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Abstract

The work described in this thesis deals mainly with the application of the valence
isomerization-dehydrogenation (VID) approach. previously developed by our group. to
the synthesis of pyrenophanes with extended aromatic surfaces. As ultimate goal a fully
aromatic ~Végtle™ belt is proposed.

Key intermediates for the synthesis of pyrenophanes via the VID approach are syn-2.11-
dithia[3.3|metacyclophanes. In Chapter 2 the results of a study of the bridge
conformational behavior of these compounds is discussed. This behavior is correlated
with Hammett's constant (G) of the substituents in the 6- and 15-positions. The effect of’
the solvent is discussed and the study is completed with a DNMR study on several of the
6.15-disubstituted syn-2.1 I -dithia[3.3|metacyclophanes.

In Chapter 3. a synthetic effort toward the synthesis ot a pyrenophane with two para-
phenylene units in the tether is described. In this case the VID methodology fails to give
the desired pyrenophane.

A straightforward synthetic plan for the synthesis of a Vigtle belt is described in Chapter
4. The synthesis stalled due to unavoidable side reactions during ring contraction of an
advanced intermediate.

The synthesis of pyrenophanes with one phenylene unit in the tether is described in

Chapter 3. For two such py h: 2) velo[2](2.7)py hane and [2jmeta-

cyclo[2](2.7)pyrenophane. a successtul synthesis is reported. as well as their X-ray
crystal structures. [n both compounds the tether forces the pyrene unit to adopt a non-

planar geometry and a spoons-like orientation of the aromatic decks is observed.
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Chapter 1

Introduction



1.1 Fullerenes and fullerene fragments

The isolation and characterization of the first fullerene (Figure 1.01) in 1985 by Kroto er
al. at Rice University' caused a surge of interest in several research arcas. The now well-

established cage-like structure of Co, had previously been predicted by other scientists to

be a stable. soccer-ball-shaped molecule.™ but only after the 1985 communication by the

group at Rice Univer

y could their predictions be contirmed by experimental results.
The Cay molecule was given the name “buckminsterfullerene™ in honor of Buckminster
Fuller. the American architect renowned for his geodesic domes. since the shape of the

molecule (a truncated icosahedron) resembles such domes.

Figure 1.01: Structure of buckminsterfullerene 1

Buckminsterfullerene consists only of carbon atoms and can be seen as the third carbon

allotrope. The other two allotropes. graphite and diamond. are available in macroscopic

and the i of these ds is * Graphite

is used as a solid lubricant. in pencils and as a reinforcement material in carbon tiber



composites.*'* Diamond is used in the jewelry industry and in drilling heads for the

extraction of crude oil. This importance of graphite and diamond has been the cause for a
great interest in the fullerenes from the field of material sciences. Also. all-carbon
molecules are believed to be present in some stars and interstellar dust. which has caused

interest from s and icists.*'* and the first

of

quantities of Cy was reported by a group of astronomers."*

In the field of

vathetic organic chemistry. several groups became interested in de

gning

synthetic app he

toward molecular carbon all One approach is hased on the
collapse of polyethynylated cyelic n-systems such as 2 (Scheme 101" In Fourier

transtorm laser desorption mass spectrometric experiments on 2 the [60]tullerene cation

(171 has been observed.'™ " The precurso

s in U pproach have not become available on

a macroscopic scale yet. and isolation ot tullerenes tfrom this route has not (yet) been

published. However. this approach seems promising for the synthesis of’ fullerenes and

simple thydrogenated) derivatives™ but is outside the scope of this thes

s and will not be

discussed in detail here.



Scheme 1

Formaton of 1™ from 2.

Another approach is initially directed toward the synthesis of fullerene subunits with the

view 1o the synthesis of fullerenes via elaboration of these units. This approach is based
on the obscrvation that the fullerenes can be viewed as curved aromatic surfaces. The

fullerene subunits then are polyeyelic hydrocarbons. One property that these polyeyelic

compounds must pos:

in order to be considered a subunit of a fullerene is an

inherently curved aromatic surface (i.

. the lowest energy contormer should possess a
nonplanar geometry). The smallest example of such a fullerene fragment is corannulene 3

(Figure |

2). which maps onto the surface of most tullerenes. as illustrated with Co, and

DesC (4: Figure 1.02).
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Figure 1.02: Structure of corannulenc 3, the smallest fullerene fragment mapped onto the surfaces of

thand Do-Coy 141

Corannulene 3 (or [Seircuiener’ was first synthesized in 1966 (almost two decades

betore the first report on buckminstertullerene!) by Barth and Lawton in a formidable 16-

step synthesis. ¥ Corannulene consists of @ central $-

membered ring. annellated by five

6H-membered rin,

The molecule is bowl-shaped and. at room temperature. undergoes
rapid bowl-to-bowl inversion (Scheme 1.02). Scott ef uf estimated the energy barrier tor
this process to be 10 keal mol hased on a DNMR study of methy lcorannulene (5. Scheme

sins

102

» 2830,

Scheme 1.02: Bowl-o-bow | inversion of §

After the discovery of the fullerenes in 1985, an efficient synthetic strategy toward 3

became the focus of the work of several groups. as the initial synthetic route was lengthy



and low vielding. In 1992 the Scott group published a short synthesis of 3.2 In their

approach they took advantage of the thermal i ization of terminal bi: vl 6t
give a vinylidene carbene (7) under flash vacuum pyrolysis conditions at 1000 °C.** The

highly reactive intermediate 7 underwent insertion of the carbene into the proximate C-H

bond to form corannulene 3 in approximately 107 vield.

AN
S~ S
e 10%
3 9

Seheme 1.03: Scott's syathess of 3

For the ful ion of’ lene 3 from dicthyny hene 6 the pyrolysis
conditions were assumed to be crucial for both steps in the mechanism. The first step
(1.2-H-shift to form vinylidene carbenes) only oceurs at temperatures above 700 °C. and
temperatures up to 1200 °C are trequently used tor this process.™ In the second step

(stepwise insertions of the vinylidene carbene into the C-H bond). the bowl shape of the



product is introduced. [n their lowest energy conformations the intermediates 7 and 9 are

less planar than 8 and 3. res

pectively. and the di

ance between the reacting centers
would be 00 great for reaction to vccur. At high temperatures. intermediates 7 and 9 will

fluctuate from this planar geometry and allow the reacting centers to approach.

The pyrolytic ring closures of readily available compounds stood as the basis of

routes to corannulene 3 that were published in the years following Scott’s initial report.

* Most routes employed 1 3 of two bered rings in the final

(pyrolytic) step and yields varied from 7%5 10 400,

The first nonpy rolstic synthesis of corannulene was published in 1992 by Sicgel er ul

(Scheme 104077 In this synthesis they used traditional ¢yelophane chemistry w0 convert

tetrabromide 10b 1 a dithiacy clophane that could be ring contracted and dehydrogenated

1o give corannulene 3 in 7 vield. For the ring contraction. a thermolytic step was still
needed (400 “Ch. which 1s similar to a pyrolysis. This route was still guite inconvenient

for fary

scale synthesis and Jid not allow for many functional groups to be introduced.
In 1996 the same group reported the first truly nonpyrolytic. solution phase synthetic
route W a corannulene derivative.” In this route tetrabromide 10b was subjected to

reduct

[Hy or V

e

g conditions (TiCly + LiAlH:) to give 1L which was
treated with DDQ to vield dimethylcorannulene 12. This synthesis is a more general one.

can be employed on gram scale and tolerates more tunctionality in the system than the

pyrolytic syntheses. Although the vield of 18% was somewhat low. this work



demonstrated that nonpyrolytic routes might be reasonable alternatives for the synthesis

of tullerene fragments (vide infra).

Hy
33%

| Na;S/Acetone

| R=H Uiz

~ N 1) H,0/HOAC ~
s = s arTa0c ] )
L e i 5 \

- \( 3 PAC Xylenes X\
SN e

13 3

Scheme 1.04: Nonparolstic sinthests of 3 and 13

Over the past decade a large number of syntheses of fullerene fragments has appeared in

the literature. Most syntheses employ some sort of pyrolytic ring formation as the
key step. In this step. ring closures based on vinylidene carbenes have been used to form
6-membered rings. but other pyrolytic processes that involve radical or carbene

have been described for the I and d rings.




The formation of highly strained systems by ring closure of S-membered rings. such as
those in fullerene fragments. has been accomplished by Mehta et al. who employed a
pyrolytic dehydrobromination of 14 to form 15.** Unfortunately. the last ring elosure
form the highly curved sumanene 16 did not proceed. Sumanene has been proposed as a

highly curved poly

velic aromatic compound that maps onto the surface of Con 18

synthesis has still not been achieved.

Br-
N 73 — —N
S I e TN e
A FVP. 850 °C ANASA AANA
NANAN m— \ 7 | (N
i NN NAONA
A i |-
= A —_—
Br
14 15 17% 16 0%

Scheme 1.05: Dehy drobromination of 14 10 wive 15,

Beored

A variation of the dehydroby

rings is based on a 1.2-H

shift in anyl radi

Is. This hydrogen shift has been applied t the synthesis of 18 from

17.7 Initial homals

cleavage of the C-Br bonds. followed by a 1.2-H shift. ring closure
and loss of hydrogen radical is believed 1 be the reaction pathway. Pyrolysis product 18

is a 30-carbon fragment of the [60]fullerene Co.
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Scheme 1.06: Pyrolysis of 17 to give 18

In principle. the same type ot dehydrobromination pyrolysi:

s that was used o form the 5-

membered rings in 18 could be used to form 6-membered ring: ott ef al have shown

however. that. for the f of bered rings dehyd ive pyrolysis can also

he emploved.” This method is much more convenient. as unfunctionalized starting
matertals can be used. but often suffers tfrom low yvields. The dehydrogenative approach
was used in the synthesis of circumtrindene 20 from commercially available 19a. This
“brute force™ triple dehydrogenation of 19a only yielded 0.2 — 0.6% of the desired
product. A higher vielding pyrolysis step to circumtrindene 20 was later reported using a
dehydrochlorination approach of precursor 19b in 25 - 27% vield.™ The overall vield of

20 from lly available 2-chl bikafene (inchaling

step syathesis off

19b) was 4%. which demonstrates the “striking superiority

* of the dehydrohalogenation

route. Circumtrindene

a 36-carbon fragment of C and is the fargest fullerene fragment

that has been synthesized to daie



FVP.
1200-1300 °C

19 R=H 02-06% 20
19 R=Cl 25-27%

Scheme 1.07: Synthesis of circumtindene 20

Several more fullerene fragments have been synthesized using the pyrolytic approaches

Just described. Unfortunately . these pyrolytic approaches also are quite low vielding. and
the synthesis of larger tullerene fragments becomes increasingly ditficult as the volatility

of starting materials decreases with increasing molecular size. Theretore the trend in this

area of research seems to have been toward the development of nonpyrolytic methods for

nthesis of curved polyeyclic aromatic hydrocarbons.

The first nonpyrolytic synthesis ot a fullerene fragment was Sicgel’s 1996 synthe:

dimethyleorannulene 13 (vide suprar. This was followed in 1998 by the synthe

semibuckminsteriullerenc 22 by Rabideau er al in 20% vield from 21."* In Rabideau’s
syathesis the same type of low-valent titanium reductive coupling was used as described

by the Siegel group. Application of this coupling also led to the successtul synthesis of

orannulene 24 (20-30%) and an improved synthesis of corannulene 3 (70-
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Scheme 1.

: Low-salent titanium coupling o

ne 22 and 24

More recently. palladium-catalyzed routes have become available tor the construction ot
3- and b-membered rings (0 form curved polyeyelic aromatic hydrocarbons. Scott or al.
published an intramolecular arylation to vield 26 in 30 - 60%a trom 235. compared to 38%

for the same conversion when it was attempted using a pyrolytic dehydrobromination.

A similar approach led 1 the synthesis of 25 via palladium-catalyzed ring closure of the

S-membered rings in excellent yield (79 - 94%).* The functional group compatibility of

these solution-phase syntheses. together with the ease of performing these conversions on
a relatively large scale. demonstrates the synthetic power ot these methods tor future

applications in the synthesis of curved polyeyelic aromatic hydrocarbons.
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Scheme 1.09: Palladium-catals zed synthests of 26 and 28

The synthetic approaches discussed so far have all been aimed at the synthesis of

fra

ments of the most abundant C... tullerene. Not many syntheses of’ fragments specific

to the larger tullerenes have been reported. Mehta has published a retrosynthetic anal

of the second-most abundant fullerene Ds;

“-.. leading back to a fragment 29. which he

called pinakene.'” However. to date this group has published no experimental work in

this arca. The

feature of pinakene that renders it specific to Ds;-C- and other higher

fullerenes is the presence of a pyrene moiety. which is not present in Coy,.

e

P Z

|

%

~
N~ F
<

{

29

Figure 1.03: Pinakene (29).



In 1994 Plater er af reported that pyrolysis of 30 led to formation of
cyclopentalcd]pyrene 31 via Stone-Wales rearrangement.*” Compound 31 does not map
onto the surface of Cn. but is a fragment of the larger fullerenes. Jenneskens published a
synthesis of 31 in the same year. in which the final step was a pyrolytic
dehydrochlorination  of 32 1o afford 317 Syntheses of three  isomeric
dicyelopentapyrenes 33. 34 and 35 were published by Scott in 1996, For the synthesis

of these compounds. pyrolytic dehydrochlorination (similar o that reported by

Jenneskens) was the key step in the simul 2 of the S-membered rings.

1 )~ P
S 1175 °C 1000 °C \ 1»

Scheme 1.10: Synthesis and structures of some C+ fullerene fragments.

nastanes”™ 36 -

In 1999. a computational study by Siegel and Baldridge proposed the

39 (Figure 1.04) as a new curved hydrocarbon motit:*” The same paper mentioned that



“the canastane motif should provide a significant challenge to synthetic.... methods™ and

no experimental work in this area has been reported to date. The canastanes are fragments
of the C-, fullerene and other higher tullerenes. These compounds also include the pyrene

cores.

Figure 1.04: Strucure of canastanes 36 39

1.2 Curvature in aromatic systems

The key synthetic feature of Cny and C-y fullerene fragments is the presence of 3-

membered rings. Without these 3 bered rings. these polyeyeli Is would

not exhibit the curvature that distinguishes them as fullerene fragments. The curvature of



the fullerene frag can then be attributed to their archi

the presence of
rings other than 6-membered rings causes certain polyeyelic aromatic systems to deviate

from planarity. The principle of’

¢ trom archi was described by

Hopf According to his discussion. other ways to cause aromatic rings to adopt
nonplanar geometry (Figure 1.05) are based on non-bonded interactions (such as in

[6]helicene 40) or the tethering of non-adjacent positions of the aromatic system (¢

[5]metacyclophane 41).

Figure 1.0:

“urvature of aromatic rmgs Jue o steries (40) and tethering (41)

In 40 the (8o termini of the molecule would. if'it were to adopt a planar geometry. have

to oceupy the same region of space. This steric inferaction between the termini causes the

molecule to adopt a helical shape. The nonplanarity that is linked inherenty to this
helical shape can be increased or decreased by increasing or decreasing the steric bulk on

the repelling ends of the molecule. The aromatic ri

in [3]meta

lophane 41 is bridged
by a pentamethylene tether. This tether is too short to permit the aromatic ring to adopt a
planar geometry and causes the aromatic ring to adopt a boat-like geometry. Changing
the length of the tether can vary the degree of distortion trom planarity in the aromatic

ring.



The most successtul synthetic approaches that have been used to synthesize highly
curved examples of helicenes and eyclophanes are based on the formation of a curved

aromatic nucleus late in the synthesis. The origin of the curvatre (ie. the steric

repulsions in the helicenes and the tether in the cyclophanes) is usually already in place

when the strained aromatic system is formed. The exothermicity from formation of the

aromat

system (ca 37 keal mol energy) < s: for the i duced
strain energy. permitting such reactions to be done under relatively mild conditions. This
approach to introduce curvature in aromatic systems is conceptually ditterent trom the

approach that has heen used in the synthesis of fullerene fragment

In the synthesis of fullerene 1ra

ements (Section 1.1) curvature is usually introduced by

subjecting a starting material with a planar aromatic system o hy conditions.

Once the system absorbs enough energy. the aromatic system will fluctuate from its
planar geometry. so that the strained rings can be formed in this step. [n this approach the

stability of the aromatic sy

em is not exploited. but works against formation of the

desired product by its resistance to deviations from planarity.

The question then arises whether the helicene- or cyclophane-approach to introduce

curvature to aromatic systems can be applied w the synthesis

of fullerene fragments.
Based on energetic and geometric considerations. it should be possible to incorporate the

curved aromatic rings of suitably d helicene or into
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fullerene fragments under relatively mild conditions. Some of the fullerene fragments of’
the higher fullerenes (C-) and larger) contain pyrene units (vide supra) and at the outset
of the work described in this thesis the Bodwell group had successfully developed
methodology for the synthesis of cyclophanes containing curved pyrene units. The
curvature in these systems was comparable to the bend in the pyrene units in the D<;-Cry

fullerene. This led to the proposal to apply this cyclophane methodology to the synthesis

of fullerene fragments. This approach will be discussed in more detail in Section 1.5,

after a brief overview of cyclophane chemistry in the literature (Section 1.3).

1.3 Cyclophanes

I Nomenclature of cyclophanes

Ihe first occurrence of a cyclophane in the literature was in 0 1899, when Pellegrin

reported the synthesis of what he called “di-m-xylylene™ ([2.2]meta

clophane 72).

velophane chemistry expanded rapidiy

after 1949, when Brown described the synthesis
and Xeray envstal structure of [2.2Jparacyclophane 42a. which he called “di-p-
xylylene™ ™! The name “cyclophane™ was first introduced by Cram in 1951 when he
described the synthesis of a series of paracyclophanes 42a - ¢ (Figure 1.06).* This name

was suggested as a contraction ot three terms: ciclo. phenyl and alkane. After some

comments on the nomenclature issue by Schubert e ol ** and Cram er al.™ Vogtle
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duced a sy i 1 for the cy which is now generally

accepted.*** The only papers on nomenclawre are in German. so a quite extensive
description will be given in this Section. For convenience. reference to Vogtle's

numbering (P-1 to P-6) and IUPAC (A-..) numbering will be given for each set of rules.

Figure 1.

tructure o1 4 paracs clophanes 42a - ¢

Rule P-1.1¥ In order w0 develop effectively 4 nomenclature system. Vogtle defined
several concepts. First. “phanes™ were defined as all compounds that contain at least one

aromatic nuck

ss and at least one aliphatic bridge. which could contain any number of
atoms (n = 0. For the nomenclature of the armatic nuclei. 11'PAC nomenclature is used

(A-211 to A-2

¢ is detined by the [UPAC rules (-

3111 as ~a valence
compound or atom or unbranched chain of atoms that connect two parts of a molecule™
The atoms that are connected directly to the bridge are bridgehead atoms and the number

of atoms in the brid,

¢ is the number of “bri

¢ members.” The number of “ring
members™ is given by the sum of the number ot bridge members (10 = 1 for 43 in Figure

1.07). number ot bridgehead atoms (4 in 43) and the smallest number of atoms between



the bridgehead atoms of the aromatic nucleus (in 43 that is | for each nucleus for a total

of 17 ring members).

Figure 107 [110]metacy clophane

Rule P-1.2  The exclophane class of compounds is first divided into o groups: the

“heterophanes™ and the “carbophanes™ (Figure 1.08). The heterophanes are eyclophanes
in which at least one of the aromatic nuclet is a heteroaromatic ring (e.g. 46 or 47) and

the carbophanes only contain all-carbon aromatic nuclet (e, 44 or 45). The names

heterophane and carbophane do not indicate the presence of heteroatoms in the bridge.

Heteroatoms in the bridy

re indicated with prefises as a.

oxd-. thia. ete. according o

IUPAC nomenclature. Based on the presence of heteroatoms in the bridge. cyclophanes

can then be classified as a carba-phanes only carbon atoms in the bridge. .. 44 or 46)

or h h

s (at least one by in the bridge. 2. 45 or 47).
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Figure 1.08: Carbophanes. b hanes. carba-phanes and b 7

Rule P-13  If a phane contains carbocyclic as well as heteroeyelic aromatic nuclei. the

heterocycles have priority over the carbocscles.

14 When naming a cyiophane. the rout of the name is formed by

-0” W the name of the aromatic nucleus. followed by the sutfix

henophane™ for a thiophene-containing eyelop

“phane” (P-2.11). £

and “indolophane™ for a cyclophane with indole as the aromatic nucleus. [f benzene is the

aromatic nucleus. the root of the name is. by definition. “cyclophane™ (P-2.12). If the
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cyclophane structure contains two or more aromatic nuclei (single rings or fused ring-
systems) that are bonded to one another. the root will be derived from the [UPAC name
of the system (P-2.13). In doubttul cases the shorter or simpler name should be chosen. [f

0" remains and the suffix “phane™

the aromatic nucleus carries a charge. the ending

should be replaced by “phanium” (for aromat

s with a positive charge) or “phanate™ (for

aromatics with a negative charge) (P-2.14).

P-2.24 [n tront of the name of the aromatic nucleus. the number of
aliphatic bridge members is indicated in square brackets. This number is indicated

separately for each bridge. separated by a period. I two aromatic rings are honded

directly. this number is indicated as “0™ (zeroy (P-2.211. Heteroatoms in the bridge are

indicated as usual by the prefix azi. oxa. thia, ete. (P-

2). When three or more bridges

of equal length are present. this can be indicated by adding the number of the bridges as a

sub:

ript to the length of the bridges (P-

=

3). The position ot the bridges on the aromatic
nuclei is indicated by aset of numbers between round brackets. separated by a comma.

The numbers are based on the conventional numbering of each aromatic nucleus. For

loph, rboph: this bering is replaced by the prefixes ortho. meta. and
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Figure 1.09: Structures and names for phanes 48 and 49

2.27 If several bri

between different aromatic nuclei are present

compound 50). the longest bridg;

is named first. followed by the shorter bridgets)

). It more than two aromatic nuclei are present. naming (and numbering. vide
infiay still commences with the longest bridge. followed by the next longest remaining
bridge. Further naming continues in the same direction (clockwise or counterclockwise).
even if this means that the shorter of the remaining bridges is named before the others (P-

2.26). In the round brackets the bridgehead atom with the lowest number (in cyclophane

numbering) is assigned first (P-2.27). This last. somewhat confusing rule can be

illustrated with compound 50. The pyridine nucleus is

izned as ._.(4.6)pyridino.... and

not as ...(4.2)pyridino... or 4)pyridino... (Figure 1.10). When a phane contains
several aromatic nuclei that only differ in the positions in the bridges. the numbers in

square brackets can be combined (P-2.28: e.g. [2.2)(2.6)(3.5)pyridinophane 51 in Figure

1.10).
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Figure 1.10: Compounds 30 and 51

Rule P-2.29 —

When one aromatic nucleus is bridged by more than one
bridge. the numbers indicating cach bridge length are listed separately in square brackets.
The positions of the aromatic nucleus that are bridyed are listed immediately atter this (P-

2.29. compound 52 in Figure 1111, If several bridges link nvo aromatic nuclei. the

number of bridge members for all bridges is listed between a single pair of bracke

scparated by a period and starting with the longest bridg.

. The connection positions to the

aromatic rin;

are listed (in the same order) directly after that (P-2.30: compound 33 in

Figure 1.11). In cyclophanes with more than two aromatic nuclei and several (more than

three) bridges. the aromatic ring containing the bridgehead atom of which the number



appeared last in the round brackets is the starting point for the next bridge system (P-
2.31: compound 54 in Figure 1.12). This aromatic ring is also numbered first when the

system is numbered (vide infra).

ik 7
ray , m
cn ) Y (CHa)A, (CHz),
(CHa), 4\/ i i
. === s f NS
S \\z/
usvrw
[ul(1 2){v}(3.5)Cyclophane {u v wl(1.4 2)Cyclophane
52 53
Figure 111z Cyclophanes 82 and 33
Rule P-2.31 is somewhat ambiyg when it was presented in the original papers by

Vogtle. ™ Later a different nomenclature for phanes with more than two aromatic nuslei

and more than three brid

s was proposed.” This system deseribes the phane with a
“layer number™. which is the number of core arene building blocks, The layer number is

depicted in angular brackets - - and names compound §4 (Figure 1.12) as a

(K133 mon 4.6 L 4ibenzeno- 3--phane. Although the new system with angular

brackets is inconsistent in the use ol by hane™. where “¢yclophane™ was suggested

in the initial system. it is preferable when cyclophane systems become larger and more
complex. Expansion of the new system to belt shaped molecules. by introducing the

0

prefix “belta” (Figure 1.12), has been suggested as well (e.g. phane 55).
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Figure 1.12: Structures and names for ¢y clophane 54 and phane 35

Numbering of phanes starts at the lon, closest to an

aromatic nucleus and continues until a bridgehead atom is reached (P31, The

chead atom to which the longest brid

e 15 connected receives the lowest number ot

the atoms in the aromatic nucleus (P-3.1). Numbering of the aromatic nucieus continues
toward the next bridgehead atom along the longest route. except when heteroatoms are
present. When both routes are equal in length, the most substituted receives the lower
numbers. The periphery of an romatic nucieus is numbered in its completion betore
continuing on along the next bridge (P-33). Examples of numbering can be found in

Figure 113 and in Figure 110 (compound 50).



8-Fluoro-1.10-dithia[2|metacycio2]pyndinophane

56

Figure 1.13: Numbering of phane 56

Rule P41 -P-42  Phanes that possess aromatic as well as aliphatic bridgchead atoms

are named as the [#]phane that contains the lo

st bridge. This phane is then numbered

¢ to the phane 1 In front of the number of bridge members (in

square hrackets). cach bridge is indicated by the number of bri

atoms between the

aliphatic bridgeheads. again separated by a perind and between square brackets. The
bridges are wiven in order of the number of bridge members. starting with the longest
bridge. The position of the aliphatic bridgehead atoms is given in superseript. separated

by a comma. for cach brid;

(P-4.1: compound 57 in Figure 1.14). In numbering. the
longest bridge is numbered first. followed by the aromatic aucleus. Numbering of the
bridges is then continued based on the number cf bridge members (starting with the

longest bridge) (P-4.2).



~(CHahg™

! 14_-
/"T@E"

( ]
S—cHp—"
1.14-Diaza[10""#|[14]paracyciophane
s7

Figure L14: Compound 57

Rule P-5.1 -P-3.6 The last init

sue in the nomenclature of phanes is the

assignment of privrities. most of which have already been established above. Longer

bridges in phanes have priority over short bridges. i.c. [32]m

cvclophane and not
2.3]metacyelophane (P-3.11. When the bridges are of equal length. the aromatic nuclei
velopl g g ¢

are given in alphabetic order “C” for exclophane: in the cyclophane series ortho comes

betore meta and paray (P-3 2) It there is a heteroatom present in an aromatie nucleus. the

side containing this atom will receive the lowest numbering. [n the absence of

heteroatoms. the longest route between bridgehead atoms in an aromatic nucleus receives

lowest numbering (P-3.3). When both sides of the aromatic nucleus contain the same

number of atoms. the side that carries substituents is numbered first (P-3.4). If numbering

cannot be based on one of the above. the sum of the number of substituents is deci:

ive.
tollowed by alphabetic order (P-3.5). Once numbering has started along the longest

bridge. numbering is continued in this direction (P-5.6)



In Vogtle's nomenclature system. rules P-6 describe the naming of metallocenophanes.
As this area is outside the scope of this thesis it is omitted here and the reader is referred

10 the original literaure for a discussion of the nomenclature of this type of phane.

1.3.2 Small phanes: structure and synthesis

¢ analysis of a [#]eyclophane 58 might lead back to compound 59 or

60 by cleaving the bridge of the ¢

clophane.”

This approach will usually only be

suttiy

stul in orthocyclophanes or it the tethes ntly long for the atoms. between

which the ring-closing bond is formed. t approach each other. For phanes with smaller

tethers ([n]paracyclophanes # < 8 and for [njmetacyclophanes 2 = 7) thi

ring closure

process s not applicable because the reacting ends “will not meet™ and. as a result.

intermolecular reaction (dimerization or olig ) rather than lecular

reaction (eyelophane fo ) 15 often preds

. 7% Y
= y or
L azes, P Yy
I i =X & oo
N
58 59 60

Scheme 1.11: A retrosynthetic analysis of ]y clophanes



The of ional ring closure methodology to form small veloph
and paracyclophanes is a result of the strain that is introduced in that step. When the
bridge is smaller than 9 atoms in the paracyclophanes. or smaller than 8 atoms in the

metac:

clophanes. the brid

es become too short to span the aromatic ring in its planar
geometry. The benzene ring is then forced t adopt a boat-shaped geometry tw

accommodate the short bridyge.

The degree to which the benzene ring of a cyclophane is distorted is a function of the

length of the brid;

< and has traditionally been described with the 1 « and B

(Figure 1.15). The angle « describes the degree to which the aromatic ring is distorted

from planarity and |3 describes the degree to which the aromatic bridechead carhon is

distorted  from  planarie.  The angles can be measured  from  caleulated o

2 elni

Hographically determined structures as tollows,

A plane ¢ is detined as the
mean plane formed by four aromatic carbons ¢ C* C and € (the awoms ¢ and ¢

that form the “tips™ or “bow

of the boat are excluded: F

Plane =a™ is then

and C?

detined by the plane of an “adjoining flap™ tatoms € or atoms C'. C* and
C" and a line ~b™ is defined as the line that is formed by connecting the benzylic carbon

atom with a neighboril

aromatic bridgchead carbon. The smailest angle that plane “a”

makes with plane is defined as a. Al

¢ b is then defined by the smallest angle
between plane “a” and line “b” (in paracyclophanes) or by the smallest angle between

line “b™ and plane ~¢” (in metacyclophanes). whichever is smailer.
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61 62

Definition of  and J} angles i ey elophanes

Scheme 112 gives examples of two approaches to the syathesis of eyelophanes via

formation of the aromatic nucleus. In the first example the precursor for ¢

clophane

63

. pos a strained cyelopropane ring.™ " The strain ener:

in

the ¢y

clopropane ring. combined with the energetic advantage of aromatization in the last
step. has made this approach a successful one for several [3]metacyclophanes. The
reactive intermediate for formation of the aromatic ring can also be generated in situ. as
illustrated by the synthesis of 69 from 66.”" In this example. carbene 68 is the highly
reactive species that will lead to the desired product in the aromatization step. The

disadvantage of this approach is. that in order to form the reactive intermediate. harsh



conditions are often needed. In the first approach the strain in the synthetic precursor
allows for mild reaction conditions to be used in the fast step. This has the advantage that
a wide range of functional groups is tolerated. and labile reaction products can still be

isolated.

| Ao~ i )
T\ Base | Nl Bme N

N -HCl |

63 64

) s,
L

—_.'X

66 67 68 69

Ssntheses of [ 5]

A different synthetic approach to the synthesis of cyclophanes has been based on ring
contraction reactions (Scheme 1.13). The systems that have been synthesized using this

type of methodology are not as strained as the systems that can be formed using the

approach just described. Ring fon (Wollf’ u ) has been used in the

synthesis of (7paracyclophane system 71 from 70.” "% The ring contraction is highly



w
b4

exothermic due to the loss of N. which supplies the required energy to the system to

form the strained cyclophane system. Wolll rearrangement was not successtul for the

synthesis of the lower homologue (6-carbon bridge).” which illustrates a limitation of
this approach.
7\
hy -~ )
e i B \_
S —com
70 7
Scheme 113: Syntiesss of |7 paracs clophane derisatn e

Some more Iy used ring hodologies are il i in Scheme

1.14. The 2.1 1-dithia| 3.3

metacyelophane system 48 is used as an example because of its

direct relation 1 work de

ibed later in this thesis. Photolysis of 48 in a tnalky|

phosphite as the solvent leads to ring contraction and loss of the sulfur atoms to pro:

g

[2.2]metacyclophane 72 and (ROLP This contraction likely oceurs by a stepwise
radical mechanism. in which the newly formed C-C bond is formed by the combination

of two radicals. [2.2[Me

lophane 72 can also be tormed via oxidation of the thioether

bridges in 48 to give disulfone 73. which can be ring contracted using thermal SO-

e " y . )
extrusion.”* Again. a stepwise process that involves radicals is presumably in operation.

Ring contraction of dit

clophane 48 can also be achieved using Wittig ™ or

Stevens™ ™% rearrangement to give ring contracted products 74. Compound 74 can be

reduced using Raney nickel'H: to give 72. Elimination of a suitably modified derivative



of 74 can lead to [2.2]metacyclophanediene 75.7** which can be hydrogenated to vield

727 Cyclophanedi 75 und valence

to form 105.10c-
dihydropyrene 76.% which can easily undergo dehydrogenation to give pyrene 7.7 This
valence isomerization — dehydrogenation (VID) sequence can therefore be used for the

synthesis of polyc

clic aromatic hydrocarbons * and is the bas

tor the majority of the

work described in this thesis (see also Section 1.4 and Chapters 3 - 3).

™ P
- [
,/\/J\ PN
$ S poen P J
il |
N
a8
Stevens | “
3% |
or !
withg |
194%) |
|
. 7 i :
- . !

RS__A A Raney | t 100%

wgR  MckelMy |
! o~ - 0%

U P ey

S 5% I ) B G
| 2

74 [l | ' '/H\<H i

NANS AN :

T 7 i

75 I

Scheme 1.14: Ring contractions of 48
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Over the past decades. chemists have d to synthesize cy with the

shortest possible bridges. For the paracyclophane system. this has led to the synthesis and

isolation of [6]paracyclophane derivatives™™ and synthesis and isolation of
[5]paracyclophane derivatives.”™ but no N-ray crystal structures could be obtained due

to the low stability of these phanes. Attempted syntheses of [4]paracyclophanes have

suffered from decomposition of the desired products at low emperatures™™ and only
one successful isolation of a [4]paracyclophane has been reported.”” The Xeray crystal

structure of an unusually stable [1.1jparacs clophane 79 (Scheme 1.15) has been reported

by Tsuji. ™™ Cyclophane 79 was ¢ I via photoi izaton of a Dewar benzene

78. The [1.1]paracyelophane moiety in 79 readily underwent & unique transannular

addition to form 80. which illustrates the cffect of the strain in 79 on its reactivity.

Cyelophane 79 has ¢ a

of 243 and 256 and 3 values of 229 and 26,

R X.___R X R
R\/ o, SFR o R R X=CONMe,
R = Ryl R = CH:SiMe
/Q %79 XI= R .SiMe

x R7 x

56% 80
78 79 80
Scheme 1.15: [1 | [Paracy clophane =9
Small metacyclophanes are much less abundant in the literature than are the

paracyclophanes. Bickelhaupt ¢f ul. have reported the synthesis and reactivity of several

[5)meta

lophanes 817" Thev also  reported the  observation  of

[4]meta

cyclophane 82 at -60 “C'"” and claimed the existence of a [1.1]metacyclophane



83 as “a highly strained aromatic intermediate™"™ X-ray crystal data for 8.11-
dichloro[3]metacyclophane (81: X = CHz. Y = Cl) showed an o angle of 22.2° and a b

angle of 40.9%.

81 82 83

Figure 1.16: Structures of sehected metacy clophanes

1.3.3  [2.2|Phanes

A group of phanes that torms a large portion of the total number of known cyclophan,

1t The classical method for the synthesis of [2.2Jparacyclophane

is the [2.2|phanc:
88 is based on a dimerization of a p-xylylene derivative 87. This cformal) [6-6]
dimerization is not allowed according to the Woodward-Hotfmann rules and presumably

proceeds by a stepwise mechanism.'""* fn siru o of p-xylylene can

be performed on large scale via Hofmann elimination of an ammonium salt 84'"*'"* or

Diels-Alder reaction ot a 1.2.4.5-hexatetraene (e.¢. 85) and an alkyne (e.g. 861"



87a R=H
87b R = COMe

Scheme 1.16: Dimerizauon of p-xy s lenes o aive (2 2fparacy clophanes

This dimerization approach has been applied in the synthesis of several interesting

2J(1.4)Naphthalenophane 89 w

) thesized using this

Jphanes (Figure 1.17). |

J9.10nthracenophane ottt and

approach.'' """ as were

| L4anth hane 91."" Cyeloph 89 and 90 were among the first reported

phanes that were based on polyeyelic aromatic hydrocarbons.'=”

F R /
SA YN NI AN AN
L LJGAL L//\,\.f{/'v '\\/‘i\/\/ WAAL
89 %0 91

Figure 1.17: Structures of some [2.2]phanes



The p-aylylene dimerization approach is specific for the synthesis of phanes with 1.4-

positioning of the bridges and cannot be applied to the synthesis of [2.2metacyclophanes

72, [2.2]Metacycloph hesized most I

y via the ring contraction

methodology that was discussed in Section 1.3.

2. A useful alternative synthesis is the

reductive ( Wurtz) coupling of benzylic dibromide 92 (Scheme 1.17).13

\
|
Na. TPE. THF
N2 !

80 3% NN

92 72

Scheme 1.17: Wurtz couplis

w give [2.2Imetacy clophane 72

\ unigue method for the synthesis of [2.2]phanes 1 © ) has been developed by

Nishimura."*™'** This methodology has not only led 1o the synthesis of some interesting
[n.2]phanes but also to the synthesis of calixarenes and crown-cthers.™ The key step in
this approach is 4 [2-2]photocyelization of vinylarenes. and yields are usually reasonable

i the re:

ction is performed in an intramolecular tashion (Scheme 1181 Yields of the
intermolecular variation are low when benzene is the aromatic nucleus of the reacting

system (0 — 11%). but increased vields are observed with pol

clic aromatic systems

5 -47%: ph hi 33-46%0.1"




z
\(CHz);
9
“ |‘ X he
% 97 % 99

5% Combinea

Seheme 1.18: [2-2[Photocy clization  eve {2 |phancs
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Figure L18: Structures of some pyrenophancs

T aromatic T (2.7)pyr

Upon examination of the cyvelophane literature in 1995, no systemaric study of

eyclophanes in which the cunature was spread over the full surf

of a polyeclic

stem could be found. However. some interesting ¢yclophanes that contained

nonplanar polyeyclic aromatic hydrocarbons had been described (vide supra). In order o

take advantage of traditional exclophane methodology to enter the area of synthesis of
fullerene fragments. a more thorough and systematic study of curved polyeyelic aromatic

compounds was initiated. The pyrene unit was selected as the aromatic nucleus for this

project. as it maps onto the surface of some of the higher fullerenes (Figure 1.19). Based



41

on known cyclophane methodology (VID: Scheme 1.14). a potentially new entry into the

synthesis of curved pyrenes was identified.

106 107
Figure 1.19: Structures of Do 0006170 D0ACo (1071 and D.,-Co 01081 ™ Double bonds have
been omitted for clanty
In Section 1.3.2. two general approaches 1o the synthesis of cyclophanes with curved

aromatic surtaces were described. The first approach used highly reactive intermediates

y d i sitw or as p ) for the fu of the aromatic moiety. The second

approach used ring contraction to introduce or increase nonplanarity in the aromatic

. At the outset of our work in this area it was anticipated that the first approach
could be applied by using the valence isomerization-dehydrogenation (VID) sequence to
form 2 (curved) pyrenc unit from a cyelophanediene precursor (Scheme 1141 A more

Jetailed discussion of this approach is given in Section 1.4.1.




1.4.1  Retrosynthetic analysis of [#](2,7)pyrenophanes

Using curved pyrene units as the aromatic nucleus in cyelophanes. the synthetic target for

the study of curved polyeyclic aromatic compounds became the  fumi

[7]12.7)pyrenophanes 109 (Scheme 1.19: Z represents a bridge/tether). The first step in

the retrosynthetic direction of a

lophane (based on the outlined approach) should

remove (part of) the aromatic character that is present in 109. so that in the s

direction the molecule is given the energetic incentive of aromatization to facilitate the

final step. The retrosynthetic step van be achieved by breaking the central bond in the

pyrene unit of 109 1o

v dihydropsrene 110, 4 cvelophanedicne 111, which still

contains the tether that was present in 109, In pyrenophane 109 this tether was expected
to cause the cunvature of the pyrene unit. while in 111 this tether would force the

metacyclophanediene unit to adopt a sy geometry



Seheme 1.19: Retrosynthetic analysis of 412,7ips renophane 109 - Part |

The carbon atoms in 111 between which the central bond is formed in the synthetic
direction are often reterred o as the “internal™ carbons and. similarly. the atached

hvdrogens are referred to as “internal™ hydrogens. [n the sin conformation of 111, the

internal carbon atoms are expected to be in close proximity. which should facilitate the

desired valenc

somerization to give a tethered cis-dihydropyrene 110. This process is. at

least in principle. reversible but 110 is expected to lose Ha in an irreversible step. The

dehydrogenation of 110

expected 1o be much more 1

ile than for the untethered trans-
dihydropyrene system 76, due to the cis orientation of the hydrogen atoms in 110,
Dehydrogenation of 76 had been reported to oceur readily in the presence of oxygen. An

X-ray cnstal structure of a system very similar to 110 has been published'



(dioxadecamethylene tether) with methyl groups as substituents at the internal positions

to prevent the irreversible dehydrogenation.

Based on the ring i hodology that was d ibed in Section 1.3.2 (Scheme

114 a tethered cy di 11 can. ynthetically, lead to a tethered

dithiacyclophane 112 by replacing the C-C double bonds with thioether linkages. The

methodology in this arca had been well developed by Bockelheide er al. ™ and it was

anti

ated that the presence of the tether in 112 would not intertere with  thy

transformations. provided certain functional groups were absent,

1 12

Scheme 1.20: Retrasy

analysis of 4427 )pyrenophane 109 Part 1L

The key functions of the tether in the system under consideration were the introduction of

curvature to the pyrene nucleus in 109 and assurance of a syn-geometry in 111 o

facilitate the VID sequence. For the iz geometry of dithiacyclophane 112. the presence

of the tether was not expected w be crucial.

Mitchell had shown the preference for the
syn conformation of several untethered 2.11-dithia[3.3|metacyclophane systems.™"!*!

This conformational preference of a 2.11-dithia[3.3|metacyclophane for a syn-



conformation is the basis for the next retrosynthetic cuts (route “a” in Scheme 1.21). in
which the tether in 112 is cleaved 1o give a difunctionalized dithiacyclophane 113 and an
acyclic building block 114. Some initial synthetic investigations of this approach showed
that synthesis of certain suitably difunctionalized dithiacyclophanes 113 was a nontrivial
task and the route was eventually abandoned. As a result of these initial investigations,
however. our group became interested in the conformational behavior ot the 2.11-

dithia[ 3.3 |metacyclophane system. This interest has formed the basis of the work that

will be presented in Chapter 2.

3

iio

|

4

N
VWY »}\/
S i =
S g

15

Scheme 1.21: Retrosynthetic analy sis of 4 (2.7 ipy renophane 109 - Part 111



A complementary retrosynthetic approach to route “a” (Scheme 1.21) is first to cleave the
thioether bridges that are present in dithiacyclophane 112. This leads 0 an acyclic
precursor 115. Retrosynthetic analysis of 115 leads w cleavage of the tether 1o give two
small building blocks 116 and 114. In the synthetic direction the conditions for this
transformation will depend on the nature of the tether. Preference for this route in the
synthesis of 112 is based on the availability of Nax$/ALO:"* as an efficient reagent for

the cyclization of 115 10 give 112,

1.4.2  Synthesis of [#](2.7)py renophanes

The synthesis of several Ln-dioxafn](2.7ipyrenophancs 117 and [#](2.7)pyrenophanes

118 by our group has been reported in several publications.”* ™™ Due w the great

similarities of’ the synth

a general di will be given here. For a more detailed

ion the

ader is referred w the individual papers.

l.\(cnzr/

7

17 x=0
118 X =CH,

Figure 1.20: Structure of pyrenophanes 117 and 118
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Synthesis of 117 started with the coupling of dimethyl 5-hydroxyisophthalate 119 and

it Ik

121 to give 123. For the synthesis of the carba-phanes
118, wriflate 120 (available from triflation of 119) was coupled with diynes 122 to give
124 afier catalytic hydrogenation of the products. Hydride reduction of the esters was

followed by treatment of the resulting alcohols with HBr and gave tetrabromides 125 and

126. Treatment of the tetrabromides with NaxS ALO; gave dithiacyelophanes 127 and

128.
MeO,C._~-COMe  MeO,C COMe
i NN Mebz. - CO:Me
~~ 7 i
T Z
o NaH 121 \/ |
X 1) LAH,
y L s | 2 e
19 R=H 123 x=0 '
120 R=OTt 124 X=CH,

1) Pd(0). base. 122

BrH . CH.
LR A CHBE
Ry i

2) HyiCatalyst ; L]
X
i %o x
| i — (CH T
| BrCH B | : 36, XD
| (CHzlns 126 X=CH,
[} 122 i
For all compounds pony i
a n=6 Y 'S Na,sALO.
[ > 2S/AIz04
b n=7 S~ '——J
4 X
1 ¢ n=8 \X )}
4 n=9 “~(CHp
! e n=10 127 x=0
| f n= 128 X =CH,
[—

Scheme 1.22: Synthesis of dithiacyclophanes 127 and 128
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Ring contraction of dithiacyclophanes 127 and 128 was performed to give
bistmethylthio) ethers 129 and 130 (Scheme 1.23). Depending on the length of the tether.

Hofmann elimination of 129 and 130 gave cither cyclophanedicnes 131 and 132 (131a-c

and 132a-¢: 6 - § atom tethers) or a mixture of’ ds. which could be dto
pyrenophanes 117 and 118 (117d-g and 118d: 9 atoms or more in the tether). Treatment

of diox:

clophanedienes 131b and 131c and carba-cyclophanedienes 132b and 132¢

with DDQ led 1o the fe of the S| di hanes 117b. 117¢. 118b and

118¢. Cyclophanedicnes 131a and 132a Jid not form the corresponding pyrenophanes
when treated with DDQ. although tormation of 118a as a fleeting intermediate has been

1
claimed.!
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49

CPTT® migesicun
GG T
X ) & j
~(CHa1% - (CH%

For ail compounds 127 X=0 129 x=0
n=6 128 X=CH, 130 X = CH,
n=7
s Hafmann
n=g

elimination
n=10

n=11

n=12

% - (
S—(CHaaT

~(CHacs
17 X=0 131 X=0
118 X =CH, 132 X=CH;

.
|

Synthesis of pyrenophanes 117 and 118

Structure and properties of [#](2.7)pyrenophanes’ 71

In the formation of pyrenophanes 117 and 118, it was observed that relatively mild

reaction conditions (DDQ in refluxing benzene) often sufficed 1o drive the reaction.

although the process was slow for the lower homologues of the series. The reactivity of

the pyrenophanes increased with decreasing tether length: some of the lower homologues

readily underwent apparent Diels-Alder reaction with tetracyanoethylene (TCNE). while

the higher homologues were unreactive under the same conditions (Scheme 1.24). When



dioxapyrenophane 117h or 117¢ was reacted with -BuLi in an atempt w perform ortho-

metallation. tether cleavage occurred. The next higher homologue 117d was unreactive

under the same ditis Anempted ination of carba-py h: 118b and

treatment of 118b with a strong Lewis acid (AICk) led to the formation of complex

mixtures.

NC__CN

//‘yi’\\_&) = \@\\)
[ A== x TCNE {= X

x ’ O V

\ X

N ot ot
117b X=0 133b X=0.n=7
118b X = CH, 134b X =CHs n=

Scheme 1.24: Dieh-Alder reaction of 117 and 118b

In the 'H NMR data of the pyrenophanes. a clear trend could be seen for the chemical
shift of the protons on the aromatic nucleus. On shortening of the tether. an upficld shitt

of these protons occurred in both series of pyrenophanes. Some of the protons in the

tethers of 117 and 118 were shifted s cantly upfield. which was attributed w0 the

2 of these protons in the shielding cone of the aromatic nucleus.

position




w

X-Ray crystal structures of 117b-g and 118¢ were determined. and they revealed the
extended bend over the tull length of the pyrene moiety. No suitable crystals of the other
carba-pyrenophanes could be obtained. partly due to their high solubility. In order to be
able to compare the degree of curvature. a bend angle (0) was defined (Figure 1.21). The
angle « that is used to describe distortions from planarity in cyclophanes with
monoeyclic aromatic nuclei is not appropriate for the description of distortions in the
pyrene unit. However. the angle B that is used for the [n]paracyclophanes is sull
meaningful in case of the pyrenophanes. Table 1.01 gives AMI caleulated and

experimental bend angles tor selected pyrenophanes.



Figure 1.21: Definition of bend angle () in a py renophane:

Tether length

(series member)

O

17

Heacs

s

Oven e

0
T
S
Yudy
10
T

94.9

80.8

29

10457

87.0°

70.3

Table 1.01: Calculated (AM 1) and experimental bend angles for py renophanes 117 and 118

From the [.n-dioxa[n](2.7)pyrenophane series. it can be seen from the Neray data that the
bend angle of the pyrene unit increased with decreasing tether length. The same trend
was expected for the carba-pyrenophanes. although the true value could only be obtained
tor 118¢. AM1 caleulations gave bend angles for both series that indicated the same trend

" In the N-ray crystal structure of 117g showed disorder in one end of the tether su;

the experimental value

P
)

cesting large error in



b

as was observed from the available X-ray data. An important result from the calculated

and measured bend angles is that the cals ions i 1 i d the bend

angle by 4-7°, so they seemed to be useful as a predictive tool.

The most bent pyrenophane that was stable enough to be isolated (117b: Oy, = 109.2%)

had a calculated bend angle of 113.3. while attempts to isolate pyrenophane 118a with a

calculated bend angle of 122.97 were unsuccesstul. These results provided a usetul tool to
design future synthetic targets. as compounds with calculated bend angles larger than ca.
115 - 120° were not likely to be accessible via the VID protocol. An attempt to narrow
this gray area of 113 - 1207 led 1o the attempted synthesis of 135 (0.4 = 117.2°). but
only a trace amount could be isolated."*” Synthesis of 136. as predicted correctly by the

caleulations (9.yes = 108.37). was more successtul and trom the X-ray data a bend angle

=
o
/——" k/\ L~

N0

ol 102.9° was determined.

135 136

Figure 1.22: Structure of pyrenophanes 135 and 136



15 Outline of this thesis

In the strategy for the synthesis of fullerene fragments using our cyclophane

v, M i of py h: 117b and 118b was shown to be
inefficient as no selectivity for the [t ion of desired ring-functionalized products was
observed. It was therefore decided 1o attempt syntheses of py with additional

functionality in the tether. As the ultimate goal of this approach was to synth large

fragments of tullerenes. attention was focused on the incorporation of aromatic rings in

the tether. Target pyrenophanes were identitied with aromatic rings incorporated in such

a manner that the total aromatic Iy o the hy pothetical py ph would map
onto the surtace of tsome of) the tullerenes. Table 1.02 gives the structure and caleulated

bend angles of the compounds tha will be described in this th




Structure of compound Compound
O™
number

ETOD,

¢ 137 10047

& / 138 106.6°
L\__/:—/’

N
) 139 144
108 87 per

- : Hoamn =0
P rene unit

90.37 per

140b(n=1)

pyrene unit

Table 1.02: Structure and calculated bend angie of selected pyrenophanes

Compounds 137 and 138 can be viewed as [#](2.7)pyrenophanes in which part of the
aliphatic tether has been replaced by a single aromatic ring. These pyrenophanes do not
directly map onto the surface of the fullerenes. but are still related to the ultimate goal.

The calculated bend angles of 100.4° and 106.6° for 137 and 138. respectively. are well



within the limits of the VID approach (pyrenophanes with 0.4 = 104.5°."* 108.3°"*" and
113.3°"* have been synthesized: vide supra). Efforts in the syntheses of these systems

will be described in Chapter 5.

In compound 139 two p-phenylene units have been incorporated in the tether. This
pyrenophane is substantially closer to a fully aromatic belt (140a) than compound 137.

Pyrenophane 139 has a calculated bend angle of 114.4° and the aromatic portion of 139

maps onto the surface of the fullerenes / Ds<rCyy and Dyy-Cus. The 044 value is

slightly higher than 0_y, for the most curved pyrenophane that had been isolated at that

point in time (117h: 0.0 = 133.3°) and thus constitutes. in principle. a usetul system for

turther develop of a caleul: based iy method  for cunvature in

pyrenophanes. Efforts toward the ssnthests of 139 will be described in Chapter 3.

Chapter 4 of this thesis will deseribe a synthetic approach 10 the assembly of a fully
aromatic belt 140b. In this compeund the tether of a [#](2.7)pyrenophane has been

replaced by an aromatic system and. as such. the tether becomes indistinguishable from

the pyrenc nucleus. Values of Oy for the individual pyrene units in 140b are
approximately 90,37 which suggests these pyrenc nuclei might be formed using the VID

protocol.
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Chapter 2

NMR Investigations of the Bridge
Conformational Behavior of

6,15-Disubstituted syn-2,11-Dithia[3.3|metacyclophanes.



2.1 Introduction
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When our group first became interested in [2)(2.7)pyrenophanes 1 as synthetic targets.

two synthetic routes were investigated. The route that is currently used is described in

Chapter | and several exampl,

route received some initial att

es of its application can be tound in Chapters 3-5. The first

ention. but is not currently used. The retrosynthetic analysis

of this route is given in Scheme 2.01.

Scheme 2.01: ;

The initial retrosynthetic cut

e
1
i
4
X A
SSORAs s'zy\/;s
g = e s
& o,
4 3

Alternatie retrosynthetic analysis of a pyrenophane.

is the central bond of the pyrene unit in 1. which can be

formed in the synthetic direction using a valence isomerization-dehydrogenation (VID)
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sequence.’ Cyclophanediene 2 can be derived from a dithiacyclophane 3 using standard

veloph hodology.'” These hetic steps are identical with those used in the

currently used synthetic approach. so. for a more detailed discussion of this sequence. the
reader is referred o Chapter 1. The next retrosynthetic cuts remove the tether from
dithiacyclophane 3 to give 5 and a 6.15-disubstituted syn-2.1 1-dithia(3.3 metacyclophanc
47 Introduction of a tether at this stage was anticipated to be feasible based on Mitchell’s
observation® that 2.1 1-dithia[3.3 Jmetacyclophanes with H atoms as substituents on the
internal (9- and 18-) positions prefer (o adopt the sy conformation. The advantage of this

route is that it gives access to derivatives ot 3 with dif

erent tether lengths from one

common precursor 4

[nitial investigations of this synthetic route led to the synthesis of sy#-6.15-dicyano-2.11-

dithia[3.3Jmetacyclophane 4a’ by our group. This particular cyclophane show

some
very unusual features in its N-ray crystal structure. Perhaps the most surprising feature is
that both bridges are in the so-called pseudo-hoat contormation (sulfur “up™. h.h-da.
Figure 2.01). Neither AMI calculations nor uh initio caleulations (3-21G(*)) predict this

to be the lowest energy conformer for 4a in the

as phase. AMI caleulations found the
heat of formation of the pseudo-boat. pseudo-chair (h.c) and the pseudo-boat. pseudo-hoat

(b.b) conformer to be 0.57 keal'mol and 1.77 kecal/mol higher than the heat of formation

of the psetddo-chair. pseudo-chair (¢.¢) conformer. respectively. This difference in the gas

phase can easily be outweighed by crystal packing forces.
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SN s
N8 Tnoo
v

cc4a bb-4a

Figure 2.01: Bridge conformations and AM | calculated dipole moments of syn-4a

When published X-ray crystal structures of other syn-[3.3|metacyclophanes are
examined. by far the majority of structures are of parent (all-carbon) syn-
3

(3.3 |metacyclophanes.”” and syn-2.11-dithia(3.3 Jmetacyclophanes'® (some syn-2.11-

diaza[3 3 |metacyclophanes are known.) Most structures have the bridges in the cc

This is in ag with the calculated gas phase for which

this i is consistently calculated 10 be the most stable.” ™ The only other syn-

[3.3Imetacyclophane derivatives reported to erystallize in the A.A conformation are syn-

13,101 2-tetrathiaf 3.3 2.6)pyridinophane 6'' and syn-[3.3[(2.60)pyridinophane 7 (Figure
2.02)7 The crystal structure of 4a is the first (and only) one in which a syn-2.11-
dithia[3.3 Jmetacyclophane has both bridges in the pseudo-hoat contormation.

L \

N

&

Figure 2.02: Pseudo-hout pseudo-he ‘ of sya-[3.3 |pyrid 6and 7
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In the case of 6. "N-S repulsions™ were invoked as the cause of the unusual
conformations.'" but no explanation was offered as o the origin of those interactions or
why they would favor the .5 conformation. U'pon examination of the system. it would

" refer to an

appear as though the "N-S of fone pairs on
the nitrogen and sulfur atoms in 6 when a bridge adopts a pseudo-chair conformation.
For 7. weak hydrogen bonding between the internal nitrogen atom and the inner
hydrogens of the central methylene group in the bridges was deemed to be the primary
cause for the unusual bridge conformations. The hydrogen bonding argument does not
seem  applicable o syn-6.13-dicyano-2.11-dithia[3.3 |metacyclophane  4a. since the

heteroatom in this case is a consides

bly weaker donor atom (8 vs. N). Furthermore this
weak hydrogen bonding could presumably occur for a pseudo-chair bridge as well as for

a pscudo-hout bridge

The origin of the unusual bridge conformational behavior of 4a in its erystal structure

was ascribed 10 a dipolar eff e the molecule adopts the contormation with the

smallest dipole moment. The calculated (AM1) dipole moments for the c.c. h.¢ and the
b.h contormers of 4a are given in Figure 2.01. In the A5 conformer. the vector sum of the
dipole moment of the two ¢yano groups directly opposes that of the four C-S bonds in the
bridges. As a result. the calculated dipole moment of the A.b conformer (3.63 D) is
considerably smaller than that of the ¢.c conformer (7.30 D). in which the vector sums

point in the same direction.
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It this dipolar eftect is indeed responsible for the bridge conformational behavior of 4a in
the solid state it might be expected that 6.15-disubstituted syn-2.11-
dithia[3.3]metacyclophanes will show a dependence of the bridge conformations on the

1 i ies of the substi in the 6- and 13- positions. Studying this effect in

the solid state would not be very meaningful due to different crystal packing effects of’
different cyclophanes. It was therefore decided to study this effect in solution using NMR

techniques. for which the conditions can be kept constant for a series of compounds.

In the following paragraphs. @ short overview will be given of published studies of
conformational hehavior of cyclophanes. This will be followed by a detailed discussion
of the bridge conformational behavior of 4 series of 6.15-disubstituted syn-2.11-

dithia|

[metacyclophanes.

22 Overview of the literature

1-Dithia[3.3|metacy clophane 4b was first synthesized by two independent groups

in 1968."* Based on observations of [2.2Jmetacyclophane™*'* and various internally
substituted 2.1 1-dithia[3.3|metacyclophanes.' in which the wui conformer was the sole
conformer in X-ray and NMR studies. the parent 2.11-dithia[3.3|metacyclophane 4b was
initially thought to exist in the anri conformation only (Scheme 2.02)." The 'H NMR

spectrum of 4b shows a singlet at § 6.6 ppm for the internal aryl protons (H,). which was



" .
assumed to be an average chemical shift of all contributing conformers.'> DNMR

studies showed that the "H NMR spectrum of 4b did not change upon cooling to -90°C.
indicating a low energy barrier (estimated at <9.3 keal/mol in toluene)"® between the

conformers.

H,
H,]\/ H,
0 )
s XS —
& o
syn-4b anti-4b

Scheme 2.02: Proposed svn to ant interconsersion of 4b.'*

In a paper published in 1979.° Mitchell and co-workers described the Neray crystal
structure of 4b and showed not only that the syn conformer was the sole contormer

present in the solid state but that the bridge conformation of 4b was the ¢.c contormation.

From a 'H NMR study Mitchell also concluded that. in solution at room temperature. b

in the crystalline state. only in the syn contormation. Although no treezing of’

the bridges was observed in this study. wobbling of the bridges (Scheme 2.03)"*" was
not ruled out as one of the conformational processes of 4b. Although 517 to unti (benzene

ring) inversion was not idered a ibutor to i processes. sin o syn’

benzene ring inversion could not be eliminated. The syn to sya” inversion involves a flip

of both aromatic rings so that effectively a pseudo-chair to pseudo-hoat (or vice versa)

“ DNMR: Dynamic NMR. The term VTNMR has also been used to describe the same technique.



inversion of both bridges takes place at the same time (Scheme 2.03). This syn to sy’
inversion could also actually be a sy to anti to syn” process in which the anti conformer

is a high energy and short-lived intermediate.

Ssyn-c.c-4b syn-b.c-4b syn-b.b-4b
| t 1
l il
i
] i !
N PN
~ . A //j\
s S s
syn*-b b-4b syn'c b-4b sync.c4b

Scheme 2.03: Brudge wobbling and 51110 10 benzene ring imversion of 4b

Since the appearance of Mitchell's paper. only a few bridge conformational studies of
syn-2.11-dithia[ 3.3 |metacyclophanes have appeared in the literature. Most of these

describe syntheses and loph

3 with [ substil

s at
the internal (9- and 18-) positionts)."™ which limits the contormational motion of the

bridges and the aromatic rings. Other papers describe cyclophanes with atoms other than

sultur at the 2- and 11-positi

or & with (h ic units other

than benzene.''* Since our work in this area is concerned with bridge

behavior of syn-2.11-dithia[3.3]metacyciophanes with substituents in the 6- and 15-
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positions only. the reader is referred 1w an excellent review by Emst™ for a
comprechensive discussion of the literature since 1983 on NMR swdies of other

cyclophanes.

The parent [3.3) 8 was first synthesized in 1976.'3%%

Later. several

other syntheses were published. ™" and in 1985 Semmelhack published a leading paper
on the conformational behavior of this compound."” Semmelhack showed that 8 is

present only in the syn conformation in the solid state. with both bridges in the pyeudo-

chair conformation. In solution. two contormers could be observed by 'H-NMR (270

Miz) below 223 K. Both conformers were assigned the sy conformation b on the

chemical shift of the internal protons. Based on the results of caleulations." the major

contormer was assigned the c.c conformation and the minor isomer was ass

aned the h.e

conformation.

Figure 2.03: surr

|Metacy clophane 8

A conformational study of a bridged derivative of a sya-[3.3|metacyclophane was
published in 1988 by Shinmyozu er al.” Cleverly, they designed and synthesized a

deuterated cyclophane 9 (Figure 2.04) with an extra bridge linking the 6- and 15 positions
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of the syn-[3.3|metacyclophane unit. The presence of the third bridge ensures that the
[3.3]metacyclophane moiety can exist only in the sy conformation. The aromatic region

of its "H NMR spectrum is less complex than that of 7. The sy to sin” benzene ring

inversion process is also climinated due to the presence of this tether. simplifying the
system for dynamic studies. Deuteration of the 2- and 11- positions of the bridges was

performed to simplify the aliphatic region of the 'H NMR spectrum.

NS

D,C cD;

=
sl '(T/g/

Figure 2.04: Structure of 9

Conformational analysis of 9 using DNMR methods showed that 1at least) three
conformers of 9 are present at lower temperatures in an approximate ratio of 47 : 44 : 9
(203 K: 270 MHz 'H NMR in CD:Clo). Based on work hy Semmelhack. which suggested

a stability order of ¢.c - h.c  h.A." Shinmyozu assigned the three conformers of 9 as ¢.c-

9. h.c-9 and A.A-9. respectively (Figure 2.05). Assig of these conformations was
consistent with the observed trend of the chemical shitts of the internal protons. The
proximity of two bridges (o the internal proton in 5.5-9 leads to greater steric deshielding
of that internal proton than for the corresponding proton in the other two conformers. The

strongly deshielded internal proton (two proximate bri

s) in b.h-9 appears in the 'H

NMR spectrum at & 6.83. while the slightly less sterically deshielded internal proton (one



proximate bridge) in A.¢-9 appears at & 6.71 and the least sterically deshielded internal
proton (no proximate bridges) in ¢.¢-9 appears at § 6.61. For the external proton the same

effect can be observed. Steric deshielding of the external protons by a proximate bridge

(in the c.c f ion) causes a d

of the ding signal (3 6.32)
relative to the chemical shift of the same proton in the A, A conformation (3 6.16) in which
no steric deshielding occurs. In the b.¢ conformer. the external protons are nonequivalent.
The signal for the external proton close to the pseudo-chair bridge (He': 6 6.29) was
observed at approximately the same chemical shift as the signal for the external proton of
the c.c conformer (& 6.32). The signal for the external proton in A.c-9 closest to the
pseudo-boat bridge was observed at almost the same chemical shift (He: 8 6.20) as the
signal for the external proton of the A b conformation (6 6.16). Activation energy barriers
for the inversion of the trimethylene bridges in 9 were estimated to be 12.1-12.3

keal mol.

conformations and 'H NMR data of cyclophane 9 at 203 K.
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The chemical shift difference between the cquatorial and axial protons in the pseudo-
chair bridges was shown to be 0.48-049 ppm. with a coupling constant between
equatorial and axial protons of 13.7-13.8 Hz. The corresponding values for the protons in
the pseudo-hoat bridges are 0.67-0.71 ppm and 14.4-14.7 iz This information was used

10 assi

conformations in a later paper by the same group.” in which compound 8b-d,.

as well as its 6.15-dimethoxy derivative 8c-d,. was studied.

D,C\Y’\j/vco; 8b-d, R=H

8c-d, R=OMe

Figure 2.

: Deuterated ¢y clophanes 8b-d, and Se-d,

The results Shinmyozu obtained in his study of deuterated syn-{3.3 |metacyclophanes 8b-
d, and 8c-d, were similar o that of the tethered system 9. but freezing out of only one

(major) conformer was observed for each cyclophane. In all cases this major conformer

ned the c.c conformation. Assignment of the minor signals o a single

conformer could not be made because of broadening of the signals of the ben:

protons. Shinmyozu suggested that “the presence of another dyvnamic proces

interconversion of the minor conformers via an unti conformer (benzene ring inversion)™
was still a possibility. No evidence was presented to support this inversion or any other

process at low temperature (203 K). but in the same paper it was shown that benzene ring

inversion occurs at room D ! of cnantiomerically pure 10



yielded racemic 11. independent of which enantiomer of 10 was used (Scheme 2.04). If
benzene ring inversion was prohibited. this decomplexation should have yielded a single

enantiomer of 11

N7 s
IS
U come
(oc)er
pS-10
| (NHa)CeiNO s
| room temperature
\v\/ﬁ\cozm Meogc“\\/"
pS-11 pR11
1 (NH,),Ce(NO5)s
| room temperature
AN
o
Meo,c ' 27

“Crco),y
PR-10
Scheme 2.04: Decomplexation of ¢yclophanechromium tricarbonyl complex 10,

Analysis of the spectral data of Shinmyozu's “tethered” syn-[3.3|metacyciophane 9
shows that the steric shielding of an aromatic proton by a nearby dideuteriomethylene
group amounts o ca. 0.1 ppm per dideuteriomethylene group. If this is indeed the case.
then the chemical shifts of the internal and external protons in syn-2.11-

dithia[3.3]metacyclophanes might be subject 1o a similar (additive) steric influence of. in
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this case. the sulfur atoms in the bridges. ications of this hypothesis are deli din

the next Section.

2.3 Elaboration of a hypothesis

Low temperawre 'H NMR studies might provide information about the bridge
conformational behavior of siz-2.11-dithia[3.3|metacyclophanes. At the outset of this
project. it was realized that studying a broad range of cyclophanes using DNMR would

he impractical for several reasons: (1) solubility of svi-2.11-dithia(3.3jmetacy clophanes

is often poor at lower temperatures: and (2) Mitchell’s' ™ and Sato’s™' swdies
suggested that the activation barriers for conformational processes are quite small (<9.3

keal mol in toluene). requiring high-field and low w observe

freezing of the proces (We were limited o -100 C at 300 MHz: estimated 8-9

keal mol (33-38 kJ mol) minimum energy barrier is required to observe freezing.)

At room temperature. interconversion of the various bridge conformers will be expected

10 he rapid. so the expectation is a 'H NMR spectrum that is a weighted average of all

contormers present.” Unfortunately there is no easy technique by which the chemical

shifts of those different f at room can be d. This problem

brought us to use the method described below. 6.15-Disubstituted syn-2.11-

dithia[3.3]metacyclophanes were used in this study primarily since they were of interest



10 us from a synthetic point of view. A coincidental advantage of studying this class of

cyclophanes is their relatively uncomplicated 'H NMR spectra. ™

In our study of 6.15-disubstituted 2.11-dithia[3.3|metacyclophanes the following

assumptions have been made: (a) the orly conformers that contribute to the observed 'H

NMR spectrum at room temperature are the c.c. the h.c and the b.h conformers (see

Figure 2.01). (b) the steric deshielding eftect of a sulfur atom in a bri

is equal for each
interaction and (¢) this steric deshielding effect is additive for each interaction. Validity
of these assumptions will be discussed in Section 2.4.3.1. The observed chemical shift of

the internal proton (H,™) at room temperature can then be described as follows

H,
= J =
[T
TR
cc4

Figure 2.07: Bridge conformers of sv-2. 1 1dithia[3

|metacyclophane 4.
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If the chemical shift of the internal proton of the c.¢ conformer (c¢.c-4) at room

temperature is given by 311", and each proximate thioether bridge deshields a nearby
aryl proton by an amount x. then the chemical shift of the internal proton of the b.c

(8H,"“) and the b.h conformers (3H,"*) can be given by:

SHS = Sl +x eq. 1y

SHEM = gH - (eq.2)
I'he conformers are present in a ratio that can be represented by their relative mole

fractions (7"~ %™ and 7" *) so the observed chemical shift of the internal proton at room

temperature can be given by an average that is weighted according to the mole fractions
(equation 3). Substitution of equation | for 61, and equation 2 for 6H,” " in equation 3
gives equation 4. which can be rewritten t give equation 3.

SH,™

SH SH T - o ofly" teg. 3)

BT A

GH™ = 2x)  (eq. 4

+ 27" (eq. 3)



For the external proton (H.). the chemical shifts of the three conformers can be
formulated similarly. Again the chemical shift of the ¢.c conformer is taken as a reference
shift at SH.™. The h.¢ conformer should have a chemical shift that can be represented by
the average of the signals of two different external protons (He** and He *%). He™ is the
external proton close to a pseudo-chair bridge and thus has a chemical shift SH.' “. which
already includes a steric deshielding factor tequation 6). and H, ™~ is the proton close to a
pseudo-boat bridge. It is not deshielded by a proximate bridge. so x is substracted

(equation 7).

Sl = SH, (eyg. 6)

SH

The average chemical shift for the external protons in the A¢ conformer can then be
given by equation 8. Substitution of equations 6 and 7 in equation 8 gives. after rewriting

of equation 9. equation 10.

1eq. 8)

teq. 9)

teq. 1)



In the . conformer both external protons are not deshielded by a proximate bridge as
for the ¢.¢ conformer so their chemical shifi (5H."*) is corrected by subtracting x and can
be given by equation 11.

SHM = §H. (eq. 11y

The observed chemical shift of the external proton at room temperature can then be given
by the weighted average of the chemical shifts of cach conformer. in which each

ording to the mole fraction of the corresponding

shift is again weighted

chemic:

conformer fequation 12),

i e 12)

St

in equation 12 gives

Substitution of equation 10 for Sl and equation 11 for §l
equation 13 which can be rewritten to give equation 14,
wh

SH®® (SH = ) (eg. 1)

teq. 14

It the chemical shifts of the internal and the external protons are compared to a similarly

substituted system such as the 3- ituted xylene (~half cyclophane™) system 12.
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in which the ditferential steric deshielding effect of the sulfur atoms in the bridges on H,
and H, is absent. the difference in chemical shift for the internal and the external protons

(A8H, and A5H,. respectively) can be defined by:

Figure 2.08: Structure of metu-xylenes 12
AGH, = aHMm _ Gk teg. 15)
AdHe = I gpp 0 ehphane teg. 16)
When equations 5 and 14 are substituted into equations 15 and 16. the A8 values for H,

and H, can be given by equation 17 and 19, which can be rewritten to give equations 18

and 20

ASH, = SHM™ - [6H™ - x 1™ - 2270 (eq. 17)

= (BHM™ — SH) - x (' + 2™ (ey. 18)



®
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ASHe = GHM™™ - [SHo™ - x ¢

(eq. 19

= (BH™M™ - SH) - x (':

The first terms of equations 18 and 20 (SH™"™ - SH'") shows the difference in

chemical sl

between the xylene derivative and the c.c conformer. This part of the
equation is expected to be independent of the ratio of conformers present (mole fractions)
and thus independent of the nature of the substituents. [t should theretore be constant for

the series of compounds studied

The second term in equation 18 (- x 2" = 2777 1is opposite in sign o and double

the magnitude of the second term in equation 20 (x [*: = 7771 This part of the

equation is dependent on the mole fractions of the A.c and the A.A contormers. It can be

expected to vary with the electronic nature of the substituents.

ccording to the following

argument. Ditfering clectronic influences will be expected to affect the relative

magnitudes of the dipole moments of the three bridge contormers of 4 and thus. it the
dipole moment or some other clectronic effect is indeed important (as suggested for 4a).
would lead to different mole fractions of the conformers.

It a syn-2.11-dithia(3.3] el has a fe tor the h.h fc ion in

solution. this should be reflected as a large ASH, value and a small ASH, value compared

to a syn-2.11-dithia[3.3|metacyclophane that adopts mainly the c.¢ conformation. It the
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ence of a syn-2.11-dithia[3.3]

velop for one over the other is
indeed governed by the electronic nature of the substituents and the magnitude of the A3

values is directly lated to the distribution between the f (as in

18 and 20). it might be possible to correlate the AS values to some physical organic

parameter that describes the el ic nature of substi groups on fe i )
processes. In the tollowing Sections. the results of correlation studies of A3 values will be
discussed.

2.4 Results and Discussion

In order to study the bridge conformational behavior of 6.13-disubstituted sin-2.11-

dithia[ 3.3 [cyclophanes. the synthesis of a large range of cyclophanes and their reference

compounds (3-substituted mera-xylenes) was required. The compounds that were

nthesized are given in Figure 2.09. Samples of several of those compounds were

obtained trom co-workers’ ™ and their syntheses will not be described. After a short

of the synth c d by the author. a discussion of the results of the

correlation studies will be given.
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Cyclophane  Xyiene R

4a 12a CN
a 126 H
4c 12¢ Br
4d 12d COgEt
s/\\®/§/s 4e 12¢ COH
af 12 Me
R 4g 129 NH,
4 an 120 NHAC
4 12 NO,
A d P 12 oA
J & 12 OH
R 4l 120 ome
P 4m 12m SCON-8u
4an 12n SH
40 120 SMe
4 12p SioMe
4q 129 S(0),Me

Figure 2.09: Legend for substituents on sin-2.11-dithial 3 3 [metacy clophanes 4 and meza-x lenes 12

2.4.1 Sy of syn-2,11-d ) and 5 i meta-

xylenes

The traditional synthesis of syn-2.11-dithia[3

metacyclophanes 4 involves high dilution

coupling of two building blocks: a dithiol 13 and a dibromide 14. ofien from a common

precursor.™' Dithiols 13 can usually be synthesized from dibromides 14. which can be

formed from metu-xylene derivatives 12 via free radical benzylic bromination or tfrom

16 via a reduction-b ion sequence. Alf ively. dibi ides 14 can



ALO;.*! This last approach often yields a mixture of dimer (desired
products 4) and trimer (unwanted byproducts 15). but reduces the number of steps in the
synthesis and is compatible with base-sensitive groups. which would require protection if

the first approach were used.

s ,\\“ s HS T S 1 B Y N e
’k\(‘; = A . N
& R R
4 13 14

R s AR
L g

Scheme 2.04: Retross nihetic analysis of st-2.1 1-dithial 3 3 metacyclophancs 3.

Since meta-xylenes 12 are required as reference compounds. using these compounds as

starting materials would reduce the amount of

xperimental work involved. Yields of
wwofold benzylic brominations are often low (especially in the case of clectron-rich
428

aromatic rings where ring-bromination is prevalenty 50 this route is not always usetul.
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The synthesis of syn-2.11-dithia[3.3]metacyclophanes 4b. 4d. 4e and 4f (Scheme 2.05)

commenced with the synthesis of the «.a’-dibromo-meta-xylene derivatives 14. For the

parent system c.a -dib Xyl Wb is available. In the case of
the carboxylic acid derivatives. the Xyl Jerivative 12d was synthesized via
Fisch ification” from ially available 3.3-dimethylbe acid 12e in
82% yield. Benzylic ination* of 12d vielded dibromide 14d in 44% yield.
NS AN S
1 NBs nv. BT NTNTUBE ) ook, NS Sty
S crihla Z
& i E10H
H, 2) KOH. H;
J2  (CeHCORO; A ) KOH. H,0 3
'b .
o — G2 KOH H,0
12d R=CO.E ” % 2
G 1EOH. H,S0,. 1. 82 % -
12 R=COH—— R &/'QZso [EOH: Gy
—'cg i}
Nz’
. R 14 1 4 NFZ
o H 90 %— 41% g
i 4
|a cogr  aac 37 %
% —= 95 %—= 41 % 4d R =CO:Et — KOH.H,0
]v Me 40%—95%—41% e R-COM —IMeOH 89%

Scheme 2.05: Synthesis of sun-2.1 1dithia(3 3 [metacy clophanes 4

a.a’-Dibromo-meta-xylenes 14b and 14f were converted into their respective dithiols 13
using thiourea to form a bis(isothiouronium) salt. followed by hydrolysis of that salt

under basic conditions. Coupling of dithiols 13b and 13f with an equimolar amount of the



dibromides 14b and 14f under high dilution conditions yielded syn-2.11-
dithia[3.3]metacyclophanes 4b and 4f (41 for each). The diester 4d was synthesized via
direct coupling of the dibromide 14d using Na;S/ ALO: (37%). Diester 4d was saponified
to give diacid 4¢ in 89 vield. An X-ray crystal structure of 4e was determined and the

results will be discussed in Section 2.4.2.

metu:

enes 12§ and 121 were synthesized from  commercially available

dimethylphenol 12k (Scheme 2.06). 3-3 X3 viene 12 was synthesized in 80°s

yield upon treatment with Ac:O HOAc.

-Dimethy lanisole 121 was synthesized using

the reaction of T1K with iodomethane in DMSO in the presence of KOH (81%0).

Ac.O HOAC 7 Y KOH Mel \“/\/

0% 7 omsosrn
oH oMe
12k 121

Setieme 2.06: Syathests of 12j and 121 from 12k

242 X-Ray crystal structure of syn-2.11-dithia[3.3metacyclophane-6,15-

dicarboxylic acid (4¢)

A relatively new theme in the development of chemical sciences has been hydrogen

lecul 47w

bonding-directed org: ion of organic

o give nanostruc! d materials.

The challenge that researchers in this area face is the design of materials that will have
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“an energelic bias of sufficient magnitude that discrimination between alternate modes of

assembly may be achieved (cu. 4 kealmol for >99.9°5 homogeneity)™.** This enerey

between competiti blies is on the same order of magnitude as the
strength of the hydrogen bonding interactions. which makes hydrogen bonding a suitable

ool for noncovalent synthesis.

In Figure 2.10 some les of lecular blies are given. Both examples

exist ot building blocks that cannot torm hydrogen bonds in an intramolecular tashion
without adopting a high-energy contormation. which leads to dimer formation in the solid

state. yyn-2.11-Dithia[3.3 Jmetacycloph .1 3-dicarboxylic acid de also two

groups that can form relatively strong hydrogen bonds. In order for 4e w0 torm
intramolecular hydrogen bonds. the carbox lic acid groups would have tw adopt highly
untavorable conformations. which led us t believe that 4e might exhibit intermolecular

hydrogen bonding in its solid state.

Figure 2.10: Examples of supramolecular assemblies (17 and 18).%



The three-dimensional structure of diacid 4e can schematically be represented by
structure L. which can be seen as a possible building block for supramolecular structures.
In the solid state 4e could form a dimer 11 or an infinite molecular ladder I1L. In order to
determine which assembly de would form in the solid state. erysullization of de was

atempted.

A A— —A--A—
A=COH
N p g S
SR
' n ]

Figure 2.11: Propased modes of supramolecular assembly for 4

An N-ray structural amalysis of erystals of sin-2.11-dithia[3.3 |metacyclophane-6.15-
dicarboxylic acid 4e obtained trom DMF showed formation of a symmetrical hydrogen

bonded dimer Il (Figure 2.12). The thiocther bridges in 4e were arranged in the pseudo-

chair conformation.
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Figure 2.12: ORTEP drawing of the X-ray erystal structure of de.

An interesting feature of the N-ray ¢nystal structure of de is that the carboxylic acid

groups in cach monomer unit are aligned in such a way. that it has a set of fa

oriented carbony! groups and (autom

ically) a set of face-to-face hydroxy]

oups. The

position of the bridging

hydrogen atoms was actually Jetermined in the data collection
The positions of the other hydrogen atoms were caleulated. The O-H bond fength in the

hydroxyl groups was 0.962 A and the distance between the bridging hydrogen atoms and

the carbonyl oxygen atoms was 1.351 A. which is typical for hydrogen bonds.

The formation of a supramolecular structure of 4e in the solid state suggests that this
compound might show some interesting features when co-crystallized with compounds
that are capable of hydrogen bonding with de. The syn-conformation of 4e might cause
this diacid to act as a “supramolecular clamp™ to give assemblies IV and V when co-

crystallized with terephthalic acid (19) or trimesic acid (20). respectively. Other
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capable of forming hydrogen bonding with e

might also give rise 10 interesting structural motifs.

—A A=A A
no,c@—cc,n \
i \

1 N—a-A—A- -A—
A—A
19 w
COH

HO.C— <

A

‘co.H

v
Figure 2.13: Proposed supramolecular structures of de with terephthalic acid (V)

and trimesic aeid (V).

Initial atempts to co-crystallize 4e with terephthalic acid or trimesic acid have so far
failed 0 give mixed crystals (by 'H NMR). Only DMF has been used as a solvent. 5o a

wide range of erystallization conditions is still to be investigated. Since this project is

beyond the scope of this thesis. it was not pursued further. It is a promi: project

however. and might well be the basis of a new direction in the application of eyclophane

chemistry to the area of supramolecular assemblies.



2.4.3 NMR study of syn-2,11-dithia[3.3|metacyclophanes

The 300 MHz '"H NMR spectra of ail the 6.15-disubstituted cyclophanes 4 and the 5-
substituted mera-xylenes 12 were recorded at the same concentration (6 mM) and
temperature (19°C) in C,D,. CDCl; and DMSO-ds. The concentration was chosen so as

t0 be as low as possible to still give good quality spectra while minimizing intermolecular

s. The 'H NMR spectroscopic data of the series of compounds can be found in

Tables A-la-c in Appendix A.

2431 Correlation with the Hammett constant G

The experimental AGH, and A6t values were plotted against several physical organic

parameters (Hammett's oy, (this

Section) Talt’s dual parameter system (Section 243
Swain and Lupton’s dual parameter system (Section 2.4.3.3). electronegativity values of’
the substituents (Appendix C) and AMI-calculated dipole moments (Appendix C). The
first correlation that was studied involved the Hammett constant 6, for which the 38
values for cach soivent were plotted directly versus the literature values (Table A-2.
Appendix A).** The resulting graphs are given in Figures 2.14a-c.” In each plot. the trend

lines (calculated by linear regression) are drawn for ASH, and ASH...

* Error in A5 was taken as = 0.02 ppm.
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Figure 2.14c: ASH, and \SHL versus o, for spectra measured on DMSO-d, solutions.

When the

phs and trend lines for the difterent solvents are compared. several features
are apparent. The trend line for AH, has a negative slope in cach solvent and the line for
AdH, has a positive slope. Unfortunately. some data points are well off the indicated
trend lines. For spectra measured in C.Da solution this is the case for R = OA¢ (O =
0.39. A6H, = 0.215. ASH, = 0.019). For spectra measured in CDCl; solution. the points
for R = OAc (6 = 0.39. A6H, = 0.124. ASH. = -0.013) and R = S(O)Me (6 = 0.21. ASH,
= -0.187. A8H, = 0.150) are well off the line and for spectra measured in DMSO-d,
solution. the anomalous points are those for R = NH: (6, = -0.09. ASH, = 0.210. ASH, = -
0.039) and R = S(O)Me (6 = 0.21. ASH, = -0.261 only). Despite the presence of some

g. the trends are
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The values for R® in Figures 2.14a-c are quite low. so that the correlations can at best be
described as a trend. Scautering of data points might be the result of the choice of
Hammett's o as physical organic parameter. as it has not been designed to describe

conformational processes such as those in the syn-2.11-dithia[3.3|metacyclophane

system. In trying to explain the scattering of data points. the assumptions that have been

made earlier should also be considered. When the hypothesis upon which this work rests
was developed. it was assumed that: (a) the only conformers that contribute to the
observed 'H NMR spectrum at room temperature are the c.c. the hc and the hh

s deshioldi

fi (h) the

¢ effiect of a sulfur atom in a bridge is equal for cach

interaction and (¢) this steric deshielding effect is additive for each interaction.

The first assumption (that only the ¢.c. the A ¢ and AA conformers should be considered)

is probably valid. It is based on reports from Semmelhack' and Shinmyozu.” who only

observed these bridge conformers. In Section 2.4.5 our DNMR studies ol

lophanes
4b. 4d. 4g. 41 4n and 4r will be presented. These results were in agreement with

and Shinmyozu's results and st i this

The second assumption. that the steric deshielding etfect of a thioether bridge is the same
for every interaction. is probably only true by approximation. The amount of steric
deshielding that occurs on a proton when steric crowding occurs depends on the distance
between (in case of cyclophanes 4) the thioether bridge and the proton considered. The

assumption that the steric deshielding of the internal proton by a pseudo-boat bridge is
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the same as the steric deshielding of the external proton by a pseudo-chair bridge
presumes that the distance between these protons and the sulfur atoms in the bridges (or
the bond critical points of the C-S bonds) is the same. Although it would be difficult to
measure accurately the distance between the sulfur atom in a thioether bridge and a
proton in a particular conformer in solution, an estimation of these values can be made
based on AM1 level calculations. In Figure 2.15 the AMI-calculated structures and the
distances between the thioether bridges and the sterically deshielded aromatic protons are

given for the three bridge conformers of the parent system syn-2,11-

dithia[3.3]metacyclophane 4b.

275A 2380 A

g B A
XX 1Y

Figure 2.15: AMI calculated structures and steric deshielding distances in c,c-4b (Ieft), b,c-4b (middle)

and b,b-4b (right).

From Figure 2.15 it can be seen that the distance between a pseudo-boat bridge and an

external proton is calculated to be approximately 3.3 A, but the distance between an



internal proton and a pseudo-chair bridge is calculated to be only about 2.8 A. This
difference in distance can be attributed to the non-coplanarity of the aromatic rings in
each calculated structure. The smallest angle between the planes of the aromatic rings
(dihedral angle: 48.5% in ¢.c-4b. 38.2° in h.c-4b and 38.2° h,b-4b) causes the external
protons to separate. and. at the same time. to move away from the sulfur atoms in the
bridge. For the internal protons the opposite is true. although the effect is not as large.
From the published X-ray structure of 4b* (dihedral angle 20.6°) it is obvious that the

AMI-calculated dihedral angle is greatly overestimated. but any dihedral angl

greater

than 0” would cause a difference in distance between the internal and external protons

and their Jing bridges. This ditfe in distance then leads w a difference in
steric deshielding. which would lead to ditferent values for =x™ in Section 2.3 for the
internal and external protons. As only dihedral angles greater than 0° have ever been
observed and or caleulated for 3.3 |metacyclophanes (Table 2.01) it can also be expected
that the steric deshielding ettect tor the internal proton would be more than twice as large

(as previously assumed) as the effect on the external protons. which could lead to the

Figures 2. 14a-c.
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Compound R Dihedral angle (*)
da CN 90
4b H 20.6'
4c Br 17.7%
de CO:H 954
A OMe
iq SO:Me
ar CO:Me
4 Cc-i 296

Table 2.01: Dihedral angle 1n the solid state for selected swa-2.11-dithia[3.3 Imetacy clophanes.

From Table 2.01 it can be seen that a great variation in dihedral angles has been observed
in the solid state. No trend is obvious between the value tor this angle and any molecular
property such as electronic nature or steric bulk of the substituents on the syn-2.11-
dithia[3.3 |metacyclophane structure. IF the variation in dihedral angle also oceurs in
solution it can be expected that the value for “x™ (Section 2.3) is not the same for all 6.15-
disubstituted s1n-2.11-dithia[3.3]metacyclophanes. This might explain the signiticant

scattering that was observed in Figures 2.14a-c.

The above discussion of the dependence of the amount of steric deshielding on the

dihedral angle might also explain why certain data points in Figures 2. 14a-c are well off
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the trend lines. This would only hold true if the dihedral angle in these particular
compounds is drastically different from the dihedral angle in the majority of the
cyclophanes studied. From examination of the structures it is not clear why these
particular compounds would exhibit greater dihedral angles than the greater part of the

group. The ds that d with the I points do not have

substituents that are sterically more demanding than other cyclophanes studied and also
electronically these compounds are well within the range of electronic dispositions
studied. Unfortunately it does not seem obvious how one would measure the dihedral

angle in these systems. 50 it is not possible to discard the possibility that a drastically

different dihedral as stems would cause th

particular compounds to show
data points well off the expected trend lines. Another explanation tor these anomalies can

be found based on i lecular i between the sub: and will be

cussed after some comments on the remaining

ssumption from Section

After dering the first two

Pl that were made in the development of our
hypothesis. the third assumption (additivity of the effect of steric deshielding) should be
examined. This assumption was only made for the internal protons in the h.h conformer.

The internal protons in the ¢.

- and A.c conformers and the external protons in all three

are only deshiclded by one bridge. Only if the A.A conformer were
a major contributor to the conformer mixture of a particular cyclophane in solution at
room temperature would the accuracy of this assumption play a role in the error in A

values. As the mole fraction of h.h conformer is expected to be a function of the
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character of the substi in the 6- and 15- positions (and thus Gy). deviation

from a straight fine would be expected only for the compounds with strongly electron

withdrawing groups in Figures 2.14a-c if this additivity were not valid. This effect is not

observed.

The last effect that remains to be considered is related to the nature of the correlation that
is studied. Somewhat arbitrarily, Hammett's om values were chosen for correlation

studies of the A3 values. By making this choice it was automatically assumed that the 6,

value for a given substituent would be equal in the 5-substituted mera-xylene and the

corresponding syn-2.1 1-dithia[3.3 |metacyclophane. This assumption might not hold true

i in the cyclophane system signiti lecular i jons vceur between the
substituents in the 6- and 13 positions. as these are clearly not d tor
in the meta-xylene system. These i lecul ey i s

hydrogen bonding of hydroxyl groups or carboxylic acid groups) might cause the
substituent groups to adopt different conformations than in the meta-xylene reference
compounds. Hammett's 6 values do not account for such interactions and changes in
conformation and as a result the effective 6y value of these substituents might be
different from the published Hammett's 6 value. This would lead to significant

scattering of these particular data points in the plots of A3 values versuy Gp.



2.4.3.2 Correlations with Taft's dual parameter system

When considering the ¢lectronic influence of the substituents on the cyclophane system.
the question arises whether this effect is a completely inductive effect. or if there might

be a resonance component as well. In the literature, several systems have been described

that separate the inductive and in H like systems. The two

systems that will be considered are Tatt's™™ dual system and Swain and

Lupton’s modification.” ™™

Figure 2.16 shows the results of plotting of Adil, measured in CDCl; solutions as a

function of & in which 6 = 6; = «g"x. Values for 6; and 6™y were taken trom published

tables™ and are represented in Appendix A. Eight trend lines (best lines caleulated via

linear re;

ression) have been drawn in the plot. in 0.1 increments for the value of a.
ranging from 0.1 - 0.8. For clarity. only the data points for « = 0.1 and « = 0.8 are
indicated on the plot. since the data points with intermediate «-values will be located on a

strai

oht line. evenly distributed between these two sets of points.
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c=o+ace

Figure 2.16: ASH, measured in CDCl; solutions versus 6 = o, + a'G%.

In Figure 2.16 the best correlations are found for the trend lines where o = 0.4 — 0.6. This
corresponds to a ratio of inductive to resonance effects of approximately 2:1, which is not

surprising, as the effects of the

groups would be expected to have
less of an impact on the ratio of conformers than the inductive effect. The inductive effect
was not expected to have a great impact on the bridge conformational behavior of a syn-

2,11-dithia[3.3] lopt since no structures could be drawn that greatly

prefer one conformation over the other. When the A8H; values in other solvents or the
ASH, values are treated in the same manner, very similar results are obtained, with

optimal ratios of approximately 2:1 for inductive and resonance effects (Appendix B).
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2.4.3.3 Correlation with the Swain-Lupton dual parameter system

A dual-parameter system quite similar to that of Taft is the system developed by Swain
and Lupton.’™ In this system, the Hammett o,y is replaced by a new o, which is defined

as o = /7 + rR. The constants #and X are constants that describe the field (inductive)

and resonance effect of each substituent and were obtained from published tables™ and
are given in Appendix A. Figure 2.17 shows the result of plotting ASH; measured in
CDCl; solution versus o, where f'and r are varied from a ratio /= 0.70 / » = 0.30 in 0.02
increments for f'and —0.02 for r to a final ratio of /= 0.90 / » = 0.10. In total, 11 lines are
indicated on the plot and again only the data points at the extremes for ¢ are indicated

since the other data points lie in between.
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Figure 2.17: ASH, measured on CDCl; solution versus o = £+ 1.
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The results from Figure 2.17 (Swain and Lupton system) are quite similar to those from
Figure 2.16 (Taft’s system). Again it can be observed. that the inductive (field) effects are

more i in ining the bridge z ional behavior of syn-2.11-

dithia[3.3|metacyclophanes than resonance effects. In the case of the Swain and Lupton
variation a ratio of approximately 0.86 ~ 0.14 seems to be optimal. giving a ratio of

approximately 5:1 of inductive d 10 influence. The di in

ratios (2:1 compared to 3:1) between the two dual-parameter systems is not surprising.

since the systems Jefine their constants ditferently. For Tait's system. 'C NMR data are
used 1o determine the values for 6 and 6'¢ and Swain and Lupton used experimental

data from various reactions to try to separate resonance and field effects.” ™ The

of the two dual systems in the case of the bridge conformational
behavior of sy-2.1 1 -Jithiaf 3.3 |metacyclophanes is that they both suggest the inductive

effect is more important than the resonance etfect.

Other parameters with which the A6 values might show a correlation were investigated.
but no correlations were found when the relation between AS values and AM 1 -calcutated
1

dipole moments™ or group electroneyativities” was studied. A summary of these results

can be found in Appendix C.
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2.4.3.4 Solvent Effects

In the plots of A8 values versus the Hammett constants (Figure 2.14a-c) the slope for
ASH, shows some variation with the nature of the solvent (-0.62 in C4Ds. -0.61 in CDCl;
and —0.44 in DMSO-d,) and scems 1o become less negative with increasing polarity of
the solvent. For the slope of ASH. no significant difference is observed (0.21 in C,D..
0.20 in CDCI: and 0.23 in DMSO-d,). The trend in slopes for ASH, can be explained by
invoking the principle that a polar solvent will accommodate a molecule with a large
dipole moment better than will a nonpolar solvent.™ This would cause the substituents to
have a less pronounced effect in polar solvents. leading to smaller slopes in the plots of
AG versus the Hammernt constant. This suggests there might be a correlation between the
slopes in the different solvents and some constant describing the polarity of the solvent

When the values of the slopes of ASH, and ASH, are plotted against the solvent dielectric

constant (£) the plotin Figure 2.18 arises.
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Figure 2.18: Slope of ASH, and ASH, versus dielcctric constant (£).

From the plot in Figure 2.18 it can be seen, that at least for the internal protons, a strong
correlation exists between the slope of ASH; versus o, and the solvent polarity. For the
external protons, this trend seems to be absent. In both cases, care must be taken when
interpreting the data, since only three different solvents were used to determine the
solvent effect on the A3 values and two of these have similar values for their dielectric
constants. When the slopes from Figures 2.14a-c are plotted versus Reichardt’s empirical
measure of solvent polarity (Ex(30).%* the correlation is worse (Figure 2.19).
Measurements of these values in more solvents would be necessary to obtain more
reliable data, but the small amount of data available so far gives an indication of a

correlation between the solvent polarity and the magnitude of the effect of the
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substituents of 6,15-disubstituted syn-2,11-dithia[3.3]metacyclophanes on the bridge

conformational behavior.

yeooe0rsz
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Figure 2.19: Slope of ASH; and ASH, versus Reichardt’s £+(30).

The preceding discussion of the conformational behavior of syn-2,11-
dithia[3.3]metacyclophanes as a function of the Hammett constant of the substituents in
the 6- and 15-positions of the cyclophanes described some noteworthy correlations. Not
only does it seem that the electronic properties of the substituents have an influence on

the conformational pref of the sulfi ining bridges, there also seems to be a

solvent effect on the conformational behavior of syn-2.11-dithia[3.3]metacyclophanes.

Ui ly, no techni is currently to the actual ratios of the

different bridge conformers of syn-2,11-dithia[3.3] lopl at room

P
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If such a technique would be available it would be interesting to compare its results with

the results that were presented in this Chapter.

More study is required into the behavior of specific eyclophanes (4a. 4j. 41 and 4r) to
determine why the data points corresponding to these compounds are well off the trend
lines in Figure 2.14a-c. Maybe the situation in these particular cyclophanes is not as the
hypothesis contends and the hypothesis might have to be re-examined with this in mind.
Additional data for the library of compounds in other solvents are also required. in order
to establish with confidence a correlation between solvent polarity and the magnitude of

the influence of the substituent groups on the bridge conformational behavior of

1n-

2.1i-dithia|

clophanes.

.5 DNMR studies of 6.15-di: i syn-2.11-dithia[3.

Inorder w  stdy  further  the  conformational  behavior  of  syn-2.11-

dithia[3.3 |metac;

clophanes. some DNMR studies were performed. It was hoped that an
explanation could be tound using this technique for the scattering of data points that
oceurred in the plots of AGH values versus o (Figures 2.14a-c). For the DNMR studies.
compounds 4b (R = H). 4d (R = CO:E. 4g (R = Me). 41 (R = OAc). 4n (R = OMe) and
4r (R = S(O)Me) were chosen. since the electronic character of the substituent groups

ranges from electron-withdrawing (4d 6, = 0.35. 41 6, = 0.39) 10 electron-donating (4g
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G = -0.06). All DNMR experiments were performed in CD;

1: at 500 MHz between

183 and 273 K.

The results trom the DNMR  swdies of each 6.15-disubstituted syn-2.11-

dithia[3.3 |metac;

lophane are quite similar. Thercfore. the typical results of 4d will be

discussed here first. followed by short discussions of the results from the other

cyclophanes.

2.4.5.1 syn-6.15-Bis(cthoxy carbony1)-2.1 1-dithia[3.3|metacy clophane (4d)

AL 273 K the spectrum of 4d shows two singlets in the aromatic r

on (7.31 ppm (H,)

and 7.49 ppm (H.1. Broadening of cach signal oceurs as the temperature is lowered and

at 223 K each signal has resolved into two broad singlets. Integrations suggest that these

.
signals arise from two contormers that are present in a ratio.  The major contormer

shows a signal at 7.43 ppm for the internal and 7.40 ppm for the external proton (183 K.
The corresponding signals of the minor conformer appear at 7.17 ppm and 7.53 ppm (183

K (Figure 2.20). The same conformer ratio is obtained tfrom the integration of the signals

for the benzylic protons in the bridges. The si

let for these protons at room temperature

resolves at 203 K to ¢

¢ an AB system for the minor conformer. which is overiapped

with a broad singlet tor the major contormer (Figure 2.20).

* For this and subsequent DNMR studies the data are consistent with two conformers. There is no evidence
for more conformers. although their presence cannot be ruled out.
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2.4.5.2 syn-6,15-Di 2,11-dithia[3.3] (4j)

The results from the DNMR study of syn-6,15-diacetoxy-2,11-dithia[3.3]metacyclophane
4j are quite similar to  those of  syn-6,15-bis(ethoxycarbonyl)-2,11-
dithia[3.3]metacyclophane 4d. At 273 K, the aromatic region showed two singlets (6.68
ppm and 6.85 ppm; integration ratio 2 : 1) and the benzylic protons appeared as a singlet
at 3.80 ppm. Upon cooling, all signals broadened and, at lower temperatures, two sets of
signals could be observed. The aromatic region showed the presence of two conformers
at temperatures below 223 K in a ratio of 2.3 : 1 (Figure 2.21). At the same temperature

the signal for the benzylic protons had resolved into an AB system, which was

overlapped by a broad singlet (Figure 2.21).

The major conformer gives rise to the signals at 6.82 ppm (H;) and 6.61 ppm (H.) and the
AB system for the benzylic signals. Based on the upfield shift of the signal for the
internal proton, the major conformer could be assigned the ¢,¢ conformation (analogous

1o the results for 4d). The minor conformer showed signals at 7.13 ppm (H;), 6.51 ppm
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signal (no pseudo-chair-like signal is observed). However. calculations on syn-2.11-
dithia[3.3 |metacyclophanes that suggest that the b conformer is the highest energy
conformer’ so it would be expected that it would be observed in lower concentrations

than the pyeudo-boat. pseudo-chair conte The absence of

any evidence for the

presence of the A.c conformer renders this explanation unlikely.

Another explanation is that the signals that are observed for the major conformer are

actually the result of a fast interconversion between two conformers. even at 183 K. This

would not only explain the broad singlet that appears as the only signal for the benzylic

protons. but would also explain why only two s

enals are observed in the low temperature

NMR spectrum. The two interconverting conformers are probably not the h.c and h.h

based on the expectation that the enersy barrier (and thus the coulescence
temperature) for the interconversion process between these two conformers is similar
that tor interconversion between the ¢.o and A.c contormers. which would have led
resolution of the signal tor the bridge protons at approximately the same temperature
(differences in Av and J/ values will lead t only a small ditference in To)™ The
observation of a broad singlet for the benzylic protons at low temperature can be
explained by fast sy to sy interconversion of a h.¢ conformer (Scheme 2.07). This
interconversion process would exchange the environment of the axial and equatorial
protons in the bridges and thus lead to a broad singlet for these protons. The observation

of a singlet for the

ernal proton is also consistent with this process. Shinmyozu

obtained similar results in his D!

A notable result in our



study is the ratio of 2 : 3 between the c.c and h.c conformers in favor of the h.c
conformer. which was calculated to be 0.3 keal/mol (1.4 ki'mol: AMI level

caleulations)™ higher in energy than the (minor) ¢.¢ contormer. This ratio of ¢.c and b.c

is i with dipole minimization as discussed for yy7-6.15-dicyano-

2.11-dithia[3.3|metacyclophane 4a (Section 2.1).

s t

> Aaa c‘@ﬁ
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syn-c,c4d syn-b,c-4d syn*b.c4d

Scheme 2.07: Some intercontersion processes of ditterent contormers of 4d at 183 K.

For the ¢.¢ o A.c interconversion. the activation energy can be estimated to be 10.2:0.3

keal mol (42.7=1.1 KJ mol: based on [ = 213

2:0.2 Hzand ©J = 15.0=0.2

Hz)." " If the signals for the major conformer can indeed be attributed to a fast sy to

sin” equilibrium. the energy difference between the c.c and the A.¢ conformers can be
estimated at 0.15 keal 'mol (0.62 kJ mol) since the syn-h.c and the syn -h.c are degenerate

structures.
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2.45.2 syn-6,15-Di v-2,11-dithia[3. y (S

The results from the DNMR study of syn-6.15-di: v-2.11-dithia[3.3

4j are quite  similr 0 those of  syn-6.15-bis(ethoxycarbonyl)-2.11-
dithia[3.3Jmetacyclophane 4d. At 273 K. the aromatic region showed two singlets (6.68

ppm and 6.85 ppm: integration ratio 2 : 1) and the benzylic protons appeared as a singlet

at 3.80 ppm. Upon cooling. all signals broadened and. at lower two sets of
signals could be observed. The aromatic region showed the presence of two conformers
at temperatures below 223 K in a ratio of 2.3 : 1 (Figure 2.21). At the same temperature
the signal for the benzylic protons had resolved into an AB system. which was

overlapped by a broad singlet (Figure 2.21).

ey 1 A1

The major conformer gives rise to the signals at 6.82 ppm (H,) and 6.61 ppm (H.) and the
AB system for the benzylic signals. Based on the upfield shift of the signal for the
internal proton. the major conformer could be assigned the ¢,¢ conformation (analogous

to the results for 4d). The minor conformer showed signals at 7.13 ppm (H,). 6.51 ppm
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(He) and 3.79 ppm (broad singlet for the benzylic protons) and, as for 4d, is probably the
result of a fast syn to syn’ equilibrium for the b,c conformer. The ratio of the signals of
approximately 2.3:1 in favor of the ¢,c conformer indicates a greater preference of 4j for
the ¢,c conformer than for 4d, which is consistent with the dipole minimization effect
discussed earlier. The energy barrier for the bridge-wobbling process between the ¢,c and
the b,c conformers can be estimated to be 10.8+0.2 kcal/mol (45.2+1.0 kJ/mol; T, =
22345 K; Av = 49.7+0.2 Hz; %) = 21902 Hz) and that the bc conformer is

approximately 0.3 keal/mol (1.3 kJ/mol) higher in energy than the ¢,c conformer.

2.4.5.3 syn-6,15-Dimethyl-2,11-dithia[3.3]metacyclophane (4f)

The DNMR study of syn-6,15-dimethyl-2,11-dithia[3.3]metacyclophane 4f was limited

by the properties of the solvent, CD,Cl,. At the lowest temperature that can be used with

this solvent (183 K), the spectrum shows clear signs of resolution into different

fc but the lution is not ient to draw ions (Figure 2.22).

— - — ‘ﬂj\:v 273K

Figure 2.22: DNMR spectra of 4f.
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2.4.5.4 syn-6,15-Bi hyl)-2,11-dithia|3. “p)

The DNMR study of syn-6,15-bis(sulfoxymethyl)-2,11-dithia[3.3]metacyclophane 4p
was complicated by the presence of two diastereomers of the cyclophane as a result of the
asymmetry at the sulfur atoms in the substituents. As a result, the "H NMR spectrum of
4p at 273 K showed a set of signals for each diastereomer (Figure 2.23). At lower
temperatures, this led to complicated and overlapping signals in the aromatic region of at
least two conformers (each probably with two diastereomers), of which analysis proved
too difficult to assign unambiguously the signals to any conformer. The signals for the

benzylic protons were not resolved
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2.4.5.5 syn-6,15-Di 2,11-dithia[3.3] lophane (41)

In its DNMR study, syn-6,15-dimethoxy-2,11-dithia[3.3]metacyclophane 41 showed
results similar to 4d and 4j. At 183 K, the spectrum showed the presence of at least two
conformers, although some overlapping of signals occurred (Figure 2.24). The signal of
the benzylic protons, which is a singlet at 3.67 ppm at 273 K, had not resolved into an

AB system at 183 K, although iderable t ing was observed. The aromatic

region changed from two singlets at 273 K to a set of broad peaks at 183 K. Resolution of

the signals at 183 K was not sufficient to draw conclusions.

23K

Figure 2.24: DNMR spectra of 41.
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2.4.5.6 syn-2,1 1-Dithia[3.3|metacyclophane (4b)

DNMR study of the parent system win-2.11-dithia[3 3]metacyclophane 4b showed
similar features to the systems described in the preceding Sections Since the substituents
in the 6- and 15-positions are now hydrogen. the aromatic region (at 273 K) is more
complex than cyclophanes with other substituents in these positions At 273 K. the
benzylic protons appeared as a singlet (3 80 ppm) As the temperature was lowered. all
signals broadened and resolution of the aromatic region into two conformers occurred
below 213 K (Figure 223) The signal for the benzylic protons resolved into an AB
system. overlapped with a broad singlet ina ratio | 6 | at that temperature (Figure 2 25)

Assignment of the si

als in the aromatic region was complicated by the splitting of
some of the signals Based on the results from the previous Sections and the electronic
nature of the substituents on the 6- and 15 positions (H). the AB system (of the major

contormer) was expected to result from the c.c conformer

The minor conformer (based on the integration of the signals in the benzylic region) gave
rise to a singlet at 7 08 ppm (H,) and a broad singlet at 3 77 ppm for the benzylic protons.
which suggests a fast equilibrium between at least two conformers Based on the

observations on the p ly discussed systems. this i is

probably a fast sy to syn” equilibrium of the h.c conformer The AB system in the
benzylic region can be assigned to the c.c conformer and it can then be estimated that the

energy barrier for the bridge wobbling process between the c.c and the h.¢ conformers is
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approximately 10.2+0.3 kcal/mol (42.7+1.0 kl/mol; Tc = 213£5 K; Av = 57.24¢0.2 Hz; e
= 14.30.2 Hz). The energy difference between the c,c and the b,c conformers can be

estimated to be 0.2 keal/mol (0.7 kJ/mol).

. —_2T3K s

Figure 2.25: DNMR spectra of 4b.

In order to study further the conformational behavior of 4b at lower temperatures, a '>C
NMR spectrum was collected of the conformer mixture at 183 K (Figure 2.26). Two sets
of signals in a ratio of approximately 3:2 were observed, which corresponds to the 1.6 : 1

ratio that was observed in the 'H NMR sp at the same The major

conformer could be assigned the 3C resonances at § 137.5, 131.6, 128.3, 126.1 (overlap
with minor conformer) and 38.7 ppm and the signals at § 136.7, 130.6, 127.5, 126.1
(overlap with major conformer) and 36.2 ppm can be attributed to the minor conformer
(Figure 2.26). The major conformer was assigned the ¢,c conformer based on the results
from the 'H NMR spectrum and the signals of the minor conformer can be attributed to

the b,c conformer in rapid syn to syn’ equilibrium.
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Figure 2.26: C NMR spectrum of 4b at 183K (top) and 298 K (bottom).

2.4.5.7 Conclusions and future work on DNMR studies

In this Section the results of our DNMR studies of 6,15-disubstituted syn-2,11-
dithia[3.3]metacyclophanes 4 have been presented. To our knowledge this is the first
DNMR study of these compounds that has shown resolution of the 'H and '*C NMR

spectra at lower temperatures.

The results of the DNMR studies of 6,15-disubstituted  syn-2,11-
dithia[3.3]Jmetacyclophanes (Sections 2.4.5.1-2.4.5.6) show strong similarities. For
cyclophanes 4b (R = H), 4d (R = CO,Et) and 4j (R = OAc), freezing of the ¢,c to b,¢
interconversion was observed. The activation energy for the bridge-wobbling process was
estimated to be 10-11 kcal/mol, which is in good agreement with Shinmyozu’s estimate

of 11.6 kcal/mol for the all-carbon [3.3] loph 303! The b,c in the

frozen mixtures still underwent fast syn to syn’ interc ion similar to Shi ’s

results.*' The presence of b, conformers was not observed directly in any case, but could



not be ruled out. In order to observe this conformer. it might be necessary to introduce an

extra tether in the cyclophane system te.g. compound 21. Figure

27). which was the

strategy that led to observation of a b.b conformer by Shinmyozu.™

Figure 2.

= Tethered i clophane 21

A further observation was the

of sn-6.15-his(eth bonyl)-2.11-

dithiaf

3metacyclophane 4d (with electron withdrawing groups) to prefer the Ao

contormation  (¢.c he 2 3). whereas the parent  system  (syn-2.

1-

dithia[3.3|metacyclophane b1 and the more clectron rich 3116, 1 S-diacetoxy-2.11-

dithial3.3metacyclophane 4j prefer the ¢ conformation (c.c - Ac = 16+ 1and 2.3 ¢ 1.

respe

tively ). This is again with the hypoths that the el ic nature of the

is an imp; tactor in J ing the bridge

| behavior of
syn-2.11-dithia[3.3]metacyclophanes. [t would be interesting o expand the DNMR
studies to cyclophane systems with stronger clectron withdrawing properties (e.g. syn-
6.15-dicyano- and syn-6.15-dinitro-2.11-dithia[ 3.5 Jmetacyclophane 4a and 4i). since a

considerable preference of these systems for the b.c conformer is expected and perhaps
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even the h.b conformer can be observed. However. low solubility of these systems (in

CD:Cly) has so far prevented us from studying these compounds using DNMR.

25 Experimental

General. All chemicals were reagent grade and were used as received. Chromatographic

separations were performed on Merek silica gel 60 (particle size 40-63 um. 230-400

mesh). Melting points were determined on a

her-Johns apparatus and are uncorrected.
Flemental analyses were performed at the MicroAnalytical Service Laboratory.
Department of Chemistry. University of Alberta. Mass spectral (MS) data were recorded
ona V' G, Micromass 7070118 instrument. 1 NMR (300.1 Mz) and ¢ NMR (7547
MH) were obtained on a General Electric GE 300-NB. spectrometer: 11 shitts are
relative w0 internal tetramethyIsilane:  C shifts are relative © the solvent resonance

(CDCL: & = 77.00. All with

8 or air-sensitive Is were
performed in anhydrous solvents under nitrogen unless otherwise noted. Solvents were

dried and distilled according to standard procedures.

Ethyl 3,5-dimethylbenzoate (12d)*

To a well-stirrad solution of 3.5-dimethylbenzoic acid 12e (17.66 g. 118 mmol) in ECOH

(abs.) (400 mL) was added concentrated sulfuric acid (15 mL). and the solution was



¥
b

refluxed for 24 h. The reaction mixture was cooled. concentrated in vucuo to
approximately 30% of the original volume and poured into H:O (150 mL) and EtOAc
(150 mL). The aqueous layer was extracted with EtOAc (150 mL). The organic extracts
were combined. washed with saturated aqueous NaHCO: solution (2 x 100 mL). H:O
(100 mL) and saturated aqueous NaCl solution (75 mL.). dried (MgSO,) and concentrated
in vacuo to yield a yellow oil. Purification by vacuum distillation (93 - 95 “C / 4-6
mmHg) vielded 12d (17.16 g. 96.3 mmol. 82%) as a colorless oil: [R (Nujol. em™): 1723
(s). 1609 (m). 1307 sh. 1216 (s LIS (my. 1035 (m). 866 (wh. 767 (my: 'H NMR
(CDCl) 6 7.67 (5. 2H). 7.17 (s, 1HDL 436 (q. 2H. ./ = 6.8 Hz). 2.30 (s, 6H). 1.39 (1. 3H../
= 6.8 Hz): "C NMR (CDCl) & 1669, 137.9. 1344, 1303, 127.2. 60.8. 211 14.3: EI-

MS (70 eVim = o 17826, M1 130 (210 133 (100), 103 (49)

3-Acetoxy-meta-xylene (12j)

To a solution of 3.5-dimethylphenol 12k 16,54 ¢ mmol) in acetic anhydride was
added concentrated sulturic acid (10 drops). and the reaction mixture was stirred under an
atmosphere of nitrogen for 6 h. The mixture was poured into ice water (600 mL) and
EtOAc (130 mL) was added. The aqueous layer was re-extracted with EtOAc (150 mL).
The organic extracts were combined. washed successively with saturated aqueous
NaHCO: solution (3 x 130 mL). water (100 mL) and saturated aqueous NaCl solution

(130 mL). dried (MgSO;) and concentrated under reduced pressure. The residue was
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distilled in vacuo to yield S-acetoxy-meta-xylene 12j (7.07 g. 43.1 mmol. 80%) as a
colorless oil (b.p. 86 - 86.5°C 4-6 mm Hg): IR (Nujol. cm™) 1766 (s). 1618 (m). 1591
(w). 1296 (w). 1208 (s). 1138 (m). 1032 (m). 948 (w). 899 (w). 869 (w). 835 (w): 'H
NMR (CDCl:) & 6.86 (s. [H). 6.69 (s. 2H). 2.31 (s. 6H). 2.27 (s. 3H): *C NMR (CDCl3)
8 169.7. 150.5. 139.2. 127.6. 119.1. 21.2. 2112 EI-MS (70 V) m 2 (%0): 164 (10. M"),

122(100), 107 (28).

3.5-Dimethy lanisole (121)

Powdered KOH (1081 2. 83% purity. 164 mmol) was slurried in DMSO (30 mL) and the
mixture was stirred at room temperature for 3 min under an atmosphere of nitrogen. 3.5
Dimethy Iphenol 12k (3.00 g, 40.9 mmol) was added. tollowed by iodomethane (3.1 ml..
82 mmal). After 30 min the reaction mixture was poured out into cold water (100 mLy
and extracted with dichloromethane (2 x 73 mL). The combined organic extracts were
washed with water (3 x 100 ml.) and saturated aqueous NaCl solution (100 mL). dried

(MgSO4) and concentrated i vacuo. The residual vellow oil was distilled in vacuo

-dimethylanisole 121 (4.

mmol. 81%) as a colorless il (b.p. 60.5 - 61 °C

2™ 193 °Ch: 'H NMR (CDCl:) § 6.61 (5. 1H). 6.54 (5. 2H). 3.78 (s. 3H).

2.30 5. 6H): FC NMR(CDCL:) 6 159.6. 139.1. 1

116,

0. 21.4: EI-MS (70 V)

m (%) 136 (100. M) 12121,
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Ethyl 3.5-bis(bromomethyl)benzoate (14d)

V-Bromosuccinimide (22.97 g. 129.1 mmol) was added in two equal portions t0 a warm

solution of ethyl 3.5-dimethylbenzoate 12d (10.00 g. 56.11 mmol) in CHxCl: (175 mLy.
After each addition. a spatula-tip of benzoy| peroxide was added and the mixture was
stirred at reflux while it was irradiated with a 100 W lamp for 2 h. The mixture was
cooled to room temperature and washed with H:0 (100 mL). saturated aqueous NaHCO:

solution (2 x 100 mL). H>O (100 mL) and saturated aqueous NaCl solution (75 mL). The

organic layer was dried (M

Oy, concentrated i vacro and erystallized wwice tfrom

heptane o give 14d (834 2. 248 mmol. 44241 as a colorless solid: mp: 88.0 - 89.0 “C: R

(Nujol. em™ ) 1699 (m. 1313 m. 1228 tw iz 'TENMR (CDCla 6 8.00 (s, 2H). 7.62

T 45T s 4HL 340 0g. 200 = 0.7 Hzn 141 3H. 7 = 6.7 Hzw O NMR(CDCla &

1654, 1389, 1338, 131715300, 614, 213 A3 NMSEL 70 eVim =

Ak 3335 AN

291 (lon oo 2HE 320 177 (18 148 (22 132

7 Aml. Cale'd for

CyiH2Br0Os: €. 39,320 L 7.86. Found: C. 79.89: H. 8.18.

3.5-Bis(bromomethy hmethylbenzene (146

N-Bromosuccinimide (7521 . 422.6 mmol) was added in three equal portions to a warm
solution of mesitslene 12f (25,02 g, 208.2 mmol) in CH:Cly (450 mL). After cach
addition. 4 spatula-tip of benzoyl peroxide was added. and the mixture was stirred at

reflux while it was irradiated with a 100 W lamp for 2h. The mixture was cooled to room
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temperature and washed with saturated aqueous NaHCO; solution (2 x 200 mL). H:0
(150 mL) and sawrated aqueous NaCl solution (150 mL). The organic fayer was dricd

(MgSO0,). concentrated in vacuo and crystallized from heptane to give an off-white solid

that was purified by column chromatography (SiOs: 10% CHCl; / hexanes) to vield 14f
(6.53 g. 25.5 mmol. 11%) as a colorless solid. From the heptane mother liquor. additional
141 (17.0 2. 61 mmol. 29%4) could be isolated by extensive column chromatography. For
146 mp 63.5 ~ 65 °C (lit” 62 - 63 *C): 'H NMR (CDCl:) 8 7.23 (s. 1H). 7.16 15, 2H.
446 (5. 4H). 2.36 (5. 31D V'C NMR (CDCh & 139.3, 138.2. 1299, 126.7. 33.0. 21.2: EI-

MS (70 eVym =0

M9 197 (1001, 118 (79)

1.3-Bistmercaptomethylhbenzene (13b)

To a solution of w.”-dibromo-mera-xylene 14b (3,00 g, 18.9 mmol) in EtOH (abs.) (100
ml) was added thiourea (296 g, 38.9 mmol) and the mixture was refluxed under an
atmosphere of nitregen for 16 h and concentrated in vacuo o give a white solid. The

solid was st

spended in a degassed solution of KOH (6.25 ¢. 8.

o purity. 94.7 mmol) in
H:O (110 mL) and EtOH (420 mL) and the mixture was stirred under reflux overnight.
After cooling to room temperature. 9 M H:SO; was added until the mixture became
slightly acidic. The mixture was extracted with CHxCl: (2 x 100 mL). The combined

organic layers were washed with H:O (100 mL) and saturated aqueous NaCl solution (73
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mL.). dried (MgSOs) and concentrated in vacuo to yield 13b (2.89 g. 17.0 mmol. 90%) as

alight yellow oil that was used without further purification in the next step.

3.5-Bis( Y (130

A solution of thiourea (1.25 ¢. 16.4 mmoi) and «.a’-dibromomesitylene 14f(2.22 ¢, 7.99

mmol) in degassed EtOH (100 mL) was stirred for 3 h at reflux under an atmosphere of
nitrogen. A degassed solution of KOH (2.64 g. 85% purity. 40.0 mmol) in H:0 (25 mL)
was added and the reaction mixture was stirred for an additional 3 h under retlux. The
mixture was cooled in an ice bath. acidified using 9 M H:S0, and poured into a mixture

ot CHLCT

50 mL) and H:0 (30 mb). The agueous layer was extracted with CHLClL (50

ml). and the combined or

ic extracts were washed with 10O (30 ml) and saturated
aqueous NaCl solution (30 mi). dried (MgSO1) and concentrated i vacuo w yvield 137

140 2 700 mmol. 9370 s a

tyellow-brown oil that was used without further

purification in the next step.

syn-2,11-Dithia[3.3|metacyclophane (4b)

A degassed solution of dithiol 13b (144 g. 8.45 mmol) and a.«’-dibromo-meta-xylene

4b (

. 8.45 mmol) in benzene (230 mL) was added by dropping tunnel over

h
10 a mechanically stirred. degassed solution of KOH (2.79 g. 85% purity. 42.3 mmol) in

H:O (75 mL) and EtOH (230 mL) under an atmosphere of nitrogen. After 135 h the
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reaction mixture was concentrated i1 vacuo to a volume of ca. 100 mL and then CHXCl:
(100 mL) and H:O (100 mL) were added. The aqueous layer was extracted with CHyCly
(100 ml) and the combined organic extracts were washed with H:O (100 mL) and
saturated aqueous NaCl solution (75 mL). dried (MgSO:) and concentrated in vacuo. The

residue was purified using column chromatography (SiOs: 50°0 CH2Cly - hexanes) to

yield 4b (0.95 g. 3.5 mmol. 41%0) as a colorless solid: mp: 118 - 119.5 °C (hexanes) (li
119 - 121 °Ch: "H NMR (CD:Cly) 6 6.99 (1 2H. ./ = 7.4 Hz), 6.94 (d. 4H. ./ = 7.0 Hz).

6.92 (s. 2H). 3.80 (s. 8H): “C NMR (CD:Cl) & 137.7. 1321, 128.7. 127.3, 38.3: EI-MS

(70 V) m =16k 272(68. M1 167 (171 137 (47). 103 (100).

syn-6.15-Bi: yearbonyl)-2,1 1-dithia[3.3| velop (4d)

Toav ously stirred solution of 12d (3.40 2. 10.1 mmol) in CH:CL: (600 ml) and

EtOH (abs.) (60 mL). Na:S ALO; (.02 ¢ 269 mmol g.

24

mmol) was added in 3

portions over | h. The reaction mixture was stirred for an additional hour. filtered through

a plug of Celite. concentrated in vacuo and puritied by column chromatography (Si

CHLC1y) followed by crystallization from EOH 1 vield 4d (0.78 ¢. 1.9 mmol. 37%) as

colorless ¢rystals and trimer 15d (0.35 2. 0.62 mmol. 19%0) as colorless crystals.

Dimer 4d: mp 104.5-106 °C: IR (Nujol. em™): 1734 (s). 1285 (m. 1272 im. 1122w,
1072 (w): 'H NMR (CDCl5) & 7.51 (s, 4H). 7.24 (5. 2H). 4.31 (q. 4H.J = 7.6 Hz). 3.83 (.
4H). 138 (1 6H. J = 7.6 Hz): "C NMR (CDCL3) § 163.7. 137.3. 135.1. 130.5. 128.2.

60.7. 374, 14.1: MS (EL 70 eV) m = (%0): 416 (48. M"). 370 (30). 342 (5). 327 (6). 309



(11). 295 (7). 270 (7). 239 (8). 209 (29). 69 (100): Anal. Calc’d for C2:H1404S5: C. 63.43:
H. 5.81. Found: C. 63.26: H. 5.69.

Trimer 15d: mp 150-151.5 °C: IR (Nujol. cm™) 1720 (m). 1304 (w). 1281 (w): '"H NMR
(CDCL3) & 7.97 (. 6H1). 7.33 t5. 3H). 440 (q. 6H../ = 7.0 Hzp. 3.61 (5. 12 H). 1.42 (L. 9H.

J=7.0 Hz): "C NMR (CDCl3) 8 166.1. 138.5. 133.8. 131.6. 129.1, 36.2. 34 9. 14.3: MS

(EL 70 eV) m = (%) 624 (9. M"). 578 (42). 532 (37). 468 (22). 447 (19). 415 (36). 401

(33). 371 (60): Anal. Caled for Ci:H0.S:: C. 63.43: 1. 3.81. Found: C. 63.36: [1. 544,

syn-2,11-Dithia[3.3|metacyclophane-6,15-dicarboxylic acid (4¢)

Cyclophane 4d (0.43 2. 1.0 mmol) was dissolved in a degassed solution of KOH (0.29 ¢

83°, purity. 4.4 mmol) i H:0 (20 mL) and EtOH (20 ml.). and the reaction mixture was
stirred for 16 h at retlux temperature under an atmosphere of nitrogen. The mixture was

allowed to cool to room temperature before it was poured into 10 120 mLL). The mixture

was extracted with dJiethy | ether (2 mL1. The agueous layer was acidified with 1%
HCl and cooled in an ice bath. Suction filtration followed by drving in vacuo yielded d¢
(0.33 2. 0.92 mmol. 89%4) as a colorless solid. of which a small portion was recrystallized
from DMF to give transparent crystals: mp: > 280 “C: IR (Nujol. em™): 1699 (m). 1317
(m). 1258 (w. 1238 (w): 'H NMR (DMSO-ds) 6 12,6 tbs. 2H. 7.41 (s. 2H). 7.37 ¢s. 4H).
391 15, 8H): ¥C NMR (DMSO-dy) & 196.8. 137.9. 135.4. 130.6. 127.8. 36.8: EI-MS (70

eV m z(%): 36 (83. M) 342 (24). 314 (12). 211 (22). 181 (48). 149 (100).



syn-6,15-Di vi-2.11-dithia[3. 4n

A degassed solution of dithiol 12f(3.50 g. 19.0 mmol) and dibromide 13f(5.28 g. 19.0

mmol) in benzene (623 mL) was added vie a dropping tunnel over 2.5 h to a

mechanically stirred. degassed solution of KOH (6.27 g. 85% purity. 95 mmol) in HO
(190 mL) and EtOH (975 mL) under an atmosphere of nitrogen. The reaction mixture
was stirred for an additional 10 h and the reaction mixture was coneentrated in vacuo 1© a
volume of ca. 160 ml. and CHLCL: 250 mb) and H:O (250 mL) were added. The
aqueous layer was extracted with CH:Cl: (100 mL) and the combined extracts were

washed with H:O (2500 mL) and brine (130 mL). dried (M

041 and concentrated in

vacuo. The residue was purified using column  chromatography (SiOx 25%

CH:Cl-hexanes) crude 4F that was enstallized from heptanes o give 6.15-dimethyl-
2.1 1-dithia( 3.3 |metacyclophane 4F (234 2 7.79 mmol. 41701 as colorless needles: mp:
103 - 104 °C (iE™ 104-105.5 °Cr 'TENMR (CDCL. 300 MHZ) 6 6.73 (5. 4H). 6.62 (5.
20D, 371 (s, 3H0. 218 (s, 6H): C NMR (CDClo) & 1379, 1369, 1290, 127.8. 37.7.

21.0: EI-MS (70 eV) %0t 2): 300 (38, N1 18T (140, 151 (400, 120 (100),
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Chapter 3

Attempted Synthesis of

[4](1,4)Benzeno[0](2,7)pyreno[4](1,4)benzenophane



3.1 Introduction

It was anticipated that the synthesis of pyrenophane 1 (Figure 3.01) would represent a
significant step forward in our approach to synthesize a Végtle belt.' Pyrenophane 1
contains a pyrene unit that could be synthesized using the valence isomerization-
dehydrogenation (VID) protocol trom biphenylophane diene 2.° Two para-phenylene
moieties in the tether of 1 constitute the very beginnings of a tully aromatic tether and
were chosen in this synthetic target so that the aromatic portion of I maps onto the
surface of Vogtle belt 4. The tetramethylene tether in 1 constitutes the remnants ot a third
para-phenylene ring which is present in a more advanced synthetic target 3 (Figure 3.01).
The calculated bend angle'* of 114.4” for the pyrene unitin 1 is only slightly larger than
that of the “record holder™ (1.7-dioxa[ 7|¢2.7ipyrenophane: Oy = 11397 Oy, = 109.27)

50 it seemed to be a reasonable target.

1 2 3 4

Figure 3.01: Structures of pyrenophanes 1 and 3. bipheny lophane diene 2 and Vogtle belt 4



140

Biphenylophane diene 2. the direct precursor of 3. seems to be a viable synthetic target.
since other groups have synthesized similar, more strained structures (vide infra). In

Section 3.1.1 a more detailed discussion of the literature in this area is given. Section

3.1.2 will describe the retrosynthetic analysis of biphenylophane diene 2.
3.1 Biphenylophanes in the literature
Several groups have published synth ( biphenylophanes and these Is have

received interest from different are:

s in (organic) chemistny. A small (2.3 -bridged)

biphenylophane 5 has been described by Bickelhaupt ¢f af in conjunction with ongoing
research in the area of’ small strained metacyclophanes.” and another small 12.2"-bridged)
biphenylophane 6 has been described by Vigtle of ol as a part of their work in the
synthesis of chiral compounds devoid of stereogenic centers. Although both compounds

showed some unique propertics. in this Section discussion of the literawre will remain

limited to larger bipheny lophanes containing at least two biphenyl units. which more

closely resemble biphenylophane diene 2.

Figure 3.02: Bipheny lophanes 5 and 6.
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A number of large biphenylophanes containing more than two biphenyl units has been
synthesized by Végtle ef al (Scheme 3.01).} Cyclophane 9 was reported in 1996 and was
synthesized from compounds 7 and 8 viu high-dilution coupling. This tube-shaped
molecule was characterized by N-ray cnystallography. and the molecular structure

showed no signs of appreciable strain (i.e.. d or elongated bond lengths.

distorted bond angles. etc.) in the molecule.

HSH:C._~_CHzSH
1 1
J
s T
B
HSH,C’ CH,SH

. NaOH
o ocenzene-EtOH
BrH,C._~_—N—_-x_ CHBr
o
i 9
Z \ /\\I
] -
sm,c)\/\u—/\/\cnzar
Tos
8

Scheme 3.01: Voutle’s synthesis of bipheny lophane 9

In the same year Vogtle reported a series of “concave hydrocarbons™. some of which are
~part of the framework of fullerene Cn”." Two of the cyclophanes reported were
biphenylophane 10 (with three biphenyl subunits) and biphenylophane 11 (with four

bipheny! subunits). Both compounds were synthesized via sulfur dioxide extrusion from
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the bridg

. They were tested for ion selective extraction of cations. but were not found to

be efficient ligands for any of the metal salts tested.

tructure of concave ¢yclophanes 10 and 11

Some smaller biphenylophanes have been reported by Ivoda (naphthalene bridged

biphenylophane 121" and Staab ([2.2)i4.4"biphenylophane 14)."" Both groups were
interested in the . interactions that occur when the biphenyl units are held in a face-to-
face orientation. An N-ray crystal structure of 12 revealed that the aromatic rings were
almost planar and ring strain was evident from large |3 angles. No molecular structure of
biphenylophane 14 was reported. but the relatively high vield in the sulfur dioxide

extrusion step from 13 (47%) and the relative stability of 14 suggested that

biphenylophane 2 was a viable synthetic target.
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Scheme 3.02: Bipheny lophanes 12-14.

In 1978 Vigtle reported the sythesis of several biphenylophanes with 3 bridges.” In the
synthetic approach to these systems. thermal sulfur dioxide extrusion as well as Stevens
rearrangements were used to ring contract sulfur-containing bridges to give the 2-carbon
bridges in 16 and 17. Biphenylophanes 16 and 17 are structurally quite similar to
biphenylophane diene 2. but their syntheses do not allow for straightforward moditication
that would permit the introduction of the tetramethylene tether that is required for
synthesis of 2. The success of the three-fold Stevens rearrangement and Hoffmann
elimination to form 17 from 15 suggests that formation of biphenylophane diene 2 using

this methodology is viable.

o o
o S

15 16

Figure 3.04: Vogtle's biphenylophanes 15 ~ 17.



The last biphenylophanes that should be d here are biphenylophanes 20

(Scheme 3.03) and 26 (Scheme 3.04). Biphenylophanes 19 have been reported by

who synthesized these ds via i lecular [2+2

of 18 to give 19. Dissolving-metal reduction of 19 then afforded 20."'* At the outset of

this project. compounds 19 were the only known biphenylophanes containing both a 2-

membered bridge and a longer bridge. However. i lecular [2+2] ph lization of

ad of 19 with a hylene tether failed to give the desired product. thus

rendering this type of approach less likely w be successtul for the synthesis of 2.

A

N A
2N e

<
¢

~(CHzle

18 a:n=5
b: n=6

Scheme 3.03: Nishimura's syathesis of bipheny lophanes 20

Biphenylophanes 25 and 26 were reported in 1995 by Tani ef al. (Scheme 3005 A
mixture of the two biphenylophanes was obtained from photolytic ring contraction of a

mixture of the ding lenacyclophanes 23 and 24. which was obtained from

high dilution coupling of 21 and 22. Biphenylophanes 25 and 26 were characterized by



and X-ray crystallography. A similar synthesis with the sulfur

analogues was reported to vield only the “crossed” product 29 (Scheme 3.05)."

Scheme 3.04: Tani's synthesis of bipheny lophanes 23 and 26

The X-ray crystal structure of 25 revealed a dihedral angle between the aromatic rings in
each biphenyl unit of approximately 25° and a short intramolecular distance of only 2.77

A as the shortest distance between the internal carbons of the taced biphenyl rings.

10 the ding distance in [2.2] velophane.' ™' Synthetic target 2

is expected to be less strained than biphenylophane 25. since. in 2. two of the
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dimethylene bridges of 25 are replaced by a single tetramethylene tether. which by virtue

of its wreater length. should release much of the strain that is present in 25.

Br Br
7\ \_/ 5 5
- o
O
8r - —Br Base )q‘\y, =
HS Y s >\ /N
/—_—S s M s
\_7 29
HS \—sH
28

Scheme 3.05: Synthests of bipheny lophane 29

312 ic analysis of py 1

The first stages of the retrosynthetic analysis of 1 (Scheme 3.06) are analogous 1o that of
the [#](2.7)pyrenophanes discussed in Chapter 1. In the first retrosynthetic step. the key
bond in the pyrene unit of 1 was cut using a valence isomerization-dehydrogenation
(VID) sequence." For pyrenophanes with longer tethers (9 atoms or more: Oy < ca
80°) this sequence has been observed to be spontaneous. but for more strained
cyclophanes (less than 9 atoms: By 87.0 — 113.3%) retlux in benzene in the presence of

DDQ has been necessary to plish this key

“velophanediene 2 could

come from dithiacyclophane 30.""*" Tethered dithiacyclophanes with tethers other than
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that in 30 have been synthesized previously by our group using the NaxS/ALO; reagent™
and it was anticipated that this reagent would also be successtul in this case. thus leading

back to tetrafunctionalized intermediate 31.

7 %
f= A J—
Jj
)
1 2
f
v
x XX x
A S\i/ﬂ\lj\s
o0 :
s LA
LA = a9
e
| |
L
31 30

Scheme 3.06: Retrosy nthetic anals sis of pyrenophane |

For intermediate 31. various retrosynthetic schemes were considered. Initially an
approach based on Wittig-type chemistry was developed (Scheme 3.07). In this approach.
tetratunctionalized compound 31 could be derived trom a diene 32. which could be a

mixture of £/Z isomers. since hydrogenation of the double bonds would give rise to only



148

a single compound 31. The bipheny | units in 32 could be formed in a Suzuki-Mivaura

coupling™™7 of a diaryldiene 35 and an arylboronic acid derivative 33. The latter could

be formed by a sequence of fi

1 group i i from i ic acid 34

and the diene 35 could be derived (using Wittig and * or Homer-Wadsworth-Emmons

from c ially available 4-hydroxybenzaldehyde 36.
X X X x X x
U L
N N
i i |
=z
3 Y _ it ]
N AN N AN
')/\ 1 | I
L A PR
L s
3 32
I
ﬂ
‘ ¥
HOLC COH s
Y e [
T 4 A
4 33 BiOH)

OH

Scheme 3.07: Retrosynthetic analysis of 31 based on Wittig-type chemistry
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In a second retrosynthetic approach (Scheme 3.08). the biphenyl units in 25 were also
envisioned as being formed via a Suzuki-Miyaura coupling to give. in the retrosynthetic
direction. an arylboronic acid 33 and a l.4-diarylbutane 37. Compound 37 could be
formed from a suitably functionalized para-disubstituted aromatic ring 38 and 1.4-

dibromobutane 39.

x
b
=
x

x
x

/{
/(
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-
D
H
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3

(
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Scheme 3.08: Retrosynthetic analy sis of 31 1 give 38 and 39

Both synthetic approaches to compound 31 were investigated. Since it was anticipated
that the conversion of 31 to pyrenophane 1 might not be high yielding. a fast. reliable and
high vielding route to compound 31 was required. In the following Sections. the attempts

aimed at the synthesis of 1 are described.



3.2 Results and discussion

3211

al approach to the synthesis of 31

Synthetic efforts aimed at the total synthesis of’ pyrenophane 1 commenced with 4-

hydroxybenzaldehyde 36. which was converted 1o its triflate 40 upon treatment with

A1 h 1fc

acid anhydride and pyridine in CHxCl> (78%0). At a later stage in

the synthesis. a triflate was required at this position of the aromatic ring for the Suzuki-
Miyaura coupling. It was hoped that its introduction at this carly stage would also serve

to protect the phenolic hydroxyl group. A more common protecting group could have

been used if the triflate group proved to be ineffective. but this would require two extra
steps in the synthesis. Triflate 40 was then reacted in a Horner-Wadsworth-Emmons

reaction with the anion of triethyIphosphy to give w.f- 1 ethyl ester 41

(81%0). Reduction of ethyl ester 41 was attempted using LiBH, in methanol

but this

gave a mixture of 1.2- and | 4-reduced products. Reduction of 41 using DIBAL-H in

at lower cleanly vielded the allylic alcohol 42 (92%).
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(EtO);P(0)CH,CO,EL.

NaH. 81%

CHO DIBAL-H, CH,Cly,

—]-30°c.92%
4 R=CHr - PBr, CHICIy 63%

36 R=H jT'O
40 R=Tf ——ICHCy, 78%

PhyP. 3.
Toluene. 97%

1) n-Buli. THF,

o
A~ F PPh
Y 240 >t 47% NS 560
ot

% 4

Scheme 3.09: Synthesis of diene 45 trom 36.

Conversion of the alcohol 42 1o its allylic bromide 43 was attempted using PPh:Bry
(31705 and PPh: CBra (43°01™ but the best yvield was obtained using PBr. (631, The
bromide 43 was then reacted with triphenylphosphine in refluxing wiluene to give the
desired phosphonium sait 44 in 97% yield. The phosphonium salt 44 was converted o its.
ylide using n-butyllithium and reacted with aldehyde 40 to give only 47% ot butadiene 45

(83 : 17 E.E = EZ by 'H NMR). which is set up for the anticipated Suzuki-Mivaura

coupling. The disappointing

vield in this last step prompted the investigation of an

alternative approach. in which the complementary version of the Wittig reaction was used

(Scheme 3.10).



f[o\(\ Dess-Martin periodinane Trc\ll/\
K/\/\, H CHyCl. 75%
- OH CHyCly Ao
a2 4%
OTf 1) DIBAL-H OTt  1)Pnp 5. I- on
’ N, CHiClp. 77% N, foluene 100% ‘l/l\
=y | )| e ——
2 280, N2 2)n-Bul. THF N7 78°C->n
a9
Lho CHCeo% Lo o L Chepony| | 88%
40 OH 50

r
49 R =PPh;Br

Scheme 3.10: Altematne synthesis of 45

Oxidation of allylic alcohol 42 with the Dess-Martin periodinane ™ vielded the desired
aldehyde 46 in 757 vield. In a parallel process. aldehyde 40 was reduced t a benzylic
alcohol 47 using DIBAL-H in dichloromethane (77%4). Treatment of this alcohol with

PBr: yielded benzylic bromide 48 (68”01 which could readily be converted o its

triphenylphosphonium  salt 49 in guantitative  yield.  Deprotonation  of  the

triphenylpk ium salt 49 with vl . tollowed by treatment with aldehyde

46 vielded dienc 45. this time in 61% vield (83 : 15 £ £+ £.Zby 11 NMR). A noteworthy

feature of both approaches to 45 is that the triflate zroup proved to be a sat

protecting group.

In order to accomplish the antici d Suzuki-Miyaura coupling. another building block.

55. had to be synthesized (Scheme 3.11). Synthesis of 35 commenced from commercially



available isophthalic acid 34. which was brominated at the 5-position in 93°% to give 3-

bromoisophthalic acid §

Fischer esterification™ of diacid 51 yielded methyl ester 52
in 87% yield. Reduction of the diester 52 with LiAlH; (89%). followed by methylation of
the resulting diol 53 gave the trisubstituted aromatic compound 54 (83%%). Boronic acid
55 was formed viu lithium-halogen exchange on the aromatic bromide 55. tollowed by
reaction with trimethyl borate to yield a boronic ester. which was not isolated. but was
hydrolyzed immediately under mild acidic conditions. Yields ot $5 were usually in the
range of 80-87% from 54 and duc to the short shelf life of 55 (less than two days at -18
*Cy it was used directly in the next step. [t is important that the halogen-lithium exchange
be done at =30 *C. Reaction at higher temperatures gave a mixture of products (probably

ortho-metallation occurred) and. at lower emperatures. no lithiation occurred.



1) Bry. HpS0,. OR
RO,C COR 1) LiAH,,
COH AG:SOy. 3.93% 2 \Q/ ™ Et,0.89%
2) MeOH. 3. 2) KOH. Mel
H SO, 87% Br DMSO. 83% 8r
34 §1 R=H S3R=H
52 R=Me 54 R=Me
1) n-BuLi,
THF. -50°C
2) B(OMe);
| 3)HCUH,0
| 85%
'

Scheme 3.11: Synthesis of boronic acid 55 from sophthalic acid 34

In the next step (Scheme

boronic acid 55 and ditriflate 45 were coupled o give the
desired product 56 in 6% vield wsing a modified Suzuki-\lzaura coupling with
ethyleneglycol dimethyl ether as the solvent. The low isolated yield of this reaction was
presumably due to the low solubility of compound 56. Compound 56 could be
hydrogenated in dilute solutions in benzene using Pearlman’s catalyst (PdOH) C)
together with a drop of glacial acetic acid w0 give compound 37 (99 a1, which was much
more soluble than $6. Unfortunately the low solubility of 56 limited the applicability of

this synthetic route greatly.
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Scheme 3.12: Suzuki-Miyaura coupling ot 45 and 58, and synthesis of 57

Due w the poor prospects for the preparation of sufficient ities of the required

synthetic intermediates using the approaches described above. attention was turned to

other synthetic routes. which are discussed in the following Section.

3.2.2 Alternative approaches to the synthesis of 57

The first alternative approach that was investigated was the coupling of anisole 58a or

bromobenzene 58b viu a two-told Friedel-Crafts acylation with succinoyl chloride 59

(Scheme 3.13). Auempts to accomplish this conversion failed when using 1.2-



dichloroethane as the solvent or when the reaction was attempted without solvent in the
presence of aluminum chloride. The only product that was often isolated after aqueous

workup of the reaction mixture was carboxylic acid 61. which was identical with the

reaction product of the Friedel-Cratts acylation of $8a or 58b with succinic anhydride 60.

X
cl P
Lo o. LJ
1 x ) O="~=0 acCi ; AICl; _ No Products
2 « (o (Y ————— R Isolated
~F =0 o)\/‘ Y S8aorssb
) o
58a X=OMe 59 60 612 X=OMe.R=OH — (o0
58b X = Br 62a X=OMe R=Cl — %

Scheme 3.13: Friedel-Cratts acy lations of anisole $8a and bromobenzene S8b

Carboxylic acids 61 were treated with thionyl chloride in order to generate the acid
chlorides 62. The thionyl chloride was removed trom the reaction mixture by distillation
and a solution of anisole or bromobenzene in 1.2-dichloroethane was added. This initially
led to a reaction mixture from which only starting materials could be isolated after
aqueous workup. When the reaction mixture was heated to temperatures higher than 30
*C a strongly exothermic reaction took place. after which the reaction mixture solidified

to a highly water-sensitive black solid. No product of this reaction was isolated.



Another approach 1o the synthesis of tetrafunctionalized compound 57 was based on a

publication by Mori."* who described the coppert])-promoted oxidative homocoupling

reaction of substi ylsilylacetyl o give sy ically
butadiynes. This homocoupling reaction must be done in highly polar solvents (DMSO or
DMF) under acrobic conditions. Oxygen from the air serves as the oxidant. This

homocoupling-based approach is given in Scheme 3.14.

OMe OMe
T™MS—= 7, A
(PhyP),PACl, s CuCl. DMF S
Cul. DBU. CgHg i ar. A, 72% i
™S 0
64 I
85% from 63a A
6% from 63b Z
o N

MeO MeQOMe OMe

; o
{ S J ot% OMe
XA \,\%‘,
mPh]P).Pd(O) OR  OR o

Nazco-J /\ /\

/\ 7 ssasea. \/ 7
\) DME. 3, 55% i\_/'
v HBr / ACOH. 76%
66 R=Me —

TJor 8Br, CH,Cly. 97%

T THO. pyndine
CH,Cl,. 90%

57 67
68 R=0Tf «——

Scheme 3.14: Synthesis of 57 v Cutl) promoted homocoupling of a trimethy Isily kacety lene.

The starting material for this approach was either 4-b isole 63a or 4-iod

63b. Sonogashira-Hagihara coupling”™' of these anisole derivatives with



trimethylsilylacetylene gave ((4 xyphenyliethynylrimethylsilane 64 (85% from

63a: 86° from 63b). When 64 was subjected to the oxidative i diti

with cuprous chioride in DMF. a yellow solid formed in the reaction mixture. and. afier
several hours of reaction. a 72% vield of butadiyne 65 was isolated. Unforunately. this
compound was not very soluble in organic solvents. which prevented large amounts of

material to be carried through this route. Hydrogenation of slurries of 65 in benzene in

the presence of Pearlman’s catalyst and a catalytic amount of acetic acid vielded almost

amounts of | 4-disubstituted butane 66. ' ion of this d to the

desired tetramethoxy compound 57 was accomplished in 3 steps from 66 by removal of

the methyl protecti

roups (76% when using Br HOAc® 97% with BBro).

conversion of the resulting bistphenol) 67 to the ditriflate 68 (81%0) and Suzuk]

Miyaura

coupling with boronic acid 5 to give key intermediate §7 (53

Although this synthesis of 50 is shorter and higher vielding than the Witig-based
approaches (Section 3.2.1). the oxidative homocoupling reaction still posed problems due

to the low solubility of 63. This prevented synthesis of large amounts of material throug

this sequence. While this route was being investigated. another route was designed in
which |.4-diarvibutane derivative 66 might be formed in a single step from a Grignard

reagent derived trom 4-bi sole 63a and 1 4-dibs by 39 (Scheme 3.
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Scheme 3.15: Synthests of 66 using the coupling of Grignard reagent 69 with | 4-dibromobutane 39

Initial attempts to accomplish this conversion failed and often the only isolable product
was 4.4"dimethoxshiphenyl 70. This product was likely formed as soon as 4-

bromoanisole 63a was treated with magnesium. even before Gi

ard reagent 69 could
be reacted with 1.4-dibromobutane 39. It was soon found that formation of this side
product could be minimized when activated magnesium turnings'’ were used. instead of
commercially-available magnesium. Activation with iodine prior to use. followed by

thermal activation (3 minutes at 150 °C) proved to be sufficient. and no more than

pproximately 15%5 4.4"-dimethoxybiphenyl was formed when this type of magnesium
was used. When organomagnesium compound 69 was reacted with |.4-dibromobutane

39. it was found that in order to obtain the desired reaction product. 69 had to be added
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slowly at 0 °C to a well-stirred solution of 1.4-dibromobutane 39 and dilithium
tetrachlorocuprate.* This catalyst can be formed in situ by dissolving lithium chloride
and cuprous chloride in dry THF. When the addition was performed slowly. yields of 70-
73% of 66 were obtained. The reaction was scaled up to vield several grams of product.
When the temperature was not controlled carefully or the addition was performed too
fast. the reaction products were similar to those obtained when the reaction was
performed without catalyst (probably due to elimination ot HBr from 1.4-dibromobutane

39 or reaction intermediates).

3.23 A d synthesis of pyr 1

Using the methodology described in Sections 3.2.1 and 3.2.2. multigram quantities of 57
were availuble and attention was focused on the next task: synthesis ot'a eyclophanediene
2. the direct synthetic precursor of pyrenophane 1. Scheme 3.16 shows the synthetic

approach aimed at accomplishing these conversions.

R RR R ~
‘ \k\l/v S\/\(r\s IC)F:CH;‘O)ZCHEF‘ ‘\)/)
2Clz
Z 2 NagS1ALO, 2) KO-t-Bu, THF
I

EIOH / CH,Cl,

/\
k/ i 72% ‘crude yield'
-

/

3) (CH30);,CHBF,
CH,Cl. <3

,Cly
4)KO-t-Bu, THF. \\g
HO-+-Bu. 40% from 71

30 2

57 R=OMe 8Br3, CH,Cly.
7 Regr ] 30°C > rt. 56%

Scheme 3.16: Synthesis of

lophanediene 2.
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T y d 57 was d 10 the di ide 71 using
BBr; in dichloromethane in 36% vield. For this reaction it was important that it was not
left longer than required. since the product decomposed slowly under the reaction

at room [reatment of

30. However. dithiacyclophane 30 could not be puritied using column chromatography.

due o d ition of the cyclophane under these liti Recrystallization of

crude samples of 30 did not lead to g1

eater purities of the samples. Fortunately. tast

filtration of the concentrated reaction mixture through a short pl

{ silica using CHCl:

as the eluent vielded

acyclophane 30 of sutficiently high purity to be used in the next

steps (72% crude vield).

Crude 30 was then subjected to the standard sequence of reactions to form
eyclophanediene 2. During this 4-step process. characterization of the intermediates was

- i vaidi 10 other syntheses by our group).

nce all intermediates are
present as mixtures of isomers and some intermediates are poorly  soluble
tetrafluoroborate  salts. In the first step. 30 was treated with Borch reagent'
((CH:0);CHBF:) and the resulting bisimethy Isulfonium) salt was subjected to Stevens

" (KO-t-Bu. THF) to vield a mixture of thioethers. Treatment

rearrangement conditions™™
of this mixture with Borch reagent. followed by Hoftman elimination'” using KO-r-Bu
gave cyclophanediene 2 in 40% yield (4 steps) from tetrabromide 71. Unfortunately. no

crystals of 2 that were suitable for X-ray analysis could be obtained.
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Cyclophane diene 2 showed accidental chemical shift degeneracy of some of

aromatic
protons in the 'H NMR spectra when CDCl; was used as the solvent. The 300 MHz

spectrum of 2 in C.D, showed a single peak for i

internal protons at 4 6.80 and a single
peak at § 6.78 for the protons meta to the internal protons. The para-phenylene ring of 2

showed an AA'BB’ system centered at § 7.00 and 6 6.67 in benzene. These data are in

good agreement with other tethered cyclophanedi that have been synth d by our

s

group

L ooa. e
ﬁ\;\‘] Solvent A { )
b ’A\f\’ .

&>

2 1

Scheme 3.17: Attempted synthesis of pyrenophanc |

Cyclophanediene 2 is only one step away from the target compound pyrenophane 1 by
the VID protocol.” When solutions of eyclophanediene 2 in benzene or toluene were
treated with DDQ at reflux temperatures. not even trace amounts of the desired

pyrenophane | were isolated and slow decomposition of the startil

¢ material to

intractable materials was observed. Unfortunately. it has not been possible to determine

whether this decomposition process was a result of initial formation ot the dihydropyrene

or the py 1. followed by d ition or if cy diene 2 ds d




via other routes. The desired ion was also

(irradiation with a mercury lamp (254 nm) in the presence of air as the oxidant)™ and

pyrolytically (flame imation*® or i flow flash vacuum pyrolysis).”' No

products could be isolated from the irradiation experiments (starting material was
consumed) and the pyrolytic methods led to almost quantitative recovery of starting
material. The mass spectrum of cyclophanediene 2 showed the molecular ion of 2 to be
the most abundant species (m = 410). No trace of the molecular ion of 1 was observed

(m = 408).

In order to explain the of cyclophanediene 2 to give py hane 1. semi-
empirical (AM1) calculations were performed on both systems.™ The first factor that
might contribute is the expected high bend angle of the pyrene unit in pyrenophane |
(Ocareg = 114.4°). This angle for the pyrene unit is slightly higher than that caleulated for
the most bent pyrenophane that has yet been isolated by our group (O-(CH:):-O tether:
Bcaiea = 113.3%, Oy = 109.2°%). [t is possible that the actual bend angle is too large for 1

1o be formed using the VID protocol.

The pe henylene units in the structure of 1 showed a angles of ca. 10° and

B angles of 16.7° at the positions that are linked to the pyrene moiety. In the calculated
structure of cyclophanediene 2 these angles were considerably smaller (o < 5°. 8 = 6.1°).
This suggested that in going from 2 to L. the strain in these para-phenylene units

increased i ly. In the ion-based iction that h: with B.ay




smaller than ca. 11

120° might be synthesized using the VID approach (Section 1.5).
the formation of other strained aromatic nuclei was not taken into account. The actual

borderline value for By in systems

ike 1 might very well be lower than for the

[n](2.7)pyrenophanes. Synthesis of systems with lower 0. values will have to be

dertak

o il the limitations of the VID approach towards the synthesis of’

this class of pyrenophanes.

Another fa

tor that might limit the reactivity of 2 wwards the VID reactions is the

dihedral angle around the biaryl bonds. i.e.. twist in the bipheny

ms. This twist was

caleulated 1o be approximately 187 and the closest

ance between the hydrogen atoms
ortho to this bond was calculated 10 be 1.9 - 2.1 A By comparison. AMI calculations on

a single biphenyl unit

ave 417 for the dihedral ang

cand 2.3 A\ for the distance between
the ortho hydrogens. [n the VID process. the aromatic portion of the molecule moves
towards the adoption of a belt-like structure. In such a situation the two para-phenylene

units become increasingly boat-shaped. In order to adopt most effectively this

requirement. both biphenyl units in 2 must adopt untavorable coplunar conformations (0

dihedral angles). If the VID sequence were to proceed with cach biphenyl unit in its

preferred twisted arrang then the para-phenyiene groups of 1 would be required to
form with in-plane distortions. This entails bond length distortions. which are much more
demanding energetically than the bend angle distortions associated with the adoption of’

boat conformations.



The rel of cyclophanedi 2 1o form py h: 1 might very well be a

of the effects described above. In order o overcome the first problem (too
much bend in the pyrene unit) a cyclophane diene with a longer tether could be
synthesized. which might undergo the VID reactions more casily o give a pyrenophane.
Pyrenophanes 72. 73 and 74 (Figure 3.05) appear to be reasonable synthetic targets. They
have slightly longer tethers than pyrenophane 1 and. as a result. their calculated bend

angles are smaller (.40 108.9°. 110.1° and 111.1° respectively). With the smaller

calculated bend angles for 72 - 74 than for 1. these synthetic

gets might provide the
necessary data to develop meaningtul cut-oft values in computational methods to predict
the limitations ot the VID protocol tor syathesis ot (2.7)pyrenophanes with two para-

phenylene units in the tether.

NN
S s
=
[ [
A oA )
N 7 N
o C)/\/\O
7 74
Deaies = 1086 ° Yeaicg = 11017 Negeg = 1111°

Figure 3.05: Structures for future synihetic targets 72 - 74



The other way to facilitate the desired VID reactions would be to try and reduce the
dihedral angle in the biaryl units of the cyclophanedienes. This can be done by placing
ethano bridges on the biaryl units. Cyclophanedienes 75 and 77 (Scheme 3.18) then

present thy 1

as isi didates for this ification. The additional ethano
bridges that are present in 75 and 77 should dehydrogenate under the conditions used for
the VID reactions. Through this dehydrogenation the biaryl units in 2 are etfectively

replaced by phenanthrene (75) and pyrene (77) units. which reduces the dihedral angles

(the corresponding dihedral angles in phenanthrene and pyrene are caleulated to be 0°

Not only do the new ethano bridges serve to reduce the dihedral angle of the biaryl
moieties, but they also manifest themselves in the Vogtle belts 4. As a further point off
interest. the transoid orientation of the phenanthrene units in 75 and 76 introduces an
element of chirality to the system. A similar system with a ¢isoid onentation of the

phenanthrence units can also be proposed. but this is achiral.
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1205°
1143°
1053°

78 an=1 1227
bn=2 N7
cn=3 1077

Scheme 3.18: Future synthetic targets "6 and 8 and their AM 1 -calculated

bend angles for the highlighted (+) pyrenc units.

3.2.4 Retrosynthetic analysis of 76 and 78

From Scheme 3.18 it can be seen that synthesis of 76 and 78 requires first that
cyclophane dienes 75 and 77 be synthesized. Scheme 3.19 shows a retrosynthetic analysis

of phenanthrenophane diene 75



168

MeO MeOOMe OMe

OMe OMe !{ b

~
= i
L | | x X
| ot oty N N AN
| .25 ] i
NS N U U
i |
] 1 ,,
N 81 sy
n V4
n A
x x
MeO  MeO |
: OHC._AL _A_.CHO
N i g
B ~A i A
ot
85 84 N
Scheme 3.19: Retrosy analysis of diene 7
Analogous to the ynthetic approach for py hane 1. a vnthesis for

phenanthrenophane 75 could lead back to a tetramethoxy compound 80 via a
dithiacyclophane 79. Cutting of the bonds connecting the ethanobridges to the biaryl

system in compound 80 (path a) gives 81. which could be envisioned as the Suzuki-
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Miyaura coupling product of ditriflate 82 and boronic acid 55. The ring closure from 81

to 80 might be achieved photochemically™*" or using a palladium-catalyzed cyclization

reaction.” In the latter case. it might be possible to convert ditriflate 82 and 55 in a one-

pot process to compound 80. Cutting of the central biaryl bonds in 80 in a complements

retrosynthetic approach (path b) could lead back to compound 83. Compound 83 can
come from Wittig-type oletination of a dialdehyde 84 with a phosphorous ylide derived
from bromide 85. The substituent “X™ on compounds 83 and 84 could be used as a
directing group for the installation of the formy! groups in 84. In the cyclization step w0

torm 80. this substituent will be eliminated as “HX™.

4
“
=
>
4

Dithiacy

75 and pyrenophane 76 all possess an
element ot planar chirality. Untortunately. this means that in the ring-closing step in

which the dithiacyclophane 79 is formed (and the clement of chirality is introduced) two

diastereomers could be produced: an achiral dithiacyclophane 86 and the

‘mmetric

dithiacyclophane 79. This may cause problems with purification and characterization. but

86 could conceivably also be brought through to a partial belt.

Figure 3.06: Structures of dithiacyclophanes 79 (C': symmetry) and 86 (achiral).
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Vishi et al. have synthesized akin to distyryl 825 but they
used anisole derivatives. which placed methoxy groups where tritlate groups are required.
Due to the sensitivity to acid of the styrene units in the product. functional group

interconversions 1o give the desired ditritlate 82 are likely to be problematic so another

approach was investigated.

| OR Ohc | OAc O
T OO0
\f N A
1) HCCH. S$nCl,, ¥/l
© /\ BuM. & 87 88
Z \/

2) Ac,0. pyridine

)

(2
e
’s

¥
/ 'g

Scheme 3.20: Attempted «rohs-s iny lation of 6

Attempts to synthesize distyrylbutanes like 82 have so far been unsuccesstul (Scheme

320 When an orth ition ireaciion: dasebed By % -

was used to

attempt divinylation of bistphenol) 67 (corresponding to the synthesis of 76 and 78 with n
= 1) several small fractions of what was thought to be a mixture of vinylated compounds
(at least 3) was obtained from column chromatography of the reaction mixture. In
Scheme 3.20 several possible structures are shown. although no direct evidence for any

of these products has been obtained. Most chromatographic fractions obtained from this
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reaction proved to be very unstable and polymerized readily even under refrigeration at —
18 °C. forming transparent. gel-like material. The low vield of isolated material. together
with the instability of the products made this approach unattractive. so an alternative

synthesis of 80 was investigated (Scheme 3.21).

OH  OH 1)(CHlgN,. OR  OR
N, TFA A OHC. CHO
2)H0". 3 \J
67 91 R=H \ TLO
92 R=Tf A] pyridine
OMe  OMe OMe  OMe
N (CHa, HBr LW
; ~ i
7 B ~A
9 85

Scheme 3.

+ Attempted syntheses of $4 and 85

For this approach. two coupli

partners tor a W

type olefination had to be

synthesized: a derivative of dialdehyde 84 (where X is a leaving

eroup) and a benzy
bromide 85. Initial attention went to the synthesis of a suitable derivative of 84. where
introduction of X as a writlate group was anticipated (compound 92). Formation of

precursor 91 from bistphenol) 67 was accomplished in approximately 60%

vield using

the Duff reaction.”"** (Purification o dialdehyde 91 proved difficult due w low solubility

and instability.) Unfortunately. reaction ot 91 with triflic anhydride was sluggish and the
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only material that was recovered from the reaction mixture was a small amount of

starting material.

Synthesis of benzylic bromide 85 was auempted using several conditions for
bromomethylation of electron-rich aromatic rings. but in no case was the desired
compound isolated. The only product isolated was often e.a’-dibromo-mera-xylene.
resulting from nucleophilic displacement of the methoxy groups on starting material 93.
Due to the failure of this route as well as the previous route. this project was set aside in

favor of more promising targets. For completeness. a shont discu:

ssion of a proposed

synthesis of cyclophanediene 77 will be

ven here. This project has not been pursued by

the author.
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A retrosynthetic analysis of ey clophanediene 77 (Scheme 3.22) proceeds. along the same

route as the one for ph hrenoph 75tw0a hy

y d 95. which could

be derived from an enesi d 97 and l.n-dil 96.

Compound 97 could possibly be derived from a dithiacyclophane 98 using established

s. First a [2.2]metacyclophane could be formed. whose central bond is closed

using iron filings and bromine to give a tetrahydropyrene.”’ Dithiacyclophane 98 could

be tormed trom a coupling between diester 99 and tribromide 100.
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Pyrenophane 78. if' its synthesis were successful. would contain a curved aromatic surface
with 36 sp™hybridized carbon atoms that would map onto the surfaces of Ds, C-. Dsy Cao

and Du, Cys. Curved aromatic surfaces of this size have not yet been synthesized using

gy and ish of this synthesis would constitute a
landmark in the field of eyclophane chemistry. Preliminary work in this area by another

researcher in this

roup has led to the synthesis of a small amount of dithiacyclophane
98" Obviously. large quantities of this compound will be required in order to
accomplish its transformation into 77 and 78. but the groundwork has been laid for a

serious assault on a very challenging target.

3.3 Experimental

General. All chemicals were reagent grade and were used as received. Chromatographic

separations were performed on Merck silica gel 60 (particle size 40-63 pm. 230-400

mesh). Melting points were d ined on a Fisher-Johns and are uncorrected.

Elemental analyses  were fe i at the MicroAnalytical Service Laboratory.

Department of Chemistry. University of Alberta.  Mass spectroscopic (MS) data were
obtained on a V. G. Micromass 7070HS instrument. "H NMR (300.1 MHz) and “C NMR
(75.47 MHz) were obtained on a General Electric GE 300-NB spectrometer: 'H shifts are
relative to internal tetramethy Isilane: C shifts are relative to the solvent resonance

(CDCl3

=77.0). All i s with i or air-sensitive were




performed in anhydrous solvents under nitrogen unless otherwise stated. Solvents were

dried and distilled according to standard procedures.

4-(Tri 3 vioxy vde (40).”° To a stirred 0 °C solution of 4-

hydroxybenzaldehyde 36 (25.00 2. 204.7 mmol) and pyridine (17.8 mL. 174 ¢. 220

mmol) in dichloromethane (500 mL) was added triflic anhydride (28. 6 mL. 47.9 ¢. 170
mmol) by syringe through a septum over 15 min. The reaction was allowed o warm o
room temperature before it was quenched with 2.5% aqueous HCl solution (100 mL)
The aqueous layer was extracted with dichloromethane (2 ¥ 100 mL). The combined
organic layers were washed with saturated aqueous Na:CO; solution (2 x 100 ml.). water
(100 mL.) and brine (73 mL). dried (MgSO:) and concentrated in vacuo. The residue was

purified by column chromatography (Si0s: CH

121w yield triflate 40 (33

mmol. 78% ) as a colorless vil: IR tem™ ) 2725 (W 1716 (51, 1597 (50, 1434 (50, 1217 (50,
1142 (5). 1015 (m). 884 (s). 732 (m): '"H NMR (CDCl:) & 10.08 (5. 1H). 8.04 (d. 24L.J =

8.5 Hz). 7.50 (d. 2H.J/ = 8.3 Hz): "C NMR (CDCli) 6 190.2. 153.2. 1359, 131.7. 1221,

118.6 (q../ = 332 Hzp: EI-MS (70 eV m 2 (o) 254 (61, M) 189 (100). 161 (141,

Ethyl (E)-3-(4-(tri y vloxy)p I To a stimed 0 °C

suspension of NaH (1.71 g. 60° in mineral oil. 42.6 mmol) in dry THF (200 mL) was

added triethylphosphonoacetate (7.81 mL. 8.82 g. 394 mmol). After stirring for 10 min. a
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solution of 40 (8.33 g. 32.8 mmol) in dry THF (25 mL) was added. and the mixture was
stirred at 0 °C for | h. then under reflux for 20 h. The mixture was cooled to room
temperature. 2% aqueous HCl solution (50 ml) was added and the mixture was
concentrated to ca 13 of the original volume under reduced pressure. Dichloromethane
(100 mL) was added and the aqueous layer was extracted with dichloromethane (100 mL).
The combined extracts were washed with water (100 mL). dried (MgSO:) and concentrated

in vacuo 1o yield a brown oil that was purified by column chromat

phy (SiO1: CHxCly)
to yield 41 (8.38 g. 26.5 mmol. 81°0) as a light-yellow oil: IR em™) 1724 (m). 1644 (m).
1503 (m). 1532 (s). 1215 (50, 1143 (s0: "HNMR (CDCli) & 7.67 (d. 1H.J = 16.5 Hz). 7.61

(d.2H.J = 8.3 Hz). 732 (. 21/ = 8.6 Hz). 6,45 (d. 2H./= 16,1 H2). 4.291q. 2H. /= 7.1

Hz). 1.36 (1. 31.J = 7.5 Hzy. V°C

MR (CDCT) 6 1664, 13020 1421, 1348, 129.7. 1219
120.1. 1186 (g../ = 3191, 60.8. 14.3: EI-MS (70eV) m = (Pa): 324 (36, M7). 296 (14). 279
(88). 191 (69). 163 (100). 146 (47): HRMS Cale’d tor CpaHF:0s8: 324.0278. found

324.0262:

(E)-3-(4(Tri y1)-2-propen-1-ol (42). To a solution of

ethyl ester 41 (1.00 2. 3.08 mmol) in dry CHxCly (30 mL) at =35°C under an atmosphere
of nitrogen was added dJiisobutylaluminium hydride (1 M solution in hexanes). The

reaction mixture was stirred for 1.5 h while it was allowed to warm slowly. Aqueous HC1

solution (3 M. 20 mL) was added. and the aqueous layer was extracted with

dichloromethane (30 mL). The organic layers were combined. washed with brine (30
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mL). dried (MgSO4) and concentrated in vacuo. The residue was purified by column
chromatography (Si02: CH:Cl») to vield alcohol 42 (0.80 g. 2.8 mmol. 92%) as a yellow
oil: 'H NMR (CDCl) 6 7.42 (d. 2H. ./ = 9.5 Hz). 7.21 (d. 2H. ./ = 9.5 H2). 6.61 (d. 1H.J

=15.6 Hz). 6.37 (dt. 1H.J = 15.4 Hz, 6.0 Hz). 4.33 (d. 2. J =

-9 Hz). 2.25 (br s. 1H):
HC NMR (CDCl;) 148.7. 137.1. 130.8. 128.7. 128.0. 121.5. 118.7. 63.3: EI-MS (70 eV)

mz(%0): 282(63). 240 (10). 226 (6). 175 (9. 149 (3. 3 (100)

(E)-1-Bi 3-(4-tril yIsulfonyloxy)phenyl)-2. (43). A solution of

PBr: (0.32 g. 1.2 mmol) in dichloromethane (10 mL) was added slowly to a solution of

aleohol 42 (0.66 ¢. 2.3 mmol) in dichloromethane (25 mL.). After 30 min the reaction was
quenched with water (10 mL). The organic layer was washed with water (4 x 15 ml) and
brine (15 ml.). dried (MgSO4) and concentrated i1 vacuo. The residue was purified by
column chromatography (5102 CHACE) to vield bromide 43 (0.51 2. 1.5 mmol. 63%) as

a colorless vil: 'HENMR (CDClo) & 746 (. 211 J = 9.0 Hz). 7.25 (5. 2H. ./ = 9.0 Ha).

6.64 (d. 11 155 Hz). 642 (dt TH. ./ = 15.5 1z 7.7 Hzo. 415 (d. 2H. J = 7.7 Hzy. V°C

NMR (CDCl 8 149.1. 136.2

1283, 1274, 121.6. 118.7 q. J = 320.0 Hz). 32.4:

EI-MS (70 eV iz (Pa): 346 (1. M7). 344 (1), 265 (70). 131 (100). 113 (68).

(E)-[3-(4-Trifl

) ) bromide (44). A
solution of bromide 43 (147 g. +.26 mmol) and triphenylphosphine (1.23 g. 4.69 mmol)
in toluene (13 mL) was stirred at reflux under an atmosphere of nitrogen for 1.5 h. The

resulting mixture was concentrated to approximately 5 mL under reduced pressure. The
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product was isolated by suction filtration. washed with petroleum ether (bp. 30-60 °C)

and dried in vacuo to give phosphonium salt 44 (

0 g. 4.12 mmol. 97%) as a white

solid that was used without purification.

(E.E)- And (E.2)-1.4-Bis(4-(

¥ yloxy)phenyl)-1,3 iene (45). To
a =78 °C suspension of phosphonium salt 44 (1.29 ¢. 2.12 mmol) in dry THF (30 mL) was

added #-BuLi (1.08 M in hexanes. 1.8 mL. 1.9 mmol). The reaction mixture was slowly

warmed to room temperature. and a solution of aldchyde 40 (0.59 ¢. 2.3 mmol) in dry THF
(5 mb) was added. The mixture was stirred at room temperature for | hour. and water was

added (10 mlL) tollowed by dichloromethane (100 ml.). The aqueous layer was extracted

with dichloromethane (2 x 50 mL.). The organic extracts were combined and washed with
brine (30 ml.). After drying (MgSOy). the vrganic layer was concentrated in vacuo and the
residue was puritied by column chromatography (Si0x: $0% CH:Cly - petroleum ether (hp.

30-60 “C)) to yield diene 45 (0.50 ¢. 1.0 mmol. 47%) as a li

t yellow solid: mp 1110 -

113.0 °C: IR (Nujol. em™): 1497 (w1422 tw. 1210 ¢s1. 1138 (5). 994 (w). 891 (m). 859

(w): "H NMR (Only signals for E.E

mer are listed: CDClo) & 7.51 (m. 4H). 7.26 (m.
4H). 6.94 (m. 2H). 6.70 (m. 4H): 'C NMR (Only signals for £ E-isomer are listed: CDCl:)

S 481 1374, 1318, 1304, 128.0. 121.7. 120.8. 118.4 (q. J

318 Hzx: EI-MS (70 eV)

m = (%0): 302 (39). 369 (100). 236 (66): HRMS Calc™d for CisHi2F,0,

301.9978. found
501.9894.
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(E)-3-(4-Trifluoromethylphenyl)propenal (46). To a solution of alcohol 42 (1.10 g.
3.90 mmol) in dichloromethane (20 mL) under an atmosphere of nitrogen was added over
10 min a suspension of the Dess-Martin periodinane (2,35 g. 5.39 mmol). After stirring
for 30 min the reaction mixture was washed with 1.3 M aqueous KOH solution (3 x 20
mlL.). water (30 mL) and brine (25 mL). After the organic layer was dried (MgSQy) it was
concentrated in vacuo. and the residue was passed through a plug of SiO: to give
aldehyde 46 (0.82 2. 2.9 mmol. 74%) as a light yellow oil: 'H NMR (CDCl3) 6 9.85 (d.
1H..J=67Hz). 7.78 (d. 2H.J = 8.4 H2). 7.59 (d. IH..J = 15.1 H2). 747 «d. 2H.J = 8.4

Hz).

83 (dd. 1L/ = 153 Hz. 69 Hzp: U'C NMR(CDCL) 6 193.1, 150.9. 149.7. 1343
13021301, 122.2, 118.7 (4. 320.6 Hz): EI-MS (70 V) m = (Yap: 324 (3. M7). 280 (19).

147 (76). 91 (100).

4-(Hydroxymethyl)-1-(trifluoromethy lsulfonyloxy)benzene (47). [o 1 =30°C solution
ot aldehyde 40 (1.00 g. 3.93 mmol) in dichloromethane (15 mL) under an atmosphere of
nitrogen was added diisobutylaluminium hydride (1 M solution in hexanes. 3.9 mL. 3.9
mmol) over 3 min. The reaction mixture was allowed 0 warm o room temperature and
was quenched with 3 M aqueous HCI solution (13 mL). The aqueous layer was extracted
with dichloromethane (2 x 10 mL). and the combined organic extracts were washed with
brine. dried (MgSO:) and concentrated in vacuo. The residue was purified by column
chromatography (SiO»: CH:Cly) to vield 47 (0.78 g. 0.30 mmol. 77%0) as a colorless oil.
that was used directly in the next step: '"H NMR (CDCl3) 8 7.44 (d. 2H. ./ = 8.9 Hz). 7.26

(d. 2H. J = 8.9 Hz). 4.71 (s. 2H). 2.16 (br s. 1H): ”C NMR (CDClz) & 148.7. 141.3.
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128.4. 121.3. 118.7 (q.J = 320 Hz). 64.0: EI-MS (70 eV) m = (°0): 256 (51. M"). 227 (3).

191 (5). 175 (4). 123 (28). 107 (29). 67 (100).

4 vD-1-(tri » yloxy)benzene (48). To a solution of
alcohol 47 (9.46 g. 36.9 mmol) in dichloromethane (100 mL) was added a solution of’
PBr; (2.5 mL. 7.2 g. 26 mmol) in dichloromethane (13 mL) over 3 min. Alter 435 min the
reaction mixture was quenched with water (25 mL). The organic layer was washed with

water (3 x 23 mL). dried (MgSOy) and concentrated in vacuo and puritied by column

chromatography (SiOx: 25% CHCly  petroleum ether (bp. 30-60 “C)) to give 48 (7.62 g,
23.9 mmol. 65%0) as a colorless oil: 'H NMR (CDCL) & 749 (. 20/ = 8.4 1), 7.26 (.
2H.J = 8.5 Hzp. 448 15, 2H: C NMR (CDCH) 8 19,1 138.5. 130.9. 1217, 118.7 1q./

=324 Hzo 314 EI-MS (70 V) m 2 (%0 M7 notobserved. 239 ¢100). 173 (33).

(EE)- And (EZ)-14-di(4-(trifluoromethylsulfonyloxy )phenyl)-1 3-butadicne (45).

To a solution of benzylic bromide 48 (2.2¢

¢. 6.89 mmol) in toluene (10 mL) was added
triphenyIphosphine (1.81 g. 6.90 mmol) and the reaction mixture was stirred under an
atmosphere of nitrogen at reflux for 1.3 h. The reaction mixture was concentrated in
vacuo to give phosphonium salt 49 (4.00 g. 6.88 mmol. 100%) that was used without
purification in the next step.

Phosphonium salt 49 (4.00 g. 6.88 mmol) was suspended in dry THF (50 mL) and cooled

10 ~78 *C. At that temperature was added n-BuLi (1.08 M solution in hexanes. 6.1 mL.

6.1 mmol). The reaction mixture was warmed up to room temperature over 30 min and a
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solution of aldehyde 46 (1.95 g. 6.96 mmol) in dry THF (25 mL) was added. The reaction
mixture was stirred for 63 h. concentrated and 0.1 M agueous HCl solution (50 mL) and
dichloromethane (100 mL) were added. The aqueous laver was extracted with
dichloromethane (30 ml) and the organic extracts were combined. washed (100 mL
water and 75 mL brine). dried (MgSO4} and concentrated in vacuo. The residue was
purified using column chromatography (Si0x: CH:Cla) to give diene 45 (2.08 g 414

mmol. 68 £ £- and £ Z-mixture) as a colorless solid.

5-Bromoisophthalic acid (51). To a 2 L 3-neched round-bottommed flask. equipped with
a mechanical stirrer and 3 reflux condenser with calcium chloride drying twbe. containing

isophthalic acid (36.31 g. 210 mmol). silver sulfate (40.01 ¢. 128 mmol) and bromine (13

ml.) was added concentrated sulturic acid (500 mL). The mixture was stirred at reflux for
48 h. The misture was allowed 10 cool 1o room temperatuee. and it was carefully poured
onto 750 mL. of crushed ice. The precipitate was filiered by suction filtration. washed with
water. dissolved in saturated aqueous NalICO: solution and suction filiered into 6 M
aqueous sulfuric acid. after which the crude product was isolated by suction filtration.

Recrystallization from acetone water vielded 51 (41.23 g, 77%) as colorless needles: mp: >

280 “C ¢lit:

282-

Cr: IR (Nujol. cm™) 35340 (mu. 1715 ¢s1. 1296 (m). 1255 (w). 1213
(s). 1164 (w): 'H NMR (acetone-s) 8 8.64 (1. TH.J = 2.4 Hz). 8.38 (d. 2H.J = 2.3 Hzn: °C

NMR (acetone-dy) 8 123.1. 130.3. 134.1. 137.2. 165.6: EI-MS (70 V) m = (®0): 244 (100.

M) 227166). 199 (19). 143 (19). 75 (39).
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Dimethyl 5-bromoisophthalate (52)." To a solution of 3-bromoisophthalic acid 51
(41.13 g. 168 mmol) in methanol (300 mL) in a | L round-bottomed flask. equipped with
a dropping funnel and a reflux condenser with drying twbe was added concentrated
H2SOy4 (20 mL) via the dropping funnel. The resulting solution was retluxed overnight.
After cooling to room temperature. the reaction mixture was concentrated under reduced

pressure. dissolved in ethyl acetate (300 mL) and washed with water «

0 mL). sarated
aqueous NaHCO: solution (2 x 300 mL). water (230 mL) and brine (200 ml.). dried
(MgS0y) and concentrated under reduced pressure 1o vield 52 (39.85 ¢, 87%0) as colorless

crystals: mp: 86 - 86.5 *C (lit:" 88 - 89 *C): IR (Nujol. em™): 1726 (s). 1575 (m.

(31 1003 (m). 958 (wh. 753 (mi 733 tmy: 'H NMR (CDCLi) 6 8.60 (1 1L/ = 15 Hao.

834 2 = 1S Hzo, 396 1s. ok FCNMR (CDCL 6 1649, 130.6, 132.2,129.2,

1225, 327 EI-MS (70 eVm 2 (%a): 272036 MO 241 01000, 213 (220, 198 (37),

1-B| 3.5-bis (53). To a vigorously stirred. 0 C suspension

of LiAIH, (417

110 mmol) in dry diethyl ether (100 mL) in a | L 3-necked round-
bottomed flask. equipped with a reflux condenser under nitrogen and a dropping funnel.
was added a solution of dimethyl 3-bromoisophthalate 52 (15,02 ¢, 35 mmol) in dry diethyl
ether (300 mL). over ca 30 min. The reaction mixture was allowed 0 warm o room
temperature and after 16 h. the mixture was cooled in an ice:water bath and ethyl acetate
(100 mL) was carefully added viu the dropping funnel. followed by dropwise addition of

water (50 mL). The mixture was poured into 3 M aqueous HCI solution (100 mL) and the
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aqueous laver was extracted with diethyl ether (3 x 100 mL). The combined organic layers
were washed with aqueous HCI solution (3 M. 100 mL). water (2 x 100 mL) and brine (100
mL) and dried (MgSO;). Concentration under reduced pressure yielded a white solid.

which could be recrysuallized from methanol to give 53 (10.55 g. 88%) as colorless

needles: mp: 79 - 80.5 *C (methanol) (1it:"* 90 - 91 *C): IR (Nujol. em™): 3220 (s). 1576

(m). 1238 (m). 1061 (m). 1012 (m). 863 (m). 807 (m). 706 (m): 'H NMR (acetone-ds) &

742 (5. 2H 730 (s, LD 4.62 (5. 4H). 386 (5. 2H): !

“ NMR (acetone-da) & 146.2. 128.6.

1242, 122.6. 64.0: EI-MS (70 V) 2 (%0): 216 (43 M), 199 (8). 183 (210 169 (12). 138
(37) 107 (395,91 (1001, 79 (96). 77 (8712 Anal. Cale’d for CyHuBrOx: C. 44.27: 1L 418,

Found: C. 44.68: 1. 4.16.

1-Bromo-3.5-bi (54). To a round-h I tlask

powdered KOIH (9.71 173 mmol) in DMSO (80 ml) was added I-bromo.

bisthydroxymethylibenzene 53 (3.00 g 23.0 mmol). followed by iodomethane (12.28 ¢.
86.5 mmol). The reaction mixture was stirred for 1 h at room emperature and poured into

water (100 ml). Dichloromethane was added and the aqueous layer was extracted with

another portion ot dichl hane (100 mL). The bined organic layers were washed

with water (3 x 100 mL). brine (75 mL). dried (MgSO:) and concentrated under reduced
pressure. Vacuum distillation (143 - 149 °C 3 - 7 mmHy) yielded 54 (438 2. 78%s) as a

colorless oil: 'H NMR (CDCl3) § 7.40 (s. 2H). 7.21 (s. TH). 4.40 (5. 4H). 3.38 (5. 6H): °C
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NMR (CDCl;) & 140.8. 12

1253, 12

8.5 EI-MS (70 eVy m = (°0): 244 (11

M), 199 (27). 165 (44). 104 (51). 45 (100).

3.5-Bi 3 ¥I)pheny ic acid (53). To a -30 °C solution of 1-bromo-3.5-

bis(methoxymethyl)benzene 54 (8.64 ¢. 35 mmol) in dry THF (30 ml) was added n-BuLi

(1.6 M solution. 24.23 mL. 39 mmol) over 10 min. and the reaction mixture was stirred
for 13 min. At =30 °C. trimethylborate (12.0 mL. 106 mmol) was added over 10 minutes
and the reaction mixture was stirred overnight. slowly warming up to room temperature.
The reaction mixture was quenched with 5°0 aqueous HCI solution until pH 6 and the
solvent was removed under reduced pressure. The residue was  dissolved in
dichloromethane. washed with brine. dried over MeSO; and concentrated in vacuo.
vielding crude 55 as a foamy white solid (7.13 ¢ 339 mmol 96%). which was used

without purification in the next step.

(E.E)-1.4-Bis—4-(3,5-bi: 1.3 iene (56). Ditriflate 45

(2,06 g. 4.10 mmol) was added to a solution of Pd(PPh;); (0.28 ¢. 0.25 mmol) in degassed

veol dimethy | cther (30 ml) in a 3-necked round-bottomed flask with retlux

condenser under an atmosphere of nitrogen. After 5 min. a solution of boronic acid 55

8 g. 12.3 mmol) in a minimum of degassed ethanol was added. followed by a solution
of NaxCO; (1.74 . 16.4 mmol) in H:0 19 mL) and the resulting mixture was refluxed for

18 h. After cooling the reaction mixture to room temperature. it was concentrated in vacuo.



CHCl; (250 mL) was added and the mixture was washed with saturated aqueous NH.Cl
solution (2 x 50 mL). water (30 mL) and brine (50 mL). The organic layer was dried
(MgSOs). concentrated in vacuo and the residue was purified using column
chromatography to vield 56 as a light yellow solid (0.13 g. 0.24 mmol. 6%. E.E- and £.Z
mixture): mp. 188.0 - 191.5 °C (CHCL:x: 'H NMR (Only signals for £ E-isomer are listed:

CDCl;) 6 7.61 (m. 4H).

53 (s 4H).

(m. 4H). 7.30 (s. 2H). 7.03 (m. 2H). 6.74 (m.

2H). 4.54 (s. 8H). 3.4 (5. 12H): “C NMR (Only signals for £. E-isomer are listed: CDCly)

. 74.6. 38.3: EI-MS

(70 eV mz ("ar: 334 0100, M) 520 (9). 457 (50,

CanblixO3: 334.2708. tound 334.2764.

1.4-Bis(4-(3.5-bi 3 yhp

pheny hbuta (57). To a solution of diene

56 (011 ¢

0.21 mmol) in degassed CaHL (200 ml) was added a spatla-tip Pearlman’s
catalyst. followed by 3 drops of glacial acetic acid. The mixture was stirred vigorously
under an atmosphere of hydrogen (1.1 hars) for | h and nitrogen was bubbled through the
mixture to displace the hydrogen gas. Filtration over a plug of MeSO; followed by in
vacuo concentration of the reaction mixture vielded 57 (0.11 g. 0.20 mmol. 99%) as a
colorless solid: mp: 71.0 - 72.0 °C rethyl acetate  hexanes): 'H NMR (CDCl:) & 7.50 (s,

4H). 7.40 (A:By system. 8H). 4.52 (s. 8H). 3.43 (s. 12H). 2.70 (br m. 4H). 1.73 (br m.

4Hy: C NMR (CDCly) 6 141.8. 1414, 138.8. 138.3. 128.8. 127.0. 125.6. 74.6. 58.2.

3540 31.0: EL-MS (70 @V) m (%) 338 (1 M) 506 (24). 491 (19). 474 (25). 439 (13).
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445 (9). 429 (10). 358 (8). 255 (46). 43 (100): Anal. Calc’d for C:,HixOu: C. 80.26: H.

7.86. Found: C. 79.89: H. 8.18

+ yphenyDethynyl|tri ylsil (64). To a  suspension  of
bis(triphenylphosphine)palladium(Il) chloride (0.27 g. 0.4 mmol) and Cul (0.27 g. 1.4
mmol) in dry benzene (50 mL) in a 100 ml 3-necked round-bottomed tlask with
condenser under nitrogen was added 4-iodoanisole (1.80 ¢. 7.7 mmol). followed by DBU
(1.76 g. 11.5 mmol) and trimethylsilylethyne (1.13 ¢. 98.22 mmol). The mixwre was
stirred at room temperature for 14 h. and the reaction mixture was poured in petroleum
ether tbp. 30-60 °C. 30 mL). filtered and concentrated i vacuo. To the residue was added
petroleum ether (hp. 30-60 “C. 75 mL). and the solution was washed with 3 M aqueous
HCI solution (3 x 30 mL). water (2 x 30 ml) and brine. dried over MgSO: and
concentrated under reduced  pressure. After column chromatography (2% ethyl
acetate petroleum ether thp. 30-00 - Ch. vacuum distillation vielded 64 (116 ¢. 7470 as a
colourless vil. ™ bp 110 =112 *C 7 mmHg: "H NMR (CDCl3) 6 7.70 (d. 2H.J = 9.0 Hz).

6.53 (d. 2H. /=91 Hz). 3.81 (5. 3H). 0.25 (5. 9H): 13C NMR 6 133.4. 113.8.103.2.92.4.

20002 EIMS (70 eVym = (%ar: 204 270 MO 189 (1000 174 (8). 146 (131 Anal.

Calc’d for Cx:H;00!

C.70.33: H. 7.89. Found: C. 70.34: H. 8.12.

1,4-Bis(4-methoxyphenyl)butadiyne (65)."" To a solution of 64 (1.62 ¢. 7.9 mmol) in

DMF (40 mL. was added coppert!) chloride 10.86 g. 8.7 mmol) and the flask was equipped
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with a condenser. The mixture was stirred vigorously overnight at 60 °C and allowed to
cool to room temperature. Approximately § g of citric acid was added. followed by water
(10 mL) and the mixture was stirred for an additional 1 h at room temperature. after which
diethyl ether (30 ml.) was added. The aqueous layer was extracted with diethyl cther (20
mL) and the combined organic layers were washed with 5% aqueous citric acid solution
(25 ml.). water (23 mL) and brine (25 mL). dried over MgSO; and concentrated under
reduced pressure 10 vield 65 as a vellow solid (1.93 g. 93° crude). which could be
recrystallized from ethanol water mixtures to give 65 (1.79 2. 86%) as slightly vellow

needles. mp: 137.5 - 139.0 °C: IR (Nujol. em™ ) 2137 (wi. 1398 (my. 1504 (m). 1294 (m).

(). 1167 (m). 1027 tm. 841 om: 'HTNMR (CDClz) 6 748 od. 4117 = 8.7 [12). 6.88

(d. 4HL . = 8.8 Hz), 3.84 (s ol P3O NMR 6 160.2, 1340, 114.1. 1169, 81.2. 729,

EL-)

S 70 eV mz (ar 262 (100, N 247

19 (141 176 (18): Anal. Cale'd tor

CisHpsOy: C.82.42: 1L 538 Found: C.82.00: H. 5.16.

1,4-Bis(4-methoxyphenybutane  (66).°  To  a  solution  of  l4-bistd-
methoxyphenyhbutadivne 66 (2.03 . 7.7 mmol) in benzene (30 ml.). was added 20 %o
Pd(OH) C (Pearlman’s catalyst. approximately 0.3 g). followed by glacial acetic acid (2
drops). The mixture was degassed and placed under an atmosphere of hydrogen (1.1 bar).
Once hydrogen consumption ceased. the reaction mixture was filtered and the filtrate was
concentrated in vacuo o vield |.4-dit4-methoxyphenyl)butane 66 (2.09 g. 100%) as a

white solid. mp 75-76.5 'C (ethyl acetate hexanes): 'H NMR (CDCl3) § 7.08 (d. 4H. J =
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8.6 Hz). 6.82 (d. 4H.J = 8.8 Hz). 3.79 (s. 6H). 2.57 (br m. 4H). 1.62 (br m. 4H): 13C NMR

8 157.6. 134.7. 1292 1136,

52348 313 EEMS (70 eVim = (%) 270 (11 M) 121

(100).

1.4-Bis(4-methoxyphenybutane (66). lodine (0.70 . 2.8 mmol) was added to a 100 mL

3-necked round-b d flask i anesium tumnings (1.58 g. 65.0 mmol) in dry
benzene (30 ml.) and dry diethyl ether (2.0 ml.) equipped with a distillation head under an
atmosphere of nitrogen. The mixture was stirred vigorously for 15 min and most of the
color disappeared. The solvent was distilled off under an atmosphere of nitrogen. The
residue was stirred at 150 °C for 5 min and was allowed to ¢vol to room temperature. Dry

THF (10 mL) was added. the mixture was cooled to 0 “C. and a solution of 4-bromoanisole

63a (743 ¢, 39.8 mmol) in dry THE (40 mL) was added over | h and the cooling-bath was
removed. The suspension was added dropwise over 30 minutes o a 0 ¢ solution of 1.4+

dibromobutane 39 (2

9.96 mmoli. LiC1(0.04 ¢. | mmol) and CuCl: 2 1O (0.08 g,
0.5 mmol) in dry THF (40 mL) under an atmosphere of nitrogen. The mixture was stirred
for 16 h at room temperature. quenched with H:0 (10 mL) and concentrated in vacuo to a4
volume of ca. 25 mL. The residue was slurried in dicthyl ether (75 mL) and filtered.
washing the residue with diethyl ether (30 mL). The filtrate was washed with water (73
mL) and brine (50 mL). dried (MgSOy) and concentrated in vacuo. The residue was
purified by column chromatography (SiOa: 50 dicthyl ether/hexancs) to vield 66 (1.89 g.

6.97 mmol. 70%0) as a colorless solid.
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1,4-Bis(4-hydroxyphenyl)butane (67).” To a —30 °C (dry ice’acetone bath) solution of
1.4-di(4-methoxyphenylibutane 66 (1.46 ¢. 3.4 mmol) in dichloromethane (30 mL) in a 50
mL 3-necked flask under nitrogen. was added borontribromide (1.33 mL. 16 mmol)
dropwise over 10 min. The mixture was allowed to warm to room temperature. and. afier

stirring for 3 h at room temperature. ethanol (3 mL) was added. followed by water (15 ml.).

The aqueous layer was extracted with dichl hane (30 mL). The bined organic
layers were extracted with 3 M aqueous KOH solution (2 x 30 mL) and the combined
alkaline layers were acidified using 6 M aqueous HCI solution. The mixture was then
extracted with diethyl ether (2 x 30 mL). The combined organic layers were washed with
water (25 mL) and brine (25 mL). dried over MgSO; and concentrated under reduced
pressure. Column chromatography of the residue (Si0:: 0% cthyl acetate hexanes) vielded

67 as a white solid (1 . 94%). mp 152-153.5 °C (ethyl acetater: IR (Nujol. em™y: 3403

(50 151 esh 1236 (m. 813 em: 'H NMR (acetone-di & 7.01 (4. 4H. ./ = 8.4 Hzp 6,74 0d.
HL = 8.4 Hzo 383 s 2H 254 chr mu 4HD. 139 obr m dED: O NMR (acetone-da) &

15241304, 1204, 112.16. 31.83. 28.

MS (70 eVym z Yok 242 (12 M) 186 (l6).

107 (100).

1, 4-Bis(4-(tril yloxy ) (68). To a solution of |.4-bist4-

hydroxyphenyhbutane 67 (1.27 g. 5.24 mmol) and pyridine (0.93 mL. 11.5 mmol) in
dichloromethane (30 mL) at 0 °C. was added triflic anhydride (1.94 mL. 1.5 mmoh

dropwise over 10 min under nitrogen. After addition was complete the reaction mixture
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was stirred for 2 h at room temperature and 3°» aqueous HCI solution (10 mL) was added.
The organic layer was washed with 3% aqueous HCL water and brine. dried over MgSO,
and concentrated in vacuo. Column chromatography (23% ethyl acetaterhexanes) of the
residue yielded 68 (2.38 g. 4.70 mmol. 90°0) as a white solid. mp: 84.0 - 86.0 °C (ethyl
acetate * hexanes): IR (Nujol. em™): 1504 (m). 1248 (w). 1213 (m. 1174 (w). 1143 (m).

892 (m). 717 (w1 'H NMR (CDCl:) 6 7.21 (AABB. 8H). 2.67 (br m. 8. 1.67 (br m.

8H): C NMR & 147.7. 1428, 130.0. 121.1. 118.7 ../ = ) Hz). 330, 30.7: EI-MS
(70eV) m = (°0): 306 (26, M), 373 (151 279 (19). 239 (1001, 175 (82). Anal. Calc'd for

CixHipFy058:: €. 42.69: 1. 3,18, Found: C. 4

51 1,293,

1.4-Bis(4-(3.5-bi (37).

3 ¥ phenyl)phenyhbutane

fo a of

kistriphenyIphosphi [lad (013 ¢ 013 mmob in dry  anhydrous

dimethoxyethane (35 mly in a 50 ml. 3-necked round bottom Mask equipped with magnetic

stirrer and retlux condenser under nitrogen. was added 68 (2.22 v 441 mmol). tollowed

after 10 min by DBU (26 ml. 18 mmol) and a soluion of

i

bistmethoxymethyhiphenyiboronic acid 35 ¢3.64 ¢. 17.3 mmol) in 5 mL anhydrous ¢thanol.
The mixture was retluxed for 20 h. and allowed w cool to room temperature. The reaction

mixture was filtered and the filtrate was d in vacuo. dichl hane (20 mL)

was added and the organic solution was washed with 3 M aqueous HCI solution (2 x 23

mlL.). water (25 mL) and brine. dried over MgSO, and concentrated under reduced pressure.
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The residue was subjected to column chromatography (SiOs: 75% CH:Clyhexanes) to

yield 57 (1.29 g. 35°0) as a white solid.

1,4-Bis—4-(3,5-bis(bromomethy phenyliphenyhbutane (71). To a =30 °C solution of
57 (1.36 . 2.5 mmol) in dichloromethane (20 mL) under nitrogen. was added dropwise
borontribromide (1.9 mL. 20 mmol). The reaction mixture was allowed tw warm slowly
to ca ~10 °C. When no more starting material could be detected by TLC. ethanol (5 ml.)
was added followed by water (10 mh. The organic layer was washed with water and
brine. dried (MgSOy) and concentrated under reduced pressure. Column chromatography

(50%9 dichloromethane - hexanes) vielded 71 (0,97 g

2%0) as a white solid: mp: 143 - 143
C (dec): 'HENMR (CDCl & 7.54 (s 440, 730 1d 4EL S = 8.1 Hzy, 738 (s, 21D, 7.27
id. ML = 7.9 Hz) 453 (s 8HDL 271 br m. 4H). 173 (br m 41h: CNMR (CDCE) 8
T42.5, 14240 1389, 13730 129,00 128,10 1278, 127,00 354, 32,9, 31.0: ELI-MS (70 ¢V)

mz (®0: M7 not observed. 57

(3). 493 (3 413

2. 353 (91 287 (18). 193 (32). 80

(100): Anal. Cale'd for CaallsBra: C.

H.4.12. Found: C. 32.48: H. 4.03

18,33-Dithia[4.3.3](4*.3.5)biphenylophane (30). To a vigorously stirred solution of 71
(1.11 g. 1.3 mmol) in dichloromethane (340 mL) and absolute ethanol (60 mL) in a1 L

Erlenmeyer tlask was added Na:S:AL:O;5 (1.36

244 mmolg) over 13 minutes. When all

of the starting material was consumed (TLC). the reaction mixture was filtered and
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concentrated under reduced pressure. Filtering through a short plug of silica (60°% ethyl
acetate-hexanes) vielded 30 (0.34 g. 75% crude) as an off-white solid that was immediately

used in the next step: 'H NMR (CDCl3) 6 7.17 (s.

H). 7.03 (5. 4H). 7.02 (d. 4H. / = 8.0

Hz). 6.75 (d. 4H. J = 8.1 Hz). 3.89 (narrow AB system. 8H). 241 (br m. 4H). 1.75 (br m.

4H): C NMR (CDCLa) 8 140.7. 140.3. 1374, 1369, 130.1. 128 8.

8(2C). 38.4. 35
28.7:

[4.2.2](4’.3.5)Biphenylophane-17.31-diene (2). To a solution of dithiabiphenylophane 30
(0.50 g. 1.0 mmol) in dichloromethane (30 mL) under nitrogen. was added Borch reagent
(042 ml. 4.2 mmoly. After stirring for 3 h, the solvent was removed under reduced
pressure. 80% agueous methanol was added (3 mLj and the precipitate was collected by
suction filtration as a beige-white solid (0.39 g 83" crude) that was used without
purification. The solid was suspended in dry THE (75 mL). Potassium rere-butoxide (0.29
¢. 2.6 mmol) was added. and the mixture was stirred under nitrogen for 3 h. The reaction
was quenched with satursted aqueous NIH:Cl solution (10 mL). and the mixture was
concentrated under reduced pressure. The residue was dissolved in dichloromethane and
washed with saturated aqueous NHLCL water and brine. dried (MgS0O1) and concentrated
under reduced pressure. which vielded a yellow foamy solid. which was used immediately

in the next step.
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The yellow solid was dissolved in dry dichloromethane (75 mL). Borch reagent (0.26 mL.
2.6 mmol) was added and the mixture was stirred for 1.5 h. The solvent was removed under
reduced pressure. A solution of 3%s methanol in ethyl acetate was added and the mixture
was concentrated in vacuo. to give a brown oil. which was immediately used in the next

step.

To a suspension of the brown il in 11 fere-butanol and dry THF (50 mL) was added
potassium fert-butoxide (0.75 ¢ 6.7 mmol). and the mixture was stirred overnight under

nitre

n. The reaction was quenched with saturated agucous NH.CL. and the solvent was
removed under reduced pressure. The residue was dissolved in dichloromethane and
washed with saturated aqueous NILCL water and brine. dried over MgSO; and

concentrated in vacuo. Column ch wraphy (30%0 dichl hane hexanes) vielded 2

(0.23 2. 48" trom crude 30. 40% trom tetrabromide 71) as a colorless solid: mp: - 270 °C

tdec.r: "H NAIR (CDClay &

5. 4H1 708 (. 1L J = 83 Hew 678 (d. 4H. S
unresolved). 6.77 ¢s. 6. 241 tbr m. 410, 1.70 (br m. 4H): "H NMR (C.D.1 6 7 14 (5. 4H).
7.00 (d 4H. S = 8.4 Hav 6080 (5. 21D, 6.78 (5. 4H). 6.67 (. 4H. /= 8.4 Hizi: “C NMR

(CDCl:) 6 141.2. 139.0, 137.6. 136.4. 1284, 12

(C.Ds) 139.9. 138.1. 136.8. 136.7. 136.5. 135.5, 127.4. 124.2(2C). 33.9. 28.5: MS (EL 70

eV mz (e 410 (100 M) 381 (7).

291 (41): HRMS Cale'd for C

410.2033. found 410.2027,
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Attempts to synthesize [4](1,4)benzeno[0](2,7)pyreno[0](1,4)benzeno<3>phane (1).
Cyclophane diene 2 was dissolved in dry and degassed solvent (benzene or toluene) and
DDQ (1-3 equivalents) was added. The flask was equipped with a reflux condenser and the
mixture was refluxed under nitrogen while reaction progress was monitored by TLC. The
mixture was concentrated (after 6 h for benzene. 4 h for toluene) under reduced pressure.
and the residue was filtered through a plug of silica using 50°6 dichloromethane‘hexanes to

give cyelophane diene 2 as the only identifiable component.

Attempted ortho-vinylation of 67. In a 2350 ml 3-necked round-bottom tlask under an

of nitrogen (75 mL) was cooled 0 =30 °C using a dny ice

acetone bath and SaClL: was added (7.7 mL. 66 mmol) tollowed by Bu:N (137 ml.. 639
mmol) and ethyne was bubbled through the reaction mixture for 30 min at this temperature
Bistphenol) 60 (2.00 ¢ 8.25 mmol) was added. the cthyne flow was stopped and the
mixture was heated at 60 °C for 1.5 hours. Methanol was added and the mixture was kept
at 60 C for 30 min and cooled to room temperature. The mixture was poured into dicthyl
ether (150 mL) and saturated agueous KHSO; solution (100 mL) and filtered through
Celite. The aqueous layer was re-extracted with diethy! ether (2 x 75 mL) and the organic

extracts were washed (73 ml brine). dried (Mg

0;) and the diethyl ether was removed
under reduced pressure. Acetic anhydride (20 mL) and pyridine (20 ml.) were added to the
concentrate and the mixture was stirred overnight under an atmosphere of nitrogen. The

reaction mixture was poured into saturated KHSO; solution (100 mL) and EtOAc (100 mL)



was added. The aqueous laver was extracted with EtOAc (100 mL). the organic extracts
were combined. washed with saturated NatCOjs solution (2 x 100 mL). brine (100 mL).
dried (MgSOs) and concentrated under reduced pressure. The residue was subjected to
column chromatography (10-35% EtOAc'hexanes) and several fractions were collected.
All fractions were yellow oils and were mixtures of several compounds and formed

insoluble gel-like substances within hours of isolation.

1.4-Bis(3-formyl-4-hydroxyphenyhbutane (91). To a suspension of 67 (211 g 9.12

mmol) in trifluoroacetic acid (70 mL). hexamethylenetetramine (2.5 18.2 mmol) was

added and the mixture was retluxed for 90 min. After cooling 0 room temperature. the
mixture was poured into 3 N agqueous HCL solution (300 ml) and stirred overnight
Dichloromethane (150 ml) was added. and the aqueous laver was re-extracted with
dichloromethane (150 mL.). The combined organic extracts were washed with 3 M aqueous
HICI solution (2 x 130 mL) and extracted with 3 M aqueous KOH solution (3 x 100 mL).
After separation the basic aqueous layers were acidified with 6 M aqueous HCL solution
and extracted with FtOA¢ (3 x 230 mL). The combined EtOAc extracts were washed with
saturated aqueous NaCl solution (100 mL). dried (Mg2SQ;) and concentrated under reduced

pressure to yield crude 91 as a sparingly soluble waxy yvellow substance (1.72 g

50

mmol. 60%): 'H NMR (CDCl:) & 10.87 (s. 2H). 9.87 (s, 2H). 7.34 (d. 2H. /= 7.9 Hz). 7.33
(s. 2H). 6,93 (d. 2H.J = 7.9 Hz). 2.64 (br m. 4H). 1.66 (br m. 4H): "C NMR (CDCl) &

196.5. 139.8. 137.3. 133.7. 132.8. 120.3. 117.5. 34.5.30.8.
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Chapter 4

Attempted Synthesis of a Vagtle Belt
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4.1 Introduction

Our group has proposed the name “Vogtle Belts™? for fully aromatic belts like 1 since

Vogtle™* was the first to propose this class of molecules as ic targets. A ti
belts such as 1 map directly onto the equators of the Ds;-C7g and Dgy-Csy fullerenes. Upon
the recognition of a repeating pyrene unit in 1 it was anticipated that the pyrene-forming

VID methodology might be applied to its synthesis.

Figure 4.01: Structures of a “Vogtle belts” 1 and Dyy-Cyy 2.

When i igations toward the sy is of model p for the Vigtle belts failed

(Chapter 3) it came to mind that, rather than attempting to synthesize partial aromatic
belts, at least one attempt should be made to synthesize a fully aromatic belt. The
relatively low calculated bend angle (8 cacq = 90.3°) for each of the pyrene units in 1 (n =
1) suggested that the VID protocol might be applicable for its synthesis. As the “tether”

in 1 consists entirely of pyrene units (indistingui from the cyclophane pyrene
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nucleus) the dihedral angles around the biaryl bonds are expected to be small. which
makes this synthetic target a logical step forward from the synthetic targets that were

proposed in Section 3.2.4.

4.1.1 Molecular belts in the literature

Since the initial proposal of molecular structures like 1. not much progress toward the
synthesis of 1 or related compounds has been reported. Some reports on attempted
syntheses of similar structural motifs describe projects aimed toward the [#jcyclacenes 3.
Several approaches have been followed and have led to the synthesis of advanced

intermediates (¢.g. 4-6: Figure 4.02).°"

o
R R 4 R=(CHylg

W\,K)

R | 5
g

R R

6 R =(CHz):CH;

Figure 4.02: Structure of [n]cyclacene 3 and possible precursors 4. 5" and 6"



203

Another structural motif that falls under the category of belt-like molecules is the cyclic

20-p vlene motif. Several hes have been reported in this area and have

led to the synthesis of macroeyeles 7 - 9 (Figure 4.03).

Figure 4.03: Belt-shaped molecules =, " 8 and 9°°

Vogtle er al"""™'7"® have described syntheses of several tube-shaped molecules. Their

approach is based on high-dilution coupling of two (or more) partners o form

macrocyclic structures that should. in principle. after ring contraction. lead to possible

precursors for 1. In 1991 the synthesis of

clophane 10 was described."” although no



unequivocal proof for this structure was provided. DNMR study of 10 showed the
presence of (at least) two conformers at room temperature. which was ascribed to the
slow (531 to syn -like) equilibrium between conformers 10a and 10b with an activation

barrier of 15-17 keal'mol (63-70 ki'mol). A notable feature of cyclophane 10 is that it

contains both nitrogen and suifur atoms in the bridges. For the conformers of 10 it was

not determined which bridge contained which heteroatom.

Scheme 4.01: Structure and ¢ | of crclophane 10

Later. the Voutle group published the synthesis and molecular structures of some smaller
tube-shaped molecules (117 and 12'7) and a larger cyclophane 13" (Figure 4.041. So far.

only eyeloph

her with

with tsylami ining bridges have been reported. t

some pyridine-based  wube-shaped

lophanes.'”  Synthesis of the tube-shaped

cyclophanes with sulfur atoms as the only heteroatoms in the bri

s and benzene ri

as the only aromatic units has not been successtul due to the reported instability of some
of the intermediates."”* Compound 13 is a precursor to a Vigtle belt 1 (n = 0). Ring

contraction of the sulfur-containing bridges seems feasible. since it has been used
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successfully in many cases. but ring ion of the nitrog ining bridges

appears to be a nontrivial task.

1" 12 13
« =N-Tos

Figure 4.04: Tube-shaped

tophanes 1113

412 Retrosynthetic analysis of a Vagtle belt

In the first part of the retrosynthesis of Vigtle belt 1. two pyrene units in the belt are
broken down to dithiacy clophane moieties to give a tetrathiacy clophane 14, Compound
14 contains tetrahydropyrence units rather than pyrene units. since the former are expected

o impant greater solubility to 14 and its precursor:

Dehydrogenation of the

tetrahydropyrene uni

? was expected to be accomplished in the last step of the synthesis.

during which DDQ is used to lish the of the cyclophane diene systems

to the pyrene units.



1 14 15a X =Br
15b X =SH

Scheme 4.02: Retrusy nthetsc analysis of a Vogtle belt - Part 1

Tetrathiacyclophane 14 could be formed trom a coupling reaction of a tetrathiol (15b: X
= SH) with a tetrabromide (15a: X = Br) under high dilution conditions. The tetrathiol

€15b: X = SH) can be formed from the precursor tetrabromide (Scheme 4.03).

RAR
R_~_R R
X A
AN s s
NS S
_— T _— I
AN AN

15a 16 17
il
|
HST N e E10:C._~_-CO:Et
ws A s 2 Br\I;/\/Er
19 18

Scheme 4.03: Retrosynthetic analysis of a Vogtle belt - Part 2



207

Compound 15a contains two tetrahvdropyrene units. This type of structural feature can

usually be formed in

h yield from [22]metacyclophanes using iron filings and

bromine in the dark

or using pyridini bromid

mild 10 not dehydrogenate the product.

Metacyeloph: ining four

fimethylene bridges like 16 are known for R = H and
have previously been synthesized™ by building up the two cyclophane units separately

For our purposes.

this synthetic route would be wo long and low vielding. since
appreciable quantities of building block 16 are needed. A shorter approach w0 the
synthesis of 16 would be 1o form the two metacyclophane units at the same time. This

can be done using the Stevens rearra

ment for ring contraction followed by reductive

removal of the sultur-containii

wups or via pyrolysis of the sulfones o photolysis of

the sulfide linkages. In all cases. retrosynthetic analysis of metacyclophane 16 leads back

to tetrathiabenzeno-3>phane 17

Tetrathiabenzeno--3>phane 17 could be tormed in a single step tfrom the tetrathiol 19

(derived trom bi i ) and a dib fe 18 in a high-dilution coupling.

Couplings of this type have been described by Vigtle ¢ ul.. who have described the
synthesis of compounds similar t 17 using coupling of 18 and 19. """ For the synthesis

of 17 it was decided to apply Vogtle's approach. but with some minor modifications.
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Végtle's synthesis'®~” started with dichloride 20b. which was oxidized using KMnO;

under basic conditions to yield diacid 21 in 71%. presumably viu the diol 20¢ that is

formed in situ. We chose to use dibromide 20d as starting material. as it was readily

available from other research projects. It was synthesized in 36° vield by the double

bromomethylation of mefu-xylene.™ However. the oxidation of 20d under conditions that

were reported for 20a was found to be problematic. since vields varied (20-43%0)° In
order to increase the reactivity of dibromide 20d. it was decided to synthesize diacetate

20c (99°0 from 20d). which could form diol 20¢ by saponification of the ester moieties.

substitution

This saponification was expected 1o be more effective than the nucleophili
that is required to convert dibromide 20d to diol 20¢. Oxidation of diacetate 20 under
basic conditions vielded the desired diacid 21 in 807 vield. Although the overall vield of

this process is not higher than Vagtle's provess.™ the results were reproducible.



1) KOH. H,0
2) KMnO,. 1 1) SOCI,. DMF

r B oy rme e
71% from 20b. P 2)EIOH. 3. 76% A Gk

L R 8o%fom20e HO:C™ T0 "COM E0C”T 7 cot

2aR=H —— |

20b R = CH,CI | 30% Her s Hoac NBS CHACl. |

20¢ R = CH,0H I ase% ny 40% |

20d R = CH,Br |

—_
20e R = CH,0Ac __]NaOAc CH;CN. 99%

£10,¢7 7 coet
2
Scheme 4.04: Synthesis of intermediate 23

Diacid 21 was esterified to provide diester 22 in 76% vield via the bistacid chloride).

When Fischer esterification conditions were used in this step (reflux in FtOH with

catalytic H:S040. the diester was tormed in only $7%.° Double free radical henzylic
bromination of 22 viclded 23 in 40% vield. The vields for these steps (21 > 22 -~ 23

were comparable to those reported by \

Building block 23 is one of the partners required for the coupling reaction to form the

block is tetrabromodurene 26. which is

required tetrathiacyclophanes. The other buildi
commercially available. It can also be synthesized by the fourfold free radical benzylic
bromination of durene 27°% or by a reduction-bromination sequence from pyromellitic
acid derivatives. ¢.g. 24 (Scheme 4.035). It was decided to apply the second synthetic

approach.



o o

~ [ MeOH. . l\‘leOzC\/\/‘:c’i""e
o o
7 H,S0, (cat). 86% Meozc/\/l\cone
o [} 25

24

l 1) LIAIH,. THF
2) HBr / ACOH. 66%

'
Ref ** B NN e
o Br. Z Br

2

Scheme 4.05: Synthesis of tetrabromodurene 26

In the first step. pyromellitic anhydride 24 was converted to hyl llitate in

86%0 using Fischer ficati ditions.™ The hyl ester 25 was reduced using

LiAll: and workup of the reaction mixtwre without isolating the intermediate 1.2.4.5-
tetrakisthydroxymethy hhenzene with concentrated hydrogen bromide in acetic acid

vielded the desired tetrabromodurene 26 (66°a).
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E0,C coEt
X N E0,C._~_ COEt 2 \/W/ 2
i N
x X SN ( \/\s
" 1) (HaN);CS. 8 = 4
2 x =6 — ) (HCS. ko, EtOH ]
18 X =SH == KOH_H,0. % 7 N
EtOH.90%  CsHs -
. )
s &~ g
] |
) E'/\,@:\B' \ﬁ( \l/v
E10,C CO,Et =z )
2 & E10,C COE o, P cog
2 28a 286
1) LAH, THE | 1) LAIH, THF
2) Ac,0 Ref 20 | 2 Ac,0
44% 12 steps) | 51% (2 steps)
' '

RO o Ro/\.///\i/\oa
o

R
1

RO AR o A A _or

KOH __ & KOH. __ =
fon [ R=OAc  Fol—29b R=OAc
sao, 303 R=H 67, —30b R=H

Scheme 4.06: Synthests of tetrathigbenzeno * phncs 28

Tetrabromodurene 26 was converted into tetrathiol 19 by converting it into
tetrakis(isothiouronium) salt. followed by hydrolysis to give 19 (90%). Coupling of this
tetrathiol with 23 under high dilution conditions in the presence of a base vielded a

mixture of both possible isomers. 28a and 28b. which could be separated using column
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chromatography to give 13% of the desired cyclophane 28a and 19°% of the unwanted

by velophane 28b. (Difl ion between the isomers could be made based on

' NMR data.™) This outcome is similar to that described by Visgtle er al. (28a : 28b =

18% : 27°%)." The same group described the conve:

n of tetraesters 28a and 28b to
tetraacetates 29a and 29b and tetraalcohols 30a and 30b. However. other functional
eroup interconversions (PBr: or SOBr:) were reported to be unsuccesstul. due to acid

sensitivity of eyclophanes 28 - 30. This suggested that the required functional group

on the ester functionalitics would be better left until a later stage in the
synthesis and ring contraction of cyelophane 28a should be performed first. For future
synthetic applications. this might vbviate the need to separate 28a and 28b. since ring

contraction of dithia[3.3orthometacyclophanes (281 should lead o mainly other

(decomposition) products.

4224 ring ion of i 3>phane 28a

4.2.2.1 General

Several known routes are available for the ri

contraction of dithia[3 3 Jmetacyclophanes

to give [2.2]metacyclophanes.” ** A route that is used often is the “pyrolysis route.” in

which the sulfur atoms in the bridges arc first oxidized to sulfones. SO: is then extruded

with concomitant ring contraction using tlash vacuum pyrolysis techniques.”™ This

methodology has some major drawbacks when applied to our system. The oxidation step



should produce intermediates that contain one or more sulfoxide or sulfone
functionalities before forming tetrakistsulfone) 31. As sulfoxides and sulfones are usually
not very soluble. the reaction might not proceed to completion due to precipitation of
some of the reaction intermediates. The second (pyrolytic) step often suffers from low
yields. especially when two or three bridges are contracted. In case of 31. four sulfone
groups are to be extruded. The last drawback is the anticipated low volatility of 31. which
might make flash vacuum pyrolysis an inappropriate technique for synthesis of

appreciable amounts of 32

E10,C._~_ CO:£t E10,C.__~_ CO:Et
Y \/\/ Et0:C._~_-CO:Et
A AN Y
{
s s P
7" Ondaton Vacuum SN
i Pyrolysis ASAN
S s (G
L H il
N i
i P £10,c7 " co
E10,c7 " coet g0, > Nco.e
28a 3 32
L |

P(OR);. hv

Seheme 4.07: The proposed routes to form 32 from 28a

The conversion of tetrathiabenzen

phane 28a 1 benzeno=3>phane 32 could also be

achieved using the photolysis of sultide linkages to give C-C bonds. [n this procedure
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triethylphosphite acts as a thiophilic reagent (formation of (EtO:)P=S) as well as the

solvent.

Other routes that can be followed is to ring contract the dithiacyclophane 28a using a

Stevens™** or Wittig™ ¥

rearrangement. Both routes lead to the same product. but are
complementary in mechanism. For the Stevens rearrangement. the sulfur atoms in the
bridges are methylated. after which a base (e.g. KO-r-Bu) can induce the rearrangement

o vield 33. When a thiacyclophane is treated directly with a strong base (e.g. BuLi).

Wittig can oeeur. The wed product is then methylated to give the
same product as the Stevens rearrangement (33). Both approaches are expected to yield a
mixture of isomeric thivethers (33). which can be carried through without separation.
Reductive cleavage of the thivether groups of such mixtures with Raney nickel has
proved to be effective in related systems”' and should not reduce the ester functionalities
that are present in 33 and 32,

Et0,C_~_ COE

I £10,C. -~ -CO:E E10,C._~_-COzEt
(k\/ B Mes (‘\/\ /x\\/j\

es-
S $ |~ SMe

Raney | i

NN~  Stevens NS Nickel \/\“/

) Wy NN
Witng MeS~ |~ SMe !
s S \_,/\I/ \/\i/
ﬁ €10, coEt £10,¢7 N Co,Et
E10,¢7 7 “co.Et
28a 33 32

Scheme 4.08: Proposed conversion of 28a o 32 using Stevens or Wittig rearrangements
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The problem with the Wittig

rearrangement of 28a could be the choice of a suitable base.

Alkyllithium speci which are normally used. are not appropriate. since the starting
material has four ester functional groups that are susceptible to reaction with strong
nucleophiles such as alkyllithium reagents. Less nucleophilic bases like LDA or LHMDS
might be required. Another potential problem in this approach might be intramolecular
reaction of the intermediate thiolate ions with proximate ester groups (Scheme +4.09: 34 -

> 35). Deprotonation of a thioether bridge in 28a

expected to occur preferentially at the
benzylic position artho 0 an ester group. which leads to the precursor for this
intramolecular  ¢yclization. Obviously this side reaction could also occur in an

intermolecular manner. which would lead to oligomerization.



‘0.

EtO,C CO,Et EtO,C.
n,u ﬂe:

T N
Ezo,c’\/\ COsEt
34

— ac

|
Exozc)\%coga

36

Scheme 4.09: Possible side reactions in the Wittig rearran;

E0C 8

m,ﬂ%w

ment of 28a

Raney nickel desulfurization of the reaction products should vield 32. In 28a. however.

four reductions are taking place as opposed to only one or two. which will probably be

reflected in the yield. If one of the rearrangements did not go w0 completion (i.

more of the bridges in the cyclophane system stll contins the ori

. one or

al thivether). this

thivether will be cleaved the Raney nickel reduction. vielding methylbenzene moieties.
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A further complication arises when 32 is actually formed. Layered eyelophanes. such as
32, have been described to exist in (at least) two distinet conformations. namely the
“up.up” and the “up.down™ conformers (Scheme 4.10)."* Formation of this mixture will

and

of 32. However. in the anticipated synthesis

both contt should. ulti v. lead to the 1t of a single r 137.

E10,C._~_CO:Et
Xy N
4
//’ L»,\ ¥y J

£10,C" > COEt
3

up down-32

Seheme 4.10: Structures of “up-up”-32. “up-down-32 and compound 37

Based on the preceding discussion. it was expected that the projected ring contraction
would not be accomplished easily. Most projected complications seem to arise from
solubility problems. so one alternative to the Stevens and Wittig methodology described
above was also considered as an option. In 1975 Boekelheide described the benzyne-

Stevens rearrangement as a  useful al

for the ring ion of

dithia[3.3]cyclophanes.**  This reaction was performed on several known




[3.3]evelophane systems and it was concluded that this methodology was superior in the

case of ¢y ing ortho- and 7 bti

d rings. For metacy

this methodology gave slightly lower

iclds than the traditional conditions for the Stevens

rearrangement (29% with benzyne-Stevens vs. 33% using Stevens rearrangement and

33% using Wittig rearrangement  for  formation of pyrene  from  2.11-

dithia[3.3 |metacyclophane 38).°'

i X ’—I B | i_ ”/\ 1 !— 1 R 7?
x B e 1 3 &
ey f Y [
s s— Is SIS | 's Sl
W Ny W2 | g
L | i o |
38 L b L 2
o - ! 1
( > SPI ’l‘/‘\\ =\ !
= h — = =

msMM —_— '/\/\"Sﬂﬁ7 ‘
\I/\/ s |

A H | ~.

Z @
42 “\\/ 1
& Wi 4

Scheme 4.11: Benzyne-Stevens rearrangement of 38,

No mechanistic study has been reported o date for the benzyne-Stevens rearrangement.

A likely mechanism would be a similar order of events as for the regular Stevens

n

and a sch i ion is given in Scheme 4.11 for the 2.11-
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dithia[3.3]metacyclophane  system 38, A key feature of the benzyne-Stevens

rearrangement is. that for each individual brid

contraction from a neutral starting
material. neutral products are formed. even though the reaction might proceed via a series

of zwitterionic species (i.e. 39 or 40). In this manner. the formation of multiply charged

reaction intermed

and-or products is avoided. Therefore the anticipated solubility

problems for the Stevens and Wittig reamangements probably do not apply to this

procedure. After the bridges in a dithiacyclophane have undergone ring contractions. the

\ i can also be desulfurized using Raney nickel to give the desired

exelophane products.

4.2.2.2 Results and discussion

frradiation of a well

stirred saturated solution of” ¢yclophane 28a in trimethy Iphosphite
did not lead t formation of 32. Instead. starting material was consumed o give a
complex misture of compounds. from which no single product was isolated. When
cyclophane 28a was subjected to methylation using Borch reagent in dichloromethane or
chloroform at room temperature or retlux. a yellow or sometimes black oil would form.
After treatment of this oil with base to initiate the Stevens rearrangement. it could be seen

trom the 'H

{R spectrum that a complex mixture of products was produced as

expected. No conclusions regarding nature of the mixture could be drawn trom the

~ |

P pic data. U

d reduction of the mixture with Raney nickel

Id even trace amounts of 32. but rather another complex mixture of products.
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from which no single compound could be isolated. The problematic step in this reaction
sequence is presumably the methylation. The low solubility of the di- and trimethylated
intermediates in this reaction might cause them to precipitate from solution and not react

further to give the desired tetramethylated intermediates.

Wittig o of ¢yclophane 28a was d by treatment with LDA in THF.

followed by treatment with jodomethanc. This gave (by 'H NMR) a complex mixture of

products comparable to that formed in the Stevens rearrangement.

gain attempted

desulturization with Raney Nickel did not lead to the formation of any of the desired

products.

After the disappointing results that were obtained usi

he photolytic extrusion of sulfur

trom the bridges and the Stevens and Wittig rearrangements. attention was focused on the

benzyne-Stevens 2 When cyelophane 28a was subjected to the conditions

for the benzy

as described by Boekelheid

of benzyne (tfrom anthranilic acid and excess isoamy Initrite). a mixture of compounds

was formed. Desulturization of this mixture again led to the formation of a complex

misture of compounds. In this case. column chromatographic separation of this mixture

led 1o the isolation of a single compound. However. its "H NMR spectrum did not

correspond to either conformer of structure 32. [n the mass spectrum. this new compound
43 showed a peak at m = 704. From the results from 'H NMR. “C NMR and the mass

spectroscopic data. structure 43 was proposed (Figure 4.05). This structure was later
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confirmed by X-ray crystallography. although the quality of the data set was low.*® When

5

15 equivalents of benzyne were used. the yield of 43 was 15-18%.

£10,C \_)—

{
Et0,C

Figure 4.05: Structure of compound 43

Structure 43 seems to be the result of a Diels-Alder reaction between the central aromatic
ring in the desired product up.down-32 (or precursor thereol) and benzyne (Scheme
4121 In going from 28a w 32, the sirain in the system (specifically in the central
aromatic ring) increases with cach consecutive ring contraction. At a certain stage during
the ring contractions the energy loss due to loss of aromaticity that occurs during the

Diel

-Alder reaction. will be offset by the energy that is

ned upon relief of the strain

that oceurs in the Diels-Alder reaction. [4-2] Cyeloaddition reactions of benzyne with

aromatic i

has been described quite extensively'™ and an example of an
qt s P

lecular benzyne cyeloaddition in the [3.3[paracyclophane system has been

reported.” Apparent Diels-Alder reaction of some [S|metacy

lophanes with other
dienophiles has also been reported.™* The proposed Diels-Alder reaction to form 43. can

only occur if the reacting cyclophane adopts the “up.down™ contormation. In this
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conformation the central aromatic ring is expected to possess a boat-like geometry™ and

the Diels-Alder re:

ction ¢an occur at the internal carbon atoms of this cyclophane.

EIOQCY\rCO;Et
I

AR

Scheme 4.12: Formation of compound 43 from 28a.

4.3 Conclusions and future work

In this Chapter a novel approach to the synthesis of a “Vgtle belt” has been proposed.
Untortunately. the inability to cause 28a to undergo the desired ring contraction has so

far greatly limited the application of this approach to the synthesis of advanced



intermediates. A novel structure 43 was found to be the only isolable product from

benzyne-Stevens 25 of 28a afier desulfurization of the reaction mixture. The
approach has not led to the synthesis of an aromatic belt so far. so the viability if the VID

approach for the synthesis of

tle belts has not been determined.

In order to attempt further application of this approach to the synthesis of a fully aromatic
belt. compounds of the general structure 15 (Scheme 4.03) are required. s the approach
described in this Chapter has failed. an alternative approach would be to form a fourfold

by h loph: T

ylated eyelop 46 trom cyclopl 45 viu free radical bromination with

NBS (Scheme 4.13). This type of selective b ot [2.2]metacycloph has

been described in the literature.” However. synthesis of eyclophane 45 might sutfer from

the same complications that have been described in this Chapter. Its synthesi

might have

1o he performed in a more classical tand low-vielding) stepwise approach.™ but as stated
carlier multigram guantities are required for serious attempts to the synthesis of aromatic
belts. Future work in this area should theretore be directed toward the development of

better methodology 1o synthesize [2.2] loph All of the currently used

methodology was discovered in the 60°s and 70°s and it is not casily applied to the multi-
gram scale synthesis of cyclophanes such as 32 and 46. The use of more modemn
reactions tor the synthesis of [2.2|metacyclophanes might theretfore be a fruitful area of

tuture research.
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Scheme 4.13: Proposed synthesss of ¢ clophane 46

44 Experimental

General. All chemicals were reagent grade and were used as received. Chromatographic

separations were performed on Merck silica gel 60 (particle size 40-63 um. 230-400

mesh). Melting points were determined on a F Joh

and are uncorrected.

Elemental analyses were performed  at the  MicroAnalytical  Service  Laboratory.
Department of Chemistry. University of Alberta. Mass spectroscopic (MS) data were
obtained on a V. G. Micromass 7070HS instrument. "H NMR (300 MHz) and "C NMR
(75.47 MHz) were obtained on a General Electric GE 300-NB spectrometer: 'H shifts are
relative to internal tetramethylsilane: “C shifts are relative to the solvent resonance

(CDCI

& =77.00. All with s or air-sensitive ¢ ds were

pertormed in anhydrous solvents under nitrogen unless otherwise stated. Solvents were

dried and distilled according to standard procedures.



1,3-Bis(bromomethy1)-4,6-dimethylbenzene (20d). meta-Xylene 20a (12.21 mL. 0.100
mol). paraformaldehyde (6.15 g. 0.200 mol). glacial acetic acid (30 mL) and concentrated
hydrogen bromide in acetic acid (30%. 40 mL) were stirred at approximately 85 °C for 8
h. The reaction mixture was cooled and poured into water (150 mL). The resulting yellow
precipitate was collected by suction filtration and crystallized from heptane to give 20d
(16.4 g. 56.2 mmol. 36%) as colorless needles: mp 104-106 °C: 'H NMR (CDCls) 6 7.27
(s. TH). 7.03 (s, TH). 4.49 (s. 4H). 2.38 (s. 61Dz "C NMR (CDClo) 8 138.3. 134.0. 133.6.

131.7.

0. 18.7: EL-MS m = (%0): 290 (8. M Br¥'Br). 211 (100). 132 (80). 115 (15). 91

(17): Anal. Cale. For Cbli:Bra: C 41,13, H 4.14: found C 41.03. H391.

1.3-Bis(acetoxymethyl-4.6-dimethylbenzene (20¢). To a solution of dibromide 20d

.00

2. 17.1 mmol) in acetonitrile (130 mi) was added sodium acetate (11.63 2. 836
mmol). and the mixture was stirred at reflux temperature tor 24 h. The mixture was
concentrated i vacuo. and ethyl acetate and water were added until all material
dissolved. The aqueous layer was extracted with ethyl acetate (2 x 100 mL). The
combined organic layers were washed with water (100 mL). saturated NaHCO: solution
(100 mL). water (100 mL) and saturated aqueous NaCl solution (100 mL). dried
(MgS0.) and concentrated under reduced pressure to vield 20e (4.24 ¢. 17.0 mmol. 99%0)
as a light yellow oil that was used without turther purification: 'H NMR (CDCl:) & 7.28

(s. TH). 7.05 (s. 1H). 5.09 (s. 4H).

2 (5. 6H). 2.09 (. 6H): V'C NMR (CDClz) 6 171.0.
137.6. 1327, 131.6. 130.9. 64.5. 21.1. 18.6: EI-MS m = (a1 M not observed. 190 (33).

130 (48). 119241 113 (16). 91 (28). 43 (1001
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4,6-Dimethylisophthalic acid (21). To a solution of potassium hydroxide (85% purity.
4.33 g. 65.6 mmol) in water (200 mL) was added diacetate 20e (4.10 g. 16.4 mmol). The
flask was equipped with a reflux condenser and the mixture was stirred vigorously for 6 h
at reflux temperature. The heat source was removed. the mixture was stirred for 10 min
and potassium permanganate (6.86 g. 43.1 mmol) was slowly added (fast addition led o a
strong exotherm!). The mixture was stirred at room temperature for 18 h and filtered

using suction filtration w produce a clear colorless filtrate that was acidified w pH -1

with d hydrochloric acid. The itate was collected by suction filtration

and recrystallized from ethanol to yield 21 (2.56 g. 13.1 mmol. 80°0) as a colorless solid:

mp 295 - 297 °C (lit.™ = 320 °Ch: 'HNMR (DMSO-o) 6 8.39 (5. TH).

ts. TH.

6

(5. 6H): 'C NMR (DMSO-da) 3 167.9. 1434, 1351

D:127:2:210

MS mz ("),

194 (94 N1 176 (100). 148 (270, 103 (12).91 (130,

Diethyl 4,6-dimethylisophthalate (22). Thionyl chloride (40.0 mL. 462 mmol) was
added dropwise to Jiacid 15 (17.04 ¢. 87.8 mmob) in a 100 mi. 3-necked round-bottomed
flask equipped with condenser and calcium chloride drving wbe. Three drops of V. A=
dimethylformamide were added. and the mixture was stirred at retlux temperature for 4 h.
Excess thionyl chloride was removed using distillation and absolute cthanol (25 mL. 426
mmol) was added carefuily while the mixture was cooled in an ice-water bath. After the
addition was complete. the mixture was stirred at reflux temperature tor 20 min. cooled to
room temperature and concentrated under reduced pressure to give a yellow-brown solid

that was crystallized from methanol to yield 22 (16.7 g. 66.7 mmol. 76°a) as colorless
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needles: mp 39.5 - 61 °C (lit.™ 60 - 61°C): 'H NMR (CDCl5) 8 8.49 (s. 1H). 7.13 (s. 1H).
4.37(q.4H./=7.3 Hz). 2.61 (s. 6H). 1.41 (1. 6H.J = 7.3 Hz): ’C NMR (CDCl;) &
166.8. 144.0. 135.2, 133.1. 127.3. 60.8. 21.6. 14.3: EI-MS (70 eV) m = (%0): 250 (35. M),

221014, 205 (1000, 193 (17). 177 (42)

Diethyl 4,6-bis(bromomethyl)isophtalate (23). To a solution of diester 22 (

50g. 140
mmol) and NBS (3.30 g. 19.7 mmol) in dichloromethane (50 mL) was added a spatula tip
benzoyl peroxide. The mixture was stirred at retlux temperature for 3 h while it was
irradiated with a 100 W halogen lamp. Another portion of NBS (2.28 . 12.8 mmol) was
added followed by a spatula tip of benzoy I peroxide. and the mixture was stirred with
irradiation at retlux temperature for 2.5 h and then cooled to room temperature. The
reaction mixture was washed with water (200 mLJ. saturated aqueous sodium carbonate
solution (2 x 100 mi.1. water (100 mL) and saturated aqueous sodium chloride solution
(100 mL). dried (MgSO. and concentrated in vacuo w give an orange solid that was

crystallized from cyclohexane to vield 2312.29 ¢

S mmol. 40°0) as colorless erystals:

mp 78-80 C (lit.” 78-81°C): IR (Nujol. cm™ 1 1719 (s). 1366 (m). 1296 (s). 1236 (m).

LI37 (wh. 1101 (m). 1044 (w): 'HNMR (CDCEo) 8 8.52 (s, TH). 7.55 (5. 11, 4.92 (5.

4H0. 443 (q. 4H. /= 7.2 Hz). 1.43 (1 6H../ = 7.2 Hz): “C NMR (CDCl:) 8 163.6. 143.3.

. 134.5. 129.6. 62.0. 30.2. 14.4: EI-MS m = (a): 408 (12. M “Br*'Br). 363 (27).

299 (100). 192 (45). 148 (36) 134 (18). 102 (28). 91 (36).
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Tetramethyl 1,2,4,5- boxylate (25). To a well-stirred ion of

pyromellitic anhydride 24 (20.06 g, 91.97 mmol) in methanol (700 mL) in a 1000 mL 3-
necked round-bottomed flask equipped with a reflux condenser with CaCly drying tube
was carefully added H,SO; (concentrated. 20 mi.j and the reaction mixture was stirred at
reflux temperature for 18 h. The reaction mixture was cooled in an ice bath. Suction
filtration and washing with small amounts of cold methanol vielded 25 (24.52 g. 79.03
mmol. 86%0) as colorless crystals: mp: 138 — 139 °C: IR (Nujol. em™): 1732 (s). 1303 (s).

1103 (s). 953 (m). 918 (m). 796 (m). 742 (my: 'H NMR (CDCl:) 6 8.09 (5. 2H). 3.96 (s.

12H): NMR (CDCly 8 166.5. 134.1. 129,

NS (70 V) m = (%0) 310 (3.

ML 279 (100).

1.24.5-T i y (26). To a well-stirred slurry of LiAlHy (3,94 ¢.

104 mmol) in dry THF (200 mL). was added dropwise a solution of 25 (7.04 ¢. 22.7
mmol) in dry THF (130 mL). The reaction mixture was stirred at reflux temperature for
5.5 h and cooled 0 an ice-bath. Caretully. EtOA¢ (100 ml) was added and the mixture
was concentrated under reduced pressure to give a gray solid. To the solid was added
dropwise 48 aqueous HBr 1200 mL) (caution: vigorous cxotherm). followed by
concentrated H>SO; (100 mL: caution: exotherm). The reaction mixture was stirred at
reflux temperature for 1.5 h. cooled in an ice bath. poured into ice water (300 mL) and
extracted with CHxCl: (3 x 100 mL). The combined vrganic extracts were washed with
water (2 x 100 mL). saturated aqueous NaHCO; solution (2 x 150 mL). water (150 mL)

and saturated aqueous NaCl solution (100 mL). Afier drying (MgSOs) the organic layers
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were concentrated in vacuo and the residue was crystallized from toluene to vield 26
(6.74 g. 15.0 mmol. 66%) as slightly brown crystals that were pure ¢nough for further
syvnthetic purposes: mp 130 - 151.5 °C: 'H NMR (CDCl:) 6 7.38 (s. 2H). 4.61 (s. 8H):
BC NMR (CDCly) 6 137.6. 1336, 28.7: EI-MS (70 eV) mz (°a) 450 (3. M’

(PBrha*' Brya). 369 (1001, 290 (24). 209 (47).

1.2,4.5-Tetrakis(thiomethyl)benzene (19). Thiourea (6.24 2. 82.0 mmol) was added o a

fi-stirred of b

de 26 (9.00 . 20.0 mmel) in absolute ethanol (250
mL) in a 300 mL round bottom tlask. The mixture was stirred at retlux temperature for 6

h and concentrated under reduced pressure. To the residue was added a solution of

potassium hydroxide (85 "a purity. 21 g, 200.1 mmol) in degassed water (150 mL).
and the minture was heated at retlux temperature under an atmosphere ot nitrogen tor 16
h. After cooling o room wemperature, the mixture was aciditied using 9 M agueous
sulfuric acid and extracted with dichloromethane (3 x 73 mL). The organic layers were

combined and washed with water (100 mL) and sawrated aqueous sodium chlonde

solution (100 mL). dried (MgSOs) and concentrated under reduced pressure to yield 19

[C%

. 18.0 mmol. 90°a) as a yellow-brown solid that was used without purification in

the next step.



5.7.23,25-Tetrakis(ethoxycarbony1)-2,11.20,29-tetrathia[3.3](1.3)(1.3)[3.3](4.6)(1,3)-
benzeno<3>phane (28a) and 5,7.23,25-Tetrakis(ethoxycarbonyl)-2,11,20,29-tetra-

34

thia[3.3](1.3)(1,2)[3.3](4,5)(1 3)benzeno<3>phane (28b). Tetrathiol 19 (0.90
mmol) and dibromide 13 (2.80 ¢. 6.86 mmol) were washed into a 3000 mL 3-necked
round botom flask using 2000 mL 1:1 degassed absolute ethanol and degassed benzene.

| stirrer and

The solution was stirred vigorously using a
(1.90 g. 13.7 mmol) was added. The mixture was stirred for 2.5 d and concentrated in

vacno onto silica wel (3.1 g1, Column chromatography of the residue (Si0:: 2.5 %) EOAe

CHCL first vielded 28b (0,61 g, 0.81 mmal. 1970, colorless solid) followed by 28a
(0.34 2. 043 mmol. 13%. colorless solid).
28a: mp: 215 - 2175 °C (it ™" 209-211°C1: IR (Nujok. em ™) 1723 150 1709 (50, 1244 (5):

'HNMR (CDCL 8 7.79 (5. 2H0 6.96 (5. 2H). 0.57 15, 20429 1q. 8HLJ = T.6 Hz 405

(brs. 8H). 3.85 (brs. 8H). 1.36 (L 12017 =74 Hzy: NMR(CDCl:) 8 166.6. 142,53,

1357, 15355 1333, 1332, 1281 61.2. 373 36,1, 14.2: EI-MS m 2(%a): M not

observed. 730 (1), 713 (41, 305 (221, 473 (280 191 (100

28b mp: 248 - 251 °C dec.) (lit™ 250-252°C): IR (Nujol. em™ ) 1707 (s, 1287 im: 'H

NMR (CDCl:) 6 8.33 (5. 2H). 8.07 ¢s. 2H. 6,40 15, 21D, 442 (. 8H../ = 7.0 Hz). 4.10 (br

s.8H) 334 (5. 8H). 143 (L 12H. /= 7.0 Hzo: UC NMR (CDCL 8 1657, 1425, .6.

< EI-MS m 2 (%0): M not observed. 713

1353, 134.6.130.3. 127.9.61.4.33.4. 28 8. |

(3). 704 (1). 306 (3). 473 (100).
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Attempted ring contraction of 28a: photolytic method. Cyclophane 28a (0.35 g. 0.46
mmol) was dissolved as well as possible in treshly distilled trimethylphosphite (15 mL)
and filtered to remove undissolved material. The solution was placed in a quartz tube in a

photolysis apparatus (Rayonet Photochemical Reactor) and was stirred while being

irradiated (254 nm. 112 W) for 22 h. The mixture was concentrated in vacuo and

subjected to column chromatography. A small amount of starting material was recovered

(<0.02 g) together with several tractions ot unidentitied materials.

Attempted ring contraction of 28a: Wittig rearrangement. Cyclophane 28a (0.50
0.66 mol) was dissolved in dry tetrahydroturan (30 mL) under an atmosphere of nitrogen
and cooled in an ice water bath. A solution o LDA (1.5 M in cyclohexane, 2.2 mL. 3.3

mmol) was added over [0 minutes. the rea

ction mixture was allowed (0 warm up o room

temperature and stirred for 2 h. A drop of water was added. followed directly by

iodomethane (0.25 mL.. 4.0 mmob) and the reaction mixture was concentrated in vacuo.
Dichloromethance (30 ml.) was added and the mixture was washed with water (23 mL)
and saturated sodium chloride solution (23 mL ). dried (MgSOy) and concentrated under

a yellow-brown oil. Absolute ethanol (23 mL) was added and

the mixture was heated to reflu temperature. Freshly prepared Raney Nickel (3 spatula

tips) was added and the mixture was stirred at reflux temperature for 20 min. Two more
portions of Raney Nickel (3 spatula tips each) were added and after each addition the
mixture was stirred at retlux temperature for 20 min. The mixture was cooled to room

temperature and the solid was removed using suction filiration and washed with ethyl
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acetate (2 x 3 mL). The filtrate was concentrated under reduced pressure and the residue
was subjected to column chromatography 1o yield several fractions of unidentified

composition.

Attempted ring contraction of 28a: Stevens rearrangement. To a solution of
cyclophane 28a (0.30 g. 0.66 mmol) in dichloromethane (30 mL) was added Borch
reagent (1.08 g. 6.7 mmol) and the reaction mixture was stirred for 14 h under an

atmosphere of nitrogen. The mixture was concentrated i vacuo and ethyl acetate (10

ml.) and methanol (2 ml.) were added and again the mixture was concentrated in vacuo.

To the residue was added Jry tetrahydroturan (30 mb), followed by potassium rere-

butoxide (0.38 g. 3

4+ mmol) and the mixture was stirred at room temperature tor 16 h
under an atmosphere of nitrogen. Saturated agueous ammonium chloride solution (1 ml.)
was added and the mixture was concentrated under reduced pressure. Saturated aqueous
ammonium chloride solution (23 mL.) and dichloromethane (30 mL) were added and the
aqueous layer was extracted with dichloromethane (30 mL). The organic layers were
combined and washed with water 130 mL.) and saturated aqueous sodium chloride
solution (30 mL). After drying (MgSO4) and concentration under reduced pressure the
residuc was passed through a plug of silica using dichloromethane and the eluent was

con

entrated under reduced pressure. To the residue was added absolute ethanol (23 mL).
and the mixture was heated to retlux temperature. Raney nickel (3 spatula tips) was
added and after each addition the reaction mixture was stirred at retlux temperature for 20

min. The reaction mixture was cooled to room temperature and the solid was removed



using suction filtration and washed using ethyl acetate. The mother liquor was
concentrated under reduced pressure to vield an inseparable mixture ot unidentitied
compounds. (No indication was found for formation of the desired product 32.)

Several variations to this procedure were attempted. varying solvent (dichloromethane or
chlorotorm for the first step. ethanol or ethyl acetate for the desulfurization). temperature
(room temperature to retlux). amount of reagent used (10 or 20 equivalents Borch

reagent. 3. 7 or 10 equivalents potassium rers-buto:

e. 3. 7 or 10 additions of Raney
Nickel) and reaction times ( 1-24 hours). Results were comparable for each variation and

no indication of’ formation ot 32 was observed.

Attempted ring contraction of 28a: benzy ne-Stevens rearrangement. A\ solution of’

anthranilic acid (0.30

2.2 mmoli in 1.2-dichlorocthane (30 mL) was added dropwise

over | o a reflusing solution of eyclophane 28a (0.

0.44 mmol) and isoamy Initrite

(1.1 ml. 79 mmaol) in 1.2-dichloroethane (35 mlL). The reaction mixture was stirred at

reflux for an additional 30 min. d under reduced pressure. filtered
over a plug of silica using 3% ethyl acetate chlorotorm and concentrated again under
reduced pressure. The residue was dissolved in a retluxing mixture ot ethanol (70 mL)
and ethyl acetate (10 mL) and Raney Nickel (2 spatula tips) was added and the mixture
was heated at retlux temperature for 3 min. The mixture was cooled to room temperature.
filtered using suction filtration (the residue was washed with ethyl acetate) and the

residue was concentrated under reduced pressure. He:

anes was added to the residue and a

colorless precipitate formed that was isolated using suction filtration and dried to yield 43
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(~0.05 g.0.071 mmol. ~15 %): mp > 280 °C: IR (Nujol. cm™ ) 1712 (s). 1538 (w). 1290
(5). 1232 (m). 1169 (m). 1137 (s): "H NMR (CDCl5) § 8.60 (s. 211). 7.20 (. 2H). 6.70
(AA'BB’ system. 4H). 445 (q. 8H. J = 6.5 112). 4.07 (m. 4H). 2.88 (s. 2H). 2.74 (m. 8H).

1.94 (m. 4H). 1.46 (1. 12H. J = 6.8 Hz): "C NMR (CDCl;) 3 166.9. 148.2. 146.5. 145.6.

136.0. 134.1.126.1. 122.7. 120.9. 63.0. 61..1. 3.8, 14.3: EI-MS m = (°0): 704 (26.
(M+2)7). 637 (15). 433 (17). 407 (16). 279 (100): HRMS Cale'd for (Ci3Hi-Os)

703.3268. found: 703.3271.
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Chapter 5

Synthesis of
[2]Paracyclo[2](2,7)pyrenophane
and

[2]Metacyclo[2](2,7)pyrenophane
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5.1 Introduction

After the failed attempt to synthesize a fully aromatic belt 1 (Chapter 4) and the failed

model study of a (2.7)pyrenophane 2 with two pura-phenylene rings in the tether

(Chapter 3) it was decided to focus attention to the synthesis of a simpler model

d. 3. This (2.7)py h contains one para-phenylene ring in the tether.

which is connected to the pyrene unit via dimethylene bri

s. Part of the tether consists
of a pura-phenylene ring and 3 is a model compound for 4. which maps onto the surface

of aromatic belt I (n=0).

Figure S.01: Synthetic targets | - 4
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AMI level caleulations show a bend angle (0.u.4) of the pyrenc unit in 3 of 100.4°." This

suggests that (2.7)py h: 3 should synthetically be accessible using the valence
isomerization-dehydrogenation (VID) pmmcol.:4 Using the same calculations for a
constitutional isomer of 3. with a mera-phenylene unit in the tether (Figure 5.02:
compound §) the bend angle was calculated to be 106.6°. As this is still a smaller angle

than for some of the most strained (2.7)pyrenophanes that have been synthesized by our

(]

group.'** cyclophane § was also identified as a synthetic target. Due to the mera

positioning of the tethers in § this compound does not map onto the surface of fullerencs

or aromatic belts. Nonetheless it was idi

ing target in the context of our
ongoing rescarch in the areas of novel cyclophanes and nonplanar aromatic compounds.

The ortho-phenylene isomer 6 has a O of 130.4°, which is well beyond the estimated

cut-off value (1157 - 1201 for the VID approach. so its synthesis was not considered

worth pursuing.

y A2
==

Figure §.02: Structure of pyrenophanes S and 6

Cycloph ining a 7 phenyl henylene or pyrene unit that is bridged

with two tethers of equal length with another aromatic unit have been described quite
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extensively in the literature. Figure 5.03 contains some examples of cyclophanes with

dimethylene tethers.”

o~ C
Lé/' =
o <o

7 8 9

Figure 5.03: Some ¢y clophanes containing 2 aromatic units

velophanes that have been described in the literature most extensively are
probably  [2.2]paracy

!

lophane 74 [2.2metacyclophane : and

2Jmetaparacyclophane 9. [

202.7)Pyrenophane 10' is also a relevant example

when cyelophanes 3 and § are considered. To our knowledge. no ples of mixed
cyclophanes with two dimethylene tethers bridging a (2.7)pyrene unit with another

aromatic unit have been described. Pyrenophanes 3 and § would then constitute the first

examples of this class of compounds.

The syntheses of cyclophanes 7 - 10 involve formation of the dimethylene bridges in the
last (or a very late) step either via [6+6] dimerization of para-xylylene (for 7 only)'*.
124430

Wurtz coupling (for 7 and 8)'""" or SO: extrusion from a dithia(3.3 Jeyclophane.

None of these ¢!

clophanes has been synthesized by forming one of the aromatic units in
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the last step. which is the approach our group has applied 1o the synthesis of several

pyrenophanes by forming the pyrene unit in these systems via the VID sequence.”*

5.1.1 Retrosynthetic analysis

Since the retrosynthetic analyses of [2]paracyclo[2[(2.7)pyrenophane 3 and

[2Imetacyclo[2](2.7)pyrenophane § differ only in the substitution pattern of one of the

starting materials. these analy:

s are presented together (Scheme 5.01).

i
; o
= U i
Z ) S
XS ) xS
3
N - X
v
" 13
!
x x
NN
oo
>
4 ot
16

Scheme 5.01: Retrosynthetic analysis of pyrenophanes 3 and §.
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Using the VID protocol that has proven successful for many (2.7)pyrenophanes.

compounds 3 and 5 could retrosynthetically be derived from cyclophanedienes 11.°*

Cyclophane dienes then lead back to syn-dithiacyclophanes 12 via ring contraction

methods.* syn-Dithiacyclophanes like 12 have previously been synthesized full

using our NaxS/ALO; reagent.” thus leading back to a tetrafunctionalized precursor 13.

In this d. the dimethylene tethers that ulti ly become the bridges in the target
compound are already present. making this approach a conceptually novel one. The

dimethylene tethers in 13 could be derived from alkyne units. i.c.. 14, An advantage of’

this ynthetic step is that uns ily substituted alkynes like 14 are readily

d using washira ch * thus leading back to compounds 15 and 16.

5.2 Results and discussion

For the synthesis of [2paracsclof2[(2.7)pyrenophane 3. two complementary routes

starting from 1. 4-diiodobenzene 17 and wriflate 217 were initially investigated. One of

these routes was ultimately applied to the successtul synthesis of 5. Therefore the

synthesis of 3 will be discussed first. followed by the synthesis of §



5.2.1 is of | yelo[2](2,7)py 3

Sonogashira coupling of  I.4-diiodobenzene 17 with two equivalents of
trimethylsilylacetylene 18 gave diyne 19 (95%). which was protodesilylated to yield 1.4-
diethynylbenzene 20 (77%). Due to the volatlity of 20, it was purified using sublimation
at atmospheric pressure. When performed carefully on a small scale. this sublimation was

successful. However. in one case where purifi was d with i Iy 4

¢ of material. an explosive ds ition took place. Ci d 20 was subjected to

Sonogashira conditions using two equivalents of tritlate 217 to form tetraester 22 in 57%

yield. The low solubility of diyne

complicated its purification. This might be the

reason for the relatively low recovery of product in this step.

™S
, ifl i
‘)\ o) ) K20 MeoH 4 B
K/ Pd(PPh3),Cl;. Cul \( 7% Z Pd(PPhy),Cly. Cul A
| DBU benzene | DBU. benzene :
95% i ii 57% il
17 1
™S 20 AN
19 g
Me0.C” " coMe

22
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Due to the explosive character of 1.4-diethynylbenzene 20. an alternative route to 22 was
investigated in which the order of the Sonogashira couplings was reversed (Scheme

5.03). Starting from triflate 21. Sonogashil

coupling with trimethylsi viene vielded

compound 23 in 71% »

d. Protodesilylation gave terminal alkyne 24 (91%). which was

coupled with 1.4-diiodob 17 under Sonogash diti

10 vield divne 22 in
91% yield (based on 1.4-diiodobenzene). Again. the low solubility of 22 complicated
purification of the material. but the crude mixture from this particular Sonogashira
coupling was of higher purity than in the initial route. which made the second approach

the preferred method to produce large quantities of 22

Me0,C._~_-COMe
MeO,C_~ -CO:Me \|/\( MeO40.rg s OOaMs
{ N ko, MeoH (s
[ o : 2CO;. v
Pa(PPhy),Ciy Cul W A 1
ort DBU benzene R W
21 % ™S
2 24

1
PA(PPhs),Cly. Cul |
zene |

91% '

Scheme 5.03: Alternative synthesis of diyne 22

With a convenient synthesis of 22 in hand. attention was focused on the tunctional group
interconversions of 22 that were necessary to form the appropriate dithiacyclophane

(Scheme 5.04). Catalytic hydrogenation of the alkyne units in 22 gave tetraester 25



(93°%). which contained the dimethylene tethers that would ultimately become the bridges

of 3. The hyd ion of 22 was h: bls ic due to its low

solub

Il-scale hydrogenations could be perfc d using sawrated (dilute)
solutions of 22 in THF or benzene. but when larger amounts of 25 were required this
method became impractical due to the large volumes of solvent required. For the catalytic
hydrogenation of larger quantities of 22. slow addition of a slurry ot 22 in THF w0 a
suspension of catalyst in THF under an atmosphere of hydrogen proved to be the most
convenient method (both methods gave 25 in approximately 95% yield). Tetraester 25

was

ted with excess LiAlly in THF followed by HBrHOAc w provide tetrabromide

26 (85%). This method has previously been used by our group for the synthesis of similar

tetrabromides. ™™ When tetrabromide 26 was subjected to standard conditions

iNa;$ ALO:) to form dithiacyclophane 27.5 less than a 3% vield of 27 was obtained in
low purity ( - 25% of an unidentitied impurity by 'Ll NMR). However. when the reaction
was performed at retlux temperature. dithiacyclophane 27 was formed in 28% yield.
Changing the solvent mixture from CH:Cly EtOH to CHCly EtOH in order to increase the

reflux temperature did not increase the yield.
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Me0,C._~. _COMe
S
1
i
\\, Hz PAOHIIC
7 benzene. 95%
|

MeO,C._ = _.CO:Me

o

r N A{\ Br

e

/

1) LAH,. THE I)\ Na:SIALLO; sv\/v\ 5
2)HBAHOAC. A N7 10% EIOHICH,CI, LA
28%

A

i 85% 2 steps |
i 3 3 =
h 1 s =
A~
il A Sr\/L\\/\/ 8 L4
S come MO = CO:Me
2 %

Scheme 5.04: Synthests of dithiacy clophane 27

Bridge ion of dithiacyclophane 27 was plished by methyl of the sulfur

atoms in 27 using Borch reagent. followed by treatment of the resulting

vIsulfoni salt with ium ferr-butoxide to induce Stevens rearras

[his yielded 28 as a mixture of isomers (70%s crude trom 27). Methy lation ol the sultur

atoms in 28 (Borch reagent) followed by Hofmann climination gave a mixture (ca. 12 1

by 'H NMR) of eyclophanediene 29 and the desired [2]paracyclo[2](2.7)pyrenophane 3.
The mixture could be converted cleanly to pyrenophane 3 by treatment of the mixture

with DDQ in benzene to yield 3 in 14°0 overall yield from dithiacyclophane 27. Crystals

of 3 were ubtained from heptane. and its molecular structure was determined usis

X-ray

crystallography. This will be discussed together with its 'H NMR spectrum in Section

523,
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The spontaneous formation of 3 in the Hofmann elimination step was somewhat

since the formation of ps hanes with lculated bend angles
(Section 1.4) usually requires treatment of the corresponding cyclophanediene with DDQ
in hot benzene. The reactivity of 29 can be explained by the presence of the rigid para-
phenylene unit in the tether. which forces open the syn-[2.2}metacyclophanediene unit

relative to those present in the pre s to the [n]12.7)py h: The resulting

increase in the inter-ring angle. moves the internal C atoms closer to one another and

v lowers the ion energy (o the formation of a bond between them
Yes, -SMe
N A -y
M/‘\ S 1) (CH;0);,CHBF,. W
§Ie o LY
/ © 2)KO-tBu THF /
T 77 70%crude (2 steps) Lot
2 ”

1) (CH0);CHBF,,
CH,Cly

2) KO-t-Bu. HO-Bu.
1 THF 16% from 27

DDQ. benzene
14% from 27

Scheme 5.05: Synthesis of [2lparacyclo[2](2.7ipyrenophane 3
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The overall yield of the synthesis of 3 from triflate 21 is a disappointingly low 2%
(longest linear sequence: 3% from 17). The low yield of this synthesis can be traced back

to two particular synthetic f i the cycelization to furnish dithiacy hane 27

and the methylation-Hofmann elimination sequence to form the mixture ot 29 and 3. The

velization step has been hs i d. but needs closer examination. As many

examples of dithiacyclophanes with different tether lengths are known to form with

under standard conditions. it can be assumed that the presence of the para-
phenylene unit in the tether somehow causes the low yield in this key step. Perhaps the
rigidity of this unit prevents easy initial cyclization of tetrabromide 26 to form an
intermediate like 30 (Scheme 5.06). Another effect could be that the second step in this
transtormation (ring closure of 30 to give 27) has an unexpectedly high energy barrier

due o the rigidity of the para-phenylene unit, which forces the two aromatic

30 away from each other.

g

B
|
AN NaySIALO, | Na,s/A1,05
H/ |
N |
-
<9
B Br X=Brors
26

: Formation of dithiacyclophane 27 viu intermediate 30.



The second stumbling block in the synthesis was the methylation-Hofmann elimination
sequence. This problem has also been observed in the synthesis of other (but not all)

pyrenophanes that have been prepared in this group. and it is not clear what causes the

yields in this transformation to be so erratic. Other groups ' have observed that in
similar eliminations. by-products are found that are derived from Stevens rearrangement
of the methylated intermediates. In our case. this Stevens rearrangement of
bistmethylsulfonium) salt 31 would form intermediate 33. which could undergo Hofmann

elimination to form 33 or a second Stevens rearrangement to form 34. Compound 34

could also be formed by | Hotmann eli ion and Stevens ot

30 via intermediate 32. No particular effort was made in order to detect by-products 34 or

35. as attention was focused on the isolation of the desired preduct only



~SMe;
Hofmann Hofmann
elimination elimination
31
Stevens
rearrangement N feaengament,
\
~SMe; [ - Py
‘l fmar =) 59
Hof nn 44 i
BF, —_— g
i ehminaticn f/
| =
=3
33 34
j
| stevens
| rearrangement

Scheme 5.07: Proposed side reactions in the Hofmann elimination of 31

Despite the low overall yield. it was highly gra

ying to obtain the targeted pyrenophane

3. A very important feature of the synthesis is the novel way in which the dimethylene

bridges were installed. This clearly establishes the viability of the approach. which has

great potential for the synthesis of related compounds.
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The synthesis of 3 began with S hi

coupling of 1.3-diiodobx 36 with alkyne
24. which proceeded in 76% yield to give diyne 37. Fortunately. diyne 37 is more soluble
than its constitutional isomer 22, so it could easily be purified using column

h wraphy. Catalytic hyd

of the product proceeded smoothly to yield

tetraester 38 in quantitative vield.

Me0,C
cOo,Me
4
2 i H, PAIC
N/ PdiPPhyCl Cul =< THF. 100%
= DBU benzene \ 1
! 76% 3 s
36 ) 7 N—com
7 { Me
7 N—come Y=/
MeO,C
MeO,C
5 38

Scheme 5.08: Syathesis of tetraester 38

Reduction of 38 with excess LiAlH; in THF. followed by treatment of the reaction
mixture with HBrHOAe yielded tetrabromide 39 in 54% vield. When wirabromide 39
was subjected to standard cyclization conditions using Na, S/ ALOY dithiacyclophane 40

formed smoothly in 68%. This result is in line with the results that our group has



observed for cyclization of other tetrabromides and su

sts that the geometric
requirements of the paru-phenylene unit in 26 are probably the cause for the low yield in

the cyclization ot 26 to give 27.

MeO,C 8r—,

coMe F}—\
N /\s

DUAKCTHE NaSALO, S T

sl S 4 ~

2)HBrHOAC. A &/ 10% EtOH/CH,Cl, )
8%

(
54% 2 steps X \

7 Br

COoMe ({ >__/

40

18 39

Scheme $.09: Synthesis of dithiacyclophane 40

Methy lation of the sultur aoms in the bridges ol dithiacyclophane 40 with Boreh reagent
followed by treatment of the resulting bistmethylsulfonium) salt with potassium rert-
butoxide yielded 41 as a mixture of isomers in 88%0 crude vield from 40. After treatment
of the isomer mixture 41 with Borch reagent to methylate the sulfur atoms. the

bistmethylsulfonium) salt was treated with potassium rerr-butoxide (Hofmann

2

to form cyclophanedi 42 in 61°% yield from dithiacyclophane 40.
Although this vield is not very high. it is considerably better than the yield that was
obtained for the system with the para-phenylene unit in the tether. Another notable result

in this particular project is that. in the formation of cyclophanediene 42. not even trace
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amounts of pyrenophane 5 were observed in the 'H NMR spectrum. Treatment of a
solution of cyclophanediene 42 in benzene led to clean formation of the desired
(2]metacyelof2](2.7)pyrenophane 5 (97%). even at room temperature. The 'H NMR
spectrum of pyrenophane 5 will be discussed in Section 5.2.3. In that Section the results

of the X-ray crystal structure of 5 will also be discussed.

o~
s 1) (CH10),CHBF .

P Py
<5
~ crch
\ | 2)KO-tBu. THF
\6 88% rrude (2 steps)

41

| 1) (CH;0),CHBF,.
H,Cly

| 2)KO+-Bu, HO-BU

+ THF 81% from 40

V.
/ DDQ benzene  S— X

A ar% \\6

Scheme £.10: Synhesis of [2metacslof2](2.ips renophane §

A notable feature of the synthesis of 5 is. that it was accomplished in a single run.
Without any optimization. the overall vield was 17% from |.3-diiodobenzene 36. This
bodes well for the use of the use of this approach for the synthesis of related systems

(Section 5.3).



of py 3and 5

5.2.3.1 Xeray crystallography

Fortunately it proved to be possible to obtin crystals of pyrenophanes 3 (from heptane)
and § (from toluene) that were suitable tor N-ray crystallographic analysis. In
Appendices F and G full erystallographic details are given. For the discussion of the
structures in this Section. the crystallographic numbering of the carbon atoms will be

used. which is different from the systematic numbering.

For pyrenophane 3 a bend angle Oy, of $9.7° was determined and the cunature is
spread out quite evenly over the pyrene surface. The bend angle is an anomalously 10.77
less than the AMI caleulated value (0.0 = 100470, In the [#)2.7)pyrenophanes this

difference is usually only 4 - 7°. The ) <

es were measured to be 1617 (for C1261) and

16.3° (for C(17)). which is more than the usually observed values for f in the solid state

(<905 or those in the AMI calculated structure (11.0°).
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Figure 5.04: ORTEP representation of 3 in the crystal.™*

The isolated benzene ring in 3 has very small o values (a < 1°) and, thus, is essentially
planar. Considerable B angles were observed (Bcps) = 4.0° and P17 = 4.6°), indicating a
distortion of the para-xylylene unit. The direction of this distortion from planarity,
although subtle, is in the direction of the concave face of the pyrene unit. So far, this is
the first and only example of such a “spoons-like” arrangement of the areas in one
molecule. Usually the aromatic units are bowed away from one another (e.g. in
compounds 7 and 10 in Figure 5.03). The dimethylene bridges are close to being fully
eclipsed, with a torsion angle about the central C-C axis of 1(1)° and 7(7)°, which causes

the pyrene and benzene decks to be almost perfectly aligned.
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The most striking feature of the bridges in the molecular structure of 3 is the unusually
large bond angles at the carbon atoms benzylic to the benzene ring (123.7(5)° and
124.8(6)°). Another unusual feature is the unusually short bond lengths of the central
bonds of the dimethylene bridges (1.468(9) A and 1.439(8) A). The thermal ellipsoids at
C(25) and (especially) Ct18) are large and the exact values for these bond angles and
bond lengths should not be viewed with a high degree of confidence. There is little doubt
however. that the bond angles are indeed quite large and the bond lengths unusually
short. The AMI level calculations do not predict these large bond angles or short bond
lengths. Normal tetrahedral angles at C(25) and C(18) would push the benzene deck well
into the concave face of the pyrene deck and cause the benzene ring to adopt a nonplanar
conformation. Repulsions between the = clouds of the opposing arene decks presumably
disfavor the adoption of this arrangement. The short bond lengths in the dimethylene
tethers can be explained by the rigid nature ot the para-phenylene unit in the tether. [f the
lengths of these bonds would be in the range of normal C-C bonds. the distance between
C18) and C(23) would decrease. The result ot this would be a curved or compressed

para-phenylene unit.

In the X-ray crystal structure of § two slightly different molecules (5a and 5b:

igure

5.03) are present in the unit cell. The bend angles are Oy, = 97.17 for 5a and Oy =

96.9° for 5b. only 7.47 (average) less than the AMI caleulated value (Bueg = 104.4°%).

This is in line with previously observed values.**%¥**% The B angles (5a Pen = 17.7°
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and Beia, = 16.5% 5b Prys, = 17.3° and Piez, = 16.8%) are even larger than in 3 and the

[1](2.7)pyrenophanes.

cs2
OGS 22 C"i- ca8
Cs; \‘? U i 3 ) \T g
o \ c37 ! c1s

“ ClD‘\(
Cc47

casky A CJ T\
4-‘:—035 [0 }
e

Figure $.05: ORTEP representation of £ in the crystal.™

The isolated aromatic ring in § is. similar to that in 3. essentially planar (a < 252, Psacay,
=3.9° Bsacizs, = 3.3% Pancias, = 707 and Pancist, = 3.6°) and bowed towards the concave

face of the pyrenophane deck. The bridges in § are in a s

ered conformation. with a
torsional angle around the dimethylene bond of 51°. and the aromatic decks are not

pertectly aligned. but rather slightly offset from one another.
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5.2.3.2 NMR spectroscopy

In the 500 MHz 'H NMR spectrum of 3. the signal for the protons on the isolated
aromatic ring (8 5.34) were observed ca. 1.5 ppm upfield from the corresponding signal
of para-xylene (6 7.07). This indicated that the isolated aromatic ring in 3 is located in
the shielding cone of the pyrene unit. which was also apparent from the X-ray crystal
structure. Due to the difference in size between the pyrene deck and the isolated benzene
rings. only the shielding effect of the pyrene rings on the protons of the isolated aromatic
rings could be vhserved: the protons on the pyrene unit appeared o experience litde
magnetic anisotropy from the benzene ring. The signals of protons on the pyrene system
of 3 appeared at & 7.67 and 7.40. which was comparable to those of [8](2.7)pyrenophane
(8 7.84 and 7.59: 1y ,,, = 80.8%) and 1.8-dioxa[8](2.7)pyrenophane (6 7.84 and 7.44: O
= 87.8". This vbsenvation fitted well with the previously observed trend that increased
curvature of the pyrene unit caused an uptield shift of the signals of the protons on that

pyrene unit (Table 3.02).

Pyrenophane § showed more signals in its 300 MHz 'H NMR spectrum than initially
might be expected. The pyrene deck showed four signals instead of the usual two. and
four signals could be observed for the protons on the dimethylene bridges. This chemical
inequivalence could be attributed to “freezing”™ of the conformational tlip of the isolated

benzene ring on the NMR time scale to give two degenerate contormers (Scheme 5.11).
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Scheme 5.11: Conformational tlipping in pyrenophane 5

The internal proton in 5 was located in the shiclding cone of the pyrene unit and its signal

appeared at 6 4.18. This is almost identical with that of anti[2.2|metacyclophane

smaller shiclding effect was observed for the remaining protons on the isolated aromatic

ring. which were observed as a triplet at 8 6.36 and a doublet at 6 6.31. A shicldin;

was also observed for one of the protons on the dimethylene bridges (ddd ats 1.21: vide

infra). The appearance of four signals for the protons on the pyrene system in 5 was the

result of the restric

od tlip of the isolated henzene ring. This caused the isolated benzene

ring to shield the protons one side of the pyrene unit (Hy, and Hy) more than the others

R spectrum of 3

(Figure 3.07). Using several NMR experiments. the signals in the 'H

could be assigned as indicated in Figure 5.06 and 5.07.
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"
H_|
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H'§
“\ 0
H
H"
H He wl we 1S

Figure 5.06: The 500 MHz 11 NMR spectrum of 5

H' 121 ddd
H® 231 ddd

H 289 ddd

H 309 ddd
H' 715 s
H 747 s
H 732 s
H 768 s

: Assignment of the signals in the 'H NMR spectrum of 5.



Based on the chemical shift of the internal proton on the isolated benzene ring (H*) and
the multiplicity of the signals of the other protons on that ring (H" and HY). these signals
could be assigned directly. One of the bridge protons was observed as a ddd around &
1.21. which indicated it was shielded by one of the aromatic units. When a three-
dimensional structure of § was examined. only H was situated in the shiclding cone of

the pyrene unit. and the Jdd that appeared at unusually high field (5 1.21) could

tentatively be assigned to this proton. This assignment was later confirmed by a 2.6%
enhancement of the signal for H* when the signal for H* was irradiated in a NOESY

experiment (1.7% for the reverse i 1. Using HNMOQC lation data. it could

then be deduced that HY (ddd at 6 2.31) was bonded to the same carbon atom as HE. since

both H* and ¥ showed a cross peak with the signal at & 38.0 in the C NMR spectrum.

When the signal for H" was irradiated in an NOESY experiment an enhancement was

observed tor three

als (6 7.15..6 2.69 and 6 2.31). The signal for H* (8 2.31) showed

an enh, of 1.3%.

¢ the assig tor that proton. The ddd at 6 2.69
was enhanced by 2.0%. indicating that this signal might be assigned to H'. The
enhancement of 1.2 of the singlet at & 7.15 made it possible o assign this signal one of
the protons on the “front” side of the pyrene unit (most likely H" Figure 5.07). Based on
the small coupling of the signal at & 7.15 with the signal at § 7.47. these signals must
belong to H" and H'. In conjunction with the previous NOESY data. H" could thus be

assigned to the signal at & 7.15. That the chemical shift value for H" is at higher field than
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that for H' can be explained by the situation of H" in the shiclding cone of the meta-

phenylene group.

The last NMR experiment necessary for complete assignment of the signals of § was

NOESY iradiation of the signal for H' at 8 7.47. Irradiation experiment of this signal

showed an enhancement of 1.9%0 of the ddd around & 3.09. which could then be assigned

to HE This also contirms the assignment of H'. Irradiation of the

gnal for H' also

showed an enhancement of the singlet at & 7.68 by 1.2%. which allowed for assignment

of this signal to H* and. by elimination. the signal at 6 7.32 could be assigned w . This
assignment was in line with the shielding of H' by the shielding cone of the isolated

benzene ring compared to H*

The slow flipping motion of the isolated aromatic ring in § led s to further study this
effect by a DNMR study. In the flipping process the environments of I and HE. ' and

HE H' and H". and II' and H* are exchanged. At above the coal

temperature for this process. each set of protons (i.e. H' and HE. etc.) is expected to show
one signal at approximately the average chemical shift of the contributing values. The
signals for H'. H" and H' are not expected to undergo coalescence. as their environments

in the two conformers are the same.

For the DNMR i a solution of [2] velo[2](2.7)py hane in DMSO-d,

was warmed up slowly from room temperature to 120 °C. while a 500 MHz 'H NMR
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spectrum was collected every 10 °C (Figure 5.08). At temperatures above approximately
70 °C. considerable broadening of the signals in the 'H NMR spectra was observed, but

no coalescence of signals occurred when the limit of the sp had

been reached (120 °C). The broadening of the signals indicated, however that
conformational interconversion of the two conformers of 5 was occurring at increasing
rates. As expected, the signals for the protons on the meta-phenylene ring did not show

any significant broadening.

120°C A A
g )
ML | A
\ L NP
L | dn A
& A A
A Al A
| N1V
i ) ] 1 I A

Figure 5.08: DNMR spectra of 5

From the shapes of the signals it was estimated that the coalescence temperature for this
process probably lies in the range 130-160 °C, but unfortunately the equipment available

does not allow for acquisition at these temperatures. Using equations 1 and 2*"%*

and the
'H NMR data of H and H° (Avga b = 560 Hz, J = 13.5 Hz), an activation barrier for the

interconversion process of approximately 19 kcal/mol (80 kJ/mol) was calculated
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AG*=RTA22.96 +In T. - In 44 Equation 1

v = (Anape S -6 ¢ Equation 2

From the same equations it can be determined that it the same experiment were to be

performed on a 60 MHz i these esti d values would ¢ d 10 a

coalescence temperature of 100-130°C. which is within the limits of such an instrument

Unfortunately this capability was not available to our group.

5.3 Conclusions and future work

In Section 3.2 the suc

stul syntheses of [2fparacyclo[2)2.7)pyrenophane 3 and
[2]metacyclof2](2.7ipyrenophanc § were described. The overall vield for the synthesis of

3 was quite low atonly 3. The low vield is due primarily 0 two low-vielding steps in

the synthesis. For the synthesis of § the overall vield was a satistyving 17%. which can

probably be increased by optimizing the reaction conditions for some steps. The

heses of 3 and 5 d the use of a novel approach to the formation
of cthano-bridged cyclophanes. and further establishes the VID protwcol as a powerful
method for the formation of nonplanar pyrene ¢ systems.

The molecular structures of 3 and 5 were determined by N-ray crystallography. Both

cyclophanes exhibit an d Fe

s-like™ with the isolated
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aromatic ring in each cyclophane bowed roward the pyrene deck. The bend angles of the
pyrene units in 3 and 5 are 89.7° and 97.0°. respectively. and unusually large § angles

were observed for both compounds.

The 500 Mz '"H NMR spectrum of pyrenophane 3 displayed no unusual teatures. Due to
the shielding etfect of the pyrene ring. the signal of the protons on the para-xylyl ring
appear at a chemical shitt of 6 5.534. With cyclophane 5 this shielding effect causes the
“internal™ proton of the mera-xylyl ring to appear at & 4.18. The most striking feature of

the 'H NMR spectrum of 5 is probably the observation of restricted i

between two degenerate contormers. The energs barrier for this interconversion was
estimated to be approximately 19 keal mol (80 kJ moly by extrapolation of the DNMR

results.

The unusual bond angles and bond leny

hs in the bridges of' 3 indicated that these bridges
might be less strained if the carbon atoms in these bridges are sp™-hybridized
(pyrenophanediene 43: Figure 3.09). The AMI-calculated bend angle of this pyrenophane
is 102.6°. only 2.2° more than the caiculated value for 3. The shorter-than-usual bond
lengths and bond angles in the N-ray crystal structure of 3 suggest that the formation of

pyrenophanedienc 43 should be feasible.
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Figure 5.09: Structure of pyrenophanediene 43

Another project would be the synthesis of diketones 44 and 46 (Scheme 3.12). The
keto’enol ratios in 44 and 46 should display the relative stability of the double C-C bond
tenol) versus the single C-C bond (ketone). It is anticipated that. even though the
aromatic units are orthogonal to the keto and enol x-systems. the enol form might be
preferred. Based on the large bond angle that was observed in the N-ray crystal structure

of 3 it can be expected that the 44 will enolize more readily than 46.

S o

et o= o

i P
1 /
Won
HO

47

Scheme 5.12: Keto-enol equilibria of 44 and 46.
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Other synthetic targets that can be derived from [2]paracyclo[2](2.7)pyrenophane 3 are
given in Figure 5.10. Cyclophane 48 has Dewar benzene units in the positions where
pyrenophane 3 had dimethylene bridges and is a direct precursor of aromatic belt 4

(Figure 5.01). Synthesis of 48 is expected to be quite challerging. however.

Pyrenophane 49 is an example of a cyclophane with planar chirality. If in 49 the
substituent R is a chiral substituent. with the same absolute configuration in (5)-49 and

(R)-49. two diastercomers are created. Since these ds should be distinguishabl

by 'H NMR spectroscopy. these compounds would provide an elegant opportunity to
study the rotation of the para-phenylene unit in the cyclophanc. (This “skipping rope”™
type rotation would interconvert the two  diastereomers). A notable feature of
pyrenophane 3 is that substitution at any of the carbon atoms renders a chiral eyclophane.

Substitution on the bridges leaves a steres

nic center and substitution on any of the

aromatic carbons gives a cyclophane of planar chirality

{
— // \ =
S_J -
R R
48 (8)49 (R)-49

Figure 5.10: Fulure synthetic targets based on the [2]paracyclo{2]i 2.7ipyrenophane system.
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Based on the successful synthesis of [2]metacyclo[2](2.7)pyrenophane 5 some similar
future synthetic targets can be proposed (Figure 3.11). The pyrenophanediene 50 can be
proposed. similar to 43 and has an AMI calculated bend angle of 115.1°. which is 8.5°
more than the value calculated for 5. This suggests that introduction of the double bonds
in the metacyclophane 50 structure has a much greater effect than in the paracyclophane
structure 43. This is supported by the N-ray crystal structures of 3 and 5. since
introduction of double bonds in the dimethylene tethers would drastically change their
conformation in 5. but not as much in 3. which already shows short bond lengths and
large bond and torsion angles. Similar to the substi

of pyrenophane 3. sub

on cyclophane § can render a eyclophane of planar chirality like S-51

/\3;\ =

U

ng similar methodology as for the synthesis of 3 and 5. it should be possible to
synthesize pyrenophanes 52 and 54 (Scheme 5.13). If sufficient amounts of these
materials can be made available. it might be possible to build up larger structures like 53
and 35. For 53 other isomers can be drawn. but they have been omitted for clarity.

Compound 55 should still undergo a “skipping-rope™ motion of the pyrene units around
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the central aromatic ring. which would make it an interesting topic for dynamic studies.
Both compounds can be seen as tullerene isosteres. although they are calculated (AM1)
1o contain pyrene units at greater intramolecular distance (8.2 - 11.7 A) than Ds-Cay

(682 4)*

Compound  Distance

53
53a X=S n7A
53b X=bond 114A
55 82A

Scheme 3.13: Future synthetie targets

5.4  Experimental

General. All chemicals were reagent grade and were used as received. Chromatographic
separations were performed on Merck silica gel 60 (particle size 40-63 pm. 230400
mesh). Melting points were determined on a Fisher-Johns apparatus and are uncorrected.
Elemental analyses were pertormed at the MicroAnalytical Service Laboratory.

Department of Chemistry. University of Alberta. Mass spectroscopic (MS) data were
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obtained on a V. G. Micromass 7070HS instrument. 'H NMR (500 MHz) and "C NMR
(126 MHz) were obtained on a Bruker spectrometer: 'H shifts are relative to internal
tetramethylsilane: "'C shifts are relative to the solvent resonance (CDCls: 6 = 77.0). All

with mois! or ai ds were performed

in

solvents under nitrogen unless otherwise stated. Solvents were dried and distilled

according to standard procedures.

1.4-Bis(trimethy Isilylethynylbenzene (19)."

To a solution of 1. 4-diiodobenzene 17 (10.25 ¢, 51.07 mmol) in degassed benzene «

mL.) under a nitrogen atmosphere. were added (Ph:P):PACL: (1.03 ¢. 1.30 mmol) and Cul

(1.00 . 3.25 mmol). followed after 3 min by trimethysilylacety lene 18 (7.65 2. 77.9

mmol) and DBU (14.19 . 93.21 mmol). The reaction mixture was stirred at room

temperature for 2 h. washed with satrated aqueous NHiClsolution (100 mlL). water (2 x
100 mL) and saturated aqueous NaCl solution (100 mL). dried (MgSO4) and concentrated
under reduced pressure. The residue was purified by column chromatography (hexanes.

silica) to give 19(7.99 ¢. 29.5 mmol. 93%6) as colorless crystals: mp 118 - 119

(hexanes) (lit.*” 122 *Ci: IR (nujol. em™) 2135 (s). 1492 (m. 1246 (s1: "H NMR (500
MHz. CDCl1) 8 7.40 (s. 4H). 0.25 (s, 18H): PC NMR (126 Milz. CDCl5) 8 131.7. 123.1.

104.6.96.3.-0.1: EI-MS (70 eV) m = (%0): 270 (27. M7). 255 (100).
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14-Dicthynylbenzene (20).""

K:CO; (3.54 g. 25.61 mmol) and 1.4-bisttrimethyisilylethynyhbenzene 19 (2.77 g. 13.3
mmol) were added to methanol (30 mL) and the reaction mixture was stirred for | h. The
mixture was poured into ice water (100 mL) and filtered under suction. The residue was

sublimed at atmospheric pressure (ca. 95 °C oil bath: CAUTION: in one instance this

led to explosive ds position of the material !) to

¢ 200099 2. 77%) as

colorless plates: mp: 94 - 95 “C (sublimes slowly above 76 °C) (lit. "' 95 - 96 “C): 'H

NMR (300 MHz. CDCl:) & 745 (s. 4H). 3.18 (5. 2H): "C NMR (75 MHz CDCl) &
132,0; 122.5.829.79.2
1.4-Bis(3.5-bi yearbonyphenylethyny b, 22).

To a solution of tritlate 21 ¢ 941 mmol) in ds

ssed benzene (80 mLL) under a
nitrogen atmosphere. were added (Ph:P1:PdCly (0.08 ¢. 0.1 mmol) and Cul (0.08 . 0.4
mmol). followed after 3 min by [.4-dicthynylbenzene 20 (0.54 ¢. 4.3 mmol) and DBU

(1.95 ¢. 12.8 mmol). The reaction mixture was retluxed for 18 h. concentrated under

reduced pressure. and the residue was dissolved in CHCl; (250 mL). and saturated
aqueous NHCl solution (100 mL). The aqueous laver was extracted with CHC: (100
mL) and the combined organic layers were washed with water (2 x 100 mL) and
saturated aqueous NaCl solution (100 mL). dried (MgS0,) and concentrated under

reduced pressure. The residue was purified by column chromatography (chloroform.



silica) to give 22 (1.25 g, 37%6) as an oftf-white solid: mp: decomposes > 290 °C

(chloroform): IR (nujol. em™): 1732 (s). 1247 (m): 'H NMR (500 MHz. CDCl5) & 8.66 (s.
2H). 8.39 (s. 4H). 7.56 (s. 4H). 3.99 (s. 12H): ""C NMR (126 MHz. CDCl:) 8 165.6.

136.5. 131.7. 131.1. 130.1. 124.1. 122.9.90.7. 89.4. 52.5:

I-MS (70 eV) m = (%0): 510

(100, M), 479 (10). 224 (10): HRMS Cale™d for C:yHaOy: 5101313, found $10.1334

Alternative route (preferred):

To a solution ot 1 4-diiodobenzene (6.03 g. 18.28 mmol) in 400 mL. de; ed benzene

under a nitrogen atmosphere. was added (PhsP):PACE (0.64 ¢, 0.91 mmol) and Cul (0.35

2. 1.8 mmol). followed after 3 min by dimethy| S-cthynylisophtalate 24 (9.98 . 45.7

mmol) and DBU (8.3

4.8 mmol). The reaction mixture was stirred for 2.5 h.

concentrated under reduced pressure and the residue was dissolved in CHClL: (1000 mi.)
and saturated aqueous NTLCE solution (500 miL). The aqueous laver was extracted with

CHCl; (300 mL) and the combined organic layers were washed with water (2 x 300 mL)

and saturated aqueous NaCl solution (500 mL). dried (MgSO4) and concentrated under
reduced pressure. The residue was purified by column chromatography (chlorotorm.

silica) to give 22(8.31 ¢. 16.7 mmol. 91%) as an off-white solid.



Dimethyl 5-(trimethysil

lethynyl)benzene-1,3-dicarboxylate (23).

To a solution of (Ph;P):PdCl: (2.57 . 3.66 mmol) and Cul (1.39 g. 7.30 mmol) in
degassed benzene (400 mLY. was added triflate 21 (23.07 . 73.25 mmol). followed. after

10 min. by a solution of trimethy

facetslene 18 (10.07 g. 192.5 mmol) in degassed
benzene (200 mL) and DBU (16.70 g. 109.7 mmol). The mixture was stirred under a
nitrogen atmosphere for 2 h. concentrated under reduced pressure and dissolved in
chloroform (250 ml.) and saturated NH,Cl solution (200 mLL). The aqueous layer was
extracted with chloroform (150 mL). The organic extracts were combined and washed

sucy

ssively with water (200 mL) and saturated aqueous NaCl solution (200 mL). dried
(MgSOs). concentrated in vacuo. and purified by column chromatography (Si0x. 10%

ethyl acetate hexanes) to vield 23 (14.92

51,38 mmol. 70%4) as a colorless solid: mp:
100 - 1013 °C2 IR (nujol. em™ 1 2159 (w1734 50, 1593w, 1332 m). 1242 s 'H
NMR (500 MHz CDCL) 6 8,61 (s, TH). $.30 (s, 2H). 3.96 (5. 61). 0.27 (5. 9H): ''C

NMR (126 MHz. CDCl:) 68 16:

36.8. 1308, 13

3.124.2.102.7.96.7.

-0.22:

ELMS (70 eV me 2 (%0): 290 (100 M) 273 (100). 259(9). 201 (10).



Dimethyl 5-ethynylbenzene-1,3-dicarboxylate (24).

Dimethyl 5-(trimethylsilylethynyl)benzene-1.3-dicarboxylate 23 (14.92 ¢. 51.38 mmol)

and K:CO: (9.23. 66.8 mmol) were weighed into a 1 L. round-bottom flask and 650 mL
methanol was added. The mixture was stirred under a nitrogen atmosphere for 1.5 h and
poured into | L water. Dimethyl S-ethynylisophthalate 24 (10.19 g. 46.70 mmol. 91%)

was isolated by suction filtration. washed with water (2 x 100 mL) and dried in vacuo as
a colorless powder: mp: 127 = 128 *C: 'H NMR (500 MHz. CDCl:) 6 8.53 (s. 2H). 8.07

(5.4, 7.1 s, 4H)L 3.95 (s, 12H). 3.04-2.97 (m. 4H). 2.96-2.89 (s. 4H): °C

NMR (126

MHZ CDCL 6 1664, 1429, 1389, 1339, 130.6. 128.6 (2C).

(70.eVy iz (op: 218 (0. M) 187 (100). 139 (28). 144(22).

To a solution of diyne 22 (0.64 ¢. 1.3 mmol) in degassed benzene (300 mL) was added
Pd(OH) C (Pearlman’s catalyst. 0.40 g). and the suspension was stirred vigorously under an

atmosphere of hydrogen for 2 h. The (lask was subjected o reduced pressure and let down

10 nitrogen several times before being filtered throw

h a plug of Celite. Removal of solvent

under reduced pressure afforded tetraester 25 (0.62

2. 95%) as a colorless so

mp: 146 -
147.5 °C (chloroform * hexanes): 'H NMR (500 MHz, CDCl:) 6 8.56 (s. 2H). 8.10 (s. 4H).

7.14 (s. 4H). 3.98 (s. 8H). 3.04 (m. 4H). 2.96 (m. 4H): °C NMR (126 MHz. CDCl:) &
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166.4. 142.7. 138.8. 133.9. 130.6. 128.5 (2C).

7.6. 37.2: EI-MS (70 V) m = (%0):

u

S18(6. M), 486 (33). 426 (5). 311 (33). 281 (100). 207 (79). 104 (45).

1.4-Bis(2-(3.5-bi P

(26).

A solution of tetraester 25 (2.16 g. 4.17 mmol) in THF (100 mL) was added dropwise to a
well-stirred suspension of LiAIH: (1.90 g. 30.1 mmol) in THF at 0 °C under nitrogen. The
mixture was stirred at retlux for 16 h. cooled in an ice-bath and quenched with ethyl acetate
(10 mL). The mixture was concentrated under reduced pressure. suspended in glacial acetic
acid (100 mb). 30°% HBr HOA¢ (10 mL. 30 mmol) was added and the mixwre was
refluxed for 30 min. After cooling to room temperature. the mixture was poured into water
(200 ml) and extracted with CH:CLy 12 x 200 mL). The combined organic layers were
washed with water (2 X 130 mL). saturated aqueous NaHCO: sofution (2 x 130 mL.). water
(100 mL.) and saturated aqueous NaCl solution (100 mL). dried (MgSO4) and concentrated
under reduced pressure. The residue was puritied by column chromatography (30° CHCl:

hexanes. silica) to afford tetrabromide 26 12.33 g. 83%) as a white solid: mp 142.5-143.5
°C (hexanes): 'H NMR (500 MHz. CDCl:) & 7.26 (overlapped with solvent. s. 2H). 7.13 (s.
4H). 7.09 (s. 4H). .45 (5. 8H). 2.89 (s. 8H): "'C NMR (126 MHz. CDCl:) § 143.1. 138.9.
138.3. 129.3, 128.5. 127.2: EI-MS (70 V) m2 = (%0): 638 (5. M (M Broa "Bra). 497 (17).

417(27). 381 (100): HRMS Cale'd for CyHzat “Bris: 653.8765. found 633.8772.
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Belta-2,11-dithia[3.3](1,3)(1.3)[2|(5)(1)[2](4)(5)benzeno<3>phane (27).

To a well-stirred refluxing solution of tetrabromide 26 (2.48 y. 3.77 mmol) in degassed

= (7.83 ¢g. 19.4 mmol) in

10% ethanol (abs) CH:Cl: (825 mL) was added NaxS'Alx(
three roughly equal portions over | h. After stirring for 1.3 h at reflux temperature. the
reaction mixture was cooled to room temperature, suction filtered through a plug of
Celite and concentrated under reduced pressure. Column chromatography (2594
CHCl;’hexanes) attorded dithiacyclophane 27 (0.43 g. 28%9) as a colorless. foamy solid:
mp > 280 °C: "H NMR (300 MHz, CDCl2) 8 6.96 (br s. 2H). 6.87 (5. 4H). 6.52 (s. 4H).
371 inarrow AB system. 8D, 2.99 (1. = 7.0 Tz 41D, 2.86 (L7 = 6.9 Tz 4H): “C NMR
(126 MHz. CDCLo 8 1404, 137.2.137.0. 129.1. 128.7. 128.0. 40.5. 549, 32.8: EI-MS
(70 V) m 2 (%0): 402 (100 MT). 369 (27). 338 (361 HRMS Cale'd for CanHinS::

02,1475, tound 4021493

Belta[2.2](1,3)(1.3)[2[(5)(){2|(4)(5)benzeno<3>phane-1,9-diene (29) and

[2]paracyclo[2](2,7)pyrenophane (3).

To a stirred solution of dithiacyclophane 27 (0.60 . 1.5 mmol) in degassed CH2Cly (120

mL) under an atmosphere of nitrogen. was added (MeO):CHBF; (1.21 ¢. 7.47 mmol) and
after 3 h the mixture was concentrated under reduced pressure. Ethyl acetate (50 mL) was
added to the residue. the mixture was stirred for 3 min and suction filtered to give a beige

solid that was washed with ethyl acetate (2 x 3 mL) and dried in vacuo to yvield a
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bis(sulfonium tetrafluoroborate) salt. This was slurried in degassed THF (120 mL) under
nitrogen and r-BuOK (0.30 g. 4.5 mmol) was added. The reaction mixture was stirred
overnight. saturated aqueous NH,Cl solution (50 mL) was added and the mixture was
concentrated under reduced pressure. The residue was taken up in degassed CH,Cl, (100
mL) and washed with saturated aqueous NH,Cl solution (50 mL). water (50 mL) and
brine (50 mL). dried (MgSO,) and concentrated under reduced pressure. The residue was
passed through a plug of silica (CHCl:). and concentration of the ¢luents atforded a
mixture of bistmethyithio keyclophane isomers (0.43 g. 70% from 27) as a toamy. light
vellow solid. The solid was dissolved in degassed CH:Cl: (100 mL) under an

s

amosphere of nitrogen and slowly (MeORCHBE, (0.85 . 5.5 mmol) was added. and

after 3 h the mixture was concentrated under reduced pressure. Ethylacetate (15 mL) and
methanol (3 mL) were added. the mixture was stirred for 5 min and concentrated under
reduced pressure to give a brown oil. This oil was slurried in degassed 1:1 -BuOH THF
(100 mL.) under nitrogen and to this mixture -BuOK (0.35 g. 3.1 mmol) was added. After
stirring for 16 h. saturated agueous NH:Cl solution (20 mL) was added and the mixture
was concentrated under reduced pressure. The residue was taken up in degassed CH:Cly
(100 mL) and saturated aqueous NH,Cl solution (75 mL) and the aqueous laver was
extracted with degassed CH:Cl: (30 mLy. The combined organic layers were washed with
water (100 mL) and saturated aqueous NaCl solution (100 mL). dried (MgSO,) and
concentrated under reduced pressure. The residue was concentrated under reduced
pressure to aftord a mixture of cyclophanediene 29 and [2]paracyclo[21(2.7)pyrenophane

3(0.08 g. 16% from 27) as a colorless solid. The mixture was dissolved in degassed
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benzene (23 mL) under nitrogen. DDQ was added (0.04 ¢. 0.2 mmol) and after 10 min
the mixture was concentrated under reduced pressure and purified by preparative TLC
(silica. 60°s CHCl; hexanes) to yield [2]paracyclo[2](2.7)pyrenophane 3 (0.07 g. 14%0
from 27) as a colorless solid. that was crystallized from heptane: mp 216 — 219 °C: 'H
NMR (500 MHz. CDCl3) 5 7.67 (s. 4H). 7.40 (s. 4H). 3.54 (s. 4H). 2.99 (. /= 7.3 Hz.
4H). 232 (1.J = 7.2 Hz. 4H): *C NMR (126 MHz CDCl3) 135.7. 134.2. 131.3. 129.3,

128.6.128.0. 126.1. 36.5. 33.8: EI-MS (70 eV'y m = (%0): 332 (11, M7). 228 (100).

13-Bis(3,5

) vhp A yny 37

To a solution of (Ph;P) :PAClL (0.39 . 0.50 mmol) and Cul (0.39 g, 2.0 mmol) in
degassed benzene (230 mL) under nitrogen. was added 1.3-diiodobenzenc 36 (3.66 ¢.
1.1 mmol). followed after 3 min by a solution of' 24 (3.33 g. 24.4 mmol) in degassed
benzene (150 mL) and DBU (4.23 ¢. 27.8 mmol). The reaction mixture was stirred at
room temperature under an atmosphere of nitrogen tor 3 h. concentrated under reduced
pressure and dissolved in CHCI; (200 mL) and saturated aqueous NH4Cl solution (100
mL). The aqueous layer was extracted with CHCl; (130 mL) and the combined organic
layers were washed with saturated aqueous NH.Cl (100 mL). water (100 mL). brine (100
mL). dried (MgSO:) and concentrated in vacuo. The residue was subjected to column
chromatography (SiO1. 2% EtOAc CHCI:) to yvield 37 (4.31 g, 8.44 mmol. 76%0) as a
beige solid that was crystallized from EtOH ' CHCl;: mp: 176 — 177.5 °C (ethanol /

chloroform): IR (nujol. em™): 2216 (w). 1734 (s). 1290 (w). 1249 (m). 1008 (w). 751 (w)k
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'H NMR (300.1 MHz: CDCl:): 8 8.65 (s. 2H). 8.38 (s. 4H). 7.76 (s. 1H). 7.56 (d.J = 7.9
Hz. 2H). 7.04 (1./ = 7.7 Hz. 1H). 3.98 (s. 12H): ""C NMR (126 MHz: CDCl3): 6 165.6.
136.5.134.9.131.9. 131.0. 130.3. 128.7. 124.1. 123.0.90.2. 88.1. 52.6: EI-MS (70 ¢V)
Mz (%): 510 (100. M7). 479 (25). 224 (25): HRMS Cale'd for C59Haa04: 510.1313,

found 510.1295

1.3-Bis(2-(3.5:

3 yl)phenyl)ethy 38)

To a solution of 37 (4.31 g. 8. 44 mmol) in degassed benzene (700 mL). was added 20%s

Pd C (0.33 g) and acetic acid (0.1 mL). and the suspension was stirred under a Hy-

atmosphere for 16 h. The reaction mixture was degassed by bubbling nitrogen through
the mixture for 20 min. filtered through a plug of MgSO, and concentrated in vacuo 1o
vield 38 (4.37 ¢ 8.44 mmol. 100°) as a colorless oil. that solidified upon standing: mp:
150 = 151.5 °C (benzene): 'H NAMR (3001 MHz: CDCli: & 8.33 (5. 2H). 8.03 (s. 4H).
722 (L = 74 Hz. 1H). 7.04 (d.J = 7.6 Hz. 2H). 6.98 (5. TH). 3.94 (5. 9tD). 2.9 (m. 411).
292 (m. 4H): C NMR (126 MHz CDCL): 6 166.4. 142.6. 141.1. 133.9. 1306, 128.7.

128.6.128.5.126.3

7.6: EI-MS (70 eVim = S1816.M7). 486183). 311 ¢

281 (100). 207 (30). 177 (10). 104 (17).
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1,3-Bis(2+(3,5-bis(

yl)phenyljethy 39

A solution of 38 (4.33 g. 8.35 mmol) in dry THF (150 mL) was added over 43 minto a
well-stirred. 0 °C suspension of LiAlH, (3.80 g. 10.0 mmol) in dry THF (200 mL.) under
a nitrogen atmosphere. The mixture was stirred at room temperature for 22 h. cooled in
an ice-bath. quenched with ethyl acetate (20 mL) and concentrated in vacuo. HBr in
acetic acid (30%0 123 mL.) was carefully added to the residue. and the mixture was heated
10 reflux. cooled and poured into ice water (300 mL). CH:Cl: (100 ml.) was added. and
the aqueous layer was extracted with CH:Cl (2 x 100 mL). The combined organic
extracts were washed with saturated aqueous NaHCO: solution (3 x 100 mL.). water (100
mL) and saturated aqueous NaCl solution (100 mL.). dried (MgSO+) and concentrated
under vacuum. The residue was purified by column chromatography (o vield 39 (2.95 o,

448 mmol. 34%0) as a white solid: mp: 109 - 1115 °C (CHCl: hexanesi: ‘H NMR (3001

MHz: CDCLi: 6 7.27 (5. 2H). 722 (1. = 7.5 Hze 1H. 7.14 (5. 4H). 7.02(d.J = 7.5 Ha.
2H). 6.94 (s, TH). 445 (s 8H1 2.89 (5. 8H: C NMR (126 MHz: CDClap & 1431
413, 1384, 1293, 128.7, 1285, 127.2.120.2. 37.6. 37.5. 33.0: EL-MS (70 V') m = (%0):

658 (5. M (M'Brix “Brin). 577 (3). 497 (59). 417 (871 381 (100). 335 (29). 219 (43).

Belta-2.11-dithia[3.3)(1.3)(1.3)[2](5)(1)[2|(3/5)benzeno<3>phane (40)

To a vigorously stirred solution of 39 (2.35 g. 3.57 mmol) in ethanol (abs: 200 mL) and

CH:Cl: (1800 mL) was added Na;§S * AL:O5(12.01 g. 4.0 mmol: 3.0 mmol/g) in three
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approximately equal portions over 30 min. The reaction mixture was stirred for 1.5 h.
filtered over a plug of celite and concentrated in vacuo. The residue was subjected to
column chromatography (50% SiO:. CHCI; / hexanes) to yield 40 (0.98 g. 2.4 mmol.
6825) as a colorless crystalline solid: mp: > 218 °C (dec.) (CHClyhexanes): 'H NMR
(500.1 MHz: CDCl3): § 7.25 (1./ = 7.6 Hz. 1H). 7.10 (s. 2H). 7.06 (d. J = 7.8 Hz 2H).
6.36 (5. 4H). 6.31 (s. 1H). 3.74 (m. 8H). 2.96 (m. 4H). 2.80 (m. 4H): "*C NMR (125

MHz: CDCl:): 8 140.5. 140.3.136.9. 129.3. 129.0. 128.0. 127.0. 125.9. 39.3. 3

b

343
EI-MS (70 V) m 2 (%0): 402 (100. M7). 369 (23). 338 (25). 217 (14). 119129): HRMS

Cale™d for CanHzS:: 4021475, found 402.1479.

Belta[2.2|(1.3)(1.3)[2[(5)D)[2](3)(5)benzeno<3>phane-1,9-diene (42)

To a well-stirred solution of 40 (0.98 ¢. 2.4 mmol) in CHyCl: (200 ml.) was added Boreh
reagent (1.18 g. 7.3 mmol). Atter 10 h the reaction mixture was concentrated in vacuo.
quenched with ethyl acetate (5 mL) and suction filtered. to yield (after drying in vacuo) a
white solid (1.41 g) that was suspended in THF (200 mL). KO-r-Bu (1.37 g. 12.2 mmol)
was added and the mixture was stirred vigorously. After 3.5 h. saturated aqueous NH.Cl
solution (3 mL) was added. and the mixture was concentrated in vacuo. The residue was
dissolved in CH:Cl: (75 mL) and H:0 (25 mL). and the aqueous layer was extracted with
CH,Cls (30 mL). The organic extracts were combined and washed with HxO (50 mL) and

saturated aqueous NaCl solution (50 mL). dried over MgSO; and concentrated in vacuo.



The residue was passed through a plug of silica gel using CHCl: to yield the isomeric
mixture 41 (0.92 g. 2.1 mmol. 88% crude from 40) as a light yellow solid.

The solid was dissolved in CHCl: (200 mL) and Borch reagent (1.04 g. 6.4 mmol) was
added dropwise over 3 min. while the mixture was stirred vigorously. After 2 h the
mixture was concentrated in vacuo. quenched with ethyl acetate (3 mL) and methanol (1
mL) and concentrated again. The residue was slurried into THF (200 mL) and HO-1-Bu
(2 mL)and KO--Bu (1.20 g. 10.7 mmol) were added. The mixture was stirred vigorously
for 3.5 h and the reaction was quenched with saturated aqueous NHyCl solution (3 mL.).
The reaction mixture was concentrated and CH:Clx (50 mL) and H:O (25 mL) was
added. The aqueous layer was extracted with CHyCl: (40 mL). the organic extracts were
combined and washed with HO (23 mL) and saturated aqueous NaCl solution (20 mL.).
dried (MgSOs). concentrated and subjected to column chromatography (3i0:. 23%
CHCI; hexanes) w yield 4210.50 g, 1.4 mmol. 61% trom 40) as a colorless crystalline
solid: mp 204 205 °C (chloroform - hexanes): 'H NMR (300.1 MHz: CDCL:): 3 7.67 (s.
2H)L7.16(LJ=7.5 Hz. TH). 7.11 (5. 4H). 6.96 (d.J = 7.5 Hz. 2H). 6.27 (s. 4H). 5.95 (s,

TH). 2.81 (m. 4H). 271 im. 4H): “C NMR (126 MHz: CDCLa: & 140.3. 1371 1356,

. 131.4.128.0. 1 1

EL-MS (70 eV m 2 (%0): 334 (36.

M) 229(100). 215 (67): HRMS Cale'd for CsoHaa: 334.1720. found 334.1726.
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[2]Metacyclof2](2,7)pyrenophane (5)

To a solution of 42 (0.26 g. 0.78 mmol) in degassed benzene (20 mL) was added a
solution of DDQ (0.19 g. 0.86 mmol) in degassed benzene (5 mL) over 10 min. The
reaction mixture was stirred for an additional 3 min. concentrated in vacuo and the
residue was filtered over a plug of silica using CHCI; to yield 5 (0.25g. 0.75 mmol. 97%)
as a crystalline slightly yellow solid. that could be recrystallized from heptanes: mp: 184
~186 *C (chloroform): "H NMR (500.1 MHz: CDCl5): 6 7.68 (s. 2H). 7.47 (5. 2H). 7.32
(5. 2H). 7.15 (5. 2H). 6.56 (1../ = 7.5 Hz. 1H). 631 (d.J = 7.5 Hz. 2H). 4.18 (5. 1H). 3.09

(ddd../ = 13.0 Hz../ = 1.9 Hz.J = 58 Hz. 2H). 2.6Y (ddd../ = 13.0 Hz. ./ = 33 Hz =

13.3 Hz. 2H). 2.31 (ddd. J unresolved. 2H). 1.21 (ddd. J =

3Hz.J=38Hz.J=139

Hz. 2H): “C NMR (126 MHz: CDCl:): & 1374, 134.0. 133.0. 131.3. 130.3. 129.8. 129.4.

127.9.126.2.126.0. 1251, 125,01, 38.0. 33.3: EI-MS (70 V) m = %01 332 (100, M7 317

(10). 228 (97). 21318). 202 (7). 166 (1712 HIRMS Cale™d for CaoHay: 3321564, found

332.1562.
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Table A-la:

and 5-substituted meza-xylenes in CoDs.

288

NMR Data for 6.15-disubstituted syn-2.11-dithia[3.3|metacyclophanes

Compound | §HSCPhee gy ociovhane gyl gy vl ASH, ASH,
5 0 0

(b) 6.59 6.78 6.85 6.90 0.26 0.12
(©) 6.51 6.83 6.51 7.02 0.00 0.19
(d) 6.97 7.69 6.82 7.93 0.15 0.24
© . .

1) 6.50 6.60 672 6.72 0.2 0.12
(® * c

(h) 6.03 6.09 6.40 6.06 0.33 -0.03
@ * a

@ 6.72 6.60 6.74 0.21 0.02
) . .

) 0.37 6.4 6.53 6.59 0.16 0.11
(m) « «

) . .

(0) 6.56 7.68 6.59 6.89 0.03 0.21
(p) *** 6.80 6.8% 6.63 714 -0.15 0.29

(q@)




Table A-1b:

and 3-substituted mera-xylenes in CDCls.
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NMR Data for 6.15-disubstituted syn-2.11-dithia[3.3|metacyclophanes

Compound | §H;Phne gy clovhane gy ulene gy wlene  AgH, A3H.
(a) ***x 732 7.19 723 7.28 -0.09 0.09
(b) 6.86 693 6.98 7.01 0.12 0.06
(©) 6.97 7.07 6.91 714 -0.06 0.07
(d) 724 751 7.19 7.67 -0.05 0.15
(© . .

o 6.74 684 0.21 0.10
(2 6.37 6.35 0.24 -0.02
(h) s 7.19 -0.01 0.04
(i) *xx 7.86 -0.38 0.36
i) 6.72 6.88 60.71 0.13 -0.01
(k) 044 0.60 6.47 0.09 0.03
) 049 6.61 0.54 0.10 0.05
(m) 6.99 703 703 0.10 0.04
(n) 0.86 6.76 6.89 -0.03 0.03
(0) 6.79 6.78 6.90 -0.92 ol
(p) *** .2 713 127 -0.19 0.13
(@ 7.50 730 758 037 0.08




Table A-le:

NMR Data for 6.15-disubstituted syn-2.11-dithia[3.3 |metacyclophanes
and 5-substituted meta-xylenes in DMSO-d,,.

Compound | GH"P™ §HSWPM  SHM SN ASH, ABH,
@) =~ o e EET 738

(b) 7.08 6.84 6.97 -0.08 0.13

() P30 7.01 7.20 -0.20 0.19

(d) 745 7.36 7.58 016 033

(e) 74 .37 7.56 -0.16 0.19

n 6.79 6.64 6.78 001 0.14

(=) 3.93 6.21 6.17 0.2 -0.04
(h) 6.68 715 7.19 -0.01 0.04

(i) #== coun aree 788

i) 7.00 6.6l 6.74 .10 013

® - R 6.37

m 6.68 6.41 6.33 <011 0.14

(m) 7.18 6.81 7.00 -0.09 0.19

(n) 6.88 6.80 6.90 013 0.10

(o) 697 671 6.87 020 0.l6

(p) ==* 743 7.09 717 7.28 -0.26 0.19

(q) 7.66 735 7.39 7.56 -0.27 0.21

for unambiguous assignment.

e

S lohane

**** Impurity present.
#**+* Not enough material available to obtain spectrum of reasonable quality.

Compound not soluble enough to collect a 'H NMR spectrum.
Overlap of the signals with the signals of an unidentified impurity does not allow

Mixture of diastercomers. Average values are given for ot

(o shophane

and
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Table A-2:  Values for Hammett's 6 Isaacs 1987 333 /id} and for the dual parameter
systems of Taft (o) and ¢’){Isaacs 1987 333 /id} and Swain and Lupton (& and
R).!{Carroll 1998 772 /id} {Isaacs 1987 533 id}

Compound Hammett Taft Swain / Lupton
Cn o a'n F x
(a) 0.62 0.. 0.14 0.90 0.71
(b) 0 0 0 0 0
(c) -0.16 072 -0.18
(d) 0.13 0.47 0.67
(e) 0.35 0.31 015 0.4 0.66
n -0.06 -0.03 -0.10 -0.01 041
(®) -0.09 0.1 -0.48 0.38 252
(h) 0.14 0.26 022 0.77 143
(i) 0.71 0.64 0.i9 1 1
i) 0.39 . * 0.70 004
(k) 0.13 027 -044 0.46 -1.89
m 0.10 0.26 041 0354 -1.68
(m) ¥ * o 0.53 0.68
(n) = * . 0.52 -0.26
(0) 0.14 0.19 017 0.68 130
(3] 0.21 0.25 0.00 0.80 043
() 0.64 0.64 0.12 0.88 0.33

No literature value available.
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Figure B-1a: ASH. measured in CDCI; solutions versus ¢ = o; + a6’k (Taft’s system
fora=0.5,1.0,15,2.0,25,3.0,3.5 and 4.0).

Figure B-1b: A8H; measured in C4Ds solutions versus ¢ = 6; + a6’ (Taft’s system for
@=05,10,15,20,25,3.0,3.5 and 4.0).
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Figure B-le: ASH. measured in C¢Dg solutions versus o = o) + a6’ (Taft’s system for
«=0.5,1.0,15,20,2.5,3.0,3.5 and 4.0).

Figure B-1d: ASH; measured in DMSO-ds solutions versus ¢ = oj + ac’y (Taft's
system for o= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0).

W -osis
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Figure B-le: ASH. measured in DMSO-d; solutions versus ¢ = o + o6’ (Taft’s
system for o= 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0).

and 0.60/0.40).

Figure B-2a: A8H. measured in CDCl; solutions versus ¢ = fF + r& (Swain and
Lupton’s system for f/ r = 0.90/0.10, 0.85/0.15, 0.80/0.20, 0.75/0.25, 0.70/0.30, 0.65/0.35

oo 12000172010
£ o
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Figure B-2b: ASH; measured in C¢Dg solutions versus ¢ = fF + r& (Swain and

Lupton’s system for // r =0.90/0.10, 0.85/0.15, 0.80/0.20, 0.75/0.25, 0.70/0.30, 0.65/0.35
and 0.60/0.40).

[evse0 0 |

Figure B-2c: ASH. measured in C¢Ds solutions versus ¢ = fF + r& (Swain and

Lupton’s system for f / r = 0.90/0.10, 0.85/0.15, 0.80/0.20, 0.75/0.25, 0.70/0.30,
0.65/0.35, 0.60/0.40, 0.55/0.45 and 0.50/0.50).
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Figure B-2d: ASH; measured in DMSO-d; solutions versus ¢ = f# + r % (Swain and
Lupton’s system for // r = 0.90/0.10, 0.85/0.15, 0.80/0.20, 0.75/0.25, 0.70/0.30, 0.65/0.35
and 0.60/0.40).

Figure B-2e: A8H. measured in DMSO-dg solutions versus ¢ = fF + r % (Swain and
Lupton’s system for // r = 0.70/0.30, 0.65/0.35, 0.60/0.30, 0.55/0.45, 0.50/0.50,
0.45/0.55, 0.40/0.60, 0.35/0.65 and 0.30/0.70).
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Table C-1:  Published group electronegativity moments for substituents of 6.
disubstituted syn-2.11-dithia[3.3Jmetacy and AM1 calculated dipole moments
for 6.15-disubstituted syn-2.11-dithia[33 Jmetacyclophanes.

Compound Published group  Calculated group dipole moment *

alie - o4 b,b-4
(a) 3.208 7.294 3.617
(b) 2176 1471 2381
() *E 3.901 0.092
() 2333 373 0.847
(e) - Radd e
n 2472 0.953 3.046
(2) 2992 1.084 4502
h) o ooy
i)
[
(k)
0
(m)
(n)
(0)
()
(q)

b Dipole moments were calculated with the same conformation of the substituent

for the c.c and h.h conformer. Contormations were chosen in such 2 way. that they
aligned with the central axis of the molecule.
o No literature value available.

***  Calculations failed to coalesce 1 a reasonable contormation.
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FlgureC la: ASH, and ASH. measured in CeDs solutions versus published group
y moments for R.

FugureC -1b: ASH, and ASH. measunzd in CDCl; solutions versus published group
moments for sub R.

v echoneguny et
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Figure C-le: ASH, and A3H. measured in DMSO-d solutions versus published group
ivi ituents R.
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Figure C-2a: A8H,; and A3H, measured in C4Ds solutions versus difference in calculated
dipole moments between the c,c and b, b-conformers.

Figure C-2b: ASH; and A3H. measured in CDCl; solutions

versus difference in
calculated dipole moments between the ¢,c and b,b-conformers.

Oifrnce i ceubtd ipol mernt (Oeye)
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Figure C-2c: ASH; and ASH. measured in DMSO-d; solutions versus difference in
calculated dipole moments between the ¢,¢ and b, b-conformers.
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X-ray Structure Report

For
Dr. G. J. Bodwell

Prepared by
David O. Miller

December 3. 1999

Introduction

Collection. solution and refinement all proceeded normally. Hydrogens were
introduced in calculated or difference map positions with isotropic thermal
parameters set twenty percent greater than those of their bonding partners at the
time of their inclusion. The carboxylic acid protons were found in the difference
map.

Please acknowledge Dr. Bob McDonald. University of Alberta for data collection.
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Experimental

Data Collection

A colourless prism crystal of CqgH1g04Sy having approximate
dimensions of 0.20 x 0.05 x 0.02 mm was mounted on a glass fiber. All
measurements were made on a Bruker P4/CCD system with graphite
monochromated Mo-Ku radiation and a rotating anode generator.

Cell constants corresponded to a primitive monoclinic cell with
dimensions:

a= 6.8646(4) A
b= 14.891(1) A B = 90.263(1)°
c= 15923(1)A
V =1627.7(2) A3

For Z = 4 and FW. = 36044. the calculated density is 1.47 g/cm3. The
systematic absences of:

hOl: h+l £2n
0k0: k +2n
uniquely determine the space group to be:

P24/n (#14)

The data were collected at a temperature of -80 + 1°C.. The full
hemisphere of data was collected with 30s.. 0.3 deg. frames to a maximum 20
value of 52.8°
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Data Reduction

Of the 8164 reflections which were collected. 3486 were unique (Rt =

0.048). The linear . for Mo-Ka iation is 3.5 cm-1. The
area detector routine (SADABS) was used to correct the
data with i and effective of 0.971679 and

0.559440 respectively. The data were corrected for Lorentz and polarization
effects.

Structure Solution and Refinement

The structure was solved by direct methods and expanded using Fourier
techniques2. The non-hydrogen atoms were refined anisotropically. Hydrogen
atoms were included but not refined. The final cycle of full-matrix least-squares
refinement3 on F was based on 2232 observed reflections (I > 2.00a(1)) and 217
variable and col ged (largest shift was 0.00 times its
esd) with unweit and g factors of:

R =X ||Fo| - |Fcl| / < |Fo| = 0.048

© w (Fol - [Fc))2 7 £ w Fo2]12 = 0043

The standard deviation of an observation of unit weight4 was 1.34. The
weighting scheme was based on counting statistics Plots of £ w (|Fo] - |F<:|)2
versus |Fol. reflection order in data collection. sin /7. and various classes of
indices showed no unusual trends. The maximum and minimum peaks on the

final difference Fourier map corresponded to 0.34 and -0.33 e/A3. respectively

Neutral atom scattering factors were taken from Cromer and WaberS
Anomalous dispersion effects were included in FcalcB: the values for Af and Af'
were those of Creagh and McAuley”. The values for the mass attenuation
coefficients are those of Creagh and Hubbeli8. All calculations were performed

using the teXsan? crystallographic software package of Molecular Structure
Corporation.
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EXPERIMENTAL DETAILS

A_ Crystal Data
Empirical Formula C18H1604S2
Formula Weight 360 44
Crystal Color, Habit colourless, prism
Crystal Dimensions 0.20 X 0.05 X 0.02 mm
Crystal System monoclinic
Lattice Type Primitive
Lattice Parameters a= 6.8646(4)A
b= 14891(1)A
c= 15923(1) A
3= 90.263(1) ©
V = 1627.7(2) A3
Space Group P21/n (#14)
Z value 4
Ocaic 1.471 g/em3
Fooo 752.00

n(MoKa) 3.46 cm-1



B. Intensity Measurements

Diffractometer

Radiation

Temperature
Scan Rate
20max

No. of Reflections Measured

Corrections

0.559440)

Bruker P4/CCD

MoK (1 = 0.71073 A)
graphite monochromated

-80 + 1°C

30s., 0.3 deg. frames

52.80

Total: 8164

Unique: 3486 (Rint = 0.048)
Lorentz-polarization

SADABS correction
(trans. factors: 0.971679 —



C. Structure Solution and Refinement

Structure Solution
Refinement

Function Minimized

Least Squares Weights
Anomalous Dispersion

No. Observations (1>2.00a(1))
No. Variables
Reflection/Parameter Ratio
Residuals: R: Rw

Goodness of Fit Indicator
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map

Direct Methods (SHELX97)
Full-matrix least-squares on F
Tw (Fol - [Fe))2

1/c2(Fo) = 4F02/a2(Fo2
All non-hydrogen atoms
2232

217

1029

0.048 : 0.043

1.34

0.00

034e7/A3

-0.33 eA3
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X-ray Structure Report

For
Dr G J Bodwell

Prepared by
David O. Miller

April 6. 2001
Introduction

Collection. solution and refinement ail proceeded normally Hydrogen atoms were introduced in
calculated  or difference map positions with 1sotropic thermal parameters set twenty percent
greater than those of their bonding partners at the time of their inclusion. They were not refined

The refinement values on this structure are not adequate for publication There is also a shortage
of data due to the presence of two molecules in the asymmetric unit. For this reason most of the
atoms are not refined anisotropically
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Expenmental

Data Collection

A colourless prism crystal of C44Hag 500g 75 having approximate dimensions of 0 40 x
040 x 040 mm was mounted on a glass fiber. All measurements were made on 3 Rigaku
AFCES with graphite Mo-Ka radiation

Cell constants and an orientation matnx for data collection. obtained from a least-squares
refinement using the setting angles of 21 carefully centered reflections i the range 23 50 < 20 <
35.04° corresponded to a pnmitive trichnic cell with dimensions

a= 16021(20A  «=10047(2)°
b= 193143)A  f=11229(1)°
c= 142323)A = 8961(1)°
V = 3997(1) A3

ForZ=4and FW =734 37 the calculated density is 1 22 g/cm3 Based on a statistical analysis
of intensity and the solution and of the structure. the space
group was determined to be

P-1#2)

The data were collected at a temperature of 26 + 19C using the -2+ scan technique to 2
maximum 20 value of 45 1°© Omega scans of several ntense reflections. made pnor to data
collection. had an average width at half-hexght of 0 38° with a take-off angie of 60° Scans of
(173 + 035 tan 9)° were made at a speed of 4 0%/min (in =) The weak reflections (I < 10 0c(l))
were rescanned (maxmum of 5 scans) and the counts were accumulated to ensure good
counting statistics Stationary background counts were recorded on each side of the reflection
The ratio of peak counting time to background counting tme was 21 The diameter of the
incident beam collimator was 10 mm. the crystal to detector distance was 400 mm. and the
detector aperture was 6 0 x 3.0 mm {honzontal x vertical)
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Data Reduction

Of the 10958 reflections which were collected, 10508 were unique (Rint = 0046). The

intensities of three representative reflections were measured after every 150 reflections. No
decay correction was applied.

The linear absorption coefficient. u, for Mo-Ka radiation is 0.9 cm™1 An empirical
absorption correction based on azimuthal scans of several reflections was applied which resulted
in transmission factors ranging from 098 to 1.00. The data were corrected for Lorentz and
polarization effects

Structure Solution and Refinement

The structure was solved by direct methods ! and expanded using Fourier techniques2
Some non-hydrogen atoms were refined anisotropically, while the rest were refined isotropically
Hydrogen atoms were included but not refined The final cycle of full-matnix least-squares
refinement3 on F was based on 4835 observed reflections (I > 200a(1)) and 573 vanable
parameters and converged (largest parameter shift was 0 00 times its esd) with unweighted and
weighted agreement factors of

|IFo| - |Fclj / £ |Fo| = 0 168

S w(|Fo| - [Fel)2 1 ¥ w Fo2|12 = 0 163

The standard deviation of an observation of unit weight was 7 62 The weighting
scheme was basad on counting statistics and included a factor (p = 0 010) to downweight the
intense reflections Plots of £ w (|Fo| - lFCHZ versus |Fo|. reflection order in data collection. sin
#i. and various classes of indices showed no unusual trends The maximum and minimum
peaks on the final difference Fourier map corresponded to 1 02 and -0 55 e/A3, respectively

Neutral atom scattering factors were taken from Cromer and WaberS Anomalous
dispersion effects were included in Fcalc: the values for Af and AP were those of Creagh and
McAuley? The values for the mass attenuation coefficients are those of Creagh and Hubbell8 All

calculations were performed using the teXsan? crystafiographic software package of Molecular
Structure Corporation
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EXPERIMENTAL DETAILS

A Crystal Data

Empirical Formula
Formula Weight
Crystal Color. Habit
Crystal Dimensions
Crystal System
Lattice Type

No of Reflections Used for Unit
Cell Determination (24 range)

Omega Scan Peak Width
at Half-height

Latuice Parameters

Space Group

Zvalue
Dcaic
Fooo

u(MoKa)

CaaHag 5009 75
73437

colourless. pnsm

040 X 040 X 0 40 mm
trictinic

Pramitive
21(235-3509)

0380

a= 160212)A
b= 19314(3) A
c= 142323)A
«=10047(2)©
#=1122901)0
8961(1)°

Vv =3997(1) A2

P-1(#2)

a

1220 glem3
1566 00

0.85cm™!



Diffractometer

Radiation

Take-off Angle

Detector Aperture

Crystal to Detector Distance
Voltage, Current
Temperature

Scan Type

Scan Rate

Scan Width

29max

No. of Reflections Measured

Corrections

320

B. Intensity Measurements

Rigaku AFCES

MoKce (7. = 0 71069 A)
graphite monochromated

60°

60 mm honzontal
30 mm vertical

400 mm

50kV, 27 SmA

26.0°C

w26

4 0%min (in w) (up to 5 scans)
1173+035tanm°®

4510

Total 10958
Unique. 10508 (Rint = 0 046)

Lorentz-polanization
Absorption
(trans factors. 0 9805 - 1 0000



C Structure Solution and Refinement

Structure Solution
Refinement

Function Minimized

Least Squares Weights
p-factor

Anomalous Dispersion

No. Observations (1>2 006(1)
No Variables
Reflection/Parameter Ratio
Residuals. R. Rw

Goodness of Fit Indicator
Max ShiftError in Final Cycle
Maximum peak in Final Diff Map

Minimum peak in Final Dff Map

Direct Methods (SHELX97)

Full-matrix least-squares on F

T w (Fol - [Fc)2
1/62(Fo) = 4F02/c2(Fo?)
00100

All non-hydrogen atoms
4835

573

844

0168 0163

762

000

1022743

055e7A3



Appendix F



X-ray Structure Report

For
Dr. G. J. Bodwell

Prepared by
David O Miller

January 31 2001

Introduction

Collection, solution and refinement all proceeded normally Hydrogen atoms were introduced in
calculated positions with isotropic thermal parameters set twenty percent greater than those of
therr bonding partners at the ime of their inclusion They were optimized by positional refinement
but were fixed for the final round of least squares This structure was refined on F-squared to
maximize the data to parameter ratio
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Expenimental

Data Collection

A colourless pnism crystal of CagHgg having approximate dimensions of 030 x 0.15 x
040 mm was mounted on a glass fiber. All measurements were made on a Rigaku AFCES
with graphite Cu-Ku radiation

Cell constants and an orientation matrix for data collection, obtained from a least-squares
refinement using the setting angles of 25 carefully centered reflections in the range 46 01 < 20 <
59 65° to a primitive cell with

a= 124512)A
b= 157733)A
c= 92032A
V= 1807 4(5) A3

ForZ=4and FW =332 44 the caiculated density 1s 122 glcm3 The systematc absences of

h00 h22n
0k0 k £2n
00l 12£2n

uniquely determine the space group to be

P242424 (#19)

The data were collected at a temperature of 26 + 19C using the w-20 scan technique to a
maximum 2+ value of 120 0° Omega scans of several intense reflections, made pnor to data
collection. had an average width at half-height of 0.27° with a take-off angle of 6.0° Scans of
(084 + 0 14 tan 9)° were made at a speed of 4 0%/min (in ). The weak reflections (I < 10 Os(l))
were rescanned (maximum of 5 scans) and the counts were accumulated to ensure good

ncident beam collimator was 10 mm. the crystal to detector distance was 400 mm. and the
detector aperture was 4 5 x 3 0 mm honzontal x vertical)
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Data Reduction

A total of 1577 reflections were collected The intensities of three representative
reflections were measured after every 150 reflections. No decay correction was applied

The linear absorption coefficient. u. for Cu-Ka radiation is 52 cm™! An empincal
absorption correction based on azmuthal scans of several reflections was applied which resulted
in transmission factors ranging from 093 to 100. The data were corrected for Lorentz and
polanzation effects. A correction for secondary extinction was applied (coefficient = 1.79589-
005)

Structure Solution and Refinement

The structure was solved by direct methods' and expanded using Fourier techniques2
The non-hydrogen atoms were refined anisotropically The final cycle of full-matnix least-squares
refinement3 on F2 was based on 1556 observed reflections and 284 vanable parameters and
converged (largest parameter shift was 000 tmes its esd) with unweighted and weighted
agreement factors of

R1 =X ||Foj - IFcll / £ |Fo| = 0 058

WR2 =[x (w(Fo? -Fc2)2 ¥ ¥ wiFo?)2|12 = 0 085

The standard deviation of an observation of unit weight* was 184 The weighting
scheme was based on counting statistics and included a factor (p = 0 010) to downweight the
intense reflections. Plots of ¥ w (|Fo| - [Fc|)2 versus [Fol. reflection order in data collection. sin
413 and vanious classes of indices showed no unusual trends  The maximum and minmum
peaks on the final difference Fourier map corresponded to 0 18 and -0 21 e7A3, respectively

Neutral atom scattering factors were taken from Cromer and Waber® Anomalous
dispersion effects were included in FcalcS. the values for Af and AF" were those of Creagh and
McAuley” The values for the mass attenuation coefficients are those of Creagh and Hubbell8 All

calculations were performed using the teXsan? crystaliographic software package of Molecular
Structure Corporation
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Empinical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type

No of Reflections Used for Unit
Cell Determination (24 range)

Omega Scan Peak Width
at Halt-height

Lattice Parameters

Space Group
Z value
Dcaic

Fooo

u(CuKa)

EXPERIMENTAL DETAILS

A Crystal Data

CagH20

33244

colourless, prism
030X015X040mm
orthorhombic

Primitive

25(460-5979)

0270

a= 124512)A
15773(3) A
92032) A

V = 1807 4(5) A3

P252424 (#19)
4

1222 glem3
704 00

520cm™!



Diffractometer

Radiation

Take-off Angle

Detector Aperture

Crystal to Detector Distance
Voltage. Current
Temperature

Scan Type

Scan Rate

Scan Width

20max

No of Reflections Measured

Corrections

329

B Intensity Measurements

Rigaku AFC6S

CuKu (7. = 154178 A)
graphite monochromated

60°

4.5 mm horizontal
3.0 mm vertical

400 mm

50kV. 27 SmA

26.0°C

@26

4.0%mmn (in =) (up to 5 scans)
1084 +0 14 tanu)®

1200°

Total 1577
Lorentz-polanzation
Absorption

(trans  factors 0 9261 - 10000}

Secondary Extinction
(coefficient 1 79589€-005)



C. Structure Soiution and Refinement

Structure Solution
Refinement

Function Minimized

Least Squares Weights
p-factor

Anomalous Dispersion

No. Observations (10 00a(1))
No Varables
Reflection/Parameter Ratio
Residuals R1 wR2
Goodness of Fit Indicator
Max ShifvError in Final Cycle
Maximum peak in Final Diff. Map

Minimum peak in Final Oiff Map

Direct Methods (SIR92)
Full-matrix least-squares on F2
T w(Fo? - Fc2)2
1162(Fo) = 4Fo2/a2(Fo2)
00100

All non-hydrogen atoms
1556

284

548

00590085

184

000

018e7A3

-021e7A3

330
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X-ray Structure Report

For
Dr G J Bodwell

Prepared by
David O Miller

March 13, 2001
Introduction

Collection. solution and refinement all proceeded normally Hydrogen atoms were introduced with
thermal parameters set twenty percent greater than those of their bonding partners at the tme of
their inclusion They were optimized by positonal refinement but were fixed for the final round of

refinement due to the shortage of data Refinement was carmed out on F-squared to maximize the
datalvanable rato
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Expenmental

Coll n

A colourtess prism crystal of CogHyq having approximate dimensions of 0.30 x 0.30 x
040 mm was mounted on a glass fiber. All measurements were made on a Rigaku AFCES
with graphite Cu-Ku radiation

Cell constants and an cnentation matnix for data collection. obtained from a least-squares
refirement using the setting angles of 24 carefully centered reflections in the range S8 55 < 26 <

59.77° to a primitive cell with
a= 9.282(2)A
b= 14383()A  p=9211(1)°

c 13412(2) A
Vv =1789 4(6) A3

For Z = 4 and FW = 33244, the calculated density 1s 123 gicm3 Based on the systematic
absences of

0k0 k=2n

packing considerations. a statistical analysis of intensity distnbuton. and the successful soluton
and refinement of the structure. the space group was determined (o be

P2y (#4)

The data were collected at a temperature of 26 + 19C using the «-21) scan technique to @
maximum 26 value of 120 1° Omega scans of several intense reflections. made prior to data
collection. had an average width at haif-height of 0 26° with a take-off angle of 60° Scans of
(173 + 0.14 tan 8)° were made at a speed of 4 0%min (in w) The weak reflections (I < 10 Oa(l))
were rescanned (maximum of 5 scans) and the counts were accumulated to ensure good
counting statistics. Stationary background counts were recorded on each side of the reflection
The ratio of peak counting time to background counting tme was 21 The diameter of the
incident beam collimator was 10 mm. the crystal to detector distance was 400 mm. and the
detector aperture was 4 5 x 3.0 mm (honizontal x vertical)
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Data Reduction

Of the 2985 reflections which were collected. 2794 were unique (Rint = 0014) The

intensities of three representative reflections were measured after every 150 reflections. No
decay correction was applied

The linear absorption coefficient. u. for Cu-Ka radiation 1s 53 cm! An empincal
absorption correction based on azmuthal scans of several reflections was applied which resuited
in transmission factors ranging from 095 to 1.00. The data were corrected for Lorentz and
polarization effects A correction for secondary extinction was applied (coefficient = 3 81012e-
005)

Structure Solution and Refinement

The structure was solved by direct methods ! and expanded using Fourier techniques2
The non-hydrogen atoms were refined anisotropically Hydrogen atoms were included but not
refined The final cycle of full-matnx least-squares refinement® on F2 was based on 2786
observed reflections and 469 vanable parameters and converged (largest parameter shift was
000 times its esd) with unweighted and weighted agreement factors of

R1 =X ||Fo| - [Fc||/ * |Fo| = 0036

(wiFo? - Fe2)2 i/ £ wiFo?)2]12 = 0 053

The standard deviation of an observation of unit weightd was 2 03 The weighting
‘scheme was based on counting statistics and included a factor (p = 0 008) to downweight the
ntense reflections Plots of  w (|Foj - [FCIYZ versus |Fo|. reflection order in data collection. sin
/3 and vanous ciasses of indices showed no unusual trends  The maximum and minimum
peaks on the final difference Founer map corresponded to 0 10 and -0 11 e7A3 respectively.

Neutral atom scattering factors were taken from Cromer and WaberS Anomalous
dispersion effects were included in FealcS, the values for AF and A" were those of Creagh and
McAuley” The values for the mass attenuation coefficients are those of Creagh and Hubbell® All

calculations were performed using the teXsan® crystallographic software package of Molecular
Structure Corporation
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EXPERIMENTAL DETAILS
A Crystal Data
Empirical Formula CagHag
Formula Weight 33244

Crystal Color. Habit
Crystal Dimensions.
Crystal System
Lattice Type

No of Reflections Used for Unit
Cell Determination (2+ range)

Omega Scan Peak Width
at Half-height

Lattice Parameters

Space Group
Zvalue
Dcalc

Fooo

w(CuKa)

colourless. pnsm
030X 030 X040 mm
monoclinic

Primitive

24(585-598°)

026°

a= 9282(2)A
b= 14383(3) A
c= 1341202 A
B=9211u10°

V= 1789 46) A3
P2y (#4)

4

1234 glem3

704 00

526 cm-!



Diffractometer

Radiation

Take-off Angle

Detector Aperture

Crystal to Detector Distance
Voltage. Current
Temperature

Scan Type

Scan Rate

Scan Width

29max

No of Reflections Measured

Corrections
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B Intensity Measurements

Rigaku AFC6S

CuKu (5. = 1.54178 A)
graphite monochromated

6.0°

45 mm honzontal
3.0 mm vertical

400 mm

50kV. 27 SmA

26.09C

w=2t)

4 0%/min (in w) (up to 5 scans)
1173+0 14tan 0@

12010

Total 2985
Unique 2794 (Rint = 0 014)

Lorentz-polanzation

Absorption

(trans. factors. 09544 - 1 0000)
Secondary Extinction
(coefficient: 3 81012e-005)
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C. Structure Solution and Refinement

Structure Solution

Refinement

Function Minimized

Least Squares Weights
p-factor

Anomalous Dispersion

No Observations (1>-10 00a(1))
No Vanables
Reflection/Parameter Ratio
Residuals R1. wR2

Goodness of Fit Indicator

Max ShiftError in Final Cycle
Maximum peak in Final Diff Map

Minimum peak in Final Diff Map

Direct Methods (SIRS2)
Full-matrix least-squares on F2
Sw(Fo? - Fc2)2
1/62(Fo) = 4Fo2/a2(Fo2)
00080

All non-hydrogen atoms
2786

469

594

00360059

203

000

010 e7A3

011e7A3
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