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DISSERTATION ABSTRACT
Matthew Ross Golder
Doctor of Philosophy
Department of Chemistry and Biochemistry
September 2015

Title: Synthesis and Characterization of Small Molecule Carbon Nanotube Fragments

Cycloparaphenylenes (CPPs) can be considered the smallest possible fragment of
an armchair carbon nanotube (CNT), yet they were envisioned as synthetic targets almost
70 years before CNTs were discovered. Having succumbed to total synthesis in the past
decade, these strained carbon-rich macrocycles, as described in Chapter I, have emerged
as both interesting materials for applications in organic electronics as well as promising
candidates to seed the “bottom-up” growth of CNTs. Herein | first report methodology
that has facilitated the rapid construction of CPPs from simple building blocks as well as
the current limitations to access functionalized CPPs with these strategies in Chapter 11.
With the ability to access CPPs in unprecedented quantities, some interesting physical
organic properties were revealed through oxidation and subsequent optoelectronic
characterization in Chapter I11. Efforts then turned towards the synthesis of more rigid
CNT fragments in Chapters IV and V, resulting in the synthesis of two [8]CPP dimers,
(3,10)-dibenzo[a,h]anthracene-nanohoop and (2,11)-dibenzo[c,m]pentaphene-nanohoop.
Lastly, progress towards [n]cyclophenacene, an aromatic belt, is presented.

This dissertation contains both previously published and unpublished co-authored

material.
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CHAPTER I

CYCLOPARAPHENYLENE SYNTHESIS AND CHARACTERIZATION

This chapter is based on a review published in Accounts of Chemical Research
(February 2015). I wrote the original manuscript as it appears below, notwithstanding
edits to shorten the Abstract. Editing was provided by Prof. Ramesh Jasti.

Chapter 11 is based on both published and unpublished work. Dr. Thomas Sisto
was involved in 11.2.2 and was a co-author on a publication in Journal of the American
Chemical Society (September 2011). Dr. Xia Tian, Han Xiao, and Dr. Paul Evans
contributed in 11.3 as mentioned. Editing was provided by Prof. Ramesh Jasti.

Chapter 111 is based on published work in Chemical Science (August 2013). |
performed the experiments and co-author Prof. Bryan Wong (UC Riverside) performed
the majority of the computations in this chapter. Editing was provided by Prof. Ramesh
Jasti.

Chapter 1V is based on both published work in Journal of the American Chemical
Society (November 2012) and unpublished work. Experimental work and TD-DFT
computations were performed by co-author Dr. Jianlong Xia and myself. All other
calculations were performed co-authors by Dr. Michael Foster (Sandia National
Laboratory) and Prof. Bryan Wong (UC Riverside). Dr. Jeffery Bacon (Boston
University) conducted the X-ray crystallography analysis. Editing was provided by Prof.
Ramesh Jasti.

Chapter V is based on unpublished work. Dr. Thomas Sisto and Jessie Zhen
(Boston University) provided assistance in the synthesis of starting materials for V.4.1.

and V.5. In V.5., Prof. Bryan Wong (UC Riverside) performed ground-state energy
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computations and Dr. Lev N. Zakharov conducted the X-ray crystallography analyses.

Editing was provided by Prof. Ramesh Jasti.

The design and construction of unique non-natural products have fascinated and
perplexed organic chemists for years. Their assembly, akin to what has been
accomplished for the total synthesis of natural products, has stretched the limits of what
can be prepared in the laboratory. Unlike many natural products, however, carbon-rich
structures often lack heteroatoms, further complicating their construction. Amongst the
carbon rich structures, geodesic polycyclic aromatics such circulenes, helicenes and
fullerenes share common ground due to the distortion of one or more aromatic rings out
of planarity. Recently added to this group are the [n]cycloparaphenylenes ([n]CPPs), or
“carbon nanohoops”. Here, a linear string of benzene rings connected at
the para positions is wrapped back upon itself to form a cyclic structure. Clearly a simple
planar oligophenylene cannot be cyclized in this manner without extremely harsh
reaction conditions. In order to access these structures using solution phase organic
chemistry, clever synthetic strategies that can compensate for this severe distortion are
required. Herein, we detail the long-awaited synthesis of these challenging macrocycles,
which form the framework for the remainder of the dissertation, and the unique properties

these nanohoops possess.



I.1. A Historical Account of [n]Cycloparaphenylenes
Aesthetically pleasing molecules have long captivated the interests of synthetic

chemists.* Such targets, often displaying high degrees of symmetry, push the limits of
organic synthesis despite their apparent simple structures.? In the transformation of
complex intermediates into the striking platonic hydrocarbons cubane® and
dodecahedrane* (Figure 1.1), new boundaries were established for the assembly of
molecules with atomic level precision. Like many classical natural products targeted
throughout the mid-to-late 1900°s,>” these geometric beauties highlighted that our
imagination is truly the only limit to what is available via organic synthesis.® The pursuit
of structurally unique, non-natural products has driven the discovery of novel reactions
and methodology, and perhaps most importantly, opened the door to molecules with new
properties.

Several aromatics, prized for their distortion from planarity and targeted by
organic chemists, fall into this category as well. The [n]cycloparaphenylenes ([n]CPPs),*
1 comprised of benzene rings linked in the para position end-to-end, exemplify the
challenges faced when targeting highly strained molecules. Although initially probed in
the 1930’s (vide infra)'?, these perplexing macrocycles did not succumb to total synthesis
until recent years*3. Over 30 years after [N]CPPs were first explored, the synthesis of

14-15

bowl-shaped corannulene, which has since been adapted to be both practical and

scalable by Scott and Siegel,'®**" marked yet another milestone. Unbeknownst to

scientists at the time both targets would later gain additional accolades as fundamental

18-19 20-21

fragments of carbon nanotubes (CNTS) and buckminsterfullerene (Cgo)™ ",
respectively. Interestingly, it was not until the late 1980’s and early 1990’s, decades after

the aforementioned synthetic endeavors, that these carbon allotropes were actually
3



discovered.'® % Hence, the recent resurgence of these classical structures has been fueled
by the prospect of a “bottom-up” organic synthesis of uniform carbon nanostructures
(Figure 1.1).5%% %2 \What started as a quest to stretch the confines of synthesis has led us
into a fascinating region of science — the merger of organic synthesis and materials

science.*°

X WMol
SO O

L A el
Cubane Dodecahedrane Cycloparaphenylene Corannulene

Figure 1.1. Challenging hydrocarbons that have been tackled by organic synthesis.

As an initial foray into [n]CPP chemistry, Parekh and Guha first reported the
synthesis of macrocyclic p,p -diphenylenedisulfide 1.1 in 1934."2 Unfortunately, heating
with copper only led to partially desulphurized compounds, rather than the strained target
molecule [2]cycloparaphenylene (1.2, Scheme 1.1a). Setting their sights on less strained
macrocycles, Vogtle and co-workers proposed several more targets nearly 60 years
later.®* Analogous to the methodology pursued by Parekh and Guha, pyrolysis of aryl
sulfide macrocycle 1.3 also failed to furnish any [6]CPP (Scheme 1.1b). In addition,
Vogtle attempted a Cu-mediated Kumada macrocyclization of syn 1,4-diarylcyclohexane
1.4 and a Wittig macrocyclization between diphosphonium 1.5 and dialdehyde 1.6. While

the former reaction only led to polymeric byproducts (Scheme 1.1c), which has seen been



(a) - Parekh & Guha|
/" \ Cu S S Cu A\ 1934
S s=—] | =)
o * s s 4 &
p g 1.2
1.1
(b) Vogtle
1993
é } j/
Q ﬂ pyronS|s
1.3
(c) I
O 1. Mg/THF
2. CuCl, L
| ————"»  polymerization
=z
1.4
() CHO ~ C 0o
PPh,Br Il f I
{ o Ny, LiOMe N | N [@+2]
n _ DME Z ~ —>» [n]CPPs
PPh,Br Il f f
1.5 CHO W
1.6 n
(e) n=1,2
1.7
o N\ N\ N\ o TiClyizn %
DME = -
1.8
1.9

J

Scheme 1.1. Early approaches to cycloparaphenylenes: (a) Parekh and Guha’s attempts
toward [2]cycloparaphenylene (1.2). (b) Attempted pyrolysis of macrocyclic aryl sulfide
1.3 to obtain [6]cycloparaphenylene. (c) Attempted “shotgun” Kumada macrocyclization
of diiodide 1.4. (d) “Shotgun” Wittig macrocyclization reaction followed by failed
intermolecular Diels—Alder reaction. (e) Intramolecular McMurry coupling of dione 1.8
to provide trace amounts of macrocycle 1.9.



addressed by the Itami group,® the latter afforded the desired ene-yne macrocycle 1.7
(Scheme 1.1d). Unfortunately, intermolecular Diels-Alder reactions with 1.7 to access
[n]CPPs were ineffective. Although conversion of 1.8 to [5]CPP precursor 1.9 was
detected by mass spectrometry (Scheme 1.1e)*!, no successful dehydrogenation
conditions of 1.9 were reported. Elegant synthetic strategies had been developed to access

5933-34

a “picotube and cyclophenacene®°, but as of 2008 the synthesis of the

[n]cycloparaphenylenes was still an unsolved problem.*’

With hopes of completing the first successful [n]CPP synthesis over 70 years after
the seminal attempt, Jasti and Bertozzi targeted macrocycles containing 1,4-syn-
dimethoxy-2,5-cyclohexadiene units*® as masked aromatic rings. Lithium-halogen
exchange with diiodobenzene, followed by a two-fold nucleophilic addition reaction with
1,4-benzoquinone (1,4-BQ) allowed for facile construction of syn-cyclohexadiene moiety
1.10. Borylation of a portion of this material generated the necessary partner 1.11 for the
subsequent coupling/macrocyclization. Under Suzuki-Miyuara cross-coupling conditions,
macrocycles 1.12 — 1.14 were generated, albeit unselectively and in low yields (Scheme
1.2). As in Végtle’s “shotgun” approach,® while intermolecular coupling to form linear
oligomeric byproducts dominated, high dilution and the rigid geometry (i.e. fewer
degrees of freedom) of the initial “building blocks” resulted in a small amount of desired
intramolecular closure. Advantageously, the carbon framework was established in just
four steps.

Conversion of macrocycles 1.12 — 1.14 to their corresponding

cycloparaphenylenes proved challenging due to the high strain energy that needed to be



overcome, as well as the propensity for these systems to undergo molecular

rearrangements. Following precedents for aromatization of similar systems, reductive

| 1.i. nBuLi
ii. 1,4-BQ MeQ OMe

THF, -78°C
—_—
2. NaH, Mel O O
R R

| THF, 0°C
34%
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n = 14: [18]CPP (36%)

Scheme 1.2. Synthesis of [9]-, [12]-, and [18]CPP by Jasti and Bertozzi.

conditions such as Stephen’s reagent and low valent titanium were extensively screened
but failed to furnish [n]CPPs.**** Under these conditions, carbocation formation (1.15)
followed by a rapid concomitant aryl shift to 1.16 ultimately produces undesired meta-
substituted 1.17 (Scheme 1.3). The formation of [nN]CPPs was finally achieved in modest
yield by treating 1.12- 1.14 with lithium naphthalide at —78 °C.** Single electron reduction

of a C-O bond to presumably form radical 1.18, followed by a second reduction event

7



leaves the penultimate intermediate 1.19 in the correct oxidation state for the final
elimination of lithium methoxide. Impressively under these low temperature conditions,

highly strained [9]CPP can be accessed, as well as [12]- and [18]CPP.* #

*OMe
@ MeO,_ &>
H : / acidic )
it e
- ) <conditions | 15 4 43 o 1.44—
-MeOH - LiOMe
S N
116

J A O O I -
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<> le'
1.17
v =1
n = 5: [9]CPP (43%) \ (
n = 8: [12]CPP (52%) b O @ “Liome |
n = 14: [18]CPP (36%) N MeQ) >
.19

Scheme 1.3. Reductive aromatization mechanism and potential decomposition pathway.

With these molecules in hand for the first time, the structures were characterized
using UV-vis and fluorescence spectroscopy. Surprisingly, all three CPPs had virtually
identical absorption maxima, but their fluorescence maxima red-shifted with decreasing
size. Preliminary computational studies indicated that the HOMO-LUMO gap of the
CPPs narrowed with decreasing size, exactly opposite to what is expected for linear p-
phenylenes.*** Clearly, the novel architecture of these structures were leading to

optoelectronic properties that were unique, and as of yet, unexplored. Since this pivotal
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#592 as well as the groups of Itami

and Yamago™*? >+,

report in 2008, our group
have made significant contributions to cycloparaphenylene research. In 2009, the Itami
group reported the first selective synthesis of [12]CPP.>® Shortly thereafter in 2010,
Yamago synthesized the smallest CPP at the time — [8]CPP.>* In a follow-up paper,
Yamago and co-workers prepared [8]-[13]CPP characterized these structures
electrochemically.*? These experimental results corroborated the computations that
indicated smaller CPPs would have narrower HOMO-LUMO gaps. Moreover,
computational results indicated CPPs have narrower band gaps than even the very longest
linear paraphenylenes, rendering them as new motifs in conjugated materials (Figure 1.2,
left). Dramatic electronic structural changes from benzenoid to quinoid were also

predicted computationally for the smaller CPPs, whereby either [5]->" or [6]CPP**>® was

foreseen as the “turning point” (Figure 1.2, right).

Energy (eV)
A\
A
|

benzenoid quinoid

Figure 1.2. Left: Calculated HOMO and LUMO levels of cyclic (red) and acyclic (blue)
p-polyphenylenes (B3LYP/6-31G(d)).* Right: Benzenoid and quinoid electronic
structures of [4]CPP.

To further explore these hypotheses and glean insight into the behavior of the

smaller [n]CPPs, we set out to apply our synthetic prowess towards these challenging
9
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macrocyclic targets (Figure 1.3). In particular, [5]-[7]CPPs not only represented

extremely challenging synthetic targets, but also would help address the new phenomena

that was being predicted and observed for these new carbon nanohoops.** * %2

[5]1CPP [6]CPP [7]ICPP
119 kcal/mol 97 kcal/mol 83 kcal/mol
Nature Chem. Angew. Chem. Int. Ed  J. Am. Chem. Soc.
(2014) (2012) (2011)

Figure 1.3. Strained macrocycles accessed by the Jasti laboratory in recent years.

1.2. [7]Cycloparaphenylene

In order to access [7]CPP, we aimed to incorporate some pivotal aspects of the
original Jasti and Bertozzi synthesis, namely the use of appropriately substituted
cyclohexadiene rings to alleviate strain during a key macrocyclization step and a
reductive aromatization reaction to unveil the hidden aromatic structure in the
cyclohexadiene moieties (Scheme 1.4). Modification of both the construction and
reactivity of these cyclohexadiene-based monomeric units, however, were essential to our
approach. Beginning with the oxidative dearomatization of biphenyl 1.20 using aqueous
phenyliodine(l1) diacetate, quinol 1.21 allowed for the synthesis of unsymmetric
monomeric unit 1.22 via the nucleophilic addition of (4-chlorophenyl)lithium. Unlike the
two-fold nucleophlic additions employed by Jasti in 20083, we designed a system that
overwhelmingly favors the syn isomer over the anti isomer due to electrostatic control of

the incoming, anionic nucleophile.®* Deprotonation of 1.21 with sodium hydride leads to

10



excellent diastereoselectivity (>19:1). The origin of the facial selectivity will be
extensively discussed in Chapter I1.

With unsymmetric 1.22 in hand, a portion of the material was borylated via
lithium-halogen exchange conditions, followed by an (isopropoxy)pinacolborane quench
to afford 1.23. As aryl chlorides do not undergo lithium-halogen exchange under these
conditions, the aryl bromide was able to be selectively transformed. After accessing both
coupling partners 1.22 and 1.23, a Suzuki-Miyuara cross-coupling reaction employing
Pd(PPhs)4 allowed us to access the advanced dichloride intermediate 1.24. Importantly,
the aryl chlorides remained intact under these catalytic conditions, reinforcing the
orthogonality we sought in this synthesis. Switching to a more reactive, electron-deficient
catalyst system (Pd-SPhos®) allowed for facile oxidative insertion into the aryl chloride
bonds, setting us up for the key macrocyclization step with 1,4-benzenediboronic acid
bis(pinacol) ester as the coupling partner. Despite only an 8% isolated yield of
macrocycle 1.25 upon building in 16 kcal/mol of strain energy, we were finally in a
position to test the limits of our reductive aromatization conditions (Scheme 1.4). To
our delight, treatment of 1.25 with sodium naphthalide afforded [7]CPP as an orange
solid in 52% yield. Impressively, the reaction was able to build in 67 kcal/mol of strain at
—78 °C, allowing us to construct the smallest [n]CPP known at the time in 0.72% overall

yield from 1.20.
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Scheme 1.4. Synthesis of [7]cycloparaphenylene.

In accordance with all other [nN]CPPs, [7]CPP also exhibits a major optical
transition at 339 nm due to a combination of HOMO — 1 - LUMO and HOMO >
LUMO + 1 transitions. The HOMO - LUMO transition is barely visible with a weak
absorption at 410 nm, while the maximum emission shifts to 592 nm. Concurrent with the
“red-shifting” emission is a dramatic decrease in quantum yield; [12]CPP has a quantum
yield of 0.81, while that of [8]CPP and [7]CPP are 0.10 and 0.007, respectively.

Interestingly, despite the decrease in quantum efficiency, [7]- and [8]CPPs have similar

12



molar extinction coefficients (Figure 1.4). This dramatic effect on emission wavelength
and quantum yield gives experimental support for size-dependent structural changes,
such as increased planarization to relieve excited-state strain®, and electronic effects such
as vibronic coupling® and exciton localization®. Electrochemical measurements in
tetrahydrofuran revealed an E¥2,, of 0.53 V (vs. Fc/Fc*) and a EY?o, and an EY2 g of —
2.57 V (vs. Fc/Fc*),®® which is consistent with the predicted trend of a narrowing
HOMO-LUMO gap with decreasing [n]CPP size*. Intrigued with our initial findings,
we sought to determine if the syntheses of [6]- and [5]CPPs would shine additional light

on these phenomena.

[7ICPP Absorption = = — -~ [7]CPP Emission
— [8]CPP Absorption -~~~ ~ [B]CPP Emission
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Figure 1.4. Absorption and emission spectra of [7]- and [8]CPP. It should be noted that
while [7]CPP is a much weaker emitter than [8]CPP, its emission spectrum has been
enhanced 10-fold to allow all of the features to be shown at an appropriate scale.

1.3. [6]Cycloparaphenylene

With the synthesis of [7]cycloparaphenylene accomplished, we next set out to test

the limits of our synthetic tactics. At the time, no other syntheses of [7]JCPP®, let alone
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smaller, more challenging targets, had been reported in the literature. Our initial strategy
towards [6]CPP, encompassing 97 kcal/mol of strain (4.9 kcal/mol per benzene ring
greater than that of [7JCPP)** *® first involved replacing a biphenyl unit with a phenyl
unit in [7]CPP macrocyclic precursor 1.25 (Scheme 1.5). In doing so, target macrocycle
1.33 appeared, at least at first glance, to be more suitable for the geometric constraints
necessary to access [6]CPP. Thus, our route commenced with a stereoselective addition
of lithiated biphenyl 1.26 to quinol 1.21. Desilylation of TBS-protected phenol 1.27,

followed by oxidative dearomatization of 1.28 with aqueous Phl(OAc), afforded highly

Ho )R
<=0 .26 MeO OMe
' THF, 78 °C <= PIDA, H,0
2.NaH, Mel O O MeCN/THF

Br
.21 THF,0°Ctort Br O 71%
52%
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OMe
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.32 OMe " jithium 1.30 <=
DMF/IPA 1.31 O THF, -78 °C O O OH
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MeO )
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OMe
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MeO 0 \
OMe . sodium O Q
0 naphthalide \M
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Scheme 1.5. Synthesis of [6]cycloparaphenylene.
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functionalized quinol 1.29. Subsequent addition of lithiated arene 1.30 led to five-ring
macrocylic precursor 1.31 containing alternating arene and cyclohexadiene units.
Gratifyingly, a Suzuki-Miyaura macrocyclization reaction implementing Pd(PPhs), as a
catalyst and 1,4-benzenediboronic acid bis(pinacol) ester 1.32 as the coupling partner
furnished macrocycle 1.33 in 12% yield. Reductive aromatization of this strained
macrocycle with sodium naphthalide, as in our [7]CPP synthesis, gave the target
cycloparaphenylene as an orange solid in 48% vyield. Before addressing the fascinating
properties of [6]CPP, it is worth noting that advanced intermediate 1.31 has become a
staple compound in our laboratory and was recently used for the first gram-scale
syntheses of [8]- and [10]CPPs*". In doing so, our lab recently has accessed dimeric®,

anionic®® and cationic® [8]CPP analogues.

When comparing [6]CPP to larger carbon nanohoops, there are several anomalous
physical features that immediately stand out. Most notably, unlike any of the other
[N]CPPs that were synthesized previously,>® [6]CPP had no detectable fluorescence. As
[7]CPP showed a dramatic reduction in quantum efficiency, we were not surprised with
the continuing trend and hence the isolation of the first non-emitting cycloparaphenylene.
Our findings were supported by TD-DFT calculations that assigned no oscillator strength
(f = 0) to the HOMO - LUMO transition.*® The E¥2, of [6]CPP in dichloromethane
was shown to be 0.44 V (vs. Fc/Fc*), which followed in accordance with preceding work
suggesting an increasing HOMO level, leading to a more facile oxidation, with
decreasing nanohoop diameter. The single *H NMR resonance 0.16 ppm downfield of
that observed in the case of [7]CPP (6 = 7.64 ppm vs 7.48 ppm) further confirmed

Wong’s NICS(1) calculations®, predicting an increase in quinoidal character (i.e. a
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decrease in aromaticity) per individual benzene ring in [n]CPPs smaller than [8]CPP.
Intrigued by these solution-state results, we turned our attention to the unique behavior of

[6]CPP in the crystalline state.

As in larger [n]CPPs, the average Cipso-Cipso bond adjoining adjacent benzene
rings in [6]CPP of 1.490 A*® (compared to 1.488 A in [7]CPP* and 1.486 A in [8]CPP*')
indicates a benzenoid structure with retained single bond character.® > The crystal
packing, however, is completely unprecedented in the [n]CPP literature (Figure 1.5).
While [7]-[10]- and [12]CPPs exhibit herringbone or herringbone-like packing,*" %"
[6]CPP organizes into uniform, tubular cylinders in the solid state. The predisposition for

[6]CPP molecules to arrange themselves akin to how one might imagine the self-

Figure 1.5. ORTEP representation of [6]cycloparaphenylene (thermal ellipsoids shown at
50% probability) showing the tubular packing structure of the nanohoops in the solid
state.
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assembly of a (6,6) armchair CNT bodes well for the “bottom-up” synthesis of
homogeneous carbon nanotubes and exploration of [n]CPP reactivity in the crystalline
state. Furthermore, the uniform channels formed by [6]CPP ought to play a significant
role in guest-host applications. We wondered, however, if these features are unique to
[6]CPP or if they might be even more pronounced in smaller nanohoops. To assess these

questions experimentally, our efforts naturally turned towards the synthesis of [5]CPP.

I.4. [5]Cycloparaphenylene
Our initial foray towards accessing [5]CPP, a target with 119 kcal/mol of strain

energy (23.8 kcal/mol per phenyl ring), involved a serendipitous discovery upon
repeating our synthetic route of [10]CPP*’. Isolation of small amounts of a compound
with a distinct singlet in its *H NMR spectrum (8 = 6.00 ppm) along with shifts similar to
what was previously observed in other [n]CPP macrocyclic precursors prompted us to
pursue the identity of this byproduct. Through mass spectrometry and X-ray
crystallography, we were astonished to discover that this structure was neither a linear
oligomer nor a larger macrocyclic compound, but rather the macrocyclic precursor to
[5]CPP, 1.35. We rationalized its formation through intramolecular boronate
homocoupling of 1.34, a typically undesired oxidative byproduct of Suzuki-Miyuara
cross-coupling reactions. In this instance, however, we chose to exploit facile and mild
carbon-carbon bond construction methodology”® to optimize the synthesis of 1.35 en

route to [5]CPP.

Thus treatment of 1.34, a precursor in our selective syntheses of [8]- and

[10]CPPs that is easily accessed via dibromide 1.31,*” with potassium fluoride and
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bis(triphenylphosphine)palladium(1l) dichloride under air at room temperature afforded
macrocycle 1.35 in 44% yield on gram scale (Scheme 1.6). Here we were in a position yet
again to test the limits of our reductive aromatization chemistry. To our surprise,
treatment of 1.35 at —78 °C with sodium naphthalide effects reduction to dianion 1.36, but
in this case is unable to undergo two-fold elimination to [5]CPP. We anticipate that there
was insufficient energy at this temperature to build in the remaining 87 kcal/mol of strain
energy as no more than 67 kcal/mol of strain had previously been overcome using this
methodology.**®*® Warming above —78 °C leads to decomposition as evidenced by the
precipitation of insoluble, brown material. Clearly having reached the limits of our
reductive aromatization reaction, we instead trapped 1.36 with a proton source to give
reduced macrocycle 1.37. Finally, treatment of 1.37 with lithium diisopropylamide (LDA)
at room temperature cleanly generated deep red [5]CPP in 69% yield via two-fold E1cB
elimination (Scheme 1.6).>* Yamago and co-workers also recently accessed a similar
cyclohexadiene-incorporated macrocycle 1.35 through intramolecular Yamamoto
coupling of 1.31.”* Using modified reductive aromatization methodology ultimately
allowed them to isolate [5]CPP also. Counterintuitively, [5]CPP, the smallest and most
strained [n]CPP reported to date, is now the easiest carbon nanohoop for our laboratory to
access, offering mild macrocyclization conditions without exclusion of oxygen and no

steps that require heating above room temperature.
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Scheme 1.6. Synthesis of [S]cycloparaphenylene.

Upon analysis of [S]CPP’s solid state structure® (Figure 1.6), we were surprised
to find that [5]CPP does not pack into uniform cylinders as [6]CPP does. Rather, it adopts
the herringbone packing structure observed for other reported [n]CPPs (n = 7-10, 12),*
772 further piquing our curiosity about [6]CPP’s unique behavior. Compared to the
structure of [6]CPP, what truly stood out was the increased amount of distortion
experienced by each benzene ring throughout the nanohoop (Table 1.1). The para carbons

at each tertiary center are displaced by an average of 15.6° from planarity, which is
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Figure 1.6. ORTEP representation (thermal ellipsoids shown at 50% probability) of

[5]cycloparaphenylene.

more than the lone bent aromatic ring encountered in several natural products.®® ”>"® The

distortion found in the benzene rings of [5]CPP are trumped, however, by the single

phenyl ring of several paracyclophanes’’ "

and the pyrene moieties of

Table I.1. Deviations of benzene rings from planarity () seen in various organic targets

as determined by crystal structure analysis.

Molecule

cavicularin™

o (deg)
7.9

[6]CPP*®

12.7

haouamine A™

13.6

[5]CPP*

15.6

3-carboxy[7]paracyclophane™

16.8

8-carboxy[6]paracyclophane’’

20.5

substituted [1.1]paracyclophane™

20
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[9](2,7)pyrenophanes and 1,7-dioxa[7](2,7)pyreneophanes®®®!. In addition, several other
cyclophanes have been predicted computationally to have highly distorted aromatic rings,

though the crystal structures of these compounds have not been obtained.??®

The outstanding solubility of [5]CPP compared to that of other
cycloparaphenylenes permitted extensive solution-state characterization, providing initial
insight to the newest member of the [nN]CPP family. As was observed in the case of
[6]CPP, the *H NMR spectrum for [5]CPP also shows a single resonance, which is
consistent with free rotation or wobbling of the phenyl rings on the NMR timescale.
Furthermore, the shift of [S]JCPP (6 = 7.86 ppm) is 0.24 ppm downfield from that
observed for [6]CPP (6 = 7.64 ppm), giving further experimental evidence for the
decrease in aromaticity seen with the smaller cycloparaphenylenes.*® Electrochemical
analysis in tetrahydrofuran revealed two quasi-reversible single-electron oxidation and
reduction events (E™1, = 0.25 V, 0.46 V vs Fc/Fc™; E™,), = -2.27 V, 2.55 V vs Fc/Fc?),
rendering it the easiest [n]CPP to oxidize and reduce. [5]CPP is the first nanohoop that,
under the experimental electrochemical conditions, showed a second oxidation wave in
the solvent window. The narrowing HOMO-LUMO gap is consistent with computational
data*? and is made even more evident by the weak absorption at 502 nm. This absorption,
approximately 25 nm lower in energy than that of [6]CPP,*® again has a small oscillator
strength and is responsible for [S]CPP not having any visible fluorescence. While the
HOMO - LUMO transition has negligible oscillator strength for all sizes of [n]CPPs,
the larger sizes are suggested to have higher quantum yields due to symmetry breaking in
the excited state.®® When [5]CPP is put side-by-side with [6]-[8]CPPs, the red shifted,

visible absorption of the smaller CPPs becomes quite apparent (Figure 1.7, left).

21



Additionally, their diminishing quantum yields are obvious under ultraviolet irradiation at
365 nm (Figure 1.7, right). With the ability to rapidly advance the synthesis and
characterization of these highly strained, hydrocarbon macrocycles, a provocative

question is whether [4]CPP is accessible via organic synthesis.

[51CPP [6]CPP [71CPP [8]CPP
e = 335 nm 338 nm 339 nm 340 nm
S 0.25V,046V 044V 0.53V 0.59V
E™ = -227V,-25V not reported 257V not reported
'H&= 7.86 ppm 7.64 ppm 7.48 ppm 7.48 ppm
Strain/phenyl ring = 23.8 kcal/mol 16.2 kecal/mol 11.9 keal/mol 9.18 kcal/mol

Figure 1.7. [5]-[8]CPP under (left) ambient light and (right) UV irradiation (340 nm),
along with a summary of selected data,** > 349

1.5. Conclusion
In this chapter, the Jasti laboratory’s strategies to access [5]-[7]CPPs have been

discussed from a historical standpoint. By tackling these organic structures as synthetic
chemists, we have developed strategies to overcome tremendous amounts of molecular
strain, leaving us with startlingly distorted benzene rings strung together systematically in
a nanohoop. Alongside cubane, dodecahedrane and corannulene, now these small

[n]CPPs can be added to the family of fascinating carbon-rich structures that have
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succumbed to total synthesis. Aside from their prospect to function as templates for the

25, 84-86 much

rational, “bottom-up” synthesis of homogeneous armchair carbon nanotubes,
promise lies in their ability to function as stand-alone materials. With fascinating size-
dependent optoelectronic properties, reports of the implementation of
cycloparaphenylenes as organic semiconductors and sensors will surely follow. In
addition, their radially oriented pi-orbitals make them ideal candidates for applications in

a multitude of supramolecular interactions.*” ¢’

1.6. Bridge to Chapter 11

Central to the Jasti laboratory’s approach to synthesize the aforementioned
[n]CPPs is the concept of rationally constructing synthetic fragments containing 1,4-syn-
dimethoxy-2,5-cyclohexadiene moieties with predictable diastereoselectivities. In this
chapter, we briefly introduced this strategy as it related to the synthesis of [7]CPP. In
Chapter 11, we revisit and elaborate on this concept, allowing for the exploration of an
electrostatic model to rationalize the facial selectivity when adding aryl nucleophiles to
4,4-disubstituted 2,5-cyclohexadienones. In addition, this motif is expanded to address
more complicated cases where the nucleophile and/or the dienone have functionality. The
implications of functionality on the stereochemical outcome of this class of reactions will
be the subject of Chapter Il in an attempt to synthesize highly derivatized

cycloparaphenylenes.
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CHAPTER II

DIASTEREOSELECTIVE ADDITION OF ARYL NUCLEOPHILES TO 4,4°-

DISUBSTITUTED 2,5-DIENONES

This chapter is based on both published and unpublished work. As mentioned
below, Dr. Thomas Sisto was involved in 11.2.2 and was a co-author on a publication in
Journal of the American Chemical Society (September 2011). Dr. Xia Tian, Han Xiao,
and Dr. Paul Evans contributed in 11.3. Dr. Lev N. Zakharov collected the X-ray

crystallographic data. Editing was provided by Prof. Ramesh Jasti.

The synthesis of [n]cycloparaphenylenes in the Jasti laboratory has relied heavily
on construction 1,4-syn-dimethoxycyclohexa-2,5-dienes. These systems act as masked,
oxidized terphenyl units, which can be fully aromatized under reducing conditions.
Although they have been previously synthesized via the two-fold nucleophilic addition of
aryl lithium reagents to p-benzoquinone, we sought more efficient methods to generate
1,4-syn-dimethoxycyclohexa-2,5-dienes, as well as techniques that would allow for
unsymmetric systems to be made. Herein, we present the underlying physical organic
principles governing diastereoselective additions to 4,4-disubstituted 2,5-
cyclohexadienones, as well as the direct implications in attempting to synthesize

functionalized 1,4-syn-dimethoxycyclohexa-2,5-dienes.

11.1. Background
Despite advances allowing for the stereoselective addition of nucleophiles to

acyclic carbonyls® less is known about the origin of selectivity for additions to cyclic
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conjugated ketones.* Of particular interest to the Jasti laboratory are diastereoselective
additions of aryl nucleophiles to 4,4-disubstituted 2,5-cyclohexadienones to form 1,4-
dihydroxycyclohexa-2,5-diene systems, which are the formal addition products of a two-
fold nucleophilic addition to p-benzoquinone (Scheme 1.2). Related studies by Liotta and
co-workers®® provided precedence for controlling the facial selectivity of 1,4-addition to
in situ generated quinol alkoxides (Scheme 11.1). Addition of methylmagnesium chloride
to 11.1 afforded 11.2, where the Grignard reagent was directed to the same face as the
alkoxide.> Substituting a more basic (and coordinatively saturated) organocuprate for the
Grignard reagent left one face of the quinol electrostatically shielded, forcing the
incoming nucleophile to add in a 1,4 fashion from the opposite face, affording the

opposite diastereomer 11.3°.

top face

HO MeMgClI ( LiO } Bu,CuLi (2 equiv) HO
M X}o B 15-C-5 (1.2 equiv) O | BF3-Et,0 (1 equiv) _ HK}O
% H ~ THF,-78°C //bottom faceJ THF, -78°Ct00°C " _ / Bu
Ph directed to |Ph directed to Ph
1.2 top face 1.1 bottom face 1.3
( > 95:5)

Scheme 11.1. Diasereoselective 1,4-additions to p-quinol 11.1 controlled by electrostatics.

Wipf and co-workers then used the latter findings from the Liotta group to control
facial selectivity of 1,2-additions to 4,4-disubstituted 2,5-cyclohexadienones.* * They
initially observed a stark difference in facial selectivity for a variety of 4-alkoxy and 4-
aceyloxy substituted p-quinols (Figure 11.1). In almost all of the cases studied, anti
addition that positioned the nucleophile on the face opposite the polar substituent

dominated.
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MeO o BzO TMSO, O o
Me © £)®:O Me © Me ° t)<§>:o

syn:anti 4.8:1 8.6:1 10.1:1 17.7:1 32:1

ratio
with MeMgBr

Figure 11.1. Facial selectivity for the syn diastereomer increases with larger dipole
moments.

Two models were initially considered, but neither one accounted for both the
facial selectivity and the dramatic differences in diastereomeric ratios between the
different substrates. A modified Anh-Eisenstein model would actually predict preference
for addition to the same face as the polar 4-alkoxy or 4-aceyloxy substituent due to
favorable overlap between the forming ony-c bond and the o c.o of the polar group. While
this model can discern between 4-alkoxy and 4-aceyloxy substituents, again it fails to
predict the correct facial selectivity (Figure 11.2). A modified Cieplak effect where
donation of the 4-alkyl or 4-aryl oc.c stabilizes the antiperiplanar ¢~ of the forming Nu-C
bond. Despite explaining the correct facial selectivity, changing the polar substituent
should not dramatically affect the donation ability of oc.c (Figure 11.2). Thus, this model

too fails to completely explain the observed experimental results.*

Cco ™ ONu-C

MeO
MeO &NU 0
6Nu
o M
Me Scc T 7 O NuC
vinylogous Anh-Eisenstein vinylogous Cieplak
model model
(predicts top face addition) (predicts bottom face addition)

Figure 11.2. Neither model accurately predicts the stereoselectivity of 1,2-additions to
4,4-disubstituted 2,5-cyclohexadienones.
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The Wipf group then turned to an inherent difference between their 4,4-
disubstituted 2,5-cyclohexadienones: dipole moment. As in Liotta’s previous examples,
electrostatics alone can dramatically bias the facial selectivity of dienone addition
reactions. The dipole moments for a subset of the dienones studied were determined
computationally, and a linear relationship was found between the logarithim of the
diastereomeric ratio and the computed dipole (u).” With this “dipole effect” (Figure 11.3)
model in hand, increasing amounts of the desired syn addition product (with respect to

the 4-alkyl substituent) could be obtained by increasing the dipole moment of the polar

group.

A u Tu Tu
MeO BzO o) o
<=0 <=0
Me Me o

increading dipole moment

Figure 11.3. 4,4-disubstituted 2,5-cyclohexadienones with larger dipole moments led to
increasing amounts of the syn 1,2-addition product.

11.2. Development of an Electrostatic Model for 1,4-Addition to Dienones

Following work from the Liotta and Wipf laboratories, we speculated that it might
be possible to combine the two previously discussed methods to impart facial selectivity
for 1,4 dieneone additions of aryl lithium reagents by slowing down the rate of addition
to one face of the ketone. While 1,4-syn-dimethoxycyclohexa-2,5-diene systems can be
synthesized in two steps from p-benzoquinone, the yields and diastereoselectivity are

both poor.? In addition, this method does not allow access to unsymmetrical systems
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where the two aromatic rings bear different substituents. We envisioned a stepwise

addition procedure that would address all three of these issues.

11.2.1. Synthesis of 1,4-syn-dimethoxycyclohexa-2,5-dienes

Bromoquinol 11.4 was used as the primary substrates for our initial studies
(Scheme 11.2). We hypothesized that we would obtain excellent diastereocontrol by first
deprotonating p-quinol 1.4 with a base to afford a metal alkoxide. Cooling a solution of
11.4 to —78°C, followed by addition of either NaH or KHMDS then one equivalent of (4-
bromophenyl)lithium gave a 1:1 mixture of 1.4 and diol 11.5%, even after prolonged
reaction time (Scheme 11.2). Warming the reaction slowly to room temperature did not
afford additional product and just lead to an intractable mixture of decomposed material.”
Clearly, only a portion of the (4-bromophenyl)lithium reagent was reacting with 11.4,

causing the reaction to stall at ~50% conversion.

i.NaH or KHMDS (1.3 equiv)

HO ii. (4-bromophenyl) HO OH
<—=0 lithium (1.1 equiv) <
() THF, 78 °C (S )
Br 1.5 Br

50% conversion

Scheme 11.2. Attempted diastereoselective synthesis of diol 11.5. In the absence of excess
aryl lithium reagent, only 50% conversion is observed to 11.5.

Gratifyingly, when we simply used excess (4-bromophenyl)lithium (2.4 equiv),
we observed complete consumption of starting material, as well as a good diastereomeric
ratio (syn:anti = 10:1). Our facial selectivity improved (syn:anti = 19:1) by employing

NaH as a base, presumably due to the presence of an even more ionic bond (NaO > LiO)

“ Attempts to deprotonate quinol 11.4 at 0 °C also led to an untraceable mixture of decomposed material.
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(Scheme 11.3). Decreasing the electrostatic effect further by methylating the alcohol of
11.4 before addition of (4-bromophenyl)lithium caused the diastereometric ratio to drop

precipitously (syn:anti = 3:1).°

(4-bromophenyl)

HO OH :
L4 lithium (2.4 equiv) <> M@ \‘—‘l\-\
THF, 78 °C O O %
Br 1.5 Br <—>=0
w/o NaH: dr = 10:1 O @/

w/ NaH (1.3 equiv): dr = 19:1 Br Nu:

Scheme 11.3. Diastereoselective synthesis of 11.5 under electrostatic control. This model
(inset) can explain the observed diastereomeric ratios for addition of aryl lithium reagents
to 11.4.

These results are indeed consistent with an electrostatic model where the
stereoselectivity of the addition reaction is highly dependent on the strength of the
negative charge on one face of the dienone (Scheme 11.3, inset). It is still unclear,
however, what the actual role of sodium hydride is in the reaction. One would expect that
NaH (1.3 equiv) should fully deprotonate the tertiary alcohol of 11.4. If the alcohol was
fully deprotonated by sodium hydride, full conversion to 11.5 ought to have been
observed upon the addition of aryl lithium (1.0 equiv). That was not the case, however,
and excess aryl lithium (2.4 equiv) was necessary to drive the formation of diol 11.5 to
completion. We found it interesting that one equivalent of aryl lithium led to any
conversion at all. If the sodium hydride was simply a spectator in the reaction and the
tertiary alcohol was simply quenching the aryl lithium reagent, we would expect

quantitative recovery of quinol 11.4. Instead, the situation appears to be more
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complicated, as the addition of one equivalent of aryl lithium to 11.4 leads to 50%

conversion. Additional studies are required to fully understand this process.

11.2.2. Utility in the Total Synthesis of [7]Cycloparaphenylene

With the ability to begin with 11.4 and add any (4-halophenyl)lithium reagent
diastereoselectively, we chose to apply this methodology towards the synthesis of [7]CPP
11.7. Specifically, stereoselective addition of (4-chlorophenyl)lithium to 11.4, followed by
methylation afforded unsymmetric 1,4-syn-dimethoxycyclohexa-2,5-diene 11.6 in good
yield (49%) and excellent diastereoselectivity (syn:anti = 19:1). This easily accessible
intermediate was then elaborated further by Dr. Thomas Sisto to deliver [7]CPP 11.7 in an
additional four steps (2.3% yield from 11.6) (Schemes 1.4 and 11.4). At the time of

synthesis, [7]JCPP 11.7 was the smallest and most strained member of the [n]CPP family.’

1. i. NaH
ii. (4-chlorophenyl)
lithium
THF, -78 °C
2. NaH, Mel
49%, dr = 19:1

1.4

[71CPP
.7

Scheme 11.4. A general synthetic route to [7]CPP 11.7 taking advantage of a dipole
controlled diastereoselective addition to 11.4.

Since then, this methodology to construct 1,4-syn-dimethoxycyclohexa-2,5-dienes has
been exploited by our laboratory to synthesize both [5]*°- and [6]CPP™, as well as [8] —

[12]CPP*, as previously discussed in Chapter |.
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11.3. Selectivity of Aryl Lithium Nucleophiles to Larger Quinones

While the two-fold nucleophilic addition of (4-halophenyl)lithium reagents to p-
benzoquinone allowed facile access to the desired syn diastereomer for Jasti and
Bertozzi’s seminal syntheses of [9]-, [12]-, and [18]CPP,® a compilation of results from
our own laboratory and the Itami laboratory shows that the general stereochemical
outcome of this type of reaction is highly dependent on both the substitution patterns of
both the quinone fragment and the nucleophile. Han Xiao showed that addition of (4-
bromophenyl)lithium to 9,10-anthraquinone gives the syn diastereomer (11.8, Figure
11.4). However, Dr. Xia Tian showed that increasing the substitution on the aryl lithium
species by substituting (4-bromonaphthyl)lithium for (4-bromophenyl)lithium afforded
the anti diastereomer (11.9) as the only isolable compound. Interestingly, using the same
nucleophile as Dr. Xia Tian, the Itami laboratory switched 9,10-anthraquinone to 1,4-
napthaquinone and obtained the desired syn diastereomer (syn:anti = 3:1) as confirmed
by X-ray crystallographic analysis (11.10) .** Lastly, Dr. Paul Evans attempted the two-
fold addition of (4-bromo-2,5-dimethylphenyl)lithium to 2,5-dimethyl-1,4-benzoquinone
and obtained the anti diastereomer (11.11) as confirmed by X-ray crystallographic
analysis. Although it is still unclear how particular combinations of quinone and aryl
lithium components dictate the observed diastereoselectivities, this is all that was known
about additions to more complex quinones at the time as we embarked on the problems

presented below in Chapter 11.4.
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Figure 11.4. Various examples of products from the two-fold addition of aryl lithium
reagents to substituted quinones from our group and the Itami laboratory.

11.4. Effects of Nucleophile Substitution on Facial Selectivity to Functionalized
Dienones

In order to explore the synthesis of derivatized cycloparaphenylenes, we were
intrigued by the possibility of adding functionality to both the cyclohexadiene component
and the aryl components of our 1,4-dimethoxycyclohexa-2,5-diene systems. To begin, we
imagined olefins as simple, yet versatile handles that could easily be installed through
allylation reactions. Ostensibly, we could begin with a prefunctionalized quinone
monoketal and a prefunctionalized 1,4-dibromoarene and employ our newfound
methodology to rapidly access highly functionalized 1,4-syn-dimethoxycyclohexa-2,5-
dienes. To access the necessary substituted quinone monoketal 11.14, we synthesized
11.12 via allylation and two-fold Claisen rearrangement of hydroquinone (Scheme
11.5).***> Monomethylation was affected with catalytic sodium nitrite in acidic methanol
to afford 11.13 in 52% vyield.'® Interestingly, while small amounts of the corresponding
quinone (< 10%) were formed during the reaction, presumably due to the competing
oxidation of 11.12 with NO, '’ the diether was never observed. Initial mechanistic studies

suggest that the hydroquinone is oxidized to a reactive, acidic semiquinone that is capable
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of being alkylated, while the monoalkylated product is more basic and less reactive.™

Oxidative dearomatization of 11.13 in methanol then delivered ketal 11.14 67% yield.

OH NaNO, (20 mol%) OH 0
~  H,S0, (1 equiv) Z  PhlI(OAc), 7
» — %
- MeOH -z MeOH
OH 52% OMe 67% MeO OMe
1112 1113 .14

Scheme 11.5. Synthesis of ketal 11.14 via monoalkylation and oxidation of 11.12.

To synthesize the necessary arene component, two-fold benzylic bromination of
1,4-dibromo-p-xylene®® afforded 11.15, which then underwent a two-fold copper-
mediated Kumada coupling with vinylmagnesium chloride at the benzylic positions to
deliver 11.16 in 43% yield . Lithium-halogen exchange of 11.16 with nBuLi (11.17),
followed by quenching with either 11.14 or 11.14/Mel afforded 11.18 and 11.19,

respectively, after ketal deprotection (Scheme 11.6).

Br Br Li
Br _ Cul __nBuli _
! CH,Cl, 7 THF, -78°C  ||”
r _78°C - rt Br Br
1.5 439, .16 117
1.0 114
1.1.14 ii. Mel/DMF
THF, -78 °C THF, -78 °C
<—>=0 2 AcOH 2. AcOH
51% "V T s

Scheme 11.6. Synthesis of tetra-allylated ketones 11.18 and 11.19 from aryl lithium 11.17.
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We immediately noticed that both 11.18 and 11.19 exhibited extremely broad
resonances in their 'H NMR spectrum at room temperature. Many of these resonances
sharpened at 70 °C, and we attribute this dynamic behavior to a rare form of
atropisomerism between sp?-sp® hybridized carbons.'*! For example, at room
temperature we observed broadening of the more downfield aromatic singlet of 11.19,
which is presumably the hydrogen closest to the quaternary center (Figure 11.5).
Surprisingly, however, the broadened allylic sp> hydrogens and broadened sp? olefinic
hydrogen on the cyclohexadiene ring (Scheme 11.6, shown in bold) are located closest to
the carbonyl group, as determined by *H-*C HMBC NMR experiments on related analog
11.26 (Figure 11.6), as well as *H-"H COSY NMR experiments of 11.19 (Figure 11.7).
Specifically, we determined the carbonyl *3C resonance (184.8 ppm) has a cross-peak
with the more upfield vinyl *H resonance and the quaternary carbon *3C resonance (77.5
ppm) has a cross-peak with the more downfield vinyl *H resonance. In general, the
substituted to 4,4-disubstituted 2,5-cyclohexadienones discussed thus far, as well as the
ones addressed in the remainder of Chapter 11, behaved similarly on the NMR timescale.
Figures 11.5 — 11.7 serve as representative examples for these class of compounds at both

room temperature and 70 °C.

Unfortunately, addition of aryl lithium 11.17 to quinol 11.18 (after treatment with
sodium hydride) led to rapid decomposition (Scheme 11.7). On the other hand,
methylated quinol 11.19 allowed for clean addition of 11.17 (60% vyield, albeit with a
reversal of diastereoselectivity (anti/syn > 19:1) as predicted by our electrostatic model

(Scheme 11.3, inset).
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i. NaH

i. 117
iii. Mel/DMF B
» decomposition
THF, -78 °C (R=H)
1. 117 Br
\ ()18 (R=H) 2. NaH/Mel

)19 (R=Me)  THF,-78°C
60%, dr > 19:1

=

Br () 1.21
(R = Me)

Scheme 11.7. Two approaches towards the synthesis of 11.21. Rates of nucleophilic
addition were competitive with decomposition (R = H) unless the dipole moment of the
electrophile was diminished via methylation (R = Me).

We rationalized these results with both electrostatic and steric arguments. In the
case of quinol 11.18, addition to the top face (leading to the anti addition product) is slow
due to the large dipole from the latent sodium alkoxide. Addition to the bottom face,
however, may also be slow due to the sterics imposed by the appended aromatic ring.
Regardless of the ring conformation, one of the allyl groups will lie directly underneath
the bottom face of the ketone (assuming that the phenyl ring bisects the cyclohexadiene
ring). Hence, addition to either face becomes slower than unfavorable pathways, such as
decomposition via allylic deprotonation (pKa ~33 for allylbenzene?) by the aryl lithium
reagent. On the other hand, methylation of the alcohol (11.19) minimizes the electrostatic
effect and increases the rate of addition to the top face, while addition to the bottom face
remains slow, resulting in sole addition to afford the anti product (Figure 11.10). This

result is consistent with adduct 11.11 that was synthesized by Dr. Paul Evans.
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Probing the dominant conformations of 11.18 and 11.19 with low temperature
NOE experiments were unfortunately unsuccessful and did not provide us with any
additional insight to the orientation of the aryl ring with respect to the cyclohexadiene
ring. Cooling to —40 °C, however, did lead to sharpening of the *H NMR resonances for
dienones 11.18 and 11.19, suggestive of a major conformation being adopted at lower
temperatures (for 11.19, Figure 11.8). Since the dienones discussed in this section were
introduced to the aryl lithium species at room temperature, rather than at —78 °C, multiple
conformations could have been present under the actual reaction conditions. In the future,
it may be useful to precool the ketones to —78 °C, although there is the obvious

possibility that the dominant atropisomer may not improve the status quo.

To study the effect of nucleophile substitution on facial selectivity, (4-
bromophenyl)lithium was added to methylated quinol 11.19 and TMS-protected quinol
11.22 (Scheme 11.8). In the former example, unsymmetric 1,4-syn-dimethoxycyclohexa-
2,5-diene 11.23 was isolated in 46% yield (syn:anti ~ 4:1), while the latter example
afforded 11.24 in 55% yield" (syn:anti ~ 3:1). In the case of 11.24, the tertiary silyl ether
was somewhat sensitive to the aryl lithium reagent, leading to recovery of both TMS-
quinol 11.22 and deprotected 11.18. For both systems, the diastereomers could not be
separated and the diastereomeric ratios were determined by *H NMR integrations of
either the methyl ether or silyl ether regions, respectively. We have tentatively assigned
the more upfield, shielded methyl ether and trimethylsilyl resonances to the anti
diastereomer, as it is plausible to assume that, at least based on the X-ray crystallographic

data for similar adduct 11.21 (Figure 11.10), these groups are situated in the shielding

" The yield is based on recovered starting material 11.22 (brsm).
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cone of the arene directly across the cyclohexadiene ring. Surprisingly, unlike Wipf’s
systems,’ there was almost no difference in selectivity between the methylated (11.19)
and silylated analog (11.22). Thus, while the substitution pattern of the dienone is
certainly important, the size of the incoming nucleophile plays a key role as well, since
the use of less sterically demanding nucleophile (4-bromophenyl)lithium gave a reversal

in selectivity in both cases presented.

1. (4-bromophenyl)

lithium
2. NaH/Mel _
THF, -78 °C
46%, dr ~ 4:1
(4-bromophenyl)
lithium -
(x) .19 (R = Me) THF, -78 °C
)18 (R=H) (x)I.22(R=TMS) 55% brsm, dr ~ 3:1
Imidazole
HMDS
TMS-CI (+) .24
CHACl (R = TMS)

53%

Scheme 11.8. Use of an unsubstituted nucleophile increased rate of addition to the bottom
face, affording syn stereoisomers 11.23 and 11.24.

To follow up on these observations, we next wanted to examine the effect of
arene substitution pattern on both the dienone and the nucleophile components. We first
synthesized a methyl ether derived from p-dibromoxylene (11.26, 76% yield) (Scheme
11.9) by nucleophilic addition of (4-bromo-2,5-dimethylphenyl)lithium 11.25 to ketal

11.14, followed by in situ methylation. Upon acid catalyzed deprotection, a nucleophilic
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addition of another equivalent of 11.25 to ketone 11.26 afforded 11.27 in 62% yield after in
situ methylation. Not surprisingly, we observed a diastereomeric ratio of >19:1 in favor
of the anti stereoisomer, which is consistent with what was observed for a similar system
with larger allyl substituents on the arene components (11.20, Scheme 11.7). The
stereochemical configuration of the major diastereomer was unequivocally determined by

X-ray crystallographic analysis (Figure 11.11).

/
G e e
ii. Me i. 11.25
\Q THF, —78 °C =0 ii. Mel/DMF
Ak, —7e & -
L 2. AcOH O ) THF, -78 °C
0,
76% Br 62%; dr >19:1
.25 (£) .26 (£) .27

Scheme 11.9. Smaller p-substituents also resulted in exclusive top face addition to deliver
anti adduct 11.27.

It was hypothesized that use of ortho substitution, rather than para substitution,
would increase the rate of addition to the bottom face by alleviating sterics, thus leading
to the desired syn diastereomer. Addition of (4-bromo-2,3-dimethylphenyl)lithium 11.28,
derived from 1,4-dibromo-o-xylene® and nBuLi, to ketal 11.14 delivered methyl ether
11.29 in 71% yield after in situ methylation and acid catalyzed deprotection (Scheme
11.10). In line with our expectations, addition of another equivalent of 11.28 to methyl
ether 11.28 and methylation of the resulting alkoxide gave 11.30 in 49% yield with a much
lower anti/syn diastereomeric ratio (2:1) as determined by *H NMR spectroscopy (Figure
11.9). Isolation of both compounds allowed us to obtain crystal structures of both the anti
(Figure 11.12) and syn (Figure 11.13) diastereomers. Indeed, ortho substitution allowed
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for the formation of the desired 1,4-syn-dimethoxycyclohexa-2,5-diene, albeit as the
minor stereoisomer. The NMR spectra for the two diastereomers (Figure 11.9) are
consistent with our original assertion that the ethereal groups of the anti isomer resonate
more upfield (shielded) and those of the syn isomer resonate more downfield

(deshielded).

/
i 1MI II/II;]h:I'F MeQ
ii. Me — i. .28

©i THF, -78 °C O © ii. Mel/DMF _

2. AcOH / THF, -78 °C

0,

nBuL| + % Br 49%; dr = 2:1
I1.28) () 11.29

Scheme 11.10. Use of o-substitution increased addition rate to the bottom face and
delivered 11.30 with a diastereomeric ratio of 2:1 (anti/syn).

Notwithstanding optimization, we then examined the diastereoselectivity of an
elaborated model that would provide more functionality than a simple methyl group.
Inclusion of a single propenyl substituent into both the dienone and the nucleophile
components provided additional insight to the stereoselectivity of this class of

nucleophilic addition reactions. Beginning with benzylic bromide 11.31%*

, & copper-
catalyzed Kumada cross-coupling with vinylmagnesium chloride (11.32) followed by
olefin isomerization afforded 11.33 (Scheme 11.11). After lithium-halogen exchange,
addition to ketal 11.14, and in situ methylation, dienone 11.34 was easily accessed with

functionality on only one side of the arene. In this example, however, the substituent in

the lone ortho position is larger than a methyl group. Accordingly, the diastereomeric
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ratio upon nucleophilic addition to deliver symmetric 11.35 (66% yield) was affected by
switching to the bulkier propenyl group, increasing the preference for anti addition to 6:1.
The stereochemistry of the major diastereomer was determined by X-ray crystallographic
analysis (Figure 11.14). It seems that while para substitution on the aryl rings leads to
high selectivity for the anti isomer, simply increasing the size of the ortho substituent
closest to the quaternary center also favors addition to form the anti product (i.e. 11.29 to
11.34). Although the exact synergy between the different variables that lead to the
observed diastereoselectivities is not completely clear at this time, additional experiments
to probe the intricacies of the stereochemical outcomes in this class of reactions are

currently ongoing.

1.i. nBuLi
i. 1114
iii. Mel/DMF

Br
Br vinyl-MgCI_ _tBUOK X THF, -78°C_
CH2CI2 TTHE T2.AcOH
34% 76%
Cl
.31 1.32 .33 () .34
i.
ii. Mel/DMF X
THF, -78 °C
66%, dr = 6:1

Cl
(nBuLi + 11.33)

Cl

A

(+) .35

Scheme 11.11. Propenyl groups on each aryl component led to an erosion of
diastereoselectivity in the formation of 11.35 (anti/syn = 6:1).
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11.5. Experimental

11.5.1. General Experimental Considerations

All glassware was oven (140 °C) or flame dried and cooled under an inert
atmosphere of nitrogen unless otherwise noted. Moisture sensitive reactions were carried
out under an inert atmosphere of nitrogen using standard syringe/septa technique.
Tetrahydrofuran, diethyl ether, dichloromethane, and dimethylformamide were dried by
filtration through alumina according to the methods described by Grubbs (JC Meyer).?
Silica column chromatography was conducted with Zeochem Zeoprep 60 Eco 40-63 um
silica gel. 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 on a
Varian VNMRS, 500 MHz on a Varian INOVA-500, 400 MHz on a Varian VNMRS, or
300 MHz on a Varian INOVA-300. **C NMR spectra were recorded at 125 MHz on a
Varian VNMRS, 125 MHz on a Varian INOVA-500, or 100 MHz on a Varian VNMRS.
All 'H NMR spectra were taken in CDCl5 (referenced to TMS, & 0.00 ppm) or benzene-dg
(referenced to residual C¢Hg, 6 7.16 ppm). All BC NMR spectra were taken in CDCl;
(referenced to chloroform & 77.16 ppm), or benzene-dg (referenced to benzene, 6 128.06
ppm). IR spectra were recorded on a Thermo Nicolet 6700 FT-IR. Microwave reactions
were conducted with a Biotage Initiator+. All reagents were obtained commercially

unless otherwise noted.
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11.5.2. Synthetic Details

4'"-bromo-1-hydroxy-[1,1"-biphenyl]-4(1H)-one 11.4. To a dry 500 mL round bottom flask
charged with a magnetic stir bar, 4’-bromo-(1,1’-biphenyl)-4-ol (51 g, 200 mmol, 1.0
equiv), imidazole (22 g, 320 mmol, 1.6 equiv) and dichloromethane (300 mL) was added
neat chlorotrimethylsilane (33 mL, 260 mmol, 1.3 equiv) at 0 °C. The mixture was then
allowed to warm rt and stirred for 16 h. With stirring, 1 M aq sodium bicarbonate (150
mL) was added and the layers were separated. The organic layer was washed one
additional time with 1 M aq sodium bicarbonate (150 mL) followed by a saturated brine
solution (150 mL). The organic layer was then was dried over sodium sulfate and
concentrated under reduced pressure to afford off-white solid TMS-biphenol that was
used without further purification. To a 250 mL round bottom flask charged with a
magnetic stir bar, crude white TMS-biphenol (5.0 g, 16 mmol, 1.0 equiv), THF (80 mL),
distilled water (35 mL) and MeCN (20 mL) was added (diacetoxyiodo)benzene (7.5 g,
23 mmol, 1.5 equiv) slowly as a solid over the course of 30 minutes. The reaction
mixture was allowed to stir for 16 h before concentrating under reduced pressure to
afford a crude orange solid. This solid was passed through a short pad of silica (EtOAc)
to afford IL.4 (2.8 g, 68%) as a yellow solid. '"H NMR (400 MHz, CDCl3) § 7.51 (d, J =
8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 6.85 (d, J=10.0 Hz, 2H), 6.25 (d, J = 10.0 Hz,

2H), 2.38 (s, 1H); °C (125 MHz, CDCL3) & 185.31, 150.08, 137.73, 132.04, 127.20,
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127.11, 122.58, 70.73; HRMS (Q-TOF ES+) m/z calcd for C;,HyBrO, (M)+ 264.9864;

found, 264.9867; IR (neat) 3393, 2360, 1665, 1398, 827 cm™.

MeQO OMe
<>
Br L6 Cl

(1's,4's)-syn-4-bromo-4"-chloro-1'4"-dimethoxy-1',4"-dihydro-1,1":4' 1"-terpheny! 11.6.
To a dry 2 L round bottom flask was added sodium hydride (3.9 g, 98 mmol, 1.3 equiv)
and THF (400 mL). The slurry was cooled to =78 °C, at which point IL.4 (20 g, 75 mmol,
1.0 equiv) was added slowly as a solution in THF (200 mL) and stirred for 2 h. In a
separate, dry 500 mL round bottom flask charged with a magnetic stir bar, 4-
bromochlorobenzene (35 g, 180 mmol, 2.4 equiv) and THF (200 mL) was added nBuLi
(74 mL, 180 mmol, 2.4 equiv, 2.5 M in hexanes) over the course of 25 min at —78 °C.
The reaction mixture containing the aryl lithium reagent was allowed to stir for 30 min
before it was transferred via cannula to the slurry containing deprotonated I1.4. This
reaction mixture was stirred for 2 h at -78 °C before it was quenched with water (50 mL)
and allowed to warm to rt. Upon separation of the layers, the aqueous layer was extracted
with diethyl ether (3 x 200 mL) and the combined organic layers were washed with a
saturated brine solution (150 mL) and dried over sodium sulfate. Concentration under
reduced pressure afforded a crude brown diol that was used without further purification.
To a dry 1 L round bottom flask was added sodium hydride (7.8 g, 200 mmol, 2.6 equiv)
and THF (400 mL). The slurry was cooled to 0 °C, the crude diol was added as a solution

in THF (200 mL) and the reaction mixture was allowed to stir for 30 min. Neat methyl
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iodide was then injected (19 mL, 300 mmol, 4.0 equiv) and the reaction mixture was
allowed to warm to rt and stirred for 16 h. The excess sodium hydride was quenched by
the addition of water (150 mL). The layers were separated and the aqueous layer was
extracted with ethyl acetate (3 x 150 mL). The combined organic layers were washed
with a saturated brine solution (100 mL), dried over sodium sulfate and concentrated
under reduced pressure. The brown solid was washed with hot hexanes to afford a
yellow solid that was recrystallized from hexanes to afford white, crystalline I1.6 (15 g,
49%). "H NMR (400 MHz, CDCl3) & 7.43 (d, J = 8.5 Hz, 2H), 7.32 — 7.29 (overlap, 4H),
7.24 (d, J= 8.5 Hz, 2H), 6.07 (s, 4H), 3.41 (s, 6H); °C (125 MHz, CDCl5) § 142.33,
141.78, 133.39, 133.30, 131.49, 128.55, 127.75, 127.40, 121.70, 74.43, 74.38, 52.03;
HRMS (Q-TOF ES+) m/z calcd for C,0H;sBrClO, (M)" 405.0257; found, 405.0239; IR

(neat) 2982, 2826, 2360, 1484, 1081, 1009, 820 cm".

OH
=
=
OH
.12

2,5-diallylbenzene-1,4-diol 11.12. Hydroquinone (50 g, 0.45 mol, 1.0 equiv), allyl
bromide (120 g, 1.0 mol, 2.2 equiv), and potassium carbonate (140 g, 1.0 mmol, 2.3
equiv) were suspended in acetone (650 mL) and heated to 60 °C for 19 h. The crude
reaction mixture was cooled to rt and filtered through a short pad of celite topped with
activated carbon (hexanes). The filtrate was concentrated and crystallized from hexanes
at —5 °C. The resulting white crystalline solid was washed with cold hexanes to afford

1,4-bis(allyloxy)benzene, which was used without further purification (48 g). This solid
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was then dissolved in minimal DMF (~ 25 mL) and portioned into microwave tubes.
Each tube was heated to 235 °C for 1 h. The contents of all of the tubes (viscous brown
oil) were combined and layered with chloroform (20 mL) at —5 °C. The resulting tan solid
was filtered and recrystallized from hot chloroform to afford 11.12 as the para
regioisomer (>20:1) (10 g, 25% for para regioisomer). *H NMR (300 MHz, acetone-ds)
8(ppm) 7.50 (s, 2H), 6.58 (s, 2H), 5.95 (ddt, J = 17.2, 10.0, 6.5 Hz, 2H), 5.03 (d, J = 17.2
Hz, 2H), 4.97 (d, J = 10.0 Hz), 3.28 (d, J = 6.5 Hz, 4H); *C NMR (150 MHz, acetone-
ds) 6(ppm) 147.65, 137.39, 124.71, 116.39, 114.43. Characterization was consistent with

the literature.***°

OH
=
=

OMe

.13
2,5-diallyl-4-methoxyphenol 11.13. 2,5-diallylbenzene-1,4-diol 11.12 (2.7 g, 14 mmol, 1.0
equiv) and NaNO; (98 mg, 1.4 mmol, 10 mol%) were dissolved in methanol (50 mL) and
the solution was sparged with N for 15 min. Sulfuric acid (1.4 g, 0.76 mL, 14 mmol, 1.0
equiv) was added via syringe while still sparging. The reaction mixture was then placed
under an N, atmosphere and was allowed to stir at rt for 16 h. An addition portion of
NaNO, (98 mg, 1.4 mmol, 10 mol%) was added at this time and stirring was continued
for an addition 4 h. The reaction was quenched by the addition of water (30 mL) and was
extracted with EtOAc (2 x 30 mL). The combined organics were washed with brine (20
mL), dried over sodium sulfate, and concentrated on Celite. Purification on silica gel (4

cm x 4 cm, hexanes then 10% acetone/hexanes) and washing the resulting solid with cold

hexanes (5 mL) afforded 11.13 as a yellow solid (1.5 g, 52%). *H NMR (300 MHz,

45



CDCls) 8(ppm) 6.63 (s, 1H), 6.61 (s, 1H), 6.08 — 5.85 (overlap, 2H), 5.26 — 4.90 (overlap,
4H), 4.58 (s, 1H), 3.77 (s, 4H), 3.38 (d, J = 6.3 Hz, 1H), 3.31 (d, J = 6.5 Hz, 1H); **C
NMR (150 MHz, CDCls) 8(ppm) 151.44, 147.62, 136.87, 136.50, 128.11, 123.50,

117.55, 116.33, 115.58, 113.02, 56.26, 35.17, 33.82.

=
MeO OMe

.14
2,5-diallyl-4,4-dimethoxycyclohexa-2,5-dienone 11.14. To a methanolic solution (45 mL)
of 11.13 (3.3 g, 16 mmol, 1.0 equiv) at 0 °C under an N, atmosphere was added
PhI(OAC), (6.1 g, 19 mmol, 1.2 equiv) portionwise over 5 h. The reaction was allowed to
stir for an additional 30 min at 0 °C, whereupon sat. aqg NaHCO3 (50 mL) was added and
the resulting solution was extracted with EtOAc (3 x 50 mL). The combined organics
were washed with sat. ag NaHCOg3 (50 mL), water (2 x 50 mL), and brine, then dried
over sodium sulfate and concentrated under vacuum. Purification on silica gel (0 — 10%
EtOAc/hexanes) afforded 11.14 as a yellow oil (2.5 g, 67%). *H NMR (500 MHz, CDCls)
8(ppm) 6.51 (t, J = 1.3 Hz, 1H), 6.24 (t, J = 1.5 Hz, 1H), 5.91 — 5.77 (overlap, 2H), 5.27 —
5.08 (overlap, 4H), 3.21 (s, 6H), 3.11 (br d, J = 6.8 Hz, 1H), 3.03 (br d, J = 7.1 Hz, 2H);
B3C NMR (125 MHz, CDCls) 8(ppm) 184.86, 157.64, 141.69, 139.09, 134.46, 132.98,

129.03, 118.91, 117.60, 96.03, 51.05, 32.90, 32.76.
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Br
Br.

Br
.15
1,4-dibromo-2,5-bis(bromomethyl)benzene 11.15. To a slurry of 1,4-dibromo-p-xylene
(25 g, 95 mmol, 1.0 equiv) and NBS (37 g, 210 mmol, 2.2 equiv) in benzene (400 mL)
was added AIBN (0.31 g, 1.9 mmol, 0.02 equiv). The mixture was heated to 80 °C for 25
h whereupon an additional portion of AIBN (80 mg) was added and stirring continued for
another 16 h. Upon cooling to rt, the crude reaction mixture was filtered through a short
pad of Celite (EtOAc) and the filtrate was washed with 1 M ag NaOH (3 x 100 mL). The
organic phase was then washed with water (100 mL) and brine (100 mL). After
concentrating under vacuum to a pale yellow solid, washing with ethanol (4 x 50 mL)

afforded 11.15 as a white solid (23 g, 59%). Characterization data was consistent with

previous reports in the literature.®

Br
Br
1116
1,4-diallyl-2,5-dibromobenzene 11.16. To a suspension of 1,4-dibromo-2,5-
bis(bromomethyl)benzene 11.15 (10 g, 24 mmol, 1.0 equiv) and copper(l) iodide (4.5 g,
24 mmol, 1.0 equiv) in anhydrous DCM (240 mL) at —78 °C was added vinyl magnesium
bromide (140 mL, 100 mmol, 4.2 equiv, 0.7 M in THF) as a stream via cannula. After
cannulation, the resulting yellow suspension was allowed to gradually warm to rt for 18
h. The reaction was quenched by the addition of sat. ag NH4CI (150 mL). After filtering

through a pad of Celite, the filtrate was extracted with EtOAc (2 x 100 mL) and the
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combined organics were washed with brine (50 mL), dried over sodium sulfate, and
concentrated on Celite. Purification on silica gel (4 cm x 15 cm, hexanes) afforded 11.16
as a white solid (3.2 g, 43%). 'H NMR (300 MHz, CDCls) 8(ppm) 7.39 (s, 2H), 5.92 (ddt,
J=16.8,10.1, 6.4 Hz, 2H), 5.23 — 5.00 (overlap, 4H), 3.44 (d, J = 6.4 Hz, 4H); *C NMR

(150 MHz, CDCls3) 8(ppm) 139.22, 134.85, 133.99, 123.37, 117.23, 39.53.

\ (2)1.18

(¥)-2,2',5,5'-tetraallyl-4'-bromo-1-hydroxy-[1,1'-biphenyl]-4(1H)-one 11.18. To a slurry
of 11.16 (1.0 g, 3.3 mmol, 0.75 equiv) in anhydrous THF (6 mL) at —78 °C was added
nBuLi (1.9 mL, 4.5 mmol, 1.1 equiv, 2.4 M in hexanes) dropwise to form lithiate 11.17.
The pale orange aryl lithium reagent was stirred for 10 min before adding 11.14 (1.0 g,
4.3 mmol, 1.0 equiv) in anhydrous THF (2 mL) dropwise via cannula. After stirring for
45 min, the reaction was quenched by the addition of water (5 mL) and the biphasic
mixture was extracted with EtOAc (2 x 15 mL). Upon concentrating the combined
organics, the resulting crude yellow oil was dissolved in acetone (4 mL) and 10% aq
AcOH (5 mL) was added. After stirring for 30 min, the reaction was quenched with sat.
aq NaHCO3 (5 mL) and was extracted with EtOAc (3 x 10 mL). The combined organics
were washed with brine (5 mL), dried over sodium sulfate, and concentrated on Celite.
Purification on silica gel (3 cm x 12 cm, 0 — 20% EtOAc/hexanes) afforded 11.18 as a
white solid after washing with minimal hexanes (0.70 g, 51%). *H NMR (500 MHz,

CeDg, 70 °C) 8(ppm) 7.81 (brs, 1H), 7.37 (s, 1H), 6.25 (s, 1H), 6.19 (s, 1H), 5.91 (m,
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1H), 5.78 (m, 1H), 5.59 (m, 1H), 5.51 (dddd, J = 17.1, 10.1, 7.1, 7.0 Hz, 1H), 5.05 — 4.97
(m, 3H), 4.98 (d, J = 10.1 Hz, 1H), 4.91 (dd, J = 10.0, 1.5 Hz, 1H), 4.85 (dd, J = 10.1, 1.5
Hz, 1H), 4.82 — 4.73 (overlap, 2H), 3.52 — 3.36 (m, 2H), 3.19 — 3.00 (m, 4H), 2.80 (ddd, J
=17.4,7.0, 1.3 Hz, 1H), 2.40 (dd, J = 17.4, 7.1 Hz, 1H); *C NMR (125 MHz, C¢Ds, 70
°C) 8(ppm) 184.26, 160.41, 144.39, 137.96, 136.36, 135.40, 135.13, 134.61, 133.26,
128.91, 127.37, 126.16, 124.47, 117.88, 116.78, 116.13, 115.98, 39.83, 35.33, 34.98,

32.79.

() 11.20

(¥)-2,2',5,5'-tetraallyl-4'-bromo-1-methoxy-[1,1'-biphenyl]-4(1H)-one 11.19. To a slurry
of 11.16 (1.0 g, 3.3 mmol, 0.75 equiv) in anhydrous THF (15 mL) at —78 °C was added
nBuLi (1.8 mL, 4.4 mmol, 1.1 equiv, 2.4 M in hexanes) dropwise. The pale orange aryl
lithium reagent (11.17) was stirred for 5 min before adding 11.14 (1.0 g, 4.3 equiv, 1.0
mmol) in anhydrous THF (4 mL) via cannula. After stirring for 2 h, Mel (1.8 g, 0.79 mL,
13 mmol, 3.0 equiv) and anhydrous DMF (4 mL) were added and the reaction mixture
was allowed to warm to rt over 16 h. The reaction was quenched with water (20 mL) and
the biphasic mixture was extracted with EtOAc (2 x 20 mL). The combined organics
were washed with 5% aq LiCl (5 x 4 mL). Upon concentrating under vacuum, the
resulting crude yellow oil was dissolved in acetone (5 mL) and 10% aq AcOH (5 mL)
was added. After stirring for 1 h, the reaction was quenched with sat. aqg NaHCO3 (15

mL) and was extracted with EtOAc (3 x 10 mL). The combined organics were washed
49



with brine (10 mL), dried over sodium sulfate, and concentrated on Celite. Purification on
silica gel (4 cm x 12 cm, 0 — 5% EtOAc/hexanes) afforded 11.19 as a yellow oil (1.2 g,
86%). Solid white dione 11.20 was also isolated as a byproduct of this reaction (0.20 g,
11%, dr > 19:1). Major product 11.19: 'H NMR (500 MHz, CgDg, 70 °C) d(ppm) 7.84 (br
s, 1H), 7.40 (s, 1H), 6.45 (s, 1H), 6.16 (s, 1H), 5.96 — 5.87 (m, 1H), 5.78 (dddd, J = 17.0,
10.2, 6.9, 6.9 Hz, 1H), 5.69 — 5.59 (br m, 1H), 5.47 (dddd, J = 17.1, 10.2, 7.2, 7.0 Hz,
1H), 5.05 — 4.84 (overlap, 6H), 4.84 — 4.74 (overlap, 2H), 3.52 — 3.38 (m, 2H), 3.29 —
3.20 (br m, 2H), 3.16 (ddd, J = 15.7, 6.p, 1.4 Hz, 1H), 3.06 (ddd, J = 15.7, 6.9, 1.3 Hz,
1H), 2.86 (s, 3H), 2.64 (dd, J = 17.6, 7.0 Hz, 1H), 2.42 (dd, J = 17.6, 7.2 Hz, 1H); **C
NMR (125 MHz, CgDs, 70 °C) 8(ppm) 184.12, 157.73, 142.42, 139.66, 137.83, 136.42,
135.43, 135.33, 134.76, 132.80, 129.68, 129.16, 124.42, 118.00, 116.64, 116.10, 115.85,
49.63, 39.84, 35.21, 32.81. Byproduct 11.20: *H NMR (500 MHz, C¢Ds, 70 °C) &(ppm)
7.83 (br s, 1H), 6.46 (s, 1H), 6.25 (s, 1H), 5.93 — 5.81 (m, 1H), 5.73 (dddd, J = 16.9, 10.0,
7.1, 6.8 Hz, 1H), 5.54 — 5.43 (m, 1H), 4.99 — 4.84 (m, 5H), 4.75 (d, J = 16.9 Hz, 1H),
3.44 (br s, 2H), 3.15 (dd, J = 15.8, 6.8 Hz, 1H), 3.00 (dd, J = 15.8, 7.3 Hz, 1H), 2.70 (dd,
J=17.4,7.0 Hz, 1H), 2.51 (dd, J = 17.4, 6.5 Hz, 1H); *C NMR (125 MHz, C¢Ds, 70 °C)
S(ppm) 184.24, 158.11, 142.95, 142.91, 139.42, 137.55, 136.73, 134.84, 134.82, 133.03,
133.01, 130.61, 129.70, 129.64, 117.81, 117.79, 116.53, 115.28, 49.78, 36.24, 35.31,

32.82.
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(¥)-anti-2,2',2",5,5',5"-hexaallyl-4,4"-dibromo-1',4'-dimethoxy-1',4'-dihydro-1,1":4',1"-
terphenyl 11.21. To a slurry of 11.16 in anhydrous THF (3 mL) was added nBuLi (0.17
mL, 0.41 mmol, 1.1 equiv, 2.4 M in hexanes) at —78 °C. The light orange aryl lithium
(11.17) solution was stirred for 20 min before adding 11.14 (0.17 g, 0.39 mmol, 1.0 equiv)
in anhydrous THF (3 mL). The reaction mixture was stirred for 90 min before quenching
with water (5 mL) and extracting with EtOAc (2 x 10 mL). The combined organics were
washed with brine (5 mL), dried over sodium sulfate, and concentrated on Celite.
Purification on silica gel (2 cm x 10 cm, 0 — 5% EtOAc/hexanes) afforded semi-pure
alcohol (0.17 g) that was used directly without further purification. A portion of this
alcohol (52 mg, 0.077 mmol, 1.0 equiv) in anhydrous THF (3 mL) was added to a slurry
of sodium hydride (37 mg, 0.93 mmol, 12 equiv) at 0 °C in anhydrous THF (1.5 mL),
After stirring for 20 min, Mel (0.24 mL, 3.9 mmol, 50 equiv) was added and the reaction
was allow to warm to rt for 16 h. The reaction mixture was then quenched with water (2
mL) and extracted with EtOAc (2 x 10 mL). The combined organics were washed with
brine (10 mL), dried over sodium sulfate, and concentrated on Celite. Purification on
silica gel (2 cm x 15 cm, hexanes then 10% EtOAc/hexanes) afforded 11.21as a colorless
solid (50 mg, 60%, anti/syn > 19:1). *H NMR (500 MHz, CsDg, 70 °C) 8(ppm) 7.54 (s,
1H), 7.18 (s, 1H), 6.25 (s, 1H), 6.02 (dddd, J = 16.7, 10.1, 6.8, 6.2 Hz, 1H), 5.83 — 5.69

(m, 2H), 5.08 — 4.86 (m, 8H), 3.85 (dd, J = 15.3, 6.2 Hz, 1H), 3.76 (dd, J = 15.3, 6.8 Hz,
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1H), 3.36 (d, J = 6.5 Hz, 2H), 3.05 (s, 3H), 2.82 — 2.68 (m, 3H); **C NMR (125 MHz,
CsDs, 70 °C) 8(ppm) 140.84, 139.95, 139.92, 138.40, 138.38, 136.56, 136.39, 135.49,
135.04, 131.75, 131.72, 129.93, 123.58, 117.04, 117.01, 116.12, 116.10, 115.25, 80.59,

51.07, 39.66, 38.09, 35.41.

(x)-2,2',5,5'-tetraallyl-4'-bromo-1-((trimethylsilyl)oxy)-[1,1'-biphenyl]-4(1H)-one 11.22.
To a solution of 11.18 (0.36 g, 0.84 mmol, 1.0 equiv) in anhydrous DCM (5 mL) was
added imidazole (0.17 g, 2.5 mmol, 3.0 equiv), and trimethylsilylchloride (9.1 mg, 0.011
mL, 0.084 mmol, 10 mol%). Hexamethyldisilazane (0.20 g, 0.26 mL, 1.3 mmol, 1.5
equiv) was added dropwise and the resulting white suspension was stirred for 15 h. The
reaction was quenched with water (5 mL) and extracted with EtOAc (2 x 10 mL). The
combined organics were washed with brine (5 mL), dried over sodium sulfate, and
concentrated on Celite. Purification on silica gel (3 cm x 8 cm, 0 — 5% EtOAc/hexanes)
afforded 11.22 as a pale yellow oil (0.22 g, 53%). *H NMR (300 MHz, CsDs) 8(ppm) 7.90
(brs, 1H), 7.37 (s, 1H), 6.32 (s, 1H), 6.01 — 5.71 (overlap, 2H), 5.63 — 5.37 (overlap, 2H),
5.15 - 4.67 (overlap, 8H), 3.45 (br, 2H), 3.21 — 3.04 (overlap, 4H), 2.87 (dd, J=17.8, 6.5

Hz, 1H), 2.42 (d, J = 17.8 Hz, 1H), 0.05 (s 9H).
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() 1.23

(x)-2,2',5,5'-tetraallyl-4,4"-dibromo-1',4'-dimethoxy-1',4'-dihydro-1,1':4',1"-terphenyl
11.23. To a solution of 1,4-dibromobenzene (96 mg, 0.41 mmol, 1.1 equiv) in anhydrous
THF (3 mL) was added nBuLi (0.16 mL, 0.39 mmol, 1.1 equiv, 2.4 M in hexanes) at —78
°C. The aryl lithium reagent was stirred for 10 min before adding 11.19 (0.16 g, 0.37
mmol, 1.0 equiv). The reaction mixture was stirred for 90 min before quenching with
water (5 mL) and extracting with EtOAc (2 x 10 mL). The combined organics were
washed with brine (5 mL), dried over sodium sulfate, and concentrated on Celite.
Purification on silica gel (2 cm x 10 cm, 0 — 5% EtOAc/hexanes) afforded semi-pure
alcohol (0.15 g) that was used directly without further purification. A portion of this
alcohol (0.10 g, 0.077 mmol, 1.0 equiv) in anhydrous THF (4 mL) was added to a slurry
of sodium hydride (0.10 g, 2.6 mmol, 15 equiv) at 0 °C in anhydrous THF (2 mL), After
stirring for 20 min, Mel (0.53 mL, 8.5 mmol, 50 equiv) was added and the reaction was
allow to warm to rt for 16 h. The reaction mixture was then quenched with water (2 mL)
and extracted with EtOAc (2 x 10 mL). The combined organics were washed with brine
(10 mL), dried over sodium sulfate, and concentrated on Celite. Purification on silica gel
(2 cm x 14 cm, hexanes then 10% EtOAc/hexanes) afforded 11.23 as a thick yellow oil
(50 mg, 60%, syn:anti ~ 4:1). Major Diastereomer, resonances selected from 4:1 mixture:
'H NMR (500 MHz, C¢Dg, 70 °C) 8(ppm) 7.53 (s, 1H), 7.40 — 7.35 (overlap, 2H), 7.33 —
7.24 (overlap, 3H), 6.09 (s, 1H), 6.06 — 5.91 (m, 1H), 5.88 (s, 1H), 5.86 — 5.66 (m, 2H),
5.59 — 5.48 (m, 1H), 5.07 — 4.71 (m, 8H), 3.79 (dd, J = 15.5, 6.0 Hz, 1H), 3.70 (dd, J =
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15.5, 6.9 Hz, 1H), 3.37 (d, J = 6.7 Hz, 2H), 3.10 (s, 6H), 2.77 (d, J = 6.7 Hz, 5H), 2.67
(dd, J = 16.6, 7.2 Hz, 1H), 2.52 (dd, J = 16.6, 7.4 Hz, 1H); *C NMR (125 MHz, C¢Ds, 70
°C) 8(ppm) 142.74, 141.24, 140.87, 139.81, 139.70, 138.23, 136.58, 136.28, 136.24,
135.48, 135.05, 134.95, 132.59, 131.22, 131.06, 130.90, 129.81, 128.20, 123.63, 121.33,
117.00, 116.66, 116.15, 115.31, 77.74, 76.36, 51.71, 50.60, 39.68, 39.66, 37.77, 35.30,

34.41, 33.36, 26.35, 23.07, 13.59.

trimethyl(((x)-2,2',5,5'-tetraallyl-4,4"-dibromo-4'-hydroxy-1',4'-dihydro-[1,1":4',1"-
terphenyl]-1'-yl)oxy)silane 11.24. To a solution of 1,4-dibromobenzene (80 mg, 0.34
mmol, 1.2 equiv) in anhydrous THF (2 mL) was added nBuLi (0.13 mL, 0.31 mmol, 1.1
equiv, 2.4 M in hexanes) dropwise at —78 °C. After stirring the aryl lithium reagent for 10
min, 11.22 (0.14 g, 0.28 mmol, 1.0 equiv) was added in anhydrous THF (4 mL). After
stirring for 2 h, the reaction was quenched with water (5 mL) and was extracted with
EtOAc (2 x 10 mL). The combined organics were washed with brine (5 mL), dried over
sodium sulfate, and concentrated on Celite. Purification on silica gel (2cm x 10 cm, 0 —
5% EtOAc/hexanes) afforded a semi-pure product (0.10 g) that was further purified by
preparative TLC (5% EtOAc/hexanes) to afford 11.24 as a colorless oil (17 mg, 55%
brsm, syn:anti ~ 3:1). Major Diastereomer, resonances selected from mixture: *H NMR
(500 MHz, C¢Dg) 8(ppm) 7.53 (s, 1H), 7.33 (s, 1H), 7.28 (d, J = 8.6 Hz, 2H), 7.11 (d, J =
8.6 Hz, 2H), 6.13 (s, 1H), 5.97 (br, 1H), 5.78 — 5.49 (overlap, 4H), 5.11 — 5.00 (m, 8H),
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3.84 (br d, 1H), 3.37 — 3.22 (m, 2H), 2.98 (dd, J = 17.3, 7.8 Hz, 2H), 2.85 (ddd, J = 16.6,
7.1, 1.3 Hz, 1H), 2.73 (dd, J = 17.3, 7.0 Hz, 1H), 2.51 — 2.41 (overlap, 2H), 0.21 (s, 9H);
13C NMR (150 MHz, CDCls) §(ppm) 142.64, 140.61, 138.18, 136.65, 136.08, 135.81,
135.38, 135.12, 134.80, 131.49, 131.22, 130.15, 129.26, 128.07, 127.57, 123.27, 121.28,
117.89, 117.73, 116.82, 116.63, 115.88, 72.78, 39.70, 35.01, 34.85, 34.65, 2.23 (only one

C-O resonance observed).

/
MeO
<—>=0

()

Br /
() 11.26

(x)-2,5-diallyl-4'-bromo-1-methoxy-2',5'-dimethyl-[1,1'-biphenyl]-4(1H)-one 11.26. To a
solution of 1,4-dibromo-2,5-dimethylbenzene (0.17 g, 0.64 mmol, 1.1 equiv) in
anhydrous THF (3 mL) at —78 °C was added nBuLi (0.26 mL, 0.61 mmol, 1.1 equiv, 2.4
M in hexanes) dropwise. The pink aryl lithium reagent (11.25) was stirred for 10 min
before adding 11.14 (0.14 g, 0.58 mmol, 1.0 equiv) in anhydrous THF (2 mL) via cannula.
After stirring for 3 h, Mel (0.25 g, 0.10 mL, 1.7 mmol, 3.0 equiv) and anhydrous DMF (1
mL) were added and the reaction mixture was allowed to warm to rt over 20 h. The
reaction was quenched with water (10 mL) and the biphasic mixture was extracted with
EtOAc (2 x 10 mL). The combined organics were washed with 5% aq LiCl (5 x 2 mL).
Upon concentrating under vacuum, the resulting crude yellow oil was dissolved in
acetone (3 mL) and 10% aq AcOH (3 mL) was added. After stirring for 3 h, the reaction
was quenched with sat. ag NaHCO3 (5 mL) and was extracted with EtOAc (2 x 10 mL).

The combined organics were washed with brine (5 mL), dried over sodium sulfate, and
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concentrated on Celite. Purification on silica gel (2 cm x 7 cm, 0 — 5% EtOAc/hexanes)
afforded 11.26 as a yellow oil (0.17 g, 76%). *H NMR (300 MHz, CDCls) 8(ppm) 7.77
(brs, 1H), 7.24 (s, 1H), 6.42 (t, J = 1.6 Hz, 1H), 6.24 (s, 1H), 5.89 — 5.73 (m, 1H), 5.75 —
5.57 (m, 1H), 5.20 — 4.93 (m, 4H), 3.16 (s, 3H), 3.14 — 3.07 (overlap, 1H), 2.77 (dd, J =
18.0, 6.9 Hz, 1H), 2.45 (overlap, 1H), 2.40 (s, 3H), 2.02 (br s, 3H); *C NMR (125 MHz,
CDClIs) 6(ppm) 185.70, 158.72, 142.71, 136.02, 135.84, 135.30, 134.58, 132.67, 129.74,
129.15, 124.36, 118.98, 117.46, 77.28, 77.02, 76.77, 71.14, 50.40, 35.14, 32.77, 22.62,

19.24.

(£) .27

(x)-anti-2',5'-diallyl-4,4"-dibromo-1',4'-dimethoxy-2,2",5,5"-tetramethyl-1',4'-dihydro-
1,1":4' 1"-terphenyl 11.27. To a solution of 1,4-dibromo-2,5-dimethylbenzene (73 mg,
0.28 mmol, 1.1 equiv) in anhydrous THF (2 mL) was added nBuL.i (0.11 mL, 0.27 mmol,
1.1 equiv, 2.4 M in hexanes) at —78 °C. The aryl lithium reagent (11.25) was stirred for 10
min before adding 11.14 (98 mg, 0.25 mmol, 1.0 equiv) in anhydrous THF (3 mL). The
reaction mixture was stirred for 2.5 h before Mel (0.18 g, 0.080 mL, 1.3 mmol, 5.0 equiv)
and anhydrous DMF (1 mL) were added and the reaction mixture was allowed to warm to
rt over 16 h. The reaction was quenched with water (10 mL) and the biphasic mixture
was extracted with EtOAc (2 x 10 mL). The combined organics were washed with 5% aq
LiCl (5 x 2 mL) and brine (10 mL), then dried over sodium sulfate and concentrated on

Celite. Purification on silica gel (1 cm x 8 cm, 0 — 2 — 5% EtOAc/hexanes) afforded 11.27
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as a white solid after washing with minimal hexanes (ca. 3 mL) (90 mg, 62%, anti/syn >
19:1). *H NMR (500 MHz, CDCls) 8(ppm) 7.34 (s, 1H), 7.10 (br's, 1H), 6.13 (t, J = 1.6
Hz, 1H), 5.78 (ddd, J = 17.1, 10.0, 7.1 Hz, 1H), 5.07 (dd, J = 10.0, 1.8 Hz, 1H), 5.00 (dd,
J=16.9, 1.8 Hz, OH), 3.12 (s, 3H), 2.77 — 2.63 (m, 3H), 2.51 (s, 3H), 2.28 (s, 3H); **C
NMR (125 MHz, CDCls) 6(ppm) 141.04, 139.62, 136.83, 136.20, 135.04, 134.31,

130.47, 130.14, 123.33, 117.58, 79.80, 51.43, 35.28, 22.44, 21.47.

Br

X

Br
11.28

1,4-dibromo-2,3-dimethylbenzene 11.28. To a solution of 2,3-dimethylaniline (6.6 mL,
6.5 g, 53 mmol, 1.0 equiv) in anhydrous DCM (150 mL) at 0 °C was added freshly
ground nBuyBr3 (27 g, 56 mmol, 1.1 equiv). The reaction mixture was stirred for 2 h,
whereupon the resulting HBr salt was filtered under vacuum and washed with Et,O (100
mL). After drying under high vacuum, the crude salt was freebased by first suspending it
in Et,0 (100 mL), followed by adding sat aq. NaHCO3 (50 mL). The resulting mixture
was stirred rapidly for 15 h under air. The biphasic reaction mixture was then extracted
with Et;0 (1 x 40 mL) and the organics were washed with brine (40 mL) then dried over
sodium sulfate. Concentration under vacuum afforded 4-bromo-2,3-dimethylaniline (7.1
g) as a pale orange oil that was used without further purification. This crude product was
then taken up in HBr (20 mL) and cooled to 0 °C. Crushed ice was also added to the
reaction mixture. NaNO; (2.4 g, 35 mmol, 1 equiv) was added as a solution in water (10
mL) slowly via pipette while continuing to stir the reaction mixture rapidly. The resulting

yellow diazonium solution was kept at 0 °C while CuBr (3.1 g, 26 mmol, 0.6 equiv) in
57



HBr (10 mL) was heated to reflux (ca. 120 °C). To this refluxing solution was added the
cold diazonium solution portionwise (as a fast drip) via an addition funnel packed with
crushed ice. Upon completion of addition of the diazonium solution, the resulting brown
mixture was heated for an addition 90 min. Upon cooling to rt, the crude reaction mixture
was extracted with hexanes (2 x 50 mL) and the combined organics were concentrated
onto Celite. Purification on silica gel (5 cm x 9 cm, hexanes) afforded a semi-pure oily
white solid that was further purified by distillation (50 °C, high vacuum). The solid
remaining in the pot was crystalline 11.28 (1.3 g, 9.4%). Characterization data was

consistent to previous reports in the literature.”®

/

MeO
<_—__>=0

()

Br /
() .29

(%)-2,5-diallyl-4'-bromo-1-methoxy-2',3'-dimethyl-[1,1'-biphenyl]-4(1H)-one 11.29. To a
solution of 11.28 (0.12 g, 0.51 mmol, 1.1 equiv) in anhydrous THF (3 mL) at —78 °C was
added nBuLi (0.25 mL, 0.61 mmol, 1.2 equiv, 2.4 M in hexanes) dropwise. The aryl
lithium reagent was stirred for 10 min before adding 11.14 (0.12 g, 0.51 mmol, 1.0 equiv)
in anhydrous THF (2 mL) via cannula. After stirring for 1 h, Mel (0.36 g, 0.16 mL, 2.6
mmol, 5.0 equiv) and anhydrous DMF (1 mL) were added and the reaction mixture was
allowed to warm to rt over 20 h. The reaction was quenched with water (3 mL) and the
biphasic mixture was extracted with EtOAc (2 x 10 mL). The combined organics were

washed with 5% aq LiCl (5 x 2 mL). Upon concentrating under vacuum, the resulting

58



crude yellow oil was dissolved in acetone (2 mL) and 10% aq AcOH (2 mL) was added.
After stirring for 1 h, the reaction was quenched with sat. ag NaHCO3 (10 mL) and was
extracted with EtOAc (2 x 10 mL). The combined organics were washed with brine (5
mL), dried over sodium sulfate, and concentrated on Celite. Purification on silica gel (2
cm x 7 cm, 0 — 5% EtOAc/hexanes) afforded 11.29 as a yellow oil (0.14 g, 71%). *H
NMR (500 MHz, C¢Dg) 6(ppm) 7.80 (br s, 1H), 7.50 (br s, 1H), 6.50 (s, 1H), 6.02 (br s,
1H), 5.79 (dddd, J = 17.1, 10.0, 6.9, 6.9 Hz, 1H), 5.47 — 5.35 (m, 1H), 5.02 (dd, J = 17.1,
1.7 Hz, 1H), 4.96 (dd, J = 10.0, 1.5 Hz, 1H), 4.88 (d, J = 10.1 Hz, 1H), 4.73 (d, J = 17.1
Hz, 1H), 3.15 (d, J = 6.9 Hz, 2H), 2.81 (s, 3H), 2.57 (dd, J = 17.8, 6.6 Hz, 1H), 2.30 —
2.21 (br m, 1H), 2.11 (s, 3H), 1.82 (br s, 3H); **C NMR (125 MHz, C¢Ds) 8(ppm) 184.48,
157.92, 142.03, 137.07, 136.76, 135.05, 134.90, 132.76, 130.24, 129.91, 129.60, 129.51,
127.96, 127.86, 127.77, 127.76, 127.67, 127.58, 127.48, 126.04, 125.85, 124.87, 118.23,

118.03, 116.85, 116.69, 49.45, 35.18, 33.04, 19.80, 15.99.

(£) I1.30-anti (+) I.30-syn

(x)-anti-2',5'-diallyl-4,4"-dibromo-1',4'-dimethoxy-2,2",3,3"-tetramethyl-1',4'-dihydro-
1,1":4'1"-terphenyl 11.30-anti and ()-syn-2',5'-diallyl-4,4"-dibromo-1',4'-dimethoxy-
2,2",3,3"-tetramethyl-1',4'-dihydro-1,1":4",1"-terphenyl 11.30-syn. To a solution of 11.28
(90 mg, 0.33 mmol, 1.2 equiv) in anhydrous THF (2 mL) was added nBuLi (0.15 mL,

0.36 mmol, 1.1 equiv, 2.4 M in hexanes) at —78 °C. The aryl lithium reagent was stirred
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for 10 min before adding 11.29 (98 mg, 0.25 mmol, 1.0 equiv) in anhydrous THF (3 mL).
The reaction mixture was stirred for 1.5 h before Mel (0.64 g, 0.28 mL, 4.5 mmol, 15
equiv) and anhydrous DMF (1 mL) were added and the reaction mixture was allowed to
warm to rt over 16 h. The reaction was quenched with water (10 mL) and the biphasic
mixture was extracted with EtOAc (2 x 10 mL). The combined organics were washed
with 5% aq LiCl (5 x 2 mL) and brine (10 mL), then dried over sodium sulfate and
concentrated on Celite. Purification on silica gel (1 cm x 15 cm, 0 — 2% EtOAc/hexanes)
afforded semi-pure 11.30 (0.13 g) as a 2:1 mixture of diastereomers. Some of the major
diastereomer could be purified completely by washing semi-pure 11.30 with hexanes and
keeping the resulting solid 11.30-anti (22 mg). The supernatant, which still contained
both diastereomers, was purified again on basic alumina (1 cm x 7 cm, hexanes then 2%
EtOAc/hexanes). From the resulting solid, additional 11.30-anti could be crystalized from
cold hexanes, each time removing the supernatant, concentrating under vacuum,
dissolving in minimal hexanes, and allowing to sit overnight at —5 °C. This process was
repeated two times to afford additional 11.30-anti (17 mg) and a crop of 11.30 that was a
2:1 mixture of 11.30-anti:11.30-syn (24 mg). The supernatant contained only 11.30-syn
and was purified further by preparative TLC (2% EtOAc/hexanes) to yield an analytically
pure sample of 11.30-syn (15 mg). Thus, the following white solids were isolated: 11.30-
anti (41 mg, 22%), 11.30-syn (15 mg, 9%), and 11.30 (24 mg, 14%, anti/syn = 2:1). 11.30-
anti: *H NMR (500 MHz, C¢Dg, 70 °C) 8(ppm) 7.33 (d, J = 9.1 Hz, 2H), 7.11 (br d, J =
9.1 Hz, 2H), 6.30 (s, 2H), 5.75 (ddd, J = 17.1, 10.2, 7.1 Hz, 2H), 4.96 (d, J = 10.2 Hz,
2H), 4.91 (dd, J = 17.1, 1.8 Hz, 2H), 3.06 (s, 6H), 2.80 (d, J = 7.1 Hz, 4H), 2.52 (s, 6H),

2.26 (s, 6H); *C NMR (125 MHz, C¢Ds, 70 °C) 8(ppm) 141.49, 139.96, 138.39, 137.97,
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135.25, 130.63, 129.21, 127.85, 127.75, 127.67, 127.56, 127.47, 127.36, 126.90, 125.13,
116.82, 109.99, 79.93, 71.49, 51.03, 35.60, 19.87, 18.45. 11.30-syn: *H NMR (500 MHz,
CsDs, 70 °C) 8(ppm) 7.12 (d, J = 8.7 Hz, 2H), 6.52 (d, J = 8.7 Hz, 2H), 6.38 (s, 2H), 5.78
(dddd, J = 17.0, 10.2, 7.0, 7.0 Hz, 2H), 5.01 (dd, J = 10.2, 1.7 Hz, 2H), 4.96 (dd, J = 17.0,
1.7 Hz, 2H), 3.14 (s, 6H), 2.85 (dd, J = 16.9, 7.0 Hz, 2H), 2.71 (dd, J = 16.9, 7.0 Hz, 2H),
2.54 (s, 6H), 2.23 (s, 6H); *C NMR (125 MHz, C¢Dg, 70 °C) 8(ppm) 140.61, 138.73,
138.49, 138.11, 135.33, 130.32, 129.13, 128.07, 127.85, 127.75, 127.66, 127.56, 127.46,

127.37, 126.96, 125.23, 116.86, 80.64, 50.27, 35.05, 19.89, 18.56.

Br
Cl

11.32
2-allyl-1-bromo-4-chlorobenzene 11.32. To a dry RBF charged with a large stirbar, 1-
bromo-2-(bromomethyl)-4-chlorobenzene® (9.0 g, 32 mmol, 1.0 equiv) and copper(l)
iodide (3.0 g, 16 mmol, 0.5 equiv) were suspended in anhydrous dichloromethane (315
mL) and cooled to —78 °C. Vinylmagnesium bromide (95 mL, 67 mmol, 2.1 equiv, 0.7 M
in THF) was then added as a stream via cannula and the reaction mixture was allowed to
warm to rt for 16 h. The reaction was quenched by the careful addition of water (100 mL)
and was then extracted with ethyl acetate (3 x 200 mL). The combined organics were
washed with brine (100 mL), dried over sodium sulfate, and concentrated onto Celite.
Purification on silica gel (hexanes) afforded 11.32 as a colorless oil (4.5 g, 61%). *H
NMR (300 MHz, CDCls) 8(ppm) 7.46 (dd, J = 8.5, 1.2 Hz, 1H), 7.21 (d, J = 2.6 Hz, 1H),

7.05 (dd, J = 8.5, 2.6 Hz, 1H), 5.92 (ddd, J = 16.5, 10.0, 6.3 Hz, 1H), 5.22 — 5.00
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(overlap, 2H), 3.46 (d, J = 6.3 Hz, 3H); *C NMR (150 MHz, CDCls) §(ppm) 141.24,

134.63, 133.73, 133.39, 130.28, 127.90, 122.36, 117.39, 40.04.

Br

o™
Cl
1.33

(E)-1-bromo-4-chloro-2-(prop-1-en-1-yl)benzene 11.33. To a solution of 11.32 (1.4 g, 6.1
mmol, 1.0 equiv) in anhydrous THF (20 mL) was added solid potassium tert-butoxide
(3.4 g, 30 mmol, 5.0 equiv). The reaction mixture was stirred under N for 21 h. The
reaction was quenched by the addition of sat. ag NH4CI (5 mL), acidified with 1 M aq
HCI, and extracted with EtOAc (3 x 20 mL). The combined organics were washed with
brine (10 mL), dried over sodium sulfate, and concentrated on Celite. Purification on
silica gel (2 cm x 6 cm, hexanes) afforded 11.33 as a colorless oil (0.47 g, 34%). *H NMR
(300 MHz, CDCls) 8(ppm) 7.44 (d, J = 8.4 Hz, 1H), 7.43 (d, J = 2.6 Hz, 1H), 7.02 (dd, J
= 8.4, 2.6 Hz, 1H), 6.65 (dd, J = 15.7, 2.0 Hz, 1H), 6.20 (dg, J = 15.7, 6.7 Hz, OH), 1.93

(dd, J=6.7, 2.0 Hz, 2H).

(x)-(E)-2,5-diallyl-4'-chloro-1-methoxy-2'-(prop-1-en-1-yl)-[1,1'-biphenyl]-4(1H)-one
11.34. To a solution of 11.33 (0.20 g, 0.86 mmol, 1.1 equiv) in anhydrous THF (5 mL) at
—78 °C was added nBuLi (0.43 mL, 1.0 mmol, 1.3 equiv, 2.4 M in hexanes) dropwise.
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The aryl lithium reagent was stirred for 20 min before adding 11.14 (0.18 g, 0.79 mmol,
1.0 equiv) in anhydrous THF (1.5 mL) via syringe. After stirring for 45 min, Mel (0.45 g,
0.20 mL, 3.2 mmol, 4.0 equiv) and anhydrous DMF (1 mL) were added and the reaction
mixture was allowed to warm to rt over 16 h. The reaction was quenched with water (3
mL) and the biphasic mixture was extracted with EtOAc (2 x 10 mL). The combined
organics were washed with 5% aq LiCl (5 x 2 mL). Upon concentrating under vacuum,
the resulting crude yellow oil was dissolved in acetone (1.5 mL) and 10% aq AcOH (1.5
mL) was added. After stirring for 1 h, the reaction was quenched with sat. ag NaHCO3
(10 mL) and was extracted with EtOAc (2 x 10 mL). The combined organics were
washed with brine (5 mL), dried over sodium sulfate, and concentrated on Celite.
Purification on silica gel (2 cm x 14 cm, 0 — 5% EtOAc/hexanes) afforded 11.34 as a thick
pale yellow oil (0.19 g, 66%). *H NMR (300 MHz, C¢Dg) 8(ppm) 7.79 (br s, 1H), 7.12
(overlap, 1H), 6.42 (t, J = 1.7 Hz, 1H), 6.32 (br d, J = 15.1 Hz, 1H), 5.98 (s, 1H), 5.72
(ddt, J=17.0, 10.0, 6.8 Hz, 1H), 5.35 (overlap, 2H), 5.03 — 4.79 (overlap, 4H), 4.70 (dd,
J=16.9, 1.7 Hz, 1H), 3.08 (d, J = 6.8 Hz, 2H), 2.79 (s, 3H), 2.53 (dd, J = 17.7, 6.6 Hz,
1H), 2.23 (dd, J = 17.7, 6.8 Hz, 1H), 1.41 (dd, J = 6.6, 1.8 Hz, 3H); **C NMR (150 MHz,
CDCI3) 6(ppm) 185.65, 159.39, 143.32, 134.62, 134.04, 133.98, 132.75, 129.71, 129.39,

128.39, 128.25, 128.10, 127.21, 118.88, 117.38, 50.48, 35.16, 32.80, 18.54.
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() .35

(¥)-anti-2',5'-diallyl-4,4"-dichloro-1',4'-dimethoxy-2,2"-di((E)-prop-1-en-1-yl)-1',4'-
dihydro-1,1":4",1"-terphenyl 11.35. To a solution of 11.33 (94 mg, 0.41 mmol, 1.1 equiv)
in anhydrous THF (2.5 mL) was added nBuLi (0.17 mL, 0.41 mmol, 1.1 equiv, 2.4 M in
hexanes) at —78 °C. The aryl lithium reagent was stirred for 20 min before adding 11.35
(0.31 g, 0.37 mmol, 1.0 equiv) in anhydrous THF (1.5 mL). The reaction mixture was
stirred for 50 min before Mel (0.21 g, 0.10 mL, 1.5 mmol, 4.0 equiv) and anhydrous
DMF (0.5 mL) were added and the reaction mixture was allowed to warm to rt over 16 h.
The reaction was quenched with water (10 mL) and the biphasic mixture was extracted
with EtOAc (2 x 10 mL). The combined organics were washed with water (5 x 5 mL) and
brine (5 mL), then dried over sodium sulfate and concentrated on Celite. Purification on
silica gel (2 cm x 6 cm, 0 — 2% EtOAc/hexanes) afforded 11.35 as a white solid (0.15 g,
78%, anti/syn ~ 6:1). An analytically pure sample of the major diastereomer could be
isolated by crystallizing the diastereomeric mixture from hot acetone. Major
Diastereomer: *H NMR (300 MHz, C¢Dg) 8(ppm) 7.51 (d, J = 2.4 Hz, 2H), 7.40 (d, J =
15.1 Hz, 2H), 6.25 (d, J = 8.6 Hz, 2H), 7.03 (dd, J = 8.6, 2.4 Hz, 2H), 6.24 (s, 2H), 5.73 —
5.60 (overlap, 4H), 4.94 (d, J = 10.5 Hz, 2H), 4.88 (d, J = 16.5 Hz, 2H), 3.01 (s, 6H),
2.89 - 2.6 (m, 4H), 1.71 (dd, J = 6.6, 1.8 Hz, 6H); **C NMR (125 MHz, CDCls) 5(ppm)
140.72, 137.58, 137.55, 135.09, 133.40, 131.47, 130.94, 128.93, 128.90, 128.09, 126.28,

117.63, 79.75, 51.64, 35.46, 18.86.
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11.5.3. Selected NMR Spectra
The following NMR spectra are representative examples of certain key

intermediates and products that were introduced throughout Chapter 1. They serve to
provide additional structural information about connectivity and insight to dynamic

behavior at various temperatures.

:
-

U

8.0 75 70 65 6.0 55 50 45 40 35 30 25
8 (ppm)

Figure 11.5. 'H NMR spectra of 11.19 at 25 °C (bottom) and 70 °C (top) in C¢Ds (500
MHz).
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Figure 11.6. *H-"*C HMBC NMR spectrum of 11.26 at 70 °C in C¢Ds. Relevant cross-
peaks are enclosed in a box (500 MHz).
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Figure 11.7. *H-"H COSY NMR spectrum of 11.19 at 70 °C in C¢Ds (500 MHz).
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Figure 11.8. 'H NMR spectra of 11.19 at 25 °C, 0 °C, -10 °C, —20 °C, -30 °C, —40 °C
(bottom - top) in CDClI; (500 MHz).
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Figure 11.9. 'H NMR spectra of 11.30: syn (bottom) and anti (top) at 70 °C in C¢Dg (500
MHz)
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11.5.4. X-ray Crystallographic Data
Data were collected on a Bruker AXS Smart APEX instrument or a Enraf-Nonius

CAD-4 Turbo Diffractometer instrument at the University of Oregon. Relevant structures
and data used to assign the stereochemistry of 11.21, 11.27, 11.30-anti, 11.30-syn, and

11.35 are provided below in Figures 11.10 — 11.14 and Tables I1.1 — 11.5.

Figure 11.10. ORTEP representation of 11.21 (thermal ellipsoids shown at 50%
probability).

Table I1.1. X-ray crystallographic parameters for 11.21.

Identification code cu_jasti7_0m
Empirical formula Cy9H,,Bro
Formula weight 346.28
Temperature/K 173(2)

Crystal system N/A
Space group P-1
alA 11.0188(4)
b/A 11.4339(5)
c/A 14.2012(6)
a/° 74.001(3)
R/ 77.671(3)
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y/°
Volume/A®
Z
peacglcm®
w/mm*
F(000)
Crystal size/mm?®
Radiation
20 range for data collection/®
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=2¢ ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

88.154(2)
1679.54(12)
4
1.369
3.293
716

0.13 x 0.09 x 0.04
CuKo (A = 1.54178)

14.4 10 133.24
-12<h<13,-13<k<13,-16<1<16
10294
5619 [Rin = 0.0491, Ryjgma = N/A]
5619/0/389
1.054
R, = 0.0578, WR, = 0.1726
R, = 0.0679, WR, = 0.1824
0.95/-0.68

Figure 11.11. ORTEP representation of 11.27 (thermal ellipsoids shown at 50%

probability).



Table 11.2. X-ray crystallographic parameters for 11.27.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A
o/°
pr°
v/°
Volume/A3
Z
Pcalcglcm3
w/mm’™
F(000)
Crystal size/mm?®
Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=26 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

mo_jastil5_0m
C3oH34Br0;
586.39
173(2)
triclinic
P-1
9.4294(13)
15.874(2)
16.066(2)
117.847(4)
95.271(4)
90.619(4)
2113.4(5)
3
1.382
2.9
900
0.100 x 0.090 x 0.060
MoKa (A=0.71073)
2.884 t0 56.392
-12<h<12,-21<k<18,-20<1<21
28327
10330 [Rjnt = 0.1134, Rgigma = 0.1853]
10330/4/460
1.013
R; = 0.0654, wR, = 0.0986
R; =0.1823, wR, = 0.1254
0.55/-0.61
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Figure 11.12. ORTEP representation of 11.30-anti (thermal ellipsoids shown at 50%

probability).

Table 11.3. X-ray crystallographic parameters for 11.30-anti.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A
o/°
pr°
v/°
Volume/A3
z

Pealcy/ cm?
w/mm™*
F(000)
Crystal size/mm?®
Radiation
20 range for data collection/®

Index ranges

mo_jastilé_0m
C3oH34Br,0;

586.39

296(2)
triclinic

P-1
10.749(2)
10.911(2)
14.052(3)
71.614(4)
76.361(4)
60.928(4)
1360.1(5)
2
1.432
3.004
600
0.220 x 0.190 x 0.100
MoKa (A =0.71073)
3.07 t0 49.994
-12<h<12,-12<k<12,-16 <1< 16
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Reflections collected 19338

Independent reflections 4782 [Rine = 0.0911, Rgigma = 0.0827]
Data/restraints/parameters 4782/0/307
Goodness-of-fit on F? 1.01
Final R indexes [[>=20c (1)] R; =0.0536, wR,=0.1314
Final R indexes [all data] R; =0.0911, wR, = 0.1525
Largest diff. peak/hole / e A 1.87/-0.73

Figure 11.13. ORTEP representation of 11.30-syn (thermal ellipsoids shown at 50%
probability).

Table 11.4. X-ray crystallographic parameters for 11.30-syn.

Identification code cu_jastil7_Om
Empirical formula CsoH34Br,0,
Formula weight 586.39
Temperature/K 173(2)
Crystal system monaclinic
Space group P2:/n
alA 8.2099(3)
b/A 27.6344(9)
c/A 12.0993(4)
a/° 90
pre 104.117(2)
v/° 90
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Volume/A?
Z
Pearcg/em®
w/mm™*
F(000)
Crystal size/mm®
Radiation
20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=20c (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

2662.14(16)
4
1.463

4.046
1200
0.150 x 0.140 x 0.060
CuKo (A = 1.54178)

6.396 to 133.404
-9<h<9,-32<k<25 -14<1<14
15756
4696 [Riy = 0.0680, Rigra = 0.0660]
4696/0/307
1.049
R, = 0.0621, WR, = 0.1894
R, = 0.0675, WR, = 0.1949
0.64/-1.42

Figure 11.14. ORTEP representation of 11.35 (thermal ellipsoids shown at 50%

probability).
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Table 11.5. X-ray crystallographic parameters for 11.35.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A

o

o/
pre
v/°
Volume/A3
Z

pcalcg/(:m3

w/mm’™*

F(000)
Crystal size/mm?®
Radiation
20 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

mo_jasti26_0m
C32H34C|202
521.49
173(2)
monaclinic
P2,/n
9.856(3)
8.573(3)
17.254(5)
90
94.163(6)
90
1454.1(8)
2
1.191

0.249
552
0.210 x 0.180 x 0.060
MoKa (A= 0.71073)

4.62 10 49.974
-11<h<11,-10<k<10,-20<1<20
10008
2567 [Rin; = 0.0692, Ryigma = 0.0682]
2567/0/163
1.01
R, = 0.0547, WR, = 0.1204
R, = 0.1032, WR, = 0.1453
0.35/-0.28

11.6. Conclusion

Herein, we have discussed the scope of substrates that we have used to synthesize

both unfunctionalized and functionalized 1,4-dimethoxycyclohexa-2,5-dienes. Based on

the seminal work of Liotta and Wipf, we have successfully developed an electrostatic
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model to control the facial selectivity for the addition of aryl lithum nucleophiles to 4,4-
disubstituted 2,5-cyclohexadienones. In cases where the components have neither alkyl
nor alkenyl substituents, electrostatic shielding of the top face by the newly formed metal
alkoxide is effective in reliably delivering the desired syn diastereomer, such as 11.6. On
the contrary, two-fold addition to various quinones with either (4-bromophenyl)lithium or
(4-bromonaphthyl)lithium to afford 11.8 — 11.11 gave vastly different stereochemical
outcomes. It is still unclear at this time how the size and substitution patterns of the two
components dictate the diastereomeric ratio. These results also had implications in the
stepwise formation of substituted 1,4-dimethoxycyclohexa-2,5-diene adducts. In general,
we found that para substitution on the aryl ring of our 4,4-disubstituted 2,5-
cyclohexadienones in combination with para substitution on the aryl lithium component
overwhelmingly gave anti products (11.21 and 11.27) . Removing substitution from the
aryl lithium nucleophile tentatively appears to switch the selectivity to syn (11.23 and
11.24), while utilizing ortho aryl substitution on both components (11.30) lowers the
anti/syn ratio to 2:1. Increasing the size of the substituent closest to the stereocenter of the
4,4-disubstituted 2,5-cyclohexadienone and on the incoming aryl nucleophile causes this
selectivity to erode to 6:1 (11.35). Work is underway to hone in on the various factors that
dictate the diastereomeric ratio for these types of adducts, such that functionalized 1,4-
dimethoxycyclohexa-2,5-dienes with predictable stereochemistry can be readily

synthesized.
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11.7. Bridge to Chapter 111

In Chapter 11, we have discussed the development of methodology to reliably
synthesize 1,4-syn-dimethoxycyclohexa-2,5-dienes with excellent diastereomeric ratios,
thus leading to numerous [n]cycloparaphenylene products. This methodology has been
exploited to allow for the synthesis of [8]CPP on gram-scale, allowing for a more
thorough study of its physical and electronic properties. With large quantities of [8]CPP
available, we studied the controlled oxidation of this carbon nanohoop, as well as its
novel photophysical properties. In addition, the implications of the substrates chosen in
this chapter in an attempt to predictably synthesize substituted 1,4-syn-

dimethoxycyclohexa-2,5-dienes will be made clear later in Chapter V.
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CHAPTER Il

INVESTIGATIONS OF THE [8]CPP RADICAL CATION

This chapter is based on published work in Chemical Science (August 2013). |
performed the experiments and Prof. Bryan Wong (UC Riverside) performed the majority
of the computations in this chapter. Assistance was provided by Dr. Sébastien Rochat
(spectroelectrochemistry, Massachusetts Institute of Technology), Dr. Jeffrey W. Bacon
(X-ray crystallography, Boston University), and Dr. Paul Ralifo and Dr. Mehkala Pati
(EPR spectroscopy, Boston University). Editing was provided by Prof. Ramesh Jasti.

Treatment of [8]cycloparaphenylene (CPP) with the oxidant triethyloxonium
hexachloroantimonate afforded an isolable radical cation of the parent carbon nanohoop.
The photophysical properties of [8JCPP ™ SbClg” were investigated, showing the presence
of two absorptions at 535 nm and 1115 nm. Time-dependent density functional theory
(DFT) calculations were used to examine these optical absorptions, revealing a
delocalized, quinoidal carbon nanohoop. Upon mixing with neutral
[8]cycloparaphenylene, the formation of an unusually strong charge-resonance complex
([8]CPP,) " was observed. Spectroscopic and computational studies were indicative of
extensive intermolecular charge delocalization between the two carbon nanohoops as

well.

I11.1. Introduction

Understanding intramolecular' and intermolecular? charge transfer phenomena in
n-conjugated materials is important for design of better performing organic electronic

materials and photovoltaics.®® The study of small molecule aromatic radical cations can
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serve as excellent model systems for charge transfer processes in more complex p-type

10-11 12-15

materials.®® Seminal work by Kochi'®** and Rathore'?** allowed for the isolation and
characterization of a variety of electron-rich aromatic radical cation salts. Unequivocal
analyses of these compounds in the solid state and in solution allowed for direct structural
and electronic comparisons between the charged compounds and the neutral parent
compounds, providing insight into the behavior of polyphenylene materials. Furthermore,

16-19 and

open-shell fragments of conducting polymers such as tetrathiafulvalene
oligothiophene?®? have been studied as p-doped models of conducting polymers.
Radicals derived from polycyclic aromatic hydrocarbons (PAHS) are of particular
importance due to their structural similarities to carbon materials such as graphene,
fullerenes and carbon nanotubes (CNTs) (Figure 111.1).2*?®> Numerous charged and
uncharged radical planar polycyclic aromatic hydrocarbon compounds have been
extensively studied, 2 suggesting varying amounts of charge delocalization
throughout the respective n-systems. Additionally, studies of in situ generated
corannulene radical cations and anions have provided insight to the structural and
electronic properties of a bent PAH with unpaired electrons.?* 22° Although these
systems were observed spectroscopically, it was not until recently that highly distorted,
open-shell aromatic compounds were isolated by chemists.*>*? These nonplanar

compounds have been shown to have intriguing electronic and structural properties

owing to their non-planar n-systems with three-dimensional spin delocalization.
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Lawton, 1967: Morita, 2011:

tBu '
Il“* -
tBu l tBu
Open-shell fullerene fragment Open-shell graphene fragment

This work:

Open-shell CNT fragment

Figure 111.1. The [n]cycloparaphenylene radical cation represents a rare example of a
distorted, open-shell graphitic material.

33-34 :35-36

Over the past several years, our group, as well as the groups of Itami
Yamago,®" Isobe, and Miillen*® have developed syntheses of short, neutral [n,n]
armchair CNT fragments. These segments, [n]cycloparaphenylenes ([n]JCPPs),** have
attracted ample interest due to their radially-oriented m-systems, tuneable optical

properties and supramolecular capabilities.®* **

With our group’s ability to access carbon
nanohoops on gram-scale, the study of their reactivity has become increasingly viable.
For example, in a recent collaboration with the Petrukhina group we have reported on the
multi-electron reduction of [8]CPP to a tetraanion, an extremely distorted structure in the
solid-state.*® Herein, we report the first synthesis, theoretical analysis and photophysical

characterization of quinoidal [8]CPP™ SbClg", as well as the formation of the

corresponding unusually strong charge-resonance complex, ([8]JCPP,) ™.
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111.2. Experimental Results

111.2.1. Synthesis
Triethyloxonium hexachloroantimonate (Et;0*SbClg) (Ereq = 1.5 V vs. SCE)* is

a reagent that has previously been used for the generation of numerous aromatic radical

cations'® 1346

as well as the oxidation of single-walled CNTs.2 *’ Treatment of an
anhydrous dichloromethane solution of [8]CPP (111.1) at 0 °C with Et;0"SbClg’
immediately led to the formation of a dark orange solution that slowly became deep
purple over time (Scheme 111.1). Upon cooling to —50 °C, the addition of anhydrous
pentane led to the precipitation of a purple solid that was isolated in 67% yield. The
radical cation 111.1" was stable on the order of days at ambient temperature if excluded

from excessive moisture. Additionally, exposure to zinc dust allowed for the nearly

quantitative reduction back to neutral [8]CPP I11.1.

+1.5 E{Cl
+3 Et,0
+0.5 SbCl,

Scheme I11.1. Single electron oxidation of [8]CPP I11.1.
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111.2.2. Structural Analysis
We anticipated that EPR spectroscopy would provide insight to the electronic

nature of the nanohoop radical cation 111.1™ (Figure 111.18, Table 111.3). Charge
delocalization has been extensively studied via analysis of EPR hyperfine structures,
indicating spin-orbit coupling between the unpaired electron and atoms in the 7-system. ™
11.46.48-50 ynfortunately in our hands, no hyperfine structure was observed for a dilute
(10 M) solution of 111.1* in dichloromethane at 25 °C. Rather, only a single, broad line
(g =2.007) was obtained, which is consistent with the presence of a delocalized organic
radical.”* The spectrum remained unchanged upon further dilution (10" M) and cooling
to below —263 °C. In addition, the spectrum remained unchanged even after the addition
of 5 equivalents of oxidant. As no EPR signal was observed for either neutral 111.1 or
Et;0"ShClg reagent in CH,Cl,, we cannot attribute the observed signal to a paramagnetic
impurity introduced into the experiment (Figure 111.20). A number of other delocalized
aromatic radical cations, such as coronene, biphenyl, phenanthrene,’ and azacoronene™
portray unresolved signals as well. Additionally, attempts at characterizing 111.17 via
single crystal X-ray crystallography have to date been unsuccessful. Twinned crystals
were obtained by slowly cooing the crude reaction mixture to —30 °C in a nitrogen-filled
glovebox over the course of 7 days. Unfortunately, refinement of the crystal structure was
unsuccessful. Since a stoichiometric amount of antimony trichloride byproduct was
present during crystallization it is likely that the SbClg™ anion sites were partially
occupied by disordered ShCls. The antimony trichloride could be removed as described
in Chapter 111.4.2, but attempts at crystallizing the purified compound under numerous

conditions were unsuccessful.
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111.2.3. Photophysical and Electrochemical Characterization of Radical Cation

Aromatic radical cations often have characteristic features in the near-IR (NIR) as

15 -
I |53 54

observed in the twin absorption bands of the quaterphenyl™ and bipheny radical
cations. As seen in Figure 111.2, 111.1"" has two major absorptions at 535 nm (¢ = 0.81 (£
0.03) x 10* M? cm™) and 1115 nm (¢ = 1.03 (+ 0.03) x 10* M cm™), which is consistent
with similar aromatic radical cations. These data are in stark contrast to neutral 111.1,
which has an absorption at 340 nm (¢ = 1.00 x 10° M cm™) and a broad shoulder around
400 nm.® The presence of the two red-shifted absorptions closely matches the values
estimated by TD-DFT calculations (vide infra).

Spectroelectrochemical experiments (performed in 0.1 M n-BusPFgin CH,CI,
under ambient conditions) allowed us to monitor the formation of radical cation 111.17 in
situ by applying a constant potential to the sample (Figure 111.17). Use of slightly higher
potentials than the sole observed E*y; (0.65 V vs. Fc/Fc*) in the cyclic voltammogram
(Figure 111.14) led to an increase in absorption at 535 nm and a decrease in absorption at
340 nm over 10 minutes. An isosbestic point at 368 nm strongly supports our hypothesis
that a single oxidation step occurs from neutral 111.1 to radical cation 111.1°*. This
observation is consistent with the absorption in the visible region from both chemical
oxidation of neutral 111.1 and the calculated TD-DFT spectrum (vide infra). Importantly,
this also provides evidence against formation of radical cation 111.17 via a
disproportionation mechanism involving a dicationic species or interaction between two
radical cation species to form a z-dimer.* *>°° Cyclic voltammetry with one equivalent
of both neutral 111.1 and ferrocene (Figure 111.15) revealed almost identical integrated

peak areas (A1 / Arc = 1.06). To further support this claim, differential pulse voltammetry

experiments confirmed that the single wave observed in the cyclic voltammogram
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corresponds to the transfer of a single electron as evidenced by just one peak in current
differential (Figure 111.16).% Lastly, evidence against a dication species is seen in the
calculated TD-DFT spectrum for a 111.1%* species, which is inconsistent with our
experimental data (Tables 111.8 — 111.10). These data, along with the EPR signal, absence
of an absorption at 340 nm (Figure 111.2), and nearly quantitative reduction back to

neutral 111.1 confirms the identity and isolation of radical cation 111.1°™.

—14x10°M

Absorbance

0.0

T T T T
600 800 1000 1200 1400
Wavelength (nm)

Figure 111.2. UV-vis-NIR spectrum of 111.1" at increasing concentrations.

111.2.4. Characterization of Charge-Resonance Dimer
Charge-resonance (CR) dimers can be prepared by mixing an aromatic radical

cation with its neutral counterpart, giving rise to an intense band in the NIR that results
from intermolecular charge transfer (Figure 111.3). The titration of a yellow

dichloromethane solution of 111.1 (8.2 x 10 M) into a purple dichloromethane
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Figure 111.3. Diagram showing orbital interactions during the formation of a charge-
resonance dimer.

solution of 111.1* (1.0 x 10™* M) resulted in the formation of an orange CR dimer,*
I11.(1)2™. Concomitant with the gradual decrease in absorbance at 535 nm (loss of purple
color) and 1115 nm was the growth of new bands at 687 nm and 1747 nm (Figure 111.4).
We attribute the broad absorption at 1747 nm to a CR transition that has been observed in
other mixed valence dimer systems.*® *® Specifically, this characteristic near-I1R band can
be ascribed to the delocalization of positive charge throughout both [8]CPP moieties. In
addition, the EPR spectrum of the CR dimer 111.(1),™ exhibits a broad, unresolved line as

well, confirming its paramagnetic character (Figure 111.19).
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Figure 111.4. Titration of neutral 111.1 into solution (Table 111.2) of 111.1"" leads to a
charge-resonance band at 1747 nm.

With the ability to observe the CR complex I11.(1),"™ under ambient conditions,
we next sought to investigate the dimerization process quantitatively. The Benesi-
Hildebrand procedure (Equation 111.1)°" was first used to evaluate the electron transfer
process between iodine and benzene®® and later applied to mixed valence organic
paramagnetic complexes.™ **° Thus, we used this technique to extrapolate values for
the binding constant of (1),”™, Kaimer, as Well as the extinction coefficient of its CR band,

€1747:

mL1'] 1 .\ 1 1

Aj7a7 €1747  Kaimer€1747 [TL1]

Equation I11.1. Benesi-Hildebrand equation used to determine binding strength.

In order to employ this procedure, we have made the assumption that 111.1,
111.1*, and I11.(1), " are the only three species that exist in solution.>” Using the data
from Figure 111.4 and Equation I11.1, a linear plot of [(111.1) *]/A747 vs 111.1/[111.1] was
constructed (Figure 111.5). The slope and intercept allowed us to extract values of 1.15 (£

0.03) x 10* M and 2.99 ( 0.06) x 10 M™ cm™ for Kgimer and ecr, respectively.
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Unexpectedly, the binding constant calculated is two orders of magnitude larger than that
of charge-resonance dimers formed from octamethylbiphenylene (OMB),*® naphthalene
and pyrene.”® “Sandwich-like” complexes from non-planar PAHs have been observed
previously,®®®® however, a priori one might expect planar polycyclic aromatic
hydrocarbons to engage in more efficient n-n interactions than the highly distorted
nanohoops. The high binding constant suggests that the interaction between the two
nanohoops in 111.(1)," is unusually strong compared to other known mixed valence
dimers of planar aromatic systems. As pointed out by an insightful reviewer after
submission of the material found in this chapter, aggregates formed from a 1:1 ratio of
111.1 and 111.1™ or “hoop-in-hoop” complexes could also lead to a high binding constant.

Further studies are warranted to differentiate between these alternate hypotheses.

9.0x10° -
8.5x10° ]
8.0x10° o .
. R >0.99
7.5x107 4
7.0x10°

6.5x10° o

T .]/A1 747

= 6.0x10°
5.5x10°
5.0x10° o

4.5x10°

T T T T T T T 1
4000 6000 8000 10000 12000 14000 16000 18000 20000
1/M]

Figure 111.5. Benesi-Hildebrand plot of 111.1°7.

With a binding constant in hand, AG® for the formation of dimer 111.(1), ™ was
estimated (AG®° = —RT In Kginer). By relating the change in Gibbs free energy with the
equilibrium constant, Kgimer, We calculated that the dimerization process is exothermic by

5.55 kcal/mol. This value, however, should underestimate the true binding energy as no
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diffusional entropic parameters are considered for this intermolecular process. This
process is in contrast to charge-transfer dimers formed by cyclophane-like radical cations
where the entropic changes are negligible due to the rigidity and intramolecularity of the

system.>®

111.3. Computational Analysis and Discussion

111.3.1. Structural Analysis of Radical Cation

Since we were unable to gain any detailed structural information from EPR
spectroscopy and X-ray crystallographic analysis, density functional theory (DFT)
calculations were performed*® ® using the Gaussian 09 package.®® Previous X-ray crystal
structure analysis®* and theoretical results unequivocally prove the benzenoid character of
closed-shell 1. In contrast, DFT analysis of 111.1™ provides evidence for a delocalized
quinoidal structure (Figure 111.6 and 111.22). This quinoidal nature is evident in the
shortening of Ciyso-Cipso bonds (&) by 1.5 pm and the Corino-Cortho bonds () by 0.7 pm, as
well as the elongation of the Cispo-Cortno bonds (b) by 0.6 pm. Interestingly, the arene
rings in neutral 1 are non-uniformly canted to various degrees, ranging from 15° to 33°.

In contrast, the benzene rings in 1" all flatten to a uniform torsional angle of 23° (Table

11.1).
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Figure 111.6. DFT optimized geometry of 111.1™ performed at the UB3LYP/6-31G(d,p)
|EVE| Of theory Labels refer tO the C|pso'C|pso (a), Cispo'Cortho (b) and COTthO_COTT.hO (C)
bonds. Torsional angle (0) between aryl rings is depicted in red.

Table 111.1. Theoretical® bond lengths (pm) and torsional angles (°)° of 111.1 and 111.1™".

Parameter 1 1"
a 148.7(1) 147.2(0)
b 140.8(1) 141.4(2)
c 139.1(2) 138.4(0)
0 26(7) 23(0)

“ DFT calculations performed at the RB3LYP/6-31G(d,p) or UB3LYP/6-31G(d,p) level
of theory for ITI.1 and ITL.17, respectively.

®Bond lengths are an average of symmetrically equivalent bonds; torsional angles are an
average of symmetrically equivalent four-atom angles (vide supra, Figure 111.6)

111.3.2. TD-DFT Calculations for Radical Cation
In order to probe the origins of the optical transitions of 111.17, time-dependent

(TD) DFT calculations were performed at the UB3LYP/6-31G(d,p) level of theory
(Figure 111.7 and Table 111.4). Consistent with our experimental data, these calculations
predict an absorption in the near-IR at 1414 nm (f = 0.2601) and in the visible region at
644 nm (f = 0.0021). The lower energy A-type® transition corresponds to a mixture of
degenerate SOMO-1 = SOMO  and SOMO-2 § = SOMO f, while the higher energy

transition corresponds to a mixture of SOMO-5 - SOMO  and SOMO-6 > SOMO
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B. As a comparison, the sole predicted absorption for 111.1 at 340 nm (f = 1.4872,
1.3057) at the same level of theory involves the combination of HOMO-1 - LUMO,
HOMO - LUMO+1, HOMO-2 - LUMO and HOMO > LUMO+2.%" The small, broad
shoulder around 400 nm present in neutral 111.1 arises from the symmetry-forbidden
HOMO - LUMO transition.*® Of particular significance is the decreased HOMO-
LUMO gap (1.1 eV) for 111.1* compared to that of neutral 111.1 (3.2 eV).

Additionally, the frontier molecular orbitals encompassing these transitions
(Figure 111.7) were analyzed to further understand the electronic nature of 111.1™. The
occupied P orbitals involved show increased electron density along the Cipso-Cipso and

Cipso-Cortho bonds, further confirming a delocalized quinoidal character. This electron

SOMO -1 p

5.8 () SOMO-2p |
SOMO -1 {E—
7.82eV f 6—4(')1.?1(:1'2\1
SOMO -5
SOMO -5 « L
o SOMO -6
9.24 eV SOMO - 6 B
-9.29 eV

Figure 111.7. Electronic transitions (TD-DFT) for 111.1™ calculated at the UB3LYP/6-
31G(d,p) level of theory with associated frontier molecular orbitals.®®
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distribution is also in good agreement with the shortened Cipso-Cipso (&) and Cortho-Cortho
(c) bonds, as well as the lengthened Cipso-Cortno (D) bonds observed in the DFT optimized

geometry (vide supra, Table 111.1).

111.3.3. DFT Analysis of Charge-Resonance Dimer

In order to gain further insight to the interactions that contribute to the high
stability of 111.(1),*, DFT calculations were performed at the UoB97X-D/6-31G(d,p)**"°
level of theory in the gas phase. The UoB97X-D functional has been successfully shown
to model charge-transfer complexes, despite the inherent difficulty in modelling their
interaction energies with DFT calculations.”* TD-DFT calculations on the optimized
geometry at the same level of theory are consistent with the experimentally observed
broad charge-resonance band in the NIR (Table 111.5). In the optimized geometry (Figure
111.8), we observe a m>7* interaction between a significantly shortened Cipso-Cipso bONd
of one quinoidal nanohoop and the face of an aryl ring on the adjacent nanohoop 3.10 A
away. The donating Cipso-Cipso bond has shortened to 144.5 pm, while the torsional angle
of this specific Cipso-Cipso bond further decreased to 13°. These structural deformations
may contribute to the enhanced interaction in the nanohoop charge-resonance dimer.

We also computationally investigated the charge-resonance dimers arising from
([6]CPP) ", ([10]CPP) " and ([12]CPP) " to explore the relationship between [n]CPP size
and binding strength. The geometries of the four nanohoop charge-resonance complexes
were optimized after choosing a consistent set of Euler angles to orient one CPP ring
relative to the other. This configuration was held constant in all four of the radical cation
dimers. The restriction provided a consistent set of geometries for different sized [n]CPP

charge-resonance dimers for comparison.
90



Figure 111.8. Optimized geometry of 111.(1),* at the UoB97X-D/6-31G(d,p) level of
theory (gas phase) depicting the m>n* interaction (highlighted in red).

The binding energies were determined by subtracting the energies of two
individual components (i.e 111.1 and 111.1") from the energy of a dimeric structure (i.e
111.(1)2™) (Figure 111.9 and Table 111.6). From these data, a general trend emerges
relating the size of the nanohoops in a charge-resonance dimer to the binding energy.
Specifically, as the nanohoops become larger, the binding energy increases. Presumably,
the positive charge is more delocalized throughout the quinoidal n-system in the larger
nanohoops than in the smaller nanohoops, giving rise to the observed trend.

To begin investigating this trend experimentally, we attempted to characterize the
charge-resonance complex of [12]CPP using the Benesi-Hildebrand procedure. However,
even upon treating [12]CPP with a large excess of oxidant (20 equivalents) and
prolonging the reaction time, we were never able to isolate or observe [12]CPP*. Rather,
only the paramagnetic charge-resonance complex ([12]CPP), " was detected by EPR
(Figure 111.21) and UV-vis-NIR (Figure 111.13) spectroscopy. Both the charge-resonance
band in the NIR and the band in the visible region increased in intensity upon addition of

neutral [12]CPP (Figure 111.13). These experimentally observed absorptions are
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consistent with the bands observed for 111.(1),". Since [12]CPP* was not detectable
under our experimental conditions, we were not able to measure the exact binding
constant for this larger cycloparaphenylene. The experimental observation, however, is

consistent with larger carbon nanohoops forming stronger charge-resonance dimers.

22

® 20.94 kcal/mol
20

m 18.84 kcal/mol

14 ™ 14.28 kcal/mol

Binding Energy (kcal/mal)

12 4 m12.13 kecal/mol

T T T y T ¥ T u T T T * T
6 7 8 9 10 1" 12

number of phenylene units (1)

Figure 111.9. Theoretical binding energies of [n]CPP charge-resonance dimers (n = 6, 8,
10, 12) calculated at the UoB97X-D/6-31G(d,p) level of theory (gas phase).

The study of intermolecular charge transfer in cycloparphenylenes may have
implications in analogous phenomena in single-walled CNTSs. Prior theoretical* and
experimental work on systems consisting of two crossed nanotubes has showed that
metal-metal nanotube junctions have a very high conductance (0.1 — 0.2 e%/h).”*"® In
addition, studies have shown a relationship between diameter and conductance in
networks made exclusively of CNT bundles.” To our knowledge, however, there has

been no single study explicitly relating CNT diameter and conductance across CNT-CNT
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junctions. Based on our results comparing differing sized [n]CPP charge-resonance
dimers, carbon nanotube diameter should dramatically affect hole transport across

intermolecular CNT junctions.

I11.4. Other Relevant Work

Around the same time as our work outlined in this chapter, the Yamago laboratory
published conflicting results concerning the synthesis and characterization of [§]CPP’s
radical cation and dication.”” They begin by treating [8]CPP IIL1 with a different oxidant
than we used, NOSbFg in dichloromethane. Using 1.0 equivalents of the reagent afforded
what was assigned as [8]JCPP ™" SbF,’, while using excess (5.0 equiv) of reagent delivered
what was assigned as [8]CPP*" (SbF¢)s. Interestingly, the UV/vis/NIR spectra that they
report for these two compounds are fairly consistent with our “charge-resonance” and
“radical-cation” spectra, respectively. By adding 1.0 equivalent of [8]CPP III.1 to over-
oxidized [8]CPP2+ (SbF¢),, the formation of [8]CPP ™" SbFs by optical and EPR
spectroscopy was observed. Based on our own experiments, this result seems odd as we
should have seen multiple species under our reaction conditions if such a
disproportionation mechanism was operative. That is, with the 1.5 equivalents of oxidant
that we used (Scheme IIIL.1), if we were actually forming [8]CPP** (SbCls ), rather than
[8]CPP " SbCls II1.1°7", the remaining 0.5 equivalents of [8]CPP IIL.1 should have
caused some degree of disproportionation to afford a mixture of species with all three

oxidation states.
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In addition, treatment of [8]CPP IIL.1 with SbCls (1.5 equiv), which is the parent
reagent to the Meerwein salt Et;0"SbClg used by our group, [8]CPP2+ (SbClg '), was
obtained in greater than 50% yield. Based on the stoichiometry of this oxidation, which is
identical to the stoichiometry for reactions using SbCls, (Scheme IIL.1), it is impossible
to perform a two-electron oxidation and obtain a 58% yield. Nonetheless, a highly
disordered crystal structure of [8]CPP*" (SbClg), was obtained, which potentially faces
some of the same difficulties that we encountered in our crystallization attempts (vide
supra, Chapter I112.2). A "H NMR spectrum of [8]CPP** (SbCls), has also been
reported, with a single resonance extremely far upfield at approximately 5.1 ppm.”’ There
has been additional evidence proposed for an extremely stable “cycloparaphenylene-
dication” by magnetic circular dichroism,”® suggesting stabilization by a special type of
in-plane aromaticity, akin to what is observed for cis-[32]annulene".” The NMR
spectrum of [8]CPP*" (SbClg), is consistent with what is observed in the aromatic cis-

[n]annulenes.

Based on the stoichiometry of the single-electron oxidation process (Scheme
IIL.1), alongside our electrochemical measurements (vide infra, Chapter 111.5.3.2), we
were unsure of how a cycloparaphenylene dication could be proposed. Since our initial
communication, however,80 we have been involved in a collaboration with Prof. Rajendra
Rathore’s group at Marquette University. Their laboratory has preliminary evidence that
the first and second cathodic potentials for [§]CPP are actually overlapping, but can be
resolved under specialized conditions. Thus, the interplay between [§]CPP and the two

aforementioned oxidized species is not entirely clear at this point.
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111.5. Experimental
111.5.1.General Experimental Considerations

All glassware was oven dried and cooled under an inert atmosphere of N, before
usage. Triethoxonium hexachloroantimonate was purchased from Sigma-Aldrich and
stored at -30 °C in an MBraun glovebox filled with N,. All other manipulations were
performed under standard Schlenk technique under an N, atmosphere.
[8]Cycloparaphenylene (111.1) and [12]cycloparaphenylene were synthesized as
described in the literature.** ®! Dichloromethane and toluene were dried by filtration
through alumina according to the methods described by Grubbs (JC Meyer).2? Anhydrous

pentane was purchased from Sigma-Aldrich.

Optical spectra were recorded in screw-top quartz cuvettes using a Shimadzu UV-
3600 UV-vis-NIR spectrophotometer under ambient conditions. Spectroelectrochemistry
experiments were performed using a honeycomb spectroelectrochemical cell (Pine
Instruments) connected to an AUTOLAB PGSTAT 10 potentiostat (Eco Chemie), using
0.1 M nBusNPFg in dichloromethane as solvent. UV-Vis spectra were recorded on a Cary
4000 spectrophotometer (Agilent) under ambient conditions with the electrochemical cell
inserted into a quartz cuvette. Differential potential voltammetry experiments were
performed on a Princeton Applied Research Potentiostat/Galvanastat Model 273 running
M270/250 Electrochemical Software (Princeton Applied Research) with a glassy carbon
working electrode, platinum counter electrode and silver wire reference electrode.
Measurements were conducted in 0.1 M n-BusNPFg in dichloromethane in an MBraun
glovebox filled with N,. Cyclic voltammetry experiments were performed using an CH

Instruments 1200B potentiostat running CH Instruments software. Measurements were
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conducted in degassed 0.1 M n-BusNPFg in dichloromethane under an N, atmosphere
with a glassy carbon working electrode, platinum counter electrode and Ag/AgCl
reference electrode. The ferrocene/ferrocenium couple was used as an internal reference
for all electrochemical experiments. nBusNPFg was recrystallized from EtOH before use.
X-band EPR spectra were recorded on a Bruker ELEXSYS-11 E500 CW-EPR equipped
with a cryo-cooled cavity using a flame-sealed capillary tube containing a
dichloromethane solution of sample placed inside a quartz EPR tube. Spectra were

collected with a 100 kHz modulation frequency and 1 G modulation amplitude.

111.5.2. Synthetic Details
Oxidation of [8]CPP (I11.1): To a 20 mL glass vial with a septum screwcap and

stirbar was added triethyloxonium hexachloroantimonate (24 mg, 0.054 mmol) in a
glovebox. The vial was sealed, removed from the glovebox and placed under a stream of
N». To the vial was then added dichloromethane (1 mL) and the gold solution was cooled
to 0°C. Then, a bright yellow dichloromethane solution (6 mL) of 1 (21 mg, 0.034 mmol)
was added via cannula and the reaction mixture immediately darkened to brown/orange.
The solution was stirred at 0 °C for 3 h, then cooled to — 50 °C whereupon anhydrous
pentane (10 mL) was added to precipitate out a dark purple solid. The solvent was
removed via cannula under N pressure and the solid was washed with an additional
aliquot of pentane (10 mL). The solid was redissolved in dichloromethane (5 mL) and
the process (precipitation then washing) was repeated two additional times (three times
total). The dark purple solid was then washed with toluene (10 mL) and pentane (3 x 10

mL), then dried under vacuum to afford highly pure 111.1"" (22 mg, 69%). UV-vis-NIR
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(CH.Cly): 535 (¢ =0.81 (+ 0.03) x 10* M™ ecm™), 1115 (¢ = 1.03 (+ 0.03) x 10* Mt cm™)

nm.

Oxidation of [12]CPP: To a 20 mL glass vial with a septum screwcap and stirbar
was added triethyloxonium hexachloroantimonate (240 mg, 0.55 mmol) in a glovebox.
The vial was sealed, removed from the glovebox and placed under a stream of N,. To the
vial was then added dichloromethane (2 mL) and the gold solution was cooled to 0 °C.
Then, a dichloromethane solution (5 mL) of [12]CPP (25 mg, 0.027 mmol) was added via
cannula and the reaction mixture immediately darkened to dark blue. The solution was
stirred at 0 °C for 3 h, then warmed to room temperature for another 14 h. The solution
was then cooled to —50 °C whereupon anhydrous pentane (10 mL) was added to
precipitate out a dark blue solid. The solvent was removed via cannula under N, pressure
and the solid was washed with an addition aliquot of pentane (10 mL). The solid was
redissolved in dichloromethane (5 mL) and the process (precipitation then washing) was
repeated two additional times (three times total). The dark purple solid was then washed
with toluene (2 x 10 mL) and pentane (3 x 10 mL), then dried under vacuum to afford 33
mg of a dark blue solid. The compound is EPR active (g = 2.006) and has a broad

absorption in the near-IR region, which is reminiscent of a charge-resonance dimer.

The dark blue solid was dissolved to a final concentration of 0.78 mg/mL in
CH,Cl,. To 2.4 mL of this solution was added 0.15 mL of neutral [12]CPP (1.9 mM in
CH.Cl,) in three separate aliquots (3 x 0.05 mL). A UV-vis-NIR spectrum was recorded
after each increment. Figure I11.13 shows bands increasing in intensity at 585 nm and

beyond 2000 nm in the NIR.
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111.5.3. Optoelectronic Characterization
111.5.3.1. Photophysics

The binding constant, Kgimer, for I11.(1), " was determined by gradually titrating a
dichloromethane solution (8.2 x 10 M) of 1 into a cuvette containing a dichloromethane
solution of 1 (1.0 x 10™* M). After each aliquot of 1 was added, a spectrum was
recorded, carefully noting the absorption at 1747 nm. From these data, a Benesi-
Hildebrand plot was constructed (Figure I11.5). The data extracted from the plot is
summarized below in Table I11.2 based on the Benesi-Hildebrand equation (Equation

I11.1). Other relevant photophysical data are presented in Figure 111.10 — 111.12.

Table II1.2. Data extracted from UV-vis-NIR spectrum (Figure 111.4) used to construct a
Benesi-Hildebrand plot (Figure 111.5).

Total Volume of 111.1 Added (uL) UTH1.1] (1117 A4
39 18503.58423 | 8.5153E-5
44 16487.4552 | 8.14598E-5
49 13554.90388 | 7.2748E-5
54 12455.19713 | 7.07127E-5
59 11524.67604 | 6.72664E-5
69 10035.84229 | 6.25136E-5
74 9431.00358 | 5.96417E-5
79 8897.32237 | 5.79812E-5
89 7998.49085 | 5.65055E-5
99 7270.86534 | 5.40988E-5
109 6669.78339 5.2892E-5
119 6164.87455 | 5.10385E-5
129 5734.76703 4.99444E-5
149 5041.04521 4.82196E-5
169 4505.88838 | 4.71776E-5
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Figure I11.10. UV-vis-NIR spectrum of 111.1* (2.7 x 10* M) and 1 (6.4 x 10° M). The
absence of an absorption at 340 nm and a CR band in the NIR confirms the purity of
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Figure ITL.11. Beer-Lambert plot of 111.1* at 535 nm (¢ = 0.81 (+ 0.03) x 10* M cm™).
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Figure I11.12. Beer-Lambert plot of I11.1" at 1115 nm (g = 1.03 (x 0.03) x 10* M cm™).
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Figure I11.13. UV-vis-NIR spectra after the oxidation of [12]CPP (with increasing
concentrations of neutral [12]CPP added).
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111.5.3.2. Electrochemistry
Cyclic voltammetry of 111.1 (1 x 10 M) was performed at increasing scan rates

(25 mV/s = 700 mV/s). At a scan rate of 50 mV/s, E®y, = 0.68 V (vs. Fc/Fc*). The
addition of 1 equivalent of ferrocene revealed nearly identical integrated oxidation peak
areas for the two species, confirming that 111.1 is oxidized to 111.1™ via a one-electron

process.

Scan Rate (mV/s)
25

50

100

Current (uA)

25- 700 mV/s

200

300
400
—500

600

700

T T T T T T T T
1.0 0.8 06 04 0.2 0.0

Potential (vs. Fc/Fc') (V)

Figure I11.14. Cyclic voltammograms of 111.1 (1 x 10 M) at increasing scan rates (25
mV/s > 700 mV/s) (0.1 M n-BusPFs in CH,CLy).
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Figure 111.15. Cyclic voltammogram of 111.1 (1 x 10° M) containing 1 equivalent of
ferrocene (0.1 M n-Bu4PFg in CH,Cl,, scan rate = 50 mV/s). A; / A = 1.06.

Differential potential voltammetry was used to achieve maximum sensitivity in
current changes and confirmed that the single wave in the cyclic voltammogram

corresponds to a single electron oxidation process.

Current (uA)

T T T T i T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Potential (vs. Fc/Fc") (V)

Figure I11.16. Differential pulse voltammogram of radical cation 111.1™ (0.1 M n-BusPF
in CH,Cl,) (pulse height = 25 mV, scan increment = 2 mV).
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Spectroelectrochemistry experiments were performed in order to probe the
behavior of neutral 1 close to its oxidation potential. Thus, based on the cyclic
voltammogram (Figure I11.14), a constant potential of 0.8 V was applied for minutes 0 —
8. The potential was then increased to 0.9 V for another two minutes (minutes 8 — 10). At
each time point, a UV-vis spectrum was recorded, showing a gradual increase in
absorption at 535 nm (radical cation 111.1™) and a gradual decrease in absorption at 340
nm (neutral 1). An isosbestic point was also observed at 368 nm, suggesting direct

oxidation from 111.1 to radical cation 111.1".

08 ——t=0min (0.8V)
| l t=2min (0.8V)
i t=4 min (0.8 V)
06 t=8min (0.9 V)
o t=10 min (0.9 V)
0] 0.5 (applied potentials vs. Fc/Fc~)
8 :
c p
©
2 04
o
2 i
2 o034
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E isosbestic point T
0.1 @ 368 nm
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T T T T T T y T T
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Wavelength (nm)

Figure II1.17. UV-vis spectrum (in CHCl,) depicting the gradual oxidation over time of
neutral 1 to radical cation 111.1™* with an applied potential. Applied potentials are all
relative to the Fc/Fc* couple for consistency when referring to cyclic voltammogram
(Figure 111.15)
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111.5.4. EPR Spectroscopy

@ o

Figure IT1.18. X-band EPR spectra of ITL1" (10~ M) recorded at: (a) 293 K. (b) 167 K.
(c) 8 K. (d) 8 K (10 M) (e) 293 K (after 5 equiv oxidant).

Table II1.3. Parameters associated with the five EPR spectra of 111.1™ shown in Figure
111.18.

a b c d e

Frequency (GHz) 9.389310 | 9.388179 | 9.389615 | 9.389778 | 9.867088

g 2.007 | 2.006 | 2.007 | 2.008 | 2.007
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Figure IT1.19. X-band EPR spectrum of charge-resonance dimer 111.(1)," in CH,Cl,
after the completion of titration experiments (Frequency = 9.389929 GHz, g = 2.007 G)

T ——— v R T O

Figure I11.20. Control X-band EPR spectra (CH,ClI,) of (left) triethyloxonium
hexachloroantimonate and (right) [8]Cycloparaphenylene 111.1 from 3000 — 4000 G. The
absence of signal confirms that the experimentally observed signals come from 111.1°7*
and 111.(1),".

N

Figure I11.21. X-band EPR spectrum of ([12]CPP),™ after optical titration experiments
(CH,Cl,) (Frequency = 9.857404 GHz, g = 2.006)
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111.5.5. Computational Details
Al calculations were carried out with the Gaussian 09 package.® Calculations

performed on 111.1 and 111.1" used the B3LYP exchange-correlation functional® and a
polarized 6-31G(d,p) basis set® using default SCF convergence criteria (density matrix
converged to at least 10®) and the default DFT integration grid (75 radial and 302 angular
quadrature points). Calculations performed on the four [n]CPP charge-resonance dimers
used the long-range corrected hybrid ®B97x functional® with an empirical dispersion
term (0B97xD).”° Calculations performed on the hypothetical 111.1%* dication species
were performed at the RB3LYP/6-31G(d) level of theory (closed-shell singlet) or
UB3LYP/6-31G(d) level of theory (open-shell singlet and triplet). All excited state
calculations (TD-DFT) were performed on fully optimized structures. The fully

optimized structures were confirmed to be true minima by vibrational analysis.

111.5.5.1. Analysis of Radical Cation

Figure II1.22. Spin density distribution of 111.1"" calculated at the UB3LYP/6-31G(d,p)
level of theory showing complete delocalization of positive spin (blue).
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Table I11.4. Predicted absorptions of radical cation 111.1" via TD-DFT calculations
(UB3LYP/6-31G(d,p)).

Energy (cm™) Wavelength (nm) Osc. Strength  Major contributions

7071.11152 1414.204821 0.2601 H (B)->L (B) (100%)
7071.11152 1414.204821 0.2601 H-1(B)->L (B) (100%)

14679.392 681.2271244 0 H-2(B)>L (B) (97%)
14681.81168 | 681.1148527 0 H-3(B)>L (B) (97%)
15085.89824 |  662.8707049 0 H-4(B)>L (B) (99%)
15508.53568 |  644.8062026 0.0021 H-5(B)>L (B) (99%)
15508.53568 |  644.8062026 0.0021 H-6(B)>L (B) (99%)
16478.82736 |  606.8392964 0 H-7(B)>> L (B) (98%)
16480.44048 |  606.7798984 0 H-8(B)->L (B) (98%)
17091.81296 | 585.0754407 0 H-9(B)>L (B) (99%)
17091.81296 | 585.0754407 0 H-10(B)->L (B) (99%)
17423.30912 |  573.9437859 0 H-11(B)->L (B) (99%)

Table I11.5. Predicted absorptions of charge-resonance dimer 111.(1),* via TD-DFT
calculations (UoB97xD /6-31G(d,p)).

Energy (cm-') Wavelength (nm) Osc. Strength ~ Major contributions

H-3(B)>L (B) (29%),
6035.48848 1656.86672 0.3842 H-1(B) >L(B) (24%),
H(B) >L(B) (39%)
H-14(B) >L(B) (10%),
8745.53008 1143.441268 0.2844 H-4(B) SL(B) (75%)
H-1(B) >L(B) (63%),
11524.93584 867.6837892 0.1009 H(B) > L(B) (16%)
11925.79616 838.5184407 0.009 H-2(B) >L(B) (79%)
H-3(B) >L(B) (47%),
12743.648 784.7046623 0.0113 H(B) > L(B) (42%)
H-22(B) >L(B) (12%),
16678.85424 599.561568 0.002 H-20(8) SL(B) (68%)
18579.1096 538.2389262 0.0003 H-27(B) >L(B) (82%)
H-15(B) >L(B) (11%),
H-13(B) >L(B) (14%),
19057.39968 524.7305597 0.0156 H-9(B) >L(B) (10%),
H-6(B) >L(B) (22%),
H-1(B) >L(B) (11%)
H-14(B) >L(B) (28%),
19346.95472 516.8772112 0.0002 HAA(B) > L(B) (119%)
H-5(A) > L(A) (20%),
19914.77296 502.1397944 0.1406 H1(A) SL(A) (21%)
H-13(B) >L(B) (11%),
20626.15888 484.8212437 0.0029 H-6(8) SL(B) (14%)
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111.5.5.2. Analysis of Charge-Resonance Dimers

We analyzed a series of charge-resonance dimers for several different [n]CPP
systems. For each value of “n”, the geometries of the neutral monomer ([n]CPP) and
radical cation monomer ([nN]JCPP) " were minimized. The energy of the charge-resonance
complex was then minimized using the same level of theory. The binding energy was
calculated by subtracting the sum of the energies of the two monomers from the energy

of the charge-resonance dimer.

Table I11.6. Energies (in Hartress) of the components making up four charge-resonance
[n]cycloparaphenylene dimers (([NJCPP),™) (n =6, 8, 10, 12). Calculations were done at
the UnB97xD/6-31G(d,p) level of theory.

_n_ Neutral Radical Cation Charge-Resonance Dimer Binding Energy
6 -1385.75873228 | -1385.51883903 -2771.29690059 -0.01932928
8 -1847.76942719 | -1847.52228711 -3695.31447870 -0.0227644
10 -2309.76555675 | -2309.50991553 -4619.30549827 -0.03002599
12 -2771.75393372 | -2771.49492278 -5543.28222063 -0.03336413

111.5.5.3. Analysis of a Dication
In order to probe the predicted absorption spectrum of the 111.1** dication (arising

from an oxidation of the radical cation 111.1" or over-oxidation of neutral 1), the ground-
state energies of the closed-shell singlet (R), open-shell singlet (U) and triplet (T) were
calculated. It was found that the ground-state energies of the closed-shell singlet and the
open-shell singlet are nearly equal and have predicted absorptions at 922 nm, which are

inconsistent with the experimentally determined values from the oxidation of 111.1.
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Table II1.7. Difference in ground-state energies between the three configurations of
.17,

Energy (kcal/mol)
AU-R 0.01
AT-R 7.49
AT-U 7.50

Table 111.8. Predicted absorptions for 111.1%* (closed-shell singlet) via TD-DFT
calculations (RB3LYP/6-31G(d)).

Energy (cm™) Wavelength (nm) Osc. Strength

Major contributions

10839.35984 | 922.5637074 0.4944 H->L (100%)
10840.1664 922.4950643 0.4943 H-1->L (100%)
16681.27392 599.4745994 0 H-4->L (100%)
17183.7608 581.9447859 0.0009 H-5->L (100%)
17184.56736 581.9174723 0.0009 H-6->L (100%)
18024.19632 554.8097581 0 H-7>L (53%), H-3>L (43%)
18024.19632 554.8097581 0 H-8->L (53%), H-2->L (43%)
18629.11632 536.7941146 0 H-8->L (40%), H-2->L (48%)
18630.72944 |  536.7476369 0 H-7>L (40%), H-3->L (48%)
19192.0952 521.0478531 0 H-9->L (100%)
19192.90176 521.0259566 0 H-10->L (100%)
19568.75872 511.0186161 0 H-11->L (100%)

Table IIL9. Predicted absorptions for 111.1** (open-shell singlet) via TD-DFT
calculations (UB3LYP/6-31G(d)).

Energy (cm™) Wavelength (nm) Osc. Strength  Major contributions

1829.27808 5466.637418 0 H (A)>L (A) (70%), H (B)>L (B) (70%)

1835.73056 5447.422524 0 H-1(A)>L (A) (70%), H-1(B)>L (B) (70%)
10840.1664 922.4950643 0.4941 H (A)>L (A) (50%), H (B)>L (B) (50%)

10840.97296 | 922.4264314 0.4938 H-1(A)>L (A) (50%), H-1(B)>L (B) (50%)
13816.3728 723.7789646 0 H-2(A)>L (A) (49%), H-2(B)>L (B) (49%)
13817.98592 |  723.6944702 0 H-3(A)>L (A) (49%), H-3(B)>L (B) (49%)
15164.13456 659.450756 0 H-4(A)>L (A) (49%), H-4(B)>L (B) (49%)
1568113952 | 637.7087575 0 H-5(A)>L (A) (49%), H-5(B)>L (B) (49%)
15681.94608 | 637.6759586 0 H-6(A)>L (A) (49%), H-6(B)>L (B) (49%)
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16683.6936 599.387656 H-4(A)>L (A) (50%), H-4(B)>L (B) (50%)
16811.13008 |  594.8440083 H-7(A)>L (A) (49%), H-7(B)>L (B) (49%)
16815.96944 | 594.6728219 H-8(A)>L (A) (49%), H-8(B)>L (B) (49%)

Table II1.10. Predicted absorptions for I11.1%* (triplet) via TD-DFT calculations
(UB3LYP/6-31G(d)).

Energy (cm™) Wavelength (nm) Osc. Strength Major contributions

2467.26704 4053.067559 0 H (B)>L (B) (99%)
9318.18768 1073.170057 0.1331 H (B)>L+1(B) (91%)
12169.37728 821.7347338 0.2469 H-2(B)~>L (B) ((17?;/2) H-1(B)>L (B)
12183.89536 820.7555716 0.2184 H-2(B)~>L (B) ((81%/2)’ H-1(B)>L (B)
12465.3848 802.2215247 0.0133 H-7(B)>L (B) ((1717(:,/2) H-3(B)>L (B)
12757.35952 783.8612672 0 H-4(B)>L (B) (94%)
- 0, -

128767304 |  776.5946548 0.0001 H-8(B)>L (B) ((%io//?) H-5(B)>L (B)
13574.4048 736.6805504 0.018 H-6(B)>L (B) (86%)

H-8(B)>L+1(B) (11%), H-7(B)>L (B)
13900.25504 719.4112605 0.0088 (73%),

H-3(B)>L (B) (14%)
14180.13136 705.2120849 0.0025 H-8(B)~>L (B) ((g%(@))’ H-5(B)>L (B)
15097.99664 662.3395301 0 H'lo(BHL"l(B)(éif/z?)' H-9(B)>L (B)
15194.78384 658.120583 0.0003 H-10(B)>L (B) (?11:% H-9(B)>L+1(B)
111.6. Conclusion

In summary, [8]CPP I11.1 was successfully chemically oxidized for the first time
and isolated as a cationic hexachloroantimonate salt. A thorough comparison of bond
lengths and angles derived via DFT calculations illustrate the delocalized quinoidal
character of 1.1, The optical properties of this novel radical cation were further
explored, displaying transitions in both the visible region and in the near-IR. TD-DFT
calculations and an FMO analysis allowed us to relate the quinoidal structural data with

the observed optical transitions, revealing four A-type transitions from singly-occupied 3
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orbitals with varying quinoid-like character. The spectroscopic properties of 111.1™" were
then exploited to observe an in situ CR dimer with an unusually large binding constant,
Kdimer- The charge-resonance band at 1747 nm was characteristic of extensive charge
delocalization throughout both cycloparaphenylene rings. Furthermore, DFT calculations
showed that a general trend exists relating nanohoop size and charge-resonance binding
strength. The highly delocalized nature of the [n]CPP radical cations — both
intramolecularly and intermolecularly — bodes well for their use in advanced organic
electronics and photovoltic devices. We are continuing to investigate these species in

collaboration with Professor Rajendra Rathore’s group at Marquette University.

111.7. Bridge to Chapter 1V

In this chapter, we began to explore many of the physical organic properties that
our newly found carbon nanohoops possess. Through an oxidation reaction, a whole new
class of important organic compounds was realized. While [#]CPPs and structurally
related molecules, including but not limited to the aforementioned compounds, have
potential applications directly as organic materials, we have also been interested in using
the structural backbone offered by [#]CPPs as building-blocks for homogeneous armchair
CNTs. Thus, Chapter IV begins our foray into extended [n]CPP-related structures.
Through the synthesis of dimeric cycloparaphenylenes, as will be discussed in the next
chapter, we begin to develop methodology and tools to link [#]CPPs and study their

structural and optoelectronic properties.
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CHAPTER IV

SYNTHESIS, CHARACTERIZATION, AND COMPUTATIONAL STUDIES OF

CYCLOPARAPHENYLENE DIMERS

This chapter is based on both published work in Journal of the American
Chemical Society (November 2012) and unpublished work. Experimental work and TD-
DFT computations were performed by Dr. Jianlong Xia and myself. All other
calculations were performed by Dr. Michael Foster (Sandia National Laboratory) and
Prof. Bryan Wong (UC Riverside). Dr. Jeffrey Bacon (Boston University) collected the

X-ray crystallographic data. Editing was provided by Prof. Ramesh Jasti.

Two novel arene-bridged cycloparaphenylene dimers (1.1 and 1V.2) were
prepared using a vinyl bromide functionalized precursor. The preferred conformations of
these dimeric structures were evaluated computationally in the solid-state, as well as in
the gas and solution phases. In the solid-state, the “trans” configuration is preferred by 34
kcal/mol due to the denser crystal packing structure that is achieved. In contrast, in the
gas phase and solution phase, the cis conformation is favored by 7 kcal/mol (1V.1) and 10
kcal/mol (1V.2), with a cis to trans activation barrier of 20 kcal/mol. The stabilization
seen in the cis conformations is attributed to the increased van der Waals interactions
between the two cycloparaphenylene rings. Together, these calculations indicate that that
the cis conformation is accessible in solution, which is promising for future efforts
towards the synthesis of short carbon nanotubes (CNTSs) via cycloparaphenylene
monomers. In addition, work towards the synthesis of a directly linked

cycloparaphenylene dimer is presented.
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IV.1. Background

Since their discovery in 1991,' carbon nanotubes (CNTs) have captured the
interest of physicists, engineers, and chemists due to their unique architecture, desirable
optoelectronic properties, as well as their high tensile strength.” Over the last two
decades, chemical vapor deposition® and laser ablation methods* have been developed
further, allowing for the scalable production of carbon nanotubes. These synthetic
methods, however, provide very little control over CNT diameter or chirality—the two
structural features that determine the band gap of CNTs.>” In order to take advantage of
the unique properties of CNTs for applications in nanotechnology, new synthetic

approaches to circumvent these shortcomings must be pursued.®”

The [n]cycloparaphenylenes ([7#]CPPs) represent the shortest possible fragment of
an armchair CNT. Due to this structural relationship, the CPPs have recently attracted
significant attention due to their potential as monomeric precursors or seeds for the
“bottom-up” synthesis of uniform armchair CNTs.”* ' Additionally, CPPs exhibit size-

dependent, tunable optoelectronic properties'® 22

which position them as novel “carbon
quantum dots” for optoelectronic applications.® Furthermore, the cycloparaphenylenes
possess unique nanosized cavities which can be exploited for supramolecular

assemblies?> %’

or as components of novel graphitic materials and porous organic
frameworks. With these promising features in mind, the CPPs have become highly touted

non-natural synthetic targets.

Only recently have the cycloparaphenylenes succumbed to synthesis. As early as
1934, well before the discovery of CNTs, the [#n]CPPs were first conceptualized and the

initial attempts were made at their preparation.”® These highly strained aromatic
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macrocycles were later revisited by Vogtle and co-workers in 1993, but they too were
unsuccessful in synthesizing the desired [#]CPPs.? It was not until 2008 that the CPPs

were finally prepared by Jasti and Bertozzi utilizing novel reductive aromatization

22-25,30 -16, 31-35

methodology.** Since then, our group, as well as the groups of Itami and
Yamago®'" ***7 have made the synthetic availability of [#]CPPs (n = 6 — 16, 18) possible.
Most recently, our group has developed the gram-scale synthesis of two different sized
CPPs, heightening the interest in using these fascinating structures in materials science

applications and as possible precursors to uniform CNTs.***°

21, 36-37 22-25, 30

Despite recent contributions by Itami,*® 3** Yamago, and our group,
a synthetic procedure towards the functionalization of cycloparaphenylenes had not been
reported prior to this work. In particular, synthetic methods that can connect CPP units
may allow access to wider polyaromatic hydrocarbon belts and ultimately CNTs. Herein,
we describe the first synthesis of arene-bridged cycloparaphenylene dimers (Figure 1V.1,
V.1 and 1V.2) as well as their optoelectronic characterization (Figure 1V.2). We also
report computational studies indicating that in the gas phase and in solution these arene-
bridged cycloparaphenylene dimers prefer cis conformations in which the two
cycloparaphenylene units are stacked on top of each other in a nanotube-like geometry.
Related to this work is a recent report from the Anderson laboratory where two porphyrin
nanorings are linked together such that a short nanotube structure is formed.>* Our
results, along with synthetic access to linked CPP structures, open up the possibility of

using 1V.1 and 1V.2 to synthesize short CNT fragments via cycloparaphenylene

monomers. More broadly, the synthetic methodology developed in this work will be
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amenable to preparing a wide variety of monofunctionalized CPPs for use in materials

science applications.

Figure IV.1. Cycloparaphenylene dimers are short segments of armchair carbon
nanotubes (CNT double bonds omitted for clarity).

IV.2. Synthesis of Aryl-Linked Cycloparaphenylenes

In order to couple two cycloparaphenylene molecules, installation of a functional
handle for dimerization was required. We hypothesized that a late-stage functionalization
reaction of CPP would likely lead to mixtures so we turned our attention to preparing a
mono-functionalized macrocyclic precursor. We envisioned bromo-substituted
macrocycle IV.7 as a key intermediate—a structure that could be further derivatized
through transition metal catalyzed cross-coupling reactions (Scheme IV.1). Recently, we
reported a sequential oxidative dearomatization/addition procedure using cyclohexadiene
units as masked benzene rings to prepare compound I'V.6 on multi-gram scale. This
building block was successfully used in the synthesis of [6]cycloparaphenylene,** the

smallest CPP to date, as well as the first gram-scale synthesis of [§]CPP and [10]CPP.”
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We expected that bromo-substituted macrocycle IV.7 could be prepared efficiently by

taking advantage of readily available building block IV.6.

Diiodide 1V.5 (Scheme 1V.1), which bears a vinyl bromide functionality within
the cyclohexadiene unit, is easily prepared in two steps. The synthesis started from 2-
bromo-4,4-dimethoxycyclohexa-2,5-dienone 1V.3,%* which underwent an addition of (4-
iodophenyl)lithium, and subsequent deprotection with 10% AcOH to generate
bromodieneone 1V.4 in 90% yield. Deprotonation of alcohol 1V.4 with sodium hydride
followed by addition of (4-iodophenyl)lithium, and subsequent methylation in a one-pot
sequence® produced brominated monomer 1V.5 in 78% yield and in high
diastereoselectivity. Diiodide 1V.5 and diboronate 1V.62*?° underwent Suzuki
coupling/macrocyclization in the presence of Pd(OAc), (10 mol%.) and Cs,CO3 (4 equiv)
in DMF/iPrOH (10:1) at 100 °C for 24 h to deliver macrocycle 1V.7 in 30% isolated

yield. Notably, the less reactive vinyl bromide remained intact under these reaction

conditions.
i. NaH
(0] . (4-iodophenyl) ii. (4-iodophenyl)
lithium Br lithium MeQ, BrOMe
B thiu
THF, 78 °C 9 THF, —78°C <>
2. AcOH O ii. Mel, DMF O O
MeO  OMe 90% r, 16 h | |
0,
V.3 78%
OMe ;
MeO a ‘ Pd(OAc), MeO 0 §
OMe  cs,cO, g
V.5 +
O DMF/iPrOH 0
100 °C
MeO
30% OMe
\ Bpin & ’
Bpin ‘
V.6 Iv.7

Scheme 1V.1. Synthesis of bromo-substituted macrocycle 1V.7.
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With bromo-substituted macrocycle 1V.7 in hand, we next investigated the
reactivity of the vinyl bromide for metal-catalyzed cross-coupling reactions to prepare
macrocyclic precursors to arene-bridged dimers 1.1 and 1V.2 (Scheme 1V.2). After
careful exploration, we found that macrocycle 1VV.7 and commercially available 1,4-
benzenediboronic acid bis(pinacol) ester 1VV.8 underwent an efficient Pd-catalyzed cross-
coupling reaction in the presence of Pd(PPh3)4/Cs,COs3 in toluene/H,0 at 80 °C for 24 h
to deliver the dimeric macrocycle 1V.10 in 66% isolated yield. Under the same
conditions, the 1,5-naphthalene bridged dimeric macrocycle 1V.11 was also assembled by
coupling of 1V.7 with 1,5-naphthalenediboronic acid bis(pinacol) ester®® 1V.9 in 49%
yield. A careful analysis of the *H and **C NMR data of the macrocycles 1V.10 and
V.11 reveal the high level of C, symmetry in these two molecules. Both compounds
only show four types of methyl ethers, suggesting high levels of asymmetry close to the
arene bridge, and greater equivalence further away from the bridge. This symmetry is
confirmed by the 30 and 33 sp? resonances observed in the *3C spectra of 1V.10 and
V.11 respectively, suggesting symmetry about the two macrocycles. Additionally, 1VV.10
and 1V.11 show further evidence of substitution in the alkene region of their 'H NMR
spectra, with one or more resonances shifted downfield of 8 6.0 ppm. A MALDI-TOF
analysis of both 1V.10 and V.11 confirms their structures with masses of 1664.3682 m/z

and 1713.4715 m/z, respectively.
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OMe
Bpin MeO
Pd(PPhs),
IV.7 + _CsCO;
PhMe/H,O  MeO

Ar = 1,4-benzene, IV.10, 66%
1,5-naphthalene, IV.11, 49%

80°C,24 h
Bpin
Ar = 1,4-benzene, IV.8
1,5-naphthalene, IV.9

i. sodium

naphthalenide

Ar =1,4-benzene, IV.1,75% THF,-78°C,2h
1,5-naphthalene, IV.2, 48%

i. I,

Scheme 1V.2. Dimerization and reductive aromatization to synthesize 1V.1 and I1V.2.

Subjecting IV.10 and IV.11 to sodium naphthalenide at —78 °C for 2 h and then
quenching with I, led to the arene-bridged CPPs IV.1 and IV.2 in 75% and 48% isolated
yield, respectively. Both compounds exhibit clusters of overlapping peaks around 127.4
and 137.8 ppm in the >’C NMR spectra—consistent with the chemical shifts observed for
[8]CPP?' The 'H NMR spectra of both compounds are complex with multiple
overlapping peaks ranging from 7— 8 ppm as expected. The MALDI spectra of IV.1 and

IV.2 show single peaks at 1291.5924 and 1341.1713, respectively.

IV.3. Optoelectronic Characterization

With the CPPs possessing unique optoelectronic properties, we were curious
about the behavior of these novel dimeric structures. Both IV.1 and IV.2 exhibit an

absorption maximum at 340 nm, similar to that of [§]CPP and other CPPs (Figure 1V.2).
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The extinction coefficient (&) of dimer IV.1is 0.87 x 10° M cm™, which is slightly
smaller than that of [8]CPP (¢ = 1.0 x 10° M em™),?' while dimer IV.2 exhibits an
increased € value of 1.7 x 10° M ecm™ (Figures IV.7 and IV.8). The corresponding
emission spectra have the same maximum as [8]CPP at about 540 nm (Figure IV.2), with

improved fluorescence quantum yields of 0.18 and 0.15 (Figures I'V.9 and IV.10),
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Figure 1V.2. Normalized UV-Vis absorption (solid line) and fluorescence spectra (dot
line) of IV.1, V.2 and [8]CPP in dichloromethane.

respectively, in contrast to that of [8]CPP (0.10).*° The enhanced quantum yields may
indicate a more rigid structure. Cyclic voltammetry analysis showed that the half-wave
oxidation potentials of IV.1 and TV.2 are 0.64 V and 0.68 V (vs. Fc¢/Fc"), which are larger

than that of [8]CPP (0.59 V) (Figures IV.11 and IV.12).*!
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IV.4. Computational Studies

IV.4.1. Conformational Analyses

With the first cycloparaphenylene dimers in hand, we were interested in the
conformational dynamics of these molecules in solution. One can envision two extreme
orientations—a trans conformer in which the two CPP rings are positioned as far apart as
possible from each other or a cis conformer in which the CPP rings are oriented on top of
each other in a nanotube-like arrangement (Figure IV.1). If the cis conformer is accessible
in solution, further carbon-carbon bond forming reactions using functionalized dimers
may be feasible to “lock” the molecule into a nanotube-like geometry. In addition to this
enticing possibility, the dimeric CPPs can also be envisioned as supramolecular host

. . . . . 54-60
molecules which can readily switch orientation.

The energetics and pathways for this
conformational isomerization are relevant for both types of future studies. In an effort to
unravel the conformational dynamics of these molecules, we first considered NMR

analysis. Unfortunately, the high levels of symmetry in these molecules impede this type

of study. Therefore, we decided to investigate these issues in silico (vide infra).

As an initial starting point for our investigations, we decided to examine the solid-
state structure of these dimeric CPPs. Accordingly, several attempts were made to acquire
the crystal structures of dimers IV.1 and IV.2. Unfortunately, due to the insolubility of
these compounds, our attempts to acquire a refined structure were not successful.
However, we were able to obtain preliminary X-ray crystallographic data for dimer IV.1,

indicating that the trans conformation is preferred in the crystalline state (Figure I'V.18).

Due to the uncertainty in the crystallographic data, we sought to verify this result

computationally by performing periodic boundary condition calculations using the PBE-
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D functional with projector augmented wave pseudopotential on the experimental crystal
structure (trans) (Figure IV.3) and a representative cis crystal structure (Figure IV.15).
Upon optimization of the unit cell and atomic positions, the trans crystal structure is
predicted to be lower in energy by 34 kcal/mol per molecule. In addition, the unit cell
volume of the optimized trans structure is smaller by 16% resulting in a denser crystal
packing. This computational result is consistent with the preliminary X-ray data that was

acquired.

Figure I'V.3. Optimized (PBE-D functional) solid-state packing of trans IV.1.

Next, we examined the dynamics of the CPP dimer systems in both the gas phase
and in solution. An analysis of the conformational barrier from trans to cis in the gas-
phase was conducted for IV.1 using density functional theory (DFT) based ab initio

calculations.®'®?

It is important to note that to properly model these nanohoop systems, a
computational method capable of modeling van der Waals interactions must be used, such

as the B3LYP-D functional. The B3LYP functional alone is incapable of modeling van
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der Waals interactions and is therefore quantitatively incapable of modeling these types of
systems. We also investigated these systems using the M06-2X functional, which like
B3LYP-D, is designed for modeling van der Waals interactions. For both types of

calculations, the same quantitative results were achieved.

The potential energy curve (PEC) (Figure IV.14) corresponding to the trans to cis
conformational change in compound IV.1 was calculated by starting with the optimized
trans geometry and creating a series of structures mapping the conformational change.
These structures were optimized, minimizing the total energy, while constraining two
dihedral angles (Figure IV.13). At the B3LYP-D/6-31G(d,p) level of theory, the energy
barrier from trans to trans (i.e. left to right) is 13 kcal/mol. The energy barrier from cis to
trans (i.e. right to left) is 20 kcal/mol, in which the lowest energy pathway is that in
which one CPP ring flips on top of the other as opposed to a rotating motion around the
aryl linker axis (Figure IV.4). In contrast to the solid-state structure, the cis conformation
is found to be 7 kcal/mol more stable in energy in the gas phase because of the increased
van der Waals interactions between the two rings. The cis conformation of dimer IV.2 is
predicted to be 10 kcal/mol lower in energy than the trans conformation (Figure IV.14).
Furthermore, SCRF calculations using a polarizable continuum model (PCM) and the
B3LYP-D functional showed no changes in the preferred conformation or relative
stability of IV.1 and IV.2 via the inclusion of dichloromethane solvent effects. These
results together are very promising for future efforts towards the synthesis of short carbon

nanotubes via cycloparaphenylene monomers.
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Figure IV.4. The potential energy curve (B3LYP-D/6-31G(d,p)) of the trans to cis
transition for IV.1.

IV.4.2. Time-Dependent DFT Calculations

To gain a more in depth understanding of the optical data for the CPP dimers, we
carried out TD-DFT calculations at the B3LYP-D/6-31G(d,p) level of theory (Table I'V.1)
for both the cis and trans conformations of IV.1 and IV.2. The calculations revealed that
although the HOMO—->LUMO transition is forbidden for [8]CPP (f'= 0), the
HOMO->LUMO transition of dimers I'V.1 and I'V.2 have non-zero oscillator strengths.*
Consistent with this result, we observe weak shoulder peaks centered around 400 nm for
both dimers I'V.1 and IV.2 that is not present in the absorption spectrum of [§]CPP (vide
supra, Figure I'V.2). Furthermore, TD-DFT results indicate that the maximum absorption
of the cis conformation of IV.1 can be assigned to a combination of HOMO-3->LUMO,
HOMO->LUMO+2 and HOMO->LUMO+3 transitions, while the maximum absorption
for cis IV.1 can be assigned to HOMO-4->LUMO, HOMO-3->LUMO, and

HOMO->LUMO+3. The maximum absorption of the trans conformation at

" For a full analysis of all optical transitions for dimers 1V.1 and 1V.2, see Tables IV.3 - IV.7.
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Table IV.1. Significant optical contributions of 1V.1 and 1V.2 obtained via TD-DFT
calculations.®

Major Oscillator Wavelength

Contributions® Strength (nm)

H—-L 0 473

H-1-L 1.4872 356

[8] CPP H—-L+1 1.4872 356
H-2— L 1.3057 345

H-L+2 1.3057 345

cis H—-L 0.0084 481

H —>L+2 0.2574 365

Dimer IV.1 H—L+3 0.2574 365
H-L 0.0085 467

H-L+2 1.0170 379

trans H-2—-L 0.7106 373
cis H-L 0.0146 479
H-4—L 0.1236 368

H-3—L 0.1236 368

Dimer 1V.2 H—L+3 0.1236 368
H—-L 0.0199 465

H—-L+2 0.4018 379

trans H-2—L 0.6321 373

“Calculations were performed at the B3LYP-D/6-31G(d,p) level of theory. "H = HOMO,
L=LUMO.

approximately 375 nm can attributed to a blending of HOMO-2->LUMO and
HOMO->LUMO2 transitions for both IV.1 and IV.2. TD-DFT calculations predict very
similar optical absorption spectra for both the cis and trans conformers of dimers IV.1
and IV.2. Hence, we were not able to differentiate the preferred conformations of IV.1 or

IV.2 by analysis of the UV-vis data.

In addition to the TD-DFT calculations, we also analyzed the frontier molecular
orbitals of dimer IV.1 (Figure I'V.5). In contrast to the predicted absorption spectra, the
frontier molecular orbitals of the cis and trans configurations of IV.1 are localized quite

differently. Most notably, in the cis configuration, the HOMO and LUMO lie almost
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exclusively on one cycloparaphenylene ring on either side of the arene bridge. On the
other hand, the HOMO and LUMO are more evenly distributed across the arene bridge in

the trans configuration. An FMO analysis on dimer IV.2 led to similar results (Figure

Iv.17).
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Figure IV.5. Major electronic transitions (TD-DFT) and representative FMOs for 1V.1
cis (left) and trans (right), calculated at the B3LYP/6-31G(d,p) level of theory.

IV.5. Towards the Synthesis of a Directly Linked Cycloparaphenylene Dimer
IV.5.1. Motivation

Inspired by arene-bridged cycloparaphenylene dimers I'V.1 and IV.2, we were also
interested in the conformational dynamics of a direct CPP dimer (i.e. no arene-linker)
(Figure IV.6). This molecule is especially fascinating because if it can be prepared,
successful cyclodehydrogenation would deliver an ultra-short CNT in one step. To probe
this type of structure further, we again analyzed the potential energy surface of the
corresponding cis to trans conformational change by DFT calculations (Figure 1V.16).

Surprisingly, the trans conformation is predicted to be a relatively unstable local
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minimum in comparison to the cis conformation, which is predicted to be 30 kcal/mol

lower in energy.

Figure IV.6. Side-view (left) and top-view (right) of lowest-energy conformation of
directly-linked [8]CPP dimer.

IV.5.2. Synthetic Attempts

Having synthesized two different aryl-bridged [8]CPP dimers, we envisioned a
directly-linked dimer arising from a coupling reaction involving the vinyl bromide
functional handle. Dr. Jianlong Xia first synthesized model compound 1V.13 in two steps
from 1V.3 in 63% vyield. So we could evaluate coupling conditions, portions of 1V.13
were also either borylated (1V.14, 80% vyield) or stanylated (1V.15, used crude) (Scheme
1VV.3). In addition, 1V.13 was used directly under reductive homocoupling conditions.
Under the seven different cross-coupling conditions that we screened (Table 1V.2), we
always observed various mixtures of starting materials, unidentifiable decomposition
products, and dehalogenated 1V.13. Interestingly, the nucleophile coupling partner 1V.14
or 1V.15 was almost always observed by crude *H NMR. In only one case, an attempted

Stille coupling using Pd(PPh3)s / AsPhs in DMF (Table 1V.2, entry 6), did we observe
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1.i. NaH R

s Br . o
1. phenyllithium HO ii. phenyllithium MeQ OMe
.3 THF.-78°C <=0  THF,-78°C <>
"~ 2.AcOH O 2. NaH, Mel O O

78% THF,0°C

V.12 81% IV.13, R=Br
i. nBulLi
IV.14, R = Bpin (80%) _ THF, -78°C
IV.15, R = SnBu; (used crude) ii. iPrO(Bpin) or (SnBuj3)ClI

Scheme 1V.3. Synthesis of coupling partners V.13 — V.15 for attempted direct-dimer
formation.

decomposition of the vinyl nucleophile. Additionally, reductive homocoupling conditions
either returned starting material (Table 1V.2, entry 8) or led to reductive aromatization,
presumably via electron transfer, as evidenced by the loss of olefin and methyl ether
resonances in the crude *H NMR spectrum (Table 1V.2, entry 9). We attribute these
results partially to the sterics around the vinyl substituent, but probably more
significantly to the electron deficiency of the cyclohexadiene. The appended phenyl rings
and methyl ethers could be inductively withdrawing electron density from the central
ring, rendering 1V.14 and 1V.15 significantly less nucleophilic than expected. The two
reductive homocoupling conditions®*® have precedence on sterically similar systems, but

do not possess inductively electron withdrawing groups.
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Table 1V.2. Coupling conditions screened towards a direct-dimer.

Coupling b Base or Solvent, Temp,
BNty partner® Catalyst Additives Time Outcome
5 mol% o
1 IV.14 | Pd(PPhy),Cl,/PPh; | KOAc PhMe, 80 °C, V.13, 1V.14
: 14 h
(1:10)
5 mol%
DMF/H,0, 100 °C, 1V.14,
2 V.14 szdb(af.é)SPhos KsPO, 24 h decomposition
PhMe/H,0, 80 °C, | dehalogenated 1V.13,
3 V141 10 moloe pd(PPhy), | ©%2C0 21h V.14
DMF, 90 °C V.13, IV.15
O y 1 1 y
4 1V.15 15 mol% Pd(PPhs), none 29 h decomposition
0
5 V.15 15 mol% Pd(PPh), none PhMS’Z%O C, V.13, 1V.15
20 mol% Pd(PPhs), DMF, 110 °C, V.13,
6 V.15 / AsPh; (1:2) none 40 h destanylated 1V.15
20 mol% Pd,dbas / DMF, 110 °C,
7 1V.15 AsPhs (1:2) none 40 h V.13, IV.15
10 mol% DABCO 0
8 1V.13 Pd(OACc), / PPh; NBu,Br DMIZ,OQr? < V.13
(1:2) 4A MS
. o aromatized
9 V.13 100 mol% Cul nBULI PhMe, —25°C —1t, decomposition of
THF 45h IV 13

2 The second coupling partner was always vinyl bromide 1V.13. ® Catalyst loadings are
based on mols of Pd (entries 1 — 8); in cases where external ligand is added, ligand:Pd is
indicated.

IV.5.3. Itami’s Synthesis and Dimerization of Chloro[10]cycloparaphenylene

Since our experiments, a directly-linked [10]CPP dimer has been accessed by the
Itami laboratory using other methodology.®® Although we were unsuccessfully able to
dimerize model 1VV.13 under a variety of conditions, Itami and co-workers found
conditions that allowed an aryl chloride to be carried through the synthetic route (Scheme
IV.4). Beginning from previously accessed dibromide 1V.16, mild palladium-mediated
macrocyclization conditions with 1V.17 kept the functional handle intact to afford
macrocycle 1V.18 in 41% yield. Oxidative aromatization delivered chloro[10]CPP 1V.19

in 31% yield, which could then be dimerized to 1V.20 under Yamamoto-type conditions
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with super-stoichiometric Ni(cod),/2,2’-bpy.®® The group computationally determined
that the cis conformation of the [10]CPP direct-dimer is favored by approximately 5
kcal/mol over the trans conformation, which is consistent with our results for the [8]CPP

direct-dimer (Figure 1V.16).

OMOM OMOM

OMOM
PdCI,(PPh3),

KOH

V.17

THF MOMO

reflux, 24 h Cl
41%
MOMO
BpinQBpin NaHso, | DMSO
reflux, 72 h
m-xylene "
Iv.17  Cl 31%
Ni(cod), — —

2,2-bpy A 22— 2 My

- W\ \
e, -0
reflux, 12 h
37% Cl

Scheme IV 4. Ttami’s synthesis of a directly-linked [10]CPP dimer.

IV.6. Experimental

IV.6.1. General Experimental Considerations

All glassware was oven (140 °C) or flame dried and cooled under an inert

atmosphere of nitrogen unless otherwise noted. Moisture sensitive reactions were carried
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out under an inert atmosphere of nitrogen using standard syringe/septa technique.
Tetrahydrofuran and dimethylformamide were dried by filtration through alumina
according to the methods described by Grubbs (JC Meyer).®’ Silica column
chromatography was conducted with Zeochem Zeoprep 60 Eco 40-63 pm silica gel. 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 on a Varian VNMRS or at 400
MHz on a Varian VNMRS. **C NMR spectra were recorded at 125 MHz on a Varian
VNMRS or 100 MHz on a Varian VNMRS. All *H NMR spectra were taken in CDCl;
unless otherwise noted and are referenced to TMS (& 0.00 ppm). All **C NMR spectra
were taken in CDCl; and were referenced to residual CHCl3 (6 77.16 ppm). The MALDI
matrix (10 mg/ml of 7,7,8,8-tetracyanquinodimethane in THF with 1% silver
trifluoroacetate as a promoter) was prepared according to the literature procedure.? IR
spectra were recorded on a Thermo Nicolet FT-IR. Absorbance and fluorescence spectra
were obtained in a 1 cm Quartz cuvette with dichloromethane using a Varian Cary 100
Bio UV-vis spectrometer and a Horiba Jobin Yvon Fluoromax 3 fluorimeter.
Fluorescence was measured by excitation at 340 nm. All reagents were obtained

commercially unless otherwise noted.
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1V.6.2. Synthetic Details

Br

MeO OMe
Iv.3

2-bromo-4,4-dimethoxycyclohexa-2,5-dienone 1V.3. Quinone monoketal 1VV.3 was

prepared from commercially available 4-methoxyphenol.®®

(%)-3-bromo-1-hydroxy-4'-iodo-[1,1'-biphenyl]-4(1H)-one 1V.4. Quinone monoketal
V.3 (11 g, 47 mmol) was dissolved in THF (150 mL) in a 500 mL flask, the resulting
solution was cooled down to —78 °C. A separate 250 mL flask was charged with 1,4-
iodobenzene (16 g, 47 mmol) and THF (150 mL). This solution was cooled down to —78
°C, and nBuLi (21 mL, 52 mmol, 2.5 M in hexane) was added slowly by syringe. The
reaction mixture was allowed to stir at —78 °C for 30 min. This lithium reagent was then
transferred to the flask containing ketone 1V.3 via cannula. The resulting mixture was
allowed to stir for 2 h before it was warmed up to room temperature and quenched with
water (100 mL) and extracted with diethyl ether (3 x 100 mL). The combined organic

phase was washed with brine (60 mL) and dried over sodium sulfate.
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After removing the solvent under vacuum, the brown residue was dissolved in acetone
(100 mL), and 10% aq AcOH (50 mL) was added. The resulting mixture was refluxed
overnight before it was cooled to room temperature and quenched with sat. aqg NaHCO3
(50 mL). The mixture was then extracted with DCM (3 x 100 mL), the organic phase was
separated and washed with water (3 x 150 mL) and dried over sodium sulfate. After
removing solvent under reduced pressure, the crude product was purified by on silica gel
(25% EtOAc/hexanes) to give compound 1V.4 as a white solid (17 g, 90%, m.p. 148 °C.).
'H NMR (400 MHz, CDCls): 8(ppm) 7.73 (d, J = 8.8 Hz, 2H), 7.18 (d, J = 8.8 Hz, 2H),
6.80 (d, J=2.0 Hz, 1H,), 6.95 (d, J = 10.0 Hz, 1H), 6.22 (dd, J = 8.0 Hz, 1H), 2.91 (s,
1H). **C NMR (100 MHz, CDCly): §(ppm) 183.44, 149.78, 149.73, 141.78, 138.07,
137.87, 132.32, 127.32, 125.29, 94.84, 74.24; HRMS (Q-TOF ES+) (m/z) calc’d for
C12HgBriO, [M]": 390.8831. Found: 390.8742; IR (neat): 732, 817, 933, 959, 1006, 1062,

1298, 1375, 1395, 1480, 1615, 1644, 1668, 2853, 2924, 3320 cm™.

Br

| |
V.5

(%)-syn-2'-bromo-4,4"-diiodo-1",4'-dimethoxy-1',4'-dihydro-1,1":4",1"-terphenyl 1V.5. To
a slurry of sodium hydride (1.1 g, 27 mmol, 60% in mineral oil) in THF (100 mL) was
added slowly a solution of ketone 1V.4 (8.0 g, 21 mmol) in THF (100 mL) at —78 'C, the

reaction mixture was stirred for another 2 h at —78 °C to generate the alkoxide.

In a separate 250 mL round flask, 1,4-iodobenzene (15 g, 45 mmol) was dissolved in

THF (120 mL), this solution was cooled down to —78 °C, and then nBuLi (20 mL, 50
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mmol, 2.5 M in hexane) was added slowly to this solution. After the addition, the
resulting mixture was stirred for 30 min at —78 °C. This lithium reagent was then
transferred to a slurry of the deprotonated ketone 1V.4 via cannula, and the resulting
mixture was allowed to stir for another 2 h at —78 °C. Methyl iodide (5.10 mL, 81.8
mmol) and dry DMF (80 mL) were then added to quench the addition reaction, the
reaction mixture was allowed to warm up to room temperature and stir overnight. Water
(150 mL) was then added carefully to quench the methylation reaction, and the resulting
mixture was extracted with DCM (3 x 100 mL). The combined organic layer was washed
with water (3 x 100 mL) and brine (100 mL) and dried over sodium sulfate. After
concentrating under reduced pressure, the crude off-white solid was purified by column
on silica gel (20% EtOAc/hexanes) to give diiodide V.5 as a white solid (10 g, 78%,
m.p. 135 'C.) *H NMR (400 MHz, CDCls): 8(ppm) 7.70 (dd, J = 8.8 Hz, 2H), 7.63 (dd, J
= 8.8 Hz, 2H), 7.15 (dd, J = 8.8 Hz, 2H), 7.08 (dd, J = 8.8 Hz, 2H), 6.57 (d, J = 2.0 Hz,
1H), 6.07 (dd, J = 10.2, 2.0 Hz, 1H), 6.02 (d, J = 10.2 Hz, 1H), 3.43 (s, 3H), 3.41 (s, 3H).
13C NMR (100 MHz, CDCls): 8(ppm) 141.86, 140.93, 137.77, 137.73, 137.35, 133.89,
131.21, 128.85, 128.15, 127.90, 94.11, 93.91, 77.67, 77.51, 52.29, 51.85. HRMS (Q-TOF
ES+) (m/z) calc’d for CpH17Brl,0, [M-CH;]": 606.8399. Found: 606.8267, 606.8289; IR
(neat): 706, 736, 772, 816, 951, 1004, 1022, 1084, 1173, 1264, 1391, 1482, 1583, 2824,

2939 cm™.
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bromo-macrocycle 1V.7. Diiodide 1V.5 (1.25 g, 2.00 mmol), diboronate 1V.6 (1.5 g, 2.0
mmol), Pd(OACc), (0.14 g, 0.20 mmol, 0.10 equiv) and Cs,CO3 (2.6 g, 8.0 mmol, 4.0
equiv) were charged in a 500 mL Schlenk flask under nitrogen, then degassed DMF (350
mL) and 2-isopropanol (35 mL) was added. The resulting mixture was heated to 100 'C
and stirred for 24 h. After cooling down to room temperature, the mixture was filtered
through a short plug of Celite, and water (250 mL) was added to the filtrate. After
extraction with dichloromethane (3 x 100 mL), the combined organic phase was washed
with water (8 x 100 mL) and dried over sodium sulfate. After removing the solvent under
vacuum, the crude mixture was purified on silica gel (40% EtOAc/hexanes) to give
brominated [8]macrocycle 1V.7 as a white solid (0.53 g, 30%, m.p. 155 C.) *H NMR
(400 MHz, CDCls): 8(ppm) 7.45-7.53 (overlap, 14H), 7.35 (d, J = 8.4 Hz, 2H), 7.23 (t, J
= 8.8 Hz, 2H), 7.08 (d, J = 8.0 Hz, 2H), 6.79 (d, J = 1.6 Hz, 1H), 6.23-6.26 (overlap, 2H),
6.12-6.15 (overlap, 4H), 6.04-6.08 (overlap, 4H), 3.47-3.49 (overlap, 12H), 3.40 (s, 6H).
13C NMR (100 MHz, CDCl5): §(ppm) 143.35, 143.31, 143.02, 142.85, 140.53, 140.11,
139.46, 139.43, 139.40, 138.70, 138.30, 134.55, 133.72, 133.48, 133.46, 133.30, 132.98,
132.80, 132.76, 132.61, 131.32, 128.10, 127.30, 127.18, 127.15, 126.87, 126.79, 126.38,
126.31, 126.24, 104.96, 78.83, 78.78, 74.59, 74.51, 74.02, 73.96, 52.43 (OMe), 52.12,

52.09, 51.80. MALDI-TOF (m/z) calc’d for Cs4H49BrOg [M]": 873.87, found (isotopic
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pattern): 872.1226, 874.1280, 875.1285. IR (neat): 736, 772, 820, 949, 1005, 1016, 1080,

1174, 1265, 1397, 1449, 1491, 2823, 2932 cm™,

1,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)naphthalene 1V.9. To a round-
bottom flask charged with a stirbar, bis(pinacolato)diboron (0.51 g, 2.0 mmol), benzoyl
peroxide (10 mg, 0.040 mmol) and acetonitrile (6 mL) was added 1,5-
naphthalenediamine (320 mg, 2.0 mmol). Tert-butyl nitrite (0.31 g, 0.36 mL, 3.0 mmol)
was then added dropwise to the stirring reaction mixture. The reaction mixture was
allowed to stir for 16 h before concentrating under reduced pressure. The crude residue
was then purified by silica gel chromatography (hexanes), followed by recrystallization
from hot hexanes to afford 1.9 as a light orange solid (0.12 g, 16%, m.p. 281 — 283 °C).
'H NMR (400 MHz, CDCls): 8(ppm) 8.88 (d, J = 8.4 Hz, 2H), 8.06 (d, J = 6.8, 2H), 7.51
(dd, J = 8.4, 6.8 Hz, 2H), 1.42 (s, 24H); *C NMR (125 MHz, CDCls): 8(ppm) 136.7,
135.3, 132.0, 125.4, 83.7, 25.0 (C-B signal not observed); HRMS (Q-TOF, ES+) (m/z)
calc’d for CoHz0B,04 [M]": 379.2481, Found: 380.2338; IR (neat): 802, 936, 1205, 1331,

1371, 1510, 2975 cm™.
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phenyl macrocycle dimer 1V.10. A mixture of brominated [8]macrocycle 1V.7 (0.29 g,
0.33 mmol), 1,4-benzenediboronic acid bis(pinacol) ester (50 mg, 0.15 mmol), Pd(PPhs),
(38 mg, 0.033 mmol) and Cs,COj3 (0.43 g, 1.3 mmol) was dissolved in PhMe/H,O (7 mL,
6:1) and stirred at 80 "C for 24 h under nitrogen. After cooling down to room
temperature, water (10 mL) was added. The aqueous phase was extracted with
dichloromethane (3 x 10 mL) and the combined organics were washed with water (3 x 10
mL) and dried over sodium sulfate. After removing the solvent under vacuum, the crude
mixture was purified on silica gel (50% EtOAc/hexane) to give 1V.10 as a white solid
(0.17 g, 66%, d.p. > 300 °C.). *H NMR (400 MHz, CDCls): 6 (ppm) 7.47-7.52 (overlap,
20H), 7.40 (d, J = 8.4 Hz, 4H), 7.27 (d, J = 6.0 Hz, 8H), 7.20 (d, J = 6.0 Hz, 8H), 7.04 (d,
J=8.8 Hz, 4H, Ar), 6.68 (d, J = 2.0 Hz, 2H), 6.02-6.21 (overlap, 20H), 3.40-3.48
(overlap, 30), 3.12 (s, 6H). *C NMR (100 MHz, CDCls): § (ppm) 143.30, 142.80,

142.72, 140.86, 140.25, 140.21, 139.67, 139.49, 139.45, 139.34, 138.18, 136.69, 135.57,

134.00, 133.51, 133.40, 133.19, 133.10, 132.81, 132.32, 128.82, 127.58, 127.22, 126.97,
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126.83, 126.73, 126.59, 126.49, 126.23, 126.18, 78.78, 76.30, 74.58, 74.54, 74.05, 74.03,
52.10, 51.97, 51.84, 51.69. MALDI-TOF (m/z) calc’d for C114H102012 [M]": 1664.02.

Found: 1664.3682. IR (neat): 819, 950, 1016, 1079, 1174, 1491, 2822, 2931 cm™.

naphthyl-macrocycle dimer 1V.11. A mixture of brominated [8]macrocycle 1V.7 (73 mg,
0.084 mmol), 1,5-naphthalenediboronic acid bis(pinacol) ester 1V.9 (16 mg, 0.042
mmol), Pd(PPhs)4 (9.7 mg, 0.0084 mmol) and Cs,COj3 (110 mg, 0.34 mmol) was
dissolved in PhMe/H,0 (2 mL, 6:1) and stirred at 90 °C for 24 h under nitrogen. After
cooling down to room temperature, 5 mL water was added. The aqueous phase was
extracted with DCM (3 x 5 mL) and the combined organics were washed with water (3 x
5 mL) and brine (5 mL) and dried over sodium sulfate. After removing the solvent under
vacuum, the crude mixture was purified on silica gel (30% - 50% EtOAc/hexanes) to give

compound 1V.11 as an off-white solid (35 mg, 49%, d.p. > 300 °C). *H NMR (400 MHz,
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CDCls): 6(ppm) 8.28 (br s, 1H), 7.53-7.47 (overlap, 28H), 7.29-7.27 (overlap, 8H), 7.12-
7.00 (overlap, 9H), 6.61 (br d, 2H), 6.46 (d, J = 10.5 Hz, 2H), 6.36 (d, J = 10.5 Hz, 2H),
6.17-6.05 (overlap, 16H), 3.59 (overlap, 6H), 3.49 (overlap, 12H), 3.48 (overlap, 12H),
3.26 (overlap, 6H); *C NMR (125 MHz, CDCls): 8(ppm) 143.32, 142.96, 142.87,
140.77, 140.40, 140.36, 139.78, 139.52, 139.41, 137.04, 136.14, 135.47, 133.94, 133.55,
133.50, 133.25, 133.12, 133.05, 132.87, 132.75, 132.37, 128.05, 127.62, 127.44, 126.94,
126.76, 126.36, 126.32, 126.28, 126.24, 126.22, 125.42, 124.26, 79.81, 76.41, 74.63,
74.52,74.13, 74.10, 52.76, 52.51, 52.11, 51.86. MALDI-TOF (m/z) calc’d for
C118H104012 [M]": 1714.08, Found: 1713.4715. IR(neat): 729, 819, 950, 1016, 1079,

1174, 1490, 2822, 2934 cm™.

Preparation of Sodium Naphthalenide (1.0 M in THF): To a 25 mL dry roundbottom
flask charged with a solution of naphthalene (770 mg, 6.0 mmol) in dry THF (6 mL) was
added sodium metal (210 mg, 9.0 mmol) under nitrogen. The reaction mixture was stirred
for 18 h at room temperature. After this time, a green solution containing sodium

naphthalenide (1.0 M in THF) was formed.
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[8]CPP phenyl dimer 1V.1. Compound 1V.10 (150 mg, 0.090 mmol) was dissolved in
THF (15 mL) under nitrogen and cooled down to —78 °C. At this point, the freshly
prepared sodium naphthalenide (1.6 mL, 1.6 mmol, 1.0 M in THF) was added. The
reaction mixture was stirred for 2 h at —78 °C before the addition of I, (1.5 mL, 1 M
solution in THF). Then the resulting mixture was warmed up to room temperature and
sodium thiosulfate (saturated solution) was carefully added to remove excess |,. Water
(30 mL) was then added and the mixture was extracted with dichloromethane (3 x 20
mL). The combined organics were washed with brine (30 mL) and dried over sodium
sulfate. After removing the solvent under reduced pressure, the crude yellow solid was
purified on silica gel (20% hexanes/chlorobenzene) to give compound 1V.1 as a yellow
solid (88 mg, 75%, d.p. > 350 °C). *H NMR (400 MHz, CDCls): § (ppm) 7.93 (overlap,
2H), 7.75 (s, 4H), 7.55 (overlap, 14H), 7.47 (overlap, 34H), 7.38 (overlap, 4H), 7.09

(overlap, 8H). **C NMR (100 MHz, CDCI3+CS,): 6§ (ppm) 140.19, 137.33 (multiple

overlapping peaks), 127.11 (multiple overlapping peaks). MALDI-TOF (m/z) calc’d for
Ci02Hes [M]™: 1291.62. Found: 1291.5924. IR (neat): 735, 815, 1261, 1482, 1587, 2335,

2360, 2851, 2924, 3018 cm™.
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Iv.2

[8]CPP naphthyl dimer 1V.2. Compound V.11 (35 mg, 0.020 mmol) was dissolved in 3
mL THF under nitrogen and cooled down to —78 °C. At this point, the freshly prepared
sodium naphthalenide (0.36 mL, 0.36 mmol, 1.0 M in THF) was added. The reaction
mixture was stirred for 2 h at —78 °C before the addition of I, (1 mL, 1 M solution in
THF). Then the resulting mixture was warmed up to room temperature and sodium
thiosulfate (saturated solution) was carefully added to remove excess I,. Water (30 mL)
was then added and the mixture was extracted with dichloromethane (3 x 20 mL), which
was combined and washed brine (30 mL) and dried over sodium sulfate. The crude
yellow solid was purified on silica gel (40% hexanes/DCM) to give compound 1V.2 as a
yellow solid (13 mg, 48%, d.p. > 350 °C). *H NMR (400 MHz, CDCls): § (ppm) 8.00
(m, 1H), 7.82 (overlap, 2H), 7.68 (br s, 1H) 7.49 (overlap, 54H), 7.14 (overlap, 8H), 7.01

(overlap, 2H). **C NMR (100 MHz, CDCls): § (ppm) 137.38-138.23 (multiple

overlapping peaks), 127.38 (multiple overlapping peaks). MALDI-TOF (m/z) calc’d for
CiosHes [M]": 1341.67, Found: 1341.1713. IR(neat): 729, 815, 1074, 1262, 1482, 1586,

2364, 2980, 3021.
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HO Br

v

(x)-3-bromo-1-hydroxy-[1,1'-biphenyl]-4(1H)-one 1V.12. To a solution of
bromobenzene (6.1 g, 39 mmol, 1.0 equiv) in THF (100 mL) at —78 °C was added nBuLi
(16 mL, 39 mmol, 1.0 equiv, 2.5 M in hexanes). The mixture was stirred for 45 min
before adding neat 1V.3 (9.0 g, 39 mmol, 1.0 equiv) via syringe. The resulting solution
was stirred for 2 h before quenching with water (100 mL) and extracting with diethyl
ether (3 x 100 mL). The combined organics were washed with brine (60 mL) and dried
over sodium sulfate. After removing the solvent under vacuum, the brown residue was
dissolved in acetone (100 mL), and 10% ag AcOH (50 mL) was added. The resulting
mixture was refluxed overnight before it was cooled to room temperature and quenched
with sat. ag NaHCO3 (50 mL). The mixture was then extracted with DCM (3 x 100 mL),
the organic phase was separated and washed with water (3 x 150 mL) and dried over
sodium sulfate. After removing solvent under reduced pressure, the crude product was
washed with DCM (50 mL) and hexanes (60 mL) to afford V.12 as a while solid (8.0 g,
78%). *H NMR (400 MHz, CDCls) 8(ppm) 7.50 — 7.29 (overlap, 5H), 6.99 (d, J = 9.9 Hz,

1H), 6.81 (5, 1H), 6.21 (d, J = 9.9 Hz, 1H), 3.08 (s, 1H).
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BrOMe

V.13

(x)-syn-2'-bromo-1',4'-dimethoxy-1',4'-dihydro-1,1":4',1"-terphenyl 1V.13. To a slurry of
sodium hydride (1.3 g, 31 mmol, 1.3 equiv, 60% in mineral oil) in THF (150 mL) was
added slowly a solution of ketone 1V.12 (6.4 g, 24 mmol, 1.0 equiv) in THF (100 mL) at
78 °C, the reaction mixture was stirred for another 2 h at —78 °C to generate the

alkoxide.

In a separate 250 mL round flask, bromobenzene (8.3 g, 53 mmol, 1.0 equiv) was
dissolved in THF (120 mL), this solution was cooled down to —78 °C, and then nBuL.i

(23 mL, 58 mmol, 1.1 equiv, 2.5 M in hexane) was added slowly to this solution. After
the addition, the resulting mixture was stirred for 30 min at —78 °C. This lithium reagent
was then transferred to a slurry of the deprotonated ketone 1VV.12 via cannula, and the
resulting mixture was allowed to stir for another 2 h at —78 °C. Methyl iodide (6.3 mL, 97
mmol, 4.0 equiv) and dry DMF (80 mL) were then added to quench the addition reaction,
the reaction mixture was allowed to warm up to room temperature and stir overnight.
Water (150 mL) was then added carefully to quench the methylation reaction, and the
resulting mixture was extracted with DCM (3 x 100 mL). The combined organics were
washed with water (3 x 100 mL) and brine (100 mL) and dried over sodium sulfate. After
concentrating under reduced pressure, the crude oil was purified on silica gel (20%
EtOAc/hexanes) to give a pale yellow oil that solidified with standing. After washing

with hexanes, 1V.13 was recovered as a white solid (7.3 g, 81%). *H NMR (400 MHz,
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CDCls) 6(ppm) 7.52 — 7.11 (overlap, 10H), 6.66 (d, J = 2.1 Hz, 1H), 6.13 (dd, J = 10.0,

2.1 Hz, 1H), 6.08 (d, J = 10.0 Hz, 1H), 3.49 (s, 3H), 3.47 (s, 3H).

Bpin
OMe

MeO, =
O IV.14 O
2-((x)-syn-1',4'-dimethoxy-1',4'-dihydro-[1,1":4',1"-terphenyl]-2'-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane 1V.14. To a solution of V.13 (1.9 g, 5.0 mmol, 1 equiv) in THF (80
mL) at —78 °C was added nBuL.i (2.2 mL, 5.5 mmol, 1.1 equiv, 2.5 M in hexanes). After
stirring for 5 min, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.0 mL, 10
mmol, 2.0 equiv) was added and the reaction was stirred an additional 1 h before
warming to rt. The reaction was then quenched with water (40 mL) and the resulting
mixture was extracted with DCM (3 x 50 mL). The combined organics were washed with
water (3 x 50 mL) and brine (50 mL) and dried over sodium sulfate. After concentrating
under reduced pressure, the crude product was passed through a short plug of silica gel
(20% EtOAc/hexanes) that was triturated with hexanes and dried under high vacuum to
afford 1V.14 was a white solid (1.7 g, 80%). *H NMR (400 MHz, CDCls) 8(ppm) 7.45 (d,
J=7.2Hz, 2H), 7.40 (d, J = 7.1 Hz, 2H), 7.38 — 7.27 (overlap, 3H), 7.27 — 7.18 (overlap,
3H), 6.91 (d, J = 2.5 Hz, 1H), 6.14 (d, J = 10.2 Hz, 1H), 6.07 (dd, J = 10.2, 2.5 Hz, 1H),
3.45 (s, 3H), 3.43 (s, 3H), 1.17 (s, 6H), 1.08 (s, 6H); *C NMR (100 MHz, CDCl5)
d(ppm) 147.37, 144.21, 143.11, 136.68, 130.46, 128.42, 127.95, 127.61, 127.01, 126.50,

126.23, 83.33, 76.55, 74.38, 52.17, 51.78, 24.81, 24.15.
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SnBU3
OMe

MeO, 4
O IV.15 O
tributyl((x)-syn-1',4'-dimethoxy-1',4'-dihydro-[1,1':4',1"-terphenyl]-2'-yl)stannane
IVV.15. To a solution of 1V.13 (0.50 g, 1.3 mmol, 1.0 equiv) in THF (5 mL) at —78 °C was
added nBuLi (0.62 mL, 1.4 mmol, 1.1 equiv, 2.3 M in hexanes). After stirring for 25
min, tributyltin chloride (0.35 mL, 1.3 mmol, 1.0 equiv) was added and the reaction was
stirred an additional 30 min before warming to rt. After 16 h, the reaction was then
quenched with water (40 mL) and the resulting mixture was extracted with DCM (3 x 20
mL). The combined organics were washed with water (3 x 20 mL) and brine (20 mL) and
dried over sodium sulfate. After concentrating under reduced pressure, the resulting crude
yellow oil 1V.15 was used without further purification (0.80 g). *H NMR (400 MHz,
CDCl3) 8(ppm) 7.50 (d, J = 7.1 Hz, 2H), 7.34 (d, J = 7.9 Hz, 2H), 7.33 — 7.23 (overlap,
3H), 7.26 — 7.15 (overlap, 3H), 6.27 (s, 1H), 6.11 — 6.05 (overlap, 2H), 3.49 (s, 1H), 3.43
(s, 1H), 1.37 — 1.22 (m, 6H), 1.24 — 1.06 (m, 6H), 0.95 — 0.86 (m, 3H), 0.71 (t, J=7.1

Hz, 9H), 0.68 (ddd, J = 12.6, 9.8, 6.1 Hz, 3H).

IV.6.3. Optical Characterization

The extinction coefficients for 1V.1 and 1V.2 were calculated by measuring the slope of
Beer-Lambert plots (absorbance at 340 nm) and averaging over three independent trials.
The quantum yields of 1V.1 and 1V.2 were determined using the methods described by
Williams® using anthracene (ethanol) and quinine (10% H,SO,) as external standards.

The fluorescence of 1V.1 and 1V.2 was integrated from 450 — 680 nm. The fluorescence
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of anthracene was integrated from 360 — 480 nm. The fluorescence of quinine was

integrated from 400 — 600 nm.
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Figure 1V.7. Beer-Lambert plots for the determination of the extinction coefficient of
IV.1(e=0.88 x 10> M cm™ (12%)).
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Figure 1V.8. Beer-Lambert plots for the determination of the extinction coefficient of
IV.2 (e=1.7x 10° Mt em™ (7.2%)).
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Figure 1VV.9. Quantum yield measurement of 1V.1 (® = 0.18).
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Figure 1V.10. Quantum yield measurement of I1VV.2 (® = 0.15).

IV.6.4. Electrochemical Analysis

Electrochemical measurements were performed on a Princeton Applied Research
Potentiostat/Galvanastat Model 273 running M270/250 Electrochemical Software

(Princeton Applied Research) with a silver wire reference electrode, a glassy carbon
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working electrode, and a platinum counter electrode. The ferrocene/ferrocenium couple
was used as an internal reference. The scan rate for data acquisition was 100 mV/s. The
electrolyte (nBusNPFg) was received from Sigma-Aldrich and was recrystallized from
methylene chloride three times. Dichloromethane for the electrochemical analysis was
obtained from Fisher and was distilled over calcium hydride before use. The
dichloromethane was thoroughly degassed by subjecting it to at least six successive
freeze-pump-thaw cycles, after which they were transferred to a glove box under an N,

atmosphere.
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Figure 1V.11. Cyclic voltammetry plot of I1V.1.
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Figure 1V.12. Cyclic voltammetry plot of 1V.2.

IV.6.5. Computational Details

All calculations were carried out with the Gaussian 09 package’® using the
B3LYP exchange-correlation functional”* augmented with an empirical dispersion term
(B3LYP-D) and a polarized 6-31G(d,p) basis’? using default SCF convergence criteria
(density matrix converged to at least 10®) and the default DFT integration grid (75 radial
and 302 angular quadrature points). All excited state calculations (TD-DFT) were
performed on fully optimized structures. The fully optimized structures were confirmed

to be true minima by vibrational analysis.

Solid State Crystal Calculation: VASP was used for all periodic boundary condition

calculations using the PBE-D functional with an energy cutoff of 500 eV. The projector-
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augmented-wave (PAW) pseudo-potentials were used to describe the interactions
between the ions and electrons. A gamma-point was sufficient for sampling the Brillouin
zone during all calculations since the no metal atoms are present in the systems. No
constraints were applied to the atoms positions or unit cell parameters during the

geometry optimizations.

Table 1V.3. Major electronic transitions for [8]CPP determined by TD-DFT methods
using B3LYP/6-31G(d, p).

Energy (cm™) Wavelength (nm) Osc. Strength (f) Major contribs
21106 473 0 HOMO—LUMO (97%)
26741 374 0.0001 HH gl\l\/f g_—lful_l\%tol ((51;/3/2))
27827 359 0.0302 HH é’h“,f gj?ul_l\bljgﬂg ((63"1;/‘(’)/2’)
28031 356 1.4872 Egmgifbﬂgfl(?sgf%
28958 345 1.3057 Egmgfﬁ%f’z?ﬁf@gﬁ
31622 316 0.0018 'l%“&%'ibmfs(ﬁ%’
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Table 1V.4. Major electronic transitions for dimer 1V.1 (cis) determined by TD-DFT
methods using B3LYP/6-31G(d, p).

Energy (cm™)  Wavelength (nm)  Osc. Strength (f) Major contribs

20777 481 0.0084 HOMO—LUMO (92%)

HOMO-1—LUMO+1 (53%),

22409 446 0.0142 HOMO—LUMO+1 (-36%)
HOMO-1—LUMO+1 (33%),
22640 441 0.0112 HOMO—LUMO+1 (58%)
HOMO-1—LUMO (88%),
23879 418 0.0039 HOMO-1—LUMO+1 (-11%)
26514 377 0.0497 HOMO-2—LUMO (82%)
) 0
s . 00125 HOMO-2—LUMO+1 (45%),

HOMO—LUMO+2 (-38%)

HOMO-3—LUMO (47%),
26744 374 0.0768 HOMO-2—LUMO+1 (16%),
HOMO—LUMO+2 (19%)

HOMO-3—LUMO+1 (28%),
27060 369 0.0162 HOMO—LUMO+3 (19%),
HOMO—LUMO+4 (42%)

HOMO—LUMO+3 (15%),

27247 367 0.0708 HOMO—LUMO+5 (46%)

HOMO-3—LUMO (31%),
27383 365 0.2574 HOMO—LUMO+2 (-18%),
HOMO—LUMO+3 (11%)
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Table IV.5. Major electronic transitions for dimer IV.1 (trans) determined by TD-DFT
methods using B3LYP/6-31G(d, p).

Energy (cm™) Wavelength (nm) Osc. Strength (f) Major contribs
HOMO-1—LUMO+1 (37%),
21411 467 0.0085 HOMO—»LUMO (60%)
HOMO-1—LUMO+1 (59%),
24080 415 0.1266 HOMO—LUMO (-37%)
26360 379 1.017 HOMO—LUMO+2 (81%)
26785 373 0.7106 HOMO-2—LUMO (80%)
HOMO-4—LUMO (32%),
HOMO-3—LUMO+1 (14%),
27401 365 0.0008 HOMO-1—LUMO+3 (-17%),
HOMO—LUMO+4 (-31%)

Table 1V.6. Major electronic transitions for dimer 1V.2 (cis) determined by TD-DFT
methods using B3LYP/6-31G(d, p).

) Wavelength . -
Energy (cm™) () Osc. Strength (f) Major contribs
nm

HOMO—LUMO (81%),

20870 479 0.0146 HOMO—LUMO+1 (-16%)
HOMO—LUMO (17%),

22670 441 0.0003 HOMO—LUMO+1 (82%)

HOMO-1—LUMO (38%), HOMO-
22830 438 0.0219 1-LUMO+1 (58%)
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HOMO-1—LUMO (60%),

24294 411 0.0007 HOMO-1—LUMO+1 (-38%)

25869 386 0.0946 HOMO-2—LUMO (76%)

HOMO-2—LUMO (-15%),
26210 381 0.0029 HOMO-2—LUMO+1 (29%),
HOMO—LUMO+2 (48%)

HOMO-2—LUMO+1 (54%),

26555 376 0.0501 HOMO—LUMO+2 (-36%)

HOMO-3—LUMO (40%),
26726 374 0.0068 HOMO—LUMO+3 (37%),
HOMO—LUMO+4 (21%)

HOMO-3—LUMO+1 (-21%),
27044 369 0.0233 HOMO—LUMO+3 (-25%),
HOMO—LUMO+4 (47%)

HOMO-4—LUMO (-15%),
27175 368 0.1236 HOMO-3—LUMO (33%),
HOMO—LUMO+3 (-12%)

Table IV.7. Major electronic transitions for dimer 1V.2 (trans) determined by TD-DFT
methods using B3LYP/6-31G(d, p).

Energy (cm™) Wavelength (nm)  Osc. Strength (f) Major contribs
2% 405 0.0199 HOH'\/Iool\;llc;_I:Luu'\/Il\/IO(;r %5((5?/?)%)’
O T I R vt
I I L R i g
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HOMO-1—LUMO (47%),

24137 414 0.0001 HOMOLUMOS 1 (1)
26388 379 0.4018 HOMO—LUMO+2 (85%)
26769 373 0.6321 HOMO-2—LUMO (80%)
HOMO-5—LUMO+1 (-16%),
27492 363 0.0094 HOMO-4—LUMO (29%),

HOMO-1—LUMO+3 (-21%),
HOMO—LUMO+4 (24%)

Figure 1V.13. A schematic of the CPP dimer 1V.1 indicating the dihedral angles that
were frozen during the constrained optimizations which were required to map the

potential energy between the cis and trans conformations.
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Figure 1V.14. The potential energy curve of the trans to cis transition for dimer 1V.2. The
potential energy curve was calculated by starting with the optimized trans geometry and
creating a series of structures mapping the conformational change. These structures were
optimized, minimizing the total energy, while constraining two dihedral angles (Figure
1V.13).

Figure 1V.15. Optimized (PBE-D functional) solid-state packing of cis V.1, which was
found to be higher in energy than trans packing in the solid state (Figure 1V.3).
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Figure 1V.16. The potential energy curve of the cis to trans transition for the direct dimer
(i.e. no arene-linker). The potential energy curve was calculated by starting with the
optimized cis geometry and creating a series of structures mapping the conformational
change. These structures were optimized, minimizing the total energy, while constraining
two dihedral angles; the dihedral angles frozen are equivalent to those shown in Figure
1V.13.
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Figure 1V.17. Major electronic transitions (TD-DFT) and representative FMOs for 1V.2
trans (left) and cis (right), calculated at the B3LYP/6-31G(d,p) level of theory.
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1V.6.6. Preliminary X-ray Crystallographic Data

Data were collected on a Bruker AXS Proteum-R instrument at Boston

University. The structure and data in Figure 1V.18 and Table 1.8 are not fully refined

due to instability of the crystal sample during data collection, but can be used to

preliminarily show the trans conformation of 1V.1 in the solid state.

Figure 1V.18. ORTEP representation (ellipsoids shown at 50% probability) of the
preliminary (not fully refined) solid state structure of 1V.1.

Table 1V.8. Preliminary X-ray crystallographic parameters 1V.1.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A

o

o/

p/°

v/°
Volume/A®

jxia07a
ClZOHCIO.S
1458.93
100(2)
N/A
p2./c
27.259(7)
9.494(3)
15.463(4)
90
98.934(15)
90
3953.0(19)
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Z 2

peaicg/cm’ 1.226
w/mm™ 0.704
F(000) 1457
Crystal size/mm? none
Radiation CuKa (A =1.54178)
20 range for data collection/° 9.4t0132.54
Index ranges -30<h<32,-10<k<11,-18<1<15
Reflections collected 20845
Independent reflections 5974 [Rin: = 0.0965, Rsigma = N/A]
Data/restraints/parameters 5974/0/234
Goodness-of-fit on F 1.113
Final R indexes [I>=2c (I)] R; =0.2754, wR;, = 0.6091
Final R indexes [all data] R; =0.2903, wR, = 0.6168
Largest diff. peak/hole / e A’ 1.06/-1.16

IV.7. Conclusion

In summary, the syntheses of arene-bridged CPP dimers V.1 and V.2 were
accomplished using macrocycle precursor 1V.7. More broadly, this general synthetic
route will be useful for the preparation of a variety of mono-functionalized CPPs via
cross-coupling reactions. From computational analyses, we find that 1.1 and 1V.2 can
adopt the favored cis conformations in the gas phase and in solution, although the trans is
the preferred conformer in the solid-state. As a result, further carbon-carbon bond
forming reactions (e.g. cyclodehydrogenations) that lock the cis conformation and
generate a nanotube-like structure are possible. With the ability to selectively
functionalize cycloparaphenylenes and link them together, undoubtedly there is potential
to exploit the desired cis conformation in interesting supramolecular and polymer

chemistry applications
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IV.8. Bridge to Chapter V

In Chapter 1V, the synthesis and characterization of two cycloparaphenylene
dimers were discussed. Perhaps most importantly, we have shown by DFT calculations
that these two dimers prefer to adopt the cis conformation in solution. In the long term,
these results could have implications in the synthesis of ultra-short CNTs if appropriate
chemistry is developed to oxidatively dehydrogenate carbons between the aryl linker and
the CPP backbone. Despite accessing a rigid structure, our laboratory has not had success
thus far with Scholl-type reactions in the context of [n]CPPs, as will be introduced in
Chapter V. While still realizing that the dimers have a real potential to act as models for
extended CPP-based organic materials, we turned our efforts towards the synthesis of
rigid graphitic belts from other types of [nN]CPP precursors. Specifically, Chapter V will
detail our work in developing ring-closing metathesis as a methodology for relatively
strain-free benzannulations during the synthesis of two different fragments of

[n]cyclophenacene.
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CHAPTER V

TOWARDS THE SYNTHESIS OF AN AROMATIC BELT

This chapter is based on unpublished work. In addition to experimental assistance
mentioned below in V.4.1. by Dr. Thomas Sisto, Jessie Zhen (Boston University) also
provided assistance in the synthesis of starting materials for VV.4.1. In V.5., Prof. Bryan
Wong (UC Riverside) performed ground-state energy computations and Dr. Lev N.

Zakharov conducted the X-ray crystallographic analyses.

The construction of aromatic belts has been an ongoing challenge in the chemistry
community, even before the discovery of carbon nanotubes. Despite numerous attempts,
these double-stranded macrocycles, which include [n]cyclacenes and
[n]cyclophenacenes, are still outstanding synthetic challenges. Typically, prior
approaches relied on late-state, strain-building oxidation steps that were incapable of
accessing the fully conjugated envisaged targets. In this chapter, we describe our efforts
towards using appropriately functionalized [n]cycloparaphenylene precursors capable of
undergoing one or more ring-closing metathesis events, thereby separating the strain-
building event from the ring-forming reaction. In addition to detailing the successes and
failures of incorporating olefins into [n]CPPs, we also report on the synthesis and
characterization of (3,10)-dibenzo[a,h]anthracenyl-nanohoop and (2,11)-
dibenzo[c,m]pentapheneyl-nanohoop. These two molecules not only provide proof of
principle that [n]Jcyclophenacenes can potentially be derived from the bottom-up via
functionalized [n]CPPs, but are also one of the largest fully conjugated belt fragments

reported to date.
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V.1. Background

Long before the discovery of carbon nanotubes in the early 1990’s, significant
efforts were made to synthesize rigid, double-stranded CNT fragments that are commonly
referred to as “aromatic belts”.** Like members of the [n]cycloparaphenylene family, the
envisaged [n]cyclacene and [n]cyclophenacene targets (Figures V.1, marked in red) are
the smallest rigid unit cycles of zigzag and armchair CNTSs, respectively (Figure V.1,

left). These molecules are prized for their severely distorted and strained aromatic

2

Figure V.1. Zigzag and armchair nanotubes (left), radially oriented p-orbitals (right).

systems with inward facing pi-orbitals

(Figure V.1, right). Elegant work from the Nakamura group has allowed access to a
fullerene-derived [10]cyclophenacene (V.1) through systematic, top-down degradation of
Ceo fullerene (Scheme V.1)°. While the phenacene in this example is electronically

equivalent to a cyclophenancene, structurally it differs due to the lack of an open cavity.

[CuBr(SMe,)] (30 equiv)
ArMgBr (30 equiv)
pyridine (300 equiv)

C »
60 1,2-DCB/THF

40°C,24h
32%

Ar=4-nBuCgH, V.1

Scheme V.1. Nakamura’s top-down approach to Cg, derived [10]cyclophenacene V.1.
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Predictions of instability stemming from low singlet-triplet gaps have not
dissuaded synthetic chemists from pursuing [n]xcyclacenes, where n defines the ring
size(s) and x defines the number of units in the macrocycle, as several accounts on the
synthesis of their macrocyclic precursors have been reported.® ® Work from the
Stoddart,”® Cory,"®*! and Schliiter**® laboratories describe the assembly of several
oxygenated macrocycles via Diels-Alder cycloaddition reactions en route to various
cyclacene targets. Upon assembly of kohnkene V.4 from V.2 and V.3, Stoddart was able
to affect partial deoxygenation® with TiCl, and LiAlH, to deliver V.5. Further
dehydration with acetic anhydride and HCI led to V.6 (after in situ isomerization), which
could not be further oxidized to [6]1.cyclacene V.7, presumably due to the inability to
build in the remainder of the required strain or the instability of the product under the

reaction conditions (Scheme V.2).

THF, rt
43%

AN o
S T B
g ® Sg®

Scheme V.2. Stoddart’s attempt towards [6]12Cyclacene.

The Cory group was also plagued by the same type of issues with late stage

oxidations encountered by the Stoddart lab (Scheme V.3). Upon assembling V.10 in 69%
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from V.8 and V.9," treatment with a variety of oxidants, such as DDQ, mCPBA/pTsOH,
or PCC only lead to partially dehydrogenated products rather than [6]scyclacene V.11.%

No other reports on further manipulations of this scaffold have been reported.

(0] (0]
O vg ©
heat, dioxane
R * R 69%
N %
= A
R V.9 R

Scheme V.3. Cory’s attempt towards [6]sCyclacene.

In Schliiter’s system, Diels-Alder assembly of V.14 proceeded in high yield from
V.12 and V.13. Following several transformations and separation of the resulting
diastereomers, macrocyclization afforded V.15 in 25-45% yield. pTsOH was effective in
dehydrating V.15 to V.16,'? but further oxidation could not be affected with a variety of

Brgnstead and Lewis acids®*>**

(Scheme V.4). The Schliter laboratory reports observing
the target Cg4 fragment V.17 via mass spectrometry after pyrolysis of an aceylated
derivative of V.16," but no solution-state characterization of V.17 has been reported to

date.'* The observed molecular ion could also simply arise from a rearranged isomer due

to the harsh experimental conditions.*®
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PhMe, heat

—_—
>90%
endo:exo = 4:1

Scheme V.4. Schliiter’s attempt towards buckybelt V.17.

Likewise, attempts towards the bottom-up syntheses of [n]cyclophenacenes have
also been unsuccessful. One strategy employed by the lyoda and Vollhardt laboratories
stems from attempted oxidative couplings to stitch together the fjord regions of
benzoannulenes (Scheme V.5). Initially, lyoda and Vollhardt were able to independently
access the all cis-isomer of V.20 via a a nickel-catalyzed trimerization of V.18 or
cobalt-mediated [2+2+2] cyclotrimerization between V.19 and
bis(trimethylsilyl)acetylene'’, respectively. Both laboratories also reported the thermal
isomerization to benzoannulene V.21.1* *® Despite the macrocyclic rigidity of V.21,
dehydrogenative cyclizations to form the desired [n]cyclophenacenes have been
unsuccessful to date. Additionally, Herges and co-workers reported on the failure of both
flash vacuum pyrolysis (FVP) and oxidative conditions'® to close the walls of his group’s

advanced “picotube” V.22 to nanotube V.23%°% (Scheme V.5).
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©:|' NiBry(PPhs),
- >

DMF
V.18 4%
or
’ ’ 1. TMS——TMS
CpCo(CO
SN = pCo(CO), .
2. TFA
= < 3. Hy/Pd/C
| | 26%
V.19

Scheme V.5. Attempts from Vollhardt, lyoda, and Herges towards rigid armchair CNT
fragments.

V.2. Motivation

Due to overwhelming precedence for late-stage, strain-building oxidations to be
detrimental in the synthesis of [n]cyclacenes and [n]cyclophenacenes, we opted to apply
our own strain-building methodology as previously applied in the synthesis of [n]CPPs.
For example, in the synthesis of [7]CPP, 16 kcal/mol of strain energy was built up during
the macrocyclization step, followed by a late-state reductive aromatization event that
added an additional 67 kcal/mol of strain energy (Scheme 1.4). The Miillen group,”** as
well as our own laboratory, have explored the Scholl reaction extensively on substituted
[n]CPPs. While Mdillen and co-workers have shown evidence for oxidative C-C bond
formation on extremely large [n]CPP backbones (n = 21) (V.24), these systems are
almost completely unstrained (V.25) and contain substitution patterns to prevent strain-
relieving cationic 1,2-phenyl shifts (V.26, Scheme V.6).2* Hence, we sought a model

system to explore milder methodology in the context of functionalized [n]CPP

macrocyclic precursors.
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V.26

Reaction Conditions: Strain relief via

R =Me FeCl; 1,2-phenyl shift
CH,Cl,/MeNO,

Scheme V.6. The variable reactivity of Mullen’s large arylated CPPs under Scholl
conditions; products depend on the substitution pattern (V.25 versus V.26).

We hypothesized that we could access the [n]cyclophenacenes through
macrocyclization of olefin functionalized building blocks, followed by ring-closing
metathesis and reductive aromatization. Importantly, unlike in the synthetic attempts
from Vollhardt and lyoda (Scheme V.5) we would be separating the ring-forming step
(RCM) from the strain-building step (reductive aromatization). In addition, RCM is a
redox-neutral process and should not cause cationic, strain-relieving rearrangements.
Ring-closing metathesis has been shown to be effective in the synthesis of simple
polycyclic aromatic hydrocarbons®, as well as complex ones such as sumanene® and

septulene?’ (Figure V.2).
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Septulene

Figure V.2. Examples from Sakurai and King of PAHSs accessed through multifold RCM
reactions.

V.3. Progress Towards [n]Cyclophenacenes

V.3.1. Retrosynthetic Analysis

When considering how to assemble a cyclophenacene such as V.27, one must be
conscientious of the cyclohexadiene stereochemistry in the corresponding macrocyclic
precursor (Scheme V.7). In the case of V.28, all of the stereocenters are (S) and
“matched”, predisposing all the olefins to undergo productive ring closing metathesis. In
a “mismatched” case, however, where cyclohexadiene rings with opposite stereochemical
configurations (i.e. V.29) are in a macrocycle, not all of the necessary ring formations can
occur. In such a case, partially closed products such as V.30 will form, preventing belt
formation upon reductive aromatization. Thus, only cyclohexadiene rings with the same
stereochemical configuration, either (S,S) or (R,R) ought to be assembled together, to
avoid scenarios such as V.30 where complete ring closure is not possible. In order to
build the appropriate macrocycle, one needs to synthesize the necessary chiral building

blocks in an optically pure fashion.
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mismatched

Scheme V.7. Retrosynthetic analysis of [n]cyclophenacene V.27. To access V.27,
cyclohexadiene rings in the macrocyclic precursor must be of the same stereochemical
configuration (V.28) to ensure all of the olefins can undergo productive RCM reactions.

V.3.2. Initial Efforts in Controlling Stereochemistry

Despite the vast array of asymmetric transformations reported on achiral 2,5-
cyclohexadienones,?® no asymmetric 1,2-additions have been reported to date. In
addition, the synthesis of chiral 2,5-cyclohexadienones via an asymmetric oxidative
dearomatization reaction of a functionalized phenol is also not well understood.?® Upon
the synthesis of 11.19 (Scheme 11.6), however, the formation of minor byproduct 11.20
was observed as a single diastereomer due to a slight excess of nBuLi. We believed that
this result could have implications in controlling the cyclohexadiene stereochemistry

(Scheme V.8).
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1.i. 117
o ii. Mel/DMF
= o
THF, —78 °C
_ 2. AcOH

_—
MeO OMe

.14 : \ (#) 11119 (%) 11.20

/ 86% 11%, dr > 19:1
=

.17

Scheme V.8. Synthesis of 11.20, an interesting byproduct with significant stereochemical
implications.

It seems possible that the reactive atropisomer is determined by the
stereochemical configuration of the cyclohexadiene ring. For example, a pre-determined
(R) center in the racemic mixture of lithiate during diketone 11.14 formation (Scheme
V.9, top) causes the top aromatic allyl group to swing away from the proximal allyl group
appended to the cyclohexadiene ring. As a result, attack of electrophile 11.14 on the pro-
(R) face minimizes steric clashing between allyl groups. In the case of attack on the pro-
(R) face (Scheme V.9, bottom), sterics prevent formation of the other “mismatched”
diastereomer. This relay of stereochemical information may be responsible for the
formation of only a single diastereomer, 11.20, which is conveniently poised to undergo
two C-C bond formations via RCM upon olefin isomerization (Scheme V.9). Only the
olefins that are aligned to form new 6-membered rings via RCM are marked in red in

Scheme V.9.
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(z) .20
observed product

.14

not observed
pro-(S) face
.14

Scheme V.9. Stereochemical transfer occurs from the in situ generated organolithium
compound to 11.14 such that all of the necessary olefins of 11.20 are predisposed to close.

Thus to control the cyclohexadiene stereochemistry in our system, we envisioned
beginning with prochiral ketal 11.20 (originally introduced in Scheme 11.5).
Transketalization with V.31 with BF3-Et,0 (Scheme V.10) afforded V.32 in 55% vyield.
Upon nucleophilic addition, however, the two diastereomeric adducts V.22 (dr = 1:1)

were inseparable under a plethora of chromatographic and crystallization conditions.
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V.31 NQ/\/
BF4-Et,0
14 —>—2"» ~ w7
=

55% oo 81%, dr = 1:1
Ph P Ph
“_OH V.32
HO™™> (RR)
Bh V.31

Scheme V.10. Attempted synthesis of an optically pure quinol via V.33.

Around this same time, we learned more about the facial selectivity of the
addition of aryl lithium reagents to functionalized 4,4-disubstituted 2,5-
cyclohexadienones, as described in Chapter 11.4. 1t soon became obvious that our current
methodology was insufficient to synthesize the desired functionalized building blocks,
with high amounts of the necessary syn diastereomer. While continuing to investigate the
problems posed in Chapter 11, we concurrently began to examine other means of
functionalizing the cyclohexadiene rings such that we could begin to examine ring

closing methathesis methodology in the context of these systems.

V.4. Synthesis of Difunctionalized 1,4-syn-Dimethoxycyclohexa-2,5-dienes: Model
Systems for Ring-Closing Metathesis

The majority of our next efforts towards the synthesis of a model system to
explore RCM reactions on difunctionalized 1,4-syn-dimethoxycyclohexa-2,5-dienes
relied on methodology to vinylate the central diene ring. In addition, we briefly explored
a potential two-fold Claisen rearrangement of 1,4-syn-dihydroxycyclohexa-2,5-diene
under O-vinylation conditions to affect functionalization and concurrent aromatization of

the system.
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V.4.1. Vinylation of Central Diene Ring
We first envisioned that brominated benzoquinone monoketal 1V.3 (Scheme

IVV.1) would serve as a useful functional handle for vinylation of the central diene ring in
our model system. Lithium-halogen exchange of styrene V.34, followed by nucleophilic
addition to 1V.3 and acid-catalyzed deprotection afforded p-quinol V.35 in 47% yield
(Scheme V.11). It should be noted that lithium halogen exchange of V.34 was only
possible with tBuLi in Et,0. Other conditions led to polymeric byproducts even before
the addition of 1V.3. Brominated diene V.36 was synthesized by a stereoselective

nucleophilic addition of (4-chlorophenyl)lithium and subsequent methylation reaction in

63% yield.
i, tBuLi 1.1, NaH
i. IV.14 ii. (4-chlorophenyl)
B | E40,-78°C  __ HO Y lithium MeO, Bl oMme
i. IMHCI <=0 THF,-18°C = =
47% O 2. NaH, Mel O O
Cl Cl 69% Cl Cl
V.34 i () V.35 (+) V.36

Scheme V.11. Synthesis of vinylated V.36 with a bromide functional handle.

Unexpectedly, treatment of V.36 with vinyl-BFsK***? and Pd(PPhs). only
afforded 5-exo-trig Heck cyclization product V.37 (Scheme V.12), rather than a vinylated
diene, as assessed by crude *H NMR spectroscopy (Figure V.14, bottom), where two new

terminal olefinic protons appear around 5.5 ppm. Attempts to isolate V.37 from the crude
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reaction mixture tentatively afforded a ~1:1 mixture of anisole products (Scheme V.12),
presumably via acid-catalyzed degradation on silica gel (Figure V.14, top), as evidenced
by the downfield shift of the two methyl ether resonances and the loss of the

cyclohexadiene ABX system.

Cl

Pd(PPhs),

Br H
__Meo OMe BE.K H Q.O OMe
2
iR e Er -
PhMe/H,0 | ©!
Cl

cl 90 °C

(+) V.36

(intermolecular vinylation of O cl
bromide not observed)

Scheme V.12. Attempted vinylation of V.36 led to an unexpected 5-exo-trig cyclization
to V.37.

To overcome this challenge, we planned a new synthetic route where vinyl
bromide V.36 was formylated with nBuLi and DMF in 26% vyield (V.38) followed by
olefinating with Wittig conditions to afford diolefin V.39 in 60% yield (Scheme V.13).
With model V.39 in hand, we began to examine RCM conditions to form a new 6-
membered ring (Table V.1) using ruthenium catalysis in CH,Cl,. In general, we were
able to observe the disappearance of both terminal olefins (V.39) and the appearance of a
new pair of doublets (J = 9.6 Hz) in the putative ring-closed product V.40 (Figure V.15).
Similar to V.37, however, V.40 proved to be extremely unstable on silica gel and we
were unable to cleanly isolate it without observing new anisole resonances from 1,2-
phenyl shift degradation products. In addition, Grubbs Il in CH,ClI; (entry 3) proved to be

the most efficient catalyst system, showing > 95% conversion to the tentative product
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V.40. Although the ring-closed product V.40 was not isolable, it is worth noting that none
of the catalysts employed decomposed the cyclohexadiene internal olefins during the
course of the reaction, while only one set of conditions (entry 1) led to small amounts of
Lewis acid catalyzed rearrangement. While the conversions reported are certainly not

indicative of the actual reaction yield, they did give us a benchmark for future systems.

i. nBuLi
ii. DMF meo, SO ome nBuLi MeO ! OMe
V.36 iii. ag. NH,Cl = <> Me(PPh3)Br = <>
+) V. —_— —_—
® THF, -78 °C O THF, 0 °C O
10-28% | 79% cl al

(+) V.39

O (= > B Catalyst (10 mol%) ‘
Cl - Solvent, Temperature, Time
% Conversion
(based on V.39)

Scheme V.13. Development of model system V.40 for ring closing metathesis.

Table V.1. Conditions for ring closing metathesis of V.39.

Entry Catalyst Solvent, Temp, Time % Conversion to V.40 from V.39
1 Grubbs | CH,Cl,, 35°C, 18 h 56%"
2 Grubbs | PhMe, 65 °C, 17 h 20%
3 Grubbs I CH,Cl,, 35°C, 16 h > 95 %
4 Grubbs-Hoveyda Il | CH,Cl,, 35°C, 16 h 80%

2 Small amounts of aromatized V.40 isomers were also observed in the crude mixture.

To assess the efficiency of RCM in the context of an [n]CPP macrocyclic
precursor, we first wanted a more streamlined approach to incorporate both of the
required vinyl groups. Lithiation of V.34 with tBuL.i in Et,O, followed by addition of

ketal V.41 and acid-catalyzed deprotection delivered p-quinol V.42 in 45% yield.

173



Attempted stereoselective addition to V.42 with (4-chlorophenyl)lithium delivered the
desired 1,2-addition product, which could not be completely purified (Scheme V.14).
Additionally, 25% of phenol V.43 was isolated, resulting from initial 1,4-addition/5-exo-
trig cyclization of the latent alkoxide, followed by base catalyzed rearrangement and

trapping of the benzylic aldehyde with (4-chlorophenyllithium (Scheme V.14).

i. tBuLi 1.i. NaH
Et,O, -78 °C ii. (4-chlorophenyl)

Br | i, V.41 o 4 lithium
iii. 1M HCI =\ l=s_o THF,-78°C
B >
45% O 36%

o] (1,2 addition)
V.34 (£) V.42

(@)

NaH

() V.42 ——»

—

Cl O V.43

Ol . :

Scheme V.14. (a) Unexpected cyclization of V.42 to phenol V.43 via 5-exo-trig
cyclization. (b) Proposed mechanism of phenol V.43 formation.

Hence, methylated V.44 was synthesized instead to circumvent the undesired

cyclization event. To V.44 was added V.45, derived from 11.6, to rapidly deliver 5-ring
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dichloride V.46 in 49% yield, a key coupling partner in a potential macrocyclization
reaction. The facial selectivity of this reaction has not been unequivocally determined,

although V.46 appears to be one diastereomer by *H NMR spectroscopy (Scheme V.15).

1.i. tBuLi
Et,0, -78 °C
i, V.41 1.V.45
iii. Mel, DMF THF, -78 °C
2. AcOH 2. NaH, Mel
V.34 ' - : an, Vel
35% ©)Vas 4% dr=4:1
Cl
B OMe
L ‘ OMe
V.45 0

Scheme V.15. Synthesis of 5-ring V.46 as a macrocyclic precursor.

Having accessed this advanced intermediate, we wanted to probe the competency
of V.46 to undergo a two-fold Suzuki-Miyuara cross-coupling reaction, as would be
required in a subsequent macrocyclization step (Scheme V.16). In collaboration with Dr.
Thomas Sisto, we screened a variety of conditions to couple V.46 with 4-
methylphenylboronic acid bis(pinacol)ester and rapidly concluded that the vinylated
cyclohexadiene was unable to undergo successful cross-coupling (Table V.2). While we

predominately observed extensive decomposition in the crude *H NMR spectra, in
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several cases (Table V.2, entries 7 and 10) we could isolate small amounts of material
arising from aromatization of the substituted cyclohexadiene ring (V.47 and V.48). Key

in identifying this specific

Catalyst/Ligand

Base
()46 + Bpin@Me >

Solvent
Temperature

entry 10

V.48

Scheme V.16. Degradation of V.46 under numerous cross-coupling conditions.

potential decomposition pathway was the observation of the loss of two upfield methyl
ether and three cyclohexadiene resonances to form V.47 and V.48. Interestingly, while
phosphine ligand alone (Table V.2, entry 13) does not induce this aromatization event,
Pd(PPh3)4, a catalyst system not capable of oxidatively inserting into the aryl chloride
bonds of V.46, does lead to decomposition (Table V.2, entry 14). We hypothesize that
decomposition is occurring via an electron-transfer pathway or a w-allyl-like

intermediate, but concrete mechanistic experiments have not been completed at this time.
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Table V.2. Unsuccessful linear cross-couplings to V.46.
Entry Catalyst Solvent T Base Outcome

1 Pd(OACc),/SPhos PhMe/H,O 70°C K5;PO, V.46 / decomposition
2 Pd(OACc),/SPhos PhMe/H,O 95°C K5;PO, V.46 [ decomposition
3 Pd(OAc),/SPhos DMF/H,0 50 °C K5;PO, V.46 [/ decomposition
4 Pd(OAc),/SPhos DMF/H,0 70°C K5;PO, decomposition

5 Pd(OAcC),/SPhos Dioxane/H,0O 50 °C K3;PO, V.46 [/ decomposition
6 Pd(OAc),/SPhos Dioxane/H,0O 70°C K;PO, decomposition

7 Pd(OAc),/DavePhos Dioxane/H,0 70°C K3PO, V.47

8 Pd(OAc),/DavePhos PhMe/H,0 70°C | Cs,CO4 V.46, V.47, V.48

9 Pd(OAc),/JohnPhos Dioxane/H,0O 70°C K;PO, decomposition

10 Pd(PCys),Cl, Dioxane/H,0 | 70°C | KsPO, V.48

11 Pd(PCys),Cl, DMF/H,0 70°C | KsPO, V.46 only

12 Pd(PCys),Cl, PhMe/H,0 70°C | Cs,CO,4 V.46 only

13 DavePhos only Dioxane/H,0O 70°C K5PO, V.46 only

14 Pd(PPhs), Dioxane/H,0O 70°C K5PO, decomposition

15° Pd(OAc),/DavePhos Dioxane/H,0O 70°C K5;PO, V.46 / decomposition

16° Pd(PCys),Cl, Dioxane/H,0O 70°C K5;PO, V.46 / decomposition

& Catalyst loadings were 14 mol% Pd (entries 1-6) or 28 mol% Pd (entries 8 — 12, 14 —
16); ligand:Pd ratio = 3:1. ® Run without 4-methylphenylboronic acid bis(pinacol)ester.

V.4.2. Modifying Diene Substitution

Despite the difficulties associated with having a single vinyl substituent appended

to a cyclohexadiene ring, such as in the case of V.46, we next tested if (E)- propenyl

groups might afford additional stability under Suzuki-Miyuara cross-coupling conditions.
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Beginning with V.49 (E:Z = 5:1), nucleophlic addition of (4-bromophenyl)lithium,
followed by acid catalyzed deprotection of the dimethyl ketal, yielded p-quinol V.50 in
72% yield (Scheme V.17). Diastereoselective addition of (4-bromophenyl)lithium and
subsequent methylation delivered V.51 in 36% yield (E:Z = 9:1), which was then
subjected to Pd(PPhs)4 and 4-tolylboronic acid bis(pinacol)ester. While similar conditions

decomposed V.46, V.51 was cleanly coupled to deliver V.52 in 92% vyield.

i. NaH
ii. (4-bromophenyl)-
1. (4-bromophenyl)- lithium
0 | lithium THF, -78 °C
THF, -78 °C iii. Mel/DMF
2. AcOH 36%, ZZE=9:1
MeO~ "OMe 72%
V.49 Me
Pd(PPh3),
Cs,CO4

Bpin@Me

PhMe/MeOH (9:1)
80 °C
92%

Scheme V.17. Propenyl-substitution provides additional stabilization to access V.52.

Attempts to directly incorporate two (E)-propenyl groups on the cyclohexadiene
ring were less successful, however. Two-fold isomerization of 11.12 with PdCl,(MeCN)
proceeded cleanly to V.53 in 50% vyield, but mono-methylation with catalytic sodium
nitrite in acidic methanol led to decomposition rather than V.54 (Scheme V.18). V.54

could in fact be accessed from tBuOK mediated olefin isomerization of 11.13, but
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oxidative dearomatization of V.54 only produced trace amounts of potential ketal product
V.55. Instead, we turned to some of the advanced allylated intermediates synthetized in

Chapter 11 to serve as models for a later-stage olefin migration event.

NaNO, (20 mol%)

OH
= PdCIz(MeCN H,SO,4 (1 equw
7 C:§$|2 MeOH
OH °
.12 V.53 V.54
OH
= {BUOK PhI(OAc),
e V.54

= THF ’ MeO OMe MeOH
OMe 100% trace
11.13

Scheme V.18. Unsuccessful routes to access quinol V.55.

In addition to the ease of installation compared to propenyl groups, allyl groups
also have already shown to be robust in early stages of our synthetic sequences. Hence,
although methodology for the diastereoselective synthesis of highly functionalized 1,4-
syn-dimethoxycyclohexa-2,5-dienes is still ongoing, we wanted some insight to the
behavior of intermediates synthesized in Chapter 11 under olefin isomerization
conditions. Subjecting methylated p-quinol 11.26 to Grubbs 11 in methanol under air®
afforded two-fold isomerization product V.56 in 50% yield (Scheme V.19). Highly
functionalized methylated p-quinol 11.19 decomposed under the same conditions,
however. Allylated anti-adduct 11.21 decomposed with Grubbs Il in MeOH, and also with
tBuOK in THF, while 11.30 isomerized with Grubbs Il in MeOH fairly cleanly (72%

yield, *H NMR internal standard). Although our attempts were certainly not exhaustive
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by any means, if a highly allylated 1,4-syn-dihydroxycyclohexa-2,5-diene can be
synthesized, revisiting the plethora of olefin isomerization conditions in the literature®

will certainly be necessary.

/
MeO MeO N
<— >0 Condition A <— >0
2h

O 50% O N , )

Br I Br Condition A
(x) 1.26 () V.56 Grubbs 11 (20 - 40 mol%)

MeOH, 60 °C

Condition B

tBuOK (xs.)

THF, rt

Condition A
21h
— X
Condition B

Condition A

18 h
72% ('H NMR)

(+) .30

Scheme V.19. Various attempts for late-stage olefin migrations of allyl groups.
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V.4.3. A Potential Two-Fold Claisen Rearrangement of 1,4-syn-
Dihydroxycyclohexa-2,5-dienes

In a separate attempt to add functionality to the diene moiety, Evan Darzi
conceived of the idea to perform tandem [3,3] rearrangements, utilizing the two doubly
allylic alcohols of V.58 as functional handles. Vinylating the alcohols should allow for
facile Claisen rearrangements, affording a terphenyl product, upon oxidative
dehydrogenation, with p-substituted benzylic aldehydes (V.59,Scheme V.20). If
successful, this would completely remove the reductive aromatization reaction as a
synthetic step. Treatment of V.58 with Pd(TFA)./phenanthroline and triethylamine in
tert-butyl vinyl ether®® caused extensive decomposition, while use of Ir[(OMe)(cod)], and
vinyl acetate in refluxing toluene®® only afforded starting material. Switching to more
classical vinyl transfer conditions, Hg(OAc), and ethyl vinyl ether, delivered an

interesting and unexpected product, albeit in low yield (V.60).

Initial Hypothesis:

— —_ i — —_
"= Q .2 0 OHG
O O e = | Cl Q - H cl
CHO
Cl V.58 Cl cl cl H
L via boat transition state - L : -
(only first of two [3,3] rearrangements - H,
shown for clarity) 1]
Experimental Result: </
o OHC Cl

Hg(OAc), (1.3 equiv)

P

ethyl vinyl ether
0.2 M, rt

V.59
not observed

Scheme V.20. A potential two-fold Claisen rearrangement that could provide
functionality and an alternative aromatization pathway (V.59).
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Upon one vinylation/Claisen rearrangement of V.58, the resulting benzylic
aldehyde is trapped by the second alcohol before another vinylation event can occur
(Scheme V.21). The resulting heterocycle is then vinylated further to afford V.60 as a
mixture of diastereomers as judged by crude *H NMR spectroscopy (dr = 4:1).
Stereochemical assignment of the major isolable diastereomer ((S) configuration at the
alcohol) was done using basic Karplus analysis. The stereogenic hydrogen, if placed in
the pseudo-equatorial position, has a dihedral angle with the adjacent pseudo-equatorial
hydrogen on the methylene spacer of approximately 83°. Thus, the hydrogen at the chiral
center appears as a doublet (J = 4.6 Hz) downfield at 5.50 ppm. Inverting the stereocenter
would allow stronger coupling between this hydrogen and the two adjacent methylene
hydrogens, causing further splitting beyond a simple doublet. We rationalize the
stereochemical outcome of the cyclization by simply placing the carbonyl away from the
ring system to alleviate sterics. Although this is certainly not the product that we had
hoped to isolate, we are confident that, at least for an acyclic system, appropriate
functionalization will allow for two tandem rearrangements to occur. The question still
remains if this type of a process can build strain, as would be required in a macrocyclic

compound.
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Scheme V.21. Unexpected heterocycle V.60 formation during an attempted [3,3]-
rearrangement of \V.58.

V.5. Synthesis and Characterization of Dibenzo[a,h]anthracene and

Dibenzo[c,m]pentaphene Incorporated CPPs

With the difficulties of previous attempts, we decided to refocus and avoid
systems that would require cyclohexadiene functionality. Through more straightforward
methodology, we sought a system where RCM reactions could be tested in the context of
a macrocycle. Specifically, C-C bond formation would occur between adjacent
functionalized aryl rings, rather than between functionalized arenes and cyclohexadienes.
We envisioned cyclophane targets V.61 and V.62, which could arise from ring-closing
metathesis of appropriately vinylated macrocycles. Thus, the strategic incorporation of
olefins into earlier coupling partners would hopefully allow us to rapidly access both
macrocycles (Figure V.3). It is noteworthy that the final structures V.61 and V.62
represent some of the largest polycyclic aromatic hydrocarbons to be incorporated into a

fully conjugated macrocycle.
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Figure V.3. Graphitic belt fragments V.61 and V.62.

Following up their work with [n](2,7)pyreneophanes,®*° Bodwell and co-workers
elegantly synthesized a series of [n](2,11) teropyrenophanes that contain equally
impressive bent PAHs linked by tethered alkyl chains.”>*? In particular,
[8](2,11)teropyrenophane V.63 contains an aromatic unit that is bent (0) almost 180°,
which is quite comparable to the bending observed in an armchair SWCNT (Figure

V.4).40

Figure V.4. Bodwell’s [8](2,11)teropyreneophane with an aromatic unit that is bent
almost 180° 6 = 180 — (01 + 0,).

In contrast to Bodwell’s work, a few smaller PAHs have been incorporated end-
to-end to yield conjugated macrocycles, such as [9]cyclo-1,4-naphthalene V.64,
[4]cyclo-2,7-pyrene V.65, and a family of stereoisomeric [4]cyclocrysenylenes
(including V.66) (Figure V.5). Our targets build upon both classes of these recently
accessed molecules by incorporating large, bent PAHSs into fully conjugated cyclophanes.
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V.64 V.65

Figure V.5. Macrocycles incorporating small PAHs from the Itami, Yamago, and Isobe
laboratories.

V.5.1. Synthesis
Our synthesis commenced with the two-fold lithiation of syn-dibromide V.67,

followed by addition of benzoquinone monoketal. Following deprotection, diqunol V.68
was accessed in 44% yield. Previously, we showed that additions of aryl lithium reagents
to p-quinols in the presence of sodium hydride preferentially affords the syn diastereomer
(dr =19:1) (Scheme 11.3). Hence, two-fold diastereoselective addition of (((3-
OTBS)methyl)-4-chlorophenyl)lithium (derived from V.69) to V.68, followed by in-situ
methylation of the resulting tetra-alkoxide, allowed for rapid formation of dichloride
V.70 in 36% yield (dr = 9:1, syn-syn:syn-anti) (Scheme V.22). Deprotection with TBAF,
followed by oxidation with Dess-Martin periodinane and Wittig olefination afforded
dichloride V.71 in 34% yield over three steps. Attempts to directly access divinyl V.70
(or its di-(E)-propenyl analog) by employing 2-chloro-4-bromostyrene (or (E)-2-chloro-
4-bromo-B-methylstyrene) as pronucleophiles for two-fold additions to V.68 were
unsuccessful as lithium-bromide exchange could not be affected under a variety of
conditions without concurrent anionic polymerization. Having accessed V.71, we were

now in a position to explore macrocyclization conditions.
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2. AcOH
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Br V.67 Br 4%
Br
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Cl
V.69
1. TBAF
2. DMP \m
vi1 3 MePPhsBr, tBuOK
R=s~” 44%

Scheme V.22. Synthesis of divinyl intermediate V.71.

Although there are certainly reports of Suzuki-Miyaura cross-couplings between
aryl chlorides and aryl boronic acid bis(pinacol)esters that both possess ortho
functionality, we had yet to explore these types of substrates for macrocycle generation.
Treatment of V.71 and V.72* with 20 mol% SPhos-Pd-G2*® in dioxane/water (9:1, ca. 1
mM) at 80 °C afforded terphenyl-containing macrocycle V.73 in 19% yield (Scheme
V.23). Interestingly, V.73 exhibits some dynamic behavior in its *H NMR spectrum
(Figure V.16). At 25 °C, V.73 has extremely sharp resonances indicative of a single,
more stable conformation at room temperature. Upon heating to 70 °C, a terminal olefinic
resonance (ca. 5.1 ppm) and the resonance for the proton ortho to the vinyl group in the

outer ABX system (marked H,, 8.5 ppm) begin to broaden, among several other
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overlapping resonances. At room temperature, the rigidity of the macrocycle, which in
turn breaks the symmetry of the molecule, is also seen with the “W-like” coupling
between protons on the top face and the bottom face of the cyclohexadiene diene rings.
For example, while a priori one might expect Hy/Hy,’ to be equivalent by symmetry, weak

coupling (*J = 2.2 Hz) is observed.

_ i 0,
SPhos-Pd-G2 (20 mol%) MeO OMe
V.72
V.71 >
Dioxane/2M K3PO,4 (1 mM) H
80 °C
Pd;NHz
Re! 4 OMe
Cy,R
Bpin Bpin

OMe ‘
O /7 \.T2
OMe

SPhos-Pd-G2

Scheme V.23. Macrocyclization towards tetravinyl macrocycle V.73.

Next, we subjected V.73 to Grubbs 2™ generation catalyst (Grubbs I1) in
dichloromethane at 40 °C. Gratifyingly, V.73 was cleanly converted to V.74 in 76% yield
in just 30 minutes without evidence of cyclohexadiene degradation or decomposition of
the benzylic, doubly allylic methyl ethers (Scheme V.24). It seems reasonable that the
styrenes react significantly faster than the electron-poor disubstituted cyclohexadiene
olefins, though the reaction time can be prolonged to 5 hours without any observable
byproducts or decomposition. Subjecting V.74 to sodium naphthalenide at —78 °C
afforded racemic aromatic belt fragment (3,10)-dibenzo[a,h]anthracene-nanohoop V.61.

The MALDI-MS spectrum shows a single peak at m/z 656.74 (calculated mass: 656.81).
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Grubbs I
(10 mol%) Me
—_—

CH,Cly, 40 °C

V.73

30 min
76%

MeO

Scheme V.24. End game to synthesize (3,10)-dibenzo[a,h]anthracene-nanohoop V.61.

To test the limits of this RCM methodology, we aimed to incorporate a

quaterphenyl unit into a 9-unit macrocycle. Biphenyl coupling partner V.79 was

envisioned as a precursor to (2,11)-dibenzo[c,m]pentaphene-nanohoop V.62. We began

with benzylic bromination and two-fold olefination of easily accessible 1-bromo-4-

chloro-p-xylene V.75 to afford V.76 in 80% yield. Miyuara borylation of a portion of the

aryl bromide (V.77), followed by biphenyl formation by coupling V.76 and V.77, and

two-fold Miyuara borylation of the resulting aryl chloride V.78 delivered V.79 (Scheme

V.25).

Br

iog

Cl
V.75

Scheme V.25. Synthesis of biphenyl coupling partner V.79.

1. NBS, BPO, PhH
2. PPh,, DMF
3. tBUOK, (CH;0)y, THF
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We could form quaterphenyl-containing macrocycle V.80 under similar
conditions used to synthesize V.73, albeit with higher catalyst loadings, in 10% yield
(Scheme V.26).” Like V.73, V.80 also exhibits dynamic behavior in its *H NMR
spectrum (Figure V.17). Interestingly, V.80 has extremely broad resonances at 25 °C,
some of which begin to sharpen with increasing temperature. The differences in dynamic

behavior between V.73 and V.80 will be discussed in Chapter V.5.4.1.

SPhos-Pd-G2 (40 mol%)

V.71 V.79 -~

Dioxane/2M K3PO,4 (1 mM)
80°C
10%

Scheme V.26. Synthesis of hexavinyl macrocycle V.80.

We continued by subjecting V.80 to Grubbs II in dichloromethane at 40 °C to
afford V.81 in 44% yield after 50 minutes. As was the case for tetravinyl macrocycle
V.73, the rigidity of V.81 lends itself to 4-bond coupling between cyclohexadiene
protons, such as H./H.’. Aromatization with sodium naphthalenide at —78 °C delivered
(2,11)-dibenzo[c,m]pentaphene-nanohoop V.62 in 21% yield (Scheme V.27). The

MALDI- spectrum shows a single distinct peak at m/z 756.89 (calculated mass: 756.28).

“ We noticed some variability in the catalyst loadings needed to affect macrocyclization using V.71.
Specifically, certain batches of V.71 had small amounts of impurities that could not be seen by *H NMR
spectroscopy or GPC. Hence, in some cases we had to increase the catalyst loading to obtain reasonable
macrocyclization yields.
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To our surprise, V.62 represents only the second account of a dibenzo[c,m]pentaphene
synthesis; the first account from Clar included only an electronic absorption spectrum,

presumably due to the insolubility of the acyclic parent PAH.*’

Grubbs I
(10 mol%)
_—
CH,Cl,, 40 °C
50 min MeO
44%

V.80

Scheme V.27. End game to synthesize (2,11)-dibenzo[c,m]pentaphenene-nanohoop V.62.

V.5.2. X-ray Crystallographic Analysis

We were able to obtain single crystals of V.61 (slow evaporation from a
THF/pentane solution, Figure V.6) and V.62 (slow evaporation from a benzene/pentane
solution, Figure V.7) suitable for X-ray diffraction. Unfortunately, since V.61 crystallized
as a racemate, the dibenzo[a,h]anthracene group was disordered over four positions,
prohibiting us from extracting structural parameters. Like similarly sized [8]CPP,
however, V.61 packs in a herringbone fashion. In Chapter V.6.5., Figure V.12. shows one
possible orientation of the dibenzo[a,h]anthracene group, while Figure V.10. below

shows all possible orientations for clarity.
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Figure V.6. ORTEP representation (thermal ellipsoids shown at 30% probability), left,
and herringbone packing, right, for disordered V.61. All four possible orientations of the
dibenzo[a,h]anthracene group are shown.

On the other hand, V.62 crystallized with two symmetrically independent
molecules in the asymmetric unit. The molecules form “head-to-tail” pairs, which further
arrange into layers. From the crystallographic analysis of V.62, we determined that
despite the incorporation of a large polycyclic aromatic hydrocarbon, some features were
still shared between V.62 and [9]CPP. For example, the average Cipso — Cipso bond length
between non-fused phenyl rings is 1.47 A while the average torsional angle between the
same rings is 31.5°. As a comparison, while [9]CPP has exactly the same average Cipso-
Cipso bond length as V.62 in the solid state, its average torsional angle is significantly
reduced to 24.4°.*® However, when considering all nine torsional angles in V.62, the
incorporation of dibenzo[c,m]pentaphene causes a slight decrease in the overall average
dihedral angle to 20.6°. The implications of reducing the average dihedral angle upon

ring fusion will be briefly discussed in Chapter V.5.3.
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Figure V.7. ORTEP representation (thermal ellipsoids shown at 30% probability), left,
and layered packing of “head-to-tail” pairs of nanohoops, right, for V.62.

With such a large PAH incorporated into a fully conjuaged cyclophane, we also
wanted to evaluate the bending (8)*® of the dibenzo[c,m]pentaphene group in V.62. For a
frame of reference, Bodwell’s [8](2,11)teropyrenophane V.63 is bent approximately 167°
out of plane.*® A similar measurement on V.62, by determining the angle (6) between the
plane formed by C(57)-C(58)-C(59) and the plane formed by C(31)-C(32)-C(36) revealed
that our annulated quaterphenyl was bent by approximately 134° This is not surprising,
due to the shorter cyclophane tether of V.63 compared to V.62. Interestingly, a
comparison of the same angle, 0, for the DFT minimized geometry of V.62 reveals that
its dibenzo[c,m]pentaphene unit is approximately 34° less distorted from planarity
(Scheme V.28). From these structural data, it is apparent that we are slowly increasing
the degree of dibenzo[c,m]pentaphene bending, thus gradually building in the necessary

strain to transform V.81 to V.62.
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Scheme V.28. Increased PAH bending is predicted to occur from V.81 (DFT B3LYP/6-
31G(d)) to V.62 (crystal structure) upon reductive aromatization.

V.5.3. Optoelectronic Properties
To investigate the photophysical properties of V.61 and V.62, we obtained their

UV/vis and fluorescence spectra in dichloromethane (Figures V.8 and V.9). Compared to
[8]CPP, V.61 has a very broad spectrum (Anax = 325 nm) with an additional feature at
350 nm and a weak shoulder around 400 nm representing the HOMO - LUMO
transition. Using TD-DFT calculations, we assigned the major transitions (Table V.3) to
linear combinations of a variety of orbitals ranging from HOMO — 4 to LUMO + 4. For
V.62, the UV/vis spectrum was reminiscent of the spectrum seen for [9]CPP. Despite
being extremely broad like the spectrum for V.61, there is a major absorption at 340 nm.
In addition, there is also an additional feature at 355 nm and a weak shoulder around 400
nm (HOMO - LUMO transition). In both V.61 and V.62, the maximum of the HOMO
- LUMO transition appears to red-shift slightly compared to those of [8]CPP and
[9]CPP, respectively. Insofar as we have investigated with solid-state analyses of V.62

and [9]CPP, the decrease in average dihedral angle by almost 4° upon nearly planarizing
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four adjacent phenyl rings could be responsible for this (Table V.9). This theory would be
consistent with the red-shift observed for the HOMO-LUMO maximum absorbance in
the [n]CPP family with decreasing values of n, and therefore decreased torsional angles.
Again, we investigated the origin of the major transitions in the context of frontier

molecular orbitals with TD-DFT calculations (Table V.4).

— V&1 —— V.62
— [BICPP ——[9]CPP

Normalized Absorption

ol 1 \ |

Tl e v 5w, o T | e |
250 300 350 400 450250 300 350 400 450

Wavelength (nm) Wavelength (nm)

Figure V.8. UV/vis absorption spectra for V.61/[8]CPP and V.62/[9]CPP. Vertical lines
represent TD-DFT transitions (DFT B3LYP/6-31G(d)).

Upon excitation at 340 nm, V.61 fluoresces at 535 nm (® = 14+5%) and V.62
fluoresces at 500 nm (® = 15+5%) (Figure V.8). These values are fairly consistent with
our measured values for similarly sized [8]CPP (Aq = 535 nm, ® = 15+£5%) and [9]CPP

(As1 =500 nm, ® = 33+5%), as well as values reported in the literature.***°
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Figure V.9. Fluorescence spectra of V.61 and V.62 with excitation at 340 nm.

Unlike [8]- and [9]CPP, which are centrosymmetric molecules, V.61 and V.62
have slight dipoles directed away from the PAH units. This is evident in the asymmetric
distribution of orbital density in the lower lying occupied orbitals and the higher lying
unoccupied orbitals (Figure V.9), and may be partly responsible for the broad absorption
spectra of these two nanohoops. The calculated HOMO-LUMO levels for V.61 and V.62
are very similar to those of closely sized [8]CPP (—1.79 eV / -5.02 eV; HOMO/LUMO
gap = 3.23eV) and [9]CPP (—1.72 eV / -5.12 eV; HOMO/LUMO gap = 3.40 eV),
respectively. Importantly, these values indicate that we are not significantly changing the
electronic structure, and therefore the potential stability, to any appreciable degree upon
ring formation. In these two FMO diagrams, the PAH group is situated at the bottom of

each nanohoop, while the phenylene chain is on the top.
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Figure V.10. FMO diagrams™* for V.61 (H/L gap = 3.26 eV; top two rows) and V.62
(H/L gap = 3.32 eV; bottom two rows) (B3LYP/6-31G(d)). H = HOMO, L = LUMO.

V.5.4. DFT Analysis

V.5.4.1. Atropisomers of Vinylated Macrocycles
In order to study the dynamic behavior observed in the *H NMR spectra of V.73

and V.80, we probed the energies of the macrocycles’ various conformations
computationally at the RB97D/6-31G(d) level of theory. Upon comparing the ground-
state energies of the various atropisomers that V.73 can adopt, we found that V.73 has a
single, low-lying ground-state conformation that is 1.73 kcal/mol more stable than the
next highest energy conformation. Between the lowest energy conformation and the
seven other possible conformations, the energy difference between ground-state energies

is 1.73 —5.10 kcal/mol (Table V.5). On the other, V.80 has numerous ground-state
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conformations that are close in energy (Table V.6). Approximately one-third of the
atropisomers are within 1.5 kcal/mol of the lowest-energy conformation, while the
highest energy atropisomer is only 3.43 kcal/mol higher in energy. Although we have not
investigated the relative transition states between these interconversions within the two
molecules, the computational results seem consistent with our VT-NMR experiments.
That is, the more disperse ground-states of V.73 leads to a single major conformation at
room temperature and a sharp *H NMR spectrum. In the case of V.80, many closely
spaced ground-states of lead to numerous conformations, leading to broadening in the *H
NMR spectrum at room temperature. Based on our experimental RCM data, the varying
rigidity of the vinylated macrocycles (i.e. V.73 and V.80) does not seem to influence the

outcome of these particular reactions.

V.5.4.2. Strain Analysis
With both final compounds V.61 and V.62 in hand, we evaluated their strain

energy (at the ®B97x-D level of theory) and compared the values to similarly sized
[n]CPPs (Chapter V.6.4.2). V.61 has only 79 kcal/mol of strain energy (Scheme V.31),
while V.62 has 71 kcal/mol of strain energy (Scheme V.34). Interestingly, these values
are only 6-7 kcal/mol higher than their [8]- and [9]CPP analogs which have 72 kcal/mol
and 66 kcal/mol of strain energy, respectively.>> More importantly, RCM has shown to
complement our already powerful strain-building Suzuki-Miyuara macrocyclization and
sodium naphthalenide promoted reductive aromatization methodologies. For example,
RCM builds in roughly 24 kcal/mol and 14 kcal/mol of strain energy in the syntheses of
V.74 (Scheme V.29 and V.30) and V.81 (Scheme V.32 and V.33), respectively. These
values amount to approximately 20 — 30% of the total strain energy in final targets V.61

197



and V.62, providing a proof of principle that our RCM methodology allows for a gradual
increase in strain energy over the course of multiple transformations. As ring formation
does not seem to dramatically affect the overall strain energy of V.61 and V.62, reductive
aromatization of elaborate macrocycle V.82 (Figure V.11) should be feasible so long as

an appropriately vinylated macrocycle can be accessed (Scheme V.7, vide supra).

Figure V.11. A potential macrocyclic precursor to [8]cyclophenacene.

V.6. Experimental

V.6.1. General Experimental Considerations
All glassware was oven (140 °C) or flame dried and cooled under an inert

atmosphere of nitrogen unless otherwise noted. Moisture sensitive reactions were carried
out under an inert atmosphere of nitrogen using standard syringe/septa technique.
Tetrahydrofuran, dichloromethane, 1,4-dioxane, and dimethylformamide were dried by
filtration through alumina according to the methods described by Grubbs (JC Meyer).>
Silica column chromatography was conducted with Zeochem Zeoprep 60 Eco 40-63 um
silica gel. 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 or by staining with iodine vapor. *H NMR
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spectra were recorded at 600MHz on a Bruker Avance-I11, 500 MHz on a Bruker
Avance-111, 500 MHz on a Varian VNMRS, 500 MHz on a Varian INOVA, 400 MHz on
a Varian VNMRS, or 300 MHz on a Varian INOVA. *C NMR spectra were recorded at
150 MHz on a Bruker Avance-IIl, 125 MHz on a Bruker Avance-l111, 125 MHz on a
Varian VNMRS, 125 MHz on a Varian INOVA, or 100 MHz on a Varian VNMRS. All
'H NMR spectra were taken in CDCl; (referenced to TMS, & 0.00 ppm), benzene-dg
(referenced to residual CgHg, 6 7.16 ppm), acetone-dg (referenced to residual acetone, &
2.05 ppm), or DMSO-ds (referenced to residual DMSO, & 2.50 ppm). All *C NMR
spectra were taken in CDClI; (referenced to chloroform, 8 77.16 ppm), benzene-ds
(referenced to benzene, 6 128.06 ppm), acetone-dg (referenced to residual acetone, &
29.84 ppm) or DMSO-ds (referenced to DMSO, 6 39.52 ppm). The MALDI matrix,
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB), was
obtained from Sigma-Aldrich, and was used as a solution in CH,Cl,. IR spectra were
recorded on a Thermo Nicolet 6700 FT-IR. Absorbance and fluorescence spectra were
obtained in a 1 cm Quartz cuvette with dichloromethane using a Varian Cary 60 UV-vis
spectrometer and a Horiba Jobin Yvon Fluoromax 3 Fluorimeter. Quantum yields were
determined using an integrating sphere accessory. Recycling gel permeation
chromatography (GPC) was performed using a Japan Analytical Industry LC-9101 with
two JIAGEL-2H columns in series. Automated flash chromatography was performed
using a Biotage Isolera. NBS was recrystallized from water and dried under high vacuum

before use. All reagents were obtained commercially unless otherwise noted.
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V.6.2. Synthetic Details

O

T

o 0

Pt Ph
V.32

(2R,3R)-6,9-diallyl-2,3-diphenyl-1,4-dioxaspiro[4.5]deca-6,9-dien-8-one V.32. To a
solution of 11.14 (0.20 g, 0.85 mmol, 1.0 equiv) and (+)-1,2-diphenylethanediol V.31
(0.24 g, 1.1 mmol, 1.3 equiv) in anhydrous THF (2.5 mL) at 0 °C was added freshly
distilled BF3-Et,0 (0.12 g, 0.10 mL, 0.81 mmol, 0.95 equiv). The resulting red solution
was stirred for 3.5 h before quenching with sat. ag NaHCOj3; (2 mL) and extracting with
EtOAc (2 x 5 mL). The combined organics were washed with brine (5 mL), dried over
sodium sulfate, and concentrated on Celite. Purification on silica gel (0 — 5%
EtOAc/hexanes) afforded V.32 (0.18 g, 54%). *H NMR (500 MHz, Acetone-ds) 8(ppm)
7.47 — 7.30 (overlap, 10H), 7.14 (br s, 1H), 6.09 (d, J = 1.8 Hz, 2H), 6.09 — 5.89 (overlap,
2H), 5.40 — 5.24 (overlap, 3H), 5.21 — 5.07 (m, 3H), 3.51 (dd, J = 17.8, 7.0 Hz, 1H), 3.44
(dd, J=17.8, 7.0 Hz, 1H), 3.11 (dd, J = 6.6, 1.5 Hz, 3H); *C NMR (125 MHz, Acetone-
ds) 5(ppm) 205.25, 184.36, 157.11, 139.63, 136.29, 136.20, 135.14, 134.91, 133.77,
128.93, 128.64, 128.51, 127.23, 127.08, 127.05, 118.24, 116.39, 100.60, 86.55, 85.45,

33.42, 32.37.
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V.33

(2R,3R)-6,9-diallyl-8-(2,5-diallyl-4-bromophenyl)-2,3-diphenyl-1,4-dioxaspiro[4.5] deca-
6,9-dien-8-ol V.33. To a slurry of V.32 (0.15 g, 0.48 mmol, 1.2 equiv) in anhydrous THF
(4 mL) at —78 °C was added nBuLi (0.20 mL, 0.48 mmol, 1.2 equiv, 2.4 M in hexanes)
dropwise. The aryl lithium reagent was stirred for 5 min before adding V.32 (0.15 g, 0.40
mmol, 1.0 equiv) in anhydrous THF (2 mL) dropwise via cannula. After stirring for 15
min, the reaction was quenched by the addition of water (5 mL) and the biphasic mixture
was extracted with EtOAc (2 x 10 mL). The combined organics were washed with brine
(5 mL), dried over sodium sulfate, and concentrated on Celite. Purification on silica gel
(0 — 10% EtOAc/hexanes) afforded V.32 as a white foam (0.20 g, 81%, dr = 1:1). The
diastereomeric mixture could not be separate despite exhaustive attempts by silica gel
chromatography. The excellent solubility of V.32 prevented separation by crystallization.
'H NMR (500 MHz, C¢Ds) 8(ppm) 8.06 (s, 2H), 7.46 (d, J = 15.9 Hz , 2H), 7.35 - 7.02
(overlap, 20H), 6.29 (s, 2H), 6.25 (s, 2H), 6.03 — 5.71 (overlap, 8H), 5.15 (d, J = 17.0 Hz,
2H), 5.12 — 4.86 (m, 16H), 3.59 — 3.22 (overlap, 12H), 3.06 — 2.90 (m, 2H), 2.56 (dt, J =
16.6, 7.7 Hz, 2H); *C NMR (125 MHz, C¢Dg) 5(ppm) 144.12, 143.91, 138.59, 137.52,
137.38, 135.90, 135.77, 135.71, 135.24, 135.19, 135.17, 134.40, 134.28, 129.29, 128.50,
128.46, 128.41, 128.38, 128.25, 128.14, 126.90, 126.83, 126.54, 126.42, 124.25, 124.20,
123.98, 117.37, 116.14, 116.11, 115.50, 115.40, 102.42, 102.31, 86.55, 85.41, 85.32,
40.07, 34.96, 34.90, 33.51, 33.46.
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1-bromo-4-chloro-2-vinylbenzene V.34. To a solution of 1-bromo-2-(bromomethyl)-4-
chlorobenzene™ (6.2 g, 22 mmol, 1.0 equiv) in toluene (30 mL) was added
triphenylphosphine (7.4 g, 28 mmol, 1.3 equiv). The reaction mixture was heated at
reflux for 16 h then cooled to rt. The resulting white precipitate was filtered under
vacuum, washed with toluene (50 mL) and hexanes (50 mL) then dried under high
vacuum. The white phosphonium salt (8.3 g) was used without further purification. To a
dry 250 mL RBF was added the phosphonium salt (7.0 g, 13 mmol, 1.0 equiv) and p-
formaldehyde (9.6 g, 320 mmol, 25 equiv). The solids were suspended in anhydrous THF
and the suspension was cooled to 0 °C. Potassium tert-butoxide (41 mL, 21 mmol, 1.6
equiv, 0.50 M in THF) was added via cannula and the reaction was allowed to warm to rt
over 30 min. The reaction mixture was filtered through a short plug of Celite (petroleum
ether) and the filtrate was concentrated under vacuum. Purification on a short plug of
silica gel (petroleum ether) afforded V.34 (2.2 g, 48%). *H NMR (400 MHz, CDCl5)
8(ppm) 7.51 (d, J = 2.6 Hz, 1H), 7.46 (d, J = 8.5 Hz, 1H), 7.09 (dd, J = 8.5, 2.6 Hz, 1H),
6.97 (dd, J = 17.4, 11.0 Hz, 1H), 5.71 (dd, J = 17.4, 0.7 Hz, 1H), 5.41 (dd, J = 11.0, 0.7
Hz, 1H); *C NMR (100 MHz, CDCl3) 8(ppm) 139.10, 134.99, 134.97, 134.04, 133.71,

129.13, 126.85, 121.45, 118.10, 118.07.
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(x)-2-bromo-4'-chloro-1-hydroxy-2'-vinyl-[1,1'-biphenyl]-4(1H)-one V.35. To a solution
of 1-bromo-4-chloro-2-vinylbenzene V.34 (0.16 g, 0.72 mmol, 1.1 equiv) in anhydrous
Et,O (8 mL) at —78 °C was added tBuLi (0.97 mL, 1.5 mmol, 2.2 equiv, 1.5 M in
pentane). The resulting yellow solution was stirred for 20 min then 2-bromo-4,4-
dimethoxycyclohexa-2,5-dienone 1V.3 (0.15 g, 0.65 mmol, 1.0 equiv) in anhydrous Et,O
(2 mL). The reaction mixture was stirred for 2 h then was quenched with 1 M aq HCI (3
mL). The biphasic mixture was stirred rapidly and was allowed to warm to rt for 25 min.
The layers were separated and the aqueous phase was extracted with EtOAc (2 x 10 mL).
The combined organics were washed with sat. ag NaHCO3 (10 mL), water (10 mL), and
brine (10 mL), then dried over sodium sulfate and concentrated onto Celite. Purification
on silica gel (20% EtOAc/hexanes) afforded V.35 as a white solid (0.10 g, 47%). NOTE:
Attempts to perform lithium halogen exchange on V.34 in THF with nBuLi or tBulLi, or
with nBuLi in Et,0O lead to decomposition, presumably via an anionic polymerization
pathway. *H NMR (400 MHz, DMSO-d) 8(ppm) 7.79 (d, J = 8.4 Hz, 1H), 7.48 — 7.42
(overlap, 2H), 7.06 (s, 1H), 6.99 (d, J = 9.9 Hz, 1H), 6.81 (d, J = 1.7 Hz, 1H), 6.85 — 6.69
(overlap, 1H), 6.27 (dd, J = 9.9, 1.7 Hz, 1H), 5.61 (d, J = 17.2 Hz, 1H), 5.23 (d, J = 11.0
Hz, 1H); *C NMR (100 MHz, DMSO-ds) 8(ppm) 183.86, 152.55, 150.93, 138.30,

135.30, 133.84, 133.06, 132.32, 129.38, 128.25, 127.39, 125.84, 119.18, 72.20.
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(x)-syn-2'-bromo-4,4"-dichloro-1',4'-dimethoxy-2-vinyl-1',4'-dihydro-1,1":4",1"-terphenyl
V.36. A solution of (£)-2-bromo-4'-chloro-1-hydroxy-2'-vinyl-[1,1'-biphenyl]-4(1H)-one
V.35 (0.11 g, 0.34 mmol, 1.0 equiv) in anhydrous THF (5 mL) was added to a slurry of
sodium hydride (68 mg, 1.7 mmol, 5 equiv, 60% suspension in mineral oil) in anhydrous
THF (15 mL) at —78 °C. Meanwhile, a solution of 1-bromo-4-chlorobenzene in
anhydrous THF (10 mL) was cooled to —78 °C and nBuLi (0.39 mL, 0.99 mmol, 2.9
equiv, 2.5 M in hexanes) was added dropwise. The resulting aryl lithium solution was
allowed to stir for 20 min before quickly transferring it via cannula to the slurry of
sodium hydride and V.35. The final reaction mixture was stirred for 1 h 15 min before
quenching with water (5 mL) and warming to rt. The reaction mixture was diluted with
EtOAc (20 mL) and the layers were separated. The aqueous phase was extracted with
EtOAc (2 x 20 mL) and the combined organics were washed with brine (10 mL), dried
over sodium sulfate, and concentrated onto Celite. Purification on silica gel (hexanes then
20 — 30% EtOAc/hexanes) afforded semi-pure diol that was used without further
purification. The semi-pure diol was dissolved in anhydrous THF (5 mL) and transferred
via cannula to a slurry of sodium hydride (0.10 g, 2.5 mmol, 10 equiv, 60% suspension in
mineral oil) in anhydrous THF (15 mL) at 0 °C. The tan suspension was stirred for 20
min then Mel (0.36 g, 0.16 mL, 2.5 mmol, 10 equiv) was added via syringe and the
reaction mixture was allowed to warm to rt for 16 h. The reaction was quenched by the

addition of water (10 mL) and the mixture was extracted with EtOAc (3 x 15 mL). The
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combined organics were washed with brine (10 mL), dried over sodium sulfate and
concentrated onto Celite. Purification on silica gel (hexanes then 15% EtOAc/hexanes)
afforded V.36 as a white foam (0.10 g, 63%). *"H NMR (300 MHz, CDCls) §(ppm) 7.50
(dd, J = 17.4, 10.9 Hz, 1H), 7.47 (d, J = 2.1 Hz, 1H), 7.34 — 7.19 (overlap, 4H), 7.16 (dd,
J=8.6,2.1Hz, 1H), 7.11 (d, J = 8.6 Hz, 1H), 6.67 (d, J = 2.3 Hz, 1H), 6.38 (d, J = 10.2
Hz, 1H), 6.01 (dd, J = 10.2, 2.3 Hz, 1H), 5.51 (dd, J = 17.4, 1.4 Hz, 1H), 5.24 (dd, J =

10.9, 1.4 Hz, 1H), 3.43 (s, 3H), 3.41 (s, 3H).

Meo GHO  ome
<>

Ev e
(%)-syn-4,4"-dichloro-1',4'-dimethoxy-2-vinyl-1',4'-dihydro-[1,1":4',1"-terphenyl]-2'-
carbaldehyde V.38. To a solution of V.36 (0.12 g, 0.26 mmol, 1.0 equiv) in anhydrous
THF (3 mL) at —78 °C was added nBuLi (0.16 mL, 0.39 mmol, 1.5 equiv, 2.5 M in
hexanes). The brown solution was stirred for 20 min then anhydrous DMF (95 mg, 0.10
mL, 1.3 mmol, 5.0 equiv) was added and the reaction was stirred an additional 30 min.
The reaction was quenched by the addition of sat. ag NH4CI (2 mL) and then warmed to
rt. The reaction mixture was extracted with EtOAc (3 x 10 mL) and the combined
organics were washed with brine (10 mL), dried over sodium sulfate, and concentrated
onto Celite. Purification on silica gel (hexanes then 10% EtOAc/hexanes) afforded V.38
as a colorless oil (28 mg, 26%, dr = 13:1). Major diastereomer: *H NMR (400 MHz,
CDCl3) 8(ppm) 9.54 (s, 1H), 7.52 (dd, J = 17.4, 10.9 Hz, 1H), 7.50 (d, J = 2.3 Hz, 1H),
7.32-7.19 (m, 4H), 7.16 (d, J = 2.5 Hz, 1H), 7.08 (dd, J = 8.5, 2.3 Hz, 1H), 6.79 (d, J =
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8.5 Hz, 1H), 6.43 (d, J = 10.2 Hz, 1H), 6.06 (dd, J = 10.2, 2.5 Hz, 1H), 5.54 (dd, J = 17.4,

1.4 Hz, 1H), 5.27 (dd, J = 10.9, 1.4 Hz, 1H), 3.40 (s, 3H), 3.33 (s, 3H).

4
<=>

__Meo OMe
cl O (+) V.39 C'
(x)-syn-4,4"-dichloro-1',4'-dimethoxy-2,2'-divinyl-1',4'-dihydro-1,1":4',1"-terphenyl V.39.
To a suspension of methyltriphenylphosphonium bromide (0.16 g, 0.45 mmol, 2.2 equiv)
in anhydrous THF (5 mL) at 0 °C was added nBuLi (0.17 mL, 0.17 mmol, 2.1 equiv, 2.5
M in hexanes). The resulting bright yellow ylide was stirred for 20 min whereupon a
solution of V.38 (85 mg, 0.20 mmol, 1.0 equiv) in anhydrous THF (3 mL) was added via
cannula. After warming to rt over 40 min, the reaction mixture was quenched with water
(5 mL) and extracted with EtOAc (3 x 10 mL). The combined organics were washed with
brine (5 mL), dried over sodium sulfate, and concentrated onto Celite. Purification on
silica gel (5% EtOAc/hexanes) afforded V.39 as an oily colorless solid (50 mg, 60%, dr =
13:1). Major Diastereomer: *H NMR (400 MHz, CDCl3) 8(ppm) 7.63 (dd, J = 17.4, 11.0
Hz, 1H), 7.47 (d, J = 2.4 Hz, 1H), 7.30 — 7.17 (m, 9H), 7.04 (dd, J = 8.6, 2.4 Hz, 1H),
6.91 (d, J = 8.6 Hz, 1H), 6.35 (d, J = 10.2 Hz, 1H), 6.27 (d, J = 2.5 Hz, 1H), 6.20 (dd, J =
17.6, 11.2 Hz, 1H), 5.94 (dd, J = 10.2, 2.5 Hz, 1H), 5.48 (overlap, 2H), 5.24 (dd, J =

11.0, 1.4 Hz, 1H), 5.11 (dd, J = 11.2, 1.4 Hz, 1H), 3.38 (s, 3H), 3.30 (s, 3H).
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4,4-dimethoxy-2-vinylcyclohexa-2,5-dienone V.41. To a methanolic solution (100 mL) of
4-methoxy-2-vinylphenol® (3.9 g, 26 mmol, 1 equiv) at 0 °C was added PhI(OAc), (10 g,
31 mmol, 1.2 equiv) portionwise over 90 min. The reaction mixture was allowed to warm
to rt over 45 min and was quenched with sat. ag NaHCOj3 (30 mL) and extracted with
MTBE (3 x 40 mL). The combined organics were washed with brine (30 mL), dried over
sodium sulfate, and concentrated onto Celite. Purification on silica gel (0 — 15%
EtOAc/hexanes w/ ca. 1% Et;N) afforded V.41 as a yellow oil (1.8 g, 38%). *H NMR
(400 MHz, CDCls) 5(ppm) 6.84 — 6.79 (overlap, 2H), 6.61 (ddd, J = 17.7, 11.2, 0.8 Hz,
1H), 6.29 (d, J = 10.2 Hz, OH), 5.85 (dd, J = 17.7, 1.4 Hz, 1H), 5.36 (dd, J = 11.2, 1.4 Hz,
1H), 3.39 (s, 6H); 3C NMR (100 MHz, CDCl3) 8(ppm) 184.62, 142.60, 142.58, 136.95,

136.55, 130.41, 129.78, 129.76, 118.95, 118.94, 93.22, 77.48, 77.16, 76.84, 50.50, 50.49.

4
=~ HO
<—>0

O (£) V.42

Cl

(x)-4'-chloro-1-hydroxy-2,2'-divinyl-[1,1'-biphenyl]-4(1H)-one V.42. To a solution of
V.42 (0.39 g, 1.8 mmol, 1.1 equiv) in anhydrous Et,O (18 mL) at —78 °C was added
tBuLi (2.4 mL, 3.6 mmol, 2.1 equiv, 1.5 M in pentane) over 20 minutes. A solution of
V.41 (0.31 g, 1.7 mmol, 1.0 equiv) in anhydrous Et,O (5 mL) was added via cannula to

the orange solution of aryl lithium. The resulting pale yellow solution was stirred for 1 h
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then quenched with 1 M aq HCI (15 mL). The reaction mixture was extracted with
EtOAc (3 x 20 mL) and the combined organics were washed with sat. ag NaHCO3 (20
mL), water (20 mL), brine (20 mL), dried over sodium sulfate, and concentrated onto
Celite. Purification on silica gel (25 — 30% EtOAc/hexanes) afforded V.42 as an off-
white solid (0.21 g, 45%). *H NMR (400 MHz, Chloroform-d) é(ppm) 7.82 (brd, J=8.5
Hz, 1H), 7.39 — 7.30 (overlap, 2H), 6.81 — 6.69 (overlap, 1H), 6.76 (d, J = 9.9 Hz, 1H),
6.37 (d, J = 1.1 Hz, 1H), 6.24 — 6.10 (overlap, 2H), 5.68 (dd, J = 17.7, 0.9 Hz, 2H), 5.41
(dd, J = 17.2, 1.2 Hz, 2H), 5.36 (dd, J = 11.1, 0.9 Hz, 2H), 5.17 (d, J = 10.9 Hz, 1H), 3.34
(s, 1H); *C NMR (100 MHz, CDCl3) 8(ppm) 186.77, 157.52, 149.71, 138.61, 134.53,

133.94, 133.74, 132.69, 128.18, 128.15, 127.84, 126.42, 124.29, 122.80, 118.20, 70.88.

Cl

HOH

Cl l

V.43

4'-chloro-2-(2-(4-chlorophenyl)-2-hydroxyethyl)-2'-vinyl-[1,1'-biphenyl]-4-0l VV.43. To a
slurry of sodium hydride (73 mg, 1.8 mmol, 2.5 equiv, 60% suspension in mineral oil) in
anhydrous Et,0O (18 mL) at —78 °C was added V.42 (0.20 g, 0.73 mmol, 1.0 equiv) in
anhydrous Et,O (10 mL) via cannula. The resulting slurry was stirred for 1 h. Meanwhile,
a solution of 1-bromo-4-chlorobenzene (0.42 g, 2.2 mmol, 3.0 equiv) in anhydrous Et,O
was cooled to —78 °C whereupon tBuLi (2.9 mL, 4.4 mmol, 6.0 equiv, 1.5 M in pentane)

was added dropwise. The aryl lithium solution was stirred for 20 min before transferring
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it to the slurry of sodium hydride and V.42 via cannula. The final reaction mixture was
stirred for 90 min before quenching with water (10 mL) and warming to rt. The reaction
mixture was extracted with EtOAc (3 x 20 mL) and the combined organics were washed
with brine (10 mL), dried over sodium sulfate, and concentrated onto Celite. Purification
on silica gel (DCM then 0 — 20% EtOAc/DCM) afforded the undesired 1,4 addition
byproduct V.43 as a white solid after crystallization from cold DCM (70 mg, 25%). The
more polar desired 1,2 addition product could not be completely purified. *H NMR (400
MHz, DMSO-ds) 8(ppm) 11.47 (s, 1H), 7.90 (br, 1H), 7.44 (d, J = 8.8 Hz, 1H), 7.38 (d, J
= 2.4 Hz, 1H), 7.30 (d, J = 8.4 Hz, 1H), 7.15 (d, J = 8.4 Hz, 2H), 6.91 (br, 1H), 6.82 —
6.63 (overlap, 2H), 6.25 (d, J = 2.0 Hz, 1H), 6.15 (dd, J = 9.9, 2.0 Hz, 1H), 5.48 (d, J =
17.4 Hz, 1H), 5.11 (d, J = 11.1 Hz, 1H), 4.16 (d, J = 9.0 Hz, 1H), 3.34 — 3.22 (overlap,

1H), 2.66 (dd, J = 14.9, 9.0 Hz, 1H).

(%)-4'-chloro-1-methoxy-2,2'-divinyl-[1,1'-biphenyl]-4(1H)-one V.44. To a solution of 1-
bromo-4-chloro-2-vinylbenzene V.34 (0.18 g, 0.82 mmol, 1.1 equiv) in anhydrous Et,O
(8 mL) at —78 °C was added tBuLi (1.1 mL, 1.6 mmol, 2.1 equiv, 1.5 M in pentane)
dropwise. A solution of V.41 (0.31 g, 1.7 mmol, 1.0 equiv) in anhydrous Et,O (5 mL)
was added slowly via cannula to the orange solution of aryl lithium after 5 min. The
resulting pale yellow solution was stirred for 2 h then quenched with Mel (5.8 g, 2.5 mL,

41 mmol, 50 equiv) and anhydrous DMF (5 mL). The solution was warmed to rt over 16
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h before carefully quenching with water (5 mL) The reaction mixture was extracted with
Et,O (2 x 10 mL) and the combined organics were washed with 5% aq LiCl (5 x 5 mL),
water (2 x 5 mL), and brine (5 mL) then concentrated under vacuum. The resulting crude
yellow oil was dissolved in acetone (4 mL) to which 10% aq AcOH (4 mL) was added.
The reaction mixture immediately became cloudy white. After stirring for 20 min, water
(10 mL) was added and the reaction mixture was extracted with Et,O (3 x 10 mL). The
combined organics were washed with water (10 mL) and brine (10 mL), dried over
sodium sulfate, and concentrated under vacuum to a yellow oil which was dissolved in
minimal hexanes. Purification on silica gel (0 — 10% EtOAc/hexanes) afforded V.44 as a
pale yellow oil (76 mg, 34%). *H NMR (500 MHz, CDCl3) &(ppm) 7.71 (br, 1H), 7.37 —
7.19 (overlap, 2H), 6.86 (br, 1H), 6.59 (br d, J=1.8, 0.7 Hz, 1H), 6.55 (d, J = 10.0 Hz,
1H), 6.38 (dd, J = 10.0, 1.8 Hz, 1H), 6.11 (dd, J = 17.6, 11.2 Hz, 1H), 5.70 (dd, J = 17.6,
1.0 Hz, 1H), 5.37 (dd, J = 17.2, 1.4 Hz, 1H), 5.31 (dd, J = 11.2, 1.0 Hz, 1H), 5.16 (dd, J =
10.9, 1.4 Hz, 1H), 3.19 (s, 3H); *C NMR (125 MHz, CDCls) §(ppm) 186.27, 154.25,
147.55, 139.14, 134.43, 134.36, 134.07, 132.69, 129.91, 128.46, 128.11, 128.10, 128.06,

127.95, 122.54, 117.81, 50.81.

(x)-syn-4,4""-dichloro-1',1"" 4" 4'"'-tetramethoxy-2,2'-divinyl-1',1"" 4" 4'"'-tetrahydro-
1,1:4'1":4" 14" 1""-quinquephenyl VV.46. To a solution of syn-4-bromo-4"-chloro-
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1'4'-dimethoxy-1',4'-dihydro-1,1":4' 1"-terphenyl 11.6>° (0.80 g, 2.0 mmol, 2.0 equiv) in
anhydrous THF (20 mL) was added tBuLi (2.6 mL, 4.0 mmol, 4.0 equiv, 1.5 M in
pentane) dropwise at —78 °C. After stirring for 20 min, a solution of V.44 (0.29 g, 0.94
mmol, 1.0 equiv) was added in anhydrous THF (10 mL) via cannula. The reaction
mixture darkened to green and was quenched by the addition of water (10 mL) after 25
min. The resulting biphasic mixture was warmed to rt and extracted with EtOAc (3 x 15
mL). The combined organics were washed with brine (10 mL), dried over sodium sulfate,
and concentrated onto Celite. Purification on silica gel (0 — 20% EtOAc/hexanes)
afforded the semi-pure addition product (360 mg) as a single diastereomer. The alcohol
was dissolved in anhydrous THF (10 mL) and was added to a slurry of sodium hydride
(0.12 g, 2.9 mmol, 5.0 equiv, 60% suspension in mineral oil) in THF (15 mL) at 0 °C.
After stirring for 15 min, Mel (0.37 mL, 0.83 g, 5.9 mmol, 10 equiv) was added and the
reaction mixture was allowed to warm to rt. After stirring for 16 h, the reaction was
quenched by the addition of water (10 mL). The biphasic mixture was extracted with
EtOAcC (3 x 15 mL) and the combined organics were washed with brine (10 mL), dried
over sodium sulfate, and concentrated onto Celite. Purification on silica gel (hexanes then
40% EtOAc/hexanes) afforded V.46 as a white foam (0.30 g, 47%). *H NMR (400 MHz,
CDCls) 8(ppm) 7.62 (dd, J = 17.4, 10.9 Hz, 1H), 7.49 — 7.23 (overlap, 10H), 7.16 (dd, J =
8.5, 2.3 Hz, 1H), 6.38 (d, J = 2.2 Hz, 1H), 6.24 — 5.93 (overlap, 7H), 5.49 (dd, J = 17.4,
1.6 Hz, 1H), 5.44 (dd, J = 17.6, 1.5 Hz, 1H), 5.26 (dd, J = 10.9, 1.6 Hz, 1H), 5.09 (dd, J =
11.1, 1.5 Hz, 1H), 3.43 (overlap, 6H), 3.20 (s, 3H), 3.12 (s, 3H); **C NMR (100 MHz,

CDCl3) 5(ppm) 143.02, 142.82, 142.09, 139.96, 139.27, 137.61, 136.76, 134.54, 133.78,
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133.68, 133.61, 133.52, 133.38, 133.27, 133.02, 131.71, 129.22, 128.61, 128.28, 127.59,

127.14, 126.43, 126.26, 118.00, 116.07, 75.01, 74.71, 74.59, 52.20, 52.18, 52.01, 51.04.

2T
MeO~ "OMe
V.49

4,4-dimethoxy-2-(prop-1-en-1-yl)cyclohexa-2,5-dienone V.49. To a methanolic solution
(35 mL) of 4-methoxy-2-(prop-1-en-1-yl)phenol®’ (1.7 g, 10 mmol, 1.0 equiv) was added
PhI(OAc), (4.0 g, 12 mmol, 1.2 equiv) portionwise at 0 °C. After stirring for 30 min upon
completion of PIDA addition, the reaction was quenched with sat. ag NaHCO3 (30 mL).
The reaction mixture was extracted with Et,O (3 x 40 mL) and the combined organics
were washed with sat. ag NaHCOj3 (30 mL), water (30 mL), brine (30 mL), and were
dried over sodium sulfate. Concentration under vacuum afforded a crude orange oil that
was purified on silica gel (4 cm x 8 cm, hexanes then 15% EtOAc/hexanes) to afford
V.49 as a yellow oil (1.5 g, 75%, E:Z = 5:1). Major Diastereomer: *H NMR (500 MHz,
CDCl3) 8(ppm) 6.82 (dd, J = 10.4, 3.2 Hz, 1H), 6.67 (d, J = 3.2 Hz, 1H), 6.31 (d, J = 10.4
Hz, 1H), 6.25 (m, 1H), 5.95 (dg, J = 11.5, 7.1 Hz, 1H), 3.40 (s, 6H), 1.83 (dd, J = 7.1, 2.0

Hz, 5H).
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(x)-4'-bromo-1-hydroxy-2-(prop-1-en-1-yl)-[1,1'-biphenyl]-4(1H)-one V.50. To a
solution of 1,4-dibromobenzene (2.0 g, 8.5 mmol, 1.1 equiv) in anhydrous THF (35 mL)
at —78 °C was added nBuLi (3.9 mL, 9.2 mmol, 1.2 equiv, 2.4 M in hexanes) dropwise.
The milky white suspension was stirred for 10 min then a solution of V.49 (1.5¢g, 7.7
mmol, 1.0 equiv) was added in anhydrous THF (10 mL). The reaction was quenched after
40 min by the addition of water (10 mL) and it was allowed to warm to rt. The reaction
mixture was extracted with EtOAc (2 x 40 mL) and the combined organics were washed
with brine (20 mL), dried over sodium sulfate, and concentrated to yield a viscous oil.
The crude ketal product was dissolved in acetone (7.5 mL) to which 10% aq AcOH (7.5
mL) was added. After stirring at rt for 90 min, sat. ag NaHCOj3 (50 mL) was added and
the reaction mixture was extracted with EtOAc (2 x 20 mL). The combined organics were
washed with brine (20 mL), dried over sodium sulfate, and concentrated onto Celite.
Purification on silica gel (2 cm x 8 cm, hexanes then 20 — 35% EtOAc/hexanes) afforded
V.50 as an off-white waxy solid (1.7 g, 72%). *H NMR (300 MHz, CDCls) §(ppm) 7.48
(d, J = 8.6 Hz, 1H), 7.30 (d, J = 8.6 Hz, 1H), 6.78 (d, J = 10.0 Hz, 1H), 6.29 (br s, 1H),
6.18 (dd, J =10.0, 1.9 Hz, 1H), 5.99 (dd, J = 12.1, 7.2 Hz, 1H), 5.81 (d, J = 12.1 Hz, 1H),
2.79 (s, 1H), 1.85 (dd, J = 7.2, 1.9 Hz, 3H); *C NMR (125 MHz, CDCls) 5(ppm) 186.89,
157.48, 151.34, 138.12, 134.96, 131.85, 127.23, 125.92, 125.54, 124.90, 122.16, 72.43,

15.67.
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(%)-syn-4,4"-dibromo-1',4'-dimethoxy-2'-(prop-1-en-1-yl)-1',4'-dihydro-1,1":4",1"-
terphenyl VV.51. To a solution of V.50 (1.2 g, 4.0 mmol, 1.0 equiv) in anhydrous THF (20
mL) at —78 °C was added sodium hydride (0.21 g, 5.2 mmol, 1.3 equiv). The resulting
yellow suspension was stirred for 1 h. Meanwhile, 1,4-dibromobenzene was dissolved in
anhydrous THF (10 mL) and cooled to —78 °C, whereupon nBuLi (3.9 mL, 9.3 mmol, 2.4
M in hexanes) was added dropwise. After stirring the aryl lithium reagent for 10 min, it
was transferred via cannula to the mixture of sodium hydride and V.50. After stirring for
4 h, Mel (3.4 g, 1.5 mL, 24 mmol, 6.0 equiv) and anhydrous DMF (5 mL) were added
and the reaction was allowed to warm to rt. After 15 h, the reaction mixture was
quenched with water (15 mL) and was extracted with EtOAc (2 x 25 mL). The combined
organics were washed with 1% aq LiCl (5 x 5 mL) and brine (10 mL), then were dried
over sodium sulfate and concentrated onto Celite. Purification on silica gel (4 cm x 10
cm, 0 — 3 — 5% EtOAc/hexanes) afforded a semi-pure product that was again
concentrated onto Celite. Purification on silica gel (0 — 20 — 50% benzene/hexanes)
afforded V.51 as a white solid after washing with minimal hexanes (0.72 g, 36%, E:Z =
9: 1). *H NMR (300 MHz, CDCl3) 8(ppm) 7.47 (d, J = 8.6 Hz, 2H), 7.37 (d, J = 8.6 Hz,
1H), 7.33 (d, J = 8.6 Hz, 1H), 7.15 (d, J = 8.6 Hz, 2H), 6.11 — 6.00 (overlap, 2H), 5.96 (d,
J =10.7 Hz, 1H), 5.71 — 5.62 (overlap, 2H), 3.44 (s, 3H), 3.33 (s, 3H), 1.77 (d, J = 5.2

Hz, 3H); *C NMR (125 MHz, CDCl3) 8(ppm) 143.03, 142.06, 138.01, 135.38, 133.20,
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131.64, 131.28, 131.24, 129.14, 128.05, 126.18, 121.91, 121.48, 76.70, 75.47, 52.12,

51.72, 15.31.

Vi
MeO OMe
o O
p-tolyl p-tolyl
(£) v.52

(£)-syn-1",4"-dimethoxy-4,4""-dimethyl-2"-(prop-1-en-1-yl)-1",4"-dihydro-

1,14 1":4" 1":4™ 1""-quinquephenyl V.52. To a 100 mL Schlenk tube was added V.51
(50 mg, 0.10 mmol, 1.0 equiv), 4,4,5,5-tetramethyl-2-(p-tolyl)-1,3,2-dioxaborolane (49
mg, 0.22 mmol, 2.2 equiv), Pd(PPh3),4 (12 mg, 0.10 mmol, 10 mol%), and Cs,CO;3 (0.16
g, 0.51 mmol, 6.0 equiv). The vessel was sealed with a rubber septum and
evacuated/backfilled (3x) with N,. Degassed (sparged 1 h) toluene (40 mL) and methanol
(4 mL) were added. The reaction mixture was heated to 80 °C under an N, atmosphere
for 19 h, before concentrating onto Celite. Purification on silica gel (1 cm x5 cm, 0 — 5%
EtOAc/hexanes) afforded V.52 as a white foam (47 mg, 92%, E:Z = 9:1). *H NMR (300
MHz, CDCl3) 8(ppm) 7.54 — 7.36 (overlap, 10H), 7.28 — 7.14 (overlap, 6H), 6.19 (d, J =
2.4 Hz, 1H), 6.15 (dd, J = 10.0, 2.4 Hz, 1H), 6.05 (d, J = 10.0 Hz, 1H), 5.83 — 5.68
(overlap, 2H), 3.51 (s, 3H), 3.40 (s, 3H), 2.39 (s, 3H), 2.37 (s, 3H), 1.86 (d, J = 5.1 Hz,
3H); *C NMR (125 MHz, CDCls) §(ppm) 142.69, 141.78, 140.47, 139.96, 138.08,
137.91, 137.90, 137.12, 136.98, 135.34, 133.33, 133.32, 131.24, 129.51, 129.44, 128.60,
127.01, 126.97, 126.90, 126.64, 126.62, 126.55, 75.72, 52.07, 52.05, 51.67, 51.65, 21.13,

15.27.
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V.53

2,5-di((E)-prop-1-en-1-yl)benzene-1,4-diol V.53. To a dry 25 mL RBF was added 11.12
(0.10 g, 0.53 mmol, 1.0 equiv) and PdCl,(MeCN) (13 mg, 0.053 mmol, 10 mol%). The
vessel was purged with N, whereupon anhydrous DCM (2.5 mL) was added. The slurry
was heated to reflux for 15 h, then was cooled to rt, diluted with EtOAc, and filtered
through a short pad of Celite (EtOAc). The filtrate was concentrated onto Celite and
purification on silica gel (1 cm x 6 cm, 10 — 30% acetone/hexanes) afforded V.53 as an
off-white solid (50 mg, 50%). *H NMR (300 MHz, Acetone-ds) 8(ppm) 7.73 (s, 1H), 6.87
(s, 1H), 6.72 — 6.56 (m, 1H), 6.14 (dg, J = 15.9, 6.6 Hz, 1H), 1.83 (dd, J = 6.6, 1.8 Hz,

3H).

OMe
V.54

4-methoxy-2,5-di((E)-prop-1-en-1-yl)phenol V.54. To a solution of 11.13 (0.50 g, 2.5
mmol, 1.0 equiv) in anhydrous THF (20 mL) was added potassium tert-butoxide (2.8 g,
25 mmol, 10 equiv). The reaction mixture was stirred under N at rt for 17 h before
quenching with sat. aq NH4CI (10 mL) and extracting with EtOAc (3 x 20 mL). The
combined organics were washed with brine (10 mL), dried over sodium sulfate, and
concentrated onto Celite. Purification on silica gel (2 cm x 5 cm, 15% acetone/hexanes)

afforded V.54 as a white solid (500 mg, 100%). *H NMR (300 MHz, CDCls) 8(ppm) 6.84
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(s, 1H), 6.79 (s, 1H), 6.68 — 6.10 (overlap, 2H), 6.26 — 6.08 (overlap, 2H), 4.55 (s, 1H),
3.80 (s, 3H), 1.91 (dd, J = 6.8, 1.8 Hz, 3H), 1.88 (dd, J = 6.7, 1.7 Hz, 3H); *C NMR (150
MHz, CDCls) 8(ppm) 146.50, 127.68, 126.99, 126.72, 126.71, 125.13, 124.03, 113.53,

109.86, 109.86, 56.40, 19.05, 19.04.

/
MeO
<—_>=0

()~ o

Br
() V.56

(x)-4'-bromo-1-hydroxy-2',3'-dimethyl-2,5-di((E)-prop-1-en-1-yl)-[1,1'-biphenyl]-4(1H)-
one V.56. To a methanolic solution (1.5 mL) of ketone 11.26 (22 mg, 0057 mmol, 1.0
equiv) was added Grubbs I1 (9.6 mg, 0.011 mmol, 20 mol%). The reaction mixture was
heated to 60 °C for 2 h then concentrated onto Celite. Purification on silica gel (1 cm x 5
cm, 0 — 5% EtOAc/hexanes) afforded V.56 as a pale yellow oil (11 mg, 50%). *H NMR
(300 MHz, CDCls) 8(ppm) 7.75 (s, 1H), 7.22 (s, 1H), 6.54 (s, 1H), 6.43 — 6.18 (overlap,
4H), 5.80 (d, J = 15.9 Hz, 1H), 3.15 (s, 3H), 2.41 (s, 3H), 2.03 (s, 3H), 1.81 (d, J = 5.3

Hz, 3H), 1.73 (dd, J = 6.8, 1.8 Hz, 3H).

(2R,7aS)-5,7a-bis(4-chlorophenyl)-2-(vinyloxy)-2,3,3a,7a-tetrahydrobenzofuran V.60.

To a 2 dram vial was added V.58 (0.21 g, 0.62 mmol, 1.0 equiv), Hg(OAc), (0.26 g, 0.80
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mmol, 1.3 equiv) and ethyl vinyl ether (3 mL). The vial was capped and stirred at rt for
20 h. The reaction was quenched by the addition of 10% aq KOH (3 mL) and the
resulting mixture was filtered through a short plug of basic alumina then concentrated
onto Celite. Purification on silica gel (0 — 5% EtOAc/hexanes) afforded V.60 as a
colorless oil (20 mg, 8%, dr > 19:1). NOTE: The cleanliness of the crude *H NMR
spectrum of this reaction varied based on the source of Hg(OAc), used. *H NMR (400
MHz, CDCl3) &(ppm) 7.42 — 7.30 (overlap, 6H), 7.29 — 7.20 (overlap, 2H), 6.53 (dd, J =
14.2, 6.6 Hz, 1H), 6.38 (dd, J = 9.9, 1.7 Hz, 1H), 6.23 (br d, J = 6.2 Hz, 1H), 5.78 (d, J =
9.9 Hz, 1H), 5.50 (d, J = 4.6 Hz, 1H), 4.55 (dd, J = 14.2, 1.6 Hz, 1H), 4.25 (dd, J = 6.6,
1.6 Hz, 1H), 3.20 (dd, J = 12.5, 6.8 Hz, 1H), 2.56 (dd, J = 12.5, 6.8 Hz, 1H), 2.11 (ddd, J
=12.5,12.5, 4.6 Hz, 1H); *C NMR (125 MHz, CDCls) 5(ppm) 149.32, 143.55, 138.04,
133.65, 133.34, 132.76, 130.82, 128.92, 128.56, 127.00, 126.26, 124.52, 122.33, 99.46,

91.51, 85.96, 44.37, 41.86.

(1"s,4"s)-1,1""-dihydroxy-1",4"-dimethoxy-1",4"-dihydro-[1,1":4",1":4",1"":4™ 1""-
quinquephenyl]-4,4""(1H,1""'H)-dione V.68 To a solution of dibromide V.67 (9.0 g, 20

mmol, 1.0 equiv) in anhydrous THF (175 mL) at —78 °C was added nBuLi (17 mL, 42
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mmol, 2.1 equiv, 2.5 M in hexanes) over ca. 5 min. Upon completion of nBuLi addition,
benzoquinone monoketal (6.8 g, 44 mmol, 2.2 equiv) was added immediately as a single
stream. The reaction mixture became extremely viscous and stirring stopped at this time.
The bath was removed and the reaction mixture was allowed to warm to rt over 3 h. The
reaction was then quenched with water (50 mL) and diluted with DCM (100 mL). The
layers were separated and the aqueous phase was extracted with DCM (2 x 100 mL). The
combined organics were washed with water (1 x 50 mL) and brine (1 x 50 mL) then dried
over sodium sulfate and concentrated under vacuum to a dark yellow oil. To the crude oil
was added acetone (150 mL) and 10% aq acetic acid (55 mL). The solution was stirred at
rt and became cloudy after 20 min. After stirring for 30 min, the solid was collected by
vacuum filtration and was washed with MeOH (3 x 50 mL). The resulting solid was dried
under high vacuum to afford diquinol V.68 as an off-white solid (4.5 g, 44%). '"H NMR
(500 MHz, CDCls): 8(ppm) 4.41 (s, 8H), 6.87 (d, J = 9.8 Hz, 4H), 6.23 (d, J = 9.8 Hz,
4H), 6.09 (s, 4H), 3.42 (s, 6H), 2.42 (2H); *C NMR (150 MHz, DMSO-ds): 8(ppm)
185.50, 152.51, 142.99, 139.57, 133.03, 126.12, 125.55, 125.38, 73.86, 69.91, 51.49.
HRMS (FAB+) (m/z): [M]" calcd. for C3,H250s, 508.1886; found, 508.1897. IR (neat):
665.96, 700.79, 735.09, 764.23, 833.02, 859.16, 948.54, 1015.94, 1027.50, 1078.34,
1171.62, 1227.79, 1226.22, 1395.25, 1448.72, 1461.42, 1500.16, 1621.32, 1665.36,

2823.69, 2936.05, 3400.15 cm™.

Br

©\/OTBS

Cl
V.69
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((5-bromo-2-chlorobenzyl)oxy)(tert-butyl)dimethylsilane V.69. To a solution of (5-
bromo-2-chlorophenyl)methanol (13 g, 57 mmol, 1.0 equiv) and imidazole (6.2 g, 91
mmol, 1.6 equiv) in anhydrous DCM (50 mL) at 0 °C was added solid TBS-CI (11 g, 74
mmol, 1.3 equiv). The resulting slurry was allowed to slowly warm to rt. After stirring at
rt for 14 h, the reaction mixture was filtered through a short plug of silica gel (DCM).
The filtrate was concentrated under vacuum to afford V.69 as a colorless oil (19 g,
quant). *H NMR (300 MHz, CDCls): 8(ppm) 7.69 (dd, J= 2.4, 1.1 Hz, 1H), 7.31 (dd, J=
8.4, 2.4 Hz, 1H), 7.16 (d, J= 8.4 Hz, 1H), 4.74 (d, J= 1.0 Hz, 2H), 0.97 (s, 9H), 0.14 (s,
6H); *C NMR (125 MHz, CDCl3) §(ppm) 141.12, 130.87, 130.52, 130.30, 130.18,
120.88, 62.04, 26.07, 18.54, -5.22. HRMS (FAB+) (m/z): [M]" calcd. for C13H190SiBICl,
333.0077; found, 333.0102. IR (neat): 620.65, 668.89, 775.35, 807.69, 833.33, 938.45,
1005.08, 1039.84, 1079.25, 1105.59, 1195.10, 1253.26, 1395.05, 1470.97, 2856.37,

2928.26, 2954.01 cm™.

disilylether V.70. To a dry 500 mL RBF charged with a magnetic stir bar was added solid
diquinol V.68 (1.9 g, 3.7 mmol, 1.0 equiv) and V.69 (8.7 g, 26 mmol, 7.0 equiv). The

mixture was evacuated/backfilled with N, (3x) and fitted with a rubber septum under N,.
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Anhydrous THF (50 mL) was added and the slurry was cooled to —78 °C. Solid sodium
hydride (0.74 g, 19 mmol, 5.0 equiv, 60% suspension in mineral oil) was added and the
reaction mixture was stirred 1 h at =78 °C. Next, nBuLi was added dropwise (10 mL, 26
mmol, 7.0 equiv, 2.5 M in hexanes). The reaction mixture became extremely viscous and
stirring became sluggish. After 10 min, the tan suspension was slowly warmed to rt and
stirred for 90 min before quenching with Mel (5.2 g, 2.3 mL, 37 mmol, 10 equiv) and
anhydrous DMF (10 mL). The solution was stirred for 16 h before quenching with water
(25 mL) and diluting with Et,O (30 mL). The layers were separated and the aqueous
phase was extracted with Et,O (2 x 30 mL). The combined organics were washed with
water (10 x 10 mL) and brine (10 mL) then were dried over sodium sulfate and
concentrated onto Celite. Purification on silica gel (4 cm x 9 cm, 0 — 20%
EtOAc/hexanes) afforded a semi-pure off-white foam that was concentrated onto Celite
again. Purification on silica gel (3 cm x 9 cm, 5 — 20% EtOAc/hexanes) afforded V.70 as
a white foam (1.7 g, 43%). *H NMR (300 MHz, CDCls, major diastereomer): 8(ppm)
7.77 (d, J= 2.3 Hz, 2H), 7.33 — 7.29 (overlap, 8H), 7.22 (d, J= 8.3 Hz, 2H), 7.10 (dd, J=
8.3, 2.3 Hz, 2H), 6.11 — 6.02 (overlap, 12H), 4.76 (s, 4H), 3.41 (s, 6H), 3.41 (s, 6H), 3.40
(s, 6H), 0.92 (s, 18H), 0.08 (s, 12H); **C NMR (125 MHz, CDCls): 8(ppm) 142.57,
142.31, 142.04, 138.60, 133.40, 133.05, 132.72, 130.42, 128.47, 125.84, 125.81, 125.71,
125.52, 125.32, 74.39, 74.29, 74.16, 62.19, 51.69, 31.50, 25.67, 18.09, —5.54. MALDI-
TOF (m/z): [M - OMe]" calcd. for Cg1H750,Cl,Si,, 1045.44, found 1044.98. IR (neat):
663.90, 814.18, 834.94, 1041.67, 1085.95, 1196.50, 1256.21, 1462.86, 2855.45, 2933.08,

2954.67 cm™,
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dichloride V.71. To a dry RBF charged with a magnetic stirbar was added V.70 (0.93 g,
0.86 mmol, 1.0 equiv). The flask was purged with N, and anhydrous THF (8 mL) was
added under an N atmosphere. The reaction mixture was cooled to 0 °C whereupon
TBAF (2.2 mL, 2.2mmol, 2.5 equiv, 1.0 M in THF) was added dropwise. The resulting
solution was allowed to slowly warm to rt over 2 h before quenching with sat. ag NH4Cl
(5 mL) and diluting with EtOAc (20 mL). The layers were separated and the aqueous
phase was extracted with EtOAc (2 x 20 mL). The combined organics were washed with
water (3 x 10 mL) and brine (10 mL) then were dried over sodium sulfate and
concentrated under vacuum. The resulting crude foam was passed through a plug of silica
gel (30% EtOAc/DCM) to afford a semi-pure diol (0.42 g, 0.49 mmol) that was added to
a dry RBF charged with a magnetic stirbar and NaHCO3 (0.25 g, 3.0 mmol, 6 equiv). The
flask was purged with N, and anhydrous DCM (25 mL) was added under an N,
atmosphere. The reaction mixture was cooled to 0 °C whereupon Dess-Martin
Periodinane (0.48 g, 1.1 mmol, 2.3 equiv) was added. The resulting slurry was allowed to
slowly warm to rt over 90 min and was then quenched by the addition sat. ag NaHCO3.
(10 mL) and sat. aq Na;S,03 (10 mL). The biphasic mixture was stirred for 1 h and the
layers were separated. The aqueous phase was extracted with DCM (2 x 20 mL) and the
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combined organic were washed with brine (10 mL), dried over sodium sulfate, and
concentrated under vacuum. The resulting crude white solid dialdehyde (0.41 g) was used
immediately without purification by first dissolving it in anhydrous THF (10 mL). In a
separate dry RBF, methyltriphenylphosphonium bromide (0.67 g, 1.9 mmol, 4.0 equiv)
was suspended in anhydrous THF (10 mL) and cooled to 0 °C. Solid potassium tert-
butoxide (0.32 g, 2.9 mmol, 6.0 equiv) was added and the resulting bright yellow ylide
solution was stirred for 10 min. The solution of dialdehyde was added to the solution of
ylide via cannula and the reaction mixture was allowed to stir at rt for 15 min. Acetone (1
mL) was added and the reaction mixture was concentrated under vacuum. The crude
material was loaded onto silica gel in DCM; purification on silica gel (3cm x 7 cm, 0 —
5% EtOAc/DCM) afforded dichloride V.71 as a white foam (0.32 g, 44%). *H NMR (500
MHz, CDCls): 8(ppm) 7.53 (d, J = 2.2 Hz, 2H), 7.40 — 7.35 (overlap, 8H), 7.30 (d, J =
8.6 Hz, 2H), 7.27 (dd, J = 8.6, 2.2 Hz, 2H), 7.04 (dd, J = 17.5, 10.9 Hz, 2H), 6.17 (d, J =
10.2 Hz, 4H), 6.09 (s, 3H), 6.07 (d, J = 10.2 Hz, 4H), 5.51 (d, J = 17.5 Hz, 2H), 5.25 (d, J
=10.9 Hz, 2H), 3.46 (s, 6H), 3.44 (s, 12H); *C NMR (125 MHz, CDCls) 8(ppm)

143.01, 142.53, 142.29, 135.40, 133.65, 133.24, 133.15, 132.87, 132.17, 129.56, 126.43,
126.18, 126.06, 124.20, 116.74, 74.60, 74.55, 74.48, 52.05, 52.03, 51.98. MALDI-TOF
(m/z): [M — OMe + H]" calcd. for Cs;H4s05Cly, 810.29, found 810.55. IR (neat): 752.26,

831.60, 1079.88, 1228.92, 1365.36, 1467.32, 1737.30, 2821.77, 2937.70 cm™.
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tetravinyl macrocycle V.73. To a dry 250 mL Schlenk flask charged with a magnetic
stirbar was added dichloride V.71 (0.14 g, 0.16 mmol, 1.0 equiv), diboronate V.72 (76
mg, 0.20 mmol, 1.2 equiv), and SPhos-Pd-G2 (24 mg, 0.033 mmol, 20 mol%). The vessel
was fitted with a rubber septum and evacuated/backfilled with N (3x) before the addition
of anhydrous dioxane (150 mL) under an N, atmosphere. The reaction mixture was
heated to 85 °C for ca. 10 min whereupon degassed (sparged 1 h) 2 M aq KzPOy4 (17 mL)
was added via cannula. The resulting dark yellow solution was heated under N, for 19.5
h. Upon cooling to rt, the brown reaction mixture was filtered through a short plug of
Celite (EtOAC) and the layers were separated. The aqueous phase was extracted with
EtOAc (2 x 50 mL) and the combined organics were washed with brine (20 mL), dried
over sodium sulfate, and concentrated under vacuum to a brown foam. This brown foam
was redissolved in DCM and pass through a silica plug (4 cm x 3 cm) topped with Celite
(50% EtOAc/DCM). The filtrate was concentrated under vacuum and purified by
preparative recycling GPC (tg = 43 min, collected on 2" cycle) to afford an off-white
solid that could be washed with minimal acetone to afford tetravinyl macrocycle V.73 as
a while solid (25 mg, 17%). *H NMR (400 MHz, CDCls): 5(ppm) 8.03 (d, J = 1.8 Hz,
2H), 7.49 — 7.32 (overlap, 10H), 6.98 (dd, J = 17.6, 11.0 Hz, 2H), 6.78 (dd, J = 8.2, 1.8

Hz, 2H), 6.52 — 6.40 (overlap, 4H), 6.32 — 6.16 (overlap, 8H), 6.10 (dd, J = 10.2, 2.2 Hz,
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2H), 6.04 (dd, J = 10.2, 2.2 Hz, 2H), 5.89 (d, J = 17.5 Hz, 2H), 5.58 (d, J = 17.5 Hz, 2H),
5.30 (d, J = 11.0 Hz, 2H), 5.07 (d, J = 11.1 Hz, 2H), 3.54 (s, 6H), 3.39 (s, 6H), 3.18 (s,
6H); *C NMR (125 MHz, CDCls): 8(ppm) 143.51, 142.89, 142.13, 139.83, 139.19,
135.88, 135.36, 135.16, 135.03, 134.87, 134.27, 134.11, 133.74, 133.56, 133.17, 131.24,
128.23, 126.83, 126.66, 125.62, 121.27, 115.30, 114.77, 75.95, 74.65, 72.43, 52.66,
51.79, 51.47; MALDI-TOF (m/z): [M - OMe]" calcd. for Ce;Hs50s, 867.40; found,
867.92. IR (neat): 754.83, 828.35, 907.32, 948.53, 1084.65, 1226.47, 1377.55, 1410.43,

1466.49, 1661.06, 1737.12, 2853.29, 2924.08, 3363.89 cm™.

dibenzo[a,h]anthracene macrocycle V.74. To a dry 2 dram vial with a septum cap and
magnetic stirbar was added tetravinyl macrocycle V.73 (25 mg, 0.027 mmol, 1.0 equiv)
and Grubbs Il (2.4 mg, 0.0027 mmol, 10 mol%). The vial was sealed and
evacuated/backfilled with N, (3x) before the addition of anhydrous DCM (1.5 mL) under
an N atmosphere. The reaction mixture was heated to 40 °C for 30 min then concentrated
under reduced pressure. Meanwhile, to a second dry 2 dram vial with a septum cap and
magnetic stir bar was added macrocycle V.73 (44 mg, 0.049 mmol, 1.0 equiv) and
Grubbs I1 (4.1 mg, 0.0049 mmol, 10 mol%). The vial was sealed and
evacuated/backfilled with N, (3x) before the addition of anhydrous DCM (2 mL) under

an N, atmosphere. The reaction mixture was heated to 40 °C for 30 min then concentrated
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under reduced pressure. The two crude solids were redissolved in DCM, combined, and
concentrated onto Celite. Purification on silica gel (1 cm x 5 cm, 20% EtOAc/DCM)
afforded an off-white solid that was washed several times with minimal acetone to afford
dibenza[a,h]anthracene macrocycle V.74 as a white solid (55 mg, 86% combined). *H
NMR (400 MHz, CDCls): 8(ppm) 9.04 (s, 2H), 8.59 (d, J = 8.8 Hz, 2H), 7.92 (d, J = 9.0
Hz, 2H), 7.64 (s, 2H), 7.57 — 7.39 (overlap, 4H), 6.88 (d, J = 8.2 Hz, 4H), 6.62 (d, J = 8.2
Hz, 4H), 6.33 (overlap, 4H), 6.13 (d, J = 10.3 Hz, 2H), 6.09 (d, J = 10.3 Hz, 2H), 6.04 —
5.94 (overlap, 4H), 3.56 (s, 6H), 3.36 (s, 12H); **C NMR (125 MHz, CDCls): 8(ppm)
142.96, 140.40, 139.70, 133.57, 133.50, 133.30, 133.17, 133.06, 131.89, 131.27, 130.09,
128.90, 127.33, 127.12, 126.73, 126.30, 125.91, 125.68, 123.13, 122.16, 76.08, 75.56,
72.60, 52.58, 51.79, 51.40. MALDI-TOF (m/z): [M — 30Me]" calcd. for CssHa10s,
749.03; found, 749.81. IR (neat): 752.34, 1082.39, 1217.14, 1365.34, 1736.81, 3600.67,

3626.27, 3702.45, 3726.69 cm™.

(3,10)-dibenzo[a,h]anthracene-nanohoop V.61. To a dry 25 mL RBF charged with a
magnetic stirbar was added dibenza[a,h]anthracene macrocycle V.74 (11 mg, 0.013
mmol, 1.0 equiv). The vessel was sealed with a rubber septum and evacuated/backfilled
with N, (3x) before adding anhydrous THF (2 mL). The solution was cooled to —78 °C,

whereupon sodium naphthalenide (1 mL, 0.50 mmol, 40 equiv) was added dropwise via
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syringe. During the addition process, the reaction mixture first became dark red, then
eventually purple. After stirring for 30 min, a solution of I, in anhydrous THF (1 mL, 1
M) was added via syringe and the resulting dark red solution was stirred at —78 °C for 15
min. Sat. aqg Na,S,03 (3 mL) was then added and the reaction mixture was allowed to
warm to rt. The yellow biphasic mixture was extracted with DCM (2 x 25 mL) and the
combined organics were washed with brine, dried over sodium sulfate, and concentrated
under vacuum. Meanwhile, to a dry 50 mL RBF charged with a magnetic stirbar was
added dibenza[a,h]anthracene macrocycle V.74 (31 mg, 0.037 mmol, 1.0 equiv). The
vessel was sealed with a rubber septum and evacuated/backfilled with N; (3x) before
adding anhydrous THF (10 mL). The solution was cooled to —78 °C, whereupon sodium
naphthalenide (3 mL, 1.5 mmol, 40 equiv) was added dropwise via syringe. After stirring
for 30 min, a solution of I, in anhydrous THF (3 mL, 1 M) was added via syringe and the
resulting dark red solution was stirred at —78 °C for 15 min. Sat. aq Na,S,03 (9 mL) was
then added and the reaction mixture was allowed to warm to rt. The yellow biphasic
mixture was extracted with DCM (2 x 40 mL) and the combined organics were washed
with brine, dried over sodium sulfate, and concentrated under vacuum. The two crude
solids were concentrated onto Celite and purified on silica gel (2 cm x 9 cm, hexanes then
30 — 40% DCM/hexanes). The bright yellow fractions containing product were pooled
and further purified using preparative recycling GPC (tz = 53 min, collected on 2™ cycle)
to afford (3,10)-dibenzo[a,h]anthracene-nanohoop V.61 (23 mg, 70% combined). *H
NMR (500 MHz, CDCls): 8(ppm) 8.63 (s, 2H), 8.42 (d, J = 9.1 Hz, 2H), 7.88 (dd, J =
9.1, 2.1 Hz, 2H), 7.86 (d, J = 2.1 Hz, 2H), 7.72 (d, J = 9.2 Hz, 2H), 7.66 (d, J = 8.4 Hz,

4H), 7.54 (d, J = 9.2 Hz, 2H), 7.49 (overlap, 16H); *C NMR (125 MHz, CDCls): §(ppm)
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137.78, 137.58, 137.56, 136.66, 135.57, 132.83, 132.11, 129.58, 129.06, 127.72, 127.65,
127.43,127.39, 127.26, 127.17, 126.69, 126.40, 125.32, 123.84, 122.71. MALDI-TOF
(m/z): [M]" calcd. for Cs,H3,, 656.81; found, 656.74. IR (neat): 720.43, 810.94, 886.03,

1217.18, 1365.34, 1485.57, 1583.43, 1737.78, 3021.78 cm™.

Br

Cl
V.75

1-bromo-4-chloro-2,5-dimethylbenzene V.75. To a 3N 500 mL RBF charged with a
magnetic stirbar and fitted with a septum, a condenser, and an addition funnel was added
a solution of 2-chloro-p-xylene (56 g, 0.40 mol, 1.0 equiv) in glacial AcOH (180 mL).
The solution was cooled to 0 °C and a solution of bromine (71 g, 23 mL, 0.44mol, 1.1
equiv) in glacial AcOH (180 mL) was added over ca. 1 h via addition funnel. Upon
completion of the addition, the reaction mixture was heated to 60 °C for 21 h. The
reaction mixture was cooled to rt whereupon 1 M aq NaOH (400 mL) was slowly added.
When gas evolution stopped, sat. ag Na,S,03 (50 mL) was added to quench excess
bromine. The solution was extracted with Et,O (3 x 200 mL) and the combined organic
were dried over sodium sulfate. Concentration under vacuum gave a white solid that was
washed with ice cold MeOH to afford V.75 as a crystalline white sold (44 g, 50%). 'H
NMR (500 MHz, CDCls) 8(ppm) 7.37 (s, 1H), 7.19 (s, 1H), 2.32 (s, 3H), 2.30 (s, 3H);
3C NMR (125 MHz, CDCls) §(ppm) 136.82, 135.22, 134.22, 133.20, 130.91, 122.56,

22.36, 19.43. HRMS (El+) (m/z): [M]" calcd. for CgHgBrCl, 217.9498; found, 217.9493.
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IR(neat): 741.48, 755.97, 877.81, 987.66, 1037.51, 1185.14, 1265.43, 1348.02, 1379.99,

1451.71, 1477.79, 1745.77, 2851.62, 2920.24, 2952.89, 2984.20 cm™,

ﬁ
|CI

V.76

1-bromo-4-chloro-2,5-divinylbenzene V.76. To a solution of V.75 (44 g, 0.20 mol, 1.0
equiv) in benzene (1000 mL) was added N-bromosuccinimide (78 g, 0.44 mol, 2.2 equiv)
and benzoyl peroxide (2.2 g, 10 mmol, 0.050 equiv, wet with 25% water). The reaction
mixture was heated to 80 °C for 20 h, then another portion of benzoyl peroxide (1.0 g, 4.5
mmol, 0.023 equiv, wet with 25% water) and stirring was continued for another 20 h.
Upon cooling to rt, the reaction mixture was diluted with EtOAc (300 mL) and was
washed with 1 M ag NaOH (3 x 200 mL), water (200 mL) and brine (100 mL). The
organics were dried over sodium sulfate and concentrated to afford an off white solid that
was crystallized from 95% EtOH to yield crystalline white tetrabromide (21 g) that was
then dissolved in DMF (250 mL). To this solution was added triphenylphosphine (37 g,
139 mmol, 2.5 equiv). The resulting mixture was heated to 120 °C for 16 h. Upon cooling
to room temperature, the solid white precipitate was collected by vacuum filtration and
was washed with EtOAc (2 x 50 mL) and hexanes (2 x 50 mL). The diphosphonium salt
was then dried under high vacuum and suspended in THF (200 mL). p-Formaldehyde (22
g, 748 mmol, 15 equiv) was added to the suspension, followed by the portion-wise
addition of potassium tert-butoxide (11 g, 200 mmol, 4.0 equiv). The reaction mixture

turned brown initially, and slowly became yellow. After 90 min, the reaction mixture was
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milky white and was filtered through a short plug of Celite (hexanes). The filtrate was
concentrated under vacuum and purified on silica gel by loading the crude product as a
slurry in hexanes (4 cm x 6 cm, hexanes) to afford V.76 as a white solid (9.7 g, 20%). *H
NMR (300 MHz, CDCls): 8(ppm) 7.74 (s, 1H), 7.53 (s, 1H), 7.00 (dd, J = 17.5, 11.2 Hz,
1H), 6.96 (dd, J = 17.4, 11.2 Hz, 1H), 5.75 (d, J = 17.5 Hz, 1H), 5.72 (d, J = 17.4 Hz,
1H), 5.42 (d, J = 11.2 Hz, 1H), 5.42 (d, J = 11.2 Hz, 1H); *C NMR (125 MHz, CDCl5)
d(ppm) 137.92, 136.46, 134.61, 132.46, 131.90, 130.52, 127.46, 121.79, 117.78, 117.72.
HRMS (El+) (m/z): [M]" calcd. for C1oHgBrCl, 241.9498; found, 241.9489. IR (neat):
720.10, 741.59, 886.65, 988.01, 1032.20, 1069.82, 1365.54, 1416.16, 1469.64, 1620.32,

1843.07, 3094.60 cm™.

Bpin|

V.77

2-(4-chloro-2,5-divinylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane V.77. To a dry
100 mL Schlenk flask charged with a large magnetic stirbar was added freshly ground
anhydrous potassium acetate (3.1 g, 32mmol, 3.0 equiv), V.76 (2.6 g, 11 mmol, 1.0
equiv), freshly ground bis(pinacolato)diboron (3 g, 12 mmol, 1.1 equiv), and Pd(dppf)Cl,
(0.26 g, 0.30 mmol, 3.0 mol%). The vessel was fitted with a rubber septum and
evacuated/backfilled with N, (3x) before the addition of anhydrous dioxane (30 mL)
under an N, atmosphere. The resulting dark red suspension was heated to 80 °C for 20 h.

Upon cooling to rt, the reaction mixture was concentrated onto Celite. Automated flash
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chromatography (100 g KP-Sil, 3 — 5% EtOAc/hexanes) afforded V.77 as a pale yellow
oil that solidified upon standing (2.0 g, 64%). *H NMR (300 MHz, CDCls): 8(ppm) 7.98
(s, 1H), 7.61 (s, 1H), 7.46 (dd, J = 17.6, 10.9 Hz, 1H), 7.06 (dd, J = 17.6, 11.1 Hz, 1H),
5.83 (dd, J = 17.6, 1.2 Hz, 1H), 5.70 (dd, J = 17.6, 1.2 Hz, 1H), 5.37 (dd, J = 11.1, 1.2
Hz, 1H), 5.30 (dd, J = 10.9, 1.2 Hz, 1H), 1.35 (s, 12H); **C NMR (125 MHz, C¢Ds)
d(ppm) 145.07, 136.52, 136.20, 135.00, 134.24, 132.58, 125.78, 116.30, 115.49, 83.52,
24.45 (C-B not observed). HRMS (FAB+) (m/z): [M]" calcd. for C16H200,BCl, 290.1245;
found, 290.1256. IR (neat): 668.17, 731.73, 855.35, 912.12, 966.99, 987.91, 1040.83,
1083.18, 1110.69, 1212.77, 1256.31, 1299.87, 1314.58, 1329.48, 1388.76, 1477.54,

1529.56, 1586.82, 1623.78, 2929.50, 2977.71, 3086.38 cm™.

Cl
AL
=
(-
x
Cl

V.78

4,4'-dichloro-2,2',5,5'-tetravinyl-1,1'-biphenyl V.78. To a 50 mL Schlenk flask charged
with a magnetic stirbar was added V.77 (1.8 g, 7.3 mmol, 1.0 equiv), V.76 (2.3 g, 8.0
mmol, 1.1 equiv), Pd(PPhs)4(0.37 g, 0.32 mmol, 4.5 mol%), and freshly ground K3PO,
(4.6 g, 22 mmol, 3.0 equiv). The vessel was sealed with a rubber septum and
evacuated/backfilled with N, (3x) before adding degassed (sparged 1 h) dioxane (12 mL)
and water (2 mL) under an N, atmosphere. The bright yellow reaction mixture was
heated in the dark to 70 °C. After stirring for 20 h, the reaction mixture was cooled to rt

and diluted with EtOAc (20 mL). The layers were separated and the aqueous layer was
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extracted with EtOAc (2 x 20 mL). The combined organics were washed with brine (20
mL), dried over sodium sulfate, and concentrated onto Celite. Purification on silica gel (3
cm x 10 cm, hexanes) afforded V.78 as a viscous, colorless oil that solidified to a white
solid upon standing (1.0 g, 42%). *H NMR (500 MHz, CDCls): 8(ppm) 7.65 (s, 1H), 7.36
(s, 1H), 7.11 (dd, J = 17.6, 11.1 Hz, 1H), 6.31 (dd, J = 17.5, 11.0 Hz, 1H), 5.72 (d, J =
17.5 Hz, 1H), 5.67 (d, J = 17.6 Hz, 1H), 5.37 (d, J = 11.1 Hz, 1H), 5.16 (d, J = 11.0 Hz,
1H); *C NMR (125 MHz, CDCly): 8(ppm) 137.26, 137.21, 134.70, 133.55, 133.03,
132.59, 128.35, 126.08, 117.01, 116.36; LRMS (FAB+) (m/z): [M]" calcd. for CooH16Cly,
326.06; found, 326.10. IR(neat): 681.12, 880.49, 898.06, 985.63, 1029.19, 1041.91,

1216.46, 1260.44, 1372.48, 1415.59, 1472.13, 1622.27, 2987.93, 3017.88, 3086.40 cm™.

2,2'-(2,2',5,5'-tetravinyl-[1,1'-biphenyl]-4,4'-diyl)bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane) V.79. To a dry 50 mL RBF was added V.78 (0.46 g, 1.4 mmol, 1.0
equiv), freshly ground anhydrous potassium acetate (0.84 g, 8.5 mmol, 6.0 equiv), freshly
ground bis(pinacolato)diboron (2.2 g, 8.5 mmol, 6.0 equiv), XPhos (81 mg, 0.17 mmol,
12 mol%), and Pd(OAcC); (19 mg, 0.028 mmol, 2.0 mol%). The vessel was fitted with a
rubber septum and evacuated/backfilled with N, (3x) before the addition of anhydrous

dioxane (10 mL) under an N, atmosphere. The brown reaction mixture was heated to 75
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°C for 19 h. Upon cooling to rt, the crude reaction mixture was filtered through a short
pad of Celite (EtOAcC) then concentrated onto Celite. Purification on silica gel (3cm x 9
cm, 3% EtOAc/hexanes) afforded V.79 as a white solid after washing with minimal
hexanes (350 mg, 48%). *H NMR (300 MHz, CDCls): 8(ppm) 8.09 (s, 1H), 7.55 (dd, J =
17.5, 11.0 Hz, 1H), 7.44 (s, 1H), 6.37 (dd, J = 17.6, 11.1 Hz, 1H), 5.72 (dd, J = 17.6, 1.3
Hz, 1H), 5.66 (dd, J = 17.5, 1.4 Hz, 1H), 5.25 (dd, J = 11.1, 1.3 Hz, 1H), 5.07 (dd, J =
11.0, 1.4 Hz, 1H), 1.38 (s, 12H); *C NMR (125 MHz, CDCls): 8(ppm) 142.70, 142.22,
137.02, 134.81, 134.61, 132.86, 126.32, 115.04, 114.97, 83.98, 25.06 (C-B not observed).
HRMS (FAB+) [M]" calcd. for C3,H40B,04, 510.3113; found, 510.3141. IR(neat):
854.14,909.77, 964.87, 991.92, 1041.91, 1084.58, 1110.49, 1143.47, 1214.40, 1273.43,

1329.85, 1389.91, 1590.34, 1737.03, 2930.22, 2977.37, 3085.05 cm™.

hexavinyl macrocycle V.80. To a dry 200 mL Schlenk flask charged with a magnetic
stirbar was added dichloride V.71 (95 mg, 0.11 mmol, 1.0 equiv), diboronate V.79 (63
mg, 0.12 mmol, 1.1 equiv), and SPhos-Pd-G2 (75 mg, 0.33 mmol, 40 mol%). The vessel

was fitted with a rubber septum and evacuated/backfilled with N, (3x) before the addition
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of anhydrous dioxane (160 mL) under an N, atmosphere. The reaction mixture was
heated to 80 °C for ca. 10 min whereupon degassed (sparged 1 h) 2 M aq KsPO,4 (20 mL)
was added via cannula. The resulting dark yellow solution was heated under N, for 15 h.
Upon cooling to rt, the brown reaction mixture was diluted with EtOAc and water. The
aqueous phase was extracted with EtOAc (2 x 50 mL) and the combined organics were
washed with brine (20 mL), dried over sodium sulfate, and concentrated onto Celite.
Purification on silica gel (3 cm x 6 cm, 15 — 20% THF/hexanes) afforded hexavinyl
macrocycle V.80 as a white solid (27 mg, 10%). *H NMR (500 MHz, C¢Dg, 70 °C)
8(ppm) 8.26 (br s, 2H), 7.62 (s, 2H), 7.53 — 7.39 (overlap, 10H), 7.10 — 6.97 (overlap,
4H), 6.87 — 6.78 (overlap, 4H), 6.53 - 6.40 (br m, 2H), 6.18 (s, 4H), 6.01 - 5.92 (overlap,
8H), 5.78 (d, J = 17.7 Hz, 2H), 5.59 (d, J = 17.6 Hz, 2H), 5.41 (d, J = 17.5 Hz, 2H), 5.11
(d, J =11.0 Hz, 2H), 5.04 (d, J = 11.1 Hz, 2H), 4.86 (d, J = 11.0 Hz, 2H), 3.37 (s, 6H),
3.23 (s, 6H), 3.10 (s, 6H); *C NMR (125 MHz, C¢Dg, 70 °C) 8(ppm) 144.30, 143.63,
143.40, 140.18, 140.01, 139.62, 136.67, 136.46, 136.07, 135.71, 135.31, 134.49, 133.11,
127.28, 126.94, 126.39, 122.88, 115.62, 115.46, 115.39, 76.17, 75.00, 72.70, 52.27,
51.48, 51.20. MALDI-TOF (m/z): [M + H]" calcd. for C7,HgsOs, 1027.50, found 1027.10.
IR(neat): 668.11, 828.08, 904.69, 1083.50, 1226.97, 1365.37, 1462.32, 1737.13, 2854.81,

2926.83 cm™.
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dibenzo[c,m]pentaphene macrocycle V.81. To a dry 4 dram vial with a septum cap and
magnetic stirbar was added hexavinyl macrocycle V.80 (32 mg, 0.031 mmol, 1.0 equiv)
and Grubbs Il (4.0 mg, 0.0047 mmol, 15 mol%). The vial was sealed and
evacuated/backfilled with N, (3x) before the addition of anhydrous DCM (1.5 mL) under
an N atmosphere. The reaction mixture was heated to 40 °C for 90 min then concentrated
onto Celite. Purification on silica gel (1 cm x 7 cm, 25 — 35% THF/hexanes) afforded
dibenzo[c,m]pentaphene macrocycle V.81 as a pale yellow solid, that was further purified
by washing with minimal acetone (12.5 mg, 43%). *H NMR (500 MHz, CDCls): 8(ppm)
9.15 (s, 2H), 8.93 (s, 2H), 8.64 (d, J = 8.9 Hz, 2H), 7.89 (s, 2H), 7.81 (d, J = 8.9 Hz, 2H),
7.77 (dd, J = 8.8, 1.9 Hz, 2H), 7.25 — 7.21 (overlap, 4H), 6.60 (d, J = 8.5 Hz, 4H), 6.53
(d, J = 8.5 Hz, 4H), 6.52 — 6.48 (overlap, 2H), 6.33 (dd, J = 10.3, 2.2 Hz, 2H), 6.29 (dd, J
=10.2, 2.2 Hz, 2H), 5.91 (d, J = 2.2 Hz, 2H), 5.81 (d, J = 2.2 Hz, 2H), 5.74 (dd, J = 10.2,
2.2 Hz, 2H), 3.53 (s, 6H), 3.27 (s, 6H), 3.26 (s, 6H); *C NMR (125 MHz, CDCls) §(ppm)
142.18, 140.73, 139.36, 136.25, 136.18, 133.51, 132.59, 131.90, 131.57, 131.36, 130.69,
130.41, 130.03, 129.39, 128.91, 127.56, 127.48, 126.84, 126.13, 126.11, 123.62, 122.70,
122.58, 75.95, 75.42, 71.87, 52.77, 51.85, 51.47. MALDI-TOF (m/z): [M - OMe]" calcd.
for C72H5:05, 911.37, found 911.74. IR(neat): 824.49, 954.80, 1076.42, 1217.26,

1375.31, 1458.12, 1738.04, 2853.55, 2923.05, 2953.07 cm™.
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(2,11)-dibenzo[c,m] pentaphene-nanohoop V.62. To a dry 50 mL RBF charged with a
magnetic stirbar was added dibenza[c,m]pentaphene macrocycle V.81 (3 mg, 0.0030
mmol, 1.0 equiv). The vessel was sealed with a rubber septum and evacuated/backfilled
with N, (3x) before adding anhydrous THF (1 mL). The solution was cooled to —78 °C,
whereupon sodium naphthalenide (0.5 mL, 0.13 mmol, 1 M in THF, 40 equiv) was added
dropwise via syringe. After stirring for 30 min, a solution of I (1 mL, 1 M in THF) was
added via syringe and the resulting dark red solution was stirred at —78 °C for 15 min.
Sat. ag Na,S;03 (2 mL) was then added and the reaction mixture was allowed to warm to
rt. The yellow biphasic mixture was extracted with DCM (2 x 20 mL) and the combined
organics were washed with brine (10 mL), dried over sodium sulfate, and concentrated
onto Celite. Purification using preparative recycling GPC (tz = 53 min, collected on 2"
cycle) to afford (2,11)-dibenzo[c,m]pentaphene-nanohoop V.62 (0.5 mg, 21%). *H NMR
(500 MHz, CDCls): 8(ppm) 8.73 (s, 2H), 8.60 (s, 2H), 8.42 (d, J = 9.1 Hz, 2H), 7.84 (dd,
J=9.1, 2.0 Hz, 2H), 7.80 (d, J = 2.0 Hz, 2H), 7.73 (d, J = 9.2 Hz, 2H), 7.65 (s, 2H), 7.59
(d, J =8.7 Hz, 4H), 7.52 (d, J = 9.2 Hz, 2H), 7.48 — 7.39 (overlap, 16H). MALDI-TOF
(m/z): [M]" calcd. for CeoHag, 756.28, found 756.89. IR(neat): 703.43, 811.72, 891.82,

1012.39, 1263.66, 1377.32, 1458.54, 1662.05, 1737.14, 2853.18, 2923.55 cm™.
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V.6.3. Optoelectronic Characterization

Table V.3. Optical predictions for V.61 via TD-DFT at the B3LYP/6-31G(d) level of
theory.

Energy (cm™) Wavelength (nm) Osc. Strength Major contributions

22181.20656 450.832103 0.0115 HOMO-LUMO (96%)
24811.39872 |  403.0405586 0.0033 H-1>LUMO (52%), HOMO->L+1 (29%)
26811.66752 | 372.9719531 0.0791 H-1->LUMO (32%), HOMO->L+1 (52%)
H-3>LUMO (48%), HOMO—> L+2 (12%),
28019.8944 356.8892822 0.0065 HOMODL+3 (16%)
2817152768 | 354.9683252 0.0605 H-2->LUMO (64%), HOMO->L+2 (23%)
H-3>LUMO (17%), H-1>L+1 (31%),
28778.0608 347.48693 0.1244 HOMOSL+2 (20%). HOMO—>L+3 (20%)
H-2->LUMO (24%), HOMO—>L+2 (34%),
29110.36352 | 3435202722 1.0903 HOMOSL+3 (36%)
H-4>LUMO (13%), H-2>L+1 (27%),
30141.1472 331.7723753 0.0736 H-1>L+2 (19%), H-1>L+3 (10%),
HOMO-> L+4 (15%)
H-3>LUMO (13%), H-1>L+1 (51%),
30774.2968 324.9464989 1.3025 HOMODL+3 (10%)
H-3>L+1 (29%), H-1>L+2 (26%),
31045.30096 | 322.1099391 0.0818 H15L43 (26%)
31580.05024 | 316.6556077 0.0998 H-2>L+1 (49%), HOMO->L+4 (15%)
H-3>L+1 (44%), H-2>L+2 (18%),
31678.45056 |  315.6720049 0.0309 112 (16%)

Table V.4. Optical predictions for V.62 via TD-DFT at the B3LYP/6-31G(d) level of
theory.

Energy (cm™) Wavelength (nm) Osc. Strength Major contributions

2087565472 |  437.1450581 0.0264 HOMO->LUMO (95%)
238419136 |  419.4294203 00025 | H-1>LUMO (58%), HOMO->L+1 (29%)
H-2>LUMO (18%), H-1>L+1 (65%),
264188728 | 378.5172848 0.0002 Mo (. o (2% (65%)
267455296 | 373.8942601 00963 | H-1>LUMO (34%), HOMO->L+1 (63%)
H-4>LUMO (15%), H-2>LUMO (23%),
2760485072 |  361.0779528 0.0006 H-1->L+3 (10%), HOMO->L+2 (25%),
HOMO->L+4 (11%)
28016.66816 |  356.9303795 03326 H-3->LUMO (93%)
H-4>LUMO (15%), H-3->L+1 (10%),
2822234006 |  354.3202179 0.0069 H-2->LUMO (20%), H-1->L+3 (10%),
HOMO->L+2 (20%), HOMO->L+4 (10%)
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28750.63776 | 347.8183713 0.7339 HOMO->L+3 (91%)
H-2>LUMO (26%), H-1>L+1 (29%),
29091.81264 |  343.7393236 1.5827 HOMOSL+2 (38%)
29331.36096 |  340.9320152 0.0094 H-2>L+1 (39%), H-1>L+2 (49%)
30120.9832 331.9944749 0.028 H-3>L+1 (72%), H-1>L+3 (11%)
30230.67536 | 330.7898312 0.2072 H-4->LUMO (25%), H-1>L+3 (60%)

V.6.4. Computational Analysis

V.6.4.1. Vinylated Macrocycle Atropisomers

Table V.5. Calculated energies of V.73 conformers (RB97D/6-31G(d)).
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Energy Relative Energy
(kcal/mol) (kcal/mol)
-1793331.913 0.00
-1793330.180 1.73
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-1793330.058

-1793328.902

-1793328.577

-1793327.840

1.85

3.01

3.33

4.07



-1793327.628

-1793326.813

Table V.6. Calculated energies of V.80 conformers (RB97D/6-31G(d)).

Atropisomer
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V.6.4.2. Homodesmotic Reactions

tetravinylbiphenyl
-772.6322347 Hartrees
CaoH1g

V.73
-2847.7173 Hartrees
Ce2Hs5506

Estrain = 7.75 kcal/mol

open adduct
-3620.361881 Hartrees
Cg2H7606

Scheme V.29. Homodesmotic reaction to access strain energy of V.73 calculated at the
®B97x-D/6-31G(d) level of theory.
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O open adduct

-3537.218441 Hartrees

V.74

dibenzo[a,h]anthracene CgoHe406
~2690.634723 Hartrees 46 5335604 Hartrees
CsgH5006 CooHia

Q- =

{ Egirain = 31.5 kcal/mol }

Scheme V.30. Homodesmotic reaction to access strain energy of V.74 calculated at the
®B97x-D/6-31G(d) level of theory.

5 — i)

open adduct

V.61 biphenyl -1552465.05 kcal/mol
-1260503.01 kcal/mol ~ -291882.83 kcal/mol CeaHao
C52H32 C12H10

{ Estrain = 79.2 kcal/mol }

Scheme V.31. Homodesmotic reaction to access strain energy of V.61 calculated at the
®B97x-D/6-31G(d) level of theory.
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tetravinylbiphenyl
-772.6322347 Hartrees
CyoH1g

{ Egirain = 28.7 kcal/mol }

-3233.405437 Hartrees
C72Hg606

open adduct
-4006.08345 Hartrees
Co2Hg4Op

Scheme V.32. Homodesmotic reaction to access strain energy of V.80 calculated at the
®B97x-D/6-31G(d) level of theory.

open adduct
O -4151.591463 Hartrees
-2997.805989 Hartrees ~ dibenzolc,m]pentaphene e
CesHs406 -1153.717639 Hartrees

| ROt e

{ Estrain = 42.6 kcal/mol

Scheme V.33. Homodesmotic reaction to access strain energy of V.81 calculated at the
©B97x-D/6-31G(d) level of theory.
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8 —~fol okl

open adduct

biphenyl -2770.579531 Hartrees
V.62 -463.1443755 Hartrees CroHae
-2307.321794 Hartrees C12Hqg
CsoHss { Estrain = 71.1 kcal/mol J

Scheme V.34. Homodesmotic reaction to access strain energy of V.62 calculated at the
®B97x-D/6-31G(d) level of theory.

V.6.5. X-ray Crystallographic Analysis
Diffraction intensities were collected at 173 K on a Bruker Apex2 Duo CCD

diffractometer with a micro-focus Incoatec IuS Cu source, CuKa radiation, A= 1.54178
A. Space groups were determined based on systematic absences (V.61) and intensity
statistics (V.62). Absorption corrections were applied by SADABS.®® Structures were
solved by direct methods and Fourier techniques and refined on F? using full matrix least-
squares procedures. All non-H atoms were refined with anisotropic thermal parameters.

H atoms in all structures were refined in calculated positions in a rigid group model.
Single crystals of racemic V.61 were grown from slow evaporation of a pentane/THF
solution. Single crystals of V.62 were grown from slow evaporation of a pentane/benzene
solution. ORTEP representations (Figures V.12 and V.13) and relevant X-ray

crystallographic data (Tables V.7. and V.8) are presented below.
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Figure V.12. ORTEP representation (thermal ellipsoids shown at 30% probability) of
V.61 with one possible orientation of the disordered dibenzo[a,h,]anthracene unit
indicated with solid lines. Dotted lines represent all other possible orientations of this
group. Hydrogen atoms are omitted for clarity.

The main molecule in V.61 is disordered over several different positions having
different orientation of two additional Cs-rings. The structure was determined in a centro-
symmetrical space group with centro-symmetrical main molecules disordered over four
different positions. Two additional THF solvent molecules fill out a space inside the main
molecule. Positions of some weak peaks (less 1 eA®) on the residual density map show
that disorder of the main molecule in the crystal structure could be even more
complicated than given in the final refined structure and may consist of eight positions of
the main molecule with different orientations. Some of the disordered Cg-rings in V.61
were refined with restrictions; the distance of 1.39 A was used in the refinement as a

target for the corresponding C-C bonds.
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Table V.7. X-ray crystallographic parameters for V.61.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A
a/°
p/e
v/°
Volume/A?

4

peacg/om®
w/mm’™*
F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A

cu_jasti32_0m_a
C60H4802
800.98
173(2)
monoclinic
P2./c
13.3012(7)
9.9339(5)
17.0395(6)
90
110.381(3)
90
2110.53(18)
2
1.26
0.572
848
0.150 x 0.120 x 0.100
CuKa (A = 1.54178)
7.09to 133.284

-15<h<14,-10<k<11,-20<1<19

11828

3706 [Riy = 0.0426, Rygma = 0.0372]

3706/34/334
1.015

R; = 0.1024, WR, = 0.3416
R, = 0.1330, WR, = 0.4100

0.31/-0.38
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Figure V.13. ORTEP representation (thermal ellipsoids shown at 30% probability) of
V.62. Hydrogen atoms are omitted for clarity.

In the crystal structure of V.62 there are two benzene and five pentane solvent
molecules which fill out an empty space in the packing. Two benzene molecules were
located and refined and five highly disordered pentane solvent molecules were treated
with SQUEEZE.*® Correction of the X-ray data by SQUEEZE, 557 electron/cell, is
higher versus the required values of 420 electron/cell for ten pentane molecules in the full
unit cells indicating that number of solvent molecules could be slightly bigger and
benzene and pentane molecules could share the same disordered positions as well.
Crystals of V.62 suitable for data collection were very small and diffraction at high
angles was very weak. Even using a strong micro-focus Incoatec IuS Cu source
intensities were collected only up to 26m.x = 50.256°. The collected data provided an
appropriate number of measured reflections per refined parameters. All calculations were

performed with the Bruker SHELXL-2013 package.®
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Table V.8. X-ray crystallographic parameters for V.62.

Identification code cu_jasti43_0m_sqd
Empirical formula CrgsH72
Formula weight 1015.36
Temperature/K 173(2)
Crystal system triclinic
Space group P-1
alA 15.8435(7)
b/A 19.3722(9)
c/A 20.9937(10)
a/° 94.124(3)
B/° 90.490(3)
y/° 105.769(3)
Volume/A3 6182.3(5)
VA 4
peacglom’ 1.001
w/mm™ 0.46
F(000) 2172
Crystal size/mm?® 0.100 x 0.070 x 0.020
Radiation CuKoa (A =1.54178)
20 range for data collection/° 4.222 t0 100.512
Index ranges -15<h<15,-19<k<19,-20<1<20
Reflections collected 45042
Independent reflections 12774 [Rin = 0.0802, Rgigma = 0.1146]
Data/restraints/parameters 12774/0/1165
Goodness-of-fit on F? 1.009
Final R indexes [[>=2c (I)] R; =0.0807, wR, = 0.2119
Final R indexes [all data] R;=0.1678, wR, = 0.2404
Largest diff. peak/hole / e A 0.41/-0.24
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Table V.9. Dihedral angles between adjacent rings from X-ray crystal structure of V.62.

Center C-C Bond® Molecule 1 (deg)® Molecule 2 (deg)®

C(D)-C(59) 8.9 283
c@-c@) 365 39.4
C(10)—C(13) 34.0 23.9
C(16) - C(19) 20.4 25.0
C(22)-C(25) 348 385
C(28)-C(31) 356 255
C(34) - C(40) 72 0.6
C(43) - C(48) 31 2.9
C(51) - C(56) 5.3 19
Average 20.6 20.6

®Measured dihedral angles are defined around the given central C-C bonds. "Angles are
an average of the two dihedral angles defined by each C-C bond.

V.6.6. Selected NMR Spectra

B, SR I

EtOAc

SR T P JL

75 70 65 6.0 55 50 45 40 35 30
% (ppm)

Figure V.14. 'H NMR spectra of 5-exo-trig cyclization of V.36 before (bottom) and after
(top) SiO, chromatography in CDCl3 (400 MHz).
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Figure V.15. Crude *H NMR spectrum (CDCls) of V.40 after treating V.39 with 10
mol% Grubbs Il (400 MHz).

Y T ML

T e |

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
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Figure V.16. *H NMR spectra of V.73 at 25°C, 50 °C, and 70 °C in C¢Dg (500 MHz).

253



W W

85 8.0 75 70 65 6.0 55 50 45 40 35 30
8 (ppm)

Figure V.17. *H NMR spectra of V.80 at 25 °C and 70 °C in C¢Dg (500 MHz).

V/.7. Conclusion

In this chapter, we have detailed our efforts towards the synthesis of
[n]cyclophenacenes thus far. Our studies are all based on a ring-closing metathesis
strategy, stemming from an appropriately functionalized [n]CPP or [n]CPP macrocyclic
precursor. As RCM offers mild, redox-neutral conditions, we envisioned building in
macrocyclic strain via an [n]CPP synthesis, with RCM acting as a strain-free ring-
forming method. We soon discovered that simply synthesizing the necessary model
substrates was not as trivial as originally expected, and even a simple vinyl group could
cause intractable decomposition even before a macrocycle was reached. We were later
able to validate RCM methodology as a viable strategy towards [n]cyclophenacenes in

the synthesis of (3,10)-dibenzo[a,h]anthracenyl-nanohoop V.61 and (2,11)-
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dibenzo[c,m]pentapheneyl-nanohoop V.62. Importantly, we found that even in the
presence of strained 1,4 -dimethoxycyclohexa-2,5-dienes, Grubbs 11 only leads to the
desired ring-closed product, without concomitant decomposition. Then, alluding to work
previously discussed in Chapter 11, several allylated intermediates were subjected to
olefin isomerization conditions, only to find that the more highly allylated compounds
decomposed under the conditions employed. In conjunction with the future work
associated with Chapter 11 in developing methods to access the functionalized 1,4-syn-
dimethoxycyclohexa-2,5-dienes, the synthesis of [n]cyclophenacenes also relies on
ongoing work to efficiently incorporate vinyl group surrogates and cleanly affect their

transformation to olefins capable of undergoing RCM.
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