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ABSTRACT

One of the main objectives o f this Thesis was to explore the use o f thiophenes to 

synthesize several more complex aromatic systems. Thus starting from 2,4-dimethyl 5- 

amino-3-methylthiophene-2,4-dicarboxylate 115, the synthesis of the first cis- 

thia[ 13]annulene, 4-bromo-cz5-9b,9c-dimethyl-9b,9c-dihydrophenyleno[ 1,9-bc]thiophene 

116a, as well as the froms-isomer, 116b have been achieved in II steps. Introduction of 

a bromo- substituent at an early stage, facilitated rearrangement of the thiacyclophanes 

119a and 119b to permit easier isolation of the product annulenes. Both the cis- 

thia[13]annulene 116a and the i/%zw-thia[ 13]annulene 116b were found to be diatropic on 

the basis of their ‘H NMR chemical shifts.

Using thiophene dioxide 150 and 152 as key intermediates to generate 

multifunctional azulenes, the novel azulene containing thiacyclophane 105 has been 

synthesized in 9 steps. Eventhough this was not able to be converted to the [ I8]annulene 

100, discovery of a new route to thiacyclophanes from thiolacetates was achieved. This 

has been tested successfully on a variety of other examples, including the unusual bis 

thiophene containing cyclophanes 194 and 195, as well as the unsymmetrical 191 which 

was subsequently converted to the dihydropyrene 236a and 236b.

During the course of this work, we discovered a new mild method to 

electrophilically brominate reactive aromatics using NBS in CHClj at room temperature. 

This reagent was investigated for several thiophenes, azulenes and dihydropyrenes. The 

products from the latter were successfully coupled using Ni(0) catalysis to generate 28% 

o f the first unsymmetrically connected dimer o f DMDHP, 249, as well as 33% of the 

synunetrical dimer 102. Unlike 102, the bi-annulenyl 249 has a significant barrier to 

rotation, which is estimated as 11.0 kcal/mole from T, measurement, compared to a 

PCMODEL calculated barrier of 12 kcal/mole. This is the first measurement of the barrier 

to rotation in a l,2'-binaphthyl type system.

Electrophilic substitution in DMDHP using the diazonium salts 277 and 283 was 

also studied, and several novel cross-coupling products have been synthesized and



in

isolated, such as 278 from 279 and 280.

As well the very unusual isomeric quinones, 7-( 1 Ob, 1 Oc-dimethyl-7-oxo- 

2,7,10b, 1 Oc-tetrahydro-2-pyrenyliden)-1 Ob, 1 Oc-dimethyl-2,7-1 Ob, 1 Oc-tetrahydro-2- 

pyrenone 263 and 264 have been successfully prepared by reacting 102 with NBS or PDC. 

Compounds 263 and 264 have highly extended conjugated systems.

Examiners;
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ipartment of Chemistry)Dr. K. R.
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CHAPTER ONE

INTRODUCTION

1.1 Aromaticity

What is aromaticity? The definition of aromaticity* has been one of the more 

intriguing and engrossing problems in chemistry. Many interpretations or criteria for 

characterizing aromaticity have been given.^ Initially, aromaticity was associated with a 

spedal chemical reactivity o f those unsaturated systems that prefer substitution reactions 

rather than addition. Thus the 'chemical' definition of aromaticity that emphasized chemical 

reactivity was; " a compound is considered aromatic if it has a chemistry like that of 

benzene."* But this definition is now out of date, because not all aromatic systems react 

like benzene. Many benzenoid hydrocarbons have long been known to undergo addition 

rather than substitution reactions. For example, phenanthrene and anthracene both add 

bromine and the latter serves as a diene in Diels-Alder reactions. Fullerenes are aromatic, 

but substitution is impossible. C«o is a stable, spherical aromatic compound, but undergoes 

addition reactions easily. In a few words, the chemical reactivity criterion is not generally 

applicable to many kinds o f systems to which the term "aromatic" has been applied.

It has been known for many years that aromatic compounds possess special 

physical properties such as anisotropy of the diamagnetic susceptibility^. As well, quantum 

chemistry has advanced, permitting quantitative approximation methods to develop. These 

allow the calculation of a conjugated system's properties, such as resonance energy. There



has thus developed a continuous process of interpreting the meaning of aromaticity in 

"physical" terms, rather than by a "chemical" definition. Now it is commonly accepted that 

a compound is aromatic if it is more stable than would be calculated on the basis of its 

formula using normal valences. Hückel"s rule® is useful to quickly appraise whether a 

compound is likely to be aromatic: a planar, mono<^clic, completely conjugated 

hydrocarbon will be aromatic when the ring contains (4n+2)tc electrons. Those having (4n) 

7T electrons will be anfiaromatic, as th ^  are less stable than a conjugated acyclic polyene.

Some milestones and highlights in aromatic chemistry are listed in Table 1 giving 

a historical perspective in this interesting area o f chemistry.

Table 1 Some milestones and highlights in aromatic chemistry

Time Event Founder or Ref.

1825 Isolation of benzene Faraday’

1865 Benzene"s proposed structure Kekulé*

1866 Substitution is more &vorable than addition Erlenmeyer^

1910 Aromatic compounds have exalted diamagnetic 

susceptibilities

Pascal “*

1925 Electron sextet and heteroaromaticity Armit and 

Robinson"

1931 (4n+2)7t-electron rule Hûckel®

1936 Ring current theory, electron circulation around the 

ring

Pauling"



1937 rt-electron current contribution to magnetic 

susceptibility

London'^

1951 The pioneaing study o f cyclophane chemistry Cram‘s

1956 Ring currents' effects on NMR chemical shifts Pople"

1960 Synthesis o f the first [14]aimulene Sondheimer*®

1964

1964

Synthesis o f a bridged [10]aimulene, 1,6- 

methano[IO]aimulene; Synthesis of a bridged 

[14]annulene, dimethyldihydropyrene (DMDHP)

Vogel"

Boekelheide"

1969 Modem study o f  diamagnetic susceptibility exaltation Dauben"

1970 Magnetic susceptibility amsotropy Flygare“

1984 Study of the Mills-Nixon ElBfect using an annulene as 

the probe

Mitchell and 

Garratt^*

1984 [2+2+2] cobalt mediated cycloaddition to prepare 

novel aromatic compounds

VoUhardt“

1985 Discovery and the pioneering research o f Cg, Curl, Kroto and 

Smalley^

1995 Use of DMDHP as a probe to gauge aromaticity Mitchell"

1996 Re-evaluation o f  the Mills-Nixon effect and 

localization o f  benzene's electrons

Mitchell^, 

Siegel" and 

VoUhardt^

The concept of aromatidty is also very useful to determine if  a concerted reaction 

is an allowed reaction or a forbidden process/* Transition states of concerted reactions can 

be classified as aromatic or anti-aromatic. A stabilized aromatic transition state will lead
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to a lower activation barrier, thus an allowed reaction. An anti-aromatic transition state 

will result in a high energy barrier and correspond to a forbidden process. Thus, the notion 

o f aromaticity allows one to identify a significant distinction between two independent, 

'static' types of definitions: one o f  the definitions concerns the ground state, the other 

concerns the transition state. At present, the ground state definitions are more established 

than the transition states definitions. Because their theoretical foundations are stronger, 

and their experimental basis is more comprehensive, we will focus on the definitions of 

aromaticity in the ground state.

1.1.1 Ring current theory and the detection of aromaticity

The proton chemical shifts for benzene are greater than for the analogous acyclic 

polyenes. This is ascribed, in part, to a 'diamagnetic ring current' effect.® When a solution 

of the benzenoid compound is placed in a magnetic field, the molecules are aligned at right 

an^es to the fidd and a diamagnetic ring current is induced because o f the presence o f the 

delocalized tc-electrons. This produces a secondary magnetic field which opposes the 

applied field within the ring but rdnforces it outside the ring (Figure I). Thus, hydrogen 

nudei lying in an area above or below the center of the ring are shielded, and those on the 

periphery of the ring are deshielded. This simple ring current model led to a new 

d^nition”  of aromatidty: a tystem is aromatic if it has the ability to sustain a magnetically 

induced ring current of the re-electrons.



Induced magnetic 
field

Proton magnetic 
Deshielding

Induced ring 
current

Applied
Magnetic
Field

Figure 1 Induced ring current and proton magnetic deshielding in benzene

Ring current theory has now become a widely accepted concept, and 'Hnmr 

measurement is an important tooP' in the study of aromaticity because chemical shifts and 

coupling constants are easily measured. Generally a ring current change is more easily 

observed in 'Hnmr than in %nmr spectra because chemical shifts are much larger and

the additional shielding or deshielding caused by the ring current change is less significant 

in comparison.

In addition to ring current theory, there are several other criteria for aromaticity. 

It is a general property of aromatic compounds that the lengths of the bonds in the rings 

are intermediate between the values for single and double bonds. For example, benzene is



6

planar and has equal C-C bond lengths of 1.398Â, thus X-ray measurement^^ is still a very 

useful tool in the detection of aromaticity.

Another experimental method to estimate aromaticity is use of thermochemical 

data. For example, the heats of hydrogenation o f aromatic compounds can be used for 

calculating empirical resonance energies: the heat o f  hydrogenation of benzene is 49.8 

kcal/mol and the heat o f hydrogenation o f cyclohexatriene can be considered as 85 .8 

kcal/mol (enthalpy of hydrogenation o f one cyclohexene is 28.6 kcal/mol, thus 

hydrogenation of one cyclohexatriene would be estimated as 3 x 28.6 = 85.8 kcal/mol), 

therefore, the difference, 36 kcal/mol is the resonance energy of benzene.

There are several experimental methods^^ which look at electron distribution, 

electronic energy levels in molecules, e.g. UV-Vis spectroscopy. This provides an 

independent experimental test o f the validity o f molecular orbital calculations on the 

structures of aromatic compounds.

1.2 Annulene chemistry

Annulenes are completely conjugated monocyclic polyenes which make good 

models to test aromaticity theory. Based on their difference in structures, they can be 

classified into two classes: aimulenes without rigd  structures, such as compound I or 

bridged annulenes with rigid structures, such as compound 2. If one takes into account the 

atoms contain, they can be divided into two groups, one only containing carbon and 

hydrogen, the others are those that contain heteroatoms, such as 0 , S, N. Two different 

types of annulenes containing heteroatoms have to be distinguished. The first class, called



7t -excessive hrteroannulenes, such as compound 3, covers heterocycles related to pyrrole, 

thiophene or furan, whereas the second class contains the %-equivalent heteroannulenes, 

such as compound 4, related to pyridine.

2 3 4

1.2.1 Annulenes without rigid structures

The Hückel (4n+2)it -electron rule spurred the synthesis of many higher 

homologous o f benzene, 5. Those that obey Hückel's rule (are monocyclic and contain 

4n+2 -It-electrons, and are planar), are considered aromatic, and if they sustain a 

diamagnetic ring current they are called diatropic.^ For example, [I4]annulene 8 and 

[18]annulene 9 are aromatic. Compounds that contain 4n it-electrons are either non- 

aromatic ( e. g. [8]annulene 6 ) or antiaromatic ( e. g. [12]annulene 7 ). If the compound 

sustains a paramagnetic current it is called paratropic.^’

6
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Sondheimer*® and his co-workers prepared [14]annulene 8, the first diatropic 

macrocyclic annulene. Table 2 gives the chemical shifts o f several different annulenes. 

Experimental evidence^ in support of the wide-reaching validity of the (4n+2) rule for 

aromatic x-electron systems was obtained by Sondheimer with the synthesis of the 

aromatic [I8]annulene 9. Additionally, it has been determined that [22]annulene 11 also 

shows aromaticity at low temperature.”

10 11

1 2 1 3



Table 2. ‘Hnmr chemical shifts o f  some [4n+2] and [4n] annulenes

Compound x-electrons 5 outer protons Ô inner protons Reference

5 6 7.27 n/a

6 8 5.70 n/a 39

10 10 5.67* n/a 40

11 22 4.14* n/a 37

7 12 5.91 7.86 41

8 14 7.88* -0.61* 16

13 14 6.82* 3.55* 42

9 18 9.25* -2 .88* 36

12 10 9.65-9.30,

9.10-8.50*

-0.40, -1.20* 43

* NMR spectra were recorded at low temperature.

1.2.2 Annulenes with rigid structures

Some of the above annulenes, such as 13, are relatively unstable and are 

conformationally mobile at ambient temperature with the inner and outer protons 

exchanging. To avoid this, several rigid annulenes containing ethyne units, called 

dehydroannulenes,^ were made. When a large aromatic molecule has a stereochemically 

rigid system, the possibility for good overlap exists between all portions of the system as 

long as the molecule is not bent. An alternative to including an ethyne was to incorporate 

a bridge as in the stereochemically fixed annulene, 1 Ob, 1 Oc-dimethyl-1 Ob, 1 Oc-

dihydroprene 14 (DMDHP), which also meets this requirement."'^^ This molecule acts as 

a perfect [I4]annulene.
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14

DMDHP 14 is stable and is strongly diatropic. It has an almost planar rigid 

skeleton that is only slightly strained. The internal methyl protons are situated almost at 

the center o f the ring current o f the molecule and therefore are strongly shielded and 

appear at Ô-4.25. By all regards, DMDHP is considered an aromatic compound. It also 

undergoes substitution rather than addition.^ DMDHP is an excellent probe system to 

investigate phenomena which are believed to efiFect tc-delocalization such as armelation and 

complexation to metals, because the chemical shift of the internal methyl protons are easily 

measured.

Vogel‘S also employed this strategy, using saturated internal bridges to introduce 

rigidity to stop conformational mobility, and made l,6-methano[10]annulene 2. Table 3 

lists the chemical shifts of the iimer and outer protons o f some (4n+2) and (4n) bridged 

annulenes.

15 16

17

18
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19
Me

20 21

Table 3. ‘HNMR chemical shifts o f some annulenes with rigid structures

Compound ic electrons Ô outer protons Ô inner protons Reference

2 10 7.27-6.95 -0.52 17

15 10 7.92-7.53 -1.67 47

16 12 5.5-52 6.06 48

14 14 8.67-7.98 -4.25 18

17 14 8.74-7.50 -2.06 49

18 14 8.0-7.0 0.9, -1.2 50

19 14 8.77-8.04 -4.53 51

20 14 n/a n/a 52

21 16 4.50-0.59 4.81 53

1.2.3 Dimethyldihydropyrene (DMDBDP)^

Twenty eight years ago, Mitchell*  ̂began his studies in aromatic chemistry using 

DMDHP as both a target and a tool. Since then, DMDHP is considered by VoUhardt as
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"a lovely system to probe the effect of messing around with the peripheral % system".** 

DMDHP is a planar,*^ relatively stable, green, crystalline compound, mp 119- 

120t, wdrich thermally rearranges to 22 at 200-210“C.*^Some of its chemical properties 

are briefly given below.

22

1.2.3.1 Pbotoisomerization*’

One o f the most interesting aspects of the chemistry of DMDHP is its reversible 

photoisomerization to the colorless cyclophanediene 23. Irradiation of DMDHP 14 with 

visible light partially converts it to 23, while allowing 23 to stand in the dark at room 

temperature, heating, or irradiating with UV light converts it back to 14. This unique 

character makes DMDHP and its derivatives a potential photoswitch device. Some 

technical problems however need to be solved, such as thermal stability and prevention of 

oxidation as well as the ability to maintain the coloration/decoloration cycles.
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14 23

Generally DMDHP, 14, is the thermodynamically more stable isomer*® (by about 

3 kcal/mol), and the isomerization of 23 to 14 or 14 to 23 is fest, is estimated about 

23 kcal/mol. It is quite interesting that the [a]-fused DMDHPs thus far prepared have not 

been found to have any detectable amounts of their cyclophanediene isomers present when 

they were placed in a slide projector light beam, whereas all the [e]-fused derivatives gve 

detectable amounts of the qrclophanediene form. For example, violet solutions of 

compound 24 bleach completely after a few seconds in a slide projector beam at room 

temperature, forming cyclophanediene 25. Unfortunately, repeated cycling o f 24 -25 

causes decomposition, possibly due to thermal decomposition routes.^

OTO

24

OTQ

25
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1.2J3.2 Electrophüic substitution^’

The aromatic con^round, DMDHP 14 can easily undergo electrophilic substitution 

under mild reaction conditions. Substitution mostly occurs at the 2-position. This is 

consistent with AMI calculations o f the rdative stability order of the intermediate cations. 

The stability of intermediates 26, 27 and 28 is in the following order: 27>28>26 for 

E=N02.

H. E

26 27 28

Based on an AMI calculation, the values of these intermediates for 1-, 2- and 

4-nitro substitution are 276.3, 268.5, and 272.4 kcal/mol, respectively. The general 

substitution preference order for the various positions is 2 > 4 > 1. For example, reaction 

of 14 with 0.6 mol-equiv. o f SO, in dioxane at 22“C yields initially only the 2- and 4- 

sulfonic add, compounds 29 and 30 in a 84/16 ratio. Using 3.0-6.0 mol-equiv. o f  SO3 in 

dichloromethane with the temperature increased Grom -78 to 22°C, yields very rapid 

formation of the 1-, 2- and 4-sulfonic acid.®
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30
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Bromination o f DMDHP 14 with NBS in DMF can be controlled to give the 2- 

bromo- or 2,7-dibromo derivatives.® When compound 31 was brominated, compounds 

32 and 33 were obtained.® It seems that the 2 and 7 positions are more favorable than the 

4, 5, 9, and 10 positions, probably because the 2 and 7 positions are activated by methyl 

groups even though these positions are more crowded.

N B 8

31

8 t

m a j o r

32

B r

33

1.2.3.3 DMDHP- a probe for gauging aromaticity®

Elvidge and Jackman®* considered the chemical shift of an aromatic proton as a 

quantitative measure of the ring current and consequently defined an aromatic compound
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as a compound which will sustain an induced ring current. Haddon,“  Aihara,^ and 

Verbruggen" have pointed out that the ring currents in annulenes are related directly to 

the aromaticity (resonance energy) o f the aimulene.The magnitude of the ring current will 

be a function of ir-electron delocalization around the ring. Therefore a quantitative 

measure of aromaticity should be possible. The challenge is the choice of proper model 

compounds for comparison with the 'aromatic' molecule under study.

After 28 years o f systematic and delicate studies of DMDHP, with significant 

experimental results, Mkchdl^ finally proposed the use of DMDHP as the probe to gauge 

aromaticity. The method he suggested is to fuse an aromatic system or subunit, whose 

aromaticity is being investigated, to DMDHP. The difference of ring current before and 

after fusing is measured. Because ring currents in armulenes are related directly to their 

aromaticity, using chemical shifts fi’om their NMR spectra should easily measure 

aromaticity.

Fusing an aromatic system to DMDHP, rather than just simply coupling the 

aromatic system to DMDHP produced a very significant difference in the chemical shifts 

of the internal methyl protons. For exanqile, the internal methyl protons in 34 are Ô -4.03 

and -4.00, shifted less than 0.3 ppm fix)m those in 14, while for the fused annulene 35, the 

chemical shifts of the methyl protons are Ô -1.62. This example indicated that the chemical 

shifts of the methyl protons are very sensitive to fusion of other aromatic systems onto a 

DMDHP. Because the chemical shift o f the methyl protons mainly depends on the ring 

current around the 14;r circuit, any changes of ring current caused by another fused 

aromatic subunit to DMDHP are certainly related to the aromaticity of this aromatic
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subunit. In order to gauge the aromaticity of Ar, relative to At;, compounds 36 and 37 

must be synthesized. Clearly, if RE^,, the relative resonance energy of the fused ring Ar  ̂

is large, then delocalization around the I4n  DMDHP ring will be small. Conversely, if 

RE^rt, the relative resonance energy of the fused ring Ar% is small, the DMDHP is well- 

delocalized and the ring current and the slüelding will be large. Thus, a comparison of the 

relative delocalizations o f the common 14% ring in 36 and 37 should be possible by 

comparison of the m etl^ chemical shifts, and hence, the relative aromatidties (resonance 

energies) of the fused subunits Ar, and At; can be estimated, after calibration with 

benzenoids of known resonance energy.

34 35

/ /  \\
// II"

A r 1

36 37
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1.3 Nonbenzenoid cyclophanes

In (^ophanes, aromatic rings are held in close proximity to each other, and thus 

are often featured in studies of aromaticity. In 1951, Cram and Steinberg‘S synthesized 

compound 38, [2.2]paracyclophane, in which the two benzene rings are held fiice to fece 

by two ethano bridges. Cydophanes are the bridged aromatic compounds in which two or 

more atoms of the aromatic ring are incorporated into a larger ring system.

38

The diemistry of cydophanes, initiated by ingenious studies of Cram and others, 

has been quite prosperous for 40 years and has made a large contribution to the entire field 

of aromatic chemistry.*’ This is because their rigd geometries, strain energies, and 

transannular interactions of the aromatic tc-electrons in cydophanes are the more 

interesting properties which attract much attention.’®’ ^

In his early paper, Cram‘S discussed the possibility o f a substituent on one ring of 

a monosubstituted [2 .2]paracyclophane possessing a directive influence for electrophilic 

substitution in the second ring. For example, the bromination of compound 39 gave 

compound 40 as the only product.’^ S u c h  transannular substituent effects indicated that 

predominant substitution occurs pseudogeminal to the most basic position or substituent
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in the already substituted ring. These specific transannular substituent eflfects in 

electrophilic substitutions provide remarkable examples for functional group proximity and 

orientation efifects on reaction rates and stereoselectivity. Forcing two tc-systems close 

together enables the effect of one aromatic ring on the other to be investigated.

C O O M *
C O O M a

Br

40
39

p c a a d o g a m l n a l

With a large series of eluant donor-acceptor cydophanes, Staab^* and co workers 

modeled the orientation and distance dependence of charge-transfer interactions in charge- 

transfer complexes. Two /wrar-disubstituted benzenes, one with two electron donor 

substituents and the other with two electron acceptor substituents such as compounds 41 

and 42, can interact with each other. These interactions were observed fi'om their strikingly 

different dectronic absorption spectra compared to those o f  their subunits.’® Thus, donor- 

acceptor cydophanes can act as models for intermolecular charge-transfer complexes. 

These non-covalent bonding interactions have provided inspiration for much of the current 

work in chemical molecular recognition because the fascinating properties of enzymes, 

antibodies, membranes, as well as receptors, carriers, and channels are highly related to 

these weak intermolecular interactions.
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O = OH

O MeM e O

A = CN

41 42

Nonbenzenoid phanes bave also attracted attention because of their special 

properties.^ To investigate phane systems like 46, 47 and 48 which contain nonbenzenoid 

aromatic rings such as azulene, 43, tropone, 44, and tropylium ion, 45, seems espedally 

worthwhile for the following considerations. First, the delocalization energy per electron 

of nonbenzenoid rings is in general considerably smaller than that of benzenoids, and 

therefore when incorporated in to phane systems with short bridges, the former rings may 

be deformed to a larger extent than the latter in order to release the internal strain. 

Secondly, because t h ^  are often associated with a charge (like tropylium ion) or dipolar 

structure (like tropone and azulene), they may in a double decked phane system exhibit 

stronger transannular interaction than that of benzenoid phanes. Thirdly, their 

modifications in structure and physical properties may cause a large change in reactivity 

so that interesting chemistry would be expected.

I I  \

43 44 45
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46

O A c

47 48

1.4 Heteroaromaticity

Aromatic systems are not limited only to CH containing rings. Structural units 

containing h^eroatoms can be substituted into conjugated systems in such a way that the 

system remains conjugated and isoelectronic with the original hydrocarbon. The most 

common examples are -CH=N- and -N=N- double bonds and divalent sp  ̂-0-, -S-, and - 

NR- units. Each of these structural fiagments can replace a -CH=CH- unit in a conjugated 

system and contribute two % electrons.

Molecular orbital calculations’* on compound 52 in which a CH=N- unit replaces 

-CH=CH- indicate that the resonance stabilization is very similar to that of the original 

compound. For fiiran, 49, pyrrole, 50 and thiophene, 51, the resonance stabilization is 

somewhat reduced, but nevertheless high enough for the resulting compounds to be 

considered aromatic in character. These compounds are called heteroaromatic to recognize 

both the heterocyclic structure and the relationship to benzene and other aromatic 

structures.
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A _ A
49

A A
50 51

N.

52

However, thiophene, 51, with its second-row heteroatom sulphur, may expand its 

valence shell by use of the empty d orbitals in hybridisation and so, instead o f six electrons 

in five orbitals, thiophene by using pd^ hybrid orbitals might have six electrons in six 

orbitals. This could account for the greater stability of thiophene and its resemblance in 

properties to benzene.

o
53

Ù

54 55 56 57

When sulphur is the heteroatom, d orbitals must be considered. The following 

example shows how controversial tetravalent sulphur received some experimental support; 

compound 59 appeared to be non-polar and can form an adduct with a dienophile.”

s z  o
ACgO

P h

59
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1.4.1 Some criteria for heteroaromaticity

Despite their importance in fields as diverse as fuel, food, dye, medicinal and 

agricultural chemistry,”  the aromatic characteristics o f heterocycles are less understood 

than their carbocyclic counterparts. There are two major reasons which make the 

assessment of heteroaromaticity difhcult. First, heterocycles possess bonding patterns 

which are diSkrait fiom those o f carbot^cles. Second, adequate thermodynamic data are 

not available for even the corresponding acyclic counterparts. For example, the heat o f 

formation o f few imines have been reported, and thus the computation of heats o f 

formation of nitrogen heterocycles by algebraic sums of heats of formation of Augments 

such as C=N and C=C becomes somewhat unreliable.

One o f the most widely employed criteria for the quantitative assessment of 

aromaticity is resonance energy. A modified definition of resonance energy has been 

introduced by Dewar" in which the reference point is the corresponding open-chain 

polyene. Some Dewar Resonance Energies (DRE) are listed in Table 4.

Table 4. DRE and heats o f combustion of some heterocycles in kcal/mol

Compound Heats o f combustion Dewar Resonance Energies

Benzene, 5 92.0 36

Furan, 49 33.5 18

Thiophene, 51 66.9 27

Pyrrole, 50 62.8 22
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An indication of the relative aromaticity of the five membered heterocycles is given 

by their chemical reactivity in the Diels-Alder reaction. Furan generally behaves as a 

normal diene; pyrrole does not behave as diene but undergoes Nfichael type addition 

reactions; Thiophene does not react. Undr acid conditions, fiiran readily polymerizes, 

pyrrole fiirms salts which then undergo polymerization, while thiophene in inert. However 

all three molecules are much more easily attacked by electrophiles than benzene. Thus 

fiiran bdiaves as an enol ether or butadiene. Pyrrole behaves as an enamine, and thiophene 

possesses properties more similar to those of benzene.

In summary, all estimates fiom resonance energies and heats o f combustion as well 

as chemical reactivity indicate a decrease in aromaticity in the order 

benzene>thiophene>pyiTole>fiiran.

Using magnetic susceptibility exaltation (A) and aromatic stabilization energies 

(ASEs), recently Schleyer^ concluded that a different aromaticity order; pyrroIe> 

thiophene >fiiran is fiirmly established (Table 5).

Table 5.

Aromatic Stabilization Energies (ASEs) and magnetic susceptibility exaltation (A)

Compoimd Symmetry A ASH (kcal/mol)

Furan -9.1 (-8.9*) 19.8

Thiophene Czv -10.0 (-13.0*) 22.4

Pyrrole Ĉ v -12.1 (-10.4*) 25.5
* results from reference 82 

Here:

A =  Xm -  Xm- Eq.l
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Where Xm~  measured susceptibility

estimated for the hypothetical system without cyclic electron delocalization

The equation (Eq. 2) was used to evaluate the ASEs. Schleyer pointed out that 

because the reference compounds all were computed in their most stable conformations, 

strain effects should be canceled to a large extent. Furthermore, the reference monoenes 

are conjugated to the lone pair, so equation 2 gives the ASE associated with cyclic 

delocalization (a positive energy denotes stabilization of the aromatic compound). The 

exaltation A is n^atrve for an aromatic diamagnetic compound. Because his results for the 

magnetic susceptibility exaltation (A) of thiophene and pyrrole are in the opposite order 

to the results of others results® and especially since no experimental evidence to support 

his conclusion, we consider the sentence, "the aromaticity order of pyrrole > thiophene is 

established firmly" is extremely presumptive.

X . X ,
2 \ \  /  Eq.2.

49,50 or 51 60 61

X = 0 , S, orN

We believe that the synthesis of the three compounds 62, 63 and 64 would be a 

good experimental test of the relative aromaticities of furan, pyrrole and thiophene.
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62 63 64

1.4.2 Polythiophene and thia-annulenes

Thiophenes are one o f the five membered ring heteroaromatics that have attracted 

special attention in part because polythiophene is electrically conducting. Secondly, 

thiophene is more aromatic and stable in comparison to furan and pyrrole. Thirdly, 

manipulation of thiophene rings as well as their use as intermediates in organic synthesis 

is well documented.*^ Thus thiaannulenes, and polythiaannulenes in relation to the 

polyannulenes are also worthy of study.

The modem era o f conducting organic polymers began at the end o f the 1970s 

when He%er and MacDiarmid** discovered that polyacetylene, (CH), 65 could undergo 

a 12 order of magnitude increase o f conductivity upon charge-transfer oxidative doping. 

The essential structural characteristic is a conjugated tc system extending over a large 

number of recurrent monomer units. This characteristic feature results in low-dimensional 

materials with a high anisotropy of conductivity which is higher along the chain direction
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Here, (CH), 65 is the simplest model o f  this class of materials and despite its 

environmental instability, which constitutes a  major obstacle to practical applications, 

(CH), remains the archetype conducting polymer and is still subject to much theoretical 

and experimental woric.“

Polythiophene 66 can be viewed as an s p ^ , carbon chain in which the structure, 

analogous to that o f cis (CH), 65 is stabilized by the heteroatom. These polythiophenes 

are different from (CH),: First, their nondegenerate ground state is related to the 

nonenergetic equivalence of their two limiting mesomeric forms, aromatic and quinoid. 

Second, their higher environmental stability. Third, their structural versatility which allows 

the modulation of their electronic and electrochemical properties by manipulation of the 

monomer structure.

65 66

A few thiaannulenes have been made. For example, the methanothia[9]annulene 

67 appears as the norcaradiene isomer 68.*̂  Annulene 69 had little aromaticity based on 

the coupling constant data, although it was stable.** Sondheimefs thia[I8]annulene 70 

appeared to be diatropic, though not strongly.**
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67 68

Ph

P h

69

70

Recently, thiophene-pyrrole-derived annulenes, 71 and thia[13]annulene, 72 have 

been prepared, ̂  and both are aromatic systems based on their chemical properties.

71 72

1.4.3 Synthesis and functionalization

Polythiophenes are essentially prepared by two main routes, one is a chemical 

synthesis, and the other is an electrochemical synthesis. A. good review regarding
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electrochenlical synthesis is available,”  so here we will only focus on the chemical 

syntheses.

Use o f a coupling reaction is the major method to prepare polythiophenes. For 

example, a-thienyUhhium reacting with Pe(acac)2 produces bithiophene.”  A cross 

coupling of a-metalated thiophenes with a-halothiophenes catalyzed by nickel gave 

tetrathiophene 75.^ A homo-coupling produced hexathiophene 77.’*

NI(dppp)CI

MgBr

,\ / /  \ \  / / \ \  / /  \ \  // 

75

s. ,  , s.
' 3 5 ' '  17

^  r .  > - R r  N I ( P P h 3 ) , C I , .  Z n .  Kl .  P P h 3

,\  / /  W  /  \  /
76

/ 7 \ \  / / \ \  / \ / / \ \
77

1.4.4 Applications

Some of the applications of polythiophenes as well as thiaannulenes are given 

briefly below. More detail is available from two good review articles ’̂ ”
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1.4.4.1 As photochromie and photoswitchabie devices

Systems that aJJow the reversible modulation of a given electronic property, like 

conjugation by an external trigger such as light, constitute components for the 

development of molecular and supramolecular devices. This is the case for organic 

photochromie compounds. The renewal o f interest in photochroraism is ascribable to its 

potential capability for various optodectronic devices. In general, photogenerated colored 

isomers are thermalfy unstable and return to the initial states in the dark. 1,2-Diarylethenes 

with heteroqrclic rings are promising candidates for optoelectronic applications because 

both isomers o f the compounds are stable for more than 3 months at 80°C and the 

coloration/decoloration cycles can be repeated more than 10* times.”  Some o f these 

compounds showed remarkable properties for use in optical memory media. Very recently, 

Lehn”  and his co-workers rqwrted the synthesis of compounds 78 and 79. These can act 

as excellent photoswitching units because 78 and 79 meet many of the criteria for practical 

applications of organic photochromie compounds. There are thermal stability, fatigue 

resistant, sensitive to diode laser wavelengths, as well as close to a quantitative reversible 

interconversion, and in particular nondestructive readout capability. Compounds 78 and 

79 are also very different in their UV spectra: although both 78 and 79 have absorption at 

459 nm, only 79 has a new peak at 704nm. The increase in indicates that the 

conjugation has changed significantly.

Such a system (as shown in Figure 2) is a prototype photoswitchabie molecular 

wire, where electron conduction and push-pull interaction can be reversibly modulated by 

an external stimulus, namely, irradiation by light. There are several advantages to this
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system: First, irradiation with light o f well-separated wavelengths can interconvert it 

between two isomers in which the heterocycles are either conjugated (closed or on state) 

or nonconjugated (open or off state). Second, bis(thien-3-yl) derivatives of 

perfluorocyclopentene have been shown to exhibit excellent thermal stability. Finally the 

synthesis is relatively straightforward.

s s
n f o r m

6  0 0  n m 3 3 0 - 3 6 5  nm

S S

C l o s e d  f o r m
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Figure 2. A prototype photoswitchable molecular wire and a simple example,99»

1.4.4.2 As electroconducting materials

Electrochemical oxidation of symmetrical dimethylbithiophenes 80 and 81 which 

have free «-positions can yield electroactive polymers with excellent cycling ability. 

Since poiythiophene becomes electrically conducting vdien it is oxidized, much interest has 

focused on oligomeric cation radicals and dications that are produced by oxidation. 

However, the cation radicals and dications of alkyloligothiophenes are often not entirely 

stable. This prevents the study of the cations as materials.



33

M e . M e M e .

S "  S

80 81
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Recently, Miller^°‘ and his coworkers reported a synthesis of several P-methoxy, 

methyl-capped a-oligothiophenes, sudi as 82 and 83 in which the electron-donor methoxy 

groups and terminal methyls have been shown to stabilize the cationic species formed by 

oxidation or protonation of these oligomers.

C H

n r. H

C H .  o

c H

O C H -  H . C O O C H .  H . C O

CH.

83
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1.5 Use of l,2^trisubstituted thiophenes in the study of aromacitity

With the above reasons in mind, we decided to investigate the use of 

multifimctional thiophenes as the starting materials to synthesize novel aromatic systems. 

Thus, we selected 1,2,3-trisubstituted thiophene 84 (Scheme I) and its thiophene 1,1- 

dioxide 89 (Scheme 2) as our starting points. The reason for this is that firstly, Mitchell 

and Iyer^‘ had already achieved a synthesis o f the thia[13]armulene 72 fi'om 84, and 

secondly, the thiophene dioxide 89 is a powerful intermediate which should allow access 

to a variety of aromatic compounds, including classical aromatics, such as 86 and 

nonbenzenoids, such as azulene 91, and as well heteroaromatic compounds such as 

compounds 95. Finally, Mitchell's group has spent most o f its time in fused DMDHP 

systems and thdr work has made a significant contribution to the theoretical chemistry of 

such systems. L, however wanted to explore another aspect o f aromatic chemistry, 

involving heterocyclic aromatic and nonbenzeonid aromatic chemistry, including any 

potential applications.

72
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Scheme 1 Some possible conversions using trisubstitutied thiophene, 84149

NCCHCCN

S
NBS

R1

R2 R2

C N

90 84

C N

1 I ■ ' j

R,
88

so .

1 T 1
R.

89

Scheme 2

Some possible conversions using trisubstituted thiophene dioxide, 89149
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R
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95
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86  Ri

R S O1 97
RR

R 2

R

R

89

Scheme 2

Some possible conversions using trisubstitnted tbiopbene dioxide, 89 (continued)

1.6 Target molecules of this thesis

Boekelheide" was the first to synthesize the aromatic bridged [14]annulene 14 

(DMDHP) which uses the interal bridging group to hold the system planar and rigid, and 

able to remove the interaction between the central protons. At about the same time, 

Vogd“  prepared the isomeric aromatic bridged [14] annulene 18, which although not as 

planar as 14, avoids the steric interaction of the inner hydrogens in [ISJannulene itself by 

use of bridges.

15
18

19
14

More recently, Mullen** prepared the isomeric bridged [14]annulene 19. The
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extreme high-field resonance o f  the methyl bridge protons (Ô -4.53) and the low field 

absorption of the ring protons confirm the diatropism of the 14it-perimeter. In the 

[lOJannuiene series, Rees^ has prepared 15. The NMR spectrum of 15 is consistent with 

a symmetrical structure and the existance o f a diamagnetic ring current. It shows a signal 

at 6-1.67 fi)r the central methyl group. The peripheral hydrogen atoms are at 67.53-7.83.

Bodcdheide““ and his co-workers synthesized the [I8]armulene 99. This annulene 

system is constructed around a saturated central core, and the internal protons are at very 

high fidd (6 -6 to -8 ppm), vdiile the external protons are far downfield (6  -9.5 ppm). We 

were intrigued by another [I8]annulene 100. It should be strongly aromatic, and it has a 

transannular bridge connecting the five and the seven membered rings. Thus, compound 

100, a new tr-system vdiich should show interesting diatropicity and chemical properties, 

is one of our targets.

99 100

Compound 101, a bithia[I3]annulene, is also of interest because bithienyl 

derivatives seem in most cases to have a skewed conformation, the lone-pair electrons on 

sulphur would play an important role in determining the conformation. It would also be
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of interest to d^ennine the level o f conjugation between the rings. Compound 101 might 

more easily overcome H-H interactions and be less twisted and hence more conjugated in 

comparison to dimer of DMDHP 102.

102

101

1.6.1 A retrosynthetic analysis

Ta&dithiacyclophcme route, invented by Mitchell and BoekeIheide‘“  is the most 

convenient and practical synthetic method to access DMDHP and its derivatives. Using 

this method, Mitchell and lyei^^ successfully synthesized the [13]annulene 72. Based on 

such a retrosynthetic analysis (Scheme 3), the key intermediate to access 100 would be the 

trisubstituted azulenes 106 and 108.

It has been reported*®  ̂ that substituted azulenes can be synthesized from the 

thiophene dioxide 89 and N,N-dimethylfulvene, 90. Therefore, we decided that 

trisubstituted azulenes 106 and 108 should be accessible from compound 115(Scheme 4).
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Scheme 4
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Similar, retrosynthetic analysis also allows us to search a possible synthetic route 

to compound 101 (Scheme 5), where tribromide 120 seems an important intermediate. 

Scheme 5
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CHAPTER TWO

USING TRISUBSTITUTED THIOPHENES TO SYNTHESIZE NOVEL

AROMATIC COMPOUNDS

2.1 An approach to a novel nonbenzenoid bridged [18]annulene

2.1.1 Synthesis

The Diels-AIder reaction can be used to synthesize substituted or fused 

b e n z e n e s .In  the Mitchell group, three different useful intermediates have been 

developed, which when used in the Diels-Alder reaction give access to benzannuienes as 

well as 1,2,3-trisubstituted benzenes. The most versatile intermediate is the macrocyclic 

"benzyne" 1 2 5 , which enables the building o f annelated bridge annulenes such as 35. 

Scheme 6 shows an example.

Scheme 6

N a N H j / I - B u O K

124

o,

\  / /  49

Fej(CO)g

35
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In the second method, Mitchell and Williams and coworkers*®  ̂ utilized 

hexachlorocyclopentadiene, 127, and 3-substituted acrylic esters, 128, to prepare 1,2,3- 

trisubstituted benzenes, 131 which were used to access c/j-DMDHP 137 (Scheme 7).

Scheme 7

OMe OMa
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Recently, Mitchell and Iyer®‘ found a new method to prepare 1,2,3-trisubstituted 

thiophene which allowed them to access the thia[13]annulene 72 (Scheme 8). Due to 

limitations of time, Iyer was not able to fully explore the use o f its 1,1-dioxide synthon to 

prepare other novel annulenes. However several useful intermediates, such as compounds 

144 and 145 (Scheme 9) were prepared using thiophene-1,1-dioxide 143. We decided to 

continue this exploration, because thiophene 1, 1-dioxide itself is a versatile synthon.
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S e
C I 

C I

143 145

RR R 121

90 100
14

Since 143 gave an azulene, 144, we thought that one o f the intermediates used to 

prepare 140 might via a similar reaction yield the trisubstituted azulene 90. This itself is 

interesting because it could give us access to the bridged [ I8]annulene 100. The latter on 

comparison with the [I4]annulene, DMDHP, 14, will permit us to estimate the relative 

aromaticities of the [14] and [ISjaimuIene systems. Interestingly, Ito‘°* prepared the 

thiacyclophanes 146 and 147 over ten years ago, however, he was unable to convert them 

to 148, an isomer of 100.
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146 147 148

2.1.1.2 Synthesis of 2^,4-trisubstituted thiophene 1,1-dioiide

The thiophene diester 114 was prepared from commerdally available methyl 

cyanoacetate, m etl^ acetoacetate and sulphur following reported procedure,’* which goes 

through 115.

NH

C O COOCH
C H 3

C O O C HO C

C H 3

115 114

Because thiophene-1,1-dioxides are not very stable, we hoped that direct 

oxidation of 114 would give 149 as a stable intermediate, in which the carbomethoxy 

groups reduce the electron density in the thiophene and stabilize it. Unfortunately 

however direct oxidation of 114 using pyridinium dichromate (PDC), 3- 

chloroperoxybenzoic acid (m-CPBA) and potassium permanganate (KMnO^) all failed, 

only the starting material 114 was recovered. This was consistent with a literature report' 

in similar compounds.
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—H j C O O C '  C O O C H 3  ‘' y  H 3 C O O C  C O O C H j

114 149

We thus decided to replace the -COOCH, group by -CH^OCOCH, group and retry 

the oxidation. Thus reduction o f the diester 114 with diisobutyialuminiumhydride 

(DIBAH) solution gave 55% of the dialcohol 113, however the workup proved to be quite 

difiBcult because of the low solubility of diol 113 in ether. When lithium aluminium 

hydride was used as the reducing reagent and THF as the extracting solvent, an 84% yield 

of 113 was obtained.

O i B A H / e t h e r
a  o r  b

H 3 C O O C  y  C O O C H  3 I I b :  L i A I H ^ / T H F
O H

114 113

Since oxidation of the thiophene in preference to the alcohol side chains would 

be difBcult, and because the product would be extremely polar, we converted alcohol 113 

first to acetate 149. This was prepared in 94% yield using acetyl chloride. Its 'Hnmr 

spectrum showed the aromatic hydrogen H-5 at Ô 7.25, and the methylene protons at Ô 

5.16 and ô 4.99. The '^Cnmr spectrum showed two carbonyl groups at ô 170.7 and 6
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170.6. The mass spectrum gave a correct molecular ion at m/e 242 (M" ). This compound 

also showed a characteristic carbonyl band at 1720 cm ' in its IR spectrum.

O H O H

113

C H , C O C I / T H F

P y r i d i n e

O  A C O  A C

149
9 4 %

Oxidation o f 149 proceeded readily using m-CPBA in refluxing dichloromethane 

and gave the thiophene dioxide 150 in 78% yield. In its ‘̂ Cnmr spectrum, the carbonyl 

carbons appeared at Ô 170.6 and Ô 169.8, and showed a characteristic -SO;- band at 

ca. 1270 and 1050 cm ' in its IR spectrum. The methylene protons of 150 appeared at ô 

4.94 and ô 4.85 ppm as a doublet in its 'Hnmr spectrum. However compound 150 is quite 

unstable, and decomposes within a few days, in either the solid state or in solution.

O A CO AC

m - C P B A / C H j C l j

S O

O A CO A C

150 7 8 %

The diether 151 was also prepared from dialcohol 113 using sodium hydnde and 

methyl iodide and it could also be oxidized with m-CPBA at 0°C to give dioxide 152 in 

32% yield. At higher temperatures, over oxidation could not be avoided. The structure of
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the thiophene dioxide 152 was readily evident from the mass spectrum which had a 

molecular ions at m/z 218 (M*) and the IR spectrum which showed strong -SO;- bands 

at 1287 and 1100 cm‘*. The methylene protons o f 152 appeared at Ô 4.31 as a singlet and 

Ô 4.20 as a doublet in its 'Hnmr spectrum.

OHOH CH
3

113

H,CO CH.  OCH;

NaH/ CH, l  ^

m-CPBA

OCHC O CH

151

SO

OCHC O C H3 3

151 152

The thiophene 1,1-dioxides 150 and 152 were rather unstable and were prepared 

fresh, directly before use.

2.1.13 Regioselective synthesis of symmetrical 5,6,7-trisubstituted azulenes

The symmetry-allowed thermal [4+6] cycloaddition of thiophene 1,1-dioxide with 

N,N-dimethylaminoftilvenes has been developed into a useful method to prepare 

azulenes. It is likely that formation o f the first o-bond between the h i^ y  nucleophilic

2-position of fulvene and the 2-position o f thiophene dioxide proceeds faster than the 

bond formation between position 6 of fulvene and position 2' of thiophene dioxide.'" 

Two regioisomers were formed when an unsymmetrical thiophene dioxide reacted with 90
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Generally speaking, the yield of azulene is about IS to 35% at best, but this is 

compensated for by the shortness of this approach."^

so .

159 90

M e

E I M e

E t

160 161

Surprisingly and fortunately, in our system only the symmetrical product 162 was 

isolated when unsymmetrical thiophene I, I-dioxide 152 was reacted with 90.
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so

CH C A OAGO 3 90
150

A C C OACCH s
162

The structure o f azulene 162, was confirmed by its mass spectrum at m/z 287 

(MtT) and a satisfactory elemental analysis as well as the strong carbonyl stretch at 1730 

cm'* in its IR spectrum. In its ‘Hnmr spectrum there were only three different aromatic 

protons,indicating that the molecule has high symmetry. In the '^Cnmr spectrum, the one 

carbonyl carbon appeared at Ô 170.8 and the one methylene carbon appeared at ô 70.4, 

providing more strong evidence to support its symmetric structure.

We also tried dioxide 152 in the [6+4] cycloaddition, and obtained azulene 163 

as the only product, but in 19% yield. This compound showed MIT at m/z 231 in its Cl 

mass spectrum. Both the *Hrunr and *^Cnmr spectra confirmed molecule 163 has high 

symmetry.

so

O C HC HC O 90333

152 H j C  O O C HC H ,

163



5 3

The diacetate 162 could be hydrolyzed to diol 110 in 94% yield using KOH as 

base in refluxing ethanol. The methylene protons o f 110 appeared at 6 4.71 as a doublet, 

coupling with the OH proton, and the -OH proton appeared at Ô 5.41 as a triplet. The 

IR spectrum showed a strong broad band at 3250 cm '\ indicating the presence of an 

alcohol group.

O C O C HC H 3

K O H / E t O H

O HH O

162 110

The diether 163 was extremely unstable in acidic conditions; even during the 

separation process: if  the silica gel was not deactivated, polymerization occured. All 

attempts to cleave 163 to 110 using BFj, BBr^ and Ac^O failed.

O C HH j C O C H 3

163

O HHO

110

We next attempted conversion of the azulene diol 110 to the dibromide 106 

using HBr in refluxing benzene and by using PBr, in benzene at room temperature, but
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both failed. Using SOCIj or even the fairly mild PhjP/CCI^to prepare dichloride 164 was 

also unsuccessful. Only tars were obtained. Presumably the products easily self- 

alkylate.

H O C H ,

no

0  H

A  t o

C H

X « C I .  Br

106 (X=Br) or 164 (X = 0)

A:  H B r  

B:  P B f j  

C:  S O C l ,

Since we were unable to convert 110 to a halide, we next tried direct conversion 

of 110 to the thiol 108, since thiols are also one of the coupling partners (see Scheme 

11). In fact only recently has a good method"^ of directly converting alcohols to thiols 

been reported. This uses commercially available Lawesson's reagent*', which at room 

temperature in dimethoxyethane with 110 gave a 70% yield of the desired bis-thiol 108. 

Unfortunately, however, 108 is a rather unstable compound, which quite quickly 

decomposes. Since in the coupling reaction, EXACTLY a 1:1 ratio of bis-thiol to bis- 

bromide must be maintained to get a good yield of cyclic dimer, having one component 

unstable is a serious impediment to obtaining a good yield.

*. Lawesson's Reagent: [2,4-bis(4-methoxyphenyl)-l,3-dithia-2,4-diphosphetane-2,4- 
disulfide], a reagent for thiation of ketones, carboxamides, esters, lactones, lactams, 
imides, enamines and S-substituted thioesters.
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HO O HCH 3

L a w e s s o n ' s

R e a g e n t

SHCHHS 3

110 108

2.1.1.4 Thiacyclophanes as intermediates

To study the stereochemistry, ring strain and the interaction between rt-systems, 

a series of phanes o f all ring types has been synthesized. Thiacyclophanes have proved 

remarkably useful intermediates to serve this goal, in part for two main reasons: first 

they are much easier to prepare because they are less ring strained than the parent phanes 

and therefore are available in relatively high yield by coupling reactions using the high 

dilution technique. Secondly, many routes have been developed to convert the C-S-C 

unit into either a C-C or C=C group, for example:

(1) Photochemical and thermal extrusion“^“  ̂of sulphur or 80% by the pyrolysis of the 

sulfone which is easily prepared by oxidation of the sulfide; (2) Stevens or Wittig 

rearrangem ent,^“ followed by Hofinann elimination of Me^S (Scheme 11).

The thiacyclophanes themselves have nearly all been made by one of two routes 

(Scheme 12). In one, two molecules of a bis-halide are reacted with Na^S. Usually the 

yield in this direct coupling"’ is lower than the cross coupling technique in which one 

molecule of bis-halide is first converted into a bis-thiol (usually using thiourea), and
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then the thiol is coupled with the other molecule of bis-halide in the presence of base. 

This latter approach must be used for non-symmetrical thiacyciophanes. The other 

method uses thioacetamide which releases sulfide ions'^' and is an alternative to the 

Na^S method. Anyway, both the above methods require that the corresponding halide 

be available, either to couple directly or to convert to the thiol.

Scheme 11

CH,

+ BF B a s e

-CH, CH,

S t e v e n s  R e a r r a n g e m e n t

( CHg O) 2 CHBF^

-CH

CH,

8 + BF,

2 CH —

•CH, CH„ -

B a s e

Wittig R e a r r a n g e m e n t

CH 2 C H —

-CHg-CHg.

8 CH,

CH,

CH^-CHg-
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o
Br Br

165

o
Br Br

165 166

KOH
SH SH

2.1.1.5 A new method to prepare thiacyciophanes using thiolacetates

Because 108 is so unstable, we thought it is better to generate it in situ from 

some stable precursor. The question then was "v^iiat was the best precursor"? 

Thiolacetates seemed attractive because they can be accessed directly from alcohols, 

and because they can also be easily cleaved to the t h i o l . W e  thus used a modified 

Mitsunobu reaction* *“ • under mild conditions to convert alcohol 110 to the 

thiolacetate 168 in 62% yield. The thiolacetate 168 showed the correct Cl molecular ion 

at m/e 319 (MtT). The carbonyl carbon tqjpeared at Ô 195.1 in its "Cnmr spectrum, the 

methylene protons appeared at Ô 4.39 in its ‘Hnmr spectrum. The IR spectrum also 

showed strong carbonyl stretches at 1720 and 1680 cm *. However, because the product 

168, PhjP and as well the reduced diethyl azodicarboxylate all showed similar polarity.

Mitsunobu combination of reagents are: PhjP, Et02CN=NC02Et and a carboxylate 
anion or other anions. This is the best way to activate and remove the hydroxyl group.
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the separation proved to be a most difficult duty.

S^)araled 168 was stable to air and did not react with a halide, such as 109, until 

converted in situ (with KOH) to thiol 108. Thus reaction of 168 with bromide 109 by 

dropwise addition o fa  1:1 mixture in benzene into an ethanolic dilute solution of KOH, 

gave an 89% yield of the desired cydophane 105 as a 60:40 antUsyn mixture. Similar 

to azulenophanes 146 and 147, the antUsyn mixture of 105 proved inseparable under 

a variety of chromatographic conditions. However, the *Hnmr spectrum of 105 (Figure 

3) confirmed the presence of two rigid conformations. The internal methyl protons of 

the anti isomer appeared at ô 1.52 and 1.05, and the internal methyl protons of the syn 

isomer appeared at Ô 2.67 and 2.53 in its ‘Hnmr spectrum. The overall structure was 

confirmed by the correct molecular ion at m/z 350 (NT) in its mass spectrum, as well as 

its HRMS (Calculated for CgH^S^: 350.1160. Found: 350.1163).

168
S C O C HH , C O C S CH 3

KOH

BrCHBr

109

105

Thus, using this new coupling method we achieved the synthesis of the



Figure 3. 360M Hz 'Hnmr o f  105 (aromatic and internal methyl protons) in CDCI3
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thiacyclophane 105 in nine steps and an overall yield of 2.1% from commercially 

available starting material.

N C C H j C O O C H ,

C H j C O C H j C O O C H j

9 s t e p s

2 . 1  % SS

105

2.1.1.6 Methods available for thiolacetates

If the above new method to prepare thiacyciophanes is to be general and useful, 

thiolacetates must be easily prepared. Indeed thiolacetates are the most common 

compounds among the three types o f thioesters.'^ They are activated derivatives o f 

carboxylic acids and exhibit acylating properties similar to those of carboxylic acid 

tmhydrides. They have therefore found widespread application in synthetic chemistry 

and have been used for preparing esters, amides and peptides, especially macrocyclic 

ketones and lactones. Several review articles concerning the chemistry of thiolacetates 

have appeared. Some methods are listed below.

(1) Acylation of thiols with carboxylic acids

Unlike carboxylic esters, thiolacetates cannot be obtained directly by proton
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catalyzed estérification because the equilibrium is shifted towards the starting materials 

and the reaction is not useful for synthetic purposes. Therefore, activation is necessary 

and the condensing agents, such as dicyclohexylcarbodiimide (DCC), are very suitable 

for the preparation o f thiolacetates.'”

R ^ s H  -------
R '  O H  H O R S R

169 170 2 171

(2) Acylation o f  thiols with acyl halides

Reaction of thiols with acyl halides represents the standard method for preparing 

thiolacetates. Since thiols are strong nucleophiles, the acylation even takes place in the 

absence of base. However, to obtain excellent yields under mild conditions, adding 

tertiary amines is necessary. The following example also indicates that a crown ether 

is essential to obtain an excellent yield.

I I t c r o w n  e t h e r  I I
, + M O j S I - S - B u   , + M e , S I C I

r ' ^  Cl  k F r ’ S B u  '

172 173 174 175

(3) Acylation o f thiols with ketenes and esters

Acylation of thiols with ketenes is a standard method. In many cases the yields
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are nearly quantitative. Many functional groups, such as acetamino groups or carbon- 

carbon double bonds in the thiols, are stable under the müd reaction conditions."'

R 'C H =C =0 +  R"SH S R

176 170 177

(4) Acylation of arenes with chlorothioformate

Friedel-Crafts acylation o f arenes can be achieved with S-aryl or S-n-alkyl 

chlorothioformates in good to moderate yields.

O

C l /  S R

A l C l ,

O

S R

178 179

(5) Our method

The above methods all use thiols to prepare the thiolacetates. If the thiols are not 

available or they are unstable, then they are not very suitable to prepare thiolacetates. 

Because in most cases, the bromides and thiolacetic acid are available, we decided to react 

bromide with thiolacetic add directly. Non-smelly thiolacetates were obtained in high yield 

under mild reaction conditions. Pyridine acts as a base to absorb the HBr produced.
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P y r i d i n e C H O C S  ' S C O C H j
"̂ 2

181

Thiolacetates 182, 183, 184 and 185 were prepared by the above method and 

these compounds are more stable in comparison to the thiols and they are also easier to 

purify. The carbonyl carbons o f the thiolacetates appear at Ô 196.1 to 195.0 in their 

'^Cnmr spectra, and the methylene protons appear at ô 4.23 - 4.01 in their ‘Hnmr 

spectra. The carbonyl stretchs appear at 1710 to 1680 cm‘‘ in their IR spectra. Either 

correct molecular ions in their mass spectra or satisfactory elemental analyses were 

obtained for each o f 182-185.

H j C O C S

CH

182
S C O C H ,

C H ,

H j C O C S  C H j  S C O C H ,

184

H , C O C S C H ,  S C O C H

183

H j C O C S  C H ,  S C O C H ,

185
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The new thiacyclophane coupling (Scheme 13) was then tested with other 

examples which are shown in Table 6 . Because the thiolacetates are easy to purify and 

are stable in air, it is easy to maintain a 1:1 ratio between thiolacetate and bromide, zmd 

this may account for the relatively high yields obtained in the coupling reaction.

C H j O C S S C O C H ,

181

180

K O H

E t O H / B e n z e n e

186

H, C. C H ,

s s

C H ,H , C

1 8 7 188 1 8 9 1 9 0
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B  u

191

s

141

Table 6 The results of coupling thiolacetates with bromides

Compound R‘ R" R^ R“ Yield Ratio Lit. Prep.

187 H H H H 78 syn 133

188 H CHj CH, H 68 77:13 134

189 CHj CHj CH, CH, 48 98:2 135

190 H H CH, CH, 83 50:50 136

190 CHj CH, H H 85 50:50 136

191 CHj CH, CH, H 62 55:45 137

141 H CH, CH, H 76 70:30 91

Clearly this coupling is an attractive alternative to the more common thiol- 

bromide coupling, and may be especially useful where the thiol is hard to isolate pure, 

or one component of the coupling is not accessible as the bromide.

We later found that the new method is also very useful to prepare the bis- 

thiophene thiacyciophanes 194 and 195.The coupling reaction between dibromide 140 

and dithiol 192 gave 194 {syn and antf) and 195 {syn and anti) as a mixture of four 

isomers in 23% yield, but using the new method, coupling dibromide 143 and

Ratio: Anti isomer:Syn isomer.
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dithiolacetate 193, gave 56% yield. For the two anti isomers, the aromatic protons 

appeared at Ô 6.98 and 6.97, and for two syn isomers at Ô 6.73 and 6.63 in their 'Hnmr 

spectrum. The internal methyl protons were at ô 2.31 zmd 2.28 {syri), and at Ô1.89 and 

1.85 {anti). Theses compoimds also showed the same molecular ion at m/e 312 (M*) in 

their mass spectrum and gave a satisfactory elemental analysis.

23%
SHCM,

192
MSB rBr CH,

S ss
5 6%

C H,  S C O C H ,C H,  Br H,COCSBr
195194143 193

2.1.1.7 Attempts to convert thiacyclophane 105 to [18]annulene 100

A syn and anti mixture of the thiacyclophane 105, upon Wittig rearrangement 

with excess LDA followed by méthylation with CH3I, or upon Stevens rearrangement 

(méthylation with Borsch reagent followed by treating with BuHDK), did not produce the 

ring contracted cydophane 104. Unfortunately, after the reaction, the blue colour, which 

is a indicator of the presence of the azulene unit also disappeared, and this indicates that 

the azulene unit has changed. Perhaps the carbanions 196 and 198 are more likely to form 

than carbanions 197 and 199 because o f the dipole present in azulene, and then lead to 

products other than 104 which could not be isolated.
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1 B u U / T H F

SS

1 B o r s c h  R e a g e n i

2 Bu'oK

105

Mes S M e

104

ss s- MeM o -  S M e -  S

196 197 198 199

We also prepared dialdehyde 200 by oxidizing d id  110 with PDC. The yield 

though, was only about 10%. The carbonyl carbons appeared at 6 192.5 and the 

aromatic carbons appeared at Ô 153.0, 139.6, 138.8, 136.6, 130.2 and 129.2 in its 

‘̂ Crunr spectrum. In its 'Hnmr spectrum the aldehyde protons appeared at Ô 10.6, the 

aromatic protons at Ô 8.90 as a singlet, 7.86 as a triplet, 7.78 as a doublet and the methyl 

protons at Ô 3.21 as a singlet. The structure of this dialdehyde was also confirmed from 

its molecular ion at m/z 199 (h4H3 and strong IR bands for aldehyde carbonyl groups



at 1640cm'.

6 8

O HOH CH 3

P D C

DMF CHOCMC

C H 3

110 200

Unfortunately, coupling dialdehyde 200 with the bis-ylid derived from salt 201 

in high dilution conditions did not yield the [18]annulene 100.

CHOOHO

200CH 3

CHPP h P P h

201

Bu' oK

100
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2.2 The synthesis of the cis- and tran5-thia[13]annulenes 116a and 116b and an 

approach to the d:thia[ 131annulene 101

2.2.1 Introduction

In a series o f studies^^ which compare dimethyldihydropyrene 14 to annelated 

dimethyldihydropyrenes 36 or 37, Mitchell has used DMDHP as the probe to gauge 

aromaticity. This is possible because firstly, the ring current in annulenes is related directly 

to the aromaticity (resonance energy ) and secondly, in a fused annulene the ring current 

in one annulene can give information about the aromaticity of the other. The chemical 

shift of the internal methyl protons which is proportional to the ring current, can act as an 

excellent indicator o f aromaticity.These studies also allow us to measure the aromaticity 

of heteroaromatics. The latter can be quite challenging because in most cases heteroatom 

containing annulenes are not so easy to obtain. Recently the synthesis of the first bridged 

thia[13]annulene 72, &iowy-9b,9o-dimethyl-9b,9c-dihydrophenyleno[l,9-bc]thiophene was 

achieved®* in 11 steps starting fi'om 3-methylthiophene. Unfortunately, thia[13]annulene 

72 is rather unstable thermally and as well as light sensitive. We thought that introduction 

of an electron withdrawing group in the a  position to sulphur might stabilize the 

thia[I3]annulene, and as well allow us to access the novel diannulene 101, by coupling. 

The latter would be interesting for a conformational study and as the first member of an 

oligo "higher thiophene". Attempted direct bromination o f 72, which we hoped would 

gjve compound 101, resulted in inseparable mixtures. Thus, we decided to introduce the 

bromine atom at an early stage. The appropriate starting material based on the synthesis



of 72 would be 120.

7 0

72
101

CH B rB r 3

120

2.2.2 Synthesis of 2-bromo-3,S-bis(bronioiiiethyl)thtophene 120

Surprisingly, conversion o f the amine 115 to the bromide 202 under Sandmeyer 

conditions"^ (CuBr/HNOj) failed. Replacement of NH% by H to give 2,4-dimethyl 3- 

methylthiophene-2,4-dicarboxylate 114 occurred.

Reaction of 114 with MBS in chloroform, returned only the starting material 114, 

presumably because the -COOCHj groups deactivate the thiophene. (see also page 48 

above). However, once the thiophene was activated by conversion of the -COOCHj to 

electron releasing groups (CHgOAc), the transformation o f 149 to 203 went easily. Thus 

149 with NBS in chloroform gave bromide 203 in 96% yield. In its ER spectrum, 203 

showed the carbonyl stretch at 1720 cm'* and the mass spectrum gave the molecular ion 

at m/e 319 (M*) with the correct (1:1) isotope pattern for one bromine. The ‘̂ Cnmr
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spectrum also showed two dififerent carbonyl carbons at 6170.7 and 170.6, while the 

thiophene carbons appeared at 6 137.0, 135.1, 132.5 and 115.1. The two different 

methylene protons speared  at 65.06 and 4.94 as two singlets, the three methyl groups 

appeared at 6 2.18 and 2.03 as two singlets in its 'Hnmr spectrum. Compound 203 also 

gave a satis&ctory elemental analysis.

NH

G O O C H

C H

H N O ^ / C u B r / K B f ^

115

H N O ^ / C u B r / K B r

H . C O O C C O O C H

C H s

N B S / C H C I , / H O A C

114

Br,

C O O C H

CH s

202

Br.

C O O C H

CH 3
202

A C O H j C C H . O A C

N B S / C H C I .

C H .

149

Br.

C H , O A CA C O H , C

CH I
203

Hydrolysis o f acetate 203 by KOH in ethanol/water yielded the diol 121, mp 99-
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101°C, in 70% yield. The IR spectrum of 121 showed an -OH stretch at 3300-3200 cm'V 

In its ‘Hnmr spectrum the alcohol protons appeared as two triplets at 65.46 and 4.97, the 

two methylene groups appeared as two doubles at 64.50 and 4.30. This compound in its 

mass spectrum also showed molecular ions at m/z 236 (M*) with the correct (1:1) isotope 

pattern for one bromine and gave a satisfactory elemental analysis.

CH s

K O H / Et on

C H j O A C

203

OHHO C H ,

121

Bromination o f 121 with PBr, in chloroform gave compound 120 in 95% yield. 

Unlike dibromide 140, 120 is quite stable, mp 106-107°C and a satisfactory elemental 

analysis was obtained. The mass spectrum also gave a molecular ion at m/z 363 (M*) with 

correct isotope pattern for the three bromine atoms. In its ‘Hnmr spectrum, the methylene 

protons appeared at 6 4.56 and 4.36 as two singlets and the methyl protons at Ô 2.23 as 

a singlet. The thiophene carbons appeared at 6 137.0, 136.6, 134.5 and 114.2, and the 

methylene carbons at 6 25.1 and 24.7 in its ‘̂ Cnmr spectrum

Br.

HO C H , OH

140 121

P 8 r , / C H C I ,

Br,

BrC H ,Br

1 2 0
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1.23. Synthesis of ditbiacydophanes 119

Coupling of the bis-thiol 107 with bis-bromomethyl compound 120, under high 

dilution conditions gave the thiacyclophane 119 in 62% yield as a 55:45 mixture of 

cmti'.syn isomers. In the absence of the bromo-substituent the ratio was 70:30 for 

compound 141.’* This is consistent with the fact***̂  that electron-withdrawing groups 

dramatically change the antiisyn ratio in favor o f the jyw-isomer We were not able to 

sq)arate these isomers by chromatography, but carehil fractional recrystallization several 

times (at least six times) from cyclohexane allowed us to obtain almost pure syn 

thiacyclophane 119b. The internal methyl protons of the anti isomer of 119a were shielded 

to Ô 1.03 and ô 1.28 by the opposite thiophene and benzene rings respectively. The internal 

methyl protons of syn isomer of 119b appear at Ô 2.39 and ô 2.37, relatively normal 

aromatic methyl positions.The syn and anti mixture also gave the correct molecular ion 

at mie 385(MET) with the correct isotope pattern and satisfactory elemental analysis.

= '  - 8

CH, K O H /E tO H  ^

SH CH. SH

141 107 119

Figure 4 shows the ‘*C DEPT spectrum of the syn thiacyclophane 119b and Table 

7 compares the ‘̂ Cnmr shifts of 119b and 141b. Table 8 compares the ‘*Cnmr chemical



shifts of 119a and 141a.

74

CH6

-  CH

141b

CH6

B r -  CH

119b

Table 7 *^Cnmr chemical shifts of syn thiacyciophanes 119b zmd 14 lb

Compound C-5,6,7 Bridge carbons Methyl carbons

141b 130.1, 128.7, 125.3 36.9, 34.9, 31.6, 31.1 16.8, 13.6

119b 130.6, 127.7, 125.6 37.2, 34.9, 30.8, 29.9 16.8, 14.2

CH

H . c —

CH

Br

141a 119a
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Table 8 "Cnmr chemical shifts o f  an//-thiacyclophanes 119a and 14la

Compound Aromatic carbons Bridge carbons Methyl carbons

14 U 138.1. 137.1. 136.9. 135.6. 134.0. 

130.6. 129.6. 125.1. 123.2

33.0.31.2.28.7. 

27.2

15.7. 12.1

119a 138.5. 137.7. 132.4. 131.0. 129.1. 

125.4. 112.0.

33.7.30.6.27.7. 

26.7

15.9. 12.9

Figure 4. The "C DEPT spectrum of 5^-thiacyclophane 119b

Bn O 01

200 180 160
I

140 120 100
PPM

80 60 40
1

2 0
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2.2.4. Synthesis o f trans- and c£s-thia[13]annulenes 116b and 116a

Since the bromo-substituent in 119 might be sensitive to a strong base such as n- 

BuLi, we dedded to use the Stevens rearrangement to convert the anti and syn mixture 

of the dhhiametacyclophane 119 to the ring contracted products 118. Méthylation o f 119 

with Borsch reagent readily gave the bis-sulfonium salt 204 in 98% yield. The best yield 

of the Stevens rearrangement o f 204 using potassium t-butoxide in THF at room 

temperature was 41%, and the reaction had to be carried out protected from light and in 

less than 25 minutes to yidd compound 118. Both the ‘Hnmr and ‘̂ Cnmr spectra showed 

that the product 118 was a mixture o f syn and anti isomers. The gross structure of 118 

was confirmed by a correct molecular ion at m/z 413(MH*) in its mass spectrum. Because 

118 is very unstable, it was used immediately in the next step.

s- M»Borsoh R s a o a n t  . 1  y I .  Bu O K
® ■■ »  M#— S  8 -  Me    S M e

8r.

119 204 118

The unstable intermediate 118 was converted to its bis-dimethylsulfonium 

fluoroborate 205 with Borsch reagent again. The yield was only about 62% because of 

decomposition of 118. This bis-salt 205 (off-white from eth>d acetate) is quite unstable and 

changed to grey once exposed to air in the solid state. Attempts to measure its melting 

point failed, decomposition of 205 occurred at about 72-77°C.
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Br

n t
S M a M . , SM a s

2bf;

118 205

S M e .
B o  OK

116b 116a

The bis-salt 205 was then reacted with potassium t-butoxide in THF at room 

temperature fiar one hour under argon and with protection from light to synthesize 116, 

presumably via the cyclophanediene intermediate. Separation of the isomers o f 116 

required chromatography four times using degassed hexane as eluent and finally was 

isolated in 25% yield. Using a longer colunm and silica gel (230-400 mesh), a further 

chromatography separated cis~ isomer 116a from trans annulene 116b, which only have 

a slight difi&rence in their polarities. Pure cis 116a was obtained by recrystallization from 

degassed methanol as yellow plates, mp 65-67®C (decomp). The structure of 116a was 

identified fiom its mass spectrum, which gave a molecular ion at m/z 317 (MH*) with the 

correct isotope pattern. A correct HRMS was obtained for 116a (Calculated for 

CigHi^SiBr,: 315.9921, Found315.9923). The irons compound 116b, mp I01-102°C 

(decomp), gave MH* at m/z 317 and 319 and showed peaks at M-15 characteristic for 

dihydropyrenes, and is fairly stable in the solid state at low temperature. After three
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months, it showed only some decomposition. A correct HRMS was also obtained 

(Calculated for CjfiHoSiBr,; 315.9921. Found: 315.9917).

2.2.5 The NMR spectra of the trons-thia[13]annulene 116b and cis- 

thia[13] annulene 116a

Figures 5 and 6 show the ‘Hnmr spectra o f the trans-thia[13]aimulene 116b and 

the c/s-[13]annulene 116a. The ‘Hnmr spectrum o f compound 116b shows the internal 

metltyi protons stron^y shidded at 6 -0.86 and -1.03, and the external protons deshielded 

at Ô 6.72-7.22. The chemical shifts of internal methyl protons of 116a appeared at Ô +0.15 

and +0.13. The shidding of these methyl protons leaves no doubt that 116a and 116b are 

both diatropic annulenes.

The ‘Hnmr spectrum of 116b is more useful than that of 72, where the external 

protons resonate between Ô 7.36-6.83. Because in 72 the chemical shifts overlap, 

measurement o f coupling constants is difficult. The ‘H spectrum of 116b however, gave 

six sets of doublets and one triplet (doublet o f  doublets), which allows us to measure the 

coupling constants easily.

2.2.6 The ‘H-COSY and ‘H-NOESY spectra of 116b and the assignment of its 

structure

The ‘H-COSY and ‘H-NOESY spectra for trans-thia[ 13 ]annulene 116b are 

shown in figures 7 and 8 . The COSY spectrum shows strong couplings between H3 and 

H4, H5 and H6, H6 and H7, H8 and H9, indicated by the strong intensity of the cross-



Figure 5 The 300MHz ‘Hnmr spectrum of cw-[13]annulene 116a
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Figure 6 The 360MHz ‘Hnmr spectrum of /r<aw5-thia[13]ammlene 116b
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peaks corresponding to these protons. The NOES Y spectrum however did not provide any 

extra information, such as a weak interaction between H4 and H5, H7 and H8. Based on 

their coupling constants, the COSY spectrum and the ‘Hnmr o f 72, the protons of 116b 

are assigned as follows: H3 appears as a doublet at Ô 7.22 as the most deshielded proton 

which experiences an additional deshielding from the adjacent bromine atom. H4 appears 

at Ô 7.02 as a doublet which is coupled to H3. H6 appears at Ô 6.72, the most upheld 

peak, as a triplet (doublet of doublets). H7 is assigned as the doublet (J= 9.0GHz) at 6 

7.09 on the basis of the Kekulé structure (double bond), and H5 at Ô 6.96 as a doublet 

(J=6.25Hz, single bond). Both are coupled to H6 H9 appears at Ô 6.78 and H8 appears 

at Ô 6.76 as doublets, but H9 experiences an additional deshielding from the adjacent 

sulphur atom.

2.2.7 The "C nm r spectrum of 116b

Figure 9 shows the ‘̂ Cnmr spectrum of 116b. The peripheral carbons of 116b 

occur between Ô 143.4-134.7 (aryl quartemary), Ô 127.1-113.8 (aryl CH) and ô 107.8 

(aryl CBr) which are in the normal aromatic or alkene region o f carbon shifts. Table 9 lists 

the bridge carbon and methyl carbon chemical shifts o f 14, 72 and 116b. The shielding 

e^erienced by the methyl and the bridge carbons of 116b also suggests the presence of 

a diatropic ring current and compound 116b is thus an aromatic annulene.



Figure 7 The ‘H-COSY spectrum o f fram’-[l3]amiulene 116b
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Figure 8 The ‘H-NOESY spectrum o f frûm-[13]annulene 116b
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Figure 9.

The "Cnmr spectrum of traw5-[13]aimulene 116b
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14 72 116b

Table 9 "Cnmr chemical shifts of compound 14, 72 and 116b (Bridge and methyl 

carbons )

Chemical shiftsVCompound No. Compound 14 Compound 72 Compound 116b

Bridge carbons 30.0 36.6 37.0

Methyl carbons 14.0 17.4, 16.0 17.5, 15.6

2.2.8 The UV-Vis spectra of 116a and 116b

The red JSrans-thia(I3]annulene 116b showed absorption maxima at 327, 443, 470, 

503 and 535 nm. A. UV-Vis spectrum of 116b in cyciohexane is shown in Figure 10. The 

light yellow c/s-thia[I3]annulene 116a shows absorption maxima at 328 and 424 nm. 

Table 10 shows the absorption wavelengths of the related systems 72, 116a and 116b 

The UV-Vis spectra o f compounds 72 and 116b are very similar and suggest the same 

degree of conjugation. However, that of the isomer 116a is considerably different in the 

visible region.
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Table 10

Comparision o f the absorption maxima o f 72, 116b and 116a in their UV-Vis spectra

Compound Xi nm Xj nm Xj nm A-4 nm nm

72 320 443 470 505 550

116b 327 443 470 503 535

116a 328 424 none none none

2.2.9 Attempts to prepare the dithia[ 13] annulene 101

Having isolated enough /mns-thia[13]annulene 116b, and also having found a 

suitable method to dimerize DMDHP (see Chapter 3), we next used Ni(0) as catalyst to 

promote the coupling reaction to prepare dithia[I3]annulene 101. Unfortunately, the 

reaction did not give us the expected product 101, but instead a reduction product, 

thia[13]annulene 72 was formed. This was identified by *Hnmr

116b

N IC I , ( PP h , )^ ,  Zn.

101

B r

116 72



Figure 10: The UV-Vis spectrum of 116b in cyciohexane
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23  Discussion

23.1 Thiacyciophane 105 and some known azulenophanes

The ‘Hnmr of compound 105 indicates that it is obtained as a 60:40 mixture 

of anti and syn conformées by comparison with the known azulenothiacyclophanes 

206a and 2 0 6 b . . Figure 11 shows the chemical shifts o f these azulenophanes.

Figure 11 Chemical shifts of aromatic and internal methyl protons

6. 81 M e  0 90

7.43

206a

6.37
Me 2.66

6.94

S
I

M e

206b

7 09 7 96
7.19 8 4 8

7.73

M e 7 . 1 9

7 . 3 8

105a

7 .69

2.53

105b

In the comparision of our thiacyclophanes 105 with Itô's thiacyclophanes 206, 

for the anti isomers 105a and 206a, the internal methyl protons attached to the azulene 

in 206a appear at 60.90 while the internal methyl protons attached to the benzene in 

105a appear at 6 1.05. The chemical shift of the internal methyl protons in a molecule
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like 206a are determined by two effects. Firstly, the methyl groups are deshielded from a 

normal C-metlgd at about 1 ppm by the ring current (R J o f the ring that they are attached 

to. Secondly, they are shidded by the ring current (R%) o f the opposite ring. Depending on 

the relative strengths o f the magnetic fields and the position of the methyl group in it, the 

total result can be a net deshielding (as in all syn compounds) or almost no change (most 

anti compounds). From isomer 105b, the deshielding caused by an azulene is very similar 

to that caused by a benzene, and this can be examined by the change of the chemical shift 

of internal methyl protons of compounds 168, 107 and lOSb; The difference of chemical 

shifts of methyl protons wdiich attached to azulene is 2.67-2.53 =0.14 ppm; when attached 

to benzene is 2.53-2.32 = 0.21 ppm. Comparison of 206b and 105b indicates that 

attachment to either the five or the seven membered ring of the azulene does not make 

much difference.

S C O C HH j C O C S CH 3

2 . 5 3

H S  C H j  S H

2  3  2

168 107

The three main electronic absorption bands in azulene appear at 270, 400 and 

670nm. When the ring is incorporated in a double-decked [2,2]phane system, there is 

a weak CT in te rac tion .F or example, metacyclophanes 207''"° and ZOS'"*' exhibit larger 

bathochromic shift than those of paracyclophanes 209'^^ and 210.'^° This indicates that
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207 and 208 have sufficient overlap of the orbital of the inner carbons to cause the large 

bathochromic shifts. Compound 211 and 212 might be expected to have strong CT 

interaction because o f the sizable dipolar character of azulene Actually, there is no 

absorption band which is due to the interaction between two aromatic rings. It has been 

pointed out that the orthogonal nature of the coefficient in the HOMO and LUMO of 

azulene seems responsible for the absence of a strong CT band in these compounds.

Zt3 214
zis 216

As the prescusor o f azulenophanes, several thiaazulenophanes, 213. 214, 215, 216 

and 217 have been prepared.*^ Unlike azulenophanes which are rigid in their 

conformations, thiaazulenophanes (except 214) exhibit rapid dynamic processes because 

of their mobile conformational flipping. Only compound 215 has its UV-Vis spectrum 

report. Although we can not separate the c/j-thiacyclophane 105b from /rans-lOSa, we 

believe that if a CT interaction exists in c/s-105b, a large bathochromic shift should be
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observed. Unfortunately, there is not any significant difference between compound 168 

and 105 in their UV-Vis spectra.

23.2 Possible routes to 100 and some other interesting molecules

We have not been able to prepare the [18]annulene 100. Unfortunately the 

routes to the azulene intermediates are long and proceed in relatively poor yield (20%). 

These intermediates are then used in the thiacyciophane sequence, which has failed at 

the ring contraction step. Perhaps introduction of a Cr(C0)3 on the benzene ring of 

dithiacyclophane 105 to give 218, would permit access to the carbanion 219, which 

would then permit the contraction to proceed to give 220, and overcome the problems 

noted on page 67.

105

Cr(CO),

ss

ss

218

SMaMeS

Cf(CO),
2 2 0
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As well it might be worthwhile to stabilize the azulene ring by introducing 

electron withdrawing groups or atoms. For example, dibromide 221 has been prepared 

by reacting diacetate 162 with NBS in CHCIj/HOAC system. In the preparation of the 

thia[I3]annulenes above (see page 72), we found that dibromide 140 is especially 

unstable, but introduction of a bromide in the a position gave bromide 120 which is 

quite stable. This might indicate that 223 will be more stable and can be accessed from 

221 .

NBS

C M j  O C O C H ,HjCOCO

Br8r, B r

O C O C H ,
O C O C H j  M j C O C O

162 221 222

CH

140

B

CH

120

Easily access to 223 would make it possible to prepare dithiol 224, if self- 

alkylation can be avoided. A further advantage would be that bromide 225 on reduction 

with Ni(0)/Zn/water might not only yield [ 18]annulene 100, but based on the result we 

obtained in the coupling reaction in Chapter 3, might also yield the novel compounds



226 and 227.

93

Br, Br

S HH S C H ,

224 225 100

226 227

2.3.3 Diatropicity discussion of cis- and £ra/is-thia[I3]annulenes 116a and 

116b

Aromatic molecules are generally considered to be bond-delocalized. Bond 

alternation or fixation is considered to indicate reduced aromaticity. Sardella and 

coworkers‘̂ * found that the ratio of vicinal coupling constants is an indicator of bond 

alternation in the benzene ring fused heterocycles systems, such as compounds 228, 229, 

230 and 231 Cremer and Gunther‘S also pointed out that in the absence of suitable X-ray 

C-C bond length data, the best experimental indicator o f bond lengths in aromatic systems
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are ^icis values. MitcheU and Zhou‘S’ found that in the DMDHP system, if the ratio of the 

two coupling constants J^/Jgis plotted against the internal methyl chemical shift, then a 

reasonably linear relationship appears to hold. It is clear the smaller the value of jyjg, the 

less is the aromaticity. In heteroannulenes, because of the difference in geometries and as 

well as the presence o f heteroatoms, we did not anticipate the same linear relationship 

holding, however the ratio o f jy jg , as well the chemical shifts of internal methyl protons, 

might suggest the relative order o f aromaticity of heteroannulenes (Table 11).

B e

228 229 230 231

14

116a

232
72

116b 62
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Table 11 Chemicaai shifts o f internal methyl and the ratio of JJJ^

Compound Chemical shifts of internal methyl ^a/^ b

14 ^ .25 1.00

232 -3.75, -3.80 (-3.78)* n/a

72 -1.16,-1.32 (-1.24)* 0.68

116b -0.86, -1.03 (-0.95)* 0.70

116a +0.15, 40.13 (+0.14)* 0.58

62 +0.32, +0.05 (+0.19)* 0.58
* is average result

In general, the agreement is good cleariy: the aromaticity order is 14—232 > 

72-116b> 116a~62.

Mitchell and Zhou‘S’ used the Memory equation"* to estimate the through space 

deshielding effect of the fused Ar ring in systems like 35 on DMDHP and found that there 

was a very small change of the chemical shift o f the internal methyl protons (at most 0.1 

ppm for Me^) and less for (see 35). On the other hand, H* should not suffer any 

serious steric deshielding. Thus, after collecting enough experimental data, Mitchell plotted 

6(M e^ against 0(H^J for several [a] fused compounds and a linear relationship (Eq. 3) 

was established ( r ^  0.998). It is clear that the two chemical shifts change linearly with 

respect to each other. This rdationship is important, because if in future annelated systems 

the observed chemical shifts for the two protons do not correspond, it would be indicative 

of some addition effect.

6(Me„)= 17.515-2.6850(H;J Eq. 3

In general the substituents affect the chemical shift of the internal methyl protons



very little,usually <0.3 ppm. An example using 124 is shown in Table 12

9 6

Table 12 Chemical shifts of and internal methyl protons

Compound 14 124 35 233

ô (H J 8.11 8.07 7.13 6.66

ô(M eJ ^ .25 -4.07 -1.62 -0.44

14

8 r

124
35

72 116b

233

We decided to test this relationship between 5 (Me) and Ô (H ^  for 72, 116b and 

62 or 64 (we consider 62 and 64 are similar and thus since 64 is not available, we use the 

data of 62) to see if the through space deshielding effect of lone pairs electrons on S (or
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O) are small. Thus, we plotted 0(Me^) against for 72, 116b and 62, and a linear

relationship was found (Eq. 4), although limited data is available, this relationship clearly 

exists also for heteroannulenes (Table 13, Figure 11).

Table 13 Chemical shifts of and internal methyl protons

Compound 72 116b 62

ô ( ï U 6.85 6.72 6.38

ô(Me„) -1.22 -0.95 +0.14

Figure 11 Chemical shifts of aromatic and internal methyl protons

Correlation coefiBcient; r = 0.9966
0.2

- 0.2

-0.4

5 - 0.6<o

- 0.8

-1

- 1.2

6.4 6.5 6.7 6.8 6.9

6(Me„) = 18.98 - 2 .960(H J Eq. 4
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We carried out PCMODEL/MMX calculations on 14, 232, 72, 116b and 62. Some 

of these results are shown in Table 14. These results suggest that 116b has a higher strain 

energy and heat o f formation compared to compounds 14, 232 and 72.

Table 14 Selected results of the PCMODEL/MMX calculations

Compound SE (kcal/mol) AHf (kcal/mol)

14 26 101

232 25 91

72 29 96

116b 34 108

62 44 120

The enthalpy difference between the dihydropyrene derivatives and their isomeric 

cyclophanedienes for both the [a] annelated DMDHP and [e] annelated DMDHP series has 

been calculated using PCMODEL/MMX by Mitchell and Zhou.*^’

We though it worthwhile to compare the heteroannulenes with their corresponding 

cyclophanes. These results are shown below. The results suggest that for 72, 116b and 

100, the DMDHP isomer is more stable than the cyclophanediene and should be the form 

isolated. In all these compounds, the difference in strain energy (SE) between CPD- 

DMDHP is about 40 kcal/mol
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SB

29

72
Br
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116b
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234

117
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146 90

Iyer has shown* ’̂ that the empirical equations 5 and 6 can be used to calculate the 

bond orders in the thia[13]annulene 72 from the coupling constants. Equation 5 was 

obtained from bonds A and B of DMDHP derivatives and equation 6 for C and D bonds. 

Because 72 and 116b have similar structures, here we will use equations 5 and 6 to
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compare 72 and 116b (Table 15).

c D

BA

p= 0.0765 J + 0.0642 Eq. 5 (Bonds A, B)

p = 0.0643 J + 0.147 Eq. 6 (Bonds C, D)

Table 15 Comparison of coupling constant and bond order data for compound 72 

and 116b

Compound Bond J-P 'P i

72 A 6.38' 6.30 0.546

116b A 6.25 6.17 0.536

72 B 9.00* 8.92 0.747

116b B 8.99 8.91 0.746

72 C 9.31* 9.23 0.740

116b C 9.10 9.02 0.727

72 D 6.05* 5.94 0.529

116b D 6.27 6.19 0.545
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a. Data are from reference 91, î ^ :  a naphthalene type correction (subtraction o f 0.08 
Hz from the experimental J). p obtained from equation 5 or 6 .

Clearly 72 and 116b have a similar degree o f  delocaiization.

Okazaki and co-workers*’ reported that 2,7-methanothia[9]annulene 67 is in 

equilibrium with its valence isomer 68. Comparison o f the temperature dependence o f the 

"C diemical shifts of 67 with that of other rdated systems suggested the presence o f some 

stabilization in 67, which was attributed to the aromaticity o f 67 as a 1 Ott-electron system 

although direct evidence for the presence o f diatropicity in 67 could not be obtained from 

‘Hnmr due to the frist equilibrium even at low temperatures.

Unlike compound 67, bridged aza[10]annulene 4 turned out to be aromatic. The 

chemical shifts of compound 4 are normal for methano[lO]annulene with the bridge 

protons at ô -0.4 and 0.65, somewhat different from those of the parent 2 at 5 -0.52, 

presumably caused by the anisotropy of the nitrogen atom.

67 68

B r

116b 232 62

Examination of the chemical shifts of the internal methyl protons of 116b, 232 and 

62 leaves no doubt that all three are aromatic as predicted by the Hückel 4n+2 rule.
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However the aromaticity of the thia and oxa-annulenes is reduced relative to their 

electron-equal hydrocarbon annulenes.

23.3.1 UV-Vis spectra of several heteroannulenes

Ultraviolet spectromrtiy (UV) can give useful infonnation about the extent of their 

conjugation (Table 16). It has been observed that the absorption wavelength increased 

from [lOjannulenes, 67, 4 and 2 to [14]annulenes, 116b and 232, but decreased for 62 

which is considered to be more bond fixed.

Table 16; The longest wavelength of some heteroannulenes in their UV spectra

Compound ^max nm

67 350

4 364

2 298

116b 535

232 655

62 494

2.3.3.2 The arom aticity of cfs-DMDBQ* and 116a

/rans-DMDHP and its derivatives have been proven to be an excellent model 

system to study diatropicity in annulenes. The chemistry of c/s--DMDHP however is
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relatively less well explored as it is synthetically less accessible. The introduction o f  a 

bromo substituent in the a-position o f thiophene increased the amount o f syn- 

thiacyclophane 119b, and as a result, allowed us access to the first cis bridged 

thia[I3]annulene 116a Rgure 5 is the ^Hnmr spectrum of c/j-[I3]annulene 116a. The ‘H 

nmr spectrum showed that there are 7 différent protons, 6 of which appear as doublets 

because of vicinal coupling. The doublet o f doublets at Ô 6.5 is assigned to H-6 , because 

of coupling to H-5 and H-7. The other protons were assigned by reference of its 'H-COS Y 

spectrum.

Table 17 lists the chemical shifts of several c/s-DMDHP, including 236 which was 

synthesized by us recently.

B u

NO,

235

237

C O C H j

238

CHH3C
236

B r .

C O C H ,

116a
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Table 17. ‘H chemical shifts o f several substituted c/s-DMDHP and a thia[13]annulene

Coupound Internal 5 (CH3) Reference

235 -2.06 150

237 -1.89,-1.98 150

238 -1.94, -1.97 150

239 -1.85, -1.96 150

137 -1.85,-1.94 107

116a +0.32, +0.05 This work

236 -.1.93,-1.96 This work

Thus, according to their chemical shifts (internal methyl and external hydrogen), 

we found that the order of aromaticity is 235~ 236~237~238~137~239> 116a. Again the 

effect of substituents on the chemical shift of the methyl protons is not very significant.

2.4 Summary

A new method o f preparation of thiacyclophanes fix>m thiolacetates has been found 

and thiacyciophane 105 was synthesized in 9 steps, although we failed to access the final 

[18]annulene 100.

4-Bromo-rrans-9b,9c-dimethyl-9b,9c-dihydrophenyleno[ 1,9-bc]thiophene 116b 

and 4-Bromo-c/s-9b,9c-dimethyl-9b,9c-dihydrophenyleno[l,9-bc]thiophene 116a were 

successfully synthesized and isolated in 11 steps, starting from 2,4-Dimethyl 2-amino-3- 

methylthiophene-2,4-dicarboxylate. The bromine substituent in the 4-position stabilizes
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thethia[I3]ànnulenes 116a and 116b. Coupling 116a via Ni(G) catalysts Ailed to yield the 

expected product 101, and reduction product 72 was formed.
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CBÜ^PTER THREE 

SYNTHESIS AND STUDY OF A DMDHP CONTAINING OLIGOMER

3.1 Introduction

Conjugated macromolecules have particularly important functions as electroactive 

or photoactive materials/** Thus, the search for novel electrophores and chromophores 

is of fundamental and practical interest*”  There are several features of these conjugated 

macromolecules. First they have a small HOMO/LUMO energy gap. Decreasing the 

energy difference between the ground state and the excited state brings about attractive 

optical, electrical and photoelectrical behavior. Second, they have high 

hyperpolarizabilities*”  which allows the creation of non-linear optical effects. Third, fast 

chemical processes in these conjugated macromolecules also allow for the rapid change 

o f their properties. The developments of some of these molecules are discussed below.

3.1.1 Nonlinear optical (NLO) materials

Third-order nonlinear optical materials which are highly conjugated have recently 

received much attention in general.*** The reason for this is that storing data three- 

dimensionally, rather than on a two-dimensional surface, such as on a compact disc, will 

make data-storage more compact and at the same time allow quicker access to it. The 

difference between nonlinear optical materials and ordinary (optically linear) materials is 

that ordinary materials absorb one photon at a time, and respond by emitting another 

photon of longer wavelength (lower energy).*** In certain NLO materials, the two-photon
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absorption process allows one to irradiate the material with photons of lower energy, such 

as infrared or near-infrared, and produce a higher energy emission in the visible. The 

beauty of this method is that IR light can penetrate deeper into the material than can UV 

or visible light.*”  Recently, a novel organic dye, 240 (APSS, 4-[N-(2-hydroxyethyl)-N- 

methyI)-aminophejtyI]-4'-(6-hydroxyhexylsulfonyi)stilbene)), a stilbene derivative with an 

amino group at one end, and a sulfonyl group at the other end has been tested for data 

storage.”* Apparently it has donor-acceptor properties.

S  f C H  )  O H
C H

240

3.1.2 As highly colour organic compounds

The study of organic compounds in which the a-electron system is excited by 

absorbed light has mainly concentrated on the ultraviolet and visible regions of the 

electromagnetic spectrum. Various new applications, such as the use of conjugated organic 

compounds as dye lasers or as materials for storing information with the help of diode 

lasers, led to the synthesis of new compounds which absorb light in the near infrared 

(NIR). Highly colored organic compounds are those which absorb at long wavelengths. 

Much more attention has been paid recently to those which absorb at wavelengths even
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longer (more bathochromic) than those typical for known substances. These compounds 

have an absorption band at the boundary of the visible region (ca. 750 nm) and in the 

neighboring area of the near in&ared (above 750 run).

There are two types o f highly conjugated molecules. One is linearly conjugated, 

such as polyac^yiene. The other are those whidi have cydic conjugated structures, such 

as the aromatic [18]aruiulene 9. It has been pointed out^“  that the absorption wavelength 

cannot be increased b^ond  a certain limit simply by increasing the size of the rr-electron 

system. The Êdlure of the absorption wavelength to increase further in long-chain polyenes 

and large-ring annulenes is considered to be due to localization (fixation) of the conjugated 

bonding system in bonds with preponderantly single or double bond character.

3.1.3 As molecular photonic wires

A wire is a device that conveys a signal or permits the flow of energy. The 

increasing interest in molecular scale devices has focused attention on the synthesis of 

molecular wires. It seems that the connection problem of attaching macroscopic input and 

output devices is a major challenge. Recently, L inds^‘”  reported synthesis of the 

molecular photonic wire 241 which has a high yield of energy transfer fi'om the input to 

the output It is obvious that this molecule also contains donor-acceptor units and the key 

reaction to prepare this molecule is a coupling reaction.
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Zm

f

241

In the above system, a boron-dipyrromethene dye provides an optical input at one 

end, a linear array o f three zinc porphyrins is employed as a signal transmission element, 

and a free base porphyrin provides an optical output at the other end.‘*’ This example 

indicates that a highly conjugated molecule is a very useful model for energy transfer if 

both ends have a significant difference.

Recently, a "picosecond optical switch" 242 has been syn thesisedW e note that 

both 241 and 242 contained coupled annulenes.

242
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3.1.4 Twisted intramolecular charge transfer (TICT) states

The separation of electrical charges is one of the processes which is of importance 

to future developments including organic conductors and superconductors as well as the 

production and storage o f electricity. As well, nearly all of earth's life forms use directly 

or indirectly, the transformation o f sunlight into chemical energy, which occurs via a 

charge-separation process.

For the majority o f these system, the charge separation is most favorable in a 

twisted conformation, where the two moieties involved in charge transfer, the donor D and 

the acceptor A, are orbhally decoupled, nearly perpendicular in the case of two n systems. 

This led to the notion of "twisted intramolecular charge transfer' (TICT) states"''

Very interesting examples are compounds that are nonpolar and highly symmetric 

in the ground state yet form a very polar TICT state upon excitation. Examples include the 

biaiyls 243, 244 and 245.‘“ ’‘°*

243 244

245
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3.1.5 General methods of preparation

Two excellent review articles***’ '*  discuss the synthesis of extended tc-systems, 

and in general two methods are used to prepare these molecules. One method uses a 

coupling reaction, such as the Ullman coupling*®' or Suzuki coupling,w hile the other 

uses a classical condensation reactions, such as a Wittig reaction*® or aldol 

condensation.*™ More recently, synthetic organic and organometallic methodologies are 

proving to be extremdy powerful for the direct acquistition of the desired compounds by 

stepwise approaches. *'* The stepwise approach can take several forms. A monofunctional 

monomer can be added, successively, to the end of a growing chain. After the addition of 

each monomer unit, the material is usually purified, the new end refiinctionalized, and 

another monomer unit attached to the end o f the diain.

Using this stepwise approach, compound 246 has been synthesised,'™ and proved 

to be a good model compound for intermolecular energy transfer. A quantitative energy 

transfer occurred fi'om the highly selectively excited anthracene donor to the emitting 

porphyrin acceptor end group.

— N

246
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On the other hand, in the development of tailor-made nonlinear optical (NLO) 

materials, compounds 247 and 248, have been ̂ thesized  as a multichromophoric system 

with potential through-space intemaction.^”  In these compounds, charge transfer from the 

donor D to the acceptor A through a conjugated extended u-system gives rise to the 

nonlinear optical response.

Dimethyldihydropyrene (DMDHP) should be interesting to include in such 

molecules, and as a result o f our extensive investigations into annnelated annnulenes we 

have determined that the optimum switching between the coloured dihydropyrene and the 

colourless cyclophanediene occurs when the [e]-position is annelated with aromatic rings 

The internal methyl groups serve as a good switch indicator since in the 

dimethyldihydropyrene they have the chemical shift of Ô-4.25, while in the the 

cyclophanediene structure, a shift of Ô 1.52. The interconversion between DMDHP and 

cyclophanediene may be repeated many times without deterioration. Thus if we can 

incorporate a DMDHP into the molecule alone we potentially also incorporate a photo

switch. As well, the solubility o f DMDHP is good in most o f organic solvents. This is 

especially important once oligomers and polymers are made. We hoped that palladium and
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nickel catalyzed aryl-aryl coupling methods might give us access to such dimers.

There are several reasons for us to study DMDHP containing oligomers, such as 

the dimer, trimer or tetramer. Firstly, these precise models often provide specific 

information concerning the solution, electronic, photonic, thermal, and morphological 

properties of their higher homologs. Secondly, they also serve as useful models for 

interpreting structural and conformational properties of the polymer. It is of interest to 

determine when an oligomer begins responding like a polymer for a specific functions? 

Such data can only be obtained once the smaller oligomers have been studied.

The synthesis o f structurally defined conjugated oligomers has also recently 

become of interest because o f the possibility of investigating transport behavior along the 

molecular wire. They are suitable as molecular conductors because of delocalization. 

Interestin^y, these properties have not yet been established for oligomers linked by alkyne 

units. a-Conjugated oligothiophenes are model compounds for electrically conducting 

polythiophenes, because o f their easily oxidized rt-electron systems. Does a DMDHP 

containing oligomer have a similar function? We thus decided to try to prepare several 

dimethyldihydropyrene containing oligomers.

3.2 Synthetic routes available for the dimers

The classical method to prepare biphenyl is called the Ullman coupling reaction. 

Two aryl halides are heated with a coppper-bronze alloy. Good yields of biphenyl are 

obtained if the halides have electron-withdrawing substituents. However this reaction is 

carried out at very high temperature (about 220°C) which is useless for DMDHP's because
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at such temperatures (200-210“C), the DMDHP thermally rearranges to 22.*̂

Nickel has proved to be a particularly useful transition metal to promote the 

coupling of aryl halides at low temperatures and as well tolerates a variety of functional 

groups.*”  Nickel in the zerovalent states can easily be prepared as a variety of complexes 

and the NZLg species generally undergo oxidative addition of organic halides under mild 

conditions, gjving direct formation of o-bonded organometallic species. The carbon-nickel 

bond has much lower polarization and thus the potential compatibility of the reaction with 

common polar functional groups such as alcohols and carbonyl groups.*”

There are several Ni (0) catalysts which are used in the coupling of aryl haildes:

(1) Bis(I,5-cyclooctadiene)nickeI(0) or NiCCOD),;*”

(2) Tetrakis(triphenylphosphine)nickel(0), Ni(PPh)%; *”

(3) NiClj, Zn, NaBr, PPhj sy^em which uses zinc as a reductant for in situ generation of 

the active Ni(0) species; *”

(4)Ni2(PPh3)2Cl2,PPh3,Za*”

For these systems, DMF is the most suitable solvent and a large excess of PhjP 

over the nickel catalyst may be needed, because the phosphine coordinates to the zinc salt 

as it is formed.

3.3 Synthesis of dimers 102 and 249

Mitchell and Williams**® have previously reported the synthesis of 102 using an in 

situ generated zerovalent nickel complex in about 41% yield. Unfortunately on 

chromatography over silica gel, 102 was co-eluted with triphenylphosphine and could only
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be seperated from PhjP by using reverse-phase HPLC. It seems to us that if this method 

is to be used, the separation problem must be avoided. Thus we first tried a method” ' 

which does not use Ph^P, but rather a phase transfer catalyst (PTC) and zinc. 

Unfortunately the reaction foiled and starting materials were recovered. We decided to add 

PhjP into the system and then the reaction proceeded. Dimer 102 was obtained in 55% 

yield and as well we also obtained a small amount o f the unknown un-symmetrical dimer 

249 (about 5%). However as before, the separation proved to be extremely difficult, 

especially removing PhjP from dimer 102. Chromatography five times followed by 

recrystallization from methanol was necessary to give pure 102, mp. 199-201°C (lit.”  ̂ 195- 

199“C). In its mass spectrum it gave the molecular ion at m/z 463 (MH*), and HRMS 

(Calculated for C^H^: 462.2348. Found: 462.2343). In the "Cnmr spectrum the aromatic 

carbons were present at Ô 124.5, 124.3, 123.9, 123.4, 123.3 (aryl CH), and the internal 

methyl carbons were at Ô15.1 and 14.7, The internal methyl protons of 102 appear as two 

singlets at ô -3.68 and -3.77.

B r

N I C I j ( P P h , ) j .  Z n .  E l . N I .  T H F

124

102 249
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102
J

J J b■

The coupling constants J, = Jy = 7.6 Hz and J, = = 7.8 Hz were used to estimate

bond orders for 102, and these results are compared with calculated u-SCF bond order 

results in Table 18. The values obtained from equations 5 and 6 are closer to the k-SCF 

values than from equation 7 (derived from benzenoids'*^).

p = 0.0765 J + 0.0642 Eq. 5 (Bonds A, B)

p = 0.0643 J + 0.147 Eq. 6 (Bonds C, D)

p =0.104 J - 0.120 Eq. 7

Table 18 Coupling constant and bond order data of compound 102

Bond Jcc* ‘P 'P PsCF

A o rB 7.61 7.53 0.663 0.640 0.646

C or D 7.76 7.68 0.678 0.641 0.655

a: a naphthalene type correction (subtraction of 0.08 Hz from the experimental J);
‘p obtained from equation 7; ^p obtained from equation 5 or 6; PscF from the 
literature, ref.‘"
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Compound 249, mp I85-I86®C, was confirmed as a dimer of 

dimethyldiltydropyrene by HRMS (Calculated for Cj^Hj,; 463.2425. Found 463.2432). It 

is less polar and more soluble than compound 102. Although 249 is not a major product, 

we finally separated it fi'om compound 102 by careful column chromatography and 

fiactional recrystallization three times with methanol.

3,3.1 ‘H-COSY spectrum and "C nm r of 249

The unsymmetrical dimer could have had structure 249 or 250. Compound 250 

would have two triplets for H-7 and H-7* in the aromatic region, whereas our product, 

compound 249, has three triplets for H-7, H-2' and H-7' in the aromatic region. In the 

‘Hnmr spectrum o f 249, the internal methyl protons appear as singlets at Ô -3.81, -3.82, 

-3.87, -3.94. From the chemical shifts o f these internal methyl protons, it is clear that a 

strong ring current is present in the macroring.

H 2

249
H 7

250
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The*H-COSY spectrum is shown in Figure 12 and the ‘H-NOESY in Figure 13 

H-1, H-3 and H-5' appear at Ô 9.21, 9.20 and 9.14 as singlets. H-3’ appears at Ô 8.98 as 

a doublet because of the coupling with H-2', and H-2' resonates at Ô 8.12 as a triplet. H-7' 

appears at Ô 8.14 as a triplet. Finally, the other triplet is due to H-7 which appears at ô 

8.20. Based on 102, H-6 and H-8, H-6 ' and H-8', as well H I' o f249 appear between 8.70- 

8.65 as a multiplet. H-4, H-10 and H-1 O' appear at Ô 8.81 as a doublet and H-5, H-9 and 

H-9' appear at Ô 8.74 as a doublet. The NOESY spectrum indicates there are interactions 

between H-3 and H-4, and H-land H-10 as well.

J = 7

7

1 0 ' 9 '

J = 7 . 7 3

249

J = 7 7 4
7 •

The experimental coupling constants are given in Table 19 along with calculated 

bond orders. In a comparison of these values with those of 102, (Table 18), it can be seen 

that the bond orders in 102 and 249 are very close to each other.



Figure 12 The ‘H-COSY spectrum o f 249
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Figure 13 The 'H-NOESY spectrum of 249
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Table 19 Coupling constant and bond order data of compound 249

Bond Jcocr* *P 'P

l',2 ' 7.82 7.74 0.656 0.685

2',3’ 7.97 7.89 0.668 0.674

6 \T 7.74 7.66 0.650 0.700

4,5 7.73 7.65 0.639 0.676

7,8 7.67 7.59 0.645 0.669
Jca/' & naphthalene type correction (subtraction o f 0.08 Hz from the experimental J); 
obtained from equation S or 6; obtained from equation 7.

3.3.2 The ÜV-Vis spectrum of 249

Biphenyl 251 is the parent molecule o f a series of compounds in which two 

aromatic rings are in conjugation. Resonance energy is at a maximum when the rings are 

coplanar and essentially zero when the rings at 90°C to each o t h e r . T h e  effect of 

forcing the rings out of coplanarity is readily seen from a comparison of the absorption 

characteristics o f biphenyl and its 2,2'-dimethyl homolog 252.**̂

C H

CH.

251
A ^ 5 2  nm, 19,000

252
^ m « 2 7 D n m ,  6 ^ , 8 0 0
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The-prindpal absorption spectra bands for 249 and 102 are shown in Table 20. The 

corrugation e&ct in 249 is readily observed by the color appearance in the solid state and 

the signficant red shift in the absorption bands in its electronic spectrum. Obviously, 249 

is less coTijugated than 102. AUV-Vis spectrum o f249 in THF is shown inRgure 14. The 

red colored compound 249 had four major bands in its UV-Vis spectrum with the 

strongest absorption at 337nm and 396 run.

The electronic properties o f  extended K-systeais depend on the way in which the 

active building blocks are linked. It is therefore important that we have succeeded in 

synthesizing compounds 249 and 102 which allow us to compare their properties. 

Compound 249 is less conjugated than compound 102, mostly likely due to H-H 

nonbonding interactions.

249

Table 20 Principal absorption spectra bands [A.^Gog^ina)] for 249 and 102

Compound H ^i) H e,) X(e,)

249 513(3.67) 469(3.66) 396(4.06) 337(4.11)

102'" in tail to 700 577(4.20) 400(4.12) 368(4.72)



Figure 14 The UV-Vis spectrum o f249 in THF
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33.3  Dynamic NMR spectroscopy o f 102 and 249

Extensive researdi has been performed on the static and dynamic stereochemistry 

of organic molecules that containing rotating aryl rings. the m^or part of the origin of

The energy barrier for rotation in biphenyl derivatives is the steric strain at the transition 

state due to non-bonding interactions between atoms or groups at the ortho positions. 

Forexan^le, the free energy of activation for rotation around the central carbon-carbon 

bond ofbiphet^ 253 is calculated to be 19.2 kcal/moL^’’ Mitchell has pointed out that at 

room temperature there is no restricted rotation about the aryl-aryl bond in the symmetric 

dimer of dimethyldihydropyrene 102. "  This is in contrast to the biaryl derived from 

Vogd's [10]annulene, the racemic biarmulene 254, which shows a free energy for rotation 

about the 2-2' bond o f ISkcal/mol, which is appreciably smaller than that for 1, 1'- 

binaphthyl.‘“

O C H ,

l-P r,

102
253 254

Dynamic NMR spectroscopy has been devdoped over the past several decades and 

now is widely in use. It is a technique for determining rate constants for intermolecular 

and, in particular, intramolecular processes at thermal equilibrium through the study o f the 

effects o f exchange on the NMR spectra. The theoretical calculation of exchange-
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broadened spectra requires considerable computational work althou^ it is not in itself 

paiticuiaily complicated. Before the advent o f  the computer appeared, most of the results 

were obtained by using approximate bandshtq)e expressions. Using classical kinetics, it 

was not possible to detect restricted rotation for a phenyl ring that did not carry a 

substituent in the 0,0 ' positions. However, the dynamic NMR technique has made it 

possible to determine the barrier to rotation o f  a phenyl group in a biphenyl skeleton in 

vdudi contains a large substituent. For example, the free energies for biphenyls 255, 256 

and 257 are 13.7kcal/mol, 12.8 kcal/mol and 14.8 kcal/mol‘*̂ “̂ respectively.

C H

C HC H ,
/ /

O C O C H
C H

257256

We decided to investigate the dynamic NMR spectrum o f249. A model for 249 

would be 9-phenylphenanthrene, 258. The rotational barrier of the latter has not been 

measured by high field *HNMR because o f  overlapping of peaks in its aromatic region.*** 

Only approximate chemical shifts, and coupling constants could be extracted. Fortunately 

249 does not suffer this disadvantage because of the very large ring current in the 

armulene. Protons are sufficiently shifted to allow use of VT NMR to determine the 

rotational barrier.



1 2 6

258

259

The variable temperature ‘Hnmr spectrum of dimer 249 is shown in Figure 15. The 

coalescence method^”  was used to estimate aG /,  the transition state free energy at 

coalescence. This method amply involves measuremait of T̂  and the frequency separation 

(aV) of the peaks concerned at the low temperature limit. Here, H, and Hj are the atoms 

we are concerned with, if rotation about the C-C bond is slow, then H, and H, appear as 

two resonances each, whereas if rotation is fast. Hi and Hj both appear as a single 

resonance each.

The most deshidded peaks o f 249 are the singlets corresponding to H-1 and H-3, 

whidi in d^THF are sqparated from each other at Ô 9.21 and 9.20. These singlets collapse 

at low temperature, T, = -48®C, and re-emerge as two peaks each at -80°C, in unequal 

amount corresponding to the two conformers 249A and 249B. The separation between 

H-1 and H-3 for the major conformer is 0.06 ppm, while for the minor conformer is 0.29 

ppm. Molecular mechanics calculations'”  indicate that H-1 is about 0.5 Â closer to the 

centre o f the ring current of the other dihydropyrene ring than is H-3, and presumably is
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thus slightly more deshielded. The steric interaction with H-3' on rotation about the aryi- 

aryi bond is the principal cause of the ateigy barrio-. The singlet for H-5' at Ô 9.14 is much 

slower to collapse, T, < -70° C, and ail o f the other signals have T, values too low to 

accurately determine.

7

249A

H"'

7

249B

Figure 15 The VT ‘Hhmr spectra o f 249
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1(9.The experimental barrier for 249 can be estimated using Eq. 8

AG*(kJ/moO = 0.01913T, (9.972 + logY/^V) Eq. 8

Here, T, is -48 “C

And the low temperature average shift difference for H-1 or H-3, aV is 45 Hz 

Therefore aG* is 11 kcal/mol.

A PCMODEL calculation on 249 was carried out and indicated the energy of the 

maximum (0®, 360® dihedral angle) to be about 78.6 kcal/mol (Figure 16), with relatively 

flat minima between 60®-120® and 240-300®. The 195® conformer is about 1.5 kcal/mol 

higher in energy than the 25® conformer. The closest approach for H-3/H-3' in the higher 

energy 195® conformer is calculated to be 1.94Â, while in the 25° conformer H-I/H-3' is 

2.04Â. Thus it is harder for H-3' to pass H-3 than H -1. The barrier to rotation is about 12 

kcal/mol, which compares favourably to the NMR result of 11 kcal/mole. Calculation for 

some related molecules are shown in Table 21.

These suggest that compounds 34 and 102 have almost same the rotation barrier 

which is very small, so that the coalescence temperature of 102 is not reached at -95®C. 

^ g u re  17). Compounds 249,258 and 259 are similar in structure and so therefore would 

be expected to have similar barriers, but the better model for 249 is l,2'-binaphthyl which 

barrier to rotation is hard to measure due to the overlapping of peaks in its aromatic 

region.
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Figure 16 Calculation o f  the rotational barrier o f 249 using PCMODEL
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34

259

258

249

Table 21 Comparision the rotational barriers by PCMODEL calculations

o f several biaryl systems

Compound A£(kcal/moIe) a (rotational angle)

34 45.0 42.6 2.4 140

102 64.6 61.8 2.8 40

258 59.0 46.9 12.1 90

259 55.2 45.3 9.9 130

249 76 64.0 12.0 195
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Figure 17 The VT ‘Hmnr spectrum o f  102
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3.3.4 Mechanistic considerations

The mechanism to fonn dimer 249 is o f interest. Bromide 124 is the only isolated 

product when DMDHP is brominated by NBS in DMF,** however we thought it possible 

that bromide 260 might be formed in amount too small to detect by ‘Hnmr. This would 

explain the formation of the cross-coupling product 249.

124
N I C I j ( P P h j ) j .  Z n ,  E t j N I .  T H F

P P h 5 0  C .  4 8 h

260 249

Several mechanisms have been proposed for similar coupling reactions and this 

topic has caused some ddiate.^”  Two points are generally agreed upon. First, the initial 

process is oxidative addition o f aryl halide to nickd(0) to form an arylnickel(H) 

intermediate. Second, biaryl formation occurs by reductive elimination from a diarylnickel 

intermediate. One mechanism proposed by Kochi and Tsou^*' suggests a strong electron- 

transfer component in the initial oxidative addition which leads to substantial 

hydrogenolysis via the aryl radical. The other mechanism (Scheme 14) suggested by 

Colon*”  involves reduction of a nickel(H) salt to zero-valent nickel by zinc in the first step.
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The second step to form an aryinickel (H) intermediate is a oxidative addition, which is 

known to be very fest. These complexes can undergo reaction to yield the biaryl.

Scheme 14

N i d O B f j  + 3  L + Z n NI(0)Lg * ZnBfj

N I ( 0 ) L ,  + A r S r

A r N l ( l l ) B r L j  + 1 / 2  Z n

A r N K D L j  + A r B r

A r N i ( l l ) B r L ,

+ L
ArNKOL,  + 1 / 2  ZnBCg

-  L

+ L
(AOjNidlllBrL,

(Ar)2Ni(lll)BrL2 

A r - A r  + N i ( l )B rL ,

L= P P h j

In the bromination of 14, we observed that when the solvent was changed to 

CHClj, two bromides 124 and 260 in a 1:1 ratio were obtained. Most electrophilic 

substitution reactions of DMDHP are more regioselective.®* Coupling the mixture of 124 

and 260 give us compounds 102 and 249 in 33% and 28% yield respectively.

B r

N B S / C M C  I

12414

B r

260
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3JL5 Bromination o f the bi-DMDHP's

With 102 at hand, we decided to convert it to bromide 261 which would be a key 

intermediate to access tetramer 262 by a coupling reaction.

261

Unfortunately, reaction o f 120 with one equivalent of NBS in DMF gave us 

compounds 263 and 264 and not 261 Mitchell and Jin'”  reported previously that in 

preparation of bromide 124, quinone 265 is the major product if the DMF is not dry. The 

quinones 263 and 264 was obtained as a deep-red mixture by recrystallisation from ethanol 

and gave satisfrictory demental analysis.

For several years there has been an increasing use of extended q u in o n e s a s  

dectron accq)tors for the production of organic conducting materials, thus, following Jin’s 

investigation, we also used PDC as the oxidation reagent to convert 102 to 263 and 264 

The mixture of products is the same as preparation by the NBS/DMF method.
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33.5.1 The ^Hnmr, H-COSY and ‘H-NOESY spectra of 263 and 264

Quinones 263 and 264 have very similar spectra.(Hgure 18 ). Only protons H- 

6,7,15,16 are easily distinguished between the two isomers. Protons H-6,7,15,16 can be 

assgned as the most deshidded protons and from the NOES Y spectrum (Figure 20 ), they 

show the interaction with H-5,8,14,16, whidi are coupled to H-4,9,13,18 (COSY, Rgure 

19X Wnch interact NOESY to H-1,3,10,12. The internal methyl protons appear at 6 1.25, 

and 134, and 1.08 and 1.07. A strong carbonyl absorbtion at 1630 cm'  ̂is observed in the 

IR spectrum.

Figure 18 The 300MHz ^Hnmr spectrum of 263 and 264
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Figure 19 The ‘H-COSY spectrum o f263/264
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Figure 20 The ‘H-NOESY spectrum o f263/264
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3^.5.2 The UV-Vis spectrum o f 263/264

A UV-Vis spectrum o f 263 and 264 in THF is shown in Rgure 21. It is well 

known that extention o f conjugation in a carbon chain is assodated with a pronounced 

shift towards longer wave length, and usually towards greater intensity. By comparison of 

the absorption maxima at the longest wavelength o f the related systems 265 and 263/264, 

(Table 22), it is clear that confounds 263 and 264 are highly conjugated.

o

o
265

263

Table 22. Major bands in the UV-Vis spectra of compounds 265, 263/264

Compound
log e

Arn=(nm),
loge log e

^nax(nm),
log e

265 273(4.76) 317(4.31) 333(4.39) 399(3.95)

263/264 263(4.24) 291(4.19) 516(4.32) 553(4.50)



Figure 21 The UV-Vis spectrum o f 263/264 in THF

1 4 1

4 .

C.



1 4 2

The above spectrum changes under acidic conditions. In THF solution it is a purple 

colour and Wien Œ 3COOH is added, the colour changs to green within a second, and a 

new peak at 900nm appears. In CF3COOH, presumingly the carbocations 266/266» are 

formed. These are not observed with the weaker Q^COOH.

o
263

o

OH OH

C F , C O O H

264

o

266a

33.5.3. NBS/CHCI3, an alternative brominating reagent

We described above that 14 with NBS/CHCI3 produces a 1 ; 1 mixture of 124 and 

260. Whilst for 14 this reagent is less regoselective than NBS/DMF, it does avoid the 

problem of quinone formation arising from water in the DMF. We thought it worth Wiile 

to see whether NBS/CHCI3 was useful generally to brominate aromatic compounds. Apart 

from the report of NBS/DMF by Mitchell and Williams,® NBS/CH3CN has been used.

In cases that are sensitive to water, acetonitrile can also be a problem. Nevertheless, in
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order to obtain reasonable reaction rates at room ten^)erature, some polarity in the solvent 

is required, and so we investigated the much easier to handle solvent, chloroform. The 

compounds tested are shown in Table 23.

Ù
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Table 23: Bromination o f reactive aromatic hydrocarbons by NBS in diloroform

Entry NBS : Aromatic R T /h Yield (%)

A I 24 71

B 2 24 56

C 1 8 95

D I 24 0

E* 2 24 86

F* 2 24 77 (57, 20)

G 1 18 78 (50,50)

H 4 24, 24** 36

I 10 24, 24** 21
*
**

Small amount o f  acetic acid is needed as the catalyst;
Room temperature for 24 hours and then refluxing for another 24 hours

Thiophene can be selectivdy mono or dibrominated (Entries A ^ )  more easily than 

reported.^ Whilst azulene does not brominate directly, a few drops of acetic acid 

catalyses this and then good a yield can be obtained. For 14, introduction of one, four, or 

five bromines can easily be controlled. In joint work with Chen,^^ we have also 

investigated other systems and believe that NBS/CHCI, is a useful addition to the reagents 

that can nudear brominate reactive aromatic hydrocarbons under mild conditions.

3.4 Electrophilic substitution in DMDHP

The 1:1 ratio o f 124 and 260 with NBS in chloroform was quite surprising. AMI 

and PCMODEL calculations of Hf for the intermediate, suggest no difference between
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substitution at the 1 and 4 positions, though 2 is always preferred. Experimentally for 

nitration (page 14), and sulfonation (page IS) and bromination, it is confirmed that the 

general substitution preference order for the various positions is 2>4> 1. None of bromide 

273, the 1-bromide has even been isolated.

273 274

B r

275 276

Table 24 Calculated Hf and strain energies (SB) for the cationic intermediates, 274, 275 

and 276.

Intermediate Hf(kcal/mol) SE(kcal/mol)

274 221.6 12.2

275 230.5 19.5

276 230.4 20.1

However, interestingly vdien the arene diazonium ion 277 is mixed with DMDHP 

14 in acetic add, substitution at all three positions occurs. Compounds 278, 279 and 280 

are obtained as a mixture in 41% yield. Separation of these three compounds proved to 

be extremely difficult and only compound 278 can be isolated pure by fi^ctionai 

crystallization (at least three times) with methanol.



147

NH

H j C O O C

NaNOj/HjSO^

C O  O C H ,
C H ,

115

14

H S O ,

H j C O O C C O O C H ,
CH,

277

♦ H S O

C O O C HH , C O O C
CH s

277

H O A C

C HHjCOOC 1

/ / C O O C H
C O O C H

280H , C O O C
CH

279H , C O O C CH

278

Compound 278 gave its molecular ion at m/z 445 (MIT) and correct HRMS 

(Calculated for C27H24S1O4: 444.1395. Found:444. 1398).

3.4.1 The 'H nm r and ‘H-COSY spectrum of 278
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Inthe ‘Hnmr o f278 (Figure 22), the internal methyl protons appear as singlets at 

Ô -4.00 and -4.04, similar to those in 14 at 6 -4.25. Recently, Lai'^synthesized 281 in 

which the internal m eth^ protons appear at Ô -3.77 and -3.81. The UV-Vis absorption 

bands (Table 25) suggest that 281 is more conjugated than 278, probably because it can 

more easily become coplanar.

H , C O O C ,

C O O C H
C H

278
N O ,

281

Table 25 Proton chemical shift of the internal methyl protons and principal

electronic absorption maxima o f278 and 281

Compound Ô o f  internal CHj A(l0g6) A(l0g6) A(log€)

278 -4.00, -4.04 504(4.30) 390(4.57) 351(4.99)

281 -3.77, -3.81 562(4.43) 420(4.73) 336(4.94)

3.4.2 The "Cnm r spectrum  of 278

In the "Cnmr spectrum (Figure 23) and "C-DEPT(Figure 24) spectrum the CH 

carbons appear at Ô 125.1, 124.4, 124.3, 124.2, and 123.4. The quartemary carbons



Figure 22 The 360MHz ‘Hnmr spectrum of 278
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Figure 23 The '̂ C spectrum of 278
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Figure 24 The '^C-DEPT spectrum of 278
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appear at ô 153.2, 146.9, 138.2, 135.9, 131.9, 126.8, 126.4 and the bridging aliphatic 

quartemary carbons appear at Ô 30.5 and 29.7. The ester methyl carbons appear at Ô 52.1 

and 51.8, and the Ar-CHj appears at Ô 30.9. The two internal methyl carbons appear at 

6 14.7 and 14.6, and the carbonyl carbons appear at Ô 166.1 and 162.8.

3.5 The surprising formation of compound 287

The above discovery should allow us to access different coupling products which 

contain a DMDHP unit by using an aromatic amine. The advantage of this new method is 

that firstly, DMDHP does not require to be fiinctionalized and secondly, reaction is easy 

to control. Thirdly, biscoupling should be possible and therefore novel molecules, such 

as 281 might be possible to prepare.

/ /  V

\ \  / / ^ \  / /
(III

281

Here, we report an initial result using diazonium salt 283 as the coupling reagent, 

with DMDHP 14. Surprisingly, this coupling reaction failed to give cross-coupling 

products 284, 285 and 286. The only products are dimer 102 and 287
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NaNOg. HjSO,

CjHjOH

N H ,

282
N j H S O ,

283

14

N 2 H S O .

283

CHjCHjOH

H O A C

1 0  2  + 2  8 7

102

OCHjCHj
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/ /

284

\N

285 286

3.5.1 The ‘Hnmr, H-COSY and ‘H-NOESY spectra of 287

The separation of 287 from 102 is not as difficult as separation of 278 from 279 

and 280 Pure 287, mp. 234-236®C, is purple in solution. The 'Hnmr spectrum (Figure 25) 

shows that 287 has high symmetry and both the 2 and 7 positions are occupied by - 

OCHjCHj  ̂This suggests that the solvent, ethanol participates in the reaction as well. The 

‘Hnmr spectrum also confirmed that the compound must be 287, and not 288 because 

there are two internal methyl signals.

H,0

288

/ /  \ \ / /  V

CHjCHjO- / / \ \  / /

287

f l u* w OCHjCHj



Figure 25 The 360M H z ‘Hnmr spectrum o f 287
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The ‘H-COSY (Figure 26) and ^H-NOESY (Figure 27) were also used to assign 

the structure o f  287.

Figure 26. The ‘H-COSY spectrum of 287
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- ppm
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Figure 27 The 'H-NOES Y spectrum of 287

157

-0-------

i ^
* I

0 C H , C H 3

A

i

-3

O C H 2 C H 3

T  l  I  I  I  I  I  I  V  

2

' ppm

PPB 9

; j  I r j  1 -1  I I » I 1 *1 >~j 1 » I r I I 1 I » |~T T I i ~ i ~ r r i  i  |  i ~

8 7 6 5
I -y » I I r » » t I 

4 3



158

Bedcer and his group‘d  have carried out a kinetic study of arenediazonium ions in 

methanol. Thqr found the pyrene radical cation and diazenyl radical were formed:

Pyrene + ArNj^ -----------►  Pyr*̂  + ArNj*

Thus, we suggested the possible pathway to form compound 287 is:

DMDHP + ArNj^ ---------- ► [DMDHP]^ + ArN '̂

2[DMDHPr --------- ► [Dimer of DMDHPp*

[Dim erofDM DH P]^ + CH,CH;OH -----------► IS? + 2H*

3.6 Summary

Use of NBS/CHCI3 on DMDHP permits formation o f 4-bromo-DMDHP, which 

vdien coupled with 2-bromo-DMDHP yields both the symmetrical products 102 and 

unsymmetrical product 249. The latter was studied by VT NMR to obtain the rotational 

barrier (11 kcal/moQ whidi was compared to calculation (12 kcal/mol) and several model 

conqx)unds. The bromination reaction was further studied for several reactive aromatics 

and two or more bromine atoms can be introduced for thiophene, azulene and DMDHP. 

Quinones 263/264, which are extended conjugated molecules, have been prepared from 

102 by NBS/DMF or PDC. Electrophilic substitution in DMDHP using diazonium salts 

has been studied and several novel coupling products have been synthesized.
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CHAPTER FOUR 

CONCLUSIONS

Anew method to prepare thiacydophanes from thiolacetates has been found and 

udng it, the thiacydophane 105 was sfynthedzed in 9 steps using multifunctional thiophene 

dioxides ISO and 152 as the key intermediates, even though we foiled to access the final 

[18]aimulene 100.

The first cw-thia[13]aimulene, 4-bromo-ciy-9b,9c-dimethyl-9b,9c- 

dihydrophenyleno[l,9-bc]thiophene 116a and its trans- isomer 116b were successfully 

synthesised and isolated in 11 steps, starting from 2,4-dimethyl 2-amino-3- 

metltylthiophene-2,4-dicarbo3qdate 115. The bromo substituent in the 4-position stabilizes 

these annulenes. We have show that both thia[13]annulenes 116a and 116b are diatropic 

using the internal methyl chemical shifts and the chemical shifts of the external protons

Hji,.

Nickel(0) catalysed coupling of a 1:1 mixture o f 2-bromo- and 4-bromo-fro/w- 

1 Ob, 1 Oc-dimetlqddihydropyrene yidds 28% of the first unsymmetrically connected dimer 

249, with 33% of 102. Unlike 102, the bi-annulerqd 249 has a dgnificant barrier to rotation 

which is estimated at I I .0 kcal/mole from measurement, compared to an PCMODHL 

calculated barrier o f 12 kcal/mole. This is the first measurement of the barrier to rotation 

in a 9-phenylphenanthrene type system.

The very unusual quinones, 7-(10b, 10c-dimethyl-7-oxo-2,7,10b, lOc-tetrahydro-2-
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pyrenytiden)-'I0b,10c-<iimethyl-2,7-I0b,10c-tetrahydro-2-pyrenone 263/264 have been 

successful^ pr^)ared by reacting 102 with NBS or PDC. Compounds 263/264 are highly 

extended coqugated systems which show interesting UV-Vis spectra as well as colour 

which change in addic or basic media.

A new brominating system has been found, NBS in chloroform at room 

tenq)erature, whidi prmndes a convenimt method to nuclear brominate reactive aromatic 

substrates such as thiophene, azulene, and DMDHP. Two or more bromine atoms can be 

introduced for thiophene, azulene and DMDHP.

Electrophilic substitution o f DMDHP using diazonium salts has been briefly 

studied, and several novel cross-coupling products haven been synthesized, such as 278, 

279 and 280. Use o f diazonium salt 283, gave the surprising formation o f287.
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CHAPTER FIVE 

EXPERIMENTAL

Instrumentation

M ating points are uncorrected and were determined on a Rdchert 7905 melting 

pomt apparatus. W ared ^tectra, major peaks only, were recorded on a Perkin-Elmer 283 

spectrometer, or a Bruker IFS-25 an ^e  beam laser spectrometer. Proton nuclear magnetic 

resonance spectra were recorded at room temperature in CDClj (unless otherwise 

specified) on a Bruker AC 300 (300 MHz) spectrometer or a Bruker AMX 360 (360 

MHz) spectrometer using the solvent residue CHCIj peak (7.24 ppm) for calibration. 

Carbon-13 nuclear magnetic resonance spectra were recorded in CDCI3 using the solvent 

peak at 77.0 ppm for calibration.(unless otherwise specified) on a Bruker AC 300 

spectrometer at 75.4 MHz or on a Bruker AMX 360 at 90.6 MHz. Variable temperature 

experiments were done on a Bruker AMX 360 (360 MHz) instrument, using d,-THF as 

solvent. Mass spectra were recorded on a Firmigan 3300 mass spectrometer with 70ev 

electron in^)act (El) or uang methane as a carrier gas for chemical ionization (CQ. Exact 

mass measurements used a Kratos Concept-H instrument with perfiuorokerosene as the 

sbindard. Ultraviolet spectra were recorded on a Perkin-Elmer Lambda-4B spectrometer 

or on a PU 8740 spectrometer. Elemental analyses were performed by Canadian 

Microanalytical Services Ltd., Vzmcouver, British Columbia. All the solvents used in the 

reactions were purified and distilled according to standard procedures. All evaporations 

were carried out under reduced pressure on a rotary evaporator at ca. 40®C. All organic
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layers were washed with water (unless otherwise stated) and dried with anhydrous 

magnesium sul&te. Silica gel is from Merck, mesh (200-400).

2,4-Bis(hydrmgrmethyQ-3-methyIthiophene% 113.

A solution o f 2,4-dimeth)i 3-metlqdtlriophene-2,4- 

dicaiboxylate,”  114 (11.3 g, 0.053 mol) in dry THF (40 mL) 

was added dropwise to a  solution o f lithium aluminum hydride 

(4.10 g, 0.11 mol) in dry THF (100 mL). After the addition, the 

resulting solution was heated to a gentle reflux under nitrogen 

and refluxed for another 12 hours. It was then cooled to O t! and quenched with a solution 

of satd. potassium sodium tartrate (caution! must be very slowly added). After the 

evolution of gas had ceased, the reaction mixture was evrqjorated, removing almost all the 

solvent, to yield a white solid. This residue was sohxlet extracted with THF, the solvent 

removed fiom the THF extract and the residue was recrystallized from chloroform to yield 

the diol 113 (7.0 g, 84%) as colorless needles, mp 96-97 ®C (lit.’* 95-97); *Hnmr (300 

MHz, CD3SOCD3) 6 7.10 (s, IH, Ar-H), 5.25 and 4.94 (t, J = 5.9 Hz, IH each, -OH), 

4.52 and 4.35 (d, J  = 5.2 Hz, 2H each, -CH^-), 2.04 (s, 3H, CH,); “Cnm r (75.4 MHz, 

GDjSOCDj) Ô 142.8, 139.5, 131.4 (C-1,2,3), 119.3 (C-4), 58.4 and 56.4 (-CHjOH), 11.5 

(-C iy; ms (Cl), m/z(%): 157 (M-1, 5.2), 156 (M -2,2.7), 150 (2.3), 143 (5.4), 142 (9.3), 

141 (100), 138 (5.5), 111 (7.5); IR  (KBr, cm *): 3411 (-OH), 3186 (-0H), 2923, 2861, 

1634, 1509. 1446. 1196. 1083, 996, 858, 720, 501.

*. lUPAC: 4-Hydroxymethyl-3-methyl-2-thiolymethanol
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2.4-Bis(acetoigrmethyl)-3-methylthiophene% 149.

Acetyl diloride (7.4 g, 95 mmol) was added dropwise to 

a refluxing solution o f diol 113 (5.0 g, 32 mmol) in pyridine (7.5 

g, 95 mmol) and dry THF (20 mL). Afier stirring for an additional 

two hours, the mixture was quenched widi ice-water and extracted 

withedtyl acetate (3 x20 mL). The extract was washed with satd.

NaCl and dried. Evaporation yielded the diacetate 149 (7.2 g,

94%) \^ c h  is pure enough for the next step; 'H hm r (300MHz, CDCI3) Ô 7.26 (s, IH, 

Ar-H), 5.17, 4.86 (s, 2H each, -CH^O-), 2.20, 2.08, 2.04 (s, 3H each, -CH,); “Cnm r 

(75.4MHz,CDCI3) Ô 170.8, 170.7(-QCQCH3), 138.4, 136.2, 132.5 (C-1,2,3), 125.3 (C- 

4) 60.7, 58.7 (-CH2O-), 20.9, 20.8 (-OCOCHj), H 9 (-CH,); ms (Cl), m ir. 271 (M +1), 

242 (M l, 183(M-0C0CH3);IR (KBr, cm 'l: 2950, 1720, 1430, 1370, 1220, 1090, 1010, 

960, 750

AnaL Calculated for C^iH^O^S: C 54.53, H 5.82

Found: C 54.06, H 5.21

2.4-bis(meth}icaii>onyloxymeth}d)-3-methyithiophene-l,l-dioxide, ISO.*’ 

m-CPBA (9.7 g, 28 mmol) was added slowly to a cool solution o f diacetate 149

(2.3 g, 12 mmol) in didiloromethane (50 mL). After the addition, the mixture was heated 

to reflux for an additional 24 hours. Then it was cooled to 25°C, and the precipitate was

* lUPAC: 3-methyl-4-methylcarbonyloxymethyl-2-thiolylmethyl acetate 

'* 150 is extremely unstable, it decomposes at room temperature
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O A C

filtered under suction, and washed with CHCI3 (100 mL).

The combined filtrates were washed with water (2 x 30 

mL), 10% NaHCOj solution (2 x 50 mL), satd. NaCl (30 

mL) and dried. After evaporation, the residue was 

diromatogrr^hed over silica gel using hexane/ethyl acetate 

(3:1) as eluant to yield thiophene-1,1-dioxide 150 (1.4 g,

42%) as a %bt yeflow solid fiom cydohexane/methanol, mp 65-68°C (decomp); H nm r 

(360MHz, CDCI3) Ô 6.56 (IH , H-CSOj), 4.95 (d, J = 0.7 Hz, 2H. -CH^-), 4.85 (d, J  = 

2.4 Hz, 2H, -CH2-), 2.13 and 2.08 (s, 3H each, -COCH3), 2.06 (s, 3H, -CH3); “ C nm r 

(75.4 MHz, CDCI3) Ô 170.6 (-ÛCÛCH3), 169.8 (-CÛÛCH3), 141.3, 137.1, 133.6 (C- 

1,2,3), 125.7 (C-4), 59.2, 53.7 (-CH^O-), 20.6, 20.6 (-OCOCEt), H -8 (-CH,); BR (KBr, 

cm'*): 3100,2980,2800, 1740, 1420, 1280,900. The product was used directly in the next 

step.

2,4-Bis(methoxymethyi)-3-methyIthiophene, 151.

Diol 113 (8.4 g, 53 mmol) in dry THF (40 mL) was 

added slowly to a surry of sodium hydride (5.4 g, 135 

mmol, 60% dispersion in oiQ in dry THF (60 mL). After the 

addition, the mixture was heated to 50“C for 30 minutes, 

and then CH3I (22.7 g, 160 mmol, 10 mL) was added to the 

reaction and the stirring continued for 1 hour. The reaction was quenched slowly with ice- 

water (10 mL) and then satd. NaCl (30 mL) was added. The mixture was extracted with

HjCO
VS

CHj OCH,

151
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dieü^ ether (3 x 20 mL) and the ot^ganic layer was separated, washed with satd. NaCI and 

dried. Evaporation yidded crude product which was purified by chromatogr^hy on silica 

gel using petroleum ether/ diethyl ether (7:3) as eluant to gjve pure diether 151 (5.0 g, 

51%) as a colorless oil;. H nm r (300MHz, CDCI3) Ô 7.12 (s, IH, Ar-H), 4.51, 4.34 (s, 

2H each, -CH^-), 3.56, 3.34 (s, 3H each, -O O Q , 2.16 (s, 3H, Ar-CH,); “Cnm r (75.4 

MHz, CDCI3) Ô 138.6, 134.9, 134.7 (C-1,2,3), 122.8 (C-4), 69.4, 67.2 (-CH^O ), 57.9, 

57.8 (OCH3), 11.9 (Ar-CÎ^); ms (Cl), m/z: 215 (M+29), 186 (M"), 155 (M-OCH3).

1 f “ -

tS1
H,CO

1 1 
CHj OCH,

152

2,4-Bis(m ethoxymethyl)-3-methylthiophen^lyl-dioxide, 152

m-CPBA (9.3 g, 27 mmol) was added slowly 

(Caution! Over oxidation is hard to avoid if m-CPBA is 

added too quickly or the solution o f 151 is at room 

temperature) to a cool solution o f diether 151 (5.0 g, 27 

mmol) in didiloromethane (40 mL). After the addition, the 

mixture was kept at 0“C for 48 hours. The precipitate was

filtered under suction and washed with CHCI3 (50 mL). The combined filtrates were 

washed with water (2 x 20 mL) and then 10% NaHC03 solution until no more bubbles 

formed, and was then dried. After evaporation, the residue was chromatographed over 

silica gel using hexane/ethyl acetate (3:1) as eluant to yield thiophene dioxide 152 (1.9 g, 

32%) as a üght yellow solid from cydohexane/methanol, mp 80-84°C (decomp); ‘Hhimr 

(300MHz, CDCI3) Ô 6.53 (s, IH, Ar-H), 4.31,4.20 (s, 2H each, -CH^-), 3.42, 3.39 (s, 3H 

each, -OCH3). 2.01 (s. 3H, -CHj); "C nm r (75.4 MHz, CDCI3) Ô 143.6, 138.3, 137.0,
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125.0,68.1, 62.3, 59.0, 58.7, 11.5; ms (CI), m/z: 247 (M+29), 219 (MIT); IR (KBr, cm' 

‘): 3104, 2937, 2811, 1655, 1597, 1463, 1379, 1287, 1195, 1111, 1053, 961, 852, 747, 

626, 542,454.

HRMS Calculated for € ^ 140*81: 218.0613

Found: 218.0606

5,7-Bis(methylcarbonyloxymethyi)-6-methylazuIene, 162.

A solution o f thiophene 1,1-dioxide 150 (2.0 g, 8.6 

mmol) and dinietiqtiaminofiilvene^ (1.1 g, 9.5 mmol) in dry 

THF (30 mL) was refluxed under nitrogen for 24 hours. 

After cooled to 25®C, ice-water (30 mL), satd. NaCl (30 

mL) and diethyl ether (30 mL) were added. The organic 

extract was washed with satd. NaCl (2 x 15 mL) and then

O A C  C H .  O A C

162

was dried. The solvent was evaporated and the crude product was chromatographed on 

sillica gd  using e tl^  acetate and petroleum ether (1:5) as an eluant to give deep-blue 162 

(0.54 g, 22%) from qrclohexane/methanol. mp 123-124“C; ^Eùimr (360 MHz, CDCI3) 

5 8.42(s, 2H, Az-4,8-H), 7.84 (t, J  =  3.7 Hz, IH, Az-2-H), 7.36 (d, J = 3.7 Hz, 2H, Az- 

L3-H), 5.35 (s, 4H, -CH^O-), 2.63 (s, 3H, Az-CH,), 2.10 (s, 6H, -OCOCH3); “Cnm r 

(75.4MHz, CDCI3) 6 170.8 (-ÛCQCH3), 148.8, 137.2, 128.3 (C-4, 6, 7, 8, 10), 139.8,

137.3, 119.8 (C-1, 2, 3, 5, 9), 70.4 (-CH^O-), 20.9 (-OCOC&), 20.7 (-CH3); ms (Cl), 

m/z: 315 (M+29), 287 (M+1), 227 (M-OCOCH3); IR (KBr, cm''): 2980, 1730 (- 

OCOCH3), 1649, 1586, 1430, 1376, 1361, 1230, 1200, 1025, 971, 912, 834, 766,



688,634.

AnaL Calculated for C 71.31, H 6.34

Found: 0  71.27, H6.41

167

Sy7-Bis(hydro^rmetfay0-^methylazulene, 110.

A solution o f azulene diacetate 162 (670 mg,

2.3 mmol) and KOH (400 mg, 7.0 mmol) in ethanol- 

water (40 mL, 3:1) were refluxed under nitrogen for 4 

hours. Then satd. NaCl (20 mL) and chloroform (30 

mL) were added. The organic layer was separated and 

washed with satd. NaCl (2 x 15 mL). The organic
110

extract was dried and evaporated to yield crude azulene diol 110 which was 

chromatographed on silica gel using ethyl acetate/petroleum ether (1:1) as eluant to give 

pure diol 110 (400 mg, 87%), mp 185-186“C; ‘Hnmr (360MHz, CDCI3) Ô 8.46 (s, 2H, 

Az-4,8-H), 7.82 (t, J  = 3.6 Hz, IH, Az-2-H), 7.31 (d, J = 3.6 Hz, 2H, Az-1,3-H), 4.93 (s, 

4H, -GSaOH), 2.73 (s, 3H, Az-CHj); ‘’Cnmr (90.6MHz, CDCI3) 6 137.7, 136.9, 118.4 

(C-1,2, 3, 4, 8), 137.6, 133.4 (aryl quartemary), 69.0 (-CH^OH), 19.8 (-CH3); ms (Cl), 

m/r(%): 203 (M+1), 185 (M-OH); IR  (ECBr, cm ‘): 3250 (-OH), 2900, 1580, 1430, 1240, 

990, 940, 900, 760, 700.

AnaL Calculated for Ci3H ,402 C 77.20, H 6.98

Found: C 76.54, H 6.93



HRMS. Calculated for CoHuOj: 202.0994

Found: 202.1003

168

M CO C**» O C ",

5,7-Bis(metfao^methyI)-6-methyiazulene, 163.

A solution o f thiophene 1,1-dioxide 152 (1.6 g, 7.3 

mmol) and dimethyiaminofiilvene^ (0.9 g, 7.3 mmol) in dry 

THF (50 mL) was refluxed under nitrogen for 24 hours. Then 

ice-water (30 mL) and diethyl ether (30 mL) were added. The 

organic extract was isolated and washed with satd. NaCl (2x15

mL) and dried. The solvent was evaporated and the crude product was chromatographed 

on silica gel using diethyl ether and petroleum ether ( 1:1) as the eluant to give deep-blue 

azulene ether 163 (0.32 g, 19%), mp 142-143“C; ‘Hnmr (300 MHz, CDClj) Ô 8.42 (s, 

2H, Az-4,8-H), 7.80 (t, J = 3.7 Hz, IH, Az-2-H), 7.29 (d, J = 3.7 Hz, 2H, Az-1,3-H), 4.67 

(s, 4H, -CH^O), 3.45 (s, 6H, -OCE^, 2.63 (s, 3H, Az-CHj); “ Cnm r (75.4 MHz, CDCI3) 

Ô 138.4, 136.6, 118.2(01,2,3,4,8), 137.4, 130.7 (aryl quartemary), 78.3 (-CH^O-), 58.1 

(-OCE^), 19.7 (Az-CHj); ms (Cl), m/z: 259 (M+29), 231 (M+1), 199 (M-OCH3), 168 

(M-2OCH3); IR  (ECBr, cm-‘): 2923, 2872, 2822, 1595, 1425, 1205, 1120, 1100, 1060, 

940, 920, 770.

HRMS Calculated for CijHigO^: 230.1306

Found: 230.1313
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169

5,7-Bis(acetylthioinethyl)-6-methyiazalene, 168.

DEAD, diethyl azodicarboxyiate (521 mg, 3.0 mmol) 

was added to an efiBdently stirred solution of 

tiipbex^hoqibine (525 mg, 2.0 mmol) in dry THF (20 mL) at 

0“C. The mixture was stirred at 0®C for 1 hour. A white 

precipitate resulted. Azulene diol 110 (202 mg, 1 mmol) and

tfaiolacetic add (238 m& 3 mmoQ in dry THF (20 mL) were then added dropwise over 10 

minutes. The mixture was stirred at 0®C for one hour and then kqrt at 25®C for 24 hours. 

It was then quenched with ice-water and extracted with diethyl ether (2 x 30 mL). After 

separation, the organic retract was washed with 5% HCl solution (2 x 1 5  mL) and was 

dried. Evrqjoration and the crude product was chromatographed on silica gel using 

didiloromethane/ petroleum ether (1:1) as an eluant. Due to the difficulty o f separation o f 

triphenylphosphine from the product 175, several chromatographic separation were 

necessary to yidd pure thiolacetate 168 (197 mg, 62%), mp 93-95®C; H nm r (360 MHz, 

CDClj) 6 8.35 (s, 2H, Az-4,8-H), 7.80 (t, J = 3.7 Hz, IH, Az-2-H), 7.26 (d, J = 3.7 Hz, 

2H, Az-1,3-H), 4.40 (s, 4H, -CH^S-), 2.53 (s, 3H,, Az-CHj), 2.35 (s, 6H, -COCH3); 

“Cnmr (90.6 MHz, CDQj) Ô 195.1 (-SCÛCH3), 146.3, 137.5, 129.8 (C-4, 6, 7, 8, 10),

1-38.9,137.6,128.4 (C-1, 2, 3, 5, 9), 38.9 (-CH^S-), 30.4 (AZ-CH3), 22.4 (-SCOCHj); ms 

(Cl), m/e: 319 (M+1), 243, 168; IR  (KBr, cm’"): 3050, 2950, 1680 (-SCQCH3), 1580, 

1470, 1410, 1340, 1130, 950, 930, 750, 620.

Anal. Calculated for CiyHuOzSji C 64.12, H 5.70

Found: C 63.53. H 5.50
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105

I3,22-Dimethyl-2,5-dithia-[3.3]-(5,7)-azulenometacyclophane, 105.

A solution o f dibromide 109 (151 mg, 0.54 mmol) 

and the dhhiolacetate 168 (156 mg, 0.55 mmol) in nitrogen 

purged benzene (200 mL) was added dropwise to a well 

stirred solution o f KOH (200 mg, 3.6 mmol) in nitrogen 

purged 95% EtOH (500 mL) at room temperature under 

nitrogen. The addition took about 12 hours. After the addition, the mixture was further 

stirred for an additional 6 hours. The solvent was removed under reduced pressure.

Dichloromethane (300 mL) was added, and then the organic extract was evaporated to

yield crude product. This was preabsorbed onto silica gel and filtered through a column 

o f silica gel using dichloromethane/petroleum ether (1:1) as eluant to give product 105 

(168 mg, 87%) as 60:40 anti/syn mixture; despite considerable effort, neither 

chromatography nor recrystallization would separate these. They are also a single spot on 

TLC. ‘Hnmr (360 MHz, CDCI3) anti: Ô 8.48 (s, 2H, Az-4,8-H), 7.73 (t, J = 3.6 Hz, IH, 

Az-2-H), 7.38 (d, J = 7.4 Hz, 2H, Bz-4,6-H), 7.19 (d, 2H, Az-1,3-H), 7.19 (t, IH, Bz-5- 

H), 1.52 (s, 3H, Az-CHj), 1.05 (s, 3H, Bz-CHj); syn: 6 7.96 (s, 2H, Az-4,8-H), 7.69 (t, 

J = 3.7 Hz, IH, Az-2-H), 7.09 (d, 2H, Az-1,3-H), 6.29 (d, J = 7.6 Hz, 2H, Bz-4,6-H), 

5.5l(t, IH, Bz-5-H), 2.67 (S, 3H, CHj), 2.53 (s, 3H, CH,). The -CHjS- protons for both 

isomers appeared at Ô 4 3-3.6 as a series o f AB's. ms (Cl), m/z: 379 (M+29), 350 (M*), 

151, 119;

HRMS Calculated for C22H22S2: 350.1163

Found: 350.1160
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L Bis(sulfonhim)salt of cis- and Érnnf-thiacyclophane, 105.

Borsch reagent, (CH^O)2CHBF4 (407 mg, 85% cil,

2.0 mmol) in dry dichloromethane (20 mL) was added to a 

stirred solution of the thiacydophane 105 (210 mg, 0.6 

mmol) in didiloromethane (20 mL) hdd at -30°C under a 

nitrogen atmosphere. After the addition, the mixture was 

allowed to warm to room temperature and stirred for another 4 hours. Then eth]d acetate 

(25 mL) was added and the mixture was stirred for an additional 20 hours. This on 

filtration gave the bis(sulfoniiun)salt (290 mg, 87%). This was employed directly in the 

next step.

C H ,

IL Stevens rearrangement of salt to give 104

Potassium t-butoxide (241 mg, 2.0 mmol) was added to a stirred suspension of 

sulfonium salt (290 mg, 0.5 mmol) in dry THF (20 mL) under a nitrogen atmosphere. The 

mixture was then stirred for 30 minutes at room temperature after which aqueous HCl 

(5%) and didiloromethane (15 mL) were added. The organic layer was separated, washed 

with water, dried and ev^orated . The yellow residue (116 mg) did not show having 

azulene unit \diich would have deq>-blue colour, and fi’om TLC it was not moveable even 

using dichloromethane or chloroform.

HL W ittig rearrangem ent of cis- and nrons-thiacydophane, 105 to give 104

LDA (2.5 mL, 2.1 mmol) was injected by a syringe into a stirred solution o f the
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thiacydophane (183 mg, 0.5 mmol) in dry THF (15 mL) under nitrogen atmosphere at - 

IO°C. The colour o f the solution changed from blue to yellow. After an additional 5 

minutes, methyl iodide (1.2 mL, excess) was then added. The mixture was then addified 

with aqueous HQ and extracted with dichloromethane. The organic extract was washed 

with water, until neutral, dried and evaporated to give a yellow residue (133 mg) which 

was not moveable in TLC plate using didiloromethane or chloroform.

2,4-Bis(acetylthiomethyl)-3-methyithiophene, 193.

A solution o f dibromide 143 (1.7 g, 6.0 mmol) and 

thiolacetic add (1.3 g, 18 mmol) in dry THF (30 mL, 

containing 5 drops pyridine) was stirred at 25°C for 24 hours 

under nitrogen protection. At that time a white predphate 

formed. The mixture was cooled to 25®C and 5 % aq. HCl 1^3

was added. The mixture was extracted with dichloromethane (2 x 20 mL), and the extract 

was dried and evaporated to yield the crude thiolacetate which was purified by 

chromatography on silica gel using 3:1 hexane: ethyl acetate as eluant to yield 

dhhiolacetate 193 (1.6 g, 94%), mp 83-85®C from cyclohexane/ethyl acetate; ^Hnmr 

(300 MHz, CDClj) 6 7.00 (s, IH, Ar-H), 4.22, 3.99 (s, 2H each, -SCHj-) 2.36. 2.33 (s, 

3H each, -OCH,), 2.08 (s, 3H, -CH,); “ C nm r (75.4 MHz, CDCI3) 6 195,5, 195.0 (- 

SCQCHj), 136.5, 134.1, 133.7 (C-1, 2, 3), 122.0 (C-4), 30.4, 30.3 (-CH^S-), 27.6, 26.6 

(-SCOCHj), 12.2 (-CHj); ms (Cl), m/z (%): 303 (M+29), 275 (M+1, 2), 201 (10), 200

(12), 199 (100, M-SCOCH3); IR (KBr, cm'‘): 2950, 1685 (SCOCH3), 1440, 1360, 1210,
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1090,960, 750.

AnaL Calculated for C11H 14O2S3

Found:

C 48.15, H 5.14 

C 48. 68, H 5.29

f T ^

1
H,COCC

1
8CO CH ,

182

l,3-Bis(acetyltliiom etfqi)-benzene, 182.

l,3-Bis^romomethyl)benzene (2.2 g, 8.3 mmol) in 

THF (20 mL) was added to a refluxing well stirred solution of 

thiolacetic acid (1.9 g, 25 mmol) and pyridine (1.3 g, 16.6 

mmol). This mixture was refluxed for 4 hours when a white 

precipitate was formed. After cooling, 5% aq. HCl was added, and then dichloromethane 

(2 X 15 mL). The organic extract was dried and concentrated. The crude product was 

chromatographed over silica gd  using ethyl acetate/ petroleum ether (1:3) as an eluant to 

yidd pure thiolacetate 182 as an oil (1.8 g, 86%), ‘H nm r (300 MHz, CDCI3) Ô 7.23-7.12 

(m, 4H, Aryl-H), 4.06 (s, 4H. -CH^S-), 2.33 (s, 6H, -SCOCH3); "C nm r (75.4 MHz, 

CDQa) Ô 195.0 (-SiX^CHj), 138.0, 129.2, 128.9, 127.8, 33.2 (-SCOC&), 30.3 (Ar-CH3); 

ms (Cl), m/z: 283 (M+29), 255 (M+1), 211, 179, 137, 104; IR  (cm*‘) 3380, 3040, 2940, 

1660-1720, 1620, 1480, 1350, 1248, 1160, 960, 800, 720, 630.

2,6-Bis(acetyltliiomethyl)-toluene, 183.

The same procedure was used as for 182 and fi’om 

bromide 109 (2.78 g, 0.01 mol) and thioacetic add (1.6 mL), 

and pyridine (1.8 mL) gave 75% yield o f 183 (2.02 g), mp.
8 C 0 C HC H ,H , C O C S

183
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87-89‘t  from (ydohexane/efrqi acetate; ‘Efrunr (300 MHz, CDCI3) Ô 7.20 (d, J = 7.6Hz, 

2H, Ar-3,5-H), 7.06 (t, J = 7.6 Hz, IH, Ar-4-H), 4.13(s, 4H, -CHjS-), 2.32 (s, 6H, - 

SCOOQ, 2.23 (s, 3H, Ar-CEQ; “Ckunr (75.4 MHz; CDO,) ô 195.1 (-SCQCï^), 135.8,

129.7,126.1,32.2 (-CH^S-), 30.3 (-SCOCHj), 15.0 (Ar-CH,); ms (Cl), m/z: 269 (M+1), 

195,118; m  (KBr, cm-') 3300, 2930, 1690 (-SCOCI^), 1452, 1420, 1350, 1160,1.100, 

960, 820, 800, 730, 620.

AnaL Calculated for CoH^gOzSg: C 58.18, H 6.01

Found: C 58.58, H 6.08

C H ,C H .,

H , C O C S

184

1,3-Bis (acetylthiomethyl)-2,4, 6-trimethylbenzene, 184.

The same procedure for the preparation of 182 was 

used from l,3-bis(bromometh^)-l,3,5-trimeth^benzene 

(3.06 g, 0.01 mmol) and thioacetic add (1.4 mL), and 

pyridine (1.6 mL) gave 72% yield o f 184 (2.14 g). mp. 132- 

134“C from cyclohexane/ethyl acetate; 'H nm r (360 MHz,

CDQj) 6.84 (s, IH, Ar-H), 4.16 (s, 4H, -CHj), 2.33 (s, 9H,

Ar-CBQ, 2.26 (s, 6H, COŒ Q; "C nm r (90.6 MHz, CDCI3) 196.1, 136.5,130.7.130.3, 

30.3, 29.0, 19.9, 15.7. ms (Cl), m/z: 297 (M+1), 221, 177, 146; IR (KBr, cm ') 3350, 

2920, 1680 (-SCOCH3), 1450, 1370, 1350, 1230, 1120, 1010, 960, 870, 810, 770, 720, 

690, 630.

AnaL Calculated for CijHjqOjSj : C 60.78, H 6.80

Found: C 60.77, H 6.78
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General procedure for preparation of thiaqrclophanes using thiolacetates:

A solution o f the bromide (4 mmol) and thiolacetate (4 mmol) in nitrogen flushed 

benzene (200 mL) was added dropwise slowly (18-36 hours) to a well stirred nitrogen 

flushed solution o f KOH (10 mmol) in water (10ml) and ethanol (600 mL). After stirring 

an additional 12 hours, the solvent was removed and water and dichloromethane were 

added. The organic mctract was washed, dried and evaporated, and the residue was 

chiromatogr^hed over silica gel with dichloromethane and hexanes (1:1) as an eluant to 

yield thiac^ophane, whidi was recrystallized fiom cydohexane or benzene to obtain pure 

thiacydophane.

2,lI-Dithia[3,3]m etacydophane, 187.

Yield: 78% (syn), mp 120-12l“C (lit"^ 120-120.5"C); 

‘Hnmr (300 MHz, CDCI3) ô 6.90 to 6.63 (8H, Ar-H), 3.62(s, 8H, 

-CH2-); ‘'C nm r (75.4 MHz) Ô 138.2, 137.0, 131.8, 129.9, 128.8,

128.5, 127.6, 127.1, 37.9, 35.7, 35.4; ms (Cl), m/z (%): 313 

(M+41), 301 (M+29), 273 (MH*).
187

9,18-Dimethyi-2,11-Dithia[3y3] m etacydophane, 188.

Yield: 68% (anti/syn: 87:13). The anti isomer was 

separated by flractional recrystallization firom benzene, mp 260- 

262 “C (anti isomer, lit.‘'^ 260-262°C). ‘H nm r (300 MHz, 

CDClj) Ô 7.70-7.00 (m, 6H, Ar-H), 3.60-3.40 (8H, as a series of

6
I

S

188
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AB's, -CH;-), 2.54 internal m e ü ^  syn isomer), 1.30 (s, 6H, internal methyl, anti isomer), 

ms (Cl), mJz: 341(M+41), 329 (M+29), 303, 301(M+1).

5,7,9,14,16,18-Heumethyl-2,ll-dithia[3,3]meta(7clophane, 189.

Yield: 48% (anti), m p 259-260“C from benzene (lit.^^ 

258-260%); ‘Hnmr (300 MHz, CDClj) 6 6.80 (2H, Ar-H), 3.72 

and 3.68 (8H, as a series o f AB's, -CH,-), 2.44 (s, 12H, external 

m eti^ , 1.18 (s, 6E[, internal m e tl^ ; “Cnm r (75.4 MHz, CDCI3)

Ô 139.6, 136.8, 130.9, 130.0, 30.2, 28.8, 20.4, 20.2, 15.0, ms 

(Cl), m/r. 385 (M+29), 357 (MH").

189

5,7,9-TrimethyI-2,I I-dithia[3,3]m etacyclophane, 190.

Coupling between thiolacetate 184 and bromide 180 (R,

= R« = H). Yield: 83%. mp 126-127®C; 'H nm r (360 MHz,

CDCI3) Ô 7.06-6.94 (m, AB ,̂ 3H, H-14, 15, 16), 6.72 (s, IH, H- 

6), 5.67 (IH, H-18), 4.00-3.79 (4H, as a series o f  AB's, -CHJ.

3.62-3.34 (4H, as a series o f AB's, -CHJ, 2.33 (s, 6H, -CHJ, 1.89 (s, 3H, -CHJ; “ C nm r 

(90.6 MHz, CDQJÔ 139.1, 138.5, 136.2, 130.3, 130.2, 128.9, 128.4, 126.1,34.7, 30.2, 

20.5,15.4; ms (Cl), m/z: 343 (M+29), 315 (M+1), 181, 147.

190

5,7,9-Trimethyl-2,l l-dithia[3,3]m etacyclophane, 190.

Coupling between bromide 180 (R, = R,= CHJ and thiolacetate 182. Yield: 85%.
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mp 126-127®C; ‘Hnmr and "Cnmr and mass spectrum identical to sample above.

B n

C H ,

191

5,7,9,18-Tctram ethyI-lS-t-bu^-2,lldrthm [3^]m etacydopham e, 191.

A solution of the thiolacetate 184(2.96 g, 0.01 mol) 

and 2,6-bis(bromomethyl)-4-fert-butyltoIuen^‘* (3.06 g, 0.01 

moQ in nitrogen flushed benzene (250 mL) was added 

dropwise slowfy in 24 hours to a well stirred nitrogen flushed 

solution o f KOH (1.7 g, 0.03 mol) in w ater (20 mL) and 

ethanol (1500 mL). After stirring an additional 12 hours, the 

solvent was removed and water (150 mL) and dichloromethane (200 mL) were added. The 

organic extract was washed, dried and evaporate, and the residue was chromatographed 

over silica gel to yidd thiacydophane 191 (2.38 g, 62%) as synlanti mixture which would 

not be separated; ‘Hnm r (300 MHz, CDCI3) major peaks at Ô 7.37 (s, IH, Ar-H), 7.06 

(s, IH. Ar-H), 6.82 (s,lH , Ar-H), 6.78 (s, IH, Ar-H), The -CHjS- protons for both 

isomers appeared at 3.80-3.56 as a series o f AB's, 2.39 (s, 3H, Ar-CHj), 2.36 (s, 3H, Ar- 

CHj), 1.55, 1.34, 1.26, 1.07 (s, each, total 21H, methyl protons); ms (Cl), mix: 413 

(M+29), 385 (MH"), 369.

AnaL Calculated for C 74.94, H 8.39

Found: C 74.46, H 8.40

7-r-ButyI-l,3-dimethyl <rans-10b,10c- dimethyi-lGb,10c-dihydropyrene, 236a. 

L W ittig rearrangem ent of thiacydophane 191.
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n-BuU (11 mL, 17.1 mmol, 1.6M in hexanes) was added by syringe to a stirred 

solution of dithiacyclophane 191 (2.2 g, 5.7 mmol) in dry THF (60 mL) under nitrogen at 

room tenq)aature. The initially coloriess solution turn dark red and was stirred for an 

additional 10 minutes. Methyl iodide (2.4 g, 1.1 mL)17 mmol) was then added and the 

solution turned to pale ydlow. The mixture was then quenched with ice-water and 

extracted with dichloromethane (150 mL). The organic extract was washed with water, 

until neutral, dried and evtq>orated to give a yellow oil. This was then diromatographed 

over silica gel using hexanes: dichloromethane (3:1) as an eluant to give a yellow solid 

(1.8 g, 75%) as a mixture o f isomers.

EL Formation of bis(sulfonium) salt

The above mixture (1.8 g, 4.4 mmol) in dry dichloromethane (70 mL) was added 

slowly with stirring to a suspension of Borsch reagent ( 2.6 g, 80% as oil, 13 mmol) in dry 

didiloromethane (30 mL) held at -300C under a nitrogen atmosphere. When the addition 

was conqilete, the mbdure was allowed to warm to room temperature and was stirred for 

another four hours. Then e tl^  acetate (50 mL) was added and the mixture was stirred for 

24 hours. This on tiltration gave the bis(sulfonium) salt (2.5 g, 93%) as white powder.

Hofmann elimination to prepare of 236

Potassium t-butoxide (1.4 g, 12.3 mmol)was added to a stirred suspension o f the 

above bis(sulfonium) salt (2.5 g, 4.1 mmol) in dry THF (50 mL) under nitrogen. The 

mixture was then stirred for one hour at reflux. After cooling of the reaction mixture.
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BU*

i x
1 il1 II

u« Me

236a

hexanes (200 mL) was added and the mixture was 

quenched with ice-water (100 mL) The organic layer was 

then sepamtW, washed, dried and evjqrarated. The dark 

green residue was chromatographed over s^ca  gel, using 

hexanes as an eluant, and gave à mixture o f 236a and 

236b (0.73 g, 56%). Pure 236a is fiom methanol, H nm r (360 MHz, CDCI3) Ô 8.59 (d, 

J = 7.8 Hz, 2H. H-4, 10), 8.49 (s, 2H, H-6,8), 8.43 (d, J = 7.8Hz, 2H, H-5,9), 7.81 (s, IH, 

H-2), 3.16 (s, 6H, Ar-CHj), 1.68 (s, 9H, t-Bu), -4.00 and -4.06 (s, 3H each, internal CH,); 

mp 132-135®C (decomp). “ Cnm r (90.6 MHz, CDCl,) Ô 146.1, 137.7, 132.9, 129.5,

128.1, 121.5, 120.1, 119.9; ms (Cl), m/r. 355 (M+29), 317 (MH"), 316 (NT), 301, 245. 

HRMS: Calculated for Cz^H ,̂. 316.2191

Found 316.2188

2-r-Butyl-6,8-dimethyI cû-lOb, lOc-dhnethyi-lOb, lOc-dihydropyrene, 236b 

Pure cis- isomer 236b cant be isolated fiom trans- 236a, 

but the chemical shifts are easily observed. ^Hnmr (300 MHz,

CDO^ Ô 8.81 (d, J = 8.5Hz, 2H, H-4,10), 8.68 (d, J = 8.5Hz,

2H, H-5,9), 8.26 (s, 2H, H-H-6,8), 7.3 l(s, IH, H-2), 3.03(s,

6H, Ar-CHj), 1.60 (s, 9H, t-Bu), -1.93 and -1.96( s, 3H each, 

internal CH,).
236b
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194

8,16-Dûnethÿl-2,10-d:thia[3^]bis-(2,4)-th:o(5,14)pheaophane 194, and 8,16-

Dimethyl-2,10-dithia[33] bk-(2,4)th:o(S,13)phenophane 195.

Coupling between thiolacetate 193 (4.2 g, 0.015 mol) 

and bromide 143 (4.4 g, 0.015 mol) gave syn and anti mixture 

of thiaqndophane 194 and 195 (2.6 g, 56%) which can not be 

separated. *Hnmr (300MHz, CDCI3) Ô 6.98 and 6.97 (s, IH  

each, anti, Ar-H), 6.73 and 6.63 (s, IH  each, syn, Ar-H), 4.38 

to 3.40 (8H  -CHj-), 2.31 and 2.28 ( s,3H each, syn, internal 

-C H j), 1.89 and 1.85 (s, 3H each, anti, internal -CHj); "C nm r 

(75.4 MHz, CDClj) Ô 123.5 and 122.8 (C-H), 140.6, 139.0,

135.6, 133.9, 133.2, 29.8, 28.2, 27.6, 27.3, 13.8, 13.7; ms 

(Cl), m/r. 353 (M+41), 341 (M+29), 313 (M+1).

When the thiol 192 and bromide 143 were used to 

prepare 194 and 195, the yield was only 23%.^‘°

Anal. Calculated for Ci^HjgS^: C 53.81, H 5.16

Found: C 53.96, H 5.22

195

9 ',17-D im etbyl-2 ,ll-d ith ia[3]m etacyclo[3 .3](2 ,4)thiophenom etacyclophane, 

141.

A solution o f the dibromide 109 (2.24 g, 8nunol) and the dhhiolacetate 193 (2.21 

g, 8 mmol) in nitrogen purged benzene (500 mL) was added to a stirred solution o f KOH 

(1.30 g, 85%, 20 mmol) in nitrogen purged 95% EtOH (1500mL) contained in a morton
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flask via a precision addition funnel over 24 hours. The 

experimental setup was kept under a positive pressure o f 

nitrogen throughout the course o f the addition. A fter the 

addition was over, the solution was stirred flar another 24 

hours, then the solvents were removed under vacuum, the 

solid residue was extracted with CH^Clg (300 mL) and the

CH^Clz extract was washed with water (2 x ICO mL), dried and evaporated to yield the 

crude (^ophanes which were purified by chromatography on silica gel (elution with 1 ; 1 

CHjClj! pentane) to give pure thiacyclophane 141 ( 1.6 g, 64%), ^Bhimr and “ C nm r is 

the same as literature report.’* ms (Cl), m/z: 347 (M+41),335 (M+29), 307 (M+1), 306.

S,7-Bis(form^)-6-metbylazulene, 200.

A mixture ofdiol 110 (320 mg, 1.6 mmol) and PDC (3.2 

g, 8.5 mmol) in dichloromethane (40 mL) was refluxed for 48 

hours. It was then cooled to 2S'*C and water was added. The 

organic layer was washed with satd. NaCl (3 x 1 5  nlL), dried and 

evaporated to gjve the crude product which was purified by 

chromatography (elution with 5:1 hexane: ethyl acetate) to yield 

dialdehyde 200 (28 mg, 9%), mp 182-183*^; *Hmnr (300 MHz, CDClj) ô 10.60, (s, 2H, 

-CHO), 8.90 (s, 2H, Az-4,8H), 7.86 (t, 1 = 3.6 Hz, IH, Az-2H), 7.78 (d, 1 = 3.6 Hz, 2H, 

Az-1,3H), 3.21(s, 3H,-CH3); “Cnmr(75.4 MHz, CDCIj) Ô 192.5 (-CHO), 153.0 (C-5,7),

139.6, 138.8, 136.6, 130.2, 129.5 (C-1, 2, 3, 4, 6, 8, 9, 10), 19.2 (-CHj); ms (Cl), m /z

C H OH O C

200



182

(%): 239 (M+41,2), 227(M+29,12), 201 (3), 200(14), 199 (M+1,100), 173 (2); ER (KBr, 

cm-‘): 2960, 2820, 2740,1675,1595,1430, 1200, 1120.

HRMS Calculated for CuHjoOji 198.0681 

Found: 198.0677

l^D ibrom oazulene, 270.

A solution o f azulene 43 (256 mg, 2.0 mmol) and MBS (712 

mg, 4.0 mmol) in acetic add /  chloroform (1 mL /  39 mL) was 

stirred under nitrogen protection for 24 hours at 25°C. Ice-water 

(20 mL) and diethyl ether (40 mL) were added and the organic 270

layer was washed with 15% NaHCO, (3 x 15 mL), dried and evaporated to yield crude 

product which was chromatographed using diethyl ether/ petroleum ( 1:6) as eluent to give 

pure dibromide 270 (492 mg, 86%), mp 76-77®C (lit” ‘ 76-77®C); *Hnmr (300MHz, 

CDQa) Ô 8.29 (d, J = 9.4 Hz, 2H, Az-4.8-H), 7.79 (s, IH, Az-2-H), 7.67 (t, J  = 9.9 Hz, 

IH, Az-6-H), 7.26 (t, J = 9.9 Hz, 2H, Az-5,7-H); "Cnm r (75.4 MHz, CDClj) ô 140.1, 

138.2, 136.7,124.1 (C-2,4, 5 ,6,7 ,8), 135.8 (Aryl quartemary), 102.7 (C-1,3). ms (Cl), 

m/r. 286 (NT), 284 (M*), 282 (M*), 207, 205, 203; IR (KBr, cm'̂ ): 1654, 1570, 1379, 

1289, 935, 854, 763, 727.

Reaction of 5,7-bis(methylcarbonyloxymethyI)-6-methylazuIene with NBS

A solution o f diacetate 162 (240 mg, 0.84 mmol) and NBS (300 mg, 1.7 mmol) 

in chloroform (50 mL and 1 mL of HOAC) was stirred at 25°C for 24 hours under



1 8 3

nitrogen protection. After evaporating the solvent, the 

mixture was chromatographed using d ie ti^  ether/ 

petroleum ether (1:3) as eluant Eluted first was dibromide 

221 (210 mg. 57%), m .p 148-150“C; H nm r (300 MHz,
OAC C H .  OA C

221

CDClj) Ô 8.27 (s, 2H, Az-4,8-H), 7.71 (s, IH, Az-2-H), 5.31 (s, 4H, -CH^O-), 2.61 (s, 

3H, Az-CHa), 2.14 (s, 6H. -OCOCH3); “Cnmr (75.4 MHz, CDCI3) ô 170.8 (-QCÛCH3), 

138.9, 138.3 (C-2,4, 8), 152.2, 133.0, 130.0 (C-5, 6, 7, 9, 10), 104.5 (C-1, 3). 69.74 (- 

c a p -), 21.0 (Az-CHa), 20.8 (-OCOCtlj); ms (FAB): 443.9, 384.9, 307.0, IR (KBr, cm" 

‘): 2980, 2920, 1730, 1580, 1410, 1370, 1320, 1230, 1200, 1010, 960, 900, 830.

Anal. Calculated for C^^HigBrzO :̂ C 45.98, H 3.63

Found: C 46.12, H 3.61

Eluted secondly was bromomethyidibromide 222 

(76 mg, 20%). m.p 162-164%; ‘Hnmr (300 MHz, CDCI3) 

Ô 8.30 (s, 2H, Az-4,8-H), 7.72 (s, IH, Az-2-H), 5.44 (s, 

4H, -CH2O-), 4.82 (s, 2H. Az-CH^Br), 2.14 (s, 6H, - 

OCOCH3); “Cnmr (75.4 MHz, CDCI3) Ô 170.7 (-

C H . B r

222

ÛCÛCH3), 140.2, 140:1 (C-2, 4, 8), 149.0, 133.9, 130.3 (C-5, 6, 7, 9, 10), 105.8 (C -l, 

3), 68.4 (-CH2O-). 30.3 (Az-CHjBr), 21.1 (-O C O G t); (KBr, cm*‘): 2980, 2920, 1730 

(-OCOCH3), 1580, 1450, 1410, 1360, 1320, 1290, 1200, 1010,960, 920, 900, 735. ms 

(El), m/z: 526, 525, 524, 523, 522, 521, 520, 444, 384, 341, 325, 275, 243, 165.
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HRMS Calculated for C^HtjBrjO^: 523.8480.

Found: 523.8455

3^bis(methylcarfoonyloxymethyI)-4-niethyl-2-bromothiophene*, 203.

Diacetate 149 (17.5 g, 72 mmol) and NBS (14.2 g, 80

mmol) was dissolved in chloroform (100 mL). The resulting

solution was gentfy wanned for 8 hours and then ice-water (50 mL)

was added. The oiganic layer was separated and washed with satd.

NaHCO] (2 X 30 mL, until the brown color was disappeared), satd.
203

NaBr (2 x 20 mL) and dried. Evaporated to yield crude product.

This was purified by chromatography on silica gd (dution with 9:1 pentane: ethyl acetate) 

and gave pure 203 (22.3 g, 96%) as oil, *Hnmr (300 MHz, CDClj) Ô 5.08 (s, 2H, -CHjO- 

), 4.96 (s, 2H, -CH^O-), 2.18 (s, 3H, -CHj), 2.03 (s, 6H, -OCOCH,); "C am r (75.4 MHz, 

CDCI3) Ô 170.7, 170.6 (-ÛCÛCH3), 137.0, 135.1, 132.5 (C-1,2,3), 115.1 (C-4), 59.2,

58.2 (-CH2O-), 20.8, 20.7 (-OCOCH3), 12.7 (-CH3); ms (Cl), m/z (%): 321 (M-1, 11), 

319 (M-1, 10), 265 (4), 264 (10), 263 (99), 262 (13), 261 ( 100), 219 (1 1), 217 (9); IR  

(cm-‘): 3463,2961, 1743 (-OCOCH3), 1567, 1454, 1367, 1228, 1103,1027, 965, 852; 

AnaL Calculated for CiiH^aO^BrS: C 41.14, H 4.08

Found: C 40.86, H 4.52

*. lUPAC: 2-Bromo-4-methyl-5-methylcarbonyloxymethyl-3-thiolylmethyl acetate
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OH CH OH

121

3^Bis(hydrojymethyI)-4-aiethyl-2-bromothiophene%  121.

Diacetate 203 (22.3 g, 0.069moO and KOH (13.8 g, 0.21 

mol) in water (20 mL) were refluxed under Nj for 12 hours. Then 

water (30 mL) was added and mixture was extracted with CHClj (5 

X 30 mL). The organic lay ^  was washed with satd. NaCl, dried and 

evaporated to yield crude product vdiich was reoystallized from a 

mixture of cydohexane and ethyl acetate to give the diol 121 (11.5 

g, 70%) as colorless needles, mp 99-101°C; *Ehimr (300 MHz, DMSO-dg) Ô 5.46 (t, J =

5.3 Hz, IH, -CHjOH). 4.97 (t, J = 5.2 Hz, IH, -CHjOH). 4.51 (d, J = 5.0 Hz, 2H, - 

CHiOH), 4.30 (d, J = 5.1 Hz, 2H, -CH^OH), 2.12 (s, 3H, -CH,); “Cnm r (75.4 MHz, 

DMSO-dj Ô 140.9, 140.2, 132.6 (C-2,3, 4), 108.1 (C-1), 56.5, 56.3 (-CH^OH), 12.3 (- 

CHj); ms (Cl). m /z(% ): 238 (M", 5), 236 (M", 5), 221 (95), 219 ( 100), 191 ( 11), 189 

(12); IR (KBr, cm'̂ ): 3320, 3220 (-OH), 2900, 2850, 1560, 1450, 1420, 1380, 1340, 

1290, 1200, 1090, 1020, 1000, 970, 850, 650.

AnaL Calculated for CjH^BrO^S: C 35.60, H 3.84

Found: C 35:65, H 3.83

3,5-Bis(bromomethyl)-4-methyI-2-bromothiophene‘’, 120.

PBrj (2.1 mL, 23 mmol) was added dropvnse to a stirred solution of the diol 121 

(4.7 g, 20 mmol) in dry CHClj (100 mL) containing pyridine (1 mL) at 0°C under Nj. The

'. lUPAC: 5-Bromo-4-hydroxymethyl-3-methyl-2-thioIylmethanol 

lUPAC: 2-Bromo-3,5-di(bromomethyI)-4-methyIthiole
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mixture was allowed to warm to 25*C and stirred for another 12 

hours. It was then quenched with the addition o f ice-water (20 mL), 

and the organic layer was sqiarated, washed with 20% NaHCO, and 

satd. NaBr. It was then dried and the solvent was evaporated to yield 

light yellow bromide 120 (6.9 g, 95%), mp 106-107®C from

CH

120

benzen^ ^Hnmr (300 MHz, CDCI3) Ô 4.56 and 4.37 (s, 2H each, -CHjBr), 2.23 (s, 3H, 

-CH3); “Cmnr (75.4 MHz, CDCI3) ô 137.0, 136.6, 134.5 (C-2, 3, 4), 114.2 (C-1), 25.1, 

24.7 (-CH^r), 12.7 (-CH3); ms (Cl), m/r. 393, 391, 389, 365, 363, 361,286, 285, 283; 

281, IR(EBr,cm'^): 3029,2968, 2917, 1654, 1431, 1391, 1209, 1128, 1088, 1007, 916, 

552.

AnaL Calculated for C^H^BraS:

Found:

HRMS Calculated for C? H? ” Br3

Found:

C 23.17, H 1.94 

C 23.45, H I .99 

363.7819 

363.7809

I4-Bromo-9,17-dimethyi-2,ll-dithla[3]metacyclo[3](2,4)thiophenophane*, 119

A solution o f the dithiol 107 (3.5 g, 18.7 mmol) and the bromide 120 (6.9 g, 18.7 

mmol) in nitrogen purged benzene (500 mL) was added dropwise to a well stirred solution 

of KOH (3.7 g, 56 mmol) in nitrogen purged 95% EtOH (1500 mL). After the addition

lUPAC: 7-Bromo-16,17-dimethyl-3,6,10-trithiatricyclo[ 10.3.1.1 *’*]heptadeca- 
1(15),5(17),7,12(16), 13-pentaene
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119

was complete (24 hours), the solution was concentrated.

Dichloromethane (200 mL) and water (200 mL) were added 

and the dichloromethane extract was washed, dried and 

evaporated to give crude product which was purified by 

chromatography on silica gel using 1:1 pentane: CHjClj as an 

eluant to yield syn- and anti- cydophane 119 (4.5 g, 62%). The 

mîrial ratio o f the antitsyn isomers was determined to be 60/40 by ^Bbimr. IR  (KBr, cm*‘): 

2917, 1462, 1411, 1219, 1077, 1007, 976, 916, 784, 734, 653, 582. Pure syn- 

thiacydophane 119b can be separated from aw/f-thiacydophane 119a by using short 

column and collecting the first elute (eluting with d-chlorofiDrm).

'H nm r (300 MHz, CDClj) Ô 7.10 (t, J = 7.5 Hz, 2H, H-

5.7), 6.94 (t, J = 7.5Hz, IH. H-6), 4.21-3.32 (m, 8H, H- 

1,2,3,4,8,9,10,11), 2.39 and 2.37 (s, 3H each, internal CHj);

“Cnmr(75.4 MHz, CDClj) Ô 137.9, 137.0, 135.3, 134.6, 132.8,

130.6, 127.7, 125.6, 112.0, 37.2, 34.9, 30.8, 29.9, 16.8, 14.3; ms 

(Cl), m/r. 415 (M+29), 413 (M+29), 387 (M+1), 385 (M+1); 

ond-thiaqrdophanc 119a (by subtraction o f the peaks due to syti) '.

‘Hnmr (300 MHz, CDClj) Ô 7.39 (d, J=  7.3 Hz, 2H, H-

5.7), 7.07-7.00 (dd, IH, H-6), 2.03, 1.28 (s, 3H each, -CHj);

‘̂ Cnmr (75.4 MHz, CDClj) ô 138.5, 137.7, 132.4, 131.0,

129.1, 125.4, 112.0, 33.7, 30.6, 27.7, 26.7, 15.9, 12.9

119a

B r ^
1 f

1
8
1

/  1

/  J

119b

1 syk
1
s

1
s

11
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Anal*. Calculated for CigH^^ErS]: C 49.86, H 4.45

Found: C 50.21, H 4.45

Stevens rearrangem ent and H ofm ann elim ination 

L Form ation of the bis-sait 204

A solution of tfaiac^dophane 119 (0.8 g, 2.0 mmol) 

in dry € 8202(40  mL) was added to  a stirred suspension of 

(CH30)2CHBF4 (1.4 g, -80%  oil, 4mmol, excess) in CI^Clj 

(10 mL) at -30®C (dry ice-acetone) under nitrogen. After 

stirring without fiirther cooling for 4 hours, ethyl acetate 

(40 mL) was added, and stirring continued for another 12

“ '1 1 f

1
Mb-S»

y  1
y  *S—Me

11
\  28F4

204

hours. The insoluble vdihe bis-sulfonium salt was then formed and it was filtered under 

suction, washed with dry ethyl acetate (30 mL) and dried overnight under vacuo.The salt 

204 (1.2 g, 98%) was used directly in the next step.

XL Stevens rearrangem ent

Salt 204 (1.2 g, 2.0 mmol) was suspended in dry THF (60 mL) under nitrogen and 

solid t-BuOK (0.7 g, 6.0 mmol) was added. The mixture was stirred for 30 minutes*** at 

25*t and ice-water (15 mL) and CH2CI2 (30 mL) were added. The organic layer was then 

washed, dried and evaporated. The residual oil was chromatographed on aluminium oxide

*. The mixture of cis- and irons- 119

*’. Shorter (15 minutes) or longer (45 minutes) reaction time gave ( 15-20%) yield.
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using CHgClz-petroIeum ether (1:1) as the eluant to yield 

mixed isomers o f 118 (0.33 g, 41%) as a light yellow 

paste, ms (Cl), m /r. 441 (M+29), 413 (M+1), 365 (M - 

SMe), 333 (M-Br), used directly in the next step.

SMeMa s

118
HL Formation o f the bis-salt, 205

The above paste 118 (0.33 g, 0.6 mmol) 

dissolved in CH2CI2 (20 mL) was added to a stirred 

suspension o f Borsch reagent (863 mg, -80%  oil, 2.5 

mmol) in CHjCIj (5 mL) at -3 0^ , under nitrogen. After 

stirring without further cooling for 4 hours, ethyl 

acetate (30 mL) was added and stirred for another 12 

hours. Mixed sulfonium salt 205 as black solid was collected and dried (260 mg, 72%) 

which is very unstable and hence used directly in the next step.

6  Ma

2BF

205

IV. Hofmann elim ination to give 4-Bromo-c£s-9b,9c-dimethyI-9b,9c- 

dihydrophenyleno[l,9-bc]thiophene\ 116a, and 4-Brom o-tra/ts-9b,9c-dim etbyl- 

9b,9c-dihydrophenyleno[l,9-bc]thiophene^, 116b

The bis-salt 205 (260 mg, 0.4 mmol) was suspended in dry THF (30 mL) under

‘. lUPAC: (9bR,9cS)-4-Bromo-9b,9c-dimethyl-9b,9c,dihydrophenaleno[l,9- 
bcjthiole.

rUPAC: (9bR,9cR)-4-Bromo-9b,9c-dimethyl-9b,9c,dihydrophenaleno[l,9- 
bcjthiole
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116a

nitrogen, to which solid t-BuOK (140 mg, 1.3 mmol) was then 

added. The mixture was stirred at room temperature for 30 

minutes and then ice-water and CH2CI2 (10 mL) was added.

The organic layer was washed with satd. NaCI, dried and 

evaporated to yield a  solid vdiich was diromatographed four 

times over silica gel using pentane (several drops o f

dichloromethane is necessary) as an duant to give a mixture o f 116a and 116b (34 mg, 

27%). Finally use o f a longer column and silica gd (230-400 mesh), eluted first was 116a 

(8 mg, 6%), as ydlow plates fi’om hexane, mp 62-65°C (decomp) fiom methanol, H nm r 

(300 MHz, CDCI3) Ô 7.40 (d, J = 9.6 Hz, IH, H-4), 7.29 (d, J = 9.6 Hz, IH, H-3), 7.08 

(d, J = 9.6 Hz, IH, H-7), 6.90 (d, J = 6.4 Hz, IH, H-9), 6.82 (d, J = 6.4 Hz, IH, H-8), 

6.77 (d, J = 5.6 Hz, IH, H-5), 6.54 (dd, J = 5.6 Hz, J = 9.6 Hz, IH, H-6), 0.32 (s, 3H,

internal CHj) and 0.06 (s, 3H, internal Œ 3); ms (El), 337, 318,316, 303, 286, 256, 243,

222, 207, 189, 163, 144, 131, 103, 88. UV (THF) ( e ^  424 (1,820), 328 (8,900), 

234(3,900).

HRMS Calculated for CigH„BrS: 315.9921

Found: 315.9923

Eluted second was 116b (24 mg, 19%), as light 

reddish solid fi'om hexanes, mp 101-102°C (decomp) fi*om 

methanol, ‘H nm r (360 MHz, CDCI3) Ô 7.22 (d, J = 9.14 

Hz, IH, H-4), 7.09 (d, J = 9.00 Hz, IH, H-7), 7.02 (d, J =

9.14 Hz, IH, H-3), 6.96 (d, J  = 6.25 Hz, IH, H-5), 6.78 (d,
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J = 6.14Hz, IH, H-9), 6.76 (d, J = 6 .14Hz, IH, H-8), 6.72 (dd, IH, H-6), -0.87 (s, 3H, 

internal-C H j), -1 .03 (s, 3H, internal -CH,); “ Cnmr(9G.6 MHz, CDClj) Ô 143.4, 137.7,

137.4, 134.7 (aryl quartemary), 127.1, 125.4, 124.2, 121.7, 119..2, 116.8, 113.8 (Aryl 

CH), 107.8 (Aryl C-Br), 37.0, 29.7 (Bridge quartemary), 17.5, 15.6 (Intemal -CHj); ms 

(Cl), m/z: 317 (M"), 302 (M-15), 238 (M-79), 223 (M-94); UV (THF) 540

(370), 504 (780), 470 (1,090), 444 (1,120), 371 (1,020), 328 (27,800), 242 (5,900). 

HRMS Calculated for CjfiHijSiBri: 315.9921

Found: 315.9917

Bi(2,2'-trans-10b,10c-dimethyl-10b,10c-dihydropyrenyl)*, 102.

A m i x t u r e  o f  

B is(triphenylphosphine)nickel(II) 

chloride (19.3 mg, 0.03 mmol), 

triphenylphosphine (100 mg, 0.38 102

mmol), zinc powder (30 mg, 0.46 mmol), Et^NI (77 mg, 0.3 mmol) and dry THF (10 mL) 

was stirred at 50“C under Ar for 1 hour, resulting in a change of colour from green blue 

to reddish brown. Bromopyrene 124'* (92 mg, 0.3 mmol) in THF (10 mL) was then added. 

After 24 hours at 50°C the reaction mixture was cooled, filtered through a short colunm 

of neutral aluninium oxide using petroleum ether as eluant to yield crude product which

*. lUPAC: ( 1 ObR, 1 OcR)-2-[( 1 ObR, 1 OcR)-1 Ob, 1 Oc-dimethyl-1 Ob, 1 Oc,dihydro-
2-pyrenyl]-1 Ob, 1 Oc-dimethyl-1 Ob, 1 Oc-dihydropyrene

**. Prepared by NBS/DMF method.
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was chromatographed on neutral aluninium oxide again using petroleum ether as eluant 

to yield bipyren^ 102" (50 mg, 55%). This was recrystallization from methanol to ^ e  

pure 102, mp 199-20l"C (Iit.“ *. 195-199%); *Hnmr (300 MHz, CDCI3) Ô 9.46 (s, 4H, 

H-1,3), 8.76 (d, J = 7.79 Hz, 4H, H-4,10), 8..61 (d, J = 7.79 Hz, 4H, H-5,9), 8.51 (d, 4H, 

J = 7.75 Hz, H-6,8), 8.02 (t, 2H, H-7), -3.68 and -3.77(s, 6H each, -CH,); “ Cnm r (75.4 

MHz, 0 0 0 3 )0  137.6(06,8), 124.5, 124.3, 123.9, 123.4, 123.3 (C-1,2,3,4,5,6,8,9,10),

15.1, 14.7 (CH3).

BQRMS Calculated for CagH^: 462.2348

Found: 462.2343

7-(IGb,I0c-dim^yl-7-oxo-2,7,I0b,10c-tetrahydro-2-pyrenyliden)-10b,I0c-dimethyI-

2,7-10b,I0c-tetrahydro-2-pyrenone, 263,264.

a. Oxidation with NBS

NBS (14 mg, 0.08 mmol) in 

DMF (5 mL) was added dropwise to 

a stirred solution o f dimer 102 (35 

mg, 0.08 mmol) in DMF (10 mL) at 

25*’C. After stirring over night at 

room temperature, the mixture was 

poured into ice water and extracted
263 and 264

".About 5% dimer 249 was also isolated, the bromidel24 was prepared using the 
NBS/DMF method
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with dichloromethane. The organic layer was washed thoroughly with water, dried and 

evaporated. The residue was dissolved in ethyl acetate, chromatographed on alumina using 

e th ^  acetate and petroleum ether (8:2) as eluant to yield the quinones 263 and 264 (14 

rag, 36%). A sample was recrystallized fiora benzene to give black crystals, mp 282-287®C 

(decomp, it is a mixture o f263 and 264!); *Hnmr (300 MHz, CDCI3) ô 7.05 and 7.04 (s, 

4H, H-6 or H-8), 6.58 (d, J = 9.44 Hz, 4H, H -5,9), 6.38 (d, J = 9.3 Hz, 4H, H-4,10), 6.25 

(s, 4H, H-1,3), 1.25, 1.24 and 1.08, 1.07(s, 12H, internal O ^ ); “ Cnm r (75.4 MHz, 

CDCI3) Ô: 157.9, 142.9, 132.7, 126.7, 126.6, 124.8, 124.3, 27.9, 25.4; IR  (KBr, cm '): 

2923,2848,1610,1540, 1430,1360, 1220, 880; UV (THF) ran (e „ J  263 (18,080), 

292 (16,800), 552 (28,400).

AnaL Calculated for C 87.78, H 5.73

Found: C 87.64, H 6.22

b. Oxidation with PDC

A solution of PDC (122 rag, 0.3 raraol) in dry DMF (20 mL) was added slowly to 

a solution of dimer 102 (30 mg, 0.06 raraol) in dry CHCI, (10 mL) at 0-5“C. The addition 

took about half hour and the reaction mixture was left stirring at room temperature for 

another hour. The mixture was filtered through a short column o f neutral alumina using 

ethyl acetate as eluant. The organic layer was washed thoroughly with water, and then 

dried and concentrated under reduced pressure. The solid residue was chromatographed 

on ^ c a g e l using eth^ acetate and petroleum ether (8:2) as eluant to yield 263, 264 ( 12 

mg, 41%) which have an identical NMR spectrum to that above.
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Bromination by NBS in CHCI3 

Standard procedure;

NBS (I or X mmol, x = 2 to 10) was added to a solution o f substrate (1 mmol) in 

dry CHCI3 ( 20 mL) and stirred at room temperature for 8 to 24 h. Evaporated under 

reduced pressure to remove CHCI3 and chromatography o f the product on silica gel 

(dution with pentane or 8 :2, pentane : ethyl acetate) or recrystallization from methanol 

to yidd product 

2-Bromothiophene, 267.

Using 1 eq o f NBS, yield o f bromide 267 is 71%.

‘H nm r(300 MHz, CDCI3) Ô 7.24 (dd, 1.5 Hz, H5), 7.10 

(dd, 13.4= 3.7 Hz, H3), 6.90 (dd, 14.5= 5.2 Hz, H4); ‘̂ Cnmr 

(75.4 MHz, CDCI3) Ô 130.0, 127.9, 127.2, 112.5, ms (Cl), 

m/z: 166, 165, 164 (M*), 163, 162 (M")
267

2,5-Dibromothiophene, 2 6 8 .^

Using 2 eq of NBS, the dibromide 268 was obtained 

in 56% yidd. ‘Hnm r (300 MHz, CDCI3) Ô 6.85 (s, 2H); 

“Cnmr (75.4 MHz, CDCI3) ô 130.58, 112.0. ms (Cl), m /z 

285,283,281,273,271, 269,246, 245, 244 (M"), 243, 242 

(M"), 241, 240 (M*)
268
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4-BFomo-10b,10c-dimethyi>10b,10c-dihydropyrene, 260

Using I eq o f NBS at room temperature for 24 hours. 

The products are 2-bromodimethyldihydropyrene 124 and 4- 

bromodimethyldihydropyrene 260. The yield is 78% as 1:1 

mixture o f 124 and 260. The ratio was determined by H nm r 

as 50:50. 260 can not be separated from 124, but is easily 

distinguished by %  NMR. ^Hamr (300 MHz, CDCIj) 6 8.90 

(d, H-3), 8.85 (s, H-5), 8.64-8.54 (m, H-1, 6, 8, 9, 10), 8.20 (t, 

H-2), 8.13 (t, H-7), -4.14 and -4.15 (s, 3H each, intemal 

methyl).

260

124

Bi(2y4'-frans-I0b,I0c-dimetfayl-10b,10c-dihydropyrenyQ 249, and symmetrical dimer 

102.

A m i x t u r e  o f

bis(tripheiQiphosphine)nickd(II) chloride (9.7 

mg, 0.02 mmoQ, triphenylphosphine (50 mg,

0.2 mmoQ, zinc powder (15 mg, 0.23 mmol),

Et^NI (39 mg, 0.2 mmol) and dry THF (10 

mL) was stirred at 50°C under agron for one 

hour, resulting in the change o f the colour 

from green blue to reddish brown. A mixture 

of bromopyrenes 124 and 260 (46 mg, 0.15

249



196

mmol, 1:1 mixture o f 2-bromide and 4-bromide, using NBS/CHClj method) in THF (10 

mL) was added. After 24 hours at 5 0 t , the reaction mixture was cooled, filtered through 

a short colunm o f neutral aluninium oxide using petroleum ether as eluant to yield m ide 

product (containing Ph^P which is extremdy difficult to remove) which was 

chromatographed on silica gel three to four times using petroleum ether (adding several 

drops of didiloromethane) to elute imer 249 (13 mg, 28%) first, which was recrystallized 

fiom methanol, mp 185-186°C; Bhtmr (360 MHz, CDCI3) Ô 9.21, 9.20 (s each, H-1 or 

H-3), 9.14 (s, H-4*), 8.98 (d, J  = 7.97 Hz. H-3'), 8.82-8.65 (m, 11H.H 4. 5, 6, 8, 9, 10, 

1", 6", 8'. 9*. 10"), 8.20 (t, J = 7.66 Hz, 3H, 8.15 (t, J = 7.74 Hz, 3H), 8.12 (t, J = 7.82 Hz, 

3H), -3.81, -3.82, -3.87, -3.94 (s, 3H each, intemal methyl); “C NMR (90.6 MHz) Ô

138.5,138.1, 138.0, 137.9,137.8, 137.6, 135.0, 127.6, 127.6, 127.5, 124.9, 124.8, 124.8, 

124.7,124.69,124.60, 124.5, 124.4, 124.3, 123.96, 123.95, 31.8, 31.3, 31.2, 30.9, 15.2, 

14.7; UV (THF) nm ( e . J :  646 (460), 513 (4,700), 469 (4,600), 396 (11,500), 337

(13,000). Eluted second was dimer 102 (15 mg, 33%). This was recrystallized firom 

methanol to give pure dimer 102 which has same NMR spectrum and mp as reported on 

188.

HRMS of 249: Calculated for C^gH^: 462.2348

Found: 462.2337

2,4,7,9-Tetrabrom o-I0b,I0c-dim ethyl-I0b,10c-dihydropyrene, 271.

Using 4 eq NBS, and 48 hours at room temperature. Yield: 36% (after 

recrystallization fi'om methanol at least three times to get pure tetrabromide), mp 231- 

232°C 0^.^222-223*0. ‘Hnm r (360Hz, CDCI3) Ô 8.98 (s, 2H, H), 8.69 (s, 2H, H), 8.63
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mL) was added. After 24 hours at 5 0 ^ , the reaction mixture was cooled, filtered through 

a short colunm of neutral aluninium oxide using petroleum ether as eluant to yield crude 

product (containing PhjP which is extremely difficult to remove) which was 

chromatogrrqihed on silica gel three to four times using petroleum ether (adding several 

drops of cfichloromethane) to dute imer 249* (13 mg, 28%) first, which was reaystallized 

fiom methanol, mp 185-186®C; H hm r (360 MHz, CDCI3) 5 9.21, 9.20 (s each, H-1 or 

H-3), 9.14 (s, H-4'), 8.98 (d, J= 7.97 Hz, H-3"), 8.82-8.65 (m, 11H,H 4, 5, 6, 8, 9, 10, 1', 

6', 8', 9', 10"), 8.20 (t, J = 7.66 Hz. 3H, 8.15 (t, J = 7.74 Hz, 3H), 8.12 (t, J = 7.82 Hz, 

3H), -3.81, -3.82, -3.87, -3.94 (s, 3H each, intemal methyl); “C NMR (90.6 MHz) 6

138.5,138.1, 138.0, 137.9, 137.8, 137.6, 135.0, 127.6, 127.6, 127.5, 124.9, 124.8, 124.8,

124.7, 124.69, 124.60, 124.5, 124.4, 124.3, 123.96, 123.95, 31.8, 31.3, 31.2, 30.9, 15.2, 

14.7; UV (THF) nm (e„^ : 646 (460), 513 (4,700), 469 (4,600). 396 (11,500), 337

(13,000). Eluted second was dimer 102 (15 mg, 33%). This was recrystallized fi’om 

methanol to give pure dimer 102 which has same NMR spectrum and mp as reported on

188.

HRMS of 249; Calculated for Cj^Hjo: 462.2348

Found: 462.2337

2,4,7,9-Tetrabrom o-I0b,I0c-dim ethyt-I0b,I0c-dihydropyrene, 271.

Using 4 eq NBS, and 48 hours at room temperature. Yield: 36% (after 

recrystallization fi'om methanol at least three times to get pure tetrabromide), mp 231-

*. Separation o f249 fi'om 102 and PPh, is extremely difficult, five times 
chromatography are necessary.
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232<t ( ^ “ 222-223“C). ‘Hnm r (360Hz, CDCI3) ô 8.98 (s. 

2H, H), 8.69 (s, 2H. H), 8.63 (s, 2H, H), -3.77 (s, 6H. 

internal methyO;“Cnnu-(90.6 M H ^C D C yô  137.0, 132.9,

128.2, 127.9, 127.6, 121.1, 117.2, 31.9, 14.3; ms (Cl) m/z; 

550,549,548,547, 546, 545, 544, 543, 467, 465, 464,463.

B r

B r

271

AnaL

HRMS

Calculated for 

Found:

Calcualted for 

Found:

C 39.46, H 2.21 

C 39.28, H 2.25 

543.7672 

543.7679

2,4,5,7,9-Pentabromo-I0b,I0c-dimethyl-10b,10c-dUiydropyrene, 272 

Using 10 eq of NBS, room temperature for 24 hours and 

then reflux for another 24 hours. Yield: 21% (after three 

recrystallization fi'om methanol), mp 247-248°C. ‘Hnmr (300 

MHz, THF-dJ Ô 9.20 (s, IH), 9.17 (s, IH), 9.05 (s, IH), 8.90 (s,

IH), 8.88 (s, IH), -3.59 and -3.61 (6H, intemal methyl); ms (El), 

m/z: 632, 630, 628, 626, 624, 622.

HRMS: Calculated for C^gH^Br; 621.6776

Found: 621.6771

272

Coupling diazonium salt 277 with DMDBDP, 14

3,5-DimethyI-2-amino-4-methyithiophene-3,5-dicarboxylate 115*“  (149 mg, 0.65 

mmol) was added to a mixture of cone H2SO4 (2mL), water (2 mL) and ethanol (15 mL),
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and this mixture was cooled to 0"C and 

then a solution o f NaNOj (4Smg, 0.65 

mmol) in the minimium amount o f 

water (~3 mL) was added dropwise 

over a period o f 10 minutes while

s

> 
C O O C H ,

C O O C H ,

C H .

278

maintaining the temperature at 0®C to -5°C. After the addition of the NaNO; solution 

was completed, the reaction mixture was stirred for an additional 15 minutes at 0°C. The 

resulting solution o f the diazonium salt was then added dropwise to a solution o f 

dimethyldifaydropyrene 14 (100 mg, 0.43 mmol) in glacial acetic acid (20 mL) at room 

temperature. After 30 minutes, the solution was quenched with ice-water (50 mL). The 

mixture was extracted with ethyl acetate (3 x 30 mL), washed with water (3 x 30 mL), 

NaHCOj (3 X 30 mL) and NaCl (3 x 30 mL). The organic solution was dried and the 

solvent was removed under reduced pressure. The residue was chromatographed on silica 

gel using hexane as an eluant to collect DMDHP 14 (11 mg), and the dimer o f DMDHP 

102 (7 mg, 7%). Then using a mixture of hexane/ethyl acetate (8:1) to collect the mixture 

of cross-coupling products 278,279, and 280 (total 78 mg, 41%). Cross-compling product 

278 was obtained'by two ftacdonal recrystallization from methanol, mp 177-179®C, 

‘Hnmr (300 MHz, CDCI3) 6 8.64 (d, J = 8.8 Hz, 2H), 8.63 (s, 2H), 8.59 (d, J = 7.2Hz, 

2H), 8.56 (d, J = 8.0Hz, 2H), 8.11 (t, J = 8.0Hz, IH), 3.93 (-COOCH3). 3.56 (-COOCH,), 

2.76 (CH,), -3.99, -4.03 (internal methyl); “ Cnm r (90.6 MHz, CDCl,) ô 166.1, 162.8,

153.2, 146.9, 138.3, 135.9, 132.0, 126.8, 125.1, 124.4, 124,3, 124.2, 123.4, 52.1, 51.8, 

30.9, 30.5,29.7, 14.7, 14.6, 14.5.; ms (Cl) m/r. 445 (MH*) 415, 398, UV (Cydohexane):



nm O o g O  505 (4.30), 390 (4.57), 351 (4.99); 

HRMS Calculated for C^Hj^SO*: 444.1395

Found: 444.1398

2 0 0

Coupling products 279 and 280

C O O C H

H . C O O C
CH

279

C O O C H

CH

C O O C H 3

280

(by subtraction of the peaks due to compound 278):

‘Hnmr (300Hz, CDCI3) Ô 8.65 to 8.55, 8.20 to 8.08, 3.87, 3.85, 3.48, 3.09, 2.87, 

2.80, -4.08, -4.03, -4.11, -4.13

Coupling diazonium salt 283 w ith DMDHP 14, Coupling product 287.

C H , C H , 0

287
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4-Aminnhiphenyl 282* (52 mg, 0.31 mmoI) was added to a mixture of conc. H^SO  ̂

(1.5 mL), water (1.5 mL) and ethanol (10 mL), and this mixture was cooled to 0°C and 

then a solution ofNaNOj (22 m g 0.31 mmol) in water (2 mL) was added dropwise over 

a period of 10 minutes while the temperature was at 0“C to -5®C. After the addition o f the 

NaNOj was finished, the reaction mixture was stirred for an additional 15 minutes. The 

resulting soultion was then added dropwise to a solution*’ o f DMDHP 14 (60 m g 0.26 

mmol) in ̂ adal acetic add (15 mL) and ethanol (15 mL) at room temperature. Using the 

procedure on page 198-199, the dimer o f DMDHP, 102 ( 4 mg 6%) was isolated first, 

and coupling product 287 (23 m g 32%) was eluted second. 287 was purified by fiactional 

recrystallization from methanol, mp 234-236 t ;  ‘Hnmr (360 MHz, CDClj) 6 9.36 (s, 4H 

), 8.75 (d, J = 7.9 Hz, 4H), 8.35 (d, J = 7.9 Hz, 4H), 8.12 (s, 4H), 4.56 (q, J = 6.9 Hz, 

4H), 1.67 (t, J = 6.9 Hz, 4H), -3.60 and -3.65 (s, 6H each, internal methyl protons); 

“ Cnmr (90.6 MHz, CDClj) Ô 160.4, 145.8, 137.8, 131.8, 130.8, 121.5, 120.4, 111.8,

64.7, 32.1, 30.7, 17.3, 14.9, 13.9. UV (THF): 606, 564,430, 407, 356, 313.

*. 282 was prepared fi'om biphenyl.

‘’.The solution was saturated with nitrogen.
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