series of tpy[n]CPP
and how metal coordination affects the electronic properties of the nanohoop. Investigation of the
absorbance and emission spectra is presented to understand how the TT-system and bent ligand geometry
compare to the flat tpy ligand. Electrochemical measurements of the nanohoop and resulting complex are
also presented to understand how the redox-active tpy fragment affects the redox properties of the parent
nanohoop and resulting complex.14.128
lll.2. Results and discussion

A modified published synthesis of functionalized tpy fragments'2°.130 was used to arrive at the core
5,5”-dibromo-2,2":6’,2”-terpyridine (lll.1) in good yields, shown in Scheme 1ll.1. We envisioned multiple
target nanohoops with a tpy fragment accessible with this dibromide tpy derivative. Hoops that map onto a
m[8]CPP, m[9]CPP, and m[10]CPP would illustrate the size-dependent and geometry-dependent properties
of their respective metal complexes. Synthesis of tpy[10]CPP produced the most promising results,
following a Suzuki cross-coupling route that was successful at making the macrocycle in moderate yields;
however, the macrocycle was not stable enough for chromatography. Deprotection and aromatization of
111.3 was successful in good yields to obtain tpy[10]CPP (lll.4), and the structure was confirmed by single-

crystal X-ray diffraction (Scheme I11.1).

.1

[ tpy[10]CPP
X N B .4
| _N N Et,SiO OSiEt,
Br Br
Pd SPhos G3

Bpin . Bpin K3POy (aq) H,SnCly
_— —_—
1,4-dioxane, 80 °C THF, 2 h

51% 25%
Et,SiO OSiEt,
Et,SiO ! : ! OSiEt,

1.2

Scheme lll.1. Synthesis of tpy[10]CPP lll.4 from coupling partners reported in the literature.

Metalation of the tpy[10]CPP was inspired by common terpyridine-metal complexes in literature to
best compare the effects from the curved m-system. Fe(ll) and Ru(ll) complexes are the most appealing
because of their broad visible absorption profiles relevant for application in DSSCs.55113.131 |r(Ill)(2-
phenylpyridine) derivatives were also of interest for their luminescent properties and how they would
converge with the optical properties of a nanohoop ligand.32-134 |nitial attempts to form heteroleptic Ru(ll)
and Fe(ll) complexes with 2,2’:6’,2"-terpyridine resulted in the decomposition of the nanohoop and the
formation of homoleptic tpy-complexes. Attempts to complex iridium with tpy[10]CPP were successful,
much more stable, and isolable. Refluxing tpy[10]CPP with iridium trichloride trihydrate in ethylene glycol
followed by addition of 2-phenylpyridine (ppy) and then KPFs in water provided the
[Ir(tpy[10]CPP)(ppy)CI][PFs] complex as a dark yellow solid that precipitated upon cooling (Scheme 111.2).134
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| 1) i. IrCl » 3H,0
Na N7 Na ethylene glycol
| 150 °C, N, 20 min
i.
N
7\

180 °C, Np, 18 h
2) KPFg
H,0, 1, 2 h

.5
14%

Scheme ll11.2. Synthesis of [Ir(tpy)(ppy)CI][PFe] 111.6 and [Ir(tpy[10]CPP)(ppy)CI][PFs] lll.5 using the same
reaction conditions reported in the literature.3*

"HNMR spectra of the nanohoop complex and the literature complex show very similar splitting
patterns while many of the shifts coalesce in the nanohoop complex. '°F and 3'P NMR show shifts in the
correct region in both complexes .5 and Ill.6 to support successful anion exchange and coordination by
the pyridine on the ppy ligand. Mass spectrometry data shows the presence of both complexes as the
complete cationic structure—without the PFs ion (Figure 111.2). The samples were prepared as 10 ppm
solutions in acetone and infused via electrospray ionization (ESI) with source parameters around 4.0 mA
current and 60 mV cone voltage.
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Figure 11l.2. '"H NMR in de-acetone and ESI-MS of complex 11l.5 and 111.6 from 10 ppm solutions in acetone.

1
11431278
N

Page | 56



lll.3. X-ray crystallography

Single crystals suitable for diffraction were grown by slow diffusion of pentane into chloroform. The
structure shows tubular packing with distorted pentane molecules inside the pore. Pyridine units in the
terpyridine fragment are distorted from coplanarity unlike in crystal structures of 2,2°:6’,2”-terpyridine.
Distortion of the terpyridine fragment in tpy[10]CPP is characterized by dihedral angles of 33.1° and

deviation from planarity of 35° induced by the nanohoop backbone (Figure 111.3).

iy
Figure llIl.3. Single crystal x-ray diffraction results of tpy[10]CPP lil.4 shown in ORTEP drawings, single
molecule on the left and packing structure on the right.
lll.4. Optical properties of nanohoop and small molecule

The absorbance and fluorescence spectra of tpy[10]CPP and 2,2’:6’,2"-terpyridine were obtained
in dichloromethane. Terpyridine alone has a broad absorbance in the UV and broad, relatively weak, violet
fluorescence. Optically, the tpy nanohoop has characteristics more like m[10]CPP than the small molecule
terpyridine (Figure 111.4). This is due to the dominating characteristics of the bent phenylene backbone,
which localizes the HOMO while the LUMO is localized onto the terpyridine portion.
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Figure Ill.4. Absorbance and fluorescence spectra of tpy[10]JCPP and 2,2',6',2"-terpyridine in

dichloromethane. Absorbance profile presented as molar absorptivity (10 M-'cm-') and emission presented
in relative intensity at identical concentrations. Inlays show each molecule in dichloromethane.
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The coordination geometry and resulting optical properties should be notably different for any
nanohoop complex compared to the small molecule complex, since the inherent curvature of the nanohoop
backbone will be retained in any organometallic complex with tpy[n]CPPs. The absorbance and emission
profiles of the small molecule and nanohoop complexes were obtained to study how the curvature and
electronic properties of the nanohoop affect the optical properties compared to the small molecule
analogue. Overall, the molar absorptivity of the nanohoop complex is much larger than the small molecule
complex. This is typical for nanohoop structures due to the large 1-system of the phenylene backbone, so
the same m — m* transitions are retained in the complex. The broad sloping shoulder around 500 nm
extends to the onset of the small molecule’s absorbance profile (Figure 111.5), suggesting a similar origin of

transition. It is established in literature as a mixture of MLCT and ILCT in the small molecule complex, 132134
but computational results suggest more MLCT and LMCT character for the nanohoop complex as the
HOMO is localized on the bent phenylene backbone. Inverse to the non-metalated terpyridine derivatives
the iridium-phenylpyridine chloride complexes show intense emission from the small molecule complex and

much less intense emission from the nanohoop complex. Observationally, cooling solutions of each

complex to -196 °C increases the brightness of their emission (Figure 111.5).
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Figure lII.5. Absorbance and emission profiles of 1.5 and lll.6 in acetonitrile. Absorbance profiles shown

in molar absorptivity (10> M-' cm') and emission profiles in relative intensity at identical concentrations

Inlays show solutions of both complexes in acetonitrile at room temperature and -196 °C.

lll.5. Electrochemical properties
Cyclic voltammetry was used to determine how the nanohoop contributes to the reduction of the

iridium complex. 2,2:6’,6”-terpyridine alone has an irreversible reduction in acetonitrile around at -2.57 V,
but tpy[10]CPP has a pseudo-reversible reduction around -2.29 V in acetonitrile, see Figure 111.6 (left). The
curvature of the nanohoop is expected to lower the reduction potential by bending the terpyridine fragment
which directly lowers the LUMO. Unexpectedly, the presence of the terpyridine unit inside the nanohoop

backbone slightly stabilizes the reduction such that we see pseudo-reversibility. The iridium(2-
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phenylpyridine)chloride complexes of each terpyridine derivative have reversible reduction events in
acetonitrile. The waves are very similar to each other, but the nanohoop complex has earlier and broader
waves than the small molecule complex. Il.5 has a first reduction wave at -1.36 V whereas Ill.6 has a first
reduction wave at -1.43 V, and it is more defined and spatially separated from the second reduction event
(Figure I1.6, right).
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Figure IlI.6. Cyclic voltammograms of 2,2’:6’,2”-terpyridine (top left), 1.6 (top right), lll.4 (bottom left), 11I.5
(bottom right) in acetonitrile; supporting electrolyte: 0.2 M BusNPFs, scan rate: 0.2 V/s. All potentials are
referenced to the Fc/Fc* redox couple.
lll.6. Computational results

Computational results were obtained using the Gaussian 09 package with B3LYP/LANL2DZ as the
functional and basis set.’® Both complexes were investigated computationally using DFT methods to
understand which processes are responsible for the optical and electrochemical properties. Strating with
the molecular orbitals, Ir(tpy)(ppy)CI (lll.6) has a HOMO localized on the ppy ligand and LUMO localized
on the tpy ligand, but the nanohoop complex has a HOMO localized on the bent phenylene portion of the

nanohoop while the LUMO is localized on the tpy fragment on the nanohoop (Figure 111.7).
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Figure lIl.7. TD-DFT calculations of tpy[10]CPP, IIL.5, 11l.6, and 2,2:6’,2"-terpyridine (tpy) showing the
HOMO-LUMO gap and individual energies. The predicted wavelength of the lowest transition is provided
above the predicted oscillator strength. Images of the molecular orbitals are shown for each molecule
(isosurface value of 0.03).

Energetically, the non-metalated ligands have larger HOMO-LUMO gaps and no discernable
charge-transfer characteristics. Upon metalation to form the iridium complexes discussed, the HOMO-
LUMO gaps decrease drastically (~1.5 eV for lll.6). The nanohoop complex lll.5 retains the HOMO energy
as the tpy[10]CPP but has a LUMO energy that aligns with the LUMO of lll.6. This is consistent with D-A
nanohoops since the HOMO is localized on the bent phenylene portion of the macrocycle. Nanohoop
complexes with finely tuned energy gaps can be made following this principle, because the HOMO energy
is controlled by the number of phenylenes. Smaller tpy[n]CPPs would make complexes with smaller HOMO-
LUMO gaps—as is typical with all nanohoop analogues—but the LUMO will remain at the same energy
level, localized onto the terpyridine-Ir center. The intensity of the absorption profiles for both the ligands and
complexes can also be explained by the oscillator strengths of the lowest energy transition. Nanohoops
have much stronger absorptions than their small molecule analogue and this is reflected by the oscillator
strengths of 0.1389 for tpy[10]CPP and 0.0000 for 2,2’:6’,2"-terpyridine (smaller than four significant digits).
Computationally, we can find nanohoop complexes with intense absorption profiles in the visible region as
possible dyes in DSSC or absorption peaks at desirable wavelengths for photoredox catalysis.

ll.7. Conclusion

A new type of nanohoop ligand incorporating a terpyridine fragment has been synthesized is

moderate yields. This new ligand can bind metals in a tridentate binding motif towards the pore of the

nanohoop. An iridium (lll) 2-phenylpyridine complex IlIl.5 was successfully made using tpy[10]CPP and
Page | 60



characterized by 'H NMR, UV-vis and fluorescence spectroscopy, ESI-MS, and cyclic voltammetry. These
experimental results were compared to the small molecule analogue Ill.6 to observe any emergent
properties from the nanohoop complex. This is corroborated with TD-DFT simulations. Overall, the HOMO-
LUMO gap decreases due to the increase HOMO energy level from the bent phenylene backbone of the
nanohoop. The molar absorptivity is much larger for the nanohoop complex, as has been reported in the
literature for nanohoop structures in comparison to their small molecule analogues. Surprisingly, the
emission of the nanohoop complex is much less compared to the small molecule complex. This is likely
due to intermolecular charge-transfer which dominates D-A nanohoops presented in the literature.
Electrochemically, nanohoop complex lll.5 has similar reduction events to I1l.6, since the major contribution
of the LUMO resides primarily on the terpyridine fragment on the nanohoop. We plan to explore more
tpy[n]CPP complexes and possible synthetic routes to tpy[n]CPP catenanes in the future, with the hope of
discovering novel charge-transfer interactions with metals binding within the pore of these macrocycles.
lll.8. General experimental details

All glassware was flame dried and cooled under an inert atmosphere of nitrogen unless otherwise
noted. Moisture sensitive reactions were carried out under nitrogen atmosphere using Schlenk and
standard syringe/septa techniques. Tetrahydrofuran, dichloromethane, and 1,4-dioxane were dried by
filtration through alumina according to the methods described by Grubbs.'%” Silica column chromatography
was conducted with Zeochem Zeoprep 60 Eco 40-63 um silica gel. Automated flash chromatography was
performed using a Biotage Isolera One. Thin Layer Chromatography (TLC) was performed using Sorbent
Technologies Silica Gel XHT TLC plates. Developed plates were visualized using UV light at wavelengths
of 254 and 365 nm. "H NMR spectra were recorded at 500 MHz or 600 MHz on a Bruker Advance-IlI-HD
NMR spectrometer. '3C NMR spectra were recorded at 150 MHz on a Bruker Advance-llI-HD NMR
spectrometer. All '"H NMR spectra were taken in CDCIs (referenced to TMS, & 0.00 ppm, or residual
chloroform, & 7.26 ppm), methylene chloride-d: (referenced to residual methylene chloride, & 5.32 ppm), or
acetone-ds (referenced to residual acetone, & 2.05 ppm). All C NMR spectra were taken in CDCls
(referenced to chloroform, & 77.16 ppm), methylene chloride-d2 (referenced to methylene chloride, 6 53.84
ppm), or acetone-ds (referenced to residual acetone, d 118.31 ppm). Mass spectra were obtained from
University of Oregon CAMCOR using ASAP or ESI. HRMS was attempted for all compounds, but when not
successful, LRMS is reported. Absorbance and fluorescence spectra were obtained in a 1 cm Quartz
cuvette with dichloromethane or acetonitrile using an Agilent Cary 100 UV-Vis spectrometer and a Horiba
Jobin Yvon Fluoromax-4 Fluorimeter. All reagents were obtained commercially unless otherwise noted.
Compounds 111.81,'2° 111.§2,'35 111.6,'3* and Pd SPhos Gen IlI""" were prepared according to literature
procedure.
11.8.1 Computational details

Using Gaussian09 software, computations were performed using Density Functional Theory (DFT)

at the B3LYP/LANL2DZ level of theory.'% All results were solvated using the self-consistent reaction field
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using the default Polarizable Continuum Model method with the dielectric constant for dichloromethane or
acetonitrile. All output files are available at: https://figshare.com/s/3ede21ff78ea71473e86
11l.8.2. Synthesis and characterization

i. -BuOK, THF
rt.,2h
i n.s1__ NMe;,

Q N
— 0

/ \N r.t., overnight
— iii. NH,OAc
Br HOAc, reflux
overnight
45%

.1 5,5”-dibromo-2,2’:6’,2”-terpyridine. Following a similar reported procedure, 3.38 g (16.9

mmol, 1 equiv.) of 5-bromo-2acetlypyridine and 2.84 g (25.3 mmol, 1.5 equiv) of dry potassium tert-butoxide
were added to a 250 mL flame-dried round bottom flask equipped with stirring. The contents were
evacuated and backfilled with nitrogen three times and capped with a rubber septum under an atmosphere
of nitrogen. 40 mL of dry THF was added and the mixture was stirred for at least 2 hours before adding a
20 mL solution of 4.30 g (16.9 mmol, 1 equiv.) .81 in dry THF. The reaction was stirred overnight at room
temperature. 13 g (169 mmol, 10 equiv.) of ammonium acetate and 40 mL of glacial acetic acid were added
to the reaction flask, the mixture was refluxed open to air. The reaction was refluxed overnight and the THF
in the reaction mixture was distilled or open to air to remove from the reaction. The mixture was cooled to
room temperature and added to a saturated solution of sodium carbonate in DI water. The solution was
completely neutralized before extracting three times with dichloromethane. The organic layer was washed
with brine, dried over sodium sulfate, and the solvent was removed under reduced pressure to obtain a
dark solid. Crude solids were purified via flash column chromatography on basic alumina with a gradient of
10% toluene in hexanes to 50% toluene in hexanes. The product fractions were concentrated to a pink solid
(3.20 g, 49%). 'H NMR (500 MHz, Chloroform-d) 6 8.74 (d, J = 2.3 Hz, 2H), 8.48 (d, J = 8.5 Hz, 2H), 8.43
(d, J=7.8 Hz, 2H), 7.99 — 7.93 (m, 3H).

Et3SiO OSiEt; Et;SiO
DaWaW, S
B,pin,, KOAc
Et3SiO OSiEt; —» Et3SiO
1,4-dioxane, 90 °C
57%

Cl Cl
ll1.2. 3.50 g (3.10 mmol, 1 equiv.) of I11.82, 1.97 g (7.75 mmol, 2.5 equiv.) of bis(pinacolato)diboron,

0.035 g (0.155 mmol, 0.05 equiv.) of Pd(OAc)2, 0.159 g (0.388 mmol, 0.125 equiv.) SPhos, and 1.83 g (18.6
mmol, 6 equiv.) of potassium acetate were loaded into a flame-dried round bottom flask equipped with
stirring. The contents were evacuated and backfilled with nitrogen three times and capped with a rubber

septum under an atmosphere of nitrogen. 8 mL of dry 1,4-dioxane were added and the mixture was heated
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to 90 °C. The mixture was heated and stirred overnight. The reaction was cooled to room temperature and
diluted with ethyl acetate before filtering through a pad of celite and eluted with more ethyl acetate. The
solvent was removed under reduced pressure to obtain a dark oil that was sonicated in methanol to obtain
a flocculant white solid. The solid was filtered to obtain the desired product. (2.30 g, 57%). '"H NMR (500
MHz, Chloroform-d) & 7.73 (d, J = 8.3 Hz, 4H), 7.65 (s, 4H), 7.54 (d, J = 8.5 Hz, 4H), 7.41 (d, J = 6.1 Hz,
4H), 7.40 (d, J = 6.0 Hz, 4H), 6.01 (s, 8H), 1.34 (s, 24H), 0.95 (dt, J= 16.1, 7.9 Hz, 36H), 0.62 (dq, J = 27 .1,
7.9 Hz, 24H).

| X Et3S|O
| XN B

g~ N g Et,SiO

+ Pd SPhos Glll

Bpin Bpin KsPO;4 (aq)
—>
1,4-dioxane, 80 °C
51%*
Et;SiO OSiEt;
Et;SiO OSiEt;

l11.3. 0.503 g (0.384 mmol, 1 equiv.) of 1ll.2, 0.150 g (0.384 mmol, 1 equiv.) of lll.1, and 0.030 g
(0.0384 mmol, 0.1 equiv.) of Pd SPhos GlII were added to a 500 mL round bottom flask equipped with
stirring. The contents were evacuated and backfilled with nitrogen three times and capped with a rubber
septum under an atmosphere of nitrogen. 255 mL of 1,4-dioxane was added and the mixture was sparged
with nitrogen for 1 hour. The mixture was stirred and heated to 80 °C for 15 minutes before adding 25.5 mL
of pre-sparged 2 M KsPOq in water. The reaction was stirred under heat overnight. The mixture was cooled
to room temperature and filtered through a pad of celite with a layer of sodium sulfate at the top via
decanting the upper organic layer. The eluent was evaporated under reduced pressure to obtain a tan oil.
The oil was sonicated in ethanol and cooled in the freezer before filtering a tan solid. The solid was not
purified any further due to instability via chromatographic methods. (0.25* g, 51%*). '"H NMR (500 MHz,
Chloroform-d) & 8.95 (d, J = 2.2 Hz, 2H), 8.39 (d, J = 8.2 Hz, 2H), 8.18 (d, J=7.7 Hz, 2H),8.03 (d, J= 7.7
Hz, 1H), 7.99 (dd, J = 8.3, 2.3 Hz, 2H), 7.67 (s, 4H), 7.50 (d, J = 2.9 Hz, 4H), 7.49 (d, J = 2.9 Hz, 4H), 7.39
(d, J=8.4 Hz, 4H), 7.32 (d, J = 8.3 Hz, 4H), 6.11 — 6.05 (m, 8H), 0.99 (dt, J = 19.2, 8.0 Hz, 36H), 0.67 (dq,
J =241, 8.0 Hz, 24H).
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1.4 tpy[10]CPP. 0.135 g (0.105 mmol, 1 equiv.) of lll.3 was added to a 25 mL round bottom flask.
The contents were evacuated and backfilled with nitrogen three times and capped with a rubber septum
under an atmosphere of nitrogen. 2.0 mL of dry THF was added and the mixture was stirred at room
temperature. A solution of H2SnCls in THF was prepared by adding 248 mg (1.10 mmol) of SnClz « 2H20
into a 25 mL heart-shaped flask. 5 mL of dry THF was added to the heart-shaped flask under nitrogen along
with 0.190 mL of concentrated (36%) HCI (aq). 2.1 mL (0.462 mmol, 4.2 equiv) of the H2SnCl4 solution was
added dropwise. The mixture was stirred for one hour before quenching the reaction with 2 M NaOH in DI
water. The reaction mixture was extracted five times with dichloromethane. Organic fractions were
combined and washed with brine, dried over sodium sulfate, then the solvent was evaporated under
reduced pressure to obtain a pale yellow solid. (20 mg, 25%). '"H NMR (500 MHz, Methylene Chloride-d2)
08.88 (d, J =2.2 Hz, 2H), 8.06 (dd, J = 7.9, 4.8 Hz, 4H), 7.98 (dd, J = 8.5, 7.0 Hz, 1H), 7.74 (dd, J = 8.3,
2.3 Hz, 2H), 7.69 (d, J = 8.6 Hz, 4H), 7.66 (d, J = 8.7 Hz, 4H), 7.64 — 7.56 (m, 17H), 7.55 (d, J = 8.5 Hz,
3H). 3C NMR (126 MHz, CD2Cl2) 6 157.59, 157.19, 146.95, 139.58, 139.37, 138.80, 138.70, 138.54,
138.14, 137.12, 136.83, 136.22, 128.59, 128.14, 128.08, 127.99, 127.96, 127.81, 127.79, 123.12, 120.64.
HRMS (ASAP) (m/z): [M+H]* calculated for Cs7H37Ns, 764.3066; found 764.3019.

1)i. IrCl3 « 3H,0
ethylene glycol
150 °C, N5, 20 min

1.

N
OO
180 °C, Ny, 18 h

2) KPFg

H,0, rt, 2 h
14%

.5
l1I.5. 0.020 g (0.0262 mmol, 1 equiv.) of tpy[10]CPP and 0.011 g (0.0288 mmol, 1.1 equiv.) of

iridium (I11) chloride trihydrate were loaded into a flame-dried round bottom flask equipped with stirring. The

contents were evacuated and backfilled with nitrogen three times and capped with a rubber septum under
an atmosphere of nitrogen. 3 mL of dried ethylene glycol stored over 3 A molecular sieves was added to
the flask, the mixture was heated to 150 °C, and stirred for 20 minutes before adding 0.005 mL (0.0314

mmol, 1.2 equiv.) of 2-phenylpyridine. The reaction was heated to 180 °C and stirred overnight. The mixture
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was cooled to room temperature and poured into 3 mL of DI water with 0.048 g (0.262 mmol, 10 equiv.) of
potassium hexafluorophosphate. The mixture was stirred at room temperature for 2 hours before diluting
with 20 mL of DI water. 20 mL of dichloromethane was added to the mixture and the aqueous layer was
extracted with dichloromethane two more times. The organic layers were combined and washed with brine,
dried over sodium sulfate, and evaporated under reduced pressure to obtain a yellow solid. The solid was
dissolved with acetone, filtered through a 0.1 um syringe filter, diluted with hexanes, and filtered through a
0.1 um syringe filter again. The filter was washed with acetone then evaporated under reduced pressure to
obtain the product as a yellow solid. (4 mg, 14%). '"H NMR (500 MHz, Acetone-des) & 9.33 (d, J = 5.7 Hz,
1H), 8.86 (d, J = 8.2 Hz, 2H), 8.69 (d, J = 8.4 Hz, 2H), 8.60 — 8.51 (m, 2H), 8.28 (d, J = 8.2 Hz, 1H), 8.11
(s, 1H), 8.01 (s, 2H), 7.82 - 7.78 (m, 16H), 7.67 (t, J = 8.5 Hz, 8H), 7.49 (d, J = 2.1 Hz, 2H), 7.40 — 7.34 (m,
4H), 7.04 (t, J = 6.4 Hz, 1H), 7.00 (t, J = 7.2 Hz, 1H), 6.89 (t, J = 7.2 Hz, 1H), 6.21 (d, J = 7.6 Hz, 1H). '°F
NMR (471 MHz, Acetone) d -71.70, -73.20. 3'P NMR (202 MHz, Acetone) & -137.17, -140.66, -144.16, -
147.65, -151.15. HRMS (ESI+) (m/z): [M-PFe]* calculated for CesHasN4'93Ir*, 1145.2962; found 1145.2981.
11l.9. Bridge to Chapter 4

Since novel properties of nanohoop structures have a strong dependency on their inherent strain,
methods to quantify and detail the strain of these structures is vital to future development of interesting
functional materials. StrainViz has continued to be a reliable tool for quantifying the total and visualizing the
local strain of macrocycles for in-depth analysis of how strain affects the optoelectronic and chemical
properties of a variety of structures. My mentor Dr. Curtis Colwell developed this tool and taught me how to
use it during my early graduate career, as well as let me contribute to the publication with some experimental
work. The next chapter is this publication reformatted to introduce the tool before my work utilizing it to help

explain the reactivities of alkyne-containing cycloparaphenylenes.
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CHAPTER IV
STRAIN VISUALIZATION FOR STRAINED MACROCYCLES
IV.1. Introduction

Strain has a unique impact on molecular properties and reactivity. Macrocyclic strain is leveraged
in chemical biology for bioorthogonal reactivity'®¢1%7 and in polymer chemistry for ring opening
metathesis.38139 Additionally, graphitic macrocycles, such as carbon nanohoops,’® have enhanced
solubility,*>-14" remarkable photophysical properties,?+142 and reactivity43-146 that all arise from strain. These
attributes, and improvements in methods for their synthesis,03.147-149 have caused a renewed interest in
strained macrocyclic molecules. While methods for probing solubility and photophysical properties are well
established, macrocyclic strain is a challenging characteristic to analyze and quantify. The best-known
methods for calculating macrocyclic strain energy (the potential energy released upon breaking the
macrocycle) compare heat of formation for strained and unstrained molecules in a theoretical strain
releasing reaction.®0-152 While combustion calorimetry can be used,®31%4 computationally determined
energies are now standard due to the quality of current computational methods and the challenge of
obtaining accurate experimental results. It has become routine to report the calculated strain energy of new
strained macrocycles with their synthesis due to the fundamental effects of this tension.

Total strain energies are commonly reported and the strain in specific parts of the molecule cannot
be discerned. While the total strain energy does provide some information, it does not correlate perfectly to
reactivity. For example, when the same amount of strain energy is spread over more atoms, the molecule
is more stable than when it is concentrated in fewer atoms. If this is corrected for by dividing by the total
atoms, non-participating atoms artificially lower the strain energy per atom determined. Local strain can
sometimes be inferred in highly symmetric molecules, such as strain per phenylene in a
cycloparaphenylene. However, non-symmetric molecules have unevenly distributed strain energy leading
to locations of higher reactivity that may be unintuitive. Some alternative metrics have been devised to
measure local strain. For example, the distortion of an aromatic ring, torsional angle in a biphenyl segment,
and bond lengths can be compared to an unstrained comparative molecule.38.1%3 For non-planar t-systems,
a measure of pyramidalization was developed that estimates relative strain in non-planar aromatics such
as corannulene and fullerene.'®51% However, these measurements are not quantitative and, therefore,
cannot be compared across molecules which limits their utility. Even when combining total strain calculation
with these other metrics, it results in an incomplete depiction of molecular strain energy.

A method that determines strain both quantitatively and locally is quite useful. Therefore, a
computational method was developed that identifies the quantity of strain energy local to every coordinate
(bond, angle, and torsional angle) in a molecule. This strain visualization software is called StrainViz and
has been made freely available. A similar method was previously reported for mechanochemistry where
unstrained molecules are stretched and the tension that appears upon stretching is analyzed.'5” Attempts
were made to apply this method to macrocycles by comparing stretched and unstretched macrocycles as

well as conformational changes that induce stretching,'%815% however, the inherent strain was not

Page | 66



addressed. StrainViz can find this elusive strain energy. Our new method was evaluated to establish its
accuracy using prior calculated strain energies and experimental reaction results from the literature. It is
freely available on GitHub.'®® The resulting computational method provides an interactive and insightful
strain map. Knowledge of specific strain location facilitates and enhances synthetic efforts towards strained
macrocycles by providing the exact and specific impact on strain of structural changes in a molecule. As is
demonstrated herein with StrainViz, it is now possible to make inferences about the local properties and

reactivity in strained molecules.
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Figure IV.1. a) Strain energy is calculated by comparing the strained molecule to an unstrained polymer or
homodesmotic reaction product resulting in a single strain energy for the entire molecule. b) StrainViz
determines strain energy local to every coordinate.
IV.2. Computational methods

This new computational method is fundamentally an advancement on the use of a homodesmotic
reaction to estimate strain energy (Figure IV.1, previous work pointing right).'®' Here, the macrocyclic strain
energy may be defined as the energy associated with deforming a linear molecular segment when included
in @ macrocycle. For example, the deformation of a phenylene when included in a cycloparaphenylene. To
use a homodesmotic reaction to determine this quantity, the molecular geometry is optimized and the single
point energy of the lowest energy conformation is determined (Emacrocycie). In this state, the molecule retains
strain energy that cannot be realized until the molecule is broken so that tension is released. Breaking the
molecule creates radicals at each side of the break that must be capped with a capping molecule that is
similarly broken and placed at each end aiming to retain the local environment of the ends. Then, the lowest
energy conformation of this strain released theoretical molecule (Einear) is calculated and compared to the

original molecule while accounting for the atoms added to cap the broken ends (Ecap) by determining the
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single point energy of the capping molecule shown in blue in Figure IV.1. The difference in total energy
between the starting materials and products of this theoretical homodesmotic reaction is the total strain

energy (Estrain) in the macrocycle shown in Equation 1.
Estrain = (Emacrocycle + Ecap) — Eiinear (Equation 1)

This is an example of how a homodesmotic reaction may be used for estimating strain energy. The
homodesmotic reaction itself has been rigorously defined elsewhere.'62

It is also possible to disassemble the molecule into an infinite polymer and compare the repeating
unit energies in both the macrocycle and the unstrained polymer.2".183 |f it were possible to connect these
geometries by creating a trajectory between the strained and unstrained states, one could comment on how
the energy of each atom changes to release strain energy as the trajectory proceeds. Ideally, the trajectory
would begin in the optimized geometry of the strained molecule and descend to an unstrained infinite
polymer (Figure IV.2a). The macrocycle cannot be broken without changing the atomic environment and
introducing additional strain into the analysis. A theoretical trajectory between the strained macrocycle and
unstrained infinite polymer that isolates macrocyclic strain energy is therefore impossible.

a) Ideal Strain Determining Experiment

Energy

Mo connecting ~
trajectory between “\__‘_____‘_
strained and unstrained
molecule

L
L

Reaction Coordinate

b) Approximated Strain Determining Experiment

Energy

Trajeclory bebween
strained and unstrained
siale possible

Reaction Coordinate
Figure IV.2. a) This ideal experiment begins with the strained macrocycle and ends with an infinite polymer

where the strain has been released. b) By removing part of the molecule, the beginning and end geometries

can now be connected by a strain releasing trajectory. This allows the local trajectory of each atom to be

determined.
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It is, however, possible to fragment the molecule so that it may descend into an unstrained state
without introducing new strain. By deleting certain atoms, the trajectory shown in Figure 1V.2b becomes
possible and allows the initial geometry to share the location of its atoms (highlighted in the inset of Figure
IV.3) with the strained molecule while still relaxing to an unstrained state upon geometry optimization. The
trajectory of each atom accurately represents the trajectory of atoms in the strained molecule to atoms in
an unstrained state. This approximates an ideal strain energy determining experiment by averaging these
trajectories for multiple fragments.
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Figure IV.3. Workflow for strain analysis. The coordinates in each molecule fragment relax to release strain
energy that is quantified per coordinate (r: bond length, 6: angle, ¢: torsional angle).

In practice, a segment of the molecule is removed, such as a phenylene or ethylene, to create a
fragment as shown in steps 1 and 2 of Figure IV.3. The choice of fragments does not appear to significantly
impact overall strain energy determination; however, it can impact strain distribution. Therefore, obtaining
accurate results requires as many symmetrically created fragments as possible. For example, when
analyzing cycloparaphenylenes, there should be as many fragments as there are phenylenes to be
removed. Once a fragment is removed the ends are capped with hydrogen atoms. This requires the
segment removed to be at least two atoms (e.g. ethylene) to accommodate replacement with hydrogens.
These capping hydrogen atoms are optimized by freezing all atoms in the fragment that match the initial
geometry. This ensures they do not add additional strain to the fragment when the fragment is optimized.
All fragments created for the analyses in this paper are in the supplementary information to remove any
ambiguity.
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The trajectory of each individual atom during this process follows the optimization algorithm given
by the program used. In these studies, Gaussian09'% was used with the quasi-Newton rational function
optimization (RFO) method that is the default for Gaussian03 due to it converging more smoothly than the
newer direct inversion in the iterative subspace (DIIS) method.'® StrainViz can also be used with Orca,
delivering similar results and being free for academic users.'%5.1%6 The energy of each atom is given by its
relationship to other atoms via internal coordinates. The internal coordinates describe the distances and
angles between atoms shown in a zoomed in image in Figure IV.3. There are three coordinates that together
describe the position of every atom relative to each other: the distance between two atoms, the angle
between three atoms, and the torsional angle between four atoms. The optimization algorithm minimizes
the energy of the geometry by interrogating these internal coordinates and adjusting them to release energy.
The algorithm estimates a force for each coordinate (F) and, depending on step size, assigns a
displacement (Ax). It is also possible to define “strain” as the force and “strain energy” as the total energy
associated with that force. Multiplying the force by the displacement, as shown in Equation 2, identifies the

change in energy (AEcoord est) €ach coordinate experiences in each step.

FAX = AEcoord est (Equation 2)

The energy determined from this specific calculation is only an estimate. The algorithm
overestimates the total energy released for each displacement due to the necessary use of redundant
internal coordinates.'®” Therefore, each step is scaled relative to the actual change in the single point

energy calculated (AEstep actual in Equation 3) at each step.

AEcoord actual = AEcoord est(AEstep actual/ AEstep est) (Eq uation 3)

Where AEstep est is the sum of all AEcoord est present. As the optimization proceeds, these energies become
smaller until the relaxed geometry is found and AE approaches zero for all coordinates. For a given
coordinate, summing the energy determined for each optimization step gives the total amount of energy
stored in that internal coordinate.

After symmetrically fragmenting the molecule, optimizing the fragments, and analyzing the
trajectory of the internal coordinates, this data must be displayed in a way that effectively communicates
the information gathered. The effective color mapping scheme used for analyzing mechanical force was
adopted.'® The bond strain energy associated is simple to display because there is a single value per bond
and the bonds are colored accordingly. For the energy associated with the angle between three atoms, the
energy is divided in half among the two contributing bonds. Finally, for the torsional angle between four
atoms, the energy is split evenly among the three bonds connecting the four contributing atoms. These

maps are produced for bond, angle, and torsional strain energy in each fragment. Then the energies per
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bond are averaged among every fragment containing that bond and a single map for each type of strain
energy. Finally, the three types are summed and a total strain map is produced.

It is important to note that almost none of the above-mentioned processes are done manually. A
package of freely available scripts on GitHub automate Gaussian input file creation, job submission, and
VMD script generation.'89 Each analysis only requires the manual generation of an optimized geometry and
appropriate fragments, StrainViz does the rest.

IV.3. Results and discussion

With a framework in place for analyzing strained molecules, it is important to check the assumptions
made when creating this method. There are three main assumptions that underpin the validity of this
computational method: 1) The fragments chosen accurately represent the base molecule. 2) The sum of all
energies for all internal coordinates total to an energy that is corroborated by previous methods. 3) The
local strain energy determined relates to reactivity. If these three assumptions are proven valid, then
StrainViz is useful for determining strain energy.

IV.3.1. Fragments accurately represent the molecule

By using fragments to calculate strain energy in the molecule we lose the information provided by
the portion omitted. Although it is not possible to compare the fragment directly with the base molecule, it
is possible to identify differences when varying the fragment size. [8]CPP was analyzed using fragments of
increasing size (Figure 1V.4). From this analysis we will see how much information is lost dependent on the

size of the omitted portion.

Strain Determined from Varying Fragment Size

- }Within 3%

[9)) [0)) ~J
o a o
1 1 1
|

I

Strain (kcal/mol)

(93]
(4]
1

2 3 4 5 6 7
Phenylenes in Fragment

Figure IV.4. Fragments of [8]CPP having 2-7 phenylenes (highlighted in pink) were used in the strain
analysis. Fragments retaining 50% or more of the molecule all determined strain energies within 3% of each
other. All calculations were performed at the B3LYP/6-31G(d) level of theory unless otherwise noted.
When molecule fragments are being analyzed, the fragment size must be judiciously chosen to
reduce the impact of edge effects where the molecule is cut. It has been previously seen, in the strain-

induced retro-Huisgen cycloaddition of triazoles, 68 that when the edge atoms are connected to the triazole
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by coordinates (torsional angle across an ethyl or propyl group), results do not match expectations.
Therefore, the program does not include any coordinates that contain the end capping atoms or the atoms
attached to them. This trims away forces at the ends of the geometry that are most susceptible to these
edge effects. By doing so, the results become more relevant regardless of fragment size, but limits how
small the fragments may be made. Despite this consideration, the chosen fragment size does still have an
impact on the accuracy. Within each fragment, the variability of strain energy measurement for each bond
from the analysis also increases with decreasing fragment size. The four largest [8]CPP fragment sizes,
shown in Figure 1V.4, all determine strain energies within 3% of their mean. These fragments are also
internally consistent. Each individual strain energy determined for each bond is also within 3% of the mean.
This consistency shows that when the fragments used are at least half the original molecule edge effects
are minimal.
IV.3.2. Energies are expectedly similar to previous results

Arelevant computational technique must deliver results that are relatively consistent with previously
described techniques while providing new insight. Unfortunately, there is no computational benchmark or
easily obtainable experimental data for strain and the amount determined can vary depending on the
technique used. For example, [12]CPP has a range of strain energies depending on the computational
technique (summarized in Table IV.1). Given this relatively wide range in the literature, there is significant
room for error in any new computational method. However, when using a similar computational technique,
(entries 1-4) the range narrows significantly even when using different levels of theory. Therefore, StrainViz
will be compared directly to known examples using the homodesmotic reaction at the same level of theory.

Values similar to previous reports should be expected.

Strain Energy Theory Reference
50 kcal/mol B3LYP/6-31G(d) Yamago 2010
48.1 kcal/mol B3LYP/6-31G(d) Segawa 2010
49.0 kcal/mol B3LYP/6-31G(d) Bachrach 2010
50.2 kcal/mol MO06-2X/6-31G(d) Bachrach 2010
42 kcal/mol Gaussian Pseudopotentials Rio 2016
48.3 kcal/mol B3LYP/6-31G(d) This work

Table IV.1. Reported strain energies of [12]CPP.

A variety of molecules with macrocyclic strain energy were used in this analysis (Figure IV.5). Given
that cycloparaphenylenes are well studied in this respect, cycloparaphenylenes having six to ten
phenylenes were analyzed and compared to an analysis using homodesmotic reactions (Figure 1V.5a).1%0
Comparing these two analyses, we can see that the results are most similar at larger cycloparaphenylene
sizes. This is consistent with the aforementioned accuracy of the StrainViz analysis where larger
cycloparaphenylene fragments result in more accurate strain energy determinations. Analyzing ltami’s

carbon nanobelt resulted in even better matching with previous efforts (Figure IV.5b).4” The high accuracy
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may be owed to the fragment optimization trajectory quality. See supplementary information for further
comments. A recently synthesized highly strained small cyclophane from the Bodwell group'®® and
[2.2]paracyclophane’’® were also analyzed and confirm that StrainViz is consistent with prior computational
efforts (Figure IV.5¢).

The literature report of [2.2]paracyclophane does attempt to quantify the strain energy present in
the phenylene and ethylene segments.'”0 This was done in a similar manner to our method. The molecule
was broken up and the strain energy in each fragment was determined by comparing single point energies
of the strained and unstrained states. Their analysis, however, found different amounts of strain than their
homodesmotic reaction; 10.2 kcal/mol per phenylene and 5.6 kcal/mol per ethylene summing to 31.6
kcal/mol, but 30.8 kcal/mol from a homodesmotic reaction using the wB97X-D functional. This begs the

question which analysis is more accurate. With our method, the local strain adds up to the total strain by
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Figure IV.5. Literature examples of strain energy determinations compared to StrainViz analysis. a)
Cycloparaphenylene strain determined by homodesmotic reactions.'®® b) carbon nanobelt strain energy
extrapolated from increasing belt sizes.*” c¢) [2.2]paracyclophane strain and Bodwell’s more strained
analogue determined by isodesmotic reaction B3LYP/6-31G(d,p)'"° and M06-2X/Def2TZVP'%° respectively.

By corroborating results found in the literature, we establish that StrainViz determines total strain
energies that are reasonable. This shows that generating a map of local strain does not compromise the
total strain analysis quality. More importantly, we see exactly where in the structure the strain is distributed.

We hope to confirm that local strain is more instructive than total strain for reactivity.
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IV.3.3. Local strain energy relates to reactivity

In a previous paper, we described the synthesis of cycloparaphenylenes having one phenylene
switched from being para to meta connected.®5 We described the strain using homodesmotic reactions and
concluded that the meta-cycloparaphenylenes are less strained than cycloparaphenylenes with an equal
amount of phenylenes (Figure 1V.6). A structural strain parameter from the crystal structure, the torsional
angle between adjacent phenylenes, had values above and below comparable cycloparaphenylenes which
hinted that strain may not be evenly distributed. Lacking a tool to directly locate and quantify strain at
specific locations on the molecule, we could not at that time make any further claims about strain in these

molecules. Now, StrainViz locates the strain and predicts the reactivity of meta-cycloparaphenylenes.
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Figure IV.6. Torsional angles and total strain of [6]CPP and m[6]CPP. Changing connectivity from para to
meta decreases total strain but increases local strain energy.

Analysis using StrainViz in Figure IIl.6 shows that strain is concentrated across from the meta
phenylene. Changing a phenylene in a cycloparaphenylene from being para to meta connected relieves
strain at that end of the molecule but adds strain at the opposite end. If this program provides a meaningful
molecular strain analysis, then this high strain area should react faster in a strain relieving reaction. For

example, bromination of a meta-cycloparaphenylene should occur exactly across from the meta phenylene
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where the majority of the strain is located. Indeed, upon bromination of a m[6]CPP, bromination occurs
exactly where predicted by our calculations (Scheme 1V.1).

Scheme IV.1. Bromination of m[6]CPP.

Even more striking from the analysis is that despite meta-cycloparaphenylenes being less strained
in total, they should be more reactive due to a higher amount of local strain relative to a cycloparaphenylene
where strain is spread equally over the molecule. This phenomenon is seen clearly in the aforementioned
publications by Yamago. In the case of either bromination'“ or C-C bond activation by platinum,’#5 a
reaction at one phenylene is followed by a faster second reaction. This is not consistent with the total
quantity of strain present in each reacting molecule. A homodesmotic reaction of the starting
cycloparaphenylene and singly brominated cycloparaphenylene shows that the second has much less
strain energy. However, when analyzed using StrainViz as shown in Figure IV.7, it is clear that the singly
brominated intermediate has more strain across from the first site of bromination and that the molecule has

been activated to brominate the second time at a faster rate.

kcal
mol
=—0.00
[6]CPP [6]CPP brominated once [6]CPP brominated twice
91 kcal/mol 62 kcal/mol 22 kcal/mol

Strain is spread over Bromination increases strain at Second bromination
the entire molecule  opposite end of the molecule releases remaining strain

Figure IV.7. Strain release during bromination of [6]CPP. First bromination activates molecule to be more
reactive in the second step.

Despite these specific examples of reactivity correlating extremely well to the strain energy present
at certain locations in the molecule, it is important to note that the specific reaction taking place is being
aided by relief of strain to effect the transformation. This is why it is not the bond with the highest determined
strain energy that is broken during the reaction, but that the chemical reactivity occurring is preferred when
in proximity to higher strain energy.
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IV.4. Unique strain analysis of macrocycles from the literature

In addition to validating the method, we thought it instructive to provide use cases for StrainViz.
Additional molecules from the literature were analyzed using this method to determine strain energies and
the location of it as a heat map. The Tanaka group recently reported two strained nanobelt structures where
one has a turn in it so that it forms a Mébius loop shown in Figure 1V.8a.55 This geometry is intriguing in that
the turn introduces additional strain energy to the molecule. The non-M&bius geometry is strained similarly
to the corresponding cycloparaphenylene, however, the Mdbius geometry is quite different. Despite having
five repeating units instead of four, it is more strained overall. The additional strain is introduced at the entry
points to the turn. This is similar to a polymer knot where strain is mostly located at a choke point at the
knot entry.171.172 Within the turn there is higher strain and outside of the turn there is significantly less. The
symmetry of this Mobius molecule prevents direct comparison to a non-Mdbius molecule, however, it is
possible to instead study molecules with higher symmetry (Figure 1V.8b). A Vdgtle belt'? has high enough
symmetry to directly compare molecularly degenerate molecules with and without a Mdbius turn. The Vogtle
belt has evenly distributed strain resulting in relatively little at any single point. Adding a Mdbius twist places
extreme strain (four times as much) on two symmetrically separated bonds at the entrance and exit of the
twist. In total, strain increases from 105 kcal/mol to 238 kcal/mol. This speaks to the challenge of

synthesizing rigid Mébius molecules that are of fundamental interest.52

a)
<
afls |
Tanaka Belt Tanaka Mobius 0.01
b) 62.3 kcal/mol 75.8 kcal/mol
oSN/ L/ 1.58
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mol //\) ’
Vagtle Belt l Vdgtle' Mobius l
105 kcal/mol 0.19 238 kcal/mol 0.06

Figure IV.8. Mdbius molecules have more strain due to an internal twist when compared to a non-Mébius
belt. a)The Mdbius molecule synthesized in the Tanaka group is more strained than the non-Mébius despite

being a larger size. b)In a symmetric Mdbius molecule, strain is centered at the twist entry point.
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In addition to macrocyclic molecules, multimacrocyclic molecules can be analyzed as long as each
fragment fully releases all strain present. The Yamago group has reported a highly symmetric nanoball with
multiple macrocyclic connections (Figure 1V.9).1773 Analyzing a single panel shows that strain is spread
relatively evenly around the periphery aside from some anisotropy induced by the C2 symmetry of this
lowest energy conformation. In the ball, however, it appears that there is more strain at the corners as
opposed to the edges. This indicates that the three additional macrocycles in the ball add strain where they
attach at the corners of a panel. As they do not apply force directly in the direction of any edges, the force
is split between the edges and concentrates at the corners. This unique multimacrocyclic strain contribution
is easily apparent using this analysis.

kcal
mol
—-0.00
Ball (corner) Panel
94.0 kcal/mol Ball (edge) 28.0 kcal/mol

Figure IV.9. Strain energy present in Yamago’s nanoball. More strain at the ball corners relative to the edge.

While this analysis was designed for analyzing curved aromatic molecules, it applies widely in the
analysis of strained molecules. For example, strained hydrocarbons play a very important role as
bioorthogonal reagents. Specifically, cyclooctynes and frans-cyclooctenes are used as reactive reagents
for copper-free click reactivity in biological media. A previous Houk group analysis'’#'75 noted that a strain
energy based analysis fails to accurately predict molecular reactivity and instead used a
distortion/interaction model'"® to accurately predict reactivity. However, our novel analysis can correctly
order the reactivity of these strained reagents using a local strain analysis. The analysis of cyclooctyne in
Figure 1V.10 reveals 13.7 kcal/mol of strain whereas frans-cyclooctene has 17.4 kcal/mol both have nearly
the same proportion (42% and 41%) located at the reactive site. This is in agreement with the relative rate
of reaction with a tetrazine of 30 and 13,000 M-'s-! respectively. Furthermore, when comparing the more
reactive trans-bicyclo[6.1.0]Jnonene to trans-cyclooctene in Figure 1V.10, the total strain energy increases
only slightly to 18.9 kcal/mol, however, the reaction rate increases 160 fold.'”” By increasing the macrocycle
rigidity, the strain is shifted to the reactive alkene. The trans-cyclooctene has 7.2 kcal/mol of strain energy
located in the alkene, whereas trans-bicyclo[6.1.0lnonene has 9.3 kcal/mol. This increases the reactivity
more than would be predicted by total strain energy. Again, the StrainViz analysis provides the missing
information that previous strain analyses lack. While this analysis does not provide accurate prediction of
rates as the distortion/interaction model of the Houk group does,'7® it may be put to good use in informing

the design of new strained bioorthogonal reagents by evaluating strain local to the reactive site.
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Cyclooctyne frans-cyclooctene frans-bicyclo[6.1.0]lnonhene
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Figure IV.10. Strain energy in copper-free click reagents. Trans-cyclooctene is more strained than
cyclooctyne but has similar strain distribution. Increasing rigidity by addition of a cyclopropyl fusion
increases strain energy and shifts it to the reactive site.
IV.5. Conclusions

A new computational method is reported for the determination of strain energy in macrocycles. This
method improves on the current standard of using homodesmotic reactions to determine strain energy by
locating contributions to the total strain. The robustness of the method was tested to show that fragment
sizes of at least more than half of the molecule give accurate results. The method is accurate in that it
delivers reasonable total strain energy relative to previous computational results. It is effective in strain
promoted reaction prediction by successfully locating the site of bromination in unsymmetric molecules.
Finally, a sampling of literature examples were analyzed with new insight gathered including design
considerations for new strained bioorthogonal reagents. This new computational strain determination
method is, therefore, broadly useful for the research of strained macrocycles.
IV.6. General experimental details

All glassware was flame dried and cooled under an inert atmosphere of nitrogen unless otherwise
noted. Moisture sensitive reactions were carried out under nitrogen atmosphere using Schlenk and
standard syringe/septa techniques. Dichloromethane was dried by filtration through alumina according to
the methods described by Grubbs.'9” 1H NMR spectra were recorded at 500 MHz on a Bruker Advance-lII-
HD NMR spectrometer. 13C NMR spectra were recorded at 125 MHz on a Bruker Advance-llI-HD NMR
spectrometer. All 1H NMR spectra were taken in chloroform-d (referenced to TMS, & 0.00 ppm). All 13C
NMR spectra were taken in chloroform-d (referenced to chloroform, & 77.16 ppm). All reagents were
obtained commercially unless otherwise noted. Mass spectra were obtained from the University of lllinois

at Urbana-Champaign Mass Spectrometry Lab using ESI on a Micromass 70-VSE.
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IV.6.1. Synthesis and characterization
Sot (HILIES et ¢
—_—
CH,Cl, Br
-20°C

=Y 81% =" &
IV.1 diBr-m[6]CPP. Freshly synthesized m[6]CPP (8 mg, 17.5 nmol, 1 eq) was added to a flame

dried 25 mL round bottom flask. The contents were evacuated and backfilled with nitrogen three times.
Dichloromethane (6 mL) was added to the flask. This was cooled to -20 °C. A 50 mM solution of Br2 (64.0
ML) in methylene chloride (50 mL) was prepared in a flame dried 100 mL pear shaped flask. The bromine
solution (385 L, 19.3 nmol, 1.1 eq) was added dropwise and the mixture was stirred at -20 °C for 20 min.
The contents of the flask were passed through an Aura MT 0.45 ym PTFE syringe filter and evaporated
under reduced pressure to obtain the product as an orange-red solid (8.7 mg, 81%). '"H NMR (500 MHz,
Chloroform-d) & 7.49 — 7.40 (m, 3H), 7.36 (d, J = 8.5 Hz, 4H), 7.33 (d, J = 8.4 Hz, 4H), 7.18 (d, J = 8.5 Hz,
4H), 7.11 (d, J = 8.4 Hz, 4H), 6.38 (s, 4H), 4.65 (t, J = 1.7 Hz, 1H). 13C NMR (126 MHz, CDCl3) & 143.35,
142.82, 142.69, 141.66, 140.34, 139.15, 130.35, 130.27, 129.08, 127.32, 126.78, 121.81, 56.44, 1.17.
HRMS (ESI-TOF) (m/z): [M-HBr]* calculated for CssH23Br, 534.09831; found, 534.09804.
IV.7. Co-authored content

The work in Chapter 4 was co-authored with Curtis Colwell, Prof. Tim Stauch, and Prof. Ramesh
Jasti and published under the title of “Strain Visualization for Strained Macrocycles” in Chemical Science.®®
| helped edit some of the manuscript, trialed the tutorial for running StrainViz analysis as mentored by Curtis
Colwell, and performed the synthesis and bromination of m[6]CPP. Curtis Colwell wrote the manuscript,
wrote the StrainViz software, and performed all computational analyses. Prof. Tim Stauch provided crucial
mentorship and edited the manuscript. Prof. Ramesh Jasti edited the manuscript. Further permissions
related to the use of material excerpted in this chapter should be directed to The Royal Chemical Society.
IV.8. Bridge to Chapter V

As our computational methods improve, we have the power to predict useful properties based on
previously reported trends. Developing tools like StrainViz has improved our chemical intuition by explaining
trends in reactivity based on how strain is localized in inherently strained molecules. Analyzing previously
reported structures or new hypothetical structures can motivate scientists to propose and attempt their
syntheses. The following chapters utilize StrainViz and other computational methods to either determine
their strain-induced reactivities or approximate a trend in their supramolecular and optoelectronic

properties.
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CHAPTER V
COMPUTATIONAL ANALYSIS OF STRAIN PROMOTED REACTIVITIES
V.1. Background

Cyclic structures provide a suite of properties that are different or not present in their linear
analogues, as has been echoed extensively in nanohoop literature.2*140 Computationally, this is important
to catalogue as more cyclic compounds are being reported in literature and proposed as interesting
avenues of research. As presented with the publication of the StrainViz software, inherently strained
macrocycles possess reactivities that are directly related to their relative strain and how the strain is
allocated throughout the structure.® Efforts to describe how strained molecules react and their rates have
benefited from computational analyses of their distortion-interaction energies and their total and local strain
energies as calculated by StrainViz.

“Click” reactions have made a definite impact in the scientific community with the publications of
Sharpless, Meldal, and Bertozzi.136.137.178,179 Ag g result, they were awarded the Nobel prize in chemistry for
their pioneering work in developing chemistry that has revolutionized biological labeling in the form of
bioorthogonal chemistry. Reactive alkynes in general have become useful synthetic intermediates to more
complex carbon nanostructures, polymers, and pharmacophores.'5180-183 |t follows that development of
novel strained alkynes or methods for synthesizing reactive alkynes can benefit the field by diversifying the
possible structures available for chemists in these fields. Understanding how strain can be manipulated is,
therefore, a powerful tool to that end.

Alkyne-included cycloparaphenylenes are good candidates for addressing the affect strain has in
strain-promoted reactions due to their bottom-up synthetic accessibility and functional group tolerance.69.143
Functional groups can change the electronic properties of the nanohoops and, as a result, the interaction
energies of cycloaddition reactions.37.184.185 The size of the nanohoop can be varied to control the inherent
strain of the alkyne, increasing the reactivity with decreasing number of phenylenes.686° Fellow lab
members Julia Fehr and Tara Clayton have successfully made a suite of alkyne-containing nanohoops that
capture both of these affects. Herein summarizes the strain-induced reactivities of these molecules and
their importance in the literature.

V.2. Experimental and Theoretical Elucidation of SPAAC Kinetics for Strained Alkyne-Containing
Cycloparaphenylenes

The strain-promoted azide-alkyne click (SPAAC) reaction is a powerful tool for labeling biological
targets via a robust bioorthogonal chemical reaction.36:137.184,185 By ysing more and more strained alkynes
in the form of cyclooctyne or azacyclooctynones (Figure V.1a), chemists have tailored reaction rates to
increase efficacy for labeling biological targets with fluorescent payloads. As more strained alkynes are
developed, the competition between reaction rate and deleterious reaction pathways becomes one-sided
in favor of less stable alkyne derivatives. Therin lies the challenge of making suitable reagents for precise
and more niche biochemical labeling. Alkyne-included cycloparaphenylenes, [n+1]CPPs, can address the

synthetic scope of possible SPAAC reagents by acting as the strained alkyne and fluorophore in one
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molecule. They also provide a modular scaffold because of their bottom-up synthetic methods.
Functionalizing the phenylenes of CPPs can provide more control over the photophysical properties or
reaction rates with greater fidelity. Computational analysis of total and local strain is warranted to help

explain differences in the SPAAC reaction rates.
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Figure V.1. (a) Examples of strained alkynes developed for copper-free click chemistry. (b) Strained alkynes
in the field of carbon nanomaterials. (c) New strained alkyne-containing [n+1]CPPs described in this work.
V.2.1. Introduction

In this context, strained alkynes can be found within radially 1T-conjugated macrocycles. For
instance, the elusive ‘all-carbon’ molecules, dubbed cyclo[n]carbons, have been the subject of much
scientific interest. Diederich and coworkers first observed cyclo[18]carbon by time-of-fight mass
spectrometry after laser flash heating of annulene precursors in 1989.'5 More recently, in 2019, Anderson
and coworkers observed cyclo[18]carbon on a NaCl-surface using high-resolution atomic force
microscopy.'8! [n]Cycloparaphenyleneacetylenes ([n]CPPAs), comprised of alternating C-C triple bonds
and phenylene units, are also intriguing cyclic structures that were first synthesized by Oda and coworkers
in 1996."8 From their onset, [N]CPPAs have been shown to be notably unstable, with Oda noting that
[6]CPPA “explosively decomposed at about 80 °C.” Recent work by Moore and Lee has introduced several
different sizes and variations of the CPPA scaffold, including [3]CPP3A which can successfully undergo a
triple SPAAC reaction with three equivalents of an azido-compound.'86-188 Clearly, [n]CPPAs possess very
interesting reactivity but some are relegated to the glovebox due to their low stability.86.188

Our group has historically focused on a related, but generally more stable type of carbon
nanomaterial: the cycloparaphenylene ([n]CPP) or carbon nanohoop.?' These molecules possess a
radially-oriented 11-system which allows for increased solubility in organic solvents, unique photophysical
properties (including bright fluorescence for most carbon nanohoops), tunable frontier molecular orbitals

(FMOs), and host-guest capabilities (e.g. complexation with Ceo).2* In 2018, we introduced a new subclass
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of carbon nanohoops containing a single strained alkyne within the carbon backbone.3 We refer to these
structures as [n+1]CPPs, where the n denotes the number of phenylene units in the molecule “+1” alkyne
moiety (Figure V.1b). In that initial publication, we detailed the synthesis of three molecules—[7+1]CPP,
[9+1]CPP, and [11+1]CPP—and demonstrated that these molecules (a) can undergo strain-promoted
cycloadditions at the alkyne, (b) possess size-dependent (i.e. strain-dependent) levels of reactivity, and (c)
maintain the photophysical properties typical of cycloparaphenylenes, including a common absorbance
maximum, high molar absorptivities, bright fluorescence, and a size-dependent emission maximum.
However, while [9+1]CPP and [11+1]CPP possessed good stability, [7+1]CPP was found to decompose
quickly under ambient conditions.

Nonetheless, we were excited by the idea of a new strained alkyne scaffold that offered the radially-
conjugated T-system of cyclic carbon nanomaterials, the synthetic manipulability of the well-studied
cyclooctyne, and reasonable stability. Herein, we describe our efforts to (a) tune the reactivity of the
[n+1]CPP scaffold via organic synthesis, (b) fully characterize the photophysical properties of these
molecules, (c) quantify the rate constants for each described [n+1]CPP in the SPAAC reaction with benzyl
azide, and (d) computationally illustrate the origin of these effects. In this work, we studied previously
reported [9+1]CPP and [11+1]CPP as well as two new [n+1]CPPs: m[9+1]CPP and fluor[11+1]CPP
(Figure V.1c). In both cases, we observed heightened reactivity relative to the parent [n+1]CPPs which can
be explained with quantum mechanical calculations provided by Lopez and coworkers. Our ultimate aim in
this study is to understand the structural perturbations that can lead to increased reactivity for this new
strained alkyne scaffold.

V.2.2. Results and discussion

Detailed synthesis of the structures presented in this publication is elaborated in the referenced
paper.8® The structures chosen are based on the feasibility of their synthesis and stability of the resulting
alkyne-containing cycloparaphenylene. The goal was to vary the number of phenylenes, append functional
groups (addition of fluorine atoms), and change the bond order of the nanohoop to address strain and
electronic dependent reaction rates for the SPAAC reaction (Scheme V.1). Each [n+1]CPP was reacted
with excess benzyl azide. The analysis of the reaction rates followed. Paired with the computational results

of the reaction coordinate diagram and StrainViz analysis, we can ascertain the effect of each variable.
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Scheme V.1. Strain-promoted azide-alkyne cycloaddition reactions between the [n+1]CPPs described in
this study and benzyl azide, a model compound. Yields were determined in-situ via quantitative '"H NMR in
comparison to an internal standard, dimethyl sulfone.
V.2.3. Kinetics of the SPAAC reaction with benzyl azide

We set out to quantify second-order rate constants for the SPAAC reaction of each [n+1]CPP with
benzyl azide and determine how the structure and electronic characteristics of the nanohoops change the
rate of the reaction. To accomplish this, we combined each [n+1]CPP with 2-12 equivalents of benzyl azide
in deuterated DMSO at 25 °C and monitored the reaction via quantitative '"H NMR. Concentrations were
determined by comparison to an internal standard of known concentration (dimethyl sulfone). From the

results, we determined second-order rate constants for each reaction as shown in Figure V.2.
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Figure V.2. SPAAC second-order rate constants for [n+1]JCPPs. These constants were measured via
quantitative '"H NMR in deuterated DMSO.
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We found that the [n+1]CPP structure directly impacted the observed SPAAC rate constants. We
had shown previously that the smaller [9+1]CPP possesses heightened reactivity over larger [11+1]CPP
towards tetracyanoethylene (TCNE) in a [2+2]cycloaddition-retrocyclization reaction.'#3 The same holds
true in this study, where we observed an almost five-fold increase in rate constant for [9+1]CPP (2.2 x 10-3
M-1s") compared to [11+1]CPP (4.5 x 10 M-' s'). The electronically modulated fluor[11+1]CPP, exhibiting
fluorine atoms at all four positions meta to the alkyne moiety, displayed a second-order rate constant of 4.7
x 103 M- s towards the SPAAC reaction with benzyl azide. This is an approximately 10-fold increase in
comparison to [11+1]CPP just by fluorination of the scaffold. Lastly, we hypothesized that the meta-linked
version of [9+1]CPP, m[9+1]CPP, would possess increased local strain at the alkyne due to its location
opposite the meta linkage. We determined a second-order rate constant of 9.6 x 103 M- s-' for the SPAAC
reaction of m[9+1]CPP with benzyl azide. This corresponds to a 4.4-fold increase compared to [9+1]CPP
just by changing the connectivity of the macrocycle.

V.2.4. StrainViz methods for alkyne-containing nanohoops

Computations were performed using Gaussian09'% at the B3LYP/6-31+G(d) level of theory.
StrainViz calculations were performed using the scripts available through GitHub with an alternation to the
“input_gen.py” script. Keywords “Opt=(rfo,NoSymm)” were added to account for the fragments with an
alkyne. Output from individual StrainViz calculations were submitted with the maximum bond energy set as
the highest strained bond between all four molecules. This setting recolors each bond to generate a
comparative heat map. Replacing the “max(norm_values)” on line 171 in the “bond_ scripts.py” with the max
bond strain in the “total_bond.tcl” file, a recolored output is generated by rerunning the StrainViz script for
each molecule. Running each fragment separate from the StrainViz script permits longer runtimes per
fragment to avoid incomplete relaxation. Analysis of the triazole products did not provide any productive
results beyond what was obtained from the [n+1]CPPs.

V.2.5. Transition state geometry and energy methods

Computations were performed using Gaussian 16 program.'® The reactions between each
[n+1]CPP and benzyl azide were optimized using M06-2X'%° and 6-31+G(d,p)'®! basis set with the integral
equation formalism variant of polarizable continuum model (IEF-PCM)'92 with parameters for DMSO.
Conformational searches of the 10 lowest energy conformers were determined for the reactants,
intermediates, and transition states using the Conformer-Rotamer Ensemble Sampling Tool (CREST).193
After locating the lowest energy transition structure, we ran intrinsic reaction coordinate (IRC) calculations
and optimized the reactive conformers corresponding to the reactants and products. We performed a
vibrational analysis and confirmed that each stationary point was a minima; we identified only positive
vibrational frequencies. The optimized global minima transition structures showed only one negative
vibrational frequency and was used to determine barrier heights and reaction energies.

V.2.6. Computational analysis of [n+1]CPP reactivity
In order to better understand the relationship between [n+1]CPP structure and the observed

reactivity trends, we performed an in-depth computational analysis. First, we analyzed the ground state
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geometries of each [n+1]CPP with StrainViz to better understand the distribution of strain throughout each
molecule (results displayed in Figure V.3 and Table V.1).58 A few trends can be observed. In each [n+1]CPP
maximum local strain is located at the alkyne. We also noted that [11+1]CPP and fluor[11+1]CPP displayed
the lowest maximum local strains of 1.29 and 1.16 kcal mol, respectively, while m[9+1]CPP has the
highest local strain at the alkyne with 3.56 kcal mol-'. For the unfunctionalized [9+1]CPP, [11+1]CPP, and
m[9+1]CPP, it is clear from this analysis that the acuteness of the C-C=C bond angle and therefore the
local strain at the alkyne has a major effect on SPAAC rate constant. However, strain cannot account for
the heightened reactivity of fluor[11+1]CPP in comparison to the similarly strained, unfunctionalized
[11+1]CPP. We therefore turned to transition state structure analysis and the distortion- interaction model

developed by Houk to provide a more detailed explanation of our results.76.194

[n+1]CPP Total strain (kcal) Max. local strain (kcal)
[9+1]CPP 58.0 2.94
[11+1]CPP 44 .4 1.29
fluor[11+1]CPP 44.6 1.16
m[9+1]CPP 43.3 3.56

Table V.1. Summary of strain values (in kcal mol-') determined by StrainViz for each [n+1]CPP.

[9+1]CPP  [11+1]CPP fluor[11+1]CPP m[9+1]CPP

| =
0.00 kcal/mol 3.56

Figure V.3. Strain analysis of the [n+1]CPPs described in this study with the StrainViz computational tool.

We computed the transition structures and activation free energies for the SPAAC of each
[n+1]CPP with benzyl azide (Figure V.4a and Table V.2). The transition structures are all concerted but
asynchronous. The C-Nintemal and C-Nexternal bond lengths in the [n+1]CPP transition states range from 2.15-
2.17 A and 2.26-2.30 A, respectively. This observed asynchronicity can be attributed to the larger orbital
coefficient and nucleophilicity of the Nintemal Of benzyl azide with a natural bond orbital (NBO) charge of -
0.40, in comparison to -0.078 for Nextemal. The computed activation free energies (AG*comp) ranged from 23.0

to 25.3 kcal mol-'. We observed an acceptable agreement between computations and experiments; when
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plotting AG*exp against AG*comp, We observed a linear correlation (R? = 0.94; AG¥comp = 1.17 AGHexp -0.62;
see Sl for details).

[n+1]CPP  AG¥,perimental AG¥computational
[9+1]CPP 211 24.2
[11+1]CPP 22.0 25.3
fluor[11+1]CPP 20.6 24.2
m[9+1]CPP 20.2 23.0

Table V.2. Activation free energies for the [n+1]CPPs in this study; reported in kcal mol-'.
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Figure V.4. (a) Transition state structures for each SPAAC reaction with benzyl azide; distances shown in
Angstroms (A). (b) Generalization of the distorsion-interaction model and AE*acivaion Of each SPAAC
reaction broken down into its AE*distortion and AE¥interaction cOMponents.

We next implemented the distortion/interaction model to understand the origin of the reactivity
differences of the [n+1]CPPs towards benzyl azide. The distortion/interaction model'76.1%4 is an energy-
decomposition scheme that has been used extensively to understand the origin of unimolecular'?%-1% and
bimolecular'9%-203 reactions. The distortion/interaction model dissects activation energies into distortion and
interaction energies. The distortion energy (AEtdist) is the energy required to distort the reactants from their

equilibrium geometries to their transition state geometries without allowing them to interact. The interaction
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energy (AE%int) captures the interactions between the two distorted reactants in the transition state. A
generalization of the distortion-interaction model and a summary of the results of this analysis is displayed
in Figure V.4b. We note that the activation electronic energies (i.e. AE*) are different from the activation
free energies (i.e. AG*) because the electronic energies omit zero point energy and thermochemical
energetic corrections. The distortion/interaction model uses energies without zero point energies because
the distorted and frozen geometries of the cycloaddends are extracted from the optimized transition state
structures. Notably, fluor[11+1]CPP has the highest AE#nt of all the [n+1]CPPs in this study (-11.7 kcal
mol-'). This, in conjunction with its slightly lower AE*qist (20.4 kcal mol') relative to parent [11+1]CPP (21.0
kcal mol"), is responsible for the relatively low AE* and superior SPAAC rate constant.

The reactivity trend for [9+1]CPP, [11+1]CPP, and m[9+1]CPP can also be explained via the
distortion-interaction model. [n+1]CPPs with more acute C-C=C bond angles in the ground state geometry
displayed slightly decreased AFE#nt, but this was counteracted by significant lowering of AEtdist since less
energy input was required to distort pre-bent reactants into their transition state geometries. This
phenomenon is known as distortion-acceleration.

Finally, we sought to explain the large AE#nt of fluor[11+1]CPP in comparison to the other
[n+1]CPPs in this study using FMO analysis.2%4-2'! Tetrafluorination resulted in an overall lowering in energy
of the HOMO-1 and LUMO orbitals in comparison to the parent [11+1]CPP. This leads to a smaller FMO
gap with benzyl azide (6.64 eV for fluor[11+1]CPP vs. 6.85 eV for [11+1]CPP). In line with FMO theory,
smaller FMO gaps lead to stronger orbital interactions in the transition state structure; this effect is captured
in AE*int. The AE%int values for fluor[11+1]CPP and [11+1]CPP are -11.7 vs. -10.7 kcal mol-'. The 1.0 kcal
mol' increase in stabilizing interaction energy is caused by relatively strong FMO interactions of
fluor[11+1]CPP with benzyl azide relative to [11+1]CPP.

V.2.7. Conclusion to SPAAC Rates of Alkyne-Containing Cycloparaphenylenes

We have expanded the [n+1]CPP library to include two new molecules with unique properties:
fluorinated fluor[11+1]CPP and meta-linked m[9+1]CPP. We fully characterized these two molecules as
well as previously reported [9+1]CPP and [11+1]CPP computationally and via quantitative SPAAC reaction
kinetics with benzyl azide. Finally, we extrapolated the effect of electron-withdrawing groups on the reactivity
of the alkyne and directly modelled the strain via StrainViz. By changing a phenylene linkage or installing
electron-withdrawing groups, it is possible to alter the strain of the alkyne and reactivity by as much as an
order of magnitude via favorable electronic interaction in the SPAAC reaction. Understanding how the
structure of these [n+1]CPPs affect the reactivity encourage further investigation into other cyclization
reactions or general transformation involving alkynes to produce interesting macrocyclic molecules.

V.2.8. Experimental details (computations)

All input files, fragment geometries, and output files are available for download via Figshare at
https://figshare.com/projects/Supporting_Information_of Computational_results_StrainViz_for_Experimen
tal_and_Theoretical_Elucidation_of SPAAC_Kinetics_for_Strained_Alkyne-
Containing_Cycloparaphenylenes/155192.
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V.3. Pinwheel-like Curved Aromatics from the Cyclotrimerization of Strained Alkyne-Containing
Cycloparaphenylenes

Extended Tr-rich structures have intrigued chemists over the centuries because of the endless
structure-property relationships that have motivated the discovery of novel aromatic or antiaromatic organic
materials.15-17.62.173.212-217 Previous groups have teased out the intricate details of extended Tr-systems by
alternating seven-, six-, five-, and even four-membered rings. Ring size and fusions seem to be the limiting
factor in this, but the three-dimensional nature of space opens a realm of possible structures. The discovery
of curved aromatics such as fullerenes, carbon nanotubes, and helicenes have provided us with a new
metric to develop novel Tr-rich structures. Topologically unique nanocarbons have seen an explosion due
to their strain-induced electronic properties, making them the best performing materials in the field.6.19.73
V.3.1 Introduction

So called curved aromatic systems have continually been investigated to understand how
modifications of the carbon backbone can produce more electronically relevant materials while maintaining
the increased solubility and intrinsic host-guest properties.%:140.218.219 Cycloparaphenylenes (CPPs) are now
a well-known curved nanocarbon structure that has seen a renaissance in their synthetic development. A
variety of m-extended CPPs have been synthesized to understand how the inherent strain the nanohoop
affect the electronic properties of pre-established polycyclic aromatic hydrocarbons (PAHs).2'8 Notably,
smaller sized CPPs—those with less phenyl units—polarize the effect of bending the functional units. It is
therefore valuable to synthesize functionalized CPPs in more than one ring-size to understand the size-
dependent and, in turn, strain-dependent properties. CPPs stand as an interesting structure alone, but
recent works have established reactions on CPPs that make them a novel precursor to more complex
carbon nanostructures.89.70.79.93,123,143

Together with the concept of strain-driven properties, [n+1]CPPs, where the [n+1] represents a
nanohoop with “n” phenylenes and one internal alkyne, have strain-promoted reactivities that are not
present in flat analogues. Previous reports from our lab have established their reactivity in [2+2]
cycloadditions using tetracyanoethylene and [3+2] cycloadditions with benzyl azide.59.143 The latter reports
the strain and electronic dependent reaction rates of the SPAAC reaction. Computational investigation of
the strain and reaction dynamics have shown that directing the strain onto the alkyne or aligning the FMOs
with the transition state increase the rate of the SPAAC reaction.®

In the process of investigating strain-promoted reactions, [2+2+2] cyclotrimerization of alkynes was
envisioned as a thermodynamic driving force towards a large curved m-system that would be difficult to
assemble any other way.?20-224 Metal-mediated cyclotrimerizations are efficient and result in interesting -
rich structures. Reacting [n+1]CPPs this way should produce large pinwheel-like structures while
maintaining some characteristic properties of CPPs due to the macrocyclic units surrounding the newly
formed six-membered ring. The following text reports the successful trimerization of four [n+1]CPP
derivatives as well as their optical properties, solid state packing structure, and calculated electronic

properties and strain.
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V.3.2. Results and discussion

Synthesis of [n+1]CPPs follow the same methods previously published by our 1ab.69143 The
methods to cyclotrimerize the alkyne were adapted from the literature using either Ni(COD)2, Pdz(dba)s, or
Rh(PPhs)s;Cl—also known as Wilkinson’s catalyst.??* Palladium was determined to be the best catalyst for
the trimerization reaction based on percent conversion and relative rates of reaction (Scheme V.2). This is
in parallel with trimerization reactions in the literature with arynes. Typical unstrained alkynes have been
shown to trimerize in good yields with nickel,?25 but it was not as efficient with [n+1]CPPs.

Pd,(dba)s
CH,Cly, rt.

THF, rt.

Scheme V.2. Synthesis of [11+1] trimer, [9+1] trimer, fluor[9+1] trimer, meta-fluor[9+1] trimer from their
respective CPP.

We set out to characterize the electronic properties of the resulting trimers and their precursors and
gain a deeper understanding of their strain-promoted reactivities. Computationally, we can predict which
structures are more reactive by their increased local strain and compare the predicted electronic properties
with experimental measurements to understand how the curved m-system affects the annulated
structures.t8-7085226 Although the electrochemical characterization was attempted, no redox events were
observed electrochemically in dichloromethane. The trimers did retain their solubility in dichloromethane
and dimethylsulfoxide enough for optical characterization. Fluor[9+1] trimer is emphasized because of its

distinct optical properties from fluor[9+1]CPP which has some CT character as shown in Figure V.5.
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Figure V.5. Absorbance (solid) and emission (dashed) profiles of fluor[9+1]CPP (yellow) and fluor[9+1]
trimer (blue) on the left in dichloromethane. Absorbance (solid) and emission (dashed) profile in
dichloromethane (yellow) and dimethylsulfoxide (black).

In DMSO compared to DCM, fluor[9+1]CPP has a red-shifting absorbance and emission profile
with a drastically lower emission intensity. Each trimer has roughly three times the molar absorptivity
compared to the representative nanohoop. The lowest energy transition increases in intensity from the
nanohoop to the trimer likely due to the increased orbital density localized on different lobes of the trimer
instead of the being dispersed equivalently in the case of the nanohoop. Differences in orbital symmetry
between molecular orbitals in the ground state geometry increase the number of allowed transitions, which
increase the intensity of the lowest energy absorption compared to the nanohoop. Figure V.6 illustrates this
concept in the case of fluor[9+1]CPP and fluor[9+1] trimer by the distribution of molecular orbitals and

their respective orbital geometry.

A fluor[9+1]CPP fluor[9+1]trimer
0
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Figure V.6. Calculated orbital energies for fluor[9+1]CPP and fluor[9+1] trimer with the orbital geometries
labelled and shown adjacent to each energy level (B3LYP/6-31G(d) level of theory, isosurface of 0.03).
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V.3.3. Strain calculations

Calculations were performed with the Gaussian09 package at the B3LYP/6-31G(d) level of theory
for all structures.'% Optimized geometries were obtained by requesting Rational Function Optimization “rfo”
methods in the command line. Each parent nanohoop and cyclotrimerized products were analyzed via
StrainViz and referenced to the most strained structure, meta-fluor[9+1]JCPP. Overall, the strain of each
nanohoop is localized onto the alkyne, as seen in a previous paper from our group,®® but becomes localized
at the opposite end upon trimerization. This is consistent with our understanding of how strain is distributed
in inherently strained macrocycles.68226 Linear strips of phenylenes tend to localize the strain as the
substitution pattern on the opposite side of the nanohoop changes from para to meta or ortho connectivity.
Trimers, other than the meta-fluoro[9+1] trimer, have greater localized strain due to the change in
connectivity from alkyne to ortho-phenylene. All of the trimers have total strain values equivalent to less-
than-three-times the total strain of the precursor alkyne nanohoops, 130 kcal/mol for fluor[9+1] trimer
versus 56 kcal/mol for fluor[9+1]CPP. Although the total strain decreases after trimerization, the local strain
is increased for the para substituted alkyne nanohoops, 3.10 kcal/mol for fluor[9+1] trimer versus 2.78
kcal/mol fluor[9+1]CPP (Figure V.7). Understanding how the strain is allocated within the alkyne nanohoop
and trimers could serve as a useful tool for altering the photophysical properties of these materials. As
previously addressed in literature, localizing strain onto electron acceptors within a nanohoop can result in
larger bathochromic shifts in the emission profile. Installation of multiple alkynes could provide reaction
pathways to extended structures, and knowing how the strain is distributed with iterative reaction is
important for designing such systems.

kcal/mol

0.00

meta- meta-
Compounds: | [11+1]CPP [11+1] [9+1]CPP  [9+1] trimer fluor(3+1]  fluor [9+1] fluor[9+1]  fluor[9+1]
trimer CPP trimer .
CPP trimer
Total strain 44 113 58 129 56 130 43 81
(kcal/mol)

Figure V.7. StrainViz analysis of [n+1]CPPs and their respective trimers at the B3LYP/6-31G(d) level of
theory. Table of total strain for each shown below respective structures. Relative strain scale (in kcal/mol)
shown on the left.
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V.3.4. Conclusion to Cyclotrimerization of Alkyne-Containing Cycloparaphenylenes

[n+1]CPPs have been shown to undergo strain-promoted reactions that would otherwise require
elevated temperatures or activated substrates. A set of diverse nanohoops have been reported to undergo
[2+2+2] cyclotrimerizations with themselves to make large pinwheel-like structures. These large 1-rich
structures retain a common absorption seen from nanohoop derivatives but have much larger molar
absorptivities. Computationally, we can characterize the total and local strain to help explain why the alkyne-
containing cycloparaphenylenes react at ambient conditions and connect changes in the optical properties
with changes in strain. Emergent properties of meta-fluor[9+1]CPP and meta-fluor[9+1] trimer were also
investigated computationally to explain the solvent dependent fluorescence of the nanohoop and increase
in the lowest energy absorption of the trimer. Cyclotrimerization of these alkyne-containing CPPs is a
powerful tool for making extended m-rich structures. Studying them computationally can help guide the
synthesis to large structures with desirable optoelectronic properties.

V.3.5. Experimental details (computations)

Computations were performed using Gaussian09 at the B3LYP/6-31G(d) level of theory.'%
Keywords “Opt=(rfo,NoSymm)” were added to account for the fragments with an alkyne and to ensure
minimal negative energies in the case of the trimer fragments. The alkyne piece was present in one
fragment for the m-fluor[9+1]CPP StrainViz analysis because of the error associated with optimizing
fragments with a 180° angle. Outputs from individual StrainViz calculations were submitted with the
maximum bond energy set as the highest strained bond between all four molecules (m-fluor[9+1]CPP) to
generate a relative strain scale. This setting recolors each bond to generate a comparative heat map.
Replacing the “max(norm_values)” on line 171 in the “bond_scripts.py” with the max bond strain in the
“total_bond.tcl” file, a recolored output is generated by rerunning the StrainViz script for each molecule. All
fragment geometries and output files will be available for download from the following link:
https://figshare.com/s/a9a9e03f19998b572ca7
V.4. Co-authored content

The work in section V.2 was co-authored with Julia Fehr, Nathalie Myrthil, Anna Garrison, Prof.
Steven Lopez, and Prof. Ramesh Jasti and published under the title “Experimental and Theoretical
Elucidation of SPAAC Kinetics for Strained Alkyne-Containing Cycloparaphenylenes” in Chemical
Science.® Section V.3 was co-authored with Julia Fehr, Tara Clayton, Dr. Lev Zakharov, and Prof. Ramesh
Jasti and is being prepared for submission. For section V.2, Julia Fehr wrote the majority of the manuscript,
performed all the experimental work, and made the figures. Nathalie Myrthil performed the reaction
coordinate computations. Anna Garrison performed some experimental work with Julia Fehr. | helped write
a portion of the computational section, performed all StrainViz calculations, and helped with editing. Prof.
Ramesh Jasti and Prof. Steven Lopez edited the manuscript. The writing and computational work for section
V.3 was done by me and represents a draft of a manuscript in preparation for publication with Julia Fehr

and Tara Clayton as the first co-authors. | made the figures with help from Julia Fehr. All experimental work
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was done by Julia Fehr and Tara Clayton. Optical data was collected by Julia Fehr. Dr. Lev Zakharov solved
crystal structures of the fluoro[9+1] and meta-fluor[9+1] trimers. Prof. Ramesh Jasti edited the manuscript
in preparation.
V.5. Bridge to Chapter 6

Computational investigation of the strain of nanohoops can act as a bridge to explain emergent
optical properties. As the strain of the nanohoop increases the orbital energies converge to produce
molecules with lower band gaps. In turn, we can also calculate the intermolecular interactions to explain
binding affinities and link charge transfer properties just like in the case of single molecules. My work has
expanded to provide computational evidence for host-guest interactions of functionalized nanohoops and

optoelectronic properties that arise from nanohoops with increasing donor-acceptor character.
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CHAPTER VI
PREDICTING OPTICAL AND HOST-GUEST PROPERTIES OF FUNCTIONALIZED CARBON
NANOHOOPS
VI.1. Background
Synthesis of functionalized carbon nanohoops was facilitated by the bottom-up synthetic methods
developed by our lab.2479858693,103,123 Nycleophilic addition of functionalized arenes into functional
benzoquinone or semiquinone building blocks is routine, and thanks to the mild tin reduction conditions'4”
our lab has successfully synthesized a wide range of functionalized carbon nanohoops. We can incorporate
pyridines, pyrimidines, and thiophenes in place of phenylenes and append a range of alkyl or heteroatom
substituents onto the phenylenes.8292 Most carbon nanohoop derivatives are even stable enough to perform
functional group conversions and metal-mediated reactions to derivatize them (Figure VI.1).70.124
Incremental placement of functionalized arenes allowed us to tease out subtle changes in the optical and
electronic properties of carbon nanohoops.”®226 Among these properties we typically highlight the host-

guest interactions, fluorescent properties, and electrochemical redox properties.86.93.95
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Figure VI.1. Typical synthetic route to functionalized cycloparaphenylenes with a variable pyridine in

replacement of a phenylene.
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Cycloparaphenylenes with 10 or more phenylenes are established guests for hosting
fullerenes.95:219.227-232 There is even sufficient literature precedence for hosting functionalized or endotopic
fullerenes, but much fewer examples of functionalized nanohoops hosting fullerenes. As a result, the effect
on the binding constant from appending functional groups is not well-understood. Therefore, we will address
the effect of appending esters and carboxylate groups onto [10]CPP and [12]CPP on their binding affinity
with Ceo and PCsoBM, experimentally and computationally. We also observed host-guest interactions
between CPPs experimentally via fluorescence titrations and computationally following the same methods
with fullerenes and will present the results in the forthcoming sections. Computational experiments can be
used to sample a large set of possible hosts to later explore experimentally.

Due to their bright fluorescence and small band gaps, electrochemical and optical properties of
cycloparaphenylenes and their derivatives are continually being studied to address their performance as a
viable material in future devices. The functional group tolerance of our lab’s methods facilitates
incorporation of redox active groups like fluorenone which can be further functionalized via the ketone on
the fluorenone fragment. Size dependent properties of these nanohoops were investigated experimentally
and computationally via the UV-vis absorbance, emission, DFT, TD-DFT, and cyclic voltammetry in the
following sections. Size dependent and solvent dependent properties can be corroborated with
computational results to highlight a trend in donor-acceptor systems or suggest a suitable synthetic target
to explore experimentally.

VI.2. Synthesis of Water-Soluble Cycloparaphenylene and Their Supramolecular Chemistry in
Aqueous Systems

Supramolecular chemistry specializes in non-covalent interactions (i.e. van der Waals forces,
hydrogen bonds, hydrophobic forces, metal-ligand coordination, efc.) that drive self-assembly and the
construction of complex materials of two or more chemical species. Importantly, since the discovery of
crown ethers as hosts for metals in solution by Pedersen,?3 alongside analogous work by Cram and Lehn,
macrocycles have been a mainstay of supramolecular chemistry, particularly in the area of molecular
recognition.?34235 Common macrocycles used in supramolecular chemistry include cyclodextrins,
cucurbiturils, pillararenes, calixarenes, resorcinarenes and others, and systems produced with these
macrocycles have found countless applications spanning many fields.236-247 |n particular those macrocycles
which can function in water, most notably cyclodextrins (CDs) and cucurbiturils (CBs), offer chemists a tool
for developing a better understanding of the complex but ubiquitous solvent that is water via studying
supramolecular chemistry in aqueous environments. Aqueous supramolecular chemistry has mainly been
governed by the hydrophobic and Hofmeister effects; however, these phenomena are not very well
understood at the molecular level making our understanding of aqueous supramolecular chemistry quite
murky.248.249  Further, due to challenges in synthesizing water-soluble organic compounds, most of this
research still takes place in organic solvents.2%0 Carbon nanomaterials have gained interest as possible
guests to realize their intrinsic properties in an aqueous environment, but due to their carbon-rich nature

are not soluble and covalent methods to solubilize them render their material properties less effective.*
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Despite this, supramolecular studies of CB and CD in aqueous environments has proven lucrative, resulting
in a wide range of applications for these water soluble systems including: drug delivery and solubilization
systems, water purification methods, imaging and sensing, as well as reaction containers for aqueous

synthesis and tools for surface functionalization.237,239,242,243,248-250
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Figure VI.2. Established macrocyclic hosts like cyclodextrins (left) and cucurbiturils (center) have found

utility in aqueous supramolecular chemistry. In contrast CPPs (right), while interesting in their own right,
have found limited use in this area due to their functionally simple structure.

A relatively new family of macrocycles first synthesized in 2008, [n]CPPs were long-standing
synthetic targets due largely to interest in their structure representing a small molecule analogue of armchair
CNTs and their unique optoelectronic properties that arise from the bent phenylene backbone.?' CPPs are
macrocycles composed entirely of para-linked phenylenes and are colloquially dubbed “carbon
nanohoops.” Since the synthesis of nanohoops has been well established, focus has shifted towards their
potential applications and derivatization, including use in supramolecular chemistry. Due to the rigid nature
of these phenylene-based macrocycles, they contain a shape-persistent pore and a radially oriented -
system capable of interacting with complementary guests, such as fullerenes or other carbon
nanostructures.?2'925 |n contrast to macrocycles like CBs and CDs, nanohoops are selective to guest
molecules with large 1 systems or C-H bonds in favorable alignment to the nanohoop -system (i.e. -1
stacking, cation-1r, anion-1r, or CH-1T interactions), which has allowed them to differentiate between larger
guests that CBs and CDs do not bind well. Since their initial synthesis, researchers have developed
methods to access a variety of functionalized nanohoops including m-extension of the backbone,??
installation of electron-donor and -acceptor groups’%8¢ or pendant halides,?52 and heteroatom doping,? all
of which can alter the optoelectronic and supramolecular properties.

Tailoring the supramolecular properties of nanohoops via derivatization of the parent structure has
proven quite effective.?5 In particular, nanohoops with appended electron-donating or with-drawing groups

has proven a successful route to tailoring their molecular recognition properties. For example, two
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independent studies on dimethoxybenzene-containing nanohoops have illustrated that incorporation of this
electron-rich functionality allowed for complexation with cationic small molecules via cation-m and CH-1r
interactions.253254 A recent publication by the von Delius group details the binding affinity for Ceo in
aza[10]CPP and N-methylaza[10]CPP, concluding that the methylated CPP has a lower affinity due to the
steric hinderance by the N-methyl group. Work from our lab in 2019 also illustrated that strategic
incorporation of perfluoroarenes into the nanohoop backbone allowed for the creation of supramolecular
CNT mimics via arene-perfluoroarene interactions.?52 Inspired by these successful efforts and the general
interest in aqueous-based supramolecular chemistry, herein we present the synthesis of the first completely
water-soluble CPP derivatives with which we can explore host-guest interactions of these pi-conjugated
materials driven by the hydrophobic effect in aqueous media.

VI1.2.1. Results and discussion

For this work, we first targeted a water-soluble [10]CPP derivative, due to its well-studied size-
dependent interaction with Ce0.227:25%2%6 We initially envisioned that solubility could be conferred from
pendant sulfonate groups, inspired by the synthesis of the first biocompatible disulfonate-[8]CPP in 2018.1%°
Due to the increase in nanohoop size, as well as the tendency of the disulfonated nanohoop to crash out
of solution upon standing, we sought to investigate more effective and synthetically accessible solubilizing
groups. We then found that installation of a robust ester group could readily be saponified to the carboxylate
functionality.

Tetra-ester[10]CPP VI.1 was saponified to obtain tetra-acid[10]CPP VIL.2. From here, simple
deprotonation of the acid-functionalized hoop with aqueous NaOH vyields a fully water soluble nanohoop.
Importantly, the water-soluble carboxylate-derivative VI.2*, retains its fluorescence in water with a Amax of
470 nm. To account for the potential steric encumbrance around the nanohoop pore created by carboxylic
acid substituents, and to enhance the solubility of the fullerene complexes, we next considered that a larger,
more substituted [12]CPP derivative may fare better in aqueous studies. Using the same synthetic approach
with ester-functionalized phenylenes, hexa-ester[12]CPP VI.3 was made and saponified to reach hexa-
acid[12]CPP V1.4 which was completely soluble in water after deprotonation to VI.4*, emitting with a Amax of
450 nm (Scheme VI.1). To determine whether our water-soluble nanohoop would still bind Ceo in aqueous

media as predicted, fluorescence titrations were attempted via the method published by Yamago et al.??
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Scheme VI.1. Conversion of tetra-ester[10]JCPP VI.1 to tetra-carboxylate[10]CPP VL2 and hexa-

ester[12]CPP VI.3 to hexa-carboxylate[12]CPP V1.4 with inlays of their emissive properties in water.

It should be noted that alternate titration methods were also considered or attempted but were
insufficient; NMR analysis is not sensitive enough to analyze associations of magnitudes greater than 108
M-, and ITC studies were prohibitive due to the partial precipitation of both Ceo and nanohoop-Ceo
complexes resulting in irregular data over multiple trials. Additionally, these experiments were carried out
with phenyl-Cs1-butyric acid methyl ester (PCBM, a more soluble Ceo derivative) as the guest molecule. In
order to carry out titrations in aqueous media, solubility of both the host and guest must be achieved at the
concentration regime of the experiment, which meant the use of co-solvents to work with fullerenes; the

results are summarized in Table VI.1 below.

Host HostID Guest Solvent K, (M)

1% | [10]CPP = Ceo Toluene 2.79 (£0.03) x 10°
2 | [10]CPP - PCBM  Toluene 8.82 (£0.04) x 10°
3 |(co,),-[10]cPP 2% Ceo 20% EtOH/H,0  2.03 (+0.52) x 106
4 | (CO,),-[10]CPP 2% PCBM  20% EtOH/H,O0 1.78 (+0.29) x 10’
5 | (CO,Et),-[10]CPP 1 PCBM  DMSO 2.19 (£0.34) x 10*
6 | [10]CPP - [SICPP  Toluene 6.91 (+1.54) x 10°
7 | (co,),-[10]cPP 2% [5]CPP  H,O 3.20 (+1.01) x 105
8 | (co,),[10]cPP 2% [7]CPP  H,0 1.64 (+0.43) x 106
9 |(co,),-[10]CPP 2% [9]CPP  H,O N/A

Table VI.1. Summary of titration results with [10]CPP, 1, and 2* with fullerene and nanohoop guests in
varied solvents with associated binding affinities.
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In general, titrations with Ceo not performed in toluene (Table VI.1 entry 3) were plagued by larger
error, which is likely due to poor solubility of the complexes especially at higher concentrations. Despite
this, we see that in the aqueous mixture the affinity for Ceo is maintained (Table VI.1 entry 1 vs 3); however,
PCBM—uwith its enhanced solubility over Ceo—in general resulted in more reliable titration data and led to
an order of magnitude increase in affinity between the host-guest pair (Table VI.1 entry 4). Based on this
result, we wanted to assess the broad utility of the hydrophobic effect as a means of driving host-guest
interactions with nanohoops in water, and next turned our attention to the creation of nanohoop ring-in-ring
complexes. While these types of complexes have been studied via theoretical models,256:257 there is far less
evidence for their formation experimentally,258-260 |ikely in large part due to their decreased association
affinity (on the order of 10'-2) as reported by Yamago et al.25'

We found that fluorescence titrations once again led to characteristic fluorescence quenching as a
function of guest concentration. As an initial test, we once again started with titrations in toluene using the
parent [10]CPP host and were surprised to find the fluorescence quenching suggested higher association
than previously reported (Table V1.1 entry 6) based on NMR chemical shifts reported in literature. Next, we
assessed the affinity of [5] and [7]-[9]CPP in water. Unsurprisingly, the smaller nanohoop guests were more
readily solubilized in water than fullerenes, and therefore all ring-in-ring complexes created with water-
soluble host 2* were carried out in water without the use of co-solvents. Interestingly, we saw that [5]- and
[7]1CPP were at least partly solubilized by our water soluble [10]CPP 2* (Table V1.1 entries 7 and 8), which
was seen visually by the slow change in color from clear to yellow of each solution, as well as a measurable
decrease in fluorescence with the sequential addition of guest CPP. In contrast, theoretical work has
repeatedly predicted the ideal guest size for [n]CPP being [n-5]CPP (e.g. [10]CPP>[5]CPP) based on
optimized vdW interactions. This suggests that alternate orientations of the host and guest nanohoops are
likely possible to accommodate a wider range of sizes. Importantly though, we see no quenching and
assume no host-guest interactions when titrations are attempted with [9]JCPP (Table VI.1 entry 9) as this
guest is only one phenylene unit smaller than the host and, regardless of orientation, too large to be hosted
adequately by 2*.

With the success of ring-in-ring complex formation in water, we wanted to further assess the broad
viability of the hydrophobic effect as a means for driving guest association with nanohoop hosts. In
particular, while the high association constant of the [10]CPP>fullerene systems measured in toluene was
retained in aqueous media, we had initially expected an increase in association due to the hydrophobic
effect driving the fullerenes into the pore of the nanohoop. With the hexacarboxylate-functionalized [12]CPP
having a larger pore and more solubilizing groups, we repeated the fluorescence titrations with both
fullerene compounds and smaller nanohoops, and we found that the association with Cso increased when
compared to titrations with the parent [12]CPP in toluene (Table V1.2 entry 10 vs 11). Most excitingly, we
were able to measure the association of 4* and PCBM at 1.53x108 M- in only water without the use of any
cosolvents (Table VI.2 entry 13). Next we carried out titrations with [6]-, aza-[6]-, [7]- and [9]CPP.
Unsurprisingly, the water-soluble derivative of [12]CPP 4* was able to host [9]CPP (Table 2-16) where 2*
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failed to do so. The most interesting finding from all of the ring-in-ring complexes formed in water was that
for both sizes of host, the guest with the highest affinity was larger than the guest predicted to have the
best fit in previous works - the optimal pairs are [10]CPP>[5]CPP and [12]CPP>[7]CPP, however the water
soluble [12]CPP2[9]CPP (Table VI.2 entry 16) had higher Ka values by at least half an order of magnitude

in water.

Host HostID Guest Solvent K, (M?)
10 | [12]CPP = Cso Toluene 1.01 (£0.11) x 106
11 | (CO,)e-[12]CPP 4* Ceo 20% EtOH/H,O0 1.85 (+0.46) x 106
12 | (CO,)q-[12]CPP 4* PCBM 20% EtOH/H,0 1.63 (+0.29) x 107
13 | (CO,)e-[12]CPP 4* PCBM Water 1.53 (+0.24) x 10°
14 | [12]CPP = [7]CPP Toluene 6.67 (+0.21) x 10°
15 | (CO,)e-[12]CPP 4* [7]cpPP H,O0 9.83 (+1.27) x 10°
16 | (CO,)q-[12]CPP 4* [9]CcPP H,0 3.55 (+0.95) x 108

Table VI.2. Summary of titration results with [12]JCPP and 4* with fullerene and nanohoop guests in water
and their associated binding affinity.
VI1.2.2. Computational results

In an attempt to better understand these unexpected results that we obtained during titrations, we
turned to DFT generated models of our water-soluble nanohoop and fullerene-complexes (see Sl, section
4.) The interactions of the host CPP with each respective guest were calculated following published
computational methods using solvation parameters for water in equilibrium. Multiple initial geometries were
considered and the optimized structures with the most encapsulation or “Saturn-like” arrangement were
used herein. Geometry optimizations support the interactions of host-guest complexes not already explored
experimentally. Multiple ring-in-ring complexes form the “Saturn-like” complexes discussed in literature, and
they present distortion and interaction energies within a similar range of their all-carbon counterparts.
Distortion of the cycloparaphenylene backbone can support the binding of unconventional guests by
contorting to increase t-contacts with the nanohoop. We measured the diameter of 2* and 4* for each
guest and summarized the results in Table VI.3 in Angstroms. Figures VI.3 and VI.4 show how the
diameters of the nanohoops were measured from the computed geometries of hexa-
carboxylate[12]CPP>C60 and tetra-carboxy[10]CPP>C60, respectively. Since larger nanohoops are less
strained and, as a result, more flexible, they can accommodate and bind a larger selection of guests.
However, the distortion of the larger nanohoops would impart a larger energetic cost to the interaction.
Therefore, larger nanohoops will have a larger range of binding affinities for a given host unlike smaller
nanohoops which bind a smaller selection of guests with a narrow range of affinities.

The distortion and interaction energies summarized in Table VI.3 are used to compare the
interaction energy of tetracarboxylate[10]CPP>Ceo (-58.32 kcal/mol) with other complexes, offering
supporting evidence of host-guest interactions and benchmarking relative affinities of the interaction.

Further computational experiments could identify suitable host-guest combinations within the regime of the
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experimental examples discussed herein. Design of Matryoshka-like systems and multi-walled nanotube-
nanoring can be further justified if the predicted binding affinities are within range of experimentally
determined values.?5° In-line with our experimental results, we saw that the host nanohoops, especially in
the case of 4* were able to distort their naturally spherical geometry to more ovular geometries in order to

maximize vdW interactions with smaller guest molecules like Ceo.

Host Guest Distortion of host (A) [x, y] Einteraction (Kcal)
2* Ceo [-0.048, 0.137] -58.32
4* Coo [-2.196, 1.767] -41.67
4% [6]CPP [-0.253, 0.229] -53.01
4* [7]CPP [-0.497, 0.176] -57.87
a4* [8]CPP [-1.552, 1.401] -56.04
4* [9]CPP [0.174, -0.154] -49.25
4* [10]CPP [-0.515, 0.321] -48.04

Table VI.3. Summary of interaction energies for the predicted host-guest complexes and their distorted
diameters as illustrated in Figures V1.3 and VI.4 in Angstroms.

Figure VI.3. DFT models of 4* and 4*5Ceo in water highlighting the deformation of the larger nanohoop to

optimize vdW interactions between host and guest.

Figure VI.4. DFT models of 2* and 2*5Ceo in water illustrating the tig'ht'b‘inding of the complementary -

surfaces to optimize vdW interactions between host and guest.
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V1.2.3. Conclusion to host-guest properties

The development of water-soluble carboxylate-functionalized nanohoops has allowed for exploration of a
supramolecular interaction new to nanohoops: the hydrophobic effect. Excitingly, this hydrophobic driving
force seems to be a broadly applicable strategy for creation of nanohoop host-guest complexes. Importantly
for nanohoop-supramolecular complexes outside of those with fullerenes, exploitation of the hydrophobic
effect has a large impact on the association affinity of these complexes with Kas for ring-in-ring structures
increasing by more than 4 orders of magnitude. In addition, studying these complexes in water offers an
opportunity to learn more about the nature of -1 interactions in aqueous media which could have broader
utility in the world of supramolecular chemistry. Based off the successes discussed herein, in the future we
hope to explore more host-guest interactions of nanohoops in water, including the use of functionalized
nanohoop guests like fluorinated- and methylated-aza[n]CPPs. Additionally, very recent work from the
Bruns group has shown that small molecule polycyclic aromatic hydrocarbons can also interact with
nanohoop hosts via CH-1T interactions.?62 Based on this work, guests like corannulene and coronene should
fit well with the water-soluble hosts discussed herein and provide further evidence of broad applicability of
the hydrophobic effect for driving host-guest complexation of nanohoops.

VI1.2.4. Experimental details (computational)

All computations were performed with the Gaussian 09 suite.® The structures were optimized at
wB97X-D/6-31G(d,p), a density functional that accounts for dispersion.?63 Keywords “NoSymm” were
added to account for redundant displacement. All results were solvated using the self-consistent reaction
field using the default Polarizable Continuum Model method with the dielectric constant for water. For
optimization of the supramolecular complexes, the guest molecule (Cso, [N]CPP or corannulene) was placed
in proximity to the host molecule (“carboxylate[n]CPP”) and then optimized to an arbitrary minimum.
Generally, all obtained structures represent a local energy minimum giving rise to only real vibrational
frequencies, and those most closely resembling the previously predicted “planetary orbit” geometries are
reported herein (Figure VI.5).
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4*>[6]CPP 4*o[7]CPP 4*>[8]CPP

4*>5[9]CPP 4*5[10]CPP

Figure VI.5. Geometries of the ring-in-ring complexes optimized computationally using Gaussian 09 at the
wB97X-D/6-31G(d,p) level of theory and the self-consistent reaction field using the default Polarizable
Continuum Model method with the dielectric constant for water.
VL.3. Synthesis and Properties of Fluorenone-containing Cycloparaphenylenes and Their Late-
Stage Transformations

Macrocyclic conjugated systems containing donor-acceptor (D-A) moieties have become of
increasing interest in recent years as they are being explored for potential applications in organic
electronics,?64-266 in photodetectors,?8” and in photovoltaics.?88 Conjugated macrocycles with radially
oriented m-systems are rather rare and less studied. CPPs belong to this subdivision; they are cyclic
molecules consisting of paraphenylene units linked together into a hoop and are the smallest possible
armchair carbon nanotubes, so-called nanohoops.?' They exhibit absorption and fluorescence properties
that can be tuned by the number of phenylene units, alternate linkages (para vs meta) along with various
functionalizations along the peripheries.140.269-273

CPPs are continuously being explored by introducing a range of structural components into the
nanohoop backbone,*273-277 by incorporation into larger structures, 23214278 or by bridging the phenylene
rings with either carbon atoms or heteroatoms.8%.96.97.279-284 Tg date, however, very few structures have been
reported where phenylene units within the ring are replaced by electron rich or poor heteroaromatic or fused
ring systems of donor (D) or acceptor (A) character.2578.79.83.86.95 Dye to the bending of the backbone of the
CPPs, the associated HOMO energies are elevated, which in turn makes the pi-backbone an inherent

donor.2%® By introducing an electron acceptor unit within the nanohoop, D-A motifs can accordingly be
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obtained.?879.83.86.95 |ndeed, D-A nanohoops often show interesting optical properties, such as redshifted
absorption and emission bands.

Some D-A conjugated nanohoops that have been reported to date are shown in Figure VI.6,
including Me-Py[n]CPP-OTf (n =8, 10),7°% BT[10]CPP.,’¢ TT-F[10]CP,% AQ[12]CP,’® and TCAQ[12]CP,"®
with Py = pyridinium, BT = benzothiadiazole, TT = tetrathiophene, AQ = anthraquinone, and TCAQ =
tetracyanoanthraquinodimethane. More structures which can be considered D-A nanohoops have been
synthesized,80.81.84.87.285 Kt for the purpose of this work we have chosen to focus on nanohoops in which
only one acceptor unit is incorporated and where the donor is the CPP m-backbone. Here TT-F[10]CP (F =
fluorenone) is, however, an exception as it has thiophene units integrated as electron donors. Moreover,
while nanohoops AQ[12]CP and TCAQ[12]CP maintain an all-phenylene backbone as the donor, the radial

conjugation is actually ‘broken’ for these by cross-conjugation.

Cyclo[n]paraphenylene Electron acceptors
o]
[n]CPP F FM
n=m+9 9H-Fluorenone 2-(9H-Fluoren-9-ylidene)malonnonitrile
Donor-acceptor conjugated nanohoops This work
Me-Py[8]CPP-OTf, m = 1 !
Me-Py[10]CPP-OTf, m = 3 BT[10]CPP : FI9ICPP, m = 1

F[11]CPP, m=3

X = 0, AQ[12]CP § FM[9]CPP, m = 1 ;
TT-F[10]CP X = C(CN),, TCAQ[12]CP I FM[11]CPP, m =3

Figure VI.6. Top: [n]Cycloparaphenylene ([n]CPP) and the electron acceptorsselectedforth|s study.
Bottom, left: Known donor-acceptor conjugated nanohoops. Bottom, right: New structures described herein.
Number in brackets corresponds to the number of aromatic rings in the nanohoop. CPP stands for
cycloparaphenylene (phenylene in this case meaning aromatic ring, e.g. pyridinium, benzothiadiazole), CP
just stands for cyclophenylene as not all rings in the structures are para-substituted (phenylene in this case
meaning aromatic ring, e.g. thiophene).

The limited number of donor-acceptor CPP compounds makes it difficult to generalize what controls
optical properties. Specifically, the BT unit results in a redshifted emission and high quantum yield,8®
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whereas the TCAQ unit induces an even more redshifted emission, but now with a drastically diminished
quantum yield.”® With the Me-Py unit integrated, the CPP is likewise nearly non-emissive in the case of Me-
Py[8]CPP-OTf.”® Upon a size-increase to Me-Py[10]CPP-OTf% a significant blueshift of the emission is
observed in agreement with the general size-dependent properties of [n]CPPs.'#0 When it comes to redox
properties, establishment of correlations between redox potentials as a function of ring size of donor-
acceptor CPPs is suffering from either lack of reported oxidations (as is the case of Me-Py[8]CPP and Me-
Py[10]CPP) or an irreversible reduction (Me-Py[10]CPP).

More structures clearly need to be investigated to rationally design donor-acceptor nanohoop
structures for various applications. The overall aim of this paper is therefore to systematically elucidate the
effects of the fluorenone and the related acceptor motif 2-(9H-fluoren-9-ylidene)malononitrile (FM) in
radially conjugated CPPs with an all-phenylene backbone as the donor. We present here the synthesis of
four such new CPPs of two different sizes and with one of two different acceptor units. Specifically, we have
synthesized two sizes of CPPs with 9 and 11 phenylene-rings of which two are bridged by a carbonyl moiety,
corresponding to the incorporation of a 9-fluorenone within the backbone. The fluorenone both serves as
an acceptor, but also as a convenient synthetic handle for further functionalization, which was exemplified
with the Knoevenagel reaction by introduction of the strongly electron-accepting malononitrile unit. This
yielded the series of four compounds shown in Figure V1.6 (bottom, right).

VI.3.1. Results and discussion

With the two new F[n]CPPs (n = 9, 11) in hand, the introduction of dicyanovinylidene units was
accomplished by subjecting F[9]CPP and F[11]CPP to Knoevenagel condensations with malononitrile in
the presence of TiCls (Scheme V1.2).78 Gratifyingly, these reactions gave in high yields the fluorenylidene-
malononitrile-containing FM[n]CPPs (FM[9]CPP 80%, FM[11]CPP 95%).

RN SRS
QQ =

FI9ICPP (m = 1)

F[11]JCPP (m =3) FM[9]CPP (m = 1) 80%
FM[11]CPP (m = 3) 95%

Scheme VI.2. Synthesis of FM[n]CPPs (n = 9, 11) by Knoevenagel condensations.

VL.3.2. Experimental and theoretical absorption and fluorescence results

The optical properties of the new D-A nanohoops were explored in order to determine whether
these differ from the simple addition of spectra of the parent compounds or whether new properties arise
by the fusion. The UV-Vis absorption spectra of all four compounds in CH2Clz2 show a similar and intense
absorption peak around 330-340 nm (Figure VI.8). Similar transitions are observed in the parent [9]- and
[11]CPP. However, a new red-shifted low-intensity transition emerges around 500-600 nm, which is neither
observed for [9]CPP, [11]CPP, fluorenone (F) nor 2-(9H-fluoren-9-ylidene)malononitrile (FM). Thus, this
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feature is not intrinsic to any of the individual building blocks, but of an emergent feature of the D-A system.
This lowest electronic transition is expected to have a large degree of charge-transfer character on account
of the donor-acceptor nature of the nanohoops. The calculated HOMO and LUMO orbitals dominating the
first transition, shown in Figure V1.7, supports this hypothesis as the HOMO is largely localized on the PP
fragment and the LUMO on the acceptor (using the Gaussian 09 program package and the B3LYP/def2tzvp
level of theory'%6). The limited orbital overlap (i.e., atoms sharing both orbitals) suggests only a weak
oscillator strength in agreement with the low experimental molar absorption coefficients £~2 x 103 M-'cm-!
of the CT transition. The nature of this band was further investigated by recording spectra in solvents of
different polarities: CH2Clz, toluene, and DMSO. The shoulder follows the polarity of the solvent with the
lowest-energy absorption occurring in DMSO. The nature of the low-energy CT transitions was investigated
further using emission spectroscopy for F[9]CPP and F[11]CPP. Compounds FM[9]CPP and FM[11]CPP
are non-emissive and thus were not further analyzed. The emission spectra of F[9]CPP in a range of
solvents are shown in Figure V1.9. Neither compound F[9]CPP nor F[11]CPP are strong emitters, in line
with their donor-acceptor characters. Compound F[11]JCPP has a higher relative fluorescence quantum
yield, roughly by a factor of 2 vs F[9]CPP, but the same trends were observed for both F[9]CPP and
F[11]CPP. A significant redshift in the emission compared to the parent compounds ([9]-, [11]CPP and F)
is observed, which is attributed to a charge-transfer state. The emission also shows solvent dependence.
Emissions in the polar solvents DMSO and CH:Cl: are very similar even though their difference in polarity
is significant. The emission in toluene and heptane is more blue-shifted in agreement with solvent polarity
effects. Finally, the emission maxima in chlorobenzene lie in-between the others, in agreement with the
solvent polarity, where the overall trend in lowering of the emission energy in more polar solvents is
observed. The trend observed in relative quantum yields (toluene > heptane > chlorobenzene > DMSO >
CH2Cl2) matches the trend in fluorescence lifetimes. This suggests that changes in fluorescence intensity
is mainly due to the increase in non-radiative relaxation in the more polar solvents.

[9]CPP F[9]CPP FM[9]CPP

Figure VI.7. FMOs of [9]CPP, F[9]CPP, and FM[9]CPP calculated at the B3LYP/def2TZVP level of theory.
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Figure VI.8. UV-Vis absorption spectra of compounds F[9]CPP (blue), F[11]JCPP (green), FM[9]CPP (red),
and FM[11]CPP (purple) in dichloromethane. Insert: Zoom of most red-shifted absorption bands.
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Figure VI.9. Emission spectra of compound F[9]CPP in toluene (green), heptane (5% CH2Cl2) (pink),

chlorobenzene (purple), DMSO (red) and CH2Clz (orange). All compounds were excited at 450 nm.
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VL1.3.3. Experimental and theoretical electrochemical results

To further elucidate the donor and acceptor strengths of the compounds, the four macrocycles were
subjected to electrochemical experiments. Cyclic voltammograms of F[9]CPP, F[11]CPP, FM[9]CPP, and
FM[11]CPP are shown in Figure VI.10, and the electrochemical data summarized in Table V1.4, along with
the data for F, FM, [9]- and [11]CPP. The electrochemical experiments revealed an oxidation event that
turned out to be dependent on ring size rather than acceptor strength, with the oxidations occurring at
higher potential for the larger rings. Oxidations are also observed for the parent [9]- and [11]CPPs, at
slightly lower positive potentials, suggesting that the incorporation of accepting units makes the oxidization
slightly harder. This is in good agreement with the computational results showing that the energy of the
HOMO is largely contributed to by the phenylene backbone, and that the energy level of the HOMO is
higher for smaller rings, allowing for easier oxidation, as shown in Figure VI.11. All compounds show
reversible reductions at similar potentials to that of F and FM, with respect to their incorporated acceptor,
again in agreement with the fact that the acceptor is the main contributor to the LUMO energy level, as
shown in Figure VI.11. It is noteworthy, however, that the fluorenone is a stronger acceptor when introduced
in the CPP nanohoops, and at the same time the acceptor strength increases with ring size (F[9]CPP vs
F[11]JCPP). Less significant differences in acceptor strengths are seen for the FM, FM[9]CPP and
FM[11]CPP compounds.

20 F =
- F[9]CPP |
1ol I ] ]
ok i
10k i
201 F[11]CPP ]
10 ]
—~ O B .
E L 4
S -0 -

\E/ [ + + + + + + +
S 10| FMIOICPP ]
0+ ﬁ |
10k i
20 — + + + —
- FM[11]CPP |
10 .
0 ﬁ -
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Figure VI.10. Cyclic voltammograms of compounds F[9]CPP (blue), F[11]CPP (green), FM[9]CPP (red),

and FM[11]CPP (purple) in CH2Clz at 0.5 mM; supporting electrolyte: 0.1 M BusNPFs, scan rate: 0.1 V/s.

All potentials are depicted against the Fc/Fc* redox couple.
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Compound Ey/V Ee/V Eg4/V E41!V
F -1.80 -2.36l - -

FM -1.20 -1.79 - -
F[9]CPP -1.75 -2.16M[ 0.77 -
F[11]CPP -1.67M[ -2.08M[@ 0.86 -
FM[9]CPP -1.22 -1.71 0.79 1.140a

FM[11]CPP -1.19 -1.690[ 0.85l°] -
[9]CPPU - - 0.72 -
[11]CPPL] - - 0.83 -

Table VI.4. Electrochemical data from differential pulse voltammetry of compounds F, FM, F[9]CPP,
F[11]CPP, FM[9]CPP, M[11]CPP, [9]CPP and [11]CPP in CH2Cl2; potentials in volts vs Fc/Fc*;
concentrations of 0.5 mM; supporting electrolyte: 0.1 M BusNPFs. [a] Irreversible redox event. [b] Not
perfectly reversible. [c] Ref. 286, recorded in 1,2-dichloroethane, V versus Fc/Fc*, supporting electrolyte:
0.1 m BusNPFe.

0 -
[9]CPP
< 241 F  FICPP
O R il FM[9]CPP  FM
3 — g ren e _LUMO
o 4
c
L]
6 o T
— HOMO

Figure VI.11. Calculated HOMO (orange) and LUMO (blue) energies for compounds F, FM, F[9]CPP,
FM[9]CPP and [9]CPP. Arrows indicate contributing orbitals to the HOMO and LUMO energies of the fused
compounds F[9]CPP and FM[9]CPP. Orbital energies were calculated at the B3LYP/def2tzvp level of
theory. Similar observations are observed for the compounds F[11]CPP, FM[11]CPP, and [11]CPP (see
Table VI.5).
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Compounds FM[9]CPP and FM[11]CPP both show a second reduction event similar to that of FM;
however, in the case of FM[11]CPP it is irreversible. The difference in potential between the first reduction
event and the first oxidation event is shown in Table VI.5; it transpires that the gap is largely dependent on
the acceptor, and no significant change is observed by the expansion of the rings. This difference in
potentials is in good agreement with the optical gap calculated from the shoulder peak (shown in the insert

of Figure VI.8) as well as the calculated HOMO-LUMO gap, as summarized in Table VI.5.

Compound HOMO/eV LUMO/eV Eg,comp/€V  Eox—Ereq! VP Egnouider | €V
F -6.55 -2.71 3.85 N/A -

FM -6.68 -3.46 3.22 N/A -
F[9]CPP -5.54 -2.76 2.78 2.52 2.66
F[11]CPP -5.57 -2.77 2.80 2.53 2.7
FM[9]CPP -5.57 -3.43 215 2.01 2.18

FM[11]CPP -5.61 -3.44 217 2.04 2.24
[9]CPP -5.55 -2.19 3.26 N/A -
[11]CPP -5.54 -2.13 3.40 N/A -

Table VI.5. Experimental and computational (comp) values. [a] From Table 1. [b] Energy of shoulder from
longest-wavelength absorption.

In order to better understand the electrochemical and photophysical observations, the energies of
the molecular orbitals were calculated at a B3LYP/def2tzvp level of theory. The calculated frontier orbitals
support the proposed D-A character, as the acceptor dominates the contribution to the LUMO energy; the
LUMO energy of F is very close to that of F[9]CPP and F[11]JCPP, and the same is observed for the FM,
FM[9]CPP and FM[11]CPP series. These observations are illustrated in Figure VI1.11 and summarized in
Table VI.5. Similarly, the energy of the HOMO orbital is dependent on the all-phenylene backbone as the
energies do not deviate much from that of the parent structures [9]- and [11]CPP. As a result of the above,
we see a significant reduction of the calculated HOMO-LUMO gap, which is supported by both the
electrochemical and photophysical measurements.

VI1.3.4. Conclusion to optoelectronic properties

In conclusion, four new radially conjugated donor-acceptor based CPPs of varying acceptor
strengths (9-fluorenone vs 2-(9H-fluoren-9-ylidene)malononitrile) and donor strengths (two different ring
sizes) were prepared, namely the macrocycles F[9]CPP, FM[9]CPP, FM[9]CPP, and FM[11]CPP. High-
yielding, late-stage functionalizations of the carbonyl-bridged F[n]CPPs by Knoevenagel reactions with
malononitrile were successfully demonstrated, and the identities of the CPPs were confirmed by X-ray
crystallographic structures, revealing slightly elliptical structures and a slight tilting of the fluorenylidene
units towards the inside of the ring.

A new, characteristic absorption band was attributed to the D-A character of these compounds,
which was supported by computational data as well as fluorescence emission data for the fluorenone CPPs.

Furthermore, electrochemical and computational results suggest that the phenylene backbones contribute
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to the HOMOs of the new systems and that the incorporated acceptors contribute to the LUMOs.
Gratifyingly, all four CPP compounds exhibited reversible reductions and quasi-reversible oxidations,
illustrating their convenient multi-redox characteristics. We anticipate that the late-stage functionalization of
the fluorenone-incorporated CPPs can lead to a range of new systems as the ketone functionality provides
an excellent handle for further derivatization without breaking radial conjugation.

VI1.3.5. Experimental details (computational)

Using Gaussian09 software, computations were performed using Density Functional Theory (DFT)
at the CAM-B3LYP/def2-TZVP level of theory.'% All results were solvated using the self-consistent reaction
field using the default Polarizable Continuum Model method with the dielectric constant for
dichloromethane, dimethyl sulfoxide, or toluene, respectively. Excited-state calculations were performed
using Time-Dependent DFT (TD-DFT) with the ground state optimized geometry. Absorption and emission
profiles were calculated as vertical energy transitions using “NSTATES=6" for the first 6 lowest-energy
transitions. Orbital energy calculations were collected at the B3LYP/def2-TZVP level of theory;
dichloromethane solvation was included via the default Polarizable Continuum Model method. GaussSum
was used to generate calculated spectra available in the Supporting Information (thermal broadening set
to 1500 cm-").287 All output files are available at:
https://figshare.com/projects/Supporting_information_of computational_results_for_Synthesis_and_Prop
erties_of Fluorenone-containing_Cyclo-paraphenylenes_and_Their_Late-Stage Transformation/170619
VI1.4. Co-authored content

The work in section V.2 was co-authored with Dr. Claire Otteson and Prof. Ramesh Jasti and is
being prepared for submission. Section V.3 was co-authored with Viktor Pedersen, Dr. Nicolaj Kofod, Dr.
Bo Laursen, Prof. Ramesh Jasti, and Prof. Dr. Mogens Nielsen and published under the title “Synthesis and
Properties of Fluorenone-containing Cycloparaphenylenes and Their Late-Stage Transformation” to
Chemistry, a European Journal.”® In section V.2, Dr. Claire Otteson performed all the synthesis, gathered
all the experimental data, and drafted the majority of the manuscript. The figures were drafted with most
work done by Dr. Otteson. | performed all the computational experiments, assisted with the computationally
relevant figures, wrote the computational sections, and helped with editing. Prof. Ramesh Jasti edited the
manuscript in preparation. In section V.3, Viktor Pedersen performed the all the synthesis, drafted most of
the figures, and drafted most of the manuscript. Dr. Nicolaj Kofod collected all the optical data. | performed
all the computational experiments, drafted computationally relevant figures, and helped with editing. Dr. Bo
Laursen, Prof. Ramesh Jasti, and Prof. Dr. Mogens Nielsen edited the manuscript.

VI.5. Bridge to Conclusion

This exhaustive demonstration of the utility of computational chemistry to describe a variety of
optoelectronic, reactive, and strain-related properties illustrates the need to continue modeling nanohoop
structures to predict these properties and motive the development of functionalized nanohoops. Continued
development of nanohoop syntheses will present an opportunity for their applications in future devices, but

computational investigation can help narrow the range of target molecules to study first.
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CONCLUDING REMARKS

Overall, development of future materials will rely on the continued development of novel organic
materials. As the number of carbon structures are catalogued, introduction of nitrogen atoms diversifies the
type of structures and electron accepting character by quaternization of the nitrogen center. Computational
chemistry is a powerful tool to explore possible structures within the realm of synthetic reason to target
structures with intrinsically interesting electronic properties that differ from their all-carbon counterparts.
This will remain a necessary step in future research as a way to narrow down the ever-expanding library of
possible electronically active organic molecules. Computational methods have continued to serve

experimentalists in order to explain differences in electronic properties and chemical reactivities.
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