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ABSTRACT

NOVEL TOPOLOGIES IN POLYCYCLIC AROMATIC HYDROCARBONS:
A STUDY OF TRIANGULENES AND OTHER MOLECULAR SHAPES
by
Carter J. Holt

University of New Hampshire, May 2020

Triangulenes are the homologous series of triangle-shaped polycyclic aromatic
hydrocarbons, first contemplated by chemists nearly 100 years ago. Computational models
predict that triangulenes will be polyradicals, with high-spin electronic ground states. Recent
technological advances have allowed the molecular-scale synthesis and on-surface
characterization of the first three members of this series using atomic force microscopy
techniques. In this work, a short and scalable synthesis of the [3]triangulene ring system was
developed. Cascade cyclization of a tetra-benzyl alcohol precursor in trifluoromethanesulfonic
acid solution gave the planar and three-fold symmetrical 4,8,12-trihydro[3]triangulenium
carbocation. This new species has been characterized by NMR (nuclear magnetic resonance)
and optical spectroscopies and is highly fluorescent. Quenching of the cation into basic
solutions or by hydride transfer from ftriethylsilane provides access to stable dihydro and
tetrahydro[3]triangulenes. Quenching with triethylamine gave isomerically pure 1,8-
dihydrotriangulene, a known precursor to [3]triangulene. These neutral species interconvert
with carbocations in a complex series of proton and hydride transfers. The presence and
distribution of these cationic intermediates are determined by acid concentration and time spent
in solution. With the help of density functional theory (DFT) calculations, a logical pathway to

each isomer was proposed through a series of proton and hydride transfers.
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This route provides several important [3]triangulene precursors. Preliminary experiments
designed to generate [3]triangulene in the solution phase were performed. Reaction of 1,8-
dihydrotriangulene with p-chloranil in solution was followed by NMR, optical spectroscopy, and
LDI-TOF (laser-desorption-ionization time-of-flight) spectrometry. These experiments provided
evidence for the formation and rapid oligomerization of [3]triangulene, consistent with the
expectation of its high-spin ground state. The electrochemistry of 1,8-dihydrotriangulene was
investigated for the first time. Experiments to date demonstrate a complex series of redox and
chemical processes.

A related series of topologically interesting structures can be conceptually derived from
triangulene by carving out one side and the center ring, or from phenalene by growing rings
along two ring faces. When flipped on end, the resulting structure is V-shaped; herein, we refer
to these structures as "victorenes." Viewed as phenalenyl homologues, the victorenes should
not have a simple Kekulé aromatic structure. Also by analogy to the phenalenyl ring system,
both the cations and anions in this series are likely to be aromatic. These structures are
predicted by our DFT computations to be chiral, with low barriers to interconversion of
enantiomers. A new and general synthetic route to victorenes was developed that allowed the
preparation of two [3]victorene ketone derivatives. Slight modification of this route enabled the
incorporation of substituents that block the reactive sites and afforded clean intramolecular
cyclization to several hydro[3]victorenes. The relative free energies of hydro[3]victorenes were
calculated using DFT and matched well with the experimental observations. Generation of the
first victorenium cations was achieved in a TfOD/DCE-d, solution, with successful observation

by 'H NMR.
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General Introduction

This dissertation is comprised of three separate chapters: (I) synthesis of 1,8-
dihydrotriangulene and batch synthesis of triangulene, (llI) electrochemistry of 1,8-
dihydrotriangulene, and (lll) the victorene series. Each chapter is self-contained with its own
introduction, research objective, results and discussion, and conclusion. Additional projects not
included in the content of this dissertation include efforts towards the mono-protection of 9,10-
anthraquinone, generation and substitution of the triangulene dianion, and flow chemistry

experiments for the optimization of mono-organolithium addition to 9,10-anthraquinone.



Chapter |. Synthetic Approaches to the Triangulene Ring System

Introduction

The History of Triangulene

Triangular-shaped hydrocarbons are a relatively rare class of polycyclic aromatic
hydrocarbons (PAHs), and due to their unique topologies, there is no Kekulé-style resonance
structure that can be drawn for them. Instead, they are predicted to exist with high-spin ground
states (S = 1/2) (Figure 1), both classically' and quantum mechanically.? These high-spin
ground states make this class of molecules good candidates for applications in molecular
spintronic devices®* and possibly as qubits for quantum computers.® Structure 2, known
commonly as “Clar's Hydrocarbon," is part of a broader set of homologues of [n]triangulenes
starting with the well-known and studied phenalenyl radical®® (1) up to “m-extended”

triangulenes®'® (3 and 4). The numbering system for 2 is shown in Figure 1.

S=1/2

Figure 1: The [n]triangulene series (n = rings on a side).

Erich Clar is often cited as the father of triangulene chemistry; however, it was Weil} and

Korczyn who synthesized the first triangulene 30 years before Clar's seminal work." This
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Scheme 1: First synthesis of triangulene core by Weilt and Korczyn.

synthesis involved the cyclization of the tricarboxylic acid (5) to give what was believed to be a
triketone derivative of triangulene (6). In later attempts at repeating this chemistry reported by
Bushby, it became evident that Wei and Korczyn more likely isolated the diketone isomer (7)"
(Scheme 1); nevertheless, this was the first reported synthesis of the triangulene core. Although
this synthesis has been modified throughout the years, it remains the most common method for
generating dihydrotriangulene, a known triangulene precursor.” Years later, using the same
route as Weil® and Korczyn, Clar and Stewart attempted the synthesis of the [3]triangulene (2)
in order to assess its molecular stability."'® They were able to generate the 4,8-
triangulenedione (8) successfully and, after subsequent reduction, 4,8-dihydrotriangulene (9) for
the first time. All attempts to convert dihydrotriangulene to triangulene (2) led to immediate and

complete polymerization (Scheme 2). The property of high-spin ground states that makes

Zn Dust

—_—
AcOH
Reflux, 5hr

8 9 Polymerization

Scheme 2: Clar synthesis of 4,8-dihydrotriangulene (9) and olympicene ketone (10).



triangulene so attractive is also what makes it exceedingly difficult to isolate by conventional

means due to its propensity towards polymerization and reaction with oxygen. Even the dihydro
precursor 9 proved challenging to work with because it readily oxidizes in air to give a ketone
(10). This rapid oxidation is similar to the air oxidation of 1H-phenalene (11) to phenalenone
(12)® (Scheme 3), but much more complicated. The process involves a rearrangement as well
as an oxidation; however, no mechanism of this pathway was provided. In Clar’s research, the

primary evidence to support the formation of these compounds was optical spectroscopy and

Scheme 3: Oxidation of 1H-phenalene to phenalenone and the phenalenyl radical.

elemental analysis since NMR was not yet available. This enhanced reactivity towards oxygen
comes from the open-shell character of these compounds. The phenalenyl radical is surprisingly
persistent, lasting months in degassed solution;® this is believed to support radical character
localized at the central carbon'. Triangulene is theorized to exist as a diradical because no
Kekulé style resonance structure can be drawn for it, unlike molecules such as benzene or
naphthalene in which all carbon-carbon double bonds are accounted for. This property can be
seen more clearly in Figure 3,'> which compares triangulene to an isomer that can be described
classically in terms of Kekulé structures. Here it can be seen how large a role topology plays in
whether or not a structure can be represented classically. In the case of triangulene, a pair of

electrons reside in non-bonding orbitals giving rise to its triplet ground state.
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Figure 2: Comparison of the T-MOs of a Kekulé and a non-Kekulé system.

Triangulenes can be oxidized or reduced to make their respective dications and dianions. The
dianion has been synthesized and observed by '"H NMR spectroscopy, but the dication remains
elusive."” In this NMR experiment, Murata et al. removed two protons from 1,8-
dihydrotriangulene (16) using n-butyllithium in ds-THF to give the fully aromatic triangulenyl
dianion (17). The spectrum supports D3, symmetry, indicating that the charges are fully
delocalized throughout the triangulene structure (Scheme 4). Quenching of the reaction with
D20 led to clean conversion to the 1,8-dideuterotriangulene. Attempts at synthesizing the
triangulenyl dication were unsuccessful, but the authors were able to generate the 4,8-

dihydroxytriangulenyl dication (15) by the reaction of diketone 8 with D>SOs.

. n-BuLi, -78°C
LiAIH,4 THF-dg
AICl3 _—
_—
~———————
Ether, RT D,0
15 8 16 17

Scheme 4: NMR experiments for the triangulene dianion and dihydroxy dication.



X =H, Br, t-butyl

Scheme 5: Generation of tri-tertbutyl-triangulene diradical and subsequent oligomerization

Additional studies of substituted triangulene’s radical properties have been reported by
Bushby'>'® and later by Morita'2". In the former studies, the researchers synthesized a
trioxotriangulene salt (21, X=H) using a modified Wei3/Korczyn route, that simplified the longer
route described by Clar and Stewart." Through cyclic voltammetry, the trioxotriangulene
underwent successive one-electron reductions to give the diradical (22). These reductions were
completely reversible, and each intermediate was chemically stable, being able to withstand
slow sweep rates (ca. 10min), provided that the atmosphere was rigorously purged of oxygen. A
follow-up EPR experiment of the diradical gave a spectrum indicating 3-fold symmetry in the
molecular structure and confirmed the triplet ground state making this the first example of a non-
Kekulé polynuclear aromatic.

Three years later, the Morita group began studies into the properties of substituted
dioxophenalenyl radicals.?® In this work, the radicals generated were only stable when di- and
tri-tert-butyl substituents were installed in order to block the reactive sites. Samples were found

to be stable over weeks but decomposed in a matter of days when exposed to air. As an
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Scheme 6: Generation of tri-tertbutyl-triangulene diradical and subsequent oligomerization.

extension of this work, the Morita group synthesized a tri-tert-butyl triangulene (23) in order to
probe its radical characteristics. The tert-butyl groups were placed on the apex carbons of
dihydrotriangulene which, according to computations, are nodal points in the nonbonding
molecular orbitals. In this way, the substituents had minimal electronic contributions to the core
structure while reducing reactivity at the 4-, 8-, and 12-positions (Scheme 6). When this
compound was exposed to an excess of p-chloranil in degassed toluene, initial EPR evidence
suggested the formation of a radical cation of the dihydrotriangulene. However, as the
temperature was increased from 253K to 273K, the emergence of a ftriplet diradical was
observed (Scheme 6). This confirmed triangulene’s predicted triplet ground state (24). When the
sample was held at room temperature longer, the observed triplet ground state disappeared due
to oligomerization at the highly reactive sites, indicating kinetic instability of the triplet ground
state. Combining this work with that of Bushby, the Morita group synthesized tri-tert-butyl- and

tri-bromo-trioxotriangulenes (21, X = t-butyl, Br) (Scheme 5).%°

With both compounds, a radical
species was made that was stable in air at temperatures above 250°C. Crystallographic data
showed a 1-dimensional columnar packing structure due to -1 stacking. CV analysis of the tri-
substituted trioxyl anions showed oxidation to a centralized neutral radical and reduction to give
the trianionic diradical. Seven years later, the Morita group repeated this same CV experiment
on Bushby’s unsubstituted trioxotriangulene and were able to observe the formation of the

monoradical, which had not been previously reported.' As with the other trioxotriangulenes, the
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unsubstituted radical was air-stable at temperatures up to 240°C in the solid state. In solution,
however, the radical was observed to be in equilibrium with a TT-dimer (18). EPR experiments
indicated the observed resonance of the radical throughout the 1r-system occurred with three-
fold symmetry. This observation decreased in intensity as the sample was cooled to lower
temperatures due to the formation of the m-dimer. Further evidence for the dimeric structure was
provided in a temperature-dependent NMR study in which the dimer was observable at low
temperatures but disappeared as the sample was warmed to room temperature due to the
formation of the paramagnetic species. o-Dimerization of the radical was observed as well (19,
X = H), but only after several days in a degassed solution. All of these studies suggest that
trioxotriangulene radicals are much more stable than their hydrocarbon counterparts. A
significant amount of this additional stability comes from the fact that the oxygen substituted

triangulenes delocalize the radical further from what was already a highly delocalized system.

Figure 3: Substituted and heterocyclic triangulenes.

Additionally, computations predict the highest spin density to be located on the central carbon
making the periphery carbons less reactive. This is not the case with hydrocarbon only
triangulene radicals whose highest calculated electron density resides on the periphery of the
molecule.” It is because of this that hydrocarbon analogues have to be heavily substituted in
order to prevent oligomerization (23, 25).2"?* Another option is to synthesize heterocyclic

triangulenes (26-29), which are in general much more kinetically stable (Figure 3).24%



Scheme 7: Air oxidation of olympicene and generation of the olympicenium radical via removal of hydrogen atom.

The first synthesis of the unsubstituted triangulene diradical was reported by researchers
at IBM using atomic force microscopy techniques.”° The groundwork for this experiment was
initially laid in 2009, where the team developed a new method for noncontact atomic force
microscopy (NC-AFM) using a CO-functionalized tip on the microscope.®’ This type of
functionalization increased the contrast of the AFM image and allowed for the atomic resolution
of pentacene on top of a Cu(111) surface. Using this same technique, the IBM group was able
to visualize and distinguish between isomers of hydro-olympicene (31) and its ketone (30).%2
They took the method one step further and applied a voltage to the methylene region of the
molecule and were able to remove a hydrogen atom allowing for the first observation of the
olympicenium radical (32) (Scheme 7). Two years later this method was applied to
dihydrotriangulene, and after the removal of two successive hydrogen atoms, the first-ever
observation of triangulene was realized (Scheme 8)."® The AFM image confirmed triangulene’s
three-fold symmetric structure (Figure 4) and after comparing to simulated molecular orbitals,
STM imaging confirmed the molecule as an open-shell triplet, nearly 100 years after the first

— -2

Scheme 8: Generation of triangulene diradical via removal of two hydrogen atoms.



triangulene was synthesized."" Following their lead, other research groups have used these
techniques very recently to synthesize and visualize [4]-° and [5]-triangulenes'® (3, 4) confirming
their high-spin ground states containing three and four unpaired electrons, respectively (Figure
4). These recent advances have once again brought triangulenes into the spotlight, and

questions of their stability and applications can finally be investigated.

Figure 4: AFM images of olympicene and triangulene radicals. From Su, J. et al. Sci. Adv. 2019, 5, 1-6. Reprinted
with permission from AAAS..

Research Objective

With the resurgence of interest in the triangulene molecular system, a more efficient
route to its dihydro precursor must be developed. The present research aimed to provide a
more straightforward synthesis of this precursor that can be modified for the incorporation of
substituents to the periphery. Through DFT computations, we obtain a detailed understanding of
the potential mechanisms involved in this fascinating system, which are further supported
through experimentation. Efforts towards the solution-phase generation of triangulene provide

insights into how this species reacts and can be tuned to reduce its reactivity.
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Results and Discussion

Initial Routes to Dihydrotriangulene

Despite several drawbacks, the Weild/Korczyn route to triangulenes (Scheme 9) is still
the most widely used pathway in the field. This synthesis has been modified and improved
throughout the years,'>' but still involves six linear steps and has an overall yield of only 5%.
Furthermore, the final reaction, reduction of the triangulene diketone 8 to dihydro triangulene 9,
has only been performed on a milligram scale and gives a mixture of isomers that cannot be
separated. For a molecular system with so much potential in the field of materials chemistry, this
is an unacceptable outcome. An improved synthesis of triangulene precursors is necessary in

order to further its study.

1.) Mg, ether O
reflux, 6hr

2.) phthalic anhydride
toluene, reflux
Br 36hr

A

33 34

N2Ha i O KMnO4
_ = _—
EtOH, reflux O t.BUOH/H,0

24hr 70°C, 24hr

Zinc

NaOH
1hr

LiAIH,
& - Includes Isomers
- 0, H
THF, Et,0 5 % Overall Yield
0°C, 2hr

Scheme 9: Most common synthetic route to triangulenes.
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Scheme 10: Attempted synthesis of 9-(2,6-dimethylphenyl)anthracene via Suzuki coupling.

jolsee]

The first synthetic pathway that we proposed in order to improve the synthesis of
dihydrotriangulene (Scheme 10) involved the coupling of 2-bromo-m-xylene (38) to 9-
anthraceneboronic acid (39). From there, the methyl groups were to be oxidized to carboxylic
acids (41) and ultimately converted to a diol (42) as a dihydrotriangulene precursor. This route
failed. All attempts at the Suzuki coupling reaction were unsuccessful due to complete
protodeboronation and protodebromination giving xylene (43) and anthracene (44) as the only
products. In the literature, the coupling of bulky aryl groups to 9-anthraceneboronic acid involves

33—

the use of exotic catalysts to facilitate the process (Scheme 11).33-3% Although these catalysts
are claimed to work very well for the exact reaction we intended to perform (86 — 98% yield),
none of them is commercially available, and their syntheses are long and challenging. It became
clear that this route would not be successful without the use of these special catalysts.

The next route chosen involved organolithium chemistry in performing the coupling step

(Scheme 12). This chemistry was modeled after work done by the Miller group,*® but a mono-

addition was implemented instead of a di-addition. In order to facilitate mono-addition, the
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catalyst O
+ —_—
Br B(OH), OOO

38 39 40
86 - 98%
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PdCl, Pd Cyoct
/ \ /
IBiox 1217 cl //J
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Scheme 11: Synthesis of 9-(2,6-dimethylphenyl)anthracene with catalysts.

organolithium reagent was generated and transferred dropwise via cannula to a dilute solution
of a 2-fold excess of 9,10-anthraquinone to give the mono-substituted ketone (45, 26%). From
there, the ketone needed to be reduced in order to perform the reductive aromatization step.
Initially, NaBH4 was used for the reduction, but this showed little to no conversion to the desired
diol. Conversely, LiAlHs gave quantitative conversion to the diol (46, 100%). From there, the diol
was reductively aromatized using Nal and NaH2PO.+H20 in refluxing acetic acid to give the fully
aromatic mono-substituted adduct (40, 30%). Unfortunately, all attempts at oxidizing the methyl
substituents to carboxylic acids (41) failed, either giving back starting material or insoluble
products. Further attempts at substituting the methyl groups involved NBS bromination to give
the dibenzyl bromide (47). However, the bromination only occurred at the 10-anthracenyl
position (48, 90%) instead of the benzyl position. This result implies that ionic bromination is

favored over free radical bromination for this system.
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1.) n-BuLi, -78°C

THF, 1hr LiAIH, OH
—_—
2.) anthraquinone THF, 2hr
Br -78°C, 1hr 0°C -RT
50°C 18hr
38
OH
45 46
26% 100%
Nal O NBS Br. O Br O
NaH2P02°H20 BPO
—_— —_—
AcOH, reflux hv=100W,
1.5hr reflux, 3hr
benzene
40 47 Br
30% 0% 48

90%
Scheme 12: Attempted synthesis of triangulenes through mono-organolithium addition and NBS bromination.

In order to bypass the difficulties encountered with post-synthetic modification of the
benzyl groups, the route was modified again to have the benzyl alcohols pre-installed during the
initial coupling reaction. This chemistry would require the synthesis of 2-bromo-1,3-
benzenedimethanol (51) and subsequent protection in order to withstand the organolithium
reaction conditions. The synthesis of the diol was carried out following a literature procedure®’

(Scheme 13) beginning with the oxidation of commercially available 2-bromo-m-xylene (38) to

1)  socCl,
KMnOy4 100°C, 9hr
—_——— _—
t-BUOH/H,O HO,C COH 2 MeOH/Et;N
Br 70°C, 24hr Br 0°C - RT
2hr
38 49
98%
LiBH,
— > HO OH
MeO,C COyMe THF, RT
Br 24hr B
50 51
97% 98%

Scheme 13: Synthesis of 2-bromo-1,3-benzenedimethanol.
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the dicarboxylic acid (49, 98%). This was followed by conversion to the methyl diester (50, 97%)
using thionyl chloride, followed by MeOH/EtsN. The diester was finally reduced to the diol using
LiBH4 (51, 98%). There are many options for alcohol protecting groups; however, few meet the
necessary requirements of the desired chemistry.®® Ideally, the diol would be protected in high
yield (>90%), be stable under strongly nucleophilic conditions, resist decomposition under
strongly acidic conditions, and finally be removed quantitatively.

The first protecting group used was the THP-ether. In a model experiment, an excess of
THP-protected alcohol (52) was used to afford a mixture of diastereometric spirocycles (53,
38%) in a 1:3 ratio (Scheme 14). The mixture of spirocycles was reacted with polyphosphoric
acid in the microwave in an attempt to induce cyclization. This type of cyclization was expected
to yield two potential regioisomers (54 and 55); however, only regioisomer 54 was observed in

20% isolated yield. This compound has been previously reported using a different route.*4°

1.) n-BulLi, -78°C
0 0 THF, 1hr .
U 2.) anthraquinone

-78°C, 1hr
RT 18hr

52 3.) HCI, MeOH
RT, 2h

53-cis 38% 53-trans

PPA

MW 100°C
15 min

53-cis 53-trans
54 55
20% 0%

Scheme 14: Synthesis and cyclization of spirocycles.
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HO

Br

51

R Group

THP Ether
Benzyl Ether
Allyl Ether

L.

51

R = THP, Benzyl,

100%

OH ——» RO OR R =THP, Benzyl,

Br

56, 57,

Scheme 15: Ether protection of bromobenzyl diol.

Protection | Organolithium  Acid Stability = Deprotection

>90% Yield Stability atRT >80% Yield
v X X X
X v v X
v v v v

Table 1: Reaction summary of protected diols.

1.) n-BuLi, -78°C )
Condmons THF 1hr LiAIH,4
—_—
2) anthraqumone THF, 2hr
-78°C, 1hr 0°C -RT
50°C 18hr
56, 57, 59, 60,
99%, 63%, 0%, 32%,

Nal

Pd(PPhg),
NaH2P02 H,O K2C03
AcOH, reflux MeOH 24hr
1.5hr reflux

64, 42, 9
22%, 0%,

Scheme 16: Mono-organolithium addition of allyl-protected diol towards triangulene.

The ether was then easily installed on the diol using 3,4-dihydropyran and catalytic p-
TsOH to give the THP-protected diol (56,
out, but no ketone (59) was observed (Scheme 16). Due to the acid sensitivity of the THP-

protecting group, the benzyl ether protecting group was used next. This protecting group can

16

99%). The monoaddition to anthraquinone was carried



withstand conditions of pH=1 at ambient temperature®, making it a better candidate. This was
installed using a Williamson ether synthesis approach to give the benzyl protected diol (57,
63%). The protecting group remained intact for the mono-addition reaction as well as the acidic
quench to give the ketone (60, 32%). This was subsequently reduced to give the diol (62,
100%). Surprisingly, the benzyl ether protecting group remained attached, even under the
reductive aromatization conditions, which involves refluxing acetic acid, to give the fully aromatic
diprotected diol (64, 22%). A typical procedure for removing benzyl ether protecting groups is to
use palladium-catalyzed hydrogenation;*' however, several attempts using this method failed,
giving back starting material. This, combined with the fact that acidic removal of the protecting
group was not an option, led to the need for yet another protecting group.

For this, the allyl ether was chosen; this meets all of the necessary requirements (Table
1) despite being acid-sensitive at temperatures higher than 100°C.* The protection was carried
out using a modified procedure for the allyl-protection of benzyl alcohols.*> The procedure
needed to be modified due to issues with the solubility of the diol, which ultimately led to low
yields of the protected product (58, >50%). The key was to use sonication to facilitate the
dissolution of the diol. Using this technique, the di-protection proceeded quantitatively and only
required room temperature conditions instead of the reflux referenced in the procedure. Even
though allyl-ethers are typically acid labile at elevated temperatures, in this case, they behaved
just like the benzyl ether. They withstood all reaction conditions to give the fully aromatic allyl-
protected diol (65, 33%), Scheme 16. The deprotection was again modeled after a literature
procedure for similar benzyl alcohols*® and used Pd(PPhs)s with K,COs in refluxing methanol to
give the aromatic diol (42, 83%). All cyclization attempts with 42 led to complex oligomerized
product mixtures. Even though the preliminary goal of generating the aromatic diol was reached,
the ultimate goal of creating a more efficient synthesis of dihydrotriangulene was not. This route

involves eight linear steps, has a 13% overall yield, and a cyclization that led to a complex
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mixture of products. It is because of this that a fourth and final route was planned to optimize the

synthesis of dihydrotriangulene.

Cascade Cyclizations Towards Dihydrotriangulene

The idea was to take advantage of triangulene’s 3-fold symmetry and install this in the
first step (Scheme 17). This was possible through the condensation of three equivalents of allyl-
protected bromobenzyl alcohol (66) with diethyl carbonate to give the allyl-protected
triarylmethanol (67, 95%). From here, the compound was either deprotected directly to give the
tetraol (68, 85%) or reduced and then deprotected to give the triol (70, 67%). Purification of
these alcohols by chromatography proved difficult due to their high polarity; however, they were
easily isolated by suspension in a hexanes/DCM mixture to give a precipitate that was filtered
and rinsed with hexanes to give the desired products. Both of these alcohols are new

compounds and have potential applications on their own as polymer scaffolds, as building

1.) n-BuLi, -78°C OR " pd(PPh;),
K,CO
OR THF, 1hr OH 2 3 OH
2.) diethyl carbonate MeOH
Br -78°C, 1hr reflux, 24hr
50°C 18hr
66

95% 85%
R= N ‘ DCDMS, Nal
CH3CN 0°, 1hr
OR  pg(PPh,) OH
cho3
MeOH
reflux, 24hr
70% 67%

Scheme 17: Condensation of protected bromobenzyl alcohol towards triangulene precursors.
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72 68

Figure 5: Retrosynthetic approach to triangulenes from alcohol precursors.

blocks in porous organic cages, or as new ligands. However, in this research, they were
envisioned as potential precursors to triangulenes (71 and 72) (Figure 5).

The next synthetic challenge was cyclization. Preliminary attempts to cyclize tetraol 68
were carried out using Lewis-acids which are known to facilitate benzyl cation formation and
subsequent intramolecular cyclization, including FeCls,** AgSbFe,*® and BF3+Et,0.*¢ However, in
all cases incomplete cyclizations and complex oligomeric product mixtures were observed, with
low mass recoveries.

In a unique experiment, tetraol 68, dissolved in DCM, was added dropwise to a refluxing
biphasic mixture of DCE, water (10% v/v) and polyphosphoric acid (1% v/v) (Scheme 18). After
the reaction was quenched, the only product observed was an off-white solid identified as
spirocycle (73, 97%). This observation implies initial ionization of the central carbon atom and
capture of the resultant cation by a proximate benzyl alcohol.

The key to complete cyclization was provided by an NMR experiment in which the tetraol

was dissolved in DCE-ds and 1M TfOD to give a dark green solution. NMR analysis was carried

19



HO O OH  PPA (1% v/v) HO O

oH H,0 (10% v/v) d
B —————————

DCE, reflux
24 hr
OH OH

68 73
97%

Scheme 18: Acid-catalyzed cyclization of tetraol to give spirocycle (73).

out immediately at room temperature to show very simple 'H and "*C spectra, with three unique
hydrogens and six unique carbons, Figure 10. These data support the formation of the highly
symmetrical 4,8,12-trihydro[3]triangulenium ion (74) (Scheme 19). DFT computations using the
wB97X-D/6-31G* level of theory predict this structure to have Dsn symmetry, and the calculated
chemical shift of the central cation (173.8 ppm) is in good agreement with the experimental
value (168.7 ppm). It should be noted that when triol (70) or spirocycle (73) were used in the
same experiment, the same cation was observed, indicating a similar mechanism of cyclization.

In all cases, samples of the cation were stable for over 24 hours in DCE-d4/TfOD solution.

1
x 1M TfOD H NMR (ppm)
8.11 (triplet, 3H)
DCE-d4 7.90 (doublet, 6H)
RT 5.03 (singlet, 6H)
OH X = OH, H, or Spirocycle 74
68,70, or 73

Scheme 19: NMR experiment for cyclization of alcohol precursors.

UV-vis experiments carried out in collaboration with Katelyn Wentworth provided more
evidence for the proposed structure of 74. The spectrum showed a pair of absorption bands
(Amax = 404.5 and 463.5 nm) (Figure 6). This can be compared to the well-known triphenylmethyl

cation (75), which also has two has two absorption bands with Amax = 411.5 and 433.5 nm.
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triangulene system due to its planar structure. This is not found in the trityl cation 75, which
adopts a propeller conformation.
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predict the relative intensities of these absorption bands but overestimate their excitation

6.0

5.0:

Tetracatipn_Abs320-§OOnrr] : Multiple Transmission Scan

74

404/5

4635
|

350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Absorbance/10™!

Triphenylmethylcation_Abs320-800nm : Multiple Transmission Scan

ON®

75

9.0 4115,
4335

8.0

7.0

6.0

5.0

4.0

3.0

2.0

350 400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 6: Absorption spectra for triangulene cation (74) and trityl cation (75).

The red shift of 74 relative to 75 can be explained by enhanced conjugation of the

47

In both cases, the two absorption bands arise from

energies. This has previously been observed for carbocations of PAHs*®,
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cuvette was placed in the spectrofluorometer, and an emission map scan was run using five

wavelengths. These wavelengths were chosen based on the A, this wavelength, and 10 nm
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Figure 7: Emission map scan of triangulene cation (left) and fluorescence lifetime experiment (right).

The solutions used in the UV-Vis measurements were also used for fluorescence. The

21



and 20 nm above and below it (Figure 7). The wavelength producing the maximum emission
was used for generating the reported emission scan (Figure 7). For emission measurements,
the sample was loaded into the instrument with a light blocker behind it, and a 405 nm laser was
used as a light source. A lifetime measurement was run over 45 min. Following the acquisition
of data, an IRF function was added by generating an experimental deconvolution fit. Tau values
were guessed for a polynomial series to generate the lowest value X? for the best fit. This study
gave a fluorescence lifetime of ~5 ns for the triangulenium cation and showed significantly
stronger fluorescence relative to the trityl cation, (Figure 8). Enhanced fluorescence emission is
attributed to the rigidity of the triangulenium cation induced by its more planar structure. The
observed fluorescence lifetime is lower than that found for similar heterocyclic triangulenium

salts (~20 ns),?” but could be improved by the addition of substituents.?

Triphenylmethylcation_400nm_EmScan1 : Emission Scan Tetracation_400nm_EmScan1 : Emission Scan
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-y 70 0
4.0¢ | ‘ 1 3.0

3.5} ! 75 | 74

25
3.0

Counts/103
Counts/10°

20
25

1.5
2.0

1.0
1.5}

0.5
1.0}

450 500 550 600 650 700 750 800 500 550 600 650 700 750 800
Wavelength/nm Wavelength/nm

Figure 8: Emission scans comparing trityl cation (75) (left) and triangulene cation (74) (right).

With the triangulenium cation fully characterized, the next goal was to quench the cation
and optimize the synthesis of dihydrotriangulene. To accomplish this, a variety of quenching
conditions were used (Scheme 20), to give di- and tetrahydrotriangulenes (Table 2). The initial
quenching conditions involved adding a solution of the cation (74) into saturated aqueous
NaHCOs. After purification, the product was found to contain tetrahydrotriangulene (76, 27%)

and dihydrotriangulene (16, 53%), with the remaining 20% believed to be a complex mixture of
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Scheme 20: Cation conversion to dihydro- and tetrahydrotriangulenes.

6

7

Reduction

ver 71 76 16 Total Yield
Conditions
Et;SiH/DCM 38% 9% 49% 96%
sat. NaHCO3 - 27% 53% 80%
EtsN/DCM - - 66% 66%

Table 2: Isolated yields of dihydro- and tetrahydrotriangulenes

oligomeric products. Formation of the tetrahydrotriangulene 76 was unexpected. This novel
compound resembles olympicene (31) in structure®? but has an additional saturated ring on top.
The di- and tetrahydrotriangulenes are isolable through column chromatography, but only with
difficulty and often more than one column. A different quenching reagent was required in order
to generate the dihydrotriangulene selectively. For this, a dilute solution of triethylamine in DCM
was used. The rationale was to exclude aqueous solvents which can facilitate rearrangements
and thus give unwanted side products. These quenching conditions were selective for
generating 1,8-dihydrotriangulene (16) exclusively in 66% isolated yield. 1,8-Dihydrotriangulene
is a known compound,"” but has only been made previously using the Clar route™ through
reduction of the diketone precursor (8). In modern attempts of this synthesis, researchers are
only able to achieve a 5% overall yield on a milligram scale to give a mixture of inseparable
isomers in six linear steps.’™ Our synthesis involves four steps with an overall yield of 53% to
give one isomer exclusively, and it can be run on a multi-gram scale, making it the current best
synthesis of 1,8-dihydrotriangulene, a known triangulene precursor. Furthermore, our route

provides a unique opportunity for facile substitution of triangulenes at the 4,8,12-positions by the
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addition of organolithium reagents to the trialdehyde (77) before cyclization (Scheme 21). This is

easily made by oxidation of 70 with PCC.

o
HO OH  Sjlica Gel

H NaOAc
—_—
DCM, RT
1hr
OH
70 77 78

91%

Scheme 21: Oxidation of triol (70) for facile substitution of triangulenes.

In a third quenching experiment using triethylsilane, a mixture of three triangulenes was
observed with an isolated yield of 96%. In this case, the olympicene-like triangulene (76, 9%)
and 1,8-dihydrotriangulene (16, 49%) were formed in addition to a new tetrahydrotriangulene
(71, 38%) all of which were separable by column chromatography. DFT calculations predict this
structure to be moderately bowl-shaped (Figure 9). '"H NMR supports the proposed structure
with the central methine hydrogen appearing as a quartet (J = 5.5 Hz) due to long-range
coupling with the three pseudoaxial methylene protons. Similar °J homoallylic coupling has been

observed in 1,4-cyclohexadienes.*

Figure 9: Bowl-shaped tetrahydrotriangulene (71).

Dihydrotriangulenes are known to readily undergo air oxidation,"'* but their oxidation
products have not been well-characterized, and the oxidation of tetrahydrotriangulene (76) has

not been previously studied. In a simple experiment, a pure sample of 76 was dissolved in DCE
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and allowed to stir while being exposed to air overnight. The characteristic yellow-green color of
the tetrahydrotriangulene changed to bright red (Scheme 22), indicating that oxidation had taken
place. '"H NMR analysis of the crude reaction mixture showed the formation of the olympicene
ketone (10) in a 1:5 ratio relative to its tetrahydrotriangulene precursor as well as a complex
mixture of decomposition products. Surprisingly, this same ketone was described by Clar as an
oxidation product of 4,8-dihydrotriangulene (9); however, no mechanistic rationale of this
product formation was provided." Similarly, we find that a triangulene diketone (79) can be
synthesized from dihydrotriangulene (16) by simple exposure to air. This is a slow process, with
only low conversion over 24 hours. In an unusual reaction, this can be prepared more efficiently
using an excess of TEMPO as an oxidant to give the diketone as a dark red solid (44%),

(Scheme 23).

Scheme 22: Air oxidation of olympicene tetrahydrotriangulene (76) to olympicene ketone (10).
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TEMPO
—_—
benzene
RT, 1hr

44%

Scheme 23: TEMPO oxidation dihydrotriangulene to diketone (79)

Experimental and Computational Models for Triangulene Interconversions in Acidic
Media

The formation of the olympicene-like tetrahydrotriangulene (76) cannot be explained
using a simple rearrangement mechanism because it is not isomeric with dihydrotriangulene.
Therefore, a more intricate pathway to the observed products must be envisioned. The
triangulenium cation (74) is the expected product from the complete cyclization of the tetraol
(68). Scheme 24 shows the likely interconversions involved in going from the central
triangulenium cation (74) to the olympicene tetrahydrotriangulene (76) through a series of
proton and hydride transfers. In this scheme, isomers are labeled and color-coded in order to
make comparisons easier. All free energy calculations were performed using the
IEFPCM(DCE)/B3LYP/6-31+G(d,p) level of theory using both Spartan®® and Gaussian 09.5'

Starting with triangulenium cation (74), simple hydride addition gives the bowl-shaped
tetrahydrotriangulene (71). In the other direction, initial deprotonation gives 4,8-
dihydrotriangulene (9) which, through the loss of a hydride, gives C4 protonated triangulene
(80). Hydride addition to this gives the observed neutral 1,8-dihydrotriangulene (16). Protonation
of the vinyl carbon gives a high energy intermediate cation (81) which, after hydride addition,
gives the neutral olympicene tetrahydrotriangulene (76). This neutral species can undergo one
final loss of hydride to give the olympicenium cation (82). When comparing the relative free

energies of neutral C2;:H16 isomers, it becomes clear that the bowl-shaped tetrahydrotriangulene
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82 C22H15+ Gre| =0.0 76 C22H16 Gre| =0.0

Scheme 24: Interconversions of neutral and cationic triangulene species, with relative free energies (kcal/mol).

(71) is not the thermodynamically favored product and should rearrange to the more stable
olympicene tetrahydrotriangulene (76). Despite this, the bowl-shaped tetrahydrotriangulene is
observed experimentally. Structure 71 is likely the kinetic product of hydride addition to 74.
Another factor is that the reaction must go through high energy cationic intermediate (81) to get
to 76. 1,8-dihydrotriangulene (16) cannot be compared to these compounds because they are
not isomeric; however, it must be relatively stable because it is the major product in all
experiments tested. Surprisingly, 4,8-dihydrotriangulene (9) was not observed in any
experiments. This isomer is predicted to be relatively close in energy to 1,8-dihydrotriangulene
(AG = 3.2 kcal/mol). 4,8-Dihydrotriangulene (9) is likely too acid-sensitive to be observed in this

experiment because of facile protonation to the anthracene group.
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NMR Experiments for Further Mechanistic Understanding

TfOD (50eq.)
_— + +
80 82

9% 3% 88%

O‘O +

80 82 74
0% 8% 92%

Scheme 25: Triangulene cation distribution in 50eq. TfOD.

More in-depth NMR experiments revealed that when neutral dihydrotriangulene (16) was
exposed to deuterated triflic acid (Scheme 25), a variety of cationic intermediates could be
observed. Furthermore, the presence and relative amounts of these intermediates were found to
be dependent on both the concentration of triflic acid as well as time spent in solution. For
example, when dihydrotriangulene (16) was reacted with a large excess of TfOD (50 eq.), the
initial product mixture contained protonated triangulene (80, 9%), olympicenium cation (82, 3%),
and triangulenium cation (74, 88%) as the major product (Scheme 25). When this same solution
was held at room temperature for three days, the protonated triangulene (80) disappeared, and
only cations (82, 8%) and (74, 92%) remained.

When dihydrotriangulene (16) was reacted with only 5 eq. of TFOD the initial product
mixture did not contain any protonated triangulene (80), but instead only showed cations (82,
60%) and (74, 40%). When this solution was held at room temperature for three days, the
triangulenium cation 74 disappeared, and only the olympicenium cation 82 remained (Scheme
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77 82 74
100% 0%

Scheme 26: Triangulene cation distribution in 5eq. TfOD.

26). The same olympicenium cation can be made quantitatively by the reaction of neutral
triangulene 76 with triflic acid and is stable in solution for over two months. During the same two
month period, a pure solution of the cation (74) converted ca. 66% to the olympicenium cation
(82). This is consistent with calculations that predict the olympicenium cation (82) as the most
stable Cx2H15" isomer. A summary of these results is provided in Table 3. The identity of these
cationic intermediates is supported by NMR DFT calculations at the wB97X-D/6-31G* level of

theory, which match well with experimental results (Figures 10 — 13 and Tables 4 - 8).

Relative % by '"H NMR
Days

80 82 74
50 eq 0 9 % 3 % 88 %
TfOD. 3 - 8 % 92 %
60 - 66 % 34 %
5 eq g - 16000"@ 40 %

R A R

TfoD 60 - 100 % -

Table 3: Relative amounts of triangulene cations determined by 'H NMR.
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Figure 11: '*C NMR of triangulene cation (74) compared to computations.
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Figure 12: '"H NMR of triangulene cation (82) compared to computations.
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S(ppMm)exp. | S(PPM)ca. | m | #H | Assignment | Ad (ppm)
8.12 8.43 t 3 A 0.31
7.90 8.01 d 6 B 0.11
5.05 4.90 s 6 C 0.15

Table 4: Comparison of '"H NMR results for triangulene cation 76.

S (PPM) exp. S (ppm) cal Assignment AS (ppm)
168.7 173.8 F 5.2
146.7 147.8 C 1.1
138.8 1414 A 2.6
128.5 128.4 B 0.0
123.1 124.5 E 1.4
36.1 35.5 D 0.6

Table 5: Comparison of *C NMR results for triangulene cation 76.

S(ppMm)exp. | S(PPM)ca. | M | #H | Assignment | Ad (ppm)
10.18 10.03 s 1 G 0.15
9.27 9.36 d 2 D 0.09
9.27 9.35 d 2 F 0.08
8.67 8.74 s 2 C 0.07
8.50 8.65 t 2 E 0.15
3.54 3.58 t 4 B 0.04
2.38 2.39 p 2 A 0.01

Table 6: Comparison of '"H NMR results for triangulene cation 82.

S (ppM) exp. | O (PPM) ca. | Assignment | Ad (ppm)
157.2 162.5 M 53
149.7 152.5 F 2.8
145.6 148.0 H 2.4
140.8 145.6 I 4.8
138.9 141.1 C 2.2
135.2 137.8 D 2.6
131.2 130.0 G 1.2
130.8 129.2 E 1.6
130.2 128.7 L 1.5
128.7 125.0 K 3.7
123.3 1234 J 0.1
30.9 30.7 B 0.2
22.4 21.4 A 1.0

Table 7: Comparison of *C NMR results for triangulene cation 82.

S(ppMm)exp. | S(PPM)ca. | m | #H | Assignment | Ad (ppm)
9.54 9.41 s 2 C 0.13
9.40 9.39 d 2 B 0.01
8.45 8.41 t 1 A 0.04
8.37 8.51 d 2 D 0.14
8.02 8.47 d 2 F 0.45
7.96 8.31 t 2 E 0.35
5.23 5.23 s 2 G 0.00

Table 8: Comparison of '"H NMR results for triangulene cation 80.
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Computational Study of Triangulene Isomers

Although the NMR experiments and cation quenching experiments were able to identify
several triangulene species, there are many more that remain elusive. Computations were once
again used in order to help understand why these compounds were not observed. The results
from these studies are summarized in Figures 14-19, where the relative free energies for each
isomeric species of protonated and neutral triangulene can be compared. In each figure,
aromatic cores are highlighted to help qualitatively rationalize their relative stabilities. For all
experiments to date, no pentahydrotriangulene cations (PHCs) were ever observed. In order for
any of these species to exist, a neutral tetrahydrotriangulene (THT) (Figure 15) would have to
be protonated to give the respective cation. A comparison of these PHCs can be seen (Figure
14), where the two highest energy species PHC1 and PHC2 involve protonation of the bowl-
shaped THT1 (71) to give an allylic cation. This type of protonation is disfavored because it
breaks the aromaticity of one of the benzene rings and isolates the cation. The lowest energy
isomer is PHC4, which involves the protonation of THT4 (76). This again disrupts the
aromaticity of the aromatic core, but in this case, the cation can be stabilized by the
benzene/naphthalene rings that remain. Even so, this cation is not observed experimentally,
indicating that protonation of THTs is a disfavored process; instead, hydride removal to give

trihydrotriangulene cations (THCs) (Figure 16), is much more favored.

H H

Figure 14: Relative free energies of pentahydrotriangulene cations (kcal/mol).
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THT1 THT2 THT3 THT4
16.9 32.6 16.4 0.0

Figure 15: Relative free energies of tetrahydrotriangulenes (kcal/mol).

When comparing the relative energies of tetrahydrotriangulenes (Figure 15), the highest energy
species is THT2. This involves hydride addition to the apex carbon of THC1 to give only two
isolated benzene rings in the product. The only two THTs observed experimentally were THT1
(71) and THT4 (76). Although THT3 is slightly lower in energy relative to THT1, it can only be
formed by protonation at the 4-position of the anthracene core of 4,8-dihydrotriangulene to give
THC 2. This is much less favored than protonation at the 10-position to give THC1. The bowl-

H H

Figure 16: Relative free energies of trihydrotriangulene cations (kcal/mol).
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shaped THT1 (71) is 16.9 kcal/mol higher in energy than the relatively flat olympicene THT4
(76). The observed difference in energy is caused by a combination of reduced aromaticity and
the ring strain induced in THT1 that is not found in THT4. These factors are what make the
bowl-shaped triangulene challenging to synthesize and isolate experimentally.

The two lowest energy trihydrotriangulene cations THC1 (74) and THC4 (82) are the
only two observed experimentally. THC1 is the initial product observed from the cyclization of
the tetraol (68) in triflic acid but is slowly converted to THC4 over time, indicating that this cation
is a thermodynamic sink. THC7 is the highest energy isomer because it is the only species that
has an isolated cation devoid of resonance stabilization. The remaining THCs are relatively high
in energy due to unfavorable protonation sites of the anthracene core (THC2 and THCS), or
protonation of the comparatively stable 1,8-dihydrotriangulene (THC3). The latter is involved in
the proposed mechanism for the interconversions of triangulene cations and neutral species
(Scheme 24) and is likely the reason the conversion of THC1 (74) to the more stable THC4 (82)

is slow.

Figure 17: Relative free energies of dihydrotriangulenes (kcal/mol).
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The nomenclature for dihydrotriangulenes (Figure 17) is in reference to the numbering
system of triangulene (Figure 18, left), and indicates which positions are protonated. Certain
combinations of protonation sites lead to open-shell species (Figure 18, right); however, only
combinations that give closed-shell species were considered. The relative energies of these
isomers can be compared qualitatively by the type of aromatic core they possess. For example,
isomers with an anthracene core are highest in energy followed by those with a pyrene core.
The lowest energy isomers [1,8]- and [4,8]-dihydrotriangulene (16 and 9) have olympicene and

benzene/anthracene cores, respectively, and are the only isomers that have been observed.'"®

Figure 18: Numbering scheme for triangulenes and open-shell dihydro triangulene.

There are only two closed-shell isomers of monohydrotriangulene, and they are very
similar in energy with a difference of ~2 kcal/mol (Figure 19). Surprisingly, only MHC1 (80) was
observed experimentally, which is also used as part of the interconversions (Scheme 24). This
is the only case in which the lowest energy isomer was not observed experimentally; however,

they are very close in energy. Comparing the relative energies of triangulene isomers helps

MHC1* MHC2*
1.84 0.0

Figure 19: Relative free energies of monohydrotriangulene cations (kcal/mol).
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explain why only specific isomers are observed experimentally and why others are too high in
energy to be formed or are so unstable that they are not observed in the lifetime of the

experiment.

Experimental Studies of Triangulene in Solution

The diradical of unsubstituted triangulene has only been isolated on a surface using
microscopy techniques,’ and there is limited information regarding its generation and properties
in solution. In order to investigate these properties further, an NMR experiment was set up in
which a solution of 1,8-dihydrotriangulene (16) in CDCIz was oxidized with p-chloranil (Scheme
27). Upon addition of the oxidant, the bright yellow-green solution instantly turned dark blue.
The sample was then immediately analyzed by '"H NMR to show the complete disappearance of

starting material and the formation of reduced p-chloranil (83) as the sole material in solution.

— - 2®
OH
Cl Cl
p-chloranil
—_— + ——> Oligomers
CDCl3, RT cl al
L . OH
16 2 83

Scheme 27: Chemical oxidation of dihydrotriangulene and formation of oligomers.

This sample was condensed to give a black solid, which was subsequently analyzed by
LDI-TOF spectrometry. The sample was dissolved at 1 mg/mL in dichloromethane and
deposited neat on a polished steel MALDI plate. The LDI analysis was carried out on a rapifleX
TOF/TOF mass spectrometer (performed by Dr. Sergei Dikler, Bruker Scientific, LLC, Billerica,
MA). The spectra were acquired in reflector mode with 4000 laser shots per spectrum in the
mass range 0-2200 Da to give a complex spectrum shown in Figure 20. This is believed to

represent higher-order oligomeric products of triangulene.
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Figure 20: LDI-TOF spectrum showing complex mixture of higher order oligomers.

In a second study, the oxidation of 1,8-dihydrotriangulene (16) was monitored by UV-vis
spectroscopy. Pure samples of dihydrotriangulene and p-chloranil in DCM were analyzed
individually (Figure 21). In the case of dihydrotriangulene, there can be seen two large
absorbance bands (Amax = 258 and 318 nm), as well as several vibrational bands ranging from
380 to 482 nm, as is typical for polycyclic aromatic hydrocarbons.' p-Chloranil on its own only

has two broad absorbance bands (Amax= 300 and 374 nm).

DHT_Transmission (p-Chloranil) : Multiple Transmission Scan p-Chloranil Transmission : Multiple Transmission Scan
L1
318 300
2.0
2.0¢ 258 |
2 * 2
T 15 e 15
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@ @
£ - 2
g 10 g 10 —
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< <
374
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Figure 21: Transmission spectrum of dihydrotriangulene (left) and p-chloranil (right) in DCM.
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Figure 22: Transmission spectrum of oxidized 1,8-dihydrotriangulene (left) and after one day (right) in DCM.

When the two were combined a dark green solution resulted and a new broad band at
628 nm was observed (Figure 22). This new band is not likely to be the triangulene diradical but
more likely some form of radical cation intermediate. When the solution is left to stand overnight,
the color turned brown, and the intermediate peak disappeared. These preliminary results
support the idea that triangulene is a highly reactive species that requires some method of

chemical taming in order for it to be observed in solution.

Efforts Towards the Synthesis of Bitriangulenes

4.4-Fusion of two [3]triangulens would yield bitriangulenes. Preliminary calculations
support a twisted geometry and a high-spin quintet ground state with four unpaired electrons.
We have made progress towards the synthesis of bitriangulenes. Using a route similar to what
was initially proposed for the synthesis of triangulene, bis-organolithium addition of the allyl-
protected diol 58 to bianthrone could be an easy way to generate tetraol (89), as a bitriangulene
precursor (Scheme 29). In theory, an acid-catalyzed cyclization of the tetraol would give the
bitriangulene after quenching. Rearrangements of the triangulene core are likely to occur,
prompting the question of which bitriangulene isomer will be favored. DFT calculations predict a
non-planar ground state geometry, which should help in the solubility of the hydrocarbon and

intermediates. The tetraol precursor was synthesized beginning with a literature procedure for
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Scheme 28: Synthesis of bianthrone.

the two-step synthesis of bianthrone (86, 53%) from 9-anthrone (84) (Scheme 28).%2

From there, an excess of lithiated allyl-protected diol (568) was added (Scheme 29) to
afford a mixture of diol sterecisomers (87). This was subjected to the reductive aromatization
conditions to give the bianthracene core (88, 41%), then deprotected to give the desired tetraol
(89, 46%). At this point, we are unable to complete work on this chemistry. DFT computations
using the IEFPCM(DCE)/B3LYP/6-31+G(d,p) level of theory predict the aromatic dication (91)
as a ground state triplet and is 8.7 kcal/mol lower in energy than the singlet dication. Because of
this, cyclization of the tetraol with triflic acid is likely to cause oligomerization of the product. To
prevent this, the reactive cites could be blocked with bulky substituents. This could be
accomplished by PCC oxidation of tetraol 89, followed by addition of an organolithium reagent
and cyclization to give hydrobitriangulene precursors. The hydro precursors could be a cleaner
way to observe the cation in solution. They should be more soluble than the tetraol, and the
cyclization and cation formation occurs in two separate steps which should limit oligomer

formation.
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Scheme 29: Synthetic route towards bitriangulene.

Conclusions

This work describes an efficient synthesis of 1,8-dihydrotriangulene (16), a known-
triangulene precursor, that is scalable to multi-grams and selective for only one isomer. Through
acid-catalyzed NMR experiments, several cationic intermediates of triangulene were identified
that have not been previously observed. The structures of these intermediates were supported
by DFT computations and provided some mechanistic insight for how these unprecedented
interconversions occur. In addition, a novel bowl-shaped tetrahydrotriangulene was synthesized

by the capture of the triangulene cation with triethyl silane. Solution phase experiments for the
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oxidation of dihydrotriangulene with p-chloranil gave a product that was initially NMR-silent, and
analysis of the reaction mixture by LDI-TOF spectrometry indicates the formation of higher
molecular weight triangulene oligomers. These results support the formation of a highly reactive
paramagnetic intermediate that is kinetically unstable in solution. Additionally, a potential

bitriangulene precursor was synthesized and characterized.
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Chapter Il. Electrochemical Study of Dihydrotriangulene

Introduction

Although the synthesis of dihydrotriangulene (16) has been known for years' there have
been no studies into its electrochemistry. Examples in the literature only cover substituted
versions of trioxotriangulenes (Scheme 5)."'2° |n these studies, four reversible redox waves

were observed, including the formation of a trianionic diradical (22) and a central radical (20).

Scheme 30: o-Dimerization of the unsubstituted phenalenyl radical (1).

The central radical was found to be in equilibrium with a 1-dimer (18), but no polymerization
was observed. o-Dimerization of this radical is only observed after several weeks in solution.
Similarly, the phenalenyl radical is known to dimerize to peropyrene (93) through a o-

) 16,53

dimerization pathway (Scheme 30 °> Formation of the Tr-dimer for the phenalenyl radical is

95

Scheme 31: 11-Dimerization of the substituted phenalenyl radical (94)
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only observed when the apex positions are heavily substituted with tert-butyl groups (Scheme
31).%® The dimer formation was confirmed using cold-spray ionization MS as well as
temperature-dependent NMR, which showed well-resolved peaks at 180 K. These findings, as

well as computational models,®’:%

imply that the mode of dimerization observed is dependent on
the degree of substitution in the phenalenyl system.

Other PAHs such as naphthalene and phenanthrene undergo single irreversible
oxidations, due to the formation of a dimer. In contrast, pyrene readily oligomerizes, as evident
by a significant increase in current and a lowering of pH.%° Similar modes of dimerization and
polymerization are possible in unsubstituted triangulene, but only computational models are
available as evidence.®®®" The most reactive sites of triangulene are the a- and y- positions
(Figure 23), which makes them the most likely sites for dimer/oligomerization. DFT
computations suggest that o-dimers are more stable than 1-dimers by ~6 kcal/mol, and of the
possible options the yy-dimer is lowest in energy. Furthermore, the most stable singly-bound o-

dimer has a low-lying triplet state (2.5kcal/mol), which would facilitate the oligomerization of

triangulene.

~ 7N l/ - ~.,_-c\' Y T :

Figure 23: o-dimerization of the triangulene diradical.

Research Objective

With pure samples of 1,8-dihydrotriangulene, the electrochemical properties of this
fascinating molecule can be probed for the first time. This work aims to understand the types of

redox reactions dihydrotriangulene undergoes. In order to support these claims, DFT
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computations run at the IEFPCM(acetonitrile)/B3LYP/6-31+G(d,p) level of theory are used to

compare the relative energies for a variety of triangulene species and likely intermediates.

Results and Discussion

Electrochemistry of Dihydrotriangulene

One of the major advantages of our synthetic route to dihydrotriangulene (DHT) is that
one isomer can be preferentially made when triethylamine is used as the quenching reagent
(Table 2). This is not true of any other current synthesis, which typically generates an
inseparable mixture of 1,8- and 4,8-dihydrotriangulenes. The following electrochemical
experiments were done in collaboration with Zane Thistleford. A pure sample of 1,8-
dihydrotriangulene was prepared inside a glovebox to avoid oxidation. The sample was diluted
to 1 mM in degassed anhydrous acetonitrile with 0.1 M n-BusPFs as the supporting electrolyte
under an atmosphere of N2. The electrochemical apparatus contained a glassy carbon working
electrode, sheathed platinum wire counter electrode, and a 0.01 M Ag/Ag+ pseudo reference
electrode with ferrocene added as an internal reference.

The sample was analyzed first using linear sweep voltammetry (LSV) both in the positive
(0 — +2 V) and negative (0 — -2 V) directions (Figure 24). This type of experiment involves
changing the potential between the working electrode and reference electrode linearly in time

while measuring current. Oxidation and reduction events are observed when the current
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Figure 24: Oxidation LSV (left) and reduction LSV (right).
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Figure 25: Scan rate dependence of 1 reduction

changes relative to the starting potential. In each LSV, three clear redox events were observed.
When the potential was swept from 0.0 — +0.8 V, the first oxidation event is seen more
clearly (Figure 25). The oxidation is irreversible and the anodic peak potential (Era) varied from
+0.52 V to +0.54 V when the scan rate was increased from 10 mV/s to 500 mV/s. The oxidation
observed is likely the removal of a hydrogen atom and electron from DHT to give the aromatic
mono-hydrotriangulene (MHT) cation. The two locations in dihydrotriangulene where removal of

a hydrogen atom is likely to occur are the 1- and 8-methylene hydrogens. DFT computations

Figure 26: HOMO (left) and HOMO (-1) (center) of DHT with a numbering scheme (right).
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MHT-8
3.0 kcal/mol 0.0 kcal/mol

MHT-1

Scheme 32: Removal of a hydrogen atom at 1- or 8-position to give MHT cations.

predict the HOMO of DHT partially localized on the methylene hydrogen in the 8-position
(Figure 26), making this hydrogen atom most likely to be removed first and therefore, the kinetic
product. The HOMO (-1) is 0.1 eV lower in energy partially localized on the methylene hydrogen
in the 1-position. The MHT cations that are produced by oxidation of DHT have an energy
difference of 3.0 kcal/mol favoring removal of the 1-hydrogen, making it the thermodynamic
product (Scheme 32). The observed shift in Epa is caused by the removal of the 8-hydrogen
versus the 1-hydrogen, which should require a higher potential to remove. When the scan rate
is slow (50 mV/s) the hydrogen in the 8-position is removed first favoring the kinetic product
when the scan rate is increased to 500 mV/s the higher potentials allow for removal of the 1-
hydrogen to give the thermodynamic product.

There are two possible pathways to get to the MHT cation: a concerted pathway in which
the hydrogen atom and electron are removed simultaneously, which is called a proton-coupled
electron transfer (PCET), or a stepwise route in which these two events occur separately as
electron then chemical reactions (EC) (Scheme 33). The fact that the oxidation event is
irreversible even at higher scan rates suggests the PCET mechanism for hydrogen removal.
Additionally, the DHT radical cation is 173 kcal/mol higher in energy than the neutral DHT and is
not likely to be stable. When the scan window is expanded (-0.2 — +0.8 V), the reduction of the
MHT cation is observed at -0.05 V (Figure 27). This reduction peak is not observed when the

maximum potential is set to +0.25 V (or) before the MHT cation is formed, indicating that this is
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Scheme 33: PCET vs EC routes to MHT cation.
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Figure 27: Formation of MHT cation and reduction to MHT radical.

a reduction of the newly formed MHT cation to give the MHT radical. Because this reduction is
not reversible, it implies that the MHT radical reacts too quickly to be oxidized on the reverse
sweep, likely due to the formation of a dimer. Oxidation of the dimer is not observed within this
scan window.

The second oxidation event occurs at +1.24 V (Figure 28) and is again irreversible.
Regardless of which MHT cation is formed in the first oxidation, the HOMO of each show

localization of electron density on the remaining methylene hydrogen (Figure 29). Therefore, the
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Figure 28: Second oxidation of DHT

Figure 29: HOMO of MHT-1 (left) and MHT-8 (right).

second oxidation is expected to be the removal of this hydrogen atom to give the triangulene
radical cation (Scheme 34). This generated species is expected to be highly reactive and likely

dimerizes immediately.

+1.54 V (Figure 30). This event can be explained by oxidation to the triangulene dication. The

oxidation can happen in one of two ways: direct oxidation of the triangulene
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Scheme 34: Oxidation of MHT cations to triangulene radical cation.

radical cation or by the formation of a dication dimer intermediate, which is then oxidatively

cleaved. Both pathways ultimately end up with the triangulene dication (Scheme 35).
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Figure 30: Third oxidation of DHT and HOMO of triangulene dimer dication.

The direct oxidation pathway is only a 1-electron oxidation, which should be reversible.
Oxidation of the dication dimer is a 2-electron process and is not expected to be reversible,
making this the more likely path to the triangulene dication. The HOMO of the dimer shows
electron density in the dimer bond (Figure 30) and is likely where the electrons are removed. In
either case, the dication that is formed does not persist long enough for its reduction to be
observed. It is 240 kcal/mol higher in energy than the radical cation and is chemically unstable.
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Scheme 35: Formation and 2e" oxidation of triangulene dimer.

The first reduction of DHT (Figure 31) appears as a broad peak on the first scan (-0.71
V) but increases in intensity on the second and third scans. Two oxidations are observed when
the potential is swept in the opposite direction, which again sharpens and intensifies with
successive scans. On the second and third scans, a 2e” reduction is observed at -0.61 V. The
first reduction can be explained by the addition of an electron into DHT to give the radical anion

(Scheme 36). Computations show the HOMO and the HOMO (-1) of the DHT radical anion on
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Figure 31: First reduction of DHT.
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Scheme 36: Reduction of DHT to MHT anions.

HOMO: -0.1 eV HOMO (-1): -2.6 eV
Figure 32: HOMO (left) and HOMO (-1) (right) of the DHT radical anion.

the methylene in the 1-position. This weakens the C-H bond, and the hydrogen atom is lost to
give the MHT anion. Because these two events occur as separate steps the loss of the
hydrogen atom occurs via an EC mechanism. The MHT anion is then oxidized to give the MHT
radical as an intermediate species (Scheme 37). The radical readily dimerizes and is seen as
two oxidation peaks (-0.34 V and -0.22 V). There are two oxidation peaks observed because the
two dimers that can form have an energy difference of 4.7 kcal/mol. The formation of the more
stable 1,1-dimer is observed at -0.34 V, and the 8,8-dimer formation is observed at the more
positive potential of -0.22 V. On the second and third scans, the sharp 2e™ reduction at -0.61V
represents cleavage of the dimer to give back the MHT anion. The LUMOs of each dimer are at

+0.4 eV and therefore are expected to be reduced at the same potential.
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The second reduction of DHT occurs at -1.21 V and is irreversible (Figure 33). This
reduction is caused by the addition of an electron into the MHT anion followed by loss of a

hydrogen atom to give the triangulene dianion, which is expected to be an irreversible process

[1.1] [8,8]
0.0 kcal/mol 4.7 kcal/mol
LUMO: 0.4 eV LUMO: 0.4 eV

Scheme 37: Oxidation of MHT anions and 2e- reduction of dimers.

(Scheme 38). This likely follows a PCET mechanism for hydrogen atom removal, but no scan
rate dependence study was done to confirm this.

It is unclear what the third reduction at -1.80 V represents. In the LSV scan (Figure 24)
this reduction can be seen very clearly. However, after further scans, this reduction becomes

much broader and less apparent (Figure 33). It is possible that this is an impurity or reduction of
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some dimeric species still in solution. Under these experimental conditions, the formation of the

triangulene diradical was not observed.
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Figure 33: Second reduction of DHT.

Triangulene Dianion

Scheme 38: Reduction of MHT anions to triangulene dianion.

Conclusions

The electrochemical properties of 1,8-dihydrotriangulene have been explored for the first
time. This study revealed several redox events, all of which were found to be irreversible. This
indicates that the intermediates formed are too reactive to be observed on the reverse sweep or

that they undergo a chemical change that is not reversible by electrochemical means. The

56



assignments of these events are supported by DFT computations, which help identify which
pathways are most favorable and, therefore, most likely to occur. In order to assign each event
with confidence, additional experiments would be required. These could include simultaneous
UV-vis monitoring of the redox processes, concentration-dependence experiments, and SEM

analysis of the working electrode post-experiment to see if any oligomeric product is generated.
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Chapter lll. The Victorene Series

Introduction

As our triangulene project evolved, we envisioned a related series of topologically
interesting structures which can be conceptually derived from phenalene by growing rings along
two faces, or from triangulene by carving out one side and the center ring. This concept is
illustrated in Figure 34 starting with [4]triangulene and removing two carbons and three rings.
When flipped on end, the resulting structure is V-shaped; herein, we refer to these structures as
"victorenes". Viewed as phenalenyl homologues, the victorenes should not have a simple
Kekulé aromatic structure. As illustrated for [3]victorene (96), the odd carbon marked by an
asterisk can either be a methylene, radical, cation or anion. Also by analogy to phenalenyl, both
the cations and anions in this series are likely to be aromatic. The structure can be symmetrical

or unsymmetrical, as illustrated for structures 96 — 99. It is also noteworthy that victorenes will

B

[4]triangulene ring system [4]victorene ring system

o % OF %y

Figure 34: The [n]victorene series.
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possess non-planar geometries due to crowding of the internal hydrogen atoms. This will lead to
restricted rotation and give inherent chirality to the structure.®>® This feature makes victorenes
physical properties and characteristics similar to that of helicenes and should lead to enhanced
solubility relative to planar PAH molecules®®® A strategy for creating a larger barrier to
racemization is shown below.

Little is known about the victorene ring system. In the most recent study, the potential
for open-shell character was exploited in the synthesis of 102. A 90 degree clockwise rotation
shows that this is a benzannelated [3]victorene (Scheme 39).%°

Ph Ph

O‘ Br O‘ Ph . O‘ Ph
11 Steps O p-chloranil O
_— —_—
benzene
9O oo
Bu ‘Bu

100 Ph Ph

101 102

Scheme 39: Synthesis of chirally pure helicene radical (102)

In this study, an enantiopure helicene (100) was used as the starting material in order to
preserve chirality in the final product. This was the first example of a neutral open-shell
hydrocarbon that possesses helical chirality. The compound had to be heavily substituted in
order to avoid dimerization, which was observed even in the monosubstituted product. To date,
there is very little known about the victorene series, and aside from the first unsymmetrical
example in the series (98), which has been well-studied, only the [3]victorene (96) has been
synthesized. This compound was first described by Scholl in 1931,% but was first synthesized
by Clar and Stewart in 1952. They synthesized it by reduction of its ketone precursor in 8%
overall yield.?” Samples from this study were provided to further assess the compound’s
electrochemical and optical properties in a separate experiment.%® The only other reference to
this compound’s synthesis is from a Korean patent where it was one out of more than 500
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compounds allegedly prepared to determine their electroluminescent properties.®® It should be
noted that the researchers in this study did not investigate hydrocarbon (97) on its own, but
instead substituted it further for testing. In no experiments were [3]victorene’s NMR properties
given, nor its cationic properties explored. Only minimal computational details of the [3]victorene
cation species are known, where its electronic properties were compared the phenalenyl
cation.”® This unique class of molecules and contorted PAHSs, in general, have potential for use

71,72

in applications such as asymmetric catalysis, polarized light-emitting diodes,”>™ field-effect

7576 and as semiconductors.”’

transistors,

The fusion of two victorenes yields a more ordinary Kekulé aromatic structure. Most
research has focused on the synthesis and applications of a fused divictorene, which can also
be thought of as a tribenzopyrene (Figure 35). This compound is unique in that it possesses two
regioisomers that are the product of syn- versus anti-addition to the anthracene core. Clar
performed the first synthesis of the syn-regioisomer 54 in 1951, but only with a 0.5% overall
yield.* Forty-three years later, a new synthetic route was applied to gain an increase in overall

yield to 21%. In addition, this same route was attempted for the synthesis of [3]victorene (96)

but ultimately failed.*° In that time, there were several studies run to assess the physical

Figure 35: Syn- and anti-regioisomers of fused divictorenes.

78-81

properties of the syn-tribenzopyrene (54) primarily using optical spectroscopy or

computations,® and it was discovered as a byproduct from the pyrolysis of anthracene.®® An in-
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depth computational study of the syn-regioisomer compared the energy differences of
distortions from C,, symmetry to either C, or Cs symmetries.®? Both were found to be
significantly lower in energy than the C,, geometry: AE C2v — C2 = -14.5 kcal/mol and AE C2v
— Cs = -19.1 kcal/mol, but the Cs geometry was favored by 4.6 kcal/mol. A Cs symmetric
transition state has been proposed as the favored route for racemization of some helicenes as

well 8485

Research Objective

There are very few examples of victorenes in the literature, which is surprising for such
an interesting molecular structure. The goal of this work was to devise a synthesis that makes
[3]victorenes and derivatives more readily accessible. Ideally, this synthesis would be modular
in order to facilitate the incorporation of functional groups to the victorene core to tune its
properties. In this work, the cationic properties of these victorenes are studied both

experimentally by '"H NMR and computationally.

Results and Discussion

Synthesis of Victorenes

Initial studies of the victorene system focused on the synthesis of unsymmetrical
victorene (98). This was accomplished through Suzuki coupling of 2-bromobenzyl alcohol (103)
to 1-naphthylboronic acid (104) to give the alcohol precursor directly (105, 82%) (Scheme 40).
The alcohol was cyclized using FeCls to give a dark green solution which, after chromatography
was found to be a mixture of 5- and 6-membered ring regioisomers (106 and 98) in a 2:1 ratio
respectively, as determined by 'H NMR. The regioisomers were not separable by
chromatography, and investigation of the victorene cation was not possible. The 5-memebered
ring product 106 can be made exclusively by reaction of alcohol 105 with PPA in the microwave.

DFT calculations predict the 5-membered ring product as being the favored product. The barrier
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B(OH), FeCl3
Pd(PPh3), OH or
K,CO3 PPA
+ —_— —_— +
OH MW 150°C .
EtOH, 30min
Br

103 104 105 106 2:1-FeCl; 98

82% 1:0 - PPA
Scheme 40: Unsymmetrical victorene synthesis

to cyclization of the benzyl cation to give the 5-membered ring regioisomer is 1.85 kcal/mol
lower in energy than that of the 6-membered ring isomer, and the cationic products are nearly

the same in energy, (Figure 36).

] o ]

0.0 kcal/mol -14.6 kcal/mol

) y

-14.9 kcal/mol

Figure 36: Barriers to cationic cyclization of 5- and 6-membered rings [[IEFPCM(DCE)/B3LYP/6-31+G(d,p)]-

According to computations, the victorenes should possess the property of helical chirality
in their ground state, much like helicenes. DFT computations predict the barrier to racemization
of the [3]victorene cation (96) as only 4.1 kcal/mol going through a C,, transition state (Figure
37). With this very low barrier the enantiomers will interconvert at room temperature. However, a

benzo[3]victorene cationic derivative (107) has a transition state that is significantly more

C2v

(P)-helicity 4.1 kcal/mol (M)-helicity

0 kcal/mol 0 kcal/mol

Figure 37: Racemization of [3]victorene cation (96) [[EFPCM(DCE)/B3LYP/6-31+G(d,p)].
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contorted, leading to a much higher barrier to racemization of 24.5 kcal/mol (Figure 38). At room
temperature (298K), a half-life of 29 h is predicted for racemization. These barriers to
racemization can be compared to [4]- and [5]-helicene. [4]-Helicene has a racemization barrier
of 3.5 kcal/mol going through a C., transition state, and [5]-Helicene has a racemization barrier

of 22.7 kcal/mol going through a Cs transition state (Figure 39).%°

j \
K ps = AN OO
(P)-helicit; TS (M)-helicity
0 kcal/mol 24.5 kcal/mol 0 kcal/mol

Figure 38: Racemization of benzo[3]victorene cation (107) [[IEFPCM(DCE)/B3LYP/6-31+G(d,p)].

Preliminary attempts to synthesize these [3]victorenes once again used Suzuki coupling,
but in this case, 9-anthraceneboronic acid was used. The coupling reaction failed, and only
protodeboronated and protodebromonated products were observed. These same results were

found in the initial route for triangulene (Scheme 10).

96 107 108 109
CZv C1 CZv cs
4.1 kcal/mol 24.5 kcal/mol 3.5 kcal/mol 22.7 kcal/mol

Figure 39: Predicted barrier to racemization of victorenes versus helicenes.

In order to generate the [3]victorene alcohol precursors, a new route was devised that
started with mono-organolithium additions of the allyl-protected bromobenzyl alcohols (66 and

113). The allyl-protected alcohol 113 was prepared in three steps (Scheme 41), beginning with
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—_— —_—
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75%

1.) NaH (60%w/w)

OO Ew— OO
_
OH ) allylbromide o\/\
2.

»), 0°C - RT
Br 24 Hr Br
112 113
96% 100%

Scheme 41: Synthesis of allyl-protected bromo naphthalene methanol (113).

the NBS bromination of 1-bromo-2-methylnaphthalene (110) in 75% vyield followed by
conversion to the alcohol using CaCOs3 (112, 96%), and finally reaction with allyl bromide to give
the allyl-protected alcohol (113, 100%). This, along with allyl-protected bromobenzyl alcohol

(66) were added to anthraquinone to give the [3]victorene (114, 48%, black) and benzol[3]-

1.) n-Bui, -78°C g O oR C O OR Nal
OR THF, 1hr OH LIA|H4 OH NaH2P02-H20
- —_— —_—
2.) anthraquinone THF, 2hr AcOH, reflux
Br -78°C, 1hr 0°C -RT 1.5hr
50°C 18hr

66, 113

(0] OH

114,115 116, 117
N] 48%, 45%

OO TfOH
Pd(PPh3), or
OR
cho3 FeCly
—_— Oligomers
MeOH 24hr DCE, RT

118, 119 120, 121
34%, 20% 78%, 93%

Scheme 42: Attempted [3]victorene and benzo[3]victorene synthesis.
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victorene (115, 45%, blue) aryl ketones, Scheme 42. The ketones were reduced to give a
mixture of diastereomers (115 and 116), reductively aromatized to give the anthracene core
(118, 34% and 119, 20%), and deprotected to give the alcohol precursors (120, 78%, 121,
93%).

Again, Lewis-acids known to facilitate benzyl cation formation and subsequent
intramolecular cyclization were used,*~*® but only oligomeric products and decomposed starting
materials were observed. The same was true when PPA and TfOH were used to promote the
cyclization. Anthracene is known to readily polymerize in acidic and Lewis-acidic media®
(Scheme 43), which is what seems to be happening in the victorene precursor as well since it
contains an anthracene core. In light of this, we envisioned a different route through the
intramolecular cyclization of an aldehyde precursor to yield a ketone which would effectively

block the reactive methylene site.

FeCI3
n ——————— H— —H
DCM, H,0

Scheme 43: Polymerization of anthracene under Lewis-acidic conditions.

This type of cyclization has been accomplished in similar biaryl systems through the generation
and cyclization of an acyl radical formed using tBuOOH,®” K»S,0s,%® or hypervalent iodine.®
However, before the cyclization conditions could be tested, the aldehyde precursor needed to
be synthesized. This was accomplished through PCC oxidation of alcohols (120 and 121) to
give aldehydes (122, 67% and 123, 65%). Surprisingly, a moderate amount of spirocyclic
product was also formed in the oxidation (124, 31% and 125, 35%) indicating that over oxidation
was occurring (Scheme 44). This type of oxidation is known to occur with acenes to quinones

under strongly oxidative conditions using chromium oxide.*
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oH Silica Gel 0
NaOAc Z

(0]
DCM, RT
1hr +
(0]
120, 121 122,123 124, 125
67%, 65% 31%, 35%

Scheme 44: PCC-oxidation of aryl alcohols 120 and 121.

Nevertheless, the desired aldehydes 122 and 123 were isolable through
chromatography and used for subsequent cyclization. The route chosen for the intramolecular
cyclization involved a catalytic amount of ferrocene and an excess of tBuOOH to give the
corresponding ketones in low yields (126, 36% and 127, 32%). This reaction is believed to pass
through acyl radical intermediates. Although the cyclization did not occur with an optimal yield, it
did provide a proof of concept that the ketone could be isolated without a large degree of
oligomerization. The idea was to reduce the ketone to the methylene and study its cationic

properties, but so little of the product was isolated that this experiment was never run.

T e O
tBuOOH (2.2eq)

CH3CN, 90°C

DO AN PO®

122, 123 126, 127
36%, 32%

Scheme 45: Intramolecular cyclization of aldehydes 122 and 123.

Another way to inhibit oligomerization of the anthracene core is to block this position with
a substituent. Ideally, this substituent would not have a significant electronic contribution to the

victorene core, so its cationic properties can be studied unperturbed. For this, the phenyl
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substituent was chosen. DFT calculations predict little electronic involvement of the phenyl

substituents because they are almost perpendicular to the victorene ring system.

1.) n-BulLi, -78°C oH o
- 0D U
> + +
2.) anthraquinone
-78° OH

78°C, 1hr
Br 50°C 18hr o]
129 130 131
7% 1% 14%

Scheme 46: Mono-addition of phenyl-lithium.

Initially, the mono-addition of phenyl-lithium to anthraquinone was attempted in the first
step, but only a 7% yield of mono-addition product (129) was isolated, instead preferring double
addition to give diol (130, 11%) and 9,10-diphenylanthracene (131, 14%) (Scheme 46).
However, when the bulkier allyl-protected bromobenzyl alcohols (66 and 113) were added first
(Scheme 47), mono-addition to anthraquinone is preferred (114, 40%, 115, 45%). After the first
organolithium addition, an excess of phenyl-lithium was added to give diols (132 and 133),
which were used without purification in the subsequent reductive aromatization to give the fully
aromatic compounds (134, 40% and 135, 24%). These were efficiently deprotected using the
standard palladium-catalyzed conditions to give each alcohol (136, 80% and 137, 88%). The
alcohols were then oxidized to their respective aldehydes using PCC (138, 65% and 139, 50%).
Surprisingly, a small amount of spirocycles (140, 9% and 141, 22%) formed even though a
phenyl substituent blocks the 10-anthracenyl position. The spirocycles were easily removed via
chromatography, and the pure aldehydes were used in the final organolithium addition of phenyl

lithium to give the diphenyl alcohol precursors in excellent yields (142, 95% 143, 97%).
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An NMR experiment was conducted where the diphenyl[3]victorene precursor (142) was
combined with 10 eq. of TfOD to generate the victorenium cation (144) in situ. The resulting

spectrum was a complex mixture that contained peaks indicating the formation of the desired

1.) n-BuLi, -78°C OO OR " _78°C, 1hr OR Nal

THF, 1hr OH 50°C, 18 hr. OH NaH;PO2+H0
: _——— —_—
2.) anthraquinone THF AcOH, reflux
-78°C, 1hr 1.5hr
50°C 18hr
66,113 OH
(e}
114, 115
N] 40%, 45%
132,133
OR _0
PCC
Pd( Silica Gel
K2CO3 NaOAc
MeOH 24hr DCM RT
reflux
134, 135 136, 137 138, 139 140, 141
40%, 24% 80%), 88% 65%, 50% 9%, 22%

OO 9 i Ie
PhLi
-78°C, 1hr
_50°C, 18hr. 10 eq. TfOD
—_—
THF DCE-d,
y J U
O - 144 N

142. 143 Mixed with Oligomers
95%, 97%

Scheme 47: Synthesis of diphenyl substituted victorenes.

cation as well as some form of oligomer. The representative cation peaks were, a pair of

doublets at 9.0 and 9.3 ppm that integrate in a 1:1 ratio. These protons are located on carbons
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1, 3, 8, and 9 (Figure 40, left), and agree very well with their predicted values of 9.0 and 9.2
ppm. The large degree of oligomerization observed in this experiment indicates that performing
the cyclization and cation formation in one step is not an optimal route to observing a clean
victorenium cation spectrum. Instead, initial cyclization of the benzyl alcohols affords

hydro[3]victorenes which could be used as cation precursors.

144

Figure 40: Numbering scheme for substituted [3]victorene (144) and benzo[3]victorene (145).

This type of intramolecular cyclization of benzyl cations is known to occur effectively
using BF3-Et,0 in similar polycyclic aromatic systems.*®°' Under these cyclization conditions,
the [3]victorene alcohol precursor (142) afforded two hydro[3]victorene isomers (146 and 147) in
a 3:1 ratio, respectively and 53% isolated yield (Scheme 48). The expected product from
immediate intramolecular cyclization is the 4-hydro product (146), which is observed as the

major product. DFT computations predict the 1-hydro isomer (147) as being 0.7 kcal/mol lower

BF3 OEt2 1 1H
+
DCM RT

142 146 3:1,53% 147

Scheme 48: Intramolecular cyclization of [3]victorene precursor (142).

69



0.0 kcal/mol 0.7 kcal/mol
i EI 11H i ‘
7H H H
16.6 kcal/mol 15.8 kcal/mol

Figure 41: Relative free energies of hydro[3]victorene isomers [IEFPCM(DCE)/B3LYP/6-31+G(d,p)].

in energy than the 4-hydro isomer, so it is not surprising that some rearrangement is observed.
The other potential hydro isomers (Figure 41) are ca. 16 kcal/mol higher in energy and are
therefore not likely to be observed under these conditions.

For the benzohydro[3]victorene isomers, the addition of the extra benzene ring breaks
the symmetry of the molecule giving rise to more theoretical hydro isomers (Figure 42). DFT
computations predict the lowest energy isomer as the 15H isomer; however, the expected
product from immediate cyclization is the 4H isomer, which is only 1.9 kcal/mol higher in energy.
Other isomers that are similar in energy include 1H and 3H, which are now different isomers
due to the broken symmetry. The remaining isomers have calculated free energies that are 17 —
27 kcal/mol higher in energy and are unlikely to be observed under the reaction conditions.
When the benzo[3]victorene was subjected to the cyclization conditions, a mixture of three
hydro isomers was isolated in 70% vyield. These were the 4H (148), 3H (149), and 1H (150)

isomers in a 16:1:1 ratio as determined by 'H NMR. The observed experimental results match
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1H 3H 4H
1.8 kcal/mol 1.7 kcal/mol 1.9 kcal/mol

12H 14H 15H
17.0 kcal/mol 17.8 kcal/mol 0.0 kcal/mol

Figure 42: Relative free energies of hydrobenzo[3]victorene isomers [IEFPCM(DCE)/B3LYP/6-31+G(d,p)]-

well with computations in terms of which isomers are favored with the exception of the 15H
isomer, which was not observed.

When each mixture of hydro isomers was subjected to the triflic acid NMR conditions,
complete conversion to the [3]victorene cations was observed (Schemes 50 and 51). Very little
oligomerization was observed in these experiments, confirming that the hydro[3]victorenes are
better cation precursors. 'H NMRs of the hydro[3]victorenes and resultant victorenium cations

are provided in Figures 43 — 46, with predicted NMR values of relevant peaks at the wB97X-D/
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Scheme 49: Intramolecular cyclization of benzo[3]victorene precursor.

| | _ ’
CH TfOD (10eq OO
- 144 -

Scheme 50: Generation of the diphenyl[3]victorenium cation (144).

6-31G* level of theory. In each NMR, the predicted values agree with the observed experimental
values. A mixture of isomers is clearly seen in both hydro[3]victorene spectra, but these
consolidate to one single isomer when TfOD is added, which is expected for the cationic
species. Furthermore, the methylene protons around 3.5 ppm disappear and a clear downfield
shift is observed for all protons indicating an electron-poor environment. Additionally, the peaks
that were attributed to the [3]victorenium cation (144) matched the ones previously observed in
the TfOD cyclization experiment (Scheme 47). This confirmed that the cation was indeed

formed in this experiment, albeit with a higher degree of oligomerization.
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Scheme 51 Generation of the diphenylbenzo[3]victorenium cation (145).

Conclusions

The synthesis of novel diphenyl-substituted [3]victorenes was possible by cyclization of
an alcohol precursor with BF3*Et>O. This chemistry was performed on both [3]victorene and a
benzo[3]victorene derivative to yield a variety of hydro[3]victorene isomers. The presence and
relative amounts of these hydro isomers are supported by DFT computations, which confirms
that only low-energy species are generated. The synthetic route can easily be modulated to
incorporate other functional groups at the 4- and 13-positions of [3]victorene, including
unsymmetrical versions that have two different functional groups. In this way, the victorenes
electrochemical properties can be readily tuned without changing the overall synthetic route.
The victoreneium cations can be formed directly by cyclization of their alcohol precursors in
triflic acid; however, a significant amount of oligomeric byproducts are formed using this
method. This oligomerization is avoided when the cyclization is performed as a separate step,

and the hydro[3]victorene is used as the cation precursor.
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Figure 43: '"H NMR of hydro[3]victorenes and predicted values.
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Figure 44: '"H NMR of diphenyl[3]victorene cation (144) and predicted values.
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Figure 45: '"H NMR of hydrobenzo[3]victorenes and predicted values.
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Figure 46: '"H NMR of diphenylbenzo[3]victorene cation (145) and predicted values.
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Chapter IV. Experimental

General Experimental Section

Solvents

Anhydrous solvents [diethyl ether, dichloromethane (DCM), and tetrahydrofuran (THF)],
passed through drying agent with nitrogen pressure, were obtained from an Innovative
Technology, Inc. Solvent Delivery System before use and stored over 4 A molecular sieves.
THF was purified further by distillation over sodium metal and benzophenone. Other solvents,
including 1,2-dichloroethane (DCE), hexanes, ethyl acetate, cyclohexane, benzene, and

methanol were purchased from EMD Serono, Inc. or Pharmco-AAPER.

Reagents

All reagents were received from commercial sources and were used as received unless
otherwise noted. Reagents were obtained from the following sources: Fisher Scientific (Acros),
Alfa Aesar, TCI America, Sigma-Aldrich, and Cambridge Isotope Laboratories. Note: Many of
the polycyclic aromatic hydrocarbons used here have some level of carcinogenicity. All

reactions were carefully conducted in a hood to limit exposure.

Reactions

Glassware and Teflon coated magnetic stir bars were dried in an oven at 110 °C before
use. Sigma-Aldrich natural rubber septa were used. Unless otherwise noted, nitrogen gas was
introduced to the reaction vessel through a Tygon® tube with a needle or glass inlet adapter.
Henke Sass Wolf Norm-ject® plastic syringes were used for volumetric addition of reagents with
oven-dried Popper & Sons needles, Precision Glide sterile needles, or Sterican® sterile needles

unless otherwise noted.
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Chromatography

Flash column chromatography was performed with Silicycle SiliaFlash P60 Flash Silica
Gel or with a Teledyne Isco CombiFlash Rf 200 purification system. Purifications using
CombiFlash Rf used RediSep® pre-packed silica gel columns (20-70 ym particle size). Thin
Layer Chromatography (TLC) analysis used Whatman polyester-backed Silica Gel, 60 A, 250
pm thickness, on flexible plates with a fluorescent indicator. Mobile phases were prepared per-

use.

Instrumentation

Nuclear Magnetic Resonance (NMR) spectra were measured on a Varian Mercury Plus
400 FT-NMR operating at 400 MHz for 'H and 100 MHz for "*C spectroscopy, a Bruker 500 FT-
NMR operating at 500 MHz for 'H and 126 MHz for *C spectroscopy, or a Bruker 700 FT-NMR
operating at 700 MHz for 'H and 176 MHz for "3C spectroscopy. Deuterated solvents for NMR
analysis were purchased from Cambridge Isotope Laboratory and stored over 4 A molecular
sieves. All 'H resonances were reported relative to an internal standard tetramethylsilane (TMS,
® 0 ppm) unless otherwise noted. Microwave-assisted reactions were conducted in a CEM
Discover single-mode microwave reactor in capped 10 mL or 35 mL vessels. HRMS was

performed at the University of lllinois using a Micromass 70-VSE and ESI/Q-TOF methods.
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Detailed Experimental Section

Chapter |

Mono Addition of 2-bromo-m-xylene to Anthraquinone (45)

To an oven-dried 100 mL RBF was added a solution of 2-bromo-m-xylene (1.3 mL, 10 mmol) in
anhydrous THF (62 mL). The colorless solution was cooled to -78 °C and n-BuLi (2.65M, 3.8
mL, 10 mmol) was added and stirred at -78°C for 1hr to give a pale-yellow solution. This was
slowly transferred via cannula over the course of 2h to a solution of 9,10-anthraquinone (4.16 g,
20 mmol) in anhydrous THF (125 mL) at -78 °C, then stirred at room temperature overnight. The
reaction mixture was quenched with 1 M HCI, extracted with DCM, then condensed to give an
orange solid. The crude mixture was suspended in acetone to give a yellow ppt. that was filtered
off and identified as residual anthraquinone (0.91 g). The filtrate was dried with MgSO., gravity
filtered, and condensed to give an orange solid. The crude product was purified via CombiFlash
(Hex:DCM) to give ketone 45 as an off-white solid (0.83 g, 26% yield). '"H NMR (400 MHz,
CDCls) 6 8.23 -8.26 (m, 2H), 7.55 — 7.48 (m, 2H), 7.45 - 7.39 (m, 2H), 7.26 — 7.21 (m, 2H), 7.13

(t, J = 7.45 Hz, 1H), 7.02 (s, 1H), 2.93 (s, 1H), 2.80 (s. 6H).

Reduction to Give Diol 46

To an oven-dried 10 mL RBF was added a suspension of LiAlHs (0.083 g, 2.2 mmol) in
anhydrous THF (3 mL) at 0 °C. A solution of ketone 45 (0.20 g, 0.64 mmol) in anhydrous THF (8
mL) was added drop-wise and kept at 0°C for 10 min, then held at room temperature for 2h. The
bright yellow suspension was cooled to 0°C then quenched with 1 M NaOH, H>O, and 1 M HCI.
The orange suspension was filtered through a silica plug with EtOAc, extracted with EtOAc,
dried with MgSOQ., gravity filtered, and condensed to give diol 46 as an orange solid (0.17 g,

85% yield).
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Aromatization to Give Compound 40

To a 50 mL RBF was added a solution of diol 46 (0.162 g, 0.51 mmol), Nal (0.53 g, 3.6 mmol),
and NaH;PO.+H20 (0.50 g, 4.7 mmol) in glacial acetic acid (13 mL). The dark red solution was
heated to reflux for 1.5 h to give a bright yellow solution. The reaction mixture was cooled to
room temperature, quenched with water, extracted with DCM, dried with MgSO., gravity filtered,
and condensed to give a reddish solid. The crude product was purified via CombiFlash
(Hex:DCM) to give the aromatic product (40) as a yellow solid (0.043 g, m.p. 130 — 132 °C, 30%

yield).

Bromination to Compound 48

To an oven-dried 25 mL RBF was added a solution of biaryl 40 (0.20 g, 0.75 mmol), NBS (0.13
g, 0.75 mmol), and BPO (1 mg, 0.002 mmol) in benzene (7.5 mL). The yellow solution was
heated to reflux, the irradiated with a 100W lamp for 3h to give an orange solution. The reaction
mixture was hot filtered with benzene then condensed to give a yellow solid identified as the 10-

bromo product (0.23 g, 90%)

Synthesis of 2-bromo-1,3-benzene dicarboxylic acid (49)*”

To a 500 mL RBF was added a solution of 2-bromo-m-xylene (10.9 mL, 82 mmol) in t-BuOH
(63mL) and water (63 mL). KMnO4 (16.20 g, 103 mmol) was added slowly, and the dark purple
solution was heated ton 70 °C. After 2h, a second portion of KMnO4 (16.20 g, 103 mmol) was
added, and the solution was stirred at 70 °C overnight. The resulting brown sludge was refluxed
with formaldehyde (37% w/w, 90 mL) until to solution turned light brown (ca. 1h). The crude
reaction mixture was then filtered through a Celite plug with boiling water. The filtrate was
condensed to 1/3 its original volume then acidified with con. HCI to give a white ppt. which was
collected via vacuum filtration. The crude product was purified by recrystallization in water to
give 2-bromo-1,3-benzene dicarboxylic acid as white crystals (19.53 g, m.p. 213 - 215°C, lit 218

°C 98% yield). 'H NMR (400 MHz, DMSO-de): 5 13.58 (s, 2H), 7.69 (d, J = 7.62 Hz, 2H), 7.52
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(dd, J = 7.93, 7.33 Hz, 1H); *C NMR (101 MHz, DMSO-ds): & 168.20, 137.17, 131.17, 128.26,

116.64.

Synthesis of 1,3-dimethyl 2-bromobenzene-1,3-dicarboxylate (50)*’

To an oven-dried 100mL RBF was added a solution of 2-bromo-1,3-benzene dicarboxylic acid
(4.77 g, 19.5 mmol) in thionyl chloride (33 mL). The reaction mixture was heated to 100 °C over
5h (15 °C/hr), then held at this temperature for an additional 4h. The pale-yellow solution was
condensed to give an off-white solid then cooled to 0 °C. MeOH (22 mL) and EtsN (11 mL) were
added dropwise, and the solution was stirred for 2h at room temperature. The brown solution
was condensed, suspended in water, extracted with EtOAc, dried with MgSQs, gravity filtered,
and condensed to give 1,3-dimethyl 2-bromobenzene-1,3-dicarboxylate as a brown oil (5.08 g,
97% yield). "H NMR (400 MHz, CDCl;): & 7.70 (dd, J = 7.68, 0.98 Hz, 2H), 7.45 — 7.39 (m, 1H),

3.94 (s, 6H); *C NMR (101 MHz, CDCls): & 166.95, 135.42, 132.32, 127.19, 119.11, 52.84.

Synthesis of 2-bromo-1,3-benzenedimethanol (51)*"

To an oven-dried 100 mL RBF was added a suspension of LiBHs (0.38 mL, 18 mmol) in
anhydrous THF (10 mL) at O °C. A solution of 1,3-dimethyl 2-bromobenzene-1,3-dicarboxylate
(2.17 g, 8.0 mmol) in anhydrous THF (20 mL) was added dropwise then stirred at room
temperature overnight to give a white suspension. The reaction mixture was acidified with 1 M
HCI, extracted with EtOAc, dried with MgSO., gravity filtered, and condensed to give 2-bromo-
1,3-benzenedimethanol as a white solid (1.69 g, m.p. 166 — 169 °C, lit. 167 — 169 °C, 98%
yield). '"H NMR (400 MHz, DMSO-ds): & 7.44 — 7.36 (m, 3H), 5.41 (s, 2H), 4.53 (s, 4H); *C NMR

(101 MHz, DMSO-de): 6 140.95, 127.06, 126.22, 120.32, 62.83.

THP-Ether Protection of 2-bromobenzyl alcohol (52)
To an oven-dried 100 mL RBF was added a solution of 2-bromobenzyl alcohol (3.45 g, 18.4

mmol), p-TsOH (0.070 g, 0.37 mmol), and 3,4-dihydropyran (6.2 mL, 74 mmol) in DCM (37 mL).
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The reaction mixture was stirred at room temperature overnight then neutralized with sat.
NaHCOs, extracted with DCM, dried with MgSQs, gravity filtered, and condensed to give a
viscous red oil. The crude product was purified via CombiFlash (Hex:EtOAc) to give the
protected alcohol as a colorless oil (4.32 g, 86% yield). '"H NMR (400 MHz, CDCl3z) & 7.53 (ddd,
J=7.42, 277, 1.07 Hz, 2H), 7.31 (td, J = 7.58 1.20 Hz, 1H), 7.16 — 7.11 (m, 1H), 4.84 (d, J =
13.31 Hz, 1H), 4.79 (t, J = 3.46 Hz, 1H), 4.58 (d, J = 13.31 Hz, 1H), 3.93 (ddd, J = 11.36, 8.95,

3.18 Hz, 1H), 3.60 — 3.54 (m, 1H), 1.93 — 1.57 (m, 6H).

THP-Ether Protection of 2-bromo-1,3-benzenedimethanol (56)

To an oven-dried 100 mL RBF was added a solution of 2-bromo-1,3-benzenedimethanol (2.63
g, 12.1 mmol), p-TsOH (0.046 g, 0.24 mmol), and 3,4-dihydropyran (8.2 mL, 97 mmol) in DCM
(26 mL). The reaction mixture was stirred at room temperature overnight then neutralized with
sat. NaHCOg3, extracted with DCM, dried with MgSOs, gravity filtered, and condensed to give a
viscous red oil. The crude product was purified via CombiFlash (Hex:EtOAc) to give the
protected diol as a colorless oil (4.60 g, 99% yield). '"H NMR (400 MHz, CDCl3) 6 7.43 (d, J =
7.53 Hz, 2H), 7.35 - 7.27 (m, 1H), 4.83 (d, 13.39 Hz, 2H), 4.76 (t, J = 3.43 Hz, 2H), 4.58 (d, J =
13.40 Hz, 2H), 3.90 (ddd, J = 11.35, 8.95, 3.15, 2H), 3.54 (dtd, J = 8.66, 4.84, 4.09, 1.56 Hz,

2H), 1.89 — 1.56 (m, 12H).

Organolithium Addition of THP-Protected 2-bromobenzyl alcohol to Anthraquinone (53)

To an oven-dried 250 mL RBF was added a solution of THP-protected benzyl alcohol (52) (3.98
g, 14.7 mmol) in anhydrous THF (92 mL). The colorless solution was cooled to -78 °C, and n-
BuLi (2.65 M, 4.6 mL, 12 mmol) was added dropwise and stirred at -78°C for 1h to give a pale-
yellow solution. To this reaction mixture was added a solution of 9,10-anthraquinone (0.509 g,
2.4 mmol) in anhydrous THF (15 mL) and the resulting orange solution was stirred at room
temperature overnight. The reaction mixture was acidified with 1 M HCI and stirred with MeOH

(30 mL) for 2 hr. The resultant yellow solution was extracted with DCM, dried with MgSOs,
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gravity filtered, and condensed to give a yellow oil. The crude product was purified via
CombiFlash (Hex:EtOAc) to give a mixture of cis/trans spirocycles as an off-white in a 1:3 ratio
(0.40 g, 38% vyield). Spirocycle-Cis: '"H NMR (400 MHz, CDCl3) & 7.42 — 7.39 (m, 2H), 7.37 —
7.32 (m, 2H), 7.25 — 7.24 (m, 12H), 5.60 (s, 4H); *C NMR (101 MHz, CDCl5):  146.25, 139.82,
138.61, 128.43, 128.30, 127.86, 127.69, 124.30, 120.88, 87.93, 73.90. Spirocycle-Trans: 'H
NMR (400 MHz, CDCl3) 6 7.51 — 7.44 (m, 4H), 7.37 (ddd, J = 7.64, 6.58, 2.15 Hz, 2H), 7.22 (dd,
J =15.98, 3.34 Hz, 4H), 7.07 (d, J = 7.64 Hz, 2H), 7.04 (dd, J = 5.91, 3.40 Hz, 4H), 5.48 (s, 4H);
*C NMR (101 MHz, CDCl,): & 145.27, 140.60, 139.20, 128.51, 128.27, 128.16, 128.07, 123.88,

120.98, 87.22, 72.91.

Reaction of Spirocycle 53 with PPA (54)

Spirocycle 53 (0.050 g, 0.13 mmol) and PPA (1.8 mL) were placed in a Pyrex tube then
manually stirred with a spatula until the mixture became brightly colored. The reaction mixture
was then transferred to the microwave reactor (100 °C, 15 min). The crude reaction mixture was
quenched with sat. NaHCOs, extracted with DCM, dried with MgSOQ,, gravity filtered, and
condensed to give a black solid. The crude product was purified via CombiFlash (Hex) to give
acene 54 (0.009 g, 20% yield). 'H NMR (400 MHz, CDCls) & 9.25 (d, J = 8.34 Hz, 2H), 9.16 (dd,

J = 6.25, 3.44 Hz, 2H), 8.38 (s, 2H), 8.30 — 8.22 (m, 2H), 7.81 (s, 2H), 7.78 — 7.71 (m, 6H).

Benzyl-Ether Protection of 2-bromo-1,3-benzenedimethanol (57)

To an oven-dried 100 mL RBF was added a suspension of NaH (60% w/w, 1.10 g, 28 mmol) in
anhydrous THF (8 mL) at 0 °C. A solution of 2-bromo-1,3-benzenedimethanol (1.00 g, 4.6
mmol) in anhydrous THF (12 mL) was added, and the solution was sonicated at room
temperature for 2h. Benzyl bromide (3.3 mL, 28 mmol) was added dropwise, and the solution
was sonicated overnight to give a chalky-white suspension. The crude reaction mixture was
cooled to 0 °C, quenched with water, extracted with EtOAc, dried with MgSOQ., gravity filtered,

and condensed to give a yellow oil. The crude product was purified via CombiFlash
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(Hex:EtOAc) to give the protected alcohol 57 as a yellow oil (1.15 g, 63% yield). '"H NMR (400

MHz, CDCls) & 7.52 — 7.29 (m, 13H), 4.66 (d, J = 4.23 Hz).

Mono Addition of Benzyl-Protected Diol 57 to Anthraquinone (60)

To an oven-dried 100 mL RBF was added a solution of benzyl-ether protected diol 57 (1.00 g,
2.5 mmol) in anhydrous THF (16 mL). The colorless solution was cooled to -78 °C and n-BuLi
(2.65M, 0.94 mL, 2.5 mmol) was added and stirred at -78°C for 1hr to give a pale-yellow
solution. This was slowly transferred via cannula for 2h to a solution of 9,10-anthraquinone (1.04
g, 5.0 mmol) in anhydrous THF (32 mL) at -78 °C, then stirred at room temperature overnight.
The reaction mixture was quenched with 1 M HCI, extracted with DCM, then condensed to give
an orange solid. The crude mixture was suspended in acetone to give a yellow ppt. that was
filtered off and identified as residual anthraquinone (0.14 g). The filtrate was dried with MgSOQOs,
gravity filtered, and condensed to give an orange solid. The crude product was purified via
CombiFlash (Hex:DCM) to give ketone 60 as a yellow solid (0.42 g, 32% yield). 'H NMR (400
MHz, CDCls) 6 8.33 — 8.31 (m, 2H), 7.63 (d, J = 6.86 Hz, 1H), 7.42 (dtd, J = 9.55, 7.42, 4.90 Hz,
7H), 7.31 = 7.28 (m, 4H), 7.22 - 7.17 (m, 3H), 7.13 = 7.11 (m, 2H), 6.95 — 6.83 (m, 2H), 5.95 (s,

1H), 5.18 (s, 2H), 4.69 (s, 2H), 3.69 (s, 2H), 3.56 (s, 2H).

Reduction to Give Diol (62)

To an oven-dried 10 mL RBF was added a suspension of LiAlHs (0.104 g, 2.7 mmol) in
anhydrous THF (3 mL) at O °C. A solution of ketone 60 (0.44 g, 0.83 mmol) in anhydrous THF
(10 mL) was added drop-wise and kept at 0°C for 10 min, then held at room temperature for 2h.
The lime-green suspension was cooled to 0°C then quenched with 1 M NaOH, H>O, and 1 M
HCI. The orange suspension was filtered through a silica plug with EtOAc, extracted with
EtOAc, dried with MgSQs, gravity filtered, and condensed to give diol 62 as an orange oil (0.44

g, 100 % yield).
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Aromatization to Give Compound 64

To a 100 mL RBF was added a solution of diol 62 (0.57 g, 1.1 mmol), Nal (1.15 g, 7.7 mmol),
and NaH2PO2+H.0O (1.07 g, 10.1 mmol) in glacial acetic acid (27 mL). The dark red solution was
heated to reflux for 1.5 h to give a bright orange solution. The reaction mixture was cooled to
room temperature, quenched with water, extracted with DCM, dried with MgSO., gravity filtered,
and condensed to give a reddish solid. The crude product was purified via CombiFlash

(Hex:DCM) to give the aromatic product (64) as an orange oil (0.12 g, 22% vyield).

Allyl-Ether Protection of 2-bromo-1,3-benzenedimethanol (58)

To an oven-dried 100 mL RBF purged with nitrogen and cooled to 0 °C was added NaH (60%
wiw, 0.42 g, 10 mmol) and anhydrous THF (2 mL) to give a grey suspension. A solution of 2-
bromo-1,3-benzenedimethanol (0.57 g, 2.6 mmol) in anhydrous THF (8 mL) was added
dropwise via addition funnel, and the mixture was sonicated at 0 °C for 1h. Allyl bromide (0.9
mL, 10 mmol) was added dropwise, followed by sonication at room temperature overnight to
give a chalky-white suspension. This was cooled to 0 °C, quenched with water, extracted with
DCM, washed with brine, dried with MgSO., gravity filtered, and condensed to give an orange
oil. The crude product was purified via vacuum distillation to give a colorless oil (0.77 g, 100%
yield. '"H NMR (400 MHz, CDCl;): & 7.48 — 7.40 (m, 2H), 7.33 (dd, J = 8.21, 6.90 Hz, 1H), 5.99
(ddt, J = 17.24, 10.42, 5.57 Hz, 2H), 5.36 (dq, J = 17.24, 1.65 Hz, 2H), 5.29 — 5.18 (m, 2H), 4.61

(s, 4H), 4.12 (dt, J = 5.57, 1.44 Hz, 4H).

Mono Addition of Allyl-Protected Diol 58 to Anthraquinone (61)

To an oven-dried 50 mL RBF was added a solution of allyl-protected diol 58 (0.50 g, 1.7 mmol)
in anhydrous THF (10 mL). The solution was cooled to -78 °C and n-BuLi (2.5M, 0.67 mL, 1.7
mmol) was added and stirred at -78°C for 1hr to give a pale-yellow solution. This was slowly
transferred via cannula over the course of 2h to a solution of 9,10-anthraquinone (0.70 g, 3.4

mmol) in anhydrous THF (40 mL) at -78 °C, then stirred at room temperature overnight. The
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reaction mixture was quenched with 1 M HCI, extracted with DCM, then condensed to give an
orange solid. The crude mixture was suspended in acetone to give a yellow ppt. that was filtered
off and identified as residual anthraquinone (0.14 g). The filtrate was dried with MgSQs, gravity
filtered, and condensed to give an orange solid. The crude product was purified via CombiFlash
(Hex:DCM) to give ketone 61 as a yellow oil (0.35 g, 48% yield). '"H NMR (400 MHz, CDCls) &
8.40 — 8.30 (m, 2H), 7.58 — 7.37 (m, 7H), 5.98 (s, 1H), 5.97 — 5.80 (m, 1H), 5.33 -5.08 (m, 5H),

4.97 —4.72 (m, 2H), 4.21 — 4.12 (m, 2H), 3.51 (s, 2H), 3.18 (s, 1H).

Reduction to Give Diol (63)

To an oven-dried 25 mL RBF was added a suspension of LiAlHs (0.032 g, 0.85 mmol) in
anhydrous THF (1 mL) at 0 °C. A solution of ketone 61 (0.11 g, 0.25 mmol) in anhydrous THF (3
mL) was added drop-wise and kept at 0°C for 10 min, then held at room temperature for 2h. The
bright yellow suspension was cooled to 0°C then quenched with 1 M NaOH, H>O, and 1 M HCI.
The orange suspension was filtered through a silica plug with EtOAc, extracted with EtOAc,
dried with MgSOQ., gravity filtered, and condensed to give diol 63 as a red oil (0.11 g, 100 %

yield).

Aromatization to Give Compound 65

To a 50 mL RBF was added a solution of diol 63 (1.06 g, 2.5 mmol), Nal (2.62 g, 18 mmol), and
NaH2PO.*H2O (2.44 g, 23 mmol) in glacial acetic acid (63 mL). The dark red solution was
heated to reflux for 1.5 h to give a bright yellow solution. The reaction mixture was cooled to
room temperature, quenched with water, extracted with DCM, dried with MgSO., gravity filtered,
and condensed to give a reddish oil. The crude product was purified via CombiFlash (Hex:DCM)
to give the aromatic product (65) as an orange oil (0.33 g, 33% yield). '"H NMR (400 MHz,
CDCls) & 8.52 (s, 1H), 8.08 — 8.04 (m, 2H), 7.71 (d, J = 7.78 Hz, 2H), 7.61 (dd, J = 8.34, 6.96
Hz, 1H), 7.49 — 7.41 (m, 4H), 7.32 (ddd, J = 8.80, 6.40, 1.20 Hz, 2H), 5.57 — 5.43 (m, 2H), 5.03

— 4.77 (m, 4H), 3.88 (s, 4H), 3.53 (dt, J = 5.56 1.41 Hz, 4H).
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Deprotection of Aromatic Diol (42)

To an oven-dried 50 mL flask purged with nitrogen was added Pd(PPhs)s (16 mg, 0.013 mmol)
and MeOH (9 mL). A solution of aromatic diol 65 (0.26 g, 0.67 mmol) in MeOH (10 mL) was
added, and the mixture was stirred at room temperature for 15 min. K2COs (10.6 g, 75.6 mmol)
was added, and the yellow suspension was heated to reflux overnight. The reaction mixture was
cooled to room temperature, condensed to remove MeOH, washed with sat. NH4CI, extracted
with DCM, and flushed through a silica plug with ethyl acetate. The filtrate was condensed to
give an orange slurry, which was dissolved in minimal DCM, then hexanes was added to give a
white precipitate. This was vacuum filtered and rinsed with cold hexanes to give the desired

product as a yellow solid (0.18 g, 83 % yield, m.p. 182 — 184 °C).

Allyl-Protection of 2-bromobenzyl alcohol (66)

To an oven-dried 500 mL RBF purged with nitrogen and cooled to 0 °C was added NaH (60%
wiw, 7.04 g, 176 mmol) and anhydrous THF (50 mL) to give a grey suspension. A solution of 2-
bromobenzyl alcohol (16.5 g, 88 mmol) in anhydrous THF (126 mL) was added dropwise via
addition funnel, and the mixture was sonicated at 0 °C for 1 h. Allyl bromide (15.2 mL, 176
mmol) was added dropwise, followed by sonication at room temperature overnight to give a
chalky-white suspension. This was cooled to 0 °C, quenched with water, extracted with DCM,
washed with brine, dried with MgSQOs, gravity filtered, and condensed to give an orange oil. The
crude product was purified via vacuum distillation to give a colorless oil (19.4 g, 97% yield, bp
58 °C at 0.17 torr). '"H NMR (500 MHz, CDCl3): 8 7.56 - 7.51 (m, 2H), 7.32 (td, J = 7.53, 1.18
Hz, 1H), 7.17 - 7.12 (m, 1H), 6.00 (ddt, J = 17.21, 10.43, 5.55 Hz, 1H), 5.37 (dq, J = 17.24,
1.65 Hz, 1H) 5.27 — 5.23 (m, 1H), 4.60 (s, 2H), 4.13 (dt, J = 5.56, 1.44 Hz, 2H); "*C NMR (500

MHz, CDCI3): 6 137.8, 134.6, 132.6, 129.1, 128.9, 127.5, 122.7, 117.3, 71.8, 71.48.
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Synthesis of Allyl-Protected Triarylmethanol (67)

To an oven-dried 500 mL flask purged with nitrogen was added a solution of allyl-protected
bromobenzyl alcohol 66 (18.3 g, 81 mmol) in anhydrous THF (208 mL). The mixture was cooled
to - 78 °C. n-BuLi (2.5 M, 35.6 mL, 89 mmol) was added dropwise over 30 min and the mixture
was stirred at -78 °C for 1 h to give a pale-yellow solution. Freshly distilled diethyl carbonate
(3.28 mL, 27 mmol) was added dropwise followed by stirring at -78 °C for 1 h to give a bright
orange solution. This was heated to 50 °C and stirred overnight to give a yellow suspension.
The crude product was cooled to 0 °C, quenched with sat. NH4Cl, extracted with DCM, dried
with MgSQ,, gravity filtered, and condensed to give an orange oil. Volatile impurities were
removed by vacuum distillation to give the desired product as a viscous orange oil (12.0 g, 95%
yield). '"H NMR (500 MHz, CDCl): & 7.65 (d, J = 6.70 Hz, 3H), 7.33 (td, J = 7.49, 1.23 Hz, 3H),
7.09 (td, J = 7.69, 1.33 Hz, 3H), 6.68 (d, J = 7.67 Hz, 3H), 6.33 (s, 1H), 5.79 (ddt, J = 17.16,
10.56, 5.31 Hz, 3H), 5.17 (dq, J = 17.24, 1.62 Hz, 3H), 5.10 (dq, J = 10.40, 1.33 Hz, 3H), 4.64
(d, J = 13.21, 3H), 4.39 (d, J = 13.23, 3H), 3.81 (dddt, J = 41.37, 12.70, 5.58, 1.37 Hz, 6H); "*C
NMR (126 MHz, CDCls): & 144.6, 138.2, 134.4, 129.9, 129.0, 127.8, 126.8, 117.0, 85.5, 71.3,

71.0; HRMS (ESI/Q-TOF) m/z: [M + Na]" Calcd for C31H3404Na 493.2355; Found 493.2351.

Deprotection to Tetraol (68)

To an oven-dried 250 mL flask purged with nitrogen was added Pd(PPhs)s (21 mg, 0.018 mmol)
and MeOH (8 mL). A solution of allyl-protected triarylmethanol 67 (1.0 g, 2.1 mmol) in MeOH
(50 mL) was added, and the mixture was stirred at room temperature for 15 min. K2COs (5.24 g,
38 mmol) was added, and the yellow suspension was heated to reflux. After 1 h, a second
equivalent of Pd(PPhs)s was added, and this process was repeated twice more for a total of four
equivalents (84 mg, 0.072 mmol, 4 mol%). The reaction was stirred at reflux overnight to give a
yellow suspension. This was cooled to room temperature, condensed to remove MeOH, washed

with sat. NH4ClI, extracted with DCM, and flushed through a silica plug with ethyl acetate. The
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filtrate was condensed to give an orange slurry, which was dissolved in minimum DCM, then
hexanes was added to give a white precipitate. This was vacuum filtered and rinsed with cold
hexanes to give the desired product as a white solid (0.62 g, m.p. 182 — 184 °C, 85% yield). 'H
NMR (400 MHz, DMSO-ds): 6 7.69 - 7.62 (m, 3H), 7.33 (td, J = 7.50, 1.18 Hz, 3H), 7.16 (s, 1H),
7.09 (td, J = 7.74, 1.30 Hz, 3H), 6.56 (d, J = 7.73 Hz, 3H), 5.31 (t, J = 5.26 Hz, 3H), 4.34 (ddd, J
=52.82, 14.18, 4.90 Hz, 6H); *C NMR (101 MHz, DMSO-ds): 5 143.48, 141.71, 128.03, 128.03,
127.44, 126.04, 84.99, 62.11; HRMS (ESI/Q-TOF) m/z: [M + Na]® Calcd for CxH2.04Na

373.1400; Found 373.1404.

Reduction to Triarylmethane (69)

To an oven-dried 100 mL RBF was added a solution of allyl-protected triarylmethanol (68) (5.00
g, 11 mmol) and Nal (3.51 g, 23 mmol) in CH3CN (50 mL) at 0°C. Dichlorodimethylsilane (2.6
mL, 21 mmol) was added dropwise, and the dark red solution was stirred at 0°C for 1 h. The
reaction mixture was diluted with EtOAc, washed with water, sat. NaHCO3, NaS;03, and brine,
then the organic fraction was dried with MgSQOs, gravity filtered, and condensed to give a dark
red oil. The crude product was purified via CombiFlash (Hex:DCM) to give the allyl-protected
triarylmethane as a yellow oil (3.27 g, 70% yield). '"H NMR (500 MHz, CDCl): & 7.46 (dd, J =
7.55, 1.02 Hz, 3H), 7.26 (td, J = 7.47, 1.31 Hz, 3H), 7.16 (td, J = 7.56, 1.44 Hz, 3H), 6.74 (dd, J
=7.72,1.22 Hz, 3H), 6.28 (s, 1H), 5.88 (ddt, J = 17.24, 10.45, 5.53 Hz, 3H), 5.24 (dq, J = 17.25,
1.67 Hz, 3H), 5.16 — 5.13 (m, 3H), 4.40 (s, 6H), 3.93 (dt, J = 5.53, 1.46 Hz, 6H); "*C NMR (126
MHz, CDCls): & 141.16, 136.61, 134.78, 139.52, 128.79, 127.53, 126.62, 116.82, 71.39, 70.04,

44.27.

Deprotection to Triol (70)
To an oven-dried 250 mL flask purged with nitrogen was added Pd(PPhs)s (6 mg, 0.005mmol)
and MeOH (4 mL). A solution of allyl-protected triarylmethane 69 (0.22 g, 0.49 mmol) in MeOH

(10 mL) was added, and the mixture was stirred at room temperature for 15 min. K2.COs (1.23 g,
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8.8 mmol) was added, and the yellow suspension was heated to reflux. After 1 h, a second
equivalent of Pd(PPhs)s was added, and this process was repeated twice more for a total of four
equivalents (24 mg, 0.02 mmol, 4 mol%). The reaction was stirred at reflux overnight to give a
yellow suspension. This was cooled to room temperature, condensed to remove MeOH, washed
with sat. NH4ClI, extracted with DCM, and flushed through a silica plug with ethyl acetate. The
filtrate was condensed to give an orange slurry, which was dissolved in minimum DCM, then
hexanes was added to give a white precipitate. This was vacuum filtered and rinsed with cold
hexanes to give the desired product as a white solid (0.11 g, 67% yield). '"H NMR (400 MHz,
DMSO-dg) & 7.47 (d, J = 6.87 Hz, 3H), 7.25 (td, J = 7.47, 1.21 Hz, 3H), 7.13 (td, J = 7.52, 1.29
Hz, 3H), 6.59 (dd, J = 7.65 1.05 Hz, 3H), 5.98 (s, 1H), 5.20 (t, J = 5.38 Hz, 3H), 4.35 (d, J = 5.22
Hz, 6H); *C NMR (101 MHz, DMSO-ds): & 140.21, 139.38, 128.15, 126.70, 126.40, 126.36,

60.40, 54.93.

Cyclization of Tetraol 68 with PPA (73)

To a 50 mL flask was added water (2.8 mL), polyphosphoric acid (0.28 mL) and DCE (20 mL).
The colorless solution was heated to reflux and a solution of tetraol (68) (0.100 g, 0.280 mmol)
in DCE (8 mL) was added followed by reflux overnight (18 h). The resultant opaque solution was
cooled to room temperature, diluted with water, extracted with DCM, dried with MgSO4, gravity
filtered, and condensed to give pure spirocycle (73) as an off-white solid (0.090 g, m.p. 126 —
130 °C, 97% vyield). 'H NMR (400 MHz, CDClz): 8 7.51 (d, J = 7.12 Hz, 2H), 7.40 - 7.27 (m, 5H),
7.14 (td, J = 7.66, 1.42 Hz), 6.89 (d, J = 7.52 Hz, 1H), 6.83 (d, J = 7.63 Hz, 2H) 5.10 (s, 2H),
4.38 (s, 4H), 2.96 (s, 2H) *C NMR (101 MHz, CDCls): & 142.67, 141.46, 140.27, 138.84,
131.63, 128.84, 128.38, 128.06, 127.65, 127.22, 124.96, 121.39, 96.26, 70.64, 63.84; HRMS

(ESI/Q-TOF) m/z: [M + Na]* Calcd for C22H2003sNa 355.1310; Found 355.1311.
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Cyclization of Tetraol 68 with TFOD: NMR Experiment (74)

To a nitrogen-flushed NMR tube was added a solution of tetraol (68) (0.02 g, 0.05 mmol) in 1,2-
dichloroethane-ds (1.0 mL) and triflic acid-d (0.09 mL, 1.0 mmol) to give a dark green solution.
This was identified as the triangulene cation (74). These results were also observed when the
same reaction conditions were used starting from triol (70) and internally cyclized product (73).
'H NMR (400 MHz, 1,2-dichloroethane-d.): & 8.11 (t, J = 7.65 Hz, 3H), 7.89 (d, J = 7.71 Hz, 6H),
5.03 (s, 6H); *C NMR (101 MHz, 1,2-dichloroethane-ds): & 168.65, 147.03, 139.25, 128.96,

123.32, 120.16, 116.99, 113.83, 36.93.

Triangulene Cation Neutralization with Triethylsilane (71)

To an oven-dried 100 mL flask purged with nitrogen was added tetraol 68 (0.06 g, 0.16 mmol)
and DCM (33 mL) to give a colorless solution. Triflic acid (2.9 mL, 32.8 mmol) was added
turning the solution dark green. This was transferred to an addition funnel and slowly added to a
solution of triethylsilane (10.0 mL, 62.6 mmol) in DCM (28 mL) over 30 min at O °C to give a
yellow solution. Water was added (100mL) to give a bright yellow-green solution, then extracted
with DCM, dried with MgSQs, gravity filtered, and condensed to give a yellow oil. The crude
product was purified by CombiFlash (100% hexanes) to afford 1,2,3,8-tetrahydrotriangulene
(76) (0.004 g, 9% yield), 1,8-dihydrotriangulene (16) (0.022 g, 49% yield), and 4,8,12,12C-
tetrahydro-triangulene (71) as an orange solid (0.017 g, 38% vyield). '"H NMR (400 MHz, CDCls):
07.25-7.23 (m, 9H), 7.21 - 7.63 (m, 1H), 4.18 (dd, J = 18.08, 4.69 Hz, 3H), 4.06 (d, J = 17.92
Hz); *C NMR (101 MHz, CDCl;): & 135.61, 133.95, 126.75, 125.61, 36.43, 35.99; HRMS

(EI'/Q-TOF) m/z: [M]" Calcd for C22H16 280.1252; Found 280.1255.

Triangulene Cation Neutralization with NaHCOs (76)
To an oven-dried 50 mL flask was added a solution of added tetraol 68 (0.10 g, 0.28 mmol) in
DCM (28 mL). TfOH (1.0 mL, 11.3 mmol) was carefully added and the resultant dark green

solution was stirred at room temperature for 5 min. This was transferred to an addition funnel
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and slowly added to a solution of sat. aqueous NaHCO3 (100 mL) held at 0 °C over the course
of 30 min to give a dark green solution. This was extracted with DCM, dried with MgSO4, gravity
fitered and condensed to give a dark green solid. The crude product was purified by
CombiFlash (Hexanes) to afford 1,2,3,8-tetrahydrotriangulene (76) as a bright yellow solid (0.02
g, 27% yield) and 1,8-dihydrotriangulene (16) as a bright yellow solid (0.04 g 53% yield). '"H
NMR (500 MHz, CDCls): 6 7.66 - 7.63 (m, 2H), 7.57 (s, 2H), 7.49 - 7.45 (m, 2H), 7.39 (dq, J =
7.15, 1.45 Hz, 2H), 4.94 (s, 2H), 3.24 - 3.18 (m, 4H), 2.16 - 2.11 (m, 2H); *C NMR (101 MHz,
CDCls): & 133.96, 133.25, 130.90, 126.48, 125.56, 125.34, 124.92, 123.90, 123.53, 123.44,
33.44, 31.06, 22.47; HRMS (ESI/FTMS) m/z: [M - H]* Calcd for CxHis 279.117; Found

279.1172.

Triangulene Cation Neutralization with Triethylamine (16)

To an oven-dried 250 mL flask was added a solution of tetraol (68) (0.50 g, 1.4 mmol) in DCM
(140 mL). TfOH (6.2 mL, 70 mmol) was carefully added and the resultant dark green solution
was stirred at room temperature for 5 min. This was transferred to an addition funnel and slowly
added to a solution of triethylamine (19.5 mL, 140 mmol) in DCM (280 mL) at 0 °C over the
course of 2 hours to give a brown-yellow solution. The reaction mixture was diluted with water
(200 mL), extracted with DCM, dried with MgSO4, gravity filtered, and condensed to give a
brown solid. The crude product was purified by flash chromatography (hexane elution) to afford
1,8-dihydrotriangulene (16) as a bright yellow solid (0.26 g, 66% yield). '"H NMR (400 MHz,
CDCls): 6 7.64 - 7.58 (m, 3H), 7.45 (dt, J = 13.16, 7.53 Hz, 2H), 7.40 - 7.33 (m, 3H), 6.74 — 6.69
(m, 1H), 6.15 (dt, J = 10.07, 4.01 Hz), 4.90 (s, 2H), 4.11 (s, 2H); *C NMR (101 MHz, CDCl3): &
134.20, 134.13, 132.55, 132.14, 132.05, 130.47, 128.07, 127.91, 127.75, 126.98, 126.81,
126.63, 125.99, 125.47, 125.23, 125.03, 124.79, 124.52, 124.45, 123.25, 34.25, 31.91; HRMS

(EI'/Q-TOF) m/z: [M]" Calcd for C22H14 278.1096; Found 278.1100.
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Air Oxidation of 1,2,3,8-tetrahydrotriangulene (10)

To a scintillation vial was added a solution of 1,2,3,8-tetrahydrotriangulene (76) (0.014 g, 0.05
mmol) in DCE (5 mL) to give a bright yellow-green solution. This was allowed to stir under air for
24 h to give a dark red solution. This was condensed and found to be a mixture of starting
material and triangulene ketone (10) in a 4.6:1 ratio. Pure samples of 10 were isolated by
chromatography in a separate experiment. '"H NMR (500 MHz, CDCl;): & 8.78 (d, J = 7.40 Hz,
2H), 8.20 (d, J = 7.83, 2H), 7.86 - 7.79 (m, 4H), 3.32 - 3.26 (m, 4H), 2.21 (q, J = 6.16 Hz, 2H).

HRMS (ESI/FTMS) m/z: [M]* Calcd for C22H15s0 295.1161; Found 295.1121.

TEMPO Oxidation of 1,8-dihydrotriangulene (79)

To an oven-dried 25 mL round bottom flask was added a solution of 1,8-dihydrotriangulene (16)
(0.030 g, 0.11 mmol) in benzene (10 mL) to give a bright yellow-green solution. TEMPO (0.17 g,
1.1 mmol was added and the solution turned orange. This was stirred at room temperature for 1
h until an orange precipitate formed. The crude product was condensed and purified by
CombiFlash (Hex:EtOAc) to afford dione (76) as a dark red solid (0.015 g, 44% yield). '"H NMR
(400 MHz, CDCls): 6 8.91 (s, 1H), 8.80 (d, J = 7.42 Hz, 1H), 8.72 (d, J = 7.12 Hz, 1H), 8.38 (d, J
=7.84 Hz, 1H), 8.24 (d, J = 7.67 Hz, 1H), 8.06 (s, 1H), 7.90 - 7.78 (m, 3H), 6.75 (d, J = 9.81 Hz,
1H); *C NMR (126 MHz, CDCl): & 184.99, 183.01, 142.39, 135.50, 132.01, 131.95, 130.78,
130.58, 130.17, 129.56, 126.42, 129.28, 128.93, 128.46, 127.81, 127.76, 127.46, 126.55,

125.99, 120.18; HRMS (EI'/Q-TOF) m/z: [M]" Calcd for C22H1002 306.0692; Found 306.0681.

Reaction of 1,8-dihydrotriangulene with TfOD (50 eq.): NMR Experiment (80)

To a nitrogen-flushed NMR tube was added a solution of 1,8-dihydrotriangulene (16) (0.010 g,
0.04 mmol) in 1,2-dichloroethane-ds (0.7 mL) and triflic acid-d (0.18 mL, 2.0 mmol) to give a
dark green solution. This was characterized as a mixture of protonated triangulene (80, 9%),
olympicenium cation (82, 3%), and triangulenium cation (74, 88%) as the major product. After

three days at room temperature, the product mixture changed to protonated triangulene (80,
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0%), olympicenium cation (82, 8%), and triangulenium cation (74, 92%) as the major product.
Protonated triangulene (80) '"H NMR (400 MHz, 1,2-dichloroethane-ds): & 9.54 (s, 2H), 9.40 (d J

= 7.75 Hz, 2H), 8.45 (t, J = 7.74 Hz, 1H), 8.37 (d, J = 8.20 Hz, 2H), 5.23 (s, 2H).

Reaction of 1,8-dihydrotriangulene with TfOD (5 eq.): NMR Experiment (82)

To a nitrogen-flushed NMR tube was added a solution of 1,8-dihydrotriangulene (16) (0.022 g,
0.08 mmol) in 1,2-dichloroethane-ds (0.5 mL) and triflic acid-d (0.035 mL, 0.4 mmol) to give a
dark green solution. This was identified as a mixture of olympicenium cation (82, 60%), and
trianuglenium cation (74, 40%). After three days at room temperature the product mixture
changed to give solely the olympicenium cation (82). Pure olympicenium cation was formed
directly by reaction of 1,2,3,8-tetrahydrotriangulene (76) with triflic acid-d (5 eq). 'H NMR (400
MHz, 1,2-dichloroethane-ds): 6 10.12 (s, 1H), 9.23 (dd, J = 7.66, 2.40 Hz, 4H), 8.63 (s, 2H), 8.48
(dt, J = 7.39, 3.77 Hz, 2H), 3.55 - 3.50 (m, 4H), 2.37 (p, J = 6.24 Hz, 2H); *C NMR (101 MHz,
1,2-dichloroethane-ds): & 157.17, 149.67, 145.62, 140.75, 138.95, 135.17, 131.17, 130.78,

130.16, 128.66, 123.26, 120.10, 116.94, 113.78, 30.93, 22.36.

Oxidation of 1,8-dihydrotriangulene with p-Chloranil

To a nitrogen flushed NMR tube was added a solution of 1,8-dihydrotriangulene (16) (0.010 g,
0.036 mmol) in CDClI3s (0.5 mL) to give a fluorescent green solution. A solution of p-chloranil
(0.018 g, 0.072 mmol) in CDCIs (0.5 mL) was added giving a dark blue solution instantaneously.
The sample was then immediately analyzed by 'H NMR to show the complete disappearance of
starting material and the formation of reduced p-chloranil. This was condensed to give a black
solid, which was subsequently analyzed by LDI-TOF spectrometry. The sample was dissolved
at 1 mg/mL in dichloromethane and deposited neat on a polished steel MALDI plate. The LDI
analysis was carried out on a rapifleX TOF/TOF mass spectrometer (Bruker Scientific, LLC,

Billerica, MA). The spectra were acquired in reflector mode with 4000 laser shots per spectrum
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in the mass range 0 — 2200 Da to give a complex spectrum containing higher-order oligomers of

triangulene. 'H NMR (400 MHz, CDCl;) & 5.69 (s, 2H).

Synthesis of Bianthrone (86)°

To a 500 mL RBF was added a solution of 9-anthrone (10.0 g, 52 mmol) in glacial acetic acid.
The dark brown solution was heated to reflux, and a solution of FeCls (17.5g, 108 mmol) and
NaOAc (1.52 g, 19 mmol) in water (52 mL) was added dropwise then refluxed for an additional
hour. The reaction mixture was cooled to room temperature, diluted with water, extracted with
DCM, washed with water, dried with MgSQs, gravity filtered, and condensed to give a brown
solid. EtOH (286 mL) and KOH (41.9 g, 747 mmol) were added, and the dark red solution was
heated to reflux for 30 min. The reaction mixture was hot filtered into a solution of K2S20sg (11.8
g, 44 mmol) in water (1.2 L). The resulting bright green solution was stirred at room temperature
for 2 h covered with foil to give a bright yellow suspension. This was cooled to 0 °C and vacuum
filtered to give bianthrone as a bright yellow solid (5.331 g, 53% yield). '"H NMR (400 MHz,
CDCl3) 6 8.10 (d, J = 7.71 Hz, 4H), 7.40 (t, J = 7.51 Hz, 4H), 7.18 — 7.13 (m, 4H), 7.07 (d, J =

7.84 Hz, 4H).

Organolithium Addition of Allyl-Protected Diol to Bianthrone (87)

To an oven-dried 100 mL RBF was added a solution of allyl-protected diol (56) (2.00 g, 6.7
mmol) in anhydrous THF (42 mL). The solution was cooled to -78 °C and n-BuLi (2.5 M, 2.2 mL,
5.6 mmol) was added dropwise and stirred at -78°C for 1 h to give a pale-yellow solution. To this
reaction mixture was added a solution of bianthrone (0.0.429 g, 1.1 mmol) in anhydrous THF
(10 mL) and the resulting dark orange solution was stirred at room temperature for 1 h then
heated to 50 °C overnight. The reaction mixture was cooled to 0 °C, acidified with sat NH4Cl,
extracted with DCM, dried with MgSOs, gravity filtered, and condensed to give an orange oil

identified as the diol. This was used as a crude product in the following reaction.
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Aromatization to give Allyl-Protected Tetraol (88)

To a 100 mL RBF was added a solution of diol 87 (0.90 g, 1.1 mmol), Nal (1.15 g, 7.7 mmol),
and NaH2PO2+H.0O (1.07 g, 10.1 mmol) in glacial acetic acid (27 mL). The dark red solution was
heated to reflux for 1.5 h to give a bright orange solution. The reaction mixture was cooled to
room temperature, quenched with water, extracted with DCM, dried with MgSO., gravity filtered,
and condensed to give a reddish solid. The crude product was purified via CombiFlash
(Hex:DCM) to give the aromatic product (88) as a red oil (0.37 g, 43% yield). '"H NMR (500 MHz,
CDCls): 6 7.80 (d, J = 7.63 Hz, 4H), 7.72 — 7.68 (m, 2H), 7.62 (d, J = 8.81 Hz, 4H), 7.35 — 7.31
(m, 4H), 7.22 — 7.17 (m, 8H), 5.54 (ddd, J = 22.76, 10.79, 5.57 Hz, 4H), 4.99 — 4.90 (m, 8H),
4.14 (s, 8H), 3.69 (dt, J = 5.56, 1.31 Hz, 8H); '*C NMR (126 MHz, CDCl;): & 138.47, 136.05,
134.53, 133.66, 133.50, 131.42, 130.15, 128.71, 127.57, 127.08, 126.76, 125.92, 125.84,

116.77, 71.59, 70.06.

Deprotection to Give Tetraol (89)

To an oven-dried 50 mL flask purged with nitrogen was added Pd(PPhs)s (5 mg, 0.005 mmol)
and MeOH (3 mL). A solution of allyl-protected tetraol 88 (0.37 g, 0.67 mmol) in MeOH (10 mL)
was added, and the mixture was stirred at room temperature for 15 min. K.COs (1.18 g, 8.5
mmol) was added, and the yellow suspension was heated to reflux. After 1 h, a second
equivalent of Pd(PPhs)s was added, and this process was repeated twice more for a total of four
equivalents (20 mg, 0.020 mmol, 4 mol%). The reaction was stirred at reflux overnight to give a
yellow suspension. This was cooled to room temperature, condensed to remove MeOH, washed
with sat. NH4ClI, extracted with DCM, and flushed through a silica plug with ethyl acetate. The
filtrate was condensed to give an orange slurry, which was dissolved in minimum DCM, then
hexanes was added to give a white precipitate. This was vacuum filtered and rinsed with cold

hexanes to give the desired product as a tan solid (0.14 g, 46% yield). '"H NMR (400 MHz,
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Acetone-de) & 7.97 (d, J = 7.68 Hz, 4H), 7.84 — 7.78 (m, 2H), 7.68 (d, J = 8.78 Hz, 4H), 7.48

(ddd, J = 8.79, 6.21, 1.41 Hz, 4H), 7.35 — 7.27 (m, 8H), 4.31 (d, J = 5.65 Hz, 8H), 2.96 (s, 4H).

Chapter Il

A pure sample of 1,8-dihydrotriangulene was prepared inside a glovebox to avoid oxidation. The
sample was diluted to 1 mM in degassed anhydrous acetonitrile with 0.1 M n-BusPFs as the
supporting electrolyte under an atmosphere of N,. The electrochemical apparatus contained a
glassy carbon working electrode, sheathed platinum wire counter electrode, and a 0.01 M

Ag/Ag+ pseudo reference electrode with ferrocene added as an internal reference.
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Chapter Il

Suzuki-Miyaura Coupling to form 2-(1-Naphthyl)benzyl alcohol (105)

1-Naphthaleneboronic acid (0.64 g, 3.7 mmol) and 1 M K>COs (6.0 mL) were added to a 25 mL
Pyrex tube and purged with nitrogen. 2-Bromobenzyl alcohol (0.32 g, 1.7 mmol), EtOH (9.2 mL),
and Pd(PPhs)s (0.083 g, 0.072 mmol) were then added and the head-space was purged with
nitrogen. The reaction mixture was then transferred to the microwave reactor (150 °C, 30 min).
The reaction mixture was quenched with 1M NaOH, extracted with DCM, dried with MgSOQOsu,
gravity filtered, and condensed to give an off-white solid. The crude product was purified via
CombiFlash (Hex:EtOAc) to give 2-(1-Naphthyl)benzyl alcohol 105 as a white solid (0.49g, 82%
yield). '"H NMR (400 MHz, CDCl3) & 7.90 (t, J = 8.15 Hz, 2H), 7.68 — 7.61 (m, 1H), 7.55 — 7.36

(m, 7H), 7.29 (dd, J = 7.51, 1.33 Hz, 1H), 4.37 (s, 2H), 1.37 (s, 1H).

Cyclization of 2-(1-Naphthyl)benzyl alcohol with FeCl:/AgSbFs (98 and 106)

To an oven-dried 50 mL RBF was added a solution of 2-(1-Naphthyl)benzyl alcohol (0.062g,
0.26 mmol) and FeCls (6 mg, 0.37 mmol) in DCE (10 mL). The reaction vessel was purged with
nitrogen then AgSbFe (0.044g, 0.13 mmol) was added and the green solution was immediately
placed in an oil bath (50 °C, 24 h). The reaction mixture was quenched with 1 M HCI, extracted
with DCM, dried with MgSOs, gravity filtered, and condensed to give a yellow-green solid. The
crude product was purified via CombiFlash (Hex) to give a mixture of regioisomers 98 and 106

in a 2.4:1 ratio (0.030 g, 53% vyield).

Cyclization of 2-(1-Naphthyl)benzyl alcohol with PPA (106)

2-(1-Naphthyl)benzyl alcohol (0.33g, 1.4 mmol) and PPA (20 mL) were placed in a Pyrex tube
then manually stirred with a spatula until the mixture became brightly colored. The reaction
mixture was then transferred to the microwave reactor (60 °C, 10 min). The crude reaction

mixture was quenched with sat. NaHCO3;, extracted with DCM, dried with MgSOQ., gravity
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filtered, and condensed to give a green solid. The crude product was purified via CombiFlash
(Hex) to give only regio isomer 106 as a white solid (0.11g, 36% yield). '"H NMR (400 MHz,
CDCls) 6 8.79 (d, J = 8.48 Hz, 1H), 8.42 (d, J = 7.84 Hz, 1H), 8.01 — 7.95 (m, 1H), 7.84 (d, J =
8.24 Hz, 1H), 7.71 (d, J = 8.26 Hz, 1H), 7.66 (ddd, J = 8.33, 6.90, 1.32 Hz, 3H), 7.57 — 7.49 (m,

2H), 7.37 (td, J = 7.42, 0.95 Hz, 1H), 4.03 (s, 2H).

Synthesis of 1-bromo-2-(bromomethyl)naphthalene (111)

To an oven-dried 50 mL RBF was added a solution of 1-bromo-2-methylnaphthalene (3.5 mL,
23 mmol), NBS (4.02 g, 23 mmol), and benzoyl peroxide (17 mg, 0.07 mmol) in benzene (28
mL). The yellow solution was heated to reflux then irradiated with a100W lamp for 3 h. The
crude reaction mixture was hot filtered with benzene and then condensed to give an off-white
solid. The crude product was purified via recrystallization with hexanes to give 1-bromo-2-
(bromomethyl)naphthalene as a white crystalline solid (0.68 g, m.p. 100 - 103 °C, /it. 103 — 105
°C, 75% yield). 'H NMR (400 MHz, CDCl3) & 8.37 — 8.30 (m, 1H), 7.84 — 7.79 (m, 2H), 7.62

(ddd, J = 8.48, 6.88, 1.40 Hz, 1H), 7.57 - 7.53 (m, 1H), 7.52 (d, J = 8.41 Hz, 1H).

Synthesis of 1-bromo-2-naphthalenemethanol (112)

To an oven-dried 250 mL RBF was added 1-bromo-2-(bromomethyl)naphthalene (4.11 g, 13.7
mmol), CaCOs (7.09 g, 71 mmol), dioxane (45mL), and water (45 mL). The chalky-white
suspension was heated to reflux and held at this temperature overnight. The crude reaction
mixture was cooled to 0 °C, acidified with 1 M HCI, extracted with DCM, washed with sat.
NaHCOs, dried with MgSO., gravity filtered, and condensed to give a white solid identified as 1-
bromo-2-naphthalenemethanol (3.13 g, m.p. 92 — 94 °C, it 101 — 102, 96% yield). '"H NMR
(400 MHz, CDCIs) 6 8.32 (dd, J = 8.56, 1.02 Hz, 1H), 7.84 (ddd, J = 8.11, 2.07, 1.42 Hz, 2H),
7.64 (d, J = 8.53 Hz, 1H), 7.60 (dd, J = 8.48, 1.41 Hz, 1H), 7.53 (ddd, J = 8.07, 6.87, 1.23 Hz,

1H), 5.00 (d, J = 6.36 Hz, 2H), 2.08 (t, J = 6.42 Hz, 1H).
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Synthesis of Allyl-Protected 1-bromo-2-naphthalenemethanol (113)

To an oven-dried 100 mL RBF was added a suspension of NaH (60% w/w, 1.06 g, 26 mmol) in
anhydrous THF (10 mL) at 0 °C. A solution of 1-bromo-2-naphthalenemethanol (3.13 g, 13.2
mmol) in anhydrous THF (16 mL) was added dropwise via addition funnel and the suspension
was sonicated at 0 °C for 1 h. Allyl bromide (2.3 mL, 26 mmol) was added and the suspension
was sonicated at room temperature overnight to give a chalky-white suspension. The crude
reaction mixture was cooled to 0 °C and slowly quenched with water. This was then extracted
with DCM, washed with brine, dried with MgSQs, gravity filtered, and condensed to give a yellow
oil. The crude product was purified via CombiFlash (liquid load, hexanes) to give the allyl-
protected alcohol as a yellow oil (3.66 g, 100% vyield). '"H NMR (500 MHz, CDCls): 6 8.34 (d, J =
8.49 Hz, 1H), 7.83 (d, J = 8.42 Hz, 2H), 7.67 (d, J = 8.45 Hz, 1H), 7.60 (ddd, J = 8.41, 6.84, 1.18
Hz, 1H), 7.55 — 7.50 (m, 1H), 6.04 (ddd, J = 11.56, 10.42, 5.20 Hz, 1H), 5.40 (dq, J = 17.24,
1.61 Hz, 1H), 5.27 (dq, J = 10.40, 1.31 Hz, 1H), 4.86 (s, 2H), 4.17 (dt, J = 5.58, 1.39 Hz, 2H);
3C NMR (126 MHz, CDCl,): & 136.08, 134.67, 134.10, 132.28, 128.24, 127.80, 127.47, 127.10,

126.52, 126.05, 122.50, 117.44, 72.28, 71.79.

Mono Addition of Allyl-Protected 2-bromobenzyl alcohol to Anthraquinone (114)

To an oven-dried 100 mL RBF was added a solution of allyl-protected 2-bromobenzyl alcohol
(2.00 g, 8.8 mmol) in anhydrous THF (55 mL). The solution was cooled to -78 °C and n-BuLi
(2.5M, 3.9 mL, 9.7 mmol) was added and stirred at -78°C for 1hr to give a pale-yellow solution.
This was slowly transferred via cannula over the course of 2h to a solution of 9,10-
anthraquinone (3.66 g, 17.6 mmol) in anhydrous THF (110 mL) at -78 °C, then stirred at this
temperature for 1h and finally heated to 50 °C overnight. The reaction mixture was cooled to 0
°C, quenched with sat. NH4Cl, extracted with DCM, then condensed to give an orange solid.
The crude mixture was suspended in acetone to give a yellow ppt. that was filtered off and

identified as residual anthraquinone. The filtrate was dried with MgSO., gravity filtered, and
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condensed to give an orange solid. The crude product was purified via CombiFlash (Hex:DCM)
to give ketone 114 as an orange solid (1.50 g, m.p. 80 — 83 °C 48% yield). '"H NMR (700 MHz,
CDCls) 6 8.28 (d, J = 7.80 Hz, 2H), 7.14 — 7.04 (m, 1H), 7.51 (t, J = 7.49 Hz, 2H), 7.44 (dt, J =
12.90, 7.64 Hz, 3H), 7.40 (d, J = 7.50 Hz, 1H), 7.35 (t, J = 7.41 Hz, 1H), 7.24 (d, J = 7.83 Hz,
2H) 5.52 (td, J = 10.55, 5.06 Hz, 1H), 4.99 — 4.92 (m, 2H), 3.82 (s, 2H), 3.51 (s, 1H), 3.44 (d, J =
4.67 Hz, 2H); *C NMR (176 MHz, CDCls):  183.47, 146.78, 142.51, 134.80, 134.41, 133.97,

130.01, 129.55, 129.03, 128.62, 128.10, 127.58, 127.50, 127.40, 117.54, 73.17, 71.16, 69.37.

Reduction to Give Diol (116)

To an oven-dried 100 mL RBF was added a suspension of LiAlHs (0.44 g, 11.5 mmol) in
anhydrous THF (25 mL) at 0 °C. A solution of ketone 114 (1.20 g, 3.4 mmol) in anhydrous THF
(43 mL) was added drop-wise and kept at 0 °C for 10 min, then held at room temperature for 2h.
The yellow suspension was cooled to 0°C then quenched with 1 M NaOH, H20O, and 1 M HCI.
The orange suspension was filtered through a silica plug with EtOAc, extracted with EtOAc,
dried with MgSOs, gravity filtered, and condensed to give an orange oil. The crude product was
purified via CombiFlash (Hex:DCM) to give diol 116 as an orange oil (1.050g, 87%). '"H NMR
(500 MHz, CDCls) 6 8.34 (dd, J = 7.91, 1.11 Hz, 1H), 7.77 (d, J = 7.77 Hz, 2H), 7.51 (id, J =
7.70, 1.40 Hz, 1H), 7.35 (qd, J = 7.62, 1.25 Hz, 3H), 7.27 — 7.25 (m, 1H), 7.23 — 7.19 (m, 2H),
7.07 (dd, J = 7.90, 0.98 Hz, 2H), 5.75 (d, J = 10.22 Hz, 1H), 5.30 (ddt, J = 16.28, 10.40, 5.88
Hz, 1H), 4.91 (dd, J = 10.35, 1.54 Hz, 1H), 4.83 (dd, J = 17.20, 1.60 Hz, 1H), 3.71 — 3.65 (m,

3H), 3.06 (dt, J = 5.86, 1.18 Hz, 2H), 2.79 (s, 1H).

Aromatization to Give 118

To a 250 mL RBF was added a solution of diol 116 (1.21 g, 3.4 mmol), Nal (3.55 g, 24 mmol),
and NaH>PO2*H,0 (3.30 g, 31 mmol) in glacial acetic acid (85 mL). The dark red solution was
heated to reflux for 1.5 h to give a yellow-orange solution. The reaction mixture was cooled to

room temperature, quenched with water, extracted with DCM, dried with MgSO., gravity filtered,
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and condensed to give a reddish oil. The crude product was purified via CombiFlash (Hex) to
give the aromatic product (118) as a yellow solid (0.37 g, 34% yield). 'H NMR (400 MHz, CDCls)
0 8.52 (s, 1H), 8.06 (d, J = 8.46 Hz, 2H), 7.81 — 7.78 (m, 1H), 7.59 (td, 7.59, 1.17 Hz, 1H), 7.53
—7.45 (m, 5H), 7.37 — 7.29 (m, 3H), 5.54 (ddd, J = 17.12, 10.71, 5.24 Hz, 1H), 5.00 — 4.89 (m,

2H), 4.03 (s, 2H), 3.61 — 3.58 (m, 2H).

Deprotection of Aromatic Alcohol (120)

To an oven-dried 100 mL flask purged with nitrogen was added Pd(PPhs)s (13 mg, 0.01 mmol)
and MeOH (10 mL). A solution of allyl-protected alcohol 118 (0.37 g, 1.15 mmol) in MeOH (22
mL) was added and the mixture was stirred at room temperature for 15 min. K2COs3 (0.95 g, 6.9
mmol) was added and the yellow suspension was heated to reflux. After two hours a second
equivalent of Pd(PPhs)s was added and the suspension was held at reflux overnight. The
reaction mixture was cooled to room temperature, condensed to remove MeOH, washed with
sat. NH4Cl, extracted with DCM, and flushed through a silica plug with ethyl acetate. The filtrate
was condensed to give an orange solid, which was dissolved in minimal DCM, then hexanes
was added but no precipitate was observed. Instead the crude product was purified via
CombiFlash (Hex:DCM) to give the alcohol as a yellow solid (0.26 g, mp 112-114 °C, 78%
yield). 'H NMR (500 MHz, CDCl;) & 8.53 (s, 1H), 8.06 (d, J = 8.47 Hz, 2H), 7.78 — 7.73 (m, 1H),
7.60 (td, J = 7.60 1.33 Hz, 1H), 7.53 — 7.45 (m, 5H), 7.35 (ddd, J = 8.70, 6.54, 1.22 Hz, 2H),
7.30 (dd, J = 7.47 1.15 Hz, 1H), 4.18 (s, 2H), 1.26 (s, 1H); *C NMR (126 MHz, CDCl;): &
140.49, 137.05, 134.72, 131.51, 131.50, 130.37, 128.70, 128.54, 127.96, 127.86, 127.09,

126.32, 126.01, 125.42, 63.36.

Monoaddition of Allyl-Protected 1-bromo-2-naphthalenemethanol to Anthraquinone (115)
To an oven-dried 100 mL RBF was added a solution of allyl-protected 1-bromo-2-
naphthalenemethanol (3.60 g, 13 mmol) in anhydrous THF (80 mL). The solution was cooled to

-78 °C and n-BulLi (2.5M, 5.7 mL, 14.3 mmol) was added and stirred at -78°C for 1hr to give a
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pale-yellow solution. This was slowly transferred via cannula over the course of 2h to a solution
of 9,10-anthraquinone (5.41 g, 26 mmol) in anhydrous THF (160 mL) at -78 °C, then stirred at
this temperature for 1h and finally heated to 50 °C overnight. The black-green reaction mixture
was cooled to 0 °C, quenched with sat. NH4ClI, extracted with DCM, then condensed to give an
orange solid. The crude mixture was suspended in acetone to give a yellow ppt. that was filtered
off and identified as residual anthraquinone. The filtrate was dried with MgSOs, gravity filtered,
and condensed to give an orange solid. The crude product was purified via CombiFlash
(Hex:DCM) to give ketone 115 as a tan solid (2.37 g, m.p. 145 — 150 °C, 45% yield). '"H NMR
(700 MHz, CDCls) 6 8.43 (d, J = 7.71 Hz, 2H), 7.88 (d, J = 8.35 Hz, 1H), 7.73 (d, J = 7.98 Hz,
1H), 7.54 (d, J = 8.37 Hz, 1H), 7.43 (t, J = 7.30 Hz, 2H), 7.34 (t, J = 7.35 Hz, 2H), 7.20 (d, J =
6.90 Hz, 2H), 7.02 (d, J = 7.69 Hz, 2H), 6.87 (t, J = 7.58 Hz, 1H), 6.01 — 5.84 (m, 2H), 5.32 —
5.19 (m, 4H), 4.21 (d, J = 4.65 Hz, 2H); *C NMR (176 MHz, CDCl,): 5 184.02 148.93, 139.22,
134.84, 134.69, 134.30, 133.60, 130.65, 130.60, 129.92, 129.47, 128.55, 128.34, 128.14,

127.69, 127.66, 125.98, 125.57, 118.18, 77.70, 74.86, 71.61.

Reduction to Give Diol (117)

To an oven-dried 250 mL RBF was added a suspension of LiAlHs (0.71 g, 18.6 mmol) in
anhydrous THF (30 mL) at 0 °C. A solution of ketone 115 (2.23 g, 5.5 mmol) in anhydrous THF
(70 mL) was added drop-wise and kept at 0°C for 10 min, then held at room temperature for 2h.
The orange suspension was cooled to 0°C then quenched with 1 M NaOH, H>O, and 1 M HCI.
The yellow-green solution was filtered through a silica plug with EtOAc, extracted with EtOAc,
dried with MgSO., gravity filtered, and condensed to give diol 117 as a viscous red oil (2.29 g).

This was used in the following reaction without further purification.

Aromatization to Give Compound (119)
To a 250 mL RBF was added a solution of diol 117 (2.24 g, 5.5 mmol), Nal (5.77 g, 39 mmol),

and NaH2PO2*H,0 (5.36 g, 51 mmol) in glacial acetic acid (140 mL). The dark red solution was
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heated to reflux for 1.5 h to give a yellow-orange solution. The reaction mixture was cooled to
room temperature, quenched with water, extracted with DCM, dried with MgSOQa, gravity filtered,
and condensed to give a dark red oil. The crude product was purified via CombiFlash
(Hex:DCM) to give the aromatic product (119) as a yellow solid (0.41 g, 20% yield). '"H NMR
(400 MHz, CDCIs) & 8.62 (s, 1H), 8.13 (d, J = 8.40 Hz, 3H), 8.00 (dd, J = 8.34, 3.52 Hz, 2H),
7.46 (q, J = 7.27 Hz, 3H), 7.34 (d, J = 8.81 Hz, 2H), 7.28 — 7.23 (m, 2H), 7.15 (t, J = 7.64 Hz,
1H), 6.93 (d, J = 8.51 Hz, 1H), 5.62 (ddd, J = 11.43, 10.47, 5.20 Hz, 1H), 5.07 — 4.90 (m, 2H),

4.13 (s, 2H), 3.66 (dd, J = 5.56, 1.20 Hz, 2H).

Deprotection of Aromatic Alcohol (121)

To an oven-dried 50 mL flask purged with nitrogen was added Pd(PPhs)s (12 mg, 0.01 mmol)
and MeOH (5 mL). A solution of allyl-protected alcohol 119 (0.35 g, 0.93 mmol) in MeOH (15
mL) was added and the mixture was stirred at room temperature for 15 min. K2COs3 (0.78 g, 5.6
mmol) was added and the yellow suspension was heated to reflux. After 1 h, a second
equivalent of Pd(PPhs)s was added and this process was repeated twice more for a total of four
equivalents (46 mg, 0.04 mmol, 4 mol%). The reaction was stirred at reflux overnight to give a
brown-yellow suspension. This was cooled to room temperature, condensed to remove MeOH,
washed with sat. NH4ClI, extracted with DCM, and flushed through a silica plug with ethyl
acetate. The filtrate was condensed to give a brown solid. The crude product was purified via
CombiFlash (Hex:DCM) to give the alcohol as an off-white solid (0.29 g, 46% vyield). '"H NMR
(400 MHz, CDCIs) & 8.62 (s, 1H), 8.12 (d, J = 8.66 Hz, 3H), 7.99 (d, J = 8.17 Hz, 1H), 7.91 (d, J
= 8.52 Hz, 1H), 7.48 — 7.43 (m, 3H), 7.30 — 7.27 (m, 3H), 7.24 (dd, J = 5.94, 1.09 Hz, 1H), 7.15
(ddd, J = 8.23, 6.79, 1.26 Hz, 1H), 6.94 — 6.85 (m, 1), 4.24 (d, J = 6.11 Hz, 2H), 1.33 (t, J=6.16

Hz, 1H).
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PCC Oxidation of Benzyl Alcohol 120

To an oven-dried 25 mL RBF was added a suspension of PCC (0.13 g, 0.53 mmol), NaOAc
(0.01 g, 0.11 mmol) and silica gel (0.13 g) in DCM (3 mL). The orange suspension was stirred
under nitrogen at room temperature for 5 min then a solution of benzyl alcohol (120) (0.10 g,
0.35 mmol) in DCM (4 mL) was added and the suspension immediately turned dark brown. This
was stirred at room temperature for an additional hour. The crude reaction mixture was flushed
through a silica plug with EtOAc and condensed to give a yellow-green oil. The crude product
was purified via CombiFlash (Hex:DCM) to give benzaldehyde (122) as an orange solid (0.067
g, 67% yield) as well as spirocycle (124) as an off-white solid (0.033 g, 30% yield).
Benzaldehyde (122): '"H NMR (400 MHz, CDCl;) & 9.32 (s, 1H), 8.59 (s, 1H), 8.24 (dd, J =
7.84, 1.33 Hz, 1H), 8.09 (d, J = 8.50 Hz, 2H), 7.81 (td, J = 7.48, 1.42 Hz, 1H), 7.70 (t, J = 7.60
Hz, 1H), 7.51 — 7.45 (m, 5H), 7.38 (ddd, J = 8.84, 6.35, 1.22 Hz, 2H). Spirocycle (124): 'H
NMR (400 MHz, CDCl3) 6 8.34 — 8.27 (m, 2H), 7.54 (td, J = 7.51, 1.49 Hz, 2H), 7.47 — 7.40 (m,
4H), 7.37 (d, J = 7.62 Hz, 1H), 7.29 — 7.26 (m, 1H), 7.12 — 7.08 (m, 1H), 6.63 (d, J = 7.75 Hz,

1H), 5.76 (s, 2H).

PCC Oxidation of Naphthyl Alcohol 121

To an oven-dried 25 mL RBF was added a suspension of PCC (0.26 g, 1.0 mmol), NaOAc (0.02
g, 0.21 mmol) and silica gel (0.26 g) in DCM (5 mL). The orange suspension was stirred under
nitrogen at room temperature for 5 min then a solution of naphthyl alcohol (121) (0.23 g, 0.70
mmol) in DCM (9 mL) was added and the suspension immediately turned dark brown. This was
stirred at room temperature for an additional hour. The crude reaction mixture was flushed
through a silica plug with EtOAc and condensed to give a yellow oil. The crude product was
purified via CombiFlash (Hex:DCM) to give naphthaldehyde (123) as bright yellow solid (0.16 g,
65% vyield) as well as spirocycle (125) as an off-white solid (0.085 g, 35% yield).

Naphthaldehyde (123): 'H NMR (500 MHz, CDCl3) & 9.38 (s, 1H), 8.68 (s, 1H), 8.26 (d, J =
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8.65 Hz, 1H), 8.41 (d, J = 8.68 Hz, 3H), 8.03 (d, J = 8.22 Hz, 1H), 7.62 -7.58 (m, 1H), 7.48 (ddd,
J =8.28, 6.24, 1.18 Hz, 2H), 7.30 — 7.27 (m, 2H), 7.23 (ddd, J = 8.15, 5.74, 1.10 Hz, 3H), 7.08
(d, J = 8.48 Hz, 1H). Spirocycle (125): 'H NMR (500 MHz, CDCls) & 8.41 (dd, J = 7.51, 1.75
Hz, 2H), 7.96 (d, J = 8.42 Hz, 1H), 7.86 (d, J = 8.22 Hz, 1H), 7.57 (d, J = 8.42 Hz, 1H), 7.48 —
7.42 (m, 4H), 7.32 (t, J = 7.50 Hz, 1H), 7.10 (dt, J = 6.81, 2.12 Hz, 3H), 6.97 (d, J = 8.42 Hz,

1H), 5.68 (s, 2H).

Cyclization of Benzaldehyde 122 with TBHP (126)

To an oven-dried 10 mL RBF was added a solution of benzaldehyde (122) (0.067 g, 0.24
mmol), ferrocene (5 mM in CH3CN, 48 pL, 0.24 yM), and t-butyl hydrogen peroxide (70% v/v, 72
gL, 0.53 mmol) in CH3CN (2 mL). The solution was stirred at room temperature for 5 min and
then heated to 90 °C overnight. The crude reaction was filtered through a silica plug with DCM
and condensed to give a red solid. The crude product was purified via CombiFlash (Hex:DCM)
to give the cyclized product as a red solid (0.015 g, 36% yield). '"H NMR (500 MHz, CDCls) &
8.41 - 8.35 (m, 2H), 8.03 (dd, J = 6.12, 2.09 Hz, 1H), 7.57 — 7.53 (m, 4H), 7.51 (ddd, J = 6.45,

4.19,1.28 Hz 2H), 7.22 (dd, J = 7.24, 1.70 Hz, 2H), 6.88 (dd, J = 6.08, 1.83 Hz, 1H).

Cyclization of Naphthaldehyde 123 with TBHP (127)

To an oven-dried 10 mL RBF was added a solution of naphthaldehyde (123) (0.16 g, 0.47
mmol), ferrocene (5 mM in CH3CN, 94 uL, 0.47 uM), and t-butyl hydrogen peroxide (70% v/v, 14
gL, 1.0 mmol) in CH3CN (5 mL). The solution was stirred at room temperature for 5 min and
then heated to 90 °C overnight. The crude reaction was filtered through a silica plug with DCM
and condensed to give a red solid. The crude product was purified via CombiFlash (Hex:DCM)
to give the cyclized product as a red solid (0.050 g, 32% yield). '"H NMR (500 MHz, CDCls) &
8.48 (dd, J = 7.87, 1.10 Hz, 2H), 8.12 — 8.06 (m, 2H), 7.97 (d, J = 8.33 Hz, 1H), 5.57 — 7.51 (m,
3H), 7.48 — 7.44 (m, 2H), 7.34 (dd, J = 8.54, 5.52 Hz, 1H), 7.13 (d, J = 8.29 Hz, 1H), 6.96 (d, J =

7.86 Hz, 2H).
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Mono Addition of Phenyl Lithium to Anthraquinone (129)

To an oven-dried 100 mL RBF was added a solution of bromobenzene (1.8 mL, 17 mmol) in
anhydrous THF (100 mL). The solution was cooled to -78 °C and n-BuLi (2.5M, 7.7 mL, 19.1
mmol) was added and stirred at -78 °C for 1 h to give a pale-yellow solution. This was slowly
transferred via cannula over the course of 2 h to a solution of 9,10-anthraquinone (7.25 g, 35
mmol) in anhydrous THF (200 mL) at -78 °C, then stirred at this temperature for 1h and finally
heated to 50 °C overnight. The black reaction mixture was cooled to 0 °C, quenched with sat.
NH4CI, extracted with DCM, then condensed to give a red solid. The crude mixture was
suspended in acetone to give a yellow ppt. that was filtered off and identified as residual
anthraquinone. The filtrate was dried with MgSOs, gravity filtered, and condensed to give an red
solid. The crude product was purified via CombiFlash (Hex:DCM) to give ketone 129 as an off-
white solid (0.36 g, 7.2% vyield) as well as diol 130 (0.42 g, 11% yield) and 9,10-diphenyl
anthracene (0.40 g, 15% vyield). '"H NMR (400 MHz, CDCl;) 8 7.71 (dd, J = 6.82, 3.28 Hz, 2H),
7.64 -7.56 (m, 3H), 7.50 (dd, J = 6.66, 1.49 Hz, 2H), 7.34 (dd, J = 6.90, 3.23 Hz, 2H), 1.27 (s,

1H).

Reaction of Ketone 114 with Phenyl Lithium (132)

To an oven-dried 50 mL RBF was added a solution of bromobenzene (1.0 mL, 9.5 mmol) in
anhydrous THF (27 mL). The solution was cooled to -78 °C and n-BuLi (2.5M, 3.8 mL, 9.5
mmol) was added and stirred at -78°C for 1 h to give a pale-yellow solution. This was slowly
transferred via cannula over the course of 30 min to a solution of ketone (114) (1.54 g, 4.3
mmol) in anhydrous THF (27 mL) at -78 °C, then stirred at this temperature for 1h and finally
heated to 50 °C overnight. The yellow suspension was cooled to 0 °C, quenched with sat.
NH4ClI, extracted with DCM, dried with MgSOQ., gravity filtered, and condensed to give the diol

as a yellow solid (1.88 g). This was used without purification in the reductive aromatization.
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Reaction of Ketone (115) with Phenyl Lithium (133)

To an oven-dried 50 mL RBF was added a solution of bromobenzene (0.7 mL, 6.6 mmol) in
anhydrous THF (19 mL). The solution was cooled to -78 °C and n-BuLi (2.5M, 2.6 mL, 6.6
mmol) was added and stirred at -78°C for 1 h to give a pale-yellow solution. This was slowly
transferred via cannula over the course of 30 min to a solution of ketone (115) (1.24 g, 3.0
mmol) in anhydrous THF (19 mL) at -78 °C, then stirred at this temperature for 1h and finally
heated to 50 °C overnight. The red solution was cooled to 0 °C, quenched with sat. NH4Cl,
extracted with DCM, dried with MgSOQ., gravity filtered, and condensed to give the diol as an

orange solid (1.48 g). This was used without purification in the reductive aromatization.

Aromatization to Give Compound 134

To a 250 mL RBF was added a solution of diol 132 (1.88 g, 4.3 mmol), Nal (4.54 g, 30 mmol),
and NaH2PO2*H,0 (4.22 g, 40 mmol) in glacial acetic acid (108 mL). The dark red solution was
heated to reflux for 1.5 h to give a yellow solution. The reaction mixture was cooled to room
temperature, quenched with water, extracted with DCM, dried with MgSOQ., gravity filtered, and
condensed to give a dark red oil. The crude product was purified via CombiFlash (Hex:DCM) to
give the aromatic product (134) as a yellow solid (0.69 g, 40% yield). 'H NMR (700 MHz, CDCls)
07.84(d,J=775Hz 1H), 7.73 (d, J = 8.00 Hz, 2H), 7.64 — 7.61 (m, 3H), 7.58 (t, J = 7.88 Hz,
3H), 7.55 - 7.51 (m, 3H), 7.35 — 7.32 (m, 5H), 5.59 (ddt, J = 16.10, 10.64, 5.49 Hz, 1H), 4.98
(dd, J = 29.80, 13.82 Hz, 2H), 4.12 (s, 2H), 3.67 (d, J = 5.41 Hz, 2H); "*C NMR (176 MHz,
CDCls): & 139.14, 138.57, 137.44, 137.41, 135.10, 134.57, 131.53, 131.50, 131.46, 129.99,
129.96, 128.56, 128.51, 128.26, 127.80, 127.63, 127.62, 127.18, 126.77, 125.36, 125.20,

116.71, 71.41, 69.84.

Aromatization to Give Compound 135
To a 250 mL RBF was added a solution of diol 133 (1.48 g, 3.0 mmol), Nal (3.15 g, 21 mmol),

and NaH:PO.*H>0 (2.93 g, 28 mmol) in glacial acetic acid (75 mL). The dark red solution was
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heated to reflux for 1.5 h to give an orange solution. The reaction mixture was cooled to room
temperature, quenched with water, extracted with DCM, dried with MgSOQ., gravity filtered, and
condensed to give a dark red oil. The crude product was purified via CombiFlash (Hex:DCM) to
give the aromatic product (135) as a yellow solid (0.32 g, 24% yield). 'H NMR (700 MHz, CDCls)
08.12 (d, J = 8.53 Hz, 1H), 7.98 (dd, J = 17.61, 8.37, 2H), 7.76 (d, J = 8.77 Hz, 2H), 7.67 — 7.63
(m, 2H), 7.58 (dt, J = 14.52, 7.06 Hz, 3H), 7.46 (t, J = 7.38 Hz, 1H), 7.35 — 7.31 (m, 4H), 7.22 (t,
J=7.48 Hz, 2H), 7.18 (t, J = 7.54 Hz, 1H), 6.99 (d, J = 8.50 Hz, 1H), 5.61 (ddt, J = 16.21, 10.62,
5.48 Hz, 1H), 4.97 (dd, J = 24.37, 13.83 Hz, 2H), 4.16 (s, 2H), 3.68 (d, J = 5.39 Hz, 2H); "*C
NMR (176 MHz, CDCls): & 139.13, 137.81, 136.36, 134.62, 134.12, 133.64, 133.24, 132.68,
131.58, 131.54, 130.57, 130.11, 128.59, 128.57, 128.56, 128.14, 127.70, 127.34, 136.81,

126.69, 126.48, 125.93, 125.64, 125.62, 125.34, 116.80, 71.45, 70.03.

Deprotection of Aromatic Alcohol (136)

To an oven-dried 100 mL flask purged with nitrogen was added Pd(PPhs)s (15 mg, 0.013 mmol)
and MeOH (10 mL). A solution of allyl-protected alcohol 134 (0.52 g, 1.3 mmol) in MeOH (26
mL) was added and the mixture was stirred at room temperature for 15 min. K.CO3 (1.08 g, 7.7
mmol) was added and the yellow suspension was heated to reflux. After 1 h, a second
equivalent of Pd(PPhs)s was added and this process was repeated twice more for a total of four
equivalents (60 mg, 0.05 mmol, 4 mol%). The reaction was stirred at reflux overnight to give a
brown-yellow suspension. This was cooled to room temperature, condensed to remove MeOH,
washed with sat. NH4ClI, extracted with DCM, and flushed through a silica plug with ethyl
acetate. The filtrate was condensed to give a grey solid. The crude product was purified via
CombiFlash (Hex:DCM) to give the alcohol as a bright yellow solid (0.38 g, m.p. 276 — 280 °C,
83% yield). '"H NMR (700 MHz, CDCl;) & 7.79 (d, J = 7.70 Hz, 1H), 7.73 — 7.70 (m, 2H), 7.62 (q,
J=7.25Hz, 3H), 7.58 — 7.51 (m, 5H), 7.48 (d, J = 7.29 Hz, 1H), 7.37 — 7.32 (m, 5H), 4.26 (d, J

= 3.79 Hz, 2H), 1.26 (d, J = 6.02 Hz, 1H); *C NMR (176 MHz, CDCl;): & 140.58, 138.99,
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137.72, 137.38, 134.74, 131.65, 131.47, 131.45, 130.05, 128.58, 128.06, 127.96, 127.70,

127.39, 126.44, 125.70, 125.31, 63.50.

Deprotection of Aromatic Alcohol (137)

To an oven-dried 100 mL flask purged with nitrogen was added Pd(PPhs)s (8 mg, 0.006 mmol)
and MeOH (5 mL). A solution of allyl-protected alcohol 135 (0.30 g, 0.66 mmol) in MeOH (13
mL) was added and the mixture was stirred at room temperature for 15 min. K2COs (0.55 g, 4.0
mmol) was added and the yellow suspension was heated to reflux. After 1 h, a second
equivalent of Pd(PPhs)s was added and this process was repeated twice more for a total of four
equivalents (32 mg, 0.03 mmol, 4 mol%). The reaction was stirred at reflux overnight to give a
black suspension. This was cooled to room temperature, condensed to remove MeOH, washed
with sat. NH4Cl, extracted with DCM, and flushed through a silica plug with ethyl acetate. The
filtrate was condensed to give an orange oil. The crude product was purified via CombiFlash
(Hex:DCM) to give the alcohol as a bright yellow solid (0.24 g, m.p. 224 — 228 °C, 88% yield).
'"H NMR (700 MHz, CDCl3) & 8.14 (d, J = 8.47 Hz, 1H), 8.01 (d, J = 8.18 Hz, 1H), 7.94 (d, J =
8.51 Hz, 1H), 7.77 (d, J = 8.92 Hz, 2H), 7.65 (t, J = 7.22 Hz, 2H), 7.58 (dq, J =12.18, 7.42 Hz,
3H), 7.47 (t, J = 7.34 Hz, 1H), 7.33 (d, J = 8.37 Hz, 4H), 7.25 — 7.22 (m, 2H), 7.20 (t, J = 7.48
Hz, 1H), 7.01 (d, J = 8.48 Hz, 1H), 4.32 (d, J = 3.92 Hz, 2H), 1.36 (s, 1H); *C NMR (176 MHz,
CDCls): & 138.97, 138.07, 138.05, 134.15, 133.62, 133.34, 132.46, 131.53, 131.51, 130.68,
130.15, 128.92, 128.62, 128.60, 128.19, 128.76, 127.55, 126.88, 126.64, 126.34, 126.11,

126.10, 125.98, 125.43, 63.79.

PCC Oxidation of Benzyl Alcohol (138)

To an oven-dried 50 mL RBF was added a suspension of PCC (0.37 g, 1.5 mmol), NaOAc
(0.024 g, 0.29 mmol) and silica gel (0.37 g) in DCM (5 mL). The orange suspension was stirred

under nitrogen at room temperature for 5 min then a solution of benzyl alcohol 136 (0.35 g, 0.97
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mmol) in DCM (15 mL) was added and the suspension immediately turned dark brown. This
was stirred at room temperature for an additional hour. The crude reaction mixture was flushed
through a silica plug with EtOAc and condensed to give a yellow solid. The crude product was
purified via CombiFlash (Hex:DCM) to give benzaldehyde (138) as a bright yellow solid (0.23 g,
m.p. 250 — 253 °C, 65% yield) as well as spirocycle (140) as an off-white solid (0.033g, 9%
yield). Benzaldehyde (138): '"H NMR (700 MHz, CDCl;) & 9.41 (s, 1H), 8.26 (d, J = 7.82 Hz,
1H), 7.84 (t, J = 7.38 Hz, 1H), 7.75 - 7.72 (m, 3H), 7.63 (q, J = 7.37 Hz, 2H), 7.58 (t, J = 7.36
Hz, 1H), 7.50 (dt, J = 18.33, 5.52 Hz, 5H), 7.37 — 7.34 (m, 4H); "*C NMR (176 MHz, CDCl,): &
192.21, 143.33, 138.78, 138.52, 135.98, 134.28, 132.87, 131.77, 131.44, 131.34, 130.88,
129.84, 128.75, 128.66, 128.60, 127.83, 127.44, 127.43, 126.46, 126.11, 125.39. Spirocycle
(140): "H NMR (400 MHz, CDCl3) & 7.61 — 7.57 (m, 2H), 7.50 — 7.34 (m, 5H), 7.31 — 7.27 (m,

3H), 7.25 — 7.16 (m, 6H), 7.03 — 6.97 (m, 3H), 5.50 (s, 2H), 2.77 (s, 1H).

PCC Oxidation of Naphthyl Alcohol (139)

To an oven-dried 50 mL RBF was added a suspension of PCC (0.20 g, 0.81 mmol), NaOAc
(0.013 g, 0.16 mmol) and silica gel (0.20 g) in DCM (3 mL). The orange suspension was stirred
under nitrogen at room temperature for 5 min then a solution of naphthyl alcohol 137 (0.22 g,
0.54 mmol) in DCM (8 mL) was added and the suspension immediately turned dark brown. This
was stirred at room temperature for an additional hour. The crude reaction mixture was flushed
through a silica plug with EtOAc and condensed to give an orange solid. The crude product was
purified via CombiFlash (Hex:DCM) to give naphthaldehyde (139) as a yellow solid (0.11 g, m.p.
302 — 304 °C, 50% yield) as well as spirocycle (141) as an off-white solid (0.033 g, m.p. 278 —
281 °C, 22% yield). Naphthaldehyde (139): '"H NMR (700 MHz, CDCls) & 9.46 (s, 1H), 8.27 (d,
J=8.61Hz, 1H), 8.15 (d, J = 8.61 Hz, 1H), 8.05 (d, J = 8.19 Hz, 1H), 7.78 (d, J = 8.93 Hz, 2H),
7.66 (t, J =7.36 Hz, 2H), 7.60 (dt, J = 15.03, 7.71 Hz, 3H), 7.55 (d, J = 7.24 Hz, 1H), 7.36 — 7.33

(m, 2H), 7.28 (t, J = 7.70 Hz, 5H), 7.20 (d, J = 8.45 Hz, 1H); *C NMR (176 MHz, CDCls): &
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192.51, 143.99, 138.82, 138.59, 136.41, 133.47, 133.18, 131.52, 131.37, 131.23, 129.68,
129.13, 129.06, 128.57, 128.47, 128.40, 127.78, 127.75, 127.39, 127.30, 126.42, 126.21,
125.36, 122.34. Spirocycle (141): '"H NMR (400 MHz, CDCl3) & 7.99 (d, J = 8.35 Hz, 1H), 7.91
(d, J=8.25Hz, 1H), 7.73 — 7.67 (m, 4H), 7.58 (d, J = 8.38 Hz, 1H), 7.38 — 7.24 (m, 7H), 7.18 —

7.11 (m, 2H), 7.08 — 7.00 (m, 3H), 6.83 (dd, J = 7.97, 1.30 Hz, 2H), 5.52 (s, 2H), 2.87 (s, 1H).

Reaction of Benzaldehyde 138 with Phenyl Lithium (142)

To an oven-dried 25 mL RBF was added a solution of bromobenzene (0.13 mL, 1.3 mmol) in
anhydrous THF (5 mL). The solution was cooled to -78 °C and n-BuLi (2.5M, 0.48 mL, 1.3
mmol) was added and stirred at -78°C for 1 h to give a pale-yellow solution. A solution of
benzaldehyde 138 (0.21 g, 0.58 mmol) in anhydrous THF (5 mL) was added dropwise then
stirred at -78 °C for 1h then room temperature overnight. The orange solution was cooled to 0
°C, quenched with sat. NH4ClI, extracted with DCM, dried with MgSQ,, gravity filtered, and
condensed to give a yellow oil. The crude product was purified via CombiFlash (Hex:DCM) to
give a mixture of phenyl-substituted benzyl alcohol enantiomers as a yellow solid (0.241 g, 95%

yield).

Reaction of Naphthaldehyde 139 with Phenyl Lithium (143)

To an oven-dried 25 mL RBF was added a solution of bromobenzene (0.05 mL, 0.5 mmol) in
anhydrous THF (2 mL). The solution was cooled to -78 °C and n-BuLi (2.5M, 0.20 mL, 0.5
mmol) was added and stirred at -78°C for 1 h to give a pale-yellow solution. A solution of
naphthaldehyde 139 (0.10 g, 0.25 mmol) in anhydrous THF (3 mL) was added dropwise then
stirred at -78 °C for 1h then room temperature overnight. The yellow solution was cooled to 0
°C, quenched with sat. NH4Cl, extracted with DCM, dried with MgSOs, gravity filtered, and
condensed to give a yellow oil. The crude product was purified via CombiFlash (Hex:DCM) to
give the phenyl-substituted naphthyl alcohol as a yellow solid (0.12 g, m.p. 190 — 193 °C, 97%

yield). "H NMR (400 MHz, CDCl3) 8 8.07, (d, J = 8.67 Hz, 1H), 7.96 (d, J = 8.18 Hz, 1H), 7.83
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(d, J=8.67 Hz, 1H), 7.80 (d, J = 8.27 Hz, 1H), 7.73 (d, J = 7.73 Hz, 1H), 7.68 — 7.64 (m, 2H),
7.62 —7.55 (m, 3H), 7.50 — 7.45 (m, 2H), 7.38 — 7.28 (m, 3H), 7.22 - 7.16 (m, 2H), 7.13 - 7.03

(m, 5H), 6.97 (dd, J = 6.85, 2.70 Hz, 2H), 5.38 (d, J = 3.23 Hz, 1H), 1.95 (d, J = 3.29 Hz, 1H).

Synthesis of Diphenyl[3]victorenium Cation with TfOD: An NMR Experiment (144)

To an NMR tube purged with nitrogen was added a solution of phenyl-substituted benzaldehyde
142 (0.025 g, 0.06 mmol) in DCE-ds (1 mL). TfOD (50 pL, 0.6 mmol) was added and the
solution immediately turned dark green. The '"H NMR was taken and the resulting spectrum
showed the formation of the [3]victorenium cation as well as oligomeric byproducts. The

reaction mixture was purified via CombiFlash to give a mixture of hydro[3]victorene isomers.

Synthesis of Hydro[3]victorenes with BF3*Et.O (146 and 147)

To an oven-dried 50 mL RBF was added a solution of phenyl-substituted benzyl alcohol 142
(0.050 g, 0.11 mmol) in DCM (22 mL). The purple solution was stirred under nitrogen for 15 min,
then BF3*Et,O (41 pL, 0.33 mmol) was added, and the solution turned bright green immediately.
The reaction mixture was stirred at room temperature for 30 min then quenched with water,
extracted with DCM, dried with MgSQOs, gravity filtered, and condensed to give a green solid.
The crude product was purified via CombiFlash (Hex:DCM) to give a mixture of hydrocarbons
146 and 147 in a 1:3 ratio (0.025 g, 53% yield). Hydrocarbon (146): '"H NMR (400 MHz,
CDCl3) 6 9.03 (d, J = 8.46 Hz, 1H), 8.97 (d, J = 8.31 Hz, 1H), 7.60 — 7.08 (m, 16H), 6.48 (dt, J =
10.14, 2.13 Hz, 1H), 5.95 (dt, J = 10.06, 4.14 Hz, 1H), 3.66 (dd, J = 3.93, 2.17 HZ, 2H);
Hydrocarbon (147): '"H NMR (400 MHz, CDCl;) & 8.89 (d, J = 8.82 Hz, 1H), 8.18 (d, J = 7.84

Hz, 1H), 7.73 (d, J = 8.73 Hz, 1H), 7.60 — 7.08 (m, 18H), 5.58 (s, 1H).

Synthesis of Benzohydro[3]victorenes with BF3;*Et20 (148 — 150)
To an oven-dried 50 mL RBF was added a solution of phenyl-substituted naphthyl alcohol 143

(0.050 g, 0.10 mmol) in DCM (20 mL). The purple solution was stirred under nitrogen for 15 min,
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then BF3*Et,O (37 pL, 0.30 mmol) was added, and the solution turned bright green immediately.
The reaction mixture was stirred at room temperature for 30 min then quenched with water,
extracted with DCM, dried with MgSOs, gravity filtered, and condensed to give a green solid.
The crude product was purified via CombiFlash (Hex:DCM) to give a mixture of hydrocarbons

148, 149, and 150 in a 16:1:1 ratio (0.038 g, 77% yield).

Synthesis of Diphenyl[3]victorenium Cation with TfOD: An NMR Experiment (144)

To an NMR tube purged with nitrogen was added a solution of hydro[3]victorenes (146 and 147)
(0.023 g, 0.06 mmol) in DCE-ds (0.5 mL). TfOD (50 pL, 0.6 mmol) was added and the solution
immediately turned dark green. The '"H NMR was taken and the resulting spectrum showed the
formation of the diphenyl[3]victorenium cation (144) without excess oligomer formation. '"H NMR
(400 MHz, 1,2-dichloroethane-ds): 6 9.29 (d, J = 8.54 Hz, 2H), 9.01 (d, J = 7.94 Hz, 2H), 8.29 —
8.24 (m, 4H), 8.14 (t, J = 7.97 Hz, 2H), 7.93 — 7.89 (m, 2H), 7.78 (dt, J = 14.66, 7.22 Hz, 5H),
7.65 (d, J = 7.64 Hz, 4H); "*C NMR (101 MHz, 1,2-dichloroethane-ds): & 163.40, 154.09, 137.43,
136.89, 134.29, 133.98, 133.54, 131.79, 130.47, 130.26, 129.88, 129.67, 128.62, 128.42,

120.14, 116.98.

Synthesis of Diphenylbenzo[3]victorenium Cation with TfOD: An NMR Experiment (145)

To an NMR tube purged with nitrogen was added a solution of hydro[3]victorenes (148 - 150)
(0.025 g, 0.05 mmol) in DCE-ds (0.5 mL). TfOD (47 uL, 0.5 mmol) was added and the solution
immediately turned dark green. The '"H NMR was taken and the resulting spectrum showed the
formation of the diphenylbenzo[3]victorenium cation (145) without excess oligomer formation. 'H
NMR (400 MHz, 1,2-dichloroethane-ds): 6 8.97 (dd, J = 8.00, 1.21 Hz, 1H), 8.86 (dd, J = 7.81,
1.17 Hz, 1H), 8.79 (d, J = 7.94 Hz, 1H), 8.54 (d, J = 8.50 Hz, 1H), 8.35 (d, J = 8.36 Hz, 1H),

8.16 — 8.06 (m, 4H), 7.88 — 7.80 (m, 7H), 7.57 — 7.52 (m, 4H), 7.35 — 7.29 (m, 3H).
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