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Abstract

pl has been an arca of interest for

quite some time now. These distoried 7-systems have fascinated the imaginations of

organic chemists over the years and through extensive studies and synthescs, many

important lessons on the implications of strain and aromaticity have been provided.
Morcover, the chemical synthesis of monodisperse single-walled carbon nanotubes
(SWCNTS) that does not involve “fullerenc surgery” remains a significant challenge.
“This dissertation involves the synthesis of nonplanar polycyclic aromatic hydrocarbons
(PAHS) - namely, 1,1nn-tetramethyl[n}(2,1 eropyrenophanes, which resemble large

(about half) of (8,8) armehair SWCNTS. The work described herein focuses on

new reactions of i pyrenop and the

exploration of the valence isomerization/dehydrogenation (VID) reaction as a means o

Chapter I: Tntroduction of underlying concepts involving designed molecule

synthesis and seminal work on the synthesis of nonplanar aromatic hydrocarbons.  Focus

has been placed primarily on the synthesis of nonplanar aromatic systems that arc also

cyclophancs.  Four general strategics towards the synthesis of cyclophanes are
highlighted with an emphasis on the most powerful valence isomerization (Strategy D)
approach.

Chapter 22 Retrosynthetic ~ analysis  of  the target Ll

tetramethyl{n)(2,1 1 teropyrenophanes and a discussion of the carly synthetic efforts to

using a four-fold ion approach is presented.



Most of i in this chapter that were incapable

of delivering significant quantities of viable advanced intermediates of the designed

targets. AL dificd targetis described.

Chapter  3: Altemate  discomnective analyses of the target 1,Ln-
tetramethyl{#(2,11teropyrenophanes, as well as model studies on the 2-tert-butylpyrene
system and a novel approach to pyrenoid cyclophane systems is discussed. Several new
substitution and coupling reactions of substituted pyrene derivatives were discovered
during the course of this study and are presented in Chapter 3,

Chapter 4 The  synthesis  of a  series  of  Llm-
tetramethyl(#)(2,1 1 )eropyrenophanes (n<7-9) using two different synthetic routes.
(Routes A and B) is the main feature of this chapter. Application of a Wartz-type

coupling reaction of 1-(bromomethyl)-T-tert-butylpyrene (discovered in Chapter 3) was

ful applied " gets. As well, the rare use
of the McMurry reaction to construct [2.2Jmetacyclophancdicne systems, a structural
prerequisite for the pivotal VID reaction, is presented. Interesting structural and
spectroscopic properties of 1,1,8,8-tetramethyl[8](2,11)tcropyrenophanc and future
applications of the chemistry developed during the course of this project are also

discussed.
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CHAPTER I: Introduction

11 Target Oriented Organic Synthesis
111 Natural Products and Designed Molecules.

Target oricnted organic synthesis can be subdivided into two arcas: (1) total
synthesis and (2) the synthesis of designed molecules. The former involves synthetic
approaches to natural products that are the results of billions of years of biological

evolution and the products of secondary metabolism of living cells, while the latter are

ht-after targets 0 other areas of chemistry
Total synthesis has been one of the mainstays in organic chemistry for over 100

nd d curichs

of the minds and abilities of scientists in the field is undeniable. The current rate, at
which syntheses of natural products are reported in the literature, is largely du in part to
our forcfathers' cxploration and discovery of chemical transformations.  Additionally,
some of the best understood concepts and reactions that are used in organic synthesis are
a direct result of rescarch programs devoted o0 total synthesis. During the course of these

synthetic endeavours, it is often the case that the development of new reactions,

R
B, TR AN
ek, .
= =
. -

FIGURE L1:




reagents, or modifications thercof is necessary in order to successfully furnish a synthetic
target or intermediate in the synthesis. As such, the pioneering efforts of Nobel laurcatcs
Woodward, Barton, and Corey will always be felt in any capacity of organic synthesis as
of the ficld continues to evolve leading to the discovery of new reagents and chemical

transformations.

organic synthesis) can be best described as the pursuit of the synthesis of molccules that
are not natural products. The scope of this definition is vast (as is the field) and various
‘sub-divisions within this class exist” Targets are often inspired from the isolation and

characterization of natural products, where the modification or derivatization of a

FIGURE 1.2 8.1
interest

partcular structural motif of a known natural product i desired to further study its mode
of biological action. Such analogs or derivatives form the basis of the phammaccutical
industry and medicinal chemistry programs. Other targets that belong 1o this class of

‘molecules bear no structural resemblance 1o natural products or molecules of biological



interest. The synthesis and study of such targets has been engagi

g the interests of many

rescarch groups for decades. Like total synthesis, the pursuit of targets that are purcly
novel in their design and unrelated to natural products has also made a meaningful
contribution to the understanding of chemical reactions and has fostered the current state

of the art in organic synthesis.

.

m "
Fetng's ol ok [—— se—

FIGURE 1.3: Designed molecules of theoretical interest’

At fist glance, from the representative examples illustrated in Figures 1.1-13, it
Would seem that the structural complexity associated with natural products or designed
molecules of pharmaceutical interest is far greater than that of the selected designed
molecules of theoretical interest.  While a contiguous array of stercogenic centers or a
‘complex polycyclic system that has alternating ring sizes and many "unnatural” structural
features (such as the anti-Bredt alkene present in Taxol and its derivatives) can present

the most formidable synthetic challenge, one must always be cognizant of the fact that

s of nature may

y plants have
had, it would be naive to say that designed molecules are less challenging targets than

natural products. When embarking on the synthesis of a designed molecule, one is truly



xist. ical

transformations that are used and have been developed in the arena of total synthsis are
incvitably applicd in designed molccule construction, the discovery of new reactions and
methodologies in this ficld have benefited organic chemists engaged in total synthesis as
well.

One of the major differences between these arcas of organic synthesis is that the
structures of natural products are often reported as scparate communications or reports

and the race to become the first 10 exccute a synthesis begins. During the cnsuing sprint,

iy appear from several a partial synthesis
of the molccule in question or methodologies that have been developed for access 10 &
salient feature of a specific target. For the most part, this dircct competition o be firs to
a partcular structure s largely active in the field of designed molccule synthesis
However, it is not with the same tight restrictions as total synthesis. The freedom to
slightly alter certain features of an initially designed target i left 1o the discretion of the
scientist and making a slightly modificd target that contains all of the key structural
details that were initially sought-after, docs not weaken the quality of the work* In total

synthesis, preparing the wrong stereoisomer of a given target or cven a derivative of the

e lacks a substituent o i PP

and is gencrally regarded as not being as significant as a synthesis that is able to secure

rget with,



e T

112 Nonpla

The subject of this dissertation is the synthesis of nonplanar aromatic
hydrocarbons, in particular those that have a pyrenoid motif, Further explanation and
discussion of the target molccules of this work and their unique structural features will
Tollow in Chapters 2 and 4. Nonplanar aromatic hydrocarbons have been the subjects of
intense interest for the last two decades.® While rescarch programs dirceted toward the

synthesis of highly deformed or bent benzene rings have been ongoing since the 19505, it

was the landmark discovery of / Cea fullerene by Kroto, Curl and Smalley” that sparked
the current surge of activity (which shows no signs of diminishing) in this field. Two of
the most noteworthy achievements in this field include a rational laboratory synthesis of

Ii Cio by Scott and co-workers' and the synthesis of a cyclo{I0]phenacene (or

[10]eyclophenacene)” by Nakamura and co-workers' ~ a molecule that maps onto the.

¢ bell®

cquator of Cep and can also be viewed as “The pursuit of such

lecules predates the genesis of the ypes of carbon.'!

FIGURE 1.4: Ca fullerene and cyclo[10]phenacene

Nonplanar aromatichydrocarbons constitute an important class of designed

molecules. One of the major difficulies associated with their preparation s the




generation of an innately planar aromatic 7system in a bent form. This major challenge
arises from the interplay of two important energetic factors: strain and aromaticity (or
rather, aromatic stabilization energy - ASE). Many attempted synthescs of several well-
known nonplanar aromatic molecules have failed in the late stages of the synthesis due to
the inability of end-game strategies 1o generate highly strained m-systems by the
aromatization of relatively unstrained precursors.”> The concepts that surround the
successful chemical synthesis of highly distorted systems and the considerations that
one must make in an initial synthesis plan will be discussed in Section 12, While
nonplanar aromatic hydrocarbons are often devoid of any functional groups (i ther final
form) the synthetic challenge that is associated with their preparation should not be
understated, as many research programs directed toward the synthesis of such compounds
never come to fruition.

“The interest in synthesizing nonplanar aromatic hydrocarbons stems from the
challenge that their structures present. The terms nonplanar and aromatic, may seem
somewhat oxymoronic, especially when viewed in the context of traditional or elementary
definitions of aromaticity."” Most introductory organic chemistry textbooks will list
planarity as one of the criferia for aromaticity in Huckel aromatic systems. This

t facets of

statement is an oversimplification and neglects other much more import

aromaticity. The major criterion for aromaticity that is generally ignored at the

introductory level is that of magnetism. Many theoreticians belicve that the evaluation of

‘magnetic susceptibility for a system is a much more rigorous measure of s aromaticity



and such indices' are often invoked in studying the cffects on bending the F-system in

question. Further discussion of these magnetic criteria will follow in Section 1.4.5.

12 The Origin of Nonplanarity Polyeycli

Examples of that ha p

energy conformation, such as corannulene ([S]Circulene), also predate the discovery of

20 years."* i il y
is present in these systems arises predominately through the application of three different
approaches: (1) complete benzannulation of a non-six-membered ring; (2) tethering two
nonadjacent positions of an aromatic system (a cyclophane approach); and (3) through
spatial or non-bonded interactions between neighbouring atoms that arise through angular
annulation of aromatic rings (Figure 1.5). In all cascs, the lowest cncrgy conformation of

the Resystem is nonplanar, due primarily to the compromise between the distortion of

‘bond lengths and bond angles.
r 1 i

FIGURE 1.5: Examples of nonplanar aromatic hydrocarbons

Understanding the difference in energetic penalties of these two facets of bonding

energy is demonstrated by the two smallest saturated cycloalkancs, cyclopropanc and

cyclobutane. The overall deviation from the ideal sp’ hybridized bond angle (109.5%) in




both of these systems is approximately 49° and 21° respectively, while the deviation form
the ideal carbon-carbon bond length (1.54 A) is small at 0.024 A and 0.020 A

respectively.' The large deviation in bonding angles is significant in both molecular

‘geometrics and it is clear that bond lengths reside in relatively decp and narrow enrgy
wells (.. they are relatively hard to distort from ideal valucs) while bond angles reside in

relatively broad and shallow energy wells (ic. they are relatively casy to distort from

ideal values)."” Thus, it quickly becomes evident why the %-systems in question are in
fact nonplanar. For cach class of nonplanar system, the difference i the case with which
bond angles and lengths can be distorted manifests itself in differcnt ways and these are

explained in the following scctions.

121 Bowl-shaped and Curved Polycyclic Systems as a Result of Benzannulation
In the case of the [n]circulenes'™ (where n is not equal to six), the planar (Du-

‘symmetric) conformations require that the central carbocyclic rings describe polygons

that have interior angles that are not equal to 120°. The planar (Dy-symmetri

conformations also cannot maintain ideal carbon-carbon bond lengths. For 1 < 6, bond

Pe Y

FIGURE 1.6: Homologous series of [1]circulenes.



of the hydrocarbons. For n > 6, it is the other way around. Either way, it is cnergetically

less costly for the central carbon atoms to undergo pyramidalization than for the bond
lengihs to deviate significantly from their ideal values (vide supra). Consequently, the
molecules adopt nonplanar or curved structures. [S]Circulene (1.17), or as it is more
commonly known ~ corannulene, is bowl-shaped, while [7]circulene (1.22) is saddic-
shaped (Figure 1.6). The synthesis of both of these molecules has been achieved,'” but

the syntheses of lower and higher homologs have not been reported. Corannulene has,

by far, received the most attention in terms of synthetic investigation of all of the
nonplanar [r]circulenes, owing 1o its homology 10 Ceo fullerene. However, the first

synthesis of [S]Circulene (1.17) was reported”* nearly two decades before the discovery

SCHEME 1.1: The firstsynthesis of corannulene (1.17) by Barth and Lawton

of these fascinating allotropes of carbon.'’ Subsequent studics on the synthesis of this
bowl-shaped geodesic structure and structurally related analogs have becn ongoing in
several research groups since the mid 1980 The application of high temperature
pyrolysis to furmish the nonplanar (and thus strained) polyeyclic structures from planar

and unstrained hydrocarbons has been a mainstay of this work, although various solution

this area was




the synthesis of Ce (1.15), which was reported by the Scott group at Boston College in

2002. Their synthesis is summarized in Scheme 1.2.
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SCHEME 1.2: Scott and co-workers synthesis of Cea in 2002

122 The Cyclophane Approach to Bent n-systems

Bridging two non-adjacent positions of an aromatic system gives rise 10 @
cyclophane. Depending upon the nature of the bridging unit, nonplanarity can be
enforced in the aromatic unit o the molecule. As such, this approach can be described as

a cycloph pr yplanar x-systems.* C; large class of

organic compounds that have been well-known now for many years in capacities that
include both planar and nonplanar aromatic systems. The introduction of a sufficicntly
long (aliphatic) bridge 10 an aromatic system affords an [n]cyclophane that is cssentially
free from strain. In such cases, both the aromatic unit and the bridge can adopt near-ideal
conformations. ~ Sequential shortening of this bridge affords a homologous serics, in

which the length of




unit maintains a planar conformation as the bridge becomes shorter, bond length
elongation in the bridge and/or bond length contraction in the aromatic unit will be
required. However, a less energetically costly form of distortion s for the aromatic unit
10 bend out of planarity (vide supra)."* This occurs by pyramidalization at the bridgehead
positions and bond torsions around the bridged ring(s). By far the most common
aromatic unit that has been bridged to form cyclophanes is the quintessential aromatic
system, benzene. The benzene rings in these eyclophanes are distorted into boat-shaped
conformations, both in the [s)meta- and [nlparacyclophanes. A discussion of the
synthesis of these two classes of eyclophanes and the implications of bending the benzene:

nucleus (and other aromatic systems) is presented in Sections 1.3-1.5,

123 Consequences of Angular Annulation of Benzene Rings

Twisted acenes arise due 1o the non-bonded interactions between neighbouring.

atoms that would arise if the molccule were o maintain aplanar conformation
[6]Helicene (1.28) is an example of this class of molecules and, its homology to coronene

(1221) speaks to the degree of steric congestion that would otherwise be present in the

molecule if it were planar. The colored atoms in [6]helicene (with two ortho hydrogens

omitted for clarity) are shared a jgure 1.7)

FIGURE

: Comparison of nonplanar [6]helicene (1.28) and planar coronene (1.21)



As such, the two terminal benzene rings are somewhat stacked, and the entire molccule
twists out of planarity 10 give a helical conformation. In general, helical structures of
polycyclic aromatic hydrocarbons can be prepared from the photoisomerization of

stlbene derivatives such as 1.29-131 (Scheme 13). However, due to their

teresting
chirality and potential applications in medicine (due in part to their interactions with
DNA) the Collins group has recently reported a very mild and cffective synthetic route to
helicenes that involves a ring-closing metathesis (RCM) reaction of a biaryl system.™
Other recent syntheses of helicene and helicene-like molecules have made use of
transition metal catalysis via palladium-catalyzed double C-H arylation’ and nickel or

cobalt-catalyzed™ alkyne cyclotrimerization strategics.

SRS o gI
SCHEME 1.3: Synthesis of [6]hclicene (1.28) through cis-silbene intermediates

13 General Strategies for the Synthesis of Cyclophanes Containing Bent
Aromatic Systems

The synthesis of cyelophanes containing bent aromatic systems has been
accomplished according to four general strategies (A-D), the defining features of which
are the ways in which nonplanarity is imparted 1o the aromatic system (Scheme 1.4),
‘Examples of the most common three of these strategies will be the focus of this section.

Strategy A (Scheme 1.4) involves the formation of a bond between two atoms that

comprise part of the bridge. The functional groups X and Y can be identical or different



3

of the aromatic system out of planariy, the increase in energy associated with bending the
arene goes directly to the energy barrier of the bond-forming reaction. If this increase in

the encrgy barrier is significant, the desired intramolecular reaction becomes disfavourcd

with respect 10 the i reaction and ization reactions

S—0 -0
LY 7 <=
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SCHEME 1.4: General strategies for generating cyclophanes containing bent arcncs

in such instances, high dilution can help to promote

the desired intramolecular reaction, but this is generally an incfle

strategy for the
synthesis of cyclophanes with more highly distorted aromatic units. In contrast it is a
very popular and useful strategy for the synthesis of cyclophanes with planar or ncarly
‘planar aromatic systems.®

Strategy B is similar 1o Strategy A, but it involves the formation of a bond

between an atom of the aromatic system and an atom of the bridge. Like Strategy A, the

bending of the arcne accompanies the bond formation and it has not proved to be uscful




for the formation of cyclophanes with significantly bent -systems. Strategy B is much

[ than Strategy A, even

Strategy C relies upon the contraction of the bridge(s) of an existing cyclophane.
“This is & widely used approach, especially for systems where the aromatic unit(s) of the
starting cyclophane is/are planar or nearly planar. In such cases, the increase in energy

associated with increasing the bend of the aromatic system is relatively small and the

energy barrier 1o the ring contraction reaction does ot become prohibitive. However,
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SCHEME 1.5: Attemped synthesis of a [2.1]meta- (1.34) and paracyclophane (1.36)

when the starting material contains one or more arenes with more pronounced bend, it

fil,

For cxample, attempied ring contraction of ~[22)metacyclophane 133 and
[22Jparacyclophane 1.35 does not afford the desired [2.1]cyclophanes (1.34 and 1.36),
but rather a carbene dimerization product 137 in the case of 1.35 (Scheme 1.5).

Strategy D s overwhelmingly the most powerful sratcgy for forming cyclophanes

f this chapter will describe, is




3 4 s 6 @ 8 9 10
n (number of carbon atoms in the bridge)

FIGURE 1.8: Strain energies of [r]paracylophancs and definition of atand fangles

so far the only strategy that can deliver the most highly bent -systems. The crux of this

strategy is 1o form the aromatic system in its final bent conformation rather than

increasing the bend in an existing one.  In most cases, his involves the formation of

bridged pr that can casily a bridge, followed by

the generation of the bent or nonplanar aromatic system.  Although the arene is formed in




a nonideal conformation, its formation is nevertheless accompanied by the gain of
whatever aromatic stabilization energy (ASE) the bent arenc possesses and any strain
relief the destruction of the arenc precursor provides.  Furthermore, competing
intermolecular reactions are usually absent. Strategy D has seen applications in the
synthesis of nonplanar aromatic systems other than benzene, especially by Bodwell and
co-workers in the preparation of several (2,7)pyrenophancs. The work of the Bodwell
‘group in this area will be highlighted in Section 152 and will serve as a prelude to the
new discoveries described in this dissertation.  Until then, a discussion of the four
strategies and their applications towards the synthesis of bent benzene rings would be

instructive.

131 Synthesis of [n]Meta- and [n]Paracyclophanes Using Strategies A-C
Hubert and Dale's synthesis of (8]metacyclophane (L41) s an example of
Strategy A (Scheme 1.6)%7 1t commenced with the alkylation of a,o¢~dibromo-m-xylene

(1.38) with the Grignard reagent derived from propargyl bromide to fumish diyne 1.39.

A cyclophanediyne (1.40) was then generated by subjection of 139 t0 a Glaser coupling

reaction. Finally, of the alkynes afforded (141). The

synthesis is very short (3 steps), but the overall yield s just 8%. It is noteworthy that the

majority of the product losses were suffered d

ing the Glaser coupling reaction.
Considering that 1.41 is not a partcularly strained system (cf. [9]paracyclophane, Figure
1.5), the prospects of using a Glaser coupling reaction for the synthesis of lower

[nlmetacyclophanes are bleak. Various other Strategy A approaches have also been



applicd, however, only to the synthesis of [n)meta and [r]paracylophancs that contain

very modestly distorted benzenes rings.

s O g [ O] 2

SCHEME 1.6: Hubert and Dale’s synthesis of [8]metacyclophane (1.41) - Strategy A

Strategy C provides a distinct entropic advantage over Strategies A and B and is,

bent arenes. However, all

applications of this ring contraction strategy rely on the application of both of these

“weaker" concepts in initilly generating a cyclophane (ic. forming the inital bridge(s)).

fumish dithiacylophanes 142 and 145 in the instances of both [s]meta- and
[nlparacyclophanes (Scheme 1.7)** In order to shorten the bridge that conncets the
aromatic moiety of the cyclophane, extrusion of the sulfur atoms needs 1o take place.
This was achieved by Misumi and co-workers in the synthesis of [7jmeta- (143) and
[8Jparacyclophane (1.46) via oxidation of the sulfids 1o the corresponding sulfoncs,

which were then extruded as sulfur dioxide upon heating at 650 °C and 40 mmHg. This

particular use of Strategy C shortens the alkyl bridge of the cyclophs d
thus introduces considerably more strain in the R-system than was already present. As
such, in instances where #<7 or 8 (for meta- and paracyclophancs) respectively the
increase in strain energy (o ASEu~08 kealimol for [10]paracylophanc to

[9]paracyclophanc and ASE.~6.4 kealimol for [9]paracylophane to [8]paracyclophane,



Figure 1.8) that is associated with bending the aromatic system becomes too large and the
extrusion fails. A second example that cmploys Strategy C is a contribution from
Allinger and co-workers, whercby advanced intermediate 148 was found 10 undergo a
Wolff rearrangement upon iradiation with light to give [8]paracyclophane derivative
150 after ketene intermediate 1.49 was intercepted with water* While the amount of

strain that ted in the ri on step s not as large (Figure 1.8) as the sulfur

extrusion examples, the use of this methodology was unsuccessful in its application to

lower homologs. However, the use of the photo-Wolff rearrangement in the contraction
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SCHEME 1.7: Applicati 43)
and [8]paracyclophancs 1.46 and 1.50

In gencral, Strategies A-C are ineffctive in synthesizing cyclophanes that contain

Resystems, ) id

stratcgics A and B, further application towards the synthesis of lower homologs of both



isomeric cyclophanes (other than those highlighted in Scheme 1.7) has never been

achicved. Thus, the use of high energy intermediates capable of rearranging to severcly
strained systems is necessitated.

Along these lines, Jones Jr. and co-workers' unique "Strategy B" synthses of (7)-
(157) and [6]paracyclophanc (158) rely upon rearangement of a_ spirocarbenc
intermediate (Scheme 1.8)* Although a pre-arene can be identified in the starting
‘material (1.54), classification of this approach under Strategy D is inappropriate because
the pre-arene is not bridged.

Condensation of pyrrolidine and aldehyde 151 under Dean-Stark conditions
fumished cnamine 152, which was reacted further with methyl vinyl ketone under

buffered conditions to give a sprirocyclic cyclohexcnone via a  Robinson

% o
= 1 -
SCHEME 18: Jones Js workers'synthesis of 157)

annulation. Dehydrogenation of this enone intermediate with DDQ afforded spirocyclic
ketone 153, Formation of the tosyl hydrazone under standard conditions followed by

deprotonation with n-butyllithium gives a salt that was converted into spirocarbene 1.5



under high temperature and low pressure via a Bamford-Stevens reaction. Driven by the

formation of an aromatic sextet, carbene 1.55 underwent C-C bond cleavage to afford
diradical 1.56, which recombined to afford [7)- (1.57) and [6]paracyclophane (1.58, vide
infra) in 20% and 2% yields, respectively. An attempt 10 synthesize [S]paracyclophane
(183, vide infra) from a hydrazone akin t0 1.54 faled to afford the desired product. This
impediment and the low yields of [7)- (1.57) and [6]paracyclophanc (1.58) highlighted
the need for more powerful synthetic methods for the generation of the more highly
strained systems.  Although Jones' approach makes use of high cnergy intermediates
(carbene 1.5 and diradical 1.56), it suffers entropically from the need to form a new
carbon-carbon bond intramolecularly and enthalpically from the need to introduce all of
the strain in the product during that bond formation. As such, this method is quite

limited.

1.4 Rearrangements and the Valence Isomerization Approach to Straincd
zene Rings

1.4.1 Thermal Rearrangements of Strained Precursors

The synthesis of [nJmetacyclophanes from  [n]paracyclophancs via. thermal
rearrangement of a protonted intermediate was a concept first introduced by Hopf and
co-workers.” Tobe's group was also able to make use of this strategy in preparing
[6lmetacyclophane (1.62) from [6]paracyclophanc (1.58) (Scheme 19).”  The
rearmangement s driven by the relief of strain that results from protonation of the
bridgehead positions of the paracyelophanes.  Application of this strategy towards the

synthesis of lower homologs in the [n]metacyclophane series is not viable since the



preparation of the starting material is much more demanding (synthetically) than the
ultimate product. Also, these rearrangements arc hampered by the formation of isomeric
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SCHEME 19: Acid-catalyzed rearrangement of [6]paracyclophane (1.58) to
[6}metacyclophane (1.62)

Recognizing that major encrgetic driving forces such as strain rclicf (of pre-
arenes) and the gain of aromatic stabilization cnergy would be required to overcome the
strain cnergy present in the smaller meta- and paracyclophane homologs, the rescarch
‘groups of Bickelhaupt, Tobe, and Jones developed programs that made use of thermal and
‘Photochemical rearrangements o provide entry to some the most strained benzene rings

known.

142 The Synthesis of [S]Metacyclophane 1.69
Bickelhaupt's synthesis of 8,11-dichloro[S]metacyclophanc™ (1.69) involved the
formation of [3.1]propellanc 1.67.  Monocyclopropanation of dicne 164 gave

dichloride 1.65, which upon heating underwent a vinylcyclopropane rearmangement o



fumish bicycle 1.66. A sccond cyclopropanation of the alkene in 166 gave
trichloro[$.3.1Jpropellane 1.67. At his juncture, all of the carbon atoms that arc present
in [S]metacyclophan 1.69 had been installed in the form of his highly strained tricyelic

system.  Subjection of 167 to silver perchlorate and 2,6-lutidine afforded
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SCHEME 1.10: Bic 8, 69)
the desired 1.69 via an mechanism.  The

strai cnergy inherent in [5.3.1Jpropellane 1.67 is unveiled at this stage of the synthesis
and marks the first example where Strategy D has been employed in this discussion. To

date, 8,11-dichlorofS)metacyclophane (1.69) sill stands as the smallest isolable

which an X-ray erystal be obtained.
of [Sjmetacyclophancs have been reported by Bickelhaupt,” but application of this
strategy towards the synthesis of [4]metacyclophane fumished only the thermally

unstable Dewar benzene isomer.



143 The Valence Isomerization Approach to Strained [n]Paracyclophancs

Dewar benzene, or bicyclo[2.2.0Jhexa-2,5-dienc, is a valence isomer of benzene.
Valence isomers are constitutional isomers that are interrelated by pericyclic reactions ™
The Dewar benzene, and 10 a lesser extent,the 3,3"bicyclopropenyl valence isomers of

benzene are of significant importance in the synthesis of the most strained
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Scquential reduction of the number of methylene groups (or skeletal atoms) that
constitute the bridge of a paracyclophane increases the molecular strain,™ a major part of

which manifests itself in the bending of the benzene nucleus (sce Figure 1.8). This is the

primary y Strategies A-C fil in ighly distorted benzenes rings (
Section 1.3.1). Thus, as the overall strain encrgy increascs, the relef of strain by way of
reorganization of the benzene ring becomes increasingly viable. - Thermodynamically,
benzene s by far the most stable of all of its valence isomers (cf. AH{*=24 keal/mol)
when it s in its native planar conformation. However, leaving the plane causes for an
increase in strain energy and, in extreme cases, the once stable aromatic sextet becomes
destabilized with respect to other valence isomers (recall the discussion on the interplay

of strain and ASE in Section 1.1.2). By the same token, the conversion of a valence
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Some of the most bent benzene rings known. This is the premise of Strategy D.

The conversion of Dewar benzene to benzene is a photochemically allowed
process under the Woodward-Hoffmann rules on the conservation of symmetry in
‘molecular orbitals " Thermally, the conversion is forbidden as it would necessitate the
formation of a trans-alkene within the six-membered ring as a result of a conrotatory ring.
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SCHEME 1.11: Conversion of Dewar benzene to benzen (thermally forbidden)

opening of the cyclobutene portion of 1.70.* In spite of this unfavourable alkene
‘geometry and an activation energy of 37 kealimol for the conrotatory ring opening
reaction, conversion of hexamethyl Dewar benzene to hexamethyl benzene does take
place at 150 °C (12 = 3 h) and is exothermic by 60 kealimol.” Thus, considering the
large energy difference between benzene and Dewar benzene (75 keal/mol, see Figure
1.9, irradiation or gentle heating of an appropriately functionalized Dewar benzene could
be a powerful method for gencrating small [#]metacyclophanes or [#]paracyclophanes.
Furthermore, in cases where the thermal stability of the strained cyclophane targets
becomes an issue, photolysis of a Dewar benzene intermediate (at low temperature) may

overcome this obstacle.  Also, the naturally bent shape of the Dewar benzene valence

isomer will aid step(s) in ol i
“Tobe and co-workers demonstrated and exploited this concept in their synthesis of

8-carboxy[6lparacyclophane (1.82).  Conversion of angular propellanc 177 to
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diazoketone 1.78 followed by a photo-Wolff rearrangement gave ester 1.79 in 47% yield
over three-steps. Introduction of the necessary unsaturation in 1.79 o fumnish Dewar

benzene 1.80 was achieved using a two-step sequence. From here, heating 180 at 60 °C

followed by i » 1.82, which to
date remains as the smallest isolable [n]paracyclophane known.* Interestingly, 1.82 is a
chiral compound and the carboxylic acid functionality offers the potential for resolution.

However, no work in this area appears to have been done.
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SCHEME 1.12: Tobe's Synthesis of $-carboxy{6]paracyclophane (1.82)

144 Synthesis of [S]Paracyclophane

the a

precursor s illustrated in Bickelhaupt's synthesis of [S]paracyclophane (1.85).%



Examination of the data presented in Figure 1.8 (vide supra) reveals that the remaining

‘homologs i ined than the p ly
synthesized system ([6]paracyclophanc). The thermal ring opening of a 14-bridged
Dewar benzene (cf Tobe's synthesis of [6]paracyclophanc 1.82) was incflcctive in the
synthesis of [S]paracyclophane, owing o the thermal instability of the desired target,
However, photochemically the ring opening reaction is allowed and the desired valence
isomerization reaction could take place under milder (i without heating) conditions to
afford the titled target.*!

One of the advantages of using Dewar benzencs in valence isomerization
reactions (Strategy D) to generate nonplanar benzene rings is that they arc higher cnrgy
intermediates than the corresponding cyclophanes (except in the case where n=4).*" A
similar situation was encountered in Bickelhaupts study on [1.1Jmetacyclophane, where

the known Dewar isomer was considerably higher in cnergy (thermodynamically less

stable by 24 ized cyclophane.® Thus, the strain
present in the Dewar isomer can compensate for the considerable amount of strain
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SCHEME 1.13: Synthesis of | 5)b ork

present in the target (specifically the benzene ring) upon ts formation. ~Analogous to

their work on [6]paracyclophane, and with a rescarch program dirccted towards. the

synthesis of small cyclophanes using 2.2"bicyclopropenyl substrates, their synthesis



commenced with the silver tetrafluoroborate-catalyzed isomerization of 1.83 to Dewar
benzene 1.84. Subsequent iradiation in an NMR tube at ~60 °C fumished the highly
straincd [S]paracyclophanc 185, 1t is also noteworthy that only the ortho isomer 1.86
was obtained when 1.85 was treated with acid, and no [S]metacyclophane was obscrved
(unlike [6]paracylophane, sce Scheme 19) in this reaction. Both Tobe" and
Bickelhaupt** were also successful in the preparation of substituted derivatives that
proved to be more thermally stable. However, 10 date there has been no report of a
[Slparacyclophane that was prepared and isolated 10 be set on a benchishelf with an

appreciable half-lfe.

145 [4]Paracyclophane Derivatives: Synthesis and Propertics of Highly Deformed
Bes

nzene Rings
Shortening of the bridge by one more atom 10 yield [4]paracyclophanc would
scem 10 be an impossible challenge given what was observed by Bickelhaupt and co-

workers in the synthesis of [S]paracyclophane. Initial work aimed toward this goal by

s in the obs of the z lophane in

amatrix at 77 K. Contrary i than the
desired target), the benzene ring of [4]paracyclophane is less stble than the
comesponding Dewar benzene isomer. Morcover, the calculated strain cnergy of
[4Jparacyclophane is estimated 1o be 91 kealimol and, as such, greatly excecds the
resonance energy or ASE which is ~33 kealimol based on recent calculations from

Schleyer and colleagues.”* Other than the obvious, the major challenge associated with




1 or cven obscrvation of this highly distorted benzene ring, is its propensity

undergo bridgehead addition 1o allevite ring strain.

A clever solution to this bridgehead addition problem was introduced by Tsuji,

that the introduction of bulky the bridgehead positions
(exg. on the benzylic carbons) could effectively block the addition of electrophiles and
facilitate the proper characterization of the deformed aromatic system. To this end, they
reported the synthesis of 14-bis(dicyanomethylenc)[4]paracyclophan-2-cn in 1997
(Scheme 1.14) The synthesis of this [4]paracyclophane derivative was initiated with
1.87, which had already been reported by Tsuji.”” Treatment of this advanced
intermediate with singlet oxygen fumished endoperoxide 1.88 via a [4+2] cycloaddition.

Subsequent treatment with EuN delivered enonc 1.89. The alkene was radically reduced
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SCHEME 1.14: Tuji's synthesis of (4]paracyclophane derivative 1.92



using Bu,SnH in the presence of PA(PPhy); and then the alcohol was oxidized with
pyridinium chlorochromate (PCC) to give the 1.4-dione 1.90. Treatment of 1.90 with
‘malononitrle in a Knovenagel condensation under the catalysis of Aalanine furnished a
saturated Dewar benzene intermediate, which was further subjected 1o pyridinium
bromide perbromide to install unsaturation at the desired 2-postion of the bridge. During
the course of this work it was discovered that instalation of an alkene in the bridge of
191 thwarted the irmeversible photochemical isomerization of the Dewar benzene
intermediates 1o the corresponding naphthalene derivatives (Scheme 1.14), necessitating
this structural requirement.*

Iradiation of 1.91 at 365 nm as a solution in CDCly at ~90 °C led 1o the
development of a broad absorption band between 270 and 420 nm, which s indicative of
the formation of a bent benzene ring and signals the disappearance of the strong band
between 300 and 390 nm of the Dewar isomer. They also found that only the newly
generated species was excited by light of wavelengths of 400 nm and resulted in the
reversal of the process (see Scheme 1.14).  This product proved to be quite stable
(compared to [4]paracyclophan) and remained unchanged at ~50°C in isopentanc/ether
for ~1 h, long enough for a 'H NMR spectrum to be recorded. The results of the 'H NMR
experiment were very encouraging as the original spectrum of 1.91 showed two signals at
86,93 and 720, Upon imadiation with 365 nm light, a pair of new signals with a 1:2
intensity ratio formed with chemical shifls of 85,85 and 7.97. The former spectrum

could then be regenerated upon irradiation of 1.92 with 400 nm light. The experimental




valucs of the chemical shifts and the A8 values were in good agreement with theoretical
calculations.**

In an attempt to leam more about the [4]paracyclophanc system (cspecially the

bent benzene ring), Tsuji and colleagues recently reported the synthesis of other
[4]paracyclophane derivatives that also have large groups shiclding the bridgehead

positions.** The synthesis of these new [4]paracyclophane derivatives is illustrated in

Scheme 1.15. Reaction of dione 1.90 with with TIPSOTS and Hanigs base directly

afforded bis(silyl cnol cther) 1.96, whereas exposure of 1.90 10 divfert-butyl malonate
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SCHEME 1.15: Tsuji's synthesis of (4]paracyclophane derivatives 1.97 and 199

jon of both of these Dewar

under Lewis acidic conditions fumished 198, Imadi
benzenes (1.96 and 1.98) afforded the corresponding [4]paracyclophane derivatives (1.97
and 199 respectively).  However, the most kinetically and thermally stable
[4]paracyclophane derivative proved to be tetranitrile 1.92, which has a half-life of 12 +2
min at ~20°C (sce Scheme 1.15 for half-lives of 1.97 and 1.99).

To evaluate the aromatic character of the highly bent benzene rings in their

[4]paracyclophane derivatives, Tsuji and co-workers subsequently calculated (GIAO / 6-



31

31+ G/ B3LYP/ 631 G')** values for the nucleus-independent chemical shift (NICS)
and diamagnetic susceptibility exaltation (A). As suggested by Schleyer,” these values

can be used as indices for aromaticity. For both of these parameters, large negative

values are indicative of aromaticity, while positive values suggest antiaromaticity. The

NICS value for the distorted benzene ring of 1.92 was calculated to be ~8.0, which

compares 0 ~9.7 for p . The value for A was comput ~11.5 ppm cgs
for the bent benzene ring in 192 versus ~15.1 ppm cgs for planar benzene. These
relatively large negative values suggest tha there s not a major loss of aromatcity in the
highly distorted benzenc ring of this [4]paracyclophane derivative. This s consistent

with the calculated structure of 1.92, in which very litle bond localization (or altemation)

was cvident. Similarly, in the most recent study of [4]paracyclophane derivatives, the

Tsuji group has illustrated that the benzene nucleus of 1.92 xhibits strong diatropicity.
However, this is at odds with the suggestions of Schacfer™ that the severely distorted

benzene ring of [4]paracyclophane displays a magnetic suscepibility similar 1o that of

(hypothetical) 1,3,5-cyclohexatriene, which is indicative of a severcly diminished ring
current.
et another ery interesting result was obtained from the most recent study on

[4Jparacyclophanc by Tsuji®* This work provided experimental verification that the

192
Theoretical calculations reported by Grimme™' suggested that the energy difference
between the two isomeric forms is 0 + 3 kealimol, while Schacfer more recently

suggested that [4]paracyclophanc is 9 + 4 keal/mol higher in cnergy than the Dewar



isomer. In the case of 192, it was found (cxperimentally) that the free energy of

activation for the isomerization of 1.91 10 1.92 is ~18.3 + 0.3 keal/mol. This is in good

g i his (-20.3 keal/mol).*

The total amount of bend (a+ ) in the benzene ring of 192 is 72.5° (= 25.6%
B = 43.9°) and, based on a calculations by Dijksha and van Lenthe™ on bent benzene
rings, the aromaticity of the ring should be lost at such a distortion and there should be
transition from a preference for the benzene to the Dewar benzene form. This last facet is
indecd the case (as shown by Tsuji), but based on magnetic criteria and NMR evidence,
the benzene rings of [4]paracyclophane derivatives are in fact aromatic. However, no X-
ray structure has been obtained to date, and we are left with only theoretical calculations
of ts geometry. For the case of the [n]paracyclophanes, the question of how bent can the
benzenc ring be (and still be considered aromatic) is answered with (4]paracyclophane
1.92and a calculated bend angle of 72.5°.

It should be noted that the Tsuji group has prepared an isolable paracyclophane
derivative for which the distortion of the benzene ring compares 1o that of the calculated
structure for [S]paracyclophane (1.85). In order to overcome the high reactivity of this
‘nonplanar system (recall the work of Bickelhaupt and co-workers, Section 1.4.4), Tsuji
and co-workers strategically placed bulky substituents near the bridgehead positions of
the cyelophane to effectively shicld them from addition reactions (and the relcase of

5 ized in Scheme 1.16 and

strain). n

igh in

this chapter. One of the remarkable features of this work is that crystals suitable for X-



ray erystallography were obtained and permitted the complete structural characterization

of

The total bend angle of 49.8° (@=23°; f=26.8°) consttutes the largest value
ever reported (experimentally) for a paracyclophane and is only slightly less than that

calculated for [S]paracyclophane. ™
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SCHEME 1.16: Tsuji's synthesis of 1.1 ]paracyclophane 1.105

15 Synthesis of Larger Nonplanar Arenes and Polycyclic Systems

A logical extension of the extensive work that has been conducted on
[n)metacyclophanes and [n]paracyclophanes would be the synthesis of a series of
[nnaphthalenophancs. While the literature is not devoid of such compounds,™ ncarly all
of the [rjnaphthalenophancs that have been reported to date ar simply benzannulated

[mmeta-** and “ In all instances, nposed in the so-




called naphthalenophanes is localized t0 a single aromatic (or benzene) ring of the acene
nucleus and not over the entire T-system. The same is true for the higher acenes, for
which very few examples of [n]cyclophanes have been reported.”” If this niche of
eyclophane chemistry is 1o be developed, especially for the more distorted aromatic
systems, methodology that enables the generation of a variety nonplanar [rJacenes (i

synthetic approaches which fall under Strategy D) will have to be developed. The

iy synthetic methods to gei ! was alluded to

in Section 1.1.2.
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FIGURE 1.10: The [nJacencs, n = 2-5

To bend a polynuclear aromatic system out of planarity over the full length of its
aromaticframework, the two most distant (or nearly most distant) nonquaternary

peripheral positions must be bridged. To study the tolerance of such a system to bending

out of planarity and his i »

of [nleyclophanes, the smallest of which should ideally exhibit significantly lower
stability than its higher homologs and atypical reactivity. Until recently, no msystem
other than benzene had been subjected 1o such systematic study. With the maximum

bending of zene ring in an having been reached,

P in the form of [#)(2, has recently d of

interest. There have been reports on the synthesis of [)(2,6)azulenophanes,™ but the




degree of bend that has been imposed in the T-system is very small and docs not warrant

further discussion here.

151 @7)Pyrenophanes

“The two most distant positions of pyrene are the 2 and 7 positions, which render
the (27) bridging motif the onc of interest for the investigation of bending out of
planarit. Like the bonds emanating from the 1 and 4 positions of benzenc, the bonds.
emanating from the 2 and 7 positions in pyrenc are positioned 180°, which renders these
two systems structurally homologous, thercby allowing dircct comparisons to be made.
Due to the greater distance between the 2 and 7 positions of pyrene compared 1o the 1 and
4 positions of benzene, the application of Strategies A-C 1o the synthesis of bent pyrencs
is not expected to be cfficient. In fact, Strategies A and C have been cmployed in
synthesis of various (2,7)pyrenophanes  containing this  bridging motif, e
[2.2)(2,)pyrenophane (1.115), ** but the pyrene systems are essentially planar or very
‘gently bent. While there are other bridging motifs that could impart bend on the pyrene

‘system,“” the (2,7) motif is the most common of these.

%:* = %8} “c8>w

s

SCHEME 1.17: Applications of Strategies A and C in the synthesis of 1.116



152 Synthesis of [n](2,7)Pyrenophanes

One of the major challenges that is associated with the applications of Strategies
AC in the synthesis of (27)pyrenophanes that contain an alkyl bridge s the reluctance
of pyrene 1o undergo substitution at the desired positions (i. a 10-step synthesis of
1.115). While substitution of the 2 and 7 positions is possible, it usually only takes place
with bulky electrophiles. A more detailed discussion of the substitution chemistry of
pyrene will follow in Chapters 2 and 3. In fact the preparation of 2,7-disubstituted

pyrenes that do not contain teriary alkyl substituents requires multistep synthesis that

involve the intermediacy of [2.2)metacyclophanes®® Despite the difficulty that is

associated with 2 is quit find that
2= (B
S ST &
-
— 0 %

Potential f the RCM reaction
[#](1.8)- and (1,6)pyrenophanes

virtually no work has been reported on the synthesis of [#](1,6) and (1,8)pyrenophancs,
given the case with which pyrene undergoes substitution at these positions.  Admitiedly,
the preparation of cyclophanes with this bridging motif using the weaker of the four

Strategies would be expected to fumish nearly planar pyrenes. Nonetheless, enabling



h as the ri i (RCM) reaction, have not featured in

the synthesis of such compounds.*'
The first [)(2,7)pyrenophanes appeared in the literature in 1996 and reports of

several others have appeared since then.********¢ The lynchpin of all of these syntheses

P i 1D) reaction. The adoption
of this approach, which falls under Strategy D, was based on an observation by Mitchell

and Boekel

that frans-10b,10c-dibydropyrene (1.121), the valence isomer of anti-
[2:2)metacyclophane-1.9-diene (1.120), was prone to dehydrogenation to give pyrenc.*’

11

synthesis of “tethered [2.2]metacyclophancdicnes 1.122. The constraints of the tether

would be expected to keep the [22]metacyclophancdien unit i the sy conformation.

@ =[]~ @

SCHEME 1.19: Strategy for constructing nonplanar (2,7)pyrenophanes

Valence isomerization would then afford cis-10b,10c-dihydropyrenophanes 1123,

e 1124, Both parts
of this reaction contribute 10 the formation of the nonplanar pyrene system. The valence

isomerization step establishes the full connectivity of the pyrene framework, and the



dehydrogenation step fully aromatizes the system.  For the smaller values of n, the cis

10, 10c-dihydropyrenophane 1,123 would be expected to be somewhat distorted from its
Towest energy "saucer” shape, but less distorted from its ideal geometry than the
corresponding pyrene. The dehydrogenation step would be expected to relieve some.
torsional strain in the eclipsed central bond of the cis-10b,10c-dihydropyrenophane and
proceed with the gain of a considerable amount of aromatic stabilization energy.”

Furthermore, unlike the thermally forbidden valence isomerization of ~anti-

l o trans-10b, the valence isomerization
of (2 to cis-10b,1 is thermally
allowed* All in all, the VID approach to making pyrenophancs with severely bent

pyrene systems appears to have a lot of advantages, and it has indeed proved to be a very
effective reaction in this regard.

A generalized approach toward the synthesis of (2,7)pyrenophancs that contain
highly distorted pyrene nucleus is illustrated in Scheme 1.21. Bodwell and co-workers
have used inexpensive S-hydroxyisophthalic acid as a starting material in all of their
syntheses (with the exception of 1,132, R = H) of (27)pyrenophancs to date. The utilty
of this starting material comes from the 1,3,5 relationship of the functional groups. Both
carboxylic acid groups can be used as building blocks in the construction of a
metacyclophane system and the hydroxyl group at the S-position serves as a handle for
the installation of what will become a bridge between the 2 and 7 positions of the pyrenc
system. Further, due to its amenability o functional group interconversion, this hydroxyl
group has enabled the synthesis of various pyrenophancs containing several different

bridges.
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SCHEME 1.20: Use of S-hydroxyisophthalic acid derivatives in the synthesis of
(2.7)pyrenophanes and the points of synthetic diversity

Esterifeation of 5-hydroxyisophthalic acid (1.125) gives diester 1126, At this
point, alkylation of the phenolic oxygen atom can be achicved using Williamson ether
synthesis. On the other hand, conversion of the phenol to an aryl triflate makes 1127
amenable to palladium-catalyzed cross-coupling reactions. Whil the former approach
provided the initial entry point into the field of nonplanar aromatics for the Bodwell
group, the latter has served as the workhorse in the synthesis of all other pyrenophanes.
reported to date. In any case, oxygen-carbon or carbon-carbon bond formation at the 5-
position of 1,126 or 1127 secures what will be the final bridge in the (2.7)pyrenophane

1 form, reduction of the esters o

target. Once the tether has been converted into
the corresponding alcohols, followed by bromination fumishes tetrabromide 1,135
(Scheme 121).  Treatment of 1135 with sodium sulfide adsorbed on alumina
(NS/ALOY” gives the desired coupling product 1136, The assembly of

dithial3.3Jeyclophane 1.136 is crucial to the synthesis of (2.7)pyrenophanes as it provides




a syn-cyclophane system that is relatively unstrained. S-Methylation of 1.136 affords a
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of (8]0 139)
Bodwell's strategy to (2,7)pyrenophancs

bis(sulfonium tetrafluoroborate) salt, in which bridge contraction is achieved using a
thia-Stevens reamangement. A second S-methylation of the newly-generated divalent
sulfur atoms, followed by a Hofmann climination affords the ~desired
[22)metacyclophancdicne system (1.137). For =68 in the [4](2,T)pyrenophane scrics,
the [2.2]metacyclophanediene system is formed cleanly. For 79, the reaction affords
‘mixture of the cyclophancdiene along with the isomeric [9)(2,7)4,5-dihydropyrenophane
(1138 1=9). For n=10, a mixture of [10)(2,7)4,S-dihydropyrenophanc (1.138 n=10) and
[10)(2,7)pyrenophane is obtained. Whatever the outcome, treatment of the product(s)
obtained form the Hoffman

the target [)(2,7)pyrenophans.™

ination reaction with DDQ in benzene at reflu affords
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FIGURE 1.11: The evolution of (2,7)pyrenophanc targets in the Bodwell group and the
definition of the angle &

“The first [n}(2,7)pyrenophanes to be synthesized by the Bodwell group were the
1n-dioxapyrenophancs, e 1.139. These particular pyrenophancs are noteworthy, not
only for the scminal nature of the work, but also because this series of cyclophancs
contains the most distorted pyrenc system 1o have been isolated to date. 1.7-
Dioxa[7)(2.7)pyrenophane is the current world record holder when it comes to bending
the pyrene nucleus. With a bend angle 6<109.2, it slightly cxceeds the bend angle of the
pyrenc sub-unit that maps onto the surface of Dy Cro which has been estimated 10 be

62108 The notion that the a tethered:




fumish is slightly

of fullerenes has been the source of optimism for quite some time now that this
methodology could find applications in the synthesis of aromatic belts. These targets,

which were bricfly alluded 1o at the beginning of this chapter (Section 1.1.2), have

ined f the biggest chall i i y

proposed by Heilbronner in the 1950s.""* Nakamura and co-workers have reported the

synthesis of some [10]Jcyclophenacenes (o cyclo[10]phenacenc) derivatives (e.g
sce Figure 1.4), but these were revealed upon fivefold nucleophilic additions to cach of
the two polar caps of Cio. As such, the synthesis of the aromatic belt was accomplished
during the production of Cao

The synthesis of aromatic belts using wet chemical methods has not yet been
realized. A recent report from the Bertozzi group on the synthesis of carbon nanohoops"
(1.149) represents the closest example toward the synthesis of these impressive
structures.” More recently, Itami published a selective synthesis of 1.149 (n=8) using a
similar approach. The work by the Bertozzi and ltami groups on the synthesis of these
small scgments of armchair single-walled carbon nanotubes (SWCNTs) is. truly
groundbreaking in the ficld of designed molecule synthesis because it has provided
Solutions 10 a nearly 80 year old synthetic problem. The extension of their work to the
synthesis of aromatic belts has not yet been reported. Importantly, the syntheic stratcgy

used by both pr as .

which categorizes their synthesis under Stratcgy D.



SCHEME 1.22: Bertozzi's recent synthesis of carbon nanohoops 1.149

In order to di armchair

aromatic belts such as 1.152, the assembly of appropriately functionalized and larger

aromatic has LISL, i tated. in hand,

the application of the eyelophane route to couple two of these "boards” together should be

feasible. One potential downfall of this strategy is that in forming the desired belt-shaped

‘macrocycles, the once planar aromatic boards have 1o adopt a nonplanar conformation in
order to accommodate the formation of the wo central pyren units of 1.152. Whether
the gain in ASE associated with the formation of the aromatic belt 1.152 is enough to

in strain is 7 Thus, in order

togan asto ity of the VID reaction i ion of aromat
belts, or more specifically monodisperse SWCNTS, such as 1.152, the preparation of

larger nonplanar polyeyclic aromatic hydrocarbons contained within a cyclophane moif



would be instructive. While pyrene contains 16 of the 60 carbons of aromatic belt 1.52,

the synthesis of a larger segment of 1,152 that allows for the distortion of 2 or more
pyrenc units of 1.152 would really speak 10 the power of this methodology and provide
even further impetus for the application of this strategy in the synthesis of 1.152 and
related Vogile belts (see Figure 2.1, Chapter 2). It was with this in mind that the

investigation of the synthesis of 1,1,nr-tetramethyl{n)(2,11)ieropyrenophanes  was

ted. The remaining chapters of this thesis will describe the experimental work that

has been carred out towards synthesizing these large nonplanar polycyclic aromatic

FaRalla

FIGURE 1.12: Proposed synthetic targets 2.15
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CHAPTER2:  Toward the Synthesis of [#](2,11)Teropyrenophanes: A
Tetrafunctionalization Approach and Important Lessons
Learned

2.1, Aromatic Belts: Inspiration for Cyclophane Targets
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FIGURE 2,

Zig-zag and ammchair single-walled carbon nanotubes (SWCNTS)

One of the longstanding challenges in target-oriented synthesis is the rational
laboratory synthesis of fully conjugated molecular belts from simple aromatic building

blocks." Such belts (often referred to as "aromatic belts")’ share structural motifs with the

two limiting classes of SWCNTS, zig-zag and armehair. Cyclacenes, e.g. [12]cyclacene
(2.1), correspond 1o zig-zag SWCNTS and cyclophenacenes, e.g. cyclo{12]phenacene
(22), correspond to armchair SWCNTs. - As such, aromatic belts can be viewed as

“slices" or segments of SWCNTs.  Ammchair-type belts, especially Vogtle belts (2.3-

2.5)," are of interest to the Bodwell group due to the pyrenoid nature of these systems.
Interest in synthesizing Vogile belts was alluded to in Chapter 1. However, o date, all
efforts to complete a synthesis of these highly challenging targets have come up short.

Currently, the weakness does not appear 1o lie with the VID methodology, but in the



preparation of synthetically useful amounts of suitable metacyclophanediene-type
precursors (sce Scheme 1.19, Chapter 1. If true, then the use of the VID reaction in the
synthesis of the target teropyrenophanes (2.15, Scheme 2.2) will be a valuable test of the

methodology — i.e. can it deliver a half-belt?

The ability of the VID reaction to generate highly bent pyrenes according to the
very powerful Strategy D is discussed at length in the previous chapter. One potential
problem that could arise in the application of the VID reaction to the synthesis of larger
polycyclic systems is that the pyrene-forming reaction will require the deformation of
larger planar building blocks than just benzene rings, and this may bring with it an
energetic cost. Another unknown, without embarking on a serious computational project,
is whether the energetics of the VID reaction are as favourable for the formation of larger
polycyclic systems as they appear to be for pyrene.

Teropyrene was selected as the nonplanar aromatic hydrocarbon to study, since it
represents a large portion (about half or 36 carbon atoms) of Vogtle belis 2.3-2.5
Teropyrene is also an interesting system because of the sparse amount of attention that
this pyrenoid hydrocarbon has received. In fact, only a single synthesis of the planar
parent system has been reported, i . by Misumi and co-workers in 1975.* In the ensuing
35 years, no other work aimed at the synthesis of this or any related system has appeared
in the literature.  As such, the teropyrene system may provide an opportunity for the

discovery of novel cyclophane chemistry. The successful preparation of such large



systems with a high degree of distortion from planarity would be cause for optimism that
the VID reaction will be a suitable method for the generation of aromatic belis.

Misu

s synthesis of teropyrene (2.14) and that of a smaller PAH, peropyrene
(2.11), involved the intermediacy of a "layered” [2.2]metacyclophane system. This was
followed by a transannular bond formation between neighbouring aromatic rings using a

method that has been employed often for the conversion of anti-{22Jmetacyclophanes
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SCHEME 2.1: Misumi and co-workers' synthesis of peropyrene (2.11) and teropyrene
.14)

(such as 2.6) into 4,5,9,10-tetrahydropyrenes (such as 2.7).° Treatment of 29 or

2
with pyridinium perbromide brought about the transannular reaction between adjacent

benzene rings in both [2.2]metacyclophan systems. - Dehydrogenati

of the resulting
octa- and dodecahydro PAHs fumished the aromatized products in quantitative yields.
While this route to_teropyrene is both clever and clegant, it is not amenable 1o the
synthesis of the designed targets 2,15 (vide infra). As such, a retrosynthetic analysis that

incorporates a valence isomerization strategy (Strategy D) was devised.



Three repeating pyrene subunits can be identified in the polycyclic system of
teropyrene.  Thus, the retrosynthetic analysis of a homologous series of 1,1,

tetramethyl[n](2,1 1 )teropyrenophanes (+=7-9) (2.15) commenced with the disconnection
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SCHEME 2.2: Retrosynthetic analysis of teropyrenophane targets (2.15)

indicated bond in 2.15 fumished cyclophancdiene(s) 2.16, which is analogous to the
2 2]metacyclophanediene systems discussed in Section 1.5.2. This also represents a new.
bridging motif for a pyrenophane, namely an [1.22)(7,1, Jpyrenophane. The key
difference between these new systems and the parent [2.2]metacyclophanediencs is the
size of the aromatic building blocks (benzenc vs. pyrenc).  Further molecular
simplification via . bridge-contraction transform reduced the synthetic task to

dithiacyclophane(s) 2.17.



The initial synthet

plan was to make use of well-established cyclophane
chemistry, which had already proven its worth in the synthesis of several

@ As such, 217 was ically reduced to

tetrabromide(s) 2.18 using sulfide coupling and then t0 tetrafunctionalized system(s) 2.19
by way of functional group interconversion. Finally, the four functional groups were
disconnected using electrophilic aromatic substitution and disconnection across  the
indicated bond in bis(2-pyrenyl)-dimethylalkane(s) (2.20) brought the retrosynthetic
analysis of 2,15 back to two known compounds, pyrene (2.8) and diester(s) 2.22. Both of
these materials are available in sufficiently large quantities from commercial sources and

the requisite diol or dihalide tethers can be prepared in one or two steps, respectively.

With a synthetic plan that relies on pyrenc as a key building block in place, it is

instructive at this juncture to discuss the reactivity of this polyeyelic system.

22 The Reactivity of Pyrene: Predictable Substitution Chemistry

‘The electrophilic aromatic substitution of benzene is one of the very first reactions
that students are taught in their undergraduate programs. The importance of aromaticity
in causing substitution to oceur in preference to addition is introduced and reactions of

substituted benzene rings provide a forum for very important lessons about inductive and

tools for the regiochemical ou

mesomeric effects, which can be used as predi ome
of substtution reactions.  As the aromatic system in question becomes larger, another

¢ ariscs. The initial substitution reaction of the benzene nu

cus can only give one

substitution product because all 6 positions are equivalent. However, the same does not

hold true for many larger systems because not all of the available (nonquatermary) sites



are cquivalent. For example, pyrenc has three possible positions for an clectrophilic

aromatic subsitution reaction to oceur (C-1, C-2 and C-4). Despite this complication, the
electrophilic aromatic substitution chemisiry of pyrene is wellknown and quite
predictable (Scheme 2.3

Pyrene undergoes substitution primarily at the 1, 3, 6 and § positions. Selcctive
substitution of the 2 and 7 positions of pyrene is possible when bulky electrophiles (e..
2-chloro-2-methylpropane) are employed. In such cases, substitution of the neighbouring
1 or cquivalent) position becomes disfavoured due to the steri interaction between the
electrophile and the nearby peri-proton (10 position) that wuld arise as the reaction
progresses. The 4, 5, 9 and 10 positions of the pyrene ring system are significantly less
reactive than the former 6 positions and only undergo substiution in instances where the
four reactive (1, 3,6, and 8) positions are too serically hindered (.. the 2 and 7 positions
are occupied with large substituents) to participate in further reaction.” Knowledge of
these changes in reactivity was a key factor in designing the synthetic approach to 2,15

(vide supra).

221 Selective Substitutions of Pyrene

The electrophilic bromination of pyrene is a good example of pyrenc's strong
preference for reactivity of the 1, 3, 6, and § positions. Monobromination of pyrene can
be achicved using carefully controlled conditions, however, regiosclective dibromination
of the pyrene ring system is problematic and mixtures of isomeric dibromides are formed
(Scheme 2.3). Complete bromination of the four most reactive positions of pyrene is

possible at 120 °C in nitrobenzene to afford 2.27. Other substitution reactions of pyrene.



(k. acylation, nitration, and formylation) procced in a similar fashion o give cither

mono, di, or tetrasubstituted systems (vide infra). The one clear exception to this
reactivity pattem is the reaction of pyrene with 2-chloro-2-methylpropan (terr-butyl

chloride) under Friedel-Crafts alkylation conditions. Preparation of cither 2-tert-butyl
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SCHEME 2.3: Substiution cheistry of pyrenc

(233) or 27-di-tert-butylpyrene (2.34) is possible under these conditions.’  This
interesting dichotomy in pyrene's substitution chemistry presents the opportunity 10 solve

the problem of regiosclectively functionalizing the 1 and 3 positions of the PAH



simultancously. ~Introduction of the fert-butyl substitucnt at the 2 position cffectively
blocks or attenuates the reactivity of the adjacent (1 and 3) positions. Thus, the
unsubstituted apical ring of pyrene should undergo substitution in preference to these
hindered positions. Despite this seemingly straightforward solution, few examples of the

synthesis of 1,3,7-trisubstituted pyrenes in this manner arc known."
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SCHEME 2.4: Possible selcctive subsitution of the 1 and 3 positions of pyrene and 2.20

23 Attempted Synthesis of 1,1,n.-Tetramethyl[n](211)teropyrenophanes

231 Application of Known Chemistry Towards the Synthesis of
Tetrafunctionalized System(s) 2.18

The initial synthetic plan for 2.17 relied upon the reaction of advanced

intermediate 2.
was envisaged 1o be one of the key stages in the original stratcgy, so initial work was

aimed in this dircction. At the time, the only report of a 1,3-bis(bromomethyl)pyrene was

by rkers.” the synthesis of 1,



butylpyrene (2.41). A notable feature of this work is the use of 1-methylpyrene in the

Friedel-Crafts alkylation reaction with 2-chloro-2-methylpropane rather than dircct fert-

As such, italize on selectively
both reactive positions of the unsubstituted apical ring of 2-fert-butylpyrene and
significantly shorten the synthesis of 2.41 is wasted. Rather, the Yamato group preferred

10 use a linear six-step synthesis to dibromide 241
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SCHEME 25: s 1. pyrenc (2.41)

‘The synthesis of 1-methylpyren is achicved in two steps. Ricche formylation of
pyrenc (ca. 50 g scale) gave pyrene-l-carbaldehyde (228) in 90% yield A
straightforward reduction of 2.28 under Wolf-Kishner conditions fumished multi-gram
quantites of 1-methylpyrene (2.37). Alkylation of 237 with 2-chloro-2-methylpropane

gave 1,7-disubstituted pyrene 239 as the sole product in good yield. A sccond




sequence, gave 1,3 pyrene 240, Radical

bromination of 1.3-dimethyl-7-ferr-butylpyrene (2.40) using rather unconventional

conditions (ie. V-65 (22

obis(2,4-dimethylvaleronitrie) as the radical initator) was

the result of careful inspection. Application of this exotic'’ radical initiator to the
synthesis of 241 proved to be superior to all other conditions (i. benzene, carbon
tetrachloride, dichloromethane; room temperature, reflux, or hv) and initiators (ic.

dibenzoyl peroxide (BPO) and AIBN) screencd.

232 First Generation Synthesis of Advanced Intermediate 2.17: App!
Yamato's Chemistry

The preparation of suiable tether precursors commenced with the Grignard
reaction of dimethy] adipate (242) with methylmagnesium bromide 1o fumish the

requisite diol 243 in high yield on a 10 g scale. Treatment of 2.43 with concentrated

hydrochloric acid at room temperature for 2 h afforded 2,7-dichloro-2,7-dimethyloctane:
(244)in 89% yield. Friedel-Crafl reaction of 2.44 with 1-methylpyrene (2.37) using the
approach of Yamato and co-workers, never resulted in the complete consumption of
stating material and, while separation of the remaining 1-methylpyrene from the product

was trivial, the yield of this reaction was low (15%), and the recovery of dichloride 2.44

was not possible. As such, direct alkylation of pyrene with 2.44 proved to be a more

suitable means for tethering two pyrene units (see retrosynthetic analysis, Scheme 2.2).
Optimization of this reaction required that an excess of pyrene (5 equiv.) be used. This

quantity of pyrene proved to be most effective in minimizing the formation of unwanted



disubstituted and oligomeric byproducts.'” However, the use of excess reagent led to

significant challenges with respect 1o scaling up the reaction. Removal of the excess

pyrene from the reaction required careful chromatography and gradient clution that
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Fricdel-Crafts alkylation of dichloride tether 2.4

required large volumes of solvent. All atiempts to isolate pure 245 or to selectively
remove pyrene via recrystalization and trituration failed. Nonetheless, 1-3 g of 2.44
could be routinely prepared and the option t0 explore direct installation of four functional
groups in one synthetic operation presented itself. However, at the carly stages of this
work, it was deemed desirable 10 follow Yamato's approach to 2.41 for the synthesis of
tetrabromide 2,50

Ricche  formylation'!  of ~ bis(2-pyreny))-dimethylalkane 245 gave ~ the
corresponding dialdehyde 247 in good yield. Wolff-Kishner reduction of dialdehyde

247 10 hydrocarbon 2.46 was achicved using a slight modification of the procedure

described by Yamato."? A second formylation, followed by immediate Wolff-Kishner

reduction of the resulting crude dialdehyde furnished 2,7-bis(6,8-dimethylpyren-2-yl)-



2,7-dimethyloctane (2:49) in 42% yield (over 2-steps) and set the stage for a four-fold

O
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radical bromination reaction. While it was clear from Yamato's work, that the optimal
conditions for the radical bromination of a related pyrene species was o use the
previously discussed "exotic” conditions, the radical initiator V-65 was not originally
available.  Attempts to synthesize 250 via more conventional radical bromination
methods ((BPO or AIBN with dichloromethane, carbon tetrachloride, or benzene), all

faled.



A small sample of V-65'"" was obtained from Professor Tsuge's group at the
Kyushu Insitute of Technology in Japan and this enabled the reaction of 2.49 o proceed

‘under the conditions reported by Yamato." During the course of this reaction, all of the

tarting martal was consumed and, while only a single mobile spot was observed by TLC
analysis, a 'H NMR spectrum of the crude reaction mixture revealed that it was of very
ow purity. Chromatography and attempted crystallization(s) of the resulting brown mass
was unsucessful in improving the purity of 2.50 and, as such, it was decided to carry the
‘material through to the next step of the synthesis in impure form. This tactc of using a

crude (or impure) tetrabromide has precedent in the synthesis of other pyrenophanes' in

the Boduwell group and it was hoped that its application here would provide entry to pure
dithiacyclophane 2.51. Treatment of crude 2.50 with Na;S/ALO; gave the intended sub-
target 2.51, but only material of low purity could be obtained."* Morcover, only a very

small quantity (ca. 5 me) of dithiacyclophane 2.51 was achievable via this route.””

233 Direct 1, ionalization of Bis i 20

In section 2.2.1, the possibility of directly substiuting the 1 and 3 positions of
pyrene was discussed. This should be achievable if one of the apical rings of the
polycyclic system is blocked from further reaction. To this end, Inoue and co-workers
were able to synthesize dialdehyde 2.53 from 2-fert-butylpyrene (2.3) in their synthesis
of triangulene (2.56) (or Clar's Hydrocarbon)." Treatment of 2.33 with an excess of
bromine gave 1,3,6-tribromo-7-rert-buylpyrene (2.52), which was reported to have low
solubiliy in common organic solvents and was thus difficult to characterize. Whil it

would seem that the err-butyl group was not effective in blocking the neighbouring



carbon atoms from further reaction, the next series of synthetic operations benefited from
the sterically hindered nature of this position. Halogen-metal exchange of 2.52 with r-
BuLi, followed by subscquent treatment with N.N-dimethylformamide (DMF) furnished
1,3-dialdehyde 2.53 in good yield The somewhat circuitous route to 2.53 was
presumably taken because controlling the bromination of 2-fert-butylpyrene to
e
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SCHEME 2.8: Inoue's use of dialdehyde 2.53 i their synthesis of tiangulenc 2.56

cly afford the 13-disubstiuted system proved o be difficult. However, as
discussed in Chapter 3, selective bromination of the 1 and 3 positions can in fact be
achieved under appropriate conditions.'”

Functionalization of 2.45 as a dialdehyde (per pyrene unit) offered the potential to

be synthetically valuable in the synthesis of dithiacyclophane 2.51 because it would
circumvent the problem of having to use a crude tetrabromide in the pivotal coupling

reaction.  Applying Inoue and co-workers' bromination conditions to 2,7-dimethyl-2,7-
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Second generation synthesis of dithiacyclophan 2.51

be 257 Characterization of this intermediate was virtually impossible duc to its low
solubility in common organic solvents. However, subjecting this compound to Inouc's
formylation conditions fumished tetrldehyde 2.58, albeit in 15% yield and ca. 70%
purity after chromatography and recrystallization.  Although 2,58 showed reasonable
solubility in common organic solvents, attempts to further purify 2,58 (tituration and
further recrystallizations) were futile. However, tetraaldehyde 2.58 did prove to be of

considerably higher purity (¢ 70% to <S0% purity) than the previously reported




tetrafunctionalized system 2.50 (Scheme 2.8), and the prospects of obtaining pure 251
scemed much more likely via this route. In the hope that pure material could be obtained
at a lter stage, tetraldehyde 2.58 was smoothly reduced with NaBH 1o fumish the
corresponding tetraol 2.59, but purification of this polar intermediate proved to be quite
taxing as well. Subjection of 2.59 to PBr, fumished tetrabromide 2.50, once again in an
impure (<70 %) form. Like the first-generation synthesis of 2.50, the coupling of impurc
‘material proved to be  problematic approach in acquiring clean 2,51, Additionally, duc
10 the low yield of the bromination/formylation sequence, only small quantitis of 2.51

were obtained. With a recurring theme of low solubility and purity of important synthetic

intermediates becoming cvident, a better synthetic route to intermediates akin to 2.50

(Scheme 2.2 ~ retrosynthetic analysis) was necessitated at

234 of

“The passibiliy of dircetly and simultancously installing four bromomethyl groups
into 2,67 using well-known and reliable chemistry prescnted itself as an attractive
approach. The bromomethyltion reaction of aromatic compounds has proven 10 be a
Very uscful reaction and has featured promincntly in the preparation of substituted
benzene® and naphthalenc™ systems (Scheme 2.10) that have served as cyclophane

precursors. However, these reactions tend to be much more effective on ncat samples,

especially those that are available in liquid form.  Several variants of the

bromomethylation reaction have been reported for application 10 both less reactive and
sensitive systems and, despite 2.67 being a solid, atempts to achieve fourfold

‘bromomethylation were undertaken.
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SCHEME 2.10: it 262

“The attempts t0 sy 268 arc ed
Scheme 2.11. Unfortunately, installation of the requisite bromomethyl or chloromethyl
‘groups proved to be a fuitless endeavour and, in almost all cases, no tractable material
could be isolated. The one exception was when ring-brominated product 269 was
isolatcd using the conditions shown in Scheme 2.1, Despite the disappointment
associated with what seemed to be such a simple and obvious reaction to the synthetic
plan, in hindsight it came as no surprise that these reactions would fail. There has not
been a single cxample reported in the literature where a halomethyl group was dircetly

installed onto pyrene. In fact,

I reports of bromomethyl-substituted pyrenes involve

bromination of a (hydroxymethylpyrene (cf. 2.70 to 2.71 in Scheme 2.12)* This facet
of pyrene substitution chemistry was duly noted and played a major role in further

synihetc efforts
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SCHEME 2.11: Attempted halomethylation reactions of 2.67
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SCHEME 2.12: Reliable synthesis of 1-(bromomethyl)pyrene (2.71)



235 Other Attempts to Tetrafunctionalize 2.67

Despite the failure of bromo- and chloromethylation to- deliver the desired
tetrahalide 2.68, the possiblility of installing four other functional groups in one synthetic
operation was deemed o be a worthwhile endeavour, At this point, the most reliable
substitution reaction was the Ricche formylation, which had been found to give
synthetically useful quantities of dialdehyde 2.75 in short reaction times. Iniially, the
synthesis of 2.50 was guided by the lterature precedent of Yamato and co-workers and,
as such, no work towards exploring the synthetic utility of this reaction towards installing
four aldehyde functions was explored. Considering that the reaction is essentially a
Fricdel-Crafts alkylation, it is reasonable 10 assume that an intermediate such as 2.72,
‘which is at the oxidation level of the ensuing aldehyde, is involved.  Indced, the bright
yellow color of the aldehyde products obtained from these reactions never manifested
itsclf until aqueous work-up was applied.  More importantly, the 1-chloro-1-
methoxymethyl substituent was not expected to be sufficiently clectron withdrawing (o
prohibitively deactivate the 3 position of pyrene to further electrophilic substitution. This
was crtical in rationalizing that a second formylation should be achicvable on cach
pyrene system of 2.67.

A serics of Ricche reactions were performed on 2.67 (Scheme 2.14). In all cases
where titanium(IV) chloride was used as the Lewis acid, only dialdchyde 275 was
obtained. Increasing the temperature and reaction time only served 1o lower the yields

and the reaction products were often isolated in much lower purity (crude form) than in

the optimal Scheme 2.14. Lewis

acid, aluminium chloride, was then investigated. Although the desired tetraaldehyde



narco,
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SCHEME 2.13: Stepwise formylation procedure 1o aldehydes 2.53 and 2.73

could be obiained in this manner, it was not separable (chromatographically or from
‘ recrystallization) from the corresponding trialdehyde byproduct, The reaction was also
‘ comparatively low yielding (41-47%) and resulted in the retro-Friedel-Crafls alkylation
‘ reaction (tether cleavage) of the starting material. Dealkylation products were evident
| from LCMS analysis of the crude reaction mixtures and in the instance when the crude

material was subjected to chromatography, pyrene-1-carbaldehyde (2.28) was indeed

isolated.  Increasing the temperature and reaction time resulted in more extensive

dealkylation.



SCHEME 2.14: Attempts 10 ttraformylate 2.67

236 Friedel-Crafts Acylation of 2,9-dimethyl-2,9-bis(2-pyrenyl)decane (2.67)

of 2,9-dimethyl-2, .67) 10

aluminum chloride for prolonged reaction times and clevated temperatures resulted in

exter

retro-Friedel-Crafts alkylation (vide supra), it was reasoned that Friedel-Crafts
acylation, which can be conducted at low temperatures, might be more successful than
Ricche formylation. Indeed, treatment of 2.67 with 4.5 equivalents of acetyl chloride and
9.8 equivalents of AICI; at 0 °C for 4 h fumished tetraketone 2.78 in 85% yield. In fact,

attempts to fumish a diketone akin to dialdehyde 2.75 using 2.2 cquivalents of AcCl and

48 cquivalents of AICl; proved to be difficult, as a mixturc of mono-, di- and

risubstitution products was obtained. However, diketonc 2.77 could be synthesized upon
treatment of 2.67 with ZnCly, Ac;O and ACOH.** Methyl ketones are rare, but potentially
useful, intermediates in the synthesis of cyclophanes (specifically those that contain two
or three atom bridges) because they can be converted into carboxylic acids using the

haloform reaction.* The tetracarboxylic acid derived from 2.78 could be converted to the



corresponding esters or directly reduced to afford a tetraalcohol, the importance of which

was discussed in Chaper |

®
e (0O CO

SCHEME 2.15: Synthesis of ketones 2.77 and 2.78

Tetraketone 2.78 was subjected 1o several different sets of conditions for the
haloform reaction and variants thereof and, in almost all cases, no tractable product was

obtained. In the bromoform and chloroform reactions, only starting material was

recovered. When ions outlined in Scheme 2 plicd,
starting material was consumed, but the desired carboxylic acid was not obtained.
Attempts 1o esterify the crude mixture, in hope that the ethyl ester derivative of 2.79
would be isolable, were unsuccessful. Faced with the reluctance of tetraketone 278 to
undergo a productive haloform reaction, the option 1o dircctly install a tricloroacetyl
group presented itself as a possible solution (o the synthesis of 2.79. Unfortunately, all

attempts 1o achieve the appropriate Friedc]

Crafts acylation reaction under various

conditions failed (Scheme 2.17).
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SCHEME 2.16: Attempted haloform reactions of tetraketone 2.78
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SCHEME 2.17: Attempted synthesis of 281 via Fricdel-Crafts acylation

During the retrosynthetic analysis of target 2.15, the use of chloroacetyl chloride
as a bifunctional unit o install the requisite two-atom bridges of precursor 2.82 was
considered. The success of the tetraacylation reaction of 2.67 with acetyl chloride was
cause for optimism, but, similar to what was obscrved in the attempted tetraacylation of
2,67 with trichloroacetyl chloride, all attempts to synthesize 2.83 (or 282 dircetly) were

unsuccessful. Whil ion of 2.67 had proved




SCHEME 2.18: Altemative retrosynthetic analysis of 2.15

tetraketone 2.78, all other analogous acyltion reactions, with seemingly more useful
clectrophiles’” failed to provide entry to the desired synthetic intermediates. A final
Fricdel-Crafts alkylation-based approach was then attempted. In 1997, Ichihara repored

the application of a composite lead(1l) fluoride (PbBrFs) reagent in the Fricdel-Crafts

g of this complex
over other conventional Lewis acids (such as aluminium chloride) was the absence of a
haloacid byproduct, which is capable of adding o the double bond i cither the starting
allylic chloride or the product. It was envisioned that tetracne 2.85 (Scheme 2.20) would

isomerize to isomeric tetracne 2.86 (presumably thermodynamically more stable) upon



]
in 286 would afford
aldehyde 2.76.
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SCHEME 2.19: Attempted synthesis of 2.82 and possible routc t0 2.84
Unfortunatel ion of 2. thytprop-1
s ite PHF; ford 2.85 (Scheme 2.20)

With prospects for the tetrafunctionalization stratcgy running short, a last-ditch
effort to exploit tetrabromide 2.8 was undertaken. This had its foundation in ring-
closing metathesis (RCM). With no literature.precedent for its use in the construction (or
even attempted construction) of a [2.2)metacyclophane system, this was a. rather
speculative endeavour.  However, if it succecded, it would provide dircet access to
eyclophancdicncs 2.16 and 2.90 (Scheme 2.21). A major concer with this strategy was

that if the first metathesis reaction resulted in the formation of a frans alkene, then the



sccond could not take place intramolecularly. Simple inspection of molecular models

suggested that the
w
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SCHEME 2.20: Attempted Friedel-Crafts alkylation and envisioned stratcgy for 2.76

product of the first RCM reaction would be less strained in the cis configuation.
Furthermore, if the desired RCM reaction of 289 failed, it could be used insicad as
precursor 1o tetraaldehyde 2.76 via an ozonolysis reaction. Unfortunately, attempied
Kumada coupling of tetrabromide 2.8 with vinylmagnesium bromide failcd to fumish
2.89. Once again, the introduction of four functional groups in one synthetic operation
was unsuccessful.  With direct tertafunctionalization of 2.67 proving to be difficult,

attention was tumed o an_altemat

¢ approach, which instead relied upon

267 i "
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SCHEME 2.21: Attempted  oth 290

24 ADifunctionalization Strategy

In Section 152 (Chapter 1), the importance of [3.3]dithiacyclophanc
intermediates in the synthesis of (n)(2,7)pyrenophanes and other (2,7)pyrenophancs that
have been synthesized in the Bodwell group was discussed. Of the over 20 reported
pyrenophane syntheses, all of them proceeded through a dithiacyclophane intermediate

that wed f In view of that

had been encountered in attempting t0 synthesize tetrakis(bromomethyl) compounds 2.50
and 2,68, it was decided to investigate the possibility of exploiting the results of some of
the failed tetrafunctionalizations. - Specifically, Ricche formylation of 2.9-dimethyl-29-
bis(2-pyrenyl)ecane (2.67) had been found 10 afford dialdchyde 2.75 in high yield.
Bringing this compound through the original synthetic plan would lead to a new target
2.91 (Scheme 2.22), which differs from the original target 2.15 in that it lacks an etheno

group.



SCHEME 2.22: i 201

“The modification to the synthetic target did not change the direction of this work,
but rather, raised the question of whether o not the VID reaction would proceed with
only one ethenylene bridge between the two pyrene units. The use of the VID reaction to

generate a phenanthrene system had not previously been explored in the Boduwell group.

In theory, ic ring

apply 1o this system, as the precursor [ 2]eyclophane would also be held in

conformation, which renders the electrocyelic ing closure suprafacial and thus thermally



favoured. If successful, this would be a complement to the well-known photochemical

stibene-phenanthrene reaction, which proceeds through an anti conformation.  The

yel
Another concem was that the planned ring contraction of thiacyclophane
intermediate 2.94 may be problematic. In the vast majority of thiocther ring contractions,

a sccond bridge has been present. Nevertheless, several methods for achieving this

transformation were available.”® The possibility of using RCM of diene 2.93 was also

considered. Either way, the retrosynthetic analysis came back to dialdehyde 2.75.

Grignard reaction of methylmagnesium bromide with dimethyl suberate sccured

multi-gram quanities of ertiary diol 2.65 (Scheme 2.23). Conversion of 2.65 to 2.66 was
accomplished using concentrated hydrochloric acid. ~Friedel-Crafts alkylation of 2.66
with an excess of pyrenc (S to 6 molar equivalents) fumished 2,9-dimethyl-2,9-bis(2-

pyrenyl)decanc (2.67) in 62% yicld.* Once again, the use of an excess of pyrene was

‘paramount in minimizing the formation of unwanted byproducts (vide supra) and giving a
reproducible isolated yield (45-60%)" of 2.67. Ricche formylation of 2.67 using the
optimized conditions of Scheme 2.14 gave dial 2.75. The reduction of dialdehyde 2.75
took place smoothly using cither Dibal-H or NaBH, 1o afford diol 2.96 in high yield.
Intially, Dibal-H was chosen as the source of hydride in this reaction duc the high

solubility of the starting material in dichloromethane. However, the use of sodium

borohydride in THF proved to be superior. In fact, the diol isolated from this reaction did

not require purification after work-up.  Treatment of diol 2.96 with PBry in

dichloromethane gave dibromide 2.95 in 92% yield.



SCHEME 2.23: Synthesis of tiacyclophane 294

Again, no purification was required in most cases. In instances when the matcrial
obtained aftcr work-up was contaminated with some unknown impuriies or byproducts,
tituration with warm hexanes served to provide analytically pure samples of dibromide
2.95. Subjecting dibromide 2.95 to Na;S/AL:Oy brought about a very productive and
high yielding coupling reaction, whereby thiacyclophane 2.94 was isolated in $9% yicld.
‘The yield is unusually high compared 10 others that have been carried out previously in

the Bodwell group. However, all previous reactions involved a two-fold coupling event



and were conducted on substituted benzene-bascd systems instead of pyrenc-based.
Indeed, a %-stacking interaction between the two pyrenc units of 2.95 may have
contributed to the anomalously high yicld.

With thiacylophane intermediate 2.94 in hand, bridge contraction was attcmpted.
An S-methylation (Borch reagent) / thia-Stevens rearrangement (-BuOK) sequence,
which had been used for all previous syntheses [#)(2,7)pyrenophancs, was unsuccessful
despite several attempts (Scheme 2.24). In all instances, no tractable products were
isolated. Monitoring the reaction by TLC and MS analysis never provided any evidence

1o support the formation of the desired thiocther 297.  Presumably, the methyl:

jon step.

ed

SCHEME 2.24: Attempted ring contractions and RCM 10 2.92

“The application of a ring-closing metathesis (RCM) protocol in the synthesis of

()@ T)pyrenophanes has been on the Bodwell group's drawing board for quite some



time. However, due to the consistent success of the aforementioned four-stcp procedure

for bridge  contraction  (S-methylation/thia-Stevens  reamangement, S

‘methylationHofiann elimination), it has never been neccssary to explore its feasibility.

dial 2.75 using the yli i
bromide fumished diolefin 2.93 in 58% yield. Unfortunately, treatment of 2.93 with
Grubbs' first or second generation catalyst™ never resulted in the formation of any of the

desired [8 2)eyclophane 2.92 (Scheme 225).
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SCHEME 2.25: Ramberg-Bicklund approach to altcrmative target 2.91

“The [1.2)-Witt which has been by other groups
for the bridge contraction of [3.3)dithiacyclophancs,” also failed to afford any trace of
297, Likewise, application of a modified thia-Stevens rearrangement, namely the

benzyne-Stevens rearrangement, did not enable the synthesis of an S-Ph thiocther



intermediate akin to 297, Considering the large size of thiacyclophane 294 (an
[83)(1,7)pyrenophane) it could also be viewed as a macrocyclic thiocther rather than a
small cyclophane.  Interestingly, in macrocylic thioether synthesis, the Ramberg-
Bicklund reaction has often been employed successfully.” In contrast, it typically fails
in the synthesis of small cyclophanes. As such, it seemed appropriat to apply it here.
Using the Meyers variant of the Ramberg-Bicklund reaction” afforded the desired
cyclophane 2.92 in 29% overall yield from thiacyclophane 2.94. Despite the low yield of
292, it scemed like a small price to pay for the successful installation of an unsaturated
bridge. However, exposure of 2.92 to standard (DDQ, benzene, reflux) and slightly more
forcing (DDQ, toluene or m-xylene reflux) VID conditions did not result in the

29210291 rered from this reacti

241 Summary
To this point, the difunctionalzation strategy towards the synthesis of large

‘nonplanar pyrenoid frameworks secmed like the best option for future work and synthesis

planning. Despi ity to capitalize on in a productive
VID reaction to afford cyclophane 2.91, an iterative bridge formation stratcgy based on
the difunctionalization approach was beginning to emerge (sce Chapter 3). However,
before prematurcly jumping into a new synthesis plan, it scemed wisc to develop this
chemistry on a model system, 2-fert-butylpyrene. This work is described in the following

chapter.



25 General Data

Al reactions were performed under an atmosphere of nitrogen unlcss otherwise

indicated. Experiments involving moisture sensitive compounds were carried out using

°C) glassware. Solvents

dried and

lled according to standard procedures. All other solvents and chemicals
were used as received.  Solvents were removed under reduced pressure using a rotary
evaporator. Chromatographic separations were achicved using Silicycle silica gel 60,
particle size 40-63 pm. Column dimensions are recorded as height x diameter. Thin-
layer chromatography (TLC) was performed using commercially precoated. plastic-
backed POLYGRAM® SIL G/UV2S4 silica gel plates, layer thickness 200 .

Compounds on TLC plates were visualized using a UV lamp (254 and 365 nm). Melting

points were obtained using a Fisher-Joh

using neat samples on a Bruker TENSOR 27 instrument. 'H (500.133 MHz) and "'C
(125.77 MHz) nuclear magnetic resonance (NMR) spectra were obiained from CDCly
solutions using a Bruker Avance 500 MHz spectrometer. Chemical shifts (3) are relative
10 intemal standards: TMS (8 = 0.00 ppm) and CDC1; (8 = 7.27 ppm; &c = 77.23 ppm),
respectively. "H NMR data are presented as follows: chemical shift (3, ppm), multiplicity
(5= singlet, br s = broad singlet, d = doublet, br d = broad doublet, t = triplet, q = quartet,
m = muliplet), coupling constants (/, Hz).  Low-resolution and high-resolution mass
spectrometric (MS) data were obtained using an Agilent 1100 Serics LC/MSD instrument

and a Waters Micromass” GCT PremierT™ instrument. MS data are presented as



follows: ionization mode, m/z (relative intensity), assignment (when appropriate),

calculated mass and found mass for the given formula

2,7-Dimethyl-2,7-octanediol (243)

oL~ Mo i
oM GGur

A solution of dimethyl adipate (2.42) (10.4 g, 59.7 mmol) in anhydrous THF (100 mL)
was added dropwise over a period of 30 min to a stimed 0 °C solution of
methylmagnesiom bromide (3.0 M in EO, 89 mL, 0.27 mol).  Afier the addition was
complete, the reaction mixture was heated at reflux for 12 h. The reaction mixture was
cooled to room temperature and quenched by the addition of a saturated ammonium
ehloride solution (100 mL). The layers were separated and the aqueous layer was
extracted with ether (2 x 50 mL). The combined organic layers were dried over MgSOs
and concentrated under reduced pressure to yield a white solid, which was reerystallized
from heptane to give 2,7-dimethyl-2,7-decancdiol (243) (8.63 g, 83%) as a white
powder: m.p. 61-62 °C (heptan); 'H NMR: 8 1.21 (s, 12H), 1.33-1.36 (m, 4H), 141 (br
5, 2H), 147-149 (m, 4H); “C NMR: § 25.03, 29.30, 44.10, 7L1S; LCMS (APCI-
negative) m= (rel. int) 173.2 (M-H) 100); HRMS (C1) calculated for CioH2:0; (MA)”

175.1698, found 175.1692.



2,7-Dichloro-2,7-dimethyloctane (2.44)

A
PR -

A mixture of 2,7-dimethyl-2,7-octancdiol (243) (634 g, 36.4 mmol) and concentrated
aqueous HCI solution (100 mL) was stirred at room temperature for 2 h. The reaction
mixture was poured into ice water (300 mL) and extracted with dichloromethane (3 x 50
mL). The combined organic extracts were washed with a saturated solution of sodium
bicarbonate (2 % 50 mL), washed with brine (S0 mL), dried over MgSOs, filtered and
concentrated under reduced pressure 10 give 2,7-dichloro-2,7-dimethyloctan (2.44) (6.83
£ 89%) as a light yellow oil, that was used without purification. 'H NMR: 8 1.48-1.52
(m, 4 H), 154 (5, 12 H), 1.76-1.81 (m, 4 H); "C NMR: § 25.38, 3265, 46.10, 71.15;
LCMS (APCI positive) m/z 211.1 (MH)'. No HRMS data could be obtained for this

compound.

2,7-Dimethyl-2.7-bis(2-pyrenyloctane (2.45)

Q

velee
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Aluminum chloride (1.25 g, 9.38 mmol) was added 1o a strred 0 °C solution of pyrene
(2:8) (475 .23.5 mmol) and 2,7-dichloro-2,7-dimethyloctane (2.44) (0.97 g, 4.60 mmol)
in dichloromethane (40 mL). The resulting slury was allowed o warm to. oom

temperaturc and stirred for 4 h. The reaction was poured into ice water (200 mL) and the



layers were separated. The aqueous layer was extracted with dichloromethane (2 x 50
mL) and the combined organic extracts were washed with brine (50 mL), dried over
MgSO,, filtered and concentrated under reduced pressure. The solid yellow residue was

subjected to column (205 cm; 1:9 o yield

2,7-dimethyl-2,7-bis(2-pyrenyloctane (2.45) as a white solid (1.17 g, 47%): Ry = 034
(1:9 dichloromethane/hexanes); m.p. 204-205 °C; 'H NMR (500 MHz, CDCly) & 8.18 (d,
J7.5 Hz, 4H), 8.12 (s, 4H), 8.07-7.98 (m, 10H), 1.73-1.70 (m, 4H), 147 (s, 12H), 1.03~
1,00 (m, 4H); "'C NMR (12577 MHz, CDCL) § 148,18, 131.32, 131.27, 128.12, 127,54,
12593, 125,10, 125,00, 12320, 123,18, 45.54, 3873, 3035, 27.89; LCMS (APCI-
positive) mz (rel. int) 545 (10), 544 (48), 543 (M), 100), 369 (65); HRMS (ED)

calculated for CezHs (M)” $42.2974, found 542.2970.

2,7-Bis(6-methylpyren-2-y1)-2,7-dimethyloctane (2.46)

A 50% solution of hydrazine hydrate (0.314 g, 3.14 mmol) and powdered potassium
hydroxide (0.156 g, 2.78 mmol) were added 1o a suspension of 2,7-bis(6-formylpyren-2-
)2, 7-dimethyloctane (247) (0.625 g, 1.05 mmol) in riethylene glycol (30 mL). The

reaction was heated t0 200 °C for 1 h and the mixture was then cooled and poured into ice:

water (100 mL). was extracted with (3 %40 mL).



The combined organic extracts were washed with 1 M HCI (50 mL), a saturated solution
of sodium bicarbonate (50 mL), brine (50 mL), dried over MgSOy, filtered and
concentrated under reduced pressure. The solid orange residue was subjected to column
chromatography (30 x 3 cm, 15 dichloromethanc/hexancs) 1o afford 2,7-bis(6-
methylpyren-2-y1)-2,7-dimethyloctanc (2.46) as a white solid (0.466 g, 82%). &= 0.32

(1:9 dichloromethane/hexanes); m.p. 210-212 °C (dichloromethanc); 'H NMR (500

Mz, €DCLy) 8 8.15 (d, J=9.5 Hz, 2H), 8.05-8.02 (m, 6H), 8.00 (d, J=9.3 Hz, 2H), 7.94

(4,J-9.4 Hz, 2H), 7.89 (d, J=8.9 Hz, 2H), 7.80 (4,

/=7.4 Hz, 2H), 2.94 (s, 6H), 1.73-1.71
(m, 4H), 1.47 (s, 12H), 1.03-1.01 (m, 4H); "'C NMR (125.77 MHz, CDCly) § 148.79,
13240, 132.06, 13124, 130,63, 128.14, 125.73, 124.76, 124,51, 12295, 12263, 12240,
122,36, 122,18, 12203, 45.22, 38.66, 29.76, 26.06; 20,08 LCMS (APCI-pasitive) mz
(rel. int) 573 (13), S72 (52), S71 ((MH)', 100), 355 (15); HRMS (EI) calculated for

Cublez (M)" §70.3287, found 5703281

27-Bis(6-methylpyren-2-y1)-2,7-dimethyloctane (246)

" o, Lo s,
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Aluminum chloride (0.489 g, 3.68 mmol) was added to a stirred 0 °C solution of 1-
‘methylpyrene (237) (0.831 g, 3.84 mmol) and 2,7-dichloro-2,7-dimethyloctanc (2.44)
(0.368 g, 1.75 mmol) in dichloromethane (20 mL). The resulting slurry was allowed to

‘warm to room temperature and stirred for 4 h. The reaction mixture was poured into ice




water (100 mL) and the layers were separated. The aqueous layer was extracted wil
dichloromethane (2 x 20 mL) and the combined organic extracts were washed with brine
(30 mL), dried over MgSOs, filtered and concentrated under reduced pressure. The solid

orange residue was subjected to column  chromatography (25 x 3 cm; 19

yield 2,7-bi ihyl 1)-2.7 .46)

asa white solid (0.148 g, 15%).

27-Bis(6-formylpyren-

Titanium(IV) chloride (1.40 g, 7.38 mmol) was added 10 a stirred 0 °C solution of 2,7-

y1)-27-dimethyloctane (2.47)

dimethyl-2,7-bis(2-pyrenyloctane (245) (1.59 g, 2.94 mmol) and dichloromethyl methyl
ether (0.848 g, 7.38 mmol) in dichloromethane (30 mL). The ice bath was removed and
the reaction was stirred at room temperature for 2 h. The reaction mixture was poured
into ice water (150 mL) and the layers were separated. The aqueous layer extracted with
dichloromethane (2 x 30 mL) and the combined organic extracts were washed with a
saturated solution of sodium bicarbonate (40 mL), washed with brine (40 mL), dricd over
MgSO,, filtered and concentrated under reduced pressure to yield a brown solid.  The
resulting solid was purified via chromatography (25 x 3 cm; dichloromethane) to yield
2,7-bis(6-formylpyren-2-y1)-2,7-dimethyloctane (2.47) (1.53 g, 87%) as a bright yellow

solid: Ry = 0.23; mp. 129-131 °C (dichloromethanc); 'H NMR (500 MHz, CDCl) &




1071 (5,2H), 928,

1=0.0 Hz, 2H), 829 (, J=7.8 Hz, 2H), 8.17-8.13 (m, 6H), 8.10 (d,

J<7.6 Hz, 2H) 8.05 (4, J-8.9 Hz, 2H), 7.93 (@,

9 Hz, 2H), 1.75-1.73 (m, 4H), 1.50 (s,
12H), 1.05-1.02 (m, 4H); 'C NMR (125.77 MHz, CDCl;) § 193.20, 148.54, 135.44
13118, 13111, 131,01, 130.95, 13089, 130.34, 127,38, 12711, 125.03, 124.74, 124.62,
124.43, 12298, 122,69, 45.31, 38.46, 29.56, 25.82; LCMS (APCI-positive, miz (el. int))
601 (11), 600 (49), 599 (MFHY', 100), 571 (18); HRMS (EI) calculated for CaaHsO2 (M)”

598.2872, found 598.2870.

Titanium(IV) chloride (0.372 g, 1.96 mmol) was added to a stirred 0 °C solution of 2,7-

bis(6-methylpyren-2-y1)-2,7-dimethyloctane  (2.46) (0418 g 0733 mmol) and
dichloromethyl methyl ether (0.216 g, 1.88 mmol) in dichloromethane (25 mL). The ice
bath was removed and the resulting mixture was stirred at room temperature for 2 h. The

reaction mixture was poured into ice water (100 mL) and the layers were separated. The

aqueous layer ith di 25mL)

extracts were washed with a saturated solution of sodium bicarbonate (40 mL), washed
with brine (40 mL), dried over MgSO%, filtered and concentrated under reduced pressure
10 afford 27-bis(6-formyl-8-methylpyren-2-y1)-2,7-dimethyloctane (2.48) as a light

brown solid. A $0% aqueous solution of hydrazine hydrate (0.566 g, 221 mmol) and



powdered potassium hydroxide (0.19 . 2.09 mmol) were added to a suspension of the
isolated material (2.48) in triethylene glycol (20 mL). The reaction was heated at 200°C
for 1 h, cooled and poured into ice water (100 mL). The resulting solution was extracted
with dichloromethane (3 x 30 mL). The combined organic extracts were washed with |
M HCI solution (30 mL), washed with a saturated solution of sodium bicarbonate (30

mL), washed with brine (30 mL), dried over MgSOs, filtered and concentrated under

x 3 cm; 15 di 10 afford 2,7-bis(1, 12,7

dimethyloctane (249) as a white sold (0.184 g 42%). R = 027 ((1:9)

mp. 227-230 °C (di "H NMR (500 Mz,
CDC1) 88,13 (d, J-9.1 Hz, 4H), 8.04 (s, 4H), 7.96 (d, J=9.1 Hz, 4H), 7.71 (5, 2H), 294
(s, 12H), 1.75-1.72 (m, 4H), 149 (s, 12H), 1.04-1.02 (m, 4H); LCMS (APCI-positive)
= (rel. int) 601 (14), 600 (54), 599 ((MH)', 100), 355(15); HRMS (E) calculated for

Cudblas (M)” 598.3600, found 598.3591.

2.9-Dimethyl-2,9-decanediol (2.65)
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A solution of dimethyl suberate (2.64) (9.82 g, 48.5 mmol) in anhydrous THF (100 mL)
was added dropwise over a period of 30 min to a stimed 0 °C solution of
methylmagnesium bromide (3.0 M in EO, 73 mL, 0.22 mol). After the addition was

complete, the reaction mixture was heated at reflux for 10 h. The reaction mixture was



e e

cooled to room temperature and quenched by the addition of a saturated ammonium
chloride solution (100 mL). The layers were separated and the aqueous layer was
extracted with ether (2 % 50 mL). The combined organic layers were dried over MgSO4
and concentrated under reduced pressure (0 yield a white solid, which was recrystallized
from heptane 1o give 2.9-dimethyl-2,9-decanediol (2.65) (821 g, 84%) as a whitc
powder: m.p. 64-65 °C (lit”" 67 °C); '"H NMR (500 MHz, CDCL): 8 1.22 (s, 12H), 131~
1.36 (m, 8H), 1.44-1.48 (m, 4H); 'C NMR (125.77 MHz, CDCLy): § 24.73, 26.94, 30.57,
4438, 71.40; LOMS (APClonegative) méz (rel. int) 2012 (M-H, 100); HRMS (CD)

calculated for CpzHyOy (MH)” 203.2011, found 2032011

2,9-Dichloro-29-dimethyldecane (2.66)

N e

A misture of 2.9-dimethyl-2,9-decanediol (2.65) (4.52 g, 22.3 mmol) and concentrated

aqueous HCI solution (100 mL) was stirred at room temperature for 2 h. The reaction
‘mixture was poured into ice water (200 mL) and extracted with dichloromethane (3 x 50
mL). The combined organic extracts were washed with a saturated solution of sodium

bicarbonate (2 x 50 mL), washed with brine (50 mL), dried over MgSOy, filtered and

concentrated under reduced p 29-dichloro-2,
2,92%) as a light yellow oil, which was used without purification. 'H NMR (500 MHz,

CDCL): & 1.33-1.37 (m, 4H), 1.46-1.50 (m, 4H), 1.57 (5, 12H), 1.72-175 (m, 4H); "C



NMR (125.77 MHz, CDCly): § 25.46, 29.98, 32.82, 46,45, 71.63; LCMS (APCI positive)
=239 (MH)".

2,9-Dimethyl-2,9-bis(2-pyrenyldecane (2.67)

v
" - e
T Seocen
.

Aluminum chloride (2.29 g. 17.2 mmol) was added 10 a stirred 0 °C solution of pyrenc
(28) (870 g 43.1 mmol) and 2.9-dichloro-2,9-dimethyldecane (2.66) (.05 g, 8.61

‘mmol) in dichloromethane (100 mL). The resulting shury was allowed to warm to room

fordh. poured into ce water (400 mL)
‘and the layers were separated. The aqueous layer was extracted with dichloromethane (2
X 100 mL) and the combined organic extracts were washed with brine (50 mL), dried

over MgSOs, filtered and concentrated under reduced pressure. The solid yellow residue

6.5 cm; (19 di .

yield 2,9-dimethyl-29-bis(2-pyrenyl)decanc (2.67) as a white solid (3.04 g, 62%): Ry~

035 ((1:9) mp. 149-151 °C (19 di
"HNMR (500 MHz, CDCL) 8 8.13 (&, J=7.6 Hz, 4H), 8.08 (5, 4H), 8.03-7.95 (m, $H),
7.96-7.93 (m, 2H), 1.75-1.72 (m, 4H), 1.46 (s, 12H), 1.09-1.07 (m, 4H) 0.98-0.95 (m,
4H); "'C NMR (125.77 MHz, CDCLy) § 148.10, 131.38, 131.30, 128.05, 127.58, 12591,

125,13, 12503, 12325, 12321, 45.52, 38,64, 30.54, 29.94, 2521; LCMS (APCI-



positive) mz (rel. int) S73 (14), 572 (49), 571 (MH)', 100), 369 (65) M-CiHio; HRMS.

(ED) calculated for CasHez (M)” $70.3287, found 570.3285.

W N '
2w an

Titanium(IV) chloride (1.78 g, 9.36 mmol) was added 1o a stirred 0 °C solution of 2,0-

bis(2-pyrenyl)-2.9-di 148,375 methyl
ether (1.08 g, 9.36 mmol) in dichloromethane (40 mL). The ice bath was removed and
the resulting mixture was stirred at room temperature for 2 h. The reaction mixture was
poured into ice water (200 mL) and the layers were separated. The aqucous layer was
extracted with dichloromethane (2 x 30 mL) and the combincd organic extracts were
washed with a saturated solution of sodium bicarbonatc (40 mL), washed with brine (40
mL), dried over MgSO,, filtered and concentrated under reduced pressure. The solid

brown-yellow residuc was subjected 1o column chromatography (20 x 3.5 em;

10 yield 2 -2, @75) as a
bright yellow solid (207 g, 88%): R = 025 (dichloromethane); m.p. 205-207 °C
(dichloromethanc); 'H NMR (500 MHz, CDCl;) 3 10.74 (s, 2H), 9.34 (d, J=9.3 Hz, 2H),
8.36/(d, J7.9 Hz, 2H), 8.22 (d, J=9.3 Hz, 2H), 8.20-8.16 (m, 6H) 8.12 (d, J=8.9 Hz, 2H),
8,01 (d, J8.9 Hz, 2H), 1.77-1.74 (m, 4H), 1.48 (s, 12H), 112-1.10 (m, 4H), 1.00-0.98

(m, 4H); "C NMR (125.77 MHz, CDCl;) 8 193.52, 148.94, 135,75, 13222, 13154,



13151, 13133, 13125, 13115, 130,63, 127,67, 127.36, 12533, 124.96, 124.70, 123.26,
12263, 45.36, 38.69, 30.41, 29,84, 25.12; LOMS (APCl-positive) m’z (rl. int) 629 (13),
628 (50), 627 (MH)', 100), 613 (16); HRMS (EI) caleulated for CicHisOx (M)

6263185, found 626.3184.

2,9-Bis(6-acetylpyren-2-yl)-2,9-dimethyldecane (2.77)

Acetic anhydride (0934 g, 9.09 mmol) was added 10 a stirred solution of 2.9-bis(2-

pyreny)-2, 1,52 mmol) and zine 298
‘mmol) in glacial acetic acid (20 mL). The reaction mixture was heated at 90 °C for 6 h,
after which it was cooled and poured into ice water (100 mL). The solution was extracted
with dichloromethane (3 x 30 mL). The combined organic extracts were washed with a
saturated solution of sodium bicarbonate (2 x 50 mL), washed with brine (50 mL), dried
over MgSOs, filiered and concentrated under reduced pressure. The brown residuc was
subjected 1o chromatography (30 x 3 cm; dichloromethanc) to afford 2,9-bis(6-
acetylpyren-2-y1)-2,9-dimethyldecane (2.77) as a bright yellow solid (0.894 g, 90%): Ry~

038 mp. 218-221 °C 'H NMR (500 MHz,

CDCI) §9.02 (d, J-9.3 Hz, 2H), 823 (d, J-T4 Hz, 2H), 8.12-8.09 (m, 6H), 801 (d,

/=8.7 Hz, 2H), 7.99 (d, J=8.1 Hz, 2H), 7.90 (d, J-8.9 Hz, 2H) 2.83 (s, 6H), 1.75-1.72 (m,



4H), 147 (s, 12H), 1.10-1.08 (m, 4H), 0.99-0.94 (m, 4H); LCMS (APCl-positive) m/z
(rel. int) 657 (1), 656 (55), 655 (MH)", 100); HRMS (E) calculated for CisHO: (M)”

654.3498, found 6543492

'

Aluminum chloride (3.97 g, 29.8 mmol) was added 10 a stimed 0 °C solution of acetyl
chloride (1.1 g, 14.2 mmol) and 2.9-bis(2-pyrenyl)-2,9-dimethyldccanc (267) (193 g,
3.38 mmol) in dichloromethane (40 mL). The resulting mixture was kept at 0 °C and
stimed for 4 b Afier which, it was poured into ice water (200 mL) and diluted further
with dichloromethane (50 mL). The layers were separated and the aqueous layer was
extracted with dichloromethane (2 x 50 mL). The organic extracts were combined and
washed with a saturated solution of sodium bicarbonate (50 mL), washed with brin (50
mL), dried over MgSOs, filtered and concentrated under reduced pressure. The yellow

mass isolated was subjected 1o recrystallization from acetone to afford 2,9-bis(6,8-

bright yellow solid (211 g, 85"

: R

0.25 (dichloromethane); m.p. 211-212 °C (acctone); 'H NMR (500 MHz, CDCl;) 8 8.96

(4,J-9.0 Haz, 4H), 8.68 (s, 2H), 8.22 (d, J-9.0 Hz, 4H), 8.19 (5, 4H), 294 (5, 12H), 1.78~

1.75 (m, 4H), 1.48 (s, 12H), 1.12-1.10 (m, 4H), 1.02-0.98 (m, 4H); "C NMR (125.77



Mz, CDCly) 8 20185, 149.29, 132.40, 13206, 131.24, 130.63, 128.14, 125.73, 124.76,

122,51, 45.22, 38.66, 30.89, 30.33, 29.76, 25.06, 21.46; LCMS (APCI-positive) m (rl.
int) 741 (13), 740 (56), 739 (MH)', 100); HRMS (EI) calculated for CxHiiOs (M)
7383709, found 738.3700.

(21,1, 88-tetramethyl[8.2](7,1)pyrenophane (2.92)

o
\'d
X P
comonsonsig
onmis
ot
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Potassium hydroxide (0.048 g. 121 mmol) was added to a stirred room temperature
solution of sulfone 2.98 (0.040 g, 0.061 mmol) in carbon tetrachloride (2.5 mL), water (1
mL) and ferr-butanol (2.5 mL). The resulting mixture was heated at 80 °C for 4 d, until

all of the starting material had been consumed (TLC analysis). The reaction was cooled

10 room temperature, poured info water (25 mL) and extracted with dichloromethanc (3
15 mL). The combined organic extracts were washed with brine, dried over MgSO4,

filtered and concentrated under reduced pressure 1o give an orange mass, which was.

lica gel tion for col « as

15 dichloromethanchexanes)  afforded  (2)-1,188-
tetramethyl[8.2)(7, 1 )pyrenophane (2.92) as a bright yellow oil (0.021 g, 58%): R = 0.52

(1:5 dichloromethane/hexanes); 'H NMR (500 MHz, CDC1,) 8 8.00 (&, J=7.8 Hz, 2H),



789 (&, J=78 Hz, 2H

7.86-7.84 (m, 4H), 781 (&, J-8.9 Hz, 2H), 7.73 (5, 2H), 7.65

(poor 2H), 7.52 (5, 2H), 7.10 (poor 2H), 1.61-1.58
(m, 4H), 1.40 (s, 12H), 1.02-1.00 (m, 4H), 0.49-0.46 (m, 4H); "'C NMR (125.77 Mz,
CDCly) & 14636, 13338, 13101, 130.32, 130,00, 127.77, 12743, 127.24, 127.04,
126,06, 12528, 125,54, 12422, 122,80, 122,61, 122,49, 4642, 38.18, 30.75, 24.42 (only
20 0f 22 carbons observed) LCMS (APCI-positive), mz (rel. int) 597 (12), 596 (53), 595

(100, (MH)'); HRMS (EN) calculated for Caghles (M)” 594.3287, found 5943281

29-Dimethyl-2.9-bis(6-vinylpyren-2-yl)decane (2.93)

oo oo o
o o "‘ .“

A solution of 1.0 M n-butyllithium (0.283 mL, 0.283 mmol) in hexanes was added to
methyliriphenylphosphonium bromide (0.101 g, 0.283 mmol) in THF (5 mL) at ~50 °C.

The reaction was maintained at ~50 °C for 15 min and then a solution of 2.9-bis(6-

75) 0050 g, THF (10 mL) was
added. The cold bath was removed and the reaction was stimed at room temperature for

1 (TLC analysis). The

Solvent was cvaporated under reduced pressure and the resulting oily yellow mass was
taken up into dichloromethane (20 mL), washed with a 1 M HCI solution (10 mL),

washed with a saturated sodium bicarbonate solution (20 mL), washed with brine (20
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mL), dricd over MgSOs, filtered and concentrated under reduced pressure 1o give a
yellow foam, which was adsorbed onto silica gel in preparation for chromatography.
Chromatography (15 x 2 em; 1:9. dichloromethane/hexanes) afforded 2,9-bis(6-
vinylpyren-2-yl)-2,9-dimethyldecane (293) as a light yellow oil (0.029g, 58%): ;= 0.37
(19 dichloromethanc/hexanes); 'H NMR (500 MHz, CDCly) & 8.32 (d, J=9.3 Hz, 2H),
815 (d, J-8.0 Hz, 2H), 8.09 (d, J-8.0 Hz, 2H), 8.07 (5, 4H), 803 (d, J=9.3 Hz, 2H),
7.97-795 (m, 4H), 779 (dd, J=17.3, 11.0 Hz, 2H), 598 (dd, J=173, 1.1 Hz, 2H), 5.61
(dd, J=11.0, 1.1 He, 2H), 1.79-1.76 (m, 41), 1.49 (s, 12H), 1.15-1.12 (m, 4H), 1.04-1.00
(m, 41); 'C NMR (12577 MHz, CDCL) § 147.97, 13449, 13233, 131.43, 131,01,
130.82, 12820, 128,03, 127.72, 12740, 125.14, 125,00, 123.47, 123.32, 123,29, 123,06,
123,01, 117.09, 45.25, 3838, 30.29, 29,67, 24.96; LCMS (APCl-positive) mz (rel. int)
625 (12), 624 (51), 623 (MH)", 100); HRMS (EI) calculated for CasHas (M) 622.3600,

found 622.3603.

Thiacyclophane (2.94)

NasS/ALO; (0.198 g, 0497 mmol) was added in three equal portions 10 a stirred room

temperature solution of 29

(- (bromomethyDpyren-2-y)-29-dimethyldecane (2.95)

(0.250 g, 0.331 mmol) in 1:9 (v/v) EtOH/dichloromethane (75 mL) over a 20 min period.
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“The resulting slurry was stirred vigorously for 16 h and the reaction mixture was suction
fillered. The filtate was concentrated under reduced pressurc and the residuc was

subjected to column 25 %3 em; 25 0 yield

2.94 as a light yellow oil (0.184 g, 89%): R, = 0.62 (2:5 dichloromethane/hexancs); 'H
NMR (500 MHz, CDCE) 8 8.06 (5, 2H), 8.01 (d, J=7.9 Hz, 2H), 7.98-7.94 (m, 24), 796
(&, J<7.7 Hz, 2H), 771 (s, 2H) 682 (s, 4H), 441 (5, 4H), 1.73-1.69 (m, 4H) 1.54 s,
12H), 1.20-1.17 (m, 4H), 0.91-0.87 (m, 4H); "'C NMR (125.77 MHz, CDC) & 146.94,
131,33, 131,08, 130.99, 130.41, 128,80, 127.78, 127.63, 127.34, 127.28, 125.42, 12397,
123,36, 12295, 122.88, 12285, 45.36, 38.36, 34.13, 30.30, 30.11, 24.05; LCMS (APCI-
positive), m (rel. int) 631 (12), 630 (51, 629 (100, (MH)); HRMS (ED calculated for

CuHlusS (M)’ 6283164, found 628.3162.

e
© ©=2

Phosphorus tribromide (0.398 g, 1.48 mmol) was added 10 a solution of 2,9-bis(6-
(hydroxymethyl)pyren-2-y1)-2.9-dimethyldecane  (296) (124 g, 197 mmol) in
dichloromethane (25 mL) at 0 °C. The resulting mixture was allowed 0 warm to room
temperature and stired for 1 h. Water (25 mL) was added and the layers were scparated.

The aqueous layer was extracted with dichloromethane (2 X 30 mL). The combined



organic extracts were washed with brine (S0 L), dried over MgSOy, filtered and
concentrated under reduced pressure to yield 2.9-bis(6-(bromomethylpyren-2-y1)-29-
dimethyldecane (2.95) as a light yellow solid (1.38 g, 92%). This material was used in
further experiments without purification: R, = 0.22 (15% dichloromethane/hexanes); m.p.

193-194 °C (CHCL); "H NMR (500 MHz, CDCLy) § 8.29 (d, J=9.2 Hz, 2H), 8.14-8.12

(m, 6H), 8.03 (&, J=7.8 Hz, 2H), 7.99 (4, 9 Hz, 2), 7.92 (d,

/-89 Hz, 2H) 7.94 (&,
7.8 Hz, 2H), 521 (s, 4H), 1.75-1.73 (m, 4H), 1.46 (s, 12H), 1.10-1.08 (m, 4H), 0.99-
0.94 (m, 4H); "C NMR (12577 MHz, CDCL) 3 148.55, 13321, 131,41, 130.97, 130.76,
12031, 128,88, 12869, 127.76, 127.52, 125,47, 125.03, 12391, 123,88, 123.24, 123.07,
45,45, 38.64, 32.74, 30.49, 29.88, 25.17; LCMS (APCI-positve), m (rel. int) 679 (12),
678 (41), 677 (100, (M-""Br)), 676 (42), 675 (92, (M-"'Br)"); HRMS (EI) calculated for

CusHuBrs (M) 754.1810, found 754.1804,

N,
W t W '

s 0
Sodium borohydride (0.356 g, 9.57 mmol) was added 0 a stirred 0 “C solution of 2,9-

oy 0 75) (1.50 g, 239 mmol) in THF (30 mL).

was allowed to room 12 h period.

“The solvent was evaporated under reduced pressure and the solid residuc was taken up in
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dichloromethane (30 mL). This solution was cooled 10 0 °C and a 1 M HCI solution was

added unil the solution was at acidic pH. The layers were separated and the aqucous

Iayer was extracted with dichloromethane (2 x 30 mL). The combined organic extracts

Sodium ). washed with brine
(50 mL), dried over MgSO4 and concentrated under reduced pressur 10 yield 2.9-bis(6-
(hydroxymethyl)pyren-2-y1)-2.9-dimethyldecane (2.96) as a clear straw-colored oil (1.43
£.95%). This compound was used in further experiments without purification: £, = 0.35
(1:9 EtOAc/dichloromethanc); 'H NMR (500 MHz, CDCLy) & 8.23 (d, J=9.2 Hz, 2H),

7 Hz, 2H), 8.00 (d, J-9.2 Hz, 2H) 7.96-7.94 (m, 4H), 7.93 (d,

807 (s, 4H), .05 (d,

J<1.7 Hz, 2H), $.27 (5, 4H) 1.99 (br s, 2H), 1.76-1.73 (m, 4H), 1.46 (s, 12H), 1.08-1.05

(m, 4H), 0.98-0.94 (m, 4H); "C NMR (125.77 MHz, CDCly) § 148.22, 13398, 131.50,
131,42, 130.96, 128.99, 12853, 128,10, 127.56, 126,07, 125.30, 12487, 123.57, 123.48,
123,35, 123,18, 64.25, 45.44, 3861, 30.47, 29.51, 25.31; LCMS (APCI-positive, m (el
int)) 615 (15), 614 (50), 613 (100, (M-OH)"); HRMS (EI) calculated for CasHiaO: (M)”

6303498, found 630.3496.
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Sulfone (2.98)

3-Chloroperoxybenzoic acid (0.066 g, 0.381 mmol) and sodium bicarbonate (0.107, 1.27
‘mmol) were added 1o a stirred 0 °C solution of thiacyclophanc 294 (0.080 g, 0.127
‘mmol) in dichloromethane (6 mL). The reaction was allowed to warm slowly to room
temperature and stimed for 12 h. The reaction was poured into water (20 mL) and the
layers were separated. The aqucous layer was extracted with dichloromethane (2 x 20
mL). The combined organic extracts were washed with water (20 mL), washed with
brine (20 mL), dried over MgSOx, filtered and concentrated under reduced pressure to
give an orange residuc, which was dircetly subjected to chromatography (15 x 2 cm;
dichloromethane) to afford 2.98 as a light orange oil (0.042 g, S0%): Ry = 0.28

(dichloromethane): 'H NMR (500 MHz, CDCls) 3 8.16-8.13 (m, 4H), 8.09 (d, J=1.4 Hz,

806 (d, -89 Hz, 2H), 8.01 (d, J-89 Hz, 2H), 7.63 (d, J=1.4 Hz, 2H), 60 (d,

793 Hz, 2H), 662 (4, J=9.3 Hz, 2H), 507 (5, 4H), 1.70-1.67 (m, 4H), 1.46 (s, 12H),
1.16-1.14 (m, 4H), 0.81-0.78 (m, 4H); ""C NMR (125.77 MHz, CDCly) § 147.57, 132.25,
131,22, 13058, 130,41, 129.05, 128.95, 12838, 127.28, 125.34, 125.03, 12397, 123.79,
12272, 12242, 121,60, 56.71, 45.51, 38.63, 3043, 30.18, 24.20; LCMS (APCl-positive),
m (rel int) 663 (11), 662 (49), 661 (100, (MH)'); HRMS (EI) calculated for CagHuuSO;

(M)’ 660.3062, found 6603058
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* Due to the insolubility of the isolated material from this reaction and based on the

assumed that 257 is the

isolation of the corresponding 1,3-subsituted dialdehyde, it
sole product and not a hexabromide intermediate

ted benzenes see: (a) Nazarov, 1. Ny

1 For references on bromomethylation of substi
Semenovosky, A. V. Russ. Chem. Bull. 1957, 6, 25-228; (b) Mitchell, R. H.; Iyer, V. S.
Synlett 1989, 55; (c) van der Made, A. W.; van der Made, R. H. J. Org. Chem. 1993, 58,

12621263,

* For references on bromomethylation of substituted naphthalenes see: (a) Tran, H. Ay
Miller, D. O; Georghiou, P. E. J. Org. Chem. 2008, 70, 1115-1121; (b) Tran, H. A;
Georghiou, P. E. New J. Chem. 2007, 31, 921-926

* For bromomethylation procedure with MOMB sec: Chiron, 1; Galy, 1. P. Synlett
2003, 2349-2351. For chloromethylation procedure see: Wei, C; Mo, K. F.; Chan, T. L.
J.Org. Chem. 2003, 65, 2948.2051

* (a) Okamoto, H.; Arai, T.; Sakuragi, H.; Tokumaru, K. Bull. Chem. Soc. Jpn. 1990, 63,
2681-2890; (b) Alashikhin, S.; Finney, N. S..J. Am. Chem. Soc. 2008, 130, 12846-12847.
* Barficld, M.; Collins, M. 1; Gready, J. E.; Stemhell, S.; Tansey, C. W. J. Am. Chem.

Soc. 1989, 111, 42854290,



m

* The well-known iodoform reaction (or test) has been used in the past for the
identification of methyl ketones. For a review of this and other related reactions sce:

Fuson, R. C; Bull, B. A. Chem. Rev. 1934, 34, 275:309.

n

* Ichihara, J. Chem. Commun. 1997, 1921-1922.

* Mitchell, R. H. Heterocycles 1978, 11, 563-586.

It was discovered at this stage that 2.65 could also be treated with pyrene under the
same reaction conditions as 2.66 t0 give 2.67 in comparable yicld.

¥ Using stiochiometric amounts of pyrenc or 2-3.5 molar equivalents always gave lower

isolated yield of 2.67. As wel, using a larger excess of pyrene (i.c. $-10 molar

cquivalents) never resulted in increasing the yield of this reaction and only served to
complicate purification.

* NaS/ALO; reagent reference:  Bodwell, G. J; Houghton, T. J.; Koury, H. E.,
Yarlagadda, B. Synlett 1995, 751-752. Generally the yields for these reactions have been
moderate (50-70%). In instances where there is restricted rotation and possible -
stacking ineractions the yields tend 1o be much higher. Sce reference 15

 In all instances, treatment of the thiacyclophane intermediate with Borch reagent
resulted in the more polar (bascline) spot by TLC analysis and the isolation of a flufly

pink solid (i

icative of the tetrafluoroborate sall)
* Grubbs First gencration catalyst: Nguyen, S. T ; Johnson, L. K.; Grubbs, R. H.; J. Am,
Chem. Soc. 1992, 114, 3974-3975. Grubbs second generation catalyst: Scholl, M.; Ding,

. Lee, C. W.; Grubbs, R. H. Org. Lett. 1999, 1,953-956.



n

* (a) Lai, Y.-H.; Yap, A H.-

. Chem. Soc., Perkin Trans 2 1993, 703-708; (b) Lai,
Y.-H.; Zhou, Z.-L.J. Org. Chem. 1997, 62, 925-931. Also, sce reference 29.

* For a recent example of the Ramberg-Bicklund reaction in such a macrocyclic ring-
contraction sce: Nicoloau, K. C.; Saralah, D.; Wu, T. R.; Zhan, W. Angew. Chem. Int. Ed.
2009, 45, 6870-6874.

7 Snyder, S. A.; Zografos, A. L; Lin, Y. Angew. Chem. Int. Ed. 2007, 46, 8186-8191

* Zicgler, K.; Spith, A.; Schaff, E. Schumann, W.; Winkleman, E. Justus Liebigs Ann.

Chem. 1942, 551,80-119.



Appendix 1

Selected 'H and *C NMR Spectra for Chapter 2
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CHAPTER 3: Model
)teropyrenophanes

2,
Compound for 1,1,m,n-Tetramethylln](2,

3.1 Frustrations in Organic Synthesis

“The introductory chapter of this dissertation addressed the design elements that

are an essential component of target-oriented synthesis. Whil the selection of a target

duct or a designed molecule) is the first step in a synthesis

project, designing and executing a synthetic route are the most important tasks. In some
cases, chemists select synthetic targets for the purpose of showcasing key bond-forming
reactions or methodologies, often their own."

Applying a particular chemical transformation in a target-oriented synthesis is an
important exercise because it provides clear evidence for its usefulness. Completing such
an exercise can be problematic. In some cases, the planned key reaction is never even
tested because the synthesis of the precursor substrate may prove (o be overly
challenging. On the other hand, it may be that an insumountable hurdle is encountered
subsequent 10 the successful key reaction, in which case the development of a new

d. As discussed in

synthetic route that does not involve the key reaction is neces

Chapter 2, the quest for Ly 1

(2.15), the former scenario appeared to be developing. The key step in the synthesis plan

of the desired targets is a VID reaction, but the synthesis of a suitable

[2.2)metacyclophancdiene analog’ proved to be very challenging

g established
approaches. Thus, new chemistry with respect to joining two pyrene units together had to

be developed.



311 Model Studies in Organic Synthesis
There are numerous examples in total synthesis where a rescarch team reports
methodology for the construction of a structural motif that comprises a portion of a

natural product.

In such cases publication is warranted based on the intellectual and

scientific.contributions from the group, however, the "possible application" of this

method in the total synthesis of a specific target makes for an attactive feature to those
engaged in this area of organic synthesis." Such model studies often form substantial
portions of doctoral dissertations, but whether or not they find application in the
synthesis of the originally intended targe is by no means guaranteed and often unclear
In many cases a methodology or key reaction that works well in a model system fails
when applicd 1o the system of interest.  On the other hand, newly-fashioned
methodologies or reagents can sometimes find application in the synthesis of other
synthetic targets or reactions that were not conceived of by the original authors, which
ultimately demonstrates the syntheti utiliy of the methodology or reagent’ In cither
case,thisis the nature of target oriented synthesis and model studies play a pivotal role in
the creation of new science and advancement of synthetic chemistry

Scheme 3.1 illustrate the total synthesis of three natural products that came o
fruition following model studies.  All of these examples involve the use of cyclophane

termediates that participate in transannular Diels-Alder (TADA) reactions to fumish

complex polycyclic systems.  In the case of Deslongchamps’ synthesis of
anhydrochatancin (3.7), it was discovered that furanophane 3.1 partcipated in a highly
diastercoselective TADA reaction o give 32, a tetracyclic intermediate that closely

resembled the tricyclic core of this natural product and a related congener chatancin.



While the initial goal of their model study was to delineate a route 1o the former

compound,” conversion of a more suitable analog of 3.2 into chatancin was not possible

using this cyclophane approach. However, the synthesis of the related natural product
anhydrochatancin (33) was possible.’  Difficulties encountered during an attempted
oxidative ring-expansion reaction of an analog of 3.2 1o 3.7 (chatancin), screndipitously

incin The Deslongchamps

gave only the elimination and natural product anhydroch

‘group was able to complete a synthetic route to chatancin in the same year using a second

Model studics that involve cyclophane intermediates in total syntheses

a0
Grmetvinn




cyclophane approach, which featured a TADA reaction of a pyranophanc intermey

36, As in the case of anhydrochanticin (3.3), important synthetic details that were

necessary 1o generate advanced infermediate 3.5 were gleaned through the aid of a model
study.”
During the course of Bodwell's formal synthesis of ()strychnine, it was

discovered via a model study that a pentacyclic analog corresponding to the core of

several strychnos alkaloids could be assembled in short order from a transannular Dicls-

Alder reaction of [3)(3,6)pyridazino{3)(1 ' In thi lying their

2y ' proved the model compound and

10 date, of the 14 synthesis of strychnine (3.10) that have been reported, Bodwell and Li's

stands as the shortest and arguably most productive.”

312 Designing a Model Teropyrene System
The failure to secure a reliable synthetic route towards the  sub-targeted
dithiacyclophanes 2.51 (sce Scheme 2.9) prompled the implementation of a model study.

Although the use of bis(2-pyrenyl)-dimethylalkane (220, Scheme 2.2) starting materials

"
for explor ly sy ly Gust three step eqy

only 1-3 g batches could be made comfortably. 2-tert-Butylpyrenc prescnted itself as a

very good model system for 1 m
be prepared on a relatively large scale™” and the end product of the model study, 2,11-di-

tert-butylieropyrene (.11,

2-H), would provide a benchmark against which the
nonplanar teropyrenc systems in the targeted teropyrenophancs 2.15 (Chapter 2, Section

22) could be meaningfully compared.



“The primary objective of the model study was to establish a reliable route t0 2,11-

divtert-butylteropyrene (3.1, R;=Ry=H), which could then be applicd to the synthesis of
[#](2.11)teropyrenophanes. Since the VID reaction was to be the key and final step of the
teropyrenophane synthesis, it was also planned for the final tep of the synthesis of 2,11-
divtert-butylieropyrenes (3.11). The problem was thus reduced to the synthesis of
(1,3)pyrenophanediene 3.12. A secondary abjective of the model study was to explore
the possibility of improving upon classical cyclophane chemistry by discovering synthetic
routes that do not proceed through the corresponding dithiacyclophane intermediates.
With this in mind, the McMurry and Heck coupling reactions were considered for the
necessary olefin forming reactions.

‘While the McMurry reaction has been shown o be applicable for the generation
of strained olefin systems,'” it has scen very limited successful applications in the
synthesis of [2.2]metacyclophanes.'* In contrast, there is no example of the Heck
reaction in the synthesis of [22Jmetacyclophanes. Both of these reactions could

conceivably enable the installation of the unsaturated bridges in 3.12 from a single

synthetic precursor, thercby i that is necessa
‘going through dithiacyclophane intermediates. Such is the case for the synthesis of the
(2 pyrenophanes discussed in Chapter 1. While both disconnections are very temping,
there are two key considerations to bear in mind: (1) the implications of the double bond
‘geometry and (2) the increase in strain energy that accompanies the formation of the
desired [2.2]metacyclophanediene unit. Tn the even that the first-formed bridge is rrans

configured, formation of the second bridge becomes impossible.  With regard t0 strain,



[22Imetacyclophancdiencs are inherently strained systems.  However, during_ their

A

SCHEME 3.2: Disconnective analysis of teropyrene model system 3.1

W
e

synthesis by way of a MeMurry or Heck reaction, the majority of this strain would be
introduced during the formation of the second unsaturated bridge.  As such, the key
reaction that installs the sccond bridge must be sufficiently favourable o be able to
withstand the effects of developing strain. The issue of syn/anti isomerism in 3.12 was
also considered, but this was not expected to be a problem. Cyclophanediene 3.12 would
be expected 1o adopt an anti conformation, whercas 325 (vide infra) would be

constrained o a syn conformation. The same notion can be anticipated for



[22)(1 3)pyrenophane 3.16 and the analogous tethered system 341 (Scheme 3.6)

Although the valence isomerization of 3.12 is thermally disfavoured, there is ample

s

. — -
With all of these issues in mind, a sequential bridge-forming strategy was
formulated, a key feature of which was the introduction of the first bridge in a saturated

form.  The basis for devising this approach was that both the Heck and McMury

selective for ired double bonds. Although this tactic was
necessary for the synthesis of the model system 3.12, the need for its use in the case of the.

ullimately targeted cyclophane systems (1,1,2,-tetramethyl[}(2,11 teropyrenophancs)

. The tether that would link the 2-postions of the two pyrenc units

e - ) o

SCHEME 3.3: Potential outcome of McMurry and Heck reactions in 2.75 and 3.22
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of  29-bis(6-formylpyren-2-y1)-2.9-dimethyldecane  (275) o

pyrenyldimethylalkane 322 might render the frans isomer, the product of an
intramolecular McMurry or Heck reaction, more strained than the corresponding cis

isomer (Scheme 3.3). As such, both of these strtegies may find suce

ful application in
the synthesis of [2.2]metacyclophanediene analog 3.25 and thus warrant the synthesis of
‘model intermediates

Retuming to the model system, the Heck-based retrosynthetic pathway leading

back from 2,11-di-terr-butylicropyrene (3.11) to 3.

2, 313 and 344 (Scheme 32)

appeared 1o hold less promise than the McMurry-based pathway leading back to the
‘mono-unsaturated [2.2](1,3)pyrenophane 3.16, dicarbonyl compound 317 and 1,2-bis(2-

pyrenyl)ethanc (3.

“Thus, a model study that focused on the union of two pyrenc units
(at their 1-positions) via a carbon-carbon (sp'-sp’) bond-forming reaction such as a Wurtz.

coupling to furnish a saturated (ethano) bridge was pursucd. Additionally, the synth

sis

of other "model" intermediates that would unlikely be ust

the preparation of a
teropyrene model compound, but potentially amenable o the tethered systems (i¢. 2.7
and 3.22)'* were considered at this stage. If these direct coupling strategis prove (o be
unsuccessful when applicd to the designed model systems, then the preparation of these

compounds would delineate a route that could (potentially) be applicable (1o bis(2-

)-di he synthe gets
32 Reactions of 2-ert-butylpyrene
As was described in Chapter 2, the strategy for preparing 2,11-di-substituted

teropyrenes hinges upon the ability 1o exploit the predictable substitution chemistry of



pyrenc, or more specifically, 2-fert-butylpyrene (233). The monoformylation of 2,9-
dimethyl-2,9-bis(2-pyrenyl)decane (2.67) proved 1o be a very reliable reaction at the
outset of this work and, fortunately, it was also found 0 be a reliable transformation with
2tert-butylpyrene. Aldehyde 3.26 was prepared in high yicld and subscquently reduced
10 alcohol 327 via reaction with sodium borohydride. Bromination of the newly
fumished alcohol was accomplished with phosphorous tribromide in dichloromethanc to
afford 1-(bromomethyl)-7-fert-butylpyrene (3.28). Al of the chemical yields to this stage
were very high (82% overall yield for three steps) and only a single chromatographic
Scparation was required, at the aldehyde stage. The synthesis of a thiacyclophane

intermediate from  bromide akin to 3.28 was accomplished in Chapter 2 (sce Scheme

225). While the viabiliy of its conversion 1o an olefin bridge was demonstrated via a
Ramberg-Bicklund reaction, other standard conversions failed in this instance. Duc to
these difficultics and the low yields that were encountered, treatment of bromide 3.28
with NayS/ALO; was not opted for at this juncture. Instcad, the possibility of dircetly
connecting two. 1-(bromomethyl)-7-fert-butylpyrene units through carbon-carbon bond

forming reactions was explored.
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SCHEME 3.4: Synthesis of 1-(bromomethyl)-7-tert-butylpyrene (3.28)

In 2004 Bodwell and coworkers discovercd that  ani-S,13-
dibromo{22metacyclophane (3.35) could be generated from the dircet treatment of
tribromide 3.31 with n-BuLi.”” Thus, it was decided to subject 1-(bromomethyl)-7-tert-
butylpyrene (3.28) to these conditions (Scheme 3.6) to form the crucial carbon-carbon
bond. The synthesis of cyclophane 3.35 had been achicved unintentionally during an
attemp to generate the boronic acid of 3.32, which was 10 be used in a planned Suzuki

cross-coupling reaction with diiodide 3.33 as part of a synthetic approach to @ new

[ Subjecting 428 w0
butyllithium at ~15 °C fumished 1.2:bis(7-feri-butylpyren-1-yl)ethanc (3.18) in 59%
yield. The moderate yield of this reaction was of small consequence as the dircct union
of the two pyrene units in this manner served to eliminate several synthetic sicps that

were necessary in the original tiacyclophane plan (Chapter 2, Scheme 2.24).



3

SCHEME 3.5: ani-[22)(5,1 35

Varying the temperature, concentration and reaction time gave very litle change

in the product distribution or isolated yields. In fact, at temperatures below —15 °C the

reaction proved to be very sluggish. Routinely, a 50-60% yicld of the desired product
could be obiained, along with approximately 10-15% of the subsitution byproduct 3.36.
The opportunity to improve the efficiency of this reaction would present itsclf in the
intramolecular variant of the analogous dibromide 2.95 (Scheme 3.6). Conversion of 3.18
t the comcsponding dialdchyde 337 was achieved in S6% yield  The
uncharacteristically low yield of this reaction can probably be attributed 1o the low
Solubility of the dialdehyde system (in dichloromethane and other common organic

solvents), which made for difficult isolation, purification and characterization." A more

scrious concem was how this solubility issuc would affect the outcome of the ensuing
intramolecular McMurry reaction.'”

thesis of the analogous

tone 3.42 (Scheme 3.7) would aid the solubility of this system. While diketone 3.42
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was considerably more soluble in dichloromethane than dialdehyde 3.18, it too showed

low solublity in both THF and 1,4-dioxane (solvents typically used in the McMurry

reaction)
oLl
% HovoTunn
o
il -
.- CN-%
= .

2 0 s e

SCHEME 3.6: Attempted synthesis of 2,11-di-terr-butylicropyrene.

and neither it nor the analogous aldehyde participated in a_ productive McMurry
reaction.™ In the case of the latter, LCMS analysis indicated that a species with the

correct molar mass (m/z = S67 (MH)") had formed during the reaction, but the intensity of
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this signal was low and many others were present. Isolation of [22]cyclophane 3.38
proved to be elusive and only the over-reduced product 3.39 was isolated in just 12%
yield. In the case of diketone 3.42, the McMurry reaction appeared to proceed nicely as
evidenced by TLC analysis, was

in fact undergoing a productive McMurry reaction. However, the LCMS and 'H NMR

il did not p Yl

. e
acne - § Pt
e T
an sa

ot
SCHEME 3.7: Synthesis of 3.42 and attempted McMurry reaction

321 Difficulties Associated with the McMurry Reaction

Since s discovery in 1973 (by three independent rescarch groups)’™* the
MeMurry reaction has emerged as a powerful synthetic method for the preparation of
strained olefin systems. While this reaction has been successful in the synthesis of
steically hindered cthenes that could not be prepared through other olefination

techniques, s applicat () has not been met with

the same success. Fortunately, several variations of the McMurry reaction have been

* Some of this juncture in the




study to would oy ydes (or ketones)
in hand. While there have been several authoritative reviews published on addrssing
exactly which conditions arc optimal in both inter- and  intramolecular McMurry
reactions,” the generation of the low-valcnt titanium intermediates for effective reductive

couplings can be highly substrate- and even “co-worker-dependent”.** Often, conditions

that are found to be optimal for one system can fail whe applied to an analogous

substrate or simply in the hands of another scientist.**

Other than its virtual absence in the dircct synthesis of [22Jmetacyclphancs
(which consttute strained systems), Nicolaou's synthesis of Taxol i illustrative of the
oncrous task associated with sccuring optimal conditions for this reaction * Generation

of the 8-membered ring of Taxol (1.10) proved to be the most difficult challenge in their

SCHEME 3.8: McMurry reaction in Nicolaou's total synthesis of Taxol

synthesis, and this was reflected in the 23% yicld obtaincd for this stcp. In fact, only the
variant of the McMurry reaction shown in Scheme 3.8 proved to be cffective in

fumishing pinacol derivative 3.47. At the outset of their synthesis plan, the asscmbly of
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the strained eight-membered ring of Taxol was seen as one of the biggest challenges that
the molecule posed. Guided by pioneering work of Kende and co-workers,”” who had
employed a McMurry reaction in the synthesis of unsaturated analog 3.45, which
represents the taxane skeleton, the Nicolaou group decided that a McMurry/pinacol
strategy was their best option. For the model study at hand, of all the possible conditions

that were screencd”™ it was the Lenoir'* variant of the McMurry reaction that was found

10 be most well-sui

ed for pyrene aldehydes and ketones,

322 Murry Reaction in Model Teropyrenes
While the McMury reaction was unsuccessful in delivering a !

[22](1,3)pyrenophane (3.38), the possibility that this reductive coupling strategy could

find application in the synthesis of the target teropyrenophancs or even the synthesis of a

different model compound was not abandoned. Dione 354 was targeted (Scheme 3.9)

with the intention of performing an intramolecular McMurry reaction, which would solve

the cislirans isomer issue of the first olefin-forming reaction. Generation of a 5- or 6-
‘membered ring via an intramolecular McMurry reaction is typically a facile process™ and

the 356 .

Treatment of 233 with glutaryl dichloride under Friedel-Crafts acylation
conditions fumished diketone 3.54 in 38% yield. While this reaction was quite fast and
capable of affording gram quantities of the desired diketone, it was plagucd by the
formation of undesired lactone 3.55 as a major byproduct (35%). Fortunately, scparation

of these two compounds was straightforward and acquiring pure diketone 3.54 was never

a problem (despite a small difference in Ry values: Ry(3.54) = 035 and R;(3.55) = 0.32)
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The use of glutaryl dichloride in Friedel-Crafts acylation reactions is not without
precedent, but the number of examples is limited® Examples in which purely
hydrocarbon aromatic systems have been employed suffer from low chemical yields. In
fact, even when benzene was used as solvent for the reaction (a5 well as the substrate), a
‘modest yield of 58% was obtained." For the other fow examples reported, the yields are
in the range of 15-25%. Thus, 38% for the formation of dione 3.54 was a very
respectable result

Applying the Lenoir variant of the McMurry reaction to dione 3.54 furnished
cyclpentene 3.56 in near quantitative yield (Scheme 3.10). The success of this reaction

demonstrated that the McMurry reaction should be a viable strategy in the synthesis of

P 1 analogs. 1If the

McMurry reaction of the bis(6-formylpyren-2-y1)-dimethylalkanes (dialdehydes of 2.20)

or bis(-acetylpyren 2] of 220) sysems proved

to be unsuccessful, then resorting to the use of glutaryl dichloride should rectify the

situation. However, it was known from the screcning process described below? that

pyrene-l-carbaldehyde (2.28) and 7-ert-butylpyrene-1-carbaldehyde (3.26) undergo
Successful McMurry reaction using the Lenoir conditions. What remained to be seen was
whether a cis o rans olefin (or in what ratio) would arise when a tether was introduced
atthe T-position (pyrene numbering).

With cyclopentene 3.56 in hand, completion of the synthesis of two possible
model compounds was pursued.  Conversion of 3.56 (o dialdehyde 3.57 was
accomplished using the Rieche formylation. Compared to the cthano-bridged system

3.37, dialdehyde 357 proved to be much more soluble in THF and dichloromethane and



was thus casier to work with. However, the fate of the McMurry reaction was identical to

Y e P
T apcocn, 7, 21 e s
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SCHEME 3.9: i 359

that of dialdehyde 3.37 (which formed 3.39, see Scheme 3.6), and only the over reduced
dimethyl byproduct 3.58 was isolated from the reaction mixturc. The fact that the
annulated olefinic bridge of 3.57 holds the molecule in a conformation that seems to be
‘amenable 10 a sccond McMurry reaction, but docs not proceed at clevated temperatures,

speaks to the stmined nature of the desired [22](13)pyrenophane (o

[ Despite result, ipated diff

in conformation between the (2.2]metacyclophanc 3.38 derived from the model
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dialdehyde 3.37 (anii) and the one derived from the tethered dialdehyde 340 (syn) was
sufficient cause 1o not yet abandon the McMurry reaction approach. ~Furthermore, the
presence of this tether in addition o the 2-atom bridge would be expected o provide an
entropic advantage over the model system.

Staying with the model system, a possible solution to the problematic second
MeMurry reaction would be to acylate both pyrene units a second time with glutaryl
dichloride and attempt a second cyclopentenc-forming McMurry reaction.  The
anticipated advantage of this approach was that the MeMurry reaction of [5 2Jeyclophane
360 would be transannular versus intramolecular (c/. dialdehyde 3.57).  Subjecting

cyclopentene 3.56 0 glutaryl Friedel-Craf

in complete consumption of the tarting material after two hours. Analysis of the material
obtained from this reaction using 'H NMR and LCMS indicated that the crude mixture
consisted of both [3 2]cyclophane 3.60 and lactone 361 in approximately a 1:1 ratio,
“This mixture was not separable, but it was anticipated that only 3,60 should participate in
4 McMurry reaction. Morcover, the resulting cyclized product 362 would be
considerably less polar than 3.61, so separation at this stage was envisioned,
Unfortunately, no cyclized or even tractable products were produced. ~ While it was
beginning to seem that preparation of a model teropyrene was going 1o be clusive, some
useful lessons about the chemistry of 2-teri-butylpyren had been leamed, which would

prove to be valuable later.
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SCHEME 3.10: Attempted synthesis of teropyrene precursor 3.62

323 ADifferent [2.2](1,3) Approach 0 2

In a final attempt o afford a model 2,1 1-di-terr-butylieropyrene, it was reasoned
that the application of chemistry akin to what had been used by Misumi and co-workers
in their synthesis of teropyrene (Chapter 2, Scheme 2.1) might be useful. - Although

Misumi's approach should be feasible in generating a model compound, ts downfall was

that it would not be appl ¥ the targe

While preparing a 2,11-di-substituted teropyrene would require a multi-step
synthesis if the same layered metacyclophane approach is 10 be adopted here, it was
envisioned that if 1,3-bis(bromomethy})-7-feri-butylpyrene could be prepared directly
from 2-tert-butylpyrene, then application of a Wurtz-type coupling should give

220 3.66. While dircet of the bis(2-pyreny]

dimethylalkane substrates (discussed in Chapter 2) proved 10 be problematic, the same
was not true for 2-tert-butylpyrenc (2.33). Using the conditions that had proved o be

effective for the synthesis of 2.69, treatment of 2.33 with 33% HBY/ACOH and

paraformaldedhye in glacial acetic acid fumished 1,3-bis(bromomethyl)-7-fert-



butylpyrene (3.65) in 70% yield. However, this result was obtained only on a single
occasion and multiple attempts 10 reproduce the synthesis of 3.65 in high purity were
unsuccessful.”’ Nonetheless, with a usable quantity of pure 3.65 in hand, exposure of this

‘material to n-BuLi in THF gave the desired [2 2Jcyclophanc 3.66 in 37% yicld.
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Attempted synthesis of 2,1 1-di-fer-butylteropyrenc via 3.65

There are numerous examples where [22Jmetacyclophanc systems have been

converted directly to 4,

10-tetrahydropyrenes.” Indeed, a pyridinium perbromide-
driven cyclodehydrogenation reaction was used by Misumi and co-workers in their
synthesis of peropyrenc (2.11) and teropyrene (2.14). The same transannular ring-closing.
strategy was envisioned here, with the except

that larger aromatic building blocks
(pyrenc) would be used in the place of benzene rings. With only a small quantity (ca. 10
mg) of 3.66 available and the difficulty in reproducing the synthesis of its precursor 3.65,

carcful consideration of which conditions to apply for this reaction was taken. The most



reliable method(s) available in the lterature seemed to be those reported by Sato and co-

workers, which utilize iron powder and bromine (Scheme 3.12)." Treatment of 3.66
under these conditions resulted in complete consumption of starting material in less than
1 hour, However, only a complex mixture that contained none of the desired compound
(by "H NMR and LCMS analysis) was obiained.

When this model study was iniiated, there were two main objectives: (1) the

discovery of novel chemistry for the 2-fert-butylpyrene system that would be applicable

tothe (and the argeted systems and (2)

the preparation of a model (planar) teropyrene compound to which the physical data of a

.. P ina be pared. While the
groundwork and a strategy for the union of two pyrene unts at ther 1-postions had been
established as well as demonstrating that frther functionalization of these systems is

possible, preparation of a model system using this chemistry was, unfortunately, not.

3.2.4 Preparation of Other Potentially Useful Model Compounds

The completion of this study on the functionalization of the 2-fert-butylpyrenc
System involved the synthesis of two compounds that would not be suitable precursors to
a model teropyrene system, but rather serve as “models” for chemistry that might
ultimately be used in the synthesis of the 1,1,1-tetramethyl[)2,1 eropyrenophanes
and related analogs. The concept of using palladium catalyzed cross-coupling reactions

in the synthesis of cyclophanes, specifically with respect to installing two-atom



unsaturated bridges, s one that has sen virwally no applications (vide supra),
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SCHEME 3.12: 69)

Danishefsky's dynemicin A synthesis

Directly incorporating the olefin bridges may be possible through a Stille cross-coupling
reaction of bromide 3.73 and cis-1,2-bis(rimethylstannylethene (3.69) to form 3.74
(Scheme 3.13). This reagent was used quite effectively in Danshefsky's synthesis of
dynemicin A to install the enediyne portion of the anti-cancer natural product (Scheme
3.12) Successful application of this reaction could potentially shorten the synthesis of
all pyrenoid cyclophanes that have been prepared to date in our group and enable a very
brief synthesis of the targeted teropyrenphanes.

Selective dibromination of 2-fert-butylpyrene was possible using temperature-
controlled conditions to afford 1,3-dibromo-7-ert-butylpyrene (3.72) in 74% yield. In
fact, no overbrominated product (1.3,6-tribromide 2.52, Chapter 2) was observed in this
reaction and only a minor amount of the monobromide 3.75 was isolated from the mother
liquor. Dibromide 3.72 was also seen as being (potentially) a very useful compound in
the synthesis of new (2,7)pyrenophanes that contain multiply linked pi-systems (vide
infra). Additionally, this bromination protocol might be applicable to the synthesis of

tetrabromide 3.73.  Acetylation of the monobrominated byproduct 3.75 using standard



Friedel-Crafis alkylation conditions furnished bromoketone 3.76 in 83% yicld. The bis(2-

1)-di hi intermediate

for a possible Heck coupling strategy for 3.74 or 380, Both of these cyclophanedienc
intermediates would be valuable compounds 10 test in the VID reaction for the generation

of a highly distorted teropyrene nuclcus.

v B e
. .




SCHEME 3.13: Poteatial oves o cyclophancicns 374 0d 380 vine2 2-tert-

ind potential use of 3.72
pyrenophancs 3.83 pir
33 Conclusions
During the course of this model study, key observations with respect o joining,
two pyrenyl units at their 1-positions were made. These findings ultimately served as a
guide in the completion of the synthesis of the desired teropyrenophane targets. While
access 1o a model teropyrene system was not possible using the chemistry that was

developed here, the carbon-carbon bond forming reactions that were realized scem much

better suited for »
of this study was to develop a suitable stratcgy for connecting two pyrenc units of 2.75
via an etheno or an analogous saturated two-atom bridge and further functionalize these

ubon-carbon 1d be tested. Both of




these goals were met in the form of the Wurtz-type and McMurry coupling reactions,

will deal with the appl of in

a series of 1,1,nn-tetramethyl[r](2,1 1 teropyrenophanes.

34 Experimental Procedures and Characterization Data

2-ert-Butylpyrene (233"

Aluminum chloride (16.2 g, 121 mmol) was added in roughly four equal portions over a
two minute period t0.a stired 0 °C solution of pyrene (22.3 g, 110 mmol) and 2-chloro-2-
‘methylpropane (13.0 g, 143 mmol) in dichloromethane (150 mL). The resulting slurry
was allowed to warm to room temperature and stired for 4 h. The reaction was poured
into ice water (500 mL), the layers were separated and the aqueous layer was extracted
with dichloromethane (3 x 100 mL). The combined organic extracts were washed with a
saturated solution of sodium bicarbonate (100 L), washed with brine (100 mL), dried
over MgS04, filtered and concentrated under reduced pressure. The solid yellow residue
was recrystallized from methanol o afford 2,7-di-ert-butylpyrene (2.34) as an off-white

solid (4.5 g, 13%): Ry= 038 (hexanes); m.p. 208-209 °C (MeOH) (it 210-212 °C; 'H

NMR (500 MHz, CDCLy) § 8.17 (5, 4H), 8.00 (s, 4H), 157 (s, 18); “C NMR (125.77

MHz, CDCIy) & 148.78, 131.00, 127,64, 123.08, 12221, 3541, 32.19;; LCMS (APCI-



positive) m/z (rel. int.) 259 (45), 260 (13), 261(4) 315 (100, (MH)), 316 (27), 317 (8);

HRMS (E) calculated for CxoHys (M)” 3142034, found 314.2038. The mother liquor
was then concentrated under reduced pressure and the resulting light yellow solid was
recrystallized from hexanes to afforded 2-ert-butylpyrene (233) as a light beige solid
(182 g, 64%): R;= 0.38 (hexanes); m.p. 104-106 °C (hexanes) (lit.* 109-110 °C); 'H
NMR (500 MHz, CDC) 8 8.24 (s, 2H), 8.17 (d, J-8.0 Hz, 2H), 8.07-8.02 (m, 4H),
7.97-7.94 (m, 1H) 1.61 (s, 9H); ""C NMR (125.77 MHz, CDCl) § 14921, 131.20,
13118, 127,78, 127.45, 125,69, 124.93, 124.83. 123,13, 12241, 3545, 32.18; LCMS
(APCLpositive) mz (rcl.int) 259 (100, (MF)), 260 (24), 261 (6): HRMS (E) calculated

for CaaHyg (M)” 258.1409, found 258.1406.

12-Bi .18) and

.35)

)
R,

4
H

-Butyllithium (0.75 mL, 0.75 mmol) as a 1.0 M solution in hexanes was added 10 a
stired solution of 15 °C 1-(bromomethyl)-T-rerr-butylpyrene (3.28) (0.398 g. 1.13
mmol) in THF (15 mL). Afier 1 b, water (15 mL) was added 10 the reaction mixture.
THF was evaporated under reduced pressure and the resulting aqueous mixture was

extracted with dichloromethane (3 x 30 mL). The combined organic extracts were



washed with a 1.0 M HCI solution (20 mL), washed with a saturated solution of sodium
bicarbonate (40 mL), washed with brine (40 mL), dried over MgSOs, filtered and
concentrated under reduced pressure. The resulting residue was preadsorbed onto silica

¢l and purified by column (25 %2 em; 1:9

Eluted first was 7-tert-butyl-1-n-pentylpyrene (3.35), which was isolated as a clear
colorless oil (0.066 g. 18%); Ry~ 0.65 (1:9 dichloromethanc/hexanes); 'H NMR (500
MHz, CDCly) 8 8.30 (d, J=9.3 Hz, 1H), 8.27-8.25 (m, 2H), 8.15-8.11 (m, 2H), 8.07-8.03
(m, 2H) 7.88 (d, J=7.8 Hz, 2H), 3.31 (, J=6.7 Hz, 2H) 1.97-1.94 (m, 2H), 1.57 (s, H),
1.49-1.4 (m, 4H), 0.95 (1, J=6.7 Hz, 3H); “C NMR (125.77 MHz, CDCl) § 149.03,
13736, 13154, 13102, 129.74, 128,66, 127,61, 127.46, 127.06, 12686, 125.24, 12477,
12364, 12256, 122.25, 122,09, 122,04, 35.49, 33.74, 32.24, 32.16, 31.82, 22.90; LCMS
(APCl-postive) m (rel. int) 330 (26), 329 (100, (MH)), 274 (8), 273 (36); HRMS (ED)
calculated for CasHas ()" 328.2191, found 328.2192. Eluted second was 1,2-bis(7-fert-
butylpyren-1-yl)ethane (3.18), which was isolated as a white solid (0360 g, 59%): Ry~
0.28 (1:9 dichloromethane/hexanes); m.p. 280-281 °C; 'H NMR (500 MHz, CDCly) &
837 (4, J-9.4 Hz, 2H), 824-8.22 (m, 4H), 8.14 (4, J=9.4 Hz, 2H), 8.04-7.99 (m, 6),
7.79 (d, J=7.9 Hz, 2H), 382 (s, 4H) 1.59 (s, 18H); "C NMR (125.77 MHz, CDCl;) §
14917, 13603, 13152, 131,01, 130.02, 128.73, 127,86, 127,64, 127.16, 127.06, 12521,
124,85, 123,55, 122,45, 12235, 122.22, 35.77, 35.43, 32.18; LCMS (APClpositive) m
(rel. int) 545(12), 544(48), 543(100, (MH)'); HRMS (E) caleulated for CasHs (M)"

5422974, found 542.2972.
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7-tert-Butylpyrene-1-carbaldehyde (3.26)

Titanium(1V) ehloride (1.24 g, 6.51 mmol) was added t0 a strred 0 °C solution of 2-tert-
butylpyrene (233) (139 g, 5.42 mmol) and dichloromethyl methyl ether (0.748 g, 6.51
‘mmol) in dichloromethane (30 mL). The cooling bath was removed and the resulting
‘mixture was stired for 1 h while warming (0 room temperature. The reaction was poured

into ice water (100 mL) and the layers were separated. The aqueous layer was extracted

%30 mL) and i a
saturated solution of sodium bicarbonate (40 mL), washed with brine (40 mL), dricd over
MgSO0, fitered and concentrated under reduced pressure 10 yield a brown residue that

was subjected 10 column (25 % 4 em; 2:1 o

yield 7-tert-butyl-pyrene-1-carbaldehyde (3.26) as a bright yellow solid (1.41 g, 91%); Ry

048 21 mp. 135136 °C 'H NMR
(500 MHz, CDCl) 31073 (s, 1H), 9.33 (d, J=9.3 Hz, 1H), 8.37-8.34 (m, 3H) 8.26 (4,
7.9 Hz, 1H), 817 (&, J8.9 Hz, 1H), 8.14 (&, J=19 Hz, TH), 801 (d, J-89 Hz, 1H),
162 (s, 9H); "'C NMR (125.77 MHz, CDCLy) § 193.20, 15001, 135.47, 13115, 131.13
131,03, 13099, 130.98, 127.42, 127.07, 124,67, 124,57, 12444, 12422, 123,02, 12243,

35,50, 32.08 (18 of 19 signals observed); IR (neat) 3116, 2928, 2857, 1670, 1520, 1463



(em'!); LCMS (APCI-positive, m/z (rel. int.)) 288 (23), 287 (100, (MH)'): HRMS (EI)

calculated for C3yHisO (M)” 286.1358, found 286.1358.

(T-tert-Butyl-pyren-1-yl)-methanol (3.27)

=
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im borohydride (0.93 g, 25 mmol) was added 10 a stirred 0 °C solution of 7-fert-
butyl-pyrenc-1-carbaldehyde (3.26) (177 g, 6.19 mmol) in THF (30 mL). The resulting
slurry was allowed to slowly warm to room temperature over a 12 h period. The solvent
was evaporated under reduced pressure and the solid residuc was taken up into
dichloromethane (30 mL). This solution was cooled 10 0 °C, diluted with H:0 (30 mL)
and acidified using 1 M HCI solution. The layers were separated and the aqucous layer
was extracted with dichloromethane (2 30 mL). The combined organic extracts were
washed with a saturated solution of sodium bicarbonate (40 mL), washed with brine (40

mL), dried over MgSO4 and concentrated under reduced pressure to yield (7-fert-butyl-

pyren-1-yl)-methanol (3.27) as an off-white solid (1.69 g, 95%). Purification of this
compound was not necessary and the material was used in further experiments: R~ 0.12
(dichloromethane); m.p. 157-159 °C; 'H NMR (500 MHz, CDCly) & 8.28 (d, /=9.2 Hz,
1H), 825 (5, 2H), 8.09-8.06 (m, 2H), 8.05 (d, /8.9 Hz, 1H) 801 (d, J-8.9 Hz, 1H), 7.95

(d,J=7.7 Hz, 1H), 5.3 (5, 2H), 2.09 (br s, 1H), 1.59 (s, 9H); "'C NMR (125.77 MHz,



3

CDCl) & 14933, 13376, 13134, 131.27, 13087, 12876, 128.24, 127.80, 12742,
125,80, 125,04, 124.66, 123,19, 123,01, 122.79, 122,67, 6398, 3544, 32.15; LCMS
(APCI-positive, m/z (rel. int)) 272 (23), 271 (100, ((M-H;0)H)"); HRMS (EI) calculated

for C2yHO (M)” 288.1514, found 288,118,

1-(Bromomethyl)-T-tert-butylpyrene (3.28)

> PO, oHh
,“ W
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Phosphorus tribromide (0.649 g, 2.40 mmol) was added to a stirred 0 °C solution of (7-
fert-butyl-pyren-1-yl)-methanol (3.27) (0.92 g, 3.20 mmol) in dichloromethane (20 mL).
“The cooling bath was removed and the resulting mixture was stirred for 1 h at room
temperature. Water (20 mL) was added 10 the reaction and the layers were separated.
“The aqueous layer was extracted with dichloromethane (2 x 30 mL) and the combined
organic extracts were washed with brine (50 mL), dried over MgSOs, fitered and
concentrated under reduced pressure to yield 1-(bromomethyl)-T-tert-butylpyrenc (3.28)
as a light yellow solid (1.06 g, 95%). Purification of 3.28 was not necessary and the
material was used in further experiments: £ = 0.56 (1:1 dichloromethane/hexanes); m.p.
198-200 °C (dichloromethanc); 'H NMR (500 MHz, CDCLy) § 837 (d, J=9.2 Hz, 1H),
831 (4, <18 Hz, 1H) 8.27 (d, J=1.8 Hz, 1H), 8.24 (d, J-9.2 Hz 1H), 8.11-8.07 (m, 2H),

803 (4, J-89 Hz, 1H) 797 (d, J=7.8 Hz, 1H), 527 (s, 2H), 1.60 (s, 9H); 'C NMR
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(125.77 MHz, CDCl) 8 149.69, 132.01, 131,29, 130,85, 130.56, 129,11, 128.65, 128.46,
127,56, 127.39, 12527, 12485, 123.14, 123,09, 122.93, 3547, 3248, 3221 (18 of 19
carbons observed); LCMS (APCl-positive) m/z (rel. int) 274 (25), 273 (98, (M-
IBrH]'), 272 (26), 271 (100, [(M-"Br)H] ); HRMS (ED) calculated for CiHi™Br (M)

350.0670, found 350.0674.

1,2-Bis(3-formyl-T-tert-butylpyren-1-yl)ethane (3.36)

1.0 M Titanium(IV) chloride (0.65 mL, 0.65 mmol) was added to a stirred 0 °C solution

of 1.2:bis( p 3.18) (0.141 g, 0.258 mmol) and
methyl ether (0.074 g, 0.646 mmol) in dichloromethane (20 mL). The cooling bath was
removed and the resulting mixture was stirred for 2 h while warming 1o room
temperature. The reaction was poured into ice water (100 mL) and the layers were
separated. The aqueous layer was extracted with dichloromethane (3 x 20 mL) and the
combined organic extracts were washed with a saturated solution of sodium bicarbonate
(40 mL), washed with brine (40 mL), dried over MgSO%, filered and concentrated under
reduced pressure 10 yield a solid brown residue, which was subjected 1o column

@ x 2 om to yield 1,2:bis( 17
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butylpyren-1-ylethane (3.36) as a bright yellow solid (0.086 g, 56%): R, = 0.27

m.p. 225-228 °C "H NMR (500 MHz, CDCIy) §

10.76 (s, 2H), 935 (&, J-8.5 Hz, 2H), 831-8.23 (m, 10H), 3.96 (s, 4H), 158 (s, I8H):
1C NMR (adequate data could not be obiained duc to low solubility of this compound);
LCMS (APCl-positive) m= (rel. int) 615 (12), 614 (46), 613 (100) 600 (6), 599 (18,

(MH)'); HRMS (EI) calculated for CasHssOz (M)” 598.2872, found 598.2867.

12-Bis(3-acetyl-T-tert-butylpyren-1-yl)cthane (3.42)

Aluminum chloride (0.051 g, 038 mmol) was added to a stirred 0 °C solution of acetyl

chloride (0.013 g, 0.17 mmol) and 1,2-bis(7-fert-butylpyren-1-ylethane (3.18) (0.040 g,

0,073 mmol) ) stimed at 0 °C for 4
h, at which point the reaction was poured into ice water (50 mL). The layers were
separated and the aqueous layer was extracted with dichloromethane (3 X 15 mL). The
‘combined organic extracts were washed with a saturated solution of sodium bicarbonate
(30 mL), washed with brine (30 mL), dried over MgSOs, filtered and concentrated under
reduced pressure. The brown residuc was subjected to column chromatography (20 x 2

em; o0 yield 1. 1 Dethane (3.42) as a
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pale yellow solid (0.034 g, 76%): R, = 028 (dichloromethane); m.p. 208-210 °C
(dichloromethane); 'H NMR (500 MHz, CDCIy) 8 8.92 (d, J=7.6 Hz, 2H), 8.32-8.28 (m,
6H), 8.19-8.15 (m, 4H), 7.85 (5, 2H) 3.92 (s, 4H), 2.53 (s, 6H) 1.61 (s, 18H); "'C NMR
(125,77 MHz, CDCly) § 20335, 150,04, 134.93, 13491, 13249, 13238, 13236 13094,
13045, 120,87, 120,85, 12843, 12621, 12501, 123,98, 123.22, 12291, 3533, 31.97,
30,62 (20 of 21 signals observed); LCMS (APCI-positive) mi= (rel. int) 629 (13), 628
(S1), 627 (100, (MH)); HRMS (EI) caleulated for CHioOs ()" 6263185, found

6263188,

1,5-Bis(7-terr-butylpyren-1-yl)-1,5-pentancdione (3.54)

o
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Aluminum chloride (3.20 g, 24.0 mmol) was added 1o a stirred 0 °C solution of glutaryl
dichloride (0.9 g, 5.9 mmol) and 2-fer-butylpyrene (233) (3.02 g, 11.7 mmol) in
dichloromethane (20 mL). After 1 b, the reaction mixture was poured into ice water (100
mL) and the layers were separated. The aqueous layer was extracted with
dichloromethane (3 30 mL) and the combined organic extracts were washed with brine

(50 mL), dried over MgSOs, filiered and concentrated under reduced pressure. The

brown iccted to column @5x4em; ©



yield 1,5-bis(7-tert-butylpyren-1-y1)-1,5-pentanedione (3.54) as a pale yellow solid (1.36

£.38%): Ry=0.35; mp. 231-233 °C (dichloromethane); 'H NMR (500 MHz, CDCl) §
895 (d, J-9.4 Hz, 2H), 8.33 (4, J-8.0 Hz, 2H), 8.29 (br s, 4H), 8.18 (d, J-9.4 Hz, 2H),
813 (d, /8.9 Hz, 2H), 8.09 (d, J-8.0 Hz, 2H), 7.99 (4, J-8.9 Hz, 2H) 3.46 (1, /7.0 Hz,
4H), 249 (p, J=7.0 Hz, 2H), 160 (s, 18H); 'C NMR (125.77 Miz, CDCl) § 204.65,
149,79, 133.83, 132,18, 131,14, 130,60, 129,89, 120.78, 12939, 127.09, 12624, 125.12,
12486, 12403, 123,79, 123.44, 122,75, 4125, 35.45, 32.10, 2051; LCMS (APCI-

) miz (rel. int) 615 (13), 614 (1), 613 (100, (MA)), 355 (12); HRMS (ED)

pos
calculated for CasHlaoO: (M)” 6123028, found 612.3018.  Eluted second was 6-(7-tert-
butylpyren-1-yl)-3 4-dihydropyran-2-one (385) as light brown oil (35%): R, = 032
(dichloromethane); 'H NMR (500 MHz, CDCLy) 8 8.39 (&, J-9.3 H, 1H), 8.27 (s, 2H),
8.13-8.08 (m, 3H), 8.04-8.01 (m, 2H), 5.71 (, /4.7 Hz, 1H), 291-2.88 (m, 2H), 2.70-
266 (m, 2H), 1.59 (s, 9H); ’C NMR (125,77 MHz, CDCI) § 169.14, 151.96, 149.59,
131,94, 131,35, 130.82, 12880, 12865, 128.56, 128.35, 127.32, 126,51, 124.96, 12457,
12449, 123,16, 123.09, 122,93, 101,44, 36.48, 32.16, 28,81, 20.04; IR (neat) 3102, 2953,
2889, 1752, 1594, 1546, 1460 (em); LCMS (APCl-positive) m/z (rel. int) 355 (62,
(MH)), 356 (17), 387 (100, (MNa)"), 388 (27); HRMS (EI) calculated for CasHaxOx (M)

3541620, found 354.1622.
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1,2-Bis(T-tert-butylpyren-1-yDeyclopenten (3.56)

Q7R
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Titanium(IV) chloride (1.34 g, 7.22 mmol) was added o a stimed 0 °C shurry of zinc dust
(0.461 g, 7.05 mmol) in THF (45 mL). After the addition was complete, the reaction was
heated to reflux for 1 b, at which point a dark black color persisted. Pyridine (0.2 mL)

was added to the mixture, which was stirred at reflux for 10 min. A solution of 1,5-bis(7-

tert-butylpyren-1-yl)-15-pentanedione (3.54) (0.540 g, 0.882 mmol) in THF (20 mL) was
then added and the reaction was heated at 70 *C for 2 h. The reaction mixture was then
poured without significant cooling into chloroform (50 mL). The resulting solution was

concentrated under reduced pressure and adsorbed onto silica gel in preparation for

column Aqueous work-up i as layer
separation can be quite problematic and the yields are typically lower. The preadsorbed

sample  was subjected o column  chromatography (20 x 3.5 cm; 19

0 yield 1,2-bis(7-tert-butyl (356) as
alight green oil (0.487 g, 95%): R~ 0.34 (1:9 dichloromethane/hexanes); 'H NMR (500
MHz, CDCly) 8 847 (d, J=9.2 Hz, 2H), 822 (d, J<1.8 Hz, 2H), 8.18 (d, J-1.8 Hz, 2H),

8.04 (d, J9.2 Hz, 2H), 7.94 (&, J=8.9 Hz, 2H), 7.87-7.85 (m, 4H), 7.80 (&, J-7.9 Hz,
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2H), 343 (t, J=74 Hz, 4H?) 257 (p, J7.4 Hz, 2H), 1.60 (s, 18H); "C NMR (125.77
MHz, CDCly) 8 14893, 141.49, 134,64, 131.28, 130.92, 130,01, 128.48, 127.19, 127.15,
12653, 12555, 12553, 124.54, 123.26, 122,18, 122,11, 122,09 41.24, 3532, 32.10,
24.33; LCMS (APCl-positive) m (rel. int) 583 (11), 582 (49), S81 (100, (MH)');

HRMS (ED calculated for CasHia (M)” 580.3130, found 580.3129.
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Titanium(IV) chloride (0.51 mL, 0.51 mmol, 1.0 M solution in dichloromethane) was
added 10 a stimed 0 °C solution of 1,2-bis(7-tert-butylpyren-1-yl)cyclopentene (3.56)
(0.116 g, 0201 mmol) and dichloromethyl methyl cther (0,07 g, 0.502 mmol) in
dichloromethane (12 mL). The cooling bath was removed and the reaction was allowed
10 warm to room temperature. The reaction mixture was stirred for 2 h and then poured

into ice water (50 mL) and the layers were separated. The aqucous layer was extracted

20mL)
saturated solution of sodium bicarbonate (20 mL), washed with brine (20 mL), dried over

MgSO,, filtered and concentrated under reduced pressure. The brown residuc was



yield

1.2:bi ! light brown oil (0.095 g,

74%): Ry= 0.17 (2:1 dichloromethanc/hexancs); 'H NMR (500 MHz, CDCLy) 8 10.74 (s,
2H), 9.16 (d, J-9.3 Hz, 2H), 8.37 (4, J-9.1 Hz, 2H), 8.28 (5, 2H), 8.17 (s, 41D, 8.10 4,

/9.3 Hz, 2H), 8.07 (d, J9.1 Hz, 2H), 339 (1, J=7.4 Hz, 4H), 2.58 (g, J=7.4 Hz, 2H),

1.53 (s, 18H); C NMR (125.77 MHz, CDCly) § 193.38, 150.24, 141.96, 134.97, 13391,
132,89, 131,84, 131.46, 13075, 12872, 126.04, 125,11, 125.08 124.77, 124.63, 123.13,
123,10, 42.34, 35.18, 3237, 27.46 (only 21 of 22 signals observed); LCMS (APCI-
positive) mz (rel. int) 639 (12), 638 (52) 637 (100, (MHY), S81 (14, [(M-+-Bu)H]);

HRMS (ED) calculated for CarHagOz (M)’ 636,302, found 636.3036.

Titanium(IV) chloride (0.119 g, 0.627 mmol) was added 1o a stimed 0 °C shurry of zinc
dust (0.041 g, 0.784 mmol) in TH (8 mL). After the addition was complete, the reaction
was heated to reflux for 1 h, at which point a dark black color persisted. Pyridine (0.1

mL) was added and the mixture was stirred at reflux for 10 min. A solution of 1,2-bis(3-
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formyl-7-rert-butylpyren-1-yD)eyclopentene (3.57) (0.041 g, 0.066 mmol) in THF (4 mL)
was added and the mixture was heated at 70 °C for $ h. The reaction mixture was then
‘poured without significant cooling into chloroform (20 mL). The resulting solution was

concentrated under reduced pressure and adsorbed onto silica gel in preparation for

\queous work-up for this reaction is not layer
separation can be quite problematic and the yields are typically lower. The preadsorbed

sample was subjected to column chromatography (20 x 2 cmi 19

yield 1.2:bis(7- =
(3.58) as a light green oil (0.012 g, 30%): R, = 0.43 (1:9 dichloromethanc/hexancs); 'H
NMR (500 MHz, CDCh) 3 829 (d, J=9.1 Hz 2H), $.05 (5, 4H) 7.97 (d, J=9.2 Hz, 2H),
7.8 (d, J=9.2 Hz, 2H), 7.84 (4, J-9.1 Hz, 2H), 7.60 (s, 2H), 327 (1,J=7.4 Hz, 4H) 268

(5,61

'C NMR (125.77 MHz, CDC1y) 8 149.03,

47 (q, J<7.4 Hz, 2H) 1.48 (s, 18
141,48, 137,68, 134.76, 13188, 131,63, 13147, 128.83, 12856, 12744, 127.19, 126.52,
12607, 12603, 12402, 12381, 122,37, 12226, 4185, 35.65, 3245, 2021; LCMS
(APClLpositive) miz (rel. int) 611 (1), 610 (S2), 609 (100, (MH)), HRMS (EI)

calculated for CaHas (M)” 608.3443, found 608.3444.
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1,3-Bis(bromomethyl)-7-tert-butylpyrene (3.65)

33% HBr in acetic acid (1.73 mL, 9.90 mmol) was added to a stimed solution 2-ter-
butylpyrene (233) (0318 g, 1.23 mmol) and paraformaldehyde (0.295 g, 9.8 mmol) in
glacial acetic acid (10 mL) at room temperature. The reaction was heated to 100 °C for 1
h and subsequently poured into water (100 mL). The resulting solution was extracted
with dichloromethane (3 % 20 mL) and the combined organic extracts were washed with a
saturated solution of sodium bicarbonate (2 x 50 mL), washed with water (50 mL),
washed with brine (50 mL), dried over MgSOs, filtered and concentrated under reduced
pressure.  The residue was preadsorbed onto silica gel and subjected 1o column
chromatography (20 x 3 em; 131 dichloromethane/hexanes) 1o yield 13-
bis(bromomethyl)-7-rerr-butylpyrene (3.65) as a yellow solid (0.382 g, 70%): R = 0.45
(121 dichloromethane/hexanes); m.p. 227-229 °C (dichloromethane/hexanes, Lit”? 229~
231 °C); 'H NMR (500 MHz, CDCl) § 830 (s, 2H), 827 (d, J-9.1 Hz, 2H), 820 (4,
J=9.1 Hz, 2H), 7.95 (s, TH), 5.12 (s, 4H), 1.58 (5, 9H); C NMR (125.77 MHz, CDCL) &
15014, 131,04, 13044, 12988, 129.25, 126.72, 12589, 123.89, 123.11, 12284, 3547,

32.14,31.89; LCMS (APCI-positive, miz (rel. int)) 447 (49), 445 (100), 443 (51); HRMS

(EN) caleulated for CaHao™"Bra (M) 4419932, found 441.9938.




1,3-Dibromo-T-tert-butylpyrene (3.72)

Bromine (1.84 g, 11.6 mmol) as a solution in dichloromethan (20 mL) was added by
syringe 10 a stirred ~78 °C solution of 2+fert-butylpyrene (2.33) (1.51 g, 581 mmol) in
dichloromethane (20 mL) over a § min period. The reaction was warmed slowly 10 20
“C over a 4 h period, at which point a saturated solution of NaHSO4 (50 mL) was added.

“The layers were separated and th layer was extracted x

30 mL). The combined organic extracts were washed with water (30 mL), washed with
brine (30 mL), dried over MgSOs, filtered and concentrated under reduced pressure. The
resulting yellow solid was recrystallzed from dichloromethane/hexanes 10 afford 1,3-
dibromo-T-tert-butylpyrene (3.72) as a white solid (1.78 g, 74%): &= 0.51 (hexancs);
mp. 296-297 °C (dichloromethane/hexanes); 'H NMR (500 MHz, CDCL) 8 8.44 (s, 1H),
8.34 (d, J=9.2 Hz, 2H), 829 (5, 2H), 8.16 (d, J=9.1 Hz, 2H), 1.59 (s, 9H); "'C NMR
(12577 MHz, CDCl) 8 15067, 133,13, 131,19, 120,62, 129.20, 127,13, 125,85, 123.80,
12191, 119.41, 35.52, 32.07; LCMS (APC-positive) m (rel. int) 416 (52), 415 (100,
(M), 414 (51), 402 (24), 401 (52), 400 (23); HRMS (EI) calculated for CaoH”Br:

(M) 4139619, found 413.9618,
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1-3-Bromo-T-teri-butylpyren-1-yl)-ethanone (3.76)

oo e

7
Aluminum chloride (0.378 g, 2.84 mmol) was added o a stirred 0 °C solution of acetyl
chloride (0.101 g, 129 mmol) and 1-bromo-T-tert-butylpyrene (3.75) (0.192 g, 0.572
mmol) in dichloromethane (20 mL). The reaction was poured into a large excess of ice
water (100 mL) after 2 h and the layers were separated. The aqueous layer was extracted

%30 mL) and the combined extracts were washed with a

saturated solution of sodium bicarbonate (50 mL), washed with brine (50 mL), dried over
MgSOs, filtered and concentrated under reduced pressure to yield a bright yellow solid.

The resulting solid was purified via column chromatography (25 x 2 cm;

o yield 1 (3.76) as a bright
yellow solid (0.180 g, 83%): R = 042 (dichloromethane); myp. 180-182 °C
(dichloromethane); 'H NMR (500 MHz, CDCL) 8 8.95 (d, J-9.5 Hz, 1H), 8.54 (s, TH),
837 (d, J8.9 Hz, 1H), 8.31-8.28 (m, 2H), 8.21 (4, /9.2 Hz, 1H) 8.18 (4, J-9.3 Hz, 1H),
2.89 (s, 3H), 1.62 (s, 9H); "'C NMR (125.77 MHz, CDCly) § 20090, 150.50, 132.40,
131,53, 13098, 13091, 130.72, 13051, 129.57, 128,84, 126,32, 125.74, 124,82, 1244,
12434, 122,12, 11881, 3206, 3181, 30.61; LCMS (APCL-positive) m (rel. int) 382
(22), 381 (98), 380 (25). 379 (100, (MH)); HRMS (EI) calculated for CsoHi"BrO (M)”

3780619, found 378.0614,
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1-(3-Acetyl-T-ert-butyl-pyren-1-yl)-ethanone (3.89)

B
Aluminium chloride (282 g, 21.1 mmol) was added 10 a stirred 0 °C solution of 2-fert-
butylpyrene (233) (1.24 g, 4.80 mmol) and acetyl chloride (0357 g, 4.56 mmol) in
dichloromethane (30 mL). The resulting slurry was stirred at 0 °C for 2 h. The reaction
was poured into ice water (150 mL) and the layers were separated. The aqucous layer

was extracted 2 % 40 mL) and ic extracts were

washed with a saturated solution of sodium bicarbonate (50 mL), washed with brine (50
mL), dried over MgSOy, filtered and concentrated under reduced pressure to yield a

bright yellow solid. The resulting solid was subjected to chromatography (20 x 3.5 cm;

10 yield 1-(3-acetyl-7-ert-butyl-pyren-1-yl)-cthanone (3.89) as a bright
yellow solid (140 g, 85%): Ry = 0.22 (dichloromethanc); mp. 161-162 °C
(dichloromethane); 'H NMR (500 MHz, CDCL) 8 8.88 (d, J<9.5 Hz, 2H), 8.59 (s, 1H),
820 (5, 2H), 8.14 (4, J-9.5 Hz, 2H), 287 (s, 6H), 1.58 (5, 91); "'C NMR (125.77 Mz,
€DCly) & 20141, 15021, 131.93, 131,69, 13065, 130.33, 12801, 12524, 12485,
124.43, 122,12, 35.29, 31.97, 30.52; LCMS (APCI-positive) miz (rel. int) 344 (26), 343
(100, (MH)'), 302 (9), 301 (34); HRMS (E) calculated for Caqb0; ()" 342.1620,

found 342.1616,



35 References and Notes

! For examples of methodologies’key reactions and their application to total synthescs,
sce: Overman's aza-Cope/Mannich strategy in the synthesis of strychnine: (a) Knight, .
D.; Overman, L. E.; Pairaudeau, G. J. Am. Chem. Soc, 1993, 115, 9293-9294; Vollhardt's
cobalt-mediated (2+2+2] cycloaddition in the syntheses of estrone: (b) Funk, R. L.
Vollhardt, K. P. C. J. Am. Chem. Soc. 1979, 101, 215-217 and strychnine: (c) Fichberg,
M. J; Dorta, R. L; Lamottke, K.; Vollhardt, K. P. C. Org. Lett. 2000, 2, 2479-2481.
Bodwell's transannular inverse clectron demand Deils-Alder stratcgy in the formal
synthesis of (4)-strychnine: (d) Bodwell, G. J; Li, J. Angew. Chem. Int. Ed. 2002, 41,
32613262

For cxamples that demonstrate the use of these methodologies sec: (<) Overman, L. E.
Acc. Chem. Res. 1992, 25, 352-359.; (1) Bodwell, G. 15 Li, 1. Org Lett. 2002, 4, 127-130,
2 The term “analog” is chosen here in preference to the term precursor, as the system in
question is in fact a [22](13)pyrenophane ie. dircctly “analogous” 10 a

63 this instance.

? For examples of ey udics and ippli see:
ref. 1(9) (model) then, ref 1(d) (formal synthesis of (+)-strychnine; (a) Yamaguchi, J.;
Sciple, 1. B; Young, L. S; OMalley, D. P.; Maue, M.; Baran, P.S. Angew. Chem. Int. Ed.
2008, 47, 3578-3580 (model): then, (b) Su. S:; Seiple, 1. B; Young, 1. S, Baran, P.S. J.
Am. Chem. Soc. 2008, 130, 16490-16491 (synthesis of massadine and massadine

chloride).



187

* For examples of Ph.D. dissertations that involve model studies toward the synthesis of
natural products see: (b) Dinsmore, Jason Matthew. Ph.D. Thesis, North Carolina State
University, 2007; (b) Matunas, Robert. Ph.D. Thesis, Princeton University, 2007; ()
Cacatian, Salvacion Tabara. Ph.D. Thesis, Purdue University, 2003; () Cuniere, Nicolas
Lucien. Ph.D. Thesis, Ohio State University, 2001; (¢) Calvo, Rebecea Lyan. PhD.
“Thesis, State University of New York, Bufalo, 1999; (1) Merriam, Gregory Harold. Ph.D.
Thesis, Ohio State University, 1990.

* For Examples see: (a) Nicolaou and co-workers use of IBX for the oxidation of
alcohols, aldehydes and ketones to the corresponding a/unsaturated carbonyl systems:
Nicolaou, K. C.; Zheng, Y -L.; Baran, P. ../ Am. Chem. Soc. 2000, 122, 7596-7597 (b)
Jacobsen and Balskas' application of Corey and co-workers oxazaborrolidine cataylst in
Intramolecular and TADA reactions: Balaskas, E. P.; Jacobsen, E. N. Science 2007, 317,
1736-1740; (¢) Baran and co-workers use of Ag(ll picolinate as an oxidatant in the
synthesis if (4)-Axinellamines A and B: O'Malley, D. P.; Yamaguchi, J.; Young, 1. S.;

Sciple, 1. B.; Baran, P. S, Angew. Chem. Int. Ed. 2008, 47, 3581-3583

“ Total synthesis of anhydrochatancin: Tor, A.; Deslongchamps, P. J. Org. Chem. 2003,
68, 6847-6852,

7 Model study toward the synthesis chatancin: Toré, A Wang, Y.; Drouin, M.;
Deslongehamps, P. Tetrahedron Lett, 1999, 40, 2769-2772

* Total synthesis of chatancin: Soucy, P.; L'Heureu, A.; Tord, A.; Deslongchamps, P. J
Org. Chem. 2003, 68, 9983-9981.

*Tord, A.; L'Heureux, A.; Deslongchamps, P. Org. Lett. 2000, 2, 2737-2740.



1 for a detailed account of this synthesis and for concurrent commentary on the quality of
this work s : Hudlicky, T; Reid, J. W. The Way of Synthesis: Evolution of Design and
Methods for Natural Products, 2007, Wiley-VCH, Weinheim, $10-812.

"' The Friedel-Crafts alkylation step of this sequence requires § equiv. of pyrene, which

has 10 be eluted slowly during chromatography.  Byproducts formed during the reaction

have R, values that are very close o the desired bi i makes.

for difficult separation on a large scale. For example, on a § g (pyrenc) scale
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" Dialdehyde 337 was virtually insoluble in THF and even upon
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suspension could be obtained.
 The McMurry reaction conditions applied here were chosen as a result of a screening
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Scraning ety recto condtons o yrene s

§-pse

You
Condtons Resas

1 TCUAM, THE0°C 10 70°C 10 240 11301 €10% st el (€10%)

2 TN, W, 0°C 0 T0°C. 81240 [rp—

3. TILOME)  HE.0°C1o70°C 610 241 3 cny st il rocovred(50%)

TGl 20 pride. W0 C 0 707,61 .

' By TLC analysis only a single new spot forms. Isolation of this compound was
possible, however characterization was not. Clearly from 'H NMR and LCMS analysis,
the isolated compound was not the desired [2.2]cyclophane or the over reduced ethyl

substituted system.
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Appendix 2

Selected 'H and *C NMR Spectra for Chapter 3
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CHAPTER 4 Synthesis of 1,11, Tetramethyl[n](2,1 1)teropyrenophanes

41 Application of the Model Study?

The risk-reward situation associated with any model study and its application

towards the synthesis of a target molecule has alrcady been discussed.  While the
application of the model study that was the subject of Chapter 3 was not guaranteed o
suceced, it scemed unlikely that application of the chemistry discovered during its course

would be met with disappointment. This is because all of the key carbon-carbon bond

forming

ons that will further connect the two pyrene moieties of the bis(2-pyrenyl)-
dimethylalkane(s) (2.20) are intramolecular processes, which have a distinct entropic
advantage over the intermolecular reactions of the model systems based on 2-fert-
butylpyene. Thus, the erucial carbon-carbon bond forming reactions (ie. Wurtz-type
coupling and MeMurry reaction) should work with equal or superior efficiency. The
MeMurry reactions of the (1,7)pyrenophanes (i.¢. 4.2) have the additional advantages that

only the Z configuration of the resulting double bonds will be formed and only the syn-

conformation will be available to the resulting cyclophanes.’ With these points in mind,

the synthetic plan towards the synthesis of 1,1n-tetramethyl[#](2, 11 )teropyrenophancs

was modified and the following disconnective analysis was devised.

411 Second Generation Analysis of Target 21

Similar o the first synthesis plan that was outlined in Chapter 2 (Scheme 2.2), the

revised retrosynthetic analysis of the teropyrenophane targets (2.15) commences with a




m

VID transform. Lowering the symmetry of the teropyrenophanc precursor to a tethered

m{2.2)(1,3)pyrenophane (4.1) that contains two different two atom bridges. (one

saturated, one unsaturated), allows for the application of the Wartz-type coupling that

proved its worth in Chapter 3. While it was tempting to dircctly apply the Friedel-Crafts

acylation reaction of glutaryl chloride and construct the desired alkene bridge(s)
(annulated as a cyclopentenc) at this stage of the synthesis plan, solving the carly
problems of the synthesis and preparation of the desired pyrenoid hydrocarbons (2.15)

was the initial focus. However, the synthesis of analogs that arc of scgments of (8,8)

SWCNTS would not change the dircction of this work and would be a welcome addition
1o this study. Further discussion on this strategy and concepts regarding its application

are the subjects of a latersection of this chapter.

—wo
et

g i

SCHEME 4.1: 2,




Scission of bridge of 1,1, 22§71

(4.1) simplifies the synthetic objective to dialdehyde 4.2. While application of the

MeMurry reaction at a similar stage i the attempted synthes

of a teropyrene model
‘compound was unsuceessful, dialdehyde 4.2 represents a more suitable candidate for this

s between the

reaction as entropic preorganization and possible -stacking interacti

» should promote reaction. Simplification of
dialdehyde 4.2 10 [12)(7,1)pyrenophane 43 presents the opportunity to showcase the

utility of the Wurtz-type reaction in the synth

of a novel pyrenophane bridging motif.

In the forward sense, treatment of dibromide 4.4 (the synthesis of which, from dialdchyde
45, was discussed in Chapter 2) with n-BuLi should bring about the desired coupling of

the benzylic halides.

42 McMurry and Pinacol Coupling Reactions in [2.2]Metacyclophane Synthesis
The importance of [2.2]metacyclophanediene precursors in the construction of

both planar and nonplanar pyrene units was discussed at length in Chapter 1. Bodwell's,

along with others', approach towards these intermediates has typically involved the use of

[3.3]dithiacyclophane intermediates and subsequent bridge contractions to fumnish the

desired twe

tom bridges® The use of more direct synthetic methods such as the

MeMurry reaction’ 1o install unsaturated tw

tom bridges obviates the need 10 go
through one or more thiacyclophane intermediates. ~ As such, the application of this

reaction is desirable in planning a synthesis where these structural units / motifs are

required. However, the MeMurry reaction has not scen anything more than sporadic (and




often unsuccessful) application in the synthesis of such cyclophanes. This may be duc to

the large energy barrier associated with the carbon-carbon bond forming step that would

generate a strained system. While the initial pinacol reaction may be feasible via this
strategy, the subsequent deoxygention step(s) to furnish unsaturated bridges can pose an
insurmountable barrier.* Despite ample precedent for this reaction to form highly
strained ethylene systems,’ no report of its application in the direct synthesis of a
[22)metacyclophancdicne has appeared in the ltcrature,  Furthermore, the highly

reductive nature of the low-valent ftanium reagent that is necessary for this reaction can

pinacol ired.

one.

™
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SCHEME 4.2: 2

Mataka and co-workers investigated the possibility of dircctly coupling
substituted isophthalaldehydes under various pinacol coupling conditions (Scheme 4.2)

In their study,

was discovered that subjecting dialdchyde 4.6 to various McMurry

reaction conditions afforded complex mixtures, from which none of the desired pinacol or

* In fact, they when
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aluminium or samarium(l) iodide were used. Also, whether the syn or anti-diol adducts

were obtained proved to ible. Mitchell and kers have

also made use of the pinacol coupling reaction to install glycol bridges in the synthesis of
[2.2)metacyclophanes.*

The role of entropy and the associated pre-organization of the substrate in
facilitating the McMurry reaction, as it is applies to the synthesis plan, was alluded to
above and in Chapter 3. To this end, it is instructive o highlight the work of both
Yamato” and Hopf* with respect to the synthesis of unsaturated bridges in cyclophanes
using both intramolecular and transannular McMurry. reactions.  Yamato's group
conducted a systematic study, by which they investigated the effects of sequentially
lengthening the number of methylene units between two functionalized benzene rings that
contained a ketone functional group. This variable tether would ultimately represent one
of the bridges of a metacyclophane system, whereby the main objective of the work was
1o establish the conditions under which unsaturated 2-atom bridges could be formed.

Treatment of 12-diarylethane 4.8” with AICL-MeNO; in the presence of acetyl
chloride brought about an ipso-acylation reaction to furnish diketone 4.9 (Scheme 4.3).
ns that u

Subjecting the resulting ketone 4.9 to McMurry reaction condi ze TiCly and

zine dust in the presence pyridine and THF resulted in formation of only 30% of the
pinacol adduct 410 and a trace amount of the dimeric McMurry product 4.12. Several

tion

experiments, in which the temperature and the amount of pyridine added to the res

W

¢ varied, were performed. It was found that conducting the reaction at room
temperature was optimal for the preparation of diol 4.10. None of the desired

[22)metacyclophane 4.11 was observed in this study, and Yamato and co-workers cite



reasons that have already been discussed as 10 the fate of this particular reaction.'”

the y reacti turated bridge in

the [22)metacyclophane series, Yamato's group did find successful application of this
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SCHEME 4.3: y s synthesis of [ 15

reaction in synthesis of olefin bridges when the second bridge (n) of the
[n2metacyclophanc contained more than two carbons. In fact, simply extending the
tether of the diarylalkane precursor by one methylene group (4.14) brought about a very
efficient McMurry reaction, where 80% of the desired [3.2)metacyclophane 4.15 was
afforded (Scheme 4.3).

‘Work conducted by the Hopf group on the synthesis of cyclophanes that contain
orthogonally linked 7-systems represents one of the few examples known to successfully

employ the McMurry reaction in the synthesis of an cthenylene bridge in o



metacyclophane system. Their synthesis of [2.2.2)(1,2.4)eyclophane 4.20 commenced
with @ completely diastercosclective  Grignard  reaction  of 4,13

diformyl: 17"

bromide in 95% yield. The

fact that the Grignard reaction proved 1o be completely

stercoselective for 4.17 is a
point of interest, but of no consequence in this particular synthesis as the resulting diol

was oxidized to the corresponding diketone 4.18 vi

PCC oxidation. The MeMurry
reaction of diketone 4.18 under the modified conditions of Lenoir,"* furnished the desired

stilbene derivative 4.19 in 79% yield. Photoisomerization followed by dehydrogenation

gave the desired [2.2.2)(1,2.4)cyclophane 4.20 in good yield
3 ) o
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42,1 Application of the Chapter 3 Model Study Toward the Synthesis of 1,1,8,8-
Tetramethyl[8](2,11)teropyrenophane (2.84)

Key reactions, such as the Wurtz-type and McMurry couplings, that were
discovered to be viable for pyrene systems in Chapter 3 were initialy applicd towards the
synthesis of 1,1,8,8-tetramethyl[8](2,11)teropyrenophane (2.84). This particular target

was sclected as a starting point in the synthesis of a homologous series of cyclophanes



duc 1o the comparatively higher yield that was obtained in the inital Friedel-Crafts
alkylation reaction to afford bis(2-pyrenyl)-dimethylalkane (2.20) systems (Chapter 2),
which provided access to larger quaniitis of important caly synthetic intermediates. As
well, this particular teropyrenophane was intermediate in size of the three 1,1,ny-
tetramethy/[n)icropyrenophanes (=7, 8, and 9) proposed in the retrosynthetic analysis
and success or failure of the VID reaction in this instance (1=8) would lend valuable
insight as o the viability of the syntheses of other homolgs. Semi-empirical calculations
at the AMI level of theory have proved 1o be a very useful guide in the past as to the
capabilities of the VID reaction (Scction 4.5), and carly calculations of the bend imposed
upon the central pyrene unit embedded in the teropyrene system suggested that the -8
serics should be obtainable.”” However, it was not known at that time whether direet
application of what has proven to be a useful tool i the [1)(2,7)pyrenophanes would be

transferable to the 1,1,1-tetramethyl[n]tcropyrenophane targes since the T-system is

quite different. Considered as a whole, there are three separate pyrene substructures that
can be traced onto the teropyrene surface, cach of which is distorted from planarity by
imposing an alky bridge at the 2 and 11 positions of te teropyrene system. Furthermore,

the bend ed with this 7-system will be distributed over the entire aromatic surface

and therefore, may not be dependent on the degree of distortion of a single pyrene moicty
~ a factor that may play a pivotal role n the success of the VID reaction.

With regard 1o the degree of bend that s imposed on the teropyrene nucleus,
calculations suggest that the central pyrenc uni is considerably more bent than the two

flanking pyrene substructures, when the same criterion for @ angles is applicd.* The
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AMI-calculated @value for the central pyrene unit of 2.84 (1 = 8) is 92.6", while the side
ring systems are predicted o0 have @ angles of 71.5° and 71.6" (see Figure 4.4, Section
45, The overall bend angle in the isolated teropyrene system (the smallest angle formed
by the planes defined by C1-C2-C3 and C10-C11-C12, teropyrenc numbering) is 172.6",
When the  angles'® of the cyclophane are included (the reasons for including thes

angles are discussed in Section 4.3.2), a total bend angle of 182.0° is predicted. Such a
bend angle implies that the Cuagest- oy onds of 284 are positioned slightly past a
parallel  alignment Moreover,  the  successful  synthesis  of 1,188
tetramethyl[8](2,11 eropyrenophanc (2.84) using the plan outlined in Scheme 4.1 or
otherwise, would support the notion that the VID reaction should capable of delivering

such discussed in Chapters 1 and 2

The synthesis of 2,9-bis(6-(bromomethylpyren-2-y1)-29-dimethyldecane (2.95)
was described in Chapter 2 (Scheme 2.23). Treatment of dibromide 295 with -
butylithium at ~15 °C for 10 minutes furnished [8.2](7,)pyrenophane 4.21 in 59% yield.
While the isolated yield of this reaction is somewhat low and comparable 1o the
intermolccular variant (Chapter 3), it is very reliable and independent of scale up to 500
mg.'® Linking together the two pyrene units of 2.95 in short order, using one of the key

discussed in Chapter 3, was a  this stage in the project.

Having secured a much more expedient route to an [8.2)(7,1)pyrenophane (cf. the
synthesis of 2.92 — Chapter 2), 421 was subjected to the Rieche formylation conditions
that had previously proved 1o be successful. Treatment of 421 with dichloromethyl

methyl ether and titanium(IV) chloride fumnished dialdehyde 4.2 in 77% yield and sct the
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SCHEME 4.5: Synthesis of teropyrenophanc 2.84 ~ Route A

stage for the pivotal McMurry reaction. Sereening McMurry reaction conditions in
Chapter 3 indicated that the Lenoir variant of the McMurry reaction was best suited for
pyrenc aldehydes such as dialdehyde 4.22."7 Treatment of 4.22 with low-valent titanium

‘generated from TiCLs, zinc dust and pyridine in THF fumished cyclophanc 4.23 in 52%



yield. At this juncture, a detailed explanation of the experimental procedure of this
particular reaction would be instructive, s it requires very precise conditions 1o be

reproducible

422 Important Experimental Considerations in the McMurry Coupling Reaction

For the successful application of the McMurry reaction to dial 4.25, it was
necessary that the following procedure be followed diligently. ~All glassware must be
oven-baked at 120 °C ovemight or flame dried and cooled down under an atmosphere of
nitrogen. While adding zinc dust (<10 um, 98% as received from Sigma-Aldich) (0 a

threc-neck flask, two of the three joints should be scaled with rubber septa (the other with

a glass stopper) and kept under an atmosphere of nitrogen.  Aftr the reaction flask has
been charged with zine dust and a water condenser has been secured, the reaction flask
should remain under nitrogen for the duration of the experiment. In preliminary trials of

hi it that opening the reaction system for TLC analysis only

served to lower yields and caused a slight discoloration (black to brown) of the reaction
mixture over time. This was especially true if the experiment was exposed 10 air within
the first 30 minutes (after aldehyde addition) of the reaction

In generating the low-valent titanium reagent, it is essential to add TiCli 10 a
cooled (at or below 0 “C) slurry of zinc dust and THE."® The reaction mixture is then
heated o reflux for at least one hour, upon which a dark black solution forms.  Addition
of dialdehyde 4.22 as a solution in THE in one portion is feasible as long as a molariy of

approximaely 0.04 mM is maintained. Slow addition or use of a syringe pump does not



augment the isolated yicld of 4.23 and often results in an increase of the amount of over-
reduced product (4.24) formed." Generally, the reaction is complete in 4 o 6 hours after
which, no starting material can be scen by TLC and LCMS analysis. Aqucous work-up
of this reaction is an onerous task and results in lower isolated yiclds (20-30%) of 4.23.
As a result, simply diluting the reaction mixture with chloroform and dircctly pre-
adsorbing the contents of this solution onto silica gel in preparation for column
chromatography is optimal.

With 1,1.8 8-tctramethyl[8.2.2)(7,1 3)pyrenophane (4.23) in hand, standard VID

reaction conditions™ were applied to the material obtained (ca. 5 mg) from the McMurry

reaction. Heat 423 at reflux in the pr
of DDQ for 48 hours gave a mixture of 1,1.8 S-tctramethyl(8)2,1 icropyrenophane
(2.84) and starting material (1:7 2.84:4.23 by 'H NMR analysis). Surprisingly, despite
the  sluggish natre of this reaction, no intermediate tetrahydro- o
dihydrotcropyrenophanc was obscrved in the mass spectrum of the reaction mixture or
subscquent 'H NMR.  However, scparation of the starting material from  the
teropyrenophane product was quite difficult as only a sublle R, difference of 0.46 (4.23)
and 0.48 (2.84) in 1:4 dichloromethane hexanes was observed. TLC analysis in less polar
solvent mixtures gave cven smaller &, differences and both the starting material and the
product move as one apparent spot on the TLC plate. Noncthelss, the presence of the
desired teropyrenophane system is unmistakable by TLC analysis as it shows bright
yellow fluorescence at 365 nm and a yellow-orange color to the naked cye.  Prolonged
heating of the benzene solution of 4.23 in the presence of DDQ did not fumish an

appreciable increase in the amount of the desired target and served to, presumably,
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docompose any new product that had formed. After two weeks of reaction, only a small
amount (ca. 1 mg out of § mg) of starting material was recovered and none of the
teropyrenophane was isolated.

Despite the failure of the VID reaction (under standard conditions) o give
‘complete conversion of stating material into product in the case of 4.23, the rudimentary
MS and 'H NMR characterization that was obtained was encouraging. Duc 1o the success
of the McMurry reaction to fumish the unsaturated bridge of (8.2.2)(7,13)pyrenophane
423 under carcfully formulated conditions (vide supra and Chapter 3), the notion of
introducing an unsaturated bridge at an carlier stage in the synthesis began to emerge.
Morcover, the synthesis of a cyclophanediene system akin to 4.23 (i 2.16 ~ Chaper 2)
would be much more desirable in providing a true test of the VID methodology, since all
other pyrenophane precursors prepared before have had this structural requirement. To
this cnd, the synthesis 1,18 8-tetramethyl[8)2,1 | eropyrenophane  using &

cyclophanedicne intermediate was initiated.

43 Analysis of 284

Utlizing a cyclophanedien in the VID reaction as a possible precursor to 1,1.8.8-
tetramethyl[8](2,11)eropyrenophane (2.84) can also serve 10 increase the brevity of the
synthesis, if the retrosynthetic analysis outlined in Scheme 4.6 were to be successful.
Further, the success of the McMurry reaction with regard to the preparation of cyclophane
423, prompted us to revisit the possibility of coupling tetraaldehydes or tetraketones
(discussed in Chapter 2) directly to fumish the requisite cyclophanediencs.

Unfortunately, these subsirates did not react productively in the McMurry reaction (using
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the conditions described in Section 4.2.3). However, application of the itcrative bridge
formation/formylation/bridge formation sequence that had proven o be successful thus
far was the main focus in the third-gencration retrosynthetic analysis of 284 (Scheme

46).

SCHEME 4.6:

431 Synthesis of 284 via a Double Formylation/McMurry Coupling Strategy

Treatment of aldehyde 2.75 using the McMurry reaction conditions described in
Scction 423 gave an inseparable mixture of £ and Z alkenes, for which no ratio of
n

products could be determined by 'H NMR analysis.’

Direct formylation of the isomer

mixture fumished a separable mixture of (£)- (11%) and (2)-cne-dialdehydes (57%) in a
combined overall yield of 68%. The yield of the initial McMurry reaction for this

particular dialdehyde system (2.75) is acceptable (40-80%) on a 100 mg scale, but
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scaling up the reaction resuled in much lower yiclds. For instance, carrying out this
reaction on ca. 1 g of daldehyde 275 gave a lower yield of 17% over two stcps. Even on

a 500 mg scale, the yields were still consistently low (ca. 20%). Nonctheless,

y ly i .27 and ible yields were obtained when the

reaction was conducted on a 100 mg scalc.
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SCHEME 4.7: Synthesis of teropyrenophanc 2.84 - Routc B.

y (@427 gave 118, hyl[8.2.2)(7,1,
19,31-diene (4.26) as the major product in 41% yield. The slightly lower yield of this.

reaction, compared to the analogous saturated precursor 4.23 (529%), can be attibuted to
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the increase in strain energy that accompanies the formation of the corresponding

[ d tation of bond in the first

olefin bridge. As such, less of the diene product was formed and approximately 12% (cf.
6% in saturated system 4.24) of the over-reduced dimethyl compound 4.28 was obtained
from this reaction. However, the brevity of this route to 4,27 more than made up for the
slightly Tower yield of the sccond McMurry reaction and, with the desired

in hand, the VID reaction tempted using the conditions

described in Scheme 4.5.
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SCHEME 4.8: Synthesis of 2.84 from [8.2.2)(7,1,3)pyrenophanes 4.23 and 427"

Similar to what had been observed for the monoene system (4.23), the reaction of
diene 4.27 with DDQ in refluxing benzene was sluggish. Moving 10 a higher boiling
solvent (m-xylen) and heating the reaction at 145 °C brought about an immediate change

in the TLC and MS analysis. The previously observed, and believed o be 1,188

tetramethyl[8](2,11)teropyrenophane, spot by TLC analysis became much more intense
and the increase in product formation was evident in the mass spectrum.  After 48  in

refluxing m-xylene, 1,1,8,8-tctramethyl[8](2,1 tcropyrenophane (2.84) was obtained in



near quanitative yield. - Furthermore, using m-xylene as the solvent for the VID reaction

with cyclophanemonoene 4.26 (Scheme 4.5) also fumished teropyrenophane 427 in

comparable (90%) yield.

432 lmplictieas of Bending the Teropyrene Sysem: Discussion of its Physical
omoloky 0 Armehate (5 SWONT

Fortunately, crystals suitable for X-ray crystallography (recrystalization from
cthanol) of 1,1,884etramethyl[8](2,11)icropyrenophane (2.84) were obtained and this
permitted quantification of the bent T-system. In addition 10 the remarkable structural

characteristics discussed below, teropyrenophanc 2.84 is noteworthy because it i just the

pyrene sy;  and pyrene is now.
largest aromatic system to have been incorporated into an [nlcyclophane (ic. one

aromatic system and one bridge). ™ The teropyrene system (36 carbons) in 2.84 contains

[
o

FIGURE 4.1: Vogtle bel 284~ half belt

‘more than half of the carbon atoms in the Da-symmetric Vogtle belts 2.3 (60 carbons)

and 2.4 (70 carbons). However, as outlined below, its structure (including the benzylic
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carbon atoms) more closely resembles a substructure of the Dy-symmetric Vogile belt

2 ‘which is,in tu fan (8,8) SWONT.

A single erystal X-ray structure determination of 2.84 revealed two independent
‘molccules in the asymmetric unit, one of which is shown in Figure 4.2 (scc Appendix 4
for other views). As dictated by the S-atom bridge, each independent molecule has
highly nonplanar teropyrene unit. In the [#](2.7)pyrenophancs, the nonplanarity of the
pyrenc system is most commonly characterized by the angles formed by adjacent planes

of atoms and, more generally, by the angle (6)' formed between the two terminal planes

of atoms (C(a)-C(b)-C(c) and C(x)-C(y)-C(z) in 1.139)** An analogous treatment can be
applicd 10 2.84, in which three pyrene substructures can be identificd. Thus, three 6
angles (6 and 6 for the terminal pyrene units and @ for the central pyrenc unit) and a
total bend angle (& = the angle formed by the two terminal plancs of atoms in the
teropyrene system (ie. C(9)-C(10)-C(26) and C(IT}-C(I8}-C(19)) can be measured
(Figure 4.2). The angles (§)'* formed by the CuugereasCrunrytc bonds and the terminal
planes (Figure 4.4) of the teropyrene system have also been included in the analysis for
the calculation of the overall bend in the system (scc Appendix 4 for a full list of angles
between plancs).  Key distances (Figure 4.2) are dy (distance between the bridgehead
carbon atoms), d (distance between the benzylic carbon atoms), di (distance between the
centroids of the Cuodgaens-Chensyic bonds) and d (distance between the centroid of ds and
the centroid of the central bond of the central pyrene unit of the teropyrenc system)

(Figure 43).



239

FIGURE 4.2: POV-Ray ball-and-stick representation of 284 in the crystal

The two independent molecules of 2.84 (Molecules A and B) have some small
local differences in their structures, but the general features arc essentially the same. The
teropyrenc system is not far from being bent through 180° (Gu = 166.4-167.6), which
invites comparison to a Vogtle belt or an ammchair SWCNT (Figure 4.1). Itis uscful to
include the benzylic carbon atoms in the analysis, even though they are not part of the
aromatic system. In the Dyw-symmetric Vogle belt 2.8 (or an (8,8) SWCNT), the bonds.
corresponding 10 the (WO ChodgeendCrennytc bonds in 2.84 are parallel. In 2.84, the
obscrved overall bend (8 + i + f5 = 1785 and 179.0° for Molccules A and B,
respectively) is indeed very close to 180°.  This near-parallel oricntation is also reflected
in the valucs of d), ds and ds (range = 9.03-9.08 A), which should be identical in a

parallel orientation.
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FIGURE 4.3: Hypothetical union of two teropyrene units (half-belts) of 2.84 to form an
anchair (8,8) SWONT

“The two terminal pyrene units of the teropyrenc system are less severely bent (6

and 6, = 67.5-70.4°) than the central pyrene unit (6 = 92.8-95.9°), which means that the
cross-section of the teropyrene system more closely rescmbles a portion of an ellipse

rather than that of a

le. In fact, the hypothetical union of two half-belt systems
(teropyrene + 2Cazyic) by fusion of the Cuigeens-Crenytc bonds (Figure 4.3) affords an
ellipsoidal segment of 2.5 or an (8,8) SWCNT. The short axis of the ellipse measurcs
9.08 A (the average value of ds) and the long axis measures 12.3 A (double the average

value of di). The average of these distances is 10.7 A, which is very close 1o the

calculated value for an (8,8) SWCNT (10.86 A).* Thus, the cross-section of the half-belt
system corresponds to the more curved half of an ellipse. This is also reflected in the
angles between planes of atoms in 2.84 that correspond to angles between planes related
by the 8-fold symmetry in 2.5 or an (8,8) SWCNT. In 2.84, these angles range from
34.7° 10 65.4° and average 52.1° and 52.0° for Molecules A and B, respectively (sec

Appendix 4), which exceed the 45° angle dictated by the 8-fold symmetry.



The '"H NMR spectrum of teropyrenophane 2.84 contains a set of low ficld signals

a8 8.62 (H-13, He14, H-22, H-23), 8.39 (He12, He15, H-21, H-24), 7.71 (Ho11, Ho16, He
20, H-25) and 7.42 (H-10, H-17, H-19, H-26) for the aromatic protons and a st of high
field signals at § 1.32 (CHy), 0.72 (H-2, H-7), -0.26 (-4, H-5) and ~0.67 (13, H-6) for
the aliphatic protons.  As with the [#](2,7)pyrenophanes, the anisotropic effect of the
aromatic w-system in 2.84 causes the aliphatic protons to resonate at unusually high ficld.
“The absorption spectrum of 2.84 in acetonitrile (Appendix 4, Figure A8) exhibits

three major bands, each one with some fine structure. The longest wavelength maximum

is obscrved at 489 nm. By comparison, the longest wavelength absorption maximurm of
teropyrene (in 1,2,4-trichlorobenzene) is reported to be at 537 nm,” which may suggest
that, in conrast to what is observed in the [n]paracyclophancs” and
[n)(2,)pyrenophanes,”™ bending the teropyrene system causes a significant blue shift

“The fluorescence spectrum (Figure AB, excitation at 370 nm) shows what appears (o be

o overlapping bands with A, = 509 and 530 nm. The Muorescence quantum yield
(dha)i5 0117
44 3 a e

With o routes in place for the synthesis of 1188

tetramethyl[8](2,1 teropyrenophanc (2.84), it sccmed likely that the synthesis of the next

higher (1-9) and lower homologs (+~7) would be feasible through application of onc or
both of these routes. The obvious starting point was 10 apply the sharter of the two foutes

(Route B, the synthesis of 1,1,9. 1
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(441). However, it was expected that the first McMurry reaction would give a higher
ratio of the undesired srans olefin isomer. Nevertheless, it was hoped that a sigificant
proportion of the desired cis isomer would be formed and that the isomers would be
separable following subsequent formylation, as they were in the synthesis of 1,1,8,8-
tetramethyI[8](2,1 1 teropyrenophanc (2.84). 1f a major problem were to be encountered

at this juncture, recourse could be made to Route A (the monoene route)."

441 Application of Route B to the Synthesis of Teropyrenophane 4.41

At the outset of this project, 2,10-dimethyl-2,10-bis(2-pyrenylundecanc (4.32)

ter (dimethyl azelate) was

was not used in exploratory chemistry since the starting di
available in only 80% purity (technical grade) from commercial sources. Despite the low
purity of this dieste, it was hoped that pure synthetic intermediates could be isolated at an

carly stage in the synthesis. The synthesis of teropyrenophane 4.41 commenced with the

Grignard reaction of dimethyl azelate (commercial material) with methylmagnesium
bromide to furnish tertiary diol 430, Treatment of 430 with concentrated aqucous
hydrochloric acid gave dichloride 4.31 in 83%. Subsequent reaction with pyrene under

Fricdel-Crafs alkylation conditions afforded 2,10-dimethyl-2,10-bis(2-pyrenyDundecanc

(4.32) in 28% yield.”" Ricche formylation of 432 fumished dialdehyde 4.33. At this

stage, from the low purity (~80-85% by

"H NMR analysis) and attempts to purify dialdehyde 4.3 via chromatography, trituration

I imal impr s %) in the sample purity.
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SCHEME 4.9: Attempted synthesis of teropyrenophane 4.41 via Routc B

The low purity of dialdehyde 433 was cause for concem. However, it was
decided that continuing with this material would be worthwhile because it would provide

iteome of the first McMurry rea

and

thus cstablish whether or not Route B was viable. McMurry reaction of 2,10-bis(6-

¥1)2,10-di (433) gave an insep: alkenes.
As before, formylation of the mixture fumished chromatographically scparable enc-
dialdchydes and it was at this stage in the synthesis that pure material was finally
obtained and the nature of impurity that had been carried through the synthesis could be
identified.  (Z1-Ene-dialdchyde 426 (eight atom tether) was isolated as . minor
byproduct, which means that the starting diester, dimethyl azcalate, was contaminated

with dimethyl suberate”  Unfortunately, only the frans isomer of the desired



intermediate 4.34 was obtained from the McMurry/formylation sequence. In light of this
result, work on Route B was discontinued and the application of Route A 10 the synthesis

Of 1,1.9.9-ttramihyl[9](2,1 teropyrenophane (4.41) was pursucd.

442 Application of Route A Sy

As a starting point for the application of Route A 1o the synthesis of 1,19.9-

tetramethyl[9)(2,1 1 teropyrenophanc (441), impure dial 4.33 (Scheme 4.9) was used to
synthesize advanced intermediate 438 (Scheme 4.10). As before (Route B), it was only
after the formation of a functionalized [9.2)(7,1)pyrenophanc that pure material was
obtained and a similar impurity (423, derived from dimethyl suberate) was isolated.
Since isolation of pure synthetic intermediates would only be possible at a very late stage
in the synthesis using commercial dimethyl azelate, it was necessary 10 synthesize this
starting material in pure form. To this end, dimethyl azelate was prepared via a Fischer

esterification of commercial azelaic acid, which was available in high purity (98%). The

esterification was high yielding and could be carried out on a large scale (ca. 30 )

Applying the synthetic sequences described in Schemes 4.9 and 4.10 to pure dicster 429
provided entry to all of the former synthetic intermediates in pure form and also served to

increase the yields (Scheme 4.11).
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SCHEME 4.10: Synthesis of advanced intermediate 4.38 via Route A

MeMurry reaction of dial 438 proceeded smoothly and was comparable in
efficiency  (51% yield) to the one used in the synthesis of 1188
tetramethyl[8](2.11)teropyrenophane (2.84) using route A (¢f 2% for 423, Scheme 4.5).
The synthesis of 1,1.9.9-tetramethyl[9](2, 11 )eropyrenophane (4.41) was completed with
suceessful application of the VID reaction to [9.2.2)(7,1, 3)pyrenophane 440 to furnish
441, Although teropyrenophane 4.41 i less strained than teropyrenophane 284, reflux
in m-xylene was required to bring about the VID reaction of 4.40. However, monitoring
the reaction closely by TLC and LCMS analysis revealed that this VID reaction is faster
(initially) than that of 4.27.  Even still, complete conversion of the starting matcrial to
product required 24-48 h of heating. ~For both teropyrenophancs that have been
synthesized to this poin, it is essential that the VID reactions be monitored closely by

TLC, time can lead t0.a in product yield,
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SCHEME 4.11: Synthesis of 1,1,9.9-tetramethyl[9)(2,1 tcropyrenophanc 441

through

plays a very important role in this reaction and 1o the

Volume of solvent present s essential for high yields. In cases when significant amounts
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of the solvent had evaporated during the course of the reaction, product losses increased.
More discussion on the attention that these VID reactions require appears in the following

section.

443 The Synthesis of Teropyrenophane 4.54

Shortening of the bridge that connects the 2 and 11 positions of the teropyrene.
system obviously results in an increase in the strain cnergy. Thus, moving to the final
‘homolog (w=7) in the series of targets was no doubt going to push the limits of the VID
methodology.  OF the two routes that had been established and cffective in the
synthesizing teropyrenophanes 2.84 (-8) and 441 (1=9), it was initially envisioned that
Route B would be best suited for the synthesis of teropyrenophane 4.54. Given that the

first MeMurry reaction of

dehyde 2.75 (n=8 series) gave approximately a 5:1 ratio in
favour of the desired stercoisomer, it was expected that shortening of the tether would
exclusively afford cis-isomer 447, The synthetic route to dialdehyde 4.46 is identical to
those previously described (for 275 (1=8) and 4.3 (7-9)) and comparable in efficiency

(Scheme 4.12). However, application of the McMurry reaction conditions to this system

always failed” and, ipl Ipts to achieve the dial 4.46,
it was necessary to pursuc the synthesis of 1,1,7,7-tetramethyl{7)21 1 teropyrenophane

(4:54) via Route A,
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SCHEME 4.12: Attempted synthesis of advanced intermediate 447 via Route B,

T, cpHeocH,
e

Reduction of dial 4.46 using sodium borohydride fumished diol 4.48 in 93% yicld

for which was 13). of .48 using

Phosphorus tribromide required a slghtly longer reaction time and closer monitoring of
the temperature than had been previously necessary. For no obvious reason, the yield of
this reaction was somewhat lower (65-70%) when the previously described conditions
(Schemes 4.5 and 4.11) were applied. Nonctheless, dibromide 4.49 was obtained in high
yield when the reaction was kept at 0 °C. Treatment of dibromide 449 with n-BuLi in
THF at ~15 °C gave the desired coupling product 4.50 in 57% yield. The 'H NMR

spectrum of cyclophane 4.50 was more complex than expected and several

jgnals were

broad. This indicated that the molecule is conformationally mobile and near coalescence
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at 25

Such dynamic behaviour in cyclophane systems is well documented.’ A
VINMR experiment on a related compound (4.22 (n=8)) i preseted in Appendix 4.
Formylation of [7.2](7,1)pyrenophane 4.50 gave dialdchyde 451 in 74% yield.

As in the other two Route A syntheses, a small (ca. 5%

amount of a separable dial
byproduct 4.52 was obtained. The 'H NMR spectrum of this system contains 14 different
proton signals in the aromatic region and two diffcrent aldehyde signals of cqual

intensity. ition other than the | r

the pyrene systems of 4.50. Consideration of the multiplicities of the aromatic protons

ey
T om

) el Py

SCHEME 4.13: Synthesis of dialdchyde 4.51 via route A

and agreement of the chemical shift value of one of the aldehyde protons (5 10.49 ppm)
with that of 2,7-di-tert-butyl-4-formylpyrene (8 10.51 ppm)" points to the anomalous
substitution having occurred at either the 4 or the § position of one of the pyrene systems

of 450, A suite of 2D NMR experiments may have led 10 a conclusive structural




assignment, but insufficient quantities of this byproduct were isolated. By the same
token, the isolated material was an oil so X-ray analysis was ruled out.

Despite the reluctance of dial 446 to participate in a productive McMurry
reaction, cyclophanedialdehyde 4.51 reacted under reductive coupling conditions o give
11,7, -tetramethyl[7.2.2](7,1, 3)pyrenophane (4.53) in 37% yield. ~Application of the
VID reaction conditions that had proven successful in two other instances were chosen
initialy. Well aware of the fact that the teropyrenophane system that s to be generated in

this step trained than the othy ed 10 this point, cl was paid to

this eri

reaction.

Temperature control proved to be very important in the successful preparation of
homologs 2.84 (+=8) and 4.41 (+-9). Moving to a higher boiling solvent obviously had
its benefits, however, at the same time the molecules being formed were found to
decompose slowly under the conditions of their formation (vide supra). Treatment of
4553 with DDQ in the same manner as before, gave a positive TLC and LCMS result that
supported the formation of the desired teropyrenophane 454, The inital rate of
formation of this highly strained -system appeared to be comparable to that of 1,1,8,8-
teramethyl[8](2,11)teropyrenophane (284), but somewhat slower as the reaction
progressed. In the early stages of monitoring this reaction, it seemed that complete
conversion of starting material to product was not likely and after two days of reflux and
several additions of small portions (ca. 0.2-0.5 equiv) of fresh DDQ, the reaction would
progress 0 a small extent and then stall. As mentioned before, prolonged heating of

1,1.9.9-tetramethyl[9)(2,1  eropyrenophane provided Tow isolated yields, presumably
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due 10 product decomposition. Due to the normal™® appearance of the TLC analysis of

his react this system As such, after two days

of heating and what appeared to be approximately a ca. 2:1 ratio of product 1o starting

material (by TLC analysis), the reaction was worked-up. It was at this stage that the

ly
Previously, a "erumb" (or a fow crystals) of hydroquinone was added to the
reaction mixtures of all other VID reactions aftr cooling 10 quench any remaining DDQ.

Gently passing a siream of nitrogen gas over the cooling solution of m-xylene (to

followed by direct

gel and subsequent chromatography proved 10 be sufficient work-up for this reaction.

Application of these conditions, initally, resulted in decomposition of the 1,1
tetramethyl[7)2,11)ieropyrenophane (4.54) that had formed. It was unclear if this was
due 1o an increase in concentration during the work-up procedure or due to silica gel
chromatography.

At this juncture it scemed that isolation of the desired product in pure form would
b an especially challenging endeavour. Thus, it was decided that a short (15 x 2.0 cm)
silica gel column to remove the bascline impuritics would be performed, where no
attempt 10 scparate the remaining starting material from product would be pursucd (see
Scction 4.8 for chromatography details). This notion proved to be very rewarding as
1,1,7,7-tctramethyl[ 72,11 )ieropyrenophane was eventually isolated as a mixture of
approximately 1:1 4.53 and 4.54 (ca. 90% mass balance) and characterized by 'H NMR

and HRMS.
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SCHEME 4.14: Synthesis of teropyrenophane 4.54 via Route A

Unfortunately, attempts to grow crystals suitable for X-ray analysis of 1,1.9,9-

or 1,17, tetramethyl(7)(2

have been unsuccessful and a conclusive discussion of the teropyrene systems of both of

these cyclophanes will have 0 wait



45 Bending Teropyrene: 'H NMR Data and Calculated Distances and Angles
One of the defining features of a rescarch program that sets its sights on bending
an aromatic or polynuclear aromatic hydrocarbon out of its preferred planar

conformation, using the cyclophane approach (Chapter 1), is the systematic preparation

of a series of homologous cyclophanes. The synthetic project comes to an end when the
most strained or unstable target has been prepared or fais to form when the ey reaction
is applied. Such is the case for this study on the teropyrene system. While the upper limit

in bending the teropyrene system of the 1,1,nn-tetramethyl[n)(2,11)teropyrenophanes

prepared in this study ends with =7, for future considerations it would be useful to
attempt the synthesis of the =6 homolog using one or both of the routes described above,
“The following discussion of key distances and angles n the nonplanar teropyrene nucleus
of these cyclophane systems will include both lower and higher homologs of the
teropyrenophanes that have been prepared in this work for comparison.

Semi-empirical AMI calculations have served as a useful guide for predicting the

outcome of various VID react

ns in the synthesis of several [#)(2,7)pyrenophancs.
Generally, if the calculated @angle is below 113°, then the designed pyrenophane system
has been expected t0 be a viable target. In fact, of all the pyrenophanc targets that have

been synthesized by the Bodwell group, the AM-based guideline has never failed. The

bend angle Gin the [1]( is generally 4-8° greater than
the measured value (X-ray crystal structure) for a given target,

Consideration of the bending that takes place in the teropyrene system when a

imposed at the 2 and 11 positions was discussed in Section 432, Figure 4.4



summarizes the various Gangles (described in Scction 4.3.2) that have been calculated for
the 1 Ln-tetramethyl[)2,1 1 eropyrenophanes (r=6-10) using the same  semi-
empirical treatment that has been used for the [1)(2,7)pyrenophanes. A discussion of the
nonplanar teropyrene system of teropyrenophane 2.84 was presented in Section 432 and

the important angles and distances calculated as an average for Molecules A and B in the

asymmetric unit of 284 Figure 4.4 for comparative purp

Both calculated and experimentally determined values of 6 for 1.
tetramethyl[#](2, 11 )eropyrenophanes indicate that central pyrenc system (6) of the

teropyrene nucleus is distorted considerably more than the two flanking pyrene systems

(6 and 6). Morcover, AMI-calcul predict an §°
increase in 6; for shortening the bridge that conneets the 2 and 11 positions of the

teropyrene system by a single methylene group, while 6 and 6 are predicted to increase

by 4. Like the [n]( the AM1
the values of 6 and 6 (124° for molecules A and B in the asymmetric unit of 2.84)
However, the calculated value of & is lower (0.2-3°) than those determined from X-ray
data. The value of f is once again overestimated by approximately 5° for both
teropyrene systems in the asymmetric unit of 2.84. A more meaningful comparison of
these numbers will be possible when X-ray structures for the other teropyrenophanes (=7
and 9) synthesized in this work become available. The calculated value @ for the
teropyrene of 4.54 at 184.7°, bodes well for the application the VID reaction in the

synthesis of aromatic belts, such as 2.5 (80 carbons).
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FIGURE 4.4: inl,l, 1

As described in Chapter 3, preparation of a suitable model compound was not
possible using the chemistry that ulimately led to the synthesis of the three
teropyrenophanes described above.  While the main objective of the model study was

fulfilled. 4 for

the comparison of physical properties of the planar hydrocarbon with that of the
nonplanar teropyrene systems of teropyrenophanes 2.84, 4.41 and 4.54. Noncthelss,

some meaningful comparisons of these three nonplanar tcropyren systems can be made
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based on their i "HNMR data. To do this, the 284, 441 and.

4.54 needed 10 be assigned unambiguously.

A general trend in the 'H NMR spectra obtained for the homologous
()@ Topyrenophancs (n=7-9) is that as @ increases the chemical shift values of the
protons Hi(a) and H(b) decrease (i they move 10 higher field). Comparison of the
chemical shift values of protons H(a) and H(b) o those of 2,7-di-tert-butylpyrenc (2.34)
illusrates this phenomenon. While the same comparison to 2,1 1-di-terr-butylicropyrene

cannot be made here, it is evident that the same general chemical shift trend is associated

with bending the teropyrenc system. The larger change in the chemical shift of H(a) in
the 1,1nn-tetramethyl[n}(2,1  eropyrenophanes s consistent with the larger increase in
the value of 6 (Figure 4.5) for the central pyrenc systems of 4.54, 2.84 and 441
Morcover, the change in chemical shift value for the indicated protons in Figure 4.5 is
larger per degree change in the angle 0 in the 1,lmntctramethylin) 2,1 1tero-

ophanes (0.024 ppmy®) than it is in the [1](2 0.009 ppm°). This

last facet may be a consequence of the PAH (teropyrene), however, since no 'H NMR
data of tcropyrene was reported by Yamato and co-workers,” it is hard to make any

definitive statements a this stage.
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FIGURE 4.5: 'H NMR data for teropyrcnophancs and [n](2.7)pyrenophanes (n-7-9)"*

46 Future Directions and Further Applications of the Chapter 3 Model Study

Having demonstrated the power and synthetic utility of the VID reaction in the
synthesis of the largest nonplanar aromatic systems 1o be contained within a cyclophanc
scaffold, a logical extension of this work would be 10 continue to push the limits of this
reaction through the synthesis of a series of derivatives or teropyrenophanc analogs. This

‘may be uscful in further understanding the reactivity and aromaticity of the teropyrene

system. Moreover, the lessons leamed about the VID reaction in the synthesis of

large
nonplanar hydrocarbons, including defined segments of monodisperse single-walled
carbon nanotubes (vide supra).

In the model study conducted on 2-ferr-butylpyrene (233, Chapter 3), it was
discovered that two of these molecules could be linked together at their 6 positions upon

Friedel-Crafts acylation with glutaryl chloride. While the yield of this reaction was low



in the model system (38%) and plagued by the formation of an undesired lactone

byproduct (see Scheme 3.10, Chapter 3), the application of this chemistry towards the

synthesis of was p Ifthe acylation

reaction is successful when applied to any of the three bis(2-pyreny)-dimethylalkane

v would funish a cyclopent
ving as one of the bridges in the cyclophane. Thus, only a Z-configured alkene would be
possible (Scheme 4.15). This would address a major problem that is associated with the
first McMurry reaction of dialdehyde systems such as 2.75 and 4.33. Morcover, this

MeMurry reaction has the potential to be much more efficient than all other reductive

couplings attempted in the 1,1,
since the reaction will be transannular and involve the formation of a S-membered ring ~
recall the near quantitative yield that was obtained in the Chapter 3 model study (Scheme

310,354 3.56).

SCHEME 4.15: Appli

n of glutary! chloride strategy towards the synthesis of 4.59
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Unfortunately, despite what seemed to be an obvious solution 1o the McMurry

the Friedel-Craf 261 1 chl

gave any desired product (4.55). This particular acylation reaction seemed 1o be much
more sluggish than with the model system. ~Exploration to find the optimal reaction
conditions for this reaction proved (o be fruiless. In all cases, complete consumption of
starting material within in a reasonable time frame did not occur and no tractable products

were isolated (only recovered 2.67). TLC and LCMS analysis of the reaction and the

support the

Overcoming the somewhat problematic initial McMurry reaction in the synt

of 1,11 tetramethyl[n)(2,1 1 teropyrenophanes, where it was never possible to isolate

exclusively the desired cis-olefin, would be a worthwhile effort in future work on this or a

related project. While the direct Friedel-Crafls acylation reaction of 2.67 with glutaryl

chloride ful, it that .60

could furnish the analogous 3-thia-dione systems 462 in good yield (Scheme 4.16). In
principle, this bromination reaction should be applicable 10 tetraketone 2.78 (Scheme
4.18), which is readily prepared from the Fricdel-Crafts acylation of 2.67 with acetyl
chloride (Chapter 2). Furthermore, it was discovered that controlling the bromination of
diketone 3.89 was possible by modification of the solvent and the reaction temperature,
“The main objective of this study was to delineate the necessary conditions for mono- and
dibromination, and t0 test the viability of Bodwell's sodium sulfide conditions in the

desired coupling reaction. To this end, no attempts 1o optimize the reaction conditions



were made in the remaining discussion and the results described below are preliminary at

stage.

e }g

tctod o M5 and W R
SCHEME 4.16: Sulfide coupling approach to annulated teropyrenes

Diketone 3.89 was treated to with bromine and a catalytic amount of aluminium

chloride ina 1:1 2 h 60 in

47% yield. The application of an Organic Syntheses procedure that deals with the
preparation of a<bromoacctophenonc™ was not viable in this instance due to the low
solubiliy of the starting material in dicthyl cther. However, using dichloromethanc as a
co-solvent (1:1) in the reaction faclitated the bromination of 3.89, but at the price of
forming 31% of dibromoketone 461 in the process. The scparation of these two
compounds was trivial using flash chromatography and with pure samples of both
bromoketones in hand, testing the sulfide coupling reaction was the next objective.

Treatment of monobromoketone 4.60 with sodium sulfide in acctone gave tetraketone
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a6 i in77% yield " bscquent McMurry
reaction possible. Using the optimal McMurry reaction conditions described in Section
423, on a small scale (ca. 20 mg), gave the desired product 4.63 (MS and 'H NMR
analysis). At the initial stage of investigation, the material isolated from the McMurry
reaction was contaminated with what appears o be pinacol and McMurry coupling
products of the proximal methyl ketones.

A second investigation of sccuring a synthetic routc 10 dibromoketone 4.61 was

put forth in hope that it may find application into the synthesis of disulfides 4.65 and

G G

SCHEME 4.17: Proposed sulfide coupling approach o teropyrene 4.67

469 Treating diketone 389 with the same reagents described in Scheme 4.16, but
changing the solvent to chloroform and heating 10 50 °C, gave dibromide 461 in 68%
yield (Scheme 4.17). As in the previous bromination reaction, over-bromination of 3.89

resulted in the formation of tribromide 4.64 (17%). Scparation of these products was



once again trivial using flash chromatography. While sulfide coupling of 4.61 was not
tested, it should be as productive as it was in the synthesis of 4.62, especially in the case
of dibromide 4.68. Both subsequent McMurry reactions of 4.65 and 4.69 should be

highly favoured due to their transannular nature. Morcover, this particular model study

promise compound.
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SCHEME 4.18: ing approach 7

If the proposed synthesis in Schemes 4.17 and 4.18 are successful and

dihydrothiophene annulated teropyrenophanc 4.71 can in fact be generated, then the next

step would be to oxidize the sulfur atoms and thermally extrude SO to generate a dicne
system (472), which could potentally undergo Diels-Alder reactions with various
dicnophiles 10 give benzannulated analogs such as 473 (Scheme 4.19). The four bay
regions of the teropyrene system could potentially serve as dienes in a differcnt Dicls-
Alder reaction to expand the polycyclic system. Recent work by Scott and co-workers™
0

has demonstrated the viability of nitrocthylene as an acetylene equivalent* in the Dicls-
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Alder reaction with. the bay regions of perylene and related polycyclic aromatic
hydrocarbons (Scheme 4.19). The implications of their studies are that it is conceivable
that armehair SWCNTS can be prepared via chemical synthesis using a suitable PAH
template. This fascinating and simple solution 1o growing carbon nanotubes will no

doub serve to inspire many groups in the years to come.

SCHEME 4.19: Dicls-Alder approach to annulated teropyrenophancs

47 Conclusions and Outlook
The difficulty of designed molecule synthesis was exemplified by the 1,1,

tetramethyl[n](2,1 1 teropyrenophanes. Having designed several synthetic routes at the

outset of this project (Chapter 2) that hoped to capi k tions of pyrene, it




was not nearly enough to conquer these highly distorted 7-systems. The invention of

novel chemistry, as it applies 1o pyrene and pyrenophanes, was necessary 1o overcome
what sometimes seemed like impossible targets.

Some of the most gratifying accomplishments of this work include the discovery
that the McMumy reaction can be used exclsively to generate a
[22)metacyclophancdiene system and that a Wurtz-type coupling can provide an
altemative route for the synthesis of (2,1 )teropyrenophanes. Morcover, the discovery
that the VID reaction can be applied 10 a tethered[2.2]metacyclophane system that
contains only one unsaturated bridge and, in the process, deliver unprecedented
eyclophanes that contain the largest bend angles known, will be very useful in future
synthetic efforts of the Bodwell group.

“The knowledge that has been gleaned from this work and showcasing the Bodwell
group's key reaction has demonstrated that the valence isomerization / dehydrogenation
reaction is one of the most powerful tools available (o the synthetic community in

generating nonplanar pyrenoid rsystems.  To date, the teropyrene

ystems of the
teropyrenophanes 2.84, 4.41 and 4.54 (at 36 carbon atoms) represent the largest PAH
systems that have been considerably distorted from planarity using a_cyclophane
approach. What once scemed inconceivable through wet chemical methods of reltively

small aromatic building blocks is now a reality - thanks to the VID reaction. Further, its

fon towards the synthesis of aromatic belts would seem ine

ble and synthesis

that c » ported in



48 General Experimental Procedures and Characterization Data

1,1,8,8-Tetramethyl[8](2,11)teropyrenophane (2.84)

000, mayere,
T, an

A solution of 1,1.8,8-tetramethyl[8.2.2](7,1 3)pyrenophane-19,31-di

¢ (427) (0022 g,
0.036 mmol) and 2,3-dichloro-S.6-dicyano-1,4-benzoquinone (0.032 g, 0.14 mmol) in m-
xylene (5 mL) was heated at 145 °C for 48 h. The hot solvent was evaporated under a
stream of nitrogen gas. The residue was taken up into dichloromethane and preadsorbed

ca gel in preparation for column chromatography. The preadsorped sample was

subjected t0 col (30x 2.0 cm; yield
1,1,8.8-tetramethyl[8](2,1 1 teropyrenophane (2.84) as an orange solid (0.021 g, 95 %),
which exhibits yellow fluorescence at 365 nm: Ry~ 0.46 (1:4 dichloromethane/hexanes);
mp. >300 °C (dec.) (ECOH); 'H NMR (500 MHz, CDCL) 8 8.62 (s, 4), 8.39 (d, J=9.5

Hz, 4H), 7.71 (d,

9.5 Hz, 4H), 742 (5, 4H), 1.32 (5, 12H), 0.74-0.70 (m, 4H), -0.24 to -
0.27 (m, 4H), -0.65 10 -0.70 (m, 4H); "'C NMR (125.77 MHz, CDCls) § 145.69, 137.84,
137,51, 13025, 12912, 12854, 126,57, 123,80, 12301, 122,62, 122,52, 46.93, 38.15,
3098, 29.80, 24.78; LCMS (APCl-positive, m/z (rel. int)) 619 (13), 618 (52), 617

((MHY", 100); HRMS (C1) calculated for CssHler (M)’ 617.3208, found 617.3211



1,188 Tetramethyl[8.2](7, Dpyrenophane (4.21)

o

T 15°C, 0
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A solution of n-butyllthium (1.0 M, 0.40 mL, 0.40 mmol) in hexanes was added o a
stirred ~15 °C solution of 2,9-bis(6-(bromomethypyren-2-y1)-2,9-dimethyldecane (2.95)
(0401 g, 0.529 mmol) in THF (45 mL). After 10 min, water (15 mL) was added to the

action mixture. THF was evaporated under reduced pressure and the resulting aqueous
solution was extracted with dichloromethane (3 X 30 mL). The combined organic
extracts were washed with 1 M HCI (30 mL), washed with a saturated solution of sodium
bicarbonate (30 mL), washed with brine (30 mL), dricd over MgSOy, filtered and

concentrated under reduced pressure.  The resulting residue was preadsorbed onto silica

gl and purified by column (5 %3 em; 15
0 yield 1,1.8,8-tetramethyl[8.2](7, pyrenophane (4.21) as a clear, colorless oil (0.186 g,
59%): Ry= 0.32 (15% dichloromethane/hexanes); 'H NMR (500 MHz, CDCLy) 8 8.22 (br
4.2H), 8.15 (br d, 2H), 8.02 (4, J-9.4 Hz, 2H), 7.89-7.84 (m, 4H), 7.35 (5, 2H) 6.68-6.50
(m, 4H), 3.89 (5, 4H) 1.66-1.58 (m, 4H), 1.43-1.28 (m, 12H), 1.12-1.06 (m, 4H), 0.57
043 (m, 210, 0.30-0.18 (m, 2H); "'C NMR (125.77 MHz, CDCL) § 146.10, 131.05,
129.98, 12991, 129.80, 127,62, 127.16, 127.00, 125.54, 125,04, 125,02, 124,67, 122,85,

122,53, 12236, 122,05, 46,44, 38.11, 36,47, 31.45, 30.48, 24.22; LCMS (APCl-positive,
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= (rel. int)) 599 (12), 98 (53), 597 (100 (MH)); HRMS (EI) calculated for CagHas

(M) 5963443, found 596.3436.

T G008
EXTTTy p
s = e,
il
an @
A solution of titani ide (10 M, 050 mL,

added to.a stirred 0 °C solution of 1,1.8,8-tetramethyl[8.2)(7,)pyrenophane (4.21) (0.120
& 0201 mmol) and dichloromethyl methyl cther (0.058 g 0.50 mmol) in
dichloromethane (10 mL). The reaction was allowed 1o slowly wam 1o room
temperature and pourcd into ice water (50 mL) after 3 h. The layers were separated and
the aqueous layer was extracted with dichloromethane (2 X 15 mL). The combined
organic extracts were washed with a saturated solution of sodium bicarbonate (20 mL),
‘washed with brin (20 mL), dried over MgSO4, filtered and concentrated under reduced
pressure. The solid brown residuc was subjected 10 column chromatography (30 x 2.5
em; dichloromethanc) 1o yield 1323 diformyl-1,1,8,S-tetramethyl[$.2)(7,)pyrenophane

(422) as a bright yellow solid (0.102 g, 77 %): R=

28 (dichloromethanc); m.p. 296-
297 °C (dichloromethane); "H NMR (500 MHz, CDCly, 7= -25°C) 8 10.95 (s, 2H), 9.36
(4,-9.2 Hz, 2H), 8.62 (s, 2H), 8.16 (d, J=9.2 Hz, 2H), 8.00 (s, 2H) 744 (5, 2H), 6.78 (d,

J=9.1 Hz, 2H), 6.59 (&, J-9.1 Hz, 2H), 3.95 (s, 4H), 1.77 (5, 2H), 1.70-1.65 (m. 2H),



1.49-1.45 (m, 2H), 137 (5, 6H), 131 (s, 6H) 1.01-0.96 (m, 2H) 0.58-0.51 (m, 2H) 0.15~

0.10 (m, 2H); "'C NMR (125.77 MHz, CDCl, T = =25 °C) § 193.60, 147.41, 13598,
13470, 132,87, 13074, 130.46, 130,18, 12970, 129.26, 127.59, 12486, 124.70, 124.42,
122,48, 12238, 121,98, 46.09, 38.40, 36.43, 32,16, 30.13, 28.09, 24.02; LCMS (APCI-
positive, mz (el int)) 655 (12), 654 (53), 653 (MH)', 100) HRMS (EI) calculated for

CasHuiO; (M) 6523341, found 652.3328.

1 217, 23)
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Titanium(IV) chloride (0.047 g, 0.248 mmol) was added 10 a 0 °C slumy of zinc dust

(0.016 g, 0248 mmol) and THF (5 mL). After the addition was complete, the reaction

for 1h, point a dark black color persisted, indicative of the
low-valent titanium species desired. Pyridine (0.05 mL) was added to the mixture and
strting at reflux was continued for 10 min. A solution of 13.23-diformyl-1,1.8,8-
tctramethyl[8 2)(71)pyrenophane (4.22) (0.020 g, 0.031 mmol) in THE (5 mL) was then
added. The mixture was heated at 70 °C for 4 h, after which it was poured, without
significant cooling, into chloroform (1S mL). The resulting solution was concentrated

under reduced pressure and adsorbed onto

lica gel in preparation for column

chromatography.  Aqueous work-up for this reaction is not recommended as layer



Scparation can be quite difficult and the yiclds ar lower. The preadsorbed sample was

subjected to column (25 x 2 em; 1:5 o
afford 1,1,8,8ctramethyl[8.2.2)(7,1.3)pyrenophanc-19-monocnc (4.23) as a pale-green

oil (0010 g, 52%): R,= 0.48 (1:4 dichlormethanc/hexanes); 'H NMR (500 MHz, CDCly)

88,10 (s, 2H), 7.82 (d, J=9.2 Hz, 2H) 7.66-7.64 (m, 4H), 7.56 (d, J=1.4 Hz, 2H), 7.54 (d,

1.4 Haz, 2H), 748 (4, J-9.1 Hz, 2H), 7.44 (d, J=9.2 Hz, 2H), 4.31-4.26 (m, 2H), 3.76~
371 (m, 2H), 1.54-1.50 (m, 4H), 1.33 (s, 6H) 132 (5, 6H), 1.05-1.02 (m, 4H), 034-0.30
(m, 4H); 'C NMR (12577 MHz, CDCly) § 145.37, 13821, 135.82, 130,01, 12858,
12856, 126,12, 12533, 124.02, 123.99, 123.01, 12298, 122,96, 12236, 122,16, 46.72,
38.33, 30.78, 29,65, 24.74; LCMS (APCI-positive, mi (rel. int)) 623 (11), 622 (54), 621

((MHY', 100), HRMS (ED) calculated for CasHas (M)” 620.3443, found 620.3438.
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Titanium(IV) chloride (0.363 g, 1.92 mmol) was added t0 a stired 0 °C slurry of zine
dust (0125 g, 1.92 mmol) and THF (25 mL). After the addition was complete, the
reaction was heated at reflux for 1 b, at which point a dark black color persisted. Pyridine

(0.2 mL) was added and the mixture was stirred at reflux for a further 10 min. A solution



of 29

is(6-formylpyren-2-y1)-2,9-dimethyldecane (2.75) (0.150 g, 0.240 mmol) in THF
(20 mL) was then added and the mixture was heated at 70 °C for a further 4 h. The
reaction mixture was then poured without significant cooling into chloroform (50 mL.)
‘The resulting mixture was concentrated under reduced pressure and adsorbed onto silica

gl in preparation for column chromatography.  Aqueous work-up for this reaction is not

recommended as layer separation can be quite problematic and the yields arc typically

Tower. The preadsorbed sample was subjected to column chromatography (20 3.5 cm,

15% dichloromethanc/hexanes) 1o yield a mixture of (E)- and (21,1
tetramethyl[8.2](7, pyrenophane (2.92) as a bright yellow solid (0.113 g, 0.192 mmol):

Ry= 032 (15% dichloromethanc/hexancs); LCMS (APCl-positive, m/z (rel. int)) 597

(13),596 (1), 595 ()", 100). To a tirred 0 °C mixture of (E)- and (2)-292 (0113 g,
0,192 mmol) and dichloromethyl methyl cther (0.055 g, 0.48 mmol) in dichloromethanc.
(15 mL) was added titanium(IV) chloride (1.0 M solution in dichloromethane, 0.48 mL.,

048 mmol). The cooling bath was removed and the reaction was stirred at room

temperature for 2 h. The reaction mixture was poured into ice water (50 mL), the layers
were separated and the aqueous layer was extracted with dichloromethane (2 x 15 mL).
‘The combined organic extracts were washed with brine (20 mL), dried over MgSOs,
illered and concentrated under reduced pressure. The resulting solid brown residue was

subjected to column chromatography (40 x 3 em; dichloromethane) to yield (2)-13.23-

diformyl-1,1,8,8-tetramethyl[$.2)(7,pyrenophane (2)-4.26) (0.088 g, 57%) as a bright

yellow solid: R,= 0.25 (di mp. 241-242 °C 'H NMR

(500 Mz, €DCLy) 8 10.73 (s, 2H), 9.2 (d, J=9.2 Hz, 2H), 836 (s, 2H), 8.06 (d, J-9.2



Hz, 2H), 7.98 (s, 2H), 7.82 (s, 2H), 7.70 (br s, 2H), 7.63 (5, 2H) 729 br s, 2H), 1.62-1.57
(m, 4H), 138 (s, 12H), 1.02-0.98 (m, 4H), 0.45-0.39 (m, 4H); 'C NMR (125.77 MHz,
CDCL) & 19337, 147.70, 13279, 13272, 13230, 13139, 13051, 13038, 120.92,
12074, 12721, 12514, 124.99, 12489, 12485, 12275, 122,15, 45.97, 3847, 30.56,
30,12, 2434 (only 22 of 23 signals observed); LCMS (APCl-positive), ms (rl.int) 653
(13), 652 (53), 651 (MI, 100), 637 (23); HRMS (I} calculated for CaHeeO: (M)

650.3185, found 6303182,

(E)-1323-Diformyl-1,1, thyl[8.2)(7, 2.92) lated

bright yellow solid (0.017 g, 11%): R,= 023 (dichloromethanc); m.p. 256 °C (dec.) 'H
NMR (500 MHz, CDCL) 8 10,61 (s, 2H), 9.12 (. J=9.1 Hz, 2H), 8.20 (br s, 2H), 8.01 (d,
J=9.1 Hz, 2H), 7.93-7.85 (m, 6H), 7.7 (br d, 2H), 7.52 (br d, 2H), 1.99-1.94 (m, 1H),
169-163 (m, 1H), 1.57-1.53 (m, 2H), 1.44-1.41 (m, 12H), 1.04-0.99 (m, 1H), 0.74-
0.70 (m, 4H), 0.45-0.18 (m, 2H), -0.10 10 -0.16 (m, 1H); 'C NMR (125.77 MHz, CDCl;)
519296, 14756, 132.74, 13284, 132.43, 13136, 130,82, 13042, 129.90, 129.59,
127.26, 124.98, 12495, 124,88, 124.80, 123,04, 12227, 45,73, 38.63, 3051, 30.18, 24.58

(only 22 of 23 signals observed); LCMS (APCl-positive), m (rel. int) 653 (12), 652

(52), 651 (MH)', 100), 637 (22); HRMS (EI) calculated for CisHi:0; (M) 650.3185,

found 650.3180.
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Titanium(IV) chloride (0.148 g, 0.784 mmol) was added 10 a stirred 0 °C shurry of zinc

dust (0051 g, 078 mmol) and THF (20 mL). After the addition was complete, the
reaction was heated at reflux for 1 b, at which point a dark black color persisted. Pyridine
(0.1 mL) was added and the mixture was stirred at reflux for a further 10 min. A solution
of (2)13.23-diformyl-1,1,8 8-tctramethyl[8.2)(7, pyrenophanc (2)4.26) (0064 .
0,098 mmol) in THF (15 mL) was then added and the reaction was heated at 70 °C for a

further 4 h. The reaction mixture was then poured without significant cooling into

mL), (ed under reduced d

adsorbed onto silica gel in preparation for column chromatography.  Aqucous work-up

for this react mended as layer be quite p and the
yields arc typically lower. The preadsorbed sample was subjected column
chromatography (25 x 2 em, 1:5 dichloromethanchexancs) o yield 1,188
tetramethyl[8.2.2](7,1 3)pyrenophanc-19,31-diene (4.27) as a light green solid (0.025 g,
41%): Ry~ 0.48 (1:4 dichloromethane/hexanes); m.p. >300 °C (dec.) (CDCI,); 'H NMR
(500 Mz, CDCL) 8 8.12 (5, 4H), 8.06 (5, 2H) 7.64 (4, J=0.0 Hz, 41), 7.57 (s, 4H), 7.48

(&, J-9.0 Hz, 4H), 1.51-1.48 (m, 4H) 1.34 (5, 12H), 1.01-097 (m, 4H), 027-0.21 (m,



m

"5C NMR (125.77 MHz, CDCl,) 8 145.69, 137.86, 137.53, 13036, 129.13, 128.56,
126,59, 123.83, 123.01, 122,65, 122.53, 46.96, 38.16, 30.99, 20.83, 24.80; LCMS (APCI-
positive,, miz (re. int)) 621 (13), 620 (53), 619 (MH)', 100), HRMS (EI) calculated for

Cablez (M) 618.3287, found 618.3290.

(2)-1,188.13.23-Hexamethyl[8 2)(7,pyrenophanc (4.28) was isolatcd as a colorless oil
(7 mg, 12%): R = 0.50 (1:4 dichloromethane/hexanes); 'H NMR (500 MHz, CDCly) &
808 (d, J-9.1 Hz, 2H), 7.88 (4, J-9.1 Hz, 2H), 7.86 (s, 2H), 7.80 (s, 2H), 7.64 (s, 2H),
7.54 (br d, 2H), 7.47 (s, 2H), 6.97 (br d, 2H), 2.94 (s, 6H), 1.56-1.53 (m, 4H) 135 (s,
12H), 0.98-0.95 (m, 4H), 0.39-0.36 (m, 4H); LCMS (APCl-positive, m (rel. int)) 625
(1),624 (52), 623 ((MH)', 100); HRMS (EN) calculated for CasHs (M)’ 622.3600, found

6223598,

2,10-Dimethyl-2,10-undecancdiol (4.30)

Tl S
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A solution of dimethyl azelate (4.29) (108 g, 49.9 mmol) in anhydrous THF (100 mL)
was added dropwise over a period of 30 min 10 a stimed 0 °C solution of
‘methylmagnesium bromide (3.0 M, 7 mL, 230 mmol). After the addition was complete,
the reaction mixture was heated at reflux for 16 h. The reaction mixture was cooled to
room temperature and quenched by the addition of a saturated solution of ammonium
chloride (100 mL). The layers were separated and the aqueous layer was extracted with

cther (3 % 50 mL). The combined organic layers were dried over MgSOs and



concentrated under reduced pressure 1o yield a white solid, which was recrystallized from
heptanc to give 2,10-dimethyl-2,10-undccancdiol (4.30) (9.05 g, 84%) as a whitc powder.
m.p. 64-66 °C; "H NMR (500 MHz, CDCL,): 8 1.52 (br s, 2H), 1.48-1.45 (m, 4H), 138~
132 (m, 10H), 121 (s, 12H); "C NMR (125.77 MHz, CDCly): 8 71.21, 4417, 3032,
29.80,29.41, 24.52; IR (cm”, neat): 3366, 2964, 2930, 2860, 1472, 1362; LCMS (APCI
negative) mz 216 (25) 215 (M-H)': HRMS (CT) calculated for (MH)* CisHnOs

2172168, found 217.2160.

2,10-Dichloro-2,10-dimethylundecane (4.31)

5 JUUN SRS SO §

A mixture of 2,10-dimethyl-2,10-undecancdiol (430) (175 g 8.10 mmol) and
concentrated aqueous HCI solution (40 mL) was stired at room temperature for 2 h. The
reaction mixture was poured into a large excess of ice water (100 mL) and extracted with
dichloromethane (3 x 30 mL). The combined organic extracts were washed with &
saturated solution of sodium bicarbonate (2 50 mL), washed with brine (50 mL), dried

over MgSO, fltered and concentrated under reduced pressure 1o give 2,10-dichloro-2,10-

imethylundecane (431) (188 g, 92%) as a light yellow oil, which was used
subsequently without purification. 'H NMR (500 MHz, CDCh): 8 1.79-1.75 (m, 4H),
1.58 (s, 12H), 1.48-1.44 (m, 4H), 1.31-1.25 (m, 6H); "'C NMR (125.77 MHz, CDCly): §
7142, 4632, 32.45, 2990, 2974, 25.01; LCMS (APCl-positive, m (rel. int)) 253

(MH)'; no HRMS data could be obtained for this compound.
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2,10-Bis(2-pyrenyl)-2,10-dimethylundecnanc (4.32)
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Aluminum chloride (1.78 g, 13.4 mmol) was added 10 a stirred 0 °C solution of pyrene

(28) (673 g, 33.3 mmol) and 2,10-dichloro-2,10-dimethylundecanc (4.31) (1.68 g, 6.67

( ) i was allowed to warm o room

for4h. red water (300 mL) and the
Iayers were separated. The aqucous layer was extracted with dichloromethane (2 x 100
‘mL) and the combined organic extracts were washed with a saturated solution of sodium
bicarbonate (50 mL), washed with brine (50 mL), dricd over MgSOs, filtered and
concentrated under reduced pressure. The orange oily residuc was subjected to column
chromatography (25 % 6.5 cm; 1:9. dichloromethanc/hexancs) to. yield 2,10-bis(2-
pyreny))-2,10-dimethylundecane (432) as an orange oil (1.67 g, 43%): Ry = 028 (19
dichloromethane/hexanes); 'H NMR (500 MHz, CDCLy) 3 8.09-8.05 (m, 8H), 7.98-7.95
(m, $H), 7.91-7.87 (m 2H) 1.74-1.71 (m, 4H), 1.47 (s, 12H), 1.08-1.02 (m, 6H) 1.01-
0.93 (m, 4H); "C NMR (125.77 MHz, CDCL) § 147.88, 131.14, 131.08, 127.80, 127.34,
12564, 12488, 12481, 12305, 122.97, 45.31, 38.40, 30.45, 20,72, 29.51, 24.91; LCMS.
(APClLpositive, mz (rel. int)) 587 (13), 586 (49), S85 ((MH)', 100), 385 (7), 384 (18),

383 (M-C, 0, 42); HRMS (EI) calculated for CasHag (M)” 584.3443, found 584.3441.



276

Titanium(IV) chloride (0.67 g, 3.53 mmol) was added to a stirred 0 °C solution of 2,10-
bis(2-pyreny)-2,10-dimethylundecnane (4.32) (0.82 g, 1.40 mmol) and dichloromethyl
‘methyl cther (0.40 g, 3.48 mmol) in dichloromethanc (30 mL). The cooling bath was
removed and the resulting mixture was stirred at room temperature for 2 h. The reaction
mixture was poured into ice water (100 mL) and the layers were scparated. The aqueous

layer was extracted with %30 mL) and extracts.

were washed with washed with a saturated solution of sodium bicarbonate (40 mL),
washed with brine (40 mL), dried over MgSOy, filtered and concentrated under reduced

pressure. The solid brown residue was subjected 1o column chromatography (20 x 3.5

m; to yield 2, i -2,

(4.33) as a light brown oil (0.77 g, 88%): R, = 026 (dichloromethanc); 'H NMR (500
MHz, CDCL) 8 1073 (5, 2H), 932 (d, J=9.2 Hz, 2H), 838 (4, J=7.9 Hz, 2H), 822 (@,
J=92 Hz, 2H), 8.20-8.14 (m, 6H) 8.10 (&, J-8.9 Hz, 2H), 8.00 (d, J-8.9 Hz, 2H), 175~
1.72 (m, 4H), 149 (s, 12H), 1.08-1.04 (m, 6H) 0.98-0.93 (m, 4H); "C NMR (125.77
MHz, CDCIy) 8 193.52, 14894, 13575, 13222, 13154, 131.51, 13133, 131.25, 13115,

130,63, 127,67, 127.36, 12533, 12496, 124.70, 12326, 122,63, 45.36, 38.69, 3041,



29.84,29.61 25.12; LOMS (APCI-positive) m/z (rel int.) 643 (14), 642 (54), 641 (MH)',

100,613 (16); HRMS (EN) calculated for CyrHuO; (M)” 640.3341, found 6403335,

1.161, 20 g
5
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Titanium(1V) chloride (0.149 g, 0.794 mmol) was added 1o a stirred 0 °C shurry of zinc

dust (0.125 g, 1.92 mmol) and THF (12 mL). After the addi

n was complete, the
reaction was heated at reflux for 1 b, at which point a dark black color persisted. Pyridine
(015 mL) was added and the mixture was stimred at reflux for a further 10 min. A
solution of 2,10-bis(6-formylpyren-2-y1)-2,10-dimethylundecanc (4.33) (0.062 g, 0.097
‘mmol) in THF (12 mL) was then added and the mixture was heated at 70 °C for a further
4h. The reaction mixture was then poured without significant cooling into chloroform
(25 mL). The resulting mixture was concentrated under reduced pressure and adsorbed
onto silica gel in preparation for column chromatography. Aqueous work-up for this
reaction is not recommended as layer separation can be quite problematic and the yields
are typically lower. The preadsorbed sample was subjected to column chromatography
(20 % 3.5 em; 15% dichloromethane/hexanes) to yield a mixture of (E)- and (2)-1,199-
tetramethyl[9.2)(7,)pyrenophane as a bright yellow solid (0.023 g, 0.038 mmol): R =
0.34 (15% dichloromethanc/hexanes); LCMS (APCl-positive, miz (rel. int)) 611 (14),

610 (53), 609 (MH)', 100). To a stied 0 °C mixture of (E)- and (2)- 11,99



tetramethyl[9.2)(7, 1 )pyrenophane (0.023 g, 0.038 mmol) and dichloromethyl methyl

ether (7.1 mg, 0.062 mmol) in dichloromethane (4 mL) was added titanium(IV) chloride
(10 M solution in dichloromethane, 0.07 mL, 0.07 mmol). The cooling bath was
removed and the reaction was stired at room temperature for 2 h. The reaction mixture
was poured into ice water (10 mL), the layers were separated and the aqueous layer was

extracted 2% 3 ml), ed organic extracts were washed

with brine (5 miL), dried over MgSO, filtered and concentrated under reduced pressure.
The resulting solid brown residue was subjected to column chromatography (35 x 2 cm,
dichloromethane) o yield (£)-14,24-Diformyl-1,1.9.9-tetramethyl[9.2)(7, pyrenophane:
(434) s a bright yellow solid (0.014 g, 23%): R, 0.23 (dichloromethanc); m.p. 289 °C
(dec.) (dichloromethanc); 'H NMR (500 MHz, CDC1y) 8 10.56 (s, 2H), 9.14 (d, /9.2 Hz,

2H), 831 (4, J-9.1 Hz, 2H), 8.22 (s, 2H), 8.06 (, J-9.3 Hz, 2H), 8.04 (d, J=1.6 Hz, 2H),

7.98 (d, J=1.6 Hz, 2H), 7.90 (br s, 2H), 7.52 (s, 2H), 787 (d, J-9.2 Hz, 2H), 1.62-1.58
(m, 4H), 1.48 (s, 12H), 0.86-0.80 (m, 4H), 0.67-0.62 (m, 2H), 0.57-0.52 (m, 4H); "'C
NMR (12577 MHz, CDCh) 3 192.99, 147.97, 133,85, 13292, 132,63, 132.12, 13087,
13036, 13032, 13007, 12655, 125,13, 12484, 122,76, 122,39, 45.39, 3866, 30.34,
20,90, 29.53, 25.42 (only 21 of 24 signals observed); LCMS (APCl-positive), m (rel
int) 667 (13), 66 (53) 665, (MH)", 100); HRMS (EI) calculated for CusHuuO; (M)*

6643341, found 664.3344.
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Sodium borohydride (0.124 g, 3.28 mmol) was added 10 a stirred 0 °C solution of 2,10-

" 1 33) (0610 g, 0.952 mmol)in THE (30
mL). The resuling shurry was allowed o slowly warm 10 room temperature over a 12 h
period. THF was evaporated under reduced pressure and the solid residuc was taken up
into dichloromethane (30 mL). This solution was cooled 0 0 °C and 1 M HCI was added
until the solution was at acidic pH. The layers were separated and the aqueous layer
extracted with dichloromethane (2 X 30 mL). The combined organic extracts were
washed with a saturated solution of sodium bicarbonate (30 mL), washed with brine (30
mL), dried over MgSO; and concentrated under reduced pressurc 1o yield 2,10-bis(6-
(hydroxymethylpyren-2-y1)-2,10-dimethylundecane (435) as a clear straw-colored oil
(0581 g, 94%). Purification of this compound was not necessary and the crude material
was used in subsequent experiments: Ry~ 0.13 (1:9 FIOAC/dichloromethanc); 'H NMR
(500 MHz, CDC1) 8 8.32 (d, J-9.2 Hz, 2H), 821-8.17 (m, 6H), 8.08 (d, J=7.8 Hz, 2H),
804 (&, J-8.9 Hz, 2H) 801-7.98 (m, 4H), 524 (s, 4H) 1.93 (br 5, 2H), 1.79-1.75 (m,
4H), 152 (s, 12H), 113-1.07 (m, 6H), 1.02-097 (m, 4H); C NMR (125.77 MHz,
CDCly) 8 14806, 13377, 13131, 131.22, 13075, 12880, 12834, 127,91, 12735,

125,87, 125,10, 124,67, 12339, 12328, 123,15, 122,98, 64.05, 4526, 3861, 3035,
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29.68, 29.42, 25.41; LCMS (APCl-positive, m/z (rel. int)) 629 (12), 628 (51), 627 (100,

(M-OH)'); HRMS (EI) caleulated for CorHsO2 (M)” 644.3654, found 6443643,

2,10-Bi Py . 10-di 36)

Phosphorus tribromide (0.160 g, 0.591 mmol) was added to a stimed 0 °C solution of

1 U i 435) (0510 g 0.791

mmol) in_dichloromethane (20 mL). The reaction was allowed to warm to room
temperature and afier 1 b, water (20 mL) was added. The layers were separated and the
aqueous layer was extracted with dichloromethane (2 x 30 mL). The combined organic

extracts were washed with water (50 mL), washed with brine (50 mL), dried over MgSOs,

filiered and concentrated pressure (0 yield 2,10-b
21)-2,10-dimethylundecanc (4.36) as a light yellow solid (0.542 g, 89%). Purification

0f 436 was not necessary and the crude material was used in subsequent experiments: Ry

-0205% mp. 182-183 °C 'H NMR

(500 MHz, CDCLy) & 836 (d, J=9.3 Hz, 2H), 822-8.16 (m, 6H), 8.10-8.04 (m, 41,

8.02-7.98 (m, 4H), 531 (s, 4H), 1.77-1.74 (m, 4H), 151 (s, 12H), 114111 (m, 6H),
1.03-0.99 (m, 4H); C NMR (125.77 MHz, CDCL) § 148.37, 132.00, 131.19, 13075,

130,54, 12979, 128.67, 128.48, 127.53, 12730, 125.26, 124,80, 123.70, 123,67, 123.02,



122,84, 45.91, 38.88, 32.45, 30,40, 29.88, 25.01 (only 22 of 23 signals observed); LCMS

(APCI-positive, m/z (rel int)) 693 (12), 692 (44), 691 (100, (*'BrM-Br), 690 (46), 689

(92, ("BrM-Br)"); HRMS (EI) calculated for CasHugBr (M)” 768.1966, found 768.1961.

1199 Tetramethyl[9.2](7,pyrenophanc (437)

I3

.
R

S ™ a
A solution of n-butyllithium (0.50 M, 0.61 mL, 0.31 mmol) in hexanes was added to a

stirred 15 °C solution of 2, 1):2,

(436) (0420 g, 0.548 mmol) in THF (30 mL). After 10 min, water (25 mL) was added to
the reaction mixture. THF was cvaporated under reduced pressure and the resulting
aqueous solution was extracted with dichloromethane (3 x 25 mL). The combined
organic extracts were washed with a solution of 1 M HCI (30 mL), washed with a
saturated solution of sodium bicarbonate (30 mL), washed with brine (30 mL), dricd over
MgSO,, filtered and concentrated under reduced pressure. The resulting residue was

preadsorped onto silica gel and purified by column chromatography (25 x 2.5 cm; 15%

o0 yield 1,19, hyI[9:2)(7, @3asa
clear, colorless oil (0.177 g, 53%): R;= 0.31 (15% dichloromethane/hexanes); 'H NMR
(500 MHz, CDCly) 8 8.14 (d, J=9.0 Hz, 2H), 8.08 (d, J<9.1 Hz, 2H), 8.00 (d, J-9.2 Hz,

2H), 7.97-7.92 (m, 4H), 7.69 (br s, 2H), 7.24 (br , 2H) 7.12 (d, J=9.0 Hz, 2H), 4.02 (s,



%2
4H) 1.71-167 (m, 4H), 150 (s, 12H), 1.01-0.96 (m, 6H), 0.78-0.73 (m, 4H); LCMS
(APCl-positive, mz (rel. int)) 613 (13), 612 (54), 611 (MH)" 100), 598 (11), 597 (22);

HRMS (EN) calculated for (M)” CasHae 610.3600, found 610.3600.

14, 1 20, (38)
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A solution of titanium(IV) chloride (1.0 M, 0.35 mL, 0.35 mmol) in dichloromethanc was.

“C solution of 1,1,9, hy1[9.2)1, 137) (0.085
£0.14 mml) and dichloromethyl methyl ether (0.040 g, 0.35 mmol) in dichloromethane
(1 mL). The resulting solution was stirred for 2 h while warming to room temperature.
The reaction was poured into ice water (50 mL) and the layers were scparated. The

aqueous laye 30 mL) and the combined

extracts were washed with a saturated solution of sodium bicarbonate (30 mL), washed
with brine (30 mL), dried over MgSOs, filtered and concentrated under reduced pressure.
The yellow residuc was subjected o column chromatography (25 x 2.5 cm;
dichloromethane) to yield  14.24-diformyl-1,1.9.9-tetramethyl(9.2](7, pyrenophane

(4.38) as a bright yellow il (0.075 g, 81 %): R,= 0.24 (dichloromethanc); 'H NMR (500

MHz, CDCLy) 8 1083 (s, 2H), 924 (d, J=9.2 Hz, 2H), 8.43 (s, 2H), 8.11 (d, J-9.2 Hz,

2H), 8.00 (s, 2H) 769 (s, 2H), .14 (br 5, 4H), 3.99 (s, 4H), 1.58-1.55 (m, 4H), 1.40 (s,
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12H), 0.87-0.84 (m, 6H), 0.66-0.63 (m, 4H); 'C NMR (125.77 MHz, CDCl,) § 193.16,
147,69, 13533, 134.16, 13276, 13042, 130.24, 129,95, 129.79, 129.72, 127.17, 12484,
12473, 124,51, 12261, 122,45, 122.20, 4543, 3838, 35.29, 29.91, 29.83, 29.57, 24.90;
LCMS (APCLpositive, miz (re. int)) 669 (14), 668 (55), 667 (M), 100); HRMS (EI)

calculated for

oHus0z (M) 666.3498, found 6663494,

-
Titanium(1V) chloride (0.103 g, 0.544 mmol) was added 10 a 0 °C slumy of zinc dust

(0.142 g, 1.09 mmol) in THF (15 mL). After the addition was complete, the reaction was

for 1 h, at whi a dark black colorp  indicative of the low-
valent titanium specics desired. Pyridine (0.15 mL) was added to the mixture and stiring

at reflox was continued for 10 min A solution of 1424-diformyl-1,19.9-

tetramethyl[9.2](7.)pyrenophanc (4.38) (0.069 g, 0.10 mmol) in THF (10 mL) was then
added. The mixture was heated at 70 °C for 4 b, after which it was pourcd, without
significant cooling into chloroform (40 mL). The resulting solution was concentrated
under reduced pressure and adsorbed onto. silica gel in preparation for  column
chromatography.  Aqueous work-up for this reaction is not recommended as layer

scparation can be quite difficult and the yields arc lower. The preadsorbed sample was



subjected to column (30 2 cm 115 di o give

1,1.99-tetramethyl[9.2.2)(7,1,3)pyrenophanc-20-monoene (440 as a light green ol
(0.033 g, 51%): Ry= 0.45 (1:4 dichloromethane/hexanes); 'H NMR (500 MHz, CDCly) §
812 (s, 2H), 7.84 (4, J-9.2 Hz, 2H), 7.81 (5, 2H), 7.68 (d, /9.0 Hz, 2H), 7.62 (br s, 2H),
7,61 (brs, 2H), 7.5 (d, J=9.2 Hz, 2H), 7.50 (d, J=9.0 Hz, 2H), 4.31-4.24 (m, 2H), 380~
373 (m, 2H), 1.53-1.50 (m, 4H) 1.32 (s, 6H), 1.31 (s, 6H), 0.88-0.83 (m, 6H), 0.63-0.58
(m, 4H); "'C NMR (12577 Mz, CDCL) § 146,05, 13738, 135.73, 130.18, 130.16,
129.38, 12932, 12824, 127.81, 12647, 12600, 123,74, 123.59, 12265, 12230, 122,16,
122,13, 45.92, 38.14, 30,64, 30.15, 29.36, 29.25, 28.67, 24.95; LCMS (APCl-positive,
mz (rel. int) 637 (15), 636 (54), 635 (MH)'", 100); HRMS (EI) caleulated for Cashle

(M)" 634.3600, found 634.3602.

1,19.9-Tetramethyl[9](2,11)teropyrenophane (4.41)

A solution of 1,1,9,9-tetramethyl[9.2.2](7,1 3)pyrenophanc-20-monoene (4.40) (0.025 g,

2,3dichl 4 A-benzoquinone (0.039 g, 0.17 mmol) in -
xylene (6 mL) was heated at 145 °C for 36 h. The hot solvent was evaporated under a
stream of nitrogen gas. The residuc was taken up into dichloromethane and preadsorbed

onto silica gel in preparation for column chromatography. The preadsorped sample was
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i (30 2.0 em; 1:4 ¥
1,1,9,9-tetramethyl[9)(2, 1 teropyrenophane (4.41) as an orange solid (0.023 g, 95 %),
which exhibits yellow fluorescence at 365 nm. R 043 (1:4 dichloromethanc/hexancs);

mp. >300 °C (dec.) (CHCL); 'H NMR (500 Mz,

"DCly) 8877 (s, 4H), 8.52 (d, /9.5

I

4H), 780 4,

/9.5 Hz, 4H) 7.50 (s, 4H), 1.37 (s, 12H), 0.81-0.78 (m, 4H), -0.51 to -

0.5 (m, 4H), -0.99 10 -1.03 (m, 6H); (APCl-positive, m/= (rel. int) 633 (16), 632 (54)

631 (MH)', 100); HRMS (ED) calculated for CyoHax (M)” 630.3287, found 630.3282.

2,8-Dimethyl-2,8-nonanediol (4.43)

K
TeonG e

w ey w

MOG oM NoMOBTHE

A solution of dimethyl pimelate (4.42) (10.7 g, 56.7 mmol) in anhydrous THF (100 mL)
was added dropwise over a period of 30 min 1o a stired 0 °C solution of

methylmagnesium bromide (3.0 M, 85 mL, 026 mol).” Afer the addition was complete,

the reaction mixture was heated at reflux for 12 h. The reaction mixture was cooled (o
room temperature and quenched by the addition of a saturated solution of ammonium
chloride (100 mL). The layers were separated and the aqucous layer was extracted with
ether (2 x 50 mL). The combined organic layers were dried over MgSOx and
concentrated under reduced pressure (0 yield a white solid, which was recrystallized from
heptane to give 2,8-dimethyl-2,8-nonanediol (4.43) (8.76 g, 82%) as a white powder.
mp. 7172 °C; 'H NMR (500 MHz, CDCL): 8 1.72 (br s, 2H), 1.48-1.45 (m, 4H), 1.39-

131 (m, 6H), 121 (5, 12H); "'C NMR (125.77 MHz, CDCL): 8 71.12, 4401, 30.79,
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29.30, 24.41; LCMS (APCI negative) m/z 187 (M-H)"; HRMS (C1) calculated for (MH)”

CiH40; 189,185, found 189.1849.

2,8-Dichloro-28-dimethylnonane (4.44)

w

S

A mixture of 2,8-dimethyl-2,8-nonancdiol (4.43) (342 g, 18.2 mmol) and concentrated

aqueous HCI solution (50 mL) was stirred at room temperature for 2 h. The reaction

mixture was poured into a large excess of ice water (200 mL) and extracted
dichloromethane (3 % 40 mL). The combined organic extracts were washed with a
saturated solution of sodium bicarbonate (2 x 50 mL), washed with brine (50 mL), dried
over MgSO,, filtered and concentrated under reduced pressure 1o give 2,8-dichloro-2,8-
dimethylnonane (4.44) (3.80 g, 93%) as a light yellow oil, which was used subsequently
without purification. 'H NMR (500 MHz, CDCL): § 1.78-1.75 (m, 4H), 1.59 (s, 12H),
1.53-1.49 (m, 4H), 1.36-1.33 (m, 2H); "’C NMR (125.77 MHz, CDCL): § 71.30, 46.20,
32.61,29.96, 25.21; LCMS (APC-positive, m'z (rel int)) 225 (MH)'; no HRMS data

could be obtained for this compound.
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2,8-Bis(2-pyrenyl)-28-dimethylnonane (4.45)

Aluminum chloride (1.64 g, 12.3 mmol) was added 1o a stirred 0 °C solution of pyrene

(28) (621 g 30.7 mmol) and 2,8-dichloro-2,

imethylnonane (4.44) (138 g, 6,14
‘mmol) in dichloromethane (100 mL). The resulting slurry was allowed to warm to room
temperature and strred for 4 h. The reaction was poured into ice water (200 mL) and the
layers were separated. The aqueous layer was extracted with dichloromethane (2 x 100
mL) and the combined organic extracts were washed with a saturated solution of sodium
bicarbonate (50 mL), washed with brine (50 mL), dried over MgSO,, filtered and

concentrated under reduced pressure. The yellow residue was subjected 1o column

(25 %65 em; 1:9 10 yield 2,8-bis 0

28-dimethylnonane (4.45) as a white solid (140 g 41%) R = 026 (19

mp. 207-209 °C "H NMR (500 MHz,
€DCly) 8 8.19 (d, J-7.5 Hz, 4H), 8.16 (s, 4H), 8.08-8.00 (m, 10H), 1.79-1.76 (m, 4H),
151 (s, 12H), 1.19-1.15 (m, 2H) 1.07-1.02 (m, 4H); "°C NMR (125.77 MHz, CDCl) §
148.00, 13141, 131,32, 128.04, 127,56, 125,82, 125.08, 124.99, 123,25, 123.18, 45,54,
38.54, 31,35, 29,89, 25.21; LCMS (APCI-positive, m/z (rel. int)) 559 (12), 558 (47), 557

((MHY', 100); HRMS (E) calculated for ()" CaaHag 5563130, found 556.3128.



Titanium(IV) ehloride (0.453 g, 2.39 mmol) was added 10 a stirred 0 °C solution of 2.8-
bis(2-pyrenyl)-2,8-dimethylnonane (445) (0.531 g, 0.953 mmol) and dichloromethyl
methyl ether (0274 g, 2.39 mmol) in dichloromethanc (25 mL). The cooling bath was
removed and the resulting mixture was strred at room temperature for 2 h. The reaction
‘mixture was poured into ice water (100 mL) and the layers were scparated.  The aqucous
layer was extracted with dichloromethane (2 x 30 mL) and the combined organic extracts
were washed with a saturated solution of sodium bicarbonate (40 mL), washed with brine
(40 mL), dried over MgSOx, filtered and concentrated under reduced prossure. The solid

‘brown residue was subjected (30 % 3 cm;, 0

yield 2,8-bis(6-formylpyren-2-y1)-2,8-dimethylnonanc (4.46) as a bright yllow solid

(0488 g, 84%): R, = 026 mp. 165-168 °C W

NMR (500 MHz, CDCL) 8 1062 (s, 2H), 927 (d, J-9.2 Hz, 2H), 8.16 (d, J-7.9 Hz, 2H),
$13-8.10 (m, 4H), 8.08 (d, J=9.2 Hz, 2H), 801 (&, J-8.9 Hz, 2H), 7.97 (4, J-89 Hz,
2H), 7.85 (&, J=7.8 Hz, 2H) 1.77-1.74 (m, 4H), 1.49 (s, 12H), 1.14-111 (m, 2H) 0.9
097 (m, 4H); "C NMR (125.77 MHz, CDCl) 8 193.34, 148,82, 135.77, 13228, 13149,
131,45, 13130, 131,19, 13111, 130,66, 12760, 127.32, 12529, 12485, 124,62, 123.14,

122,62, 45.41, 38.72, 30,37, 29.80, 25.10; LCMS (APCI-positive) mz (rel. int) 615 (1),



614 (49), 613(MH)', 100); HRMS (EI) caleulated for CisHgOs (M)’ 6123028, found

6123020,

28-Bis 241)2, 4

Sodium borohydride (0.082 g, 2.20 mmol) was added to a stired 0 °C solution of 28~
bis(6-formylpyren-2-y1)-2,8-dimethylnonane (4.46) (0.385 g, 0.627 mmol) in THF (20
mL). The resulting slurry was allowed to slowly warm o room temperature over a 16 h
period. THF was evaporated under reduced pressure and the solid residue was taken up
into dichloromethane (30 mL). This solution was cooled t0 0 °C and 1 M HCI was added
until the solution was at acidic pH. The layers were separated and the aqueous layer was
extracted with dichloromethane (2 x 20 mL). The combined organic extracts were
washed with a saturated solution of sodium bicarbonate (30 mL), washed with brine (30
mL), dried over MgSO; and concentrated under reduced pressure 1o yield 2,8-bis(6-
(hydroxymethyl)pyren-2-y1)-2,8-dimethylnonane (448) as a light yellow oil (0.359 g,
93%). Purification of this compound was not necessary and the crude material was used
in subsequent experiments: R/~ 0.18 (1:9 EtOAc/dichloromethane); 'H NMR (500 MHz,

€DCly) 8823 (d, /9.2 Hz, 2H), 8.07 (s, 4H), 8.04 (d, J=7.7 Hz, 2H), 8.00 (&,

2Hz,

2H) 7.97-7.95 (m, 4H), 7.93 (d, J=7.7 Hz, 2H) 5.27 (5, 4H) 1.99 (br s, 2H), 1.76-1.73 (m,



4H), 146 (s, 12H), 1.00-0.97 (m, 2H), 091-087 (m, 4H); "C NMR (125.77 MHz,
CDCL) & 14822, 133,98, 13150, 13142, 13096, 12899, 12853, 128.10, 127.56,
12607, 12530, 12487, 123.57, 12348, 12335, 123.18, 6425, 45.44, 3861, 3047,
20,51, 25.31; LCMS (APCl-positive, m (rel. int)) 597 (12), 596 (1), 595 (100, (M-

OHY'); HRMS (E) calculated for CusHaiOs (M)’ 616.3341, found 616.3334.

-
Phosphorus tribromide (0.090 g, 0.332 mmol) was added to a stirred 0 °C solution of 2.8-
bis(6-(hydroxymethylpyren-2-y1)-2,8-dimethylnonane (448) (0.273 g, 0.443 mmol) in
dichloromethane (15 mL). Afler 4 h, water (15 mL) was added. The layers were

separated and the aqueous layer was extracted with dichloromethanc (2 x 20 mL). The

combined organic extracts were washed with brine (30 mL), dried over MgSOs, filtered
and concentrated under reduced pressure 10 yield 2,8-bis(6-(bromomethyl)pyren-2-y1)-
2,8-dimethylnonanc (4.49) as a light yellow solid (0.292 g, 89%). Purification of 449
was not necessary and the crude material was used in subsequent experiments: Ry= 024

(15% di mp. 103-106 °C 'H NMR (500

Mz, CDCL) §8.34 (d, J=9.9 Hz, 2H), 8.16-8.11 (m, 6H), 8.03 (d, J=7.8 Hz, 2H), 8.00-

7.94 (m, 6H), 5.26 (s, 4H), 1.78-1.74 (m, 4H), 1.49 (s, 12H), 1.12-1.08 (m, 2H), 1.00-



0.96 (m, 4H); "C NMR (125.77 MHz, CDCL)  148.55, 133.22, 131.40, 130.96, 130.77,
129.32, 12888, 128.69, 127.76, 127.52, 125.49, 125.03, 123.91, 123.88, 12324, 123.07,
4545, 38.63, 32.73, 30.46, 29.87, 25.15; LCMS (APCl-positive, m/ (rel. int)) 667(12),
666 (53), 665 (98, (M-""Br)"), 664 (52) 663 (100, (M-"'Br)"); No HRMS data could be

obtained for this compound.

1,1,7.7-Tetramethyl[7.2](7,pyrenophanc (4.50)

A solution of r-butyllithium (0.50 M, 0.31 mL, 0.16 mmol) in hexanes was added to a
stirred ~15 °C solution of 2,8-bis(6-(bromomethyl)pyren-2-y1)-2,8-dimethylnonane (4.49)
(0.179 g, 0241 mmol) in THF (20 mL). After 10 min, water (20 mL) was added to the
reaction mixture. THF was evaporated under reduced pressure and the resulting aqucous
solution was extracted with dichloromethane (3 x 30 mL). The combined organic
extracts were washed with a saturated solution of sodium bicarbonate (30 mL), washed
with brine (30 mL), dried over MgSOs, filtered and concentrated under reduced pressure.
“The residue was preadsorped onto silica gel and purified by column chromatography (30

x2cm; yield 1,17, 7-tetramethyl[7.2)(7.1) h

(4:50) as a clear, colorless oil (0.080 g, 57%): Ry= 0.38 (15% dichloromethanc/hexanes);

"H NMR (500 MHz, CDCly) § 8.31-8.26 (m, 211), 8.16-8.03 (m, 6H), 8.00-7.95 (m, 2H),
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7.90-7.88 (m, 2H), 734 (s, 2H) 6.59-648 (m, 2H), 388 (s, 4H) 1.60-1.28 (m, 16H),
1.05-1.00 (m, 2H), 0.65-0.55 (m, 2H), 0.39-028 (m, 2H); "'C NMR (125.77 Mz,
CDCl,) 5 146.13, 130.93, 130.06, 130,00, 129.83, 12767, 127.13, 127.09, 125.27,

12510, 124.70, 123,02, 122,52, 122.28, 122.21, 46,01, 38.38, 36,82, 30.39, 29.51 25.71

(only 21 of 23 signals observed); LCMS (APC-positive, m/= (rel. int)) 585 (14), 584

(51), $83 (100, (MH)'); HRMS (ED calculated for Cus (M) 582.3287, found

5823280,
20,
e
CrxrTTee
A solution of titani 0M,028mL, 028

added to a stimed 0 °C solution of 1,1,7,7-tetramethyl{7.2](7, 1 )pyrenophanc (4.50) (0.064
0.1 mmol) and dichloromethyl methyl ether (0.032 g, 0.28 mmol) in dichloromethane
(12 mL). The reaction was stirred for 2 h while warming 10 room temperature. The
reaction was poured into ice water (30 mL), the layers were separated and the aqueous
layer was extracted with dichloromethan (2 10 mL). The combined organic extracts
were washed with brine (20 mL), dried over MgSOs, filtered and concentrated under
reduced pressure. The solid brown residue was subjected 10 column chromatography (25

x 2 cm  dichloromethane)  to  yield  1222-diformyl-1,1,7,7-
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tetramethyl(7.2)(7, )pyrenophane (4.51) as a bright yellow solid (0.052 g, 74 %): R, =

042 mp. 292 °C (dec) (di "H NMR (500 MHz,

€DCly, 810,93 (s, 2H), 9.35 (d, J=9.2 Hz, 2H), 8.53 (s, 2H), 8.15 (d, J=9.2 Hz, 2H), 7.96
(5, 2H) 737 (5, 2H), 6.60 (br s, 2H), 6.47 (br s, 2H), 3.92 (br s, 4H), 1.42-1.40 (m, 12H),
1.29-1.21 (m, 4H), 0.82-0.77 (m, 2H), 0.55-0.48 (m, 2H), 0.28-0.19 (m, 2H); ’C NMR
(125.77 MHz, CDCly 8 193.27, 147.20, 135,99, 134,82, 134.43, 13274, 130.59, 130.08,
120.85, 129.64, 12875, 127.44, 124.72, 124.42, 124.37, 122,46, 122.33, 121.80, 45.57,
38.46, 38.30, 30.18, 25.59; LCMS (APCl-positive, m/z (rel. int)) 641 (10), 640 (49), 639

(100, (MH)); HRMS (EI) calculated for C4sHa03 (M) 638.3185, found 6383181

7.7-Tetramethyl[7.2.2](7,1, 3)pyrenophanc-18-monoene (453) and 1,1.7.7,12.22-
hexamethyl[7.2](7,1)pyrenophane (4.52)

e
a8
g AR

Titanium(IV) chloride (0.174 g, 0.917 mmol) was added 10 a 0 °C slurry of zinc dust
(0.060 g, 0.92 mmol) and THF (10 mL). Afier the addition was complete, the reaction
was heated to reflux for 1 b, at which point a dark black color persisted, indicative of the

Tow-valent titanium speci

desired. Pyridine (0.1 mL) was added to the mixture and
stirring at reflux was continued for 10 min. A solution of aldchyde 4.51 (0.076 g, 0.12

‘mmol)in THF (10 mL) was then added. The resulting mixture was heated at 70 °C for 4



b, after which it was poured, without significant cooling, into chloroform (20 mL). The

1

preparation for column chromatography. Aqueous work-up for this reaction is not
recommended as layer separation can be quite difficult and the yields are lower. The

preadsorbed sample was subjected o column chromatography (25 x 2.5 cm; 15%

© yield 1,177 hyl[722)(71
‘monoene (4.53) (0.026 g, 36%): Ry 046 (1:4 dichloromethanchexanes); mp >300 °C
(dec) (CHCL,); 'H NMR (500 MHz, CDC1) 3 8.08 (s, 2H), 7.80 (d, J=9.2 Hz, 2H), 7.63
(&,-9.0 Hz, 2H), 7.62 (s, 2H), 7.53 (br s, 2H), 7.52 (br s, 2H), 7.48 (d, J=9.2 Hz, 2H),
7.42 (d, J-9.0 Hz, 2H) 429425 (m, 2H), 3.74-3.70 (m, 2H) 1.42-1.37 (m, 4H) 1.34 (s,
6H), 1.33 (s, 6H) 0.76-0.70 (m, 2H), 0.28-0.24 (m, 4H); 'C NMR (125.77 MHz, CDCl5)
5 145,64, 137,69, 136.14, 130,14, 130.04, 13001, 12828, 12804, 12629, 12576,
12399, 12364, 122,42, 12227, 12221, 122,02, 46.13, 3845, 31.02, 30,47, 28.77, 28.69,
2654 (only 23 of 24 signals observed); LCMS (APCI-positive, 'z (rel. int)) 609 (16),
608 (56), 607 ((MH)', 100); HRMS (EI) calculated for CooHay ()" 606.3287, found

6063277,

1,1,7.7,12,22-Hexamethyl[7.2)(7, 1 pyrenophane (4.52) was obtained as a colorless oil (2
mg, 2%) Ry~ 0.49 (1:4 dichloromethanehexancs); LCMS (APCI-positive, m (rel. int.))
613 (12), 612 (53), 611 (MH, 100), HRMS (EI) calculated for CarHis (M)" 610.3600,

found 610.3589.



11,77 Tetramethyl[7)(2,1 1 teropyrenophane (4.54)

I Dli”\\

e, 2n

A solution of 1,1,7,7-tetramethyl[7.2.2](713)pyrenophane- 8-monoene (4:53) (6.0 m,

0.010 mmol) and 2,3-dichi dicyano-1,4-benzoq) ©.1mg, ) inm-

xylene (3 mL) was heted at 145 °C for 24 h. The hot solvent was evaporated under a
stream of nitrogen gas. The residue was taken up into dichloromethane and preadsorbed

onto silica gel in preparation for column chromatography. The preadsorped sample was

subjected to col x20cm; 1:4
11,7, 7-tctramethyl[7)(2,1 1 eropyrenophane (4.54) as a 1:1 mixture with 453 (3.0 mg,
50% recovery).  An clution flow rate of greater than 4 in/min was used during

and had 1o be

chromatography.  This compound was prone to. decompos
chromatographed very quickly in order to be isolated. R = 047 (14
dichloromethane/hexanes); 'Hl NMR (500 MHz, CDC) & 8.46 (s, 4H), 8.26 (d, J-9.6 Hz,
AH), 7.62 (4, /9.6 Hz, 4H) 729 (5, 4H), 1.35 (5, 12H), 0.71-0.68 (m, 4H), -1.12 0 -L.1S
(m, 4H) (2H cannot be clearly indicated du to overlap with the starting material); LCMS
(ARCILpositive, m (rel. int)) 609 (16), 608 (51), 607 (M) for 4.53, 100}, 605 (14),

604 (43), 603 (82, (MH)', for 4.54); HRMS

calculated for CopHly (M)° 602.2974,

found 602.2974.
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Aluminium chloride (0.033 g, 025 mmol) was added o a stirred 0 °C solution of 1-(3-
acetyl-T-tert-butylpyren-1-yl)cthanone (3.89) (0.427 g, 1.24 mmol) and bromine (0.368 g,
230 mmol) in 1:1 dichloromethane/diethyl ether (30 mL). The cooling bath was
removed and the reaction was stired at room temperature for 12 h.  The reaction was
poured into water (100 mL), the layers were separated and the aqueous layer was
extracted with dichloromethane (2 x 25 mL). The combined organic extracts were
washed with a saturated solution of sodium bicarbonate (50 mL), washed with brin (50
mL), dried over MgSO, filtered and concentrated under reduced pressure. The light
brown residue was subjected to column chromatography (35 x 3.5 m; dichloromethanc)

o yield 1-(3-acetyl-T-tert-butylpyren-1-y1)-2-bromocthanone (4.60) as a bright yellow

solid (0258 g, 47%): R/ 039 mp. 108 °C (dec.
"H NMR (500 MHz, CDCly) & 8.96 (d, J=9.3 Hz, 1H), 8.87 (d, J=0.3 Hz, 1H), 8.68 (s,
1H), 8.36 (s, 2H), 8.28-8.25 (m, 2H), 4.73 (5, 2H), 2.93 (5, 3H), 1.57 (5, 9H); ""C NMR
(12577 MHz, CDCly) 8 201,34, 194.42, 15065, 132,86, 132.70, 132,50, 132,47, 13081,
130,45, 13042, 12795, 127,32, 125.55, 12542, 12540, 12455, 12421, 122,14, 3551,

33.99, 3201, 30.63; LCMS (APCl-pasitive, m/z (rel. int)) 424 (25), 423 (("BrMH)
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100, 422 27), 421 ("BrMHY', 98); HRMS (E) caleulated for CaHy "BrO: (M)"

4200725, found 420.0721

y 22
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Aluminium chloride (0.045 g, 0.34 mmol) was added 10 a stirred 0 °C solution of 1-(3-

I 89) (0,580 g, 1.69 mmol ine (0.596 g,
3.73 mmol) in chloroform (25 mL). The cooling bath was removed and the reaction was
heated 10 50 °C for 6 h. The reaction was poured into water (100 mL), the layers were
separated and the aqueous layer was extracted with dichloromethane (2 x 20 mL). The
combined organic extracts were washed with a saturated solution of sodium bicarbonate
(50 mL), washed with brinc (50 mL), dried over MgSOs, filtred and concentrated under
reduced pressure. The light brown residue was subjccted to column chromatography (45

3.5 cm; dichloromethanc) to yield 2-bromo-1-[3-(2-bromoacetyl)-T-ert-butylpyre
lethanone (4.61) as a bright yellow solid (0.574 g, 68%): R, = 0.56 (dichloromethanc);
mp. 182-183 °C (dichloromethanc); 'H NMR (500 MHz, CDCL) § 881 (d, J=9.3 Hz,
2H), 8.68 (s, 1H), 8.3 (s, 2H), 8.20 (d, J=9.3 Hz, 2H), 4.73 (s, 4H), 1.59 (s, 9H); ’C

NMR (125,77 MHz, CDCL,) 8 194.10, 15083, 13339, 133,19, 13028, 12812, 12693,



12581, 12542, 124.11, 121,80, 35.34, 33.88, 32.02; LCMS (APCl-positive, m/= (rel.

int.)) 503 (12), 502 (1), 501 (21), 500 (100), 499 (1), 498 (("Br:MH)', $1); HRMS (ET)

calculated for CaqHzo " Br:0z (M) 497.9830, found 497.9823,

2,2-Dibromo-1-[3-(2-bromoacetyl)-T-tert-butylpyren-1-yl}-cthanone. (4.64) was isolated
as a bright yellow solid (0.166 g, 17%); R, = 0.79 (dichloromethane); m.p. 144-146 °C
(dichloromethane); 'H NMR (500 MHz, CDCL) 8 8.87 (d, J<9.3 Hz, 1H), $.82 (5, 1H),
860 (d, J-9.3 Hz, TH), 836 (5, 2H), 826-8.24 (m, 2H), 693 (s, 1H), 474 (5, 2H), 1.59
(5, 9H); 'C NMR (125.77 MHz, CDCly) & 193.96, 188.59, 151.00, 13382, 13361,

133.42, 13337, 130,28, 127.40, 12672, 126,03, 125,98, 125.40, 12461, 12420, 12383,

12171, 4239, 3557, 33,88, 32.02 (only 21 of 22 signals observed); LCMS (APCI-
positive, miz (rel. int)) 582 (36), 580 (100), 578 (98), 576 (("BrMH)', 34); HRMS (ED)

caleulated for CuHiy"BriO; (M)” 5758935, found 5758932

sulfanylethanone (4.62)

~ot L, J@“?
"‘

-
A solution of sodium sulfide nonahydrate (0,068 g, 0.27 mmol) in distilled water (2 mL)

was added to a stirred room 1

bromocthanone (4.60) (0.191 g, 0.454 mmol) in acetone (15 mL). Afier 1, the reaction
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mixture was poured into water (30 mL) and extracted with dichloromethane (3 15 mL),
The combined organic extracts were washed with brine (30 mL), dried over MgSOs,

filtered and concentrated under reduced pressure 1o give 1-(3-acetyl-7-tert-butylpyren-

W2 l 1 (462) as a bright

orange oil 0126 g, 77%): Ry~ 0.17 (1:19 EXOAc/dichloromethane); 'H NMR (500 Mz,
CDCly) 8 8.79-8.75 (m, 4H), 8.71 (5, 2H), 826 (5, 2H), 824 (5, 2H), 8.12 (d, /9.3 Hz,
2H), 8.04 (d, J=9.3 Hz, 2H), 4.28 (s, 4H), 288 (5, 6H), 161 (5, 18H); "'C NMR (125.77
MHz, CDCly) § 20129, 197.76, 150.36, 132.42, 132.34, 132.15, 132,07, 130.36, 130.24,
12890, 128.08, 125,19, 125,14, 125,13, 124.40, 124.10, 121.99, 40.78, 35.47, 3204,
30.53 (only 21 of 22 signals observed); LCMS (APC-positive, mz (rel. int)) 717 (19),
716 (55), 715 (MH)', 100), 674(8), 673 (18); HRMS (CD) calculated for CasHaO:S

(MH)' 715.2882, found 715.2879.
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Appendix 3

Selected 'H and *C NMR Spectra for Chapter 4
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Appendix 4

Alternate Views of the Crystal Structure and Absorption
and Emission Spectra of Teropyrenophane 2.84, and
Miscellancous Physical Data



1 Interplane Angles in the Teropyrene System of 1,188
Tetramethyl[8](2,11)teropyrenophane (2.84)

€(17) C(18) C(19)
C(163) C(17) C(19) C(19a)

C(14a) C(14b) C(Zh] c@iv)
C(142) C21b) C(23d)

€(13) C(14) C(22) C23)

C(11b) C(23a) C(23¢)
C(11a) C(11b) C(233) C(23b)
C(113) C(23b) C(25¢)

C(11) C(12) C(24) C25)
C(108) C(25) C(25b)

C(10) C(10a) C25a) C(26)

€(9) €(10) C26)
Molecule A Molecule B
524 614
28 465
787 895
891 943
115 1164
1527 1595
17.55 1691
15.67 14.60
15.12 13.90
17.03 1682
1527 1464



1213 9.08 1019

1314 861 848
115 4 843
CEMISH) 469 645
176) 6803 6153
9591 9282

6975 035

5 () 16757 16,38
QutBi+py 17850 17897

to those
symmetry (ic. at 45°) in 2.5 or an (8,8) SWCNT.

by the 8-fold




2. Views of 1,188-Teramethyl[8](2,11)Teropyrenophanc (2.84) in the Crystal

FIGURE Al: ic unit
atoms have been omitted for clarity

FIGURE A2: Asy 84) with hyd thermal
ellipsoids



(red); solvent molecules and hydrogen atoms have been omitted for clarity

FIGURE A3: Ball-and-stick packing diagram of Molecule A (blue) and Molcculc B



..\.’

-
NS

7
(J

FIGURE Ad: Ball-and-stick depiction of the unit cell viewed normal to the c-axis;
solvent molccules and hydrogen atoms have been omitted for clarity



7

e-view of Molecule B (ball-and-stick depiction)

:

FIGURE A6: Top-view of Molecule B (ball-and-stick depiction)
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FIGURE A7: Front-view of Molccule B (ball-and-stick depiction)
3. physical Data of 1,1 ) ¥ 84)

20 aw 40 50 620

Anm——

FIGURE A8: Normalized absorption and emission spectra of 2.84 (9.8 x 10 M in
acetonitile)



4. VINMR Spectra of 13, 1 20,
@22)
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FIGURE A9: VINMR spectra of 4.22 in CDCl, (T = -25 °C 10 20 °C)
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FIGURE A10: VINMR spectra of 4.22 in CDCH, (T = 25 °C 10 55 °C)
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FIGURE A11: VINMR spectra of 4.22 in CDCly (T =25 °C 10.20 °C: 6.4 10 10.4 ppm)



FIGURE A12: VINMR spectra of 4,22 in CDCly (T =25 °C 10 55 °C; 6.4 10 10.4 ppm)
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FIGURE A13: 'H NMR of teropyrenophane 4.54 and 4.53 as 1:1 mixtur
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