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Abstract

Since the inception of cyclophane chemistry, chemists have been fascinated by the pursuit of ever-
smaller and more strained cyclophanes owing to the unusual chemical and physical properties that
arise in such systems. The strained nature of these systems poses synthetic challenges and the
level of challenge escalates with the level of strain in the cyclophanes. As the degree of strain
increases, so does the synthetic challenge and a variety of inventive synthetic approaches to small,
strained cyclophanes have been developed.

Chapter 1 introduces some important underlying concepts in the area of cyclophane
chemistry. A brief summary of different general strategies for the synthesis of cyclophanes is
presented. Overall, Chapter 1 serves as a prelude to the subsequent Chapters.

Chapter 2 focuses on the development of a new three-stage strategy (contractive
annulation) for the synthesis of highly strained cyclophanes that would be very difficult or
impossible to access using existing synthetic approaches. The viability of the contractive
annulation strategy has been demonstrated by a nine-step synthesis of a strained [2.1]cyclophane
from commercially available [2.2]paracyclophane. X-ray crystallographic analysis of the
[2.1]cyclophane pointed toward a strained cyclophane framework. The strained nature of the
cyclophane was further corroborated by theoretical calculations.

Chapter 3 describes the results of the two-directional application of the contractive
annulation strategy on [2.2]paracyclophane. As revealed by X-ray crystallographic analysis, the
product of the two-directional contractive annulation, a [1.1]cyclophane, was found to have a short
interplanar distance. ~ The [1.1]cyclophane is the hitherto smallest member of the

[m.n]naphthalenophane family. As expected, DFT calculations indicated that the [1.1]cyclophane



is more strained than the [2.1]cyclophane reported in Chapter 2. The emission behavior of the
[1.1]cyclophane was tentatively ascribed to an intramolecular excimer formation mechanism.
Chapter 4 describes studies on the synthesis and physical properties of
[2.2]paracyclophane/9-alkylfluorene hybrids, wherein a solvent-assisted rearrangement reaction
of a [2.2]paracyclophane moiety bearing cyclopentadienone was discovered. The rearrangement
could be avoided by generating the cyclopentadienone under mild conditions and using benzynes
as dienophiles to afford the targeted cyclophanes. One of the [2.2]paracyclophane/9-alkylfluorene
hybrids (containing a triphenylene moiety) was found to exhibit dual fluorescence emission.
Chapter 5 highlights the synthetic utility of two of the intermediates featured in the
synthesis of the [2.1]cyclophane in Chapter 2. One of the intermediates was transformed into
[2.2]paracyclophane/quinoxaline hybrids over two steps (oxidation/condensation reactions). An
attempt to use the other intermediate for a multistep synthesis of a [2.1]cyclophane bearing a
perylene moiety failed. However, the last step of the synthesis met with a serendipitous
rearrangement reaction under Scholl reaction conditions to afford an unusual [2.1]cyclophane
featuring a 1,1’-binaphthalene moiety. Two plausible mechanistic pathways that have resemblance
to those of the Scholl reaction have been delineated to account for the formation of the unexpected

[2.1]cyclophane.
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Chapter 1: Introduction

1.1 Cyclophane Chemistry

Cyclophanes are a diverse class of molecules consisting of one or more aromatic units (e.g.
benzene) bridged by one or more aliphatic units, wherein the aliphatic part connects two non-
adjacent positions of the aromatic ring. In the case of benzene, two bridging patterns are possible,
namely para (1,4) and meta (1,3) (Figure 1.1). The ortho (1,2) bridging pattern can be viewed as
ring fusion, so orthocyclophanes do not normally appear in the discussions of cyclophane
chemistry. The scope of cyclophane chemistry is limitless because a cyclophane can possess any

type and any number of aromatic rings, as well as multiple bridges of any length and atom type.!

(CH2)n (CH2), CHa)n

1.1 1.2 1.3
[nlparacyclophanes [nlmetacyclophanes [n]orthocyclophanes

Figure 1.1: [n]Cyclophanes with different bridging patterns.

The isolation of [2.2]paracyclophane (1.4), the quintessential cyclophane, by Brown and
Farthing in 1949 and Cram’s ensuing cogent synthesis marked the dawn of cyclophane
chemistry.2® Since its inception, cyclophane chemistry has attracted a great deal of attention from
the synthetic community for several reasons, including, aesthetically pleasing and unusual
structures, synthetic challenges, the emergence of unusual physical and chemical properties as a
result of strain and nonplanarity in the aromatic systems, and opportunities to study rudimentary
phenomena, such as aromaticity, conformational behaviour, host—-guest interactions, m-n
interactions etc. To briefly illustrate the structural diversity, a few selected examples of

cyclophanes (1.4-1.8) are depicted in Figure 1.2.%
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a [2.2]cyclophane a [2.2]cyclophane a [3]ferrocenophane
1.4 1.5 1.6
Brown and Farthing (ref. 2) Pellegrin (ref. 4d) Erker (ref. 4a)

I

)
) B
(CHy)s NH
a [7]pyrenophane a [9]pyrrolophane
1.7 1.8
Bodwell (ref. 4b) Fiirstner (ref. 4c)

Figure 1.2: A few selected examples of cyclophanes.

1.1.1 General Synthetic Strategies for the Synthesis of Cyclophanes

The breadth of the synthetic methodology utilized in the synthesis of cyclophanes is far less than
the diversity in cyclophane structure. From a strategic viewpoint, cyclophane syntheses can
largely be divided according to the nature of the cyclophane-forming step (Scheme 1.1).

Type | strategies, which entail the formation of a bond between two atoms in a bridge, can
in turn be divided into two subsets (Type I-a and Type I-b). A new bond can form during a new
bridge formation (Type I-a), or contraction of an existing bridge can also lead to the formation of
a new bond between two atoms of the bridge (Type I-b). A downside of Type | approaches is that

they can only offer moderately strained cyclophanes.® The main reasons for this are as follows.



Type |

intra bridge bond formation

a. bridge formation b. bridge contraction
[ [
arene —> |arene arene 7 —> arene
\ / \
Type I Type Il
bridge to arene bond formation pre-arene to arene conversion

-

o re@

Formation of a bond that becomes part of the bridge can result in the distortion of the aromatic

arene — arene Preg
arene
\
X Y

Scheme 1.1: Strategies for the synthesis of cyclophanes.

system out of planarity, which is an energetically demanding process. Unless the bond-forming
reaction is sufficiently exergonic, even a low level of strain can cause the desired intramolecular
reaction to become thermodynamically unfavorable. Furthermore, the requirement for an ordered
transition state can render an intramolecular reaction more entropically challenging than its
intermolecular counterpart. For the aforementioned reasons, Type | strategies are inefficacious for
the synthesis of highly strained cyclophanes.®

The Type Il strategy involves the formation of a bond between an aromatic unit and an
atom of the bridge. Akin to the Type | strategies, reactions that fall under Type Il are also
intramolecular and suffer from the same pitfalls. It is worthy of note that Type Il approaches have
not been employed commonly and this strategy has only proved to be effective for the generation

of cyclophanes with little or no strain.’



The Type 11 strategy banks on the generation of a bridged aromatic system from a bridged
“pre-arene” in the cyclophane-forming step. This strategy is superior to the others for a number
of reasons. First, the pre-arene has a shape that easily accommodates the bridge, so the
construction of the pre-arene does not have the challenge of generating strained synthetic
intermediates. Second, the bridged pre-arene already has all the necessary skeletal atoms in it, so
its conversion to a bridged arene (cyclophane), typically via elimination or pericyclic reactions,
avoids competing intermolecular reactions. Finally, conversion of the pre-arene into the
corresponding arene is accompanied by the gain of a considerable amount of aromatic stabilization
energy (ASE), which serves to counterbalance the developing strain. This strategy is the only one
that has been successful in achieving the synthesis of highly-strained cyclophanes.® The
implementation of several ingenious synthetic methods corresponding to each of the strategies

discussed above is described in the following sections.

1.2 [n]Cyclophanes

[n]Cyclophanes represent the simplest class of cyclophanes, which consist of one aromatic unit
and one bridge (n denotes the number of skeletal atoms in the bridge). Below a particular value
of n, the variation of the length or nature of the bridge directly influences the conformation of the
aromatic unit and this renders this class of cyclophanes especially interesting. Most notably,
systematic changes in the bridge cause systematic changes in the shape of the aromatic unit. This
enables the study of how incremental changes in structure affect the physical and chemical
properties of the arene. Almost without exception, the incorporation of any aromatic system into
an [n]cyclophane can be used as a means to distort the aromatic system from its lowest energy
conformation. This is as true for innately planar aromatic systems, such as benzene, as it is for

innately nonplanar systems, such as helicenes or buckybowls.



1.2.1 [n]Paracyclophanes
Benzene is the quintessential aromatic system and is undoubtedly the most common system to
have been integrated into cyclophanes. Bridging of the two most remote positions, 1 and 4, of
benzene can result in the greatest distortion of the benzene ring from planarity, producing an
[n]paracyclophane. The ensuing [n]paracyclophanes (1.1) have captivated the attention of
synthetic chemists since 1954 when Cram and Allinger® first reported their initial work on this
family of compounds.*°

The main objective of the study was to prepare some smaller homologues to examine how
far the benzene ring can be deformed from planarity and the resulting consequences on the physical
and chemical properties of the aromatic system. The benzene ring in the [n]paracyclophanes with
n>10 is virtually planar owing to the presence of a sufficiently long and flexible bridge.
Consequently, the spectroscopic and chemical properties are similar to those of 1,4-
dialkylbenzenes. In contrast, the [n]paracyclophanes with n<10 exhibit physical and chemical
properties that change significantly as n becomes smaller. [6]Paracyclophane (1.16) (Scheme 1.2)
is the smallest isolable member of this family.!* The next lower homologue is [5]paracyclophane
(1.15) (Scheme 1.2), which exists in equilibrium with its Dewar benzene isomer 1.14.*2 In
contrast, the generation of [4]paracyclophane (1.10) (Scheme 1.2) was inferred from trapping
experiments at —20 °C (Scheme 1.2).*3 Photoirradiation of Dewar benzene 1.9 generated
[4]paracyclophane 1.10, which under the acidic reaction conditions underwent protonation of the
bridgehead carbon atom to produce arenium intermediate 1.11. This followed by an attack of the
trifluoroacetate counter anion afforded cyclohexadiene 1.12. Under the same photochemical
conditions, the replacement of the solvent from THF to methanol resulted in the formation of

cyclohexadiene 1.13 via the intermediacy of 1.11. Later, Tsuji and co-workers were able to detect



the generation of 1.10 in a matrix at —196 °C by UV/vis spectroscopy.’* The instability of 1.10

and 1.15 stems from their proclivity
hv (254 nm) H ® H OCOCF,4
g CF;CO5H
= THF (CH2) (CHo)g (CHz)s
1.9 —20°C,4h
: - 1.10 - - 1.11 - 1.12
hv (254 nm) H OMe
CF3CO,H
[1.11 ] -,
MeOH (CH2)4
—20°C,4h 113
g (CH>)s
1.14 1.15

(CHy)e

1.16
Scheme 1.2: Structures of [n]paracyclophanes (n = 4-6) 1.10, 1.15, and 1.16; valence isomerization of 1.9
and 1.14 to 1.10 and 1.15, respectively.

for undergoing addition reactions at the bridgehead positions, resulting in the release of strain (vide
infra). The longest wavelength band in the absorption spectra of the [n]paracyclophanes with n<10
exhibit a gradual red shift as the length of the bridge decreases, which is congruent with the
computationally predicted narrowing of the HOMO-LUMO energy gap.’®® For example, the
longest absorption band for cyclophane 1.15 appears at 330 nm, which is 34 nm red-shifted
compared to that for cyclophane 1.16 (296 nm). The UV/vis absorption spectrum of cyclophane

1.10 shows the longest absorption band at 340 nm, which is in accord with the “red shift” trend.



1.2.2 [n]Metacyclophanes
Bridging of the 1 and 3 positions of benzene can also result in the distortion of the benzene ring
from planarity. The resulting cyclophanes are known as [n]metacyclophanes (1.2). Akin to the
[n]paracyclophanes, the stability of [n]metacyclophanes decreases as the length of the bridge
becomes smaller.

The benzene ring in [9]metacyclophane (1.20) is essentially planar. [5]Metacyclophane
(1.18) (Figure 1.3) is hitherto the smallest isolable member of this family.™> Compared to bench-
stable [6]metacyclophane (1.19) (Figure 1.3), 1.18 showcases considerably higher reactivity.® In

fact,  [5]metacyclophane  (1.18) undergoes  polymerization  slowly at  room

117 1.18 1.19 1.20
NO, NO, NO,

(CH2)e (CHz)7 (CH3)s

1.21 1.22 1.23 1.24

Figure 1.3: Structures of [n]metacyclophanes 1.17—1.20, 1.22—1.24, and dimer 1.21.

temperature upon standing.®® Until now, [4]metacyclophane (1.17) (Figure 1.3), a highly strained
cyclophane, has not been isolated and characterized. However, the generation of the cyclophane
as a short-lived species has been illustrated by isolation of the dimer 1.21 (Figure 1.3), which arises
from an intermolecular [4+2]/intramolecular [2+2] sequence.l’” As the benzene ring becomes more
bent (as n becomes smaller), a red shift of the longest wavelength band is observed for the
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[n]metacyclophanes 1.22—1.24.18 The UV/vis absorption spectra of 1.22—1.24 in dichloromethane

show the longest wavelength bands at 418, 408, and 398 nm, respectively.

1.2.3 Bending an Aromatic System

When an aromatic unit in a small cyclophane is forced out of planarity, the structural changes must
be quantified in such a way as to allow for correlations between structure and the changes in
chemical and physical properties. The changes in the energy of both the aromatic system and the
cyclophane as a whole must also be considered. A brief discussion centred on these points is

presented below.

1.2.3.1 Bend Angles

The most salient facet of a strained [n]cyclophane is the out-of-plane bending of the aromatic unit
into a boat-like conformation. The level of distortion of the aromatic unit from planarity is
commonly represented by the two parameters, ¢ and £. The bend angle « is defined as the smallest
angle (envelope flap angle) formed by the planes C2-C1-C6 and C2-C3-C5-C6 in the case of an
[n]paracyclophane (Figure 1.4a) and by the planes C11-C12-C13 and C10-C11-C13-C14 in the
case of an [n]Jmetacyclophane (Figure 1.4b). The other bending angle Sis defined as the smallest
angle formed by the plane C2-C1-C6 and the line formed by the bridgehead and benzylic carbon
atoms C1 and C7 in the case of an [n]paracyclophane and by the plane C10-C11-C13-C14 and the
line formed by C11-C16 in the case of an [n]metacyclophane. As bending of the aromatic ring in
an [n]metacyclophane gives rise to a less symmetrical arene structure than in an
[n]paracyclophane, there is an additional bend angle y (another envelope flap angle, Figure 1.4b)
similar to the bend angle « in the case of an [n]metacyclophane. The bend angle yis defined as

the smallest angle formed by the planes C10-C9-C14 and C10-C11-C13-C14. For an



[n]paracyclophane (any para-substituted ring), the local distortion at a bridgehead carbon atom is
expressed by the sum of a+f. Whereas, for an [n]metacyclophane (any meta-substituted ring), the

three angles «, S, and y describe the overall bend.

(CH2)p2
Figure 1.4: Bend angles in a [n]paracyclophane (left) and a [n]metacyclophane (right).

1.2.3.2 Strain Energy

In small [n]cyclophanes, as the benzene unit is forced to embrace a non-planar conformation,
maintaining ideal geometries for all of the carbon atoms (sp?- and sp3-hybridized) becomes
unattainable, which means that strain energy (SE) comes into play. Bockisch and co-workers
described the total strain energy (SEwt) as “the difference between the heats of formation of the
(strained) molecule and a fictitious unstrained molecule™ (Equation 1) during their theoretical

studies of the [n]paracyclophanes and their valence isomers.*®
0 0
SEtot = AHf,strained - A]_]f,mzstmined €qn. 1

The strain in any molecule is spread out over the entire molecule in a way that minimizes the total
strain. In [n]cyclophanes, the total strain energy (SEtot) can be represented by the sum of the strain
energies of the ring and the bridge, i.e. SEtt = SEring + SEbridge, Where SEring COrresponds to the
energy required to deform the aromatic system and SEpridge COrresponds to the energy required to

distort (stretch) the alkyl bridge from its ideal geometry.

1.2.4 Synthesis of [n]Para- and [n]Metacyclophanes Utilizing Different Strategies



In the last few decades, a myriad of cyclophanes have been synthesized mainly using the
previously mentioned three strategies, as discussed in Section 1.1.1. A very few selected examples

are discussed below showcasing the power and limitations of the strategies.

1.2.4.1 Synthesis of [n]Para- and [n]Metacyclophanes Utilizing the Type | Strategies

An elegant example of the use of the Type I-a strategy can be found in the Cram and co-workers’
synthesis of [10]paracyclophane (1.28) from commercially abundant and inexpensive glutaric
anhydride (1.25) (Scheme 1.3).%° The key intermediate 1.26 was obtained from 1.25 over six steps.

Subsequently, an intramolecular acyloin condensation reaction furnished hydroxyketone

CO,Me
Ox. O~ O 6 steps Na
U xylene, reflux
44 h, 75%
CO,Me 3 OH
1.25 1.26 1.27
o : inOH/HCI
1 . : Cc
i Wurtz coupling : reflux
: — X i 4 h, 83%
| 129 B 130

1.28
Scheme 1.3: Synthesis [10]paracyclophane (1.28) by Cram and co-workers. Inset: failed Wurtz coupling
for the generation of [8]paracyclophane (1.30).

1.27 (75%). Lastly, exhaustive reduction of the keto as well as the hydroxy groups produced 1.28
(83%). In this regard, it is worth mentioning that no reports can be found in the literature for the

preparation of smaller [n]paracyclophanes using the aforementioned approach (acyloin
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condensation). An attempt to synthesize [8]paracyclophane (1.30) employing Wurtz coupling of
dibromide 1.29 in an intramolecular setting met with failure (Scheme 1.3, inset).

The synthesis of [8]metacyclophane (1.34) by Hubert and Dale in 1963 represents another
example of application of the Type I-a strategy (Scheme 1.4).2! The first step was a double
nucleophilic substitution reaction of dibromo-m-xylene 1.31 with propargylmagnesium bromide
(the Grignard reagent derived from propargyl bromide) to yield diyne 1.32. Exposure of 1.32 to
Glaser coupling reaction conditions led to the formation of the precursor (1.33) to the targeted
metacyclophane 1.34. Hydrogenation of the triple bonds using Adams’ catalyst (PtO>) finally
furnished 1.34. Taking into account the 8% vyield over 3 steps and the fact that 1.33 is not an
especially strained system, the likelihood of using Glaser coupling for the synthesis of smaller

[nJmetacyclophanes is slim.

propargylMgBr Cu(OAc),, O, O Ha, PO,
Et,0, rt pyridine, 70 °C Q MeOH

Br Br 16 h, 70% i T 12%, 2 steps

1.31 1.32 1.33 1.34
Scheme 1.4: Synthesis [8]metacyclophane (1.34) by Hubert and Dale.

Allinger and co-workers accomplished the synthesis of [8]paracyclophane 1.38 using the
Type I-b strategy (Scheme 1.5).22 The synthesis began with the formation of a mixture of the
regioisomeric a-diazoketones 1.36 and 1.37 from an advanced starting material, diketone 1.35 by
treatment with hydrazine followed by oxidation of the intermediate monohydrazones with
mercuric oxide. Irradiation of the mixture of 1.36 and 1.37 with a 275 W sun lamp at 100 °C
effected a Wolff rearrangement and delivered 4-carboxy[8]paracyclophane (1.38) in 65% yield
over three steps. Carboxylic acid 1.38 then served as a starting material for the synthesis of the

next lower homologue 1.39.2% At this point, it is not known whether the photochemical Wolff
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rearrangement is powerful enough to enable the synthesis of the next lower homologue because
there is no report of any attempt to do so. Perhaps, another iteration of the 9-step synthetic

sequence of reactions was thwarted by the unavailability of a sufficient quantity of 1.39.

1. NH,NH»
1,4-dioxane, 100 °C
12 h
+
2. HgO
Et,O
S © KOH, 0 °C to rt N2 ©
8h (0] N,
1.35 1.36 1.37
hv, NaHCO,
H,0/1,4-
dioxane, 100 °C
12 h
65%, 3 steps
9 steps
ref. 23
CO5H
CO5H
1.39 1.38

Scheme 1.5: Syntheses of [8]paracyclophane 1.38 and [7]paracyclophane 1.39 by Allinger and co-workers.

In 1978, Misumi and co-workers reported the synthesis of [7]metacyclophane (1.41),
which entails the Type I-b strategy (Scheme 1.6).2* Coupling between dibromide 1.31 and 1,5-
pentanedithiol in the presence of KOH proceeded smoothly to produce disulfide 1.40 (70%).
Subsequent oxidation of 1.40 into the corresponding sulfone followed by flash vacuum pyrolysis
provided 1.41 (49%, 2 steps).
HS o~~~ SH 1. H,05, AcOH
(©\ KOH 100 °C, 5 h
. S S
Br Br EtOH, 80 °C 2. 650 °C, 40 mmHg
48 h, 70% 49%, 2 steps
1.31 1.40 1.41
Scheme 1.6: Synthesis of [7]metacyclophane (1.41) by Misumi and co-workers.
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1.2.4.2 Synthesis of an [n]Paracyclophane Utilizing the Type Il Strategy

As discussed earlier, the Type Il strategy is not effective for the generation of highly strained
cyclophanes. At best, this strategy can be exploited to generate cyclophanes with only relatively
low strain. Therefore, there is a paucity of examples in the literature showing the successful use
of it for the synthesis of [n]cyclophanes. In this regard, Jones Jr. and co-workers’ synthesis of
[7]paracyclophane (1.48) features the Type Il strategy (Scheme 1.7).2° Although it might be
tempting to classify the synthesis (vide infra) under the Type III strategy as a “pre-arene” can be
spotted in the precursor (1.45) to 1.48, the absence of any bridge in 1.45 precludes that notion.
Enamine 1.43 was obtained by condensation of cyclooctanecarbaldehyde (1.42) with pyrrolidine.
A Robinson annulation between 1.43 and methyl vinyl ketone (MVK) proceeded to give an enone

(not shown), which upon treatment with DDQ furnished the divinyl ketone 1.44.

O
CHO / \ N/J 1. methyl vinyl ketone
N )/ NaOAc, AcOH
H EtOH
toluene, H* 2.DDQ, 1,4-dioxane
1.42 1.43 1.44

TsNHNH,
EtOH

— . NNHTs

) 1. n-BuLi
- - C> -
‘ 2.360-380 °C

1 torr

20%, 2 steps
1.48 — 147 -— L 1.46 _| 1.45

Scheme 1.7: Synthesis of [7]paracyclophane (1.48) by Jones Jr. and co-workers.
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Reaction of 1.44 with tosyl hydrazide afforded hydrazone 1.45. Abstraction of the nitrogen-bound
proton with n-BuLi to generate the corresponding salt followed by the application of high
temperature and low pressure resulted in the formation of 1.48. The conversion from 1.45 to 1.48
proceeds via the intermediacy of spirocarbene 1.46, which undergoes C-C bond cleavage to
generate the reactive diradical 1.47. Finally, recombination of the radicals intramolecularly yields

[7]paracyclophane (1.48).

1.2.4.3 Synthesis of [n]Para- and [n]Metacyclophanes Utilizing the Type 111 Strategy

As mentioned earlier, the Type Il strategy, which involves the generation of non-planar aromatics
from bridged “pre-arene”, benefits mostly from the gain of aromatic stabilization energy
(ASE)/resonance energy. The success or failure of the final step (arene-forming reaction) banks
on the magnitude of the developing strain and the ASE. In this context, bridged Dewar benzenes
have served as excellent synthetic precursors for the preparation of [n]cyclophanes with high
strain. In addition to the gain of ca. 30 kcal/mol of ASE from the valence isomerization of a Dewar
benzene to benzene, this transformation is also accompanied by a substantial degree of strain relief
as two conjoined cyclobutene rings are turned into a six-membered ring.

In 1985, Bickelhaupt, Tobe, and co-workers documented the synthesis of
[5]paracyclophane (1.15), which showcase the utilization of the Type 11l strategy (Scheme 1.8).12
Silver tetrafluoroborate-catalyzed isomerization of the bis(spiro-cyclopropene) 1.49 to the Dewar
benzene 1.14 and its ensuing irradiation with a low-pressure mercury lamp at low temperature led
to the formation of 1.15, the existence of which was evidenced by low temperature *H NMR and
UV spectroscopic studies. Prolonged irradiation or elevation of the temperature of its THF-dg
solution to 0 °C resulted in complete decomposition. Rearrangement of 1.15 to benzocycloheptene

(1.50) took place upon treatment of a THF-dg solution of 1.15 with deuterated trifluoroacetic acid.
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hv
AgBF4 (low-pressure Hg lamp) CF3;CO,D
e & @
CH5CN THF-dg, 60 °C THF-dg, 20 °C
40% — 45 min, 6-7% 100%
1.49 1.14 1.15 1.50

Scheme 1.8: Synthesis of [5]paracyclophane (1.15) and its rearrangement to benzocycloheptene (1.50) by

Bickelhaupt, Tobe, and co-workers.

Tobe and co-workers also came across a similar outcome when [6]paracyclophane (1.16)
was treated with trifluoroacetic acid (Scheme 1.9).1* Worthy of note is that 1.16 provided some
[6]metacyclophane (1.19) besides the corresponding benzocyclooctene (1.51). In the case of
[5]paracyclophane (1.15), the formation of [5]metacyclophane (1.18) was not observed. Tobe and
co-workers also reported a few [5]paracyclophane derivatives taking the advantage of the “Dewar
benzene to benzene” transformation.?® Nevertheless, to date, no report of an isolable

[5]paracyclophane with noticeable lifetime at ambient temperature appears in the literature.

= (:C)
—_— +
(CHy)e

(CHy)e

1.16 1.19 1.51
Scheme 1.9: Trifluoroacetic acid-catalyzed rearrangement of [6]paracyclophane (1.16).

If the bridge of 1.15 is shortened by one carbon atom, the resulting cyclophane is
[4]paracyclophane (1.10). Based on the observations by Bickelhaupt and co-workers in the
synthesis of 1.15,'? the synthesis of 1.10 poses a formidable challenge. Early work toward this
goal revealed the formation of this desired cyclophane 1.10 in a matrix at a temperature as low as
—196 °C.** For 1.10, unlike 1.15, the Dewar benzene isomer is favored over the benzene isomer
(energy difference = 9 + 4 kcal/mol).?” Furthermore, depending on the level of theory, the
calculated strain energy (SE) of 1.10 is 91-108 kcal/mol,?” which is exceedingly high compared
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to the Schleyer and co-workers’ calculations of the RE/ASE for benzene, which was estimated to
be ca. 33 kcal/mol.?® The prime challenge to the isolation or even observation of the highly bent
aromatic system is the inclination of its bridgehead carbon atoms to undergo reactions with
reagents/protic solvents that helps to alleviate the inherent strain to a large extent.

Tsuji offered a great solution to the aforementioned problem and reported the synthesis of
[4]paracyclophane derivative 1.57 with a half -life (t12) of ca. 12 min (Scheme 1.10).% The logic
behind the decoration of the derivative is that the introduction of bulky substituents like
dicyanomethylene near the bridgehead positions would sterically block the approach of reagents
and this would in turn allow for the complete characterization of such a deformed aromatic system.
The synthesis started with treatment of tetraene 1.52 with singlet oxygen under photochemical
conditions to give endoperoxide 1.53 via a Diels-Alder cycloaddition. Subsequently, enone 1.54
was formed upon subjection of a dichloromethane solution of 1.53 to triethylamine. The
conjugated double bond (alkene) was reduced under radical reaction conditions with tributyltin
hydride and Pd(PPhs)s and subsequent oxidation of the hydroxyl group furnished diketone 1.55.
Knoevenagel condensation between 1.55 and malononitrile using S-alanine as catalyst followed
by a reaction sequence consisting of bromination/dehydrobromination with pyridinium bromide
perbromide provided the Dewar benzene 1.56. When a deuterated dichloromethane solution of
1.56 was irradiated at 365 nm at —90 °C, a broad absorption band between 270 and 420 nm
developed, hinting at the formation of a distorted benzene ring (formation of 1.57), and the bands
between 300-390 nm, attributed to the Dewar isomer, disappeared. As a result of the reversal
behavior of the photochemical reaction, irradiation of the incipient species at a wavelength higher
than 400 nm resulted in the formation of 1.56. The cyclophane proved to be stable enough to allow

acquisition of a tH NMR spectrum at —75 °C.
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hv, TPP 1. BusSnH, Pd(PPhs),

EtsN ° [
S § et O Qs O
— CC|4 CH20|2 — 2. PCC, CH20|2, 0°C —
1.52

5 h, 95/0 0°Cto5°C 3 h, 75%, 2 steps
1.53 14 h, 95% 1.54 1.55
hv (365 nm) 1. falanine, NG~ >CN
CD,Cl,, -90 °C NC CH,CI,/H50, rt, 90 h
>400 nm g;;z
@/
1.57
H Br3
CH3CN, 0 °C

2 h, 39%, 2 steps

Scheme 1.10: Synthesis of [4]paracyclophane derivative 1.57 by Tsuji and co-workers.

In an attempt to discern more about the [4]paracyclophane system, Tsuji and co-workers
reported the synthesis of other [4]paracyclophane derivatives bearing even bulkier groups.?® It is
worth mentioning that although the benzene rings of the [4]paracyclophane derivatives are highly
bent, nucleus-independent chemical shift (NICS) and diamagnetic susceptibility exaltation
calculations suggest that a significant amount of aromaticity is retained by the distorted benzene
rings. For example, the NICS value for the benzene ring in 1.57 was estimated to be —8.1, which
is comparable to —9.7 for benzene.

Bickelhaupt and co-workers’ report on the synthesis of 8,11-dichloro[5]metacyclophane
(1.62) also features the application of the Type Il strategy (Scheme 1.11).>° One-fold

cyclopropanation of diene 1.58 with dichlorocarbene (generated in situ by treatment of
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Scheme 1.11: Synthesis of 8,11-dichloro[5]metacyclophane (1.62) by Bickelhaupt and co-workers.

chloroform with potassium tert-butoxide) afforded dichloride 1.59, which underwent
vinylcyclopropane rearrangement upon heating to produce dichloride 1.60. Another cyclopropanation
took place when 1.60 was exposed to dichlorocarbene (generated in situ using a slightly different
set of conditions), providing [5.3.1]propellane 1.61. At this stage, the highly strained tricyclic
system of 1.61 contains all the carbon atoms present in 1.62. Finally, treatment of 1.61 with silver
perchlorate and 2,6-lutidine resulted in a Grob-type fragmentation followed by
dehydrochlorination (mechanism not shown) to afford [5]metacyclophane 1.62. This cyclophane,
to date, represents the smallest isolable metacyclophane with an X-ray structure. Later,
Bickelhaupt reported a few syntheses of [5]metacyclophanes,! but employment of this strategy
toward the synthesis of [4]metacyclophane (1.17) led to the formation of only the Dewar benzene

isomer.3?

1.3 [m.n]Cyclophanes
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[m.n]Cyclophanes consist of two aromatic units connected by two bridges of equal (m = n) or
different lengths (m # n). This family of compounds has captivated the attention of chemists from

various disciplines owing to their usefulness in polymer chemistry, materials chemistry,

(CHZ)m (CHZ)m
CH
( 2)n (CHZ)n
1.63 1.64
[m.nimetacyclophanes [m.n]paracyclophanes
(CH2)m
(CH2),
1.65

[m.nlmetaparacyclophanes

Figure 1.5: [m.n]Cyclophanes with different bridging patterns.

and asymmetric catalysis.’®3  Naturally occurring [m.n]Jcyclophanes have also motivated
synthetic organic chemists working in the field of total synthesis of natural products.3*
Undoubtedly, benzene is the most common aromatic system to have been integrated into
[m.n]cyclophanes. The three common connectivity patterns for [m.n]cyclophanes (1.63-1.65)
bearing two benzene rings are depicted in Figure 1.5. However, [m.n]metaparacyclophanes (1.65)
are underexplored,®® whereas the most thoroughly-studied [m.n]Jcyclophanes are the
[m.n]paracyclophanes (1.64).2% [2.2]Paracyclophane derivatives have been the most popular
among the [m.n]paracyclophanes as evidenced by the vast body of literature dedicated to this one
system.®® The ensuing Chapters will describe the syntheses and properties of some novel,

structurally usual and interesting cyclophanes, all of which can be traced back to
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[2.2]paracyclophane (1.4). This being the case, the remainder of this Chapter will focus primarily

on the discussion of the various unusual features of [2.2]paracyclophane and its derivatives.

1.3.1 [2.2]Paracyclophane

The two short ethano bridges connecting the para-positions of the two cofacially stacked benzene
rings in [2.2]paracyclophane (1.4), forces the two aromatic rings to be bent out of planarity. The
free rotation of these “bent and battered”” benzene rings is not possible without rupture of a bridge
due to their proximity. Thermal cleavage of the bridge(s) occurs only above 180 °C, which results
in thermal isomerization of certain [2.2]paracyclophane derivatives.®® The distance between the
centroids of the two rings in 1.4 is 3.09 A (Figure 1.6), which is less than the van der Waals distance
of 3.40 A observed between the two adjacent layers in graphite.®® The benzene rings in 1.4 adopt
a shallow boat-like conformation, which renders the distance between the two bridgehead carbon
atoms on the opposite benzene rings, as indicated in Figure 1.6, even shorter (2.78 A).
[2.2]Paracyclophane derivatives showcase unusual chemical reactivities due to both their distorted
rings and unique transannular interactions (vide infra, Section 1.3.3) within the framework. For
example, the reaction of 1.4 with chromium hexacarbonyl has a first order rate constant that is
approximately 25% greater than the rate constant for the reaction of p-xylene with chromium
hexacarbony!.%°

5

3.09 A
1.4

2.78 A

Figure 1.6: Transannular distances in [2.2]paracyclophane (1.4).

1.3.2 Nomenclature and Stereochemical Descriptors for Chiral [2.2]Paracyclophane

Derivatives
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Monosubstituted [2.2]paracyclophane derivatives are inherently chiral. The substituent can reside
either on one of the benzene rings or one of the bridges. If the benzene ring is substituted, the
derivative (1.66) is chiral owing to the presence of a chiral plane (Figure 1.7).** On the other hand,
when the bridge is substituted, the corresponding derivative (1.67) is chiral owing to the possession
of a center of chirality. For disubstituted [2.2]paracyclophane derivatives, one aryl substituent
with respect to another can be placed at the three available positions on the same ring, leading to
the three isomeric [2.2]paracyclophane derivatives 1.68-1.70. The prefixes ortho-, meta-, and
para- are generally included in their names to mention the relative positions of the two substituents.
These derivatives are chiral when X and Y are different substituents. If X and Y are the same
substituent, a plane of symmetry can be found in each of these derivatives, rendering them achiral.
Disubstituted [2.2]paracyclophane derivatives, in which both rings are substituted, can be chiral
or achiral. In this scenario, distribution of the substituents leads to four isomeric derivatives (1.71-
1.74). Among these, the pseudo-gem isomer 1.71 and pseudo-para isomer 1.72 are chiral if X and
Y are different. When X =Y, 1.71 and 1.72 become achiral as they possess a plane of symmetry
and a point of inversion, respectively. The other two isomers 1.73 (pseudo-ortho) and 1.74
(pseudo-meta) are always chiral. Although rare, the two elements of chirality, namely, a plane of
chirality and a center of chirality can be found in disubstituted [2.2]paracyclophanes. An example
of such a type (syn-latero) of chiral disubstituted [2.2]paracyclophane (1.75) is shown in Figure

1.7.
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pseudo-gem pseudo-para pseudo-ortho Ipseuc;o ﬁet";’ plane and center
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Figure 1.7: Mono- and disubstituted chiral [2.2]paracyclophane derivatives 1.66-1.75.

Like any other racemic chiral compounds, a racemic planar chiral [2.2]paracyclophane
derivative also exists as a 1:1 mixture of two enantiomers, denoted by R, and Sp, where p stands
for planar chirality.®**2 In order to assign the descriptors, first, a chiral plane has to be identified.
The plane with a maximum number of atoms is considered to be the chiral plane. Next task is to
ascertain a pilot atom, which is the closest out-of-plane atom (if more than one substituent is
present in the chiral plane, the atom closest to the substituent of higher priority according to the
Cahn-Ingold—Prelog (CIP) system is preferred). Numbering starts from this pilot atom and
follows the way shown in Figure 1.8. It is worth mentioning that for the sake of numbering and
assigning stereochemical descriptors, it is best to consider each benzene ring and the two
connecting benzylic carbon atoms to be coplanar. Once the pilot atom has been identified, the
three adjacent atoms of the chiral plane are marked with the letters a, b, and c (in case of more than
one choice, CIP priority rules are followed). If a — b —c shows a clockwise orientation, when
viewed from the pilot atom, the descriptor is Rp (1.76). Similarly, Sp (1.66) represents a

counterclockwise orientation of a — b —c. However, substituents on both rings gives rise to more
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complex scenarios. In these cases, two separate pilot atoms are chosen with respect to two chiral
planes, and the same rules described above are applied. Compound 1.71 (Figure 1.8) is such an
example, which helps understand the rules more clearly. Considering that X has a higher

precedence than Y according to the CIP system, 1.71 is (4Sp,13Ry) configured.

_________

.\pllOt atom lower !

’ ’ ________ ’ ./
Sp R, ipilot atom for thei

P upper |

1.66 1.76 1.71 ( X>Y) \__chiral plane _

Figure 1.8: Numbering for the [2.2]paracyclophane backbone and stereochemical descriptors for

[2.2]paracyclophane derivatives.

1.3.3 Transannular Interactions

Through-space interactions between the aromatic systems of [m.n]paracyclophanes, often referred
to “transannular interactions” cause the two systems to tend to behave as one.** The magnitude of
this interaction depends mainly on the distance between the two rings. Various spectroscopic
observations and unique reactivities offered by this class of cyclophanes support the existence of
these interactions.

The correlation between the magnitude of interactions with the size of the
[m.n]paracyclophane can be easily understood from the kinetic studies performed by Cram and
co-workers pertaining to the relative rates for acylation of [6.6]paracyclophane (1.78) (Figure 1.9),
[4.4]paracyclophane (1.77) (Figure 1.9), and [2.2]paracylophane (1.4).** From these studies, it
was found that the relatives rates of monoacylation of 1.78, 1.77, and 1.4 were 1, 1.6, and 29,
respectively. The interpretation of these results is that the benzene rings in 1.4 are close enough
to show strong interactions. This results in a mutual enhancement of electron density of the two
rings, thereby leading to an increase in the reaction rate. Cyclophane 1.77 poses an intermediate
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situation, wherein, the weak interactions between the two benzene rings translates into the
sluggishness of its reaction compared to 1.4. On the other hand, the benzene rings in 1.78 are too
far apart (on time average) to exert an appreciable degree of transannular interactions on one

another, accounting for the slowest rate of monoacylation.

=

=
= S
1.77 1.78

Figure 1.9: Structures of [4.4]paracyclophane (1.77) and [6.6]paracyclophane (1.78).

The ease with which the second acylation proceeds (in the unsubstituted ring) follows a
completely reverse order, but this also can be explained in terms of transannular interactions.**
Although there is no report in the literature discussing the relative rates of reaction for the second
acylation, qualitative information about the rates can be obtained from the outcome of the acylation
reactions of 1.4, 1.77, and 1.78.% The involvement of the Lewis acid-base adducts 1.80, 1.84, and
1.86, resulting from the complexation of aluminum chloride (Lewis acidic catalyst for the Friedel—
Crafts acylation reactions) with 4-acetyl[2.2]paracyclophane (1.79), 6-acetyl[4.4]paracyclophane
(1.83), and 8-acetyl[6.6]paracyclophane (1.85), respectively, was invoked to interpret the observed
behavior (Scheme 1.12). The distribution of the positive charge to both rings in 1.80 as shown by
two resonance structures 1.81 and 1.82 are possible only when transannular interactions are
considered. Complex 1.82 represents a resonance structure in which the unsubstituted ring of 1.80
becomes electron deficient. This renders the second acylation formidable. None of the isomeric
diacetyl[2.2]paracyclophanes were detected and the major product under the Friedel-Crafts

acylation conditions was 1.79 (71%).4%® Under the acylation conditions, cyclophane 1.77 afforded
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1.83 (88%) as the major product along with a mixture of diacetylated [4.4]parayclophanes (7%),
the regioisomerism of which was not determined.*® The low yield of the diacetylated products
was presumably due to the weaker interactions between the two benzene rings (than the
interactions in 1.80) in the corresponding Lewis acid—base adduct 1.84. In 1.86, the distance
between the two benzene rings is too large to exhibit an appreciable degree of interactions. Hence,
the second acylation could take place smoothly in the unsubstituted ring under Friedel-Crafts
conditions to furnish two diacetylated products.**® Each of the products contains two isomers that
can readily interconvert by rotation of an aromatic ring. The product that contained the
interconverting pseudo-para and pseudo-ortho diacetylated [2.2]paracyclophanes was isolated in
32% vyield. The product that contained the interconverting pseudo-meta and pseudo-gem

diacetylated [2.2]paracyclophanes was isolated in 31% vyield.

©

0 AG \g) AICI; ) O,i)lcl3 ® / 0,203
Q0% 09"

1.79 1.82

1.85 1.86
Scheme 1.12: Complexation of AICI; with monoacetylated paracyclophanes 1.79, 1.83, and 1.85.

)
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The effect of a substituent on one ring to the other, also known as “transannular substituent
effects” is also evident from the inspection of the *H NMR spectra of a few 4-substituted
[2.2]paracyclophane derivatives.*®  The proton next to the substituent in 4-substituted
[2.2]paracylophane derivatives (1.66) stands apart from all other aromatic protons (Table 1.1).
The chemical shift of this proton is very sensitive to the electronic nature of the substituent. As
expected, the proton adjacent to an electron-withdrawing substituent (NO2 or Ac) (Table 1.1,
Entries 2 and 3) resonates at significantly lower field than that adjacent to an electron-donating
substituent (Et or OMe) (Table 1.1, Entries 4 and 5). Due to the overlap of some of the signals,
the signals for the remaining six protons could not be assigned with a high level of confidence.
Consequently, the chemical shift corresponding to the “center of gravity” of the remaining six

aromatic protons was used as a probe to note the effect of the substituent. As can be seen from the

Table 1.1: Substituent-dependent chemical shifts of the aromatic protons in 4-substituted

[2.2]paracyclophane derivatives.

H) X
1.66
1 H 6.38 ppm 6.38 ppm
2 NO, 7.1 ppm 6.51 ppm
3 Ac 6.78 ppm 6.40 ppm
4 Et 6.00 ppm 6.28 ppm
5 MeO 5.44 ppm 6.24 ppm

360 MHz NMR instrument
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chemical shift values in Table 1.1, the center of gravity moves to lower field with increasing
electron-withdrawing character of X (Table 1.1, Entries 2 and 3) and moves higher field with

increasing electron-donating character of X (Table 1.1, Entries 4 and 5).

1.3.4 pseudo-gem Directing Effect

One of the most important and noteworthy intramolecular effects in [2.2]paracyclophanes is the
pseudo-gem  effect.!® Herein, two electrophilic  substitution reactions of 4-
methoxycarbonyl[2.2]paracyclophane (1.87) are presented (vide infra), which illustrates the
directing effect by the selective synthesis of the pseudo-gem-difunctionalized
[2.2]paracyclophanes.

Bromination of 4-methoxycarbonyl[2.2]paracyclophane (1.87) afforded the pseudo-gem
bromide 1.90 (82%) as the major product (Scheme 1.13).#” Cram and co-workers explained this
high regioselectivity by proposing the in-situ formation of the cationic intermediate 1.88. In 1.88,
the hydrogen atom connected to the same carbon atom as the bromine atom is suitably oriented
toward the most basic oxygen atom of the ester functionality. This orientation facilitates the
intramolecular proton transfer to the oxygen atom leading to 1.89. An alternative explanation
involving the complexation of the basic oxygen atom to the electrophile and an ensuing delivery
of the electrophile to the pseudo-gem position of the unsubstituted ring can not be completely ruled
out. Worthy of note is that cationic intermediates other than 1.88 could also be considered, but

none can benefit from the subsequent “intramolecular proton delivery process”.
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Scheme 1.13: The pseudo-gem effect in bromination of 4-methoxycarbonyl[2.2]paracyclophane (1.87).

The synthesis of diamine 1.95 involves an intermediate (1.91), which was synthesized by
taking advantage of the pseudo-gem effect (Scheme 1.14).*8 Rieche formylation of 1.87 yielded
the pseudo-gem effect-dictated aldehyde ester 1.91 (77%), which was converted into
bis(carboxylic acid) 1.92 over two steps. Treatment of 1.92 with SOCI; led to the formation of the
corresponding bis(acid chloride) (not shown) in situ, which was further converted to the
corresponding bis(acyl azide) 1.93. Heating a solution of 1.93 in toluene at reflux resulted in the
production of diisocyanate 1.94 as a bench-stable solid by Curtius rearrangement. Finally,

hydrolysis of 1.94 afforded diamine 1.95.

Cl,CHOMe 1. aq. KOH
Q TiCly ﬁ reflux, 22 h Q
w CH,Cl, VPP 21,0, ’@2"'
o —10°Ctort, 16 h 0 10°Ctort, 6d COLH
0,
MeO 77% MeO 95% (2 steps)
1.87 1.91 1.92
1. SOCl,
DMF
reflux, 2 h
2. NaNs, acetone/H,O
0 °C, 40 min
35% (2 steps)

ﬁ aq. HCI ﬁ .0 toluene ﬁ
Q "2 toluene Q C//O ) reflux, 30 min Q ONs
N//

NH reﬂUX, 2d 94%
2 then KOH CONs
1.95 61% 1.94 1.93

Scheme 1.14: Synthesis of pseudo-gem diamine 1.95.
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There are three important aspects of the pseudo-gem effect. Firstly, the control of
regioselectivity in the functionalization of the opposite ring can be exploited in the target-oriented
synthesis of structurally complex cyclophanes, which would be rather difficult to access by
conventional synthetic methods, as demonstrated by the synthesis of diamine 1.95 (Scheme 1.14).

Secondly, the effect offers a platform for the introduction of additional bridges into the
[2.2]paracyclophane backbone. The preparation of [2.2.2](1,2,4)cyclophane (1.100) (Scheme
1.15) represents such an example.*® Chloromethylation of 4-acetyl[2.2]paracyclophane (1.79)
took place at the pseudo-gem position, affording the corresponding cyclophane 1.96 (55%).
Oxidation of 1.96 with bromine under basic conditions furnished carboxylic acid 1.97, which was
reduced with LiAlH4 to give diol 1.98 (72%, 2 steps). Bromination of 1.98 with PBr3 afforded
bis(bromomethyl)[2.2]paracyclophane 1.99 (81%). Finally, treatment of 1.99 with n-BuLi

resulted in the formation of a new bridge, leading to 1.100 (68%).

@ CH0 @’ Brz, KOH @’
" — cl OH
' conc. HCI a 1,4-dioxane/H,0 a
55°C,3.5h 80°C,1h OH
o 55% 0 o}
1.79 1.96 1.97
LiAIH,
THF
reflux, 4 d
72%, 2 steps
Q n-BulLi ) PBrs a)
Br OH
I= THF {—p CH,Cl, D
~60 °C, 30 min Br _20°C, 30 min OH

1.100 68% 1.99 81% 1.98
Scheme 1.15: Synthesis of [2.2.2](1,2,4)cyclophane (1.100) from 4-acetyl[2.2]paracyclophane (1.79).
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Thirdly, the pseudo-gem effect has been instrumental in the synthesis of
multifunctionalized chiral [2.2]paracyclophane derivatives, the vast majority of which have gained
increasing interest in asymmetric synthesis as ligands.>® Oxazolinylcyclophane 1.101 (Figure
1.10) represents such a planar chiral ligand that has proved to be useful in the enantioselective

addition of diethylzinc to benzaldehydes to form the corresponding benzyl alcohols in high levels

of enantioselectivity.>®

i ligand used in the enantioselective addition of diethylzinc to aldehydes
ee upto 95% (ref. 50b) |

_______________________________________________________________

Figure 1.10: Selected example of a planar chiral [2.2]paracyclophane-based ligand.

1.3.5 Synthesis of [m.n]Cyclophanes

1.3.5.1 Synthesis of [m.n]Cyclophanes Utilizing Type | Strategies

The Wurtz coupling remains one of the oldest synthetic methods to forge a new C-C bond in
organic synthesis. Baker and co-workers’ synthesis of [2.2]naphthalenophane 1.103 demonstrates
the use of the Type I-a strategy (Section 1.1.1) by employing a Wurtz coupling reaction (Scheme
1.16).>! Treatment of 2,7-bis(bromomethyl)naphthalene (1.102) with phenyllithium (prepared in

situ from bromobenzene and lithium) afforded 1.103 in low yield (20%).

e &
Et,O/benzene
Br Br 60 °C, 30 min

20%
1.102 1.103

Scheme 1.16: Synthesis of [2.2]naphthalenophane 1.103 by Baker and co-workers.
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The synthesis of [2.2](3,11)dibenzo[c,I]Jchrysenophane (1.108) was achieved by using a
Type I-b strategy (Scheme 1.17).%? Reaction of dithiol 1.104 with 3,11-
bis(bromomethyl)dibenzo[c,l]chrysene (1.105) under basic conditions afforded dithiacyclophane
1.106 in low yield (19%). Compound 1.106 was transformed into disulfone 1.107 by oxidation
with m-CPBA. Pyrolysis of 1.107 delivered 1.108 (32%, 2 steps). Unfortunately, this cyclophane
could not be converted into the figure eight-shaped polynuclear aromatic hydrocarbon (PAH)
1.109. Very recently, a similar cyclophane 1.110 was reported by Itami and co-workers using a
similar synthetic approach and it was successfully converted into the topologically interesting PAH

“infinitene” 1.111 (Scheme 1.17, inset) by a two-fold Mallory reaction.>®
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Scheme 1.17: Synthesis of [2.2](3,11)dibenzo][c,IJchrysenophane (1.108) by Matsubara and co-workers.

Inset: conversion of cyclophanediene 1.110 to infinitene 1.111 under photochemical conditions.
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1.3.5.2 Synthesis of [m.n]Cyclophanes Utilizing the Type Il Strategy

In 2001, the Bodwell group reported an elegant synthesis of [3](3,6)pyridazino[3](1,3)indolophane
(1.119) from commercially available indole (1.112) (Scheme 1.18).>* Strategically, the last step
of the synthesis falls under the Type Il strategy. 1,3-Diallylindole (1.114) was prepared from 1.112
via two different routes. The first route consists of two steps. C3 allylated indole 1.113 was
obtained by treatment of 1.112 with MeMgBr followed by allyl bromide. The choice of the base
MeMgBr is important for the C3 selectivity because the magnesium counterion reduces the
nucleophilicity of the nitrogen atom in the in-situ generated salt by strong coordination. Treatment
of 1.113 with KOH followed by allyl bromide resulted in N-allylation to afford 1.114. The second
route commences with the preparation of 3-iodoindole (1.115) from 1.112. The iodination reaction
led to the formation of 1.115 quantitatively, which was N-allylated to give 1.116 in a near
quantitative yield (98%). Subjection of 1.116 to a lithiation/allylation protocol furnished the
required 1,3-diallylindole (1.114). The overall yield for the first route was 46%. The overall yield
was significantly improved to 75% following the second route. Treatment of 1.114 with 9-BBN
presumably afforded the organoborane species 1.117, which without isolation was reacted with
3,6-diiodopyridazine (1.118) under Suzuki—Miyaura cross-coupling conditions to give the
[3.3]cyclophane 1.119 (30%). In this regard, it is noteworthy that the synthesis of 1.119 is the first
example wherein the Suzuki-Miyaura reaction has been used for the preparation of a
[3.3]cyclophane. The synthetic utility of 1.119 was foreshadowed by its conversion to the
pentacycle 1.120 (Scheme 1.18, inset) through an inverse electron demand Diels—Alder (IEDDA)
reaction. The pentacyclic product has immense potential as a precursor to be utilized in the

synthesis of a wide variety of indole alkaloids.
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Scheme 1.18: Synthesis of [3.3]cyclophane 1.119 by Bodwell and co-workers.

e mm—

Using the Type Il strategy, Semmelheck and co-workers completed a concise 4-step
synthesis of [3.3]metacyclophane (1.124) (Scheme 1.19) from phenylbutyronitrile (1.121).’
Coordination of a transition metal to the z-system of an arene renders the aromatic system
substantially electron deficient , which allows for the addition of nucleophiles on the aromatic
system. The effect of activation by transition metals in the nucleophilic attack to arenes is well
precedented in the literature.>® The synthesis of 1.124 delineated below involves the use of such
a transition metal-assisted strategy. Reaction of 1.121 with chromium hexacarbonyl in 1,4-dioxane
at reflux afforded tricarbonylchromium complex(0) 1.122 (62%). Treatment of 1.122 with LDA
followed by decomplexation with iodine (oxidative conditions) afforded 1,10-

dicyano[3.3]metacyclophane (1.123) as a mixture of isomers. The two cyano groups were cleaved

34



by subjecting 1.123 to reductive conditions (Na/lig. NH3), providing 1.124 in excellent yield
(91%). The X-ray crystal structure of 1.124 reveals a chair-chair conformation (syn-1.124a).
Molecular mechanics calculations suggested that syn-1.124a was more stable than syn-1.124b,

syn-1.124c, and anti-1.124 by 0.60, 1.07, and 6.57 kcal/mol, respectively.

1. LDA CN NG
NC NC THF, =78 °C t0 0 °C N
Cr(CO)g oh .
1,4-dioxane | 2.1 @
reflux, 60 h Cr(CO); rt, 8 h
1.121 62% 1.122 84% (2 steps) 1123
Na/liq. NH3
THF
__________________________________________________________________ X 91%
o v B o Re
S S S : '
| syn-1.124a syn-1.124b syn-1.124c anti-1.124 | 1.124

1
| [l

Scheme 1.19: Synthesis of [3.3]metacyclophane (1.124) by Semmelheck and co-workers.

1.3.5.3 Synthesis of [m.n]Cyclophanes Utilizing the Type 111 Strategy
In addition to the synthesis of highly strained [n]cyclophanes, the type Il strategy discussed in
Section 1.1.1 has been also successful in gaining access to small, strained [m.n]cyclophanes, as
demonstrated by the synthesis of [1.1]paracyclophane (1.133) below.

The synthesis of 1.133 commenced with the photochemical [2+2] cycloaddition between

the advanced starting material, tricyclic diketone 1.125 and acetylene to afford diketone 1.126
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Scheme 1.20: Synthesis of [1.1]paracyclophane (1.133) by Tsuji and co-workers.

(36%) as a major product along with diketone 1.127 (12%) (Scheme 1.20).%® Compound 1.127,
resulting from a two-fold [2+2] cycloaddition, was a key intermediate in the synthesis. To obtain
synthetically useful quantities of 1.127, 1.126 was subjected to a further [2+2] cycloaddition
reaction under the same conditions. Treatment of 1.127 with NaOEt/HCO:Et led to the formation

of bis(ketoaldehyde) 1.128 presumably with the enol tautomers. Subsequently, a deformylative
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diazo transfer reaction of 1.128 furnished bis(diazoketone) 1.129 (85%, 2 steps). The five-
membered rings in 1.129 were contracted under Wolff rearrangement conditions to afford diester
1.130 as a mixture of three stereoisomers. Hydrolysis of 1.130 afforded a mixture of the
corresponding carboxylic acids. Exposure of the mixture to diphenyl phosphoryl azide in the
presence of EtaN as a base resulted in the formation of the corresponding mixture of isocyanates,
which was trapped with 2-(methylthio)ethanol to yield carbamate 1.131. Compound 1.131 was
converted into the corresponding quaternary salt, which underwent a double elimination reaction
upon treatment with t-BuOK to afford bis(Dewar benzene) 1.132. It should be noted that each of
the steps from 1.129 to 1.131 gave rise to the corresponding product as a mixture of stereoisomers.
No attempts were made to separate the stereoisomers in any of the steps. Irradiation of a glassy
mixture of 1.132 in isopentane/ether/EtOH with a 254 nm light source led to the generation of
1.133, which was discerned from the changes in UV/vis spectrum of the reaction mixture. The
absorption spectrum of 1.133 showed no sign of degradation for a few hours at —20 °C. The
sufficient stability also allowed measurement of its *H NMR spectrum. The calculated overall
bend (a+p) in the benzene rings of 1.133 was estimated to be approximately 50.0°, which is
significantly smaller than that calculated (67.9°) for [4]paracyclophane (1.10), although
comparable to that (52.2°) calculated for [5]paracyclophane (1.15).>” Depending on the level of
theory, the calculated strain energy of 1.133 is 93-128 kcal/mol.

Later, Tsuji and co-workers reported the preparation of the [1.1]paracyclophane derivative
1.134, which is stable enough to be isolated at room temperature (Scheme 1.21).°® The kinetic
stabilization provided by the bulky trimethylsilyl groups near the bridgehead carbon atoms mainly
contributes to the improved stability of 1.134 compared to 1.133. The logic for introducing the

bulky groups in 1.134 mirrors that used in the synthesis of the Kkinetically stabilized
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[4]paracyclophane derivative 1.57 (Section 1.2.4.3). The trimethylsilyl groups sterically shield
the bridgehead carbon atoms from the approach of reagents or protic solvents. The sequence of
reactions in the synthesis of 1.134 is very similar to that exploited in the synthesis of the thermally
labile parent [1.1]paracyclophane (1.133). The most remarkable facet of this work is that the
authors were able to obtain X-ray crystallographic data for 1.134. The average total bending angle
(at+p) was determined to be 49.8° from the crystallographic data, which is very close to the
calculated total bend for 1.133 and [5]paracylophane (1.15). The value of 49.8° remains the largest

experimentally obtained (a+ /) value for a paracylophane.

0

MezN

0
8steps  \ie.si SiMes
—_—
Me3Si- ’SiMes
0

1125 1.134)—NMe,

@)
Scheme 1.21: 8-Step synthesis of [1.1]paracyclophane 1.134 by Tsuji and co-workers.

1.4 Summary

The degree of bend in the aromatic system(s) of cyclophanes modulate their chemical and physical
properties. In general, cyclophanes with shorter bridges are more strained than the ones with
longer bridges. The common approaches for accessing cyclophanes fall under three categories
(Type I, Type II, and Type I11). The Type 11l approaches are the ones that have been successful in
gaining access to highly strained cyclophanes. The success of the type Ill approach relies on the
gain of aromatic stabilization energy (ASE) that accompanies the generation of the new aromatic
system. The synthesis of a few selected examples of [n]cyclophanes and [m.n]cyclophanes have
been discussed, showcasing the power and limitations of the Type I-11l approaches. Although the

Type Il strategy has been relied upon for the generation of highly strained cyclophanes, it is still
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quite limited in terms of the structural types it has been able to deliver. There remains considerable

scope for improvement and/or the development of new strategies that can fill the gap.
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Chapter 2: Contractive Annulation: A Strategy for the Synthesis of Small, Strained

Cyclophanes and Its Application in the Synthesis of [2](6,1)Naphthaleno[1]paracyclophane
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2.1 Introduction

Ever since the early days of cyclophane chemistry, the pursuit of ever-smaller and more strained
cyclophanes has been of interest owing to the unusual chemical and physical properties that arise
in such systems. As the degree of strain increases, so does the synthetic challenge and a variety
of inventive synthetic approaches to small, strained cyclophanes have been developed. From a

strategic perspective, all of these approaches fall under the same general strategy (Type I

PRE- aromatization
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Scheme 2.1: Existing aromatization-based approach to the syntheses of highly strained cyclophanes and

selected examples of its use.
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strategy, Chapter 1), which is the only one that has been found to be effective in gaining access to
the most highly-strained cyclophanes. It involves the conversion of a bridged, nonplanar “pre-
arene” (2.1) into the corresponding cyclophane (2.2) via some sort of aromatization reaction
(Scheme 2.1). Using this approach, only benzene and pyrene have been bent to the limits of
stability, as exemplified by cyclophanes 2.4,' 2.6,2 2.8% and 2.10,* which were generated from
bridged Dewar benzenes 2.3 and 2.5, propellane 2.7, and bridged [2.2]metacyclophane-1,9-diene
2.9, respectively. The details of the syntheses of 2.4 (R = H), 2.6, and 2.8 have been discussed in
Chapter 1. All other strategies for the synthesis of cyclophanes,® i.e. those based on
macrocyclization or ring contraction, fail when called upon to deliver highly-strained systems.
The success of the arene-forming strategy is attributable to the gain of aromatic stabilization energy
(ASE) during the cyclophane-forming reaction, which serves to counterbalance the concomitant
increase in strain. The initial results on the conception and realization of a new strategy for the

synthesis of highly-strained cyclophanes are presented in this chapter.

2.2 Objective

Although the strategy involving the conversion of a “pre-arene” to an “arene” has been relied upon
for the generation of highly strained cyclophanes, it is still quite limited in terms of the structural
types it has been able to deliver. This offered an opportunity for the development a new strategy.
The new strategy consists of a three-stage process, which commences with an existing cyclophane
(Scheme 2.2). The first step is to functionalize the aromatic system at a position adjacent to one
of the bridgeheads. This is followed by synthetic manipulation that leads to the formation of a
new ring linking the arene to the neighbouring benzylic position. Finally, the new ring is
aromatized to afford a new cyclophane, in which the aromatic system has been enlarged by one

new benzenoid ring and the bridge has been contracted by one carbon atom. The term “contractive

46



annulation” captures the essence of this approach. As in the existing arene-forming strategy, the
gain of ASE in the final step is meant to play a role in offsetting the increase in strain.

X

@ Stage 1 . @

functionalize an existing
(CH5), cyclophane adjacent to (CHy),
a bridgehead

create a new ring
Stage 2 | by linking the arene and
the bridge

@@ Stage 3 s
aromatize ( )
(CH5)1 the new ring

(CHZ)n
Scheme 2.2: Contractive annulation strategy for simultaneously growing the aromatic component of a

cyclophane and contracting its bridge.

To test the contractive annulation strategy, [2.2]paracyclophane (2.11) was chosen as a
starting material. In addition to its ready availability, relatively low cost and well-understood
chemistry, every non-quaternary aromatic position is adjacent to a bridgehead, so fulfillment of
Stage 1 should not be complicated by issues of regioselectivity. The successful application of the
contractive annulation strategy on 2.11 could provide [2](6,1)naphthaleno[1]paracyclophane
(2.12), which was expected to be more strained than 2.11 (Scheme 2.3).

contractive

D annulation >
S T &

2.1 212
Scheme 2.3: Contractive annulation of [2.2]paracyclophane (2.11).

2.3 Results and Discussion
With regard to Stage 2, there does not appear to be any precedent among the large body of literature

on the chemistry of [2.2]paracyclophane for the formation of a covalent link between one of the
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benzene rings and an adjacent bridge. As a first step in this direction, methodology for the
functionalization of a bridge atom adjacent to an aryl substituent was sought. Directed metalation
reactions have achieved this objective on two occasions,® but the prospects for using the resulting
functionality to quickly install a six-membered all-carbon ring did not appear to be good. Thus,
an alternative way of approaching Stage 2 was devised and this involved the use of an

intramolecular carbene C—H insertion reaction.

2.3.1 Synthesis

Accordingly, to accomplish the fulfillment of Stage 1, [2.2]paracyclophane (2.11) was acylated
under Friedel-Crafts conditions to afford 4-acetyl[2.2]paracyclophane (2.13) (67%) (Scheme 2.4)."
For the aforementioned C—H insertion reaction, a diazo functionality needed to be installed next
to the carbonyl group in 2.13. The Regitz diazo transfer reaction is one of the frequently utlized
reactions for the installation of a diazo functionality in 1,3-dicarbonyl compounds.®2 With an aim
to convert 2.13 to a f-keto ester, 2.13 was treated with LIHMDS to generate the corresponding
enolate in situ, which was trapped with methyl chloroformate to give an inseparable ca. 89:11
mixture of S-keto ester 2.15 and its enol tautomer 2.14 (81%). To set the stage for the key insertion
reaction, subjection of the mixture of 2.14 and 2.15 to Regitz diazo transfer conditions afforded a-
diazo--keto ester 2.16 (89%). Although, the involvement of the ester functionality in the reaction
sequence might seem redundant, there are two possible benefits of its incorporation. Firstly, the
attachment of an ester group to the methyl carbon of 2.13 would be expected to increase the acidity
of the resulting methylene protons (a-to the keto group) significantly, which in turn should
facilitate the installation of the diazo group in the diazo transfer reaction. Secondly, in general, a-

diazo-S-keto esters are known to be more thermally stable than o-diazoketones.® The greater
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stability of a-diazo-S-keto esters is attributed to the electron-withdrawing ability of the ester
groups. This in turn makes the handling of a-diazo-/-keto esters safer than that of a-diazoketones.
Gratifyingly, 2.16 underwent C—H insertion reaction in the presence of 1 mol% of Rh2(OAc)s to
furnish a ca. 83:17 mixture of f-keto ester 2.18 and the enol tautomer 2.17 (64%). The
stereochemistry of the a-carbon atom to both the keto and the ester groups in 2.18 was tentatively
assigned based on the experimentally observed small coupling constant (J = 0.8 Hz) between the
two methine protons of the five-membered ring (6= 4.30 and 3.65 ppm). Inspection of molecular
models reveals that the H-C—C—H dihedral angle in 2.18 is close to 90°, whereas the corresponding
angle in its epimer (not shown) is ca. 30°. Increasing the loading of the catalyst Rho(OAC)4 to 2%
did not improve the yield, rather led to a diminished yield (52%). To remove the ester
functionality, the mixture of 2.17 and 2.18 was subjected to classical decarboxylation conditions
(Scheme 2.4, conditions a,) to afford indanone 2.19 (30%). Exposure of the mixture of 2.17 and
2.18 to Krapcho dealkoxycarbonylation conditions (Scheme 2.4, conditions b) led to the formation

of 2.19 in moderate yield (65%).
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Scheme 2.4: Synthesis of indanone 2.19 from [2.2]paracyclophane (2.11).

After checking the viability of the C—H insertion reaction, focus was next turned to prepare
a-diazoketone 2.23 from 4-acetyl[2.2]paracyclophane (2.13) (Scheme 2.5). If successful, this
would shorten the step count from 2.13 to 2.19, which could perhaps improve the overall yield.
Bromination® of 2.13 with CuBr; resulted in the formation of a-bromoketone 2.20 (72%).
Treatment of 2.20 with N,N’-ditosylhydrazine (2.21) in the presence of DBU as base afforded a-
diazoketone 2.23 (43%) as a pale yellow solid. Compound 2.23 was found to be stable in the solid
state for several months under ambient conditions. The overall yield in going from 2.13 to 2.23

(31%) was rather low, so the use of a different reaction sequence was investigated. Ketone 2.13
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was converted into glyoxal 2.22 (presumably as a mixture with its hydrate) under Riley oxidation
conditions,** which upon reaction with tosyl hydrazide in the presence of Cs,COs produced 2.23.

The overall yield for this two-step sequence was 86%.

TsNHNHTs
2.21
> CuBr, & DBU >
=] —— X7 —— ]
& EtOAC ey THF a
CHs rt,48h gr 0°C,15min X
r N2
o} 72% 0 43% o}
2.13 2.20 2.23

7

TsNHNH,
Se0; a8 Cs,CO;3
. .. o

1,4-dioxane/H,O CHCl,
110 °C, 15 h H rt, 1 h
O 86% (2 steps
2.22 ° (2 steps)

Scheme 2.5: Preparation of a-diazoketone 2.23 from 4-acetyl[2.2]paracyclophane (2.13).

The influence of several reaction parameters (catalyst, solvent, and temperature) for the
intramolecular C—H insertion reaction of a-diazoketone 2.23 was examined. The results are
depicted in Table 2.1. Reaction carried out with 2 mol% of Rh2(OAc)s in CH2Cl, at room
tempearature afforded 2.19 in 51% yield (Table 2.1, Entry 1). Reduction of the catalyst loading
to 1 mol% had practically no effect on the yield, furnishing 2.19 in essentially same yield (52%)
(Table 2.1, Entry 2). The yield was slightly improved when the reaction was performed at 40 °C
(Table 2.1, Entry 3). A significant increase in yield (64%) was observed when the temperature
was decreased to 0 °C (Table 2.1, Entry 4). Changing the solvent from CH2Cl, to 1,2-
dichloroethane or «,a,a-trifluorotoluene led to diminished yields (Table 2.1, Entries 5 and 6).
Among the rest of the conditions screened (Table 2.1, Entries 7-10), the set of conditions of Entry
8 was found to be as effective as the conditions of Entry 4. However, when Rhz(oct)s was used as

the catalyst, in both cases (Entries 8 and 9), purification of 2.19 by silica gel column
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chromatography became problematic as the catalyst coeluted with 2.19 as evident from visual
observation (a green colored band was found to coelute with a yellow band). Hence, Entry 4
proved to be the optimal set of conditions for the C—H insertion reaction. Worthy of note is that
the insertion reaction under the “Entry 4” conditions was amenable to a gram-scale synthesis of
indanone 2.19 without a significant deterioration in yield (cf. 62% yield on a 7.6 mmol scale).
Table 2.1: Optimization of C—H insertion reaction conditions.

Q conditions? Q
Sy =,

0 N 0
2.23 219

Entry Catalyst Cat. Loading Solvent Temperature Time Yield?
1 Rhy(OAc), 2 mol% CH,Cl, rt 30 min 51%
2 Rhy(OAC), 1 mol% CH,Cl, rt 30 min 52%
3 Rh,(OAc), 1 mol% CH,Cl, 40 °C 30 min 54%
4 Rh,(OAc), 1 mol% CH,Cl, 0°C 45 min 64%
5 Rhy(OAC), 1 mol% 1,2-DCE 0°C 45 min 59%
6 Rh,(OAc), 1 mol% PhCF3 0°C 60 min 53%
7 Rhy(TFA)4 1 mol% CHCl, 0°C 45 min 55%
8 Rh,(oct), 1 mol% CH.Cl 0°C 45 min 61%°
9 Rhy(oct), 1 mol% CH,Cl, rt 30 min 59%°¢
10 Rh,(esp)s, 1 mol% CH,Cl, rt 30 min 57%

3Reaction conditions: 2.23 (0.18 mmol), catalyst (as per table), solvent (4 mL). "Isolated yields. “Coeluted
catalyst is present as impurity. Rha(TFA)s = rhodium(II) trifluoroacetate dimer. Rha(oct)s = rhodium(II)

octanoate dimer. Rha(esp). = bis[rhodium(e, a, «, o -tetramethyl-1,3-benzenedipropionic acid)].

Indanone 2.19 was reduced with LiAlH; to afford indanol 2.24 (65%) as a single

diastereomer (Scheme 2.6). The stereochemistry could not be determined unambiguously, but it
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is highly likely that the hydride is delivered from the less hindered bottom face of the carbonyl
group to give the isomer shown. Acid-catalyzed dehydration of 2.24 led to the formation of indene
2.25 (95%). Indene 2.25 is an interesting system in that deprotonation of it would deliver the
corresponding indenide 2.26, wherein the indene moiety would follow Hickel’s 4N+2 rule (N =
2) and thereby would become aromatic. The successful preparation of 2.26 would serve as the
first proof of principle of the contractive annulation strategy because the transformation of
[2.2]paracyclophane (2.11) to 2.26 would meet all the requirements of “Stage 1-3”. In fact,
treatment of 2.25 with n-BuLi followed by methyl iodide provided methylindene 2.27 (68%),

which implies the intermediacy of 2.26.

a8 LiAIH, p-TsOH a)
"'H THF benzene "'H
‘ 0 OC, 1h 90 OC, 30 min ¢
2.19° 65% 95% 2.25
& Mel, 15 min .. n-BuLi
., B @ - |
QQ Me 68% -, THF, 78 °C
15 min
2.27 2.26
Scheme 2.6: Conversion of indanone 2.19 to methylindene 2.27.
2.3.1.1 First Attempted Route toward the Synthesis of

[2](6,1)Naphthaleno[1]paracyclophane (2.12)

Having indanone 2.19 in hand, the transformation of it into [2](6,1)naphthaleno[1]paracyclophane
(2.12) was explored. Since the newly created arene-bridge link was a five-membered ring, ring-
expansion was then required to establish a suitable framework for Stage 3. Grignard reaction of
2.19 with MeMgBr afforded a ca. 71:29 mixture of indanol 2.28 and the unreacted starting material

2.19 (Scheme 2.7) as judged from the *H NMR spectrum of the crude reaction mixture. As for the
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reduction of 2.19 to 2.24 (Scheme 2.6), in this case, the reagent (MeMgBr) likely attacked the
carbonyl group of 2.19 from the bottom face to give the stereoisomer shown. Prolonging the
reaction time or adding an excess of MeMgBr did not lead to complete consumption of 2.19. This
is likely due to competitive deprotonation of 2.19 by MeMgBr to provide the corresponding
enolate, which would then be unreactive toward 1,2-addition of the Grignard reagent.
Surprisingly, the starting material 2.28 and the product 2.19 were found to have the same Ry value
(Rf = 0.27 in 20% ethyl acetate/hexanes). A variety of other solvent systems of varying polarity
were screened for TLC analysis, but none of them brought about meaningful separation. No
further attempts (e.g. recrystallization) were made and the crude mixture was subjected to
dehydration conditions to give indene 2.29 (41%, 2 steps). Column chromatographic purification
also resulted in 17% recovery of the unreacted indanone 2.19. Upjohn dihydroxylation*? of 2.29
afforded the vicinal diol 2.30, wherein both hydroxyl groups are on the same side of the five-
membered ring. Although not determined unequivocally, the reagent presumably approached from
the less-hindered bottom face of 2.29, which placed the hydroxyl groups as shown in the structure
of 2.30. Oxidative cleavage of 2.30 with NalO4 provided ketoaldehyde 2.31 in excellent yield
(96%). An acid-catalyzed intramolecular aldol reaction of 2.31 afforded p-hydroxytetralone 2.32
(34%). The stereochemistry at the carbon atom bearing the hydroxyl group was not
unambiguously determined. Attempts to grow crystals suitable for X-ray analysis failed. A
NOESY experiment showed a correlation between the methine proton on the bridge and the one
on the OH-bearing carbon atom, but this would also be expected for the epimer of 2.32. The
chemical shift of the methine proton bound to the OH-bearing carbon was calculated by DFT
computational methods at the GIAO-B3LYP/6-311+G(2d,p) level of theory for both 2.32 and its

epimer. The methine proton in question was calculated to resonate at 6 =4.31 ppm for 2.32 and ¢
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= 3.84 ppm for its epimer (see Appendix 1) according to the DFT calculations. Careful analysis
of the *H NMR spectrum revealed that the methine proton on the OH-bearing carbon atom
appeared as an apparent td at 6 4.78 ppm. The difference (Ao) between the experimentally
observed chemical shift value of 4.78 ppm and DFT-calculated value of 4.31 ppm is 0.47 ppm,
whereas the difference between (Ao) the experimentally observed chemical shift value of 4.78 ppm
and DFT-calculated value of 3.84 ppm is 0.94 ppm. The smaller chemical shift difference of 0.47
ppm supported the notion that compound 2.32 as opposed to the epimer of 2.32 was the product
formed in the aldol reaction. DFT-calculations at the M06-2X/Def2SVP level of theory also
revealed that 2.32 was thermodynamically more stable than its epimer by 0.3 kcal/mol.

The low yield of 2.32 could be rationalized by considering two undesired reactions, the
evidence for which was gleaned from the experimental outcome. Firstly, under the reaction
conditions, 2.32 underwent dehydration to afford enone 2.33 (10%). Secondly, an acid-catalyzed
epimerization at the methine carbon atom of the bridge in 2.31 led to the formation of ketoaldehyde
2.34 (19%). p-Hydroxytetralone 2.32 was reduced with NaBHa, which presumably attacked from
the bottom face of the carbonyl group, affording diol 2.35 (95%). This set the platform for Stage

3.
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Scheme 2.7: Synthesis of diol 2.33 from indanone 2.19.

Diol 2.35 contains all the necessary carbon atoms that are present in cyclophane 2.12. A
two-fold dehydration of 2.35 was deemed to afford 2.12. Unfortunately, subjection of 2.35 to
dehydration conditions (catalytic amount of p-TsOH) resulted in the rupture of the cyclophane
framework and furnished 4-[2-(2-naphthalenyl)ethyl]benzyl alcohol (2.36) and diphenylmethane
2.37 in 40% and 11% vyields, respectively (Scheme 2.8). A plausible mechanism accounting for
the formation of 2.36 is delineated below (Scheme 2.8, inset). A double elimination of water via
two successive E1 reactions was the expected pathway from 2.35 to form 2.12, and this may indeed
have occurred. Upon closer examination, the benzylic alcohol would be expected to be involved
in the elimination first due to the more stable benzylic carbocation intermediate. Protonation of

the remaining OH group and loss of water would then afford allylic alcohol 2.39. Protonation of
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2.12 under the acidic reaction conditions would be expected to occur selectively at the bridgehead
carbon (a-carbon) of the naphthalene moiety to regenerate the carbocation intermediate 2.38
because it would cause more strain relief than protonation at any other naphthalene «a-position.
The CH>—CH bond in 2.38 appears to be aligned with the adjacent empty p-orbital of the allylic
carbocation moiety. Nucleophilic attack by water at the neighboring benzylic carbon atom in an
Sn2-like reaction leads to C—C bond cleavage to furnish 2.36. The overall process from 2.12 to
2.36 is a retro-Friedel-Crafts alkylation reaction. Instead of water, an attack of the solvent
(benzene) as nucleophile followed by loss of a proton from the resulting arenium ion intermediate
(not shown) results in the formation of 2.37. Attempts to convert the hydroxyl groups of 2.35 into
better leaving groups by tosylation or mesylation and a subsequent two-fold elimination reaction

in the presence of a base (EtsN or DBU) to obtain 2.12 met with failure.
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Scheme 2.8: Acid-catalyzed ring opening reaction leading to 2.36 and 2.37. Inset: mechanism for the ring

opening reaction.

2.3.1.2 Successful Synthesis of [2](6,1)Naphthaleno[1]paracyclophane (2.12)

The inaccessibility of 2.12 following the previous route (vide supra) prompted the investigation of
a different route. Reaction of indanone 2.19 with ethyl diazoacetate in the presence of Et.O-BF3
led to a one-step ring expansion,® affording an inseparable ca. 93:7 mixture of enol esters 2.41
and 2.42. Subjection of this mixture to Krapcho dealkoxycarbonylation conditions provided -
tetralone 2.44 (46%, 2 steps from 2.19) and S-tetralone 2.43 (2%, 2 steps from 2.19), which were
separated by column chromatography. Based on a 93:7 ratio of enol esters 2.41 and 2.42, the

individual yields of 2.44 and 2.43 in the Krapcho dealkoxycarbonylation are 86% and 57%,
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respectively. Stage 3 of the contractive annulation strategy was initiated by reduction of 2.44 with
NaBHa, which afforded tetralol 2.45 (85%) as the single diastereomer shown. The stereochemistry
was assigned tentatively based on the expectation that the reducing agent attacked the carbonyl
group from the less hindered bottom face of the carbonyl group. Dehydration of 2.45 in the

presence of a catalytic amount of p-TsOH furnished dihydronaphthalene 2.46 (94%).

Et,0-BF,
- NCHOOEL () -
(=, ——C =, - X
o UL S el M
el P HO — COEt  go,c”  OH
57% tO,
219 2.41 2.42
S NaBH, a) ) ' LiCl, Hy,0
C=OHH  MeoH Y XY S DMSO, 140 °C
O°Ctort : o ! 2h
H 1 h, 85% O l |
2.45 ° 2.44 (86%) L 2.43 (57%) |
_ separated by
p-TSOH ﬁ column chromatography
benzene Q H
90 OC Q
30 min, 94% 2.46

Scheme 2.9: 4-Step synthesis of dihydronaphthalene 2.46 from indanone 2.19.

After synthesizing dihydronaphthalene 2.46, a dehydrogenation reaction was used to obtain
the targeted cyclophane 2.12. Compounds 2.46 and 2.12 were expected to have very close Rt
values, which could provide misleading information about the progress of the dehydrogenation
reaction by thin-layer chromatographic (TLC) analysis. Hence, the progress of the reaction of 2.46
with 2 equivalents of DDQ (oxidant) in deuterated benzene as solvent was monitored by *H NMR
spectroscopy at different time intervals (Scheme 2.10). The *H NMR spectrum recorded after 24
h displayed a newly developed pair of mutually coupled doublets (J = 14.2 Hz) at 4.17 ppm and

3.79 ppm (AB system) attributable to the two diastereotopic methano-bridge protons of 2.12.
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Additionally, several newly developed high-field aromatic signals were observed in the *H NMR

spectrum, which were also expected for 2.12. The highest field signal for an aromatic proton

appeared at 5.14 ppm. As the reaction progressed for another 12 h (t = 36 h), the new signals had

grown in intensity and at t = 48 h, virtually no change of the relative intensity of the signals for the

product compared to the starting material (2.46) was observed, suggesting very little to no progress

of the reaction after t = 36 h.
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Scheme 2.10: Monitoring the progress of the dehydrogenation of 2.46 by *H NMR spectroscopy.
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A brief optimization of the reaction conditions revealed that the dehydrogenation reaction
did not proceed at room temperature with 3 equiv of DDQ in benzene (Table 2.2, Entry 1).
Elevation of the temperature to 40 °C with no change in the amount of DDQ and the solvent
afforded 2.12 in 14% yield (Table 2.2, Entry 2). A further increase of the temperature to 80 °C
had a deleterious effect on the yield of 2.12 (8%) (Table 2.2, Entry 3). The use of 5.0 equiv of
DDQ as oxidant significantly shortened the reaction time and led to a slight increase in the yield
(Table 2.2, Entry 4). It was surmised that the quinol (resulting from reduction of DDQ) that was
formed in these reactions as a byproduct might be acidic (pKai= 3.9 and pKa2 = 6.1 as predicted by
DFT calculations)!* enough to trigger a retro-Friedel-Crafts reaction of 2.12. This could be a
major reason for the low yields (Table 2.2, Entries 1-4). The addition of a base could prove to be
beneficial as the base would convert the quinol to the corresponding phenolate, and this would
supress the undesired decomposition pathway of 2.12. In fact, the use of K.COs3 as an additive led
to a slight increase in yield (Table 2.2, Entry 5). The formation of 2.12 was completely shut down
upon changing the solvent from benzene to more polar solvents, such as CH2Cl; and 1,2-DCE
(Table 2.2, Entries 6 and 7). In both cases, TLC analysis indicated the formation of only baseline
material.

An alternative two-step protocol (bromination/elimination reactions) was also examined
for the conversion of 2.46 to 2.12. Bromination of 2.46 followed by a two-fold elimination reaction
with t-BuOK as base resulted in the formation of 2.12 in 11% yield. All of the DDQ-mediated
reactions in benzene were much cleaner and the isolation of 2.12 was straightforward and easy.
The use of EtsN-neutralized silica gel or neutral alumina in lieu of commercially available normal
phase silica gel as the stationary phase for the column chromatographic purification of 2.12 was

examined to check if the acidic nature of the stationary phase had contributed to the isolated low
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yield of 2.12 (Table 2.2, Entry 5). The isolated yields of 17% and 20% following the use of EtsN-
neutralized silica gel and neutral alumina, respectively, as stationary phase, were comparable to
the yield of 19% (Table 2.2, Entry 5) following the use of commercially available silica gel.
Cyclophane 2.12 is stable both in the solid state for months and in solution (benzene,
dichloromethane, chloroform, and ethyl acetate) for at least two weeks under ambient conditions.
Table 2.2: Screening of reaction conditions for the dehydrogenation of dihydronaphthalene 2.46.

> conditions? Q
o= o5

2.46 212

Entry Conditions Yield”?
1 DDQ (3.0 equiv), benzene, rt, 27 h no reaction
2 DDQ (3.0 equiv), benzene, 40 °C, 30 h 14%
3 DDAQ (3.0 equiv), benzene, 80 °C, 18 h 8%
4 DDQ (5.0 equiv), benzene, 40 °C, 20 h 16%
5 DDQ (5.0 equiv), K;CO3 (5.0 equiv), benzene, 19%

40°C, 20 h
6 DDQ (5.0 equiv), K,CO3 (5.0 equiv), CH,Cl,, rt, 6 h not detected
7 DDQ (5.0 equiv), K,CO3 (5.0 equiv), 1,2-DCE, rt, 6 h not detected
8 Br, (2.1 equiv), CHCI5, 0 °C to rt, 18 h; after work up, 11%°

t-BuOK (2.5 equiv), THF, 0°C tort, 3 h
3Reaction conditions: 2.46 (0.41 mmol), reagent (as per table), solvent (10 mL). Isolated yields. °ca. 90%
pure by *H NMR analysis.

2.3.2 X-Ray Crystallographic Analysis
Crystals suitable for X-ray crystallographic analysis were grown by diffusion of acetonitrile into a

solution of 2.12 in chloroform.’® In addition to the experimentally-determined structure (Figure
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2.1), a gas-phase structure of 2.12 was calculated (Def2TZVP/M062X)*® and the calculated
structure agrees very well with the observed structure.

Key structural features of [2.2]paracyclophane (2.11) are the face-to-face orientation of the
two benzene rings, the boat-shaped benzene rings and their proximity. As a consequence of the

contractive annulation of 2.11, the benzene deck in naphthalenophane 2.12 no longer has a

H14c14  c13 H13

Figure 2.1: Two views of naphthalenophane 2.12 in the crystal with 50% displacement ellipsoids.

perfect face-to-face orientation with the six-membered ring below it. Instead, the centroid of the
benzene ring is closer to the C9-C10 centroid (3.01 A) than it is to the centroid of the six-
membered ring beneath it (3.17 A).

As discussed in Chapter 1, the angles « and S are normally used to describe the distortion
from planarity of bent benzene rings and their sum can be used as a measure of local distortion.
For [2.2]paracyclophane (2.11), a =12.6°, £ =11.2° and a+/3=23.8°.1" For 2.12, there are four
sets of o and g associated with the four bridgehead carbon atoms C3, C8, C12, and C15 (Table
2.3). The average values of «, fand a+fare significantly greater than those of 2.11, which shows
that the additional strain in 2.12 is distributed around the molecule. As indicated by the a+p
values, there is a higher degree of local distortion in the vicinity of the bridgeheads of the one-

carbon bridge (C8 and C12).
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Table 2.3: Experimentally determined values of ¢, fand a+f for 2.12.

Bridgehead a yij a+p

C(3) 16.4(3)° 10.0(3)° 26.4(4)°
C(8) 11.7(3)° 18.9(3)° 30.6(4)°
C(12) 13.3(3)° 15.4(3)° 28.7(4)°
C(15) 13.2(3)° 9.4(3)° 22.6(4)°
Average 13.7(3)° 13.4(3)° 27.1(4)°

While the benzene ring in 2.12 is boat-shaped, the naphthalene system is highly twisted,
as measured by the torsion angles C3-C10-C7-C6 [35.2(2)°] and C10-C3-C6-C7 [35.0(2)°].
These values exceed that of the central naphthalene unit in triple-decker naphthalenophane 2.47%°
(32°; the previously most-twisted naphthalene system in a naphthalenophane) and are just shy of
the embedded naphthalene system in pyrenophane 2.48 (37°; the most distorted pyrene system for

which there is a crystal structure) (Figure 2.2).%

<% <o

o) -

(CH2)s
2.47 2,48 T™S 2.49 TMS
Otsubo (ref. 19) Bodwell (ref. 20) Vollhardt (ref. 21)

Figure 2.2: Structures of comparison compounds 2.47-2.49.

A small bond alternation was observed in the benzene deck favoring the Kekulé structure
shown throughout this chapter. Starting with the C12—C13 bond, the observed bond lengths are

1.389(4), 1.401(3), 1.385(4), 1.404(4), 1.385(4) and 1.400(4) A. The bond length differences (Ad)
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between adjacent bonds range from 0.011 to 0.019 A and average 0.015 A, which exceeds three
standard deviations (0.012 A). The bond alternation is also predicted in the calculated structure,
where Ad = 0.012 A. The magnitude of Ad is much less than what has been observed in benzene
rings fused to three small rings, such as tris(benzocyclobutadieno)benzene 2.49 (Adayg = 0.159
A),?! but the benzene ring in 2.12 is merely a 1,4-disubstituted system. In this regard, it is worth
noting that a kinetically stabilized analog of [4]paracyclophane derivative 2.6 has unequal bond
lengths, but not bond alternation.

The bond lengths in the naphthalene system are within normal ranges,?? except for C4-C4a
[1.438(3) A] and C8-C8a [1.437(3) A], which are a little longer than the corresponding bonds in
naphthalene (1.420 A).2 The stretching of these bonds is presumably a consequence of their
location on the bridgehead-to-bridgehead pathway (C3 to C8).

The ethano bridge in 2.12 has bond lengths [1.521(3), 1.586(4) and 1.513(3) A] and angles
[113.9(2) and 113.7(2)°] that closely resemble those in 2.11 (1.511 and 1.593 A; 113.7°).17 The
C15-C1-C2-C3 torsion angle is 9.5°, which makes the C1-C2 bond somewhat less eclipsed than
its fully eclipsed counterpart in 2.11.1" The methano bridge (C11) has a compressed C—C—C bond

angle of 104.73(19)° and the two bonds lengths [1.542(3) and 1.537(3) A] are a little elongated.

2.3.3 Strain Energy (SE) and Nucleus-Independent Chemical Shifts (NICS) Calculations by
Computational Methods

One of the aims of the contractive annulation strategy is that it should bring about a substantial
increase in strain energy. To evaluate the extent to which this objective was achieved, the strain
energies of 2.11 (25.6 kcal/mol) and 2.12 (44.1 kcal/mol) were calculated at the MOG6-
2X/Def2TZVP level of theory (Figure 2.3).1® The 18.5 kcal/mol increase in strain corresponds to

a 72% absolute increase. However, taking the number of skeletal atoms into account, the strain
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energy increases from 1.60 kcal/mol per carbon atom in 2.11 to 2.32 kcal/mol per carbon atom in

2.12, a 45% overall increase. By either measure, the increase in strain is indeed substantial.

& | |
w %@ NICS(B) = —8.775

2.1 212

SE = 25.6 kcal/mol, SE = 44.1 kcal/mol,
1.60 kcal/mol per carbon atom  2.32 kcal/mol per carbon atom

Figure 2.3: Strain energies of 2.11-2.12 and NICS values for 2.12.

________________

The calculated NICS values of the nonplanar aromatic systems in 2.12 (Figure 2.3) are
consistent with high retention of aromaticity. The somewhat lower value in the newly-installed
ring (C) is consistent with it being the one having the bridgehead associated with the highest local

distortion from planarity [a+£ involving C8 = 30.6(4)°, Table 2.3].

2.3.4 NMR Analysis
The slippage of the two aromatic systems away from a perfect face-to-face arrangement causes the
aromatic protons of 2.12 to be spread out over a rather broad range (67.32 to 4.97 ppm) (Figures

2.4),

CHCl,
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Figure 2.4: 300 MHz *H NMR spectrum of 2.12 in CDCls.
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The assignments of the proton and carbon resonances of 2.12 were corroborated by 1D and
2D NMR (COSY, HSQC, HMBC, and NOESY) experiments. All the 1D and 2D NMR spectra
are shown in Appendix 1 (vide infra). A detailed description of how the assignments were made
is given below. The numbering of protons in the description indicates that of the protons of the
crystal structure (vide supra, Figure 2.1). All but the five quaternary carbon atoms, namely C3,
C8, C8A, C12, and C15, could be assigned unequivocally. The closeness of some of the quaternary
signals rendered it difficult to spot cross-peaks from the HMBC spectrum, thereby thwarting the
assignments of the signals.

1. H4isthe only aromatic proton that will be a singlet or narrow doublet (d). A slightly broadened
singlet is observed at 6.93 ppm. Assignment: H4 = 6.93 ppm.

2. H4 shows a HSQC cross peak to 126.6. Assignment: C4 = 126.6.

3. The signal at 6.93 ppm shows a weak COSY cross-peak to the doublet of doublets (dd) at 6.28
ppm. This is consistent with meta coupling. Assignment: H10 = 6.28 ppm.

4. The signal at 6.28 ppm shows a strong COSY cross-peak to a part (the right-hand side) of the
multiplet (m) at 7.13-6.99 ppm. This is consistent with ortho coupling. Assignment: H9 =
7.13-6.99 ppm (rhs).

5. H10 shows a HSQC cross peak to 133.3 ppm. Assignment: C10 = 133.3 ppm.

6. H9 shows a HSQC cross peak to 129.6 ppm. Assignment: C9 = 129.6 ppm.

7. The doublets at 4.32 and 3.88 must be the geminal protons on C11. Both show a HSQC cross
peak to 44.0 ppm. Assignment: C11 = 44.0 ppm.

8. The highest field aromatic signal at 4.97 ppm must be the one situated over the naphthalene

ring. Assignment: H17 = 4.97 ppm.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

H17 shows a strong COSY cross-peak to the signal at 5.56 ppm. This is consistent with ortho
coupling. Assignment: H16 = 5.56 ppm.

H17 shows a weak COSY cross-peak to the right hand side of the multiplet (m) at 7.34-7.29
ppm. This is consistent with meta coupling. Assignment: H13 = 7.39-7.29 ppm (rhs).

H17 shows a HSQC cross peak to 132.6 ppm. Assignment: C17 = 132.6 ppm.

H13 shows a HSQC cross peak to 134.8 ppm. Assignment: C13 = 134.8 ppm.

H16 shows a HSQC cross peak to 132.9 ppm. Assignment: C16 = 132.9 ppm.

H16 shows a weak COSY cross-peak to the doublet of doublets (dd) at 6.71 ppm. This is
consistent with meta coupling. Assignment: H14 = 6.71 ppm.

H14 shows a HSQC cross peak to 130.5 ppm. Assignment: C14 = 130.5 ppm.

The left-hand side of the multiplet (m) at 7.13-6.99 ppm shows cross peaks to the left-hand
side of the multiplet (m) at 7.34-7.29 ppm and to the middle of the multiplet (m) at 7.13-6.99
ppm. Assignment: H6 = 7.13-6.99 ppm (lhs).

H6 shows a HSQC cross peak to 124.2 ppm. Assignment: C6 = 124.2 ppm.

C11 shows a HMBC cross peak to the middle of the multiplet (m) at 7.13-6.99 ppm.
Assignment: H7 = 7.13-6.99 ppm (middle).

H7 shows a HSQC cross peak to 124.4 ppm. Assignment: C7 = 124.4 ppm.

H6 shows a strong COSY cross peak to the left-hand side of the multiplet (m) at 7.34-7.29
ppm. Assignment: H5 = 7.34-7.29 ppm (lhs).

H5 shows a HSQC cross peak to 124.9 ppm. Assignment: C5 = 124.9 ppm.

H4 shows an HMBC cross peak to 34.8 ppm. Assignment: C2 = 34.8 ppm. C1 must therefore

be 32.3 ppm.
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23. C2 shows a HSQC cross peak to the doublet of doublet of doublets (ddd) at 3.21 ppm.
Assignment: One of the H2A or H2B = 3.21 ppm.

24. The signal at 148.1 ppm shows HMBC cross peaks to H14, H16, and both H11A and H11B.
Assignment: C12 = 148.1 ppm.

25. The signal at 146.8 ppm shows HMBC cross peaks to H6, H9, and both H11A and H11B (one
strong, one very weak). Assignment: C4A = 146.8 ppm.

For the benzene ring, the signals for C13-H (67.31 ppm) and C14-H (56.71 ppm) resonate
at ca. 0.8 and 0.2 ppm lower field, respectively, than the analogous protons in 2.11 (6 6.48 ppm)
and 2.13 (56.51 ppm) (Figure 2.5).%* In contrast, the signals for C16—H (55.56 ppm) and C17-H
(04.97 ppm) are observed at substantially higher field than the corresponding protons in 2.11 (&
6.48 ppm) and even 2.13 (6 5.66 ppm). C10-H (5 6.28 ppm) is also observed at significantly
higher field than its counterpart in 2.13 (6 6.80 ppm).

6.48 6.71 (6.82) 7.31(7.49)
296-2.74(261) , H H o 432 (4.37)

S.H 3.88 (3.85)

5.56 (5.64)  4.97 (5.06)

6.51 6.80

6.28 (6.30) ,7.00 (7.14)

H 4 H3.16 \ A

Vi iaH2.95

5.66 <~ M
¢ >NH 31 OQ H 7.04 (7.18)

7.75 H—=<_) 3 6.93 (7.10) H
3.85 93 (7. W H
7.46 H 7.32(7.51) 7.0 (7.22)
2.13 2.12

Figure 2.5: Experimental (blue) and calculated (red) [MO06-2X/6-311+G(2d,p)] chemical shifts for
cyclophanes 2.11, 2.12, and 2.13.

2.3.5 UV/Vis Absorption and Fluorescence Spectroscopy
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The absorption spectrum of naphthalenophane 2.12 was measured in four solvents, ranging from
nonpolar (cyclohexane) to polar (acetonitrile) and they show nearly identical features, indicating
a negligible solvatochromic effect (Figure 2.6A). There are two prominent peaks at ca. 225 and
255 nm, and a weak, broad band envelope ranging from 300 to 375 nm. TD-DFT calculations
predict that the lowest-energy absorption band is due mainly to the HOMO to LUMO transition,
while the peak at 250 nm is due to HOMO-1 to LUMO and HOMO to LUMO+1 transitions (see
Appendix 1). The naphthalene unit makes the major contribution to the frontier molecular orbitals
(Figure 2.6B), and the calculated HOMO-LUMO gap is 6.40 eVV. The lowest-energy band of 2.12
is red-shifted compared to those of [2.2]paracyclophane (2.11) (Amax (CH2Cl2) = 287, 305 nm)?®
and naphthalenophane 2.13 (Amax (95% EtOH) =300, 310 nm).?® The red shift in going from 2.13
(less distorted naphthalene system) to 2.12 (more distorted naphthalene system) is consistent with
the continual red shift observed in the [n]paracyclophanes as n becomes smaller.2” The distortion
of the naphthalene system in 2.12 may also be responsible for the weakly emissive nature of 21

(Amax = 405 nm, ¢ = 0.036, cf. 0.23 for naphthalene?®).
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| ——CH,CI, N )
08}/ —— Acetone VoS g
) | —CHCN S 4000
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Figure 2.6: (A) Normalized UV/vis absorption spectra of 2.12 measured in different organic solvents, and
TD-MO06-2X/Def2TZVP calculated absorption spectrum of (red bar graph). (B) Contour plots and
eigenvalues of frontier molecular orbitals of 2.12 (M06-2X/Def2TZVP). (C) Fluorescence spectra of 2.12
in CH2Cl2 (Aexc = 350 nm).
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2.4 Conclusions

In conclusion, the new contractive annulation strategy for the synthesis of small, strained
cyclophanes has been successfully applied to the conversion of [2.2]paracyclophane (2.11) (SE =
25.6 kcal/mol) into [2](6,1)naphthaleno[1]paracyclophane (2.12) (SE = 44.1 kcal/mol) using a 9-
step synthetic pathway. Structural distortions in 2.12 are spread around the molecule, but are more
pronounced in the vicinity of the one-carbon bridge. If successful, two-directional contractive
annulation of 2.11 should lead to a [1.1]cyclophane. In the next chapter (Chapter 3), results
pertaining to the synthesis of the [1.1]cyclophane will be discussed. Examples of [1.1]cyclophanes
are extremely rare in the literature, presumably reflecting the difficulties associated with the
synthesis of highly strained structures. The feasibility of the developed strategy also bodes well
for its potential application in the synthesis of hitherto unknown, structurally interesting larger

aromatic systems.

2.5 Experimental Section

General

Reactions were performed under a balloon containing nitrogen gas unless otherwise indicated. All
reactions were performed with oven-dried (120 °C) glassware. ACS grade chloroform was used
for the reaction as solvent. ACS grade benzene was distilled from calcium hydride and stored over
3 A molecular sieves. Commercial DDQ was recrystallized from benzene prior to use. Solvents
were removed from reaction mixtures under reduced pressure using a rotary evaporator.
Chromatographic separations were achieved using Silicycle silica gel 60, particle size of 40—63
pm. Column dimensions are recorded as height x diameter. Thin-layer chromatography (TLC)

was performed using precoated plastic-backed POLY GRAM® SIL G/UV254 silica gel plates with
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a layer thickness of 200 um. Compounds on TLC plates were visualized using a UV lamp (254
and 365 nm) or cerium molybdate stain (Hanessian's stain). Melting points were recorded using
an OptiMelt automated melting point instrument and are uncorrected. Infrared (IR) spectra were
recorded using neat samples on a Bruker Alpha spectrometer. 'H and 3C NMR spectra were
recorded on Bruker AVANCE spectrometers at 300 MHz or 500 MHz and 75 MHz, respectively.
Chemical shifts of the NMR spectra are reported relative to the residual solvent peak (CDCls: 6
7.26 ppm for *H NMR, 6 77.16 ppm for 3C NMR; DMSO-ds: 6 2.50 ppm for *H NMR, § 39.52
ppm for 3C NMR). UV/vis absorption spectra were recorded on a Varian Cary 6000i
spectrophotometer.  The fluorescence spectrum was recorded on a Photon Technology
International (PTI) QuantaMaster spectrofluorometer. High resolution mass spectrometry
(HRMS) data were obtained using an Agilent 6200 series instrument, employing a TOF mass

analyzer.

4-Acetyl[2.2]paracyclophane (2.13)7

S A solution of acetyl chloride (5.50 mL, 76.8 mmol) and aluminum chloride
% (9.21 g, 69.1 mmol) in dichloromethane (15 mL) was added to a stirred —40 °C

2.13 g ot (dry ice/acetonitrile) solution of [2.2]paracyclophane (11) (8.00 g, 38.4 mmol)
in dichloromethane (50 mL). The cold bath was removed and the resulting mixture was stirred for
15 min as it warmed to —15 °C. The mixture was acidified with 6 M hydrochloric acid solution
(10 mL) and stirred vigorously until it was colorless. The reaction mixture was diluted with
dichloromethane (30 mL) and the layers were separated. The aqueous layer was extracted with

dichloromethane (30 mL) and the combined organic layers were washed with saturated sodium

bicarbonate solution (100 mL), washed with water (2 x 100 mL), dried over Na>SOg, filtered and
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concentrated under reduced pressure. The residue was subjected to column chromatography (15
x 8.5 cm, 10% ethyl acetate/hexanes) to afford 2.13 (6.43 g, 67%) as a white solid. Rf=10.32 (10%
ethyl acetate/hexanes); mp 110-112 °C (lit. mp’ 109—110 °C); *H NMR (300 MHz, CDCls) 6 6.93
(d, J = 1.8 Hz, 1H), 6.66 (dd, J = 7.8, 1.6 Hz, 1H), 6.57-6.46 (m, 4H), 6.38 (dd, J = 7.9, 1.8 Hz,
1H), 4.03-3.90 (m, 1H), 3.25-3.10 (m, 4H), 3.07-2.99 (m, 2H), 2.86 (ddd, J = 12.6, 8.4, 8.4, Hz,
1H), 2.47 (s, 3H); 3C NMR (75 MHz, CDCls) ¢ 200.4, 141.7, 140.5, 139.9, 139.3, 138.0, 136.6,
136.5, 134.3, 133.2, 133.0, 132.2, 131.3, 36.2, 35.34, 35.31, 35.1, 28.9; IR v 2951 (w), 2921 (m),
2887 (W), 2850 (W), 1679 (s), 1321 (m), 1265 (s), 853 (M), 615 (s) cm™L; HRMS [APPI-(+)] calcd
for C1gH190 [M+H]" 251.1436, found 251.1427.

[Keto Ester 2.15 and Enol Tautomer 2.14

=1 ="
—y ey
OMe - OMe . ] ]
O HO stirred —78 °C (dry ice/acetone) solution of 4-

2.15 O 2.14

A 1.0 M solution of lithium hexamethyldisilazide

(5.60 mL, 5.57 mmol) in hexanes was added to a

acetyl[2.2]paracyclophane (2.13) (0.450 g, 1.80
mmol) in dry toluene (15 mL). The reaction mixture was stirred for 5 min at the same temperature,
after which methyl chloroformate (0.15 mL, 2.0 mmol) was added into the mixture. The cold bath
was removed, and the resulting mixture was stirred for 30 min as it warmed to rt. The reaction
was quenched with the addition of a saturated aqueous NH4Cl solution (20 mL). The reaction
mixture was diluted with ethyl acetate (10 mL) and the layers were separated. The aqueous layer
was extracted with ethyl acetate (2 x 15 mL). The combined organic layers were washed with
water (2 x 50 mL), dried over Na,SOu, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (15 x 4.5 cm, 10% ethyl acetate/hexanes) to

afford a ca. 89:11 mixture (*H NMR analysis) of 2.15 and 2.14 (0.448 g, 81%) as a white solid.

73



Rf = 0.23 (10% ethyl acetate/hexanes); mp 130-133 °C; *H NMR (300 MHz, CDCls) for 2.15: ¢
6.91 (d, J = 1.8 Hz, 1H), 6.69 (dd, J = 7.7, 1.9 Hz, 1H), 6.57-6.48 (m, 4H), 6.36 (dd, J = 7.9, 1.9
Hz, 1H), 3.95 (ddd, J = 13.0, 9.3, 2.5 Hz, 1H), 3.93, 3.70 (AB system, J = 15.4 Hz, 2H), 3.80 (s,
3H), 3.27-2.97 (m, 6H), 2.85 (ddd, J = 12.6, 9.4, 7.4 Hz, 1H); distinguishable signals for 2.14: 6
12.45 (s, 1H), 6.73 (d, J = 2.0 Hz, 1H), 6.44 (br d, J = 7.9 Hz, 1H), 5.37 (s, 1H), 3.83 (s, 3H); *C
NMR (75 MHz, CDClz) for 2.15: 6 194.2, 168.4, 142.7, 140.4, 140.2, 139.3, 137.2, 136.8, 136.6,
134.0, 133.1, 133.0, 132.3, 131.4, 52.6, 47.4, 36.2, 35.3, 34.9 (one signal fewer than expected);
distinguishable signals for 2.14: ¢ 174.5, 139.9, 139.7, 139.5, 136.4, 135.2, 134.8, 132.9, 132.7,
131.9, 129.3, 90.4, 51.5, 35.5, 35.4, 35.3; IR v 2932 (W), 1733 (s), 1672 (s), 1327(s), 1165 (s), 997
(m), 723 (m) cm*; HRMS [APPI-(+)] calcd for C2oH2103 [M+H]* 309.1491, found 309.1474.

a-Diazo-f-keto Ester 2.16

Q
DaSh
OMe

o} J (0.410 g. 1.33 mmol) in dry acetonitrile (15 mL). Then triethylamine (0.22
2.16

mL, 1.6 mmol) was added dropwise to the mixture at 0 °C (ice/water) and the resulting mixture

Tosyl azide (0.315 g, 1.60 mmol) was added to a stirred 0 °C (ice/water)

) suspension of a mixture of f-keto ester 2.15 and its enol tautomer 2.14

was stirred at the same temperature for 1 h. The majority of the solvent was evaporated under
reduced pressure. The reaction mixture was diluted with ethyl acetate (25 mL) and water (25 mL).
The layers were separated and the aqueous layer was extracted with ethyl acetate (2 x20 mL). The
combined organic layers were washed with water (2 x 50 mL), washed with saturated aqueous
NaCl solution (50 mL), dried over Na>SQg, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (15 x 4.5 cm, 7-15% ethyl acetate/hexanes) to
afford 2.16 (0.394 g, 89%) as an off-white solid. Rs = 0.25 (10% ethyl acetate/hexanes); mp 87—

90 °C; *H NMR (300 MHz, CDCls) 6 6.76 (br d, J = 8.0 Hz, 1H), 6.65-6.62 (m, 2H), 6.59-6.53
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(m, 2H), 6.50 (d, J = 8.3 Hz, 1H), 6.34 (br d, J = 8.1 Hz, 1H), 3.75 (s, 3H), 3.42-2.88 (m, 8H); *C
NMR (75 MHz, CDCIs) ¢ 186.2, 161.7, 139.9, 139.7, 139.5, 139.4, 136.7, 135.8, 134.5, 132.8,
132.7,132.3, 131.9, 131.7, 75.5, 52.4, 35.8, 35.2, 34.4; IR v 3013 (w), 2928 (w), 2852 (w), 2127
(s), 1733 (s), 1683 (m), 1309 (s), 1097 (m), 739 (w) cmL; HRMS [APPI-(+)] calcd for C2oH1sN203
[M]* 334.1317, found 334.1397; calcd for C20H1903 [M+H—N2]* 307.1334, found 307.1326.
P-Keto Ester 2.18 and Enol Tautomer 2.17

Rh2(OAc)s (0.0048 g, 0.011 mmol) was

@ H "'H added to a stirred room temperature solution

‘ Q COzMe
o COMe HO of a-diazo-/keto ester 2.16 (0.360 g, 1.08
218 217

mmol) in dichloromethane (20 mL). The
resulting mixture was stirred for 16 h. Then the solvent was removed under reduced pressure and
the residue was directly subjected to column chromatography (15 cm x 3.5 cm, 10% ethyl
acetate/hexanes) to afford a ca. 83:17 mixture of 2.18 and 2.17 (0.210 g, 64%) as a waxy off-white
solid. Rf=0.30 (10% ethyl acetate/hexanes); *H NMR (300 MHz, CDClIs) signals for 2.18: § 6.92—
6.83 (M, 3H), 6.55 (d, J = 8.0 Hz, 1H), 6.51-6.45 (m, 2H), 6.42 (d, J = 8.0 Hz, 1H), 4.30 (t, J =
4.4 Hz, 1H), 3.76 (s, 3H), 3.65 (d, J = 0.8 Hz, 1H), 3.29-3.21 (m, 4H), 3.10-2.94 (m, 2H);
distinguishable signals for 2.17: 10.55 (br s, 1H), 6.75 (dd, J = 7.7, 1.8 Hz, 1H), 6.65-6.60 (m,
3H), 6.20 (dd, J = 7.9, 2.0 Hz, 1H), 4.19 (d, J = 7.1 Hz, 1H), 4.01-3.93 (m, 4H), 3.41-3.33 (m,
2H), 2.91-2.82 (m, 1H); 3C NMR (75 MHz, CDCls) signals for 2.18: 5 199.0, 169.1, 156.4, 143.6,
141.1, 140.9, 138.1, 137.5, 135.6, 133.0, 132.9, 130.0, 129.1, 128.2, 63.4, 53.0, 46.0, 44.3, 35.5,
35.3; distinguishable signals for 2.17: ¢ 145.8, 141.4, 140.1, 139.3, 136.1, 136.0, 135.8, 132.2,

132.1,131.2,128.7,125.9, 122.2, 105.3, 58.4, 51.5, 46.5, 40.1, 35.2; IR v 2933 (w), 1732 (s), 1683
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(s), 1437 (m), 1312 (m), 737 (w) cm™*; HRMS [APPI-(+)] calcd for C2oH1903 [M+H]* 307.1334,
found 307.1320.
a-Bromoketone 2.20%°

CuBr, (0.161 g, 0.719 mmol) was added to a stirred room temperature

w solution of 4-acetyl[2.2]paracyclophane (2.13) (0.150 g, 0.599 mmol) in ethyl

3 Br acetate (5 mL). The resulting mixture was stirred for 48 h. Then the reaction

2.20
mixture was passed through a small pad of Celite®. The filter cake was

thoroughly washed with ethyl acetate (20 mL) and then the solvent was removed under reduced
pressure. The residue was subjected to column chromatography (18 cm x 2.5 cm, 4-6% ethyl
acetate/hexanes) to afford 2.20 (0.142 g, 72%) as a white solid. Rf = 0.42 (10% ethyl
acetate/hexanes); mp 114-116 °C (lit. mp?® 115-116 °C); *H NMR (300 MHz, CDCls) § 6.97 (d,
J=1.8Hz, 1H), 6.71 (dd, J = 7.8, 1.8 Hz, 1H), 6.59-6.50 (m, 4H), 6.39 (dd, J = 7.9, 1.8 Hz, 1H),
4.38,4.17 (AB system, J = 12.2 Hz, 2H), 3.88 (ddd, J = 12.4, 9.8, 2.3 Hz, 1H), 3.31-3.13 (m, 4H),
3.07-2.97 (m, 2H), 2.88 (ddd, J = 12.6, 9.7, 7.0 Hz, 1H); 3C NMR (75 MHz, CDCl3) § 193.0,
143.1, 140.3, 140.2, 139.3, 137.5, 136.8, 134.9, 133.8, 133.01, 132.95, 132.5, 131.4, 36.2, 35.3,
35.2, 35.0, 33.2; IR v 2930 (w), 2853 (W), 1694 (s), 1212 (m), 994 (m), 721 (m) cm™%; HRMS
[APPI-(+)] calcd for C1gHi7"°BrO [M]* 328.0463, found 328.0466; calcd for CigH17%BrO [M]*
330.0442, found 330.0456.
N,N’-Ditosylhydrazine (2.21)%

2.21 was synthesized in 84% yield from the reaction of tosyl chloride

and tosyl hydrazide in the presence of pyridine as base following a

0. ,0 H
IR
Q H o’/S 0 literature procedure.®® Rf = 0.40 (50% ethyl acetate/hexanes); mp
2.21 217-219 °C (dec.) [lit. mp®° 212-215 °C (dec.)]; *H NMR (300 MHz,
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DMSO-ds) & 9.58 (s, 2H), 7.66-7.63 (AA’BB’ half-spectrum, 4H), 7.40-7.37 (AA'BB’ half-
spectrum, 4H), 2.40 (s, 6H); 3C NMR (75 MHz, CDCls) § 143.5, 135.5, 129.5, 127.8, 21.1; HRMS
[APPI-(+)] calcd for C14H1sN2NaO4S2 [M+Na]* 363.0449, found 363.0449.
a-Diazoketone 2.23

a 4-Acetyl[2.2]paracyclophane (2.13) (2.50 g, 9.99 mmol) was added to a stirred
w 50 °C solution of selenium dioxide (1.66 g, 15.0 mmol) in 14-

AN
0 N2 dioxane/deionized water (60 mL, 10:1 v/v). The resulting mixture was then

2.23

heated at 110 °C for 15 h. Then the reaction mixture was cooled to room temperature, filtered
through a small pad of Celite®, washed with ethyl acetate (30 mL), concentrated under reduced
pressure, diluted with ethyl acetate (50 mL), washed with water (50 mL), and saturated aqueous
NaCl solution (50 mL). The organic layer was dried over Na>SOs, concentrated under reduced
presuure and the residue was subjected to column chromatography (10 cm x 5.5 cm, 40% ethyl
acetate/hexanes) to afford 2.22 (2.84 g) as a yellow oil. Rf = 0.50-0.82 (40% ethyl
acetate/hexanes); *H NMR (300 MHz, CDCls) § 9.63 (s), the remainder of the spectrum is
complex; IR v 3427 (br, w), 2928 (m), 2893 (w), 2854 (w), 1671 (s), 1550 (m), 1276 (m), 1096
(m), 991 (m), 733 (m), 611 (W) cm™t; HRMS [APPI-(+)] calcd for Ci1sH1702 [M+H]" 265.1229,
found 265.1228.

Tosyl hydrazide (2.10 g, 11.3 mmol) and cesium carbonate (10.5 g, 32.2 mmol) were added
to a stirred room temperature solution of 2.22 (2.84 g) in chloroform (100 mL). The resulting
mixture was stirred at the same temperature for 1 h. Water (100 mL) was added to the reaction
mixture and stirred vigorously for 5 min. The layers were separated and the aqueous layer was

further extracted with chloroform (2 x 50 mL). The combined organic layers were washed with

saturated aqueous NaCl solution (2 x 150 mL), dried over Na>SOyg, filtered, and concentrated under

77



reduced pressure. The residue was subjected to column chromatography (15 cm x 5.5 cm, 10—
15% ethyl acetate/hexanes) to afford 2.23 (2.37 g, 86% over two steps) as a yellow solid. Rf =
0.33 (15% ethyl acetate/hexanes); mp 127—128 °C (dec.); *H NMR (300 MHz, CDCls) 6 6.67-6.61
(m, 3H), 6.55-6.50 (M, 3H), 6.39 (dd, J = 7.9, 1.5 Hz, 1H), 5.44 (s, 1H), 3.87-3.80 (m, 1H), 3.31—
2.84 (m, 7H); 3C NMR (75 MHz, CDCl3) ¢ 188.6, 140.11, 140.10, 140.0, 139.2, 136.8, 136.3,
136.1, 132.8, 132.7, 132.5, 131.8, 131.6, 55.6, 35.5, 35.2, 35.17, 35.15; IR v 3064 (m), 2927 (m),
2851 (w), 2095 (s), 1589 (s), 1351 (), 1016 (m), 877 (M), 716 (M), 634 (m) cm™X; HRMS [APPI-
(+)] calcd for C1gH170 [M+H-N2]" 249.1280, found 249.1281 ([M]* and [M+H]" peaks were not
observed).

a-Diazoketone 2.23 was also synthesized following a different reaction. The procedure
for the reaction is described below.

A solution of DBU (0.23 mL, 1.5 mmol) in THF (5 mL) was added dropwise to a stirred O
°C (ice/water) mixture of N,N'-Ditosylhydrazine (2.21) (0.155 g, 0.456 mmol) and a-bromoketone
2.20 (0.100 g, 0.304 mmol) in THF (5 mL) over 5 min. The reaction mixture was further stirred
for 10 min at the same temperature. An aqueous saturated sodium bicarbonate solution (10 mL)
was added to the reaction mixture and the mixture was stirred for 5 min as it warmed to room
temperature. The majority of the solvent was removed under reduced pressure. The reaction
mixture was diluted with ethyl acetate (20 mL) and water (20 mL). The layers were separated and
the aqueous layer was further extracted with ethyl acetate (2 x 15 mL). The combined organic
layers were washed with saturated aqueous NaCl solution (2 x 50 mL), dried over NaxSOg, filtered,
and concentrated under reduced pressure. The residue was subjected to column chromatography
(15 cm x 2.5 cm, 10-13% ethyl acetate/hexanes) to afford 2.23 (0.036 g, 43%) as a yellow solid.

Indanone 2.19
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a) Rh2(OAC)s (0.034 g, 0.076 mmol) was added to a stirred 0 °C solution of o-
'H diazoketone 2.23 (2.10 g, 7.60 mmol) in dichloromethane (150 mL). The
219 o resulting mixture was stirred at the same temperature for 30 min. The reaction
mixture was cooled to room temperature and the solvent was removed under reduced pressure.
The residue was directly subjected to column chromatography (18 cm x 5.5 cm, 10-20% ethyl
acetate/hexanes) to afford 2.19 (1.17 g, 62%) as a pale yellow solid. Rf = 0.27 (20% ethyl
acetate/hexanes); mp 184-186 °C; *H NMR (300 MHz, CDCls) § 6.85-6.82 (m, 3H), 6.54 (dd, J
=17.7,1.8 Hz, 1H), 6.49-6.46 (m, 2H), 6.40 (dd, J = 7.8, 1.7 Hz, 1H), 4.01 (ddd, J = 8.1, 5.8, 2.3
Hz, 1H), 3.34-2.93 (m, 7H), 2.56 (dd, J = 18.7, 0.6 Hz, 1H); 3C NMR (75 MHz, CDCls) § 206.6,
156.3, 143.0, 140.8, 140.3, 139.4, 138.0, 135.5, 132.94, 132.91, 129.9, 128.3, 127.7, 46.8, 44.9,
41.4,35.6, 35.3; IR v 2918 (m), 2851 (W), 1697 (s), 1592 (m), 1408 (m), 1219 (m), 1203 (m), 846
(m), 717 (m), 663 (M), 637 (w), 629 (W) cm™t; HRMS [APPI-(+)] calcd for CigHi7O [M+H]*
249.1279, found 249.1284.
Indanone 2.19 was also synthesized following another two different reactions. The
procedures for those reactions are described below.
A 1.0 M aqueous solution of potassium hydroxide (3.25 mL, 3.25 mmol) was added to a
stirred room temperature solution of a mixture of f-Keto ester 2.18 and its enol tautomer 2.17
(0.100 g, 0.326 mmol) in methanol (5 mL). The resulting mixture was heated at 55 °C for 2 h.
After cooling the reaction mixture to room temperature, the majority of the solvents was removed.
The reaction mixture was diluted by the addition of ethyl acetate (15 mL) and water (15 mL). The
layers were separated and the aqueous layer was further extracted with ethyl acetate (2 x 15 mL).
The combined organic layers were washed with saturated aqueous NaCl solution (2 x 50 mL),

dried over Na,SOg, filtered, and concentrated under reduced pressure. The residue was subjected

79



to column chromatography (15 cm x 2.5 cm, 15-20% ethyl acetate/hexanes) to afford 2.19 (0.024
g, 30%) as a pale yellow solid.

Lithium chloride (0.028 g, 0.65 mmol) and water (0.10 mL, 5.2 mmol) were added to a
stirred room temperature solution of a mixture of S-Keto ester 2.18 and its enol tautomer 2.17
(0.100 g, 0.326 mmol) in dimethyl sulfoxide (6 mL). The resulting mixture was heated at 140 °C
for 1 h. The reaction mixture was cooled to room temperature, poured into ice-cold water (30 mL),
and stirred for 5 min. Ethyl acetate (30 mL) was added to the mixture and the layers were
separated. The aqueous layer was extracted with ethyl acetate (3 x 30 mL) and the combined
organic layers were washed with water (2 x 100 mL), washed with saturated aqueous NaCl
solution (100 mL), dried over Na>SOu, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (18 cm x 2.5 cm, 15% ethyl acetate/hexanes) to
afford 2.19 (0.053 g, 65%) as a pale yellow solid.
Indanol 2.24

)

H The resulting mixture was stirred at the same temperature for 1 h. To quench

Lithium aluminum hydride (0.046 g, 1.2 mmol) was added to a stirred 0 °C

'y (ice/water) solution of indanone 2.19 (0.150 g, 0.604 mmol) in THF (10 mL).

2.24

the reaction, a saturated aqueous solution of Rochelle’s salt (potassium sodium tartrate) (10 mL)
was added at the same temperature to the reaction mixture. The resulting mixture was stirred for
15 min after which the majority of the solvent was evaporated under reduced pressure. The
reaction mixture was then diluted with ethyl acetate (20 mL) and water (15 mL). The layers were
separated and the aqueous layer was extracted with ethyl acetate (2 x 15 mL). The combined
organic layers were washed with water (2 x 50 mL), washed with saturated aqueous NaCl solution

(50 mL), dried over Na>SOa, filtered, and concentrated under reduced pressure. The residue was
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subjected to column chromatography (15 cm x 2.5 cm, 20-25% ethyl acetate/hexanes) to afford
2.24 (0.098 g, 65%) as a white solid. Rf=0.59 (40% ethyl acetate/hexanes); mp 163-165 °C; H
NMR (300 MHz, CDCls) & 6.86 (dd, J = 8.1, 2.0 Hz, 1H), 6.61 (dd, J = 7.8, 2.0 Hz, 1H), 6.56—
6.51 (m, 3H), 6.48 (dd, J = 7.8, 2.0, 1H), 6.43 (dd, J = 8.0, 2.0, 1H), 5.08 (ddd, J = 10.1, 6.8, 3.4
Hz, 1H), 3.77 (ddd, J = 9.7, 7.3, 2.5 Hz, 1H), 3.23-2.97 (m, 7H), 2.27 (d, J = 7.1 Hz, 1H), 1.96
(dt, J=15.2, 3.0 Hz, 1H); °C NMR (75 MHz, CDCls) 6 144.6, 143.1, 141.7, 140.6, 139.0, 134.7,
134.3, 133.1, 132.6, 129.8, 129.1, 127.2, 75.6, 46.8, 45.5, 42.5, 36.0, 35.4; HRMS [APPI-(+)]
calcd for CigH17 [M+H-H.0]" 233.1330, found 233.1320.
Indene 2.25
Q p-Toluenesulfonic acid (0.0026 g, 0.015 mmol) was added to a stirred room
%Q temperature solution of indanol 2.24 (0.075 g, 0.30 mmol) in benzene (5 mL).
2.25 The reaction flask was equipped with a Barrett apparatus and the resulting
mixture was heated at 90 °C for 30 min. After cooling to room temperature, saturated sodium
bicarbonate solution (10 mL) was added to the reaction mixture and stirring was continued for 5
min. Ethyl acetate (10 mL) was added to the mixture and the layers were separated. The aqueous
layer was extracted with ethyl acetate (2 x 10 mL) and the combined organic layers were washed
with water (30 mL), washed with saturated aqueous NaCl solution (30 mL), dried over Na;SOa,
filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (10 cm x 2.5 cm, hexanes) to afford 2.25 (0.066 g, 95%) as a white solid. R =
0.54 (1% ethyl acetate/hexanes); mp 149-150 °C; *H NMR (300 MHz, CDCls) 6 6.78 (dd, J = 7.9,
2.0 Hz, 1H), 6.66-6.54 (m, 4H), 6.46 (dd, J = 5.4, 2.2 Hz, 1H), 6.36 (dd, J = 7.8, 2.0 Hz, 1H), 6.25
(s, 1H), 6.08 (dd, J = 7.9, 2.0 Hz, 1H), 4.03 (dd, J = 7.4, 1.9 Hz, 1H), 3.22-2.79 (m, 6H); 3C NMR

(75 MHz, CDCls) ¢ 146.7, 145.0, 140.6, 139.8, 138.3, 135.6, 135.2, 133.8, 132.02, 132.00, 130.6,
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128.0,126.2, 120.9, 52.1, 38.7, 35.7, 35.4; IR v 2919 (m), 2852 (W), 756 (m), 720 (m) cm %; HRMS
[APPI-(+)] calcd for C1sH17 [M+H]* 233.1330, found 233.1324.
Methylindene 2.27
Q A 1.45 M solution of n-butyllithium (0.18 mL, 0.26 mmol) in hexanes was
'Me added dropwise to a stirred —78 °C (dry ice/acetone) solution of indene 2.25
227 (0.050 g, 0.22 mmol) in THF (3 mL). Immediately after the addition of n-
butyllithium, the color of the mixture turned purple, indicating the formation of the corresponding
indenide. The resulting mixture was stirred at the same temperature for 15 min. Then a solution
of iodomethane (0.034 g, 0.24 mmol) in THF (1 mL) was added to the reaction mixture and the
resulting mixture was stirred for another 15 min at—78 °C. A saturated NH4ClI solution (2 mL) was
added dropwise to the mixture to quench the reaction. The majority of the solvent was removed
under reduced pressure and the mixture was diluted with ethyl acetate (10 mL) and water (10 mL).
The layers were separated and the aqueous layer was extracted with ethyl acetate (2 x 10 mL).
The combined organic layers were washed with water (30 mL), washed with saturated aqueous
NaCl solution (30 mL), dried over Na>SOyg, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (15 cm x 2.0 cm, 0-1% ethyl acetate/hexanes)
to afford 2.27 (0.036 g, 68%) as an off-white solid. Rf=0.35 (1% ethyl acetate/hexanes); mp 105—
107 °C; *H NMR (300 MHz, CDCls) § 6.82 (dd, J = 7.9, 2.0 Hz, 1H), 6.61 (dd, J = 7.8, 2.0 Hz,
1H), 6.56 (dd, J = 7.7, 1.5 Hz, 1H), 6.53 (d, J = 7.7 Hz, 1H), 6.52 (d, J = 5.4 Hz, 1H), 6.31 (dd, J
=7.8, 1.9 Hz, 1H), 6.30 (d, J = 5.4 Hz, 1H), 6.17 (br s, 1H), 6.12 (dd, J = 7.9, 2.0 Hz, 1H), 3.23—
3.11 (m, 3H), 2.97-2.78 (m, 2H), 2.71 (d, J = 12.4 Hz, 1H), 1.61 (s, 3H); 3C NMR (75 MHz,

CDCl3) 0 148.7, 146.1, 143.8, 140.6, 139.8, 136.4, 135.8, 132.1, 132.0, 131.5, 130.1, 126.2, 125.6,
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120.8, 58.3, 47.5, 35.7, 35.4, 20.6; IR v 2921 (m), 2851 (w), 936 (w), 888 (W), 773 (m), 724 (m)
cm™t; HRMS [APPI-(+)] calcd for CioH1s [M]* 246.1409, found 246.1400.
Indene 2.29

A 2.50 M solution of methylmagnesium bromide (2.42 mL, 6.04 mmol) in

e

’H diethyl ether was added dropwise to a stirred 0 °C (ice/water) solution of
M indanone 2.19 (0.500 g, 2.01 mmol) in THF (20 mL). The cold bath was
2.29 removed and the reaction mixture was stirred for 17 h as it warmed to room
temperature. Then the reaction mixture was cooled to 0 °C (ice/water) and saturated NH4Cl
solution (10 mL) was added and stirred for 5 min. The majority of the solvent was evaporated
under reduced pressure and the reaction mixture was diluted with ethyl acetate (50 mL) and water
(50 mL). The layers were separated and the aqueous layer was extracted with ethyl acetate (2 x
30 mL). The combined organic layers were washed with water (100 mL), saturated NaCl solution
(2 x 100 mL), dried over Na»SQg, filtered, and concentrated under reduced pressure to afford an
inseparable ca. 71:29 (*H NMR analysis) mixture of 2.28 and unreacted 2.19 (0.529 g) as a beige

solid. Rf=0.27 (20% ethyl acetate/hexanes).
p-Toluenesulfonic acid (0.017 g, 0.10 mmol) was added to a stirred room temperature
suspension of a mixture of 2.28 and unreacted 2.19 (0.529 g) in benzene (10 mL). The reaction
flask was equipped with a Barrett apparatus and the resulting mixture was heated at 90 °C for 30
min. After cooling to room temperature, saturated sodium bicarbonate solution (10 mL) was added
to the reaction mixture and stirring was continued for 5 min. Ethyl acetate (15 mL) was added to
the mixture and the layers were separated. The aqueous layer was extracted with ethyl acetate (2

x 20 mL) and the combined organic layers were washed with water (50 mL), washed with saturated

aqueous NaCl solution (50 mL), dried over Na.SOg, filtered, and concentrated under reduced
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pressure. The residue was subjected to column chromatography (12 cm x 3.5 cm, hexanes) to
afford 2.29 (0.203 g, 41% over two steps) as a white solid and 2.19 (0.091 g, 18% recovery) as a
pale yellow solid. Rf = 0.32 (1% ethyl acetate/hexanes); mp 132-134 °C; 'H NMR (300 MHz,
CDCl3) 6 6.64 (dd, J = 7.8, 2.0 Hz, 2H), 6.61-6.55 (m, 2H), 6.35 (dd, J = 7.8, 1.9 Hz, 1H), 6.19
(brs, 1H), 6.11-6.07 (m, 2H), 3.98 (ddd, J = 7.2, 3.7, 1.8 Hz, 1H), 3.26-2.78 (m, 6H), 2.07 (t, J =
1.6 Hz, 3H) (Note: The *H NMR signal at 6 = 6.64 ppm consists of two sets of accidentally
degenerate doublet of doublets); 3C NMR (75 MHz, CDCls) 6 148.2, 145.6, 141.7, 140.5, 139.9,
136.0, 135.2, 133.2, 132.1, 131.2, 130.5, 127.6, 124.0, 120.6, 50.8, 39.8, 35.8, 35.5, 12.8; IR v
2922 (m), 2854 (w), 901 (m), 842 (m), 791 (s), 719 (m) cm™%; HRMS [APPI-(+)] calcd for C1oH1o
[M+H]* 247.1487, found 247.1481.

Diol 2.30

K20s04-2H>0 (0.0087 g, 0.024 mmol) was added to a stirred room

temperature mixture of indene 2.29 (0.195 ¢, 0.792 mmol) and N-

230 - OH methylmorpholine N-oxide (NMO) (0.185 g, 1.58 mmol) in tert-butyl
alcohol/THF/deionized water (10 mL, 8:10:1 v/v). The resulting mixture was stirred for 17 h, after
which a saturated aqueous solution of sodium sulfite (10 mL) was added into the reaction mixture.
The majority of the solvents was removed under reduced pressure. The reaction mixture was
diluted with ethyl acetate (20 mL) and water (20 mL). The layers were separated and the aqueous
layer was extracted with ethyl acetate (2 x 20 mL). The combined organic layers were washed
with saturated aqueous NaCl solution (50 mL), dried over Na>SOsu, filtered, and concentrated under
reduced pressure. The residue was subjected to column chromatography (15 cm x 3.5 cm, 50—

60% ethyl acetate/hexanes) to afford 2.30 (0.190 g, 86%) as an off-white solid. Rf = 0.34 (60%

ethyl acetate/hexanes); mp 133-136 °C; *H NMR (300 MHz, CDCls) 6 6.61 (dd, J = 7.5, 1.9 Hz,
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1H), 6.57-6.49 (m, 4H), 6.46 (s, 1H), 6.29 (dd, J = 8.0, 2.0 Hz, 1H), 4.31 (dd, J = 7.9, 2.7 Hz, 1H),
3.61 (dd, J = 7.6, 2.7 Hz, 1H), 3.39-3.35 (m, 2H), 3.18-2.97 (m, 5H), 1.74 (s, 4H) (Note: The H
NMR signal at 6 = 1.74 ppm consists of two accidentally degenerate singlets); **C NMR (75 MHz,
CDCls) 0 145.9, 143.4, 141.1, 140.1, 138.8, 136.0, 134.6, 133.1, 132.3, 131.2, 127.7, 126.1, 86.2,
78.7, 55.5, 43.8, 35.5, 35.3, 22.4; IR v 3332 (br, w), 2915 (w), 1391 (w), 1046 (s), 893 (m), 847
(m), 721 (w) cm™t; HRMS [APPI-(+)] calcd for C1gH100 [M+H]* 263.1436, found 263.1423.
Ketoaldehyde 2.31

Sodium metaperiodate (0.172 g, 0.803 mmol) was added to a stirred room

“ ol temperature suspension of diol 2.30 (0.150 g, 0.535 mmol) in

CHO
Me methanol/deionized water (20 mL, 5:1 v/v). The resulting mixture was

231 O stirred for 15 h. The majority of the solvents was removed under reduced
pressure. The reaction mixture was diluted with ethyl acetate (30 mL) and water (30 mL). The
layers were separated and the aqueous layer was extracted with ethyl acetate (2 x 20 mL). The
combined organic layers were washed with saturated aqueous NaCl solution (70 mL), dried over
Na2SOyg, filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (10 cm x 2.5 cm, 30% ethyl acetate/hexanes) to afford 2.31 (0.143 g, 96%) as a
white solid. Rf = 0.33 (30% ethyl acetate/hexanes); mp 191-193 °C (dec.); *H NMR (300 MHz,
CDCl3) 6 9.91 (s, 1H), 7.02 (d, J = 1.9 Hz, 1H), 6.81 (dd, J = 8.1, 1.7 Hz, 1H), 6.68 (d, J = 7.8 Hz,
1H), 6.57-6.54 (m, 1H), 6.50-6.42 (m, 3H), 3.80-3.74 (m, 1H), 3.61 (dd, J = 13.0, 9.2, 1H), 3.39
(dd, J = 13.0, 8.2, 1H), 3.29-3.00 (m, 4H), 2.48 (s, 3H); 1*C NMR (75 MHz, CDCls) 5 199.7,
198.6, 141.9, 139.4, 138.9, 138.8, 137.4, 137.0, 136.9, 136.1, 133.9, 133.4, 131.9, 131.2, 62.3,
36.1, 35.2, 35.1, 27.6; IR v 2928 (W), 2855 (w), 1710 (s), 1664 (s), 1268 (m), 856 (W), 727 (m)

cm™!; HRMS [APPI-(+)] calcd for C19H1002 [M+H]* 279.1385, found 279.1390.
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P-Hydroxytetralone 2.32, Enone 2.33, and Ketoaldehyde 2.34

(S)-(+)-Camphorsulfonic  acid

w " w CHO (0.0050 g, 0.020 mmol) was

= SHon ; |
Me added to a stirred room
H
0 0 4
232 233 234 temperature  suspension  of

ketoaldehyde 2.31 (0.110 g, 0.395 mmol) in benzene (15 mL). The resulting mixture was heated
at 90 °C for 10 h. The reaction mixture was cooled to room temperature and was diluted with ethyl
acetate (20 mL) and water (20 mL). The layers were separated and the aqueous layer was extracted
with ethyl acetate (2 x 20 mL). The combined organic layers were washed with saturated aqueous
NaCl solution (50 mL), dried over Na>SOyg, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (18 cm x 2.5 cm, 10-40% ethyl acetate/hexanes)
to afford 2.32 (0.037 g, 34%) as a pale pink viscous oil, 2.33 (0.010 g, 10%) as a beige solid, 2.34
(0.021 g, 19%) as a yellow waxy solid, and unreacted 2.31 (0.017 g, 15% recovery) as an off-white
solid.

2.32: R = 0.29 (50% ethyl acetate/hexanes); *H NMR (300 MHz, CDCl3) ¢ 7.14 (d, J =
2.0 Hz, 1H), 6.75 (dd, J = 7.8, 2.0 Hz, 1H), 6.62 (d, J = 7.9 Hz, 2H), 6.53 (d, J = 8.0 Hz, 1H),
6.43-6.38 (M, 2H), 4.78 (td, J = 8.9, 4.6 Hz, 1H), 3.79 (dt, J = 10.6, 4.1 Hz, 1H), 3.43 (dd, J =
13.9, 3.5 Hz, 1H), 3.20-3.07 (m, 5H), 3.00 (br d, J = 8.8, Hz, 2H), 2.31 (br s, 1H) (Note: Each of
the *H NMR signals a¢ 6 = 6.62 and 3.00 ppm consists of two accidentally degenerate doublets);
13C NMR (75 MHz, CDCls) 6 196.7, 143.6, 142.3, 140.0, 139.2, 139.0, 134.7, 134.3, 133.44,
133.38, 132.8, 131.7, 131.4, 68.8, 47.9, 42.9, 35.3, 35.2, 34.0; IR v 3395 (br, w), 2926 (w), 1663
(s), 1416 (w), 1093 (m), 889 (s), 733 (w) cm™; HRMS [APPI-(+)] calcd for C19H190, [M+H]*

279.1385, found 279.1377.
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2.33: R = 0.42 (20% ethy! acetate/hexanes); mp 117-119 °C; *H NMR (300 MHz, CDCls)
§7.04 (dd, J = 7.5, 2.2 Hz, 1H), 6.87 (dd, J = 7.8, 1.7 Hz, 1H), 6.85-6.80 (m, 2H), 6.59-6.56 (m,
2H), 6.13 (dd, J = 9.6, 5.2 Hz, 1H), 5.91 (d, J =1.9 Hz, 1H), 5.65 (dd, J = 7.9, 1.7 Hz, 1H), 3.41
(ddt, J=8.7,5.2, 1.2 Hz, 1H), 3.14-3.03 (m, 3H), 2.93 (d, J = 12.6, 1H), 2.52 (ddd, J = 12.5, 10.5,
8.1 Hz, 1H), 2.21 (ddd, J = 12.5, 10.5, 7.9 Hz, 1H); **C NMR (75 MHz, CDCls) § 204.9, 140.2,
139.5, 136.6, 135.5, 132.7, 132.2, 130.3, 129.8, 129.6, 129.20, 129.16, 128.7, 127.2, 125.3, 51.8,
39.5, 36.8, 34.9; IR v 2921 (w), 1685 (m), 1092 (s), 882 (s) cmL; HRMS [APPI-(+)] calcd for
Ci9H170 [M+H]* 261.1279, found 261.1277.

2.34: Ri = 0.29 (30% ethyl acetate/hexanes); *H NMR (300 MHz, CDCls) 6 10.05 (s, 1H),
7.06 (d, J = 1.9 Hz, 1H), 6.66 (dd, J = 7.9, 1.9 Hz, 1H), 6.58-6.53 (m, 2H), 6.51 (d, J = 7.7, 1H),
6.32-6.27 (m, 2H), 5.43 (dd, J = 10.0, 4.1 Hz, 1H), 3.70 (dd, J = 13.3, 4.1, 1H), 3.23 (dd, J = 13.0,
9.6 Hz, 1H), 3.18-3.05 (m, 4H), 2.53 (s, 3H); 3C NMR (75 MHz, CDCls) 6 200.9, 200.3, 141.2,
139.2,139.1, 138.7, 137.6, 135.5, 135.2, 134.2, 133.7, 132.8, 132.5, 132.0, 56.7, 35.2, 35.0, 33.8,
29.1; IR v 2927 (w), 1717 (s), 1672 (s), 1267 (m), 894 (m), 732 (s) cm X; HRMS [APPI-(+)] calcd
for C19H1902 [M+H]* 279.1385, found 279.1380.
Diol 2.35
Sodium borohydride (0.0079 g, 0.21 mmol) was added to a stirred 0 °C
(ice/water) solution of S-hydroxytetralone 2.32 (0.0292 g, 0.105 mmol)

in methanol (3 mL). The cold bath was removed and the resulting

mixture was stirred for 1 h as it warmed to room temperature. After
cooling to 0 °C, water (5 mL) was added to the reaction mixture. The majority of the solvent was
removed under reduced pressure. The remaining mixture was diluted with ethyl acetate (20 mL)

and water (20 mL). The layers were separated and the aqueous layer was extracted with ethyl
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acetate (2 x 15 mL). The combined organic layers were washed with saturated aqueous NaCl
solution (50 mL), dried over Na>SOa, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (12 cm x 1.5 cm, 70-80% ethyl acetate/hexanes)
to afford 2.35 (0.0279 g, 95%) as a white solid. Rf = 0.28 (80% ethyl acetate/hexanes); mp 166—
168 °C; *H NMR (300 MHz, CDCls) 6 6.76 (br s, 1H), 6.61-6.54 (m, 2H), 6.49 (br d, J = 8.1 Hz,
1H), 6.46-6.44 (m, 2H), 6.42 (d, J = 7.7 Hz, 1H), 4.68 (dd, J = 10.5, 6.9, 1H), 4.44 (dt, J = 12.0,
4.5, 1H), 3.67-3.62 (m, 1H), 3.30 (dd, J = 13.8, 2.9 Hz, 1H), 3.21-2.97 (m, 5H), 2.50-2.31 (m,
2H), 1.89 (brs, 2H) ) (Note: The *H NMR signal at § = 1.89 consists of two accidentally degenerate
broad singlets); *C NMR (75 MHz, CDCls) 6 141.2, 139.8, 139.4, 138.3, 134.8, 133.9, 133.7,
133.44, 133.39, 132.9, 132.7, 128.5, 69.2, 68.7, 48.3, 38.0, 36.1, 35.6, 35.3; IR v 3389 (br, w),
3357 (br, w), 2922 (w), 1092 (s), 891 (s) cm*; HRMS [APPI-(+)] calcd for C19H190 [M+H-H20]*
263.1436, found 263.14109.

4-[2-(2-Naphthalenyl)ethyl]benzyl Alcohol (2.36) and Diphenylmethane 2.37

p-Toluenesulfonic acid (0.0012 g, 0.0072 mmol) was added to a
HO Q stirred room temperature suspension of 2.35 (0.0201 g, 0.0717

mmol) in benzene (3 mL). The reaction flask was equipped with

O O a Barrett apparatus and the resulting mixture was heated at 90 °C

for 1 h. After cooling to room temperature, saturated sodium

bicarbonate solution (5 mL) was added to the reaction mixture

O O and stirring was continued for 5 min. Ethyl acetate (10 mL) was
O Q added to the mixture and the layers were separated. The aqueous

2.36 2.37 layer was extracted with ethyl acetate (2 x 15 mL) and the

combined organic layers were washed with water (30 mL), washed with saturated aqueous NaCl
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solution (30 mL), dried over Na>SOg, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (15 cm x 1.0 cm, 0-25% ethyl acetate/hexanes)
to afford 2.36 (0.0075 g, 40%) and 2.37 (0.0025 g, 11%) as a beige and a white solid, respectively.

2.36: R = 0.30 (30% ethy! acetate/hexanes); mp 114-116 °C; *H NMR (500 MHz, CDCls)
§7.81(d,J=7.6 Hz, 1H), 7.78-7.76 (m, 2H), 7.62 (s, 1H), 7.47-7.41 (m, 2H), 7.34 (dd, J = 8.4,
1.8 Hz, 1H), 7.29 (d, J = 7.8 Hz, 2H), 7.21 (d, J = 7.8 Hz, 2H), 4.67 (s, 2H), 3.11-3.07 (AA'BB’
half-spectrum, 2H), 3.04-3.00 (AA'BB’ half-spectrum, 2H); *3C NMR (75 MHz, CDCls) § 141.4,
139.3, 138.7, 133.8, 132.2, 128.9, 128.0, 127.8, 127.6, 127.5, 127.3, 126.6, 126.1, 125.3, 65.4,
38.2,37.6; IR v 3311 (br, w), 2924 (w), 2857 (w), 1508 (w), 1007 (m), 821 (s) cm; HRMS [APPI-
(+)] calcd for C19H180 [M]* 262.1358, found 262.1350.

2.37: Ri = 0.38 (1% ethyl acetate/hexanes); *H NMR (500 MHz, CDCl3) 6 7.81 (d, J=7.5
Hz, 1H), 7.77-7.75 (m, 2H), 7.60 (s, 1H), 7.46-7.40 (m, 2H), 7.34 (dd, J = 8.4, 1.8 Hz, 1H), 7.30—
7.27 (m, 2H), 7.21-7.18 (m, 3H), 7.15-7.10 (m, 4H), 3.96 (s, 2H), 3.08-3.04 (AA'BB’ half-
spectrum, 2H), 3.00-2.96 (AA'BB’ half-spectrum, 2H); 3C NMR (75 MHz, CDCls) § 141.5,
139.6, 139.5, 138.9, 133.8, 132.2, 129.08, 129.05, 128.7, 128.6, 128.0, 127.8, 127.6, 127.5, 126.6,
126.2, 126.0, 125.3, 41.7, 38.3, 37.6; IR v 2921 (w), 1233 (w), 891 (s) cm*; HRMS [APPI-(+)]
calcd for CasHz, [M]* 322.1722, found 322.1699. Note: The melting point of 2.37 could not be
obtained due to the unavailability of a sufficient quantity of the material.
Enol Esters 2.41 and 2.42

Et>O-BFs (1.30 g, 10.1 mmol) was added to a stirred

w U w UH room temperature suspension of indanone 2.19

0.500 g, 2.01 mmol) in diethyl ether (35 mL). The
Ho  COEt go o’ OH (050G ) y ( )

24 2.42 resulting mixture was stirred at this temperature for
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5 min, during which the majority of the solid was dissolved. A solution of ethyl diazoacetate (1.15
g, 10.1 mmol) in diethyl ether (5 mL) was added to the mixture and the resulting mixture was
stirred at room temperature for 15 h. Water (30 mL) was added dropwise to the reaction mixture
and the layers were separated. The aqueous layer was extracted with diethyl ether (30 mL) and
the combined organic layers were washed with saturated aqueous NaCl solution (2 x 50 mL), dried
over NaxSOg, filtered, and concentrated under reduced pressure. The residue was subjected to
column chromatography (15 cm x 5.5 cm, 0-4% ethyl acetate/hexanes) to afford a ca. 93:7 (*H
NMR analysis) mixture of 2.41 and 2.42 (0.383 g, 57%) as a yellow solid. Rf=0.44 (5% ethyl
acetate/hexanes); mp 132—138 °C; *H NMR (300 MHz, CDCls) major isomer 2.41: § 12.61 (s, 1H),
6.97 (d, J = 1.8 Hz, 1H), 6.75-6.72 (m, 1H), 6.65 (dd, J = 7.7, 1.8 Hz, 1H), 6.51-6.48 (m, 3H),
6.42-6.39 (m, 1H), 4.34 (g, J = 7.1 Hz, 2H), 3.36-2.75 (m, 9H), 1.40 (t, J = 7.1 Hz, 3H);
distinguishable signals for minor isomer 2.42: ¢ 13.85 (s, 1H), 7.13 (d, J = 1.4 Hz, 1H), 6.78 (dd,
J=7.9, 1.9 Hz, 1H), 4.59-4.40 (m, 2H), 2.62 (dd, J = 17.3, 1.1 Hz, 1H), 1.51 (t, J = 7.1 Hz, 3H);
13C NMR (75 MHz, CDCl3) major isomer 2.41: § 173.9, 165.2, 141.1, 140.5, 140.1, 140.0, 135.3,
133.3, 133.1, 132.5, 131.83, 131.80, 130.8, 130.0, 94.4, 60.7, 41.8, 39.8, 35.6, 35.4, 29.4, 14.5;
distinguishable signals for minor isomer 2.42: 6 133.2, 132.3, 130.6, 129.4, 128.9, 61.3, 41.6, 39.9,
38.2, 36.1, 35.6; IR v 2978 (W), 2929 (m), 2850 (W), 1636 (s), 1611 (m), 1585 (s), 1561 (M), 1252
(s), 1185 (m), 1082 (m), 808 (m), 634 (m) cm™; HRMS [APPI-(+)] calcd for C22H2303 [M+H]*
335.1647, found 335.1632.

PTetralone 2.43 and a-Tetralone 2.44

Lithium chloride (0.088 g, 2.1 mmol) and water (0.15 mL,

| H w gt 8.4 mmol) were added to a stirred room temperature
o) S solution of a ca. 93:7 mixture of 2.41 and 2.42 (0.350 g,
243 2.44
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1.05 mmol) in dimethyl sulfoxide (10 mL). The resulting mixture was stirred at 140 °C for 2 h.
The reaction mixture was cooled to room temperature, poured into ice-cold water (30 mL) and
stirred for 5 min. Ethyl acetate (50 mL) was added to the mixture and the layers were separated.
The aqueous layer was extracted with ethyl acetate (3 x 20 mL) and the combined organic layers
were washed with water (2 x 100 mL), washed with saturated aqueous NaCl solution (100 mL),
dried over NaxSOg, filtered, and concentrated under reduced pressure. The residue was subjected
to column chromatography (18 cm x 5.5 cm, 5-15% ethyl acetate/hexanes) to afford 2.43 (0.011
g, 57% based on the amount of 2.42 in the 93:7 mixture of 2.41 and 2.42) as a pale orange solid
and 2.44 (0.219 g, 86% based on the amount of 2.41 in the 93:7 mixture of 2.41 and 2.42) as a
yellow oil that solidified on standing in a freezer.

2.43: Rs = 0.53 (20% ethyl acetate/hexanes); mp 131-134 °C; *H NMR (300 MHz, CDCls)
J 6.61-6.56 (M, 2H), 6.52 (dd, J = 7.9, 1.7 Hz, 1H), 6.49 (d, J = 8.2 Hz, 1H), 6.46 (dd, J=7.9, 2.1
Hz, 1H), 6.40 (dd, J = 7.9, 2.0 Hz, 1H), 6.07 (s, 1H), 3.78-3.71 (m, 1H), 3.50, 3.41 (AB system, J
=20.9 Hz, 2H), 3.38 (dd, J = 13.6, 10.6 Hz, 1H), 3.17-2.96 (m, 5H), 2.78 (ddd, J = 14.6, 2.4, 0.9
Hz, 1H), 2.65 (dd, J = 13.6, 3.7 Hz, 1H); 3C NMR (75 MHz, CDClI3) § 209.6, 141.3, 140.0, 139.0,
136.3, 135.0, 133.9, 133.6, 133.5, 132.6, 132.4, 131.5, 128.5, 48.3, 45.6, 43.0, 42.7, 35.43, 35.37,
IR v 2921 (m), 2850 (w), 1708 (s), 1392 (W), 871 (w), 713 (m), 645 (m) cm™; HRMS [APPI-(+)]
calcd for C19H180 [M]" 262.1358, found 262.1347.

2.44: Rs = 0.45 (20% ethyl acetate/hexanes); *H NMR (300 MHz, CDCl3) 6 7.16 (d, J =
1.9 Hz, 1H), 6.68 (dd, J = 7.8, 1.9 Hz, 1H), 6.60 (dd, J = 7.9, 1.6 Hz, 1H), 6.56-6.50 (m, 2H), 6.45
(dd, J = 8.1, 1.6 Hz, 1H), 6.40 (dd, J = 8.1, 1.5 Hz, 1H), 3.58 (ddd, J = 10.4, 6.8, 3.4 Hz, 1H), 3.41
(dd, J = 13.2, 10.7 Hz, 1H), 3.20-2.94 (m, 6H), 2.75 (ddd, J = 5.3, 2.2, 0.8 Hz, 1H), 2.70-2.54 (m,

1H), 2.27-2.19 (m, 1H); *C NMR (75 MHz, CDCls) 6 198.2, 146.3, 141.4, 140.1, 139.6, 138.7,
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135.4, 133.6, 133.3, 133.0, 132.7, 131.6, 131.5, 40.8, 40.2, 35.4, 35.3, 34.0, 29.8; IR v 2924 (m),
2857 (W), 1672 (s), 1592 (m), 1408 (m), 1280 (w), 1226 (w), 1036 (W), 645 (w) cmL; HRMS
[APPI-(+)] calcd for C19H190 [M+H]* 263.1436, found 263.1437.

Tetralol 2.45

Sodium borohydride (0.043 g, 1.1 mmol) was added to a stirred 0 °C

E v (ice/water) solution of tetralone 2.44 (0.200 g, 0.762 mmol) in methanol
2.45 H

for 1 h as it warmed to room temperature. After cooling to 0 °C, water (5 mL) was added to the

(10 mL). The cold bath was removed and the resulting mixture was stirred

reaction mixture. The majority of the solvent was removed under reduced pressure. The remaining
mixture was diluted with ethyl acetate (20 mL) and water (10 mL). The layers were separated and
the aqueous layer was extracted with ethyl acetate (2 x 10 mL). The combined organic layers were
washed with saturated aqueous NaCl solution (50 mL), dried over Na SO, filtered, and
concentrated under reduced pressure. The residue was subjected to column chromatography (15
cm x 4.5 cm, 10-25% ethyl acetate/hexanes) to afford 2.45 (0.171 g, 85%) as a white solid. Rf=
0.50 (30% ethyl acetate/hexanes); mp 144—147 °C; *H NMR (300 MHz, CDCls) ¢ 6.77 (s, 1H),
6.60-6.53 (m, 3H), 6.44 (dd, J = 8.2, 1.7 Hz, 1H), 6.37 (dd, J = 7.7, 1.7 Hz, 1H), 6.33 (d, J = 7.7
Hz, 1H), 4.68-4.60 (m, 1H), 3.46 (ddd, J = 10.3, 6.5, 3.4 Hz, 1H), 3.31 (dd, J = 13.1, 10.5 Hz,
1H), 3.20-3.01 (m, 4H), 2.90 (dd, J = 13.1, 2.5 Hz, 1H), 2.40-2.25 (m, 2H), 2.23-2.14 (m, 1H),
2.13-1.95 (m, 1H), 1.87 (d, J = 6.7 Hz, 1H); *3C NMR (75 MHz, CDCls) ¢ 140.1, 139.89, 139.86,
139.3, 137.5, 133.2, 133.1, 133.01, 133.00, 132.9, 128.1, 69.9, 44.0, 41.0, 35.6, 35.4, 30.1, 29.5
(one signal fewer than expected); IR v 3276 (br, m), 2924 (m), 2848 (m), 1593 (m), 1076 (m),
1045 (s), 899 (s), 719 (s), 627 (m) cm™*; HRMS [APPI-(+)] calcd for CigH19 [M+H-H.0]*

247.1487, found 247.1488 ([M]" and [M+H]"* peaks were not observed).
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Dihydronaphthalene 2.46

p-Toluenesulfonic acid (0.005 g, 0.03 mmol) was added to a stirred room

H temperature solution of tetralol 2.45 (0.150 g, 0.567 mmol) in benzene (10

2.46 mL). The reaction flask was equipped with a Barrett apparatus and the
resulting mixture was heated at 90 °C for 30 min. After cooling to room temperature, saturated
sodium bicarbonate solution (10 mL) was added to the reaction mixture and stirring was continued
for 5 min. Ethyl acetate (15 mL) was added to the mixture and the layers were separated. The
aqueous layer was extracted with ethyl acetate (2 x 10 mL) and the combined organic layers were
washed with water (30 mL), washed with saturated aqueous NaCl solution (30 mL), dried over
Na2SOyg, filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (10 cm x 2.5 cm, 0-4% ethyl acetate/hexanes) to afford 2.46 (0.130 g, 94%) as a
white solid. Rf=0.28 (3% ethyl acetate/hexanes); mp 156-157 °C; *H NMR (300 MHz, CDCls)
5 6.96 (dd, J = 7.9, 1.9 Hz, 1H), 6.52 (dd, J = 7.9, 1.8 Hz, 1H), 6.47 (dd, J = 7.6, 1.7 Hz, 1H),
6.42-6.38 (M, 3H), 6.21 (dd, J = 9.5, 3.1 Hz, 1H), 6.05 (d, J = 1.6 Hz, 1H), 5.96 (ddd, J = 9.1, 6.4,
2.4 Hz, 1H), 3.28-2.93 (m, 7H), 2.89-2.80 (m, 1H), 2.46 (dd, J = 17.7, 6.0 Hz, 1H); 3C NMR (75
MHz, CDCl3) ¢ 140.3, 140.1, 139.8, 136.2, 135.9, 133.3, 132.9, 132.52, 132.50, 132.0, 131.5,
129.9, 129.6, 126.0, 42.0, 39.7, 35.53, 35.50, 33.3; IR v 3029 (W), 2944 (w), 2919 (m), 2849 (w),
2829 (w), 1481 (w), 810 (m), 754 (m), 706 (s) cm™t; HRMS [APPI-(+)] calcd for CigH19 [M+H]"
247.1487, found 247.1497.
[2](6,1)Naphthaleno[1]paracyclophane (2.12)

Q DDQ (0.464 g, 2.05 mmol) and anhydrous K,COs (0.283 g, 2.05 mmol) were
#Q added to a stirred nitrogen-purged room temperature solution of 2.46 (0.100 g,

212 0.409 mmol) in dry benzene (10 mL). The resulting mixture was heated at 40
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°C for 20 h. After cooling to room temperature, water (10 mL) was added to the reaction mixture
and stirred for 5 min. Ethyl acetate (20 mL) was added to the mixture and two layers were
separated. The aqueous layer was extracted with ethyl acetate (3 x 10 mL) and the combined
organic layers were washed with saturated aqueous NaCl solution (50 mL), dried over NaxSOsa,
filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (15 cm x 2.5 cm, 0-3% ethyl acetate/hexanes) to afford 2.12 (0.019 g, 19%) as
an off-white solid. Rf = 0.32 (3% ethyl acetate/hexanes); mp 115-117 °C (dec.); *H NMR (300
MHz, CDCls) & 7.34-7.29 (m, 2H), 7.13-6.99 (m, 3H), 6.93 (s, 1H), 6.71 (dd, J = 7.8, 2.1 Hz, 1H),
6.28 (dd, J = 8.6, 1.3 Hz, 1H), 5.56 (dd, J = 8.4, 2.1 Hz, 1H), 4.97 (ddd, J = 8.4, 1.6, 1.0 Hz, 1H),
4.32, 3.88 (AB system, J = 14.2 Hz, 2H), 3.21 (ddd, J = 13.1, 9.5, 3.9 Hz, 1H), 2.96-2.74 (m, 3H);
13C NMR (75 MHz, CDCl3) ¢ 148.1, 146.8, 137.4, 136.8, 135.7, 134.8, 134.1, 133.3, 132.9, 132.6,
130.5, 129.6, 126.6, 124.9, 124.4, 124.2, 44.0, 34.8, 32.3; IR v 3049 (w), 2952 (w), 2919 (m), 2848
(w), 1723 (w), 1485 (m), 887 (m), 880 (m), 754 (s), 706 (m), 656 (m), 591 (m) cm™t; HRMS

[APPI-(+)] calcd for C19H16 [M]* 244.1252, found 244.1258.
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00 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
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I {1 H
13C NMR (75 MHz, CDCls)
T T T T T T T T T T T T T
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f1 (ppm) f1 (ppm)
X —_——— "
T T T T T T T T T T T T T T T T T T T T T T
20 200 1% 180 170 160 150 140 130 120 110 ( 1§)0 90 80 70 60 5 40 30 20 10 0
1 (ppm

106



224 H
"H NMR (300 MHz, CDCls)

N

sl A

T T T T T T T T T
6.9 6.8 6.7 6.6 6.5 6.4 50 48 46 44 42 4.0 3.8
f1 (ppm) f1 (ppm)
N )\ J
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)
224 H
13C NMR (75 MHz, CDCl3)
T T T T T T T T T T T
146 144 142 140 138 136 134 132 130 128 126
f1 (ppm)
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
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2.25
"H NMR (300 MHz, CDCl3)

o 4 Mo

68 67 66 65 64 63 62 6.1 40 3.8
f1 (ppm) f1 (ppm)

UMU b

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -0.5
f1 (ppm)

=

2.25
13C NMR (75 MHz, CDCl5)

lls H’ |H

T
14 4 135 1 0

| H‘“

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O
f1 (ppm)
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2.27
H NMR (300 MHz, CDCl,)

o Ml

69 68 67 66 65 64 63 62 6.1
f1 (ppm) f1 (ppm)

u S

: : : : :
100 95 9.0 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -05
f1 (ppm)

&

2.27
13C NMR (75 MHz, CDCls)

T T T T T T T
150 145 140 135 130 125 120

L ‘

Al |” "‘

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 O
f1 (ppm)
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2.29

'H NMR (300 MHz, CDCls)

T T T T T T
67 66 65 64 63 6.2 6.1 4.0 3.5 3.0

1 (ppm) 1 (ppm)

o e

100 95 9.0 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
f1 (ppm)

2.29
3C NMR (75 MHz, CDCl5)

Il ol

T T T T T T T T T T T T T T T
40 135 130 125 120 52 50 48 46 44 42 40 38 36 34
f1 (ppm) f1 (ppm)

L Hl 1

i

T T
150 145

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O
f1 (ppm)
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2.30 OH

OH
H NMR (300 MHz, CDCl5)

I

T T
6.65 6.55 6.45 6.3 6.2 44 42 40 38 36 3.4

f1 (ppm) f1 (ppm)

T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25

2.0 1.5 1.0 0.5 0.0
f1 (ppm)
~4 H
2. OH
30 5y
3C NMR (75 MHz, CDCl3)
1‘45 ILIO 155 1‘30 1‘25
f1 (ppm)
2‘10 2b0 150 1‘80 1‘70 1‘60 1‘50 1LIO 150 1‘20 1‘10 lbO 50 éO 7‘0 éO 50 40 30 iO fO

f1 (ppm)
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CHO
Me

2. 31O
"H NMR (300 MHz, CDCls)

M&JU@MLJMMMWUWM

38 37 3.6 35 3.4 33 32 31 3.0
f1 (ppm) f1 (ppm)

: :
100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 05 0.0 -0.5
f1 (ppm)

>

CHO
Me

2.314
13C NMR (75 MHz, CDCls)

141 139 | 137 | 135 133 | 131
1 (ppm)

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
f1 (ppm)
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2. 32
"H NMR (300 MHz, CDCls)

HOH

P |

T T T T T T T
71 70 69 6.8 6.7 6.6 6.5

48 46 44 42 38 36 34
f1 (ppm) f1 (ppm)
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 50 45 40 35 3.0 25 2.0 1.5 1.0 05 0.0 -0.
f1 (ppm)
IIIH
= ror
H
2.32
13C NMR (75 MHz, CDCl3)
T T T T T T T
144 142 140 138 136 134 132
f1 (ppm)
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

f1 (ppm)
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2.33
H NMR (300 MHz, CDCl3)

RN | N

T T T T T T T T T T T T T T T T T T T T T
70 6.8 6.6 64 62 60 58 56 3.43.33.23.13.02.92.82.72.62.52.42.32.2
f1 (ppm) f1 (ppm)

i

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -0.5
f1 (ppm)

=

2.33
13C NMR (75 MHz, CDCly)

o

140 138 136 134 132 130 128 126
f1 (ppm)

| Jll|’||‘“! | ‘ ‘H ‘ |

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
f1 (ppm)
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2.34

'H NMR (300 MHz, CDCl5)

A

Jt

T T
4.5 4.0

71 70 69 68 67 66 65 64 63 62 5.0 3.5 3.0
f1 (ppm) f1 (ppm)
11.0 10.5 10.0 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 0.5 0.0 -0.5
f1 (ppm)
|..CHO
H
Me
o]
2.34
13C NMR (75 MHz, CDCly)
T T T T T T T T T T T
142 141 140 139 138 137 136 135 134 133 132
f1 (ppm)
| " W _
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)
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2.35
"H NMR (300 MHz, CDCl5)

6.80 6.75 6.70 6.65 6.60 6.55 6.50 6.45 6.40 4.5 4.0 3.5 3.0
1 (ppm) 1 (ppm)

T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05
1 (ppm)

H
13C NMR (75 MHz, CDCl5)

2.35

T T T T T T T T
142 140 138 136 134 132 130 128
f1 (ppm)

] Ay |

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O
f1 (ppm)
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2.36
H NMR (500 MHz, CDCls)

T T T T T T T T T T
7.8 7.7 7.6 7.5 7.4 7.3 7.2 3.14 3.12 3.10 3.08 3.06 3.04 3.02 3.00 2.98
f1 (ppm) f1 (ppm)

e

T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05

f1 (ppm)
O OH
2.36

3C NMR (75 MHz, CDCl,)

L

144 142 140 138 136 134 132 130 128 126 124
f1 (ppm)

Ll | | L

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0
f1 (ppm)
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2.37
"H NMR (500 MHz, CDCl5)

MM

T T T T T T T T
78 7.7 76 75 7.4 73 72 7.1
f1 (ppm)

AW

T T T T T T T T
3.25 3.20 3.15 3.10 3.05 3.00 2.95 2.90
f1 (ppm)

M . il

T T
95 90 85 80 75 70 65 60 55 50 45 4.0

10.0 3.5 3.0 25 20 1.5 1.0 0.5 0.0 -05
f1 (ppm)
2.37
13C NMR (75 MHz, CDCl3)
T T T T
140 135 130 125
f1 (ppm)
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)
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EtO,C
2 41 2.42

"H NMR (300 MHz, CDCl5)

T T

\
7. 70 69 68 67 66 65

46 44 42 40 38 36 34 32 30 28 26

f1 (ppm) f1 (ppm)
| P S
5 14 13 12 11 10 8 7 5 3 2 0
f1 (ppm)
H
241 2A2
13C NMR (75 MHz, CDCl5)
1‘40‘ 1‘38‘ 1‘36‘ 1‘34‘ 1‘32‘ 1‘30‘ 1‘28 éO éO 40 310 ﬁo
f1 (ppm) f1 (ppm)
2‘10 2b0 150 1é0 1‘70 160 1‘50 IL}O 150 1‘20 liO lbO éo éO 7‘0 60 50 40 310 20 iO
f1 (ppm)
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H NMR (300 MHz, CDCls)

JLM_JL e A

67 66 65 64 63 38 36 34 32 30 28 26
f1 (ppm) f1 (ppm)

T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05

f1 (ppm)
H
0
2.43
13C NMR (75 MHz, CDCls)
1‘42 1LIO 158 156 154 152 150 1‘28 éO 48 46 44 42 40 38 é6 314
f1 (ppm) f1 (ppm)
" |“ ” ) .JL " " l

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 O
f1 (ppm)

120



2.44
"H NMR (300 MHz, CDCls)

o wln M

2.7 2.30 z.zs 2.26 2.22 2.20 2.18
f1 (ppm)

7.2 7.1 7.0 6.9 68 67 6.6 6.5 6.4 3.5 3.3
f1 (ppm) f1 (ppm)

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

100 95 90 85 80 75 70 65 60 55 0 45
f1 (ppm)
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3C NMR (75 MHz, CDCl3)

L 1 || |

T T T T T T T T T T T T T T T T T T
146 144 142 140 138 136 134 132 41 40 39 38 37 36 35 34 33 32 31 30
f1 (ppm) f1 (ppm)

L ".H |

T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 80 70
f1 (ppm)

210 200 190 180
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2.45 |
"H NMR (300 MHz, CDCls)

W |

T T
2.90 2.88 2.86 1.90 1.89 1.88 187 1.86 1.85 1.84 1.83
f1 (ppm) f1 (ppm)

T T T T T
6.6 6.5 6.4 6.3 2.94 2.92
f1 (ppm)

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

&
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3C NMR (75 MHz, CDCls)

]

T T T T T T T T T T T
139 137 135 133 131 129
f1 (ppm)

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
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"H NMR (300 MHz, CDClj)

T T
7.0 6.8 6.6 6.4 6.2 6.0 33 32 31 30 29 28 27 26 25 24
f1 (ppm) f1 (ppm)

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

fL (ppm)
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3C NMR (75 MHz, CDCly)
1‘40 1;5 1‘30 4‘2 ‘;1 4‘0 3‘9 3‘»8 ;7 .’;6 3‘5 3l4 3‘3
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|

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 llfO ( 13]0 90 80 70 60 50 40 30 20 10 0
1 (ppm
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2.12
"H NMR (300 MHz, CDCls)

T T
74 73 72 71 70 69 68 6.7
1 (ppm)

Y L

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
1 (ppm)

ace!

2.12
13C NMR (75 MHz, CDClj)

TR

T T T T T
145 140 135 130 125
f1 (ppm)

Al I

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 11? ( 10)0 90 80 70 60 50 40 30 20 10 0
1 (ppm
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2. Two-Dimensional NMR Spectra

_l_Aum
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3. Crystal Structure Determination for Compound 2.12

Sample: MUN1118

X-ray Structure Report

for

Dr. G. Bodwell

Prepared by

Louise N. Dawe, PhD

Department of Chemistry and Biochemistry
Wilfrid Laurier University

Science Building
75 University Ave. W.
Waterloo, ON, ON

Idawe@wlu.ca

November 15, 2018

Introduction
Data collection was performed by Mr. Adam Beaton, Memorial University of Newfoundland.

All H-atoms with an sp? parent C were introduced in calculated positions and refined with their
displacement parameter riding on the parent atom, and all with a same distance restraint. All other H-atoms
were introduced in calculated positions and refined on a riding model. All non-hydrogen atoms were
introduced in difference map positions and refined anisotropically.
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The absolute structure parameter is meaningless because the compound is a weak anomalous scatterer. This
was further investigated with PLATON's Bijvoet-pair analysis, which gave:

Hooft y = -0.3(13) and
P2(true) = 0.607;
P3(true) = 0.406;
P3(rac-twin) = 0.330;

P3(false) = 0.263

(which further confirms that no conclusions can be drawn based on Flack x or Hooft y, since this is a light
atom structure that was collected with an Mo radiation source, which was the only source available in the
home lab.)

Experimental

A suitable crystal of Ci9H1s Was selected and collected on a Rigaku Saturn 70 diffractometer. The
crystal was kept at 100.0 K during data collection. Using Olex2 [1], the structure was solved with the
ShelXT [2] structure solution program using Intrinsic Phasing and refined with the ShelXL [3] refinement
package using Least Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J. Appl.
Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Crystal Structure Determination

Crystal Data for CigHis (M =244.32 g/mol): orthorhombic, space group Pna2; (no. 33),a=
18.9371(4) A b= 9.1172(2) A, c = 7.2212(2) A,V = 1246.76(5) A%, Z = 4, T = 100(2) K, p(MoKa) =
0.073 mm, Dcalc = 1.302 g/cm?®, 17356 reflections measured (4.958° <20 < 54.202°), 2748 unique (2624
with I > 261) Rine = 0.0525, Rsigma = 0.0290) which were used in all calculations. The final R; was 0.0438 (I
> 20(1)) and WR> was 0.1059 (all data).
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MUN1118
Table Al-1: Crystal data and structure refinement for MUN1118.

Identification code MUN1118
Empirical formula CigHis

Formula weight 244.32
Temperature/K 100.0

Crystal system orthorhombic
Space group Pna2;

alA 18.9371(4)

b/A 9.1172(2)

c/A 7.2212(2)

a/° 90

/e 90

v/° 90

Volume/A3 1246.76(5)

z 4

Peacg/cm? 1.302

w/mm? 0.073

F(000) 520.0

Crystal size/mm?3 0.15 x 0.15 x 0.15
Radiation MoKa (A =0.71073)
20 range for data collection/® 4.958 to 54.202
Index ranges 24 <h<24,-11<k<11,-9<1<9
Reflections collected 17356

Independent reflections 2748 [2624 with | > 261; Rine = 0.0525, Rsigma = 0.0290]
Data/restraints/parameters ~ 2748/46/202

Goodness-of-fit on F? 1.042

Final R indexes [[>=25 (I)] R:=0.0438, wR> =0.1038

Final R indexes [all data] R: = 0.0460, wR> = 0.1059

Largest diff. peak/hole / e A 0.20/-0.22

Flack parameter -5.1(10)
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Numbering Scheme (and numbered model with 50% displacement ellipsoids)

Hl4 614 g13 H13

Table A1-2: Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement Parameters

(A2x10%) for MUN1118. Ueq is defined as 1/3 of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)
C1 3102.2(15) 6360 (3) 4331 (4) 29.
Cc2 3740.3(14) 6567 (3) 5730 (4) 26.
c3 4047.0(14) 5137 (3) 6425 (4) 23.
C4 4693.3(13) 4617 (3) 5866 (3) 21.
C4A 4830.2(12) 3065 (3) 5825 (3) 21.
C5 5452.5(13) 2457 (3) 5039 (4) 23.
C6 5455.1(13) 1027 (3) 4451 (4) 24,
C7 4812.1(13) 221 (3) 4389 (4) 24.
C8 4215.5(13) 764 (3) 5209 (4) 22.
C8A 4260.9(12) 2117 (3) 6223 (3) 21.
Co9 3693.1(13) 2680 (3) 7286 (3) 21.
C10 3596.4(13) 4165 (3) 7424 (4) 23.
Cl1 3479.1(13) 307 (3) 4523 (4) 24.
C12 3156.5(13) 1722 (3) 3717 (4) 23.
C13 2557.9(13) 2368 (3) 44774 (4) 23.
Cl4 2475.1(13) 3896 (3) 4459 (4) 24.
C15 2993.3(13) 4783 (3) 3702 (4) 23.
C16 3499.1(13) 4107 (3) 2566 (4) 23.
C17 3576.4(13) 2597 (3) 2565 (3) 22.

g o N J9 O W N Ww o o oo M O O oo O 3 4
o o oo oo oo o U1 U1 oY O
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Table A1-3: Anisotropic Displacement Parameters (A?x10°%) for MUN1118. The Anisotropic

displacement factor exponent takes the form: -2n?[h?a*2U11+2hka*b*Uo+..
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1

Uz

Uiz

U2z

Usz

U2

Uu

A~ N~ o~~~ o~~~ N~~~ N~ o~~~ o~

O O O O OO0 O O O O O O O 6 O O o o o o
- 4 4 = = A A A = A A A A =
— — — N N = — — — — — — O — — — — N o
S N ™M . e N O M O M WO c NN O ™~ O . .

. . [ . . . . . . ™M . . . "N O
N — O | O ¥ N O M O ™M I < N |

| |

N 1 O O O O +H +H O O & O 1 O O O O O O
Lo T e TR e TR e B e IR A s B e B A e T e IR s R L e B e R B |
((((((((( N O — — — — — — — —
O -~ - MmO o M~ W . n o o 4 N O W

. . . . . . — o . . . . . . .
O < ¥ 1 N+ N +d O | N O MO MO N W N O
— | | | | | | | | | | | | |

|

N 1 O O O O 1 O O 60 © O H O A = +d O
Lo R e TR e T A e TR e B e B e AR e o B I A e R e B o B o R o B o |
((((((((( O — — — — — — — — -
O~ H < 0w 0O N> M - O VW H 1O M H —H W O

. . . . . ™ . . . . . .
O N N O O A —H O ™M — N + 4 N O — N

| | | | | | | |

~ o~ o~ o~~~ o~~~ o~~~ e~~~ o~~~ —~

—_— — e —  — e e = = = = =~~~

~ o~ o~ o~~~ o~~~ o~~~ e~~~ o~~~ —~

—_— — e —  — e e = = = = =~~~

n O ¢ O O N OV -~ O A Mm™~- 00 OO ™M o O O O
< = N M OO 00O O N O < W oY A MM O O WO WmowWn
N N N N N N N N N N N N N N N M N N N
<t 0 M A A A 4 O N 4 4 N O M 4 4 N N
—A 4 4 4 4 4 4 4 "4 494 4 A A A A A — A
N N O MO O M 4 IO OO N MO -~ MmO O o MmO -~ +H
™M O W NN 1 O M O ¥ O 4 N 1Hh W O 4 MO <
MmN N NN A NN NN NNNN A NN NN

< < O 4 N ™M < 0 © I~
AN M S D OMN~OWWOMODO A A A A oA A Ao
O O O O O OO0 OLLOLOLOLOLOLOLOLOL O OO

133



Table A1-4: Bond Lengths for MUN1118.
AtomAtom Length/A  AtomAtom Length/A

Cl cC2 1.586(4) C8 C8A 1.437(3)

Cl Ci15 1.521(3) C8 C11 1.537(3)

C2 C3 1.513(3) C8A C9 1.417(3)

C3 C4 1.373(4) C9 C10 1.369(4)

C3 C10 1.426(4) C11 C12 1.542(3)

C4 C4A 1.438(3) Cl1l2 C13 1.389(4)

C4A C5 1.421(3) C12 C17 1.400(4)

C4A CB8A 1.412(3) C13 Ci14 1.401(3)

C5 C6 1.371(3) C14 C15 1.385(4)

ce C7 1.423(4) C15 C16 1.404(4)

C7 C8 1.368(4) C16 C17 1.385(4)

Table A1-5: Bond Angles for MUN1118.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*

Ci5 C1 cC2 113.9(2) C4A CBA C9 117.9(2)
C3 C2 cC1 113.7(2) C9 C8A C8 122.8(2)
C4 C3 C2 122.8(2) C10 C9 C8A 120.0(2)
C4 C3 C10 117.9(2) C9 C10 C3 119.8(2)
Cl0 C3 cC2 118.3(2) C8 Ci11 C12 104.73(19)
C3 C4 C4A 120.4(2) C13 C12 cCl11 122.0(2)
C5 C4A C4 122.8(2) C13 Ci12 C17 117.1(2)
C8A C4A C4 117.4(2) C17 C12 Cl1 118.4(2)
C8A C4A C5 118.4(2) C12 C13 Ci4 120.6(2)
Cé6 C5 C4A 119.9(2) C15 C14 cC13 120.3(2)
C5 Cé6 C7 119.9(2) C14 Ci5 C1 122.0(2)
C8 C7 C6 120.4(2) C14 Ci15 C16 117.2(2)
C7 C8 C8A 118.8(2) Ci16 Ci5 C1 119.8(2)
C7 C8 C11 120.8(2) C17 Cl1l6 Ci15 120.6(2)
C8A C8 Ci11 116.8(2) C16 C17 Ci12 120.4(2)
C4A CB8A C8 117.9(2)
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Table A1-6: Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x10°) for

MUN1118.

Atom
H1A
HiB
H2A
H2B
H4
H5
H6
H7
H9
H10
H11A
H11B
H13
H14
H16
H17

2663.53
3186.36
4117.92
3575.72
5051 (13)
5860 (12)
5885(12)
4809 (15)
3335(13)
3166(12)
3188.42
3515.47
2259 (14)
2097 (13)
3867 (13)
4011 (12)

6709.89
6980.31
7132.79
7148.96
5290 (30)
3090

-461.89
1750 (30)
4350 (30)
4700 (30)
2200 (30)

4931.24

3227.5
5106.61
6803.46
5340 (40)
4830 (5
3850 (
3620 (
7780 (
8010 (40)
5558.15
3559.62
5250 (40)
5190 (40)
1970 (40)
1980 (40)

0)
40)
40)
40)

U(eq)

36
36
32
32
26
29
30
29
26
28
29
29
29
30
28
27
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Table A1-7: Torsion Angles for MUN1118.
A B C D Angle/ A B C D Angle/*
Cl C2 C3 C4 107. C7 C8 CB8AC9 -172.
Cl C2 C3 C10 -60. C7 C8 Ci1cC12 ~-113.
Cl1 C15 Cl6 C17 154. C8 C8AC9 C10 -1l4e.
C2 Cl1 Ci5C14 100. C8 Cl1C12C13 ~-1lle.
C2 Cl1 C15C16 -68. C8 Cl11 C12 C17 45.

C2 C3 C4 C4A -151. CBAC4ACS5 C6 9.
C2 C3 C10C9 147. C8AC8 Cl1 C12 44.
C3 C4 C4AC5 171. C8AC9 C10 C3 3.
C3 C4 CA4AACSBA 5. C10 C3 C4 C4A lo.
C4 C3 Cl0C9 -21. C11 C8 C8BAC4A -137.

C4 C4AC5 Cob -157.
C4 C4ACBACS 143.

Cl11 C8 CB8AC9 28.
Cl11 C12 C13 C14 146.

C4 C4ACBACHY -23. Cl11 C12 C17 Cl16 -1l4e.
C4AC5 C6 C7 8. C12 C13 C14 C15 -0.
C4AAC8ACY9 C10 19. C13 C12 C17 C16 15.
C5 C4ACBACS -23. Ci3Cl4Ci15C1 -153.
C5 C4ACBACY 169. C13 C14 C15 C16 15.
C5 C6 C7 C8 -11. C14 C15 Cl6 C17 -15.
C6 C7 C8 CBA -3. Ci15C1 C2 C3 -9.

C6 C7 C8 Cl1 154.
C7 C8 CB8AC4A 21.

C15 C16 C17 C12 -0.
C17 C12 C13 C14 -15.

N N oy O O GO U1 o U N W b W J W DN O o b U1 o
BN DD W DR NN R NDDNNDDND WD W W
N 00 U1 O o0 W W o OO0 O +» o0 W P b O DN W H» O O
[T N S T T S O B N S O N O S N . VS R o GV N O I OV N OV I \ O]
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C14 C13
C12

Figure Al-2: Packing diagram with 50% probability ellipsoids. No significant intermolecular short
contacts are present.
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4. Computational Data

epimer of 2.32

Rel G 0 0.316
(kcal/mol)

Figure A1-3: Optimized geometries of 2.32 and its epimer in chloroform at the M06-2X/Def2SVP level of
theory.

6.26 6.45
epimer of 2.32

w
N
RN

* Note: The chemical shift of residual chloroform at 7.26 ppm was used as the reference.

Figure Al1-4: *'H NMR chemical Shifts (in red) of 2.32 and its epimer calculated at the GIAO-B3LYP/6-
311+G(2d,p) level of theory.

Geometry optimization of cyclophane 2.12 and other compounds was performed at the MO6-
2X/Def2TZVP level, and the optimized structures were validated as ground-state energy minima
by frequency calculations at the same level of theory (zero imaginary frequency).

Cartesian coordinate of optimized 2.12 (E = -733.561843 Hartree, dipole moment = 0.905320
Debye)

H 0.93310994 3.11540027 1.12795906

C 0.95507596 2.40470922 0.30871700

C 1.03853404 0.47135808 -1.64932314

C -0.23191011 2.02402215 -0.30279204

C 2.13946107 1.71307821 0.04851098

C 2.15049411 0.62603313 -0.81796008
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-0.12840007
3.01164113
-1.02351713
1.03982106
3.16129522
3.50401226
4.03534427
-1.59162821
-2.31135628
-1.44372722
-2.11775220
2.62061723
2.60820326
3.34144429
-1.18551910
1.24466712
-1.15396305
-0.09831303
1.07895508
0.11055706
-0.16915807
1.94478613
0.18371809
-2.31183512
-2.33879409
-3.34675623
-4.22637328
-3.19992626
-3.89107534

1.16698109
1.91898826
0.89464904
-0.30803697
-0.49065991
-0.79410692
-0.12615785
2.14379811
2.74989413
2.61050015
0.70496799
-1.80097002
-2.62611308
-2.05887302
-0.29381205
-1.62756806
-1.52922013
0.01296701
-0.65473599
-2.16438614
0.86465607
-0.33751594
-2.96969119
-1.92207920
-2.90258728
-1.04639718
-1.34291922
0.30608393
1.04689196

-1.40415012
0.65937702
-1.95278316
-2.40369420
-0.70052407
-1.69082315
-0.16035403
0.40368901
-0.14890403
1.37975907
0.48589501
0.03925598
-0.67283607
0.81721804
0.91901004
0.62810902
0.23930799
1.77261010
1.64652209
0.07518698
2.43735115
2.21695214
-0.64883207
-0.48708206
-0.94739809
-0.65202407
-1.20857011
-0.24806504
-0.63378307

The strain energies of cyclophanes 2.11 and 2.12 were calculated by the following isodesmic
reactions (Scheme A1-1) at the M06-2X/Def2TZVP level of theory.

H,C
Q " e O ——
CH3

AH = -25.6 kcal/mol

S HsC

AH = -44 1 kcal/mol
212

Scheme Al-1: Isodesmic reactions for the calculation of the strain energies of cyclophanes 2.11 and 2.12.
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The optimized Cartesian coordinates of compound 2.12 were subjected to TD-MO06 2X/def2TZVP
(singlets, nstates = 10) calculations to compute its UV-vis absorption spectrum in the gas phase.

Table A1-8: Summary of TD-M06-2X/def2TZVP computed UV-Vis absorption spectral data of

cyclophane 2.12.

Aabs (nM) Major MO contributions

301.1 0.0044 H-1— (54%), HOMO — L+1 (27%)

297.5 0.0273 HOMO — LUMO (87%)

265.7 0.0251 H-2 — LUMO (23%), H-1 — LUMO (23%), HOMO — L+1 (19%),
HOMO — L+2 (16%)

247.3 0.0636  H-1— LUMO (10%), HOMO —> L+1 (32%), HOMO — L+2 (20%)

239.8 0.0055 H-1— L+1 (56%), HOMO — L+2 (21%)

234.3 01192  H-3 — LUMO (10%), H-2 — LUMO (43%), HOMO — L+3 (18%)

231.1 0.1465 H-2 — LUMO (19%), H-1 — L+1 (25%), HOMO — L+2 (30%)

223.4 0.0288 H-1 — L+2 (62%)

216.9 0053  H-2 — L+1 (11%), H-1 — L+3 (26%), HOMO — L+3 (13%)

216.2 0.0014  H-3 — LUMO (31%), HOMO — L+3 (47%)

5. Bond Lengths for Naphthalene

From a search of the CCDC, 31 structures of naphthalene were found with R1 < 7.5%. Mean

values of these 31 structures are shown below and were used as the reference bond lengths for

naphthalene.

C2 C3
C8a C4a
c7 C6
naphthalene
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Table A1-9: Summary of the bond lengths in A for the 31 structures of naphthalene from a search of the

CCDC.

Mean
Bond Minimum Maximum Mean Std. Dev. | Dev.
C1-C2 1.35 1.388 1.374 0.006 0.004
C1-C8a 1.404 1.427 1.42 0.005 0.004
C8-C8a 1.413 1.426 1.42 0.003 0.002
C7-C8 1.359 1.387 1.374 0.006 0.004
C6-C7 1.386 1.425 1.413 0.009 0.006
C5-C6 1.35 1.388 1.374 0.006 0.004
C4a-C5 1.404 1.427 1.42 0.005 0.004
C4-C4a 1.413 1.426 1.42 0.003 0.002
C3-C4 1.359 1.387 1.374 0.006 0.004
C2-C3 1.386 1.425 1.413 0.009 0.006
C4a-C8a 1.4 1.438 1.42 0.008 0.005
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Chapter 3: Synthesis of [1](1,6)Naphthaleno[1](1,6)naphthalenophane by Double

Contractive Annulation of [2.2]Paracyclophane

Statement of Contributions

Sourav Biswas: Performed the synthetic work, physical data collection, data analysis.

Dr. Zahra A. Tabasi: Measured UV/vis absorption, excitation, and emission spectra of cyclophane

3.3.

Dr. Louise N. Dawe: Solved the crystal structures of cyclophanes (3.3, 3.13, 3.24, 3.25, and 3.27)

and provided publishable crystal structure reports.

Prof. Yuming Zhao: Performed all computational work, interpreted the results, guided to writing

of the corresponding sections.

Prof. Graham J. Bodwell: Principal investigator (PI) of the work, who led the project and majorly

contributed to the interpretation/analysis of data.

The work described in this Chapter includes everyone’s contributions for the purpose of a complete

discussion.
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3.1 Introduction

As discussed in Chapter 2, contractive annulation was recently introduced as a new strategy for
the synthesis of small, strained cyclophanes.! The strategy involves the benzannulation of an
existing cyclophane using a set of three contiguous carbon atoms consisting of a benzylic C(sp®)
atom, the bridgehead (ipso) C(sp?) atom to which it is bonded and a neighboring (ortho) C(sp?)
atom (Scheme 3.1). The use of a bridge C(sp®) atom in the benzannulation means that the growth
of the aromatic system is necessarily accompanied by a shortening of the bridge. The utility of
contractive annulation was first demonstrated in the synthesis of the structurally unusual
cyclophane [2](6,1)naphthaleno[1]paracyclophane (3.2) from [2.2]paracyclophane (3.1).!
Reported in this Chapter are the details of a double contractive annulation of 3.1 to afford a
[1.1]naphthalenophane.

contractive

________________

> annulation ﬁ 'm shorter bridge;
”\ —_— > | :
(=~ 9steps ) imlargerarene |

ref. 1
3.1 3.2

Scheme 3.1: Contractive annulation for the synthesis of [2](6,1)naphthaleno[1]paracyclophane (3.2).

3.2 Objective

Application of the contractive annulation strategy to both aromatic rings of [2.2]paracyclophane
could conceivably be done in four different ways to afford a set of four structurally interesting
compounds 3.3-3.6. Compounds 3.3 and 3.5 are [1.1]naphthalenophanes, or more precisely, anti
and syn conformers of [1](1,6)naphthaleno[1](1,6)naphthalenophane, respectively. Compounds

34 and 3.6 can either Dbe viewed as syn and anti conformers of

[2](6,1)naphthaleno[0](1,6)naphthalenophane, respectively, or Cs and Cz-symmetric conformers
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of [2](6,6)1,1'-binaphthylophane, respectively. All of these compounds are exciting synthetic
targets, but 3.3 was chosen for initial study due to its high symmetry (C;).

For the synthesis of 3.3, a two-directional synthetic approach using the chemistry
established (see Chapter 2) earlier for the synthesis of 3.2 was an obvious choice. A point of
concern with this approach is that each step in a two-directional synthesis is necessarily performed
on a bifunctional molecule and this can have a major impact on the yield of each step (compared
to the analogous one-directional synthesis). [1.1]Cyclophane 3.3 would be expected to be more
strained than 3.2 and the first major question to be answered was whether the contractive
annulation strategy is powerful enough to enable the synthesis of 3.3. If the strategy is powerful
enough, 3.3 would join a very small family of [1.1]cyclophanes. [1.1]Paracyclophane 3.7 (Scheme
3.2, inset) was reported by the Tsuji group in 1993, but it lacked sufficient stability for its
isolation.? Later, the same group reported kinetically stabilized [1.1]paracyclophane derivatives
3.8-3.10.3 The larger aromatic systems in 3.3 (naphthalene vs. benzene) may result in greater
stability than for 3.7, so the successful synthesis of 3.3 would provide opportunities to study not

only its spectroscopic properties, but also its chemical reactivity.
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= =
LD LD
3.3 AN Pd 3.4

point group: C; point group: Cq

3.6 STTTTTTTTTToTsmssossosssosooees . 3.5
point group: C, : point group: C,

1 3.7:X=H,Y=H 5
| 3.8: X = CONMe;, Y = CH,SiMe;;
3.9: X = CONMe,, Y = Et !

i 3.10: X = COzMe, Y= CstiMe3 E

_______________________________

Scheme 3.2: Possible products from the double contractive annulation of [2.2]paracyclophane (3.1). Inset:

selected examples of [1.1]paracyclophanes.
3.3 Results and Discussion

3.3.1 Synthesis

The contractive annulation of [2.2]paracyclophane (3.1) to access 3.2 commenced with a Friedel-
Crafts acylation reaction,! so the two-directional synthesis of 3.3 would require access to the
pseudo-para-diacetyl[2.2]paracyclophane (3.14) (Scheme 3.3). The direct synthesis of 3.14 from
[2.2]paracyclophane (3.1) by the Friedel-Crafts acylation reaction is, however, not a viable
process because the first acylation to give 4-acetyl[2.2]paracyclophane (3.18) (Scheme 3.3, inset)

deactivates the system toward further reaction (see Chapter 1, Section 1.3.3).* Hence, adoption of
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a different, indirect route was required. The most common and practical way for the synthesis of
pseudo-para disubstituted [2.2]paracyclophane derivatives commences with the bromination of
[2.2]paracyclophane (3.1) to afford a mixture of all four isomers (3.11, 3.15, 3.16, and 3.17) of
dibromo[2.2]paracyclophane.®  The low solubility of 3.11 (pseudo-para isomer) in
dichloromethane facilitates its isolation and purification from the other isomers. In this regard,
[2.2]paracyclophane (3.1) was subjected to bromination conditions (2.1 equiv Br, and Fe
catalyst)** and dibromo[2.2]paracyclophane 3.11 was isolated in 37% yield (Scheme 2). Lithium-
halogen exchange of 3.11 followed by quenching of the corresponding dilithiated species with
DMF afforded pseudo-para-diformyl[2.2]paracyclophane (3.12) (73%).. A double Grignard
reaction of 3.12 with MeMgBr afforded a ca. 78:22 mixture of diastereomeric diols. For analytical
purposes, the major isomer 3.13 could be isolated in ca. 95% purity and its structure was
unequivocally established by X-ray crystallographic analysis (see Appendix 2). The major isomer
3.13 is a meso compound arising from the attack of MeMgBr from the less hindered faces of 3.12
in the conformation shown. A subsequent PCC-mediated oxidation of 3.13 resulted in the
formation of the required diacetyl[2.2]paracyclophane 3.14 (82%, 2 steps), thereby accomplishing

the fulfillment of “Stage 1” (see Chapter 2, Section 3.2) of the contractive annulation strategy.
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Br n-BuLi H
S Brz, Fe .. Et,0 .-
.. CH,Cl, & 0°Ctort,8h &
rt, 72 h then DMF H
3.1 3.11 Br 3.12
37% rt, 15 h, 73% o
pseudo-para
MeMgBr
THF, 0°Ctort
2h
0 Me
HaC y \OH
a8 PCC, Celite® o
“ “ (+ isomer)
- CHoCly ="
CHs  40ec,3h HO
_________________________ 3140 sm@steps) 3B Me
! Br }
| 3458 3.16 Br 347 Br 3.18 ) CHa,
E pseudo-meta pseudo-gem pseudo-ortho o E

Scheme 3.3: 4-Step synthesis of diacetyl[2.2]paracyclophane 3.14 from [2.2]paracyclophane (3.1). Inset:
structures of dibromo[2.2]paracyclophanes 3.15-3.17, and 4-acetyl[2.2]paracyclophane (3.18).

From this point, the synthetic approach mirrored the one used for the synthesis of 3.2 from
3.18. Riley oxidation of diacetyl[2.2]paracyclophane 3.14 yielded the corresponding bis(glyoxal)
3.19 presumably with its mono- and dihydrated forms (Scheme 3.4). Treatment of 3.19 with
TsNHNH: in the presence of Cs2CO3 as base resulted in the formation of the bis(diazoketone) 3.20
(53%, 2 steps; 73% per functional group). Bis(glyoxal) 3.19 was found to have better solubility
in THF than in chloroform. Hence, an attempt was made to improve the yield of 3.20 by switching
the solvent from chloroform to THF. Nonetheless, the reaction proceeded smoothly providing
3.20, albeit in lower yield (49%, 2 steps; 70% per functional group). The conversion of 3.14 to

3.19 was also explored under Kornblum oxidation conditions.” The use of 3.0 equiv of I, (3.0

147



equiv) and DMSO as solvent (and reagent) resulted in the formation of glyoxal 3.19, which upon
reaction with TSNHNH2/Cs,COz furnished 3.20 (51%, 2 steps, 71% per functional group).
Compound 3.20 was found to be unstable to silica gel chromatography and was found to be poorly
soluble in common organic solvents (dichloromethane, chloroform, ethyl acetate, and hexanes).
Analytically pure samples of 3.20 could be obtained by trituration of the crude reaction mixture
with ice-cold methanol. Having set the stage for the key ring-forming reaction, the
bis(diazoketone) 3.20 was subjected to C—H insertion reaction conditions (1 mol% Rh2(OAC)4,

CH:Cly, 40 °C) to afford bis(indanone) 3.21 (42%; 65% per functional group).

0 Ho P N2 p
HaC
D conditonsaorb  O0_¢ conditions ¢ ﬁ
D= DGk &
CH A\
14 3 1 2
3 d 3 90 H 3 OO N2

__________________________________________________

yield of 3.20: 53%, 2 steps (conditions a + conditions c) .
51%, 2 steps (conditions b + conditions ¢):

conditions a = SeO,, 1,4-dioxane/H,0
110 °C, 15 h

__________________________________________________

ha(OAC)4
conditions b = |,, DMS0O,100 °C

o H ’Q B (1 mol%)

conditions ¢ = TSNHNH , Cs,CO3 3 CHCl;

l CHClg, 1t, 2 h 40°C,1h
——————————————————————————————————— 42%

Scheme 3.4: Synthesis of the key intermediate 3.21 from diacetyl[2.2]paracyclophane 3.14.

The newly formed bis(indanone) 3.21 contains two five-membered rings, hence a two-fold
ring-expansion reaction was required to prepare for the aromatization stage of the contractive
annulation process. The use of Et,O (solvent used in the analogous ring expansion reaction? in the
synthesis of 3.2) as the sole solvent for the ring-expansion reaction of 3.21 at room temperature or
at reflux was found to be fruitless, as no progress of the reaction was evident from TLC analysis.

The use of a binary solvent system consisting of EtcO/CHCl, (1:1 v/v) for the Blichner—Curtius—
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Schlotterbeck reaction was explored. Accordingly, the Blichner—Curtius—Schlotterbeck reaction
of 3.21 with ethyl diazoacetate (9.0 equiv) in the presence of Et,O-BF3 (9.0 equiv) in Et2O/CH.Cl;
furnished enol ester 3.22 (Scheme 3.5). Subsequent treatment of 3.22 with LiCl under Krapcho
dealkoxycarbonylation conditions afforded bis(tetralone) 3.23 (37%, 2 steps; 61% per functional
group). No evidence of isomeric tetralones (containing one or two [3-tetralone units) was evident
in the 'H NMR spectrum of the crude product. It is important to note that when the ring-expansion
reaction was carried out in dichloromethane with 9.0 equiv of each of the reagents, a significant
amount of the partial ring-expanded product 3.27 (31%) and trace amounts of 3.23 were obtained
over two steps. Increasing the amounts of the reagents (Et,O-BFs, ethyl diazoacetate) did not
improve the 2-step yield of the desired product 3.23, rather resulted in the formation of more
undesired side products. Owing to the presence of a center of inversion in bis(tetralone) 3.23, the
13C NMR spectrum features only one signal at 6 = 197.8 ppm for the two carbonyl groups. In
contrast, due to the nonsymmetric structure, the 3C NMR spectrum of diketone 3.27 shows two
signals at 6=197.6 ppm and 6= 206.3 ppm for the carbonyl groups of the a-tetralone and indanone
moieties, respectively. The assignments were made based on the known **C NMR chemical shifts
of the carbonyl groups of the similar [2.2]paracyclophane derivatives with tetralone and indanone
moieties.> The third element of the contractive annulation strategy was initiated by reduction of
3.23 with NaBH4 in MeOH/CH.ClI; (1:2 v/v) to provide a mixture of meso-diol 3.24 and its epimer
3.25. The ratio of the two isomers formed in the reaction could not be obtained from the *H NMR
analysis of the crude reaction mixture with a high degree of accuracy because of the overlap of
most of the peaks of both the isomers. Hence, the diols 3.24 and 3.25 were separated by silica gel
column chromatography and based on the isolated yields, the ratio of 3.24 to 3.25 corresponds to

ca. 75:25. The benzylic protons in meso-diol 3.24 appear as a multiplet centered at 6= 4.67 ppm
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with an integral value corresponding to two protons, whereas the benzylic protons in diol 3.25
appear as a multiplet centered at 6= 4.66 ppm with an integral value corresponding to one proton
and as a doublet at 6= 4.54 ppm with an integral value corresponding to one proton. The structures
of the two diols were further unambiguously determined by X-ray analysis (see Appendix 2). The
stereochemical outcome of the reduction was of no consequence as it proved to be more practical
to use the crude mixture consisting of 3.24 and 3.25 in the ensuing dehydration reaction. Treatment
of the diol mixture with p-TsOH afforded bis(dihydronaphthalene) 3.26 (72%, 2 steps; 85% per
functional group).

EtO,C  OH
Et,0-BF,

H ’Q NLCHCORE 5@ LiCl, HoO ’Q
0°Ctort, 38 h 140°C, 3.5 h _J
HO COEL 570, (2 steps) o
3.22 3.23

’Qﬁ ’Qﬁ MeOH/CH,Cl,
0°Ctort, 16 h

324325 7525

------------------------------------------------

: 0O |

! -f 0=197.6 ppm '

mon oy Wy 5
benzene C_H>—WH \'H !
90 °C, 30 min : g |
; ' ~ 0=206.3 ppm '

72% (2 steps) 3.26 : 3.27 0 PP X-ray 5
! CCDC 2129675 |

Scheme 3.5: Synthesis of bis(dihydronaphthalene) 3.26 from bis(indanone) 3.21 over four steps. Inset:

structure of diketone 3.27.

Finally, dehydrogenation of 3.26 was carried out using DDQ under different conditions.

The use of K>COz as additive and halogenated solvents (1,2-DCE and CH.Cl,) led to complete
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consumption of the starting material (3.26) to afford TLC-immobile material (Table 3.1, Entries 1
and 2). This observation is in line with the incompatibility of the dehydrogenation reaction of
[2](6,1)naphthaleno[1]paracyclophane (3.2) in halogenated solvents (see Chapter 2, Table 2.2).
Changing the solvent to toluene and carrying out the reaction of 3.26 at room temperature failed
to promote the dehydrogenation reaction (TLC analysis), and near quantitative recovery of 3.26
was possible after passing the crude reaction mixture through a short pad of silica gel using hexanes
as eluent (Table 3.1, Entry 3). Increasing the amount of DDQ to 9.0 equiv and elevating the
temperature to 70 °C led to the formation of the desired [1.1]naphthalenophane 3.3 only in trace
quantities (Table 3.1, Entry 4). Decreasing the temperature to 40 °C led to the formation of 3.3 in
5% yield (Table 3.1, Entry 5). The yield was further improved to 7% by the portionwise addition
of DDQ (Table 3.1, Entry 6). A slight improvement in yield was observed when the reaction was
performed on a 0.17 mmol scale (8% vyield of 3.3; 28% per functional group). Changing the
oxidant to o-chloranil led to the decomposition of 3.26, producing a complex mixture from which
3.3 could not be isolated/detected (Table 3.1, Entry 7). No apparent reaction was observed when

p-chloranil was used under different reaction conditions (Table 3.1, Entries 8-10).
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Table 3.1: Conditions screened for the dehydrogenation of hydrocarbon 3.26.

H S conditions? . OQ
=%

3.26 33
Entry Conditions Yield®
1 DDAQ (4.0 equiv), K,CO3 (2.1 equiv), 1,2-DCE, rt, 16 h not detected
2 DDQ (4.0 equiv), K,CO3 (2.1 equiv), CH,Cl,, rt, 16 h not detected
3 DDQ (4.0 equiv), K,CO3 (2.1 equiv), toluene, rt, 20 h no reaction
4 DDQ (9.0 equiv), K,CO3 (2.1 equiv), toluene, 70 °C, 9 h trace
5 DDQ (9.0 equiv), K,CO3 (2.1 equiv), toluene, 40 °C, 27 h 5%
6 DDQ (9.0 equiv)®, K,CO3 (2.1 equiv), toluene, 40 °C, 40 h 7% (8%)°
7 o-chloranil (4.0) equiv, toluene, rt, 16 h not detected
8 p-chloranil (4.0 equiv), 1,2-DCE, rt, 16 h no reaction
9 p-chloranil (4.0 equiv), 1,2-DCE, 70 °C, 26 h no reaction
10 p-chloranil (10.0 equiv), toluene, 100 °C, 17 h no reaction
1 Br, (2.4 equiv), CHCIg, 0 °C to rt, 16 h; then t-BuOK (6.1 equiv)  not detected

THF, 0°Ctort, 13 h

aReaction conditions: 3.26 (0.12 mmol), reagents (as per table), solvent (10 mL). °lsolated yields.
“Portionwise addition of DDQ. 90.17 mmol of 3.26, solvent (15 mL).

A two-step transformation comprising bromination/elimination reactions was screened
with the aim of improving the yield for the dehydrogenation step (Table 3.1, Entry 11). Treatment
of 3.26 with Br2 (2.4 equiv) resulted in an insoluble material. Due to the very poor solubility of
the resulting product in common deuterated solvents (CD2Cl,, CDClIs, benzene-ds, and DMSO-
ds), no *H NMR spectrum could be recorded. No conclusion could be made about the identity of

the of the insoluble material from high-resolution mass spectrometry (HRMS) analysis.
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Nevertheless, assuming the material as the expected two-fold brominated product (bromination of
two conjugated olefinic double bonds), it was treated with 4.1 equiv of t-BuOK, which was deemed
to effect a four-fold elimination of HBr to afford the target 3.3. As evident from TLC analysis,
the reaction generated several spots, none of which correspond to the desired cyclophane 3.3. The
appearance of several spots on TLC plate could be due to the formation of partially eliminated
products. Further addition of 2.0 equiv of t-BuOK was found to be ineffective to result in the
formation of 3.3. Comparison of the results of the two TLC analyses, one after the addition of 4.1
equiv of t-BuOK and another after the addition of an extra 2.0 equiv (total 6.1 equiv) of t-BuOK
seemed to suggest no apparent changes. As TLC analysis revealed no formation of 3.3, no efforts
to isolate and characterize the products of the bromination/elimination reactions were made.

The use of chlorinated solvents in the reaction (Table 3.1, Entries 1 and 2, vide supra) or
at any stage during the purification led to a substantial or complete loss of product. Once isolated,
[1.1]naphthalenophane 3.3 was found to be stable for at least several months in the solid state and
also in solution in chlorinated (dichloromethane and chloroform) and non-chlorinated solvents
(hexanes, benzene, and ethyl acetate). The overall yield of the 12-step synthesis of 3.3 from
[2.2]paracyclophane (3.1) is 0.1%. Since every reaction was a twofold reaction, this corresponds
to 3.2% per functional group. For the sake of comparison to the synthesis of [2.1]cyclophane 3.2,
the overall yield of 3.3 from pseudo-para-diacetyl[2.2]paracyclophane (3.14) is 0.5% (6.8% per
functional group). By comparison, the overall yield of 3.2 from 4-acetyl[2.2]paracyclophane
(3.18) was 5.7%.

The low overall yield of 3.3 meant that only a few mg of material (as much as 7 mg) were
isolated per batch. This limited the extent to which the chemistry of 3.3 could be studied.

Cycloaddition reactions have been well-documented for distorted aromatic systems,? so an attempt
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was made to react 3.3 with 5.0 equiv of tetracyanoethylene (TCNE) at room temperature (Scheme
3.6). Surprisingly, no reaction took place under the reaction conditions (TLC and *H NMR
analysis). Elevation of the of temperature to 80 °C proved to be fruitless (TLC analysis), providing
no traces of Diels—Alder adduct 3.29 or any other cycloaddition products. Both at room
temperature and 80 °C, the reaction mixture was deep green in colour, which suggested that a
charge-transfer complex had formed. TCNE is known to form deep-colored complexes with
aromatic hydrocarbons.® An attempted Diels—Alder reaction of 3.3 with 3.5 equiv of a different
dienophile, dimethyl acetylenedicarboxylate (DMAD) also met with failure, resulting in no sign
of reaction (TLC analysis). Irradiation of a CDClz solution of 3.3 at 302—312 nm in an NMR tube
for 19 h led to no change in the *H NMR spectrum of 3.3, indicating no observable reaction under
the photochemical conditions. In this context, it is worth mentioning that Wasserman and Keehn
found anti-[2.2](1,4)naphthalenophane (3.30) underwent intramolecular cycloaddition to afford
cage hydrocarbon 3.31 (50%) under UV irradiation (Scheme 3.6, inset).!® The unexpectedly
defiant behavior of [1.1]naphthalenophane 3.3 toward the above-mentioned dienophiles (TCNE,
DMAD), even under heating, and the failure of 3.3 to undergo any reaction under the

photochemical conditions speaks to remarkable chemical stability of this strained cyclophane.
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Scheme 3.6: Attempted cycloaddition of [1.1]naphthalenophane 3.3. Inset: formation of cage hydrocarbon

3.31 from [2.2]naphthalenophane 3.30 under photochemical conditions.

3.3.2 X-Ray Crystallographic Analysis

The structure of 3.3 was confirmed using single crystal X-ray diffraction (XRD) (Figures 3.1, vide
infra). The naphthalene units are highly twisted,'! as quantified by the torsion angles C3—-C4-C8—
C9 [-34.1(1)°] and C4-C3-C9-C8 [-34.2(1)°]. These values are ca. 1° smaller than the
corresponding values in [2](6,1)naphthaleno[1]paracyclophane (3.2). The aromatic rings that
originated from [2.2]paracyclophane (3.1) are no longer situated in a perfect face-to-face
orientation with an average separation of 3.09 A ® but rather are slipped sideways from one another
and forced even closer together. The centroid of the C9-C10 bond lies directly over the centroid
of the C6'-C7'-C8'-C9'-C10'-C11' ring (Ring B') beneath it with a distance of 2.96 A. Just
considering the directly overlapping portions of the naphthalene systems, the shortest distance
between the planes defined by C8-C9-C10-C11 and C8-C9-C10'-C(11") is 2.74 A. The
bridgehead to bridgehead distance (distance between C8 and C2') in 3.3 is ever shorter (2.45 A).

It is worth noting that the bridgehead to bridgehead distance and the distance between the two
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mean planes defined by the two aromatic rings in [1.1]paracyclophane 3.8 are 2.38 A (almost 1 A
less than sum of van der Waals radii) and 2.80 A, respectively.

Local distortions from planarity in small cyclophanes are typically quantified using the
angles « and £ and/or their sum (see Chapter 1). For 3.3, the angles in the vicinity of the C2
bridgehead are o = 11.2° and = 19.3° (a + = 30.5°). A slightly larger value of & = 16.9° and
a slightly smaller value of £ = 14.9° are observed in the vicinity of the C8 bridgehead. However
the sum of the values of « and g (a + = 31.8°) at C8 is higher than that in the vicinity of the C2
bridgehead. These values substantially exceed those for 3.1 (o= 12.6°, f=11.2°, a + 3= 23.8°)?
and significantly exceed those (average values) for 3.2 (= 13.7°, =134 °, a+ f=27.1°).1

The two bond lengths associated with the methano bridge of 3.3 are 1.536(2) (C1-C2) and
1.537(2) A (C1-C8"). These values are comparable to the bond lengths [1.542(3) and 1.537(3) A]
associated with the methano bridge in 3.2.! The methano bridge (C1) for 3.3 has a compressed
bond angle of 105.69(12)°, which is comparable (ca. 1° larger) to the bond angle! of 104.73(19)°
for the analogous methano bridge in 3.2.

The bond lengths of the naphthalene systems are within normal ranges,*® except for C6—
C7[1.430(2) A] and C2—-C11 [1.439(2) A], which are a little longer than the corresponding bonds
in naphthalene (1.420 A).® In this regard, it is important to note that the crystal structure of
cyclophane 3.2 also reveals similar elongation of the analogous bonds compared to those of
naphthalene.! In both cases, the stretching of these bonds is presumably a consequence of their

location on the bridgehead-to-bridgehead pathway (C8 to C2 in case of 3.3).
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Figure 3.1: Four views of the structure of [1.1]naphthalenophane 3.3 with 50% displacement ellipsoids.
CCDC 2105261 contains the crystallographic data for 3.3.

3.3.3 Density Functional Theory (DFT) Calculations

The high degree of distortion in the molecular framework of 3.3 translates into a large strain energy
(56.6 kcal/mol). By comparison, the strain energies for 3.1 and 3.2 are 25.6 and 44.1 kcal/mol,
respectively.! Thus, each successive contractive annulation of 3.1 leads to a substantial increase
in molecular strain. This is true not only for the total strain energy, but also for the amount of
strain per skeletal atom (3.1: 1.60 kcal/mol/C; 3.2: 2.32 kcal/mol/C; 3.3: 2.57 kcal/mol/C).
Molecular electrostatic potential (MEP) analysis suggests repulsion would occur between the
electron-rich central regions of naphthalene (Figure 3.2A). More details about these non-covalent
interactions can be visualized by the NCI plot based on reduced density gradient (RDG) analysis
(Figure 3.2B). There is a RDG isosurface located between the two naphthalene moieties with

significant repulsive (red colored) domains near the methylene linkages.
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Figure 3.2: (A) MEP map of 3.3. (B) Non-covalent interaction (NCI) plot of 3.3 (isovalue = 0.50 a.u.).
Calculations were performed at the M06-2x/Def2SVP level of theory.

To assess the degree of aromaticity of the individual rings of the naphthalene unit in
[1.1]naphthalenophane 3.3, NICS(—1), NICS(0), and NICS(1) calculations were performed on 3.3
(Figure 3.3, Table 3.2, vide infra). For NICS(0) calculations, the dummy atom was placed at the
centroid of the individual benzene rings. For NICS(—1) calculations, the dummy atom was placed
at a distance of 1 A toward the interior of the cyclophane from the centroid of each individual
benzene ring in the naphthalene unit. Conversely, for NICS(1), the dummy atom was placed at a
distance of 1 A toward the exterior of the naphthalene unit from the centroid of each individual
benzene ring in the naphthalene unit. For comparison purposes, NICS calculations were also
performed on planar 1,6-dimethylnaphthalene (3.32) and distorted 1,6-dimethylnaphthalene 3.33,
the geometry of which comes from the deletion of one of the naphthalene units in 3.3 and the
addition of H atoms to the dangling bonds of the methylene bridges. Due to its planar structure,

the NICS(1) and NICS(—1) values for 3.32 are equivalent.
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Figure 3.3: DFT-calculated NICS values for the naphthalene units in 3.3, 3.32, and 3.33.

The analysis starts with compound 3.32, for which the two different rings would be
expected to exhibit essentially the same NICS values. In line with this expectation, both the
NICS(1) and NICS(0) values of the B ring are only slightly more negative than those of the A ring
(ANICS = -0.12 and -0.21, respectively) (Figure 3.3, Table 3.2). Moving to
[1.1]naphthalenophane 3.3, it can be seen that the values for the A and B rings now differ
substantially. The NICS(1), NICS(0) and NICS(-1) values of the B ring are now substantially
more negative than those of the A ring (ANICS = -1.24, -1.70 and —3.68, respectively). The
increasing magnitude of this difference in moving from the exterior of the cyclophane to the
interior indicates a strong magnetic effect of one naphthalene unit on the other. The same
conclusion comes from comparing the values for the individual rings in 3.3 and 3.32. For the A
rings, the NICS(1) and NICS(0) values for the A rings in 3.3 are less negative than those in 3.32
(ANICS = 2.41 and 0.39, respectively), whereas the NICS(-1) value is more negative (ANICS = —
0.83). The ANICS value becomes substantially more negative upon moving from the exterior of

the cyclophane to the interior (range = 3.25 ppm), which is consistent with a shielding effect of
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the opposite naphthalene system. For the B rings, the same trend is observed, but it is more
pronounced. The ANICS values for NICS(1), NICS(0) and NICS(-1) are 1.37, —1.10 and —4.40,
respectively (range = 5.77 ppm).

Consideration of the NICS values for the nonplanar model compound 3.33 provided a
means to evaluate the effects of distorting 1,6-dimethylnaphthalene without any interference from
the effects a proximate naphthalene system. For 3.33, the two different rings have similar
NICS(—1), NICS(0), and NICS(1) values with the B ring having slightly more negative values
(ANICS =-0.30, —0.08 and 0.00, respectively) (Table 3.2, vide infra). Distortion from planarity
has a roughly equal effect on the aromaticity of the A and B rings. A comparison between 3.32
and 3.33 revealed that bending the naphthalene system out of planarity causes a dummy atom on
the concave face to experience greater shielding (ANICS(-1) = -1.56 and —1.64 for the A and B
rings, respectively). Conversely, dummy atoms on the convex face experience less shielding
(ANICS(1) = 2.47 and 2.29 for the A and B rings, respectively). This makes intuitive sense and is
in line with precedent in other bent aromatic systems. The NICS(0) values also become less
negative (ANICS(0) = 0.26 and 0.39 for the A and B rings, respectively), which may be a reflection
of the loss of some aromatic character due to distortion from planarity.

Finally, a comparison of 3.33 to 3.3 provides an estimate of the magnitude of the effect of
one naphthalene system on the other. For the A ring, the change in going from 3.33 to 3.3 is
minimal for NICS(1) (ANICS = 0.00) and NICS(0) (ANICS = +0.13), while there is a significant
deshielding for NICS(-1) (ANICS = +0.82) (Table 3.2, vide infra). Conversely, the NICS values
for the B ring become progressively more negative upon moving from the convex face of the
concave face ((ANICS(1) = -0.92, ANICS(0) =-1.49, ANICS(-1) = -2.86). Greater shielding is

experienced by the dummy atom as it moves toward the opposite naphthalene system.
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Table 3.2: Comparison of the NICS values for compounds 3.3, 3.32, and 3.33.

Compound 3.32

Compound 3.33

Compound 3.3

NICS Ring A Ring B Ring A Ring B Ring A? Ring B?
NICS(1) -9.93 -10.05 -7.46 -7.76 —7.46 —8.68
NICS(0) -7.57 -7.78 -7.32 -7.39 -7.18 -8.88
NICS(-1) -9.93 -10.05 -11.59 -11.59 -10.77 -14.45
ANICS(1) — — +2.47 +2.29 +2.47 +1.37
+0.00 -0.92
ANICS(0) — — +0.26 +0.39 +0.39 -1.10
+0.13 -1.49
ANICS(-1) — — -1.66 -1.54 -0.84 -4.40
+0.82 -2.86

®NICS numbers for 3.3 are averages values. Blue numbers indicate the change relative to 3.32. Red numbers

indicate the change relative to 3.33.

3.3.4 NMR Analysis

The assignments of the proton resonances of 3.3 were corroborated by 1D and 2D NMR (COSY,

HSQC, and NOESY) experiments. All the 1D and 2D NMR spectra are shown in Appendix 2

(vide infra). A detailed description of how the assignments were made is given below. The

numbering of protons in the description indicates that of the protons shown in Figure 3.4 (vide

infra).

1. Aromatic protons with a coupling constant (J) of 1.6 Hz can only be H(7) as none of the other

aromatic protons are expected to exhibit solely such a small coupling constant (meta-coupling).

All other aromatic protons have at least one ortho-coupled magnetically non-equivalent

hydrogen to them. Hence, the signal at 6= 7.48 ppm is attributed to H(7).

2. H(7) exhibits a NOESY correlation with the bridge proton appearing at 6=4.19 ppm. As H(7)

is closer to H(1A) than H(1B) in space, the signal at 6= 4.19 ppm is attributed to H(1A).
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3. The other bridge proton appearing at 6 = 3.96 ppm is attributed to H(1B), which exhibits a
NOESY correlation with the signal at 6= 4.88 ppm. This signal at &= 4.88 ppm also shows a
weak COSY correlation with H(7). Hence, the signal at 6= 4.88 ppm is attributed to H(9).

4. A strong COSY correlation can be observed between H(9) and the signal at 6 = 6.24 ppm.
Hence the signal at 6= 6.24 ppm is attributed to H(10).

5. The left half of the multiplet at 5= 7.20-7.13 ppm shows NOESY correlations between both
the bridge protons. Hence the left half of the multiplet is attributed to H(3).

6. H(7) exhibits a NOESY correlation with the multiplet at 6 = 7.40-7.35 ppm. Hence this
multiplet is attributed to H(5).

7. The only other proton that is left is H(4), which is attributed to the right half of the multiplet at

0=17.20-7.13 ppm.

H(3)
Figure 3.4: Numbering of the protons in [1.1]naphthalenophane 3.3.

The *H NMR spectrum of Ci symmetric 3.3 consists of just eight signals (Figure 3.5). The
slipped stacking juxtaposition of the two naphthalene systems places H(9) and (H10) in the
shielding zone of the opposite deck, especially the former. Consequently, H(9) gives rise to the
highest field aromatic signal (64.88 ppm). This resonance is at slightly higher field than the
highest field aromatic signal in 3.2 (6 4.97 ppm), but the shielding effect is actually more

substantial in 3.3. For 3.2, the proton in question is part of a benzene system while H(9) in 3.3 is
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part of a naphthalene system. Using p-xylene (& 7.07 ppm) (see Appendix 2 for the *H NMR
spectrum) and 1,6-dimethylnaphthalene (3.32) (57.38 ppm) (see Appendix 2 for the *H NMR and
COSY NMR spectra) as comparison compounds, the Advalues for the highest field aromatic

protons in 3.2 and 3.3 are 2.10 and 2.50 ppm, respectively.

*CHC,

H(3), H(4)

H(1A) H(1B
H(5) Ha1o) H(9) (1A) H(18B)

75 73 71 6.9 6.7 65 6.3 6.1 59 57 55 53 51 4.9 4.7 45 43 41 3.9
Figure 3.5: 300 MHz *H NMR spectrum of 3.3 in CDCls.

3.3.5 UV/Vis Absorption and Fluorescence Spectroscopy

The UV/vis absorption spectra of 3.3 were measured in various organic media, ranging from
nonpolar to polar solvents (see Appendix 2, Figure A2-7). The results indicate little
solvatochromic effects, which is consistent with the nonpolar (¢ = 0 Debye) and rigid molecular
structure of 3.3. The UV/vis absorption spectrum of 3.3 in cyclohexane is shown in Figure 3.6A.
The spectrum features peaks at 236, 261, and 307 nm. TD-DFT analysis indicates that the So —
S1 (i.e., HOMO to LUMO) transition occurs at 369 nm, but it is symmetry forbidden and hence
not experimentally observed. A transition band at 335 nm (HOMO-1 to LUMO) is predicted by
TD-DFT, which accounts for the broad tail in the UV/vis spectrum. The absorption spectrum of
3.3 in cyclohexane was measured at varying concentrations (see Appendix 2, Figure A2-8). All

spectra exhibit similar line shapes. The absorbance of 3.3 was found to disobey the Beer—Lambert
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law above the concentration of ca. 10 M (Appendix 2, Figure A2-9), suggesting the occurrence

of aggregation in solution.
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Figure 3.6: (A) UV/vis absorption and fluorescence (Aexc = 350 nm, @& = 0.033) spectra of 3.3 measured
in cyclohexane. TD-DFT simulated UV/vis spectrum (red color bar graph) calculated at the MO06/Def2-
TZVPP level (cyclohexane). (B) Contour plots for FMOs of 3.3 calculated at M06-2X/Def2SVP level.

The fluorescence spectra of 3.3 in various solvents also show insignificant solvent effects
(see Appendix 2, Figure A2-10). It is noteworthy that the maximum emission peak (e.g., Aem =
430 nm in cyclohexane) appears to be considerably redshifted compared to typical naphthalene
monomer emission'* (lem = 324 nm in cyclohexane) and naphthalene excimer emission (lem = 391
nm in n-heptane)*® by ca. 106 nm and 39 nm, respectively (Figure 3.6A, vide supra). The emission
behavior of 3.3 can be attributed to an excimer mechanism based on the observed large Stokes
shift of 9316 cm™. Since no naphthalene monomer emission bands are observed at a concentration
of ca. 10 M, the excimer is believed to be solely formed via an intramolecular approach. The X-
ray structure of 3.3 clearly shows that the two naphthalene units are in a close distance and their
surfaces eclipse to a significant degree. This molecular geometry favors the intramolecular
excimer formation. Such instances of the formation of intramolecular excimers

[m.n]naphthalenophanes (m < 4, n < 4) were previously documented in the literature.®
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3.3.6 Cyclic Voltammetry

The electrochemical redox properties of 1,6-dimethylnaphthalene (3.32) and
[1.1]naphthalenophane (3.3) were studied by cyclic voltammetry (CV) (Figure 3.7). Both
compounds exhibit irreversible CV behavior in the positive potential window. Compound 3.3
shows an anodic peak at 1.74 V, which is 0.20 V lower than that of compound 3.32 (Epa = 1.94 V).
These results indicate that compound 3.3 is easier to oxidize than compound 3.32. The onset
oxidation potentials (Eonset®™) show a difference of 0.11 V. Onset potentials can be correlated with
the DFT-calculated HOMO energies.!” From the onset potential values, the HOMOs of 3.3 and
3.32 were calculated to be —5.97 and —6.08 eV, respectively. This is in line with DFT calculations,
which estimated the energy of the HOMOs as —5.97 and —6.10 ¢V for 3.3 and 3.32, respectively

(see Figure 3.6B for HOMO of 3.3).

174V

25 20 15 10 05 00

Potential (V vs Ag/AgCl)
Figure 3.7: Cyclic voltammograms of (A) 1,6-dimethylnaphthalene (3.32) and (B) [1.1]naphthalenophane
3.3 measured in CH3sCN. Experimental conditions: electrolyte: n-BusNBFs4, 0.1 M, working electrode:

glassy carbon, reference electrode: Ag/AgCl, counter electrode: Pt wire. Scan rate = 0.5 V/s.
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3.4 Conclusions

The synthesis of the first [1.1]naphthalenophane (3.3) by double contractive annulation
demonstrates the power and efficacy of the contractive annulation strategy and provides reason for
optimism that this strategy would allow access to other structurally unusual aromatic systems. The
overall yield for the 12-step synthesis of 3.3 from commercially available [2.2]paracyclophane
(3.1) is 0.1% (3.2% per functional group). In terms of yield, the synthetic route (from 3.1 to 3.3)
suffered mostly from the low-yielding last step (aromatization). The main challenge here is to
develop superior aromatization methods. As revealed by the crystal structure, the two naphthalene
units in 3.3 are forced very close to one another. Preliminary attempted cycloaddition reactions
illustrates surprising, yet remarkable stability of the [1.1]naphthalenophane 3.3. A detailed
investigation of the chemical behavior of 3.3 will have to await the synthesis of large quantities of
3.3. The emission behavior of 3.3 is attributed to the emission of the intramolecularly formed

excimers.

166



3.5 Experimental Section

General

Reactions were performed under a balloon containing nitrogen gas unless otherwise indicated. All
reactions were performed with oven-dried (120 °C) glassware. All reactions under heating
conditions were performed in an oil bath. Dry diethyl ether of ACS grade and used as received.
THF, dichloromethane, and toluene used in reactions were dry and obtained from an MBraun
solvent purification system (SPS). Commercially available DDQ was recrystallized from benzene
prior to use. Solvents were removed from reaction mixtures under reduced pressure using a rotary
evaporator. Chromatographic separations were achieved using Silicycle silica gel 60, particle size
0of 40—63 um. Column dimensions are recorded as height x diameter. Thin-layer chromatography
(TLC) was performed using precoated plastic-backed POLYGRAM® SIL G/UV254 silica gel
plates with a layer thickness of 200 um. Compounds on TLC plates were visualized using a UV
lamp (254 and 365 nm) or cerium molybdate stain (Hanessian's stain). Melting points were
recorded using an OptiMelt automated or a MEL-TEMP Il melting point instrument and are
uncorrected. Infrared (IR) spectra were recorded using neat samples on a Bruker Alpha
spectrometer. *H and *3C NMR spectra were recorded on Bruker AVANCE spectrometers at 300
MHz or 500 MHz and 75 MHz, respectively. Chemical shifts of the NMR spectra are reported
relative to the residual solvent peak (CDCls: 7.26 ppm for *H NMR, 77.16 ppm for *C NMR).
High resolution mass spectrometry (HRMS) data were obtained using an Agilent 6200 series
instrument, employing a TOF mass analyzer. UV/vis absorption spectra were recorded on a Varian
Cary 6000i spectrophotometer. The Fluorescence spectrum was measured on a Photon
Technology International (PTI) QuantaMaster spectrofluorometer. Commercially available

[2.2]paracyclophane (3.1) was used as received. Cyclic voltammetric (CV) analysis was carried
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out in a standard three electrode setup. A glassy carbon electrode was used as the working
electrode, a Pt wire was used as the counter electrode, and Ag/AgCl was used as the reference
electrode. The experiments were controlled by a BASI Epsilon potentiostat. Samples were first
dissolved in acetonitrile together with n-BusBF4 (0.1 M) as the electrolyte and then subjected to

measurements.

4,16-Dibromo[2.2]paracyclophane (3.11)*

Br A solution of bromine (1.80 mL, 35.1 mmol) in dichloromethane (15 mL) was added
ﬁ dropwise to a stirred room temperature suspension of iron filings (270 mg, 4.8
311 Br mmol) in dichloromethane (30 mL). After stirring for 1 h at room temperature, the
reaction mixture was diluted with dichloromethane (100 mL) and [2.2]paracyclophane (3.1) (20.00
g, 96.01 mmol) was added. After stirring the mixture for 30 min, a solution of bromine (8.50 mL,
166 mmol) in dichloromethane (70 mL) was added dropwise over 4 h and then the reaction mixture
was stirred for 72 h during which a precipitate was formed. The reaction mixture was cooled to 0
°C (ice/water) for 20 min. The precipitate was isolated by suction filtration and washed with cold
dichloromethane (50 mL). The filtrate was concentrated under reduced pressure and
dichloromethane (50 mL) was added to precipitate the rest of the product, isolated by suction
filtration, and washed the precipitate with ice-cold dichloromethane (10 mL). The combined
precipitate was air-dried and recrystallized from toluene to afford 3.11 (12.90 g, 37%) as an off-
white fluffy solid. Rf= 0.48 (1% ethyl acetate/hexanes); mp 251-252 °C (lit. mp* 249 °C); H
NMR (300 MHz, CDCl3) 6 7.15 (dd, J = 7.8, 1.8 Hz, 2H), 6.52 (d, J = 1.7 Hz, 2H), 6.44 (d, J =
7.8 Hz, 2H), 3.50 (ddd, J = 12.5, 10.4, 2.1 Hz, 2H), 3.16 (ddd, J = 13.6, 9.1, 3.4 Hz, 2H), 2.99-

2.80 (m, 4H); *C NMR (75 MHz, CDCls) § 141.3, 138.7, 137.5, 134.3, 128.4, 126.9, 35.5, 33.0;
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IR v 2951 (W), 2935 (W), 2852 (W), 1583 (w), 1535 (w), 1475 (w), 1391 (w), 1189 (w), 1029 (s),
898 (m), 831 (m), 703 (s), 669 (m) cm™*; HRMS [APPI-(+)] calcd for CigH14"°Bré'Br [M+H]*
365.9442, found 365.9423. ; HRMS [APPI-(+)] calcd for C1sH14"°Br2 [M+H]* 363.9462, found
363.9439.
4,16-Diformyl[2.2]paracyclophane (3.12)®
o A 1.50 M solution of n-butyllithium (54.6 mL, 81.9 mmol) in hexanes was added
D dropwise using a dropping funnel to a stirred 0 °C (ice/water) suspension of 3.11
&> ) (5.00 g, 13.7 mmol) in dry diethyl ether (300 mL). The reaction mixture was
25 allowed to warm up to room temperature and then stirred at room temperature for
8 h. Then the reaction mixture was cooled to 0 °C (ice/water) and dry dimethylformamide (20.0
mL, 258 mmol) was added dropwise using the funnel. The reaction mixture was again allowed to
warm up to room temperature and stirred for 15 h. The reaction mixture was cooled to 0 °C
(ice/water). A 6 M aqueous solution of HCI (15 mL) was added to the reaction mixture at 0 °C
(ice/water) and the resulting mixture was warmed to room temperature and stirred for 1 h. The
majority of the solvent was evaporated, and the reaction mixture was diluted with dichloromethane
(150 mL) and water (100 mL) and the layers were separated. The aqueous layer was extracted
with dichloromethane (100 mL) and the combined organic layers were washed with saturated
sodium bicarbonate solution (150 mL), washed with water (2 x 100 mL), dried over Na,SOg,
filtered, and concentrated under reduced pressure. The residue was recrystallized from toluene to
afford 3.12 (2.64 g, 73%) as a white crystalline solid. R =0.58 (40% ethyl acetate/hexanes); mp
235-238 °C (dec.) (lit. mp® 240 °C (dec.)); *H NMR (300 MHz, CDCls) 6 9.94 (s, 2H), 7.05 (d, J
= 2.0 Hz, 2H), 6.63 (dd, J = 7.8, 2.0 Hz, 2H), 6.52 (d, J = 7.8 Hz, 2H), 4.13 (ddd, J = 12.9, 10.3,

2.6 Hz, 2H), 3.29 (ddd, J = 13.2, 10.6, 2.5 Hz, 2H), 3.15 (ddd, J = 14.6, 8.8, 4.4 Hz, 2H), 3.01
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(ddd, J = 14.8, 9.0, 4.1 Hz, 2H); 3C NMR (75 MHz, CDCls3) § 192.1, 143.1, 140.7, 137.1, 136.9,
136.7, 135.4, 34.5, 32.9; IR v 2931 (W), 2856 (W), 2751 (w), 1673 (s), 1588 (W), 1550 (W), 1225
(w), 1139 (w), 974 (w), 791 (w), 753 (w), 722 (w) cm™L; HRMS [APPI-(+)] calcd for Ci1sH160:
[M]* 264.1150, found 264.1149.
4,16-Bis(hydroxyethyl)[2.2]paracyclophane (3.13)

Me A 2.40 M solution of methylmagnesium bromide (15.7 mL, 37.7 mmol) in diethyl

.|IOH

H D ether was added dropwise to a stirred 0 °C (ice/water) suspension of 3.12 (2.50 g,

& H 9.46 mmol) in THF (100 mL). The cold bath was removed, and the reaction

:!?3 Me  mixture was stirred for 2 h as it warmed to room temperature. Then the reaction
mixture was cooled to 0 °C (ice/water) and saturated NH4Cl solution (50 mL) was added and stirred
for 5 min. The majority of the solvent was evaporated under reduced pressure and the reaction
mixture was diluted with ethyl acetate (100 mL) and water (100 mL). The layers were separated,
and the aqueous layer was extracted with ethyl acetate (2 x 100 mL). The combined organic layers
were washed with water (100 mL), saturated NaCl solution (2 x 100 mL), dried over Na,SOa,
filtered, and concentrated under reduced pressure to afford a ca. 3.6:1 mixture (*H NMR analysis)
of diastereomeric diols (2.64 g, 94%) as a white solid. A nearly pure sample (ca. 95% by *H NMR)
of the major isomer 3.13 was obtained by preparative thin layer chromatography (PTLC, 50%
ethyl acetate/hexanes as eluent) followed by crystallization from dichloromethane/pentane (1:2
v/v) in a refrigerator (4 °C). The other isomer could not be obtained in pure form. Major isomer
(3.13): Rf = 0.51 (50% ethyl acetate/hexanes); mp 217—220 °C; *H NMR (300 MHz, CDCls3) 6
6.62-6.58 (m, 4H), 6.38 (d, J = 7.5 Hz, 2H), 4.95 (qd, J = 6.3, 3.9 Hz, 2H), 3.32 (ddd, J = 13.4,
9.8, 2.6 Hz, 2H), 3.20-3.02 (m, 4H), 2.84 (ddd, J = 13.5, 10.6, 5.7 Hz, 2H), 1.76 (d, J = 4.0 Hz,

2H), 1.29 (d, J = 6.4 Hz, 6H); 3C NMR (75 MHz, CDCls) ¢ 145.5, 140.2, 135.1, 134.2, 128.6,
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128.4, 68.2, 34.0, 32.9, 25.8; IR v 3415 (W), 2973 (m), 2889 (w), 1451 (w), 1252 (m), 1139 (m),
1103 (m), 1056 (s), 893 (s), 732 (w) cm™*; HRMS [APPI-(+)] calcd for CaoH21 [M+H—2H0]*
261.1643, found 261.1631; HRMS [APPI-(+)] calcd for CaoH230 [M+H-H20]* 279.1749, found
279.1735.
4,16-Diacetyl[2.2]paracyclophane (3.14)*

o) Celite® (10.00 g) and pyridinium chlorochromate (9.09 g, 42.2 mmol) were

H3;C

a added to a stirred room temperature solution of the mixture of the
'.

CH, diastereomeric diols (contains 3.13 as the major isomer) (2.50 g, 8.43 mmol)
3.14

in dichloromethane (170 mL). The reaction mixture was heated at 40 °C for
3 h. Then the reaction mixture was cooled to room temperature, filtered through a small pad of
Celite®, washed with dichloromethane (100 mL), concentrated under reduced pressure, and the
residue was subjected to column chromatography (10 cm x 55 cm, 80-100%
dichloromethane/hexanes) to a white solid, which was further recrystallized from
chloroform/hexanes (1:3 v/v) to afford 3.14 (2.14 g, 87%) as white crystals. Rf = 0.30
(dichloromethane); mp 176-178 °C; *H NMR (300 MHz, CDCl3) 6 6.92 (d, J = 1.9 Hz, 2H), 6.67
(dd, J = 7.8, 1.9 Hz, 2H), 6.39 (d, J = 7.8 Hz, 2H), 3.90 (ddd, J = 12.5, 10.3, 2.2 Hz, 2H), 3.27
(ddd, J = 14.5, 8.6, 4.2 Hz, 2H), 3.12 (ddd, J = 12.8, 10.3, 2.3 Hz, 2H), 2.85 (ddd, J = 14.4, 8.5,
4.1 Hz, 2H), 2.44 (s, 6H); °C NMR (75 MHz, CDCls) § 200.9, 140.9, 140.4, 138.2, 135.4, 134.4,
133.8, 35.0, 34.5, 29.0; IR v 2928 (W), 1669 (s), 1354 (W), 1261 (m), 736 (W) cm™L; HRMS [APPI-

(+)] caled for C2oH2102 [M+H]* 293.1542, found 293.1541.
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1,1'-([2.2]paracyclophane-4,16-diyl)bis(2-diazoethanone) (3.20)

Compound 3.14 (2.00 g, 6.84 mmol) was added to a stirred 50 °C solution of

N, O
a8 selenium dioxide (4.55 g, 41.0 mmol) in 1,4-dioxane/water (70 mL, 10:1 v/v).
e The resulting mixture was then heated at 110 °C for 15 h. Then the reaction
3.20 N

N
© ? mixture was cooled to room temperature, gravity filtered, washed with ethyl

acetate (50 mL). The organic layer was dried over Na,SQO4, concentrated under reduced pressure
and the residue was subjected to column chromatography (10 cm x 5.5 cm, ethyl acetate) to afford
crude glyoxal 3.19 (1.98 g, presumably with hydrated forms) as a yellow sticky solid. Rf=0.57—
0.33 (60% ethyl acetate/hexanes); *H NMR (300 MHz, CDCls) § 9.63 (s), the remainder of the
spectrum is complex; IR v 3425 (br, w), 2928 (w), 2858 (w), 1677 (s), 1592 (w), 1550 (w), 1090
(m), 988 (m) cm™*; HRMS [ESI-(+)] calcd for CoH1704 [M+H]* 321.1127, found 321.1127;
HRMS [APPI-(+)] calcd for CaoH1s0s [M+H20+H]* 339.1232, found 339.1258.

Tosyl hydrazide (2.42 g, 12.9 mmol) and cesium carbonate (12.08 g, 37.08 mmol) were
added to a stirred room temperature solution of 3.19 (1.98 g, 6.18 mmol based on 3.19) in
chloroform (60 mL). The resulting mixture was stirred for 2 h. Deionized water (50 mL) was
added to the reaction mixture and stirred vigorously for 5 min. The two layers were separated, and
the aqueous layer was further extracted with chloroform (2 x 50 mL). The combined organic
layers were washed with saturated aqueous NaCl solution (2 x 100 mL), dried over NazSOa,
filtered, and concentrated under reduced pressure. The residue was triturated with ice-cold
methanol (3x 10 mL) to afford 3.20 (1.25 g, 53% over two steps) as a beige solid. Rs=0.49 (40%
ethyl acetate/hexanes); mp 245-248 °C (dec.); *H NMR (300 MHz, CDCls) 6 6.82 (dd, J=7.9, 1.9
Hz, 2H), 6.70 (d, J = 1.9 Hz, 2H), 6.41 (d, J = 7.9 Hz, 2H), 5.43 (s, 2H), 3.78 (t, J = 11.5, 2H),

3.33 (ddd, J =12.7, 10.5, 4.9 Hz, 2H), 3.10-3.02 (m, 2H), 2.91 (ddd, J = 12.5, 10.5, 4.9 Hz, 2H);
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13C NMR (75 MHz, CDCls) 6 189.2, 140.6, 139.6, 136.9, 135.6, 134.8, 131.6, 55.9, 35.1, 34.3; IR
v 3058 (W), 2940 (w), 2095 (s), 1593 (s), 1533 (W), 1485 (w), 1351 (s), 1243 (w), 1195 (w), 1166
(w), 1017 (m), 820 (w), 729 (w), 668 (w) cm™'; HRMS [APPI-(+)] calcd for CzoHi70:
[M+H-2N]* 289.1229, found 289.1235. [M]* or [M+H]" peak was not observed.

The conversion of 3.14 to 3.19 was also explored under the Kornblum oxidation conditions
described below.

I2 (5.20 g, 20.5 mmol) was added to a stirred room temperature suspension of 3.14 (2.00 g,
6.84 mmol).in DMSO (30 mL). The resulting mixture was heated at 100 °C for 14 h. The reaction
mixture was cooled to room temperature and then poured into ice-cold water (100 mL). The
mixture was stirred for 5 min after which ethyl acetate (100 mL) was added to the mixture. The
two layers were separated and the aqueous layer was extracted with ethyl acetate (3 x100 mL).
The combined organic layers were washed with saturated Na,S>03 (100 mL), saturated aqueous
NaCl solution (2 x 200 mL), dried over Na»SQyg, filtered, and concentrated under reduced pressure.
The residue was subjected to column chromatography (10 cm x 5.5 cm, ethyl acetate) to afford
crude glyoxal 3.19 (1.81 g, presumably with hydrated forms) as a yellow sticky solid.

Following the same procedure described above for the conversion of 3.19 to 3.20, using
3.19 (1.81 g, 5.65 mmol based on 3.19), tosyl hydrazide (2.10 g, 11.3 mmol), cesium carbonate
(11.05 g, 33.90 mmol) and chloroform (55 mL), 3.20 (1.21 g, 51% over 2 steps) was obtained as

a beige solid after trituration of the crude residue with ice-cold methanol (3% 10 mL).
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Bis(indanone) 3.21

Rh2(OAC)4 (0.014 g, 0.032 mmol) was added to a stirred 40 °C solution of

O
HI 3.20 (1.10 g, 3.19 mmol) in dichloromethane (80 mL). The resulting
'H mixture was stirred at this temperature for 1 h. The solvent was removed

3.21
0 under reduced pressure and the residue was directly subjected to column

chromatography (12 cm x 4.5 cm, 0-6% ethyl acetate/dichloromethane) to afford 3.21 (0.386 g,
42%) as an off-white solid. Rf=0.28 (8% ethyl acetate/ dichloromethane); mp 293-296 °C (dec.);
IH NMR (500 MHz, CDCls) § 6.92 (d, J = 2.0 Hz, 2H), 6.75 (dd, J = 8.0, 2.1 Hz, 2H), 6.68 (d, J
= 8.0 Hz, 2H), 4.06 (t, J = 8.1 Hz, 2H), 3.37 (dd, J = 13.7, 8.7 Hz, 2H), 3.20 (d, J = 13.8 Hz, 2H),
3.17 (dd, J = 185, 7.7 Hz, 2H), 2.62 (d, J = 18.5 Hz, 2H); *C NMR (75 MHz, CDCls) § 206.1,
157.4,141.8, 139.3, 135.5, 130.6, 130.0, 47.3, 45.2, 41.0; IR v 2933 (w), 1694 (s), 1596 (w), 1280
(m), 967 (w), 835 (m), 718 (w), 688 (W) cm™; HRMS [APPI-(+)] calcd for C2oH1702 [M+H]*
289.1229, found 289.1225.
Bis(tetralone) 3.23

0 Et>O-BFz (1.35 mL, 10.9 mmol) was added to a stirred 0 °C (ice/water)
Y .Q suspension of 3.21 (0.350 g, 1.21 mmol) in diethyl ether (25 mL). The

D=

H resulting mixture was stirred at this temperature for 5 min, after which
> dichloromethane (25 mL) was added via a cannula to the reaction mixture.
Then a solution of ethyl diazoacetate (1.24 g, 10.9 mmol) in diethyl ether/dichloromethane (5 mL)
was added dropwise to the mixture at 0 °C (ice/water). The cold bath was removed and the mixture
was stirred for 38 h as it warmed to room temperature. An aqueous solution of saturated sodium

bicarbonate (10 mL) was added dropwise to the reaction mixture. The solvents were removed

under reduced pressure and the residue was diluted with dichloromethane (50 mL) and water (50
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mL). The layers were separated, and the aqueous layer was extracted with dichloromethane (2 x
30 mL). The combined organic layers were washed with saturated aqueous NaCl solution (100
mL), dried over Na,SOg, filtered, and concentrated under reduced pressure. The residue was
subjected to column chromatography (12 cm x 4.5 cm, 0-5% ethyl acetate/dichloromethane) to
afford 3.22 (0.520 g) as a brown gummy solid. Attempted purification of the enol ester 3.22 failed.
The *H NMR spectrum is too complex to extract any meaningful information. HRMS [APPI-(+)]
calcd for CogH2906 [M+H]" 461.1964, found 461.1963.

Lithium chloride (0.479 g, 11.3 mmol) and deionized water (0.30 mL, 18 mmol) were
added to a stirred room temperature solution of 3.22 (0.520 g, 1.13 mmol based on 3.22) in
dimethyl sulfoxide (15 mL). The resulting mixture was stirred at 140 °C for 3.5 h. The reaction
mixture was cooled to room temperature, poured into ice-cold water (50 mL) and stirred for 5 min.
Dichloromethane (50 mL) was added to the mixture and the layers were separated. The aqueous
layer was extracted with dichloromethane (3 x 30 mL) and the combined organic layers were
washed with water (100 mL), washed with saturated aqueous NaCl solution (100 mL), dried over
Na2SOyg, filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (18 cm x 4.5 cm, 4% ethyl acetate/dichloromethane) to afford a yellow solid,
which was further triturated with diethyl ether (2 x 2.5 mL) to afford 3.23 (0.142 g, 37% over 2
steps) as an off-white solid. Rf=0.35 (5% ethyl acetate/dichloromethane); mp 266-268 °C (dec.);
IH NMR (300 MHz, CDCl3) 6 7.23 (d, J = 2.1, 2H), 6.67 (dd, J = 7.9, 2.1 Hz, 2H), 6.47 (d, J = 7.9
Hz, 2H), 3.65-3.58 (m, 2H), 3.47 (dd, J = 13.3, 10.7 Hz, 2H), 3.07 (dd, J = 13.3, 3.1 Hz, 2H),
3.02-2.91 (m, 2H), 2.79-2.56 (M, 4H), 2.29-2.21 (m, 2H); 3C NMR (75 MHz, CDCls) § 197.8,

146.7,141.1, 136.7, 135.7, 132.3, 132.1, 40.6, 39.8, 34.0, 29.6; IR v 2929 (w), 2867 (w), 1663 (s),
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1592 (W), 1254 (m), 1225 (w), 1146 (w), 809 (m), 746 (w) cmL; HRMS [APPI-(+)] calcd for
C22H2102 [M+H]* 317.1542, found 317.1526.
Diketone 3.27
o Changing the solvent system from Et,O/CH:Cl. to CH:CI: in the above-
’Q described Buchner—Curtius—Schlotterbeck reaction (conversion of 3.21 to
'H 3.22) of 3.21 and following the same procedures described for the Buichner—
3.27 4 Curtius—Schlotterbeck and the ensuing Krapcho dealkoxycarbonylation
reactions, diketone 3.27 was isolated in 31% yield as a yellow solid by column chromatography
(18 cm x 4.5 cm, 1-3% ethyl acetate/dichloromethane) on the same reaction scale. An analytically
pure sample of 3.27 was obtained by recrystallization from CH2Cl./hexanes. Rt = 0.39 (5% ethyl
acetate/dichloromethane); mp 251-254 °C (dec.), *H NMR (300 MHz, CDCl3) 6 7.17 (d, J = 2.1
Hz, 1H), 6.96 (br s, 1H), 6.77-6.71 (m, 2H), 6.68 (dd, J = 8.0, 1.8 Hz, 1H), 6.44 (d, J = 8.0 Hz,
1H), 4.05 (t, J = 7.7, 1H), 3.61-3.48 (m, 2H), 3.29-2.94 (m, 5H), 2.76 (dddd, J = 18.6, 5.6, 2.0,
0.8 Hz, 1H), 2.67-2.55 (m, 2H), 2.27 (ddt, J = 13.4, 6.2, 2.2 Hz, 1H); 3C NMR (75 MHz, CDCls)
0 206.3, 197.6, 156.8, 147.4, 142.9, 139.8, 139.6, 138.4, 135.5, 133.5, 133.1, 132.3, 130.3, 128.9,
46.8, 44.6, 41.0, 40.3, 39.8, 33.7, 29.1; IR v 2923 (m), 2855 (W), 1704 (s), 1670 (s), 1591 (w),
1402 (w), 1282 (m), 1039 (w), 826 (w), 671 (w) cm™*; HRMS [APPI-(+)] calcd for C21H190

[M+H]" 303.1385, found 303.1392.
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Diols 3.24 and 3.25

HO Sodium borohydride (0.053 g, 1.39 mmol) was added

to a stirred 0 °C (ice/water) solution of bis(tetralone

Lo Lo (etwaten (eralone)

.%"H .$H 3.23 (0.110 g, 0.348 mmol) in
3.24 3.25

methanol/dichloromethane (9 mL, 2:1 v/v). The cold
bath was removed, and the resulting mixture was stirred for 16 h as it warmed to room temperature.
After cooling to 0 °C (ice/water), water (3 mL) was added to the reaction mixture. The majority
of the solvent was removed under reduced pressure. The resulting residue was diluted with
dichloromethane (30 mL) and water (30 mL). The layers were separated, and the aqueous layer
was extracted with dichloromethane (2 x 30 mL). The combined organic layers were washed with
saturated aqueous NaCl solution (50 mL), dried over Na>SOs, filtered, and concentrated under
reduced pressure. The residue was subjected to column chromatography (15 cm x 3.0 cm, 15—
25% ethyl acetate/dichloromethane) to afford the meso-diol 3.24 (0.073 g, 66%) and its epimer
3.25 (0.023 g, 21%) as white solids. Major (meso) isomer 3.24: Rt = 0.57 (30% ethyl
acetate/dichloromethane); mp 227-229 °C; *H NMR (300 MHz, CDCl3) 6 6.79 (d, J = 1.9 Hz, 2H),
6.49 (dd, J = 7.8, 1.9 Hz, 2H), 6.30 (d, J = 7.8 Hz, 2H), 4.70-4.63 (m, 2H), 3.51-3.46 (m, 2H),
3.29 (dd, J = 13.2, 10.3 Hz, 2H), 2.92 (dd, J = 13.3, 2.4 Hz, 2H), 2.41-2.26 (m, 4H), 2.22-2.13
(m, 2H), 2.05-1.98 (m, 2H), 1.85 (d, J = 6.3 Hz, 2H); 23C NMR (75 MHz, CDCls) § 140.2, 139.4,
137.7, 133.0, 132.4, 128.4, 69.7, 43.9, 40.6, 29.9, 29.7; IR v 3321 (br, w), 2919 (m), 2849 (w),
2812 (W), 1454 (w), 1272 (W), 1245 (m), 1042 (s), 900 (m), 813 (m), 675 (m) cm™%; HRMS [APPI-
(+)] caled for C22H230 [M+H-H20]" 303.1749, found 303.1760; Minor isomer 3.25: Rs = 0.35
(30% ethyl acetate/dichloromethane); mp 182184 °C; *H NMR (300 MHz, CDCl3) 6 6.78 (d, J =

1.5 Hz, 1H), 6.55 (dd, J = 7.9, 2.0 Hz, 1H), 6.46 (d, J = 2.1 Hz, 1H), 6.44-6.42 (m, 1H), 6.34 (d,
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J=7.9 Hz, 1H), 6.22 (d, J = 7.8 Hz, 1H), 4.69-4.62 (m, 1H), 4.54 (dd, J = 8.0, 3.9 Hz, 1H), 3.54—
3.43 (m, 2H), 3.29-3.19 (m, 2H), 2.90 (dd, J = 13.3, 2.4 Hz, 2H), 2.52-2.45 (m, 2H), 2.35-2.29
(m, 2H), 2.22-2.13 (m, 1H), 2.05-1.92 (m, 3H), 1.82-1.75 (m, 1H), 1.30 (d, J = 5.0, 1H); 3C
NMR (75 MHz, CDCIs) ¢ 140.4, 140.2, 139.5, 139.1, 138.2, 137.6, 133.7, 133.3, 133.2, 132.8,
130.1, 128.9, 69.7, 69.0, 43.6, 43.0, 40.6, 40.1, 29.9, 29.6, 27.9, 26.8; IR v 3350 (br, w), 2924 (w),
2854 (W), 1086 (W), 1034 (m), 898 (m), 823 (W), 715 (W), 677 (w) cm™; HRMS [APPI-(+)] calcd
for C22H230 [M+H-H20]* 303.1749, found 303.1755.
Bis(dihydronaphthalene) 3.26
5 p-Toluenesulfonic acid (0.004 g, 0.02 mmol) was added to a stirred room
H H temperature suspension of a mixture of 3.24 (0.063 g, 0.20 mmol) and 3.25
3.26 (0.013 g, 0.041 mmol) in benzene (5 mL). The reaction flask was equipped
with a Barrett apparatus and the mixture was heated at 90 °C for 30 min. After cooling to room
temperature, saturated sodium bicarbonate solution (5 mL) was added to the reaction mixture and
stirring was continued for 5 min. The majority of the solvent was evaporated under reduced
pressure. The residue was diluted with dichloromethane (30 mL) and water (30 mL). The layers
were separated, and the aqueous layer was extracted with dichloromethane (2 x 20 mL) and the
combined organic layers were washed with saturated aqueous NaCl solution (50 mL), dried over
Na2SOyq, filtered, and concentrated under reduced pressure. The residue was triturated with diethyl
ether (2 x 2 mL) to afford 3.26 (0.056 g, 83%) as a white solid (Note: Owing to the very poor
solubility of 3.26, to avoid a significant loss of the material, hot dichloromethane was used for
rinsing the flask where the combined organic layers were dried and for rinsing the funnel used for
filtration.) Rf=0.42 (8% dichloromethane/hexanes), 0.73 (3% acetone/hexanes); mp 228-230 °C

(dec.): 'H NMR (300 MHz, CDCls) § 6.92 (dd, J = 7.6, 1.9 Hz, 2H), 6.30 (d, J = 7.6 Hz, 2H), 6.17
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(dd, J = 9.5, 3.0 Hz, 2H), 5.95-5.88 (m, 4H), 3.26-3.09 (m, 4H), 2.90-2.80 (m, 4H), 2.46 (ddd, J
=17.8, 6.1, 1.6 Hz, 2H); C NMR (75 MHz, CDCls) 6 140.7, 136.2, 135.5, 132.9, 131.2, 129.9,
128.6, 125.5, 42.1, 39.4, 33.6; IR v 2920 (W), 1591 (W), 1426 (w), 891 (m), 797 (w), 769 (w), 704
(s) cm™; HRMS [APPI-(+)] calcd for Ca2Ha1 [M+H]* 285.1643, found 285.1640.
[1.1]Naphthalenophane 3.3
O DDQ (0.1598 g, 0.7040 mmol) and anhydrous K>CO3 (0.0510 g, 0.369 mmol)
# were added to a stirred nitrogen-purged room temperature solution of 3.26
3.3 (0.0500 g, 0.176 mmol) in toluene (15 mL). The resulting mixture was heated
at 40 °C for 20 h after which the reaction mixture was cooled to room temperature and DDQ
(0.1199 g, 0.5280 mmol) was added. After stirring the mixture at 40 °C for another 2 h, it was
cooled to room temperature and the last portion of DDQ (0.0799 g, 0.352 mmol) was added. The
reaction was stirred at 40 °C for another 18 h. The solvent was evaporated under reduced pressure
and the residue was subjected directly to column chromatography (11 cm x 2.0 cm, 15%
benzene/hexanes) to afford 3.3 (0.0041 g, 8%) as a white solid (Note: Chlorinated solvents such
as dichloromethane should be avoided during the transfer of the crude reaction mixture. Benzene
or toluene is recommended as solvent for this transfer). Rf = 0.53 (20% benzene/hexanes), 0.65
(3% acetone/hexanes); mp 207-209 °C (dec.); *H NMR (300 MHz, CDCls) 6 7.48 (t, J = 1.6 Hz,
2H), 7.40-7.35 (m, 2H), 7.20-7.13 (m, 4H), 6.24 (dd, J = 9.2, 0.7 Hz, 2H), 4.88 (d, J = 9.3 Hz,
2H), 4.19 (d, J = 14.8 Hz, 2H), 3.96 (br d, J = 14.8 Hz, 2H); 13C NMR (75 MHz, CDCls) 5 144.3,
144.2,135.3,135.1, 130.1, 129.9, 126.5, 125.7, 125.0, 124.6, 43.7; IR v 2957 (W), 2922 (w), 2853
(w), 1462 (w), 1261 (w), 1096 (w), 1019 (w), 801 (w), 764 (w)s cm™t; HRMS [APPI-(+)] calcd

for C22H1s [M]* 280.1252, found 280.1244.

179



3.6 References

1. Biswas, S.; Qiu, C. S.; Dawe, L. N.; Zhao, Y.; Bodwell, G. J. Angew. Chem. Int. Ed. 2019, 58,

9.

9166-9170.

Tsuji, T.; Ohkita, M.; Konno, T.; Nishida, S. J. Am. Chem. Soc. 1997, 119, 8425-8431.

(a) Kawai, H.; Suzuki, T.; Ohkita, M.; Tsuji, T. Chem. Eur. J. 2000, 6, 4177—4187. (b) Kawai,
H.; Suzuki, T.; Ohkita, M.; Tsuji, T. Angew. Chem. Int. Ed. 1998, 37, 817-819.

(a) Braun, C.; Nieger, M.; Thiel, W. R.; Brése, S. Chem. Eur. J. 2017, 23, 15474—15483. (b)
Cram, D. J.; Allinger, N. L. J. Am. Chem. Soc. 1955, 77, 6289-6294.

(a) Hassan, Z.; Spuling, E.; Knoll, D. M.; Brése, S. Angew. Chem. Int. Ed. 2020, 59,
2156—2170. (b) Hassan, Z.; Spuling, E.; Knoll, D. M.; Lahann, J.; Bréase, S. Chem. Soc. Rev.
2018, 47, 6947-6963.

Delcourt, M.-L.; Felder, S.; Benedetti, E.; Micouin, L. ACS Catal. 2018, 8, 6612—6616.

For a recent review on the application of the Kornblum oxidation of aryl methyl ketones, see:
Rajai-Daryasarei, S.; Gohari, M. H.; Mohammadi, N. New J. Chem. 2021, 45, 20486-20518.

(a) Bodwell, G. J.; Fleming, J. J.; Mannion, M. R.; Miller, D. O. J. Org. Chem. 2000, 65, 5360
5370. (b) Bodwell, G. J.; Bridson, J. N.; Houghton, T. J.; Kennedy, J. W. J.; Mannion, M. R.
Chem. Eur. J. 1999, 5, 1823-1827. (c) Misumi, S. Pure Appl. Chem. 1987, 59, 1627-1636.

Biasutti, M. A.; Silber, J. J. Can. J. Chem. 1996, 74, 1603-1608.

10. Wasserman, H. H.; Keehn, P. M. J. Am. Chem. Soc. 1967, 89, 2770-2772.

11. Pascal, R. A., Jr. Chem. Rev. 2006, 106, 4809—4819.

12. Hope, H.; Bernstein, J.; Trueblood, K. N. Acta Crystallogr. Sect. B 1972, 28, 1733-1743.

180



13. From a search of the CCDC, 31 structures of naphthalene were found with R1 < 7.5%. Mean
values of these 31 structures (see Chapter 2, Appendix 1) were used as the reference bond
lengths for naphthalene.

14. Maeda, H.; Maeda, T.; Mizuno, K. Molecules 2012, 17, 5108—5125.

15. Aladekomo, J. B.; Birks, J. B. Proc. R. Soc. London, Ser. A 1965, 284, 551—-565.

16. (a) Yanagidate, M.; Takayama, K.; Takeuchi, M.; Nishimura, J.; Shizuka, H. J. Phys. Chem.
1993, 97, 8881-8888. (b) Froines, J. R.; Hagerman, P. J. Chem. Phys. Lett. 1969, 4, 135-138.

17. The energy of the HOMOs was calculated using the equation: EHomo = —4.4—(Eonset™). For
more information, see: de Leeuw, D. M.; Simenon, M. M. J.; Brown, A. R.; Einerhand, R. E.

F. Synth. Met. 1997, 87, 53-59.

181



Appendix 2
IH, 13C NMR Spectra, Two-Dimensional NMR Spectra, X-
ray Crystallographic Data, UV/Vis Absorption and Emission
Spectra, and DFT Calculations for

Chapter 3
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2. Two-Dimensional NMR Spectra
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3. X-Ray Structure Details for Compounds 3.13, 3.27, 3.24, 3.25, and 3.3

Crystallization Procedure:

Diol 3.13

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by recrystallization of
3.13 from diethyl ether/dichloromethane (1:1 v/v) at —20 °C.

Diketone 3.27

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by slow evaporation of
the solvent from a saturated solution of 3.27 in dichloromethane at room temperature.

Diol 3.24

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by vapor diffusion of
hexanes into a solution of 3.24 in chloroform at room temperature.

Diol 3.25

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by vapor diffusion of
hexanes into a solution of 3.25 in chloroform at room temperature.

[1.1]Naphthalenophane 3.3

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by vapor diffusion of

methanol into a solution of 3.3 in chloroform at room temperature.
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3.1 Compound 3.13

Sample: SB-002-123-mix
X-ray Structure Report

for
Prof. G. Bodwell
Prepared by
Louise N. Dawe, PhD
Department of Chemistry and Biochemistry
Wilfrid Laurier University
Science Building
75 University Ave. W.
Waterloo, ON, ON
Idawe@wlu.ca

September 4, 2020

Introduction

Data for this structure was collected by Dr. Jian-Bin Lin, Centre for Chemical Analysis, Research
and Training (C-CART), Memorial University of Newfoundland.

H-atoms, except H1, were introduced in calculated positions and refined on a riding model. H1
was introduced in its difference map positions and refined positionally and isotropically, without
restraints. All other atoms were introduced in difference map positions and refined anisotropically.
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Experimental

A single crystal of C20H2402 was selected and collected on a XtaLAB Synergy, Dualflex,
HyPix diffractometer. The crystal was kept at 100.0(2) K during data collection. Using Olex2 [1],
the structure was solved with the SHELXT [2] structure solution program using Intrinsic Phasing
and refined with the SHELXL [3] refinement package using Least Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Crystal structure determination

Crystal Data for C20H2402 (M =296.39 g/mol): tetragonal, space group P42/n (no. 86), a =
10.63070(10) A, ¢ = 13.41230(10) A, V = 1515.75(3) A%, Z = 4, T= 100.0(2) K, w(Cu Ka)=
0.639 mm?, Dcalc = 1.299 g/cm?, 18911 reflections measured (10.618° < 26 < 154.408°), 1611
unique (1528 with 1> 26(I); Rint = 0.0434, Rsigma = 0.0212) which were used in all calculations.
The final Ry was 0.0555 (I > 26(I)) and WR2 was 0.1450 (all data).

Figure A2-1: Crystal structure of 3.13 with 50% displacement ellipsoids. CCDC 2106465 contains the
crystallographic data for 3.13.
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Table A2-1: Crystal data and structure refinement for 3.13.

Identification code SB-002-123-mix
Empirical formula C20H2402
Formula weight 296.39
Temperature/K 100.0(2)

Crystal system tetragonal

Space group P4,/n

alA 10.63070(10)

b/A 10.63070(10)

c/A 13.41230(10)

a/° 90

/e 90

v/° 90

Volume/A3 1515.75(3)

Z 4

Pcalcg/Cm3 1.299

w/mmt 0.639

F(000) 640.0

Crystal size/mm? 0.08 x 0.06 x 0.04
Radiation CuKo (A=1.54184)
20 range for data collection/°10.618 to 154.408
Index ranges -13<h<13,-13<k<9,-16<1<16
Reflections collected 18911

Independent reflections 1611 [Rint = 0.0434, Rsigma = 0.0212]
Data/restraints/parameters ~ 1611/0/105

Goodness-of-fit on F? 1.119

Final R indexes [[>=2c (I)] R1=0.0555, wR> =0.1434

Final R indexes [all data] R1=0.0588, wR2 = 0.1450

Largest diff. peak/hole / e A< 0.40/-0.33
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Table A2-2: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A2x10) for 3.13. Ueq is defined as 1/3 of of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)

01 7310.5(12) 5739.2(13) 2871.8(10) 28.1(4)
C1 6971.9(17) 5796.0(16) 6378.9(14) 24.2(4)
C2 7389.7(16) 4459.9(17) 5960.8 (14) 23.7(4)
C3 6506.0(16) 3950.8(16) 5171.7(13) 20.4(4)
c4 6500.8 (16) 4381.4(15) 4177.7(13) 20.5(4)
C5 5406.5(17) 4281.2(16) 3617.9(13) 21.3(4)
C6 4299.6(16) 3787.9(15) 4019.0(13) 20.4(4)
C7 4398.5(16) 3139.0(15) 4915.6(14) 21.3(4)
C8 5489.8(16) 3217.3(15) 5482.5(13) 20.9(4)
Cc9 7639.0(17) 5072.5(18) 3766.8(14) 26.0(4)
C10 8718 (2) 4187 (2) 3592.7(17) 40.6(6)

Table A2-3: Anisotropic displacement parameters (A?x10°%) for 3.13. The anisotropic displacement factor
exponent takes the form: -2n?[h?a*?Uy1+2hka*b*Uyo+. .. ].

Atom U1 U2 Uss U2s Uis U1

01 23.4(7) 28.7(7) 32.3(7) 11.7(5) 2.3(5) 0.1(5)
C1 24.1(9) 20.2(8) 28.4(9) -0.6(7) -3.5(7) -3.8(7)
Cc2 19.9(8) 26.8(9) 24.6(9) 0.1(7) -0.5(7) 2.1(7)
C3 19.0(8) 17.8(8) 24.5(9) -1.1(6) 1.6(7) 3.6(6)
C4 20.3(8) 16.8(8) 24.4(9) -1.7(06) 3.4 (7) 1.4(0)
C5 25.5(9) 17.3(8) 21.0(8) -1.5(06) 1.4(7) 0.1(0)
Cob 22.2(8) 15.1(7) 23.8(8) -4.6(6) -1.8(7) -0.9(06)
C7 21.3(8) 14.8(8) 27.7(9) -1.4(06) 3.4(7) -1.6(06)
C8 22.9(8) 16.5(8) 23.4(8) 0.5(06) 3.7(7) 2.8(06)
C9 22.5(9) 28.0(9) 27.4(9) 7.5(7) 0.2(7) -0.9(7)
C10 33.7(11) 46.8(13) 41.2(12) 17.1(10) 12.1(9) 12.0(9)
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Table A2-4: Bond Lengths for 3.13.
AtomAtom Length/A  AtomAtom Length/A

01 C9 1.437(2) C4 C5 1.389(2)
Cl C2 1.590(2) C4 C9 1.519(2)
c1 cé! 1.519(2) C5 C6 1.396(2)
C2 C3 1.515(2) C6 C7 1.390(2)
C3 C4 1.410(2) C7 C8 1.390(3)
C3 Cs8 1.396(2) C9 CI10 1.503(3)
1-X,1-Y,1-Z

Table A2-5: Bond Angles for 3.13.

Atom Atom Atom Angle/* Atom Atom Atom Angle/®

cet C1 C2 112.62(14) C5 C6 C1t 120.35(16)
C3 C2 cC1 113.08(14) C7 C6 C1t 121.04(16)
C4 C3 C2 123.17(1e) C7 C6 C5 117.12(16)
c8 C3 cC2 118.08(le) C8 C7 Cb6 120.44(1e)
C8 C3 (4 117.44(1le) C7 C8 C3 121.07(17)
C3 C4 (9 119.80(15) O1 C9 C4 110.36(15)
C5 C4 C3 119.32(16) O1 C9 C10 111.40(1e)
C5 C4 (9 120.55(1e) C10 C9 C4 111.19(16)
C4 C5 C6 121.77(17)

11-X,1-Y,1-Z
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Table A2-6: Torsion Angles for 3.13.

A B C D
Cl C2C3C4
Cl C2C3Cs8

citcecrcs

C2

C2
C2
C3

C3

C3C4C5

C3C4C9
C3C8C7
C4 C5C6

C4C901

C3

C4 C3C8C7

11-X,1-Y,1-Z

C4 C9C10

Angle/*

77.1(2)
-89.50(19)

-152.70(16)

-154.12(16)

19.4(2)
153.86(16)
1.3(2)

-163.05(1

)

72.8(2)

-13.5(2)

A BCD
C4 C5C6C1?
C4 C5C6C7

C5 C4C901

C5 C4C9C10

C5 C6C7C8
cetcicacs
C6 C7C8C3

C8 C3C4C5
C8 C3C4C9

C9 C4C5C6

Angle/®
151.87(16)
-14.4(2)

10.4(2)

-113.8(2)

13.4(2)

12.5(2)
-173.96(15)

-172.11(16)

Table A2-7: Hydrogen Atom Coordinates (Ax10% and Isotropic Displacement Parameters (A2x103) for

3.13.
Atom

H1
H1A
H1B
H2A
H2B
H5
H7
H8
H9
H10A
H10B
H10C

X

8040 (30)

6934.
7600.
8227.
7429.
5411.
3729.
5544.
7904.
.66

8502

97
32
39
46
18
81
06
63

8891.7
9449.9

y

6100 (30)
5758.68
6416.71
4529.94
3866.95
4549.95
2649.15
2773.93
5692.61
3606.94

3729.4
4657.64

z

2630 (20)

7100

.88
6197.
5679.
6509.
2958.
5137.
6078.
4264.
3071.
4194.
3401.

46
45
59
06
44
72
83
17
41
23

U(eq)
49 (8)

29
29
28
28
26
26
25
31
61
61
61

204



3.2 Compound 3.27
Sample: SB-002-bis-2-teralone
X-ray Structure Report

for
Prof. G. Bodwell

Prepared by
Louise N. Dawe, PhD

Department of Chemistry and Biochemistry
Wilfrid Laurier University
Science Building
75 University Ave. W.
Waterloo, ON, ON
Idawe@wlu.ca

June 27, 2021

Introduction

Data for this structure was collected by Dr. JB Lin, Memorial University of Newfoundland.

SB-002-bis-2-teralone crystallized in the centrosymmetric space group Pbca. All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were introduced in calculated positions
and refined on a riding model. The asymmetric unit contains half of the molecule, which results
in positional disorder for the 50:50 occupancy aliphatic ring, one which is five-membered, and
the other, six-membered. Other characterizations are consistent with each molecule containing
one five-member ring and one six-membered ring.
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Experimental

A single crystal of Cz1H1802 [3.27] was selected and diffraction data collected on a XtaLAB
Synergy, Dualflex, HyPix diffractometer. The crystal was kept at 100.0(2) K during data
collection. Using Olex2 [1], the structure was solved with the SHELXT [2] structure solution
program using Intrinsic Phasing and refined with the SHEL XL [3] refinement package using Least
Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.
3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.
Crystal Structure Determination

Crystal Data for C21H1802 (M =302.35 g/mol): orthorhombic, space group Pbca (no. 61), a =
7.53630(10) A, b =17.2036(2) A, c = 11.25990(10) A, V = 1459.86(3) A3, 2 =4, T =

100.0(2) K, u(Cu Ka) = 0.687 mm™?, Dcalc = 1.376 g/cm?3, 17056 reflections measured (10.284°
<20 <159.178°), 1576 unique (1514 with I > 206(I); Rint = 0.0451, Rsigma = 0.0182) which were
used in all calculations. The final Ry was 0.0664 (I > 2c(I)) and WR2 was 0.1485 (all data).

Figure A2-2: Crystal structure of 3.27 with 50% displacement ellipsoids. CCDC 2129675 contains the
crystallographic data for 3.27.
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Table A2-8: Crystal data and structure refinement for 3.27.

Identification code SB-002-bis-2-teralone
Empirical formula C21H1802

Formula weight 302.35
Temperature/K 100.0(2)

Crystal system orthorhombic

Space group Pbca

alA 7.53630(10)

b/A 17.2036(2)

c/A 11.25990(10)

a/° 90

/e 90

v/° 90

Volume/A3 1459.86(3)

Z 4

Pcalcg/Cm3 1.376

w/mmt 0.687

F(000) 640.0

Crystal size/mm? 0.227 x 0.147 x 0.051
Radiation CuKo (A=1.54184)
20 range for data collection/° 10.284 to 159.178
Index ranges -8<h<9,-21<k<2l1,-14<1<14
Reflections collected 17056

Independent reflections 1576 [1514 with 1> 20(I); Rint = 0.0451, Rsigma = 0.0182]
Data/restraints/parameters ~ 1576/52/145

Goodness-of-fit on F? 1.262

Final R indexes [[>=2c (I)] R1=0.0664, wR2 =0.1478

Final R indexes [all data] R1=0.0680, wR2 = 0.1485

Largest diff. peak/hole / e A20.20/-0.22
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Table A2-9: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A2x10) for 3.27. Ue, is defined as 1/3 of of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)

01 5629 (16) 6684 (5) 7479 (8) 43.3(19)
O1A 5782 (16) 6486 (5) 7773 (7) 37.4(17)
C1 6290 (40) 6406 (7) 6591 (16) 31 (4)
Cl1A 6440 (40) 6370 (6) 6799 (15) 21(3)
C2 6463 (3) 5569.6 (13) 6292 (2) 24.3(5)
C3 5452 (3) 4972.7(13) 6801 (2) 24.9(5)
C4 5405 (3) 4246.6(13) 6267.0(19) 23.7(5)
C5 6674 (3) 4096.4 (13) 5381 (2) 24.5(5)
C6 7669 (3) 4685.6(13) 4869 (2) 24.8(5)
C7 7400 (3) 5449.8(13) 5243 (2) 25.1(5)
C8 7780 (20) 6105 (5) 4355 (9) 23.2(17)
C8A 7640 (20) 6228 (5) 4634 (11) 34 (2)
C9 8366 (7) 6828 (3) 5043 (4) 27.2(9)
C9A 7288 (9) 6833 (4) 5627 (6) 35.1(14)
C10 7039 (11) 7042 (4) 6027 (6) 34.5(15)
Cl1 3831 (3) 3712.3(14) 6450 (2) 27.6(5)
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Table A2-10: Anisotropic Displacement Parameters (A2x10%) for 3.27. The Anisotropic displacement
factor exponent takes the form: -2n?[h%a*2Uy1+2hka*b*U+. .. ].

Atom U1 U2 Uss U2s Uis U

01 45 (4) 38(4) 47 (5) -9 (3) 8 (4) -8(3)
0O1A 47 (3) 39 (5) 25(3) -3(2) 9(3) 2(3)
C1 24 (5) 36 (5) 31(6) -3(3) -11(5) 0(4)
C1A 19 (5) 23(4) 21(5) 0(2) -3(5) 2 (3)
C2 18.9(10) 26.3(11) 27.7(11) 0.5(9) -3.9(9) 1.4(8)
C3 20.6(10) 28.7(11) 25.5(11) 3.5(9) -1.4(9) 2.7(9)
C4 20.8(10) 25.2(11) 25.0(11) 6.5(9) -1.1(9) 2.9(8)
C5 22.0(10) 23.4(11) 28.2(11) 4.8(9) -1.2(9) 5.6(8)
C6 16.5(9) 30.1(11) 27.7(11) 3.1(9) 0.9(9) 4.5(9)
C7 15.6(9) 28.1(11) 31.4(11) 4.2(9) -1.9(9) -0.6(8)
C8 25 (4) 18 (3) 27 (4) 0(2) 0(3) -1(3)
C8A 21 (4) 34 (4) 47 (6) 7(3) -1(5) -3 (4)
C9 28(2) 27(2) 27(2) -1.8(18) 5(2) -6.7(19)
C9A 25(3) 28(3) 52 (4) 6(3) -8(3) -9 (3)
C10 44 (3) 29(3) 31(3) -11(2) 12 (3) -7(3)
C11 27.5(11) 27.1(11) 28.2(11) 4.4(9) 5.0(10) -0.1(9)

Table A2-11: Bond lengths for 3.27.

Atom Atom Length/A Atom Atom Length/A

0O1 C1 1.214(18) C4 Cil11 1.514(3)
O1A C1A 1.220(15) C5 C6 1.387(3)
Cl ¢C2 1.484(13) Co6 C7 1.395(3)
Cl CoA 1.512(14) C7 C8 1.533(10)
C1A C2 1.491(11) C7 C8A 1.514(11)
ClA C10 1.516(10) C8 (9 1.532(9)
Cc2 C3 1.402(3) C8 C11' 1.548(17)
c2 C7 1.392(3) C8A CO9A 1.550(10)
C3 C4 1.387(3) C8A C11' 1.650(17)
C4 C5 1.406(3) C9 C10 1.537(6)

11-X,1-Y,1-Z
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Table A-12: Bond angles for 3.27.

Atom Atom Atom Angle/* Atom Atom Atom Angle/°

01 C1 c2 127.3(10) C2 C7 Cé6 118.0(2)
01 Cl1 CoA 127.1(10) C2 C7 C8 122.7(4)
C2 Cl1 CoA 105.3(11) C2 C7 C8A 108.2(4)
O1A Cl1A C2 120.0(9) C6 C7 C8 117.9(4)
O1A Cl1A C10 120.8(9) C6 C7 C8A 132.8(4)
C2 C1lA C10 118.8(9) C7 C8 cCi11t 112.6(9)
C3 C2 cC1 124.7(8) C9 C8 C7 108.7(7)
C3 C2 C1A 120.9(6) C9 €8 cCi11t 110.9(8)
Cr C2 cC1 112.4(6) C7 C8A C9A 104.3(7)
Cr C2 C1A 117.9(5) C7 C8A Ci11t 108.2(8)
Cr C2 C3 121.0(2) C9A C8A Ci11t 112.3(9)
C4 C3 cC2 119.7(2) C8 C9 C10 111.8(6)
C3 C4 G5 117.1(2) C1 C9A C8A 106.0(8)
C3 C4 cC11 120.5(2) C1A C10 C9 115.1(8)
C5 C4 cC11 121.2(2) C4 C11 cs! 114.3(4)
C6 C5 C4 121.9(2) C4 C11 C8Al 112.7(4)
C5 Cé6 C7 119.0(2) c8* C11 C8A! 13.7(6)
11-X,1-Y,1-Z
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Table A2-13: Torsion angles for 3.27.

A B C D Angle/*
01 C1 C2 C3 20 (4)
01 C1 C2 C7 -176(2)
01 C1 C9ACS8A -173(3)
O1ACl1AC2 C3 12 (3)
Ol1ACl1AC2 C7 -172.9(18)
O1AC1AC10 C9 161(2)
Cl C2 C3 C4 164.3(14)
Cl C2 C7 C6 179.5(13)
Cl C2 C7 CBA -10.4(15)
Cl1AC2 C3 C4 175.7(13)
Cl1AC2 C7 Cé6 169.8(13)
Cl1AC2 C7 C8 -24.1(15)
C2 C1 C9ACSBA 13(2)
C2 Cl1lAC10C9 =-27(3)
C2 C3 C4 C5 13.3(3)
C2 C3 C4 Cl1 -154.4(2)
C2 C7 C8 (C9 43.6(13)
C2 C7 C8 Cl11* -79.7(6)
C2 C7 CBACY9A 18.1(11)
C2 C7 C8ACI11' -101.6(5)
C3 C2 C7 Cé6 -15.5(3)
C3 C2 C7 C8 150.6(8)
C3 C2 C7 C8A 154.6(7)
C3 C4 C5 C6 -14.1(3)
11-X,1-Y,1-Z

A B C D
C3 C4 ci11cst

C3 C4 C11 CsA!

C4 C5 Cb

Cc7

C5 C4 ci11cst

C5 C4 C11 CsAl

C5 Co6 C7
C5 Co6 C7
C5 Co6 C7
C6 C7 C8
Cé C7 C8

C2
C8
C8A
C9
cl11t

C6 C7 CBACOA
C6 C7 C8AcC11!

Cr C2 C3
Cr7r C8 C9

C4
C10

C7 CB8ACYAC1L
C8 C9 Ci10C1A

CO9ACl1 C2
CO9ACl1 C2
C10 C1AC2
C10 C1AC2
Cl1 C4 C5
Cc11'C8 C9

C3
Cc7
C3
C7
C6
C10

C11'C8AC9AC1

14.
-152.
-152.3

|
[00]
(@)
—~ O J O 00 = N b
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Table A2-14: Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement Parameters (A2x103) for

3.27.
Atom
H3
H5
H6
H8
HBA
HO9A
H9B
HOC
H9D
H10A
H10B
H11A
H11B
H11C
H11D

4800.
6855.
8520.
8787.
8868.
8482.
9545.
8422.
6574.
7587.
5979.
3451.
4213.
3245.
4259.

47
05
15
64
63
04
04
88
38
47
67
43
51
33
11

y
5065.

3576.
4570.
5937.
6281.
7270.

18
04
65
23
64
74

6732.5

7038.
7271
7441.
7278.
3746.
3170.
3845.
3169.

Table A2-15: Atomic occupancy for 3.27.

Atom
01
Cl1A
C8A
HO9A
HOC
H10A
H11B

Occupancy

O O O O O o o
(G2 IENG, BN, G I G BN G B E)

Atom
O1A
C8
HB8A
H9B
H9D
H10B
H11C

Occupancy

97

.49

67
94
51
48
51
55

O O O O O o o
(G2 ING, BN G, BC) I ) BN G BN E)

Atom
Cl
H8
C9
C9A
C10
H11A
H11D

7509.8

5126.
4272.
3835.
4316.
4486.
5402.
5938.
5318.
6542.

54
18
76
84
43
67
52
28
46

5652.9

7290.
6300.
7210.
6508.

Occupancy

27
75
37
88

O O O O O o o

(G2 IENG, BN G, G I G BN G BN E)

30
29
30
28
41
33
33
42
42
41
41
33
33
33
33
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3.3 Compound 3.24
Sample: SB-bistetralol-1
X-ray Structure Report

for
Prof. G. Bodwell

Prepared by
Louise N. Dawe, PhD

Department of Chemistry and Biochemistry
Wilfrid Laurier University
Science Building
75 University Ave. W.
Waterloo, ON, ON
Idawe@wlu.ca

June 26, 2021

Introduction

Data for this structure was collected by Dr. JB Lin, Memorial University of Newfoundland.

SB-bistetralol-1 crystallized in the centrosymmetric space group P42/n. The asymmetric unit

contains half of the molecule, with chiral centres at C1 and C8, both with R-configuration. The

(S,S)-isomer is also present in the unit cell, generated by space group symmetry operations.

All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were introduced in
calculated positions and refined on a riding model, except HLA which was introduced in its

difference map position and refined isotropically.
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Experimental

A single crystal of C22H240> [3.24] was selected and diffraction data collected on a XtaLAB
Synergy, Dualflex, HyPix diffractometer. The crystal was kept at 100.0(1) K during data
collection. Using Olex2 [1], the structure was solved with the SHELXT [2] structure solution
program using Intrinsic Phasing and refined with the SHELXL [3] refinement package using Least
Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.
3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.
Crystal structure determination

Crystal Data for C22H2402 (M =320.41 g/mol): tetragonal, space group P42/n (no. 86), a=
11.65420(10) A, c = 11.99110(10) A, V = 1628.64(3) A%, Z= 4, T= 100.0(1) K, w(Cu Ka)=
0.639 mm, Dcalc = 1.307 g/cm?, 20468 reflections measured (10.586° < 20 < 159.28°), 1757
unique (1644 with 1> 26(I); Rint = 0.0514, Rsigma = 0.0204) which were used in all calculations.
The final Ry was 0.0448 (I > 26(I)) and wR2 was 0.1236 (all data).

Figure A2-3: (a) Crystal structure of 3.24 with 50% displacement ellipsoids. (b) Packing for 3.24 with 50%
displacement ellipsoids, viewed down the a-axis. (c) Packing for 3.24 with 50% displacement ellipsoids,
viewed down the c-axis. CCDC 2106466 contains the crystallographic data for 3.24.
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Table A2-16: Crystal data and structure refinement for 3.24.

Identification code SB-bistetralol-1
Empirical formula C22H2402
Formula weight 320.41
Temperature/K 100.0(1)

Crystal system tetragonal

Space group P4,/n

alA 11.65420(10)
b/A 11.65420(10)
c/A 11.99110(10)
a/° 90

/e 90

v/° 90

Volume/A3 1628.64(3)

Z 4

Pcalcg/Cm3 1.307

w/mmt 0.639

F(000) 688.0

Crystal size/mm? 0.5x0.2x0.1
Radiation CuKo (A=1.54184)
20 range for data collection/° 10.586 to 159.28
Index ranges -14<h<11,-14<k<14,-15<1<15
Reflections collected 20468

Independent reflections 1757 [1644 with 1> 20(I); Rint = 0.0514, Rsigma = 0.0204]
Data/restraints/parameters ~ 1757/0/113

Goodness-of-fit on F? 1.079

Final R indexes [[>=2c (I)] R1=0.0448, wR2 =0.1216

Final R indexes [all data] R1=0.0466, wR, = 0.1236

Largest diff. peak/hole / e A20.27/-0.23
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Table A2-17: Fractional atomic coordinates (x10%) and equivalent isotropic displacement Parameters
(A2x10) for 3.24. U, is defined as 1/3 of of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)

C1 5055.4(10) 7569.0(10) 3537.6(9) 17.8(3)
C2 4531.5(10) 6465.5(10) 3966.2(10) 17.3(3)
C3 4566.6(10) 5455.7(10) 3343.2(10) 19.2(3)
C4 4109.5(10) 4428.6(10) 3753.6(10) 19.8(3)
C5 3394.9(10) 4509.5(11) 4681.7(11) 20.8(3)
C6 3376.0(10) 5500.6(10) 5324.1(10) 20.4(3)
C7 4049.9(10) 6443.4(10) 5041.7(10) 19.0(3)
C8 4439.6(11) 7267.9(10) 5944.9(10) 22.0(3)
C9 4776.4(12) 8429.6(11) 5441.3(11) 24.9(3)
C10 5599.4(11) 8275.5(10) 4463.4(10) 20.8(3)
C11 4524.9(12) 3270.5(11) 3345.8(10) 24.0(3)
01 5868.7(7) 7312.3(7) 2674.7(7) 20.0(2)

Table A2-18: Anisotropic displacement parameters (A2x10%) for 3.24. The anisotropic displacement factor
exponent takes the form: -2n?[h%a*?Uy+2hka*b*Uyo+.. . ].

Atom U1 U22 Uss U2s Uis U1

C1 18.8(5) 19.7(6) 14.8(5) 0.2(4) 2.1(4) 2.3(4)
Cc2 15.8(5) 20.9(0) 15.0(6) 1.1(4) -1.4(4) 0.5(4)
C3 21.3(06) 23.0(6) 13.2(5) 0.9(4) -2.6(4) -1.9(4)
C4 22.0(06) 22.1(6) 15.3(6) -0.7(4) -5.9(4) -3.2(4)
C5 17.9(5) 22.9(6) 21.7(6) 4.5(5) -3.1(5) -3.1(4)
Cob 17.1(5) 25.6(6) 18.5(6) 3.4 (5) 2.4 (4) 2.1(4)
C7 18.9(6) 20.9(06) 17.1(6) 1.0(4) 1.1(4) 2.8(4)
C8 29.9(7) 20.1(6) 16.0(06) -1.4(4) 6.2(5) 1.2(5)
C9 37.7(7) 18.2(6) 18.8(6) -2.1(5) 4.5(5) 0.8(5)
C10 26.6(06) 17.7(5) 18.0(6) -0.2(4) 0.3(5) -2.2(4)
C11 36.2(7) 21.3(6) 14.4(6) -2.0(4) -1.9(5) -5.2(5)
01 22.4(5) 20.1(4) 17.5(5) 0.0(3) 5.7(3) -0.7(3)
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Table A2-19: Bond lengths for 3.24.

AtomAtom Length/A  AtomAtom Length/A

Cl C2 1.5135(16) C4 C11 1.5150¢(17)

Cl C10 1.5206(16) C5 C6 1.3885(17)

Cl1 01 1.4347(13) C6 C7 1.3925(17)

C2 CC3 1.3946(16) C7 C8 1.5174(16)

C2 C7 1.4067(16) C8 C9 1.5335(17)

C3 C4 1.3996(16) C8 C11' 1.6042(18)

C4 C5 1.3932(17) C9 C10 1.5255(17)

11-X,1-Y,1-Z

Table A2-20: Bond angles for 3.24.

Atom Atom Atom Angle/* Atom Atom Atom
C2 Cl1 cCi10 112.35(9) C5 C6 C7

01 C1 cC2 109.52(9) C2 C7 C8

Ol Ci1 C10 111.34(9) C6 C7 C2

C3 C2 (1 121.56(10) C6 C7 C8

C3 C2 C7 119.16(11) C7 C8 C9

Cr C2 cC1 119.20(10) C7 Cc8 ci11t
C2 C3 C(C4 121.49(11) c9 c8 ci11t
C3 C4 cC11 121.79(11) C10 C9 C8

C5 C4 C3 116.77(11) C1 C10 C9

C5 C4 cCu 120.61(11) C4 C11 c8t

C6 C5 C4 120.60(11)

1-X,1-Y,1-Z

Table A2-21: Hydrogen bonds for 3.24.

D H A d(D-HYA dH-AYA  dD-A)J/A
O1H1A 01! 0.89(2) 1.87(2) 2.7386(12)

L4+Y,3/2-X,1/2-Z

Angle/*
120.83
121.55
117.55
119.66
110.77
110.85
111.19
111.08
111.27
114.69

D-H-A/°
163 (2)

O = T o T o T e e e e
O O 0O O O O O r O
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Table A2-22: Torsion angles for 3.24.

A
C1

C1

B
C2

C2

C
C3

Cc7

C1

C2
C2

C2
C2
C2

C3
C3
C3
C3
C4
C5

C2

C1l
C3

C3
C7
C7

C2
C2
C4
C4
C5
C4

Cc7

C10
C4

C4
C8
C8

Cc7
C7
C5
Cl1
C6
Cl1

11-X,1-Y,1-Z

Table A2-23:
3.24.

Atom
H1
H3
H5
H6
H8
H9A
H9B
H10A
H10B
H11A
H11B
H1A

D
C4

Cé

C8

C9
C5

Cl1
C9
c11t

C6
C8
C6
cs!
Cc7
cs!

Angle/®

178.

167.

-25.

-50.
14.

-155.

33.

-90.

-15.
151.
-15.

91.

-78.

23(11)

28 (10)

45 (16)

C5
C5

C6

C6
C7

C7
C8
C10

C10
Cl1
c11t
o1
01
o1

C6
C6

C7

C7
C2

C8
C9
C1

Cl
C4
C8
C1
Cl
C1

C7
C7

C8

C8
C3

C9
C10
C2

C2
C5
C9
C2
C2
C10

C2
C8

C9

ci1t
C4

C10
C1
C3

Cc7
C6
C10
C3
Cc7
C9

Angle/*

14.

-152.

-159.

-49.

60.

-143.

154.

60 (17)

91 (11)

Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10%) for

4438.
4901.
2926.
2907.
3792.
4092.
5138.
5813.
6291.
4770.
3885.

87
23
36
23
75
07
61
86
18
13
32

6219 (18)

8028.
5464.
3894.
5535.
7394.
8825.
8898.
9022.
7895.
3347.
2738.

7970 (

21
94
17
11
57
32
65
39
89
37
02
20)

3206.
2639.
4872.69
5950.85
6452.33
5188.28
6009.29

4173.6
4720.67
2576.37
3359.56
2494 (18)

31
19

U(eq)

21
23
25
24
26
30
30
25
25
29
29
49(5)
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3.4 Compound 3.25
Sample: SB-tetralol-2
X-ray Structure Report

for
Prof. G. Bodwell

Prepared by
Louise N. Dawe, PhD

Department of Chemistry and Biochemistry
Wilfrid Laurier University
Science Building
75 University Ave. W.
Waterloo, ON, ON
Idawe@wlu.ca

June 27, 2021

Introduction

Data for this structure was collected by Dr. JB Lin, Memorial University of Newfoundland.

SB-bistetralol-2 crystallized in the polar space group Pna2:. The asymmetric unit contains the fully
molecule, however, two areas of disorder are present (both aliphatic rings). The occupancy of the
two components are 0.765(5): 0.235(5). Four stereocentres are present (C1, C8, C11, and C18).
For the major occupancy component, these are (S,S,S,R) and for the minor component (R,S,R,R).
Note that while the space group lacks and inversion centre, it does contain glide planes, and so the
opposite isomers are generated by symmetry operations.

All non-hydrogen atoms were refined anisotropically, however, the minor component did exhibit
some ellipsoids that were not physically reasonable, and so their displacements were either treated
with an isotropic displacement restraint or were constrained to be identical to their corresponding
major component. All hydrogen atoms were introduced in calculated positions and refined on a
riding model, except H1 and H2 which were introduced in its difference map positions and refined
isotropically.
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Experimental

A single crystal of C2H240> [3.25] was selected and diffraction data collected on a XtaLAB
Synergy, Dualflex, HyPix diffractometer. The crystal was kept at 100(2) K during data collection.
Using Olex2 [1], the structure was solved with the SHELXT [2] structure solution program using
Intrinsic Phasing and refined with the SHELXL [3] refinement package using Least Squares
minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Crystal structure determination

Crystal Data for C22H2402 (M =320.41 g/mol): orthorhombic, space group Pna2: (no. 33),a =
7.4774(2) A, b = 17.6070(5) A, c = 12.2773(3) A, V = 1616.36(7) A%, Z = 4, T = 100(2) K, u(Cu
Ka) = 0.644 mm*, Dcalc = 1.317 g/cm?, 19272 reflections measured (8.78° < 20 < 148.978°),
2962 unique (2744 with 1T > 20(I); Rint= 0.0666, Rsigma = 0.0405) which were used in all
calculations. The final Ry was 0.0690 (I > 2o(I)) and wR2 was 0.1898 (all data).

Figure A2-4: (a) Crystal structure of 3.25 with 50% displacement ellipsoids. (a) Major occupancy
conformer. (b) Minor occupancy conformer. CCDC 2106467 contains the crystallographic data for 3.25.
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Table A2-24: Crystal data and structure refinement for 3.25.

Identification code SB-tetralol-2
Empirical formula C22H2402

Formula weight 320.41
Temperature/K 100(2)

Crystal system orthorhombic

Space group Pna2;

alA 7.4774(2)

b/A 17.6070(5)

c/A 12.2773(3)

a/° 90

/e 90

v/° 90

Volume/A3 1616.36(7)

Z 4

peaicg/cm?® 1.317

w/mmt 0.644

F(000) 688.0

Crystal size/mm? 0.227 x 0.147 x 0.051
Radiation CuKo (A=1.54184)
20 range for data collection/® 8.78 to 148.978
Index ranges -9<h<9,-22<k<21,-15<1<13
Reflections collected 19272

Independent reflections 2962 [2744 with I > 26(I); Rint = 0.0666, Rsigma = 0.0405]
Data/restraints/parameters  2962/30/266

Goodness-of-fit on F? 1.071

Final R indexes [[>=2c (I)] R1=0.0690, wR2 =0.1865

Final R indexes [all data] R1=10.0728, wR, =0.1898

Largest diff. peak/hole / e A20.33/-0.34

Flack parameter 0.2(3)
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Table A2-25: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A2x10) for 3.25. Ue, is defined as 1/3 of of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)

01 6701 (7) 3211 (3) 2709 (4) 46.5(12)
O1A 5640 (20) 3310(9) 2486 (16) 46.5(12)
02 9508 (7) 6677 (3) 7312 (4) 46.4(11)
02A 8220 (20) 6765 (9) 6909 (13) 46.4(11)
C1 5307 (9) 3489 (4) 3424 (7) 36.1(16)
ClA 5880 (40) 3450(11) 3570 (30) 36.1(16)
C2 5715 (6) 4303 (3) 3737 (4) 35.1(11)
C3 6795 (7) 4784 (3) 3112 (4) 36.8(11)
C4 7081 (6) 5538 (3) 3407 (4) 35.3(11)
C5 5968 (6) 5840 (3) 4215 (4) 33.8(11)
C6 4953 (6) 5371 (3) 4858 (4) 33.6(10)
C7 4981 (6) 4585 (3) 4707 (4) 30.7(10)
C8 4566 (7) 4069 (3) 5657 (4) 40.3(11)
Cc9 3902 (7) 3298 (3) 5256 (5) 46.8(13)
C10 5213(10) 2993 (5) 4439(7) 39(2)
C10A 4780 (50) 2913 (18) 4290 (30) 39(2)
Cl11 9118 (14) 6558 (6) 6187 (6) 35.3(19)
Cl1A 9670 (50) 6500 (20) 6180 (30) 60 (14)
C12 9115 (6) 5719 (3) 5853 (4) 34.5(11)
C13 8085 (6) 5209 (3) 6454 (4) 36.5(11)
C14 7841 (6) 4457 (3) 6116 (4) 35.4(10)
C15 8990 (6) 4197 (3) 5294 (4) 37.5(12)
C16 9983 (6) 4708 (3) 4685 (4) 36.3(11)
C17 9895 (6) 5481 (3) 4878 (5) 37.3(12)
C18 10188 (13) 6050 (6) 3961 (7) 40 (3)
C18A 10400 (40) 5935 (18) 3860 (20) 62(18)
C19 10017 (9) 6910 (4) 4293 (6) 43.1(15)
C19A 11120 (30) 6668 (11) 4480 (20) 43.1(15)
C20 10411 (12) 7013 (4) 5501 (7) 46.7(18)
C20A 9630 (30) 7031 (12) 5213(19) 32 (5)
c21 6252 (7) 3996 (3) 6445 (5) 41.2(11)
C22 8733 (7) 5960 (3) 3033 (5) 45.7(13)
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Table A2-26: Anisotropic displacement parameters (A2x10%) for 3.25. The anisotropic displacement factor
exponent takes the form: -2n?[h?a*?U11+2hka*b*Uyo+. .

Atom

1.

U

Uis
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Uss

U2

U1

e e e e e T T N T e e e e T N e T e e e T T T e
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C6

C7

C8

C9

C10

C10A
Cl1

~

Ci12

—_— — — ~— ~— ~—

C13
C14
C15
C16
C17
C18

—_— — — ~— ~— ~—

C19
CI19A
C20
C20A
C21
C22
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Table A2-27: Bond lengths for 3.25.

Atom Atom  Length/A

01 C1 1.448(9)
O1A C1A 1.37(4)
02 Cl1 1.427(9)
0O2A C11A 1.48(2)
Cl cC2 1.515(8)
Cl Ci10 1.524(10)
ClA C2 1.52(2)
Cl1A CI10A 1.53(2)
C2 C3 1.400(7)
c2 C7 1.402(7)
C3 (4 1.392(7)
C4 C5 1.400(7)
C4 C22 1.514(7)
C5 Ce6 1.371(7)
ce C7 1.396(6)
C7 C8 1.512(7)
C8 (9 1.525(7)
Cc8 C21 1.595(7)
Cc9 Ci10 1.502(9)
C9 CI10A 1.52(2)

AtomAtom  Length/A

Cl1 C12 1.534(11)
Cl1 cC20 1.511(11)
Cl11AC12 1.50(5)
C11AC20A 1.51(2)
Cl12 Ci13 1.393(7)
Cl2 C17 1.396(8)
Cl13 C14 1.401(7)
Cl14 Ci15 1.403(7)
Cl4 Cc21 1.494(7)
Cl15 Ci16 1.385(7)
Cl6 C17 1.383(6)
Cl17 Ci18 1.523(9)
Cl7 Ci18A 1.53(2)
C18 Ci19 1.573(12)
C18 C22 1.583(10)
C18ACI19A 1.59(2)
C18AC22 1.61(2)
C19 C20 1.523(11)
C19A C20A 1.57(2)
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Table A2-28: Bond angles for 3.25.

Atom Atom Atom Angle/* Atom Atom Atom Angle/°

01 C1 cC2 109.2(5) O2A C11AC20A 106(2)
01 C1 cC10 109.5(5) C12 C11AC20A 110(3)
cC2 C1 cC10 110.2(6) C13 Cl1l2 C11 118.7(5)
Ol1A C1A C2 107(2) C13 Cl1l2 Cli1A 127.2(11)
Ol1A Cl1A CI10A 112(2) C13 Ci12 C17 119.5(4)
C2 C1A C10A 119(2) Cl17 Ci12 Cl11 121.1(5)
C3 C2 cC1 123.3(5) C17 Cl12 C1l1A 113.0(11)
C3 C2 C1A 118.5(13) Cl12 C13 Cl4 121.6(5)
c3 Cc2 cCv 118.5(4) C13 C14 Ci15 116.2(5)
Cr C2 cC1 118.2(5) C13 C14 cC21 122.5(4)
Cr C2 Cl1A 119.7(13) C15 Cl14 cC21 120.3(4)
C4 C3 (2 121.5(5) Cl6 C15 C14 120.3(4)
C3 C4 C5 117.1(4) C17 C16 C15 121.4(4)
C3 C4 C22 120.9(4) Cl12 C17 C18 119.8(6)
C5 C4 C22 120.9(4) Cl1l2 C17 C18A 130.2(15)
C6 C5 C4 120.6(4) Cl6 Cl17 C12 117.5(5)
C5 C6 C7 120.8(4) Cl6 C17 C18 121.0(6)
c2 Cr C8 121.5(4) Cl6 C17 C18A 111.3(14)
cé6 C7 C2 118.0(4) Cl17 C18 C19 115.5(8)
Cc6 C7 C8 119.4(4) C17 C18 C22 111.5(5)
Cr C8 (9 110.7(4) C19 C18 C22 103.1(7)
Cr C8 C21 110.7(4) C17 C18ACI19A 96.8(16)
C9 C8 cC21 112.5(4) Cl17 CIl18AC22 109.8(17)
Ci0 C9 C8 108.8(4) C19AC18AC22 123(2)
C10AC9 C8 120.6(11) C20 C19 C18 110.6(6)
C9 Ci1o c1 111.7(7) C20AC19AC18A 111(2)
C9 Cl1l0AC1A 114(2) Cl11 C20 C19 110.8(7)
02 Cl1 C12 113.6(7) C11AC20ACI19A 100.7(18)
02 Cl1 C20 109.3(7) C14 C21 C8 114.9(4)
C20 Cl1 cC12 111.3(7) C4 C22 C18 113.0(5)
0O2A Cl1AC12 104(3) C4 C22 CI18A 115.2(10)
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i
P00,

Figure A2-5: Extended packing diagram of 3.25 (major conformer only) with 50% displacement ellipsoids,
viewed down the a-axis. Hydrogen bonds indicated with dashed lines. The same motif is observed for the
minor occupancy conformer.

Table A2-29: Hydrogen bonds for 3.25.

DH A dD-H/A dH-AYA  dD-A)/A D-H-A/°
O1H102! 0.85(3) 2.04(3) 2.889(6) 172 (8)
02H201? 0.85(3) 2.10(5) 2.883(7) 153(10)

13/2-X,-112+Y ,-1/2+Z; 22-X,1-Y ,1/2+Z
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Table A2-30: Torsion angles for 3.25.

A B C D Angle/* A B C D Angle/*

01 C1 C2 C3 23.4(8) C11 Ci12 Ci3 Ci4 171.9(6)
01 C1 Cz2 cC7 -156.1(5) Cl11 C12 C17 CI16 174.1(6)
01 C1 Ci10 C9 174.8(5) Cl11 Ci12 C1l7 Ci18 -20.9(8)
Ol1A C1A C2 C3 -54(2) Cl11AC12 C13 Ci14 -171.9(17)
O1A C1A C2 C7 146.7(14) Cl11AC12 C17 Cil6 158.6(15)
O1A C1A CI10ACH9 -139(2) Cl11AC12 C17 C18A -34(2)
02 Cl1 Ci1z2 C13 51.8(9) C12 Ci11 C20 C19 54.6(10)
02 Cl1 Ciz Ci17 -137.9(6) C12 C1l1AC20ACI19A -64(3)
02 Cl1 C20 C19 -179.1(7) C12 C13 Cl1l4 Ci15 13.9(7)
O2A Cl1AC12 C13 -29(3) Cl12 C13 Cl14 cC21 -154.9(5)
02A C1l1AC12 C17 157.0(14) C12 C17 C18 C19 14.6(9)
O2A C11AC20ACI19A -176(3) Cl12 C1l7v Ci18 C22 -102.7(8)
Cl C2 C3 C4 177.5(5) Cl12 C17 C18ACI19A 39(2)
Cl C2 C7 Ce6 -163.6(4) C12 Cl1l7 CI18AC22 -89.4(19)
C1 C2 Cr C8 28.3(7) C13 Cl12 Ci17 Ci6 -15.6(7)
CIA C2 C3 C4 -le2.6(14) C13 Cl2 C17 C18 149.4(5)
ClIA C2 C7 Ce6 176.2(13) C13 C12 C17 C18A 152.1(13)
Cl1A C2 C7 C8 8.2(14) C13 C14 C15 Cle -15.0(7)
Cc2 Cl1 Ci10 C9 54.6(7) C13 Ci14 C21 C8 88.6(6)
C2 CI1A CI10ACH9 -12(4) C14 Ci15 Cl6 C17 1.0(7)
C2 C3 C4 G5 -12.9(7) C15 Ci14 C21 C8 -79.8(6)
C2 C3 C4 C22 155.7(5) C15 Ci16 C17 Ci2 14.6(7)
c2 C7r C8 (9 -35.9(6) C15 Cl6 C1l7 Ci18 -150.2(6)
C2 Cr C8 cC21 89.5(5) C15 Cl6 C1l7 CI18A -155.4(12)
C3 C2 C7 Ce6 l6.9(6) Cl6 C17 C18 C19 179.0(5)
C3 C2 Cr C8 -151.2(5) C16 C17 C18 C22 61.7(10)
C3 C4 C5 C6 15.1(7) Cl6 C17 CI18ACI19A -152.5(14)
C3 C4 C22 Ci18 -103.7(7) Cl6 Cl1l7 CI18AC22 79(2)
C3 C4 (C22 C18A -92.9(16) C17 Cl12 Ci13 Cl14 1.4(7)
C4 C5 Co C7 -1.3(7) C17 C18 C19 C20 25.2(9)
C5 C4 C22 C18 64.4(7) Cl7 C18 C22 C4 19.1(10)
C5 C4 (C22 C18A 75.3(16) C17 CI18ACI19AC20A -59(2)
C5 C6 Cr cC2 -14.9(6) C17 C18AC22 C4 -1(3)
C5 C6 C7 C8 153.4(5) C18 C19 C20 C11 -59.9(9)
ce C7 C8 C(C9 156.2(4) C18AC19AC20AC11A 79(3)
C6 Cr C8 cC21 -78.4(5) C19 C18 C22 C4 -105.5(6)
Cr C2 C3 C4 -3.0(7) C19AC18AC22 C4 -113(2)
Cr C8 C9 Ci10 51.9(7) C20 Ci11 C12 Ci13 175.7(6)
Cr C8 C9 C10A 41(2) C20 Ci11 C12 C17 -14.0(10)
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Table A2-30: Torsion angles for 3.25.

A B C D Angle/* A B C D Angle/*

Cr C8 C21 Ci14 1.6(6) C20ACl11AC12 C13 -142.3(14)
Cc8 C9 Ci10 C1 -64.4(7) C20ACl11AC12 C17 44 (2)
C8 C9 CI10AC1A -19(4) C21 C8 C9 C10 -72.5(7)
C9 C8 C21 Ci4 126.0(5) C21 C8 C9 CI10A -83(2)
Cl0 C1 C2 (3 143.8(6) C21 Cl14 C15 Cl6 154.0(5)
Ci0 C1 Cz2 cC7 -35.7(7) C22 C4 C5 Cb -153.5(5)
C10ACl1A C2 C3 177(2) C22 C18 C19 C20 147.1(6)
C10AC1A C2 Cv 17(3) C22 C18AC19AC20A 60 (3)
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Table A2-31: Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A2x10%) for

3.25.
Atom
H1
H1A
H2
H2A
H1B
H1C
H3
H5
H6
H8
HO9A
H9B
HOC
H9D
H10A
H10B
H10C
H10D
H11
H11A
H13
H15
H16
H18
H18A
H19A
H19B
H19C
H19D
H20A
H20B
H20C
H20D
H21A
H21B
H22A
H22B
H22C
H22D

X

6440 (110)

5610.

98

10640 (40)
7332.4

4133.
7155.
7346.
5914.
.33
3574.
3792.
2709.
3980.
2616.
4855.

4222

04
71
04
78

53
82
66
07
74
11

6413.6

38309.
5573.
7892.
10860.
7535.
9087.

37
25
14
84
59
67

10740.1

11399.
11428.
10867.

8792.
12153.

35
82
44
21
13

11536.6

11649.
10313.
9928.
8449.
5886.
6611.
8378.
9271.
8407.
9121.

08
01
81
12
54
58
67
28
63
85

y

2750(20)

2839.

31

6660 (50)

6473.
3469.
3325.
4591.
6373.
5583.
4307.
2942.

75
67
13
99
87
32
75
56

3354.3

2942.
3355.
2471.
2964.

11
69
65
11

2673.1

2503.
6762.
6508.
5376.
3667.
4523.
5963.

93
65
48
89
59
15
51

5677.9

7216.
7091.
6524.

86
34
91

7046

6846.
7557.
7558.
7022.
4152.

34
46
78
65
14

3455.6
6470.4
5684.3

6497.
5744.

57
04

2570 (80)
2378.9
7200 (90)

6844 .
3034.

84
67

3723.3

2471.
4319.
5413.
6082.
5876.
4914.
5877.
5080.
4227.

33
15
11
54
62
56
83
54
98

4776.9

3836.
4557.
6047.
6554.
7108.
5153.
4123.
3639.
3496.
38509.
4132.
4945.
3943.
5656.
5692.
5420.
4846.
7187.
6480.
.86
2410.
2905.
2326.

2772

02
78
48
38
82
42
22
29
27
32
16
09
66
48
96
68
57
15
52

97
15
83

70
70
70
70
43
43
44
41
40
48
56
56
56
56
47
47
47
47
42
72
44
45
44
48
74
52
52
52
52
56
56
39
39
49
49
55
55
55
55
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Table A2-32: Atomic occupancy for 3.25.

Atom
01
H1A
0O2A
H1B
H9A
H9D
H10B
H10D
Cl1A
H18
C19
C19A
C20
C20A
H22A
H22D

O O O O O O O O O O o o o o o o

Occupancy
.765

.235
.235
.765
.765
.235
.765
.235
.235
.765
.765
.235
.765
.235
.765
.235

Atom
H1
02
H2A
C1A
H9B
C10
C10A
Cl1
H11A
C18A
H19A
H19C
H20A
H20C
H22B

Occupancy

O O O O O O O O O o o o o o o

.765(5)
.765(5)
.235(5)
.235(5)
.765(5)
.765(5)
.235(5)
.765(5)
.235(5)
.235(5)
.765(5)
.235(5)
.765(5)
.235(5)
.765(5)

Atom
O1A
H2
C1
H1C
HOC
H10A
H10C
H11
C18
H18A
H19B
H19D
H20B
H20D
H22C

Occupancy

O O O O O O O O O o o o o o o

.235(5)
.765(5)
.765(5)
.235(5)
.235(5)
.765(5)
.235(5)
.765(5)
.765(5)
.235(5)
.765(5)
.235(5)
.765(5)
.235(5)
.235(5)
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3.5 Compound 3.3

Sample: SB-003-79
X-ray Structure Report

for
Prof. G. Bodwell
Prepared by
Louise N. Dawe, PhD
Department of Chemistry and Biochemistry
Wilfrid Laurier University
Science Building
75 University Ave. W.
Waterloo, ON, ON
Idawe@wlu.ca

August 26, 2020

Introduction

Data for this structure was collected by Dr. Jian-Bin Lin, Centre for Chemical Analysis, Research
and Training (C-CART), Memorial University of Newfoundland.

H-atoms were introduced in calculated positions and refined on a riding model, while all other
atoms were introduced in difference map positions and refined anisotropically.
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Experimental

A single crystal of C22H16 was selected and collected on a XtaLAB Synergy, Dualflex,
HyPix diffractometer. The crystal was kept at 100(2) K during data collection. Using Olex2 [1],
the structure was solved with the SHELXT [2] structure solution program using Intrinsic Phasing
and refined with the SHELXL [3] refinement package using Least Squares minimisation.

4. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009),
J. Appl. Cryst. 42, 339-341.

5. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

6. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

Crystal structure determination

Crystal Data for C22H16 (M =280.35 g/mol): monoclinic, space group P21/n (no. 14), a =
6.96850(10) A, b =11.5185(3) A, ¢ = 8.5135(2) A, # = 94.649(2)°, V = 681.103) A%, 2=2,T =
100(2) K, p(Cu Koy) = 0.584 mm™, Dcalc = 1.367 g/cm?®, 8777 reflections measured (12.958° <
20 < 153.996°), 1425 unique (1248 with > 26(I); Rint = 0.0550, Rsigma = 0.0338) which were
used in all calculations. The final Ry was 0.0482 (I > 2o(I)) and WR2 was 0.1294 (all data).

Figure A2-6: Four views of the structure of 3.3 with 50% displacement ellipsoids. CCDC 2105261 contains
the crystallographic data for 3.3.
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Table A2-33: Crystal data and structure refinement for 3.3.

Identification code SB-003-79
Empirical formula C22H16

Formula weight 280.35
Temperature/K 100(2)

Crystal system monoclinic

Space group P21/n

alA 6.96850(10)

b/A 11.5185(3)

c/A 8.5135(2)

a/° 90

/e 94.649(2)

v/° 90

Volume/A3 681.10(3)

z 2

Pcalcg/Cm3 1.367

w/mmt 0.584

F(000) 296.0

Crystal size/mm? 0.11 x 0.07 x 0.05
Radiation CuKo (A=1.54184)
20 range for data collection/®12.958 to 153.996
Index ranges -8<h<7,-14<k<13,-10<1<10
Reflections collected 8777

Independent reflections 1425 [1248 with 1> 20(I); Rint = 0.0550, Rsigma = 0.0338]
Data/restraints/parameters ~ 1425/0/100

Goodness-of-fit on F? 1.082

Final R indexes [[>=20 (I)] R1=0.0482, wR> = 0.1252

Final R indexes [all data] R1=0.0546, wR, =0.1294

Largest diff. peak/hole / e A< 0.30/-0.25
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Table A2-34: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A2x10) for 3.3. U is defined as 1/3 of of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)

C1 4617 (2) 5727.5(13) 1747.5(17) 24.0(4)
C2 4084 (2) 6685.5(13) 2889.3(17) 21.2(4)
C3 4777 (2) 7794.6(14) 2760.5(18) 23.2(4)
C4 4987 (2) 8537.8(14) 4079.5(18) 23.1(4)
C5 4779 (2) 8111.7(13) 5561.0(18) 22.7(4)
C6 4131 (2) 6955.4 (13) 5756.5(17) 20.8(3)
C7 4545 (2) 6314.0(13) 7182.4(17) 22.0(4)
C8 4147 (2) 5144.0(14) 7247.9(17) 22.1(4)
Cc9 2848 (2) 4680.6(14) 6026.6(18) 21.8(4)
C10 2566 (2) 5237.4(13) 4615.2(18) 21.2(3)
C11 3461 (2) 6328.4(13) 4385.8(17) 20.3(3)

Table A2-35: Anisotropic displacement parameters (A?x103) for 3.3. The anisotropic displacement factor
exponent takes the form: -2n?[h?a*?Uy1+2hka*b*Uyo+. .. ].

Atom U1 U2 Uss U2s Uis U1

C1 28.3(8) 25.9(8) 17.8(7) 0.0(6) 2.4 (6) 1.6(06)
C2 20.2(7) 24.6(8) 18.8(7) -0.4(06) 0.3(5) 2.7 (6)
C3 23.9(7) 25.6(8) 20.4(7) 3.2(06) 3.3(06) 3.0(06)
C4 22.7(7) 20.2(7) 26.4(8) 1.7(06) 2.5(6) 1.5(06)
C5 23.7(7) 21.4(8) 22.9(7) -2.3(06) 1.5(6) 1.4(0)
Co 19.1(7) 22.5(8) 21.0(7) -1.0(06) 3.7(5) 1.9(0)
C7 23.2(7) 25.1(8) 17.9(7) -2.8(06) 3.5(5) 1.5(06)
C8 23.6(8) 25.8(8) 17.5(7) 0.3(6) 6.2(06) 2.9(6)
C9 19.4(7) 22.4(8) 24 .4 (7) -0.2(06) 6.6(0) 0.2(5)
C10 16.8(7) 24 .4 (8) 22.6(7) -2.0(0) 2.1(5) 0.9(0)
C1l11 16.8(7) 23.0(8) 21.3(7) 0.0(06) 1.9(5) 3.3(6)
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Table A2-36: Bond lengths for 3.3.

AtomAtom Length/A  AtomAtom Length/A

Cl C2 1.536(2) C6 C7 1.430(2)

c1 cst 1.537(2) C6 Cl1 1.419(2)

c2 C3 1.373(2) C7 C8 1.378(2)

C2 cCi11 1.439(2) C8 (9 1.426(2)

C3 C4 1.410(2) C9 Cl10 1.362(2)

C4 C5 1.372(2) C10 Cl11 1.424(2)

C5 C6 1.421(2)

11-X,1-Y,1-Z

Table A2-37: Bond angles for 3.3.

Atom Atom Atom Angle/* Atom Atom Atom Angle/®

c2 c1 cst 105.69(12) C8 C7 C6 120.80(14)
C3 C2 cC1 120.89(13) C7 €8 cCt1t 123.77(14)
C3 C2 C11 118.02(13) C7 C8 (9 117.04(14)
Cll1 C2 cC1 117.44(13) C9 €8 cC1t 117.08(14)
C2 C3 cC4 121.04(14) C10 C9 C8 120.33(14)
Cs5 C4 C3 120.20(14) C9 C10 C11 120.20(14)
C4 C5 C6 120.09(14) C6 Cl1l1 C2 118.69(14)
Cs5 C6 C7 122.65(14) C6 Cl1l1 Ci10 117.07(13)
Cll1 C6 C5 117.87(13) C10 Cl1 C2 122.74(13)
Cl1 C6 C7 117.74(14)

11-X,1-Y,1-Z
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Table A2-38: Torsion angles for 3.3.

A
C1
C1
C1

B C D
C2C3 C4
C2C11C6
C2C11C10

c1tcsco C10

C2
C3
C3
C3
C4
C4
C5
C5
C5

C3C4 C5
C2C11C6
C2C11C10
C4C5 C6
C5C6 C7
C5C6 Cl11
Ce6C7 C8
C6C11C2
C6C11C10

11-X,1-Y,1-Z

Angle/*
-153.97 (1

138.70(1
-26.9(

-141. 68(

4)

4)

2)

S5)

9(2)

-20. O(2)
174.37(14)
-7.4(2)
156.01(15)
-8.6(2)

4)

2)

3)

-170.09(1

22.2(

-171.32(1

A
C6
C6
C7
C7
C7
cat
cst
C8
C9
C9
Cl1
Cl1

B C D
C7 c8 ci!
C7 C8 C9
C6 C1li1C2
C6 C11C10
C8 C9 C10
Cl C2 C3
Cl C2 C11
C9 Cl10C11
Cl0C11C2
C10C11C6
C2 C3 C4
Co6 C7 C8

-143.12 (1

Angle/°

145.78 (14
-17.2(2
4

23.3(2
22.5(2
113.44 (1
-44.61 (1
-4.4(2
147.21 (15
-18.6(2
4.0 (
-5.5(

)
)
)
)
)
S5)
7)
)
)
)
)
)

2
2

Table A2-39: Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A2x10°%) for

3.3.

Atom
H1A
H1B

H3
H4
H5
H7
H9

H10

5338.
3467.
5112.
5266.
5063.
5089.
2190.
1785.

79
86
76
08
92
05
65
57

6047.
5354.
8059.
9319.
8580.
6691.
3994.
4903.

77
29
85
27
36
27
84
75

921.34
1266.55
1788.08

3944.7
6438.51
8076.12
6194.26
3799.01

U(eq)

29
29
28
28
27
26
26
25
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4. UV/Vis Absorption and Emission Spectra of 3.3 in Different Solvents
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Figure A2-7: Normalized UV/vis absorption spectra of 3.3 in acetonitrile (black line), dichloromethane

(Acut-oft = 235 nm) (blue line), and cyclohexane (red line).
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Figure A2-8: UV/vis absorption spectra of 3.3 at different concentrations in cyclohexane.
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Figure A2-9: Plot of UV/vis absorbance of 3.3 at 236, 260, and 307 nm in cyclohexane in correlation with

its concentration.
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Figure A2-10: Normalized emission (Aex.= 350 nm) spectra of 3.3 in acetonitrile (black line),

dichloromethane (blue line), and cyclohexane (red line).
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5. DFT Calculations

HaC

e
“ + 2xHCT T CH, g OQ CH
3

OQ AH = -56.6 kcal/mol
3.3

MO06-2X/Def2-SVP level of theory

Scheme A4-1: Isodesmic reaction for the calculation of the strain energy of [1.1]naphthalenophane 3.3.
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Chapter 4: Synthesis of [2.2]Paracyclophane/9-Alkylfluorene Hybrids and the Discovery of

a Solvent-assisted Rearrangement
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4.1 Introduction

Planar and non-planar polynuclear aromatic hydrocarbons (PAH) have garnered considerable
interest from the synthetic community for years owing to not only their aesthetically pleasing
structures but also their distinctive chemical and physical properties.! A workhorse for the
synthesis of large PAHSs is the Diels—Alder reaction of an aryl-substituted cyclopentadieneone with
an appropriate alkyne followed by intramolecular Scholl reactions. The recent synthesis of a
plethora of both planar? and non-planar® large PAHs showcase the synthetic utility of the Diels—
Alder / Scholl approach. A few selected examples of structurally interesting PAHs (4.1-4.3) are

shown in (Figure 4.1).

Jux (ref. 3c)
Figure 4.1: Recently reported PAHs 4.1-4.3 synthesized using the Diels—Alder / Scholl approach.
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Diketones previously employed in the synthesis of large PAHs are commonly diaryl 1,2-
diketones. Therefore, it appears to be a limitation of the Diels—Alder / Scholl approach that the
cyclopentadienone system cannot have any sp3-hybridized carbon atoms attached to it. The
scarcity of such examples is presumably associated with the low yield of such cylopentadienones
obtained from a classical double aldol condensation as a consequence of the low selectivity toward
the formation of the desired cyclopentadienones. A competitive dehydration resulting from the
loss of water from an intermediate hydroxycyclopentenone leads to the undesired
methylenecyclopentenone. For example, Mackenzie and Greenfield reported that treatment of a
mixture of butanedione (4.4) and 1,3-diphenylacetone (4.5) with sodium hydroxide in ethanol at
room temperature brought about the formation of the corresponding hydroxycyclopentenone 4.6.*
Hydroxycyclopentenone 4.6 was further exposed to SOCI, in pyridine at 0 °C to afford the
corresponding cyclopentadienone 4.7 and the methylenecyclopentenone 4.8 in a ratio of 1.4:1
(Scheme 4.1). The preference toward the formation of the desired cyclopentadienone 4.7
deteriorated further upon the treatment of hydroxycyclopentenone 4.6 with p-TsOH in toluene at
reflux, leading to the formation of 4.7 and 4.8 in a ratio of 1:3.> In this Chapter, the synthesis a
[2.2]paracyclophane-based cyclopentadienone system, wherein the cyclopentadienone system is
attached to an sp3-hybridized carbon atom, will be discussed. In addition, the synthesis of two
[2.2]paracyclophane / 9-alkylfluorene hybrids by Diels—Alder reactions of the cyclopentadienone
with the appropriate dienophiles, the electronic properties of the two hybrids, and an unusual
solvent-assisted rearrangement that was discovered en route to the preparation of the

[2.2]paracyclophane-based cyclopentadienone will be presented in detail.
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p-TsOH

Ph Ph S .
/\HA toluene, 110 °C

o . 7 [loluene 1O
o) 4.5 OH 14.7:4.8=1:3,
)j\ﬂ/ NaOH o Ph Ph
Ph Ph
EtOH,rt  Ph
o 0 socl, 0 0
4.4 4.6 ~ - 4.7 4.8
pyridine, 0 °C
(4.7:4.8=1.4:1)

Scheme 4.1: Double aldol condensation of 2,3-butanedione (4.4) with 1,3-diphenylacetone (4.5).

4.2 Objective

Indanone 4.9 (Scheme 4.2), which featured as a key intermediate in the recent synthesis of
[2](6,1)naphthaleno[1]paracyclophane (4.16) (Scheme 4.2),° appeared to offer an opportunity to
exploit the Diels-Alder / Scholl approach on a system that contains an sp>-hybridized carbon atom.
Specifically, oxidation of 4.9 to dione 4.10 would set the stage for an aldol condensation leading
to cyclopentadienone 4.11 (Scheme 4.2). In this case, migration of one of the alkenes out of the
cyclopentadienone system, resulting in the formation of the side product 4.13, might be disfavored
(the B3LYP-D3/6-31G(d)-optimized structure of 4.13 is 13.45 kcal/mol higher in energy than that
of 4.11, Appendix 3) because of the strained nature of the new alkene. Subjection of 4.11 to the
Diels—Alder reaction with diphenylacetylene (4.12) would afford the very unusual fluorene
derivative 4.14. Such systems would be interesting due to their chirality and the presence of an
acidic fluorenyl proton.” The chirality in 4.14 arises from a combination of point chirality at the
stereogenic 9 position of the fluorene system and the planar chirality of the monosubstituted
[2.2]paracyclophane system. Together, these elements of asymmetry enforce helicity in the
fluorene system, even without additional z-extension. These systems are likely to be fluorescent,

which imbues them with the potential to exhibit circularly polarized luminescence (CPL). 9-
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Alkylfluorenes have an acidic proton [pKa (DMSO) for 9-methylfluorene = 22.3],2 so cyclophane
4.14 can be reasonably expected to be acidic, albeit to a somewhat lesser extent due to the
distortion from planarity of the resulting fluorenyl anion. Considering that neutral aromatic
systems are known to tolerate a large amount of distortion from planarity without losing a
substantial amount of their “aromaticity”,® the effect on the acidity of 4.14 is not expected to be
large. Moreover, the Scholl reaction of 4.14 would afford 7~extended fluorene 4.15. The anions

obtained from deprotonation of such a system would be of great interest.

acidic 16 //(5\@\6 * distorted
proton alkene?
. (=, (=0
‘ ________

O wen Al
enforced O o </ Ph
helicity

Ph P Ph O
414 413

Scheme 4.2: Intended synthesis of [2.2]paracyclophane-PAH hybrid 4.15.

4.3 Results and Discussion

4.3.1 Synthesis

Indanone 4.9 was synthesized from [2.2]paracyclophane (4.17) in 31% overall yield following the
recently reported four-step protocol (Chapter 2, Scheme 2.5, Table 2.1).° Subjection of 4.9 to
Riley oxidation conditions?® afforded dione 4.10 (63%) (Scheme 4.3, vide infra). Exposure of 4.10

and 1,3-diphenylacetone (4.5) to the typical double aldol condensation conditions (KOH, ethanol,
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80 °C) led to the complete consumption of the starting materials within 15 min. After purification
by column chromatography, a blood red solid was isolated. The HRMS spectrum of the product
showed a peak at m/z = 437.1888, which is consistent with a [M+H]" peak for the desired
cyclopentadienone 4.11 (Scheme 4.2, vide supra). However, careful inspection of the *H NMR
spectrum of the product revealed that one of the signals clearly did not agree with the structure of

4.11. Specifically, the singlet at 6 6.24 ppm would not be expected for the cyclopentadienone

4.11. Subsequently, a cross-peak was observed between the singlet at 6= 6.24 ppm and a carbon

signal at o6 = 1254 ppm in the HSQC spectrum, suggesting that the
c® i L123
i 124
_______________________________________________________________ 125
126
o
127
@ @ 128
‘ D [
@ v o 130
F131
132
@
=133
L134
135
D ) L136
137

80 79 78 7.7 76 75 74 73 72 714 70 69 68 67 66 65 64 63 62 61 6.0 59
Figure 4.2: Aromatic regions (o4 = 8.0-5.9 ppm and & = 137-123 ppm) of the HSQC spectrum of
cyclophane 4.18.
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proton in question was attached to an sp?-hybridized carbon atom (Figure 4.2, see Appendix 3 for
the full spectrum).

At this juncture, it was clear that a rearrangement had occurred. Several possibilities were
considered, but none could be fully supported to the exclusion of others using an array of 2D NMR
experiments. The structure of the product was then determined unequivocally using single crystal
X-ray analysis. Crystals suitable for X-ray crystallographic analysis were obtained by
recrystallization from hexane. Analysis of the X-ray data disclosed the unknown compound to be
the rearranged cyclophane 4.18. A slightly better yield (35%) was obtained if the reaction was

allowed to run for 1.5 h (cf. 26% yield after 15 min).

—_— = R ————
a ref. 'H Ac,0, 145 °C > X

4.7 49 3h, 63% 410 §

4.5
KOH

EtOH
80°C,15h
35%

; X-ray PN O
# CCDC 1997192

Scheme 4.3: Serendipitous synthesis of cyclophane 4.18.

When the double aldol condensation reaction was carried out at room temperature, the
desired cyclopentadienone 4.11 was isolated in 83% yield as a purple solid (Scheme 4.4). The
structure of the product was unequivocally assigned by single crystal X-ray diffraction analysis.
Cyclopentadienone 4.11 was found to be stable in the solid state at —20 °C for several months, but
it decomposes (not to the rearrangement product 4.18 as analyzed by TLC) in solution under
ambient conditions over the period of one week, as other cyclopentadienones are known to do.!*
It was found that the use of 0.95 equiv (substoichiometric) instead of 1.00 equiv of compound 4.5
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was advantageous to ensure the complete consumption of 1,3-diphenylacetone (4.5). In some
instances, when the dione 4.10 and 1,3-diphenylacetone (4.5) were used in a 1:1 molar ratio, even
the presence of a small amount of unreacted 1,3-diphenylacetone (4.5) rendered purification of the
cyclopentadieone 4.11 difficult. The difference between the R values of 4.11 (R = 0.24 in 6%
ethyl acetate/hexanes) and 4.10 (Rs = 0.05 in 6% ethyl acetate/hexanes) on silica gel is significant
whereas the difference between the cyclopentadienone 4.11 and 1,3-diphenylacetone (4.5) (Rf =
0.23 in 6% ethyl acetate/hexanes) is negligibly small. Although, TLC analysis showed the
complete consumption of the limiting starting material (4.10) within 1 h, it was necessary to let
the reaction run for 16 h to achieve a high yield of the product (25% yield after 1 h vs 83% yield
after 16 h). The initial formation of the intermediate S-hydroxycyclopentanones (not shown),
which slowly disappeared and converged to the cyclopentadienone 4.11 over time might account
for the time-dependent yields. A control experiment was then performed to shed light on the
mechanism of the rearrangement (specifically to verify the involvement of 4.11 in the
rearrangement). A solution of the cyclopentadienone 4.11 in ethanol was heated at 80 °C for 15
min and after column chromatographic purification, the rearrangement product 4.18 was obtained
in 81% vyield. This indicates the involvement of the cylopentadienone 4.11 as a transient
intermediate in the one-pot conversion of 4.10 to cyclophane 4.18. In terms of yield, this two-step
conversion was found to be better than the one-pot conversion. Heating a solution of 4.11 in
toluene at 80 °C for 15 minutes also led to the formation of 4.18 (28%), but now several other
more polar side products were prominent (TLC analysis). In cyclohexane at 80 °C, the conversion
of 4.11 to 4.18 (33% yield) appeared to give the same set of more polar side products (TLC
analysis), but required 2 h for 4.11 to be fully consumed. Despite considerable effort, none of the

side products could be identified.
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Ph/\HAPh
0
4.5

> KOH > solvent >

IHO EtOH, rt Q‘ Ph 80 °C, time 18 ' Ph
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Scheme 4.4: Two-step conversion of dione 4.10 to cyclophane 4.18.

Diels—Alder reactions between aryl-subsituted cyclopentadienones and diarylacetylenes
often require high temperatures (above 200 °C).}> The observation of rearrangement of
cyclopentadienone 4.11 at 80 °C in three solvents did not bode well for using 4.11 to generate
larger arenes using Diels-Alder reactions. Indeed, the reaction of 4.11 with diphenylacetylene
(4.12) in xylenes did not proceed at room temperature after 20 h (TLC analysis) and at 80 °C
produced essentially the same result as heating 4.11 in toluene, giving cyclophane 4.18 (22%) and

the recovered alkyne 4.12 (94%) (Scheme 4.5).

Ph———~Ph

> 4.2

xylenes, rt
4.11
Ph 0] 20h
Ph———~Ph
4.12 ‘9*
xylenes, 80 °C Q% Ph
15 min, 22% 4.18
Ph @]

Scheme 4.5: Attempted synthesis of fluorene-containing cyclophane 4.14.
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Arynes are much more reactive dienophiles than normal alkynes, so their use as reaction
partners for cyclopentadienone 4.11 was investigated with the expectation that the cycloadditions
would proceed at room temperature. To test the hypothesis, a test reaction was run between a
relatively simple aryne precursor, 2-(trimethylsilyl)phenyl trifluoromethanesulfonate (4.19) and
4.11 (Scheme 4.6). Reaction of 4.11 with benzyne precursor 4.19 proceeded smoothly at 0 °C to
rt to afford benzofluorene derivative 4.20 (57%). Similarly, the use of phenanthryne precursor
4,21 under the same conditions afforded larger cyclophane 4.22 (78%). Cyclophane 4.22 is a
precursor to the desired zextended fluorene 4.15, which could be formed via a two-fold
intramolecular Scholl reaction.

T™MS OTf

4.19

S,
S

ph  THF, 0°Ctort
- 16 h, 57%

Ph (0]
4.1

T™MS OTf

4.21
TBAF

THF, 0°Ctort
16 h, 78%

Scheme 4.6: Reactions of cyclopentadienone 4.11 with in-situ generated arynes.

Finally, the Scholl reaction was attempted with the precursor (4.22) under various
conditions (Table 4.1). Benzofluorene derivative 4.22 underwent rapid decomposition under the

classical Scholl reaction conditions (FeCls, CH.Cl./MeNO,)* to produce TLC-immobile material
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(Table 4.1, Entry 1). A similar observation was also made when the Scholl reaction was attempted

under slightly modified Rathore’s conditions (DDQ, Me3SOsH, CH2Cl,)*® (Table 4.1, Entry 2).

Attempts to achieve the Scholl reaction with only DDQ as oxidant met with failure, and led solely

to the recovery of the starting material (Table 4.1, Entries 3 and 4).

The use of DDQ in

combination with a Lewis acid (Et,0-BFs)*® was also found to be inefficacious, resulting in the

formation of TLC-immobile material (Table 4.1, Entry 5). Attempts to achieve the z-extension in

4.22 under photochemical conditions also met with failure (Table 4.1, Entries 6 and 7).

Table 4.1: Attempted Scholl and photocyclization reactions for the synthesis of cyclophane 4.15.

Entry Conditions Result

1 FeCls (3 equiv), CH,Clo/MeNO,, 0 °C, 20 min TLC immobile®

2 DDAQ (2 equiv), Me3SO3H (2 equiv), CH,Cl,, =15 °C, TLC immobile®
10 min

3 DDQ (3 equiv), CH,Cly, rt, 5 h no reaction®

4 DDQ (3 equiv), CH,Cl,, 40 °C, 15 h no reaction”

5 DDQ (3 equiv), Et,0-BF3 (2 equiv), CH,Cl,, TLC immobile?
0 °C, 5 min

6 Irradiation at 302-312 nm, CDCl3, 17 h no reaction®

7 Irradiation at 302-312 nm, |, (2 equiv), propylene oxide, no reaction®

benzene, 17 h

ATLC analysis. "Analysis of the reaction by *H NMR spectroscopy. ‘Recovery of 4.22.
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[2.2]Paracyclophanes are known to undergo bridge cleavage upon chemical oxidation to
give a benzyl radical / benzyl cation pair'” and Hopf and co-workers reported that that oligopheny!-
substituted [2.2]paracyclophane 4.23 underwent bridge cleavage followed by reclosure to give
cyclophane 4.25 upon attempted Scholl reaction instead of giving nanographenophane 4.24
(Scheme 4.7).18 Despite this precedent, the attempt to convert 4.22 to 4.15 was worthwhile because
the presence of the triphenylene unit in 4.22 was expected to enable the formation of a more stable
arenium radical cation (compared to 4.23) and this pointed to the possibility that
cyclodehydrogenation might now become favored over (or at least competitive with) bridge
cleavage. Clearly, this was not the case. The failure of the Scholl reactions (Table 4.1, vide supra)
may be due to the occurrence of a similar bridge cleavage phenomenon to generate benzyl cation
radical from the precursor 4.22, which presumably underwent rapid polymerization. Although,
the formation of the desired cyclophane 4.15 and its subsequent fragmentation by a similar
pathway under the conditions of its formation cannot be ruled out. This might demonstrate a
significant drawback of the Diels—Alder/Scholl approach in view of its application to the synthesis

of targeted z-expanded cyclophanes from smaller cyclophanes.

bridge
Q cleavage
O O FeCls or AlCI
(O T
O 4.25 4.23 4.24

Scheme 4.7: Hopf and co-workers’ attempt to synthesize nanographenophane 4.24.

In order to have a better understanding of the mechanism of the conversion of 4.10 to 4.18,

a similar dione, 3-methyl-1,2-indandione (4.32) (Scheme 4.8), was necessary to be accessed for a
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comparison purpose. The dione 4.32 was prepared in five steps from acetophenone (Scheme 4.8).
The Horner-Wadsworth-Emmons olefination of acetophenone (4.26) with triethyl
phosphonoacetate (4.27) furnished the unsaturated ester 4.28 (98%) as an inseparable mixture of
diastereomers (E:Z =~ 83:17, 'H NMR analysis). Treatment of 4.28 with TfOH induced
intramolecular Friedel-Crafts acylation followed by isomerization of the double bond to give
indenone 4.29 (71%),*® which was hydrogenated using a catalytic amount of Pd/C under an
atmosphere of Ha to provide indanone 4.30 (94%). a-Hydroxylation?® of 4.30 was effected by
(diacetoxyiodo)benzene (PIDA) in the presence of KOH to afford a-hydroxyindanone 4.31 (64%)
as a mixture of two diastereomers in a ratio of ca. 80:20 (*H NMR analysis). However, the
stereochemistry at the a-position to the carbonyl group was of no consequence, as the
stereochemistry was destroyed in the next step. Oxidation of 4.31 with the Jones reagent
(CrOs/H,S0s) afforded the desired dione 4.32 (89%, >90% purity as judged by *H NMR).2!
Purification of the crude product was avoided as the product was reported to be unstable to heat or
column chromatography.?! Subsequently, 4.32 was subjected to double aldol condensation with
1,3-diphenylacetone (4.5). Unfortunately, the reaction resulted in the formation of a complex
mixture from which a bright orange solid was isolated. The solid was judged to be a mixture of at
least two compounds by *H NMR analysis. The mass spectrum of the solid shows a base peak at
m/z = 349.1229. As judged by *H NMR spectroscopy and mass spectrometry, the solid contained
neither the rearrangement product 4.33 (calculated m/z = 334.1358) nor the corresponding
cyclopentadienone 4.34 (calculated m/z = 334.1358). The identity of the components of the solid

remains unknown.

252



o 4.27 OFt CO,Et .
NaH | TfOH
THF 1,2-DCE
4.26 0 °C to 60 °C 4.28 0°C tort 4.29
5h, 98% 8h,71%
H,, Pd/C
EtOACc
rt, 16 h
94%
0 CrOg 0 PhI(OAc), o
H,SO, ©:§A KOH
0 = OH -
acetone MeOH
4.32 Me 0 °C, 15 min 4.31 Me 0°C, 1 h, then 4.30 Me
89% rt, 30 min, 64%
Ph " Ph
o)
4.5
K)%H O‘ Ph and/or Ph
EtOH ’
80 °C, 30 min 4.33 0 o
Ph

Scheme 4.8: Attempted synthesis of compound 4.33.

4.3.2 Reaction Mechanism of the Rearrangement of Cyclopentadienone 4.11 to Cyclophane
4.18
The rearrangement of cyclopentadienone 4.11 to cyclophane 4.18 is formally a [1,3]-alkyl shift.
This type of thermal sigmatropic rearrangement is forbidden by the Woodward-Hofmann rules, so
other mechanisms were considered.

An initially considered plausible mechanism for the formation of 4.18 is depicted in
Scheme 4.9. A hand-held molecular model of dione 4.10 suggested that the CH-CH2 bond in 4.10
was aligned with the 7*(C=0) of the neighboring carbonyl group (bonded to the methine carbon).

Hence, the attack of the enolate 4.35 (generated from 1,3-diphenylacetone (4.5) under basic
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conditions) at the methylene carbon of the CH-CH. bond would be reasonable to afford
intermediate 4.36. This would result in the rupture of the cyclophane framework and the relief of
a significant amount of strain energy. Intermediate 4.36, following tautomerization and formation
of an enolate by the abstraction of the acidic benzylic methine proton (next to a carbonyl group)
by KOH, would form intermediate 4.37. Intermediate 4.37 could undergo an intramolecular aldol
reaction to furnish intermediate 4.38. Protonation of 4.38 followed by formation of an enolate
would give intermediate 4.39, which following another intramolecular aldol reaction would
provide intermediate 4.40. Finally, protonation to give intermediate 4.41 followed by two-fold
dehydration would led to the formation of cyclophane 4.18.

Ph Ph Ph o
.)\{8 O—° o (\( .
) —_— —_—
410 10 45‘2 436 O@ ) 437 N "’

Ph Ph Ph

©)]
a 0 @ WL e 0
- \ -
ﬁh S — & T
4.40 o) 4.39 o 4.38 0
©yv
\ N

—>
4.41 a18 3/ P
HO P’ O

Scheme 4.9: Initially considered mechanism for the formation of cyclophane 4.18 under aldol condensation

Ph
&> O o0
Ph
OH

conditions.
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If the proposed mechanism was correct, the reaction of 2-phenylacetophenone (4.42) with
dione 4.10 under aldol conditions was expected to afford trione 4.43 and/or a-hydroxyindanone
4.44 (Scheme 4.10). Unlike intermediate 4.38 (Scheme 4.9, vide supra), a-hydroxyindanone 4.44
does not possess any acidic protons (« to a carbonyl group). Hence, the reaction was supposed to
stop at the stage of the formation of 4.44. With this in mind, 4.10 was treated with 4.42 in the
presence of KOH. Unfortunately, 4.10 underwent decomposition within 20 min and a complex
mixture of unidentified products was obtained from which none of the expected products (4.43

and 4.44) were detected/isolated. As a result, a different mechanism had to be considered.

Ph/ﬁ( Ph

422 Ph Ph
O oA P
X and/or “
('H Ph Ph
=S on = =,
410 [ 80 °C, 20 min 4.43 ] 4447

Scheme 4.10: Control experiment with dione 4.10 and 2-phenylacetophenone (4.43) to shed light on the
mechanism of the formation of cyclophane 4.18.

A simple ring-opening / ring-closing mechanism was deemed unlikely because zwitterionic
intermediate 4.47 contains an antiaromatic benzopentalene system and its closure to give 4.18
would be both entropically and enthalpically challenging (Scheme 4.11). In the crystal structure
of cyclopentadienone 4.11, the CH-CH> bond is roughly aligned with the neighboring «,f-
unsaturated carbonyl system. Natural bond orbital (NBO) analysis indicated that the o(C-C)
orbital interacts with 7*(C=C) of the neighboring C=C bond, affording a stabilization energy E(2)
= 3.41 kcal/mol (Appendix 3). These results suggested that the CH—CH2 bond is slightly
delocalized, and supported the notion that a 1,2-alkyl shift to afford zwitterion 4.45 is feasible. On

the other hand, 4.45 could conceivably rearrange directly to afford 4.18. This could be accounted
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for by internal alkylation reaction, which could be viewed as another [1,2]-shift, or a thermally
allowed [1,5]-alkyl shift. The latter process would afford zwitterion 4.46, which is simply a

resonance structure of 4.18.

[1,2]-alkyl
B
rin \''H W
sing SN 0,
pening 4.11 4.45 ’29
Ph 0 internal PH e}
alkylation
[1,5]-alkyl
@ shift

’ ring

closure ab ab’
- '.\ l.‘
4_47@ Ph 418 ' Ph 4.46 @ Ph

S PH O P O

Scheme 4.11: Different pathways for the rearrangement of cyclopentadienone 4.11 to cyclophane 4.18.
To provide support for any of these mechanistic hypotheses, a DFT computational study

of the rearrangement was performed. The modeling showed that the [1,2]-alkyl shift pathway from

cyclopentadienone 4.11 to intermediate 4.45 needs to overcome a high-energy transition state TS-

1 (41.54 kcal/mol in the gas phase, 36.96 kcal/mol in ethanol), rendering it unlikely to be a viable

mechanism (Figure 4.3). Moreover, no plausible transition state for the transformation from 4.45

to cyclophane 4.18 could be found despite numerous attempts.
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Figure 4.3: Optimized geometries of TS-1, TS-2, IM-1, and TS-3 and energy profiles for the potential

energy surface of the ethanol-assisted rearrangement pathway in the gas phase (red) and in ethanol (blue).

Having observed a much cleaner rearrangement in ethanol than in toluene or cyclohexane,
the focus was turned to an analogous, solvent-assisted reaction pathway, in which an ethanol
molecule participates in the formation of the transition state(s). This pathway was found to involve
two transition states (TS-2 and TS-3) and an intermediate (IM-1), which is a 1:1 complex of
zwitterion 4.45 and ethanol (Figure 4.3, vide supra). In comparing TS-1 to TS-2, it can be seen
that the involvement of a molecule of ethanol enables the initial 1,2-shift to proceed through a
much looser transition state. The migrating carbon atom is much further away from its initial and
final bonding partners in TS-2 (3.47 A and 3.23 A, respectively) than it is in TS-1 (2.75 A and
2.15 A, respectively). The longer distances imply lower strain at the transition state. In the gas
phase, the relative energy of TS-2 is higher than that of TS-3 by 3.80 kcal/mol, which renders the
initial 1,2-shift the rate-determining step with an energy barrier of 32.05 kcal/mol. In ethanol
solution, both TS-2 and TS-3 are significantly lowered in energy. The effect on TS-3 is more
substantial such that it becomes marginally lower in energy than TS-2 and therefore the rate-
determining state.?? TS-3 also features long distances between the migrating atom and its initial
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and final bonding partners (3.23 A and 2.95 A, respectively). The distance between the carbonyl
carbon and the migrating carbon in TS-3 is 3.05 A, which is consistent with the second step of the
rearrangement being a [1,5]-alkyl shift. The overall rearrangement reaction from 4.11 to 4.18 is
thermodynamically favored by 7.33 kcal/mol in the gas phase and 6.91 kcal/mol in ethanol
solution.

The observation of a relatively fast, but low-yielding rearrangement in toluene suggests
that the = system of toluene may also be capable of assisting the rearrangement, but it is not as
effective as ethanol at preventing ring opening that enables the formation of other products.
Cyclohexane cannot possibly assist the rearrangement in the same way, so the observation of a
substantially slower, low-yielding rearrangement in this solvent may point to a ring-opening / ring-

closure mechanism within a solvent cage.

4.3.3 X-Ray Crystallographic Analysis

The structures of cyclophanes 4.11, 4.20, and 4.22 were determined using single-crystal XRD
(Figure 4.4, vide infra). A common feature is that the CH-CH2 bond is slightly longer (by 0.07—
0.013 A, >30) than the CH>—CH. bond in all three structures and this is consistent with the
aforementioned alignment of this o bond with the adjacent 7 system. The fluorene unit in 4.20
and 4.22 has a helical twist of 16.2° and 13.8°, respectively, as quantified by the abcd dihedral
angle (Figure 4.4, vide infra). The corresponding angle in 4.11 is 25.2°. The triphenylene unit in

4.22 is distorted from planarity with dihedral angles in the bay regions ranging from 14.7° to 22.5°.

4.3.4 NMR Analysis
Most of the aromatic signals associated with the [2.2]paracyclophane system in 4.20 are observed

at slightly higher field (46 = 0.00-0.18 ppm) than those of 4.22, with the exception of the highest-
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field aromatic proton Hyx (4.20: 6 5.50; 4.22: & 5.24 ppm), which appears at significantly lower
field (40 = —0.26 ppm). The appearance of the Hy signals at especially high field high is due to
the shielding effect of the proximate phenyl ring and the more pronounced effect in 4.22 is due to
a difference in how the phenyl group is oriented with respect to Hy. Although Hx in 4.20 is closer
to the centroid of the phenyl ring (2.60 A vs. 2.81 A, Figure 4.4), the phenyl ring in 4.22 has a
more face-on relationship to Hx than in 4.20. The difference in the orientation of the phenyl ring
in 4.22 can be attributed to the presence of the triphenylene system on its other face, which pushes
it toward to Hx. This is reflected by the smaller cde bond angle in 4.22 (118.0°, Figure 4.4) than
in 4.20 (119.8°, Figure 4.4). The corresponding proton in 4.11 is observed at much lower field (&
7.08 ppm, A6 = —1.84 ppm), presumably due to a combination of a more edge-on orientation of
the neighboring phenyl group and the resonance effect of the carbonyl group. For all three
cyclophanes, the methine proton of the fluorene system (Hy) (4.11: §5.05 ppm; 4.20: 64.75; 4.22:
o0 5.04 ppm) resonates at considerably lower field than the corresponding proton in 9-
methylfluorene (5 3.94 ppm).2® This may be due to a deshielding effect of the adjacent phenyl
group, which has a roughly edge-on orientation in all three structures. Proton H;, which reaches
out toward the extended 7 system, is the second highest field aromatic proton in 4.20 (65.96 ppm)
and 4.22 (56.07 ppm), but is observed at much lower field in 4.11 (67.08 ppm, 46 =-0.69 ppm).
This is presumably a consequence of the non-/antiaromatic character of the cyclopentadienone
system in 4.11, which does not exert the same shielding effect as the aromatic systems in 4.20 and

4.22.
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Figure 4.4: Crystal structures of cyclophanes 4.11, 4.20, and 4.22 with 50% displacement ellipsoids.

A noteworthy feature of the *H NMR spectrum of 4.22 is the broadening of some of the
aromatic signals. To address the origin of these broad signals, variable temperature (VT) *H NMR
experiments were performed over the temperature range 233-368 K (Figure 4.5). With the aid of
1D and 2D NMR experiments (COSY, HSQC, and NOESY), the broad signals were assigned to
one of the phenyl groups attached to the triphenylene moiety of cyclophane 4.22. Inspection of a
hand-held molecular model as well as the crystal structure of 4.22 suggested that the rotation of
the phenyl ring situated in the gulf region (closer to the lower benzene deck of the
[2.2]paracyclophane framework) would be more hindered than that of the other phenyl ring,
resulting in the broadening of *H NMR signals. A 298 K *H NMR spectrum recorded in 1,1,2,2-
tetrachloroethane-d, features a broad multiplet at 6 = 8.18-8.03 ppm, which slowly started
sharpening upon decreasing the temperature of the NMR experiment. At T = 273 K, the signal
which was a broad multiplet at 298K turned into a well-resolved doublet (J = 7.6 Hz). The
multiplicity became even more apparent upon cooling the NMR sample further. Among all the

aromatic protons of the “gulf-region” phenyl group, only the ortho (to the substituent) protons
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could appear as a doublet. Hence, it is likely that the doublet at 5= 8.12 ppm is one of the ortho
protons. However, the determination of the other ortho proton proved to be difficult owing to the
overlap of several signals in the region 6= 7.65-7.25 ppm. The broad multiplet at 6= 7.77-7.65
ppm becomes a well-resolved triplet at 6=7.75 (J = 7.9 Hz) upon decreasing the temperature from
298 K to 263 K. Based on this observation, the signal at o= 7.77—7.65 ppm (298 K) / 7.75 ppm
(263 K) was assigned to one of the meta (to the substituent) protons of the gulf-region phenyl ring.
An unambiguous assignment of the other meta proton also proved to be difficult. The rotational
barrier of the phenyl ring was estimated from data obtained from the VT-NMR experiments. The
rate constant, k¢ of the interconversion of the two exchanging protons at coalescence temperature,
Tc, was estimated by the Gutowsky—Holm equation using the chemical shift difference (Av in Hz)
under slow exchange between the two exchanging protons.?* From the coalescence temperature,
Tc, and the rate constant, ke, the activation energy of rotation (AG*) was calculated using the Eyring
equation.?® Assuming the center of the multiplet (5= 7.65-7.25 ppm), 7.45 ppm, as the chemical
shift of the “difficult-to-assign” ortho proton, the barrier to rotation (AG*) of the pheny!l group was
determined to be 14.4 kcal/mol [coalescence temperature (T¢) =318 K and Av = 335 Hz].
Assuming the same center of the multiplet as the “difficult-to-assign” meta proton, the rotational
barrier was determined to be 14.9 kcal/mol [coalescence temperature (Tc) =318 K and Av = 150
Hz]. The estimated rotational barrier, considering the coalescence temperature to be 328 K and
308 K and the chemical shifts of the ortho protons, were 14.9 kcal/mol and 13.9 kcal/mol,
respectively. Based on the little variation in the values of the estimated energy barrier at different
coalescence temperatures, the barrier to rotation of the phenyl group was concluded to be ca.
14.4+0.5 kcal/mol. In any event, the rotational barrier is not of remarkable significance in view of

its location in the gulf region.

261



F
f’ﬁ'é
lalalals

A |

=

‘ T=253K

Teak e
T=233K /\L

8.5848362818079787.7767.5747.37.27.17.06.96.86.76.6656463626.160595857656555453525150
Figure 4.5: VT-NMR (500 MHz, C,D,Cl.) spectra of cyclophane 4.22 (aromatic and methine protons).
4.3.5 UV/Vis Absorption and Fluorescence Spectroscopy
The UV-Vis absorption spectrum of 4.18 in dichloromethane shows absorption bands at 480 and
375 nm (Figure 4.6, vide infra), which can be attributed to HOMO—LUMO and HOMO-
1—-LUMO transitions, respectively, according to time-dependent density functional theory (TD-
DFT) calculations (Appendix 3). The corresponding bands for 4.11 are observed at 550 nm and
379 nm, respectively. The UV-Vis spectrum of cyclophane 4.20 shows a group of peaks at 360,
343, 321, and 290 nm. The first three low-energy bands can be assigned to the HOMO—LUMO
transition with a distinct feature of vibronic progression. The spacing values (1377 and 1497 cm~
1y are in line with the vibrational mode of aromatic C=C bonds. The spectrum of 4.22 shows two
absorption peaks at 349 (HOMO—LUMO) and 294 nm, along with two shoulder bands at 379 and

329 nm. The absorbance of 4.22 was found to disobey the Beer-Lambert law in the concentration
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range of 107° to 10> M (Appendix 3), suggesting the occurrence of aggregation in solution, which
may account for the shoulder at 379 nm.

The fluorescence spectrum of 4.20 (@em = 0.23) in dichloromethane shows a relatively
sharp emission band at 390 nm without any vibronic features (Figure 4.6). The
solvatofluorochromic shift from a nonpolar (hexanes: 385 nm) to a strongly polar solvent (DMSO:
393 nm) is small (529 cm™) (Appendix 3), suggesting that the dipole moments of the ground and
excited states of cyclophane 4.20 do not differ greatly. Cyclophane 4.22 (@em = 0.14) exhibits
dual emissions at 510 and 420 nm in dichloromethane. The shorter-wavelength emission at 420
nm can be assigned to the S1—Sq transition of the triphenylene unit, while the origin of the longer-
wavelength emission at 510 nm is less clear. Cyclophane 4.22 contains a triphenylene unit. It is
well-established that triphenylenes seldom show excimer emission.?® Excimer emission of
triphenylenes in a liquid crystalline or organogel state has been reported, but this appears to require
an “eclipsed” z-stacking arrangement.?” No z-stacking was observed in the crystal structure of
4.22 and only a “staggered” arrangement of triphenylene units appears to be available in solution
due to the steric demand of the two phenyl groups. On the other hand, fluorescence spectral
analysis of 4.22 at various concentrations revealed that the relative intensity of the emission at 510
nm decreases with decreasing concentration (Appendix 3, Figures A3-7B, A3-7C), which is
consistent with excimer formation. It was also found that the solvent has a significant effect on
the relative intensities of the two emission bands of 4.22, but there is no clear correlation with
solvent polarity (&) (Appendix 3, Figure A3-5, Table A3-1). The excitation spectra of 4.22,
monitored at the short (420 nm) and long (510 nm) wavelengths, show similar profiles that
resemble the absorption spectrum. These results are consistent with the dual emission of 4.22

coming from the ground state (So). Based on the current data, the low-energy emission band in
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4.22 is tentatively assigned to an excimer, which may be another example of an unusual type of
excimer arising from edge-to-face interaction. Similar dual emission behavior was recently
reported for a hindered z-conjugated organic fluorophore that can only show edge-to-face
interaction.?®  Preliminary experiments are not inconsistent with excimer formation in 4.22
(Appendix 3), but a more detailed investigation will be required to firmly establish the origin of
the low energy emission.
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Figure 4.6: Normalized electronic absorption spectra of 4.18 (red solid line), 4.11 (black solid line), 4.20

(blue solid line) and 4.22 (solid green line) in dichloromethane, and emission spectra of 4.20 (blue broken
line) and 4.22 (green broken line) in dichloromethane (Aexc (4.20) = 320 NmM; Aexc (4.22) = 350 nm).

4.4 Conclusions

In conclusion, the rearrangement of cyclopentadienone 4.11 to dienone 4.18 was found to be a
two-step process ([1,2]-alkyl shift followed by a [1,5]-alkyl shift) that benefits greatly from the
participation of an ethanol solvent molecule. The role of the ethanol molecule is to enable the
rearrangement to occur through looser and presumably less strained transition states. The
rearrangement could be avoided by forming 4.11 under mild aldol reaction conditions. Diels—

Alder/decarbonylation reactions of 4.11 with arynes led to the formation of two fluorescent
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[2.2]paracyclophane/9-alkylfluorene hybrid systems 4.20 and 4.22. The dual fluorescence
emission properties of 4.22 may potentially find application in fluorescence-based sensing and
imaging. Attempted cyclodehydrogenation of 4.22 to afford the more highly 7-extended system
4.15 was unsuccessful and underscores the sensitivity of [2.2]paracyclophanes under oxidative
conditions. Cyclophanes 4.11, 4.20, and 4.22 all have a potentially acidic 9-fluorenyl proton,
removal of which will complete a contractive annulation process to afford a set of anionic

[2.1]cyclophanes related to naphthalenophane 4.16.
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4.5 Experimental Section

General

Reactions were performed under a balloon containing nitrogen gas unless otherwise indicated. All
reactions were performed with oven-dried (120 °C) glassware. Solvents were removed from
reaction mixtures under reduced pressure using a rotary evaporator. Chromatographic separations
were achieved using Silicycle silica gel 60, particle size of 40—63 um. Column dimensions are
recorded as height x diameter. Thin-layer chromatography (TLC) was performed using precoated
plastic-backed POLYGRAMO SIL G/UV254 silica gel plates with a layer thickness of 200 pm.
Compounds on TLC plates were visualized using a UV lamp (254 and 365 nm) or cerium
molybdate stain (Hanessian's stain). Melting points were recorded using OptiMelt automated
melting point instrument and are uncorrected. Infrared (IR) spectra were recorded using neat
samples on a Bruker Alpha spectrometer. H and 3C NMR spectra were recorded on Bruker
AVANCE spectrometers at 300 MHz / 500 MHz and 75 MHz, respectively. Chemical shifts of
the NMR spectra are reported relative to the residual solvent peak (CDCls: 7.26 ppm for *H NMR,
77.16 ppm for 3C NMR). High resolution mass spectrometry (HRMS) data were obtained using
an Agilent 6200 series instrument, employing a TOF mass analyzer. UV/vis absorption spectra
were recorded on a Varian Cary 6000i spectrophotometer. The Fluorescence spectrum was
measured on a Photon Technology International (PTI) QuantaMaster spectrofluorometer.
Indanone 4.9 was synthesized in 4 steps from commercial [2.2]paracyclophane using a literature
procedure.®  Commercial diphenylacetylene (4.12), 1,3-diphenylacetone (4.5), and 2-

phenylacetophenone (4.42) were used as received.
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Dione 4.10
S Selenium dioxide (0.214 g, 1.93 mmol) was added to a solution of indanone
IIHO 4.9 (0.300 g, 1.21 mmol) in acetic anhydride (5 mL). The resulting mixture
4.10 o was heated at 145 °C for 3 h. Then the mixture was cooled to room temperature
and suction filtered. The filter cake was washed thoroughly with dichloromethane (20 mL). A 2
M agueous sodium hydroxide solution (60 mL) followed by dichloromethane (30 mL) were added
to the filtrate and two layers were separated. The aqueous layer was extracted with
dichloromethane (2 x 20 mL). The combined organic layers were washed with saturated aqueous
NaCl solution (2 x 50 mL), dried over Na>SOg, filtered, and concentrated under reduced pressure.
The residue was subjected to column chromatography (15 cm x 3.5 cm, 10-25% ethyl
acetate/hexanes) to afford 4.10 (0.199 g, 63%) as an orange solid. Rf = 0.31 (30% ethyl
acetate/hexanes); mp 188-190 °C; *H NMR (300 MHz, CDCls) 6 7.14 (s, 1H), 6.97 (dd, J = 8.0,
1.8 Hz, 1H), 6.89 (d, J = 8.0 Hz, 1H), 6.66-6.60 (m, 2H), 6.41 (d, J = 8.7 Hz, 1H), 6.16 (d, J = 8.5
Hz, 1H), 4.08 (d, J = 9.2 Hz, 1H), 3.62 (d, J = 13.8 Hz, 1H), 3.35-3.23 (m, 3H), 3.19-3.05 (m,
2H); 3C NMR (75 MHz, CDCls) 6 205.2, 187.2, 149.9, 144.5, 142.9, 141.6, 140.5, 136.4, 134.9,
133.3,133.2,131.2, 131.1, 129.5, 49.6, 42.6, 35.7, 35.1; IR v 2958 (w), 2927 (w), 2852 (w), 1754
(s), 1712 (s), 1593 (m), 1550 (w), 1288 (m), 992 (m), 913 (m), 723 (M), 619 (M) cm; HRMS

APPI-(+)] calcd for C1gH1502 [M+H]* 263.1072, found 263.1077.
[

Cyclophane 4.18
S Dione 4.10 (0.190 g, 0.724 mmol) and 1,3-diphenylacetone (4.5) (0.152 g,
.é% 0.724 mmol) were suspended in absolute ethanol (4 mL). The mixture was
4.1|zih O stirred at 80 °C for 30 min to allow for complete dissolution of the solids. A

solution of potassium hydroxide (0.041 g, 0.72 mmol) in absolute ethanol (4 mL) was then added
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dropwise to the reaction mixture using a dropping funnel over 5 min. The resulting mixture was
stirred at 80 °C for additional 1.5 h. Then the mixture was cooled at room temperature and
concentrated under reduced pressure. The residue was directly subjected to column
chromatography (15 cm x 2.5 cm, 6% ethyl acetate/hexanes) to afford 4.18 (0.110 g, 35%) as a
blood red solid. Rf= 0.29 (6% ethyl acetate/hexanes); mp >300 °C; *H NMR (300 MHz, CDCls)
5 7.96-7.92 (m, 2H), 7.74-7.71 (m, 2H), 7.52-7.42 (m, 5H), 7.39-7.33 (m, 1H), 7.03 (d, I = 7.7
Hz, 1H), 6.99 (dd, J = 7.8, 1.4 Hz, 1H), 6.65 (dd, J = 7.9, 2.2 Hz, 1H), 6.55 (s, 1H), 6.38 (dd, J =
7.8, 2.0 Hz, 1H), 6.24 (s, 1H), 6.15 (dd, J = 7.7, 2.2 Hz, 1H), 6.02 (dd, J = 7.7, 2.0 Hz, 1H), 3.77
(d, J=12.5 Hz, 1H), 2.99 (dd, J = 13.2, 8.2 Hz, 1H), 2.97 (d, J = 12.5 Hz, 1H), 2.84 (dd, J = 12.4,
8.4 Hz, 1H), 2.66-2.56 (m, 1H), 2.52-2.42 (m, 1H); 13C NMR (75 MHz, CDCls) & 207.0, 167.4,
152.5, 150.4, 139.3, 138.5, 138.2, 136.0, 134.8, 134.3, 133.7, 132.5, 130.6, 130.5, 130.4, 129.6,
128.9,128.8, 128.5, 128.3, 127.9, 127.4, 126.6, 125.4, 123.2, 62.0, 49.1, 35.9, 34.7; IR v 2921 (w),
2852 (W), 1753 (W), 1697 (s), 1594 (w), 1444 (w), 1307 (w), 820 (W), 694 (m) cm™L; HRMS [APPI-
(+)] calcd for C3sH2s0 [M+H]* 437.1905, found 437.1888.
Cyclopentadienone 4.11
S Dione 4.10 (0.677 g, 2.58 mmol) and 1,3-diphenylacetone (4.5) (0.515 g,
o 2.45 mmol) were suspended in absolute ethanol (20 mL). A solution of
PH o potassium hydroxide (0.144 g, 2.58 mmol) in absolute ethanol (5 mL) was
then added dropwise to the reaction mixture over 5 min at room temperature. The resulting mixture
was stirred at room temperature for additional 16 h. Then the mixture was concentrated under
reduced pressure. The residue was directly subjected to column chromatography (15 cm x 4.5 cm,
6% ethyl acetate/hexanes) to afford 4.11 (0.887 g, 83%) as a sticky purple solid. Rf=0.24 (6%

ethyl acetate/hexanes); mp 156157 °C (dec.); *H NMR (300 MHz, CDCl3) ¢ 8.00-7.96 (m, 2H),
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7.75-7.71 (m, 2H), 7.52-7.41 (m, 4H), 7.38-7.32 (m, 2H), 7.08 (d, J = 1.6 Hz, 1H), 6.76 (dd, J =
7.8, 1.8 Hz, 2H), 6.71 (d, J = 8.0 Hz, 1H), 6.65 (dd, J = 7.9, 1.9 Hz, 1H), 6.56 (dd, J = 7.8, 2.0 Hz,
1H), 6.23 (dd, J = 7.9, 2.0 Hz, 1H), 5.05 (d, J = 8.2 Hz, 1H), 3.38 (d, J = 13.2 Hz, 1H), 3.27-3.02
(m, 4H), 3.01-2.90 (m, 1H) (Note: The *H NMR signal at 6 = 6.76 ppm consists of two sets of
accidentally degenerate doublet of doublets); 3C NMR (75 MHz, CDCls) § 203.0, 162.8, 157.9,
149.7, 143.2, 140.6, 138.5, 137.4, 137.1, 134..8, 133.3, 132.5, 131.9, 131.8, 130.2, 129.1, 128.8,
128.6, 128.4, 128.1, 127.7, 127.6, 119.9, 116.6, 46.2, 43.2, 35.4, 35.3; IR v 3015 (w), 2924 (w),
2854 (W), 1702 (s), 1595 (w), 1491 (m), 788 (m), 736 (m), 689 (M) cm™; HRMS [APPI-(+)] calcd
for Ca3H250 [M+H]" 437.1905, found 437.1915.

Rearrangement of Cyclopentadienone 4.11 to Cyclophane 4.18 in Ethanol, Toluene, and
Cyclohexane

A solution of cyclopentadienone 4.11 (0.088 g, 0.20 mmol) in absolute ethanol (2 mL) was heated
at 80 °C for 15 min. Then the reaction mixture was cooled to room temperature, concentrated, and
the residue was subjected to column chromatography (15 cm x 2.5 cm, 6% ethyl acetate/hexanes)
to afford 4.18 (0.071 g, 81%) as a blood red solid.

A solution of cyclopentadienone 4.11 (0.020 g, 0.046 mmol) in toluene (0.5 mL) was heated at 80
°C for 15 min. Then the reaction mixture was cooled to room temperature, concentrated, and the
residue was subjected to column chromatography (15 cm x 1.0 cm, 6% ethyl acetate/hexanes) to
afford 4.18 (0.0056 g, 28%) as a blood red solid.

A solution of cyclopentadienone 4.11 (0.020 g, 0.046 mmol) in cyclohexane (0.5 mL) was heated
at 80 °C for 2 h. Then the reaction mixture was cooled to room temperature, concentrated, and the
residue was subjected to column chromatography (15 cm x 1.0 cm, 6% ethyl acetate/hexanes) to

afford 4.18 (0.0065 g, 33%) as a blood red solid.
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Attempted Diels-Alder Cycloaddition of Cyclopentadienone 4.11 and Diphenylacetylene
(4.12)
A solution of cyclopentadienone 4.11 (0.020 g, 0.046 mmol) and diphenylacetylene (4.12) (0.010
g, 0.055 mmol) in xylenes (0.5 mL) was heated at 80 °C for 15 min. Then the reaction mixture
was cooled to room temperature and directly subjected to column chromatography (20 cm x 1.0
cm, 1-3% ethyl acetate/hexanes) to afford 4.18 (0.0043 g, 22%) as a blood red solid and 4.12 as
an off-white solid (0.0094 g, 94% recovery).
Cyclophane 4.20
a A 1.0 M solution of tetrabutylammonium fluoride (0.080 mL, 0.080 mmol)

"H ph in THF was added dropwise to a stirred 0 °C (ice/water bath) mixture of

Ph ‘ cyclopentadienone  4.11 (0.0298 g, 0.068 mmol) and 2-

420 (trimethylsilyl)phenyl trifluoromethanesulfonate (4.19) (0.0185 g, 0.0620
mmol) in dry THF (3 mL). The cold bath was removed and the reaction mixture was stirred for
16 h as it warmed to room temperature. The majority of the solvent was removed under reduced
pressure. The remaining mixture was diluted with ethyl acetate (10 mL) and water (10 mL). The
layers were separated and the aqueous layer was extracted with ethyl acetate (2 x 10 mL). The
combined organic layers were washed with saturated aqueous NacCl solution (30 mL), dried over
Na2SOyg, filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (15 cm x 2.0 cm, 25% dichloromethane/hexanes) to afford a white solid, which
was further triturated with diethyl ether (2 x 1 mL) to afford 4.20 (0.0172 g, 57%) as a white solid.
Rr = 0.46 (40% dichloromethane/hexanes); mp 216218 °C; *H NMR (300 MHz, CDCls) § 7.76—
7.62 (m, 8H), 7.58-7.52 (m, 2H), 7.48 (td, J = 7.5, 1.1 Hz, 1H), 7.43-7.37 (m, 2H), 7.29 (dt, J =

7.4,1.6 Hz, 1H), 6.61 (d, J = 7.8 Hz, 1H), 6.52 (dd, J = 7.3, 2.2 Hz, 1H), 6.50 (dd, J = 7.6, 1.6 Hz,
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1H), 6.31 (dd, J = 7.8, 1.9 Hz, 1H), 6.03 (dd, J = 7.9, 1.9 Hz, 1H), 5.96 (dd, J = 7.9, 1.8 Hz, 1H),
5.50 (d, J = 1.6 Hz, 1H), 4.75 (d, J = 7.8 Hz, 1H), 3.15 (d, J = 12.9 Hz, 1H), 3.13-3.05 (m, 1H),
2.91-2.60 (m, 4H); *C NMR (75 MHz, CDCls) ¢ 146.6, 143.93, 143.90, 141.1, 140.1, 139.1,
138.7, 137.1, 135.5, 135.4, 133.2, 132.8, 132.6, 132.5, 132.4, 132.1, 131.4, 130.5, 130.3, 130.2,
129.7, 129.4, 129.2, 128.7, 128.4, 128.3, 127.8, 127.6, 126.4, 126.2, 125.5, 125.4, 124.3, 49.4,
42.1, 35.7, 35.4 (one signal fewer than expected); IR v 3049 (w), 2927 (w), 2853 (w), 1595 (w),
1493 (m), 1376 (m), 769 (m), 746 (m), 703 (s) cm™; HRMS [APPI-(+)] calcd for CsgHze [M+H]*
485.2269, found 485.2260.
10-(Trimethylsilyl)phenanthrene-9-yl trifluoromethanesulfonate (4.21)%3
™s  otf  10-(Trimethylsilyl)phenanthrene-9-yl trifluoromethanesulfonate (4.21) was
6 synthesized from 10-bromo-9-phenanthrol over two steps in 57% yield
4.21 following a literature procedure.*® R¢= 0.46 (3% diethyl ether/hexanes); mp 90—
92 °C (lit. mp3 94 °C); 'H NMR (300 MHz, CDCl3) 6 8.71-8.66 (m, 2H), 8.25-8.22 (m, 1H), 8.13
(d, J = 8.2 Hz, 1H), 7.78-7.62 (m, 4H), 0.62 (s, 9H); 3C NMR (75 MHz, CDCls) 6 148.0, 134.8,
132.9, 130.7, 130.1, 129.9, 128.5, 127.5, 127.3, 126.8, 125.9, 123.5, 122.9, 122.4, 1189 (q, J =
320.4 Hz), 2.4; IR v 2967 (w), 1397 (m), 1205 (s), 1132 (m), 1009 (m), 830 (s), 680 (m) cm%;

HRMS [APPI-(+)] calcd for C1gH17F303SSi [M]* 398.0620, found 398.0624.
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Cyclophane 4.22
A 1.0 M solution of tetrabutylammonium fluoride (0.18 mL, 0.18 mmol)
in THF was added dropwise to a stirred 0 °C (ice/water bath) mixture of

cyclopentadienone 4.11 (0.065 g, 0.15 mmol) and 10-

(trimethylsilyl)phenanthrene-9-yl  trifluoromethanesulfonate  (4.21)
(0.054 g, 0.14 mmol) in dry THF (7 mL). The cold bath was removed and the reaction mixture
was stirred for 16 h as it warmed to room temperature. The majority of the solvent was removed
under reduced pressure. The remaining mixture was diluted with ethyl acetate (20 mL) and water
(20 mL). The layers were separated and the aqueous layer was extracted with ethyl acetate (2 x
20 mL). The combined organic layers were washed with saturated aqueous NaCl solution (60
mL), dried over Na,SOg, filtered, and concentrated under reduced pressure. The residue was
subjected to column chromatography (15 cm x 2.0 cm, 10-30% dichloromethane/hexanes) to
afford 4.22 (0.062 g, 78%) as a white solid. Rf= 0.41 (40% dichloromethane/hexanes); mp 284—
286 °C; *H NMR (300 MHz, CDCls) 6 8.53 (dd, J = 8.3, 1.4 Hz, 1H), 8.46 (dd, J = 8.3, 1.4 Hz,
1H), 8.30-8.03 (br m, 1H), 7.99 (dd, J = 8.6, 1.2 Hz, 1H), 7.84 (dd, J = 8.5, 1.2 Hz, 1H), 7.78—
7.36 (m, 10H), 7.24-7.13 (br m, 1H), 7.09 (ddd, J = 8.6, 7.0, 1.5 Hz, 1H), 7.02 (ddd, J = 8.5, 7.0,
1.4 Hz, 1H), 6.64 (d, J = 7.7 Hz, 1H), 6.52 (dd, J = 7.9, 1.8 Hz, 1H), 6.51 (dd, J = 7.7, 1.6 Hz, 1H),
6.31 (dd, J = 7.8, 1.9 Hz, 1H), 6.21 (dd, J = 7.8, 1.9 Hz, 1H), 6.07 (dd, J = 7.9, 1.9 Hz, 1H), 5.24
(d, J = 1.5 Hz, 1H), 5.04 (d, J = 8.0 Hz, 1H), 3.16-3.07 (m, 1H), 2.89-2.65 (m, 5H); 3C NMR (75
MHz, CDCIs) 0 146.9, 146.2, 144.3, 143.5, 143.2, 141.1, 140.9, 140.1, 137.1, 136.1, 135.6, 134.1,
132.5, 132.32, 132.30, 131.84, 131.76, 130.9, 130.7, 130.6, 130.33, 130.29, 130.0, 129.6, 129.5,
129.1, 127.8, 127.7, 127.2, 126.5, 125.2, 124.7, 124.2, 122.9, 122.8, 50.0, 40.5, 35.8, 35.4 (seven

signals fewer than expected); IR v 3018 (w), 2924 (w), 2853 (w), 1594 (w), 1494 (m), 1440 (m),
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762 (s), 727 (s), 703 (s) cm™t; HRMS [APPI-(+)] calcd for CssHss [M+H]" 585.2582, found
585.2578.
Ethyl 3-phenylbut-2-enoate (4.28)%°

CO,Et Triethyl phosphonoacetate (4.27) (8.40 g, 37.5 mmol) was added dropwise to a

stirred 0 °C (ice/water) suspension of sodium hydride (60% dispersion in
e mineral oil, 0.999 g, 25.0 mmol) in THF (50 mL). The mixture was stirred at

| the same temperature for 15 min. Then a solution of acetophenone (4.26) (1.50
g, 12.5 mmol) in THF (10 mL) was added dropwise to the mixture. The resulting mixture was
stirred at 0 °C for another 30 min and then heated at 60 °C for 5 h. A saturated aqueous NH4ClI
solution (50 mL)was added to the reaction mixture. The majority of the solvent was removed
under reduced pressure. The reaction mixture was diluted with dichloromethane (50 mL) and
water (50 mL) was added. The two layers were separated and the aqueous layer was extracted
with dichloromethane (2 x 30 mL). The combined organic layers were washed with saturated
aqueous NaCl solution (50 mL), dried over Na.SOs, filtered, and concentrated under reduced
pressure. The residue was subjected to column chromatography (15 cm x 4.5 cm, 0-5% ethyl
acetate/hexanes) to afford a ca. 83:17 mixture of E- and Z-diastereomers of 4.28 (2.32 g, 98%) as
a pale yellow oil. R = 0.49 and 0.38 (8% ethyl acetate/hexanes); *H NMR (300 MHz, CDCls)
distinguishable signals for E-isomer: ¢ 7.50-7.45 (m, 2H), 7.41-7.30 (m, 3H), 6.14 (g, J = 1.3 Hz,
1H), 4.22 (q, J = 7.1 Hz, 2H), 2.59 (d, J = 1.3 Hz, 3H), 1.32 (t, J = 7.1 Hz, 3H); distinguishable
signals for Z-isomer: ¢ 7.22—7.19 (m, 2H), 5.91 (g, J = 1.5 Hz, 1H), 4.00 (q, J = 7.1 Hz, 2H), 2.18
(d, J=1.5Hz, 3H), 1.08 (t, J = 7.1 Hz, 3H); *C NMR (75 MHz, CDCls) distinguishable signals

for E-isomer: ¢ 167.0, 155.7, 142.4, 129.1, 128.6, 128.0, 126.9, 126.4, 117.3, 60.0, 18.1, 14.5;
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distinguishable signals for Z-isomer: 6 166.1, 155.5, 141.0, 127.9, 117.9, 27.3, 14.1; HRMS [APPI-
(+)] calcd for C1oH1502 [M+H]* 191.1072, found 191.1078.
3-Methylene-2,3-dihydro-1H-inden-1-one (4.29)%°
o Triflic acid (10.0 mL, 113 mmol) was added dropwise to a stirred 0 °C (ice/water)
solution of 4.28 (0.897 g, 4.72 mmol) in 1,2-dichloroethane (50 mL). The resulting
4.29 mixture was warmed to room temperature and stirred for 8 h. A saturated aqueous
sodium bicarbonate solution (50 mL) was added to the reaction mixture. The two layers were
separated and the aqueous layer was extracted with dichloromethane (2 x 30 mL). The combined
organic layers were washed with saturated aqueous NaCl solution (100 mL), dried over NaxSOsa,
filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (15 cm x 4.5 cm, 5-10% ethyl acetate/hexanes) to afford 4.29 (0.482 g, 71%) as
a viscous red oil that solidified on standing in a freezer to afford a waxy red solid. Rf=0.45 (15%
ethyl acetate/hexanes); *H NMR (300 MHz, CDCls) § 7.80-7.75 (m, 2H), 7.63 (td, J = 7.5, 1.1 Hz,
1H), 7.43 (td, J = 7.5, 0.9 Hz, 1H), 5.83 (t, J = 2.0 Hz, 1H), 5.32 (t, J = 1.6 Hz, 1H), 3.28 (t, J =
1.8 Hz, 2H); 3C NMR (75 MHz, CDCls) ¢ 203.0, 149.9, 139.8, 137.4, 134.9, 129.3, 123.5, 121.4,
108.0, 42.2; HRMS [APPI-(+)] calcd for C1oHoO [M+H]* 145.0653, found 145.0645.
3-Methyl-2,3-dihydro-1H-inden-1-one (4.30)%°
o Pd/C (10 wt%, 25 mg) was added to a nitrogen-purged stirred solution of 4.29 (0.256
g, 1.78 mmol) in ethyl acetate (15 mL). The resulting mixture was purged with
4.30 Me hydrogen (inflated balloon) for 5 min and then stirred under an atmosphere of
hydrogen (inflated balloon) for 16 h. The mixture was vacuum filtered through a pad of Celite®,
washed with ethyl acetate (3 x 10 mL), concentrated under reduced pressure, and the residue was

subjected to column chromatography (10 cm x 2.5 cm, 5-10% ethyl acetate/hexanes) to afford

274



4.30 (0.244 g, 94%) as a pale yellow oil. Rf=0.36 (15% ethyl acetate/hexanes); *H NMR (300
MHz, CDCls) § 7.72 (d, J = 7.9 Hz, 1H), 7.60 (td, J = 7.4, 1.2 Hz, 1H), 7.50 (dd, J = 7.7, 1.0 Hz,
1H), 7.36 (td, J = 7.4, 1.0 Hz, 1H), 3.49-3.38 (m, 1H), 2.93 (dd, J = 19.0, 7.5 Hz, 1H), 2.27 (dd, J
=19.0, 3.5 Hz, 1H), 1.40 (d, J = 7.1 Hz, 3H); 3C NMR (75 MHz, CDCls) 6 206.5, 160.1, 136.6,
134.9, 127.5, 125.4, 1236, 455, 32.9, 21.5; HRMS [APPI-(+)] calcd for CioHuO [M+H]*
147.0810, found 147.0806.
2-Hydroxy-3-methyl-2,3-dihydro-1H-inden-1-one (4.31)%
o Pulverized potassium hydroxide (0.805 g, 14.4 mmol) was added to a 0 °C
on (ice/water) solution of 4.30 (0.189 g, 1.29 mmol) in methanol (8 mL) and the
4.31 Me mixture was stirred at that temperature for 10 min. (Diacetoxyiodo)benzene
(0.499 g, 1.55 mmol) was added to the mixture and the resulting mixture was stirred at the same
temperature for 1 h and then warmed to room temperature and stirred for another 30 min. The
majority of the solvent was removed under reduced pressure. The reaction mixture was diluted
with diethyl ether (10 mL) and 3% aqueous sodium bicarbonate solution (10 mL) was added. The
layers were separated, the organic layer was washed with water (2 x 10 mL), dried over Na;SOa,
filtered, and concentrated under reduced pressure. The residue was dissolved in THF (5 mL) and
6 M aqueous hydrochloric acid solution (0.40 mL) was added to the stirred solution. After stirring
the mixture for 30 min, the majority of the solvent was removed under reduced pressure. The
residue was diluted with diethyl ether (10 mL). The organic solution was washed with saturated
aqueous sodium bicarbonate solution (10 mL), water (2 x 10 mL), dried over Na>SOg, filtered, and
concentrated under reduced pressure. The residue was subjected to column chromatography (15
cm x 2.5 cm, 20-35% ethyl acetate/hexanes) to afford a ca. 3:1 mixture of diastereomers of 4.31

(0.134 g, 64%) as a white waxy solid. Rs= 0.45 (40% ethyl acetate/hexanes); *H NMR (300 MHz,
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CDCls) distinguishable signals for the major diastereomer: ¢ 7.77-7.61 (m, 2H), 7.49 (dd, J = 7.7,
0.8 Hz, 1H), 7.43-7.37 (m, 1H), 4.11 (d, J = 5.4 Hz, 1H), 3.50 (br s, 1H), 3.24-3.15 (m, 1H), 1.60
(d, J =7.0 Hz, 1H); distinguishable signals for the minor diastereomer: ¢ 4.58 (d, J = 7.3 Hz, 1H),
3.71-3.62 (m, 1H), 3.32 (br s, 1H), 1.21 (d, J = 7.2 Hz, 1H); 3C NMR (75 MHz, CDCls)
distinguishable signals for the major diastereomer: ¢ 205.7, 154.7, 136.0, 133.4, 128.1, 124.9,
124.1, 82.5, 41.6, 17.1; distinguishable signals for the minor diastereomer: ¢ 206.7, 157.5, 135.9,
132.7, 128.2, 126.3, 124.4, 77.0, 38.8, 17.9; HRMS [APPI-(+)] calcd for CioH1102 [M+H]*
163.0759, found 163.0748.
3-Methyl-1,2-indandione (4.32)%
o Thirty drops of a freshly prepared solution of the Jones reagent (prepared from
o 1.00 g of chromium trioxide, 0.9 mL of concentrated sulfuric acid, 0.6 mL
4.32 Me deionized water) was added to a stirred 0 °C (ice/water) solution of 4.31 (0.095 g,
0.59 mmol) in acetone (10 mL). After the addition was complete, the characteristic orange color
of the Jones reagent persisted. The resulting reaction mixture was stirred for 15 min at the same
temperature. Isopropanol (0.2 mL) was added to the reaction mixture to destroy the excess Jones
reagent. The majority of the solvent was removed under reduced pressure. The reaction mixture
was diluted with dichloromethane (20 mL) and saturated aqueous sodium bicarbonate solution (10
mL) was added. The layers were separated and the organic layer was washed with water (2 x 10
mL), dried over Na>SOs, filtered, and concentrated under reduced pressure to afford 4.32 (0.083
g, 89%, >90% pure as judged by *H NMR) as an orange viscous liquid. Note: Purification was
avoided as the product was reported to be unstable to heat or column chromatography.?* *H NMR
(300 MHz, CDCl3) § 7.92 (d, J = 7.8 Hz, 1H), 7.80 (t, J = 7.6 Hz, 1H), 7.60 (d, J = 7.8 Hz, 1H),

751 (t, J = 7.6 Hz, 1H), 3.59 (q, J = 7.3 Hz, 1H), 1.54 (d, J = 7.5 Hz, 3H); 13C NMR (75 MHz,
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CDCls) 6 203.4, 187.7, 152.4, 138.1, 136.0, 128.8, 126.4, 125.4, 40.9, 16.1; HRMS [APPI-(+)]

calcd for C10H9O> [M+H]* 161.0603, found 161.0595.
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1. Hand *C NMR Spectra
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2. Two-Dimensional NMR Spectra
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3. UVis Absorption and Fluorescence Analyses
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Figure A3-1: UV/vis absorption spectra of compound 4.20 (3.43 x 10-° M) measured in different solvents.
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Figure A3-2: Fluorescence spectra of compound 4.20 (3.43 x 10° M, Aexc = 320 nm) measured in different
solvents.
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Figure A3-3: Excitation spectrum of compound 4.20 (3.43 x 10> M) in CH,Cl, monitoring the emission
wavelength of 389 nm.
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Figure A3-4: UV/vis absorption spectra of compound 4.22 (3.43 x 10° M) measured in different solvents.
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Figure A3-5: Fluorescence spectra of compound 4.22 (2.13 x 10° M, Aexc = 350 nm) measured in different
solvents.

Table A3-1: Summary of emission wavelengths and relative intensities of 4.22 (2.13 x 10°> M) in various
solvents.

Solvent & Lem® (NM) Lem? (NM) I (Rem)/1 (hem?)
hexane 1.88 425 502 1.290
toluene 2.38 425 505 1.299
CH2Cl; 8.93 420 510 0.937
CH3CN 35.94 417 517 0.699
acetone 20.56 417 513 0.722
DMSO 46.45 415 515 1.300
EtOH 24.55 410 508 1.862

& Relative permittivity (dielectric constant); Aem® and Aem’ maximum emission wavelengths;
I (Rem))/1 (Rem?): ratio of emission intensities at Aem® and Aem?.
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Figure A3-6: Excitation spectra of compound 4.22 (2.13 x 10° M, Aexc = 350 nm) in CH2Cl, monitoring
the emission wavelengths of (A) 420 nm and (B) 510 nm.
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Figure A3-7: (A) Plot of UV/vis absorbance of 4.22 at 348 nm in CHyCl, in correlation with its

concentration. (B) Fluorescence spectra of 4.22 measured in CH2Cly (Aexe = 350 nm) at different

concentrations. The arrow indicates the decreasing trend of concentrations. (C) The ratio of the intensities
of emission peaks at 420 nm and 510 nm as a function of the concentration of 4.22.

303



4. DFT Computational Studies
4.1 Computational Methods

Ground-state molecular geometries were optimized at B3LYP/6-31G(d) level of theory with
Grimme’s D3 dispersion method included. The optimized geometries were subjected to frequency
calculations at the same level of theory to confirm they are energy minima (i.e., zero imaginary
frequencies). Transition states were also optimized at the B3LYP-D3/6-31G(d) level and
confirmed as saddle points by the presence of only one imaginary frequency in each of their
calculated vibrational spectra. All the DTF optimization calculations were performed in the gas
phase using the Gaussian 16 (revision B.01) software package, except that the search and
optimization of transition state TS-2 were performed with Spartan "18 at the B3LYP-D3/6-31G(d)
level. Energies of gas-phase optimized geometries in solvent (ethanol) were calculated at the
B3LYP-D3/6-31G(d) level using the polarizable continuum model (PCM) implemented in
Gaussian 16.

Natural bond orbital (NBO) analysis of 4.11 was conducted its B3LYP-D3/6-31G(d) optimized
geometry. Calculations were done at the B3LYP/6-311+G(2d,p) level using the NBO method
implemented in Gaussian 09W (revision D.01). Frontier molecular orbital (FMO) calculations
were carried out at the B3LYP/6-311+G(2d,p) level using B3LYP-D3/6-31G(d) optimized
geometries. Time-dependent density functional theory (TD-DFT) calculations were performed at
the CAM-B3LYP/6-311+G(2d,p) level using B3LYP-D3/6-31G(d) optimized geometries.
Visualization of molecular structures and orbital contour plots were done using CYLView (version
1.0b) and VMD software package.

4.2 Computational Results

E(2) = 3.41 kcal/mol
E(j)-E(i)=0.61 au
F(i,j) = 0.042 au

Figure A3-8: Contour plots of natural bond orbitals of 4.11 (isovalue = 0.03 au) showing the interactions
of C-C bonding orbital (c) and neighboring C=C antibonding orbital (z*). Single-point calculations done
at the B3LYP/6-311+G(2d,p) level using the B3LYP-D3/6-31G(d) optimized geometry.
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HOMO -1 (-7.628 eV) HOMO (-7.187 eV)

Figure A3-9: Contour plots (isovalue = 0.03 au) of frontier molecular orbitals and eigenvalues of 4.18.
Single-point calculations done at the B3LYP/6-311+G(2d,p) level using the B3LYP-D3/6-31G(d)
optimized geometry.

HOMO -1 (-7.735 eV) HOMO (-6.773 eV)

Figure A3-10: Contour plots (isovalue = 0.03 au) of frontier molecular orbitals and eigenvalues of 4.11.
Single-point calculations done at the B3LYP/6-311+G(2d,p) level using the B3LYP-D3/6-31G(d)
optimized geometry.
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HOMO -1 (-7.332 eV) HOMO (-6.867 eV)

Figure A3-11: Contour plots (isovalue = 0.03 au) of frontier molecular orbitals and eigenvalues of 4.20.
Single-point calculations done at the B3LYP/6-311+G(2d,p) level using the B3LYP-D3/6-31G(d)
optimized geometry.

HOMO -1 (-7.157 eV) HOMO (-6.792 eV)

Figure A3-12: Contour plots (isovalue = 0.03 au) of frontier molecular orbitals and eigenvalues of 4.22.
Single-point calculations done at the B3LYP/6-311+G(2d,p) level using the B3LYP-D3/6-31G(d)
optimized geometry.
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Table A3-2: TD-DFT calculated UV/vis absorption data for compound 4.18.

A(nm) f Major contribs

463.4 0.0165 H-1—-L (10%), H—L (87%)

357.8 0.2298 H-1-L (57%)

348.3 0.0782 H-7— L (23%), H-2—L (18%), H-1—L (28%)
317.8 0.0301 H-7-L (11%), H-2—L (68%)

302.4 0.007 H-3—L (86%)

273.5 0.0736  H-8—L (12%), H-7—L (21%), H-6—L (22%), H—L+1 (15%)
270.6 0.0192 H-8-L (18%), H-6—L (29%), H-4—L (16%)
270.3 0.0114 H-6—L (10%), H-4—L (72%)

252.5 0.0048 H-5-L (80%)

250.5 0.1582 H-8—L (38%), H—L+1 (38%)

1.0 4
'\I 0.25
ll'a \

. 08¢k \ 410.2
4 \ | 0.20
< \ |
B 06f \ 10.15
= I\ | =
E |
S 04 \ {0.10
Z |I

|
0.2 Ilk 40.05
0.0 i | L —I_u____————_u. 0.00
300 400 500 600 700

Wavelength (nm)

Figure A3-13: Comparison of UV/vis spectra of 4.18 experimentally determined in CH2Cl; (red trace) and
TD-DFT calculated in the gas phase (blue bar graph).

Table A3-3: TD-DFT calculated UV/vis absorption data for compound 4.11.

A (nm) f Major contribs

580.8 0.0896 H—L (94%)

403.1 0.0007 H-7—L (62%), H-4—L (18%)
348.8 0.1221 H-1—L (87%)

331.1 0.1064 H-2—L (91%)

307.8 0.0258 H-3—L (75%)

291.3 0.0402 H-5—L (71%), H-4—L (10%)
286.4 0.0018 H-6—L (13%), H-4—L (58%)
279.1 0.0567 H-6—L (49%), H—L+1 (18%)
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278.2 0.0979 H-6—L (20%), H—L+1 (36%), H—L+2 (21%)
270.9 0.07 H—L+1 (28%), H—L+2 (33%)
1.0 1.0
G 0.8 0.8
<
E 0.6 0.5.._
% 0.4 0.4
=
0.2 0.2
300 400 500 600 700

Wavelength (nm)

Figure A3-14: Comparison of UV/vis spectra of 4.11 experimentally determined in CH.Cl; (red trace) and
TD-DFT calculated in the gas phase (blue bar graph).

Table A3-4: TD-DFT calculated UV/vis absorption data for compound 4.20.

A (nm) f Major contribs

316.4 0.2042 H—L (83%)

300.1 0.0531 H-1—-L (38%), H—L+1 (25%)

287.4 0.0119 H-2—L (31%), H-1—L (16%), H—L+2 (10%)
271.9 0.3645 H-2—L (28%), H-1—L (16%), H—L+1 (38%)
266.5 0.0032 H-4—L (12%), H-3—L (14%)

250.7 0.0666 H-3—L (31%), H—L+1 (13%)

244.8 0.1985 H-3—L (13%), H-1-L+1 (12%), H-1—L+2 (17%)
242.8 0.0369 H—L+3 (27%), H—L+4 (17%)

241.6 0.0262 H-1-L+1 (22%), H—L+3 (15%)

238.4 0.0027 H—L+4 (16%), H—L+5 (18%)
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Figure A3-15: Comparison of UV/vis spectra of 4.20 experimentally determined in CH2Cl; (red trace) and
TD-DFT calculated in the gas phase (blue bar graph).

Table A3-5: TD-DFT calculated UV/vis absorption data for compound 4.22.

A(nm) f Major contribs

338.2 0.2981 H—L (79%)

3234  0.0724  H-1-L (47%), H—L (11%), H—L+1 (31%)
293.0 0.0149 H-2—L (42%)

283.1 0.3043 H-4—L (14%), H-1—-L (22%), H—L+1 (32%)
282.5 0.1007 H-1—L+1 (18%), H—L+1 (14%), H—L+2 (29%)
275.7 0.2467 H-3—L (24%), H-1—L+1 (26%)

268.8 01987  H-5-L (13%), H-4—L (12%), H-3—L (19%), H-1—>L+1 (17%)
266.9 0.0057 H-4—L (19%), H-1—L+2 (30%)

263.8  0.1077  H-5-L (19%), H-3—L (22%)

258.3 0.3036 H-4—L (26%), H-1—L+2 (17%), H—L+2 (19%)
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Figure A3-16: Comparison of UV/vis spectra of 4.22 experimentally determined in CH2Cl; (red trace) and
TD-DFT calculated in the gas phase (blue bar graph).
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5. X-Ray Structure Details for Compounds 4.18, 4.11, 4.20, and 4.22

5.1 Experimental Details

Single-crystal X-ray diffraction data was collected at 293(2) K (compound 4.18) or 100(2) K (compounds
4.11, 4.20, 4.22) on a XtaLAB Synergy-S, Dualflex, HyPix-6000HE diffractometer using Cu Ko radiation
(A = 1.5406 A). A crystal was mounted on nylon CryoLoops with Paraton-N. The data collection and
reduction were processed within CrysAlisPro (Rigaku OD, 2019 (compounds 4.18 and 4.20) or 2021
(compounds 4.11 and 4.22). A Gaussian absorption correction was applied to the collected reflections.
Using Olex2, the structure was solved with the ShelXT structure solution program using Intrinsic Phasing
and refined with the ShelXL refinement package using Least Squares minimisation. All non-hydrogen

atoms were refined anisotropically. The organic hydrogen atoms were generated geometrically.
Crystallization Procedures:
Cyclophane 4.18

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by recrystallization of
4.18 from hexanes at —20 °C.

Cyclopentadienone 4.11

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by slow diffusion of

hexanes into a solution of 4.11 in dichloromethane at —20 °C.
Cyclophane 4.20

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by vapor diffusion of

methanol into a solution of 4.20 in chloroform at room temperature.
Cyclophane 4.22

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by vapor diffusion of

methanol into a solution of 4.22 in benzene at room temperature.
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5.2 Compound 4.18

Figure A3-17: Molecules A and B of compound 4.18 in the crystal. Non-hydrogen atoms are represented
by displacement ellipsoids at the 30% probability level. CCDC-1997192.
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Figure A3-18: Crystal packing diagram for compound 4.18 from different perspectives.

Table A3-6: Crystal data and structure refinement for compound 4.18.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

Volume/A3

VA

pcalcglcm3

w/mm?

F(000)

Crystal size/mm?
Radiation

260 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

Cs3H240

436.52

293(2)

orthorhombic

P212121

11.47420(10)
16.34440(10)

25.0767(2)

4702.86(6)

8

1.233

0.559

1840.0

0.232x0.186 x 0.14

Cu Ka (4 = 1.54184)
6.456 to 154.894
-14<h<14,-20<k<19,-31<I<31
47091

9763 [Rint = 0.0449, Rsigma = 0.0349]
9763/0/614

1.046

R1 =0.0418, wR2 =0.1133
R1 =0.0462, wR2 = 0.1177
0.18/-0.14

0.09(15)
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Table A3-7: Fractional atomic coordinates (x10* and equivalent isotropic displacement parameters

Atom
01
C1
C2
C3
C4
C5

CHA
C6
C6A
C7
C8
C9
CoA
CcoB
C10
Ccl1
C12
C13
Cl4
Ci15
Cl6
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
c27
C28
C29
02
C30
C31
C32
C33
C34
C34A
C35

X
6523.5(19)
10755(4)
10997(3)
9881(3)
9138(3)
7953(3)
7494(3)
6339(2)
6434(2)
5914(2)
6688(2)
7706.6(19)
7567.2(19)
8257(2)
9442(2)
6258(3)
7441(3)
7534(3)
8611(3)
9635(3)
9553(3)
8478(3)
8680(2)
9283(2)
10190(3)
10492(3)
9932(3)
9023(2)
4628(2)
4027(3)
2865(4)
2282(4)
2863(5)
4042(4)
8001.8(18)
3732(3)
3372(3)
4430(2)
5124(2)
6301(2)
6788(2)
7980(2)

y
10318.0(12)

7040(3)
7356(2)
7586.9(18)
7007.5(18)
7140.9(17)
7870.0(15)
8031.4(15)
8690.6(13)
9037.4(14)
9805.6(13)
9764.5(12)
9074.0(12)
8502.0(13)
8374.4(15)
8437.9(18)
8036.2(16)
7251.9(17)
6921.3(18)
7353(2)
8110(2)
8438.1(18)
10338.7(12)
10468.2(16)
11016(2)
11461(2)
11322.5(18)
10770.2(15)
9250.9(17)
9328(2)
9558(3)
9698(3)
9657(4)
9427(4)
5135.3(12)
1962(2)
2380(2)
2669.8(15)
2134.3(14)
2290.5(14)
2990.7(13)
3110.6(13)

Z

4541.9(8)
4013.1(15)
3437.6(14)
3163.8(11)
2945.0(12)
2886.0(11)
3071.1(9)
3302.5(10)
3618.6(9)
4120.6(10)
4199.0(9)
3833.9(8)
3540.1(8)
3227.0(8)
3261.3(9)
4593.8(11)
4541.6(10)
4337.9(12)
4202.8(13)
4259.0(12)
4512.8(11)
4653.1(9)
3824.6(8)
3350.4(10)
3329.1(14)
3778.2(16)
4249.1(14)
4277.2(11)
4120.4(13)
3646.1(16)

3635(2)

4099(3)

4571(3)
4587.5(19)
2902.4(7)
3533.5(13)
4069.8(12)
4370.6(9)
4655.3(9)
4749.5(9)
4529.5(8)
4327.8(8)

U(eq)
77.6(5)
105.6(12)
92.1(9)
73.9(7)
84.6(9)
81.1(8)
64.6(6)
67.4(6)
56.3(5)
60.8(5)
56.8(5)
49.9(4)
49.7(4)
53.9(5)
61.3(5)
72.5(7)
67.7(6)
78.2(7)
85.1(9)
81.2(8)
78.1(7)
70.2(6)
52.6(4)
65.6(6)
85.9(8)
88.9(9)
80.5(8)
65.7(6)
74.0(7)
95.1(9)
121.7(15)
125.2(16)
149(2)
126.0(17)
75.3(5)
90.1(9)
76.1(7)
62.0(5)
63.5(6)
60.2(5)
52.6(4)
54.5(5)

(A?x10°) for compound 4.18 Ueq is defined as 1/3 of the trace of the orthogonalised Uy; tensor.
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C35A
C36
C37
C38

C38A

C38B
C39
C40
C41
C42
C43
C44
C45
C46
Ca7
C48
C49
C50
Csl
C52
C53
C54
C55
C56
C57
C58

7941.1(19)
8552(2)
7792(2)

6718.5(19)

6799.4(19)

6054.0(19)
4879(2)
8323(2)
7137(2)
7003(2)
5918(3)
4900(2)
5023(2)
6116(2)
5758(2)
5201(2)
4338(3)
4005(3)
4513(3)
5406(3)
9833(2)
10323(3)
11482(3)
12159(3)
11690(3)
10531(3)

3705.7(13)
3959.6(13)
4697.9(13)
4725.7(13)
4098.0(12)
3585.6(12)
3441.1(14)
3271.4(15)
2870.3(14)
2142.3(14)
1828.6(15)
2235.5(17)
2924.4(17)
3232.2(16)
5313.2(13)
5650.3(15)
6236.2(19)
6473(2)
6141(2)
5568.1(18)
4186.4(14)
4357.5(19)
4593(2)
4648(2)
4476(3)
4249(3)

Table A3-8: Selected bond distances (A) for compound 4.18.

Atom
01
C1
C1
C2
C3
C3
C4
C5

C5A
C5A
C6
C6A
C6A

Atom
C8
C2

C15
C3
C4

C10
C5

C5A
C6

CoB

C6A
C7

C9A

Length/A
1.215(3)
1.558(5)
1.515(5)
1.501(5)
1.387(5)
1.403(4)
1.385(5)
1.383(4)
1.471(4)
1.410(3)
1.342(3)
1.504(3)
1.457(3)

Atom
02
C30
C30
C31
C32
C32
C33
C34
C34A
C34A
C35
C35A
C35A

3956.1(8)
3455.4(8)
3282.1(9)
3614.0(8)
3968.5(8)
4303.1(8)
4235.6(9)
3019.6(9)
3054.7(8)
3330.1(9)
3449.9(10)
3312.8(10)
2994.0(10)
2861.9(9)
3541.0(9)
3980.0(11)
3919.8(14)
3426.0(16)
2983.5(14)
3036.2(11)
3500.7(10)
3992.4(11)
4034.8(13)
3585.9(13)
3105.4(14)
3059.3(12)

Atom
C37
C31
C44
C32
C33
C39
C34

C34A
C35

C38B

C35A
C36

C38A

50.9(4)
54.3(5)
55.8(5)
52.4(4)
49.1(4)
50.8(4)
56.1(5)
60.8(5)
57.0(5)
62.8(5)
68.5(6)
68.0(6)
66.9(6)
62.1(5)
57.1(5)
65.7(6)
80.7(8)
88.5(9)
86.0(9)
73.2(7)
60.1(5)
74.2(7)
84.6(8)
80.9(8)
106.9(13)
97.5(11)

Length/A
1.214(3)
1.564(4)
1.517(4)
1.506(4)
1.382(4)
1.403(3)
1.395(4)
1.388(3)
1.471(3)
1.406(3)
1.348(3)
1.497(3)
1.459(3)
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C7
C7
C7
C8
C9
C9
Co9A
CoB
C11
C12
C12
C13
Cl14
C15
Cl6
C18
C18
C19
C20
c21
C22
C24
C24
C25
C26
ca7
C28

C8
Cl1
C24

C9
COA
C18
CcoB
C10
C12
C13
C17
Cl14
C15
C16
C17
C19
C23
C20
C21
C22
C23
C25
C29
C26
C27
C28
C29

1.550(3)
1.589(3)
1.517(4)
1.486(3)
1.357(3)
1.459(3)
1.455(3)
1.378(4)
1.513(4)
1.384(4)
1.388(4)
1.390(5)
1.378(5)
1.395(5)
1.391(4)
1.392(3)
1.393(3)
1.373(4)
1.385(5)
1.363(5)
1.381(4)
1.380(5)
1.380(5)
1.386(5)
1.361(7)
1.360(8)
1.406(6)

C36
C36
C36
C37
C38
C38
C38A
C38B
C40
C41
C41
C42
C43
C44
C45
Ca7
Ca7
C48
C49
C50
Cs1
C53
C53
C54
C55
C56
C57

Table A3-9: Selected bond angles (°) for compound 4.18.

Atom Atom Atom

C15
C3
C4
C4

C10
C5

C5A
C5
C5

CcoB

C6A
C6

C1
C2
C3
C3
C3
C4
C5
C5A
C5A
C5A
C6
C6A

Cc2
C1
Cc2
C10
Cc2
C3
C4
C6
CcoB
C6
C5A
Cc7

Angle/*
114.6(3)
110.8(3)
122.3(3)
118.3(3)
117.1(3)
122.6(3)
118.3(3)
129.1(3)
119.2(3)
108.6(2)
107.7(2)
139.9(2)

Atom
C44
C32
C33
C33
C39
C32

C34A
C34
C34

C38B

C35A
C35

C37
C40
CS53
C38

C38A

Ca7

C38B

Atom
C30
C31
C32
C32
C32
C33
C34

C34A

C34A

C34A
C35

C35A

C39
C41
C42
C46
C43
C44
C45
C46
C48
C52
C49
C50
C51
C52
C54
C58
C55
C56
C57
C58

Atom
C31
C30
C31
C39
C31
C34
C33
C35

C38B
C35

C34A
C36

1.551(3)
1.590(3)
1.520(3)
1.488(3)
1.361(3)
1.473(3)
1.462(3)
1.379(3)
1.513(3)
1.384(3)
1.399(4)
1.379(4)
1.387(4)
1.388(4)
1.391(4)
1.388(4)
1.393(3)
1.385(4)
1.353(5)
1.366(5)
1.394(4)
1.384(4)
1.370(4)
1.388(4)
1.370(5)
1.349(5)
1.386(4)

Angle/’
114.7(2)
110.8(2)
121.6(2)
118.8(2)
117.3(2)
122.0(2)
118.2(2)
128.4(2)
119.3(2)
109.02(18)
107.66(19)
139.9(2)
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C6
CoA
C6A
C6A
C6A

C8
C24
C24

01

o1

C9
C9A
COA
C18

C9

C9
CoB
C5A
C10
C10
CoB
C12
C13
C13
C17
C12
C15
C14
C14
Cl6
C17
C12
C19
C19
C23
C20
C19
C22
c21
C22
C25
C25
C29
C24
C27

C6A
C6A
Cc7
Cc7
c7
Cc7
c7
Cc7
C8
C8
C8
C9
C9
C9
CoA
CoA
CoA
CcoB
CcoB
CoB
C10
Cl1
C12
C12
C12
C13
C14
C15
C15
C15
C16
C17
C18
C18
C18
C19
C20
c21
C22
C23
C24
C24
C24
C25
C26

C9A
Cc7
C8

Cl1

C24

Cl1
C8

Cl1
c7
C9
C7
C8

C18
C8

C6A

CcoB

C6A

C9A

C5A

CoA
C3
C7

Cl1

C17

Cl1

C14

C13
C1

C16
C1

C15

C16
C9

C23
C9

C18

c21

C20

C23

C18
Cc7

C29
C7

C26

C25

109.7(2)
107.74(19)
100.63(18)
107.12(19)

118.2(2)

105.2(2)

111.8(2)

112.6(2)

124.0(2)

126.1(2)
109.61(18)
106.21(19)

128.1(2)
125.65(18)
112.93(19)

139.7(2)
106.40(18)

106.4(2)

121.3(2)

126.9(2)

118.8(3)

115.2(2)

120.2(3)

116.5(3)

123.1(3)

121.3(3)

122.3(3)

120.6(3)

116.4(3)

122.9(4)

121.1(3)

121.9(3)

119.5(2)

118.6(2)

121.9(2)

120.6(3)

120.0(3)

119.9(3)

120.6(3)

120.2(3)

120.5(3)

118.0(3)

121.4(3)

121.4(4)

120.1(5)

C35
C38A
C35A
C35A
C35A

C37

C53

C53

02
02

C38
C38A
C38A

Car
C35A

C38

C38
C34A

C39

C39
C38B

C41

C42

C42

C46

C43

C42

C43

C43

C45

C44

C45

C48

C48

C52

C49

C50

C49

C50

Ca7

C54

C58

C58

C53

C56

C35A
C35A
C36
C36
C36
C36
C36
C36
C37
C37
C37
C38
C38
C38
C38A
C38A
C38A
C38B
C38B
C38B
C39
C40
C41
C41
C41
C42
C43
C44
C44
C44
C45
C46
Ca7
Ca7
Ca7
C48
C49
C50
C51
C52
C53
C53
C53
C54
C55

C38A
C36
C37
C40
C53
C40
C37
C40
C36
C38
C36
C37
Ca7
C37

C38B

C35A

C38B

C38A

C34A

C38A
C32
C36
C40
C46
C40
C41
C44
C30
C45
C30
C46
C41
C38
C52
C38
Ca7
C48
Cs1
C52
Cs1
C36
C36
C54
C55
C54

109.38(19)
108.47(17)
100.80(17)
107.64(17)
117.26(18)
105.36(17)
112.01(18)
112.56(18)
124.5(2)
125.8(2)
109.42(17)
106.62(18)
128.6(2)
124.74(19)
106.60(17)
112.26(19)
140.1(2)
106.11(19)
121.1(2)
126.8(2)
118.9(2)
114.52(18)
120.1(2)
116.3(2)
123.4(2)
121.9(2)
121.9(2)
120.8(3)
116.5(2)
122.6(3)
121.5(2)
121.3(2)
120.4(2)
117.9(2)
121.7(2)
121.2(3)
120.0(3)
120.6(3)
120.2(3)
120.0(3)
120.6(2)
121.5(2)
117.8(2)
120.9(3)
119.8(3)
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C28
c27
C24

c27
C28
C29

C26
C29
C28

119.7(4)
120.7(5)
120.0(5)

C57
C56
C53

Table A3-10: Selected torsion angles for compound 4.18.

A
o1
o1
C1
C1
C1
C2
C2
C2
C2
C3
C4
C4
C4
C5
C5
C5

C5A
C5A
C5A
C6
C6
C6
C6
C6
C6
C6
C6A
C6A
C6A
C6A
C6A
C6A
C6A
C7

B
C8
C8
C2
C2

C15
C1
C1l
C3
C3
C4
C3
C5
C5

C5A

C5A

C5A
C6
C6

CcoB

C5A

C5A

C6A

C6A

C6A

C6A

C6A
Cc7
C7
C7
Cc7
Cc7

COA

COA

C6A

C D
C9 C9A
C9 Ci18
C3 C4
C3 C10
Cl6 C17
Ci5 Ci14
C15 Ci16
C4 C5
C10 C9B
C5 C5A
C10 C9B
C5A Cb
C5A C9B
C6 Co6A
Co9B C9A
Co9B C10
C6A C7
C6A C9A
C10 C3
C9B CO9A
Co9B C10
Cr C8
C7r Cl11
Cr C24
C9A (9
C9A C9B
cC8 01
Cc8 (9
Cl1 Ci12
C24 C25
C24 C29
C9B C5A
Co9B C10
C9A (9

Angle/*
176.6(2)
-0.4(4)
-78.4(4)
84.3(4)
169.0(3)
91.1(4)
-83.6(4)
153.6(3)
-152.0(3)
-2.4(5)
11.4(4)
-146.8(3)
10.7(4)
154.5(3)
-163.8(2)
-8.1(4)
-148.4(3)
9.9(3)

153.7(2)
174.8(3)
65.1(4)

A
02
02

C30
C30
C30
C31
C3l
C3l
C31
C32
C33
C33
C33
C34
C34
C34
C34A
C34A
C34A
C35
C35
C35
C35
C35
C35
C35
C35A
C35A
C35A
C35A
C35A
C35A
C35A
C36

C56
C57
C58

C37
C37
C31
C31
C44
C30
C30
C32
C32
C33
C32
C34
C34
C34A
C34A
C34A
C35
C35
C38B
C34A
C34A
C35A
C35A
C35A
C35A
C35A
C36
C36
C36
C36
C36
C38A
C38A
C35A

C55
C58
C57

C38
C38
C32
C32
C45
C44
C44
C33
C39
C34
C39
C34A
C34A
C35
C38B
C38B
C35A
C35A
C39
C38B
C38B
C36
C36
C36
C38A
C38A
C37
C37
C40
C53
C53
C38B
C38B
C38A

C38A
C47
C33
C39
C46
C43
C45
C34

C38B

C34A

C38B
C35

C38B

C35A

C38A
C39
C36

C38A
C32

C38A
C39
C37
C40
C53
C38

C38B

02
C38
C41
C54
C58

C34A
C39
C38

119.7(3)
120.8(3)
120.9(3)

Angle/*
175.6(2)
-2.2(4)
=77.7(3)
84.8(3)
170.3(2)
90.3(4)
-85.7(4)
153.3(2)
-151.2(2)
-2.7(3)
11.7(3)
-146.0(2)
11.1(3)
153.5(2)
-162.80(18)
-8.2(3)
-149.5(3)
10.4(2)

-3.4(3
-1.6(2
152.9(2)
174.9(3)
64.8(3)
-63.3(4)
177.83(18
-11.4(2)
(2)
(2)

)
)

(
(

)

175.7
-10.4
34.3(3)
-16.4(3)
165.3(3)
6(2)
—145.0()
-15.7(2)
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A
C7
C7
C7
C7
C7
C7
C7
C8
C8
C8
C8
C8
C8
C8
C9
C9
C9
C9

CoA
C9A
C9A
CoA
CoA
C9A
CoB
C10
Cl1
Cl1
Cl1
Cl1
Cl1
Cl1
C12
C13
C13
C13
C14
C15
C15
C17

B
C6A
C8
C8
Cil1
Cil1
C24
C24
C7
C7
C7
C9
C9
C9
C9
COA
C9A
C18
C18
C6A
C6A
C6A
C9
C9
CoB
C5A
C3
C7
C7
Cc7
Cc7
Ci12
Ci12
C13
C12
Cl4
Cl4
C15
C1
C16
Ci12

C
C9A
C9
C9
C12
Ci12
C25
C29
Cl1
C24
C24
CoA
C9A
C18
C18
CcoB
CoB
C19
C23
C7
C7
C7
C18
C18
C10
C6
C4
C8
C8
C24
C24
C13
C17
C14
C17
C15
C15
C16
C2
C17
C13

Cl18 C9 C9A

D
CoB
COA
C18
C13
C17
C26
C28
C12
C25
C29
C6A
CoB
C19
C23
C5A
C10
C20
C22

C8
Cl1
C24
C19
C23

C3
C6A

C5

o1

C9
C25
C29
C14
C16
C15
C16

C1
Cl6
C17

C3
C12
Cl4
C6A

Angle/*
154.33(17)
2.6(2)
-174.30(19)
-97.4(3)
T7.7(3)
-177.1(4)
177.3(5)
-72.5(3)
99.6(3)
-76.0(4)
8.6(2)
-158.2(
-151.8¢(
27.6(3
175.0(2)
21.1(4)
178.9(3)
-178.5(2)
16.3(2)
-93.4(2)
138.2(2)
31.9(3)
-148.6(2)
147.2(2)
-4.9(3)
-8.8(5)
-74.6(3)
99.4(2)
-142.3(3)
42.1(4)
169.1(3)
-168.3(2)
-0.6(4)
7.0(3)
-168.3(3)
6.7(4)
-5.9(4)
-25.0(5)
-0.9(4)
-6.3(4)
-174.60(19)

2)
2)
)

A
C36
C36
C36
C36
C36
C36
C36
C37
C37
C37
C37
C37
C37
C37
C38
C38
C38
C38

C38A
C38A
C38A
C38A
C38A
C38A
C38B
C39
C40
C40
C40
C40
C40
C40
C41
C42
C42
C42
C43
C44
C44
C46
Ca7

B
C35A
C37
C37
C40
C40
C53
C53
C36
C36
C36
C38
C38
C38
C38
C38A
C38A
C47
C47
C35A
C35A
C35A
C38
C38
C38B
C34A
C32
C36
C36
C36
C36
C41
C41
C42
C41
C43
C43
C44
C30
C45
C41
C38

C D
C38A (C38B
C38 C38A
C38 C47
C41 C42
C41 C46
C54 C55
C58 C57
C40 C41
C53 C34
C53 (58
C38A C35A
C38A (C38B
C47  C48
C47  C52
C38B C34A
C38B C39
C48 C49
C52 C51
C36 C37
C36 C40
C36 C53
C47  C48
C47  C52
C39 C32
C35 C35A
C33 C34
Cc37 02
C37 C38
C53 C54
C53 (C58
C42 C43
C46  C45
C43 C44
C46  C45
C44  C30
C44 C45
C45 C46
C31 C(C32
C46 C41
C42 C43
C38A C35A

Angle/*
155.02(17)
1.8(2)
-176.03(19)
-95.5(2)
78.5(3)
=-177.7(3)

178.4(4)
-72.6(2)
99.4(3)
-78.9(3)
8.4(2)
=-157.7(
-140.9(
37.0(3
174.2(2)
21.5(4)
176.5(2)
-178.4(2)
14.9(2)
-95.2(2)
136.8(2)
41.8(3)
-140.3(3)
145.6(2)
-5.5(2)
-8.8(3)
-72.4(3)
101.49(19)
-142.1(2)
39.6(4)
168.7(2)
-167.1(2)
-1.6(4)
7.1(3)
-168.8(3)
7.4(3)
-5.9(4)
-24.8(4)
-1.4(4)
-5.7(3)
-174.0(2)

2)
2)
)
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A

B

C

Ci18 C9 C9A

C18
C19
C19
C20
C21
C23
C24
C24
C24
C24
C25
C25
C26
C27
C29

C19
C18
C20
C21
C22
C18
C7
C7
C7
C25
C24
C26
C27
C28
C24

C20
C23
C21
C22
C23
C19
C8
C8
Cl1
C26
C29
C27
C28
C29
C25

D
CoB
C21
C22
C22
C23
C18
C20

o1
C9
C12
C27
C28
C28
C29
C24
C26

Angle/*
18.6(4)
-1.7(5)

-3.3(5)
1.0(4)
-0.6(4)
47.8(3)
-138.1(2)
165.6(2)
-1.3(7)

C47
Ca7
C48
C48
C49
C50
C52
C53
Cs3
C53
C53
C54
C54
C55
C56
C58

C38
C48
C47
C49
C50
Csl
C47
C36
C36
C36
C54
C53
C55
C56
C57
C53

C D
C38A (C38B
C49 C50
C52 C51
Cs50 C51
C51 C52
C52 C47
C48 C49
Cc37r 02
C37 C38
C40 C41
C55  C56
C58  Cb57
C56  C57
C57 C58
C58 (53
C54 C55

Angle/*
20.0(4)

1.7(5)
-0.4(4)
-0.1(5)
-1.8(5)

2.0(5)
-1.4(4)
50.3(3)

-135.81(19)

165.0(2)
-0.9(5)
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5.3 Compound 4.11

Figure A3-19: Crystal structure of compound 4.11. Non-hydrogen atoms are represented by displacement
ellipsoids at the 50% probability level). CCDC-2086043.

Figure A3-20: Crystal packing diagram for compound 4.11 from different perspectives.
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Table A3-11: Crystal data and structure refinement for compound 4.11.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

pI°

Volume/A3

VA

,0calcg/Cm?>

w/mm?

F(000)

Crystal size/mm?®
Radiation

26 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

Ca3H240

436.52

100(2)

monoclinic

P2i/n

16.1315(2)

7.63800(10)

18.4860(2)

101.6320(10)

2230.93(5)

4

1.300

0.589

920.0

0.31 x 0.29 x 0.06

Cu Ka (4 = 1.54184)
6.642 to 159.798
-20<h<20,-9<k<9,-23<1<21
53709

4823 [Rint = 0.0606, Rsigma = 0.0261]
4823/0/307

1.070

R1 =0.0415, wR2 = 0.1104
R1 =0.0454, wR, = 0.1137
0.29/-0.23
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Table A3-12: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A?x10°) for compound 4.11. U is defined as 1/3 of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)
o1 3654.9(5) 1685.2(12) 4889.4 (5) 25.0(2)
C1 5734.5(8) 703.8(18) 9449.8(7) 28.4(3)
C2 5139.9(8) 2384.7(18) 9392.3(7) 25.9(3)
c3 5173.3(7) 3500.7 (16) 8725.8 (6) 21.5(2)
ca 4650.7 (7) 3124.1(15) 8048.3(6) 20.2(2)
c5 4901.6(7) 3626.2(15) 7397.6(6) 18.6(2)
C6 4579.7 (7) 3087.4(15) 6638.9(6) 18.7(2)
C7 3875.9(7) 2452.7(15) 6193.7(6) 19.7(2)
c8 4118.4(7) 2205.0(15) 5447.3(6) 19.9(2)
C9 5037.5(7) 2806.4(15) 5521.5(6) 19.2(2)
C10 5271.5(7) 3347.8(15) 6228.6(6) 18.2(2)
C11 6035.1(7) 4133.6(15) 6732.1(6) 18.3(2)
C12 5681.7 (7) 4478.6(15) 7427.8(6) 18.5(2)
C13 6090.6(7) 5207.9(15) 8092.7 (6) 20.4(2)
Cl4 5829.8 (7) 4714.3(16) 8738.1(6) 22.5(2)
c15 6811.4(7) 2789.0(15) 6891.2(6) 19.4(2)
C16 6773.1(7) 1653.7(15) 7551.4 (6) 18.8(2)
C17 7248.0(7) 2069.3(15) 8248.7(7) 21.0(2)
C18 6983.2(8) 1542.6(16) 8886.8 (7) 22.9(2)
C19 6230.4(8) 608.4 (16) 8838.2(6) 23.0(2)
C20 5865.1(7) ~111.7(16) 8152.4 (7) 22.6(2)
c21 6135.7(7) 396.6(15) 7516.2 (6) 20.2(2)
C22 3017.6(7) 2248.3(16) 6329.6(6) 20.2(2)
C23 2740.6(7) 3332.2(16) 6844.2 (6) 22.3(2)
C24 1919.1(8) 3211.1(17) 6966.9(7) 25.0(3)
C25 1363.6(8) 1973.1(18) 6585.1(7) 27.1(3)
C26 1632.2(8) 892.4(17) 6076.5(7) 26.3(3)
C27 2447.2(7) 1030.1(17) 5938.6(7) 23.3(2)
c28 5515.7(7) 2812.8(15) 4928.5(6) 19.6(2)
c29 5211.5(8) 2009.5(16) 4243.6(7) 23.1(2)
C30 5688.6 (9) 2026.7(17) 3694.7 (7) 26.1(3)
c31 6474.9(8) 2823.3(17) 3813.0(7) 25.4(3)
C32 6782.9(8) 3635.0(17) 4486.0(7) 24.5(3)
C33 6309.7(7) 3639.5(16) 5031.6(6) 21.8(2)

323



Table A3-13: Selected bond distances (A) for compound 4.11.

Atom
01
Cl
C1
Cc2
C3
C3
C4
C5
C5
C6
C6
C7
C7
C8
C9
C9

C10
Cl11
Cl11
C12

Atom
C8
C2

C19
C3
C4

Cl4
C5
C6

C12
C7

C10
C8

c22
C9

C10

C28

Cl1

C12

C15

C13

e S S S S S S S Sy =

Length/A
.2121 (14

Atom

C13
C15
C16
C16
C17
C18
C19
C20
C22
C22
C23
C24
C25
C26
C28
C28
C29
C30
C31
C32

Table A3-14: Selected bond angles (°) for compound 4.11.

Atom Atom Atom

C19
C3
C4
C4

Cl4
C3
C4
C4

Ci12
C5
Cc7
Cc7
C6

C1
C2
C3
C3
C3
C4
C5
C5
C5
C6
C6
C6
C7

C2
C1
C2
C14
C2
C5
C6
C12
C6
C10
C5
C10
C8

Atom Atom Atom

C12
C13
Cl6
C17
C17
C21
C18
C17
C18
C18
C20
C21
C20

Atom

C13
Cl4
C15
Cl6
Cl6
Cl6
C17
C18
C19
C19
C19
C20
C21

C14
C16
C17
C21
C18
C19
C20
C21
C23
C27
C24
C25
C26
C27
C29
C33
C30
C31
C32
C33

Cl4
C3
Cl1
C15
C21
C15
C16
C19
C1
C20
C1
C19
C16

e e e T = T T T e e S e e e e S R R

Length/A
3946 (17

Angle/*

118.51(11)
121.42(11)

111.06(9)
120.78
117.39
120.44
120.75
120.32
120.78
117.49
120.45
120.69
120.39

= T T o T = S S e e S
e e e e e N S )
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Atom Atom Atom

C6
C22
o1
o1
C7
C10
C10
C28
C6
C9
C9
C10
C10
C12
C5
C13
C13

Table A3-15: Selected torsion angles (°) for compound 4.11.

A
01
O1
C1
C1l
C1l
C2
C2
C2
C2
C3
C3
C4
C4
C4
C4
C4
C5
C5

C7
Cc7
C8
C8
C8
C9
C9
C9

C10
C10
C10
Ci11
Ci11
Cl1
C12
C12
Ci12

B
C8
C8
C2
C2

C19
C1
C1
C3
C3
C4
C4
C3
C5
C5
C5
C5
C6
C6

C
C9
C9
C3
C3

C20
C19
C19
C4
C14
C5
C5
C14
C6
C6
C12
C12
C7
C7

C22
C8
Cc7
C9
C9
C8

C28
C8

Cil1
C6

Cl1

Ci12

C15

C15

Cl1
C5

Cil1

D
C10
C28

C4
C14
C21
C18
C20

C5
C13

C6
C12
C13

C7
C10
Cl1
C13

C8
C22

Angle/*
129.89(11
124.59(10
125.85(10
126.46 (11
107.64(9)
104.78(10)
129.65(11)
125.55(10)
110.02(9)
111.20(10)
138.78(11)
100.97(9)
111.65(9)
111.49(9)
111.62(10)
118.79(10)
128.43(10)

Angle/*
176.80(12)
-1.50(19)
86.00(14)
-82.00(15)
153.60(11)
82.48(14)
-84.24(15)
-153.77(11)
152.72(11)
165.35(11)
1.03(17)
-15.55(17)
25.2(2)
-155.30(12)
152.37(10)
-16.35(16)
-178.24(14)
9.7(3)

Atom Atom Atom

C23
C23
c27
C24
C23
C26
C25
C26
C29
C29
C33
C30
C31
C30
C33
C32

A
C9
C10
C10
C10
C10
C10
C10
C10
Cl1
Cl1
Cl1
C12
C12
C12
C12
C14
C15
C15

C22
C22
C22
C23
C24
C25
C26
C27
C28
C28
C28
C29
C30
C31
C32
C33

B
C28
C6
C6
C9
C9
Cl1
Cl1
Cl1
C12
C15
C15
C5
C5
Cl1
C13
C3
Cl1
Cl1

C7

C27

Cc7

C22
C25
C24
C27
C22

C9

C33

C9

C28
C29
C32
C31
C28

C
C33
C7
C7
C28
C28
C12
C12
C15
C13
C16
C16
C6
C6
C15
C14
C4
C12
C12

D
C32
C8
C22
C29
C33
C5
C13
C16
C14
C17
C21
Cc7
C10
C16
C3
C5
C5
C13

Angle/®
178.67(11)
2.24(13)
-169.81(11)
172.34(12)
-7.59(19)
12.89(12)
-179.75(11)
-88.42(11)
-151.17(12)
-97.39(12)
68.82(13)
-169.05(15)
10.48(12)
23.68(13)
0.41(17)
14.56(17)
-105.81(10)
61.55(15)
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A B C
C5 C6 C10
C5 Ce6 C10
C5 Cil12 C13
C6 C5 C12
C6 C5 C12
Cé6 C7 C8
Cé6 C7 C8
Cé6 C7 C22
Cé6 C7 C22
C6 C10 C11
C6 C10 C11
Cr C6 C10
Cr C6 C10
Cr C8 C(C9
Cr C8 C(C9
Cr C22 C23
Cr C22 C27
cC8 C7 C22
cC8 C7 C22
c8 C9 C10
c8 C9 C10
C8 C9 cCz8
C8 C9 Cz8
C9 C10 C1
C9 C10 Cc11
C9 C28 C29

D
C9
Cl1
C14
Cl1
C13
o1
C9
C23
C27
C12
C15
C9
Cl1
C10
C28
C24
C26
C23
C27
C6
Cl1
C29
C33
C12
C15
C30

Angle/*
177.37(10)
-2.23(12)
15.40(106)
-15.05(13)
176.23(10)
-178.53(12)
-0.99(12)
25.83(19)
-156.43(12)
-6.02(12)
112.56(10)
-2.94 (14)
177.46(10)
-0.72(12)
-179.03(10)
177.75(11)
-179.09(11)
-144.84(11)
32.90(17)
2.07(13)
-178.50(13)
-9.78(18)
170.29(11)
174.55(14)
-66.87(18)
-179.33(11)

A
C15
C15
C16
C17
C17
C17
C18
C19
C19
C21
C22
C22
C22
C23
C23
C24
C25
C27
C28
C28
C28
C29
C29
C30
C31
C33

B
C16
C16
C17
C16
C18
C18
C19

C1
C20
C16

Cc7

C7
C23
C22
C24
C25
C26
C22

C9

C9
C29
C28
C30
C31
C32
C28

C
C17
C21
C18
C21
C19
C19
C20

C2
C21
C17

C8

C8
C24
C27
C25
C26
C27
C23
C10
C10
C30
C33
C31
C32
C33
C29

D
C18
C20
C19
C20

C1
C20
C21

C3
C16
C18

o1

C9
C25
C26
C26
C27
C22
C24

C6
Cil1
C31
C32
C32
C33
C28
C30

Angle/°
153.26(11)
-152.56(11)
-0.87(18)
14.10(16)
-152.81(11)
14.30(17)
-13.55(17)
1.90(10)
-0.69(17)
-13.35(17)
-5.93(19)
171.61(11)
1.27(18)
-1.32(17)
-1.08(19)
-0.31(19)
1.53(19)
-0.06(17)
-179.72(11)
-0.3(2)
0.47(19)
-1.26(18)
-0.9(2)
0.25(19)
0.85(19)
0.59(17)



5.4 Compound 4.20

Figure A3-21: X-ray crystal structure of compound 4.20 (non-hydrogen atoms are represented by
displacement ellipsoids at the 50% probability level). CCDC-2086044.

Figure A3-22. Crystal packing diagram for compound 4.20 from different perspectives.
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Table A3-16: Crystal data and structure refinement for compound 4.20.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

al
BI°

y°

Volume/A3

Z

pcalcglcm3

w/mm?

F(000)

Crystal size/mm?

Radiation

260 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

CagHzs

484.60

100(2)

triclinic

P-1

10.01109(15)
12.05612(19)
12.06975(17)

72.0163(13)

83.3365(12)

66.7370(15)

1272.91(4)

2

1.264

0.540

512.0

0.189 x 0.11 x 0.056

Cu Ka (A = 1.54184)
7.702 to 154.844
-12<h<10,-15<k<15,-15<I<15
61725

5337 [Rint = 0.0550, Rsigma = 0.0234]
5337/0/344

1.068

R1=0.0414, wR2 =0.1072
R1 =0.0465, wR> = 0.1111
0.27/-0.20
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Table A3-17: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A?x10°) for compound 4.20. U is defined as 1/3 of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)
C1 5491.4 (15) 1767.0(12) 10607.2(11) 29.1(3)
C2 4966.6(15) 3258.6(12) 10230.7(11) 27.9(3)
C3 5050.7 (14) 3799.7(11) 8924.5(11) 24.4(3)
C4 4161.3(13) 3681.3(11) 8197.5(10) 22.3(2)
C5 4619.8(13) 3644.3(11) 7067.3(10) 21.5(2)
C6 4082.2(13) 3247.6(11) 6227.9(10) 21.2(2)
C7 2810.4(13) 3069.6(11) 6202.2(10) 21.6(2)
C8 2587.9(13) 2656.6(11) 5271.3(10) 21.7(2)
C9 1264.7 (14) 2539.6(11) 5150.6(10) 24.5(3)
C10 1037.6(14) 2151.0(12) 4257.5(11) 27.0(3)
C11 2138.9(15) 1864.9(12) 3433.1(11) 27.9(3)
C12 3430.8(14) 1975.4(12) 3516.4(10) 25.9(3)
C13 3708.9(13) 2368.2(11) 4432.7(10) 22.5(2)
C14 5053.0(13) 2496.3(11) 4524 .3(10) 22.0(2)
C15 5201.2(13) 2958.6(11) 5393.4(10) 22.1(2)
C16 6527.6(13) 3118.1(11) 5700.0(10) 23.8(3)
C17 5950.5(14) 3747.3(11) 6664.2(10) 23.5(3)
C18 6671.3(14) 4129.7(12) 7297.7(11) 26.5(3)
C19 6213.8(14) 4144 .7(12) 8432.2(11) 26.6(3)
C20 7809.4 (13) 1774.3(12) 6186.6(11) 25.7(3)
Cc21 7592.9(13) 1181.8(11) 7460.2(11) 24.3(3)
C22 8352.7(14) 1272.8(12) 8310.4(11) 27.0(3)
C23 7787.1(14) 1258.9(12) 9419.8(11) 27.8(3)
C24 6427.9(14) 1194.1(11) 9694.4(10) 25.8(3)
C25 5832.8(14) 842.8(11) 8929.6(11) 25.4(3)
C26 6427.5(14) 805.7(11) 7832.8(11) 24.1(3)
C27 1731.3(13) 3254.2(12) 7162.4(10) 22.8(2)
C28 1780.8(14) 2216.9(12) 8109.6(11) 26.2(3)
C29 932.2(15) 2382.2(14) 9088.0(12) 32.1(3)
C30 -0.1(16) 3586.3(15) 9110.6(12) 36.0(3)
C31 -94.6(15) 4615.8(14) 8160.2 (13) 35.2(3)
C32 770.6(14) 4450.0(13) 7187.7(11) 28.7(3)
C33 6287.9(13) 2137.3(11) 3713.9(10) 22.5(2)
C34 6780.8(14) 3052.4(11) 3002.0(10) 24.6(3)
C35 8005.6(14) 2725.4(13) 2312.6(11) 27.5(3)
C36 8753.4 (14) 1476.6(13) 2328.5(11) 28.1(3)
C37 8262.4 (14) 562.3(12) 3023.0(11) 27.9(3)
C38 7034.0(14) 884.1(12) 3710.1(10) 25.6(3)
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Table A3-18: Selected bond distances (A) for compound 4.20.

Atom
C1
C1
C2
C3
C3
C4
C5
C5
C6
C6
C7
C7
C8
C8
C9

C10
Cl11
C12
C13
Cl4
Cl4
C15
Cl6

Atom
Cc2
C24
C3
C4
C19
C5
C6
C17
C7
C15
C8
c27
C9
C13
C10
Cl1
C12
C13
Cl4
C15
C33
Cl6
C17

e e e e e e = e = T T e e e e e S e N
fInN
©
o
N

Length/A
.5877(18

Atom
Cl6
C17
C18
C20
C21
C21
c22
C23
C24
C25
c27
c27
C28
C29
C30
C31
C33
C33
C34
C35
C36
C37

Table A3-19: Selected bond angles (°) for compound 4.20.

Atom Atom Atom

C24
C3
C4
C4

C19
C3
C4
C4

C17
Cc7

C1
C2
C3
C3
C3
C4
C5
C5
C5
C6

C2
C1
C2
C19
C2
C5
C6
C17
C6
C5

Atom Atom Atom

C17
C5
C18
C18
C17
C18
C21
C22
C26
C26

Atom

C16
C17
C17
C17
C18
C19
C20
C21
C21
C21

C20
C18
C19
C21
C22
C26
C23
C24
C25
C26
C28
C32
C29
C30
C31
C32
C34
C38
C35
C36
C37
C38

C20
Cl6
C5
C16
C19
C3
C16
C20
C20
C22

.6005 (17

e e T = T = T = T S Sy S

e e e

Length/A
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Atom Atom Atom
C15

C7
C15
C6
C6
C8
C9
C9
C13
C10
C9
C12
Ci11
C8
C12
C12
C13
C15
C15
C6
Cl4
Cl4
C15
C15

Table A3-20: Selected torsion angles (°) for compound 4.20.

A
C1
C1
C1
C2
C2
C2
C2
C3
C3
C4
C4
C4

C6
C6
Cc7
C7
C7
C8
C8
C8
C9
C10
Cl1
C12
C13
C13
C13
Cl4
Cl4
C14
C15
C15
C15
C16
C16

B
C2
C2

C24
C1
C1
C3
C3
C4
C4
C3
C5
C5

C5
C8

C27
C27

Cc7

C13

C7
C8

Cl1
C10
C13
Cl4

C8

C14
C33
C13
C33
C16

C6

C16
C17
C20

C
C3
C3

C25
C24
C24
C4
C19
C5
C5
C19
C6
C6

D
C4
C19
C26
C23
C25
C5
C18
C6
C17
C18
C7
C15

Angle/*
121.43 (11
107.58
118.48
119.83
121.64
121.21
118.76
120.03
121.66
119.69
120.33
121.59
119.93
117.97
122.09
122.03
118.49
119.48
110.10
121.46
128.19
101.88
110.59

Angle/®
64.92(15)
-100.18(13)
153.62(12)
65.89(15)
-99.70(14)
-151.98(11)
152.46(12)
164.57(12)
-1.08(17)
-12.73(18)
16.2(2)
-159.65(12)

Atom Atom Atom
C21
C22

C23
C24
C23
C23
C25
C26
C21
C28
C32
C32
C29
C30
C31
C30
c27
C34
C34
C38
C35
C36
C37
C36
C37

A
C13
C13
C14
Cl4
C14
C14
C15
C15
C15
C15
C15
C15

C22
C23
C24
C24
C24
C25
C26
C27
C27
C27
C28
C29
C30
C31
C32
C33
C33
C33
C34
C35
C36
C37
C38

B
Cl4
C14
C15
C15
C33
C33

C6
C6
C14
C14
C16
C16

C1

C25

C1

C24
C25

C7
C7

C28
C27
C28
C29
C32
C31
Cl4
C38
Cl4
C33
C34
C35
C38
C33

C
C33
C33
C16
C16
C34
C38

C7
C7
C33
C33
C17
C17

D
C34
C38
C17
C20
C35
C37

C8
C27
C34
C38

C5
C18

174.48
-174.09(11)
-3.76(17)
173.60(10)
-62.01(16)
113.32(13)
14.27(13)
179.93(12)
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C4
C4
C5
C5
C5
C5
C5
C6
C6
C6
C6
C6
C6
C6
C6
C7
C7
C7
C7
C7
C7
C7
C8
C8
C8
C8
C8
C9
C9
C9
C10
Cl1
Cl1
C12
C12
C13
C13
C13

C5
C5
C6
C6
C6
C6
C17
C5
C5
C7
C7
C7
C7
C15
C15
C6
C6
C8
C8
C8
C27
C27
C7
C7
C9
C13
C13
C8
C8
C10
Cl1
C12
C12
C13
C13
C8
C14
C14

C17
C17
C7
C7
C15
C15
C18
C17
C17
C8
C8
C27
C27
C16
C16
C15
C15
C9
C13
C13
C28
C32
C27
C27
C10
C14
C14
C13
C13
Cl1
C12
C13
C13
C14
Cl4
C9
C15
C15

C16
C18
C8
C27
Cl4
C16
C19
C16
C18
C9
C13
C28
C32
C17
C20
Cl4
C16
C10
C12
Cl4
C29
C31
C28
C32
Cl1
C15
C33
Ci12
C14
C12
C13
C8
C14
C15
C33
C10
C6
Cl6

Angle/*
154.66(11)
-12.55(17)
-179.11(11)
-1.75(19)
176.67(10)
2.03(13)
13.29(18)
-13.81(13)
178.98(11)
-175.62(11)
3.62(17)
-93.62(14)
80.22(15)
-9.62(12)
107.62(11)
0.36(18)
-174.28(10)
179.64(11)
-179.30(11)
-0.16(17)
170.96(11)
-171.72(12)
83.65(15)
-102.51(14)
-0.30(19)
-3.21(17)
176.40(10)
-0.05(17)
179.10(10)
-0.17(19)
0.53(19)
-0.41(18)
-179.53(11)
175.89(11)
-4.49(18)
0.40(18)
3.17(17)
176.75(11)

A
C15
Cl16
Cl6
C16
C17
C17
C17
C17
C19
C20
C20
C20
C20
C21
C22
C22
C22
C23
C24
C24
C26
C27
C27
C27
C28
C28
C29
C30
C32
C33
C33
C33
C34
C34
C35
C36
C38

B
C16
C17
C20
C20

C5
C5
C16
C18
C3
C16
C16
C21
C21
C22
C21
C23
C23
C24
Cl
C25
C21
Cc7
Cc7
C28
C27
C29
C30
C31
C27
C14
Cl4
C34
C33
C35
C36
C37
C33

C
C20
C18
C21
C21

C6
C6
C20
C19
C4
C17
C17
C22
C26
C23
C26
C24
C24
C25
C2
C26
C22
C8
C8
C29
C32
C30
C31
C32
C28
C15
C15
C35
C38
C36
C37
C38
C34

D
C21
C19
C22
C26

C7
C15
C21

C3

C5

C5
C18
C23
C25
C24
C25

C1
C25
C26

C3
C21
C23

C9
C13
C30
C31
C31
C32
C27
C29

C6
C16
C36
C37
C37
C38
C33
C35

Angle/*

-81.34(12)
-151.19(12)
-98.91(13)
65.91(15)
-176.86(12)
7.30(13)
30.59(1
-0.71(1
13.44 (1
-103.18(12)
62.49(16)
151.88(12)
-149.15(12)
-2.06(19)
16.03(17)
-151.07(12)
14.98(18)
-12.50(18)
20.28(15)
-3.14(18)
-13.60(18)
7.07(17)
-173.69(10)

4)
9)
7)

1.7(2)

2.15(19)

0.6(2)
-1.5(2)
0.1(2)

-3.03(19)
-176.46(10)
-2.87(18)
-0.06(19)
1.29(18)
0.79(19)
-0.49(19)
-0.57(19)
-0.98(18)
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5.5 Compound 4.22

Figure A3-23: Crystal structure of compound 4.22. Non-hydrogen atoms are represented by displacement
ellipsoids at the 50% probability level). CCDC-2086045.
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Figure A3-24: Crystal packing diagram for compound 4.22 from different perspectives.

Table A3-21: Crystal data and structure refinement for compound 4.22.

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

pI°

Volume/A3

z

Peaemg/mm?

w/mm?

F(000)

Crystal size/mm?3

26 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=26 (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

CaeHz2

584.71

100(2)
monoclinic

Pc
12.52070(10)
11.58530(10)
11.45110(10)
111.1430(10)
1549.23(2)

2

1.253

0.537

616.0

0.177 x 0.148 x 0.124
7.57 to 159.512°

-15<h<15,-14<k<14,-13<1<14

70048

6557[R(int) = 0.0602]
6557/2/416

1.053

R: =0.0320, wR2 = 0.0797
R: =0.0326, wR> = 0.0801

0.14/-0.17
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Table A3-22: Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A?x10°) for compound 4.22. U is defined as 1/3 of the trace of the orthogonalised U,; tensor.

Atom
C1
C2
C3
C4

C4A
C4B
C5
C5HA
C5B
C6
Cc7
C8
C9
C9A
C9B
C10
Ci11
Ci12
C13
C13A
C13B
Ci14
C14A
Ci15
Ci16
C17
C18
C19
C20
Cc21
C22
C23
C24
C25
C26
Cc27
C28
C29
C30
C31
C32
C33

X
9804.8(17)
10052.6(17)
9156.9(16)
8020.1(16)
7128.2(16)
5880.4(15)
5171.1(16)
3976.2(15)
3181.2(16)
3570.2(18)
2831.4(19)
1664.2(18)
1256.3(18)
1986.4(16)
1529.3(16)
356.7(16)
-54.2(17)
692.8(17)
1840.3(17)
2281.0(15)
3523.1(15)
4278.8(15)
5439.8(16)
6400.5(16)
7394.0(16)
8501.9(17)
9380.5(17)
6638.1(17)
7427.8(16)
8600.9(17)
9406.8(16)
9056.3(16)
7906.7(17)
7093.9(16)
5684.1(15)
6364.9(17)
6846.5(18)
6650(2)
5975(2)
5497.7(18)
3879.5(15)
4116.5(17)

y
8052.9(18)

8498.6(17)
8089.1(16)
8443.2(15)
7733.9(15)
7748.8(15)
8580.6(15)
8336.6(15)
9052.1(16)
9873.8(18)
10457.8(19)
10246.5(18)
9434.4(17)
8838.1(16)
8013.8(16)
8013.5(16)
7326.9(17)
6603.2(17)
6573.2(16)
7262.9(15)
7316.8(15)
6419.9(15)
6657.5(15)
5850.6(15)
6678.6(16)
6462.7(16)
7171.8(17)
4938.5(16)
5432.1(16)
5220.3(16)
5980.6(17)
6991.4(17)
7057.4(17)
6284.6(16)
9733.3(15)
9886.8(17)
10956.9(18)
11886.1(18)
11745.7(18)
10670.7(17)
5209.2(15)
4645.8(17)

Z
8546(2)
7358(2)

6143.3(18)
5840.3(18)
5111.0(17)
4857.2(17)
5067.0(17)
4713.1(17)
5103.5(18)
6078(2)
6512(2)
6011(2)
5072(2)
4602.0(19)
3574.4(19)
2814(2)
1766(2)
1456(2)
2203.2(19)
3290.6(18)
4016.3(17)
3950.1(17)
4365.3(17)
4395.3(18)
4664.8(17)
4727.4(19)
5470.0(19)
5508(2)
6737.1(19)
7095.9(19)
7857.4(19)
8268.7(18)
8154.6(18)
7395.8(18)
5565.6(18)
6824.4(19)
7266(2)
6449(2)
5200(2)
4755.8(19)
3562.5(18)
2606.1(19)

U(eq)
28.4(4)
26.3(4)
22.4(4)
20.7(4)
19.5(4)
18.7(3)
19.2(4)
18.7(4)
21.2(4)
28.2(4)
31.8(5)
29.4(4)
26.8(4)
22.1(4)
22.5(4)
26.2(4)
28.8(4)
27.3(4)
24.0(4)
20.5(4)
18.6(3)
19.0(3)
19.0(3)
21.3(4)
20.5(4)
23.6(4)
24.7(4)
24.3(4)
22.6(4)
24.7(4)
25.4(4)
24.6(4)
23.4(4)
22.2(4)
20.2(4)
23.7(4)
28.4(4)
34.2(5)
34.9(5)
27.0(4)
20.8(4)
24.8(4)
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Atom
C34
C35
C36
C37

X
3774.2(18)
3198.6(18)
2961.6(18)
3290.0(16)

y
3506.6(19)

2912.5(18)
3464.5(17)
4607.0(17)

Table A3-23: Selected bond distances (A) for compound 4.22.

Atom
C1
C1
C2
C3
C3
C4

C4A
C4A
C4B
C4B
C5
C5
ChA
ChA
C5B
C5B
C6
c7
Ccs8
C9
C9A
C9B
C9B
C10
C11
C12
C13
C13A

Atom
C2
C23
C3
C4
C18
C4A
C4B
Ci16
C5
Cl14A
CbhA
C26
C5B
C13B
C6
C9A
Cc7
Cc8
C9
C9A
CcoB
C10
C13A
C11
C12
C13
C13A
C13B

Length/A
1.587(3)
1.509(3)
1.514(3)
1.399(3)
1.399(3)
1.395(3)
1.483(2)
1.410(3)
1.389(2)
1.413(2)
1.430(3)
1.502(2)
1.483(2)
1.424(2)
1.413(3)
1.418(3)
1.376(3)
1.386(3)
1.380(3)
1.399(3)
1.462(3)
1.411(3)
1.403(3)
1.376(3)
1.394(3)
1.382(3)
1.413(3)
1.477(2)

Atom
C13B
Cl4
Cl4
Cl14A
Ci15
Ci15
C16
C17
C19
C20
C20
C21
C22
C23
C24
C26
C26
C27
C28
C29
C30
C32
C32
C33
C34
C35
C36

Table A3-24: Selected bond angles (°) for compound 4.22.

Atom
C23
C3

Atom
C1
C2

Atom
C2
C1

Angle/*
112.55(17)
112.12(16)

Atom
C13B
Cl4A

Z
2302(2)
2946(2)
3900(2)

4199.1(19)

Atom
Cl4
Cl4

Atom
Cl4
Cl14A
C32
C15
Cl6
C19
C17
C18
C20
c21
C25
C22
C23
C24
C25
Cc27
C31
C28
C29
C30
C31
C33
C37
C34
C35
C36
C37

Atom
C32
C13B

U(eq)
31.2(5)
33.4(5)
30.3(4)
23.9(4)

Length/A
1.426(2)
1.384(3)
1.501(2)
1.514(3)
1.512(3)
1.599(3)
1.386(3)
1.390(3)
1.510(3)
1.397(3)
1.395(3)
1.385(3)
1.391(3)
1.400(3)
1.398(3)
1.396(3)
1.392(3)
1.392(3)
1.389(3)
1.383(3)
1.396(3)
1.396(3)
1.397(3)
1.393(3)
1.386(3)
1.387(3)
1.392(3)

Angle/*
122.68(16)
118.14(16)
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Atom
C4
C18
C18
C4A
C4
C4
Cl6
C5
C5
C14A
C4B
C4B
CHA
C5
C13B
C13B
C6
C6
CoA
C7
C6
C9
C8
C5B
C9
C9
C10
C13A
C13A
C11
C10
C13
C12
Cc9B
C9B
C13
C5A
C5A
Cl4

Atom
C3
C3
C3
C4

C4A
C4A
C4A
C4B
C4B
C4B
C5
C5
C5
C5HA
C5HA
C5HA
CoB
CoB
C5B
C6
Cc7
Cc8
C9
C9A
C9A
C9A
CoB
CoB
CoB
C10
C11
C12
C13

C13A

C13A

C13A

C13B

C13B

C13B

Atom
C2
C2
C4
C3

C4B
Cl6
C4B
C4A
C14A
C4A
CBA
C26
C26
C5B
C5
C5B
CBA
C9A
CBA
C5B
C8
C7
C9A
C9B
C5B
C9B
C9A
C9A
C10
C9B
C12
Cc11
C13A
C13

C13B

C13B

C13A

Cl4

C13A

Angle/*
119.09(18)
121.00(17)
118.28(17)
119.91(17)
132.05(17)
119.01(17)
107.98(16)
131.95(16)
120.52(16)
107.46(15)
118.86(16)
118.04(16)
122.92(16)
123.47(16)
119.17(16)
117.23(16)
122.48(17)
116.78(17)
120.34(17)

122.1(2)

120.6(2)
118.80(18)
121.78(19)
119.32(17)
119.88(18)
120.78(18)
120.98(18)
119.39(17)
119.50(18)
121.12(18)
119.73(18)
120.02(19)
121.31(19)
118.25(17)
120.11(17)
121.12(16)
118.44(16)
119.78(16)
121.58(16)

Atom
Cl4A
C4B
Cl4
Cl4
Cl4A
Ci16
C16
C4A
C17
C17
C16
C17
C20
Cc21
C25
C25
C22
Cc21
C22
C22
C24
C25
C20
C27
C31
C31
C28
C29
C30
C29
C26
C33
C33
C37
C34
C35
C34
C35
C36

Atom
Cl4
Cl4A
Cl4A
Cl4A
Ci15
Ci15
Ci15
C16
C16
C16
C17
C18
C19
C20
C20
C20
Cc21
C22
C23
C23
C23
C24
C25
C26
C26
C26
C27
C28
C29
C30
C31
C32
C32
C32
C33
C34
C35
C36
C37

Atom
C32
C15
C4B
C15
C19

Cl4A
C19
C15
C4A
C15
C18

C3
Ci15
C19
C19
Cc21
C20
C23

C1
C24

Ci1
C23
C24

C5

C5
C27
C26
C27
C28
C31
C30
Cl4
C37
Cl4
C32
C33
C36
C37
C32

Angle/*
118.93(15)
110.53(16)
121.71(16)
127.75(16)
110.14(15)
101.61(14)
110.72(15)
109.86(16)
120.02(17)
129.09(17)
118.78(18)
120.95(17)
111.32(15)
118.24(18)
123.27(17)
116.98(18)
121.56(18)
120.08(18)
120.63(18)
116.99(18)
120.99(18)
121.10(18)
119.76(18)
121.58(17)
119.62(17)
118.79(17)
120.78(19)

119.8(2)
119.94(19)

120.2(2)
120.43(19)
121.76(17)
118.55(17)
119.65(17)
120.40(19)

120.6(2)
119.35(19)

120.3(2)
120.76(19)
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Table A3-25: Selected torsion angles (°) for compound 4.22.

A
C1
Cl
C1
C2
C2
C2
C2
C3
C3
C4
C4
C4
C4
C4
C4A
C4A
C4A
C4A
C4A
C4B
C4B
C4B
C4B
C4B
C4B
C4B
C4B
C5
C5
C5
C5
C5
C5
C5
C5
C5A
C5A
C5A
C5A
C5A
C5A
C5A

B
C2
C2

C23
Cl
Cl
C3
C3
C4
C4
C3

C4A

C4A

C4A

C4A

C4B

C4B

C4B

C4B

Cl6

C4A

C4A
C5
C5
C5
C5

Cl4A
Cl4A

C4B

C4B

C5A

C5A

C5A

C5A

C26

C26
C5
C5

C5B

C5B

C5B

C13B
C13B

C
C3
C3

C24
C23
C23
C4
C18
C4A
C4A
C18
C4B
C4B
Cl6
C16
C5
C5
C14A
C14A
C17
Cl6
C16
C5A
C5A
C26
C26
C15
C15
Cl4A
Cl4A
C5B
C5B
C13B
C13B
C27
C31
C26
C26
C6
Co9A
Co9A
C14
C14

D
C4
C18
C25
C22
C24
C4A
C17
C4B
C16
C17
C5
Cl4A
C15
C17
C5A
C26
C14
C15
C18
C15
C17
CsB
C13B
C27
C31
C16
C19
C14
C15
C6
CoA
C13A
Cl4
C28
C30
C27
C31
C7
C9
CcoB
Cl4A
C32

Angle/*
62.7(2)
-102.5(2)
151.39(19)
60.2(2)
-105.9(2)
-150.57(18)
150.94(19)
165.70(18)
-1.6(3)
-14.4(3)
13.8(3)
-163.11(19)
156.27(17)
-13.2(3)
-179.99(18)
4.7(3)
-175.52(17)
5.4(2)
13.9(3)
-13.8(2)
176.76(17)
167.95(17)
-7.9(3)
-77.0(2)
101.9(2)
-12.9(2)
104.45(17)
7.1(3)
-171.92(16)
-14.7(3)
172.71(17)
-159.14(16)
15.7(3)
179.07(18)
-179.5(2)
107.9(2)
-73.3(2)
-173.89(19)
173.25(17)
-8.3(3)
-12.1(3)
162.17(17)

A
C10
C10
Cl1
C12
C12
C13
C13

C13A
C13A
C13A
C13B
C13B
C13B
C13B
C13B
C13B
C14
C14
C14
C14
C14A
C14A
Cl4A
Cl4A
Cl4A
Cl4A
Cl4A
C15
C15
C15
C16
C16
C16
C16
C18
C19
C19
C19
C19
C20
C21
C21

B
CcoB
Cl1
C12
C13
C13

C13A
C13A
CcoB
C13B
C13B
C5A
C5A
C14
C14
C14
C14
C14A
C14A
C32
C32
C4B
C4B
Cl14
Cl4
C15
C15
C15
C16
C19
C19
C4AA
C4AA
C15
C17
C3
C15
C15
C20
C20
C21
C20
C22

C
Cl13A
C12
C13
C13A
C13A
C13B
C13B
C10
C14
C14
CsB
C5B
Cl4A
Cl4A
C32
C32
C15
C15
C33
C37
C5
C5
C32
C32
Cl16
Cl16
C19
C17
C20
C20
C4B
C4B
C19
C18
C4
C16
C16
C21
C25
C22
C25
C23

D
C13B
C13
C13A
CcoB
C13B
C5A
C14
Cl1
Cl4A
C32
C6
C9A
C4B
C15
C33
C37
Cl6
C19
C34
C36
C5A
C26
C33
C37
C4A
C17
C20
C18
C21
C25
C5
Cl4A
C20
C3
C4A
C4A
C17
C22
C24
C23
C24
C1

Angle/
175.21(17)
0.3(3)
0.2(3)
-2.1(3)
-173.82(17)
152.31(18)
-22.5(3)
-3.0(3)
162.63(17)
-23.1(3)
161.16(18)
-11.4(2)
0.7(3)
179.61(17)
127.1(2)
-55.3(3)
168.08(18)
-74.5(2)
177.41(18)
-176.74(18)
-3.4(3)
-178.71(16)
-58.7(2)
118.93(19)
16.2(2)
-175.6(2)
-84.09(19)
-153.2(2)
-93.6(2)
71.9(2)
-177.88(19)
5.2(2)
27.5(2)
-0.1(3)
15.0(3)
-100.77(18)
67.4(3)
152.00(19)
-150.93(18)
-1.0(3)
14.8(3)
-151.00(19)
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C5SB
C5SB
C5SB
C5SB
C5SB
C6
C6
C6
C7
C8
C8
C9
C9
CoA
CoA
CoA
CoA
CcoB
CcoB
CcoB
C10

B
C5A
C5A

C6
Co9A
Co9A
C5SB
C5SB

C7

C8

C9

C9
CoA
CoA
CsB
CcoB
CcoB
CcoB
C10

C13A
C13A
CcoB

C
C13B
C13B

o
CoB
CoB
C9A
C9A

C8

C9
C9A
C9A
CoB
CoB

C6
C10

C13A
C13A
Cl1
C13B
C13B
C13A

D
C13A
Cl4
C8
C10
C13A
C9
CoB
C9
CoA
C5B
CoB
C10
C13A
C7
Cl1
C13
C13B
C12
C5A
Cl4
C13

Angle/*
24.8(2)
-160.34(16)
0.8(3)
-161.52(17)
14.3(3)
0.3(3)
178.78(18)
0.4(3)
-1.2(3)
0.8(3)
-177.62(18)
17.0(3)
-167.20(17)
-1.1(3)
172.87(18)
-172.49(17)
-0.7(3)
1.1(3)
-19.2(2)
165.96(17)
3.4(3)

A
C21
C22
C23
C23
C25
C26
C26
C26
ca27
ca27
C28
C29
C31
C32
C32
C32
C33
C33
C34
C35
C37

C22
C23
C1
C24
C20
C5
C5
c27
C26
C28
C29
C30
C26
Cl14
Cl14
C33
C32
C34
C35
C36
C32

C23
C24
C2
C25
cz21
C5A
C5A
C28
C31
C29
C30
C31
C27
Cl4A
Cl4A
C34
C37
C35
C36
C37
C33

C24
C25
C3
C20
C22
CSB
C13B
C29
C30
C30
C31
C26
C28
C4B
C15
C35
C36
C36
C37
C32
C34

Angle/*
15.7(3)
-15.2(3)
22.4(2)
-0.1(3)
-14.4(3)
-17.0(3)
167.22(17)
0.0(3)
-0.6(3)
0.1(3)
-0.5(4)
0.8(4)
0.2(3)
-173.75(17)
5.1(3)
-0.3(3)
1.0(3)
0.2(3)
0.6(3)
-1.1(3)
-0.3(3)

339



Chapter 5: Synthetic Utility of a [2.2]Paracyclophane-derived Tetralone and Indanone

5.1 Introduction

The Scholl reaction of polybenzenoid hydrocarbons is a highly efficient method for forging
multiple carbon—carbon bonds in a single operation, leading to the construction of small to large-
sized planar and non-planar polynuclear aromatic hydrocarbons (PAH).1 A number of theoretical
and experimental studies have been conducted to elucidate the mechanism of the Scholl reaction.?
Studies have led to primarily two mechanistic pathways, namely, radical-cation and arenium ion
pathways, for the Scholl reaction. The intermediates in a Scholl reaction, namely, radical cation
and arenium ion intermediates have similar reactivity, which presumably makes it difficult to
comment on the exact mechanism of the Scholl reaction. Scholl reactions have occasionally
surprised chemists with unexpected reaction outcomes, such as those arising from aryl group
migration,? skeletal rearrangements.*

Perylene (5.2) (see structure in Scheme 5.1, vide infra) and its derivatives have gained
increasing popularity among the scientific community owing to their application as dyes and in
materials science.® The X-ray structure of 5.2 shows longer peri-bond lengths than the other bond
lengths.® Consequently, 5.2 can be considered as two peri-conjoined naphthalene units. As
expected, 5.2 exhibits characteristics (*H NMR chemical shifts) and reactivity (electrophilic
aromatic substitution reactions, such as nitration)’ that are typical for aromatic compounds.®
Perylene (5.2) is a lucrative candidate for optoelectronic applications due to its high absorbance in
the UV/vis region, small Stokes shift, and high quantum yield (¢ = 0.98 in the absence of air).°

In 1910, Scholl and co-workers synthesized perylene (5.2) for the first time by the Scholl
reaction of 1,1'-binaphthalene (5.1) in the presence of AICIls as oxidant at high temperature

(Scheme 5.1).1° Although a few examples of cyclophanes bearing the perylene bisimide (PBI)
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unit (Scheme 5.1, inset) are reported in the literature,!* examples of cyclophanes with the bare
perylene unit could not be found. In this regard, bearing the intriguing photophysical properties

in mind, the synthesis of cyclophanes with perylene unit(s) would be highly desirable.

D e Q2
140 °C

_________________________________

|
{ ;

Scheme 5.1: Scholl reaction of 1,1'-binaphthalene (5.1) for the synthesis of perylene (5.2). Inset: structure
of the perylene bisimide (PBI) unit.

5.2 Objective

a-Tetralone 5.4, which featured as a key intermediate in the synthesis of [2.1]cyclophane 5.5,*2
seemed to offer an opportunity for the three-step synthesis of a [2.1]cyclophane featuring perylene
as one of its aromatic systems. Conversion of tetralone 5.4 to vinyl bromide 5.6 followed by the
Suzuki coupling of 5.6 with naphthalene-1-boronic acid (5.7) would furnish dihydronaphthalene
5.8 (Scheme 5.2). Finally, the cyclodehydrogenation (Scholl) reaction of 5.8 could provide the

targeted [2.1]cyclophane 5.9.
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5.7
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coupling
5.9

Scheme 5.2: Intended synthesis of [2](1,4)peryleno[1]paracyclophane 5.9.

Quinoxaline derivatives have gained considerable attention in the areas of both materials®®
and biological sciences.’* One of the major reasons for their widespread application across various
fields is due to their easy synthetic accessibility. The most widely used method to construct a
quinoxaline framework is by a condensation reaction between a 1,2-diketone (5.10) and an
appropriate 1,2-arylenediamine (5.11), leading to the formation of an quinoxaline derivative (5.12)
(Scheme 5.3).1° Dione 5.13 could serve as the 1,2-diketone component in the reactions with a set
of 1,2-diarylamines 5.11 to afford [2.2]paracyclophane/quinoxaline hybrids 5.14. Cyclophanes
5.14 would represent interesting examples of chiral [2.2]paracyclophane derivatives containing an
electron-deficient quinoxaline moiety. In particular, it would be interesting to know information
about the acidity (pKa) of the methine proton by UV/vis and NMR titration studies. As
cyclophanes 5.14 can be considered as a hybrid containing an electron-withdrawing (quinoxaline
moiety) and a moderately electron rich ([2.2]parayclophane moiety), its electronic properties

would be of interest.
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Scheme 5.3: Proposed route to [2.2]paracyclophane/quinoxaline hybrids 5.14.

Pentalene (5.20), a hydrocarbon composed of two fused cyclopentadiene rings, is a
8relectron system, which is antiaromatic according to Hickel’s rule (Scheme 5.4, inset, vide
infra). Compound 5.20 is a thermally unstable compound, which undergoes dimerization above
—198 °C.%8 Placement of bulky substituents along the periphery of the pentalene moiety can lead
to significant kinetic stabilization as observed for hexaphenylpentalene (5.23)!" and 1,3,5-tri-tert-
butylpentalene (5.24).28 Another way to enhance the stabilization of the pentalene moiety is to
fuse benzene ring(s) to it. Benzopentalene (5.21) itself undergoes dimerization at room
temperature but is stable at temperatures as high as —70 °C.1° However, introduction of
substituents either on the alkene or aromatic positions in the benzopentalene moiety gives rise to
derivatives with improved stability.?® Dibenzo[a,e]pentalene (5.22) and its derivatives are fairly
bench-stable stable z-conjugated compounds with narrow HOMO-LUMO gaps.?* Presumably,
owing to the greater stability and greater ease of handling of dibenzopentalenes, the chemistry of
dibenzopentalenes is well-explored compared to benzopentalenes.

Cyclophane 5.16, isolated serendipitously from an intended double aldol condensation
between dione 5.13 and 1,3-diphenylacetone (5.15) by the rearrangement?? of the in-situ generated

343



desired cyclopentadienone (not shown) appeared to offer an opportunity to prepare
benzopentalenophanes 5.18 and/or 5.19 by a two-step protocol consisting of reduction (conversion
of 5.16 to allylic alcohol 5.17) and an ensuing Wagner—Meerwein rearrangement (Scheme 5.4).
As opposed to a planar benzopentalene moiety, the forced non-planar geometry of the
benzopentalene moiety in compounds 5.18 and 5.19 would be expected to decrease the
antiaromatic character of the benzopentalene moiety. In addition, the top face of the tetra-
substituted benzopentalene moiety in 5.18 and 5.19 is sterically shielded by a 1,4-disubstiuted
benzene ring. Overall, compounds 5.18 and 5.19 might be sufficiently stable to be isolated and

characterized, which would enable the study their photophysical and electrochemical behavior.

P Ph

0]
5.15
a KOH )’ reduction ab’
'. (H_ EIOH,80°C '\ oh ’Q* Ph
5.13 1 ref. 5.16 5.17 )—°"
Ph 0] Ph H
Wagner—Meerwein E
Q and/or Q rearrangement |
e ) :
e o7
5.18 5.19
Ph Ph Ph
Phe | Bu 5
BeNgsNes, bsd |
; T I e, T
'+ 5.20 5.21 5.22 5.23 Ph U 524 4
5 Ph B

___________________________________________________________________________________

Scheme 5.4: Proposed synthesis of benzopentalenophanes. Inset: structures of pentalene (5.20),

benzopentalene (5.21), and dibenzo[a,e]pentalene (5.22), and pentalenes 5.23 and 5.24.

5.3 Results and Discussion
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5.3.1 Synthesis

5.3.1.1 Attempted Synthesis of Cyclophane 5.9

a-Tetralone 5.4 was synthesized from commercially available [2.2]paracyclophane 5.3 over six
steps following the recently reported protocol.*? In 2005, Panda and co-workers developed a mild
method for the preparation of 4-bromo-1,2-dihydronaphthalenes from the corresponding o-
tetralone derivatives by using PBrs.2® To accomplish the first step toward the synthesis of the
perylene moiety bearing cyclophane 5.9, conversion of 5.4 to vinyl bromide 5.6 was necessary
(see Scheme 5.2, vide supra). Reaction of tetralone 5.4 with PBr3 under heating conditions
underwent smoothly to furnish the required vinyl bromide 5.6 (57%) (Scheme 5.5). Vinyl
bromides are an important class of coupling partners in the Suzuki reaction.?* By harnessing the
reactivity of the vinyl bromide 5.6, a Suzuki cross-coupling between 5.6 and naphthalene-1-
boronic acid (5.7) was carried out. The Suzuki coupling between 5.6 and 5.7 in the presence of a
catalytic amount of Pd(PPhs)4 afforded dihydronaphthalene 5.8 (86%), thereby accomplishing the
installment of the required naphthalene moiety. Finally, a Scholl reaction was attempted to access
the targeted [2.1l]cyclophane 5.9 (see Scheme 5.2, vide supra). Treatment of 5.8 with
DDQ/MesSOsH in CH,Cl2 (Rathore’s Scholl conditions)? resulted in the consumption of the
starting material (5.8) within 5 min and the formation of one major mobile spot. Column
chromatography of the product mixture on silica gel afforded a white solid. The *H NMR spectrum
(Appendix 4) ) did not match what was expected for the perylenophane 5.9. In particular, two
slightly broad 1H singlets at 6 7.74 and 6.08 ppm, and one 1H doublet at 66.69 (J = 1.8 Hz) ppm
stood out as being inconsistent with 5.9. The small coupling constant of 1.8 Hz for the doublet at
0 6.69 is typical for a meta-coupled aromatic proton. The slight broadening of the two singlets

also hinted at meta coupling. The HMRS spectrum shows a peak at m/z = 370.1715, which again
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did not match the calculated value for the desired cyclophane 5.9 (m/z = 368.1565). Based on the
available 1D, 2D NMR (see Appendix 4 for COSY, HSQC, NOESY spectra), and HRMS data,
the identity of the solid in question could not be determined. Hence, for an unambiguous
determination of the identity of the product, crystallographic analysis was indispensable. Crystals
suitable for single-crystal X-ray diffraction (SCXRD) analysis (see Appendix 4) were grown by
vapor diffusion of methanol into a saturated solution of the product in chloroform.?® [2](7,3")1,1'-
Binaphthaleno[1]paracyclophane (5.25) was identified as the unexpected product. From the
substitution patterns of the two naphthalene moieties in 5.25, it was clear that under the reaction
conditions the skeleton of the precursor 5.8 had undergone rearrangement. A possible mechanism

for the formation of 5.25 in Scheme 5.9 (vide infra).

B(OH),
Pd(PPh3
-~ v O e O
H benzene, 80 °C H DME/EtOH/H,0O H
5.4 22 h, 57% 5.6 90 °C, 17 h 5.8
O Br
" D
DDQ

. Me3SO3H ‘

Q Q CH,Cl,, 0 °C

Q g 5 min, 44%

5.25

Scheme 5.5: Serendipitous synthesis of cyclophane 5.25 over three steps from a-tetralone 5.4.

5.3.1.2 Synthesis of Quinoxalines 5.14a and 5.27
In 2012, Karami and co-workers reported a mild protocol for the condensation of 1,2-diketones

and 1,2-aryldiamines in the presence of LiCl as catalyst to afford quinoxalines.?’” Due to the
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advantages of operational simplicity and simple work-up procedure, the reaction conditions of
Karami and  co-workers were initially considered for the synthesis of
[2.2]paracyclophane/quinoxaline hybrids. Condensation of dione 5.13 with the quintessential 1,2-
diarylamine, o-phenylenediamine (5.11a), proceeded smoothly under the mild reaction conditions
to provide quinoxaline 5.14a in an excellent yield of 91% (Scheme 5.6). The methine proton in
5.14a resonates at ¢ 4.66 ppm (d, J = 8.1 Hz), which is downfield shifted by 0.58 ppm from that
in dione 5.13 [4.08 ppm (d, J = 9.2 Hz)].%2

H,N__CN HZND

H2N5_jz|:60N et 5.11a

> a LiCl

AcOH, 120°C K= SH. Eion,

AN

527 || P 3 h, 63% 513 2h,91%
Poon
CN HN - NHp
QOQ X conditions a,b, or ¢
5.11b TTTmmoomomoooes ST TTTTITeTommmy
conditions a = LiCl, EtOH, rt, 48 h

i conditions b = LiCl, EtOH, 80 °C, 24 h
. conditions ¢ = AcOH, 120 °C,22h !

___________________________________

Scheme 5.6: Successful and attempted condensation reactions of dione 5.13 with different diamines.

Tetrapyrazinoporphyrazines are a family of macrocycles that are known to form complexes
with different metals.?® Tetrapyrazinoporphyrazines and their alkali metal complexes are

promising candidates for optoelectronic applications.?® 2,3-Dicyanopyrazines are valuable
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precursors for the synthesis of tetrapyrazinoporphyrins. It was envisaged that dione 5.13 could
engage in a condensation reaction with diaminomaleonitrile (5.26) to afford
[2.2]paracyclophane/pyrazine hybrid 5.27 (Scheme 5.6, vide supra). As compound 5.27 possesses
a 2,3-dicyanopyrazine unit, compound 5.27 could then serve as a potential precursor to hitherto
unknown [2.2]paracyclophane bearing tetrapyrazinoporphyrins. Accordingly, an attempt was
made to generate 5.27 by treatment of dione 5.13 with 5.26 in the presence of LiCl (Scheme 5.6,
conditions a). Unfortunately, the reaction met with failure as no progress of the reaction was
observed by TLC analysis. Elevation of the reaction temperature to 80 °C (Scheme 5.6, conditions
b) was also found to be ineffective to promote the reaction. The use of harsher classical acidic
conditions was then explored. Accordingly, reaction of dione 5.13 with 5.26 in AcOH afforded
the desired pyrazine 5.27 in 63% yield. The methine proton in 5.27 resonates at 64.65 ppm (d, J
= 7.6 Hz), which is at essentially the same place as the corresponding methine proton of 5.14a.
To incorporate a larger z-system, 9,10-diaminophenanthrene (5.11b) was selected as the
1,2-aryldiamine component for the synthesis of [2.2]paracyclophane/quinoxaline hybrid 5.14b.
However, despite several attempts (conditions a, b, or ¢), 5.11b was found to be unreactive toward
the condensation reaction with dione 5.13, and thereby the synthesis of 5.14b was not successful.

The reasons for the failure of this reaction are not clear at this time.

5.3.1.3 Attempted Synthesis of Benzopentalenophanes 5.18 and 5.19

In 2019, Miao, Ren, and co-workers disclosed a method consisting of Nazarov cyclization/4 zring
closure reactions for the construction of polycyclic compounds (5.29) bearing indanone and indene
moieties from 1,2-allenyl aryl ketones (5.28) in the presence of FeCls (Scheme 5.7).3° The

synthetic utility of the method was demonstrated by the conversion of the polycyclic compounds
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(products of the Nazarov/4z ring closure reactions) to unsymmetrically substituted

dibenzo[a,e]pentalenes (5.30) over two steps.

(0] Ar'l
Ar’ FeCl, 1. reduction
@ c g o O‘
JJ\ CH,Cl,, 50 °C 2. Wagner—Meerwein
Ar?” Ar? / rearrangement Al
- Ar? 5.29 2 5.30
5.28 | yield upto 95% | |2-step yield upto 80%)

Scheme 5.7: Three-step transformation of allenyl aryl ketone 5.28 into dibenzopentalenes 5.30 by Miao,

Ren, and co-workers.

With an aim of synthesizing benzopentalenophanes 5.18 and/or 5.19 following a similar 2-
step pathway to that reported by Miao, Ren, and co-workers (see Scheme 5.7, conversion of
indenones 5.29 to 5.30), cyclophane 5.16 was first reduced with LiAlH4 (Scheme 5.8). Reduction
of 5.16 yielded allylic alcohol 5.17 (94%) as the sole diastereomer. It is highly likely that the
reducing agent attacked from the less hindered bottom face of the carbonyl group to provide the
isomer shown in Scheme 5.8. To effect a 1,2-shift of the methano bridge and/or the phenyl ring
attached to the quaternary aliphatic carbon atom to afford benzopentalenophane 5.18 and/or 5.19,
respectively, compound 5.17 was exposed to p-TsOH. Within 1 h, consumption of the starting
material was observed (TLC analysis), and the reaction was quenched with aqueous NaHCOs3
solution. Following column chromatography, a yellow solid was isolated. The HMRS spectrum
displays a peak at m/z = 439.2044, which is 19.0166 units higher than the calculated m/z value of
420.1878 (M™) for the desired benzopentalenophanes 5.18 or 5.19. Finally, with the assistance of
1D and 2D NMR (see Appendix 4 for COSY, HSQC spectra) experiments, the isolated product
was assigned as cyclophane 5.31, which is a partially hydrogenated product of cyclophane 5.16.
The yield for the conversion of 5.17 to 5.31 was calculated to be 83%. The *H NMR spectrum

(300 MHz, CDCls) of 5.31 displays several characteristic signals. The diastereotopic protons of
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the methano bridge appears as an AX system consisting of two doublets at 63.53 ppm (J = 14.1
Hz) and 3.02 ppm (J = 13.6 Hz), the latter of which overlaps with a multiplet at 63.09-2.99 ppm.
Another notable feature is the appearance of the ABX system, which consists of two benzylic
geminal protons of the five membered ring fused to the lower benzene ring and the adjacent proton
that is attached to a tertiary carbon atom. The two benzylic protons of the five membered ring
resonate at 6 3.46 ppm (dd, J = 17.8, 8.6 Hz) and 3.29 ppm (dd, J = 17.8, 4.1 Hz). The proton
attached to the tertiary carbon appears as a doublet of doublets at 6 4.00 ppm (J = 8.6, 4.0 Hz),
which is downfield shifted compared to all benzylic protons in 5.31.

The use of the Lewis acid Et,O-BFs was screened for the Wagner—Meerwein
rearrangement. The reaction led to the formation of a complex mixture of several spots (TLC
analysis). An attempted separation of the mixture met with failure. Unfortunately, none of the

products could be identified.

p-TsOH a
DCE, 80 °C l’.‘
0 ' Ph
1h, 83% 5.31

.. LiAIH, .. Ph (@)
6 10°Ctort, 30 min 917 OH
Ph O 94% Ph H Et,O-BF3

complex mixture
DCE, 80 °C
1h

Scheme 5.8: Reduction of cyclophane 5.16 followed by attempted Wagner—Meerwein rearrangement under

Bransted/Lewis acidic conditions.

5.3.2 Proposed Reaction Mechanisms

5.3.2.1 Proposed Mechanism for the Formation of Cyclophane 5.25 under Scholl Conditions
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Two different pathways, namely a radical-cation (Scheme 5.9, top, vide infra) and an arenium-ion
pathway (Scheme 5.9, bottom)? have been considered for the surprising outcome (formation of
cyclophane 5.25) under the Scholl conditions.

The first step in the radical-cation pathway commences with the classical oxidation of the
dihydronaphthalene moiety in 5.8 to afford [2.1]cyclophane 5.32 as an intermediate. Compound
5.32 undergoes single-electron oxidation followed by cleavage of the CH,—CH bond to furnish
radical cation 5.33. The radical cation forming step resembles to the first step of the well-known
radical cation mechanistic pathway of the Scholl reaction.? Following a 180° rotation of the
naphthalene moiety in 5.33 as shown in Scheme 5.9, the 3-position of the naphthalene moiety
could attack the carbocationic site (benzylic) in an intramolecular fashion to afford radical cation
intermediate 5.34. Loss of a hydrogen radical and a proton gives [2.1]cyclophane 5.25. A similar
observation of a rearrangement of an oligo-phenyl-substituted [2.2]paracyclophane under Scholl

conditions was made by Hopf and co-workers (see Chapter 4, Scheme 4.7).
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Scheme 5.9: Proposed pathways for the formation of cyclophane 5.25 under Scholl conditions.

5.37

Another possible pathway that could account for the formation of 5.25 from 5.8 is the
arenium-ion pathway, wherein the first step mirrors that of the aforementioned radical cation
pathway to afford 5.32 (Scheme 5.9, bottom, vide supra). Cyclophane 5.32 could undergo a retro-
Friedel-Crafts ring opening reaction to produce cationic intermediate 5.36 via the intermediacy of

carbocation species 5.35. Carbocation intermediate 5.36 could undergo intramolecular Friedel-
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Crafts alkylation to give carbocation intermediate 5.37, which would collapse to [2.1]cyclophane

5.25 following loss of a proton.

5.3.2.2 Proposed Mechanism for the Formation of Cyclophane 5.31 under Acidic Conditions
The endocyclic double bond of the five membered ring fused to the lower benzene ring in
cyclophane 5.17 could undergo protonation to afford allylic carbocation species 5.38 (Scheme
5.10). Translocation of the double bond in 5.38 would lead to presumably more stable
benzylic/allylic carbocation intermediate 5.39, which is a canonical structure of 5.38. Loss of a
proton would result in the formation of the intermediate cyclophane 5.40. Intermediate 5.40 upon

tautomerization would afford cyclophane 5.31.

H— —s
Ph ,//Ph ,//
5. 17 OH 5.38 5.39 ‘ OH

—H*

- >
5.3 Ph 5.4 Fh
P O PN OH

Scheme 5.10: Possible mechanism for the formation of cyclophane 5.31 from cyclophane 5.17 in the

presence of p-TsOH.

5.3.3 X-Ray Crystallographic Analysis
The methano bridge (C19) (Figure 5.1) for cyclophane 5.25 has a compressed bond angle of
106.01(10)°, which is close to the angle!? [104.73(19)] at the methano bridge in
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[2](6,1)naphthaleno[1]paracyclophane (5.5). The ethano bridge has bond angles of 114.76(11)°
(C2) and 110.89(11)° (C1). The bond angle at C2 is comparable to the bond angles at the ethano
bridge in 5.5 [113.9(2)° and 113.7(2)°] and [2.2]paracyclophane (5.3) (113.7°).3! The dihedral
angle between the two average planes of the two naphthalene moieties in 5.25 is 66.08°, which is
ca. 2° less than the analogous angle (68.19°) found from the crystal structure® of 1,1'-

binaphthalene (5.1).

Figure 5.1: X-ray crystal structure of 5.25 (non-hydrogen atoms are represented by displacement ellipsoids
at the 50% probability level).

As discussed in Chapter 1, the degree of distortion from planarity of bent benzene rings
can be determined by two parameters « and £. The sum of these two parameters (a+/) can be
used as a measure of local distortion. There are four sets of «and fassociated with the four
bridgehead carbon atoms, C3, C17, C20, and C23 (Table 5.1). As indicated by the a+f values, it
is evident that there is higher degree of local distortion in the vicinity of C20 and C23. As expected,
the highest distortion is in the vicinity of the bridgehead carbon (C20) of the methano bridge.
However, all a+f values for 5.25 are significantly lower than those of 5.5, which suggests that the
cyclophane framework of 5.25 is substantially less strained than that of 5.5 owing to a presence of

a larger aromatic system (1,1’-binaphthalene moiety vs. naphthalene moiety).

354



Table 5.1: Experimentally determined values of ¢, fand a+f for 5.25.

Bridgehead a B a+p

c3 0.52(9)° 1.06(11)° 1.58(14)°
c17 4.22(14)° 5.30(13)° 9.52(19)°
C20 5.99(10)° 11.78(10)° 17.77(14)°
c23 5.61(10)° 7.15(11)° 12.76(15)°

The 1,7-disubstituted naphthalene and the 1,3-disubstitued naphthalene moieties in 5.25
have a twist®® of just —2.00° (C3-C4-C7—C8) and —3.87° (C17-C18-C13-C14), respectively.
These values are comparable to the analogous twist angle of the naphthalene moieties in 1,1'-
binaphthalene (5.1), which is negligibly small (0.97°).32 The slightly higher twist of the
naphthalene moieties in 5.25 is presumably brought by the aliphatic bridges due to the inclusion
of the 1,1’-binaphthalene moiety into the cyclophane framework.

The C1-C23 and C1-C2 bonds, which are part of the ethano bridge in 5.25, have bond
lengths of 1.508(2) and 1.5515(19) A, respectively. These values for the bond lengths are smaller
than the analogous C(sp?)—C(sp®) (see C1-C15 bond in Chapter 2, Figure 2.1) and C(sp®)-C(sp®)
(see C1-C2 bond in Chapter 2, Figure 2.1) bond lengths of 1.521(3) and 1.586(4) A, respectively,
for 5.5. The bond length of C2-C3 in 5.25 is 1.5138(18) A, which is comparable to that [1.513(3)
A] of the analogous C(sp?)-C(sp®) (see C2—C3 bond in Chapter 2, Figure 2.1) in 5.5. The methano
bridge in 5.25 has bond lengths of 1.5151(19) and 1.5210(17) A, which are smaller than those of
5.5. The C9-C11 has a bond length of 1.4945(17) A, which is comparable to that (bond connecting

two naphthalene moieties) of 1,1’-binaphthalene (5.1).%?

5.3.4 NMR Analysis
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The *H NMR spectrum of 5.25 features aromatic signals that are spread over a broad range (&
7.94-6.08 ppm) (see Appendix 4). The highest field aromatic proton resonates at 66.08 ppm and
appears as a slightly broad singlet. The proton was assigned to C10 (see crystal structure in Figure
5.1 for numbering) based on a COSY experiment (see Appendix 4 for COSY spectrum). The
crystal structure of 5.25 shows a conformation in which C10 is oriented toward the interior of the
cyclophane framework. Consequently, C10 experiences magnetic shielding from the 1,4-
disubstituted benzene unit and the 1,3-disubstituted naphthalene unit. The diastereotopic protons
of the methano bridge (C19) appears as an AB system at 64.13 and 4.05 ppm (J = 13.3 Hz). These
protons are downfield shifted compared to the protons of the ethano bridge (C1 and C2), as would
be expected for a diarylmethane. The protons of the ethano bridge appears as three discrete

multiplets at 63.35-3.22 (1H), 3.09-2.99 (1H), and 2.61-2.48 (2H).

5.4 Future Outlook

The selectivity for the formation of cyclophane 5.25 is noteworthy. Cyclization of radical cation
5.33 or arenium ion 5.36 could conceivably occur at several other positions to give various other
cyclophanes. It may be that one or more of these other cyclophanes were among the cluster of
more polar minor compounds that were observed by TLC, but no evidence for the formation of
any such compounds was obtained. Even if one or more of them was present, none of them were
formed to nearly the same extent as 5.25. Whatever the case, the observed selectivity suggests
that this rearrangement reaction might be used for the tailored synthesis of a variety of other
unusual [2.1]cyclophanes that would be difficult, if not impossible, to access, using conventional
synthetic methods. Scheme 5.11 highlights a few selected examples of [2.1]cyclophanes bearing
a pyrenyl or phenyl unit as part of their aromatic systems. A 1-pyrenyl unit is an especially

attractive system to use because, according to the proposed mechanism, the 3 position of the pyrene
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unit would be the favoured site of cyclization. The innate favourability of the 1, 3, 6, and 8
positions in pyrene (5.47) toward electrophilic aromatic substitution of pyrene (5.47)%* may then
serve to enhance the selectivity of the rearrangement (Scheme 5.11, inset). Suzuki coupling of
dihydronaphthalene 5.6 with pyrene-based boronic acids 5.41a and 5.41b would afford
dihydronapthalenes 5.42a and 5.42b, respectively. Subsequent subjection of 5.42a or 5.42b to the
Scholl reaction conditions would result in the formation of the targeted cyclophanes 5.43a and
5.43Db, respectively.

The use of phenylboronic acids 5.44a-d for the Suzuki coupling reaction would be
expected to furnish [2.1]cyclophanes 5.46a-d via the intermediacy of the dihydronaphthalenes
5.45a-d, respectively. The expected site of cyclization on the benzene unit is the 3 position, so
the presence of ortho-/para-directing substituents at the 4 position, i.e. 5.45b—d would be expected
to be advantageous for the intramolecular Friedel-Crafts reactions of the intermediate radical
cations or cationic intermediates (not shown, cf. 5.33 and 5.36). In this context it would be
interesting to probe what effect an electron-withdrawing group on the phenyl unit would have on

the outcome of the rearrangement reaction and the placement of substituents at other positions.
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Scheme 5.11: Potential utility of dihydronaphthalene 5.6 for the synthesis of [2.1]cyclophanes 5.43a—b and

5.46a—d over two steps. Inset: numbering for pyrene (5.47).

[2.1]Cyclophane 5.25 was found to be weakly fluorescent (TLC analysis) under 365 nm
UV irradiation. Given that pyrene (5.47) has a higher quantum yield of 0.32 (cyclohexane) vs.
0.23 (cyclohexane) for unsubstituted parent naphthalene,® replacement of the naphthyl unit in 5.25
with a pyrenyl unit would be expected to lead to a cyclophane, which would be a better
fluorophore. Comprehensive UV/vis absorption and fluorescence spectroscopic studies with the

aid of theoretical calculations on cyclophane 5.25 and similar structurally unusual synthetically
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accessible (under the same rearrangement conditions) cyclophanes would be worth pursuing once

the scope and limitations of the rearrangement reaction have been explored.
[2.2]Paracyclophane/quinoxaline hybrids bearing heteroaromatic units larger than those in

5.14a-b might be interesting systems for the UV/vis and NMR titration studies to probe the effects

of larger heteroaromatic systems on the acidity (pKa) of the methine proton in such chiral systems.

5.5 Conclusions
A serendipitous reaction (rearrangement) of dihydronaphthalene 5.8 was discovered under Scholl
conditions. The formation of the product, [2](7,3")1,1’-binaphthaleno[1]paracyclophane (5.25),
was rationalized by considering two alternative pathways (radical-cation and arenium-ion) that
have resemblance to the two commonly accepted mechanisms, namely, radical-cation and
arenium-ion mechanisms, for the classical Scholl reaction. The rearrangement reaction could
potentially afford a wide variety of unusual [2.1]cyclophanes consisting of a 1,4-disubstituted
benzene ring and an aromatic system of choice. However, the aromatic system of choice depends
on the availability of the boronic acids (or boronic esters) for their use in the Suzuki coupling with
dihydronaphthalene 5.6 to afford the precursors for rearrangement reactions.

Reactions of dione 5.13 with diamines 5.11a and 5.26 led to the formation of
[2.2]paracyclophane/quinoxaline hybrids 5.14a and 5.27, respectively. The use of 1,2-
diarylamines having larger aromatic units might prove to be useful for the preparation of

[2.2]paracyclophane/quinoxaline hybrids with larger heteroaromatic systems.

5.6 Experimental Section
General
Reactions were performed under a balloon containing nitrogen gas unless otherwise indicated. All

reactions were performed with oven-dried (120 °C) glassware. Solvents were removed from
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reaction mixtures under reduced pressure using a rotary evaporator. Chromatographic separations
were achieved using Silicycle silica gel 60, particle size of 40—63 um. Column dimensions are
recorded as height x diameter. Thin-layer chromatography (TLC) was performed using precoated
plastic-backed POLYGRAMO SIL G/UV254 silica gel plates with a layer thickness of 200 pm.
Compounds on TLC plates were visualized using a UV lamp (254 and 365 nm) or cerium
molybdate stain (Hanessian's stain). Melting points were recorded using an OptiMelt automated
melting point instrument and are uncorrected. Infrared (IR) spectra were recorded using neat
samples on a Bruker Alpha spectrometer. H and 3C NMR spectra were recorded on Bruker
AVANCE spectrometers at 300 MHz / 500 MHz and 75 MHz, respectively. Chemical shifts of
the NMR spectra are reported relative to the residual solvent peak (CDCls: 7.26 ppm for *H NMR,
77.16 ppm for 13C NMR). High resolution mass spectrometry (HRMS) data were obtained using
an Agilent 6200 series instrument, employing a TOF mass analyzer. The synthesis of dione 5.13

is reported in Chapter 4.
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Dihydronaphthalene 5.6
o) Phosphorous tribromide (0.19 mL, 2.0 mmol) was added dropwise to a stirred
“ UH room temperature solution of a-tetralone 5.4 (0.150 g, 0.572 mmol) in benzene
SIGBr (10 mL). The resulting reaction mixture was heated at 80 °C for 22 h. Then,
the mixture was cooled to room temperature and a saturated solution of sodium bicarbonate (10
mL) was added into the mixture. After stirring for 5 min, the reaction mixture was diluted with
ethyl acetate (10 mL) and the two layers were separated. The aqueous layer was extracted with
ethyl acetate (2 x 10 mL). The combined organic layers were washed with saturated aqueous NaCl
solution (2 x 40 mL), dried over Na>SOs, filtered, and concentrated under reduced pressure. The
residue was subjected to column chromatography (15 cm x 2.5 cm, 0-2% ethyl acetate/hexanes)
to afford 5.6 (0.106 g, 57%) as a beige solid. R = 0.45 (2% ethyl acetate/hexanes); mp 117-119
°C: 'H NMR (300 MHz, CDCls) 6 6.94-6.91 (m, 1H), 6.62 (d, J = 1.8 Hz, 1H), 6.55 (dd, J = 7.6,
1.8 Hz, 1H), 6.52-6.49 (m, 2H), 6.42-6.37 (m, 3H), 3.31-2.86 (m, 8H), 2.50 (ddd, J = 17.9, 6.7,
1.4 Hz, 1H); 3C NMR (75 MHz, CDCls) 6 140.9, 140.0, 139.9, 137.0, 134.5, 133.2, 133.0, 132.8,
132.7, 132.5, 131.7, 130.1, 128.4, 123.4, 41.8, 40.0, 35.6, 35.4, 34.9; IR v 2922 (w), 2854 (W),
1595 (w), 837 (s), 812 (s), 713 (w) cm™; HRMS [APPI-(+)] calcd for C1oH17"°Br [M]* 324.0514,
found 324.0517; calcd for C1gH17%1Br [M]* 326.0493, found 326.0502.
Dihydronaphthalene 5.8
Q A degassed (nitrogen bubbled for 15 min) room temperature solution of
H dihydronaphthalene 5.6 (0.085 g, 0.26 mmol) in dimethoxyethane (2 mL) was
5.8 added to Pd(PPhs)4 (0.030 g, 0.026 mmol). The resulting mixture was stirred
O for 5 min at room temperature. A degassed (nitrogen bubbled for 15 min)

solution of naphthalene-1-boronic acid (5.7) (0.067 g, 0.39 mmol) in ethanol (1 mL) was added to
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the mixture and the resulting mixture was stirred for 1 min at the same temperature. A degassed
(nitrogen bubbled for 15 min) solution of sodium carbonate (0.235 g, 2.22 mmol) in deionized
water (2 mL) was added to the mixture and the resulting mixture was stirred at 90 °C for 17 h.
After cooling to room temperature, the majority of the solvents were removed under reduced
pressure. The residue was diluted with dichloromethane (10 mL) and passed through a small pad
of Celite®. The filter cake was washed thoroughly with dichloromethane (20 mL). The filtrate
was transferred to a separatory funnel and water (30 mL) was added. The two layers were
separated and the aqueous layer was extracted with dichloromethane (2 x 10 mL). The combined
organic layers were washed with saturated aqueous NaCl solution (50 mL), dried over Na;SOsa,
filtered, and concentrated under reduced pressure. The residue was subjected to column
chromatography (15 cm x 2.5 cm, 0-2% ethyl acetate/hexanes) to afford 5.8 (0.084 g, 86%) as an
off-white solid. The material was judged to be ca. 90% pure by *H NMR analysis. Rf= 0.44 (4%
ethyl acetate/hexanes); mp 183-186 °C; *H NMR (300 MHz, CDCl3) ¢ 7.90 (t, J = 8.8 Hz, 2H),
7.74 (d, J = 7.0 Hz, 1H), 7.65 (t, J = 7.4 Hz, 1H), 7.52 (d, J = 8.5 Hz, 1H), 7.43 (t, = 7.5 Hz, 1H),
7.27-7.19 (m, 2H), 6.57-6.45 (m, 4H), 6.29 (d, J = 7.8 Hz, 1H), 5.98 (d, J = 6.1 Hz, 1H), 5.61 (s,
1H), 3.51-3.34 (m, 2H), 3.20-3.11 (m, 2H), 2.97-2.88 (m, 3H), 2.73-2.60 (m, 2H); 3C NMR (75
MHz, CDCl3) ¢ 140.2, 140.1, 139.2, 139.0, 136.4, 135.8, 133.6, 133.01, 132.98, 132.7, 132.2,
131.8, 131.6, 130.5, 128.1, 127.7, 127.0, 126.8, 126.4, 125.8, 125.7, 42.6, 40.2, 35.32, 35.27, 33.5
(three signals fewer than expected); IR v 2916 (w), 2851 (w), 2815 (w), 1588 (w), 800 (s), 778 (S)

cm%; HRMS [APPI-(+)] calcd for CigHzs [M+H]* 373.1956, found 373.1960.
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Cyclophane 5.25
Methanesulfonic acid (1.35 mL, 20.8 mmol) was added to a stirred 0 °C solution
of dihydronaphthalene 5.8 (0.0503 g, 0.135 mmol) in dichloromethane (13.5

mL). DDQ (0.0307 g, 0.135 mmol) was added to the 0 °C solution and the

resulting mixture was stirred for 5 min at the same temperature. A saturated aqueous solution of
sodium bicarbonate (20 mL) was added to the mixture at 0 °C and the mixture was stirred for 5
min. The two layers were separated and the aqueous layer was extracted with dichloromethane (2
x 15 mL). The combined organic layers were washed with water (40 mL), washed with saturated
aqueous NaCl solution (40 mL), dried over Na.SOs, filtered, and concentrated under reduced
pressure. The residue was subjected to column chromatography (15 cm x 2 cm, 20%
dichloromethane/hexanes) to afford 5.25 (0.0221 g, 44%) as a white solid. Rf = 0.25 (20%
dichloromethane/hexanes); mp 227-229 °C; *H NMR (300 MHz, CDCls) 6 7.94-7.89 (m, 2H),
7.82 (brd, J=7.7 Hz, 1H), 7.81 (d, J = 8.4 Hz, 1H), 7.74 (br s, 1H), 7.52-7.42 (m, 3H), 7.35 (ddd,
J=8.4,6.9, 1.4 Hz, 1H), 7.30 (dd, J = 8.4, 1.7 Hz, 1H), 7.21 (dd, J = 8.0, 2.0 Hz, 1H), 7.13 (dd, J
= 7.6, 1.9 Hz, 1H), 7.06 (dd, J = 8.0, 1.9 Hz, 1H), 6.69 (d, J = 1.8 Hz, 1H), 6.66 (dd, J = 7.5, 2.0
Hz, 1H), 6.08 (br s, 1H), 4.13, 4.05 (AB system, J = 13.3 Hz, 2H), 3.35-3.22 (m, 1H), 3.09-2.99
(m, 1H), 2.61-2.48 (m, 2H); *C NMR (75 MHz, CDCls) ¢ 141.3, 140.0, 139.6, 137.6, 137.4,
136.5, 134.5, 133.3, 133.2, 133.1, 131.0, 130.4, 130.0, 129.9, 129.2, 128.5, 128.3, 128.1, 128.0,
127.5, 126.3, 126.0, 125.6, 125.5, 124.4, 124.0, 42.2, 39.6, 36.9; IR v 2922 (w), 2850 (w), 1592
(w), 1504 (w), 824 (s), 750 (m) cm™t; HRMS [APPI-(+)] calcd for Ca9H22 [M]* 370.1722, found

370.1715.
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Cyclophane 5.17

<
<>
sy SR

P H diethyl ether (5 mL). The cold bath was removed and the resulting mixture

Lithium aluminum hydride (0.013 g, 0.344 mmol) was added to a stirred

—10 °C (ice/salt) solution of cyclophane 5.16 (0.100 g, 0.228 mmol) in

was stirred for 30 min as it warmed to room temperature. To quench the reaction, a saturated
aqueous solution of Rochelle’s salt (potassium sodium tartrate) (5 mL) was added to the reaction
mixture at 0 °C (ice/water). The resulting mixture was stirred for 15 min. The two layers were
separated and the aqueous layer was extracted with diethyl ether (2 x 10 mL). The combined
organic layers were washed with water (2 x 20 mL), washed with saturated agueous NaCl solution
(20 mL), dried over Na>SOu, filtered, and concentrated under reduced pressure. The residue was
subjected to column chromatography (10 cm x 2.5 cm, 3-8% ethyl acetate/hexanes) to afford 5.17
(0.094 g, 94%) as an orange crystalline solid. Rf=0.34 (10% ethyl acetate/hexanes); mp 163-166
°C (dec.); H NMR (300 MHz, CDCls) & 8.04-8.00 (m, 2H), 7.74-7.70 (m, 2H), 7.49-7.41 (m,
5H), 7.39-7.33 (m, 1H), 7.13 (dd, J = 7.9, 2.1 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H), 6.93 (dd, J = 7.9,
1.6 Hz, 1H), 6.45 (br s, 1H), 6.40 (dd, J = 7.9, 2.0 Hz, 1H), 6.16 (s, 1H), 6.06 (dd, J = 7.7, 2.1 Hz,
1H), 5.85 (dd, J = 7.7, 2.0 Hz, 1H), 4.26 (d, J = 12.5 Hz, 1H), 2.97 (dd, J = 12.5, 8.9 Hz, 1H), 2.78
(dd, J = 12.5, 8.6 Hz, 1H), 2.70 (d, J = 6.5 Hz, 1H), 2.56 (dd, J = 12.6, 9.1 Hz, 1H), 2.51 (d, J =
12.6 Hz, 1H), 2,36 (dt, J = 12.5, 9.2 Hz, 1H); **C NMR (75 MHz, CDCls3) ¢ 155.4, 150.9, 147.8,
144.8, 141.8, 137.1, 136.2, 135.06, 135.05, 134.3, 133.7, 130.2, 130.1, 129.8, 129.5, 128.9, 128.6,
127.3, 126.9, 126.7, 126.0, 121.8, 121.0, 88.7, 60.4, 42.6, 35.7, 34.9 (one signal fewer than
expected); IR v 3544 (br, w), 2923 (w), 2853 (w), 1594 (w), 1495 (w), 1113 (w), 1053 (w), 698

(s) cm™; HRMS [APPI-(+)] calcd for CasH270 [M+H]* 439.2062, found 439.2057.
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Quinoxaline 5.14a
Lithium chloride (0.0011 g, 0.026 mmol) was added to a stirred room
temperature solution of dione 5.13 (0.0172 g, 0.0656 mmol) in ethanol (1.5

mL). The resulting mixture was stirred for 5 min at the same temperature. o-

Phenylenediamine (5.11a) (0.0078 g, 0.072 mmol) was added to the mixture
and the mixture was stirred at room temperature for 2 h. The solvent was removed under reduced
pressure and the residue was subjected to column chromatography (15 cm x 1.5 cm, 10-20% ethyl
acetate/hexanes) to afford 5.14a (0.0199 g, 91%) as a white solid. Rf = 0.45 (30% ethyl
acetate/hexanes); mp 173-175 °C; 'H NMR (300 MHz, CDCls) ¢ 8.22-8.17 (m, 2H), 7.81-7.73
(m, 2H), 7.27 (br s, 1H), 6.90 (d, J = 7.9 Hz, 1H), 6.84 (dd, J = 7.9, 1.6 Hz, 1H), 6.68 (dd, J = 7.8,
1.9 Hz, 1H), 6.58 (dd, J = 7.9, 2.0 Hz, 1H), 6.17 (dd, J = 8.0, 1.9 Hz, 1H), 5.45 (dd, J = 8.0, 2.0
Hz, 1H), 4.66 (d, J = 8.1 Hz, 1H), 3.81 (d, J = 13.2 Hz, 1H), 3.45 (dd, J = 13.2, 8.2 Hz, 1H), 3.38—
3.20 (m, 2H), 3.13-2.94 (m, 2H); *C NMR (75 MHz, CDCls) ¢ 163.9, 156.2, 146.3, 143.3, 142.6,
142.1, 141.0, 140.3, 136.8, 136.5, 135.2, 132.9, 132.8, 130.0, 129.43, 129.38, 129.3, 128.8, 128.3,
125.7, 49.4, 42.9, 35.6, 35.5; IR v 2922 (W), 2853 (W), 2362 (W), 2335 (W), 1193 (w), 1024 (W),
765 (s), 711 (w) cm™t; HRMS [APPI-(+)] calcd for CasH1oN2 [M+H]* 335.1548, found 335.1556.
Quinoxaline 5.27

~>

\ room temperature suspension of dione 5.13 (0.0254 g, 0.0968 mmol) in
N

Diaminomaleonitrile (5.26) (0.0157 g, 0.145 mmol) was added to a stirred

5.27 ||
N\%\CN acetic acid (3 mL). The resulting mixture was heated at 120 °C for 3 h. The
CN . .
reaction mixture was cooled to room temperature and a saturated aqueous
solution of sodium bicarbonate (10 mL) was added to neutralize the acid. Dichloromethane (15

mL) was added to the mixture and the resulting two layers were separated. The aqueous layer was
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extracted with dichloromethane (2 x 15 mL) and the combined organic layers were washed with
water (40 mL), washed with saturated aqueous NaCl solution (40 mL), dried over Na>SOyg, filtered,
and concentrated under reduced pressure. The residue was subjected to column chromatography
(15 cm x 2 cm, 80% dichloromethane/hexanes) to afford 5.27 (0.0204 g, 63%) as a greenish-
yellow solid. Rf = 0.46 (dichloromethane); mp 121-124 °C; *H NMR (300 MHz, CDCls3) 6 7.19
(d, J = 0.7 Hz, 1H), 6.98-6.91 (m, 2H), 6.68 (dd, J = 7.9, 2.0 Hz, 1H), 6.59 (dd, J = 7.8, 2.0 Hz,
1H), 6.16 (dd, J = 8.1, 2.0 Hz, 1H), 5.39 (dd, J = 8.1, 2.1 Hz, 1H), 4.65 (d, J = 7.6 Hz, 1H), 3.69
(d, J = 13.4 Hz, 1H), 3.46 (dd, J = 13.4, 8.5 Hz, 1H), 3.39-3.25 (m, 2H), 3.15-3.05 (m, 1H), 3.00
(ddd, J=12.7,10.5, 5.6 Hz, 1H); *3C NMR (75 MHz, CDCls) 6 166.8, 158.8, 147.0, 144.6, 140.8,
139.3, 138.2, 135.6, 135.2, 133.2, 132.9, 132.7, 130.1, 129.9, 129.2, 125.1, 114.2, 114.0, 49.7,
41.9, 35.5, 35.4; IR v 2926 (W), 2857 (W), 2235 (w), 1550 (m), 1325 (s), 801 (m), 708 (w) cm%;
HRMS [ESI-(+)] calcd for CooHisNa [M+H]* 335.1297, found 335.1287.
Cyclophane 5.31
S p-Toluenesulfonic acid (0.016 g, 0.091 mmol) was added to a stirred room
’Q" p temperature solution of cyclophane 5.17 (0.080 g, 0.18 mmol) in 1,2-
PO dichloroethane (3 mL). The resulting mixture was heated at 80 °C for 1 h.
After cooling to room temperature, saturated sodium bicarbonate solution (5 mL) was added to the
reaction mixture and stirring was continued for 5 min. Dichloromethane (10 mL) was added to
the mixture and the layers were separated. The aqueous layer was extracted with dichloromethane
(2 x 10 mL) and the combined organic layers were washed with water (30 mL), washed with
saturated aqueous NaCl solution (30 mL), dried over NaxSOs, filtered, and concentrated under
reduced pressure. The residue was subjected to column chromatography (15 cm x 2.5 cm, 0-6%

ethyl acetate/hexanes) to afford 5.31 (0.066 g, 83%) as a pale yellow solid. Rf=0.32 (8% ethyl
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acetate/hexanes); mp 278-279 °C (dec.); *H NMR (300 MHz, CDCls) ¢ 7.88-7.81 (m, 4H), 7.49—
7.30 (m, 6H), 7.16 (dd, J = 8.0, 1.6 Hz, 1H), 7.07 (d, J = 8.0 Hz, 1H), 6.81 (dd, J = 8.0, 2.1 Hz,
1H), 6.43 (d, J = 1.6 Hz, 1H), 6.19 (dd, J = 7.7, 2.1 Hz, 1H), 6.13 (dd, J = 8.0, 2.0, 1H), 5.83 (dd,
J=7.7,2.0 Hz, 1H), 4.00 (dd, J = 8.6, 4.0 Hz, 1H), 3.53 (d, J = 14.1 Hz, 1H), 3.46 (dd, J = 17.8,
8.6 Hz, 1H), 3.29 (dd, J = 17.8, 4.1 Hz, 1H), 3.09-2.99 (m, 2H), 2.86-2.76 (m, 1H), 2.53-2.37 (m,
2H); 3C NMR (75 MHz, CDCls) 6 207.1, 180.2, 151.2, 144.0, 138.6, 138.5, 138.2, 135.0, 132.8,
132.4,132.1,131.8, 129.2, 129.0, 128.6, 128.5, 128.4, 128.3, 127.5, 126.99, 126.95, 126.9, 126.5,
68.0,53.1, 47.8,34.7, 34.0, 32.2; IR v 2923 (W), 1675 (m), 1595 (m), 810 (w), 696 (s) cm X; HRMS

[APPI-(+)] calcd for CazH270 [M+H]* 439.2062, found 439.2044.
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Appendix 4
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Chapter 5
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1. 'H and *C NMR Spectra
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"H NMR (300 MHz, CDCl3)

JﬁA\MJMMMW

82 80 7.8 76 74 7.2 7.0 6.8 6.6 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9
1 (ppm) 1 (ppm)

MMHM

T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
1 (ppm)

13C NMR (75 MHz, CDCl5)

T T T T T T T T T 1
145 140 135 130 125 35.60 35.55 35.50 35.45 35.40 35.35 35.3i
1 (ppm) 1 (ppm)

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

376



Q

5.27 |
\%\CN
J Mwmo e

72 74 70 6.9 6.8 . . . 6 35 34 33 32
1 (ppm) 1 (ppm)

e e

T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0f
1 (ppm)

Q

5.27
N\%\CN
CN
13C NMR (75 MHz, CDCls)

IJHIUMMJ EANEVANE

T T T T T T
145 140 135 130 125 35.50 35.45 35.40 35.35
1 (ppm) 1 (ppm)

| M“HI | , ’ H 1

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

377



=0
>
5.3 Ph

PH O
H NMR (300 MHz, CDCl5)

VR TS

T T T T T T T T T T T
78 76 747270 6.8 6.6 64 6.26.05.8

1 (ppm)

40 3.8 36 34 32 30 28 26 24
1 (ppm)

T T
10.0 9.5

T
90 85 80 75 7.0

T T T
60 55 50 45 40 35 30 25 20 15 10 05 00 -05

1 (ppm)
<>

'Q

531/ Ph
PR O

13C NMR (75 MHz, CDCls)
1L10 158 156 154 152 150 1‘28 1‘26 és éO 55 éO 4‘5 40 ?‘}5 éo

1 (ppm) 1 (ppm)

T T
210 200

T T T
190 180 170 160 150 140

: :
130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

378



2. Two-Dimensional NMR Spectra
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3. X-Ray Structure Details for Cyclophane 5.25

Crystallization Procedure:

Cyclophane 5.25

Crystals suitable for single crystal X-ray diffraction (XRD) were grown by vapor diffusion of

methanol into a saturated solution of 5.25 in chloroform.

Experimental Details

Single-crystal X-ray diffraction data was collected at 100(2) K on a XtaLAB Synergy-S, Dualflex,
HyPix-6000HE diffractometer using Cu Ko radiation (1 = 1.5406 A). Crystal was mounted on
nylon CryoLoops with Paraton-N. The data collection and reduction were processed within
CrysAlisPro (Rigaku OD, 2021). A multi-scan absorption correction was applied to the collected
reflections. Using Olex2 [1], the structure was solved with the ShelXT [2] structure solution
program using Intrinsic Phasing and refined with the Shel XL [3] refinement package using Least
Squares minimisation. All non-hydrogen atoms were refined anisotropically. The organic
hydrogen atoms were generated geometrically.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J. Appl.
Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.

3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.
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Figure A4-1: X-ray crystal structure of 5.25 (CCDC 2144507) (non-hydrogen atoms are represented by
displacement ellipsoids at the 50% probability level).

Table A4-1: Crystal data and structure refinement for compound 5.25

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

pI°

Volume/A3

z

,OCaIcglcm3

w/mm?

F(000)

Crystal size/mm?®
Radiation

26 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

SB-002-93

CooH22

370.46

100(2)

monoclinic

P21/n

10.5717(2)

10.9576(2)

16.7978(3)

102.383(2)

1900.60(6)

4

1.295

0.552

784.0

0.129 x 0.112 x 0.065

Cu Ka (4 =1.54184)
9.088 to 158.622
-13<h<12,-13<k<13,-21<1<20
36938

4077 [Rint = 0.0569, Rsigma = 0.0278]
4077/0/262

1.093

R1 =0.0424, wR2 = 0.1206
R1 =0.0473, wR2 = 0.1260
0.29/-0.18
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Table A4-2: Fractional atomic coordinates (x10*) and equivalent isotropic displacement parameters

(A?x10°) for cyclophane 5.25. Ueq is defined as 1/3 of the trace of the orthogonalised U,; tensor.

Atom X y z U(eq)
C1 7438.2 (14) 3026.2(14) 7863.1(8) 41.0(3)
C2 7449.3(13) 3729.0(13) 7062.8(8) 39.2(3)
C3 6131.8(12) 3893.2(12) 6504.6(8) 33.3(3)
C4 5701.4(13) 3041.5(12) 5872.3(8) 36.3(3)
C5 4541.3(13) 3178.9(12) 5336.3(8) 35.1(3)
C5A 3718.3(12) 4174.1(11) 5398.6(7) 31.4(3)
C6 2526.9(13) 4335.3(12) 4836.3(8) 35.9(3)
C7 1757.3(13) 5315.0(13) 4904.2(8) 36.9(3)
C8 2126.2(13) 6157.4(12) 5540.6(8) 34.4(3)
C9 3266.1(12) 6029.6(11) 6115.1(7) 31.0(3)
C9A 4112.2(12) 5026.1(11) 6045.6(7) 29.4(3)
C10 5341.9(12) 4863.2(11) 6581.9(7) 31.5(3)
Cl1 3558.3(12) 6851.4 (11) 6841.6(7) 31.5(3)
Cl1A 3789.1(12) 8130.4(11) 6791.1(7) 31.3(3)
C12 3857.0(12) 8730.9(12) 6051.5(8) 34.6(3)
C13 4099.2(13) 9956.9 (13) 6038.6(9) 38.7(3)
Cl14 4273.7(14) 10652.3(13) 6760.8(9) 40.4(3)
C15 4218.0(13) 10100.2(13) 7481.2(9) 38.4(3)
C15A 3984.7(12) 8830.7(12) 7521.4(8) 33.2(3)
C16 4002.3(12) 8249.2(12) 8279.7(8) 35.2(3)
C17 3876.1(12) 7012.3(12) 8327.5(7) 34.0(3)
C18 3611.0(12) 6338.6(12) 7589.1(7) 33.6(3)
C19 4138.1(14) 6316.9(13) 9129.8(8) 37.6(3)
C20 5096.6(13) 5322.5(12) 9045.4(7) 34.6(3)
c21 6386.0(13) 5615.7(13) 9064.8 (8) 37.5(3)
C22 7173.6(13) 4827.4(13) 8745.8(8) 38.0(3)
C23 6696.4(13) 3723.9(13) 8388.1(8) 36.5(3)
C24 5450.7(13) 3382.3(12) 8444.2(8) 36.7(3)
C25 4666.1(13) 4164.3(12) 8773.9(8) 36.2(3)
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Table A4-3: Selected bond distances (A) for cyclophane 5.25.

Atom
C1l
Cl
Cc2
C3
C3
C4
C5

C5A
C5A
C6
C7
C8
C9
C9
C9A
Cl1
Cl1

Atom
C2
C23
C3
C4
C10
C5
C5A
C6
C9A
C7
C8
C9
C9A
Cl11
C10
Cl1A
C18

Length/A
1.5515(19)

1.508(2)

N e e e e e e T T = T e S S S S S
w
o
o
s

Atom
Cl1A
Cl1A
C12
C13
Cl4
C15
C15A
Cl6
C17
C17
C19
C20
C20
Cc21
C22
C23
C24

Atom
C12
C15A
C13
Cl4
C15
C15A
Cl6
C17
C18
C19
C20
c21
C25
C22
C23
C24
C25

Length/A
1.4212(17)

1.4240(17)
1.3686(19)

e e e e
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Table A4-4: Selected bond angles for cyclophane 5.25.

Atom Atom Atom Angle/* Atom Atom Atom Angle/*
C23 (1 C2 110.89(11) C15A Cl1A C11 118.21(11)
C3 C2 C1l 114.76(11) C13 Cl12 C11A 120.86(12)
C4 C3 C2 119.47(12) Cl2 C13 Cl4 120.46(13)
Ci0 ¢C3 C2 122.02(12) Cl5 Ci14 C13 120.01(13)
Ci0 C3 C4 118.50(12) Cl4 C15 CI15A 121.22(13)
C5 C4 C3 121.44(12) C15 C15A Cl1A 118.85(12)
C4 C5 C5A 121.10(12) C15 C15A C16 120.94(12)
C5 C5hA Cb6 121.43(12) Cl6 C15A Cl1A 120.15(12)
C5 C5A C9A 118.57(11) Cl7 Cl16 Ci15A 121.01(12)
C6 CHA COA 120.01(11) Cl6 Ci17 C18 117.92(12)
C7 C6 ChHA 120.23(12) Cl6 Ci17 C19 123.21(12)
C6 Cc7 C8 120.48(12) Cl18 Ci17 C19 118.57(12)
C9 C8 Cc7 121.63(12) Cl1 Ci18 C17 123.45(12)
C8 C9 C9A 119.07(11) C20 C19 C17 106.01(10)
C8 C9 cCu1 120.43(11) C21 C20 C19 120.15(12)
COA (C9 cCn 120.25(11) C25 C20 C19 120.54(12)
C5A C9A (9 118.54(11) C2s5 C20 C21 117.86(13)
C10 C9A CbHA 118.53(11) C22 C21 C20 120.88(13)
C10 C9A (9 122.92(11) C21 C22 cCz23 121.01(13)
C3 C10 Co9A 121.82(11) C22 (C23 (1 120.39(13)
Cl11A Ci1 (9 123.42(11) C24 C23 C1 121.43(13)
Ci8 Ci11 C9 117.60(11) C24 C23 C22 117.64(13)
C18 Cil1 C1l1A 118.98(11) C25 C24 C23 121.08(13)
Cl12 Cil1l1A cC11 123.20(12) C24 C25 C20 120.82(12)
Cl12 C11A Ci15A 118.58(12)
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Table A4-5: Selected torsion angles for cyclophane 5.25.

A
C1
C1
C1
C2
C2
C2
C2
C3
C4
C4
C4
C5
C5
C5

C5A
C5A
C6
C6
C6
C7
C7
C8
C8
C8
C8
C9
C9
C9
C9
C9A
C9A
Co9A
C10
Cl1
Cl1

B
C2
C2

C23
C1
C1
C3
C3
C4
C3
C5
C5

C5A

C5A

C5A
C6

CoA

C5A

C5A
C7
C8
C8
C9
C9
C9
C9

C9A

Cl1

Cl1

Cl1

C5A
C9
C9
C3
C9
C9

C D
C3 C4
C3 C10

C24 C25
C23 C22
C23 C24
C4 C5
C10 COA
C5 C5A
C10 C9A
C5A Cé6
C5A C9A
C6 Cc7
COA (€9
C9A C10
C7 C8
Ci0 C3
COA (€9
C9A C10
C8 C9
C9 C9A
co9 cCu
C9A C5A
C9A C10
Cl1 C1l1A
Cl1 C18
Ci0 C3
Cl11A C12
Cl11A C15A
Ci8 C17
C6 C7
Cll1 Ci11A
Cl1 C18
C4 C5
C9A C5A
C9A C10

Angle/*
-94.08(15)
87.19(15)
-165.51(12)
-67.64(16)
103.74(15)
-177.55(12)
178.84(11)
-0.7(2)
0.10(18)
178.77(12)
-1.21(19)
-179.12(12)
-179.17(11)
2.44(17)
-1.3(2)
-1.92(18)
0.85(17)
-177.54(11)
0.0(2)
1.75(19)
-172.56(12)
-2.12(17)
176.20 (
-66.64 (
113.72(1
179.76(1
-4.76(19)
176.47(11)
-179.88(12)
0.85(19)
119.12(13)
-60.52(16)
1.23(19)
172.20(11)
-9.48(18)

11)
17)
4)
1)

A
Cl1
Cl1
Cl1

Cl1A
CliA
CliA
Ci12
C12
C12
C13
C14
C14
C15
C15A
C15A
C15A
C16
C16
C17
C17
C18
C18
C18
C19
C19
C19
C20
C21
C21
C21
C22
C23
C23
C25

B
CliA
CliA
Cl1A

Cl1
C12
C15A
Cl1A
CliA
C13
Cl4
C15
C15
C15A
Cl1A
C16
Cl6
C17
C17
C19
C19
Cl1
Cl1
C17
C17
C20
C20
C21
C20
C22
C22
C23
C1
C24
C20

C D
Cl2 C13
C15A Ci15
C15A Ci16
Ci8 C1v7
Ci3 Ci4
Cle C17
C15A Ci15
C15A C16
Cl4 Ci15
Ci15 CI15A
C15A C11A
C15A Ci16
Cle C17
Clz Ci13
Cil7 Ci18
Cl7 C19
Ci8 Ci1
C19 C20
C20 C21
C20 C25
Cl11A Ci12
C11A Ci15A
C19 C20
Ci8 Ci1
C21 C22
C25 C24
C22 C23
C25 C24
C23 C1
C23 C24
C24 C25
C2 C3
C25 C20
C21 C22

Angle/*
-179.06(12)
179.84(12)
2.66(18)
0.46(19)
-0.6(2)
2.16(19)
1.01(18)
-176.17(11)
0.8(2)
-0.1(2)
-0.8(2)
176.32(12)
-174.95(13)
-0.29(19)
-5.53(19)
168.12(12)
4.32(19)
-126.75(13)
73.08(14)
-92.89(14)
174.88(11)
-3.89(18)
46.86(15)
-169.64(12)
-159.83(12)
158.88(12)
0.7(2)
-7.41(18)
164.70(12)
-7.00(19)
6.10(19)
-63.98(16)
1.11(19)
6.51(19)
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