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Abstract

The purpose of this research project was to synthesize new acetylenic cyclophanes.
These cyclophanes have unusual and aesthetically pleasing structures, pose synthetic
challenges, have peculiar reactivity, and often exhibit interesting spectroscopic and physical
properties. In addition to the successful synthesis of a number of new cyclophanes, several
new synthetic strategies and methods were developed.

A one-pot preparation of arylbutadiynes 95 from chloroenyne 83 and arylhalides was
accomplished. This method was used to prepare a variety of arylbutadiynes in 80-95%
yields. A procedure was also developed for the in situ desilylation/dimerization of bulky
silylalkynes.

A molecular modeling study provided insight into the observed dimerization reaction
products of a,w-dialkyne precursors. Termini separation distances (r) less than 7 A gave
intramolecular coupling, while distances greater than 10 A gave intermolecular reactions.
Mixtures of intra- and intermolecular reaction products were obtained when 7 <r> 10 A,

The synthesis of two new C60 acetylenic cyclophanes revealed that the substitution
pattern of the capping group controlled the conformation of the molecule. Cyclophane 113
with para-substituted capping groups adopted a helical (chiral) conformation and the
isomeric meta-capped cyclophane 123 had a different molecular folding pattern with the
potential to be planar.

Two classes of unsaturated cyclophanes were synthesized as ligands for the preparation
of chiral, non-racemic helical complexes: A tetramethoxybenzene-capped, C60 acetylenic
cyclophane as a potential n‘z-bis(arene) ligand, and phenanthrolinophanes as tetradentate
n-coordination ligands. Cyclophane 170 was successfully prepared, but metal complexes of
170 could not be prepared. Phenanthrolinophanes 200, 217, and 227 and their corresponding
copper complexes were synthesized by a new, metal-templated procedure. Copper
coordination was found to raise the helical isomerization barrier height by over 7 kcal/mol;
however, isomerization still occurred at room temperature Sso  enantiopure
phenanthrolinophanes could not be isolated.

The first pentacenes with functional groups on the A and E rings have also been
synthesized. A highlight of the rapid, four-step synthesis of pentacenes 274 and 275 was the

absence of any chromatographic purification. The commercial potential of these new
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pentacene compounds as organic semiconductors is being investigated in collaboration with

the National Research Council of Canada.
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1. Introduction

Synthetic organic chemistry encompasses the synthesis of target molecules and the
development of new methods to be used in the preparation of these targets.! The focus of the
research presented in this dissertation is on the synthesis of new unsaturated cyclophanes and
related compounds and highlighted by the development of new methods and strategies to
achieve the synthetic goals.

The first synthetic targets were a series of C60-acetylenic cyclophanes (Chapter 2).
This project was an extension of previous research in the Fallis lab on the synthesis of large
macrocycles to examine their spectroscopic and physical properties. The C60 cyclophanes
were of initial interest as potential precursors to fullerenes.

Related research involved the preparation of enantiopure, helical acetylenic
cyclophanes by using metals to inhibit helical interconversion (Chapter 3). Two classes of
cyclophanes were synthesized. The first class was a tetramethoxybenzene-capped

cyclophane as a potential m'*-bis(arene) ligand, while the second class was

phenanthrolinophanes capable of making n-complexes with metals.

The last project involved the synthesis of new pentacene derivatives with substituents
on the A and E rings (Chapter 4). Introduction of substituents on the o and o rings of acenes
remains a synthetic challenge and there have been no reported preparations of pentacene
derivatives with these substitution patterns. Pentacene and related compounds have been
shown to be organic semiconductors. The semiconducting properties of these new
pentacenes will be studied as well as their potential as model compounds for crystal
engineering research.

The remainder of this chapter will provide a brief history of cyclophanes, discuss
palladium-catalyzed and copper-mediated reactions that were used in the synthesis of various
acetylenic cyclophanes, and present the previous cyclophane work from the Fallis lab that

formed a foundation for the research described within this dissertation.

1.1 Cyclophanes

Cyclophanes are defined as "molecules with at least one aromatic ring bridged by at

least one aliphatic n-membered bridge"> Cyclophanes first appeared in the literature in

1899 when Pellegrin reported the synthesis of "di-m-xylylene" (1).3 No further work was



conducted on these compounds for 50 years until Brown reported the synthesis and X-ray
crystal structure of "di-p-xylylene" (2).* Despite these earlier reports, Cram is considered the
father of cyclophane chemistry after he reported the synthesis of a series of new compounds
and introduced the term "cyclophane" that was a contraction of the words cyclo, phenyl, and

3 A systematic nomenclature system was later proposed by Vogtle and is still used

O'O R

2

alkane.

today.®

Figure 1: [2.2]Metacyclophane (1) and [2.2]paracyclophane (2).

Cyclophanes have unusual and aesthetically pleasing structures, pose synthetic
challenges, have peculiar reactivity, and often exhibit interesting spectroscopic and physical
properties.”  Current cyclophane research reflects all of these interests. Photolysis of
[33](1,3,5)cyclophane (3) led to new complex carbon-caged compounds (Figure 2).} New
phenanthrenoparacyclophanes (4) were prepared in order to study their NMR properties.’ A
number of chiral cyclophanes have recently been prepared. These non-racemic cyclophanes
have been used as asymmetric catalysts (5)'° and have the ability to bind metal ions (6).""
New cyclophane-based materials have also emerged, such as the optically active
[2.2]paracyclophane derivative 7, which exhibits mesogenic properties (liquid crystal),'? and

various polyunsaturated cyclophanes."

% — = caged compounds I
Q oH o} z 2
=
o}
Ph /‘(l
<>
OH NA(Ph (CHz

R

5 6 7

Figure 2: Examples of current cyclophane research.



1.2 Palladium-Catalyzed Coupling Reactions

Two palladium-catalyzed coupling reactions were used extensively during the synthesis
of the acetylenic cyclophanes reported in this thesis: The Negishi and Sonogashira coupling
reactions. An introduction to palladium-catalyzed coupling reactions is presented in this
section with an emphasis on these two reactions.

Over the last twenty years the development of palladium catalysts for the formation of
new carbon-carbon bonds has revolutionized synthetic organic chemistry. The high cost of
palladium is far out-weighed by the versatility and functional group tolerance of its catalysts.
Furthermore, palladium has not posed the toxicity problems that have plagued other metals.

Palladium is a noble metal (d'®), forms square-planar complexes, and exists in two
oxidation states, Pd(0) and Pd(Il). As a result, the mechanisms of palladium-catalyzed
coupling reactions are well understood. The Stille coupling reaction, a palladium-catalyzed
coupling reaction of an organic halide with an organostannane, has been most widely
studied." However, the mechanism for the Stille reaction is the same for a variety of
organometallic coupling partners, such as organo-Zn (Negishi reaction), B (Suzuki reaction),
Mg (Kumada-Tamao), Al (Nozaki-Oshima), Cu (Normant), and Zr (Negishi) compounds.'>'¢

The catalytic cycle for the Negishi reaction is shown in Figure 3."7 Each step of the
catalytic cycle has been extensively studied'® and recently an anionic catalytic cycle has been
accepted.'”” A number of commercially available palladium(0) and palladium(Il) complexes
can be used to generate active catalyst 9.

The first step of the catalytic cycle is the oxidative addition of an organic halide 10,"
leading to anionic Pd(II) complex 11. The order of organohalide reactivity is vinyl iodide =
vinyl bromide > aryl iodide > vinyl chloride >> aryl bromide >> aryl chloride. Vinyl halides
and aryl iodides are all reactive enough to undergo oxidative insertion at room temperature.
Higher reaction temperatures are often required for aryl bromides and chlorides, although the
use of electron-donating phosphine ligands have been shown to overcome this synthetic

difficulty.?**!
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Figure 3: Catalytic cycle for the Negishi reaction.

Trigonal bipyramidal palladium(Il) complex 11 is in equilibrium with neutral
palladium(Il) complex, 12 (S = solvent). Complex 12 then undergoes transmetallation with
organometallic 13. A number of organometallic coupling partners are known to participate
in the transmetallation step (vide supra).  Mechanistic studies suggest that the
transmetallation step occurs with the organic portion of the organometallic being exchanged
for the solvent on the palladium complex to give 15 (Scheme 1).2*  The resulting
palladium(II) complex 15 then reductively eliminates the coupled product (16) and

regenerates the active palladium catalyst, 9.

x|t
nX ,

I:?*Z:n _— [Pd]—R + ZnX,
[Pd]—X

12 17 15

[Pd]—X

Scheme 1: Transmetallation step of the Negishi reaction.

The Sonogashira reaction is a palladium-catalyzed cross-coupling of organic halides
with terminal alkynes in the presence of a co-catalyst, such as copper iodide, and an amine

base.”** The active Pd(0) catalyst 9 is generated from successive transmetallation reactions



with copper acetylide 19 to give the Pd(Il) complex 22 followed by reductive elimination
(Figure 4). An excess of the terminal alkyne 20 is required in the reaction as two equivalents
of the alkyne are consumed to generate every equivalent of active catalyst.

The Sonogashira palladium catalytic cycle operates in the same manner as the Negishi
reaction — oxidative insertion of an organic halide, transmetallation, and reductive
elimination — except that the copper acetylide used in the transmetallation step is generated
catalytically from copper(I) iodide and a terminal alkyne in the presence of an amine base.
The use of an amine base is important and diethylamine or triethylamine are often used as co-
solvents with THF. Various other amine bases have been used, particularly when organic

triflates are used in place of organic halides.
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Figure 4: Catalytic cycle for the Sonogashira reaction.

1.3 Acetylene Dimerization Reactions

Di- and oligoalkynes are structural features found in many natural products. More
recently, new alkyne-based materials have been synthesized to study their interesting
electronic and optical properties. These synthetic targets have prompted the development of

numerous methods for the preparation of symmetrical and unsymmetrical dialkynes.



1.3.1. Symmetrical Di- and Oligoalkynes

The dimerization of symmetrical dialkynes was first reported by Glaser.” In the Glaser
dimerization reaction a terminal alkyne (20) is converted to copper acetylide 19, which is
then dimerized to dialkyne 23 in the presence of oxygen or other oxidants (Scheme 2).
Isolation of copper acetylide 19 limited the use of this procedure and led to the development

of new one-pot dimerization procedures by Eglinton and Hay.

2 cucCl 0,
R——= R—==-Cu l R——— ——R
NH,4OH, EtOH NH4OH, EtOH
20 19 23

Scheme 2: Glaser alkyne dimerization reaction.

Eglinton showed that terminal alkynes could be dimerized using an excess of a copper
(ID) salt, often Cu(OAc),, in a mixture of methanol and pyridine (Scheme 3).2® Hay's alkyne
dimerization used a copper(I) salt (CuCl) in the presence of NNN'N-
tetramethylethylenediamine (TMEDA).27

Eglinton reaction condtions
Cu(OAc), (excess)
MeOH, py

~——_
20 7 23

0O,, CuCl, TMEDA,
solvent
Hay reaction conditions

Scheme 3: Eglinton and Hay alkyne dimerization reactions.

The mechanism of the copper-mediated alkyne dimerization reaction remains poorly
understood.® A radical mechanism was initially proposed (Scheme 4),% but mixtures of
electronically different alkynes gave predominantly homocoupled products, which would not

be observed under free radical reaction conditions.
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Scheme 4: A proposed radical mechanism for the copper-mediated alkyne dimerization reaction.

Later research showed that the rate of dimerization was faster for acidic alkynes
under basic conditions. Furthermore, Cu(I) was required for the reaction to occur under
acidic conditions, which suggested that copper may complex to the triple bond, thereby
increasing the acidity of the terminal proton.®® This observation explained why conjugated
substrates reacted slower than unconjugated ones as conjugated alkynes would have less
localized electron density and disfavour copper coordination. These findings, coupled with
the fact that the rate of the dimerization reaction was found to be second order with respect to
the alkyne, led to the development of a new ionic mechanism based on dimeric copper(Il)
acetylide complex 31, which would collapse to give symmetrical alkyne product 23 (Scheme

5).*° This mechanism, or variants of it, are generally accepted today.

L. 2+ L. L |2+
R—= - Cu. Cu,
e | X x| == | # x
cu’ Ccu R™ oy
28 U L L L
29 30
L = pyridine R—F—-
X =T, AcO" Syt
L L 2+
Cu'\/ R
R———=——"R + 2Cu* R/\Cu/
23 oL

31

Scheme 5: Ionic copper-mediated alkyne dimerization reaction mechanism.

Symmetrical di- and oligoalkynes have also been prepared using palladium-catalyzed
alkyne dimerization reactions. These reactions follow a catalytic cycle similar to the
Sonogashira reaction described above; however, oxidants such as chloroacetone,3 : 12,32 or

ethyl bromoacetate® are required to regenerate the active palladium(Il) catalyst, 32, which



then undergoes successive transmetallations to give 22 followed by reductive elimination of

symmetrical dialkyne product 23 (Figure 5).
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HX-amine 19 R—== + amine
21 20

Figure 5: Catalytic cycle for the palladium-catalyzed dimerization of alkynes.

1.3.2. Unsymmetrical Di- and Oligoalkynes

Methods have also been developed for the preparation of unsymmetrical alkynes.
Chodkiewicz and Cadiot developed a copper(l)-mediated reaction of a haloalkyne 34
(X =Br, I) and a terminal alkyne 20 to yield unsymmetrical diynes 35 (Scheme 6).%*

CuCl, NH,OH HCI
R————X + R——= R'———=——=—=—=—R
24 20 EtNH,, MeOH 35

Scheme 6: Chodkiewicz-Cadiot reaction to yield unsymmetrical diynes.

Palladium-catalyzed coupling reactions have also been used to prepare unsymmetrical
diynes. Haloalkynes 34 are reacted with terminal alkynes 20 under Sonogashira reaction

conditions to yield unsymmetrical diynes 35 (Scheme 7).*

10



Pd(PPhy),Cly, Cul
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a4 20 i-Pr,NH, THF 35

Scheme 7: Palladium-catalyzed preparation of unsymmetrical diynes.

1.4 Previous Fallis Lab Cyclophane Chemistry

The Fallis group has studied the synthesis of unsaturated cyclophanes for the past ten
years. The first compounds that were prepared were eneynecyclophanes 39 and 40.*° Both
cyclophanes were prepared from dibromide 36 in two steps using either palladium or copper
coupling reactions (Scheme 8). The capping aryl rings were found to freely rotate through
the cavity of the molecules, which is not observed for [2.2]paracyclophanes. Furthermore,
these cyclophanes were not flat as illustrated, but adopted helical conformations and were

thus chiral.

, W

Pd(PPhg)s, Cul [
n-BuNH,, THF

&
a) TMS—== (37)
Br PA(PPhg),, Cul A\ 39
/ n-BuNH,, THF y/
/ b) K,CO4, MeOH 4
Br 36 5% \ 38
\ Cu(OAc), I
py/Et,0 (3:1) | I
35°C

25%

Scheme 8: Synthesis of eneynecyclophanes 39 and 40.

Encouraged by these preliminary results, a highly convergent route to cyclophane 43
was envisioned, which could be a synthetic precursor to buckminsterfullerene 41 (Figure 6).
Cyclotrimerization of enediyne 45 would rapidly lead to dimerization precursor 44.
Dimerization of 44 would give cyclophane 43, which could then be oxidized to highly

strained Cg cyclophane 42, which should isomerize to buckminsterfullerene 41.

11
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Figure 6: Proposed eneynecyclophane 43 as a Cy synthetic precursor.

However, extension of the eneynecyclophane chemistry to the synthesis of
1,3,5-cyclophanes, such as 49, proved to be difficult. The Wittig reaction used to synthesize
tribromide 47 gave mixtures of cis and frans isomers, although dimerization precursor 48
could be isolated (Scheme 9).*” Unfortunately, cyclophane 49 was not obtained from the

copper-mediated dimerization reaction.
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Scheme 9: Attempted synthesis of 1,3,5-eneynecyclophane 49.

The next generation of cyclophanes had aryl rings in place of the olefins in order to
simplify the cyclophane synthesis by eliminating the olefin stereochemistry problems.
Cyclophanes 52 and 53 were prepared and found to adopt helical conformations (Scheme
10).*® The synthesis of these cyclophanes followed the same strategy that was used to

prepare the eneynecyclophanes as a copper-mediated dimerization reaction was used to form

the macrocycle in the final step.

AN
_ - CU(OAC)Q H ||
[—\ -\ ./
N 7 T TgN\ /TN py/Et,0 (3:1)

\\ 20-30% It Il
50,n=0 TN\ SN (e
51’n=‘| \ / \——/n\ / \—/n\ /

52, n=0
53, n=1

Scheme 10: Synthesis of cyclophanes 52 and 53.

Cyclophane 54 with substituents on the capping aryl rings was prepared as a potential

liquid crystal (Figure 7).39 Also, strained cyclophanes 55, 56, and 57 were prepared.



Cyclophane 57 had the greatest strain with alkyne bond angles as low as 153.4°, considerably

distorted from the preferred 180° bond angle for sp-hybridized carbon atoms.*

/o

O  CO,Me

= _ =~ >
YWaanYWaa Ovo

Il Il \COpH W
/
\ /T )=\ 57
0 T CO,Me
) g 56
54

Figure 7: Potential liquid crystal cyclophane 54 and strained cyclophanes 55, 56, and 57.
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2. C60 Acetylenic Cyclophanes

This chapter contains the work related to the synthesis of C60 acetylenic cyclophanes;
i.e. acetylenic cyclophanes that contain sixty carbon atoms within the macrocycle. These
unsaturated molecules were initially of interest as synthetic precursors to
buckminsterfullerene (Cgo). Synthetic strategies and chemistry that were developed from
previous cyclophane work in the Fallis group was applied to the synthesis of these larger

molecules.

2.1 Rational Synthesis of C60 from Acetylenic Cyclophane Precursors

The synthesis of polyhedra such as cubane (58)*' and dodecahedron (59" were
synthetic landmarks and proved to require a great deal of creativity to complete. Thus, when
buckminsterfullerene (Cgo, 41), a new allotrope of carbon, was reported in 1985% a number

of synthetic groups were interested in tackling this new, complex target.

58 59

Figure 8: Cubane (58), dodecahedron (59), and buckminsterfullerene (41).

The preparation of Cgg is currently achieved from carbon-rich vapours, which can be
formed in several ways including passing an electric arc between two graphite rods in an
evacuated chamber.* Several fullerene products are produced by this evapouration method
(Ce0, Co0, and small amounts of higher fullerenes), and the separation and purification of
these compounds is difficult.* High purity Ceo is of particular interest as a n-doped
semiconducting material as impurities greatly attenuate its performance. Thus, an efficient,
rational synthesis of Cg( is more than just an academic interest.

A landmark paper by Vollhardt's group in 1997 reported the thermal rearrangement of
dehydroannulene 60 to carbon-rich compounds including buckytubes and buckyonions
(Scheme 11).* Calculations predict that Cg is thermodynamically stable suggesting that

. . . 46
strained, unsaturated macrocycles could be used as suitable synthetic precursors.
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Scheme 11: Pyrolysis of Vollhardt's dehydroannulene 60 to give carbon-rich compounds.

Several groups have explored the possibility of using unsaturated precursors to
fullerene materials*® including cyclic alkynes'’ and trindane building blocks,”® but only
unsaturated cyclophanes will be included in this discussion. The first acetylenic cyclophane
that was designed and synthesized specifically as a Cgy precursor was cyclophane 64
(Scheme 12).* Thermoloysis of 64 favored Bergman cyclizations of the enediyne moieties

and not dehydrogenation to form the desired CgoHs-cyclophane 65 intermediate.

Br -
f 1 62 AN
Cu py TIPS
2) TBAF, THF
a X 43%
Br Br
61
0,, CuCl, TMEDA
oDCB
34%
_ A
A I
il W
A i 'I" I
7 Ii I
Cff i I
I i
ll ;IIJ
N ]
65
CsoHe

Scheme 12: Rubin's C4H;3 cyclophane precursor to Cg.
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In order to favor the formation of cyclophane 65 and prevent Bergman cyclizations
observed during thermolysis of cyclophane 64, Rubin's group prepared a new cyclophane,

69, with cyclobutenedione in place of olefins (Scheme 13).%°

Br
MeO OMe | |
© o MeQO OMe
- . +
MeO OMe // \\ = S

1) LIHMDS, CuBr
THF
2) TBAF, THF
48%

Scheme 13: Rubin's C4H(CO),; cyclophane 69 as a C4 precursor.

Knowing cyclobutenedione releases acetylenes and carbon monoxide under vacuum
in the gas phase, cyclophane 69 was expected to form cyclophane 65 en route to Cgp under
vacuum (Scheme 14). A similar approach was investigated by Tobe's group with cyclophane
70 expected to undergo a cycloreversion of the [4.3.2]propellatriene subunit to give
cyclophane 65 and Cgo (Scheme 14).”' In both cases, laser desorption mass spectrometry (LD
MS) gave rise to the CgHg cyclophane 65 and Cg. Although these species were detected,
they could not be isolated.

18
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Scheme 14: Laser desorption mass spectrometry of cyclophanes 69 and 70 to give C4Hg and Cgy.

The first rational synthesis of Cgy was reported in 2002 by Scott's group (Scheme 15).%
The synthesis was completed in 12 linear steps from commercially available starting
materials to give milligram quantities of Cgg in 1% yield in the last step. High purity C¢o was
obatined as no other fullerene products could be detected. This observation provided

evidence that their pyrolysis precursor 74 underwent a zipper-type reaction as opposed to a

fragmentation/recombination.
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Scheme 15: Scott's rational Cy, synthesis.

2.2 Synthesis of CgHy4 para-Cyclophane 75

Cyclophane 75 was chosen as our first synthetic target for a number of reasons. Not
only would cyclophane 75 be the second molecule to contain an octatetrayne bridge,’ > but
the high degree of symmetry present in the molecule should allow for its rapid synthesis.
Furthermore, our group's synthetic strategy used to prepare previous cyclophanes could be
applied to the synthesis of 75.°**° Retrosynthetic analysis suggests that a copper mediated
Eglinton coupling of two C30 precursors (76) would lead to cyclophane 75 (Figure 9).
Precursor 76 could be rapidly assembled via a Sonogashira reaction of 1,4-diethynylbenzene
(77) with two equivalents of bromide 78, two substrates that have been previously prepared

in our lab.>
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Figure 9: Retrosynthetic analysis of cyclophane 75.

The preparation of 1,4-diethynylbenzene (77) began with a Sonogashira reaction of
1,4-dibromobenzene (79) and trimethylsilylacetylene (TMS-acetylene, 37) (Scheme 16).
Protodesilylation with K,COj3 in wet methanol/THF gave 77 in 96% combined yield.

Pd(PPha), Cul =
BrOBr+ = TMS — R——=— )——=—R
ProNH, THF
96%

79 37 °

K2003, MeOH 80, R=TMS
THF, HyO, quant. 77.R=H

Scheme 16: Preparation of 1,4-diethynylbenzene (77).

Bromide 78 was also prepared using a Sonogashira reaction (Scheme 17).
cis-1,2-Dichloroethane (81) underwent a Sonogashira reaction with triisopropylsilylacetylene
(TIPS-acetylene, 82) to afford enynechloride 83 in 94% yield.55 Treatment of 83 with either
n-BuLi or LDA gave silylbutadiyne 84 in quantitative yield, but 84 had to be used
immediately as storage led to significant decomposition. Bromide 78 was prepared via a
Sonogashira reaction of 84 with 1-bromo-2-iodobenzene (85). Chromatographic separation
of bromide 78 from 85 was difficult, but purified bromide 78 could be obtained in 30% after
repeated flash chromatography.
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Scheme 17: Preparation of bromide 78 and iodide 86.

Construction of cyclophane 75 continued with the Sonogashira reaction of
1,4-diethynylbenzene (77) and an excess of bromide 78 (Scheme 18). Unfortunately,
bromide 78 was the major compound isolated from the reaction. In addition, all of 77 was
consumed, presumably to yield homocoupled products. The isolation of bromide 78
suggested that palladium was not oxidatively inserting into the aryl carbon-bromide bond.
which is the first step of the Sonogashira reaction catalytic cycle. To overcome this
difficulty, bromide 78 was converted to the corresponding iodide, 86, by lithium-halogen
exchange with n-BuLi, followed by quenching with N-iodosuccinimide (Scheme 17). As
expected, the Sonogashira reaction of iodide 86 and 77 proceeded smoothly to afford 76 in
74% yield (Scheme 18).

TIPS
AN
AN
@‘X /= __ PdPPhg),Cl = _ /)=
\ TN e Y4 N/ T\ J
X = Br, NR
N\ 7 x=|,r74% N\
TIPS A
78,X = Br TIPS
86, X =1 76

Scheme 18: Synthesis of dimerization precursor 76.

We were concerned with the potential instability of the deprotected arylbutadiyne
moieties’® so one-pot deprotection/dimerization procedures were considered (see Section

2.3). However, all known deprotection/dimerization methods used to dimerize
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trimethylsilylalkynes (TMS-alkynes) could not be extended to bulkier silylalkynes. We were
faced with the choice of either preparing the TMS-analogue of 76 or developing a more
general desilylation/dimerization protocol. We decided that a desilylation/dimerization
method that could be applied to a variety of silylalkynes was worth investigating and the

results of this study are presented in the following section.
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Scheme 19: Attempted formation of cyclophane 75 by the dimerization of 76.

When our desilylation/dimerization method [TBAF, Cu(OAc;), py/Et;O (3:1)] (see
Section 2.3) was used in the dimerization of 76, no reaction products were isolated (Scheme
19). This result was not unexpected as other highly-unsaturated molecules with high
molecular weights tend to suffer from poor solubility. Alkyl (i-Pr,” ¢-Bu,”” and n-Dec’®),
heteroatom (ethers® and tertiary amines®®), and ester®' substituents have been added to the
aromatic rings to improve the solubility of these unsaturated macrocycles. For this reason,
we decided to study functionalized cyclophanes despite the appeal of the parent,
unsubstituted compound. The design and synthesis of a functionalized analogue of

cyclophane 75 is found in Section 2.4.

2.3 In situ Desilylation/Dimerization of Silylalkynes

Most polyynes are prepared by the oxidative coupling of 1-alkynes as described in
Section 1.3. However, the rapid decomposition of many 1-alkynes poses a challenge in
preparing polyynes in this fashion.’® One-pot desilylation/dimerization methods have been
developed to eliminate the isolation, purification, and handling of unstable 1-alkynes in the

preparation of polyynes. Mori's group reported high yields (80-100%) for the dimerization



of TMS-alkynes 87 using CuCl in DMF under an air or oxygen atmosphere (Scheme 20).%
This procedure has also been applied to the synthesis of asymmetrically substituted polyynes

35 when TMS-alkynes 87 are mixed with 1-chloroalkynes 34 (X = cnH.8

CuCl
R—=—SiMe, R——== R
87 DMF 23
CuCl
R—=SiMe; + R—=—X R——=—= R
87 34 DMF 35

Scheme 20: Mori's dimerization of TMS-alkynes.

Haley's group reported a different method that combines standard Eglinton coupling
conditions with an excess of potassium carbonate to effect the desilylation/dimerization of

TMS-ethynes and TMS-butadiynes 88 in good yields (Scheme 21).7

K,CO4
Cu(OAc),
R—==—=—=—SiMe; R———=—=—==R
py/MeOH
88 89

Scheme 21: Haley's desilylation/dimerization of butadiynes.

The limitation of both of these methods is that they are confined to TMS-alkynes, as
bulkier triisopropylsilyl- (TIPS-) and #-butyldimethylsilyl- (TBS-) alkynes are unreactive
under these reaction conditions. We decided to pursue an alternative
desilylation/dimerization protocol using a fluoride source to effect the desilylation of
triisopropylsilyl-protected alkynes in the presence of a copper source to carryout the
dimerization reaction.*’

Two model compounds, 90 and 91, were chosen to establish reaction conditions (Table
1). Compound 90 was stirred with a fluoride source, tetrabutylammonium fluoride
(TBAF),”> and a copper source, Cu(OAc),, in pyridine/ether (3:1) for four hours to give
diyne 92 in 68% yield (entry 1). The yield decreased when the concentration of 90 was
doubled (entry 2). This suggested that the deprotected ethynylbenzene intermediate was
rapidly decomposing, so the addition of 90 was controlled by syringe pump (entry 3).
Unfortunately, the yields were comparable to those without the controlled addition of 90.

Increasing the number of fluoride equivalents also had no effect on the yield of the reaction

(entry 4). The use of CuF, as a combined fluoride and copper ion source was also
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unsucessful as only starting material was isolated, likely due to the insolublility of copper (II)

fluoride in common organic solvents (entry 5).

Table 1: Optimization of the in situ desilylation/dimerization protocol.

7 N\ —— Cu source (6 eq) @_\ @
@ (—_InTIPS F~ source — \_’Zn\ /

via py/Et,0 (3:1)
syringe pump
90 n=1 92 n=1
91 n=2 93 n=2

entry substrate [ ] (mM) Cu source F source time (h) yield (%)

1 90 2.0 Cu(OAc), TBAF 4 68"

2 90 4.0 Cu(OAc), TBAF 4 45°

3 90 4.0 Cu(OAc), TBAF 3 42

4 90 4.0 Cu(OAc), TBAF® 2 45

5 90 4.0 CuF, - 2 NR

6 91 2.0 Cu(OAc), TBAF 2 15-40
7 91 2.0 Cu(OAc), CsF 3 6

8 91 2.0 CuCUTMEDA  TBAF 2 <5

9 9] 2.0 Cu(OAc), TBAF 3 100¢

B e o L B O s yaeet ournp nstead of substate

Despite the modest yields, we attempted the dimerization of 91, but the results were not
reproducible, varying from 15 to 40% (entry 6). The tetrayne yield dropped to just 6% when
cesium fluoride was used instead of TBAF (entry 7). Hay reaction conditions replaced
Eglinton reaction conditions (see Section 1.3), but 93 was isolated in only 5% yield (entry 8).
Limitation of the large relative concentration of fluoride ion with respect to substrate in the
reaction was accomplished by syringe pump addition of TBAF to a solution of 91 (entry 9).

The result was the quantitative formation of tetrayne 93.
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Table 2: Examples of the in situ desilylation/dimerization reaction.

Cu(OAc); (3 eq)

R+=IFTIPS » R{=})R
n py/Eto0 (3:1) 2n
[3.3 mM] TBAF (1 eq) via
syringe pump
2-3h
entry R n substrate product yield (%)
1 @— 1 90 92 100
73°
2 @’ 2 o 93 100
3 @~ 2 91° 93 93
Br
4 (:f 2 78 94 98
(n-Bu),N
5 — 2 95 96 82
N\ /
6 ' 2 97 98 96
7 NN 2 99 100 92
)
8 (\_/7/ 2 101 102 82
9 O 3 103 - -
# substrate concentration was 1.7 mM ®TMS group in place of a TIPS group

With an optimized desilylation/dimerization procedure in hand, the generality of the
method was investigated by dimerizing the compounds listed in Table 2. Substrate
concentration was found to be important as the more concentrated reaction gave better yields
(entry 2). As expected, the procedure was shown to work well with TMS-diynes, as 90 was
dimerized to 92 in 93% yield (entry 3). The procedure also tolerates a variety of substituents.
2-Bromo- and 3-amino-substitued TIPS-butadiynes, 78 and 95, were dimerized in 98% and
82% yields respectively (entries 4 and 5). 1,8-Bis-(1-naphthyl)-octa-1,3,5,7-tetrayne (98), a
compound that has been studied due to its interesting bathochromic shifts,®” was prepared by
the desilylation/dimerization of 97 in 96% yield (entry 6). Alkyl substituents were also

compatible with this synthetic method as 99 was dimerized to tetrayne 100 in 98% yield
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(entry 7). Heterocyclic polyynes can also be prepared easily with this procedure. For
example, 101 was successfully dimerized to dithiophene-tetrayne 102 in 82% yield (entry 8).
We also tried to dimerize hexatriyne 103 but the reaction gave products that could not be
identified (entry 9).

We were successful in developing a new in situ desilylation/dimerization method for
the preparation of symmetrical polyynes. The addition of TBAF as a fluoride ion source to a
solution of silylalkyne and Cu(OAc), in a mixture of pyridine/ether (3:1) gave the desired
polyyne products in greater than 80% yields for a wide variety of substrates. In addition, the
procedure can be applied to bulky silylalkynes such as TIPS-alkynes and is not limited to

TMS-alkynes as in previously reported methods.

2.4 Synthesis of para-Cyclophane 104

In order to circumvent the solubility problems that arose in the synthesis of cyclophane
75, a new para-cyclophane, 104, was envisioned (Figure 10). Dibutylamino groups® were
chosen over other known solubilizing subsituents (Section 2.2) as they have the additional
benefit of allowing for modulation of the cyclophane's electronic properties. The location of
the substituent was also carefully considered.  Previous studies have shown that
incorporation of substituents on the capping aryl rings led to inseparable mixtures of

3 However, by functionalizing the aryl rings on the bridges, a

cyclophane regioisomers.
single regioisomer would be formed and a high degree of molecular symmetry maintained, as

illustrated by 104 (Figure 10).
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Figure 10: Rational functionalization of cyclophane 104 with solubilizing 7-Bu;N groups.

The synthetic approach to cyclophane 104 was analogous to the one used in the
preparation of cyclophane 75, as the macrocycle would be formed by dimerizing two C30
precursors 106 (Figure 11). In this case, iodide 107, which contains the dibutylamino
moiety, would be required for the reaction with 1,4-diethynylbenzene (77) instead of bromide
78. lodide 107 could be prepared in three steps from 3-iodoaniline (108) based on a
coworkers used in their

sequence reported by Haley and

60

synthesis  of

dehydrobenzo[18]annulenes.
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Figure 11: Retrosynthetic analysis of cyclophane 104.

The preparation of dimerization precursor 106 is shown in Scheme 22. 3-lodoaniline
(108) was alkylated with n-butylbromide in the presence of sodium bicarbonate in a mixture
of THF/DMF (5:1) to give N,N-dibutyl-3-iodoaniline (109) in quantitative yield. The
reaction could be accelerated with a catalytic amount of sodium iodide. Butadiyne 95 was
prepared in 76% yield from 109 using a new one-pot Negishi coupling developed in our lab
(Scheme 23). Regioselective iodination of 95 was achieved using Kajigaeshi's reagent
(BnNMesICL,)®® to give iodide 107 in 75% yield. Finally, cyclophane precursor 106 was
prepared in 39% yield by a Sonogashira reaction of iodide 107 and 1,4-diethynylbenzene
(77).
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Scheme 22: Synthesis of cyclophane 104 precursor 106.

We developed a new method for the synthesis of arylbutadiynes by a Negishi coupling
of the organozincate prepared from 83 with an arylhalide, 109 (Scheme 23). Chloroenyne 83
was treated with two equivalents of n-Buli at -78 °C. The first equivalent of base forms
butadiyne 84 by deprotonation and elimination of chloride ion. The second equivalent of
n-BuLi then forms organolithium 110. Transmetallation of 110 with ZnBr, affords
organozincate 111, which readily undergoes a Negishi coupling reaction with arylhalides
(such as 109) using catalytic palladium(0Q) [Pd(PPhs)4]. This one-pot procedure is superior to

the stepwise protocol that we traditionally used (Scheme 17, Section 2.2) as the isolation,

purification, and storage of butadiyne 84 is avoided.

/—\CI n-BuLi n-BulLi

’ TIPS———=—=

[ TIPS—————Li ]
THF
TIPS 83 84 110
JZnBrz
Pd(PPhy)
{ H=—=—7Ps = [ TIPS—=—==—2ZnBr ]
|
(n-Buj,N 95 Q B

(n-Bu)N 109

Scheme 23: In situ generation of organozincate 111 and Sonogashira coupling to give diyne 95.

Our in situ desilylation/dimerization protocol was applied to the dimerization of 106

(Scheme 24). When the concentration of 106 was 2.1 mM, the only observed product was
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monomer 112 in 46% yield. This cyclophane was formed from the intramolecular
dimerization of the o,w-butadiynes in 106. When the concentration of 106 was raised to
5.3 mM monomer 112 was still the major product (26% yield); however, a small amount of a
compound believed to be cyclophane 104 was also formed. The reaction was not repeated at
higher concentrations as the amount of undesired oligomerization would increase. This was
not the first time that an intramolecular coupling product was observed from the dimerization
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reaction.” A study on the effect of the intramolecular distance of reactive termini in the

dimerization reaction is presented in Section 2.6.
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(n-Bu)oN \_/ — /_\ — /_\ N(-Bu)p
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Scheme 24: Dimerization of 106 to give cyclophanes 104 (dimer) and 112 (monomer).

A single crystal of cyclophane 112 suitable for X-ray analysis was grown by the slow
evaporation of a methylene chloride solution (Figure 12).° The macrocycle of the

cyclophane is planar and has C,y symmetry. All of the sp-hybridized carbon atoms are bent



from their preferred 180° bond angle. The most distorted bonds are 167.9° and are found in

the octatetrayne bridge.
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Figure 12: X-ray structure of cyclophane 112 (a) top view; (b) side view; (c) crystal packing.

The crystal packing diagram of cyclophane 112 was also examined since the
organization of unsaturated molecules in the solid state is of interest from a crystal

engineering and solid state polymerization’ standpoint. Cyclophane 112 packed as dimers,
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with the octatetrayne bridges adjacent to one another. These dimer units do not lie in a plane
to form a sheet, but are instead arranged to form shallow steps. The close proximity of the
tetraoctyne bridges predisposes them to solid state polymerization and may be a reason why
growing crystals was difficult.”

Unfortunately, X-ray quality crystals of cyclophane 104 were not obtained, in part due
to the small amount of material that was prepared. In order to prepare more material, another
synthetic route was investigated in which the undesired intramolecular coupling reaction

would not compete with the desired intermolecular dimerization (Section 2.5).

2.5 Stepwise Synthesis of para-Cyclophane 113

A synthetic route to cyclophane 113 was considered (Figure 13) since the dimerization
strategy led to a mixture of compounds with the desired cyclophane 104 as the minor

product.

(nBu)N__~ _~_N(n-Bu),
| —_— :Q

Pz
Sonogashira
f ~ l ~ Reaction
P ¥
/| — === l\
(n-BupN” X 1 Z > N(n-Bu),
Sonogashira
Reaction
Eglinton
Couplmg
(n-Bu),N N(n-Bu),
\\ 115

TIPS

Figure 13: Retrosynthetic analysis of cyclophane 113.

The advantage of this route is that the octatetrayne bridge would be formed earlier in

the synthesis. para-Cyclophane 113 would be formed via a Sonogashira reaction between

()
('S



dibromide 114 and hexyne 115. Dibromide 114 would also be prepared by a Sonogashira
reaction of hexyne 115 with two equivalents of 1-bromo-4-iodobenzene (120). Hexyne 115
would be prepared by the desilylation/dimerization of silylbutadiyne 116, which in turn can
be prepared from 3-iodoaniline (108) in four steps.®’

The synthesis of cyclophane 113 is shown in Scheme 25. The preparation of iodide
118 was previously reported by Haley's group.®® 3-Iodoaniline (108) was alkylated with
n-butylbromide in the presence of sodium bicarbonate to give 109. A Sonogashira reaction
of 109 with TIPS-acetylene (82) gave 117, and iodination with BnNMesICl; in the presence
of calcium carbonate gave iodide 118 in 67% yield over three steps. The diyne moiety was
installed using the one-pot Negishi coupling with 83 described in Scheme 23 to give
butadiyne 116 in 80% yield. The tetrayne bridge was then successfully formed by the
desilylation/dimerization of 116 with potassium carbonate and Cu(OAc); in
methanol/pyridine (1:1) to give 119 in 92% yield.** Removal of the two triisopropylsilyl-
protecting groups with TBAF afforded hexyne 115 in 97% yield, but 115 had to be used
without purification as it was found to decompose on silica gel.

Sonogashira reaction of hexyne 115 with two equivalents of 1-bromo-4-iodobenzene
(120) gave dibromide 114 in 26% yield. The low yield resulted from the instability of 114 on
silica gel. In order to avoid the loss material from the isolation and purification of dibromide
114 this late in the synthesis, the reaction of hexyne 115 with 120 was repeated, and the
disappearance of 115 was monitored. Once all of 115 was consumed, Pd(PhCN),Cl, and
P(t-Bu)s*! were added and the reaction was heated to reflux. A second equivalent of hexyne
115 was then added dropwise over four hours to give cyclophane 113 in 4% yield (45% yield
for each of the four new carbon-carbon bonds formed). The additional benefit of this

stepwise synthetic approach is that unsymmetrical cyclophanes can be prepared.
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Scheme 25: Synthesis of cyclophane 113.

Numerous attempts to grow X-ray quality crystals of cyclophane 113 were
unsuccessful. Calculations to determine the lowest energy conformation of cyclophane 113

were conducted and revealed that cyclophane 113 adopts a twisted, Cj-symmetric



conformation (Figure 14). The twisted conformation of 113 was expected based on our
previous work on cyclophanes.*® Proton and carbon NMR spectra of cyclophane 113 were

consistent with a C,-symmetric structure.

Figure 14: Molecular model of cyclophane 113 illustrating its twisted, C,-symmetric conformation.

3640 cyclophane 113 was conformationally stable at

Unlike our previous cyclophanes,
room temperature. Isomerization of 113 from one helical conformer to the other would
require passing through a strained, planar, rectangular-like intermediate that in this case was
of sufficiently high energy to hinder isomerization (Figure 15). A large number of

unsaturated macrocycles are shape-persistent and were the subject of a recent microreview.”"

36



(n-Bu)sN N(n-Bu),

RS =
I B\ I
It It
| = high energy, Z j
P planar intermediate N
it i

(n-Bu)oN / N(n-Bu), (n-Bu),N \ N(n-Bu),

N(n-Bu), (n-Bu)N right-handed helix N(n-Bu),

left-handed helix

Figure 15: Isomerization pathway of cyclophane 113.

2.6 Inter- vs. Intramolecular Dimerization of a,0-Diynes

In Section 2.4 the dimerization of 106 to form cyclophane 104 was described, but
cyclophane 112 arising from an intramolecular dimerization was formed instead (Figure 16,
a). However, in previous publications we described the successful application of this
dimerization strategy for the preparation of cyclophanes 52 and 53 from substrates 50 and 51
respectively (Figure 16, b and c), although in the former case, a mixture of intra- and
intermolecular products was obtained.”® Other groups have also observed intramolecular
coupling products in the dimerization of o, w-diynes.’*"

In order to effectively plan the synthesis of cyclophanes and related unsaturated
macrocycles we decided to investigate the subtleties of the dimerization reaction.
Intramolecular coupling would predominate when the terminal alkynes of the dimerization
substrate can adopt a conformation in which they are close to one another in space. Although
the choice of coupling reagents’' and reactions conditions” can also affect the dimerization

reaction, the nature of the substrate should have the greatest influence on whether intra- or

intermolecular reaction products would be formed.
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Figure 16: Dimerization reactions leading to (a) an intramolecular product,
(b) inter- and intramolecular products, and (c¢) an intermolecular product.

Molecular modeling was conducted on substrates that were dimerized under copper
coupling conditions, leading to both intra- and intermolecular products whose structures were
proven by X-ray crystallography. Density functional theory (DFT) calculations were
performed on substrates 50, 51, and 106, in addition to relevant examples from the literature.
A DN basis set was used to find the lowest energy conformation of the dimerization
substrates.”* In most cases, the lowest energy substrate conformation was not helpful as the
acetylene moieties of interest were not oriented toward one another, resulting in large termini
separations. Consequently, useful substrate conformations were selected in which the o,m-
diynes were in close proximity to one another (Figure 17). This conformation was

energetically minimized and subsequently used to find the termini separation distance.
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Figure 17: Manipulation of molecular modeling structures to obtain a “reactive” conformation.

The molecular modeling results are presented in Table 3. Intramolecular coupling
products were obtained for each substrate with a terminal alkyne separation distance (r) of
less than 7 A (entries 1-3). When the value of  was between 7-10 A, a mixture of intra- and
intermolecular products resulted (entry 4). Separation distances greater than 10 A led
exclusively to intermolecularly coupled products (entries 5-7).

Although these results provided a straightforward method to predict whether inter- or
intramolecular coupling would be favored for a given dialkyne substrate, the model does not
take into account substrates with small termini separation distances (» < 7 A) that cannot
undergo an intramolecular dimerization reaction due to a highly-strained transition state. In
these cases the intermolecular dimerization product would be observed. Recently, Tobe's
group reported a qualitative summary of the dimerization reaction products arising from
various o,0-diynes’* illustrating the usefulness of this study aé a guide for the design and

successful synthesis of complex unsaturated 1nacrocycles.7°



Table 3: Molecular modeling calculations of a,w-diyne termini separation distances (r) and the
product(s) observed from their dimerization.

S 2 D
Substrate . r<7A
intramolecular
product
r>104
intermolecular
product
entry substrate r(A) coupling product ref
1 4.05 intra 72¢

N\ 57a #

Q=04

_/ T N\ 7 N\ /

2 & //:> 5.94 intra 64
N 76

O 5852 O 6.41 intra 40

(%)

N 7
4 O O 7.49 intra and inter 38
N\ 50 7/
[ Y= \_/ - \k/
5 == . an 12.12 inter 38
6 12.81 inter 76
7 13.66 inter 77

S 124 F




2.7 Synthesis of meta-Cyclophane 123

The twisted conformation of para-cyclophane 113 prompted us to consider how
structural changes to the cyclophane macrocycle would effect the molecule's conformation.
A report that a C60 meta-diethynylbenzene macrocycle 122 comprised of meta-substituted
benzene rings was planar® increased our curiosity. In order to further explore the molecular
folding of these unsaturated macrocycles, another cyclophane that contained 60 carbon atoms
within the macrocyclic core was envisioned. meta-Cyclophane 123 was designed as a cross
between para-cyclophane 113, with ortho-substituted bridge benzene rings that contain
dibutylamino groups for solubility, and meta-diethynylbenzene 122, with meta-substituted
capping benzene rings and each of the six benzene rings separated by butadiynyl groups

(Figure 18).

planar conformation butadiynyl spacers

(7 A cavity)

ortho-bridge
" benzene rings T~

122, R=CN 123, R = N(n-Bu);

Figure 18: Tobe's meta-diethynylbenzene macrocycle 122 and a proposed C60 meta-cyclophane, 123.

The first synthetic route to cyclophane 123 that was considered was the dimerization of
C30-precursor 124 (Figure 19). Molecular modeling of 124 was conducted and the distance
(r) betweens the o,w-diynes was found to be 13.7 A (Table 3, Section 2.6). The large
distance between the reacting termini suggested that the intermolecular dimerization of 124
should be favored and lead to cyclophane 123. Dimerization precursor 124 could be rapidly
synthesized by a Cadiot-Chodkiewicz cross-coupling of alkyne 125 and dibromide 126.™
Alkyne 125 could in turn be prepared from iodide 118.
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uCadiot-Chodkiewicz coupling

(n-Bu)oN | (n-Bu),N ==
et + - /@\
N N\ . /Q\B | |
125 r 126 ' 127

118 ‘1ips TIPS

Figure 19: Retrosynthetic analysis of meta-cyclophane 123.

The synthesis of dibromide 126 was conducted as shown in Scheme 26. A Sonogashira
coupling of 1,3-diiodobenzene (127) with TMS-acetylene (37) afforded 128 in 80% yield. A

bromodesilylation of 128 mediated by silver nitrate” gave dibromide 126 in 53% yield.

=—TMS(37)
/@\ Pd(PPh3),Cl, NBS
| | Cul, EtsN == N AgNO;, = x
THF TMS TMS 53% Br Br

127 128

80%

Scheme 26: Synthesis of dibromide 126.

Unfortunately, the preparation of alkyne 125 was not as straightforward (Table 4). A
Sonogashira reaction of iodide 118 and TMS-acetylene (37) did not lead to silylalkyne 129 as

only 118 was recovered from the reaction (entry 1). Organozincate 130 was prepared in sifu,
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but a Negishi reaction with 118 did not lead to 129 (entry 2). Since the oxidative insertion of
palladium into the aryl carbon-iodide bond of 118 was not facile, Fu's Sonogashira reaction
conditions were used (entry 3).2' The reaction gave 129 as desired in 43% yield, but 118 was
also recovered (10%). Unfortunately, when the reaction was scaled up, 118 was the major

material isolated.

Table 4: Sonogashira reaction conditions for the preparation of silylalkyne 129.

(n-Bu),N | R—=="TMS (n-Bu),N =—TMS
reaction
118 \\ conditions 129 \\
TIPS TIPS
entry substrate reaction conditions result
_ Pd(PPh;),Cl,, Cul no product
! 37,R=H Et;N, THF (118 recovered)
= a Pd(PPh;), no product
2 130, R = ZnBr THF (118 recovered)
A 37 R=H Pd(PhCN),Cl,, P(¢-Bu); 43% yield
> ’ i-Pr;NH, Cul, THF (10% 118 recovered)

® prepared in situ

An alternative approach to alkyne 125 via aldehyde 131 was investigated (Scheme 27).
lIodide 118 was converted to the corresponding organolithium with two equivalents of /-BuLi
at -78 °C and was quenched with N, N-dimethylformamide to give aldehyde 131. A Corey-
Fuchs transformation’ of aldehyde 131 was unsuccessful as dibromide 132 could not be
formed. The difficulty in performing both the Corey-Fuchs reaction on 131 and the
Sonogashira reaction with 118 was attributed primarily to the steric bulk of the proximal
triissopropylsilyl-protecting group. An alternative reagent, 133, reported by Ohira was known
to convert aldehydes to alkynes in one pot.*® The advantages of this procedure over the
Corey-Fuchs method are that the reaction did not proceed via a bulky, dibromide
intermediate and the reaction conditions were much milder as K,CO; was used instead of
n-BuLi. When aldehyde 131 was reacted with 133 in K;COs3 over 48 h, alkyne 125 was
formed in 87% yield with 70% conversion. A longer reaction time should lead to complete
conversion of aldehyde 131 to alkyne 125. The fact that the reaction of aldehydes with
Ohira's reagent traditionally takes less then 2 h, confirmed that aldehyde 131 was sterically

hindered.
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. o] CBry Br
(n-Bu),N I E; gﬁn“;' 2ea)  hBu),N PPhs  (n.Bu),N /
2 H .
118 \ ;?Z 131 \ Zn(0) 132 \
TIPS nps  CHzClz ps
o O KoCO4

"
P MeOH
/U\(f “(OEY: | 87% yield

N> 133 70% conv.

(n-Bu),N =

125 \\

TIPS

Scheme 27: Preparation of alkyne 125.

The synthesis of meta-cyclophane 123 continued with a Cadiot-Chodkiewicz coupling
of alkyne 125 and dibromide 126 to give the dimerization precursor 124 in 30% (Scheme
28). A significant amount of 134 (13%),%' resulting from the homocoupling of 125, was also
isolated. Our in situ desilylation/dimerization method® was applied to 124 and two
compounds were obtained in 15% combined yield that were consistent with the general

structure of cyclophane 123.
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(n-Bu),N —

\ z N
125 Br 126 Br

sz(dba):,
N Cul, THF
30%

TBAF
Cu(OAc),
py/Et,0
15%

123

Scheme 28: Synthesis of meta-cyclophane 123.

Size-exclusion semi-prep HPLC®? was used to separate the two compounds that were
formed in the dimerization reaction. The major isomer (8% yield) displayed higher
symmetry than then minor isomer (3% yield) in the 'H and C NMR spectra. The major
isomer had six signals for the sp-hybridized alkyne carbon atoms, where as the minor isomer
had 12 signals. The spectra of the major isomer did not change upon heating to 100 °C.

Two different conformations of 123 could result from the dimerization reaction
depending on how the molecule twisted after the first octatetrayne bridge was formed (Figure

20). A "bowtie conformation” (123a) would possess C,, symmetry and a "butterfly
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conformation" (123b) would be in the lower C,-symmetric point group. Interconversion
from one conformer to the other would require the capping group to pass through the central

cavity of the molecule and would be very energetically demanding.

(n-Bu);N N(n-Bu),

123a

Bowtie Conformation (Cop,)
major isomer

123b

Butterfly Conformation (C,)
minor isomer

Figure 20: Possible conformations of cyclophane 123.

Unfortunately, the structures of 123a and 123b could not be unambigously proven as
X-ray quality crystals could not be obtained. However, molecular modeling calculations
revealed that the bowtie and butterfly conformational isomers were the lowest energy

conformers (Figure 21 and Figure 22).
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Figure 22: Molecular modeling of the butterfly conformation of cyclophane 123b.

The molecular models of cyclophane 123 provided some useful insight for future
cyclophane design. First, atropisomers 123a and 123b have the capping rings face-to-face
n-stacking with a separation distance of 3.55 and 3.52 A between of aryl rings, which is close
to 3.40 A observed between the planes of graphite.®> The close proximity of the capping aryl
rings makes cyclophane 123 an attractive ligand for bis(arene) complexes when appropriately
functionalized (Section 3.3).

Second, close inspection of the molecular model of 123b indicates that the compound
would be planar if the capping groups did not bump into one another. By modifing the
alkyne spacers between the aryl rings, planar cyclophanes could be prepared (Figure 23).
Planar, unsaturated compounds are of interest for a variety of molecular electronic

applications.
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N(n-Bu), (n-Bu)N N(n-Bu),

modification of
acelylene spacers

(n-Bu),N

-Bu)
(n-Bu)sN 123a N(n-Bu), 135 N(n-Bu,

twisted cyclophanes planar cyclophanes

Figure 23: Modification of cyclophane 123 to favor planar cyclophane conformations.

2.8 Summary

In conclusion, a new in situ desilylation/dimerization protocol was developed to allow
bulky silyl-protected acetylenes to participitate in the dimerization reaction. In addition, a
semi-emperical study of a,w-alkyne dimerization precursors allowed for the prediction of
dimerization reaction products based on the terminal alkyne separation distance. Armed with
these developments, cyclophane 112 and two C60 acetylenic cyclophanes 113 and 123 have
been synthesized with 123 existing as two atropisomers, 123a and 123b.

Cyclophanes 113 and 123 were not exposed to laser desorption mass spectrometry
(LD MS) or thermolysis. Although there is excellent precedence for the formation of carbon-
rich molecules such as buckytubes and buckyonions,® there was only a small chance that Cgg
would formed. However, the molecular folding differences observed for meta- and para-
capped cyclophanes formed the basis for further cyclophane targets as liquid crystal and

semiconducting materials as described in Chapters 3 and 4.
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3. Helical Acetylenic Cyclophanes and Phenanthrolinophanes

Chiral cyclophane 52 could not be isolated as a pure enantiomer since it was prone to
rapid isomerization from one helical isomer to the other (helical inversion). Preparation of
chiral, non-racemic cyclophanes could be possible by building a locking mechanism into the
cyclophane to inhibit helical isomerization. The resulting chiral cyclophanes could then be
used as ligands for asymmetric catalysts, packing materials for asymmetric separations, or
type III liquid crystalline materials when appropriately functionalized.

One possible locking mechanism could be the coordination of metals within the
cyclophane's macrocyclic core. For example, the X-ray crystal structure of cyclophane 52

Figure 24)*® shows that the two capping aryl rings are m-stacked face-to-face, suggesting
pping g

that 52 would be a good n 12_bis(arene) ligand.

N\ / — N\ /T — \ /
I I
Il I
\ /T N\ /=N 4
52

Figure 24: X-ray crystal structure of cyclophane 52 illustrating the overlapping capping aryl rings.

Other metal-based locking mechanisms can also be imagined. Incorporation of
heterocycles into the cyclophane macrocycle, particularly as the capping groups, would
enable metals to be bound within the cyclophane's core through m-coordination.
1,10-Phenanthroline and other bidentate-based unsaturated compounds have been prepared
and shown to bind a variety of transition metals (Figure 25).** Thus, an appropriate
combination of a heterocyclic cyclophane and metal should lead to a cyclophane complex in
which helical inversion is stopped to give separate enantiomers. One conceivable target is

phenanthrolinophane 137 (Figure 25).
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136
R =H, Me, OMe, NMe,
M - Ru(ll), Zn(ll)

137

684a

Figure 25: Tor's tunable fluorophores 13 and a conceptual phenanthrolinophane 137.

The research presented in this chapter is related to the design and synthesis of helical
cyclophanes and their corresponding metal complexes en route to helical, unsaturated

compounds.

3.1 Unsaturated Compounds with Helical Chirality

The double helical structure of deoxyribose nucleic acid (DNA)® has inspired research
of compounds that have double helices. Most of this research is focused on helical
polymers;®® however, recently a few unsaturated compounds have been prepared that possess
helical chirality. The synthesis of a helicene by Katz's group was the first non-racemic,
helical unsaturated compound reported.®” An improved synthesis of helicenediquinone
(£)-140 functionalized for use as a liquid crystal is shown in Scheme 29.*® Enantiopure
helicene, (+)-143 or (-)-144, could be obtained from the separation of diasteromeric

camphanoyl esters (142).

51



TIPSO

CHO o:<}o
Cq2H250 OCy2H;s
PivO
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Scheme 29: Katz's helicene synthesis.

Helical cyclophane 147 was prepared by Fox's group with the helical nature of the
compound arising from two helicene moieties incorporated within the bridge (Scheme 30).%

Enantiopure cyclophane was obtained when chiral, non-racemic helicene 145 was used in the
preparation.

QQQ Fam
O R | Q /
\ 7
QQ \ R]%[I QO \ /
145

R= CON(CgH17)2

Scheme 30: Fox's helical cyclophane 147 based on helicene bridges.

Marsella's group investigated the use of cyclooctatetrathiophene 150 as a helical
scaffold on which to build a cyclophane 152 (Scheme 31).”° To date, an enantiopure
preparation of cyclooctatetrathiophene 150 has not been reported and thus a chiral, non-

racemic version of cyclophane 152 still remains to be synthesized.
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Scheme 31: Marsella's cyclooctatetrathiophene-based cyclophane 152.

Otera's group reported cyclophane 155 constructed from a 1,1'-binaphthyl helical
scaffold (Scheme 32).°' Both enantiomers of 2,2'-biformyl-1,1'-binaphthyl (153) are easily
obtained from BINOL and both enantiomers of cyclophane 155 were prepared. The
Sonogashira dimerization of iodide 154 led to a trace amount of cyclophane 155. A stepwise
synthesis of cyclophane 155 from iodide 154 was found to be much more efficient despite

the longer synthetic route.”!

3.0 -0
E—aaa =
X — | N e Z
_ H) §
NO,
155

I I CHO
] ! CHO

163

\
|

Scheme 32: Otera's 1,1'-binaphthyl-based cyclophane 155.

In cyclophanes 147, 152, and 155 shown above, the compound's helical conformation
resulted from a chiral directing group (ie. helicene, cyclooctatetrathiophene, or
1,1'-binaphthyl). Our approach to helical, unsaturated cyclophane differs from the others in
that there is no need for a helical scaffold as the helical nature of the compound would arise

from the cyclophane's twisted conformation.

3.2 Synthesis of Cyclophane 157 as a n'*-Bis(arene) Ligand

The first nlz-bis(arene) complex that was envisioned is shown in Figure 26 and several

design considerations are highlighted. Dibutylamino substituents on the bridging aryl rings



should aid solubility and ease synthetic manipulations as they did in the synthesis of
cyclophanes 113 and 123. Also, tetramethoxy-substituted capping aryl rings were chosen to
favor metal complexation over the bridging aryl rings, as electron-rich aryl rings are known
to be better n6-ligands. Finally, metals such as Cr(0), Mo(0), and Fe(II) could be used to

make bis(arene) complexes that inhibit helical isomerization.

electron-rich tetramethoxybenzene capping ring
will favor bis(arene) complexation

M M —
(n-Bu),N /N _eO/ = oMe_ N(n-Bu)
TNl e Tome_ N/ i
Vd =" Y=
dibutylamino groups o M e - several metals can be used
will aid solubility PR including Cr, Mo, Fe, Ru
AN MeO
(n-Bu),N 7 N = __ N/ N(n-Bu),
— MeO OMe

156

Figure 26: Design criteria for n'’-(cyclophane) complex 156.

Retrosynthetic disconnections of complex 156 are shown in Figure 27. Coordination of
various metals would occur once cyclophane 157 had been synthesized. This approach
would allow for the preparation of several metal complexes and eliminate the need to carry
organometallic intermediates through the synthesis. Cyclophane 157 could be synthesized by
the desilylation/dimerization of 158, analogous to the synthesis of parent cyclophane 52.
Based on the synthesis of cyclophane 123, a Sonogashira reaction of iodide 118 and dialkyne
159 to form dimerization precursor 158 would be difficult. Thus, an alternate step-wise
approach to 158 was devised from diiodide 160 and diamine 161. A Sonogashira reaction of

alkyne 163 and diiodide 162° would lead to diamine 161.
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Figure 27: Retrosynthetic analysis of n'>-(cyclophane) complex 156.

Diiodide 162%° was rapidly prepared from 1,2.4,5-tetramethoxybenzene (164) by
improving the known syntheses (Scheme 33).”> Dilithium 165 was formed by the treatment
of 164 with a solution of n-BuLi in hexane and was quenched with a solution of iodine in
THF over 30 minutes at 0 °C to give diiodide 162 in 35% yield.””™® We suspected that the
low yield of 162 could be attributed to thé reduced reactivity of 165, resulting from

stabilization of the dilithium species by the neighboring oxygen atoms. By heating the
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reaction to reflux for one hour after the addition of iodine, diiodide 162 was isolated in 78%

yield, twice the reported yield for the reaction.”

MeO OMe MeOQO OMe MeO OMe
n-Bul.i )
_ Li Li — e !
THF THF
MeO  OMe MeO  OMe 8%  MeO  OMe
164 165 162

Scheme 33: Preparation of diiodide 162.

A Sonogashira reaction between diiodide 162 and alkyne 163 using Pd(PPh;),Cl,, Cul,
and Et;N gave diamine 161 in 78% yield (Scheme 34). Treatment of 161 with two
equivalents of Kajigaeshi's reagent (BnNMe;ICl,)®® and calcium carbonate gave diiodide 160
in 85% yield. Unfortunately, Sonogashira reactions of diiodide 160 with various alkynes

were all unsuccessful (Table 5).

MeO OMe (n-Bu)sN MeO OMe
(n-Bu),N Pd(PPh3),Cly JN\ . /TN [T
+ [ i = =
2 Cul, Et;N S V \_/
A\ MeG  OMe THF MeG  OMe N(n-Bu),
163 162 78% 161
BnNMe;ICl,
CaCO;
CH,Cly/MeOH
™S 85%
(n-Bu)sN MeO OMe \\ (n-Bu)oN MeO OMe |
SON— N\ — /T <‘/ \\> — N = o
- - >\ /< — N\ / 7 _/ V — N\ 7
\\ MeO OMe N(n-Bu), | MeQO OMe N(n-Bu),
158 160
TMS

Scheme 34: Attempted synthesis of dimerization precursor 158.

When traditional Sonogashira reaction conditions were used [Pd(PPh;),Cl,, Cul,
Et;N, THF, alkyne] with TMS-acetylene (37) at room temperature, only starting material was
1solated (entry 1). To reduce steric conjestion, a reaction of 160 with acetylene gas was
conducted at 110 °C (entry 2). Unfortunately, significant decomposition occurred and
neither starting material nor reaction products were isolated. Fu's Sonogashira reaction
conditions were also used [Pd(BnCN),Cl,, Cul, Et;N, THF, alkyne].21 When TMS-acetylene

(37) was the alkyne source, some mono adduct, 168, was isolated in addition to starting
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material 160 (entry 3). A more promising result was obtained when the reaction was
repeated with acetylene gas as a mixture of mono adduct 169 and the desired dimerization
precursor 167 were obtained in < 10% and 27% yields respectively (entry 4). Unfortunately,

further reaction optimization did not give better results.

Table 5: Reaction conditions for the conversion of diiodide 160 to dimerization precursor 166 or 167.

R
(n-Bu),N MeO OMe | (n-Bu),N MeQ  OMe A\
O=0=0 - O=X=<
_ N \_/
I MeO  OMe N(n-Bu), \\ MeQO  OMe N(n-Bu),
160
R 166, R=TMS
167, R=H
entry alkyne reaction conditions result

1 TMS-acetylene (37) Pdéil;hs%?gif’ SUI recolv 66(;}/ of
Pd(PPh})zClz, Cul

EGN. THF, 110 °C decomposition

2 acetylene (15 psi)
168 (< 10%)

Pd(BnCN),Cl,, Cul
and recovery

TMS-acetylene (37) Et;N, THF, rt

(U8}

of 160
. Pd(BnCN),Cl,, Cul 169 (< 10%)
4 acetylene (15 psi) Et,N, THF, rt 167 (27%)
(n-Bu)oN MeQO OMe |
7200\ / - \ — -
_ — N/ T N\ /7
\\ MeO OMe N(n-Bu),

R 168 R=TMS
169,R=H

Based on these Sonogashira reaction results we concluded that the oxidative insertion
of palladium into the aryl carbon-iodine bond was hindered by the steric bulk of the methoxy
substituents on the capping aryl ring. The steric environment surrounding the iodine atom
could be reduced by adding a second alkyne into the bridge between the capping and
bridging aryl rings and allow the Sonogashira reaction to proceed. Thus, a new cyclophane
target was designed that contained butadiyne spacers between capping and bridging aryl

rings (Section 3.3, Figure 28).
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3.3 Synthesis of Cyclophane 170 as an n'>-Bis(arene) Ligand

The difficulties in synthesizing cyclophane 157 were attributed to the steric bulk of the
tetramethoxy substituents on the capping aryl ring. Cyclophane 170 was designed to relieve
steric congestion near the iodine atoms by having additional alkynes between the capping
and bridging aryl rings (Figure 28). Furthermore, cyclophane 170 would have sixty carbon
atoms in its macrocyclic core and be a configurational isomer to meta-cyclophane 123 by
having butadiyne spacers between each aryl ring.

Since small changes to the cyclophane's macrocycle have dramatic effects on the
molecule's conformation, molecular modeling of cyclophane 170 was conducted.
Fortunately, molecular modeling predicted that cyclophane 170 would adopt a twisted
conformation with 7m-stacked capping aryl rings to allow for the preparation of bis(arene)

metal complexes.

(n-Bu)2N MeO OMe N(n-Bu)z
/7 N — >‘"< — /7
-/ — \/\ /\/ = T N\ /
” \ MeO OMe ||
! | additional acetylene spacers I |
/ MeO OMe \
720 N /\_/\ e——
-/ - >\‘/ - — N\ _/
(n-Bu)oN MeO OMe N(n-Bu)o
170

Figure 28: Cyclophane 170 and a molecular model of n'>-bis(cyclophane) chromium complex 171.

The synthetic strategy for the synthesis of n'*~(cyclophane) chromium complex 171
was similar to the one used for complex 156 (Figure 29). Metallation would take place after
the preparation of cyclophane 170, which would come from the desilylation/dimerization of
172. Dimerization precursor 172 would arise from a Sonogashira reaction of TMS-acetylene
(37) and diiodide 173. A Cadiot-Chodkiewicz cross-coupling reaction of dibromide 174 and
alkyne 163 followed by iodination would give diiodide 173.
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Figure 29: Retrosynthetic analysis of cyclophane 170.

Dibromide 174 was rapidly synthesized from 1,4-diiodo-2,3,5,6-tetramethoxybenzene
(162) in two steps (Scheme 35). A Sonogashira reaction of 162 and TMS-acetylene (37)
using Pd(PPh;),Cl,, Cul, and Et;N in THF gave silylalkyne 175. Bromodesilylation of 175

with NBS and silver nitrate in acetone’* gave dibromide 174 in 53% yield over both steps.

MeO OMe TMS—== (37) MeO  OMe NBS MeO  OMe
Pd(PPhs),C! AgNO,
I |22 s—=—{ N = 1us pr——=—-vA V—=—8r
Cul, Et3N — acetone >:(
MeO  OMe THF MeO  OMe 64% MeO  OMe
162 82% 175 174

Scheme 35: Preparation of dibromide 174.

The synthesis of cyclophane 170 continued with a Cadiot-Chodkiewicz cross-coupling
reaction of dibromide 174 and alkyne 163 using CuCl and NH,OH-HCI in a mixture of
n-butylamine/water (3:7)°° to give 176 in 58% yield. A homo-coupling side product, 177,
was also isolated in 13% yield. Iodination of 176 using Kajigaeshi's reagent (BnNMe;ICL,)®®
with calcium carbonate in a mixture of methylene chloride/methanol (5:1) gave diiodide 173
in 93% yield. A Sonogashira reaction of diiodide 173 with Pd(PPh;),Cl,, Cul, EtsN, and an
excess of TMS-acetylene (37) in THF gave a mixture of the mono- and disilylalkyne 172.
Longer reaction times and addition of more Pd(PPh;),Cl, and Cul catalysts did not lead to

complete conversion. Separation of the two reaction products by flash chromatography was
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difficult, but purified disilylalkyne 172 was obtained in 40% yield with another ~30% present
as a mixture.

Dimerization of disilylalkyne 172 was attempted using our desilylation/dimerization
method.” However, when disilylalkyne 172 was treated with TBAF and Cu(OAc), in a
mixture of pyridine/ether (3:1), desilylated product 178 was obtained as the major product.
Since arylethynes are not as prone to decomposition as arylbutadiynes, dimerization of
dialkyne 178 was investigated. Desilylation of 172 with potassium carbonate in acetone was
unsuccessful, resulting in quantitative recovery of starting material. However, by stirring
172 with potassium hydroxide in a mixture of wet methanol/THF (2:1) for 12 hours, dialkyne
178 was obtained in 91% yield. Dimerization of 178 using a new palladium-catalyzed
dimerization procedure (ethyl bromoacetate, Pd(PPhs),Cl,, Cul, (i-Pr),NH)” gave
cyclophane 170 in 35% yield.

(n-Bu),N MeQ ~ OMe NH,OH-HCI
~ n-BuNH,/H,0 = = =
2 + Br—=— /N =——Br 2772 \
N — CuCl

163 MeO  OMe 54%  (n-Bu),N MeO  OMe
174 176
BnNM63|C|2
CaCO3
CH,Cl/MeOH (5:1)
T™S 93%

(n-Bu),N MeO  OMe \\ =—TMS (37) | MeO  OMe N(n-Bu),
TN e SN ey T m TN ) /—\ ([ [
NN AR Y Cul, EtzN, THE N/ VT >\ /( TN\ 7

\\ MeO  OMe N(n-Bu), 40%  (n-Bu)N MeO  OMe I
172 173
T™S
KOH
MeOH/THF (2:1) (n-Bu)aN
91%
0]
AN Br\)J\OEt
(n-Bu),N MeQ OMe Pd(PPhs),Cl,
Ny H e S Cul, (i-Pr),NH
N\ / ‘T >\ /< VRN 7 THF
35%
\\ MeO OMe N(n-Bu),

Scheme 36: Synthesis of cyclophane 170.
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X-ray quality crystals of cyclophane 170 were obtained by the slow evaporation of a
chloroform solution. A low resolution crystal structure of cyclophane 170 illustrates the
twisted conformation of the molecule and predicted n-stacked capping aryl rings, but other

physical data such as bond lengths and angles could not be determined (Figure 30).

Figure 30: Low resolution X-ray crystal structure of cyclophane 170.

3.4 Bis(arene) complexes

The first bis(arene) complexes were made by Franz Hein in 1918, but the structure of
these compounds was not determined until 1957 by Harold Zeiss.”® Bis(arene) complexes
179 were found to be sandwich compounds and are structurally related to metallocenes, 180.
Metallocenes have two six-electron donating cyclopentadienyl anions that bind in an
n°-manner (Figure 31). Bis(arene) complexes differ in that they have two neutral aryl rings
that donate six m-electrons to a metal in an n°-fashion. Electron-rich aryl rings form

bis(arene) complexes with greater air stability.

. <= <

two 776, six-m-electron two 775, six-n-electron

[ I
donating aryl rings  ~ hlll M 4 cyclopentadienyl anions
<> <>
179 180

bis(arene) complex metallocene

Figure 31: Sandwich structures of bis(arene) (179) and metallocene (180) complexes.
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Bis(arene) complexes have traditionally been prepared with neutral group VI and
divalent group VIII metals, with bis(arene) chromium(0) complexes being the most
prevalent. The most common methods used to prepare bis(arene) complexes are the Hein
Grignard, Fischer-Hafner aluminum, and metal vapour syntheses.”

The Hein Grignard synthesis involves treating CrCly with three equivalents of an aryl
Grignard reagent (Scheme 37). The resulting solution of organochromium complex 181 is
either heated or concentrated to give a black paramagnetic intermediate that is hydrolyzed to

give bis(arene) complex 182 as a mixture of metallated compounds.'®

CI'C!3 Ph
C THF  THEL THF vac.of ook paramgnetic

3 PhMgBr -25°C Ph/,‘ah\ THF  heat intermediate
181 Hy0
N2
| | |
Cr + Cr + Cr
L o S
182 183 184
10-12% yield 10-12% yield 1-5% yield

Scheme 37: Hein Grignard synthesis of bis(arene) complexes.

A more efficient route to bis(arene) complexes is the Fischer-Hafner aluminum

101 1 this method, CrCls is treated with aluminum metal and AICl; in

synthesis (Scheme 38).
the presence of the arene, which in many cases is the solvent. Chromium(IIl) is reduced by
aluminum to give a paramagnetic, chromium(l) sandwich complex 185 that is further
reduced by sodium dithionite (Na,S,04) to afford the desired bis(arene) chromium

compound, 182.

3CrCly + 2Al + AICly 3 ér (AICL] NayS,04 (,:r
Colte “I| " NaoH |
— 95% &b
185 182

Scheme 38: Fischer-Hafner synthesis of bis(arene) complexes.

Bis(arene) complexes can also be synthesized by condensing metal vapours in the
presence of aryl ligands.'” Metals are vapourized by resistive heating under high vacuum

(10~ Torr) and condensed in the presence of the arene, which is either gaseous or in an inert
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solvent.  Metal vapour synthesis was used to prepare a bis(arene) complex of
[2,2]paracyclophane (2) as an n'z-bis(arene) ligand (Scheme 39).'03 Two complexes were
isolated from the reaction, the desired (n12-[2,2]paracyclophane)Cr(0) complex (186) and
bis(n°-[2,2]paracyclophane)Cr(0) complex (187) in a combined 5% yield.

= Cr(0) = ,
+ Cr
vapour T
2 186

187

Scheme 39: [2,2]paracyclophane (2) as a 'r]”-bis(arene) ligand.

Although several cyclophanes and metals have been used to make bis(arene)
complexes,'* unsaturated cyclophanes have not been used, partly due to the lack of an

efficient synthetic method. Undeterred, we set out to prepared an n'>-cyclophane complex.

3.5 Synthesis of (n'*-Cyclophane) Complexes

With cyclophane 170 in hand, we were ready to prepare an assortment of
(n'%-cyclophane) complexes. The first synthetic procedure that was considered was metal
vapour synthesis as (n'’*-cyclophane)chromium complexes had been made using this
method.'™ Geoffrey Cloke at the University of Sussex was contacted for his expertise in the
metal vapour synthesis of organometallic compounds. Unfortunately, his apparatus would

require over 1.5 g of cyclophane 170 so other synthetic methods were considered (Table 6).



Table 6: Attempted metallation reactions of cyclophane 170.

(n-Bu),N MeO OMe N(n-Bu),
— . TN ey — (n-Bu),N N(n-Bu),
YA YW A A/
I | MeO OMe l |
metallation
I I MeO OMe l I
72 N /A N S S/ A\
_/ TN/ T N\ (n-Bu),N N(n-Bu),
(n-Bu);N MeO OMe N(n-Bu),
170
entry metal source reaction conditions desired product result
formation of a bright
1 Cr(CO), DMSO, UV lamp, 24 h 171{Cr(170),] yellow compound that
rapidly decomposed

o green, paramagnetic
2 Cr(benzene), DMSO, 160 °C, 48 h 171[Cr(170),] compound formed

o 188 mixture of 170 and a
3 Fe(HO\(BF),  MeNO;,80°C,96h  rpo 190y BE,),] yellow solid
4 FeCl- D Alggloccl3’ll\6/1;N02’ 189 formation of a yellow

2) NaBArF® [Fe(170)(BArF),] solid

*NaBArF = sodium tetrakis(3,3-bistrifluoromethylphenyl)borane

Photolysis of Cr(CO)s in the presence of an arene is

(arene)Cr(CO); piano stool complexes.”’

known to form stable

Replacement of the remaining carbonyl ligands

with a second arene would lead to a bis(arene) chromium complexes (Scheme 40). Although

this is not a common method used in the preparation of bis(arene) complexes, it was an

attractive starting point as cyclophane 170 was not expected to decompose under the reaction

conditions. Cyclophane 170 was mixed with Cr(CO)q in degassed DMSO and photolyzed

(Table 6, entry 1)."" After 24 h, cyclophane 170 was consumed and a yellow compound had

formed that was presumed to be a piano stool complex. Further photolysis did not lead to the

desired (n'%-cyclophane) chromium complex 171.
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Scheme 40: Potential preparation of bis(arene) chromium complexes by photolysis.

Recently, bis(arene)molybdenum complexes were prepared by an arene metathesis
reaction (Scheme 41).'% Many bis(arene) molybdenum complexes are pyrophoric107 SO an
arene metathesis reaction with bis(né-CéHé);_Cr (182) was attempted. Cyclophane 170 and
complex 182 were combined in DMSO in a sealed tube and the reaction was heated at
160 °C for 48 h (Table 6, entry 2). A green, paramagnetic material was formed, but it rapidly

decomposed prior to characterization.

tBuPh
160 C §_£I_>

</_|_\> sealed tube

Scheme 41: Arene metathesis of bis(arene) molybdenum complexes.

Bis(arene)iron(Il) complexes are known and in some cases are more stable than their
chromium(0) coun‘terparts.lo8 Iron is the only metal other than chromium that has been used
to make cyclophane complexes.'™ Although the Fischer-Hafner method has been the only
method used for the preparation of bis(arene)Fe(Il) complexes with cyclophanes, a ligand
displacement reaction was attempted first as cyclophane 170 may react with AlICl;. A
solution of Fe(H,0)«(BF4), was added to a solution of cyclophane 170 in nitromethane and
the mixture was heated at 80 °C for 96 h (Table 6, entry 3). A mixture of 170 and a dark
yellow solid that could not be characterized was obtained.

In a last attempt at synthesizing a (n'*cyclophane)Fe(Il) complex, the Fischer-Bottcher
method (similar to the Fischer-Hafner method for chromium) was used.'” Ferric chloride
(FeCls), AICI;, Al(0), and cyclophane 170 were combined in nitromethane and heated to
60 °C for 16 h (Table 6, entry 4). The reaction was cooled and poured into water. An orange
solid was formed after the addition of NaBArF, which was recovered by filtration.
Unfortunately, the orange solid slowly decomposed and characterization could not be

achieved.
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The difficulty in preparing bis(arene) complexes with cyclophane 170 forced us to
consider other metal locking strategies. m-Coordination complexes were attractive targets
due to their ease of preparation and air and moisture stability. The remainder of this chapter

describes the synthesis of cyclophane n-coordination complexes.

3.6 1,10-Phenanthroline-Based Compounds

Many heterocycles could be chosen as a cyclophane capping group to facilitate the
preparation of m-coordination complexes. However, 1,10-phenanthroline (197) is a
particularly attractive candidate as it is a C,-symmetric ligand that can be pseudo para-
substituted (3,8-disubstituted) to mimic our para-aryl capping groups. Furthermore,
1,10-phenanthroline is known to form air and moisture stable complexes with a variety of
metals.''°

A number of interesting phenanthroline-based copper(I) compounds have recently been
synthesized including molecular grids that are prepared by self-assembly (193)'"" and

112

catenanes (194) ' that may be used as molecular machines (Figure 32).

Molecular Architecture / Self-Assembly Catenanes / Molecular Machines

Figure 32: Phenanthroline based copper(l) compounds.

Luminescent Cu(I) phenanthroline compounds have received considerable attention for
chemical recognition, sensing, and tagging applications.'"> Optimized luminescence occurs
when: (a) the two phenanthroline groups are perpendicular to one another to form a

pseudotetrahedral coordination site for the copper(l) ion; (b) the copper ion is sufficiently
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hindered to reduce flattening and rocking distortions and attack from solvent molecules; and

(¢) there is increased ligand m-electron delocalization (Figure 33).14

e
NN ligand
N_CU'\"I\'JN 9
195
Cu(NN),"*
pseudotetrahedral

Figure 33: A luminescent Cu(I)-phenanthroline complex.'"*"

1,10-Phenanthroline based compounds have been shown to intercalate within the major
groove of DNA and catalyze the oxidative cleavage of ribose linkages.115 Thus,
phenanthroline based molecules may be promising targets for pharmaceuticals. Also, chiral
Cu(I) phenanthroline complexes have been used as asymmetric homogeneous catalysts.' 16

The synthesis of m-coordination complexes is much more straightforward than
bis(arene) complexes. For example, Cu(phen);” complexes can be prepared by combining
1,10-phenanthroline (197) and tetrakis(acetonitrile)copper(l) hexafluororphosphate (198)'"
in methylene chloride (Scheme 42). Concentration of the solvent gives the crude

Cu(phen),PF¢ complex 199, which can be purified by recrystallization.

</ A A
NCCHg =NNE
& DI CYTINCCH, PRy ——— Cu + PFe
T 3 6
_ =/ HeCON Ncch CHCl /N
197 198 \ N\ /
199

Scheme 42: Preparation of Cu(I)(phen), complexes.

A cyclophane that has 3,8-disubstituted, 1,10-phenanthroline capping groups should be
helical, easy to prepare, and bind copper(l) ions to afford a luminescent compound that
would be of interest for a variety of applications. The design and syntheses of
phenanthroline cyclophanes and their copper(l) complexes are described in the following

sections.
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3.7 Synthesis of Phenanthrolinophanes 200 and 217

A number of phenanthrolinic cyclophane (phenanthrolinophane)''®

targets were
considered. Molecular modeling was used to predict whether the compounds would adopt a
helical conformation with perpendicular phenanthroline moieties to allow metal coordination.
The resulting copper-complexed phenanthrolinophane should be highly luminescent as the
bridges could sufficiently protect the metal center from solvent molecules and the
phenanthroline groups are favorably orientated. Phenanthrolinophane 200 was chosen as the
first synthetic target as it adopts a helical conformation (Figure 34) and could be rapidly

synthesized.

Figure 34: Molecular model of phenanthrolinophane 200.

Retrosynthetic disconnections of copper(phenanthrolinophane) complex 201 is shown
in Figure 35. In a similar strategy to the bis(arene) complexes, metallation will be done in
the last step. Phenanthrolinophane 200 would be prepared by our desilylation/dimerization
protocol from dimerization precursor 202. Compound 202 is rapidly synthesized from

3,8-dibromo-1,10-phenanthroline (203) and commercially available bromide 204.
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metallation

desilylation/
dimerization

Negishi
Br coupling
+ g 7\ A\ g /=
AN =N N=
203

204 ‘1pms

Figure 35: Retrosynthetic analysis of copper(phenanthrolinophane) complex 201.

A number of procedures have been reported for the bromination of 1,10-phenanthroline
(197) in the 3 and 8 positions.'"”” However, the best reported yield for the reaction was 32%
so attempts were made to optimize the reaction (Table 7). Siegel and coworkers reported a
preparation of 3,8-dibromo-1,10-phenanthroline (203) using 1,10-phenanthroline (197) and

1192 A mixture of monobromide 205 and dibromide 203 was obtained

elemental bromine.
under these reaction conditions and were difficult to separate (entry 1). A second procedure
included the use of a complexing agent, sulfur monochloride (S,Cly), which led to an
improved 38% yield of 203 (entry 2)."'® This method was based on a preparation of
3-bromopyridine.'?

The proposed mechanism for this bromination involved the initial coordination of
sulfur monochloride to pyridine (Scheme 43). Bromination would take place on the resulting
1,2- or 1,4-dihydropyridine followed by the release of sulfur monochloride to afford
3-bromopyridine. The preparation of dibromide 203 would follow the same mechanism with

bromination occurring on each heterocyclic ring.
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Table 7: Bromination of 1,10-phenanthroline reaction conditions.

— Bra, S,Clp _ —
\ 4 ) CICH,CH,Cl B\ y ot \ 7 Har
N N= Py, LIRS, N N= N N=
205 203

197
entry S,Cl,(eq) pyridine(eq) Bry(eq) time (h) result (% yield)
1 - - 1.5 3 mixture of 205 and 203"
2 3.28 3.62 3.16 18 203 (38)°
3 - 2 2 24 no reaction
R e it
> BBr.22SSO 3.28 3.16 13 (corfl(:):l;eflgnof;()ture)
6 2.05 DIPA 23 I8 black oil
7 2.05 2.05 2'185 18 no reaction
8 3.28 excess 3.16 18 203 (59)°

* nitrobenzene was the solvent
® {-chlorobutane was the reaction solvent, 1,10-phenanthroline (197) was not very soluble.
¢ crude product was obtained in 88% yield and looks good by 'H NMR but contains a sulfur impurity.

AN S,Cl
| 22 |l &) o =
5
N Pt |
S,Cl S,Cl
206 207
u Br2
S H_ CI Br H_ _CI Br
N/ I?l N4 \-'py
210 S,Cl S,Cl
209 208

Scheme 43: Proposed mechanism for the bromination of pyridine in the 3 position.'?

In order to gain further mechanistic insight, the reaction was performed with
1,2-dichloroethane-d,; and pyridine-ds and monitored by 'l NMR. When pyridine-d; was

added to the phenanthroline-sulfur ~ monochloride  complex,  uncoordinated
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1,10-phenanthroline was observed (based on 'H chemical shifts). This suggested that sulfur
monochloride readily disassociated from 1,10-phenanthroline, leading to the bromination of
both pyridine and phenanthroline. Based on these results, we felt that improvements could
be made to the procedure.

First, the effect of the complexing agent was studied. A reaction without a complexing
agent (no S,Cl) resulted in the recovery of starting material (entry 3). The use of
tosylchloride (entry 4) or thionylbromide (entry 5) gave complex mixtures with little to no
dibromide 203. Second, replacing pyridine with a base that would not compete for the
complexing agent or undergo bromination itself was investigated. @~ The wuse of
diisopropylethylamine resulted in a viscous black oil that was discarded (entry 6). Finally,
the reaction was attempted with elemental iodine in order to prepare
3.8-diiodo-1,10-phenanthroline, but no reaction took place (entry 7).

"% such as using 1,2-dichloroethane instead

Modifications to Yamamoto's procedure,
of 1-chlorobutane as the reaction solvent and using flash chromatography (SiO,) instead of
recrystallization during purification, gave 3,8-dibromo-1,10-phenathroline (203) in 88%
yield (entry 8). Although the product looked pure by 'H and BC NMR, a sulfur impurity
remained. Further purification the led to analytically pure 203 in 59% yield. The improved
purification was also found independently by Sauvage's group.'!

Despite the modest yields that were obtained in the preparation of 203, we continued
the synthesis of phenanthrolinophane 200. Bromide 204 was converted to organozincate 211
in situ by lithium-halogen exchange with n-BuLi followed by transmetallation with zinc

122

bromide. ““ Addition of a solution of 3,8-dibromo-1,10-phenanthroline (203) and a catalytic

amount of Pd(PPh;), to the reaction afforded 202 in low yield (< 20%). However, when

123

DMF was used as a co-solvent, ~” the yield improve dramatically to give 202 in 87% yield

(Scheme 44).
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. r
Br a)n-Buli ZnBr =N N=
b) ZnBr, 203
AN THF AN Pd(PPhg)y
THF/DMF (2:1)
TMS T™S 87%
204 21

K,CO3
acetone

91%

Cu(OAc), (5.5 eq)

py/Et,0 (3:1)
15%

Scheme 44: Synthesis of copper(phenanthrolinophane) complex 213,

Attempted desilylation of 202 using the standard conditions of wet MeOH/THF with
K,CO; was unsuccessful as 202 was not soluble in the solvent mixture. Dimerization
precursor 212 was obtained in 91% yield by changing the solvent to wet acetone.
Dimerization of 212 was achieved using Eglington coupling conditions [Cu(OAc),,
pyridine/Et,O (3:1)] to give copper(phenanthrolinophane) complex 213 in 15% yield instead
of phenanthrolinophane 200.

Isolation of copper(phenanthrolinophane) complex 213 demonstrated the stability of
copper(phenanthroline) complexes. The low yield that was obtained for the dimerization
reaction could be explained by the formation of a copper(phenanthroline) complex, such as
214, prior to dimerization, which would then retard or inhibit the dimerization reaction

(Scheme 45).

Cu(OAc),
py/Et,O

214

Scheme 45: Proposed formation of complex 214 during the dimerization of 212,
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We thought that if complex 214 was indeed being formed, copper could be used to
template the reaction.'** This strategy was expected to circumvent the formation of complex
214 and reduce the formation of side-products that are often observed during the
dimerization reaction. Experimentally, addition of half an equivalent of Cu(OAc); to a
solution of 212 led to the formation of complex 215 (Scheme 46). The dimerization was then
carried out by the addition of excess Cu(OAc), to give copper(phenanthrolinophane)
complex 213 in a much improved 84% yield. Phenanthrolinophane 200 was then

quantitatively prepared by treating a solution of complex 213 in dichloromethane with

/ 7 \\ 2+

aqueous KCN.

(0.5€eq)

py/Et,0O
(3:1)
215

Cu(OAc), (5.5 eq)
py/Et,0 (3:1)
84%

KCN

quant.

200

Scheme 46: Copper-template synthesis of phenanthrolinophane 200.

The poor solubility of phenanthrolinophane 200 in common organic solvents prevented
the synthesis of its copper(I) complex. The addition of dibutylamino-substituents on the
bridging aryl rings would solve the solubility problems as they did for cyclophanes 113 and
123.  Thus, a second generation phenanthrolinophane, 217, was designed that had

dibutylamino-substituents on the bridging aryl rings. In this case the dibutylamino



substituents were expected to have the additional benefit of providing insight into the
phenanthrolinophane's conformation.'?’

The synthetic approach to phenanthrolinophane 217 was the same one that was used for
the preparation of 200 except that the synthesis required iodide 118 instead of bromide 204
(Figure 35). Our one-pot Negishi coupling method was used to combine iodide 118 and
3,8-dibromo-1,10-phenanthroline (203) to give 216 in 87% yield. Phenanthrolinophane 217
was prepared directly from 216 using the copper-templated modification of our in situ
desilylation/dimerization procedure described earilier. Dimerization precursor 216 was
initially treated with two equivalents of TBAF to remove the triisopropylsilyl groups, and
half an equivalent of Cu(OAc); to establish the copper template. This solution was added by
syringe pump to a solution of an excess of Cu(OAc), to effect the dimerization and was
worked up with an excess of potassium cyanide, which removed the copper and afforded
phenanthrolinophane 217 as a yellow foam in 39% yield (>80% yield for each bond
breaking/forming step). Phenanthrolinophane 217 was readily soluble in organic solvents
(CH,Cly, Et,0, acetone) unlike its unsubsituted predecessor. Copper(I) phenanthrolinophane
complex 218 was easily prepared by adding a stoichiometric amount of Cu(CH3CN);PF4 to a
solution of phenanthrolinophane 217 in methylene chloride.

Phenanthrolinophanes 200 and 217 and their corresponding copper(I) and copper(Il)
complexes were studied photochemically and by variable temperature NMR. These results

are discussed in the following section.
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(n-Bu)oN 1

118 ‘mps
a) n-BulLi
b) ZnBr,
c) Pd(PPh3)s
THF/DMF (2:1)

87%

216

a) TBAF (2 eq) in THF
b) Cu(OAC), (0.5 eq), py/Et,0 (3:1)
¢) Cu(OAc), (5.5 eq), py/Et,0 (3:1)
d) KCN (aq workup)

39%

CU(NCCH 3)4PF6
CH,Cl,
quant.

218

Scheme 47: Synthesis of phenanthrolinophane 217 and its copper(I) complex 218.
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3.8 Properties of Phenanthrolinophanes 200 and 217

UV/Vis spectra were obtained for the various phenanthrolinophanes (Figure 36).
Phanthrolinophane 200 was nearly colourless and had a n-m transition at 360 nm. The two

copper(Il) complexes, 213 and 215, had A,y values of 462 and 473 nm respectively, which

are typical of Cu(Il)(phen) complexes.'*

Phenanthrolinophane 217 and its copper(l)
complex 218 both had n-n " transitions, with the copper(I) complex A,y red shifted relative to

217 by 24 nm.

0.75 -

!
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Figure 36: UV-VIS spectra of the phenanthrolinophanes in methylene chloride.

Phenanthrolinophanes 200 and 217 and dimerization precursor 216 were excited at 320,
451, and 451 nm respectively and their emission spectra were recorded (Figure 37).
Phenanthrolinophane 217 is red shifited with respect to its precursor, 216, by 21 nm.

Emission quantum yields and lifetimes were not determined.
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Figure 37: Normalized emission spectra of 200, 216, and 217 in methylene chloride.

The photochemical properties of various phenanthrolinophane, synthetic intermediates,
and copper complexes were compared to relevant literature examples (Table 8).
Phenanthrolinophanes 200 and 217 had similar absorption and emission characteristics to

related compounds 219 and 220 that were reported by Tor's group.’*
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Table 8: UV-VIS and fluorescent spectra maxima of the phenanthrolinophanes and selected reference

spectra.
= N=
compound Amax(@bs) /nm A, (em)/ nm
197" 440
199'% 458
219 (R = C=C-Ph)** 346 376, 395
220 (R = C=C-(p-PhNMe,))*" 410 523
200 307 (sh) 416
213 473, 553 (sh)
215 462
217 383 584
218 407 563

Variable temperature *C NMR was used to probe the helical nature of
phenanthrolinophane 217 and its copper(l) complex, 218. At low temperature both nitrogen
inversion and helical isomerization were slow on the NMR timescale and the butyl groups of
the dibutylamino substituents were diastereotopic. As the sample was heated, the butyl
groups coalesced and became enantiotopic.

Phenanthrolinophane 217 was cooled to -90 °C (183 K) in CD,Cl; and its BC NMR
spectrum was obtained. The methyl carbon atoms of the butyl groups were a single, broad
signal indicating that helical interconversion was still fast compared to the NMR timescale.
This set an upper limit on the coalescence temperature, and in turn, the isomerization barrier

height of 3.4 kcal/mol.
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Figure 38: Stacked variable temperature "C NMR spectra of copper(phenanthrolinophane) complex
218.

The same NMR experiment was conducted on the copper(phenanthrolinophane)
complex 218. At -90 °C (183 K) the methyl carbon atoms of the butyl groups were
diastereotopic with a 32.6 ppm chemical shift difference between the two signals (Figure 39).
When the sample was warmed, the methyl group coalesced at 300 K (27 °C). This
corresponds to an barrier height of 13.6 kcal/mol. Unfortunately, this could be due to either
helical interconversion or nitrogen inversion. Typical nitrogen inversion values of
substituted anilines lie in the range of 12 to 17 kcal/mol.'® This experiment was useful as it
illustrated that our hypothesis was correct in that metal coordination would raise the helical
isomerization barrier height. However, to unambigously assign which exchange process was
responsible for the coalescence of the butyl groups, an isopropyl-substituted

phenanthrolinophane was synthesized (Section 3.9).

3.9 Preparation of Phenanthrolinophane 227

A new phenanthrolinophane with isopropyl substituents, 227, was designed so that
variable temperature NMR studies would allow for the unambiguous determination of the
helical isomerization barrier. lodide 225 was required for the Negishi coupling reaction and

could be prepared from 4-isopropylaniline (221).
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4-Isopropylaniline (221) was iodinated with Kajigaeshi's reagent (BnNMesICL)®® and

calcium carbonate to give iodide 222 in 88% yield (Scheme 48). lodide 222 was converted
to diethyltriazene 223 in 94% yield using HCl (4.5 M, aq), sodium nitrite (NaNO,),
diethylamine, and K»CO;3."*® A Sonogashira reaction of 223 with TMS-acetylene (37) using

standard conditions afforded silylalkyne 224 in 99% yield. Finally, heating silylalkyne 224

in the presence of methyl iodide in a sealed tube gave iodide 225 in 84% yield.

BnNMe;ICl
CaCO3
CH,Cly/MeOH |

221 (5:1) 222
88%

AN

225 ‘rms

a) HCI (4.5 M)
b) NaNO,

c) K2003, EtzNH N
CH3CN/H,0 N-NEt,

94% |

223
TMS—= (37)
Pd(PPh3),Cl,
Cul, Et3N, THF
99%
N,
Mel N-NEt,
(sealed tube) \\
84% 224
TMS

Scheme 48: Preparation of iodide 225.

fodide 225 was subjected to our in situ Negishi coupling protocol

with

3,8-dibromo-1,10-phenanthroline (203) to give dimerization precursor 226 in 13% yield

(unoptimized) (Scheme 49). The copper-templated desilylation/dimerization method give

phenanthrolinophane 227 in 23% vyield. Copper(phenanthrolinophane) complex 228 was

prepared quantitatively by treating a solution of 227 in CH,Cl, with Cu(NCMe)4PF.
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b) Cu(OAc), (0.5 eq)

¢) Cu(OAc), (5.5 eq)

d) KCN (aq workup)
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P

S e - CuNCCHy),PF

CH,Cl,
quant.

Scheme 49: Synthesis of phenanthrolinophane 227.

Variable temperature °C NMR experiments were conducted on phenanthrolinophane
227 and its copper(I) complex in order to determine the helical isomerization barrier height.
Phenanthrolinophane 227 was cooled to -90 °C (183 K) and the methyl carbon atoms of the
isopropyl groups were a single, broad signal, indicating that they were enantiotopic.
Copper(I)(phenanthrolinophane) complex 228 was cooled to -20 °C (253 K). In this
experiment the methyl groups of the isopropyl substituent were diastereotopic, indicating that
helical isomerization was slow on the NMR timescale. The sample was warmed and the

methyl signals coalesced at 57 °C (330 K) to give a helical isomerization barrier energy of

16.2 kcal/mol.
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Figure 39: Stacked variable temperature *C NMR spectra of copper(phenanthrolinophane) complex
228.

This confirmed that metal coordination did indeed increase the helical inversion barrier
as predicted.  Copper coordination raised the helical inversion barrier height of
phenanthrolinophane 227 by 7.0 kcal/mol (Figure 40). Unfortunately, helical isomerization
still occurred to a small extent at room temperature so enantiopure phenanthrolinophanes

could not be obtained.



m

Reaction Coordinate —>

Figure 40: A potential energy diagram illustrating the difference in isomerization barrier heights (AAG:)
of phenanthrolinophane 227 and its copper(l) complex, 228.

Helical isomerization of complex 228a could occur via two pathways (Figure 41). The
first pathway involves uncoordination of one phenanthroline moiety, isomerization by
passing through a planar intermediate, 228c, and recoordination to give the enantiomer 228b.
The other pathway involves elongation of the copper-nitrogen bonds to pass through planar
intermediate 228d, which can lead to the other helical enantiomer, 228b. However, in order
to preserve molecular orbital symmetry at the metal center, helical interconversion most

likely takes place via the first pathway.



228c¢
/ uncoordination/recoordination \

of phenanthrolene

228d

Figure 41: Proposed mechanisms for phenanthrolinophane helical inversion.

3.10 Summary

Two classes of unsaturated m-compounds were synthesized as ligands for the
preparation of chiral, non-racemic helical complexes: a tetramethoxybenzene-capped, C60
acetylenic cyclophane as a potential n'*-bis(arene) ligand, and phenanthrolinophanes as
tetradentate coordination ligands. Cyclophane 170 was successfully prepared and a low
resolution X-ray crystal structure confirmed that cyclophane 170 adopted a helical
conformation with face-to-face m-stacked capping aromatic rings. Although cyclophane 170
should have been a very good n‘z—bis(arene) ligand candidate, metal complexes of 170 could

not be prepared. Phenanthrolinophanes 200, 217, and 227 were also prepared. A copper(I)
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complex of the parent compound, 201, could not be prepared due to 200's poor solubility in
organic solvents, but copper(l) complexes of 217 and 227 were readily prepared. Copper
coordination was found to raise the helical isomerization barrier height by over 7.0 kcal/mol;
however, the isomerization still occurred at room temperature so enantiopure

phenanthrolinophanes could not be obtained.
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4. 2,9- and 2,10-Disubstituted Pentacene-Based Molecules

The previous chapter summarized our work on helical, unsaturated cyclophanes and
phenanthrolinophanes that resulted from para-substituted capping groups. Our work on C60
cyclophanes (Chapter 2) suggested that cyclophanes with meta-substituted capping rings and
appropriate bridges would lead to planar cyclophanes. In order to test our hypothesis, a
planar acetylenic cyclophane was designed with pentacene as the capping group
(pentacenophane, 229) (Figure 42). Planar, unsaturated carbon-rich compounds have been
studied for a variety of applications, including molecular electronics, molecular wires, and

semiconductors.

4 5 6 7 8
3 9
Ao 0000
R ; R
230

2,10-disubstituted pentacene

R

Figure 42: Pentacenophane 229 and a 2,10-disubstituted pentacene building block (230).

In order to synthesize pentacenophane 229, a pseudo meta-substituted pentacene
(2,10-disubstituted pentacene) building block was required. However, literature searches
revealed that there were no reported syntheses of 2,10-disubstituted pentacenes or any
pentacene compounds with substituents solely on the A and E rings. We learned more about
pentacene and its use as an organic semiconductor as this research progressed and
consequently our research focus shifted from preparing pentacenophane 229 to the synthesis
of pentacene derivatives that had functionality on the terminal A and E rings. This chapter
provides a brief introduction into organic semiconductors and describes the design and

synthesis of 2,9- and 2,10-disubstituted pentacene derivatives.

4.1 Organic Semiconductors

Semiconductors are materials that have electronic properties between insulators and

131

conductors, resulting from the nature of their band gap (Figure 43). Intrinsic
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semiconductors have a small band gap and electrons can be thermally promoted to the
conduction gap, leaving a hole in the valence band. When an external field is applied, the
electrons move into the conduction band and the holes move in the valence band. Materials
with larger band gaps can be made semiconducting by the addition of dopants. These

materials are known as doped semiconductors.

Conduction
band
Donors
Acceptors
Valence
band
Insulator Metal Semiconductor
Intrinsic Doped

Figure 43: Energy band diagram illustrating insulators, metals, and semiconductors.

Semiconducting materials are predominately used in field effect transistors (FET),
which are the integral part of computer chips. There are five main components in a FET
device: The source, drain, semiconductor, dielectric, and gate (Figure 44).13 2 In the absence
of an applied field to the gate, little to no current flows between the source and the drain.
This is the "off" state of the transistor. When a voltage is applied to the gate, electrons are
promoted from the valence band of the semiconductor to the conduction band, providing
charge carriers. As a result, current flows from the source to the drain. This is the "on" state
of the transistor. The number of charge carriers, and hence the performance of the
semiconductor, is highly dependent on the applied gate voltage. On/off ratios of greater than
10%:1 and field effect mobilites of greater than 0.1 cm*V's™ are required to drive liquid

crystal display circuits.
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Semicondlictor

Dielectric

Figure 44: Diagram of a typical FET device.

The efficiency of a semiconducting material is determined by how easily the electron
and hole can move through the material, i.e. the electron and hole mobilities (i or pp).
Highly conjugated organic compounds have overlapping atomic orbitals that form valence
and conducting bands similar to metals. Organic semiconductors do not have the same
electron or hole mobilities as single-crystalline silicon (Table 9),'** but they are
advantageous during fabrication as solution processing techniques such as lithiography can
be used. The lower fabrication costs make organic semiconductors desirable for single use

devices such as smartcards, luggage tags, and anti-theft devices.**

Table 9: Electron (p.) and hole (p,) mobilities of organic semiconductors.'”

semiconductor p/em*vist o /em’vs!
single-crystalline silicon 1500 480
amorphous silicon 0.1-1 <0.1
tetracene (231) ~2 ~2
pentacene (232) 1.7 2.7
o-sexithiophene (233) 0.7 1.1
perfluorinated copper phthalocyanine (234) 1.7 -
Coo (41) 2.1 1.8

Organic semiconductors can be subdivided into two groups: Polymer-based organic
semiconductors and molecular semiconductors.  Linear acenes (tetracene (231) and
pentacene (232)), oligiothiophenes (a-sexithiophene (233)), copper phthalocyanines (234),
and naphthalenebisimides (235) are the current leading classes of molecular organic

135

semiconductors (Figure 45). These compounds are all electron-rich and highly
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conjugated. Of all these organic semiconductors, pentacene (232) has the best electron and

hole mobilities.

I N/ s .\ U\
L

4

tetracene (231) a-sexithiophene (233)

(@] 0]
SOOI QR
IO

pentacene (232) erfluorinated
naphthalenebisimides (235) ghth:/oé:ya :,-n: ?ggi;

Figure 45: Molecular organic semiconductors.

A rapid two-step synthesis of pentacene (232) was reported in 1972 (Scheme 50)'%¢ and

pentacene was found to be both light and air sensitive. However, a greater liability is the
virtual insolubility of pentacene in common organic solvents, preventing solution-based
processing.””’ Desired spin-coating, dip-coating, and printable/lithographic processing all
require the semiconducting compound to be in solution. As a result, pentacene thin films are

7

prepared by evaporation/deposi‘[ion.13 The resulting pentacene crystals have molecules

packed in a "herringbone" fashion and not the face-to-face n-stacking arrangement found in

138

graphite. °° As a result, there is poor intermolecular orbital overlap and reduced electron and

hole mobilities.

0 0 o)
H Al HgCl
@H * {:j —’ O‘OO cyclohexanol OOOO
o) o] o)
236 237 238

Scheme 50: Synthesis of pentacene (232).

A variety of pentacene derivatives have been prepared to aid its processablity, increase
its solubility, or alter its solid-state packing. One of the more promising techniques involves
the preparation of a pentacene precursor, 239, that is capable of undergoing a retro Diels-
Alder reaction when heated to generate pentacene (Scheme 51)."* Precursor 239 was readily

soluble in methylene chloride and thin films of 239 were prepared by spin-coating.
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Subsequent heating of these films affected the retro Diels-Alder reaction, leaving a pentacene

thin film. One drawback of this procedure was the lengthy synthesis of precursor 239.

spin
coating
2389 thin film
l 180 °C
X
X
OO
X
X
240 232 thin film

Scheme 51: Retro Diels-Alder approach to pentacene thin films."’

An improved method in which the thin film precursor, 242, could be prepared directly

from pentacene was reported by Afzali and coworkers at the IBM research labs (Scheme

52).140 A rhenium-catalyzed Diels-Alder reaction of pentacene (232)

and

N-sulfinylacetamide (241) gave precursor 242. A spin-coated thin film of 242 was then

prepared and heated to give a pentacene thin film.

CoC0 -
+
)J\N=S=O CHCl3, A
232

241

spin
coating

~
0 180 °C Osg

/%M+00000i f
241 g

232 thin film

242 thin film

Scheme 52: Synthesis of pentacene thin films by a Diels-Alder/retro Diels-Alder approach.'*
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A different approach was taken by Anthony's group. Functionalized pentacenes, 243,

' Ethynyl substituents

were synthesized that had solubilizing substituents (Scheme 53).
were chosen to limit electronic disruption of the pentacene core. Furthermore, the rapid
preparation of pentacene derivatives allowed for a number of analogues to be prepared and

screened (R = Me, t-Bu, TMS, TES, TBS, TIPS, and TPS).

R
o I
4 5 7 8
POSOON - N 00000}
2) SnCIy/HCI 2 = 10
o 1 12 11
238 H
R
243

Scheme 53: Synthesis of 6,13-disubstituted pentacene derivatives.

The 6,13-disubstituted pentacene derivatives were readily soluble in a variety of

organic solvents and they had much better intermolecular n-stacking in the solid-state than

2 These compounds have been studied for both their

3

pentacene (232) itself (Figure 46).

semiconducting performance and their photoresponse.*

I S
D) = 50 & et 06
I %&%

Figure 46: Packing diagram of 6,13-disubstituted pentacene (243).

Functionalized pentacene compounds with substituents on the terminal A and E rings
are predicted to have better intermolecular n-stacking than compounds with substituents on

141

the central C ring (Figure 47). However, no synthetic routes to pentacenes with

substituents on the A and E rings are currently known.
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R 244

Figure 47: Proposed packing diagram of 2,9-disubstituted pentacene derivatives."*!

Pentacene has greater electron density and reactivity at the central C ring"** making
selective functionalization of pentacene on the A and E rings difficult. Thus, a different
synthetic approach was necessary with the introduction of functional groups on the A and E
rings early in the synthesis. The remainder of this chapter describes the design and synthesis

of 2,9- and 2,10-disubstituted pentacene compounds.

4.2 Disubsituted Pentacene Retrosynthetic Plan

Our synthetic plan to 2,9- and 2,10-disubstituted pentacene derivatives was to build a
pentacyclic scaffold with appropriate functional groups in place to introduce a variety of
substituents. These substituents could be used to tune the electronic properties or affect the
solid-state packing of the pentacene derivatives. Subsequent oxidation or reduction of the
pentacyclic compound would lead to pentacene. A proposed retrosyntheic route to
2,9-disubstituted pentacene 244 is shown in Figure 48. Substituted pentacene 244 would be
formed from the reduction of a functionalized diquinone precursor, 245. A variety of
substituents could be introduced using palladium coupling reactions, such as a Sonogashira
reaction, with ditriflate 246. The ditriflate could be prepared by desilylation and triflation of
silyl ether 247. Silyl ether 247 would result from a double Diels-Alder reaction with

Danishefsky's diene 248 and known anthradiquinone 249.
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2) triflation TfO

246

R

Diels-Alder
reaction

OMe Q Q
&
TMSO N
0 0
248 249

Figure 48: Retrosynthetic plan for the preparation of 2,9-disubstituted pentacenes (244).

One foreseeable problem with this synthetic plan was that the second Diels-Alder
reaction would not be regioselective and two isomers would likely be formed. Thus, an
efficient way of separating the two isomers from the double Diels-Alder reaction would be
required. One isomer would lead to 2,9-disubstituted pentacene 244 (as shown in Figure 48),
while the other isomer would lead to the 2,10-disubstituted compound via the same synthetic
strategy. Although a regioselective synthesis would eventually be desired, the preparation of

both pentacene isomers would be beneficial for initial semiconducting screening.

4.3 Synthesis of 1,4,5,8-Anthradiquinone (249)

Two lengthy synthetic routes (> 5 steps) to the desired 1,4,5,8-anthradiquinone (249)
starting material have been reported, but large amounts of high purity material could not be
obtained.'*® An alternative two-step preparation of anthradiquinone 249 was reported by
Cory's group (Scheme 54);'*® however, the yields for each reaction were below 50%.
1,4,5,8-Anthradiquinone (249) was a key intermediate in our route to pentacene, thus an

optimized preparation of 249 was desired.

94



OMe OLi OMe OMe O (o)

1
g ) 2 (10
2) LTMP CH3CN
THF 45%
OMe 30% OMe OMe O (0]

250 251 249

Scheme 54: Cory's preparation of 1,4,5,8-anthradiquinone (249).

The first reaction that was attempted was the original procedure reported by Fitzgerald
(Table 10, entry 1). A solution of lithium 2,2,6,6-tetramethylpiperidine (LTMP, 254) in THF
was prepared by the addition of methyllithium to 2,2,6,6-tetramethylpiperidine (TMP). The
LTMP solution was heated to reflux, bromide 250 was added, and heating was continued for
one hour. The reaction was cooled to room temperature and poured into HCI (10% aq). A
small amount (16% yield) of 1,4,5,8-tetramethoxyanthracene (251) was obtained. A violent
evolution of gases occurred when bromide 250 was added to the boiling LTMP solution,
preventing the reaction from being conducted on a larger scale. When bromide 250 was
added to the LTMP solution at room temperature (23 °C) and then heated, little to no product

was obtained.

Table 10: Reaction conditions for the preparation of 1,4,5,8-tetramethoxyanthracene (251).

OMe
Br

250 OMe OMe

PloNy o 0O n-BuLi OLi OMe OOO
\ / )L H THF H NaNHz
252 253 A OMe OMe
251
entry reaction conditions yield (%)

a TMP was treated with MeLi to form LTMP and 250 was
1 16
added at reflux

enolate 253 was preformed from THF, transferred to a

.32
2 suspension of NaNH,, and treated with 250 at reflux 10-32
3 enolate 253 was preformed from 252, transferred to a 28
suspension of NaNH,, and 250 was added at reflux
as entry 2, but toluene was used as the solvent instead of
4 A <5
an excess of THF
5 NaNH, was suspended in toluene, treated with THF (1 eq), <5

and 250 (2.2 eq) was added at reflux

*LTMP was the base
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The proposed mechanism for the transformation of bromide 250 to

5.7 Benzyne 255 is formed

1,4,5,8-tetramethoxyanthracene (251) is shown in Scheme 5
from bromide 250 and is quenched with the lithium enolate of acetaldehyde (253) to give
benzocyclobutane 256. Benzocyclobutane 256 could either be isolated (after protonation) or
reacted in situ  with a second equivalent of benzyne 255 to give

1,4,5,8-tetramethoxyanthracene (251) after dehydration and aromatization.

OMe

OMe OMe OLi

) OMe
j\“ 256
H

253
OMe OMe OMe O
o0 = @f “
OMe OMe OMe
251 257

Scheme 55: Proposed mechanism for the preparation of 251 via a benzyne intermediate.'"’

Cory's group obtained 1,4,5,8-tetramethoxyanthracene (251) in better yield (30%) when
n-butyllithium was used to form enolate 253 from THF and sodium amide (NaNH;) was used
to generate benzyne 255 from bromide 250.'"* When these reaction conditions were used
with sodium amide pellets, no reaction occurred. A similar result was obtained with freshly
powdered NaNH,. When a suspension of NaNHj in toluene (commercially available from
Aldrich) was used, varying amounts (10-32% yield) of 1,4,5,8-tetramethoxyanthracene (251)
were obtained (Table 10, entry 2). Similar yields of 251 were obtained when acetaldehyde
(252) was used as the enolate precursor instead of THF (entry 3).

In each of the procedures described above, THF was used as both a precursor for the
lithtum enolate of acetaldehyde (253) and as the reaction solvent. Lithium
2,2,6,6-tetramethylpiperidine (254) was shown to be a strong enough base to ring-open THF.

If sodium amide has a similar reactivity toward THF, then an excess of enolate 253 would be
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formed and would react with benzyne 255 to give cyclobutane 256. This would result in a
shortage of benzyne 255 for the reaction with anion 257 and lead to lower yields of 251.

The reaction solvent was changed from THF to toluene and stoichiometric amounts of
THF and n-butyllithium were used to generate enolate 253 (Table 10, entry 4).
Unfortunately, only a small amount of 251 (< 5%) was obtained. The last optimization
attempt involved using sodium amide to generate enolate 253 from THF and benzyne 255
from bromide 250. In this reaction sodium amide was suspended in toluene and THF (1 eq)
was added to the reaction (entry 5). The reaction was heated to form enolate 253 and
bromide 250 was added to the boiling reaction. Once again, only a small amount of 251
(< 5%) was isolated. Despite numerous unsuccessful attempts at optimizing the synthesis of
1,4,5,8-tetramethoxyanthracene (251), we continued the synthesis using the material we
could obtain using Cory's reaction conditions.

Oxidation of 251 to 1,4,5,8-anthradiquinone (249) using ceric ammonium nitrate
(CAN) proceeded consistently in 40-60% yields, similar to the reported yield for the reaction.

Optimization of this reaction is currently being explored by another Fallis group member.

4.4 Synthesis of Silyl Ethers 247 and 268

With anthradiquinone 249 in hand we began studying the double Diels-Alder reaction
and the inevitable separation of the resulting regioisomers. Danishefsky-type dienes readily
undergo [4+2] cycloadditions with quinones and the reaction products are known to oxidize

on silica gel in the presence of oxygen to the corresponding aromatic product (Scheme 56).'*

ome 9 H OMe Oy 0, Q@ K
2, N\g/ , NTO]/ silica gel O‘ N\g/
§ PhMe  rBso CHCL 150
TBSO
0 o o
248 258 259 260

Scheme 56: [4+2] Cycloaddition/aromatization strategy to naphthaquinones.

The first reaction that was conducted was a reaction of anthradiquinone 249 with
Danishefsky's diene 261 (Scheme 57). After stirring the reaction overnight at room
temperature all of anthradiquinone 249 was consumed, but the desired silyl ethers were not

formed when the reaction was treated with silica gel. A proton NMR spectrum of the
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reaction product suggested that desilylation had occurred to give a mixture of 264 and 265

instead of elimination of methoxide and aromatization as desired.

OMe 9 9
&
X
T™MSO o )
261 249

l CH,Cl,
OMe O o}
OTMS
oy
TMSO
O O OMe
262
l silica gel
OMe O o} OMe O O OMe
O
+
O o} e}
@) O OMe 0O 0
264 265

Scheme 57: Double Diels-Alder reaction of anthradiquinone 249 and diene 261.

The double Diels-Alder reaction was repeated with a bulker r-butyldimethylsilyl
Danishefsky's diene, 248, which was not as prone to hydrolysis as the trimethylsilyl ether
(Scheme 58). Diene 248 and anthradiquinone 249 were combined in methylene chloride and
stirred overnight at room temperature. Silica gel was added to the reaction and stirred open
to air for 12 hours and two, less-polar spots were present on the TLC plate. The less polar
compounds were isolated and determined to be silyl ethers 247 and 268, which were formed
as a 1:1 mixture in varying 20-42% yields. The reaction yield was increased to 60% by
changing the solvent from methylene chloride to THF prior to adding silica gel to the
reaction. A simple filtration of the crude reaction mixture through a silica gel plug with
methylene chloride gave silyl ethers 247 and 268. The overall transformation of diquinone
249 to the silyl ethers involved two cycloaddition reactions, elimination of two methoxy

substituents, and aromatization of the two peripheral rings all in one pot.
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Scheme 58: Double Diels-Alder reaction of diene 248 and anthradiquinone 249,

Separation of silyl ethers 247 and 268 proved to be difficult. Flash chromatography
gave only one fraction of pure 247. Repeated chromatography did not afford a pure sample
of 268, which was the second compound to elude. Preparative HPLC successfully separated
the two isomers (Figure 49); however, the poor solubility of the silyl ethers in the mobile

phase allowed only 25 mg of the mixture to be separated in a 45 minute run.
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Figure 49: Preparative HPLC chromatogram illustrating the separation of silyl ethers 247 and 268.

To separate the two isomers, a supersaturated solution of silyl ethers 247 and 268 was
filtered and injected into the preparative HPLC. Over the course of ten injections, the ratio of
247 and 268 changed from 1:1 to 1:1.2, suggesting that silyl ether 247 was less soluble in the
mobile phase than the other isomer. Encouraged by this finding, a fractional crystallization
separation of the silyl ethers was attempted. The mixture of silyl ethers was heated in
chloroform and cooled to 0 °C for 18 h. The crystals that were recovered were
predominately silyl ether 247. After three recrystallizations, analytically pure silyl ether 247
was obtained. Silyl ether 268 was enriched in the mother liquor. Although the purity of 268
was not as high (> 90%), it was sufficiently pure to be used in future reactions as the minor
impurity could be removed later in the synthesis.

The different symmetry of the two isomers allowed them to be identified by their 'H
and °C NMR spectra. Silyl ether 247 had C,, symmetry, was the less polar isomer (higher
spot on TLC), and less soluble in chloroform than silyl ether 268. In contrast, silyl ether 268
had lower C,, symmetry.

A single crystal X-ray structure of silyl ether 247 was obtained by the slow evaporation
of a chloroform solution and proved that the structural assignment of the two silyl ethers was
correct.'”” The pentacyclic core of the molecule is planar and forms sheets of edge-to-face m-

stacked dimers (Figure 50).
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Figure 50: Single crystal X-ray structure of silyl ether 247.
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4.5 Preparation of Ditriflates 246 and 271

With the anticipated troublesome steps in our 2,9- and 2,10-disubstituted pentacene
synthesis behind us, we turned our focus to the preparation of ditriflates 246 and 271. These
key intermediates would allow a multitude of substituted pentacene derivatives to be
prepared in order to study the effect of various functional groups on the electronics and solid-
state packing of these compounds.

Treatment of a solution of silyl ether 247 in THF with TBAF at room temperature
resulted in a deep blue solution that gave diol 270 as a pale yellow solid after the addition of
water (Scheme 59). Diol 270 was recovered by filtration and was not soluble in organic
solvents. In fact, diol 270 was only soluble in aqueous NaOH (10%), giving a deep blue

solution. Diol 270 could not be characterized due to its poor solubility.

0 0 0 0
20000 -IN0S OO
TBSO I';Ft -0
o) o) quant. o) o)

247 269
yellow deep blue
i
0 O 0 O
oTf  Tf0, py OH
CLIO I —— O
TIO CH,Cl, HO

o} o} 0O (0]

246 270

Scheme 59; Preparation of diol 270.

Numerous attempts to convert diol 270 to ditriflate 246 were unsuccessful (Table 11).
When diol 270 was suspended in methylene chloride and treated with triflic anhydride
(Tf,0), both with and without a catalytic amount of DMAP, only the diol starting material
was recovered (Table 11, entries 1 and 2). The reaction was attempted using pyridine as both
the base and the reaction solvent with DMAP and triflic anhydride; however, starting
material was recovered for reactions conducted at both room and elevated temperatures
(entries 3 and 4). The same result was obtained when 2,6-lutidine was used in place of

pyridine (entry 5). Numerous organic bases were surveyed in an attempt to solublize diol



270 and generate the necessary anion, but in each case diol 270 did not react. This indicated

that diol 270 was not in solution in any of these reactions.

Table 11: Attempted conversion of diol 270 to ditriflate 246.

0 0 0 0
Ly 2 Lo
HO 0 110
0 o o) o)

270 246
entry reaction conditions result/yield (%)

1 CH,Cl,, 12 h, rt recovered 270

2 CH,Cl;, DMAP (cat.), 12 h, 1t recovered 270

3? DMAP (cat.), 12 h, rt recovered 270

4° DMAP (cat.), 12 h, A recovered 270
5%t DMAP (cat.), 12 h, rt recovered 270

6° TBAF, CH,Cl,, 12 h, rt mixture of 246 and 270
7° HF-py, CH,Cl, 270
ged TBAF, THF, 12 h, rt 246 (78)

* the base was used as the reaction solvent

® lutidine was used instead of pyridine

¢ silyl ether 247 was the substrate, not diol 270
4 PhNTE, was used instead of THO

A new strategy for forming ditriflate 246 was devised. The conversion of silyl ether
247 to diol 270 must pass through a dianion 269 intermediate. This same intermediate was
required for the formation of ditriflate 246. Thus, silyl ether 247 was treated with two
equivalents of TBAF to form the deep blue dianion, 269, which was then treated with triflic
anhydride to give a mixture of diol 270, mono triflate, and ditriflate 246 (Table 11, entry 6).
Encouraged by these results, the fluoride source was changed from TBAF"! to HF pyridine,
but only diol 270 was obtained. The best results were obtained when dianion 269 was
formed from silyl ether 247 using TBAF in THF followed by treatment with
N, N-bis(trifluoromethylsulfonyl)aniline,'>* which is a triflating reagent that is compatible
with THF (Table 11, entry 8 and Scheme 60). Ditriflate 246 was only sparingly soluble in

THF and virtually insoluble in all other organic solvents.
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Scheme 60: Desilylation/triflation of silyl ethers 247 and 268 to afford ditriflates 246 and 271.

One puzzling observation was that either diol 270 or monotriflate was present in the
crude product mixture, regardless of the amount of TBAF or triflating reagent that was used.
Workup of the one-pot desilylation/triflation reaction involved suspending the reaction in a
mixture of THF/ether and successively washing with HCI (10% aq), NaOH (10% aq) and
water. The organic phase was concentrated to give ditriflate 246 in varying yields. During
the NaOH wash the aqueous phase turned blue, which was indicative of anion formation.

The varying yields obtained in desilylation/triflation reaction prompted an examination
of the workup. One concern was that the hydroxide ion was nucleophilic enough to react
with ditriflate 246, either by attacking one of the quinone carbonyls or the triflate. When the
reaction was worked up with a NaHCO; (sat. aq) wash instead of the NaOH (10% aq) wash,
ditriflate 246 was isolated in greater than 90% yield. When an authentic sample of ditriflate
246 was suspended in THF/ether and treated with NaOH (10% aq), a blue solution
characteristic of dianion 269 formed. Treatment of this solution with acid afforded diol 270.
This provided conclusive evidence that the hydroxide ion was reacting with ditriflate 246.

Ditriflates 246 and 271 could both be made by the desilylation/triflation procedure to
give crude material in nearly quantitative yield. This product was used without further

purification in the palladium coupling reactions described in the next section.

4.6 2,9- and 2,10-Disubstituted Pentacenes

The rapid route to ditriflates 246 and 271 was a major milestone in the synthesis of 2,9-
and 2,10-disubstituted pentacenes, as an assortment of functionalized pentacene compounds

could be accessed from ditriflates 246 and 271 via palladium coupling reactions. Pentacenes
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274 and 275 possessing triisopropylsilylethynyl substituents in the 2,9 or 2,10 positions were
the first targets. Anthony's group predicted pentacene 274 would be well-organized in the
solid-state, allowing for significant intermolecular orbital overlap, and in turn, possess higher

electron and hole mobilities.'*!

6'> and TIPS-acetylene (82) in the presence of

A Sonogashira reaction of ditriflate 24
Pd(PPh;),Cl,, Cul, and EtsN in THF gave diquinone 272 (Scheme 61). Ditriflate 246 was
sparingly soluble in THF (1 mg/5 mL) and decent yields (76%) of diquinone 272 were
obtained only when 246 was completely dissolved prior to the addition of the other reagents.
The use of DMF as a cosolvent did not improve the solubility of 246 or the reaction yield.
Diquinones 272 and 273 were readily soluble in THF and chlorinated solvents and could be

purified by recrystallization from ether.

(@] (@]
Crrx ey’
TfO
(@] (@]

246 =—TIPS (82) TIPS
Pd(PPh3),Cl,
Cul, EtsN
or — or
THF

76%

TIPS

TIPS

O O O O
TfO I . I . I OTf = I ‘ I . I xR
0] o 0o 0o
271 273

Scheme 61: Preparation of diquinones 272 and 273.

A number of procedures are known for the reduction of anthraquinones (and related
compounds) to their corresponding deoxygenated, aromatic species. The most common

154 or

procedures are zinc powder and catalytic copper(Il) sulphate in ammonium hydroxide
aluminum amalgam in ammonium hydroxide."”> When these reaction conditions were used
to reduce diquinone 272, a complex mixture was obtained (Table 12, entries 1 and 2).
However, when diquinone 272 was treated with a large excess of sodium borohydride in
refluxing isopropanol,'*® pentacene 274 was isolated in an excellent yield (88%) (Table 12,

entry 3). Reaction workup and product purification remains to be optimized.
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Table 12: Reaction conditions for the reduction of diquinone 272 to pentacene 274.

= TIPS
99999
274
entry reaction conditions result (%)
1 Zn(s), Cu(11)SO, (cat.), NH,OH, A mixture
2 Al/Hg, NH,OH, A mixture
3 NaBH,, i-PrOH, A 274 (88)

During the preparation of an NMR sample of pentacene 274, the initial purple solution
rapidly turned bright yellow. The resulting '"H NMR spectrum contained a peak at & 4.19,
which is characteristic of a methyne, bridgehead proton. There are numerous reports of
acenes reacting with oxygen to give endoperoxides.'”’ With this in mind, we suspected that
pentacene 274 acted as its own photooxygenation sensitizer leading to the formation of
endoperoxide 276 (Scheme 62).'** To test this hypothesis, a solution of pentacene 274 was
prepared in an inert atmosphere (glovebox) and the methylene chloride solution remained

purple.

TIPS

Z 7}
o .
=
274

TIPS~

TIPS

Scheme 62: Reaction of pentacene 274 with O, to give endoperoxide 276.

4.7 Summary

We  have developed a rapid, four-step synthesis of 2,9- and
2,10-bis(triisopropylsilylethynyl)pentacenes, 274 and 275, from 1,4,5,8-anthradiquinone 249.
A double Diels-Alder reaction of Danishefsky’s diene 248 with anthradiquinone 249 gave a
mixture of silyl ethers 247 and 268 (1:1), which could be separated by fractional
crystallization. The key ditriflate intermediates, 246 and 271, were obtained from a one-pot

desilylation/triflation of the corresponding silyl ether. Ditriflate 246 (or 271) underwent a
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palladium catalyzed coupling reactions to give diquinones 272 and 273. This procedure may
be used to introduce a number of substituents at the 2,9- or 2,10-positions. Finally, a sodium
borohydride reduction of diquinones 272 and 273 gave pentacenes 274 and 275 respectively.
A highlight of this synthetic route to 2,9- and 2,10-disubstituted pentacenes is that the entire
synthesis could be conducted without chromatographic purification.

The performance of pentacenes 274 and 275 as organic field effect semiconductors is
currently being explored through a collaboration with the Stacey Institute of the National

Research Council of Canada. An outline of future work is discussed in Chapter 5.
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5. Conclusions

The purpose of this research project was to synthesize new acetylenic cyclophanes and
to study their spectroscopic and physiéal properties. In order to accomplish these goals,
several new synthetic strategies and methods were developed. These new methods and the
completed syntheses are highlighted in this chapter.

The synthesis of two new C60 acetylenic cyclophanes revealed that the substitution
pattern of the capping group affected the conformation of the molecule. Cyclophane 113
with para-substituted capping groups adopted a helical (chiral) conformation and the
isomeric meta-capped cyclophane 123 had a different molecular folding pattern with the
potential to be planar.

Two classes of unsaturated cyclophanes were synthesized as ligands for the preparation
of chiral, non-racemic helical complexes: A tetramethoxybenzene-capped, C60 acetylenic
cyclophane as a potential 1'?-bis(arene) ligand, and phenanthrolinophanes as tetradentate
n-coordination ligands. Cyclophane 170 was successfully prepared and a low resolution X-
ray crystal structure confirmed 170 adopted a helical conformation with face-to-face 7-
stacked capping aromatic rings. Although cyclophane 170 seemed to be a good nlz
bis(arene) ligand candidate, metal complexes of 170 could not be prepared.
Phenanthrolinophanes 200, 217, and 227 were synthesized and copper complexes were
prepared. Coordination of copper was found to raise the helical isomerization barrier height
by over 7 kcal/mol; however, isomerization still occurred at room temperature so enantiopure
phenanthrolinophanes could not be isolated.

The first pentacene molecules with substituents on the A and E rings have also been
synthesized. The rapid, four-step synthesis of pentacenes 274 and 275 was highlighted by
the absence of column chromatographic purification. The commercial potential of these new
pentacene compounds as organic semiconductors is being investigated in collaboration with

the National Research Council of Canada.
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5.1 New Methods

Several new methods were developed in order to achieve our synthetic objectives.
These methods are summarized in the schemes below.

A new one-pot preparation of arylbutadiynes 95 was developed. Chloroenyne 83 was
converted to organozincate 111, which was reacted in situ via a Negishi-type coupling with
aryl halides 109 to give arylbutadiynes 95 (Scheme 63). This procedure eliminated the
isolation and purification of unstable butadiyne 84 and generated arylbutadiynes in

significantly higher yields.

// Cl n-Buli n-Buli

p—

[TIPS———: — | }
THF
TIPS 83 84 110
lZnBrg
Pd(PPhg)
{ Y=——=—TPs  ————— [TRPS—T":—-—:—ZnBrl
R 95 ¢ H— 111
78-95% yields R
109

Scheme 63: Preparation of arylbutadiynes from chloroenyne 83 (Section 2.4).

A second method that was developed was an in situ desilylation/dimerization of bulky
silylbutadiynes 91 (Scheme 64). Unprotected arylbutadiynes are known to be unstable and
this new procedure facilitated the in situ dimerization of arylbutadiynes protected with bulky

silyl protecting groups.

J . Cu(OAc); (6 eq) 7\, =
{ t=yes — =

_ via py/Et,0 (3:1)

syringe pump 80-98%
90 n=1 92 n=1
91 n=2 93 n=2

Scheme 64: In situ desilylation/dimerization of bulky, silyl-protected arylbutadiynes (Section 3.7).

A molecular modeling study provided insight into the observed dimerization reaction
products of a,w-dialkyne precursors (Figure 51). For example, when the termini separation
distance () was less than 7 A, intramolecular coupling occurred unless the transition state
was too strained for the intramolecular reaction to occur. Conversely, termini separation

distances greater than 10 A resulted in intermolecular reactions. Mixtures of intra- and
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intermolecular reaction products were obtained when the termini separation distance was

between 7 and 10 A.

H H
substrate . r<7A
intramolecular
product
r>10A
intermolecular
product

Figure 51: Molecular modeling study used to predict dimerization reaction products (Section 2.6).

A copper-templated dimerization reaction was also developed during the synthesis of
phenanthrolinophanes (Scheme 65). Dimerization precursor 212 was treated with half an
equilivalent of Cu(OAc), to establish copper template 215, which was then dimerized with an
excess of Cu(OAc),. The templated dimerization reaction resulted in a six-fold increase in

reaction yield, from 15 to 84%.
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215

Cu(OAc), (5.5 eq)
py/Et,0 (3:1)
84%

213

Scheme 65: Copper-templated dimerization reaction (Section 3.7).

The last method developed was an in situ desilylation/triflation reaction (Scheme 66).
The diol that resulted from the deprotection of silyl ether 247 was not soluble in organic
solvents and could not be transformed to ditriflate 246 under standard reaction conditions.

This new method provided an efficient route to key ditriflate intermediates 246 and 271.

TBAF 9 9
O‘O‘O e e Crrry
TBSO THE 110
> 95% 5
247 246

Scheme 66: In situ desilylation/triflation route to ditriflates 246 and 271 (Section 4.5).
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5.2 Synthesis of New Compounds

The synthetic routes to new unsaturated cyclophanes, phenanthrolinophanes, and

disubstituted pentacenes is presented here.

y Cl  (n-BupN

HZN‘Q n-BuBr, NaHCO3 (n-Bu)ZNQ TIPS 83 \\
| THF/DMF (5:1) n-BuLi (2 eq), ZnBr,

108 quant. 109 PA(PPHs)s, THF 95 \
76% TIPS
TIPS
BnNMe3ICI2
Vi CaCOs
— _ THF/MeOH (5:1)
Vi - 77— 75%
= = = Pd(PPh3),Cl BN |
(n-Bu}oN = — N(n-Bu); n-Bu),
N/ N\ / \ 7 Cul, EtN
THF
4 39% N\
106 ) 107 3\
TIPS TIPS
TBAF
Cu(OAc),

pylether (3:1)
46%

(n-Bu),N /—\ — /_\ — \_/ N{n-Bu),
x . =

Scheme 67: Synthesis of cyclophane 112 (Section 2.4).
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Scheme 68: Synthesis of C60 para-cyclophane 113 (Section 2.5).
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Scheme 69: Synthesis of C60 mera-cyclophanes 123a and 123b (Section 2.7).
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Scheme 70: Synthesis of cyclophane 170 as a potential n'*- bis(arene) ligand (Section 3.3).
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Scheme 71: Synthesis of phenanthrolinophanes (Sections 3.7 and 3.9).
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Scheme 72; Synthesis of disubstituted pentacenes 274 and 275 (Section 4.6).



5.3 Future Work

Further investigations are warranted in two areas: a) the synthesis of chiral, non-
racemic cyclophanes; and b) the synthesis of new pentacene derivatives as organic
semiconducting compounds. Potential future work pertaining to each of these areas is

presented below.

5.3.1. Chiral, Non-Racemic Cyclophanes

Two strategies toward the preparation of chiral, non-racemic cyclophanes are worth
pursuing. The first is an extension of the phenanthrolinophane chemistry that has been
described in this thesis. The preparation of new phenanthrolinophanes with acetylene
spacers may reduce the strain of the molecule in twisted conformations and thus allow metal
ions to inhibit helical isomerization (Figure 52). In addition, phenanthrolinophane
derivatives with long alkyl chains [R = C3H;s, OC3Has, N(Ci2Has),] should be prepared and

studied as potential liquid crystals.

long alkyl chains or
chiral side chains
for liquid crystals

‘ alter the number of acetylenes
to reduce strain -

Figure 52: Second generation phenanthrolinophanes.

A second strategy to chiral, non-racemic cyclophanes is to use allenes as chiral
directing groups (Figure 53). Although this strategy has been previously explored with other
chiral building blocks, only one macrocycle containing more than one allene has been
prepared and it was obtained as a racemate. The synthesis of chiral allene cyclophanes, such
as 278, would allow the molecular conformation and electronic properties of these

compounds to be explored.
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___.allene chiral
directing group

B B
(t-Bu) 278 (t-Bu)

Figure 53: An allene cyclophane synthetic target.

5.3.2. Substituted Pentacene Compounds for use as Organic Semiconductors

New disubstituted pentacene compounds should be prepared to probe the electronic
properties and the solid-state packing of these molecules. Also, new synthetic routes to A
and E ring disubstituted pentacenes should be explored as an efficient route to required

diquinone 249 remains unknown. One potential new syntheic route is shown in Figure 54.

9}
R reduction R
s —
R R
0

279 280

Pd coupling
(to introduce substituents)

o (o)
X oS es
+ [ mene———
X X
0 0]
283 282 281

Figure 54: A new synthetic route to 2,9- and 2,10-disubstituted pentacenes.

Unsymmetrically-substituted, unsaturated molecules with electron-donating and
electron-withdrawing substituents have been studied for their potential use as molecular
wires and their photoelectric/photochemical properties. Thus, a pentacene derivative with
electron-withdrawing and electron-donating substituents in the 2 and 9 positions may have

interesting photoelectric and photochemistry properties (Figure 55).
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@ 284

push/pull electronic materials

Figure 55: Unsymmetrically disubstituted pentacenes with electron-donating (ED)
and withdrawing (EW) substiuents for molecular electronics.

Anthracene oligomers have recently been shown to be better organic semiconductors
(better electron and holes mobilities) than anthracene itself.'** Thus, oligo pentacenes would

be interesting targets as potential organic semiconductors (Figure 56).

oligopentacenes

|

TfO

(0] (0]
<0000
0] (6]
246
2,9-disubstuted pentacene precursor

Figure 56: Oligopentacenes as organic semiconductors.

Pentacenophane 229 could be synthesized from ditriflate 271. The 2,10-disubstituted
pentacene precursor would lead to a pseudo meta-substituted pentacene and the synthesis of
pentacenophane 229 would allow us to test our hypothesis that meta-capped cyclophanes can

adopt planar conformations.
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pentacenophane

Figure 57: Pseudo meta-capped, planar pentacenophane 229.
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5.4 Claims to Original Research

1.

Co-developed an in situ desilylation/dimerization reaction for the synthesis of

symmetrical butadiynes and octatetraynes.

Established a method for predicting the dimerization reaction products of a,®-

dialkynes via a molecular modeling study based on the termini separation distance.

Synthesized para- and meta-capped C60 acetylenic cyclophanes (113 and 123) and
demonstrated that the substitution pattern of the capping groups determines the

molecular folding.

Synthesized a tetramethoxybenzene-capped C60 acetylenic cyclophane (170) as a

potential 12 bis(arene) ligand.

Synthesized a series of double helical phenanthrolinophanes by a copper-templated
dimerization reaction. Phenanthrolinophane copper complexes were prepared and

copper incorporation was found to reduce the rate of helical isomerization.

The first 2,9- and 2,10-disubstituted pentacene compounds were synthesized. These
compounds are currently being studied as new organic semiconductors in

collaboration with the National Research Council of Canada.
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6. Experimental Section

6.1 General Experimental

All non-aqueous reactions were performed under a positive pressure of dry nitrogen in
flame-dried glassware using dry solvents. Tetrahydrofuran and diethyl ether were distilled
from sodium/benzophenone. Methylene chloride, toluene, and triethylamine were distilled
from calcium hydride. Standard inert atmosphere techniques were employed in handling air
and moisture sensitive reagents. Copper(Il) acetate was prepared from the dihydrate

60 Commercially

Cu(OAc),2H,0 by refluxing in acetic anhydride for 15 h prior to use.'
available n-BulLi solutions in hexanes were used from the Aldrich Chemical Company and
titrated prior to use against diphenylacetic acid. All TBAF solutions were in THF solvent.
All starting materials were purchased from Aldrich Chemical Company and used without
further purification unless otherwise stated.

Reactions were monitored by thin layer chromatography (TLC) using commercial
aluminum-backed silica gel sheets coated with silica gel 60 Fys4 (E. Merck). TLC spots were
visualized under ultraviolet light and developed by heating the plate after treatment with a
5% solution of ammonium molybdate in 10% aqueous sulphuric acid. Room temperature (rt)
corresponds to 21 °C. Anhydrous magnesium sulfate (MgSOy4) was used to dry solutions of
organic solvents. Excess solvents were removed (concentrated) in vacuo at pressures
obtained by a water or air aspirator connected to a rotary evaporator. Trace solvents were
removed on a vacuum pump. Product purification by flash chromatography was performed
with silica gel 60 (230-400 mesh, E. Merck). Petroleum ether refers to a mixture of
hydrocarbons with a boiling range of 30-60 °C.

Melting points were determined with a Thomas-Hoover Unit melting point apparatus and
are uncorrected. Infrared (IR) spectra were obtained as neat thin films or as a solution of the
sample in CDCl; or CHCl; in a sodium chloride solution cell. All IR spectra were recorded
on a Bomem Michelson 100 Fourier transform infrared spectrometer (FTIR). "H NMR (200
or 500 MHz) and ">C NMR (125 MHz) spectra were run on a Gemini 200 spectrometer or
Briiker AMXS500 spectrometer. Chemical shifts are reported relative to tetramethylsilane

(8 scale) in ppm. 'H NMR data are reported as follows: chemical shift, multiplicity

(s = singlet, d = doublet, t = triplet, q = quartet), coupling constants (Hz), and integration.
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Low resolution mass spectroscopy (MS), using either electron impact (EI) or chemical
ionization (CI), was performed on a V.G. Micromass 7070 HS mass spectrometer with an
electron beam energy of 70 eV (for EI). High resolution mass spectroscopy (HRMS) was
performed on a Kratos Concept-11A mass spectrometer with an electron beam energy of
70 eV. Electrospray mass spectra ES (MS) were determined on a Micromass Quattro LC
with a pump rate of 20 pL/min. Elemental analyses were performed at M-H-W Laboratories,
Phoenix, Arizona, USA. The purity of all title compounds was judged to be > 95% as
determined by a combination of GC-MS, 'H NMR and "*C NMR analyses.

6.2 Detailed Experimental Procedures

Experimental procedures are presented for new compounds or for improved
preparations and are in order of compound number as they appear in Chapters 1 to 5.
Compounds that were prepared, but not included in the main text of the dissertation appear at

the end of the experimental section.

1,4-Bis-[2-(2-(4-triisopropyl-1,3-butadiynyl)phenyl)ethynyl]benzene (76)
TIPS

AN
AN

\ 7/ T N/ — \Z

A\
TIPS

CygH54Si;
Mol. Wt.; 687.11

A solution of iodide 86 (200 mg, 0.49 mmol, 2 eq) in THF (10 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (10 mg, 10 mol%), Pd(PPh;),Cl,
(30 mg, 5 mol%), and Et;N (2 mL) were added to the degassed solution and stirred at rt for
10 min. Alkyne 77 (31 mg, 0.25 mmol, 1 eq) was added to the solution and the reaction was
heated to reflux for 18 h. The reaction was cooled to 1t, filtered through a silica gel plug, and
concentrated. Chromatography (petroleum ether/Et,O, 10:1) afforded 76 as a yellow solid
(125 mg, 74%); mp: 120-121 °C; IR (CH,Cly) v 2945.5, 2867.1, 2099.7, 1511.9,
1262.1 cm™; "H NMR (500 MHz, CDCl3) § 7.55 (s, 4H), 7.52 (d, J = 8.1 Hz, 4H), 7.33 (ddd.
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J=78,7.7, 1.1 Hz, 2H), 7.27 (ddd, J= 7.7, 7.6, 1.1 Hz, 2H), 1.14 (s, 42H); °C NMR (125
MHz, CDCl3) 6 132.7 (d), 131.7 (d), 131.6 (d), 128.8 (d), 128.1 (d), 127.2 (s), 124.4 (s),
123.2 (s), 94.0 (s), 89.7 (s), 89.5 (s), 89.3 (s), 78.7 (s), 74.1 (s), 18.6 (q), 11.3 (d); MS (EI)
m/z 686.4 (M", 13), 482.3 (6), 397.1 (6), 267.0 (5), 143.0 (26); HRMS calcd for C4sHs4Sis
686.3766 (M+), found 686.3750; Anal. calcd for C4gHs4Si; C 83.90%, H 7.92%, found C
84.06%, H 7.90%.

1-lodo-2-(4-triisopropylsilyl-1,3-butadynyl)benzene (86)
[

@—:—%TIPS

CigHyslSi
Mol. Wt.: 408.39

A solution of n-BuLi (2.13 M in THF, 3.25 mL, 6.92 mmol, 1 eq) was added to a
-78 °C stirred solution of bromide 78 (2.50 g, 6.92 mmol, 1 eq) in THF (50 mL). The
solution turned dark yellow upon addition of base. The reaction was quenched immediately
by the addition of a solution of N-iodosuccinimide (1.56 g, 6.92 mmol, 1 eq) in THF (40 mL)
and the reaction was warmed to rt with stirring for 2 h. The reaction mixture was diluted
with petroleum ether, washed with H,O and brine, dried, and concentrated to yield 86 as a
dark yellow oil (2.74 g, 97%); 'H NMR (500 MHz, CDCl3) & 7.81 (d, J = 7.8 Hz, 1H), 7.49
(d, J=7.8 Hz, 1H), 7.28 (dd, J = 7.7, 7.8 Hz, 1H), 7.01 (dd, J = 7.7, 7.7 Hz, 1H), 1.12 (s,
21H); C NMR (125 MHz, CDCl3) & 138.8 (d), 134.1 (d), 132.6 (s), 130.1 (d), 128.3 (s),
127.7 (d), 100.8 (s), 89.9 (s), 89.2 (s), 78.1 (s), 18.5 (q), 11.3 (d); MS (EI) m/z 408.1 (M",
22), 365.0 (100), 336.9 (46), 294.8 (55), 239.1 (36); HRMS calcd for C 9H;ISi 408.0772
(M"), found 408.0791.

1-Phenyl-4-triisopropylsilyl-1,3-butadiyne (91)

@%TIPS

C1 gstsi
Mol. Wt.: 282.50

A solution of n-BuLi (2.27 M, 15.8 mL, 35.8 mmol, 4.0 eq) was added in one portion to
a -78 °C solution of cis-4-chloro-1-triisopropylsilyl-but-3-en-1-yne (83) (4.34 g, 17.9 mmol,
2.0 eq) in THF (40 mL). The resulting pale yellow coloured solution was stirred for 2 min
followed by the addition of a solution of ZnBr; (4.12 g, 18.3 mmol, 2.05 eq) in THF (40 mL).
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The colourless solution was stirred at —78 °C for 5 min then warmed to 0 °C for 15 min. A
mixture of iodobenzene (1.0 mL, 8.94 mmol, 1 eq), Pd(PPhs3)s (500 mg, 5 mol%) in THF (40
mL) was added by canula and the reaction was heated to reflux for 18 h. The reaction was
cooled to rt, silica gel was added and the slurry was concentrated. Chromatography
(petroleum ether) afforded 91 as a yellow oil (1.61 g, 64%); 'H NMR (500 MHz, CDCl;) &
7.50 (dd, J = 8.2, 1.3 Hz, 2H), 7.37-7.29 (m, 3H), 1.13 (s, 21H); *C NMR (125 MHz,
CDCl3) 6 132.6 (d), 129.2 (d), 128.3 (d), 121.5 (s), 89.6 (s), 87.8 (s), 75.5 (s), 74.7 (s), 18.5
(q), 11.3 (d); HRMS calcd for C19H,6Si 282.1804 (M™), found 282.1787.

1,8-Diphenyl-oct-1,3,5,7-tetrayne (92)

@::::\/

CaoH1o
Mol. Wt.: 250.29

A solution of TBAF (1.0 M in THF, 355 pL) in THF (5 mL) was added over 2 h via

syringe pump to a stirred solution of silylalkyne 91 (100 mg, 0.35 mmol) and Cu(OAc), (192
mg, 1.05 mmol) in pyridine/Et,O (3:1). The blue solution became emerald green once
addition began. Once addition was complete, the solution was poured into Et;0O and HCI (1
M). The organic phase was washed excessively with HCI (1 M) until all pyridine was
removed and the organic phase was dried and concentrated. Chromatography (petroleum
ether) afforded 92 as a yellow solid (40 mg, 91%); 'H NMR (500 MHz, CDCl3) § 7.54-7.51
(m, 2H), 7.42-7.37 (m, 1H), 7.36-7.32 (m, 2H); *C NMR (125 MHz, CDCls) § 133.2 (d).
130.0 (d), 128.5 (d), 120.5 (s), 77.7 (s), 74.4 (s), 67.1 (s), 63.6 (s); HRMS caled for CyHjo
250.0783 (M), found 250.0784.

N,N-Dibutyl-3-(4-triisopropylsilyl-1,3-butadiynyl)aniline (95)

———TIPS
(n-Buz)N

Co7H43NSi
Mol. Wt.: 409.72

A solution of n-BuLi (2.04 M in THF, 22.4 mL,, 45.6 mmol, 3.02 eq) was added in one
portion to a —78 °C solution of cis-4-chloro-1-trimethylsilyl-but-3-en-1-yne (83) (5.50 g, 22.7
mmol, 1.5 eq) in THF (150 mL). The resulting yellow solution was stirred for 2 min

followed by the addition of a solution of ZnBr; (5.27 g, 23.4 mmol, 1.55 eq) in THF
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(100 mL). The colourless solution was stirred at -78 °C for 5 min then warmed to 0 °C for
15 min. A mixture of N,N-dibutyl-3-iodoaniline (109) (5.00g, 15.1 mmol, 1 eq), Pd(PPh;3)4
(1.75 g, 10 mol%) in THF (150 mL) was added by canula and the reaction was heated to
reflux for 18 h. The reaction was cooled to rt, silica gel was added to the reaction flask, and
the slurry was concentrated. Chromatography (petroleum ether/CH,Cl,, 20:1) afforded 95 as
a yellow oil (4.70 g, 76%); 'H NMR (500 MHz, CDCl3) & 7.11 (dd, J = 7.9, 7.8 Hz, 1H),
6.79-6.76 (m, 3H), 3.24 (t, J = 7.7 Hz, 4H), 1.59-1.52 (m, 4H), 1.40-1.30 (m, 4H), 1.14 (s,
21H), 0.97 (t, J = 7.3 Hz, 6H); *C NMR (125 MHz, CDCl;) § 147.9 (s), 129.1 (d), 121.9 (s),
119.7 (d), 115.3 (d), 113.0 (d), 90.0 (s), 86.7 (s), 73.3 (s), 65.8 (s), 50.7 (1), 29.0 (1), 20.4 (1),
18.4 (q), 13.9 (q), 11.3 (d); MS (EI) m/z 409.3 (M", 5), 319.2 (66), 221.4 (33), 163.4 (100),
135.2 (52); HRMS calcd for C,7H43NSi 409.3165. (M+), found 409.3157; Anal. calcd for
Cy7H43NSi1: C 79.15%, H 10.58%, found C 78.95%, H 10.68%.

1,8-Bis-(3-N,N-dibutylaminobenzene)-octa-1,3,5,7-tetrayne (96)

(n-Bu)oN

\ /T — — <\ /\>
N(n-Bu),

CagHaaN;
Mol. Wt.: 504.75

A solution of TBAF (1.0 M in THF, 100 pL) in THF (5 mL) was added over 2 h via syringe
pump to a stirred solution of silylalkyne 95 (100 mg, 0.24 mmol) and Cu(OAc), (133 mg,
0.73 mmol) in pyridine/Et;O (3:1). The blue solution became emerald green once addition
began. Once addition was complete, the solution was poured into Et,O and HCI (1 M). The
organic phase was washed excessively with HCI (1 M) until all pyridine was removed and
the organic phase was dried and concentrated. Chromatography (petroleum ether) afforded
96 as a yellow oil (50 mg, 82%); 'H NMR (200 MHz, CDCl3) & 7.12 (dd, J = 8.0, 8.0 Hz,
2H), 6.81-6.67 (m, 6H), 3.22 (t, J = 7.5 Hz, 8H), 1.63-1.42 (m, 8H), 1.42-1.22 (m, 8H), 0.97
(t, J= 7.1 Hz, 12H); *C NMR (50 MHz, CDCl3) § 147.8 (s), 129.3 (d), 120.8 (s), 120.0 (d),
115.4 (d), 113.6 (d), 79.0 (s), 73.1 (s), 66.8 (s), 63.7 (s), 50.6 (1), 29.2 (1), 20.3 (1), 14.0 (q);
HRMS calcd for C3¢H44N> 506.3504 (M+), found 506.3586.
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11,28,41,58-Tetrakis-dibutylamino[8]1,3,5,7-tetraoctynylorthocyclo[2]15-
ethynylparacyclo[2]23-ethynylorthocyclo[8]31,33,35,37-tetraoctynylorthocyclo[2]45-
ethynylparacyclo[2]53-ethynylorthocyclophane (104)

(n-Bu)zN——@ = /_\ = /_\ N(n-Bu),

(n-Bu)zN—C\/ == /_\ = Q*N(WBU)Z

CogHosN4
Mol. Wt.: 1253.78

A solution of precursor 106 (508 mg, 0.54 mmol, 1 eq) and Cu(OAc); (0.59 g, 3.23
mmol, 6 eq) were stirred in a mixture of pyridine/Et,O (3:1, 250 mL) for 15 min (Note:
substrate concentration was 2.1 mM). A solution of TBAF (1 M in THF, 1.19 mL, 1.19
mmol, 2.2 eq) was added to the flask by syringe pump over 2 h. After stirring for an
additional 1.5 h, no starting material remained by TLC (petroleum ether/CH,Cl,, 2:1). Silica
gel (~ 1 g) was added and the slurry was concentrated. Chromatography (petroleum
ether/CH,Cl,, 2:1) afforded 112 as a red solid (155 mg, 46%). When the substrate
concentration was increased to 5.3 mM both cyclophane 112 (26%) and a small amount of a
compound believed to be cyclophane 104 were obtained as a yellow glass (3 mg); 'H NMR
(500 MHz, CDCls) 6 7.49 (s, 8H), 7.29 (d, J = 8.9 Hz, 4H), 6.73 (d, J = 2.1 Hz, 4H). 6.59 (d,
J=6.8 Hz, 4H), 3.24 (t, /= 7.6 Hz, 16H), 1.57-1.50 (m, 16H), 1.36-1.29 (m, 16H), 0.94 (t, J
= 7.3 Hz, 24H); °C NMR (125 MHz, CDCl3) § 147.42 (s), 132.85 (d), 131.3 (d), 124.1 (s),
123.0 (s), 115.5 (s), 113.5 (d), 113.1 (d), 91.6 (s), 90.1 (s), 77.3 (s), 67.5 (s), 67.8 (s), 64.1
(s), 50.6 (1), 29.2 (1), 20.2 (1), 13.9 (q). The 'H and °C NMR spectra of cyclophane 104 was

similar to, but differed from the corresponding spectra of cyclophane 112.



1,4-Bis-2-(2-(4-triisopropylsilyl-1,3-butadiynyl)-4-N,N-
dibutylaminophenyl)ethynylbenzene (106)
TIPS

AN
AN

(n-BU)zN /_\ — \ / — \ / N(n-Bu)2

AN
AN

TIPS
Ce4HggN2Siz
Mol. Wt.: 941,57
A solution of iodide 107 (4.00 g, 7.47 mmol, 2 eq) in THF (200 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (200 mg, 14 mol%), Pd(PPh;),Cl,

(600 mg, 10 mol%), and Et;N (40 mL) were added to the degassed solution and stirred at rt

for 10 min. 1,4-Diethynylbenzene (77) (460 mg, 3.64 mmol, 1 eq) was added to the solution
and the reaction was heated at reflux for 18 h. The reaction was cooled to rt, filtered through
a silica gel plug, and concentrated. Chromatography (hexanes/CH,Cl,, 5:2) afforded 106 as a
bright yellow solid (1.31 g, 39%); IR (CH,Cly) v 2960.4, 2867.5, 2239.7, 1594.9, 1262.6
cm™; "TH NMR (500 MHz, CDCls) & 7.44 (s, 4H), 7.31 (d, J = 8.8 Hz, 2H), 6.72 (s, 2H), 6.56
(d, J= 7.6 Hz, 2H), 3.24 (t, J = 7.7 Hz, 8H), 1.57-1.51 (m, 8H), 1.37-1.30 (m, 8H), 1.12 (s,
42H), 0.95 (t, J = 7.3 Hz, 12H); C NMR (125 MHz, CDCL3) & 147.4 (s), 132.7 (d), 131.1
(d), 125.0 (s), 123.0 (s), 114.9 (d), 113.2 (s), 112.4 (d), 91.7 (s), 90.7 (s), 89.8 (s), 88.3 (s),
77.1 (s), 75.3 (s), 50.6 (1), 29.3 (1), 20.2 (t), 18.5 (q), 13.9 (q), 11.3 (d); MS (ES) m/z 941.3
(M’ 5), 734.1 (5), 610.1 (100), 285.9 (30).

N,N-Dibutyl-4-iodo-3-(4-triisopropylsilyl-1,3-butadiynyl)aniline (107)
|

@%TIPS

(n-Buy)N
Cy7H42INSI
Mol. Wt.: 5635.62

Silylalkyne 95 (4.50 g, 11.0 mmol, 1 eq), BaNMe;ICl; (3.83 g, 11.0 mmol, 1 eq), and
CaCOs (1.54 g, 15.4 mmol, 1.4 eq) were combined in a mixture of CH,Cl,/MeOH (5:1,
90 mL) and stirred at rt for 3 h. Excess CaCOj; was removed by filtration and the filtrate was

concentrated. The crude yellow oil was dissolved in Et,O and washed with Na,S,0; (10%



aq), H,O, and brine, dried, and concentrated. ~Chromatography (hexanes/CHyCl, 2:1)
afforded 107 as a yellow oil (4.41 g, 75%); 'H NMR (500 MHz, CDCl3) § 7.48 (d, J = 8.5
Hz, 1H), 6.77 (s, 1H), 6.35 (s, 1H), 3.18 (t, J = 7.6 Hz, 4H), 1.53-1.47 (m, 4H), 1.35-1.28 (m,
4H), 1.11 (s, 21H), 0.93 (t, J = 7.3 Hz, 6H); C NMR (125 MHz, CDCl3) & 147.6 (s), 138.9
(d), 128.2 (s), 119.7 (s), 117.3 (d), 114.9 (d), 89.6 (s), 82.0 (s), 77.7 (s), 76.5 (s), 50.7 (1),
29.1 (1), 20.3 (1), 18.6 (q), 13.9 (q), 11.3 (d); MS (EI) m/z 535.2 (M, 4), 388.6 (7), 345.1
(52), 319.7 (65), 162.3 (100); HRMS caled for C27H4INSi 535.2131 (M™), found 535.2136.

(n-Bu)ZNQ

[
C14H22IN
Mol. Wt 331.24
3-lodoaniline (4.26 mL, 35.4 mmol, 1 eq), NaHCO; (8.93 g , 106.2 mmol, 3 eq),
1-bromobutane (26.6 mL, 247.8 mmol, 7 eq), and Nal (1.00 g, 6.67 mmol, 19 mol%) were

combined in a solution of THF/DMF (5:1, 225 mL) which was heated to reflux for 165 h.

N,N-Dibutyl-3-iodoaniline (109)

The reaction was cooled and poured into H,O. The aqueous phase was extracted with Et,0O
(2x) and the combined extracts were washed with H,O (5x) and brine, dried, and
concentrated. Chromatography (petroleum ether/CH,Cl,, 9:1) afforded 109 as a yellow oil
(12.53 g, 99%); "H NMR (500 MHz, CDCl3) & 6.95-6.90 (m, 2H), 6.87 (dd, J = 7.9, 7.9 Hz,
1H), 6.56 (dd, /= 8.2, 1.9 Hz, 1H), 3.21 (t, /= 7.7 Hz, 4H), 1.57-1.49 (m, 4H), 1.38-1.29 (m,
4H), 0.95 (t, J = 7.4 Hz, 6H); >C NMR (125 MHz, CDCl3) § 149.3 (s), 130.5 (d), 123.9 (d),
120.4 (d), 110.9 (d), 95.8 (s), 50.6 (1), 29.2 (1), 20.3 (1), 13.9 (q); MS (EI) m/z 331.1 (M", 36),
288.0 (100), 246.3 (44), 232.0 (31), 161.1 (6); HRMS caled for C4Hy3NI 332.0876 (M" + H),
found 332.0821. Characterization data of 109 agreed with the reported data.®’

11,28-Bis-dibutylamino[8]1,3,5,7-tetraoctynylorthocyclo[2]15-ethynylparacyclo[2]23-
ethynylorthocyclophane (112)

(n-BU)zN /_\ — /_\ — \—/ N(n-Bu),
Q I ,/‘/é

e

CasHasN2
Mol. Wt.: 626.89

A solution of precursor 106 (508 mg, 0.54 mmol, 1 eq) and Cu(OAc); (0.59 g, 3.23
mmol, 6 eq) were stirred in a mixture of pyridine/Et;O (3:1, 250 mL) for 15 min (Note:
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substrate concentration was 2.1 mM). A solution of TBAF (1 M in THF, 1.19 mL,
1.19 mmol, 2.2 eq) was added to the flask by syringe pump over 2 h. After stirring for an
additional 1.5 h, no starting material remained by TLC (petroleum ether/CH,Cl,, 2:1). Silica
gel (~ 1 g) was added and the slurry was concentrated. Chromatography (petroleum
ether/CH,Cl,, 2:1) afforded 112 as a red solid (155 mg, 46%); mp: 155 °C (dec.); '"H NMR
(500 MHz, CDCls) 6 7.70 (s, 4H), 7.19 (d, J = 8.4 Hz, 2H), 6.54 (d, J = 8.4 Hz, 2H), 6.50 (s,
2H), 3.21 (t, J = 7.7 Hz, 8H), 1.54-1.48 (m, 8H), 1.35-1.28 (m, 8H), 0.93 (t, J = 7.3 Hz,
12H); C NMR (125 MHz, CDCl3) & 147.35 (s), 131.73 (d), 131.01 (d), 126.06 (s), 123.35
(s), 116.472 (s), 112.92 (d), 112.31 (d), 93.89 (s), 92.49 (s), 86.88 (s), 78.46 (s), 71.43 (s),
71.07 (s), 50.68 (t), 29.18 (1), 20.19 (1), 13.87 (q); MS (ES) m/z 627.1 (M", 5), 314.3 (37),
144.8 (38), 72.9 (100).

12,27,42,57-Tetrakis-dibutylamino[8]1,3,5,7-tetraoctynylorthocyclo[2]15-
ethynylparacyclo[2]23-ethynylorthocyclo[8]31,33,35,37-tetraoctynylorthocyclo[2]45-
ethynylparacyclo[2]53-ethynylorthocyclophane (113)

(n-Bu)oN N(n-Bu),

=

— X

<
I
I
i

N\ /T
\

D _ = = — ]\
(-Bu)N~ 2 N(n-Bu),

CosHoeN4
Mol. Wt.: 1253.78

A solution of Pd(PPh;),Cl, (25 mg, 10 mol%), Cul (5 mg, 5 mol%), 1-bromo-4-
iodobenzene (120) (115 mg, 0.40 mmol, 2.0 eq), and Et;N (5.0 mL) in THF (100 mL) was
degassed with argon for 20 min. Hexyne 115 (112 mg, 0.20 mmol, 1 eq) was added to the
reaction which was stirred at rt for 13 h. TLC (petroleum ether/CH,Cls, 3:1) showed that the
in situ formation of dibromide 114 was complete. A degassed solution of P(z-Bu); (50 uL,
0.25 mmol), Pd(PhCN),Cl, (25 mg, 10 mol%), and hexyne 115 (112 mg, 0.20 mmol, 1 eq) in
THF (100 mL) was added dropwise over 4 h and stirred at rt for an additional 13 h. The
reaction was concentrated to 3 mL and diluted with CH,Cl,. The organics were washed with

Na,S5,0;3 (10% aq) and filtered through a silica gel plug. Chromatography (petroleum
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ether/benzene, 2:1) afforded 113 as a yellow glass (6 mg, 2%); 'H NMR (500 MHz, CDCl;)
87.49 (d, J=8.4 Hz, 4H), 7.42 (d, J = 8.4 Hz, 4H), 7.33 (d, J= 6.7 Hz, 2H), 7.32 (d, /= 6.7
Hz, 2H) 6.69 (d, J = 2.5, 4H), 6.52 (dd, J = 2.5, 2.5 Hz, 2H), 6.50 (dd, J = 2.5, 2.5 Hz, 2H),
3.30 (m, 16H), 1.63-1.52 (m, 16H), 1.41-1.29 (m, 16H), 0.94-0.91 (m, 24H); °C NMR (125
MHz, CDCl;) § 148.5 (s), 148.4 (s), 135.1 (d), 134.8 (d), 133.2 (d), 131.6 (d), 128.7 (s),
127.5 (s), 122.7 (s), 122.0 (s), 115.1 (d), 113.9 (d), 111.9 (d), 111.6 (d), 108.7 (s), 108.5 (s),
91.9 (s), 89.6 (s), 82.3 (s), 80.3 (s), 78.6 (s), 78.2 (s), 76.6 (s), 76.3 (), 68.40 (s), 68.37 (s),
65.1 (s), 65.0 (s), 50.6 (1), 29.3 (1), 20.2 (1), 13.9 (q); MS (ES) m/z 1253.1 (M, 1), 892.9 (5),
605.0 (5), 381.0 (25).
N,N,N',N’-Tetrabutyl-1,8-bis-[4-amino-2-(4-bromophenyl)ethynylphenyl)-1,3,5,7-
tetraoctyne (114)

Br

Br

Cs2H50BroN;
Mol. Wt.: 862.77

A solution of Pd(PPh3),Cl; (10 mg, 5 mol%), Cul (3 mg, 2.5 mol%), 1-bromo-4-
iodobenzene (120) (48.4 mg, 0.171 mmol, 2.05 eq), and EtzN (0.50 mL) in THF (10 mL) was
degassed with argon for 20 min. Hexyne 115 (46.0 mg, 83.2 pumol, 1 eq) was added to the
reaction, which was stirred at rt for 13 h. Silica gel was added to the reaction mixture and the
slurry was concentrated. Chromatography (petroleum ether/CH,Cly, 7:1 with significant
dec.) afforded 114 as an orange solid (19 mg, 26%); mp: 135-140 °C (dec.); IR (CH>Cly) v
2960.0, 2149.7, 1597.9, 1368.8, 1133.2 em™; "H NMR (500 MHz, CDCl3) & 7.48 (d, J = 8.5
Hz, 4H), 7.43 (d, J = 8.5 Hz, 4H), 7.35 (d, J = 8.9 Hz, 2H), 6.67 (br s, 2H), 6.50 (brd, J = 7.7
Hz, 2H), 3.27 (t, J = 7.6 Hz, 8H), 1.58-1.52 (m, 8H), 1.38-1.31 (m, 8H), 0.95 (t, J = 7.4 Hz,
12H); *C NMR (125 MHz, CDCl3) 8 148.5 (s), 134.9 (d), 133.3 (d), 131.7(d), 128.7 (s),
122.8 (s), 122.0 (s), 114.1 (d), 111.7 (d), 108.4 (s), 91.9 (s), 89.6 (s), 78.8 (s), 76.7 (s), 68.5



(s), 65.3 (3), 50.7 (1), 29.3 (©), 20.3 (©), 13.9 (q); MS (ES) m/z 862.8 (M", 1), 237.7 (4), 176.7
(10), 70.7 (100).

N,N,N',N"-Tetrabutyl-1,8-bis-(4-amino-2-ethynylphenyl)- octa-1,3,5,7-tetrayne (115)

AN
(n-Bu)QNQ = = — \_ —N(n-Bu),
A

CaoHaqN2
Mol. Wt.: 5652.79

A solution of TBAF (1 M in THF, 0.49 mL, 0.49 mmol, 2.7 eq) and silylalkyne 119
(151 mg, 0.17 mmol, 1 eq) were combined in THF (10 mL) and stirred at rt for 18 h. The
reaction mixture was diluted with CH,Cl, and was washed with NaHCO; (10% aq), H,O,
dried, and concentrated (not chromatographed due to decomposition on silica gel) to afford
115 as a red solid (94.3 mg, 97%); mp: 151 °C (dec.); IR (CH,Cly) v 2961.8, 2186.6, 1591.4,
1368.4, 1050.9 cm™; "H NMR (500 MHz, CDCl3) § 7.31 (d, J = 8.8 Hz, 2H), 6.67 (br s, 2H),
6.51 (br d, J = 7.6 Hz, 2H), 3.26 (s, 2H), 3.25 (t, /= 7.9 Hz, 8H), 1.56-1.50 (m, 8H), 1.36-
1.30 (m, 8H), 0.98 (t, J = 7.3 Hz, 12H); >C NMR (125 MHz, CDCl3) & 148.3 (s), 135.1 (d),
127.6 (s), 115.2 (d), 112.0 (d), 107.6 (s), 82.3 (s), 80.4 (s), 78.2 (s), 76.4 (s), 68.4 (), 65.1
(s), 50.7 (1), 29.3 (1), 20.2 (1), 13.9 (q); MS (ES) m/z 552.6 (1), 241.9 (40), 112.6 (13), 60.7
(89), 55.8 (100).

N,N-Dibutyl-4-(4-trimethylsilyl-1,3-butadiynyl)-3-(2-triisopropylsilylethynyl)-1-aniline
(116)

(n-Bu),N

TIPS

C32H51NSI;
Mol. Wt.: 505.93

A solution of n-BuLi (2.36 M, 17.5 mL, 41.4 mmol, 3.02 eq) was added in one portion
to a -78 °C solution of cis-4-chloro-1-trimethylsilyl-but-3-en-1-yne (83a) (3.26 g, 20.5 mmol,
1.5 eq) in THF (100 mL). The resulting yellow coloured solution was stirred for 2 min
followed by the addition of a solution of ZnBr; (4.78 g, 21.2 mmol, 1.55 eq) in THF (100

mL). The colourless solution was stirred at -78 °C for 5 min then warmed to 0 °C for 15



min. A mixture of iodide 118 (7.00 g, 13.7 mmol, 1.0 eq) and Pd(PPh;)4 (1.60 g, 10 mol%)
in THF (350 mL) was added by canula and the reaction was heated at reflux for 48 h. Once
cooled to rt, silica gel was added to the reaction flask and the slurry was concentrated.
Chromatography (petroleum ether/CH,Cly, 5:1) afforded 116 as a dark orange oil (5.52 g,
80%); 'H NMR (500 MHz, CDCl3) & 7.25 (d, J = 8.8 Hz, 1H), 6.63 (br s, 1H), 6.45 (br d, J =
7.7 Hz, 1H), 3.24 (t, J = 7.6 Hz, 4H), 1.56-1.50 (m, 4H), 1.36-1.27 (m, 4H), 1.15 (s, 21H),
0.94 (t, J = 7.3 Hz, 6H), 0.19 (s, 9H); >C NMR (125 MHz, CDCl3) & 148.0 (s), 134.0 (d),
128.7 (s), 114.7 (d), 111.5 (d), 109.9 (s), 105.7 (s), 94.4 (s), 94.1 (s), 89.6 (s), 89.2 (s), 75.7
(s), 50.6 (1), 29.5 (1), 20.2 (1), 18.7 (q), 13.7 (q), 11.4 (d), -0.3 (q); MS (EI) m/z 505.4 (M", 4),
441.4 (20), 398.3 (50), 342.3 (100), 300.2 (31); HRMS calcd for C3,HsNSi; 505.3662 (M),
found 505.3586. Characterization data of 116 agreed with the reported data.®

N,N-Dibutyl-3-(2-triisopropyisilylethynyl)aniline (117)

(n-Buy)N

AN
TIPS

C25H43NSi
Mol. Wt.: 385.70

A solution of iodide 109 (10.01 g, 30.2 mmol, T eq) in THF (200 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (150 mg, 2.5 mol%), Pd(PPh;),Cl; (500
mg, 2.5 mol%), and Et;N (10 mL) were added to the degassed solution and stirred at rt for 10
min. Triisopropylsilyl-acetylene (82) (10.1 mL, 45.3 mmol, 1.5 eq) was added to the
solution and the reaction was stirred for 18 h at rt. Silica gel was added to the reaction
mixture and the slurry was concentrated. Chromatography (petroleum ether/CH,Cl,, 2:1)
afforded 117 as a yellow oil (10.3 g, 88%); 'H NMR (500 MHz, CDCls3) & 7.08 (dd, J = 7.8,
7.9 Hz, 1H), 6.76-6.69 (m, 2H), 6.57 (br d, J = 8.1 Hz, 1H), 3.23 (t, J = 7.5 Hz, 4H), 1.58-
1.49 (m, 4H), 1.37-1.28 (m, 4H), 1.12 (s, 21H), 0.94 (t, J = 7.4 Hz, 6H); °C NMR (125
MHz, CDCl) 8 147.9 (s), 128.9 (d), 124.0 (s), 119.0 (d), 115.1 (d), 112.2 (d), 108.5 (s), 88.7
(8), 50.6 (1), 29.2 (1), 20.2 (1), 18.6 (q), 13.9 (q), 11.3 (d); MS (EI) m/z 385.3 (M", 2), 169.0
(4), 133.1 (11), 66.0 (100); HRMS calcd for C,sHy3NSi 385.3165 (M"), found 385.3154.

Characterization data of 117 agreed with the reported data.*



N,N-Dibutyl-4-iodo-3-(2-triisopropylsilylethynyl)aniline (118)
(n-Bu),N |
AN

TIPS

Caos5HaaINSI
Mol. Wt.: 511.60

Silylalkyne 117 (9.50 g, 24.6 mmol, 1 eq), BnNMe;ICl, (8.57 g, 24.6 mmol, 1 eq), and
CaCO; (3.45 g, 34.4 mmol, 1.4 eq) were combined in a mixture of CH,Cl,/MeOH (5:1, 300
mL) and stirred at rt for 3 h. Excess CaCO; was removed by filtration and the filtrate was
concentrated. The crude yellow oil was dissolved in Et;0 and washed with Na;S,03; (10%
aq), H,0, and brine, dried, and concentrated. Chromatography (hexanes/CH,Cl,, 2:1)
afforded 118 as a yellow oil (9.82 g, 78%); "H NMR (500 MHz, CDCl3) & 7.50 (d, J = 8.8
Hz, 1H), 6.76 (br s, 1H), 6.32 (br d, J = 6.6 Hz, 1H), 3.20 (t, /= 7.6 Hz, 4H), 1.55-1.47 (m,
4H), 1.37-1.27 (m, 4H), 1.15 (s, 21H), 0.93 (t, J = 7.4 Hz, 6H); °C NMR (125 MHz, CDCl5)
O 147.7 (s), 138.7 (d), 130.0 (s), 116.7 (d), 114.2 (d), 109.0 (s), 93.3 (s), 81.8 (s), 50.6 (1),
29.1 (1), 20.2 (1), 18.7 (q), 13.9 (q), 11.4 (d); MS (EI) m/z 511.2 (M", 11), 468.2 (16), 319.2
(100), 215.1 (75), 145.1 (48); HRMS calcd for CysH4INSi 511.2134 (MY), found 511.2158.
Characterization data of 118 agreed with the reported data.®’

N,N,N'.N'-Tetrabutyl-1,8-bis-[4-amino-2-(2-triisopropylsilylethynyl)phenyl]-1,3,5,7-
tetraoctyne (119)

TIPS

AN

(n-Bu)oN N\ / —_——— N\ / N(n-Bu),

AN
TIPS

CsgHaaN2Siz
Mol. Wt.; 865.47

Potassium carbonate (1.02 g, 7.38 mmol, 7.5 eq) and Cu(OAc),H,O (1.97 g, 9.88
mmol, 10 eq) were stirred in a mixture of pyridine/MeOH (1:1, 180 mL) for 15 min. A
solution of # (500 mg, 0.98 mmol, 1 eq) in pyridine/MeOH (1:1, 20 mL) was added to the
reaction by syringe pump over 3 h and was further stirred at rt for 3 h. Silica gel was added
to the reaction mixture and the slurry was concentrated. Chromatography (petroleum

ether/CH,Cl,, 20:1) afforded 119 as an orange solid (395 mg, 92%); mp: 153-154 °C; IR



(CH,Cly) v 2960.3, 2186.3, 1589.7, 1368.2, 1121.6 cm™; "H NMR (500 MHz, CDCl3) § 7.29
(d, J= 8.9 Hz, 2H), 6.66 (s, 2H), 6.50 (s, 2H), 3.25 (t, J = 7.6 Hz, 8H), 1.56-1.50 (m, 8H),
1.36-1.29 (m, 8H), 1.15 (s, 42H), 0.94 (t, J = 7.3 Hz, 12H); *C NMR (125 MHz, CDCl;) &
148.2 (s), 134.7 (d), 129.2 (s), 114.8 (d), 111.6 (d), 108.9 (s), 105.2 (s), 94.7 (s), 94.1 (s),
78.4 (s), 68.2 (s), 64.9 (s), 50.7 (t), 29.1 (1), 20.2 (1), 18.6 (q), 13.9 (q), 11.3 (d); MS (ES) m/z
865.3 (M, 65), 442.2 (22), 366.1 (58), 191.8 (67).
8,17,38,47-Tetrabutylamino[4]1,3-butadiynylorthocyclo[4]11,13-
butadiynylorthocyclo[4]21,23-butadiynylmetacyclo[4]31,33-

butadiynylorthocyclo[4]41,43-butadiynylorthocyclo[4]51,53-
butadiynylmetacyclophane (123a and 123b)

(n-Bu)sN N(n-Bu),

123a
Co2HgoNy
Mol. Wt.: 1253.74

123b

CozHooNyg
Mol. Wt.: 1253.74

A solution of TBAF (1 M in THF, 1.17 mL, 1.17 mmol, 2.2 eq) in a mixture of
pyridine/Et;O (3:1, 15 mL) was added by syringe pump to a stirred solution of silylalkyne
124 (500 mg, 0.53 mmol, 1 eq) in a mixture of pyridine/Et,O (3:1, 250 mL) over 5 h. Once
the addition was complete the reaction was stirred at rt for an additional 13 h. The reaction

was diluted with CH,Cl, and was washed with HCI (10% aq, 3x) and brine, dried, and
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concentrated. Chromatography (petroleum ether/CH,Cly, 9:1) afforded a yellow solid
(50 mg, 15%) as a mixture of two compounds. Semi-preparative size exclusion
chromatography (SEC) (Jordi Gel DVB 100A, MeOH/CHCl3, 99:1) afforded 123a and 123b.
Characterization of 123a: yellow glass (24 mg, 8%); IR (CDCl;) 2931.5, 2208.0, 1591.9,
1469.4, 1217.8 cm™; '"H NMR (500 MHz, CDCl;) & 7.35 (d, J = 8.8 Hz, 4H), 7.30 (dd, J =
7.8, 1.6 Hz, 4H), 7.14 (br s, 2H), 7.00 (t, J = 7.8 Hz, 2H), 6.73 (br s, 4H), 6.56 (br s, 4H),
3.26 (t,J=17.8 Hz, 16H), 1.58-1.52 (m, 16H), 1.38-1.28 (m, 16H), 0.96 (t, J = 7.4 Hz, 24H);
C NMR (125 MHz, CDCls) 6 147.8 (s), 135.4 (d), 134.5 (d), 132.2 (d), 127.9 (d), 126.4 (d),
122.3 (d), 115.2 (s), 112.6 (s), 111.2 (s), 81.6 (s), 81.2 (s), 81.2 (s), 77.2 (8), 76.0 (s), 75.2 (s),
50.8 (1), 29.7 (1), 20.3 (1), 13.9 (q); MS (FAB) m/z 1254.0 (M"), 1195.4, 765.2, 306.1.
Characterization of 123b: yellow glass (8 mg, 3%) 'H NMR (500 MHz, CDCl5) & 7.50 (s,
2H), 7.34-7.30 (m, 8H), 7.07 (dd, J = 7.8, 7.9 Hz, 2H), 6.73 (br s, 4H), 6.54 (br s, 4H), 3.24
(t, J= 7.5 Hz, 16H), 1.55-1.50 (m, 16H), 1.36-1.29 (m, 16H), 0.93 (t, J = 7.3 Hz, 24H); '°C
NMR (125 MHz, CDCl3) & 147.89 (s), 147.82 (s), 135.9 (d), 134.6 (d), 132.3 (d), 128.3 (d),
126.3 (d), 122.7 (d), 122.6 (d), 115.4 (s), 112.4 (s), 110.7 (s), 110.3 (s), 81.8 (s), 81.7 (s),
81.6 (s), 81.4 (s), 81.1 (s), 80.9 (s), 80.87 (s), 80.84 (s), 75.9 (s), 75.8 (8), 75.52 (8), 75.49 (s),
50.7 (1), 29.6 (1), 20.2 (1), 13.9 (q). It should be noted that many of the aromatic carbon
signals were broad and not resolved. MS (ES) m/z 1253.7 (M), 941.2, 679.5, 351.2.

N,N,N',N'-Tetrabutyl-1,3-bis-[4-(2-triisopropylsilylethynyl-4-aminophenyl)-1,3-
butadiynyl]lbenzene (124)

N(n-Bu),

TIPS TIPS

CgaHagN,Siz
Mol. Wt.: 941.57

A solution of Pd,(dba);*CHCl; (202 mg, 10 mol%) and Cul (37 mg, 10 mol%) in
benzene (50 mL) was degassed with argon. Alkyne 125 (2.00 g, 4.88 mmol, 2.5 eq),
dibromide 126 (553 mg, 1.95 mmol, 1.0 eq), and 1,2,2,6,6-pentamethylpiperidine (1.41 mL,
7.80 mmol, 4.0 eq) were added sequentially to the reaction, which was stirred at rt for 16 h

under an argon atmosphere. Silica gel was added to the reaction and the slurry was
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concentrated and chromatographed twice (first with petroleum ether/CH,Cl,, 4:1 then with
petroleum ether/Et,0, 9:1) to afford 124 as a viscous yellow oil (556 mg, 30%) and 134 as a
yellow foam (256 mg, 13%) resulting from the homocoupling of alkyne 125.
Characterization of 124: IR (CDCls) v 2957.0, 2207.0, 2138.4, 1588.8, 1365.7 cm™; '"H NMR
(500 MHz, CDCl3) 8 7.54 (t, J= 1.6 Hz, 1H), 7.41 (dd, J= 7.7, 1.6 Hz, 2H), 7.30 (d, J = 8.8
Hz, 2H), 7.26 (d , J = 7.6 Hz, 1H), 6.67 (d, J = 2.2 Hz, 2H), 6.49 (dd, J = 8.8, 1.9 Hz, 2H),
3.26 (t,J=17.6 Hz, 8H), 1.57-1.51 (m, 8H), 1.42-1.30 (m, 8H), 1.17 (s, 42H), 0.94 (t,J= 7.3
Hz, 12H); °C NMR (125 MHz, CDCl;) § 148.1 (s), 135.3 (d), 134.0 (d), 132.2 (d), 128.5 (d),
128.4 (s), 123.2 (s), 114.7 (d), 111.6 (d), 110.1 (s), 105.7 (s), 94.2 (s), 82.7 (s), 80.1 (s), 76.0
(s), 75.2 (s), 50.5 (1), 29.3 (1), 20.2 (1), 18.7 (q), 13.9 (q), 11.4 (d); MS (ES) m/z 941.4 (M,
0.1), 156.8 (2), 74.0 (58), 42.2 (100).

N,N-Dibutyl-4-ethynyl-3-(2-triisopropylsilylethynyl)aniline (125)

(n-Bu),N —

AN
TIPS

Cp7H43NSI
Mol. Wt.: 409.72

Potassium carbonate (3.28 g, 23.8 mmol, 2.5 eq) was added to a 0 °C solution of
aldehyde 131 (3.93 g, 9.5 mmol, 1.0 eq) and Ohira's reagent (133) (2.92 g, 15.2 mmol,
1.6 eq) in dry MeOH (50 mL) and the reaction was stirred vigorously at rt for 48 h. TLC
(petroleum ether/Et;,O, 9:1) showed that starting material remained. More Ohira's reagent
(~ 1 g) was added to the reaction and stirring was continued over the weekend (total reaction
time was 6 days). The reaction was diluted with Et,O, washed with NH4Cl (sat. aq), H,O,
and brine, dried, and concentrated. Chromatography (petroleum ether/Et,O, 9:1) afforded
125 as a yellow oil (2.38 g, 61%, starting material (131) was also recovered, 30%); IR (neat)
v 3310.8, 2958.0, 2155.1, 2101.9, 1597.7 cm™; "H NMR (500 MHz, CDCl3) & 7.27 (d, J =
8.8 Hz, 1H), 6.67 (d,J = 2.8 Hz, 1H), 6.49 (dd, J = 8.8, 2.8 Hz, 1H), 3.24 (t, /= 7.5 Hz, 4H),
3.09 (s, 1H), 1.56-1.50 (m, 4H), 1.37-1.29 (m, 4H), 1.13 (s, 21H), 0.94 (t, J = 7.4 Hz, 6H);,
C NMR (125 MHz, CDCls) 8 147.7 (s), 133.5 (d), 127.4 (s), 114.9 (d), 111.6 (d), 110.8 (s).
106.1 (s), 93.2 (s), 83.4 (s), 78.0 (s), 50.5 (1), 29.2 (1), 20.2 (t), 18.7 (q), 13.9 (q), 11.4 (d);
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MS (ED) m/z 409.3 (M", 60), 366.3 (100), 324.2 (22), 196.1 (7), 133.6 (7); HRMS calcd for
C,7H43NSi 409.3165 (M), found 409.3184.

N,N-Dibutyl-4-amino-2-(2-triisopropylsilylethynyl)-1-benzaldehyde (131)
o}

(n-Bu),N
H

AN
TIPS

CogH43NOSI
Mol. Wt.: 413.71

A solution of ~-BuLi (1.7 M, 15.7 mL, 27.6 mmol, 2.1 eq) was added in one portion to a
-78 °C solution of iodide 118 (6.50 g, 12.7 mmol, 1.0 eq) in THF (50 mL). The resulting
yellow solution was stirred for 5 min followed by the addition N, N-dimethylformamide (4.0
ml, 62.1 mmol, 4.1 eq). The resulting colourless solution was stirred at -78 °C for 5 min,
warmed to rt for 30 min, and heated at reflux for 12 h. The reaction was cooled to rt and
quenched by adding NH4Cl (sat. aq) and Et,O. The organic phase was separated, washed
with Na;S;0; (10% aq), H,O, and brine, dried, and concentrated. = Chromatography
(petroleum ether/Et,0, 9:1) afforded 131 as a yellow oil (4.34 g, 97%); IR (neat) v 2958.2,
2153.0, 1677.7, 1582.9 cm™; "H NMR (500 MHz, CDCl;) & 10.27 (s, 1H), 7.76 (d, J = 9.0
Hz, 1H), 6.65 (d, J = 2.7 Hz, 1H), 6.59 (dd, J = 9.0, 2.4 Hz, 1H), 3.31 (t, J = 7.7 Hz, 4H),
1.60-1.54 (m, 4H), 1.39-1.31 (m, 4H), 1.12 (s, 21H), 0.95 (t, J = 7.4 Hz, 6H); °C NMR (125
MHz, CDCl3) 6 189.6 (d), 151.7 (s), 129.1 (s), 129.0 (d), 124.6 (s), 114.9 (d), 111.6 (d),
103.4 (s), 96.7 (s), 50.7 (1), 29.2 (1), 20.2 (1), 18.7 (q), 13.8 (q), 11.3 (d); MS (EI) m/z 413.3
(M, 43), 370.3 (100), 328.2 (24), 200.1 (9), 114.5 (7); HRMS caled for C,H4NOSI
413.3114 (M"), found 413.3118.
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N,N,N',N'-Tetrabutyl-1,4-bis-[4-amino-2-(2-triisopropylsilylethynyl)phenyl}-1,3,-
butadiyne (134)

TIPS

Cs4Hg4N2Siz
Mol Wt.. 817.43

Compound 134 was formed as a side product from the reaction of alkyne 125 and
dibromide 126 (see 124 for experimental details). Characterization of 134: 'H NMR (500
MHz, CDClL3) 6 7.24 (d, J = 8.8 Hz, 2H), 6.65 (d, J = 2.6 Hz, 2H), 6.48 (dd, J = 8.8, 2.5 Hz,
2H), 3.24 (t, J= 7.5 Hz, 8H), 1.57-1.49 (m, 8H), 1.38-1.29 (m, 8H), 1.15 (s, 42H), 0.94 (t, J
= 7.4 Hz, 12H); C NMR (125 MHz, CDCl;) § 147.6 (s), 133.8 (d), 127.8 (s), 114.7 (d),
111.6 (d), 111.5 (s), 106.0 (s), 93.7 (s), 81.3 (5), 76.5 (s), 50.6 (), 29.3 (1), 20.2 (1), 18.7 (q),
13.9 (q), 11.4 (d); MS (ES) m/z 817.4 (M, 0.2), 504.3 (1), 410.2 (2), 114.9 (100).

N,N,N’,N’-Tetrabutyl-3,6-bis-[2-(5-amino-2-iodophenyl)ethynyl]-1,2,4,5-
tetramethoxybenzene (160)

(n-Bu)sN MeO OMe 1
7N — /TN ST
/S — N/ T N\ 7
| MeO OMe N(n-Bu),
C42Hs541N20,4
Mol. Wt.: 904.70

Diamine 161 (1.00 g, 1.53 mmol, 1 eq), BaNMe;ICl; (1.12 g, 3.22 mmol, 2.1 eq), and
CaCOs (429 mg, 4.28 mmol, 2.8 eq) were combined in a mixture of CH,Cl,/MeOH (5:1, 36
mL) and stirred at rt for 3.5 h. Excess CaCO; was removed by filtration through a silica gel
plug and the filtrate was concentrated. The crude yellow oil was taken up in Et,O and
washed with Na,S,0;5 (10% aq), H>O, and brine, dried, and concentrated. Chromatography
(petroleum ether/CH,Cl, 7:3 to 1:1) afforded 160 as a yellow solid (1.18 g, 85%); mp: 122-
123 °C; IR (CDCly) v 3054.2, 2962.0, 2303.0, 1583.9, 1460.5 cm™; '"H NMR (500 MHz,
CDCl3) 8 7.55 (d, J = 8.8 Hz, 2H), 6.85 (s, 2H), 6.36 (d, J= 7.1 Hz, 2H), 4.01 (s, 12H), 3.23
(t, J = 7.3 Hz, 8H), 1.59-1.49 (m, 8H), 1.37-1.28 (m, 8H), 0.94 (t, J = 7.3 Hz, 12H); °C
NMR (125 MHz, CDCl3) 8 150.5 (s), 147.7 (s), 138.9 (d), 129.9 (s), 116.5 (d), 114.4 (d),
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114.2 (s), 101.7 (s), 83.3 (s), 81.2 (s), 61.8 (q), 50.7 (1), 29.2 (1), 20.3 (1), 13.9 (q); MS (ES)
m/z 905.0 (M, 1.0), 779.2 (0.2), 453.1 (2.3), 115.0 (100).

N,N,N’,N"-Tetrabutyi-3,6-bis-[2-(3-aminophenyl)ethynyl}-1,2,4,5-tetramethoxybenzene
(161)

(n-Bu)oN MeO OMe
7 N\ N /T
<\_> N\ /T N\ /
MeO OMe N(n-Bu),
C42H56N204
Mol. Wt.; 652.91

A solution of diiodide 162 (990 mg, 2.22 mmol, 1 eq) in THF (200 mL) was degassed
by bubbling argon through the solution for 30 min. Cul (125 mg, 30 mol%), Pd(PPh;),Cl,
(500 mg, 32 mol%), and Et;N (10 mL) were added to the degassed solution and stirred at rt
for 10 min. Alkyne 163 (1.40 g, 6.10 mmol, 2.75 eq) was added to the solution and the
reaction was heated to reflux for 16 h. The reaction was cooled to rt, silica gel was added,
and the slurry was concentrated. The residue was filtered through a silica gel plug
(petroleum ether/CH,Cly, 1:1) and the filtrate was concentrated. Chromatography (petroleum
ether/ CH,Cl,, 2:1) afforded 161 as an orange solid (842 mg, 78%); mp: 91-92 °C; IR
(CDCl3) v 2961.0, 2936.3, 2213.3, 1592.6, 1495.0 cm™; 'H NMR (500 MHz, CDCl3) § 7.16
(t, J=17.9 Hz, 2H), 6.87-6.78 (m, 4H), 6.63 (dd, J = 8.3, 2.1 Hz, 2H), 3.98 (s, 12H), 3.26 (t, J
= 7.4 Hz, 8H), 1.63-1.52 (m, 8H), 1.42-1.31 (m, 8H), 0.95 (t, J = 7.3 Hz, 12H); °C NMR
(125 MHz, CDCl3) 6 150.2 (s), 148.0 (s), 129.1 (d), 123.8 (s), 118.7 (d), 114.6 (d), 114.1 (s),
112.4 (d), 110.7 (s), 80.0 (s), 61.4 (q), 50.7 (1), 29.4 (1), 20.3 (t), 14.0 (q); MS (ES) m/z 653.3
(M, 0.4), 551.9 (0.4), 396.2 (0.2), 115.0 (100).

1,4-Diiodo-2,3,5,6-tetramethoxybenzene (162)
MeO OMe
l |
MeO OMe
C1gH121204
Mol. Wt.: 450.01
A solution of n-BuLi (2.5 M in hexanes, 25.2 mL, 63.1 mmol, 2.5 eq) was added to a
-78 °C solution of 1,2,4,5-tetramethoxybenzene (164) (5.00 g, 25.2 mmol, 1 eq) in THF

(500 mL). The reaction was stirred at -78 °C for 5 min then warmed to 0 °C for 1 h. The



reaction was recooled to -78 °C and a solution of iodine (19.18 g, 75.6 mmol, 3 eq) in THF
(100 mL) was added by canula over 20 min. The reaction was warmed to 0 °C for 10 min
then heated to reflux for 1 h. The reaction mixture was cooled to rt and quenched with a
solution of sodium thiosulfate (Na,S;0;, 10% aq). Ethyl acetate extracts (2x) were
combined, washed with H,O and brine, dried, and concentrated. @ Chromatography
(petroleum ether/EtOAc, 9:1) gave 162 as a colourless solid (7.95 g, 70%); mp: 125-133 °C
(dec.); "H NMR (500 MHz, CDCl3) & 3.82 (s, 12H); >C NMR (125 MHz, CDCl;) 6 149.6
(s), 91.6 (s), 60.6 (q); MS (EI) m/z 449.9 (M, 100), 434.9 (31), 406.9 (33), 292.9 (11);
HRMS calced for CgH21b,O4 449.8825 (M+), found 449.8843. Characterization data of 162

92c
(n-Bu)ZNQ
A

CqgH23N
Mol. Wt.: 229.36

agreed with the reported data.

N,N-Dibutyl-3-ethynylaniline (163)

Silylalkyne 163a (5.00 g, 16.6 mmol, 1 eq) and KOH (1.86 g, 33.2 mmol. 2 eq) were
combined in MeOH (50 mL) and stirred at rt for 1h. NH4Cl (sat. aq) was added until the
solution was acidic by litmus paper. Et;O extracts (3x) were washed with NaHCOs (sat. aq),
H,0, and brine, dried, and concentrated to afford 163 as a yellow oil (3.71 g, 98%) that did
not require chromatography; IR (neat) v 3313.2, 2957.7, 2872.8, 2107.2, 1594.2, 772.3 em’";
'H NMR (500 MHz, CDCl3) & 7.13 (br dd, J = 7.9, 8.0 Hz, 1H), 6.76-6.73 (m, 2H), 6.61 (br
d, J = 6.5 Hz, 1H), 3.23 (t, J = 7.6 Hz, 4H), 2.98 (s, 1H), 1.57-1.51 (m, 4H), 1.38-1.30 (m,
4H), 0.94 (t, J = 7.3 Hz, 6H); *C NMR (125 MHz, CDCl;) & 148.0 (s), 129.1 (d), 122.5 (s),
119.0 (d), 115.0 (d), 112.5 (d), 84.9 (s), 75.6 (s), 50.7 (1), 29.3 (1), 20.3 (t), 14.0 (q); MS (EI)
m/z 229.2 (M", 32), 186.1 (100), 144.1 (53), 130.1 (49); HRMS calcd for CsH3N 229.1832
(M), found 229.1834.
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N,N-Dibutyl-3-(2-trimethylsilylethynyl)aniline (163a)

(n-Bu)oN

N
TMS

C1gH31 NSi
Mol. Wt.: 301.54

A solution of iodide 109 (10.01 g, 30.2 mmol, 1 eq) in THF (200 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (133 mg, 2.5 mol%), Pd(PPh;),Cl,
(500 mg, 2.5 mol%), and Et;N (10 mL) were added to the degassed solution and stirred at rt
for 10 min. Trimethylsilyl-acetylene (37) (6.4 mL, 45.3 mmol, 1.5 eq) was added to the
solution and the reaction was stirred at rt for 16 h. The reaction was filtered through a silica
gel plug and the filtrate was concentrated. The residue was dissolved in petroleum ether and
washed with HCI (10% aq), Na,S,03 (10% aq), and brine (100 mL), dried, and concentrated.
Chromatography (petroleum ether) afforded 163a as a yellow oil (8.72 g, 96%); IR (neat) v
2956.4,2873.2, 2155.7, 1594.2, 843.0 cm™; "H NMR (500 MHz, CDCl5) & 7.09 (dd, J = 7.9,
8.0 Hz, 1H), 6.72 (d, J = 7.5 Hz, 1H), 6.70 (br s, 1H), 6.59 (dd, J = 8.4, 2.6 Hz, 1H), 3.23 (4,
J=11.5Hz, 4H), 1.57-1.49 (m, 4H), 1.37-1.30 (m, 4H), 0.94 (t, J = 7.4 Hz, 6H), 0.24 (s, 9H),
C NMR (125 MHz, CDCl3) & 148.0 (s), 128.9 (d), 123.5 (s), 119.1 (d), 114.9 (d), 112.2 (d),
106.4 (s), 92.4 (s), 50.6 (1), 29.3 (1), 20.3 (1), 14.0 (q), 0.1 (q); MS (EI) m/z 301.2 (M", 26),
286.2 (10), 258.2 (100), 216.1 (36), 186.1 (24); HRMS calcd for CoH3;NSi 301.2227 (M),
found 301.2216.

1,2,4,5-Tetramethoxybenzene (164)
MGOJQEOMe
MeO OMe
C10H1404
Mol. Wt.: 198.22

1,4-Dihydroxy-2,5-dimethoxybenzene (13.2 g, 77.6 mmol, 1 eq), Me;SO, (44 mL, 465
mmol, 6 eq), and sodium hydrosulphite (Na;S;04, 1.35 g, 7.76 mmol, 10 mol%) were
combined in MeOH (30 mL) and the solution was cooled in an ice bath. A solution of NaOH
(18.6 g, 465 mmol, 6 eq) in H,O (40 mL) was added over 30 min. The reaction was then
warmed to 70-80 °C for 30 min, diluted with H,O (100 mL) and cooled in an ice bath.
Filtration gave 164 as a colourless solid (13.1 g, 85%); mp: 97-98 °C; 'H NMR (500 MHz,
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CDCls) 8 6.57 (s, 2H), 3.81 (s, 12H); °C NMR (125 MHz, CDCl3) § 143.0 (s), 100.4 (d),
56.9 (q); MS (EI) m/z 198.1 (M, 100), 183.1 (74), 155.1 (49), 125.0 (24); HRMS calcd for
CioH 1404 198.0892 (M"), found 198.0900. Characterization data of 164 agreed with the
reported data.”*®
17,28,47,58-tetrakis-dibutylamino-6,7,9,10,36,37,39,40-octamethoxy[4]1,3-
butadiynylparacyclo[4]11,13-butadiynylorthocyclo[4]21,23-

butadiynylorthocyclo[4]31,33-butadiynylparacyclo[4]41,43-
butadiynylorthocyclo[4]51,53-butadiynylorthocyclophane (170)

(n-Bu),N MeQ OMe N(n-Bu),
TN SN e T
\ /T >\ /( VLN 7
| l MeO OMe I |
| l MeO OMe | |

7200\ S/ A\ A S/ A\
=1, =1

(n-Bu) N MeO  OMe N(n-Bu),
Vil 1455 58

A solution of ethyl bromoacetate (192 pL, 1.74 mmol, 4 eq) in THF (100 mL) was
degassed by bubbling argon through the solution for 30 min. Cul (10 mg, 3 mol%),
Pd(PPh;),Cl; (30 mg, 2.5 mol%), and diisopropylethylamine (605 pL, 3.47 mmol, 8 eq) were
added to the degassed solution and stirred at rt for 10 min. A solution of dialkyne 178
(295 mg, 0.39 mmol, 1 eq) in THF (50 mL) was added dropwise by syringe pump over 10 h
and the reaction was stirred at rt for an additional 14 h. The reaction was filtered through a
silica gel plug and the filtrate was concentrated. Chromatography (petroleum ether/CH,Cl,,
1:1) afforded 170 as a yellow solid (102 mg, 35%); mp: 155-157 °C; IR (CH,Cl,) v 2959.6,
2871.1,2133.3, 1590.6, 1400.8 cm™; "H NMR (500 MHz, CDCls) 6 7.38 (d, J = 8.9 Hz, 4H),
6.78 (d, J = 2.4 Hz, 4H), 6.63 (dd, J = 9.0, 2.3 Hz, 4H), 3.88 (s, 24H), 3.30 (t, /= 7.6 Hz,
16H), 1.61-1.53 (m, 16H), 1.41-1.33 (m, 16H), 0.97 (t, J = 7.3 Hz, 24H); °C NMR (125
MHz, CDCls) 6 151.8 (s), 148.5 (s), 135.8 (d), 125.3 (s), 116.2 (d), 114.1 (s), 113.6 (d), 111.1
(s), 84.04 (s), 83.98 (s), 82.6 (s), 76.9 (s), 76.6 (s), 75.1 (8), 62.1 (q), 51.3 (1), 29.8 (1), 20.8

(), 14.3 (q); MS (ES) m/z 1494.7 (M), 766.5, 748.2, 329.0.
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N,N,N',N'-Tetrabutyl-3,6-bis-[4-(5-amino-2-(2-triisopropylsilylethynyl)phenyl)-1,3-
butadiynyi]-1,2,4,5-tetramethoxybenzene (1 72)

(n-Bu)oN \\
/ (—-/2 \ / \———/

\ MeO N(n-Bu),

T™S

CseH72N204Si,
Mol. Wt.: 893.37

A solution of diiodide 173 (3.05 g, 3.20 mmol, 1 eq) in THF (250 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (60 mg, 10 mol%), Pd(PPh;),Cl,
(360 mg, 16 mol%), and EtsN (15 mL) were added to the degassed solution and stirred at rt
for 10 min. Trimethylsilyl-acetylene (37) (3.10 mL, 21.8 mmol, 6.8 eq) was added to the
solution and the reaction was stirred at rt for 16 h. The reaction was diluted with petroleum
ether (100 mL), filtered through a silica gel plug, and concentrated. Chromatography
(petroleum ether/CH,Cly, 1:1) afforded 172 as a yellow foam (1.14 g, 40%); IR (CDClL) v
2961.3, 2874.9, 2147.0, 1594.8, 1465.3 cm™; "H NMR (500 MHz, CDCl3) § 7.25 (d, J = 8.7
Hz, 2H), 6.70 (d, J = 2.3 Hz, 2H), 6.51 (dd, J = 8.8, 2.2 Hz, 2H), 3.93 (s, 12H), 3.23 (1, J =
7.6 Hz, 8H), 1.55-1.49 (m, 8H), 1.37-1.29 (m, 8H), 0.94 (t, /= 7.4 Hz, 12H), 0.25 (s, 18H);
'3C NMR (125 MHz, CDCl3) & 151.4 (s), 147.6 (s), 133.1 (d), 125.7 (s), 115.0 (d), 113.8 (s),
112.7 (s), 112.4 (d), 104.4 (s), 95.8 (s), 83.9 (s), 83.8 (s), 76.3 (5), 73.4 (s), 61.5 (q), 50.7 (1),
29.3 (1), 20.3 (1), 13.9 (q), 0.2 (q); MS (ES) m/z 893.4 (M"), 315, 210, 154.

N,N,N’,N'-Tetrabutyl-3,6-bis-[4-(5-amino-2-iodophenyl)-1,3-butadiynyl]-1,2,4,5-
tetramethoxybenzene (173)

(n-Bu);N MeO OMe |

\) /\/——\ T
Q\—lz \ /)= <\\ /\>
| MeO OMe N(n-Bu),
CysHs41oN204
Mol. Wt.: 952.21

Diamine 176 (1.10 g, 1.57 mmol, 1 eq), BnNMe;ICl, (1.15 g, 3.30 mmol, 2.1 eq), and
CaCO; (440 mg, 4.40 mmol, 2.8 eq) were combined in a mixture of CH,Cl,/MeOH (5:1,
30 mL) and stirred at rt for 4 h. The reaction mixture was poured into HCI (10% aq) and
extracted with CH,Cl; (2x). The organic extracts were washed with NaHCO3; (10% aq) and
H,0, dried, and concentrated. Chromatography (petroleum ether/CH,Cl,, 1:1) afforded 173
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as a yellow solid (1.39 g, 93%); mp: 126-127 °C; IR (CDCly) v 2964.6, 2876.7, 2244 2,
2238.6, 1578.6, 1457.6 cm™; "H NMR (500 MHz, CDCl3) & 7.50 (d, J = 9.0 Hz, 2H), 6.79 (d,
J=2.8 Hz, 2H), 6.36 (dd, J = 8.9, 2.8 Hz, 2H), 3.95 (s, 12H), 3.20 (t, J = 7.9 Hz, 8H), 1.54-
1.48 (m, 8H), 1.36-1.28 (m, 8H), 0.93 (t, J = 7.3 Hz, 12H); "C NMR (125 MHz, CDCl3) &
151.4 (s), 147.7 (s), 138.9 (d), 128.3 (s), 117.1 (d), 115.0 (d), 113.8 (s), 86.5 (s), 83.7 (s),
81.6 (s), 75.9 (s), 74.1 (s), 61.6 (q), 50.7 (1), 29.2 (1), 20.3 (1), 14.0 (q); MS (ES) m/z 953.0
(M™"), 853.0, 811.0, 780.9, 685.1.

3,5-Bis-bromoethynyl-1,2,4,5-tetramethoxybenzene (174)
MeO OMe

Br:/\:Br

MeO  OMe
ol Wi 464 85
A solution of silylalkyne 175 (2.00 g, 5.12 mmol, 1 eq) and N-bromosuccinimide (2.10

g, 11.8 mmol, 2.3 eq) in acetone (30 mL) was stirred at rt for [0 min. Silver nitrate (157 mg,
1.02 mmol, 20 mol%) was added and the reaction was stirred at rt for 14 h. TLC (petroleum
ether/EtOAc, 9:1) showed that starting material remained. Silver nitrate (163 mg) and NBS
(200 mg) were added and the reaction was stirred for an additional 24 h. The reaction
mixture was diluted with H,0, extracted with EtOAc (3x), washed with H,O and brine, dried,
and concentrated. Chromatography (petroleum ether/EtOAc, 9:1) afforded 174 as an orange
solid (1.33 g, 64%); mp: 124-126 °C; IR (CDCl3) v 2933.9, 2195.6, 1466.2, 1401.9 cm™; 'H
NMR (500 MHz, CDCl3) & 3.88 (s, 12H); *C NMR (125 MHz, CDCl;) § 150.9 (s), 113.8
(s), 71.8 (s), 61.4 (q), 58.9 (s); MS (EI) m/z 405.9 (*'Br,, 48), 403.9 (*'Br"’Br,, 100), 401.9
(Bry, M™, 49), 360.9 (31), 345.9 (45), 274.9 (6); HRMS calcd for Cy4H;Br,04 401.9102
(M), found 401.9124.

1,2,4,5-Tetramethoxy-3,6-bis-(trimethylsilylethynyl)benzene (175)
MeQO OMe

ms—=—¢ N—=—1Mms
MeO OMe
C2oH3004Si;
Mol. Wt.: 390.62
A solution of diiodide 162 (2.50 g, 5.56 mmol, 1 eq) in THF (200 mL) was degassed by

bubbling argon through the solution for 30 min. Cul (125 mg, 12 mol%), Pd(PPh;3),Cl,
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(500 mg, 12 mol%), and Et;N (10 mL) were added to the degassed solution and stirred at rt
for 10 min. Trimethylsilyl-acetylene (37) (1.81 mL, 12.8 mmol, 2.3 eq) was added to the
solution and the reaction was heated at reflux for 16 h. GC/MS was used to determine the
reaction had reached completion as TLC analysis was not conclusive. The reaction was
cooled to rt and poured into H>O. Et,O extracts (2x) were combined and washed with brine,
dried, and concentrated. Chromatography (petroleum ether/EtOAc, 99:1) afforded 175 as a
colourless solid (1.79 g, 82%); mp: 99-101 °C, 'H NMR (500 MHz, CDCl;) 6 3.87 (s, 12H),
0.25 (s, 18H); >C NMR (125 MHz, CDCl3) 8 150.7 (s), 114.2 (s), 105.3 (s), 96.2 (s), 61.1
(@), -0.1 (q); MS (EI) m/z 390.2 (M", 100), 347.2 (38), 332.1 (25), 317.1 (10); HRMS calcd
for Cy0H3004Si, 390.1683 (M"), found 390.1707.

3,6-Diethynyl-1,2,4,5-tetramethoxybenzene (175a)
MeQ  OMe
MeO OMe

C14H1404
Mol. Wt.. 246.26

A solution of silylalkyne 175 (1.60 g, 4.10 mmol, 1 eq) and KOH (1.15 g, 20.0 mmol, 5
eq) in MeOH (25 mL) was stirred at rt for 18 h. TLC (petroleum ether/EtOAc, 97:3) showed
no starting material remained. HCI (10% aq) was added until the reaction mixture was acidic
by litmus paper. Ether extracts (3x) were washed with HCI (10% aq) and brine, dried, and
concentrated. Chromatography (petroleum ether/EtOAc, 19:1) afforded 175a as a near-
colourless solid (0.69 g, 68%); mp: 109-110 °C; 'H NMR (500 MHz, CDCl3) & 3.90 (s,
12H), 3.54 (s, 2H); *C NMR (125 MHz, CDCls) § 150.9 (s), 113.4 (s), 86.8 (d), 75.1 (s),
61.3 (q); MS (EI) m/z 246.1 (M", 100), 231.1 (31), 203.1 (23), 188.0 (33); HRMS caled for
C14H1404 246.0892 (M), found 246.0881.
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N,N,N',N"-Tetrabutyl-3,6-bis-[4-(3-aminophenyl)-1,3-butadiynyl]-1,2,4,5-
tetramethoxybenzene (176)

(n-Bu);N MeO OMe
N\ // (:)2 >\_/( {:);Q
MeO OMe N(n-Bu),
CagHseN204

Mol. Wt.: 700.42
Hydroxylamine hydrochloride (NH,OH-HCI) (739 mg, 10.6 mmol, 3.3 eq) was
dissolved in a mixture of n-BuNH,/H,O (5:2, 30 mL) and was degassed by bubbling argon
through the solution for 10 min. Alkyne 163 (1.48 g, 6.44 mmol, 2.1 eq) was added and
degassing was continued for 10 min. Copper (I) chloride (255 mg, 2.58 mmol, 80 mol%)
was added and the solution turned bright yellow. A solution of dibromide 174 (1.30 g, 3.22
mmol, 1 eq) in a mixture of n-BuNH,/THF (1:2, 30 mL) was added dropwise over 20 min
and the reaction was stirred at rt for 14 h. The reaction was diluted with NH4Cl (sat. aq),
extracted with CH,Cl, (2x), washed with H,O (3x) and brine, dried, and concentrated.
Chromatography (petroleum ether/CH,Cl,, 1:1) afforded 176 as a yellow wax (1.21 g, 58%);
mp: 101-102 °C; IR (CDCl3) v 2961.2, 2937.5, 2212.9, 2144.2, 1591.4 cm™; '"H NMR (500
MHz, CDCl;) 6 7.12 (dd, J= 8.0, 7.9 Hz, 2H), 6.79 (d, J = 7.5 Hz, 2H), 6.76 (br s, 2H), 6.63
(dd, J = 8.4, 2.3 Hz, 2H), 3.94 (s, 12H), 3.23 (t, J = 7.6 Hz, 8H), 1.57-1.50 (m, 8H), 1.38-
1.30 (m, 8H), 0.95 (t, J = 7.4 Hz, 12H); *C NMR (125 MHz, CDCl;) 8 151.3 (s), 148.0 (s),
129.2 (d), 122.1 (s), 119.4 (d), 115.2 (d), 113.8 (s), 113.2 (d), 85.6 (s), 83.9 (s), 72.8 (s), 72.6
(s), 61.5 (@), 50.7 (1), 29.3 (1), 20.3 (1), 14.0 (q); MS (EI) m/z 700.4 (M", 77), 657.3 (100),
615.3 (10), 307.2 (35); HRMS calcd for C46HsN,04 700.4240 (M), found 700.4258.

Compound 177

(n-Bu);N MeO OMe MeO OMe
————/‘_’\——/\———/\
i\/>__‘>\/<__{;§___

MeO OMe MeO OMe N(n-Bu),
CsoHesN20s
Mol. Wt.: 945.19

A yellow wax (197 mg, 13%) was also obtained from the reaction of alkyne 163 and
dibromide 174 and was found to be 177, mp: 143-147 °C; IR (CDCl;) v 2961.8, 2213.3,
2141.1, 1586.6, 1492.4 cm™; '"H NMR (500 MHz, CDCl3) & 7.12 (dd, J = 8.1, 7.9 Hz, 2H),
6.79 (d, J= 7.5 Hz, 2H), 6.76 (br s, 2H), 6.63 (dd, J = 8.3, 2.0 Hz, 2H), 3.94 (s, 12H), 3.93 (s,

150



12H), 3.23 (t, J = 7.6 Hz, 8H), 1.57-1.51 (m, 8H), 1.38-1.30 (m, 8H), 0.94 (t, J = 7.4 Hz,
12H); 3C NMR (125 MHz, CDCls) & 151.4 (s), 148.0 (s), 129.2 (d), 122.0 (s), 119.4 (d),
115.2 (d), 114.2 (s), 113.5 (s), 113.2 (d), 86.8 (s), 85.8 (5), 84.1 (s), 83.4 (5), 75.7 (s), 72.7
(s), 72.5 (s), 61.6 (q), 50.7 (1), 29.3 (1), 20.3 (1), 14.0 (q); MS (ES) m/z 945.4 (M"), 473.6,
210.1, 83.1.

N,N,N',N*-Tetrabutyl-3,6-bis-[4-(5-amino-2-ethynylphenyl)-1,3-butadiynyl]-1,2,4,5-
tetramethoxybenzene (178)

nBLl)zN \\
/ (_/2\ =
N(n-Bu),

\ MeO OMe

CsoHseN204
Mol. Wt.: 749.01

Silylalkyne 172 (659 mg, 0.74 mmol, 1 eq) and KOH (215 mg, 3.84 mmol, 3 eq) were
combined in a mixture of THF/MeOH (2:1, 60 mL) with H,O (3 drops). The reaction was
stirred at rt for 3 h. HCI (10% aq) was added to the reaction until the solution was pH~3 by
litmus paper. Et,O extracts (3x) were combined and washed with H,O and brine, dried, and
concentrated. Chromatography (petroleum ether/CH,Cl,, 2:1) afforded 178 as a yellow solid
(553 mg, 91%); mp: 139-141 °C; IR (CDCl3) v 3306.0, 2956.9, 2098.4, 1594.6, 1400.1 cm’";
'H NMR (500 MHz, CDCl3) § 7.29 (d, J = 8.8 Hz, 2H), 6.73 (d, J = 2.6 Hz, 2H), 6.54 (dd, J
= 8.8, 2.6 Hz, 2H), 3.94 (s, 12H), 3.24 (t, J = 7.6 Hz, 8H), 3.20 (s, 2H), 1.57-1.51 (m, 8H),
1.38-1.30 (m, 8H), 0.95 (t, J = 7.4 Hz, 12H); >C NMR (125 MHz, CDCl3) § 151.4 (s), 147.8
(s), 133.8 (d), 125.5 (s), 115.2 (d), 113.8 (s), 112.5 (s), 111.3 (d), 83.9 (s), 83.6 (s), 82.7 (s),
78.6 (d), 76.1 (s), 73.6 (s), 61.6 (q), 50.7 (1), 29.3 (1), 20.3 (1), 13.9 (q); MS (ES) m/z 749.3
(MM, 375.3, 168.8, 102.0.
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[4]1,3-Butadiynylorthocyclo[0](3,8)-1,10-phenanthroleno[0]orthocyclo[4]31,33-
butadiynylorthocyclo[0](3,8)-1,10-phenanthroleno[0]orthocyclophane (200)

CspHagNy
Mol. Wt.: 756.85

Copper(Il)(phenanthrolinophane) complex 213 (185 mg, 0.20 mmol, 1 eq) was
dissolved in CH»Cl, (25 mL) and was washed with KCN (10% aq, 25 mL), H,O, and brine
and concentrated to yield 200 as a yellow solid (149 mg, quant.). Poor solubility prevented
further purification; mp: 150 °C (dec.); "H NMR (500 MHz, CDCl3) 8 9.33 (br s, 4H), 8.87
(br s, 4H), 7.82-7.77 (m, 12H), 7.63 (br s, 4H), 7.40 (br s, 4H); °C NMR (125 MHz, CDCls)
8 150.4 (d), 144.3 (s), 140.0 (s), 135.9 (d), 133.7 (s), 133.1 (d), 132.3 (d), 131.4 (d), 130.8
(d), 127.7 (s), 126.9 (d), 118.9 (s), 81.4 (s), 76.3 (s); MS (ES) m/z 757.0 (M", 1), 579.1 (2),
279.0 (4), 141.9 (53).

3,8-Bis-[2-(2-trimethylsilylethynyl)phenyl)-1,10-phenanthroline (202)
™S

T™MS
C34H32N,Si;
Mol. Wt.: 524.80

A solution of #-BuLi (2.5 M in THF, 10.84 mL, 27.1 mmol, 3.05 eq) was added in one
portion to a -78 °C solution of 2-bromo-1-(trimethylsilylethynyl)-benzene (204) (5.66 mL,
26.6 mmol, 3 eq) in THF (150 mL). After stirring at -78 °C for 15 min, a solution of ZnBr,
(6.10 g, 27.1 mmol, 3.05 eq) in THF (50 mL) was added by canula. Once the addition was
complete, the reaction was warmed to 0 °C and stirred for 20 min. A degassed solution of
3,8-dibromo-1,10-phenanthroline (203) (3.01 g, 8.88 mmol, 1 eq) and Pd(PPhs)s (1.00 g,
11 mol%) in a mixture of THF/DMF (1:1, 300 mL) was added to the reaction by canula.
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(Note: all of the phenanthroline must be dissolved before it is added to the reaction or poor
yields are obtained). The reaction mixture was heated at reflux for 72 h. The reaction was
concentrated, the dark residue was dissolved in CH,Cl,, washed with water (5x to remove
residual DMF) and brine, and concentrated. Chromatography (CH,Cl; to CH»Cl,/MeOH,
50:1) afforded 202 as a yellow oil (5.01 g) which could be crystallized from ether (4.12 g,
87%); mp: 140-143 °C; IR (CH,Cl,) v 3054.5, 2963.2, 2156.0, 1260.4, 862.4 cm™'; '"H NMR
(500 MHz, CDCl3) 8 9.25 (s, 2H), 8.81 (d, J = 1.6 Hz, 2H), 7.95 (s, 2H), 7.58 (d, J = 7.6 Hz,
2H), 7.38-7.30 (m, 6H), 0.03 (s, 18H); °C NMR (125 MHz, CDCl;) § 150.9 (d), 145.2 (s),
140.3 (s), 136.1 (d), 135.1 (s), 133.7 (d), 129.6 (d), 129.0 (d), 128.0 (d), 127.8 (s), 126.9 (d),
122.1 (s), 104.0 (s), 98.5 (s), -0.3 (q); MS (EI) m/z 524.2 (M", 39), 277.1 (100), 262.1 (24),
201.0 (43); HRMS calcd for C34H3,N,Si, 524.2104 (M") , found 524.2056.

3,8-Dibromo-1,10-phenanthroline (203)

Br— N—8r
=N N=
ol i 538 00

Sulfur monochloride (0.89 mL, 11.1 mmol, 2 eq) was added to a solution of 1,10-
phenanthroline (197) (1.01 g, 5.55 mmol, 1 eq) in 1,2-dichloroethane (50 mL) and stirred at
rt until a yellow precipitate formed. Addition of pyridine (0.99 mL, 12.2 mmol, 2.2 eq), led
to a yellow homogeneous solution. Bromine (0.57 mL, 11.1 mmol, 2 eq) was added to the
reaction and the reaction was heated at reflux for 72 h. The reaction was cooled to rt and
quenched with a solution of HCI (10% aq) and stirred for 30 min. The reaction mixture was
extracted with CHCl; (3x) and the combined extracts were washed with NaHCO; (10% aq)
and brine, and concentrated. Chromatography (CH,Cl, to CH,Cl,/MeOH, 50:1) afforded
dibromide 203 as a colorless solid (1.10 g, 59%); 'H NMR (500 MHz, CDCl3) § 9.15 (s, 2H),
8.36 (d, J = 2.2 Hz, 2H), 7.71 (s, 2H); *C NMR (125 MHz, CDCl;) § 151.5 (d), 144.0 (s),
137.6 (d), 129.6 (s), 126.9 (d), 120.2 (s); Anal. caled for C;;HgBrN; C 42.64%, H 1.79%,

found C 42.80%, H 1.86%. Characterization data of 203 agreed with the reported data.'"’



3,8-Bis-(2-ethynyiphenyl)-1,10-phenanthroline (212)

Mol. Wt.: 380.44
Silylalkyne 202 (2.85 g, 5.43 mmol, 1 eq) and K,CO3 (300 mg) were combined in a
mixture of CH,CIly/MeOH (3:2, 35 mL) with H,O (3 drops) and stirred at rt for 72 h. The

reaction mixture was poured into H,O and extracted with CH,Cl, (3x). The combined
extracts were washed with H,O and brine and concentrated. Chromatography
(CH,Cl/MeOH, 49:1) afforded 212 as a yellow solid (1.87 g, 91%); mp: 189 °C (dec.); IR
(CHCl3) v 3021.2, 2400.4, 1424.5, 1219.4, 774.4 cm™; '"H NMR (500 MHz, CDCl3) & 9.43
(d,J=2.2 Hz, 2H), 8.43 (d, /= 2.2 Hz, 2H), 7.86 (s, 2H), 7.69 (dd, J= 7.7, 1.1 Hz, 2H), 7.54
(dd, J=7.7, 1.5 Hz, 2H), 7.50 (ddd, J = 7.5, 7.5, 1.3 Hz, 2H), 7.41 (ddd, J= 7.5, 7.5, 1.5 Hz,
2H), 3.06 (s, 2H); *C NMR (125 MHz, CDCls) & 151.1 (d), 145.1 (s), 140.6 (s), 135.7 (d),
135.2 (s), 134.0 (d), 129.8 (d), 129.4 (d), 128.13 (d), 128.10 (s), 126.9 (d), 121.1 (s), 104.0
(s), 98.5 (d); MS (ES) m/z 380 (M", 77), 351 (6), 189 (11), 32 (100); HRMS calcd for
CasH 6N, 380.1313 (M), found 380.1329.

Copper(ll){[4]1,3-butadiynylorthocyclo[0](1,10)phenanthroleno[0]orthocyclo[4]31,33-
butadiynylorthocyclo[0](1,10)phenanthroleno[0]orthocyclophane} diacetate (213)

CpoHaaCuN, Oy
Mol. Wt.. 938.51

A solution of Cu(OAc), (47.7 mg, 2.62 mmol, 0.5 eq) in pyridine/Et,O (3:1, 20 mL)

was added over 2 h by syringe pump to a solution of 212 (200 mg, 5.26 mmol, 1 eq) in
pyridine/Et,O (3:1, 225 mL) to template the oxidative dimerization. The solution turned
from yellow to dark red. Additional Cu(OAc); (525 mg, 2.89 mmol, 5.5 eq) was added to the

reaction and the solution turned green immediately. The reaction was stirred at rt for 18 h
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and poured into H,O. The aqueous phase was extracted with CH,Cl, (3x) and the combined
extracts were filtered through Celite and concentrated to afford 213 as a red solid (172 mg,
70%); mp: > 260 °C; IR (CH,CL) v 3049.9, 1604.0, 1436.7, 1266.8, 1119.7 cm™; '"H NMR
(500 MHz, DMSO-dg) 6 9.25 (br s, 4H), 8.84 (br s, 4H), 8.37 (br s, 4H), 7.65 (br s, 4H), 7.41
(br s, 12H); *C NMR (125 MHz, DMSO-ds) & 149.2 (d), 141.6 (s), 139.8 (s), 136.7 (d),
136.4 (s), 133.5 (d), 130.8 (d), 129.8 (d), 129.0 (d), 128.7 (s), 127.7 (d), 118.9 (s), 81.3 (s),
76.0 (s); MS (ES) 877.8 (M"-OAc, 73), 818.8 (M"-(OAc),,100), 409.5 (39). Anal. calcd for
CeoH32N404 C 76.79%, H 3.65%; found C 76.59%, H 3.99%. Note: When KCN(aq) was
included in the workup, copper-free cyclophane 200 was obtained.

N,N,N’,N"-Tetrabutyl-3,8-bis-[4-amino-2-(2-triisopropylsilylethynyl)phenyl]-1,10-
phenanthroline (216)

TIPS

Ca2HooN4Siz
Mol. Wt.: 947.58

A solution of n-BuLi (1.60 M in THF, 5.65 mL, 9.03 mmol, 3.05 eq) was added in one
portion to a -78 °C solution of iodide 118 (4.54 g, 8.88 mmol, 3 eq) in THF (150 mL). After
stirring at -78 °C for 15 min a solution of ZnBr; (2.03 g, 9.03 mmol, 3.05 eq) in THF
(50 mL) was added by canula. Once the addition was complete the reaction was warmed to
0 °C and stirred for 20 min. A degassed solution of 3,8-dibromo-1,10-phenanthroline (203)
(1.00 g, 2.96 mmol, 1 eq) and Pd(PPh;); (175 mg, 10 mol%) in a mixture of THF/DMF (1:1,
300 mL) was added to the reaction by canula. (Note: all of the phenanthroline must be
dissolved before it is added to the reaction or poor yields are obtained.) The reaction mixture
was heated at reflux for 72 h. The reaction was concentrated, taken up in CH,Cl,, washed
with H,O (5x to remove residual DMF) and brine and concentrated. Chromatography
(CH,Cl/MeOH, 50:1) afforded 216 as a yellow foam (1.91 g, 70%); mp: 66-70 °C; IR
(CH2Cly) v 2984.6, 2305.7, 1597.9, 1417.6, 1262.0 cm™; "H NMR (500 MHz, CDCl3) § 9.23
(s, 2H), 8.59 (s, 2H), 7.71 (s, 2H), 7.37 (d, J = 8.6 Hz, 2H), 6.92 (br s, 2H), 6.74 (d, J =73
Hz, 2H), 3.32 (t, J = 7.5 Hz, 8H), 1.64-1.56 (m, 8H), 1.42-1.33 (m, 8H), 0.99-0.93 (m, 54H);
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13C NMR (125 MHz, CDCls) § 150.6 (d), 147.5 (s), 144.6 (s), 135.5 (d), 135.2 (s), 130.5 (d),
127.6 (s), 126.7 (s), 126.5 (d), 122.8 (s), 116.8 (d), 112.6 (d), 107.2 (s), 92.9 (s), 50.7 (1),
29.3 (1), 20.4 (1), 18.5 (q), 13.9 (q), 11.2 (d); MS (ES) m/z 947.5 (M", 100), 644.2 (34), 474.4

(32), 338.9 (26).

N,N,N’,N'-Tetrabutyl-3,8-bis-(4-amino-2-ethynylphenyl)-1,10-phenanthroline (216a)

Ca4Hs0Ng
Mol. Wt.: 634.89

Silylalkyne 216 (605 mg, 0.64 mmol, 1 eq) and TBAF (1 M in THF, 1.34 mL,
1.34 mmol, 2.1 eq) were combined in THF (30 mL) and stirred at rt for 72 h. The reaction

mixture was poured into H,O and extracted with CH,Cl, (3x). The combined extracts were
washed with H,O and brine and concentrated. Chromatography (CH,Cl,/MeOH, 49:1)
afforded 216a as a yellow foam (162 mg, 40%); mp: 72-74 °C; IR (CDCl3) v 2959.8,
2247.1,1600.7, 1368.2, 811.6 cm™; "H NMR (500 MHz, CDCl3) § 9.41 (s, 2H), 8.34 (s, 2H),
7.76 (s, 2H), 7.35 (d, J = 8.6 Hz, 2H), 6.90 (s, 2H), 6.74 (d, J = 8.0 Hz, 2H), 3.29 (t, /= 7.3
Hz, 8H), 3.00 (s, 2H), 1.62-1.54 (m, 8H), 1.40-1.32 (m, 8H), 0.95 (t, J = 7.3 Hz, 12H); PC
NMR (125 MHz, CDCls) 6 151.2 (d), 147.6 (s), 144.3 (s), 135.1 (d), 134.7 (s), 130.7 (d),
127.9 (s), 127.0 (s), 126.6 (d), 121.3 (s), 116.4 (d), 112.9 (d), 83.7 (s), 79.4 (d), 50.6 (1), 29.3
(1), 20.2 (1), 13.9 (q); MS (ES) m/z 635.3 (M", 100), 579.3 (14), 488.1 (22), 115.0 (63).
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7,28,37,58-Tetrakis-dibutylamino-[4]1,3-
butadiynylorthocyclo[0](1,10)phenanthroleno[0]orthocyclo[4]31,33-
butadiynylorthocyclo[0](1,10)phenanthroleno[0]orthocyclophane (217)

CggHgeNg
Mol. Wt.: 1265.8

A solution of TBAF (1 M in THF, 1.32 mL, 1.32 mmol, 2.5 eq) was added in one

portion to a stirred solution of # (500 mg, 0.53 mmol, 1 eq) in pyridine/Et,O (3:1, 20 mL).
After stirring for 15 min, a solution of Cu(OAc), (48 mg, 0.26 mmol, 0.5 eq) in pyridine/
Et,O (3:1, 20 mL) was added over 2.5 h by syringe pump to establish the copper template.
Once the addition was complete, additional Cu(OAc); (530 mg, 2.92 mmol, 5.5 eq) was
added to the reaction and the solution turned green immediately. The reaction was stirred for
18 h at 1t and diluted with H,O. The aqueous phase was extracted with CH,Cl, (3x) and the
combined extracts- were washed with KCN (10% aq) and H,O, filtered through a Celite plug
and concentrated. Chromatography (CH,Cl,/MeOH, 30:1) afforded 217 as an orange solid
(130 mg, 39%); mp: 138-140 °C; IR (CH,Cl,) v 2960.9, 1596.2, 1369.8, 847.2 cm™; 'H
NMR (500 MHz, CDCl;) 6 9.27 (s, 4H), 8.46 (s, 4H), 7.40 (d, J = 8.6 Hz, 4H), 7.03 (s, 4H),
6.91 (s, 4H), 6.75 (d, J = 6.9 Hz, 4H), 3.29 (t, /= 7.1 Hz, 16 H), 1.62-1.53 (m, 16H), 1.41-
1.32 (m, 16H), 0.96 (t, J = 7.2Hz, 24 Hz); °C NMR (125 MHz, CDCl3) & 150.6 (d), 147.5
(s), 144.3 (s), 134.9 (d), 134.3 (s), 130.6 (d), 127.8 (s), 127.7 (s), 126.5 (d), 120.8 (s), 116.5
(d), 113.5 (d), 81.9 (s), 75.6 (s), 50.7 (1), 29.3 (1), 20.3 (1), 13.9 (q); MS (ES) m/z 1266.5 (M,
1), 579 (1.2),279.0 (48), 186.1 (100).
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Copper(l){ 7,28,37,58-tetrakis-dibutylamino-[4]1,3-
butadiynylorthocyclo[0](1,10)phenanthroleno[0]orthocyclo[4]31,33-
butadiynylorthocyclo[0](1,10)phenanthroleno[0]orthocyclophane}
hexafluorophosphate (218)

ngHgsCUFeNgP
Mol. Wt.: 1328.5

Phenanthrolinophane 217 (50 mg, 39.5 pmol, 1 eq) and Cu(MeCN)4PF¢ (14.7 mg,

39.5 umol, 1 eq) were combined in CH,Cl; (10 mL) and stirred at rt for 1 h and concentrated.
The residue was dissolved in a minimal amount of CH,Cl, and pentane was added slowly to
crystallize the complex. The red crystals were isolated by centrifugation and dried to give
218 (58.8 mg, quant.); mp: > 250 °C (dec.); IR (CH,Cly) v 2960.9, 1596.2, 1369.8, 847.2,
769.8 cm™'; "H NMR (500 MHz, CDCl3) 8 9.18 (br s, 4H), 8.30 (br s, 4H), 8.08 (br s, 4H),
7.19 (br s, 4H), 6.71 (s, 4H), 6.62 (br s, 4H), 3.21 (br s, 16 H), 1.51 (br s, 16H), 1.32 (br s,
16H), 0.92 (br s, 24 Hz); *C NMR (125 MHz, CDCl3) 8 150.0 (d), 148.1 (s), 141.6 (s), 137.8
(s), 134.8 (d), 130.5 (d), 128.9 (s), 127.3 (d), 126.6 (s), 120.5 (s), 115.4 (d), 113.7 (d), 81.9
(s), 75.4 (s), 50.6 (1), 29.6 ()*, 29.3 (H)*, 20.2 (1), 13.9 (q); MS (ES) m/z 1328.5 (M", 6),
342.1 (10), 186.2 (24). * Peak is split due to hindered helical interconversion. Confirmed by

variable temperature *C NMR.

2-lodo-4-isopropyl-1-aniline (222)

CoHq2IN
Mol. Wt.: 261.10

4-Isopropylaniline (221) (8.98 g, 66.4 mmol, 1 eq), BaNMesICl, (26.1 g, 75.1 mmol,
1.1 eq), and CaCO; (9.30 g, 93.0 mmol, 1.4 eq) were combined in a mixture of
CH,CI/MeOH (5:1, 150 mL) and stirred at rt for 4 h. The reaction was poured into HCI

(10% aq) and extracted with CH,Cl, (3x). The combined organic phases were washed with
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NaHCO; (10% aq,) and H,0, dried, and concentrated. Chromatography (petroleum ether)
afforded 222 as a yellow oil (9.49 g, 88%); IR (neat) v 3457.4, 3360.0, 2950.0, 1614.6,
1497.7 cm™; '"H NMR (500 MHz, CDCl3) § 7.48 (d, J = 2.0 Hz, 1H), 6.99 (dd, J = 8.2, 2.0
Hz, 1H), 6.69 (d, J = 8.2 Hz, 1H), 3.87 (br s, 2H, exchanges with D,0O), 2.75 (sept, J = 6.9
Hz, 1H), 1.18 (d, J= 6.9 Hz, 6H); °C NMR (125 MHz, CDCl3) & 144.3 (s), 141.5 (s), 136.9
(d), 127.7 (d), 115.4 (d), 85.0 (5), 33.1 (d), 24.3 (q); MS (EI) m/z 261.0 (M", 54), 246.0 (100),
119.1 (28), 91.1 (8); HRMS caled for CoH»IN 261.0014 (M™), found 261.0035.

N,N-Diethyl-N'-(2-iodo-4-isopropylphenyl)triazine (223)

: : _N-NEt,
N

|
Mol Wt 34822

Hydrochloric acid (4.5 M aq, 74 mL, 334 mmol, 9 eq) was added to a solution of iodide
222 (9.70 g, 37.1 mmol, 1 eq) in a mixture of Et;O/THF/CH;CN (7:6:1, 75 mL) and the
reaction was cooled to 0 °C. A solution of NaNO; (8.70 g, 126.1 mmol, 3.4 eq) in
CH;CN/H,0 (2:3, 65 mL) was added dropwise to the reaction and stirring was continued at
0 °C for 2 h. The mixture was then poured into a solution of K,CO3 (25.6 g, 185.5 mmol,
5 eq) and E;NH (19.2 mL, 185.5 mmol, 5 eq) in CH3CN/H,0 (2:1, 370 mL) and stirred for
1.5 h. The mixture was extracted with Et,O (2x), washed with brine, dried, and concentrated.
Chromatography (petroleum ether/CH,Cl,, 4:1) afforded 223 as an orange oil (12.13 g,
94%); IR (neat) v 2961.4, 2870.6, 1462.6 cm™; '"H NMR (500 MHz, CDCl;) & 7.68 (d, J =
2.0Hz, 1H), 7.25 (d, J= 8.2 Hz, 1H), 7.12 (dd, J= 8.2, 2.0 Hz, 1H), 3.76 (q, J = 7.3 Hz, 4H),
2.82 (sept, J= 6.9 Hz, 1H), 1.29 (t, J= 7.1 Hz, 6H), 1.21 (d, J = 6.9 Hz, 6H); *C NMR (125
MHz, CDCls) & 148.7 (s), 147.7 (s), 137.0 (d), 127.1 (d), 117.5 (d), 96.9 (s), 42.4 (1), 33.1
(d), 24.3 (q), 13.7 (q); MS (EI) m/z 345.1 (M", 36), 273.0 (34), 245.0 (100), 117.1 (64);
HRMS calcd for C]:%H2()IN3 345.0702 (M), found 345.0686.
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N,N-Diethyl-N'-(4-isopropyl-2-(2-trimethylsilylethynyl)phenyl)triazine (224)

N-NEt,
N

AN
™S

C1gH2gN3Si
Mol. Wt.: 315.53

A solution of iodide 223 (10.0 g, 28.8 mmol, 1 eq) in THF (200 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (550 mg, 10 mol%), Pd(PPh3),Cl, (1.01
g, 5 mol%), and EtsN (10 mL) were added to the degassed solution and stirred at rt for 10
min. Trimethylsilyl-acetylene (37) (5.71 mL, 40.4 mmol, 1.4 eq) was added to the solution
and the reaction was stirred at rt for 18 h. Petroleum ether (200 mL) was added to the
reaction and the reaction was filtered through a silica gel plug and concentrated.
Chromatography (petroleum ether/CH,Cly, 4:1) afforded 224 as a yellow oil (9.26 g, 99%);
IR (neat) v 2960.8, 2151.4, 1403.1, 1247.4 cm™; "H NMR (500 MHz, CDCl3)  7.31 (d, J =
2.1 Hz, 1H), 7.28 (d, /= 8.2 Hz, 1H), 7.09 (dd, J = 8.3, 2.1 Hz, 1H), 3.75 (q,J = 7.2 Hz, 4H),
2.82 (sept, J = 6.9 Hz, 1H), 1.28 (t, J = 7.1 Hz, 6H), 1.20 (d, J = 6.9 Hz, 6H), 0.22 (s, 9H);
13C NMR (125 MHz, CDCl3) 8 150.9 (s), 145.2 (s), 130.9 (d), 127.6 (d), 117.7 (s), 116.7 (d),
104.0 (s), 97.2 (s), 41.8 (1), 33.5 (d), 23.9 (q), 13.6 (q), 0.1 (q); MS (EI) m/z 315.2 (M., 8),
243.2 (10), 215.1 (100), 187.1 (19); HRMS calcd for CigHN3Si 3152131 (M"), found
315.2167.

1-lodo-4-isopropyl-3-(2-trimethylisilylethynyl)benzene (225)
|
AN
™S
C14H1gISi
Mol. Wt : 342 29
Diethyltriazine 224 (3.31 g, 10.5 mmol, 1 eq) was mixed with iodomethane (30 mL) in
a sealed tube fitted with a septa and the solution was degassed with argon for 15 min. The
tube was sealed and heated at 120 °C for 4.25 h. The reaction was then cooled to rt and
transferred to a flask with CH,Cl, and concentrated. Chromatography (petroleum ether)

afforded 225 as a colourless oil (2.99 g, 84%); IR (neat) v 2960.8, 2157.5, 1467.0, 1249.2
em™; 'TH NMR (500 MHz, CDCl3) 6 7.70 (d, J = 8.2 Hz, 1H), 7.33 (d, J = 2.3 Hz, 1H). 6.84
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(dd, J=8.2, 2.3 Hz, 1H), 2.80 (sept, J = 6.9 Hz, 1H), 1.19 (d, J = 6.9 Hz, 6H), 0.27 (s, 9H);
13C NMR (125 MHz, CDCL3) § 158.8 (s), 138.5 (d), 131.0 (d), 129.4 (s), 128.3 (d), 106.9 (s),
98.1 (s), 97.5 (5), 33.6 (d), 23.9 (q), -0.2 (q); MS (EI) m/z 342.0 (M", 45), 327.0 (100), 185.1
(9), 156.0 (7); HRMS caled for C14H;5ISi 342.0301 (M"), found 342.0325.

3,8-Bis-(4-isopropyl-2-(2-trimethylsilylethynyl)phenyl)-1,10-phenanthroline (226)
™S

TMS

C40H44N3Siz
Mol. Wt.: 608.96

A solution of #n-BuLi (2.5 M in THF, 3.02 mL, 7.55 mmol, 2.55 eq) was added in one
portion to a -78 °C solution of # (2.53 g, 7.40 mmol, 2.5 eq) in THF (30 mL). After stirring
at -78 °C for 15 min a solution of ZnBr; (1.70 g, 7.55 mmol, 2.55 eq) in THF (30 mL) was
added by canula. Once the addition was complete, the reaction was warmed to 0 °C and
stirred for 20 min. A degassed solution of 3,8-dibromo-1,10-phenanthroline (203) (1.00 g,
2.96 mmol, 1 eq) and Pd(PPhs),4 (341 mg, 10 mol%) in a mixture of THF/DMF (1:1, 110 mL)
was added to the reaction by canula. (Note: all of the phenanthroline must be dissolved
before it is added to the reaction or poor yields are obtained.) The reaction mixture was
heated to reflux for 72 h and was concentrated. The dark residue was dissolved in CH,Cl,
and washed with H,O (5x to remove residual DMF) and brine and concentrated.
Chromatography (CH>Cl, to CH,Cly/MeOH, 50:1) afforded 226 as an orange solid (238 mg,
13%); mp: 236-237 °C; IR (CDCls) 2963.9, 2153.4, 1426.6, 1250.8 cm™; 'H NMR (500
MHz, CDCl3) 6 9.32 (d, J = 2.3 Hz, 2H), 8.55 (d, J = 2.2 Hz, 2H), 7.81 (s, 2H), 7.53 (d, J =
1.9 Hz, 2H), 7.47 (d, J = 7.9 Hz, 2H), 7.33 (dd, /= 7.9, 1.9 Hz, 2H), 2.95 (sept, J = 6.9 Hz,
2H), 1.30 (d, J = 6.9 Hz, 12H), 0.06 (s, 18H); *C NMR (125 MHz, CDCl;) & 150.9 (d),
148.9 (s), 145.1 (s), 137.9 (s), 135.9 (d), 135.0 (s), 131.7 (d), 129.6 (d), 127.8 (s), 127.5 (d),
126.8 (d), 121.9 (s), 104.5 (s), 97.8 (s), 33.8 (d), 23.9 (q), -0.2 (q); MS (ES) m/z 608 (M"),
565, 535, 289.
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7,28,37,58-Tetraisopropyl-[4]1,3-butadiynylorthocyclo[0](3,8)-1,10-
phenanthroleno[0]orthocyclo[4]31,33-butadiynylorthocyclo[0](3,8)-1,10-
phenanthroleno[0]orthocyclophane (227)

CogHsaNg
Mol. Wt.: 925.2

. Copper(Il) acetate (23.2 mg, 0.13 mmol, 0.5 eq) was added to a solution of 226
(156 mg, 0.23 mmol, 1 eq) in pyridine/Et;O (3:1, 40 mL) and was stirred at rt for 30 min.
This solution was added by syringe pump to a stirred solution of Cu(OAc), (279 mg,
1.54 mmol, 6 eq) and K,COs (354 mg, 2.56 mmol, 10 eq) in pyridine/Et;O (3:1, 200 mL)
with MeOH (1 mL) over 8 h. The reaction was stirred at rt for a total of 14 h. A solution of
TBAF (1 M in THF, 1 mL) was added to ensure complete desilylation of 226 and the
reaction was stirred for 1 h and concentrated. The residue was dissolved in CH,Cl, and
washed with HCI1 (10% aq, 3x), NaOH (10% aq), KCN (500 mg in H,O, 100 mL), and brine,
and concentrated. Chromatography (CH,Cl,/MeOH, 10:1) afforded 227 as a yellow solid
(54 mg, 23%); mp: > 280 °C; IR (CDCl3) v 2964.5, 2928.8, 2215.5, 1426.9 cm™; 'H NMR
(500 MHz, CDCl3) 6 9.31 (d, J= 2.2 Hz, 4H), 8.54 (d, J = 2.2 Hz, 4H), 7.57 (d, J = 1.6 Hz,
4H), 7.52 (d, J = 8.0 Hz, 4H), 7.37 (dd, J = 8.0, 1.8 Hz, 4H), 7.11 (s, 4H), 2.96 (sept, J = 6.9
Hz, 4H), 1.29 (d, J = 6.9 Hz, 24 Hz); °C NMR (125 MHz, CDCl3) & 150.7 (d), 149.1 (s),
145.0 (s), 138.4 (s), 135.8 (d), 134.3 (s), 132.5 (d), 129.7 (d), 128.5 (d), 128.0 (s), 126.7 (d),
120.3 (5), 81.4 (s), 76.5 (s), 33.7 (d), 23.7 (q); MS (ES) m/z 925.1 (M", 100), 279.0 (12), 74.0
(43).



Copper(1){ 7,28,37,58-tetraisopropyl-[4]1,3-butadiynylorthocyclo[0](3,8)-1,10-
phenanthroleno[0]orthocyclo[4]31,33-butadiynylorthocyclo[0](3,8)-1,10-
phenanthroleno[0]orthocyclophane} hexafluorophosphate (228)

CGSH52CUF6N4P
Mol. Wt.: 1133.70

Phenanthrolinophane 227 (67 mg, 72.4 umol, 1 eq) and Cu(MeCN)4PF¢ (27 mg, 72.4

pmol, 1 eq) were combined in methylene chloride (10 mL), stirred at rt for 30 min, and
concentrated. The residue was dissolved in a minimal amount of CH,Cl, and pentane was
slowly added to precipitate the complex. The red crystals were isolated by centrifugation and
dried to give 228 (81 mg, 99%); 'H NMR (500 MHz, CDCl;) & 9.44 (br s, 4H), 8.56 (br s,
4H), 8.19 (br s, 4H), 7.55 (d, J = 7.8 Hz, 4H), 7.51 (s, 4H), 7.43 (d, ] = 7.8 Hz, 4H), 2.98-
2.93 (m, 4H), 1.27 (d, J = 6.8 Hz, 24H); C{'H} NMR (125 MHz, CDCl3) & 150.1, 149.9,
142.3, 137.7, 137.6, 135.6, 131.4, 129.8, 129.1, 129.0, 127.3, 119.8, 81.3, 76.4, 33.5, 23.6,*
23.5%; MS (ES) 987.0 (M" - PFs 100). * Peak is split due to hindered helical

interconversion. Confirmed by variable temperature *°C NMR.

1,4,5,8-Anthradiquinone (249)

C14He04
Mol. Wt.: 238.20

An aqueous solution (20 mL) of ceric ammonium nitrate (CAN) (4.60 g, 8.40 mmol,
5eq) was added dropwise over 5 min to a suspension of 1,4,5,8-tetramethoxyanthracene
(251) (500 mg, 1.68 mmol, 1 eq) in acetonitrile (50 mL). The reaction was stirred at 1t for
2 h, diluted with water (60 mL), and filtered to afford 249 as a yellow solid (235 mg, 59%);
mp: > 168-169 °C; IR (CH,Cl) v 1678.4 cm™; 'H NMR (500 MHz, CDCl;) & 8.78 (s, 2H),
7.12 (s, 4H); °C NMR (125 MHz, CDCl3) & 183.2 (s), 139.2 (d), 135.0 (d), 125.6 (d); MS
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(ED) m/z 238.0266 (M", 100), 184.0 (34), 156.0 (17), 128.0 (18); HRMS calcd for C4HgO4
238.0266 (M"), found 238.0263. Characterization data of 249 agreed with the reported

data.'*®

1,4,5,8-Tetramethoxyanthracene (251)
OMe OMe

OMe OMe
Mol Vit 598 33

A solution of n-butyllithium (2.5 M in hexanes, 17 mL, 6.8 mmol) was added to THF

(175 mL) and was heated to 40 °C for 3.5 h to form the enolate of acetaldehyde (253). This
solution was added to sodium amide (1:1 w/w in toluene, 12.4 g, 158 mmol) and heated to
100 °C. 2-Bromo-1,4-dimethoxybenzene (250) (10.0 g, 46.1 mmol) was added neat over
1 min (caution: the reaction is very exothermic!), the reaction was stirred at 100 °C for
30 min, and then cooled in an ice bath. Ice cold water (300 mL) was added and 251 was
obtained as a yellow by filtration (1.62 g, 23%, yields typically ranged from 20 to 40%); mp:
> 270 °C; '"H NMR (500 MHz, CDCl3)  9.08 (s, 2H), 6.61 (s, 4H), 4.01 (s, 12H); *C NMR
(125 MHz, CDCl3) 6 149.9 (s), 125.3 (s), 115.2 (d), 101.4 (d), 55.6 (q); MS (EI) n/z 298.1
(M", 100), 283.1 (82), 253.0 (51), 162.0 (30); HRMS calcd for C;sH;304 298.1205 (M"),

found 298.1211. Characterization data of 251 agreed with the reported data.'*®

2,9/2,10-Bis(t-butyldimethylsiloxy)-5,7,12,14-pentacenediquinone (247 and 268)

o 0
~
| _jyotss
TBSO
0 0

Ca4H3306Si2
Mol. Wt.: 598.83

1,4,5,8-Anthradiquinone (249) (2.45 g, 103 mmol, 1 eq) and trans-3-(t-
butyldimethylsilyoxy)-1-methoxy-1,3-butadiene (248) (5.14 mL, 21.6 mmol, 2.1 eq) were
combined in methylene chloride and stirred at rt for 20 h. The reaction was concentrated,
taken up in THF, silica gel was added, and the suspension was stirred open to air for 24‘ h.
The reaction was filtered through a silica gel plug with CH,Cl, to afford a mixture of 247 and
268 and then flushed with THF to recover unaromatized material (266 and 267). Silica gel

164



was added to the THF fraction and was stirred open to air for an additional 24 h. Filtration
through a silica gel plug with CH)Cl, afforded more 247 and 268. The silica gel
oxidation/filtration was repeated until all of 266 and 267 was converted to 247 and 268. The
silyl ethers were isolated as a yellow solid (3.72 g, 60%) and a mixture of 247 and 268 (1:1).

Isomers 247 and 268 could be separated by fractional crystallization from chloroform.

2,9-Bis(t-butyldimethylisiloxy)-5,7,12,14-pentacenediquinone (247)

(¢] (0]
400
TBSO
(0] 0
C34H3306Si>
Mol. Wt.: 598.83
Mp: > 270 °C; IR (CDCl3) v 2957.6, 2930.7, 1677.7, 1591.9 ecm™; '"H NMR (500 MHz,
CDCl3) § 9.15 (s, 2H), 8.28 (d, J = 8.6 Hz, 2H), 7.70 (d, J = 2.5 Hz, 2H), 7.24 (dd, J = 8.5,
2.6 Hz, 2H), 1.01 (s, 18 H), 0.30 (s, 12H); *C NMR (125 MHz, CDCl5) & 181.8 (s), 180.7
(s), 161.9 (s), 136.9 (s), 136.7 (s), 135.6 (s), 130.4 (d), 127.5 (s), 127.0 (d), 126.5 (d), 117.7
(d), 25.5 (q), 18.3 (s), -4.3 (q); MS (EI) m/z 541.2 (M"- +-Bu, 100), 485.1 (8), 242.0 (19),
162.0 (34); HRMS calcd for C30H004Si; 541.1502 (M"- 1-Bu), found 541.1510.

2,10-Bis(t-butyldimethylsiloxy)-5,7,12,14-pentacenediquinone (268)

O O
TBSO I ‘I II ‘J; II OTBS
O O

Ca4H3506S17
Mol. Wt.: 598.83

Mp: > 270 °C; IR (CDCls) v 2955.8, 2927.2, 1675.0, 1590.9 cm™; 'H NMR (500 MHz,
CDCl3) § 9.18 (s, 1H), 9.14 (s, 1H), 8.28 (d, J = 8.6 Hz, 2H), 7.71 (d, J = 2.4 Hz, 2H), 7.24
(dd, J=8.2, 2.6 Hz, 2H), 1.01 (s, 18 H), 0.30 (s, 12H); '>C NMR (125 MHz, CDCl) 5 181.8
(s), 180.7 (s), 161.9 (s), 137.0 (5), 136.6 (s), 135.6 (s), 130.4 (d), 127.5 (s), 127.1 (d), 127.0
(d), 126.5 (d), 117.7 (d), 25.5 (q), 18.3 (s), -4.3 (q); MS (EI) m/z 541.2 (M*- 1-Bu, 15), 504.9
(3), 162.0 (18), 57.1 (100); HRMS caled for C3oHasO4Si> 541.1502 (M'- 7-Bu), found
541.1516.
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2,9/2,10-Bis(trifluoromethylsulfonyloxy)-5,7,12,14-pentacenediquinone (268 and 271)

o} 0
X
| P oTf
TfO
o) o)

C24HgF6010S2
Mol. Wt.: 634.44

A solution of TBAF (1 M in THF, 1.81 mL, 1.81 mmol, 2.2 eq) was added to a 0 °C
solution of silyl ether 247 (268 was used to prepare the other isomer) (493 mg, 0.823 mmol,
1 eq) in THF (400 mL). The yellow solution turned deep blue immediately upon addition of
TBAF. The reaction was stirred at 0 °C for 15 min followed by the addition of a solution of
TH;NPh (882 mg, 2.47 mmol, 3 eq) in THF (5 mL). The reaction was warmed to rt and
stirred for 18 h, concentrated to ~100 mL and diluted with Et;O (200 mL). The organic
suspension was washed with HCI (10% aq), NaHCOs, (sat. aq.), and water, concentrated to
~50 mL, and filtered to afford crude 268 (or 271 depending on the starting material used) as a
nearly colourless solid (518 mg, 98%). This compound was not further purified or

characterized, but used crude in subsequent reactions.

2,9/2,10-Bis(triisopropylsilylethynyl)-5,7,12,14-pentacenediquinone (272 and 273)

0 0
~
| ~w=—TIPS
=
=
0 o}

C44H5004Sip
Mol. Wt.: 699.04

A solution of ditriflate 268 (or 271) (500 mg, 0.788 mmol, 1 eq) in THF (250 mL) was

TIPS

degassed by bubbling argon through the solution for 30 min. Cul (30 mg, 20 mol%),
Pd(PPh;),Cl, (60 mg, 10 mol %), and EtsN (7.5 mL) were added to the degassed solution and
stirred at rt for 10 min. Triisopropylsilyl-acetylene (82) (438 uL, 1.97 mmol, 2.5 eq) was
added to the solution and the reaction was heated to reflux for 16 h. The reaction was cooled
to rt and concentrated. The residue was taken up in CH,Cl; and washed with HCI (10% aq),
NaHCOs; (sat. aq), and water, dried, and concentrated. Chromatography (petroleum
ether/CH,Cly, 7:3) afforded 272 (or 273) as a yellow solid (400 mg, 73% over two steps). If
the ditriflate used in the reaction was a mixture of isomérs, they could be separated by

fractional crystallization from Et,0.
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2,9-Bis(triisopropylsilylethynyl)-5,7,12,14-pentacenediquinone (272)
TIPS

o} 0
=
~
g009®
==
0 0

C44H5004Si,
Mol. Wt.: 699.04

mp: > 272-273 °C; IR (neat) v 2945.3, 2866.9, 1679.8, 1595.5 cm'; '"H NMR
(500 MHz, CDCl3) § 9.22 (s, 2H), 8.41 (d, J = 1.6 Hz, 2H), 8.31 (d, J = 8.1 Hz, 2H), 7.88
(dd, J= 8.1, 1.7 Hz, 2H), 1.15 (s, 42H); >C NMR (125 MHz, CDCl5) & 181.2 (s), 181.0 (s),
137.7 (d), 136.8 (s), 136.7 (s), 133.3 (s), 132.3 (s), 131.0 (d), 130.5 (s), 127.7 (d), 127.5 (d),
104.9 (s), 98.2 (s), 18.3 (q), 11.7 (d); MS (FAB) m/z 699.3 (M"), 307.2, 154.1.

TIPS

2,10-Bis(trilsopropylsilylethynyl)-5,7,12,14-pentacenediquinone (273)

(6] (0]
/¢|.|I|\\
(@] (6]

C44H5004Sip
Mol. Wt.: 699.04

mp: 247-248 °C; IR (neat) v 2945.7, 2866.9, 1679.2, 1595.8 cm™; 'H NMR (500 MHz,
CDCL3) § 9.22 (s, 1H), 9.21 (s, 1H), 8.41 (d, J = 1.3 Hz, 2H), 8.31 (d, J = 8.0 Hz, 2H), 7.88
(dd, J=8.1, 1.2 Hz, 2H), 1.15 (s, 42H); *C NMR (125 MHz, CDCls) 8 181.2 (s), 181.0 (s),
137.0 (d), 136.9 (s), 136.7 (s), 133.3 (s), 132.3 (s), 131.0 (d), 130.5 (d), 130.2 (s), 127.7 (d),
127.6 (d), 104.9 (s), 98.2 (), 18.6 (q), 11.3 (d); MS (FAB) m/z 699.3 (M"), 307.2, 154.1.

TIPS TIPS

2,9-Bis(2-triisopropylsilylethynyl)pentacene (274)

OOOOOé
=

TIPS

TIPS

Ca4Hs4Si2
Mol. Wt.: 639.07

Sodium borohydride (729 mg, 19.3 mmol, 20 eq) and diquinone 272 (674 mg, 0.96
mmol, 1 eq) were combined in degassed isopropanol (125 mL) and heated at reflux for 54 h.
The reaction was cooled to rt and transferred to degassed HCI (5% aq., 100 mL). NOTE:
pentacene 274 was very oxygen sensitive in solution so Schlenk techniques were used. The

resulting purple solid was collected by filtration and dissolved in THF, dried, and
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concentrated to give crude 274 as a purple solid (542 mg, 88%). Further purification was
achieved by recrystallization by diffusion of #-decane into a solution of 274 in THF. Further

optimization of the workup and purification is necessary.

N,N-Dibutyl-3-ethynyl-4-iodoaniline (286)

(n-Bu)ZNQI
N

CqgH22IN
Mol. Wt.: 355.26

A solution of TBAF (1 M in THF, 2.94 mL, 2.94 mmol, 1.5 eq) was added to a solution of
silylalkyne 118 (1.00 g, 1.96 mmol, 1 eq) in THF (10 mL) and stirred at rt for 1 h. The
reaction was diluted with CH,Cl, and washed with H,O and brine, dried, and concentrated.
Chromatography (petroleum ether to petroleum ether/Et,0, 9:1) afforded 286 as a yellow oil
(588 mg, 84%); IR (neat) v 2956.0, 2108.7, 1582.7, 1462.1 cm™; '"H NMR (500 MHz,
CDCl3) 8 7.50 (d, J = 8.9 Hz, 1H), 6.77 (d, J = 2.4 Hz, 1H), 6.35 (dd, J = 8.9, 2.4 Hz, 1H),
3.27 (s, 1H), 3.20 (t, J = 7.6 Hz, 4H), 1.54-1.47 (m, 4H), 1.36-1.27 (m, 4H), 0.93 (t, J= 7.4
Hz, 6H); *C NMR (125 MHz, CDCl3) § 147.7 (s), 138.8 (d), 128.5 (s), 116.7 (d), 114.5 (d),
86.0 (s), 81.3 (s), 79.3 (d), 50.7 (1), 29.1 (t), 20.3 (1), 13.9 (q); MS (EI) m/z 355.1 (M", 45),
312.0 (100), 271.0 (4), 69.0 (57); HRMS caled for C;¢Hy,IN 355.0797 (M"), found 355.0793.

N,N-Dibutyl-4-iodo-3-(2-trimethylsilylethynyl)aniline (287)
(n-Bu),N |
AN
™S
C1gH30INSi

Mol. Wt.: 427.44
Ethyl magnesium bromide (1 M solution in THF, 1.83 mL, 1.83 mmol, 1.3 eq) was
added to a solution of alkyne 286 (500 mg, 1.41 mmol, 1 eq) in THF (30 mL) which was
heated at reflux for 15 h. The reaction was cooled to 0 °C and trimethylsilyl-chloride
(290 puL, 2.26 mmol, 1.6 eq) was added. Following heating at 50 °C for 3 h, the reaction was
cooled to rt, diluted with Et,O, washed with NH4ClI (sat. aq), NaHCO; (10% aq), and brine,
dried, and concentrated. Chromatography (petroleum ether/Et,O, 9:1) afforded 287 as a

colourless oil (443 mg, 74%); IR (neat) v 2957.7, 2872.4, 2158.0, 1582.2, 843.7 cm™; 'H
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NMR (500 MHz, CDCl3) 6 7.49 (d, J = 8.9 Hz, 1H), 6.73 (d, /= 3.1 Hz, 1H), 6.31 (dd, J =
8.9, 3.1 Hz, 1H), 3.19 (t, J = 7.6 Hz, 4H), 1.55-1.47 (m, 4H), 1.37-1.27 (m, 4H), 0.93 (t, J =
7.3 Hz, 6H), 0.27 (s, 9H); >C NMR (125 MHz, CDCls) & 147.8 (s), 138.7 (d), 129.4 (s),
116.0 (d), 114.3 (d), 107.7 (s), 96.9 (s), 82.5 (s), 50.6 (t), 29.2 (1), 20.3 (1), 13.9 (q), -0.1 (q);
MS (EI) m/z 427.1 (M", 42), 384.1 (100), 342.0 (25), 258.2 (6), 184.5 (6); HRMS calcd for
CoH30INS1 427.1194 (M+), found 427.1180. Characterization data of 287 agreed with the
reported data.®

N,N-Dimethyl-4-iodoaniline (288)

\
Ras
/

CgHyoIN
Mol. Wt.: 247.08

4-lodoaniline (5.00 g, 22.8 mmol, 1 eq), Mel (3.13 mL, 50.2 mmol, 2.2 eq), and
NaHCO; (5.75 g, 50.2 mmol, 3 eq) were combined in a mixture of THF/DMF (5:1, 50 mL)
and heated to reflux for 4 h. The reaction turned from deep blue to yellow during the course
of the reaction. The reaction was cooled to rt, diluted with H,O and extracted with Et,O (3x).
The extracts were combined and washed with H>O and brine, dried, and concentrated.
Chromatography (petroleum ether/Et,O, 19:1) afforded 288 as an off-white solid (3.73 g,
66%); mp: 79-80 °C; 'H NMR (200 MHz, CDCl3) & 7.45 (d, J= 9.2 Hz, 2H), 6.48 (d, J = 9.1
Hz, 2H), 2.91 (s, 6H); MS (EI) m/z 247.0 (M", 100), 231.0 (4), 162.0 (7), 119.1 (19); HRMS
caled for CgH oIN 246.9858 (M), found 246.9857.

N,N-Dimethyl-4-(2-trimethylsilylethynyl)aniline (289)

\
N‘Q%TMS
/

C13H19NSi
Mol. Wt.: 217.38

A solution of iodide 288 (3.25 g, 13.2 mmol, 1 eq) in THF (50 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (150 mg, 6 mol%), Pd(PPh3),Cl,
(410 mg, 5 mol%), and Et;N (2.5 mL) were added to the degassed solution and stirred at rt
for 10 min. Trimethylsilyl-acetylene (37) (2.42 mL, 17.1 mmol, 1.3 eq) was added to the
solution and the reaction was stirred at rt for 12 h. The reaction mixture was filtered through
a sand plug and the filtrate was concentrated. Chromatography (petroleum ether/Et,O, 20:1)

afforded 289 as a yellow solid (2.77 g, 96%); mp: 86-87 °C; 'H NMR (200 MHz, CDCl3) &
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7.34 (d, J = 9.1 Hz, 2H), 6.57 (d, J = 9.1 Hz, 2H), 2.95 (s, 6H), 0.23 (s, 9H); MS (EI) m/z
217.1 (M7, 74), 202.1 (100), 186.1 (11), 162.0 (6); HRMS caled for Ci3HgNSi 217.1287
(M™), found 217.1298.

N,N-Dimethyl-4-ethynylaniline (290)

\
N =——H
/

CqoHq4N
Mol. Wt.: 145.20

Silylalkyne 289 (1.97 g, 9.06 mmol, 1 eq) and KOH (760 mg, 13.6 mmol, 1.5 eq) were
combined in MeOH (40 mL) with H,O (5 drops) and stirred at rt for 2 h. The reaction was
poured into NH4Cl (sat. aq) and extracted with Et;O (2x). The combined extracts were
washed with H>O and brine, dried, and concentrated. =~ Chromatography (petroleum
ether/Et;0, 19:1) afforded 290 as an orange solid (1.13 g, 86%); mp: 50-51 °C; 'H NMR
(500 MHz, CDCl3) 6 7.36 (d, J = 9.0 Hz, 2H), 6.60 (d, J = 9.0 Hz, 2H), 2.97 (s, 1H), 2.96 (s,
6H); *C NMR (125 MHz, CDCl3) 8 150.4 (s), 133.2 (d), 111.7 (d), 108.9 (s), 84.9 (s), 74.8
(s), 40.1 (q); MS (ED) m/z 145.1 (M", 100), 144.1 (90), 129.1 (18), 101.0 (10); HRMS caled
for CoH N 145.0891 (M+), found 145.0888. Characterization data of 290 agreed with the

reported data. '’

N,N-Dimethyl-3-iodoaniline (291)

\
N
/
|

CgHygIN
Mol. Wt.: 247.08

3-lodoaniline (11.1 mL, 91.3 mmol, 1 eq), Mel (12.53 mL, 201 mmol, 2.2 eq), and
NaHCOs (23.0 g, 274 mmol, 3 eq) were combined in a mixture of THF/DMF (5:1, 400 mL)
and heated to reflux for 48 h. The reaction was cooled to rt, diluted with H,O, and extracted
with Et;0 (3x). The extracts were combined and washed with H,O and brine, dried, and
concentrated. Chromatography (petroleum ether/Et,O, 9:1) afforded 291 as a yellow solid
(22.1 g, 98%); mp: 34-35 °C; 'H NMR (500 MHz, CDCl3) & 7.02 (d, J = 1.6 Hz, 1H), 7.01
(br s, 1H), 6.91 (dd, J = 7.9, 7.9 Hz, 1H), 6.66 (dd, J = 7.9, 1.8 Hz, 1H), 2.91 (s, 6H); Bc
NMR (125 MHz, CDCl3) 8 151.6 (s), 130.4 (d), 125.3 (d), 121.2 (d), 111.6 (d), 95.6 (s), 40.3
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(q); MS (ED) m/z 247.0 (M", 100), 169.0 (10), 143.0 (3), 119.1 (15); HRMS calcd for
CsH0IN 246.9858 (M"), found 246.9846.

N,N-Dimethyl-3-(2-triisopropylsilylethynyl)aniline (292)

\
N
/

A
TIPS
Mol Wi 501 54

A solution of iodide 291 (11.0 g, 44.5 mmol, 1 eq) in THF (200 mL) was degassed by
bubbling argon through the solution for 30 min. Cul (230 mg, 5 mol%), Pd(PPh;3),Cl,
(850 mg, 5 mol%), and Et;N (10 mL) were added to the degassed solution and stirred at rt for
10 min. Triisopropylsilyl-acetylene (82) (13.6 mL, 60.7 mmol, 1.5 eq) was added to the
solution and the reaction was stirred at rt for 12 h. Silica gel was added to the reaction
mixture and the slurry was concentrated. Chromatography (petroleum ether/CH,Cl,, 2:1)
afforded 292 as a yellow oil (12.7 g, 94%); IR (neat) v 2942.7, 2865.1, 2153.4, 1596.6,
1495.9 cm™; "H NMR (500 MHz, CDCl3) & 7.16 (dd, J = 8.1, 7.8 Hz, 1H), 6.88 (d, J = 7.4
Hz, 1H), 6.85 (br's, 1H), 6.73 (d, J = 7.9 Hz, 1H), 2.94 (s, 6H), 1.13 (s, 21H); >C NMR (125
MHz, CDCl3) 6 149.9 (s), 128.9 (d), 124.1 (d), 116.1 (d), 113.4 (d), 107.0 (s), 94.7 (s), 8§9.3
(s), 40.8 (q), 18.7 (q), 11.4 (d); MS (EI) m/z 301.2 (M", 75), 258.2 (60), 216.1 (61), 188.1

(100); HRMS calcd for Cj9H3NSi 301.2226 (M+), found 301.2233.

N,N-Dimethyl-4-iodo-3-(2-triisopropylsilylethynyl)aniline (293)

\
N |
/

AN
TIPS
C1gH3oINSI
Mol. Wt 427.44

Silylalkyne 292 (11.1 g, 36.5 mmol, 1 eq), BaNMesICl, (13.9 g, 40.0 mmol, 1.1 eq),
and CaCOj; (5.10 g, 51.1 mmol, 1.4 eq) were combined in a mixture of CH,Cl,/MeOH (5:1,
200 mL) and stirred at rt for 4 h. The reaction mixture was diluted with CH,Cl, and washed
with HCl (10% aq), NaHCO; (10% aq), H,O, and brine, dried, and concentrated.
Chromatography (petroleum ethetr/CH,Cl,, 4:1) afforded 293 as a brown solid (13.7 g, 88%);

mp: 77-79 °C; IR (CH,Cly) v 2944.3, 2865.5, 2153.8, 1586.4 cm™; '"H NMR (500 MHz,
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CDCl3) 6 7.57 (d, J = 8.8 Hz, 1H), 6.85 (br s, 1H), 6.54 (br d, J = 7.0 Hz, 1H), 2.91 (s, 6H),
1.15 (s, 21H); '>C NMR (125 MHz, CDCL) § 149.9 (s), 139.0 (d), 130.3 (s), 117.6 (d), 115.3
(d), 108.9 (s), 94.1 (s), 86.0 (s), 40.9 (q), 19.0 (q), 11.6 (d); MS (EI) m/z 427.1 (M*, 100),
384.1 (50), 314.0 (46), 215.1 (42); HRMS calcd for CjoH3oINSi 427.1192 (M"), found
427.1185.

N,N-Dimethyl-3-(4-triisopropylsilyl-1,3-butadiynyl)-aniline (294)

/
—N

@—%‘TIPS

Co4H34NSi
Mol. Wt.: 325.56

A solution of n-BuLi (2.5 M in THF, 68.0 mL, 170 mmol, 2.8 eq) was added in one
portion to a -78 °C solution of cis-4-chloro-1-triisopropylsilyl-but-3-en-1-yne (83) (20.6 g,
85.0 mmol, 1.4 eq) in THF (500 mL). The resulting pale yellow coloured solution was
stirred for 2 min followed by the addition of a solution of ZnBr; (19.1 g, 85.0 mmol, 1.4 eq)
in THF (200 mL). The colourless solution was stirred at -78 °C for 5 min then warmed to
0 °C for 15 min. A mixture of N,N-dimethyl-3-iodoaniline (291) (15.0 g, 60.7 mmol, 1 eq)
and Pd(PPhj)4 (3.50 g, 5 mol%) in THF (125 mL) was added by canula and the reaction was
stirred at rt for 18 h. Silica gel was added to the reaction and the slurry was concentrated.
Chromatography (petroleum ether/CH,Cl,, 9:1) afforded 294 as an off-white solid (15.0 g,
76%); mp: 75-76 °C; IR (CH,Cly) v 2945.6, 2866.9, 2201.4, 2098.4, 1595.5 cm™; '"H NMR
(500 MHz, CDCl3) 6 7.11 (dd, J = 8.0, 7.9 Hz, 1H), 6.86 (d, J = 7.8 Hz, 1H), 6.85 (s, 1H),
6.73 (brd, J= 7.1 Hz, 1H), 2.92 (s, 6H), 1.10 (s, 21H); *C NMR (125 MHz, CDCl;) § 150.7
(s), 132.3 (s), 129.3 (d), 122.0 (d), 116.5 (d), 114.0 (d), 90.0 (s), 87.4 (s), 76.9 (s), 73.8 (5),
40.7 (q), 18.8 (), 11.6 (d); MS (EI) m/z 325.2 (M", 100), 282.2 (96), 240.1 (65), 212.1 (91);
HRMS caled for CoH3 NSi 325.2226 (M+), found 325.2238.
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N,N-Dimethyl-4-iodo-3-(4-triisopropylsilyl-1,3-butadiynyl)aniline (295)

/
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Silylalkyne 294 (14.6 g, 44.7 mmol, 1 eq), BnNMe;ICl, (17.6 g, 50.7 mmol, 1.1 eq),
and CaCO; (6.46 g, 64.5 mmol, 1.4 eq) were combined in a mixture of CH,Cl,/MeOH (5:1,
200 mL) and stirred at rt for 4 h. The reaction mixture was diluted with CH,Cl, and washed
with HCl (10% aq), NaHCO; (10% aq), H,O, and brine, dried, and concentrated.
Chromatography (petroleum ether/CH,Cl,, 9:1) afforded 295 as a brown solid (15.8 g, 78%);
mp: 63-64 °C; IR (CH,Cl,) v 2951.1, 2859.7, 2098.4, 1583.2 cm™; 'H NMR (500 MHz,
CDCl3) 8 7.53 (d, J = 8.9 Hz, 1H), 6.84 (d, J = 3.1 Hz, 1H), 6.42 (dd, J = 8.9, 3.1 Hz, 1H),
2.90 (s, 6H), 1.10 (s, 21H); *C NMR (125 MHz, CDCl3) & 150.0 (s), 139.0 (d), 128.4 (s),
118.1 (d), 115.6 (d), 89.7 (s), 89.3 (s), 83.7 (s), 78.0 (s), 76.9 (s), 40.4 (q), 18.8 (q), 11.6 (d);
MS (EI) m/z 451.1 (M", 100), 408.1 (45), 337.9 (38), 176.0 (51); HRMS caled for

C,1H30INSi 451.1192 (M™), found 451.1177.

N,N-Diethyl-N'-[4-isopropyl-2-(2-triisopropylsilylethynyl)phenyl]triazene (296)

N-NEt,
N

AN
TIPS

C24H49N3SI
Mol. Wt.: 399.69

A solution of iodotriazine 223 (975 mg, 2.81 mmol, 1 eq) in THF (75 mL) was
degassed by bubbling argon through the solution for 30 min. Cul (20 mg, 4 mol%),
Pd(PPh3),Cl, (50 mg, 2.5 mol%), and Et;N (3.75 mL) were added to the degassed solution
and stirred at rt for 10 min. Triisopropylsilyl-acetylene (82) (0.94 mL, 4.22 mmol, 1.5 eq)
was added to the solution and the reaction was heated at reflux for 24 h. TLC (petroleum
ether) showed that starting material remained. Additional Pd(PPh3),Cl, (25 mg, 1.25 mol%)
and 82 (0.50 mL, 2.0 mmol) were added to the reaction and heating was continued for 24 h.
The reaction was cooled to rt, silica gel was added, and the slurry was concentrated.

Chromatography (petroleum ether/CH,Cl,, 20:1) afforded 296 as a red oil (428 mg, 38%);
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IR (neat) v 2959.4, 2864.8, 2148.1, 1463.6, 1242.6 cm™; 'H NMR (500 MHz, CDCl;) § 7.33
(d,J=8.4 Hz, 1H), 7.29 (d, J= 2.1 Hz, 1H), 7.08 (dd, J = 8.4, 2.1 Hz, 1H), 3.75 (q, J= 7.2
Hz, 4H), 2.83 (sept, J = 6.9 Hz, 1H), 1.20 (d, J = 6.9 Hz, 6H), 1.12 (s, 21H); *C NMR (125
MHz, CDCls) 6 150.9 (s), 145.4 (s), 131.9 (d), 127.4 (d), 118.4 (s), 117.0 (d), 106.2 (s), 93.5
(s), 42.4 (1), 33.7 (d), 24.1 (q), 19.0 (q), 18.9 (), 11.7 (d); MS (EI) m/z 399.3 (M™, 8), 327.2
(15), 257.2 (45), 69.0 (100); HRMS calcd for Co4Hs N3Si 399.3070 (M"), found 399.2964.

1-lodo-4-isopropyl-2-(2-triisopropylsilylethynyl)benzene (297)
|
AN
TIPS
Mol Wt 426,45
Triazine 296 (400 mg, 1.0 mmol, 1 eq) was mixed with iodomethane (5 mL) in a sealed
tube fitted with a septa and the solution was degassed with argon for 15 min. The tube was
sealed and heated to 120 °C for 5 h. The reaction was cooled to rt and transferred to a flask
with CH,Cl; and concentrated. Chromatography (petroleum ether/CH,Cl,, 9:1) afforded 297
as a yellow oil (352 mg, 83%); IR (neat) v 2959.2, 2864.5, 2155.0, 1461.5, 1398.8 cm'l; 'H
NMR (500 MHz, CDCl3) 6 7.71 (d, J = 8.2 Hz, 1H), 7.31 (d, J = 2.2 Hz, 1H), 6.85 (dd, J =
8.2, 2.2 Hz, 1H), 2.81 (sept, J = 6.9 Hz, 1H), 1.20 (d, J = 6.9 Hz, 6H) 1.15 (s, 21H); "°C
NMR (125 MHz, CDCl3) 6 149.0 (s), 138.8 (d), 131.7 (d), 130.1 (s), 128.2 (d), 108.6 (s),
97.4 (s), 94.9 (s), 33.9 (d), 23.9 (q), 18.9 (q), 11.6 (d); MS (EI) m/z 426 (M", 5), 383 (100),
341 (25), 313 (37), 171 (33); HRMS calcd for CyoH3;1Si 426.1240 (M™), found 426.1265.

N,N-Diethyl-N'-[4-isopropyl-2-(4-triisopropylsilyl-1,3-butadiynyl)phenyl]triazene (298)

N-NEt,
N
\;\

A
TIPS

C26H41 N3S|
Mol. Wt.: 423.71

A solution of n-BuLi (2.5 M in THF, 55.8 mL, 139.4 mmol, 3 eq) was added in one
portion to a -78 °C solution of cis-4-chloro-1-triisopropylsilyl-but-3-en-1-yne (83) (16.9 g,
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69.7 mmol, 1.5 eq) in THF (150 mL). The resulting yellow solution was stirred for 2 min
followed by the addition of a solution of ZnBr, (16.9 g, 75.0 mmol, 1.6 eq) in THF (100 mL).
The colourless solution was stirred at -78 °C for 5 min then warmed to 0 °C for 15 min. A
mixture of iodotriazine 223 (16.1 g, 46.6 mmol, 1 eq) and Pd(PPh;3); (3.10 g, 5 mol%) in
THF (100 mL) was added by canula and the reaction was stirred at rt for 18 h. The reaction
was diluted with H,O and extracted with Et;O (2x). The combined extracts were washed
with H,O and brine, dried, and concentrated. Chromatography (petroleum ether/CH,Cl,, 9:1)
afforded 298 as a dark red oil (15.0 g, 66%); IR (neat) v 2961.7, 2866.4, 2199.6, 2096.6,
1464.3 cm™; '"H NMR (500 MHz, CDCl3) & 7.37 (d, J = 2.1 Hz, 1H), 7.30 (d, J = 8.2 Hz,
1H), 7.16 (dd, J= 8.1, 2.1 Hz, 1H), 3.84 (q, /= 7.1 Hz, 4H), 2.92 (sept, J = 6.9 Hz, 1H), 1.40
(t, J=1.1 Hz, 6H), 1.31 (d, J = 6.9 Hz, 6H), 1.20 (s, 21H); *C NMR (125 MHz, CDCl3) &
152.7 (s), 145.2 (s), 132.0 (d), 128.3 (d), 117.3 (d), 115.7 (s), 90.4 (s), 87.0 (s), 77.9 (s), 75.0
(s), 42.1 (1), 33.4 (d), 23.8 (q), 18.4 (q) (2 peaks), 11.3 (d); MS (EI) m/z 380.3 (M - 43 (i-Pr),
4), 281.2 (11), 211.1 (10), 119.1 (14), 70.1 (100); HRMS calcd for Cy3H34N3Si 380.2822
(M" - 43 (i-Pr)), found 380.2825.

1-lodo-4-isopropyli-2-(4-triisopropylsilyl-1,3-butadiynyl)benzene (299)

CopHaqISI
Mol. Wt.: 450.47

Triazine 298 (3.30 g, 7.79 mmol, 1 eq) was mixed with iodomethane (30 mL) in a
sealed tube fitted with a septa and the solution was degassed with argon for 15 min. The tube
was sealed and heated to 120 °C for 6 h. The reaction was cooled to rt and transferred to a
flask with CH,Cl, and concentrated. Chromatography (petroleum ether) afforded 299 as an
orange oil (2.36 g, 67%); IR (neat) v 2960.2, 2866.0, 2205.4, 2096.4, 1465.0 cm™; '"H NMR
(500 MHz, CDCl3) & 7.69 (d, J = 8.4 Hz, 1H), 7.37 (d, J=2.8 Hz, 1H), 6.89 (dd, /= 8.3, 2.8
Hz, 1H), 2.81 (sept, J= 6.9 Hz, 1H), 1.19 (d, J = 6.9 Hz, 6H) 1.11 (s, 21H): ’C NMR (125
MHz, CDCls) 6 149.1 (s), 138.9 (d), 132.7 (d), 129.2 (s), 128.5 (d), 97.2 (s), 89.8 (s), 8§9.6
(s), 77.8 (s), 77.3 (s), 33.8 (d), 23.8 (q), 18.8 (q), 11.6 (d); MS (EI) m/z 450.1 (M", 12), 407.1
(100), 379.0 (27), 365.0 (23); HRMS calcd for CyH3ISi 450.1240 (M), found 450.1241.
Reference: Moore, J. S.; Weinstein, E. J.; Wu, Z. Tetrahedron Lett. 1991, 32, 2465-2466.
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Appendix

A.1 Cyclophane Nomenclature

An entire chapter could be written on the nomenclature of cyclophanes, but only a general
introduction will be presented here. A systematic method for cyclophane nomenclature was
introduced by Vogtle.® "Phanes" are compounds that contain one or more aromatic nuclei (cap)
and at least one aliphatic bridge. ITUPAC nomenclature is used to name the aromatic segment(s)
with the addition of the ending "-o0". By definition "cyclo” is used for phenyl rings. Bridge
attachment is denoted by either ortho/meta/para or by numbering the aromatic nuclei, depending
on what is appropriate. The suffix "phane" is used after the last aromatic nuclei.

A bridge is defined by ITUPAC as a "valence compound or atom or unbranched chain of
atoms that connect two parts of a molecule." The number of aliphatic bridge members is
indicated in square brackets, with each bridge separated by a period. Two examples are shown

below.

2
[2.2)paracyclophane [8}orthocyclo[1](3,9)1,10-phenanthrolinophane

Many of the cyclophanes in this thesis have several bridges of differing length as well as
different substituted aromatic nuclei. In order to unambiguously name these compounds, we
have developed our own nomenclature convention based on the accepted conventions used to
name cyclophanes. First, the cyclophane is numbered beginning with the longest bridge and
numbering is continued around the entire molecule. Cyclophane substituents are named first and
then the number of bridge members is given in square brackets. The bridges of the compounds
in this dissertation are not simply aliphatic, so each bridge is named. Finally, the aromatic nuclei
is named according to cyclophane nomenclature rules. The naming of bridges and aromatic
nuclei continues around the molecule and the suffix "-phane” is added at the end. The

nomenclature of cyclophane 170 is described here in detail as an example.
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MeO OMe
v a9 u
o o 10\>-—</9 o o
MeO OMe

170

17,28,47 ,58-tetrakis(dibutylamino)-6,7,9,10,36,37,39,40-octamethoxy-[4]1,3-butadiynylparacyclo[4]11,13-
butadiynylorthocyclo[4]21,23-butadiynylorthocyclo[4]31,33-butadiynylparacyclo[4]41,43-butadiynylorthocyclo[4]51,53-
butadiynylorthocyclophane

All of the bridges in cyclophane 170 are the same length so one bridge was chosen as a
starting point and the whole cyclophane was numbered. There are four dibutylamino
substituents (one on each bridging aromatic ring) and these substituents are named first
"17,28,47,58-tetrakis(dibutylamino)." This is followed by the methoxy-substitutents
(substituents are listed alphabetically) "6,7,9,10,36,37,39,40-octamethoxy.” With all of the
substituents named, the bridges and aromatic nuclei are named. The first bridge has four atoms
(members) and is denoted by [4], but since it is a butadiyne, the bridge is named "[4]1,3-
butadinyl." The aromatic nuclei is a para-substitued phenyl ring and is named "paracyclo." The
next bridge is also butadiynyl, but it begins at the 11™ atom and is named "[4]11,13-butadiynyl."
The next aromatic nuclei is ortho-substituted and is named "orthocyclo". This naming of bridges
and aromatic nuclei continues around the molecule and the suffix "-phane" is added after the last

aromatic nuclei.
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A.2 Phenanthrolinophane Helical Interconversion Barrier Height Determination

The rate of exchange is inversely proportional to the NMR timescale (1) at coalescence

which can be expressed as:

with v, and vy being the peak midpoint frequencies of the exchanging signals at slow
interconversion.  The enantiomerization barrier height (AG*) can be found from the

interconversion rate k. as:

ex

k, = Kk"TTexp(— AG? /RT)

Combining equations 1 and 2 allows for AG* to be determined from the frequency difference
between the coalescing peaks during slow exchange and the coalescence temperature:

AGT 22.96 +1n I,
RT, v,V

a X

Phenanthrolinophane (217)

Av =32.6 Hz (assume that Av is the same for both compounds)

T, is below 193 K

AG*<22.96 RT +RT In (T / Av)
<22.96 (8.31451 Jmol™ K™ (193 K) +(8.31451 J mol™ K')(193 K) In (193/32.6)
< 39.7 kJ/mol
< 9.5 kcal/mol (193 K)
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Copper (I) Phenanthrolinophane Complex (218)
Av =32.6 Hz (at 213 K)

T, is between 273 and 253 K

AG*=22.96 RT + RT In (T / Av)
=22.96 (8.31451 J mol™ K (273 K) + (8.31451 J mol™ K™")(273 K) In (273/32.6)
=56.9 kJ/mol
=13.6 kcal/mol (273 K)

AG*=22.96 RT + RT In (T / Av)
=22.96 (8.31451 J mol' K™) (253 K) + (8.31451 J mol™ K™1)(253 K) In (253/32.6)
=52.6 kJ/mol
= 12.6 kcal/mol (253 K)

Phenanthrolinophane (227)

Av = 60.1 Hz (assume that Av is the same for both compounds)

T, is below 193 K

AG* <2296 RT + RT In (T / Av)
<22.96(8.31451 Jmol™ K™) (193 K) + (8.31451 J mol™ K™)(193 K) In (193/60.1)
< 38.7 kJ/mol
< 9.2 keal/mol (193 K)

Copper(l) Phenanthrolinophane Complex 228

Av = 60.1 Hz (assume that Av is the same for both compounds)

T.1s 330K

AG*=22.96 RT +RT In (T / Av)
=22.96 (8.31451 I mol K) (330 K) + (8.31451 J mol K)(330 K) In (330/60.1)
=67.7 kl/mol '
= 16.2 kcal/mol (193 K)

Phenanthrolinophane 227 had a helical inversion barrier of less than 9.2 kcal/mol. Copper
raises the inversion barrier by over 7.0 kcal/mol. However, helical interconversion still occurred

at room temperature so the enantiomers could not be separated.
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A.3 Selected 'H, °C, and Mass Spectra

Cyclophane 112

Cyclophane 113

Cyclophane 123a

Cyclophane 123b

Cyciophane 170

Phenanthrolinophane 200

Phenanthrolinophane 217

Phenanthrolinophane 218

Phenanthrolinophane 227

Phenanthrolinophane 228

'H NMR
¥C NMR
MS(ES)

"H NMR
3C NMR + expansion

'H NMR
BC NMR

"H NMR
BC NMR

"H NMR
*C NMR

"H NMR
C NMR
MS(FAB)

'H NMR
BC NMR
MS(ES)

'H NMR
B¥C NMR
MS(ES)

"H NMR
3C NMR
MS(ES)

H NMR
¥C NMR
MS(ES)
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'"H NMR Spectrum of Cyclophane 112
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*C NMR Spectrum of Cyclophane 112
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'H NMR Spectrum of Cyclophane 113
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3C NMR Spectrum of Cyclophane 113
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'H NMR Spectrum of Cyclophane 123a
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3C NMR Spectrum of Cyclophane 123a
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'"H NMR Spectrum of Cyclophane 123b
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*C NMR Spectrum of Cyclophane 123b
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"H NMR Spectrum of Cyclophane 170
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A.4 X-Ray Crystallographic Data

Cyclophane 112

Silyl Ether 247
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Table 1. Crystal data and structure refinement for af022.

Identification code af022

Empirical formula C46 H46 N2

Formula weight 626.85

Temperature 203(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, P2(1)/n

Unit cell dimensions a = 9.3848(10) A alpha = 90 deg.
b = 15.8543(17) A beta = 99.973(2) de
c = 24.834(3) A gamma = 90 deg.

Volume 3639.2(7) A™3

Z, Calculated density 4, 1.144 Mg/m"3

Absorption coefficient 0.066 mm”™-1

F(000) 1344

Crystal size 0.05 x 0.08 x 0.30 mm

Theta range for data collection 1.53 to 28.76 deg.

Limiting indices -12<=h<=12, 0O<=k<=21, 0<=1<=33
Reflections collected / unique 31772 / 8764 [R{int) = 0.0520]
Completeness to theta = 28.76 92.7 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.928076 and 0.698124
Refinement method Full-matrix least-squares on F™2
Data / restraints / parameters 8764 / 0 / 433

Goodness-of-fit on F"2 1.029

Final R indices [I>2sigma(I)] Rl = 0.0487, wR2 = 0.0938

R indices (all data) Rl = 0.1185, wR2 = 0.1084
Largest diff. peak and hole 0.151 and -0.181 e.A"-3
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{ x 1074)

Atomic coordinates

Table 2.

and equivalent isotropic

(A 2 A LU 5
U(eq) is defined as one third of the trace of the orthogonalized

Gl :;tJLaL,cmcuL palailictels
Uij tensor.
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[A] and angles [deg] for af022.

Bond lengths

Table 3.
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for afon22.

(A"2 x 1073)

Anisotropic displacement parameters
iilg alitdUlLople alsplacement ractor exponent taxkes Lrne rorm:

Table 4.
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Table 5. Hydrogen coordinates ( x 1074) and isotrooic
“idplalCoweiic paraieters (A2 x 10 3) ror atf(22.

X Yy z U(eq)
H(2a) 8812 1669 -621 49
H(43) 10557 3992 -387 54
H(5A) 8644 4416 0 55
H(10A) 3618 4839 826 57
H(11A) 1506 4589 1159 58
H(133) 1727 2138 767 58
H(14A) 3829 2384 448 60
H(18A) -3258 3127 1736 56
H(19A) ~5179 2324 1880 56
H(21A) -3577 345 1157 47
H(31A) 13113 2760 ~870 60
H(31B) 12478 3424 -499 60
H(32A) 11848 3383 -1659 60
H(32B) 11065 4007 -1306 60
H(33A) 14100 4031 -1288 79
H(33B) 13251 4687 -981 79
H(34A) 13807 5268 -1794 152
H(34B) 12110 5241 ~1817 152
H(34C) 12868 4557 -2137 152
H(35A) 10703 1275 -864 56
H (35B) 11995 1582 -1148 56
H(36A) 9032 1874 -1582 54
H(36RB) 10327 2176 -1867 54
H(37Aa) 9645 459 -1714 67
H(37B) 10944 760 -1998 67
H(38A) 8978 378 -2666 106
H (38B) 9282 1354 -2717 106
H(38C) 7985 1046 -2434 106
H(39A) -7881 824 1694 52
H(39B) -7117 1716 1726 52
H(40A) -6649 488 2574 52
H(40B) -5813 1360 2606 52
H(41A4) -7928 2103 2622 56
H(41B) -8868 1273 2505 56
H(42A) -8636 1629 3428 80
H(42B) -6928 1591 3493 80
H{42C) -7853 755 3376 80
H(43A) -5584 -220 1107 51
H(43B) -6882 -323 1432 51
H(44A) -3931 ~-472 1928 52
H(44B) -5251 -608 2238 52
H (45A) -4675 -1660 1376 59
H(45B) -5977 -1800 1696 59
H(46A) -4066 ~2717 2029 92
H(46B) -4333 -2093 2499 92
H(46C) -3023 -1937 2186 92
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for af022.

[dea]

Torsion angles

Table 6.
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C(22)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
Ciza) ~U(2n) -C(26)-C(27)
C(25)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(1)

)-N(1)-C(31)-C(32)
5)-N(1)-C(31)-C(32)
) -C(31)-C(32)-C(33)
1) -C(32)-C(33)-C(34)
)-N (1) -C(35)-C(36)
1) -N(1)-C(35)-C(36)
)-C(35)-C(36)-C(37)
5)-C(36)-C(37)-C(38)
0)-N(2)-C(39)-C(40)
3)-N(2)-C(39)-C(40)
) -C(39)-C(40)-C(41)
9) -C(40) -C(41)-C(42)
0)-N(2)-C(43)-C(44)
9) -N(2) -C(43)-C(44)
) -C(43) -C(44) -C(45)
3)-C(44)-C(45)-C(46)

3(3)

4.
-2.
5. 5)
-2. )
.6(19)

0

0(19)
9(17)
3(1
3(1s6

-9(4)
-176(100)
5(4)

-80.
87.
174.
175.
71.
-96.
-179.
~179.
-83.
86.
177.
171.
72.
-97.
-177.
178.

WO WJoOokWwohw U1

N = e S R
I Dl

Symmetry transformations used to generate equivalent atoms:
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Table 1.

Identification code
Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume
Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected / unique
Completeness to theta = 29.19
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F72

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Crystal data and structure refinement for af2010b.

af2010b

C34 H38 06 Si2
598.82
203(2) K
0.71073 A
Monoclinic, C2/c
41.360(8) A

7.8221(16) A
= 21.349(4) A

It

alpha =
beta =
gamma =

]

a
b
c
6441 (2) A™3

8, 1.235 Mg/m"3
0.153 mm™-1

2544

0.30 x 0.30 x 0.06 mm

1.06 to 29.19 deg.

90 deg.
111.15(3)
90 deg.

-55<=h<=50, 0O<=k<«=10, 0<=1<=28

7577 / 7577 [R(int) = 0.0583]

oe

86.9

Semi-empirical from equivalents

0.9909 and 0.9556

Full-matrix least-squares on F’2

7577 / 0 / 379

1.037
R1 = 0.0755, wR2 = 0.3152
Rl = 0.0830, wR2 = 0.3276

0.498 and -0.502 e.A"-3
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Table 2. Atomic coordinates ( x 1074) and equivalent isotropic
displaccieit paranecers (A2 x 1073) ror ar20lub.

U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor.

b'e y zZ Ul(eq)
Si(1) 988 (1) 3412 (1) 4547 (1) 22 (1)
Si(2) 4078 (1) 5596 (1) 13066 (1) 26 (1)
0(1) 1153 (1) 3908 (4) 5370 (1) 33 (1)
0(2) 1580(1) 5099 (5) 7847 (2) 47 (1)
0(3) 2663 (1) 1861 (5) 7511 (1) 39(1)
0 (4) 2299 (1) 6053 (5) 10254 (1) 43(1)
0(5) 3380(1) 2672 (5) 9952 (2) 44 (1)
0(6) 3846 (1) 4541 (5) 12360 (2) 49(1)
C(1) 579 (1) 4784 (5) 4218 (2) 25 (1)
Cc(2) 357(1) 4285 (8) 3486 (2) 55(1)
C(3) 682(2) 6674 (6) 4251 (3) 56 (1)
C(4) 351 (1) 4510 (8) 4644 (3) 53 (1)
C(5) 1305 (1) 3942 (6) 4140 (2) 38 (1)
c(6) 883 (1) 1089 (6) 4473 (3) 40(1)
C(7) 1459 (1) 3536 (5) 5892 (2) 26 (1)
Cc(8) 1734 (1) 2630 (5) 5810 (2) 28 (1)
C(9) 2038(1) 2297 (4) 6362 (2) 23 (1)
C(10) 2073 (1) 2846 (4) 7010 (2) 22 (1)
C(11) 1793 (1) 3749 (4) 7090 (2) 23 (1)
C(12) 1491 (1) 4097 (4) 6533 (2) 22 (1)
C(13) 1820(1) 4354 (5) 7766 (2) 25(1)
C(14) 2154 (1) 4031 (4) 8350 (2) 22(1)
C(15) 2437(1) 3161(4) 8265 (2) 20(1)
C(16) 2407(1) 2540 (5) 7587 (2) 24 (1)
C(17) 2747 (1) 2911 (5) 8818 (2) 25(1)
C(18) 2790(1) 3586 (4) 9454 (2) 23 (1)
C(19) 2506 (1) 4475 (4) 9533 (2) 22 (1)
C(20) 2192 (1) 4682 (4) 8981 (2) 22 (1)
C(21) 2546 (1) 5268 (5) 10195(2) 26 (1)
C(22) 2885(1) 5079 (5) 10764 (2) 24 (1)
C(23) 3166(1) 4179 (4) 10689 (2) 23(1)
C(24) 3133(1) 3381 (5) 10035(2) 26 (1)
C(25) 3481 (1) 4008 (5) 11229 (2) 30(1)
C(26) 3526(1) 4768 (5) 11848 (2) 34 (1)
C(27) 3248(1) 5663 (5) 11926 (2) 34 (1)
Cc(28) 2935(1) 5798 (5) 11392 (2) 32(1)
C(29) 4481(1) 4217(5) 13412 (2) 30(1)
C(30) 4681 (1) 4220(9) 12920(3) 57 (1)
C(31) 4378(1) 2366 (7) 13505(3) 55(1)
c(32) 4732(2) 4891 (9) 14091 (3) 61(2)
C(33) 4185(2) 7751 (7) 12844 (4) 65(2)
C(34) 3835 (2) 5741 (8) 13642 (3) 53 (1)
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for af2010b.

[deg]

Bond lengths [A] and angles

Table 3.
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C(27)—C(28) Cc(22)
C{(32)-C(29)-C(31)
b\JA)‘C\Zﬁ)—L\JU)
C(31)-C(29) - ( 0)

(32) - C(29) i(2)
C(31)-C(29) - Sl(2)

(30)-C(29)-81(2)

121.
108.
107.
109.
111.
110.
110.

8 (4
4

Symmetry transformations used to

generate equivalent atoms:
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for af2010b.
Uiz

(A72 x 1073)
Uuz23 Ul3

.. + 2 h k a* b* Ul2 ]
U33

Anisotropic displacement parameters
U22

[ h"2 a*~2 U1l1 + .
Ull

1lle anlsotroplc alsplacement ractor exponent takes the rorm:

Table 4.
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Table 5. Hydrogen coordinates ( x 1074) and isotropic
UisplaCeiielil parameters (A 2 X 1u o) Ior arzliup.

X vy z Ul(eq)
H(2a) 151 4992 3328 82
H(2B) 291 3092 3470 82
H(2C) 491 4459 3200 82
H(3A) 475 7374 4084 84
H(3B) 822 6860 3976 84
H(3C) 815 6984 4712 84
H(4A) 145 5215 4469 79
H(4B) 481 4826 5106 79
H(4C) 284 3317 4624 79
H(5A) 1508 3216 4323 56
H (5B) 1374 5130 4225 56
H(5C) 1199 3754 3659 56
H(6A) 1096 431 4644 60
H(6B) 759 802 4005 60
H(6C) 739 824 4732 60
H(8A) 1714 2244 5380 33
H(9A) 2221 1700 6298 28
H(12A) 1309 4711 6593 26
H(17A) 2929 2284 8762 29
H(20A) 2007 5267 9039 26
H(25A) 3663 3380 11175 36
H(27A) 3274 6170 12341 41
H(28A) 2750 6388 11454 38
H(30A) 4887 3514 13101 86
H(30B) 4749 5381 12863 86
H(30C) 4533 3768 12488 86
H(31A) 4586 1669 13682 82
H(31B) 4229 1911 13075 82
H(31C) 4256 2352 13816 82
H(32A2) 4934 4157 14252 91
H(32B) 4616 4894 14415 o1
H(32D) 4803 6045 14035 91
H(33A) 3975 8429 12669 97
H(33D) 4290 7656 12506 97
H(33B) 4346 8301 13242 97
H(34D) 3632 6456 13441 79
H(34A) 3982 6237 14065 79
H(34B) 3763 4606 13721 79
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Torsion angles [deg] for af2010Db.

Table 6.
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Symmetry transformations used to generate equivalent atoms:
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