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Abstract

Polvibenzo(eithiophene) (PBeT) was prepared by Wudl et al in 1984 from the moncimer
benzojeithiophene (BeT) and was found to have a bandgap of L0 e\ the fowes
bandgap polvier reported at that time. Since this finding. verv few substituted
BeTs have been prepared.

Two substituted BeTs. 3.6-dioxymethylenebenzofelthiophene 52 and 5.6-bisgmetiivi-
carboxvlateibenzolelthiophene 57). were prepared using adapred literatnre proce-
dures in four and six steps. respectively. in good vields. [n the case of 57 a4 novel
monomer. several approaches were taken, one of which led to the discovery of NBS
aldd silica as a rather unigque benzyvlie brominating agent.

Other compounds of interest included terheteroceyeles, 1.3-dithienvibenzo: e thio-
plienes 85, The following compounds. 5.6-dimethoxvthiophchalic anhvdride 105.
S.6-methylenedioxyphthalaldehvde 112 and 5.6-ethvlenedioxyphthalic acid 171, were
prepared as potentially useful precursors for the svnthesis of substituted terhereroey-
cles. Compound 105 was prepared by the hvdroxymethyvlation of 3. 4-dimethoxvhensoic
acid 117 followed by the reaction with sulfur. Upon its isolation. it was reacted with
two cequivalents of 2-thienyvilithium and also with one equivalent of 2-thieuvllithium
followed by methyvliodide to form 1-thienoyl-2-methylthiacarbonyl-5.6-dimethoxvben-
zene 108, Compound 112 was prepared in four steps starting from piperonal and 171

was prepared by a Diels-Alder reaction of a 3.4-disubsituted thiophene. EDT 157, and
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dimethvlacetvlene dicarboxyvlate. The literature svnthesis of 187 gave disappointing
resulrs. but modifications to this procedure led to a significant improvement in the

vield of this important thiophene.
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Chapter 1

Introduction



1.1 Theory of Conjugated Polymers

Conjugated polyvmers are a class of organic polymers which contain extended 7-
conjugated svstems and a few examples of these polvmers are illustraced in Fianre 1.
Polvacetylene (PA). a well known conjugated polvmer {Figure 1), essentially fannched
rhe study of vrganic-based conjugated polviers. These polvimers are commonly pre-
pared by either the chemical or electrochemical polyvmerization of an appropriate

precirsor monoier unit,

i polyacetylene polythiophene polypyrrole
s \
- Or Y 0
1 /n RSN /n
i polyphenylene polybenzo{ ¢ |thiophene polvaniline

Figure 1: Some Examples of Conjugated Polvimers

The field of conjugated polymers. now a large area of study. was arguably sparked
in 1974 after Shirakawa's reportedly accidental preparation of PA films from acetv-
lene using a Ziegla-Natta tvpe catalvst[4.3]. Although the resulting silvery filim had
insulating properties, Chiang et al. subsequently discovered in 1977 rthat conductive
tiltus could be obtained by means of oxidative doping(6]. Their polymer was reported
to exhibit conductivities of 10? S-em™'. As a comparison. Teflon. an insulator. has a
conductivity of 107'% S.em ™! and the conductivity of silver is 10® S-em™'{4]. The ligh
conductivies of PA were viewed with much interest due to the intriguing possibility

of some dav preparing a fully organic conductor with metallic conductivity.






solid in a three-dimensional lattice and the stronger these interactions. the broader
the energy bands will be. In the case of metals. these interactions are very strong. re-
sulting in broad energy bands which overlap. Organic materials however have weaker

interactions compared to metals and give rise to narrow. discrete energy bands.

’i 1) Metals (b) Non-metals '
[ B E

Metal ;
Atom PR e Molecule L _Selid |

T T Y/ — e B
LT /= Eqd :
B S ——
___+.*_-~=.1::‘\ _— ! _-==::$——= !
Number of building blocks Number of building blocks '

Figure 3: Band Structures for a Metal and Non-meratl

The magnitude of a polvmer’s bandgap cannot be determined from the precursor
monomer’'s HOMO -LUMO energy gap (7 — 7). but. it has been shown recently
that band gaps can be estimated by density functional theory/hybrid (DET/Hybridh
approach [13 13]. From the DET/Hybrid calculations. Salzner et ul. obtained band
gaps within 0.1 eV for a series of oligomers(14]. Usual experimental methods for de-
termining polvimer band gaps include electronic spectroscopy and cvelic voltammetry.
The HOMO-LUMO transition can be measured from the 7 — 7~ absorption in the
UV /vis/NIR spectrum and E, is usually taken as the minimal {onset) energy of this
absorption. Alternatively, the HOMO-LUMO gap can be determined electrocheini-

callv. The oxidation (E,;) and reduction (E,.y) potentials can be determined from



the evelie voltammagram and the bandgap is estimared from the difference between

the two onset potentials: £, ~ (Ey; — Ereg).
conduction
band
bipolaron
T band \
| polaron bipolaron
tevel levei

band

Figure 4: Doping Process

Bandgaps of conjugated polvmers are generally fairly large (>2 V) and as a
result. in the neutral state. conjugated polyvmers behave as insulators. In spire of the
bhandgap. conjugated polyvmers may be made conducting by doping. a process which
can be carried out either electrochemically or chiemically.  Doping rhe conjugated
polvier serves to inerease the concentration of extrinsie charge carviers either by the
addition of electrons to the conduetion band or removal of electrons from the valener
band and there are two ways to accomplish this: oxidative (p-dopiug) or redactive
{n-doping) with p-doping being more conmnon.

In the case of p-doping an electron is removed from the valence band creating a
radical cation or "hole™. This hole does not completely delocalize. but ouly partially
over several monomer units{4]. This causes a destabilizing of the bonding orbital thar
is associated with the radical cation and therefore it is higher in energy than the
energy associated with the valence band and its energy is in the bandgap (Figure ).

In solid state physics terms. a radical cation that is only partially delocalized over



the polymer segment is known as a polaron. Removal of the second electron from the
polaron level leads to the formation of a bipolaron level. As the polvmer becomes
increasingly doped. the energies of the bipolaron levels tend to overlap to form new
hands (Figure 4).

n-Doping. a reductive process. is analogous to p-doping. but. in this case, an
clectron is added to the polyvmer creating a radical anion. Generally. onlv polvimers
containing electron deficient groups. e.g. pyridine. can be n-doped. and do v onle
at very negative potentials althongh polvthiophene (PT) can also be n-doped i,
175, The resulting n-doped polyiiers tend to be very reactive, especiallv towards
electrophiles. As a consequence of this instability. little attention has been paid ta
n-doping[17] and it is not nearly so prevalent in the literature as oxidative dopin.
although some interesting examples have been demonstrared[17 19].

When high porentials are required to produce a conductive conjugated polvimer.
whether using oxidative or reductive doping. the resulting doped polvmer is thermo-
dvnamically unstable. In the case of a hvpothetical conjugated polvmer with a zero
or near vanishing bandgap. room temperature thermal excitation of electrons from
the valence band to the conduction band mayv occur and should lead to the forma-
tion of nérnsic charge carriers by the enhancement of the thermal population of
the conduction band. This parallels semiconductors and such an achievenment conld
ultimately lead to conjugated polvmers behaving as organic metals and theretore be
conductive without the need for doping.

[n order to reduce the bandgap. an understanding of the factors responsible for
its existence is needed. From theoretical studies. it was concluded that the follow-
ing encrgy factors have an influence on the magnitude of the bandgap: degree of

boud length alternation or (E%). mean deviation from planarity (E?). the aronatic



resonance energy of the individual aromatic rings of the polymer (E#%). inductive
cffeets of substituents (£5%®). and the interaction between polvmer chains ( £/} (Fig-
ure 5){201. Collectively. these terms describe the overlapping of the = orbirals which

affeers the extent of conjugation of the polvmer.

Figure 3: Factors That Influence Polvmer Bandgaps

The degree of bond length alternation. is reported to be the most important
facror{16.20 22} and is defined as the average between the difference of neighbouring
tong and short C-C bonds[22]. Theoretical studies agree that a reduction in the degree
of bond length alternation shouid lead to materials with a reduced bandgapi23 25 .

The term E?. considers the interannular rotations that may occur within the pohv-
mer chain. This deviation from planarity results from rotations about what essentially
become single bonds between aromatic rings. Orbital overlap varies approximately
with the cosine of the dihedral angle § [26, 27] and, in a perfectly planar system. p. or-

bitals overlap to effect electron delocalization. This electron delocalization should rmu



v

down the length of the infinite polymer chain and a loss of planarity will discourauwe
such vverlap and therefore result in an increase of E, [20].

The third term. ER takes into consideration the competition that exists he-
tween the delocalization along the chain length[28] versus delocalization within the
aromatic ring. Again this will have a negative impact on the delocalization along the
poiviner chain resulting in an inerease to E,. This problem however remains largely
umultll‘vhhmli_‘_)();.

The fourth term E¥" refers to the influence of substituents grafted onro the
polviner bhackbone. Substituents may be expected to play a lesser role but have only
been considered by o few theoretical works(29.30]. Substituents rhemselves e non
expected to have much of an effect, if anv. on the bandgap itself but there are wavs
in which rhe substituents can be utilized to influence it indirectly. and this will he
discussed later.

The tifth parameter. E™ deals with the interactions between individual molecuies,
[nterchain coupling oceurs in the solid state on a bulk level between molecules and
this effect has been said to contribute to the minimization of the coupling of electrons
with phonons (the quantum of energy in the elastic wave or lattice vibration of a
solid) 31",

The search for organic polviiers with very small or near vanishing bandgaps is
an immense topic and there are two routes typically followed[23]. One method ex-
plores fully fused ring hydrocarbon systems (Figure 6). These svstems. polvacene-like
svstems or polvperinaphthalene correspond to one dimensional analogues of graphite
structures[23).

The second route involves the modification of the electronic properties of known

polymers in the field by the use of substituents. By using a parent polymer with well
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Figure 6: Examples of Fullv Fused Ring Hydrocarbon Svstems

defined properties. such as relatively low bandgap energies. stability and that also
lends irself well ro the addition of substituents. a multitude of new possibilities open
up.

There are various existing parent polvmers available for soudy thar newer polv-
mers are based upon. Examples of such parent polvmers include polvaromatic polvip-
phenylene) (PPP). other polvmers such as polvanalines (PAn). and polvheterocvelic
polviners such as polvpyrrole (Ppyv) and polythiophene (PT). When comparved 1o
PA. the polvheteroeyelie polviners are more attractive for study. PA. despite irs
good conductivity, lacks guod mechanical properties and is atmospherically unsra-
hie (moisture sensitive) which limits its usefulness. By substituting a heteroatom
in the backbone. more stable polymers are generally obtained[12]. Unlike DA wirh
its degenerate ground state, the aromatic- and heteroatomic-based polvmers have a
nondegenerate ground state (Figure 7). Two limiting mesomeric forms. aromatic and
quinoid, exist as resonance hyvbrids. These two forms are not energetically cquivalent
and therefore polymers with nondegenerate ground states tend to prefer one form

over the other. For example, PT and Ppy tend to be aromatic in character[32%.
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\
T — = N PA
/ /
' \ \
D PPP
n n
(4 \ : ([~
N7 /n N7 Ppy

Figure 7. Limiting Mesomeric Forms

Of the two heteroaromatic polvimers shown in Figure 7. PT has received a laree
portion of attention and has been recognized as an excellent target. The interes:
in PT stems from its relatively low bandgap (2.0 eV"). the relative ease with which
substitutents can be placed in the 3 and/or 4 positions without introducing laree
steric effects as well as the ability of the thiophenes to be polvmerized chemieally
aund eleerrochemically (through the 2 and 5 positions)[20].  Improvements to me-
chanical properties such as processibility have been made to PT through rhe use
of diferent substituents at the 3 and t-positions. For example it has been shown
that substituting PTs in the 3-position with long chain alkyl substitnents. polvii-
alkylthiophenes) (PATs). improves the solubility of the polymer[20]. Conductivities
however. were found to decrease with the increasing length of the alky! chain bur as
a whole. conductivities remained as high as 70 S-em™!., Other 3-substituents inves-

tigated include branched alkyl chains, and ethers[10.33]. Substitution with ethers



it

have been reported to impart useful properties. For example. substitution of thio-
phene with oligo{oxethylene) chains leads to improved solubilities and hyvdrophilic
character which could be important for specialized applications such as selecrive elec-
rrodes. and solid state batteries[33]. Another interesting example of an ether rvpe
substituted system is a polvthiophene-based pseudopolvrotaxane which is emploved
as a4 chemoresistive seusory membrane{34].  Other types of substituents have also
mebhided arvl oronps which are reported to he interesting polvmers as rhe phenvl
groups provide interesting sites for further functionalizations. The grafring of the
phenvi group is. however, expected to introduce a steric hindrance between the thio-
phene units which will affect the planarity of the PT backbone[33]. Some work has
also been carried out on Huoroalkyl substituted PTs and it has been shown thar the
introduetion of up to 30% of fluorine in the polviner leads to elastomeric materials
with higher electroactivity than PATs[33!. These are only just a few examples of how
siubsrituents have been able to modify polyvier processibility.

There has been some other work with substituents concerning their effects on the
redox potentials. Electron-donating groups (EDG) substituted on PT tend to result
in a decrease of the electrochemical oxidation potential. whereas the substitntion of
electron-withdrawing substituents (EWG) tend to induce an increase in the oxidation
potentials required for anodic polvmerization. For this reason. the studyv of EW(Q
substituted polvmers are seldom studied.

An interesting strategy that has emerged from the study of substitutents on parent
polviers is the concept of copolvmers. The preparation of heteroaryvl copolymiers has
received little attention but the introduction of structurally different units in a sin-
gle T-conjugated polymer chain may lead to modified properties[35]. Several systems

that have been studied to date have shown interesting behaviour{36.37]. Some studics



on copolvmers consisting of alternating electron donor-electron acceptor tvpe unirs
have been published for PTs[36. 38] heteroquinoid chromophores[39]. polvsquaraines
and polveroconaines(40]. The idea put forth by Havinga ef al. to explain reduced
bandgaps from alternating donor-acceptor substituted units is summunarized in Fiu-
ure 3[40]. Extension of the donor and acceptor regions is suggested to lead to a case
sitilar to the inorganic n-i-p-i super lattice structures[40]. In this instances. both
the valence and condaction bands are cnrved by space charge effects. The bandanp
E o has not changed locally per se. but the net bandgap is expected to decrease as

indicated by £, 40].

Figure 8 Expected Bandgap With the Alternation of Donor and Acceptor Units

[n addition to synthetic studies, PT has also been the target of theoretical studies
and it was shown that. although the preferred ground state structure was aromatic in
nature{32]. a PT in the quinoidal mesomeric form should have a bandgap roughly half
that of aromatic PT[41]. This led to the strategy of utilizing substituents as a means

of coercing the thiophene polymers to adopt more of a quinoidal structure. This was
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achieved with the rediscovery of benzofc|thiophene 6 by Wudl et al. in 1984[2
1.2 Benzo[c|thiophene

As late as 1970. benzole]thiophene (BeT) 6 had been claimed by some to exhibit
biological activity[42]. but was not considered to be of much commercial importance.
Following on from works in the literature on 3-substituted and 3.4-disubstituted polv-
thiophenes{10,20.23]. the continued study into the use of substituwents o modity
electronic behaviour led to the rediscovery of BeT by Wudl. Kobavasii and Heeger it
1984, They investigated the polymer polybenzo{cjthiophene (PBeT) 8 as an extension
of their most recent study on PTs[43. 44] and viewed this polvmer as a precursor for a
new tvpe of substituted PT[2). Monomer. BeT 6 was prepared following the svathesis

of Cava et al. (Scheme 1){1].

QO
LiAHg Br
0 : Br
1 O 3
—
ne (O mo ©3 w20 O

4 6

Scheme L: Synthesis of BeT by Cava et al. [1]

The resulting monomer 6 was polymerized oxidatively using several approaches
(Scheme 2){2]. It was reported that the electropolymerization was strongly electrolvee
dependent. Non-nucleophilic anions (TBF,;. “ClO,) produced poly(dihydrobenzoic-
thiophene) (PDHBcT) 7 as a white powder whereas nucleophilic anions (Br™. C17) re-

sulted in the formation of PB¢T(2]. The monomer 6 was also polvmerized chemically



f—
—

using aluminum chloride. 7.7.8.8-tetracvanoquinodimethane {TCNQ) and also trom

hieating polymer 7 in the presence of tetrachloro-p-benzoquinone in chlorobenzene 2

More recently however it was shown that polvmer 8 could be prepared electrochemi-
callvy by repetitive anodic potential scans in solutions containing clectrolytes such as
tetracthylammonium perchlorate (TEAP). tetracthvlammonium Huoride (TEAEF) or

retrabutylammonium fluoride (TBAF) in acetonitrile[20].

e
s
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LiBFg, 1.5V, MeCN

NC._ _CN s” /n
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LiBr, 1.5V,
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N CN
n
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Scheme 2: Polymerization Methods by Wudl et al. [2]

The bandgap of this new polymer 8 was found experimentally from the band edge
in the near IR (from the transmission through thin films at low doping levels) to he

1100 nm or ~ 1 eV. PBcT was the first example of a transparent. highly conducting
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Figure 9: Resonance Forms of PBeT

(~ 30 Scem ™) polymer with a bandgap less than or equal to I eV 453, an eneray
gap which is one full eV lower than that of PT itself. The fused ring svstem of 8.
quickly became the focus of much theoretical debate as to its preferred ground stare
strnerure. As with PT. mesomeric forms exit. By referring to the thiophene portion
of the svstem. 8a is described as aromatic and 8d is described as quinoidal (Figure 9y,

As aresule of the resonance contributors 8b and 8c (Figure 9). this new polviner
was expected to display higher stability than PT. These resonauce contributors were
expected to be important in the stabilization of open-shelled species and delocaliza-
tion along the backbone. stabilizing the quinoid form. This conclusion of a stabilized
quinoidal form can also be reached by the consideration of the effect of fusing ben-
sene and thiophene: only one of the cveles can accommodate an aromatic sextet
(Figure 10). By comparing aromatic resonance ( E;) energies for thiophene (1.26 e\
and benzene (1.56 eV) (Figure 10)[20]. it appears more likely that the benzene ring
will exhibit a greater tendency to remain aromatic at the expense of the thiophene
ring,.

[nitially it was concluded that PBcT in its ground electronic state has the aro-
matic structure of 8a[21. 45]. Band structure calculations were carried out using \'EEH
pseudopotential techniques(23]. which have provided estimates of electronic param-

eters such as ionization potentials, m-7* transitions and bandgaps for a large series
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Figure 10: Comparison of Aromatic Resonance Energies for Benzene and Thiophene

of hyvdrocarbons and sulfur-containing conjugated svstems. These calculations were
wsed to rationalize the decrease in bandgap energy observed for PBeT compared to
PT and. in so doing. developed a relationship between the magnitude of bandgaps
of aromatric systems and the importance of quinoid contributions to electronic strue-
tures. The concept of increasing quinoidal contributions was also linked to bond
ength alternation[23]. Using these calculations. Brédas et al. proposed aramatic
PBeT to have a bandgap of 0.54 eV[23].

Lee and Kertesz on the other hand. suggested a quinoidal structure on the basis
of their optimized geometry calculations[22]. From their caleulations they suggested
that the preferred mesomeric form of PBcT is quinoidal (8d). Using the baud theory
of solids at the MNDO level for energy calculations. they first examined PT and
then extended the optimized geometry calculations to PBcT. From their study. band
theory calculations confirmed the aromatic nature of PT, and predicted quinoid PT.
using Hiickel calculations. to have a bandgap of 0.47 eV. This value is much lower

than that calculated for aromatic PT (1.83 eV). The optimized geometry calculations.



using periodic boundary conditions[22]. of 8 suggested a quinoidal structure (8d) for
the polvmer (Figure 11). The inter-ring C-C distance that thev calculated. was
1.362 A which they considered appropriate for a quinoidal structure. Based on this
quinoid structure for 8. they calculated the bandgap to be 1.16 eV, This value is close
to the experimental value reported for 8 { 1 e\").

A question then arises: if the polyvmer 8 is quinoidal. why is £, much larger than
for quinoidal PT? Interaction diagrams were used to itlustrate the offects of the mixing
of the frontier molecular orbitals of PT and butadiene (Figure 12 (A)). By adding
orbitals of buradiene to PT(Q). the HOMO of the resulting quinoid PBe’T becomes
stabilized and drops in energy while the LUMO becomes destabilized. This resulrs
i an increase of the bandgap of PBeT(Q) compared to PT(Q). Looking at rhe case
for aromatic PBeT (PBeT(A)). the order of symmetry is reversed. The addirion of
orbitals of butadiene to those of PT(A) results in the destabilization of the HON[O)
along with a stabilization of the LUMO and the resulting £, of PB¢T(A). caleulated
to be 0.73 eV is smaller than PBeT(Q) (1.16 eV). Overall, PBeT((Q)) was caleulaced
to be more stable than PBeT(A). The more stable form has the larger bandgap.

Shortly after the suggestions put forth bv Lee and Kertesz. Kiirti and Surjin
proposed a mixed structure with the middle part essentiallv quinoidal and aromatic
regions at both ends after pointing out that a quinoidal PBeT structure implies
terminal doubly bonded sp? carbon at each end of the polymer chain[46].

Hocgmartens and coworkers later then suggested that the energy difference be-
tween the quinoidal and aromatic states were too small (2.4 keal-mol™!) to allow for
a definitive assessment for the structure of 8. This notion was based on "C NMR
data for a series of suitable model compounds[47].

Zerbi et al. found the structure of 8 to be quinoidal using Raman spectroscopy to
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Figure 11: MNDO Optimized Geometry For PBeT

study several model compounds which mimic cither the aromatic type structure or
quinoidal structure on the basis of effective conjugation coordinate (ECC) theoryiis:,
It is interesting to note that this was the first time that experimental evidence fram
vibrational spectroscopy had indicated a quinoid structure for a low bandgap poly-
conjugated aromatic material in its pristine state.

Further studies on BeT oligomers, from monomers up to the tetramer were carried
out by Quattrocchi et al. by investigations of their optical absorption spectra with

a combined theoretical and experimental approach[49]. Disilvlated BeT oligomers
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Figure 12: Frontier Molecular Orbital Diagram for Quinoidal and Aromatic Forms
of BeT

were prepared and geometry optimizations were performed with the senmienmipin-
cal AMI1 method. The calculated parameters were compared to parameters ob-
tained from the single-crystal x-ray structure of 3,3’-bis(tert-butvldimethylsily)-1.1"-
bibenzo[c]thiophene 9.

Optical absorption spectra of the oligomers were also simulated theoretically (in-
termediate neglect of differential overlap method, coupled to single configuration in-

teraction) and compared to experimental spectra[49]. From the experimental optical
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absorption spectra. the 7 — 7% type transition from the HOMO level to the LUMO
lovel is shifted to lower energies as the chain length is increased. Extrapolarions made
from the HOMO LUMO transitions of the BeT oligomers (monomer to the tetramer)
to the bandgap energy of aromatic 8 led to an estimated bandgap of 0.63 e\” for o
planar system. By extrapolation of the X-ray structare of the dimer (svn conforna-
tion with a dihedral angle of 50} a value of 1.535 e\ was predicted ftor rhe bandeap
for PBeTHY]. These results suggested that. in solntion. the aromatic oligomners adopt
a strongly nonplanar conformation which significantly increase the HOMO LUMO
transition relative to the planar aromatic system(49].

[n addition to methods described above to preparing polvmer 8. other svnthetic
routes to 8 have also been reported by Chen and Lee[50]. Dehydrogenation of the
dihvdro species 7 to produce 8 was carried out using sulfuryl chloride[50] or t-butvl
hypochlorite (tBHC)[31] in the presence of pyridine as a stabilizing agent. van Asselt
et al. have reported the preparation of 8 from the both the reaction of phthalic an-
hvdride and phthalide with phosphorus pentasulfide [52] and also from the reaction

of thiophthalic anhydride and phosphorus pentasulfide(33] (Scheme 3).
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Scheme 3: Alternative Methods for Preparing PBeT
1.3 Benzo[c|thiophene Syntheses

Benzolejrthiophene is the currently accepted name for 6 in the Chemecal Abstracts
(C'AJ although isothianaphthene (or isothionaphthene) are frequently used in the lit-
erature (and to a lesser extent isobenzothiophene and 2-thiaindene). The ring svstem
in the €'l is numbered as shown in Figure 13 for BeT 6a although the alternative

svstem of numbering as in 6b occurs in some of the early literature[42].

6 5 s 4
7 4 6 3
Ta 3a 6a 2a
'S S

S?_ S,
Ga 6b

Figure 13: CA Numbering System for BeT

The first reference to a benzo[c|thiophene-type system in the literature was in



1884 with the synthesis of 1.3-dihvdrobenzo[c|thiophene 4 (Scheme 4) by Leser{1.
A saturated aqueous solution of potassium sulfide was added to a.a’-dibromo-o-xviene
and the reaction mixture was then refluxed. The reaction was judged complete when
the authors could no longer smell the a.a'-dibromo-o-xylene!

It is noted with much interest. that 4. although reported to be stable in the
absence of air for several months. formed a deep red ligquid in air from which an
amorphons blie solid of unknown identity precipitated{35]. Although not recoguized.
this amorphous blue solid may have been one of the first appearances of PBeT in the

literature.

Br K»S, S
Br EtOH
65%
13 4

Scheme 4: Leser’s Synthesis of 1.3-Dihydrobenzo[c]thiophene

The tirst synthesis of a benzo[c]thiophene svstem. 1.3-diphenylbenzoicithiophene
(18) was published in 1922 by Bistrzyceki and Brenken using a rather curious proce-
dure[36] (Scheme 3). This BeT was prepared by a four step syvuthesis starting from
the lactone sulfide 14. Hydrolysis followed by loss of carbon monoxide reportediy
leads to the diol 16. which. upon dehyvdration. leads to 17. Cleavage of 17 using zinc
and acid afforded 18 as a colourless solid in 30% vield. The parent heterocvele 6 was
first prepared in 1962 by Mayer et al. (37] by the low-pressure (20 mm) vapour-phase
catalytic dehydrogenation of 4 at 330 °C under nitrogen (Scheme 7). Their method
to preparing this heterocvcle was based on a route that hzda been suggested earlier

bv Hartough and Meisel[58]. Hartough and Meisel had also suggested the possibility



of preparing benzo[c|thiophene by heating o-xylene with sulfur(39]. but it is unclear

whether this was carried out later or not.

Ph
Ph Ph S Ph S ol
> HO l_ _~-Co +— 1
Ph
COaH OH Y
OH
16
Ph
—
-2H-0 Zn, fuming HCI S
acetic acid s
30% 18 Ph

Scheme 5: Svnthesis of the First BeT Svstem

Other carly routes to 6 include the decarboxvlation of 22. a substituted Be'l

prepared in three steps{60] (Scheme 6) nsing copper in quinoline{42] {Scheme 7.

o OH CO:CH}
(I HSCH,CO,CoHs, S
NaOEt
CHOC:Hs o
19 20  OC-H;
CO,CH; CO-H
TsOH =
p-Ts S 1. NBS . = S

Scheme 6: Synthesis of Benzo[c]thiophene-1-carboxylic acid

Condensation of ethoxymethylenecvclohexanone 19 with ethyl mercaptoacetate in



the presence of sodium ethoxide was reported to give 20 (46%). which was then dehy-
drated with p-toluenesulfonic acid (p-TsOH) to give the tetrahydrobenzo(cjthiophene
21 {82%). The authors reported that while the use of palladized carbon. selenium and
¢hloranil under various conditions was unsuccessful in dehvdrogenating 21. reaction
of 21 with N-bromosuccinimide (NBS) followed by sodium methoxide-induced deliv-
drohalogenation was reported curiously enough. to give 2-carboxybenzo[clthiophene
22 (78Y).

[n addition to decarboxyvlation. alternative methods include the conversion of the
stitfoxide 5 to 6 by dehvdration using acetic acid and has been suggested to oceur

a Pummerer rearrangement[42] (Scheme 7).

S ~ s
3000C, 20 mmHg SN
1 co.H 6
@S Cu, quinoline ©i/\s
— A )
22 6
OAc OAc
g=(Q _acetic anhydride S e - S
-HOAc S
5 23 6

Scheme 7: Early Methods for the Preparation of BeT

Two other earlv methods that lead to the sulfide 4 are shown in (Scheme 3).
With the first reaction, the dibromide 3 was reacted with sodium methanethiolate
to give 24. which can then be reacted with sodium iodide to give 4. [n the second

method, 4 was prepared by the lithium aluminum hydride reduction of thiophthalic



anhvdride 12. Another interesting method that leads to the BcT skeleton was re-
ported by Petersen. Lassen and Ammitzboell{61].Cvelization of the sulfide 25 1o 26
was accomplished by heating it in DMSO in the presence of sodium hvdroxide. Using
this technique. a variety of svstems with substitution patterns of the same nature as

26 have been prepared([42].

Oz = (g —
Br
24 Nal
S -
4
H3C CH;
C(CH;)»SCH-Ph o
NaOH
@[ DMSO >
26 Ph

Scheme 8: Other Methods for Preparing BeT Precursors

Some more recent syntheses have been reported which led to a 4.5.7-trisubsritured
BeT(62] (Scheme 9) and also 1.3-disubstituted BeTs[63] (Scheme 10). Both these
approaches use the same underlining principles as previously mentioned. but with
soine variations.

In the first case (Scheme 9). El-Shishtawy et al. published the synthesis of a unicque
BeT by the oxidation of the sulfide 32 to the sulfoxide 33 and subsequent dehyvdrarion
to the BeT 34(62]. In this case though, 32 was prepared wvia an interesting cyelic

sulfite.
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Scheme 9: Synthesis of 4.3.7-tri-t-butylbenzo{¢|thiophene

Starting from the diol 28. the sulfide 32 was prepared ma the cvelie sultite 29
in four steps. Interestingly. El-Shishtawy et al. reported that the preparation of the
corresponding dimesylate. ditosyvlate. dibromide and/or dichloride 27 from the diol
was unsuccessful and that the products were obtained as mixtures containing ben-
zodihvdrofuran. Instead. they found that by treating the diol with thionyl chiloride
in the presence of pvridine, the cyclic sulfite 29 was obtained in quantitative vield.

Nucleophilic attack of ethanethioxide anion of 29 led to a mixture that was essentially



1:1 of the regioisomers and following the treatment with thionvl chloride and deethiv-
lating with sodium iodide was reported to lead to the sulfide 32 in high vield. Afrer
oxidation of 32 using sodium periodate. the resulting sulfoxide 33 was subsequently
dehvdrated emploving potassium t-butoxide 34. Despite the high vields. rhis is still
a lengthy procedure to synthesize the sulfide.

[n the next case. 1.3-disubstituted BeTs were prepared via a tetrahvdrobenzo -
thiophene. This method had been carried out previously by Maver el ad in 150361
The condensation of ethvl thioglveolate with 1.2-cvelohexanedione resulred in the
tormation the tetrahvdrobenzo[c]thiophene 35 (Scheme 10) with a vield of 13961
More recently. Volz and Voss published the synthesis of tetrahydrobenzo[cjthiophenes
using a modified Hinsberg reaction and the aromatization of the six-tembered ring
was accomplished equally by both allyviic bromination followed by loss of hvdrogen

bromide and dehvdrogenation using palladium on carbon[63] (Scheme 11).

CO:ET
O
S(CH2CO2EY)2 4 NaOEt = s
o) 13% =
35 CO:E[

Scheme 10: Synthesis of 1.3-Bis(ethylcarbonyl)-4,5.6.7-tetrahydrobenzo[c|thiophene

This reaction has the potential of providing a useful route to various substituted
benzojc]thiophenes. For example. if the 1.3 substituents were functionalized for link-
ing (C-C) purposes (ie Br. CHO. ctc) co-polymers. of alternating donor-acceptor
units could possibly be prepared. The yields for the aromatization steps. however,

are rather low and employing palladium on carbon reportedly gave vields of 3-9%.



The method of brominating followed by loss of hvdrogenation was not much better

since vields from the bromination were low (13%). as was the sodium methoxide

induced dehvdrohalogenation (18%).
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Scheme 11: Synthesis of 1.3-Dibenzoylbenzo[c|thiophene

BcT 6 itself. a colourless. low melting solid with a naphthalene-like odour. is
reported to be stable as a solid stored under nitrogen for a few days at -30 °C. The
highly reactive 1- and 3-positions are responsible for instability of 6 as there is a

strong driving force for the re-aromatization of the six-membered ring which occurs
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for example. with the reaction with dienophiles. As a result of this driving force. Diels-
Alder adducts of 6 are readilv formed with oxygen, dimethyvl acetvlenedicarboxyvlate,

maleic anhvdride. and N-phenvimaleimide (Scheme 12).

CO-CH;
CO-CH;

\ a7
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+ N—ph T Oﬁ NTPh
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Scheme 12: Reactions of BeT

The BeT ring system can be stabilized by substitution. especially at the 1- and
3-pusitions. For example. BeT 18 is reported to be moderately stable[42| (although
no time frame was given). Even substitution in the 3-position seems to provide souwe
stability as methyl benzo[c¢|thiophene-3-carboxylate 51 is reported to be stable in air

for 2 days at room temperature and at -20 °C for at least a month[65].

1.3.0.1 Substituent Effects On BcT

To date. only a few other substituted BcTs have been prepared with substituents
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Figure 14: Recent Examples of Substituted BeTs

in the 3-and 6-positions. Examples include halogenated BeTs 49(16. 66]. methvlene-
dioxy substituted BeT 52[67]. long chain alkyl substituents on BeT[20]. and also a
BeT substituted with a benzoyl fragment{16] (Figure 14). The halogenared (elec-
tron withdrawing) BeTs showed that while there was little effect on the p-doping
potentials. the substitution considerably facilitated n-doping[66]. Looking at flnorine
substitution. 5-fluorinated 49a led to a positive shift of the onset potential for n-
doping while 4-F 49e produced the reverse effect. possibly due to steric reasonsi20-.
Full substitution by fluorine seems to increase the bandgap to 2.10 e\ an effect
thought to be a result of both electronic and steric effects{47.68]. The electron do-
nating. methyvlenedioxy group had very little effect on the bandgap of the polvmer
but slightly increased the oxidation potential compared to PBc¢T and considerably
decreased conductivity to nearly one-tenth that of PBcT[67].

Another substituted BcT system that recently has received attention. poly(bi-
benzo[c¢|thiophene-methine){69-71], incorporates a methine linkage. Theoretical stud-

ies predicted a low bandgap of 0.7 eV[71] for these systems and a few have been
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svathesized from the corresponding 2-thiophene carbaldehydes by Knoevenagel-like
condensations with 2.3-dihydrothiophene-1-oxide (Scheme 13)[70]. Despite the inter-
esting properties reported for these compounds, the extensively conjugated precursors
such as 56 lead to rather stable cation radicals and. as a consequence. electropoly-

merization leads to the formation of dimers only[20].

/\
OCgH3 OCsH3 2 R/Q\cuo
NalO4 NaOH/MeCH
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33 o (a) 39%. by 35%
54
/\ P ~ 7B\ toluene/py
Il S for R=H
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Scheme 13: Syuthesis of a Poly(bibenzo[c]thiophene-methine) From Knoevenagel
condensation

Our research interests were concerned with optimizing the svntheses of substi-
tuted BeTs and in the process, add to the relatively short list of these interesting
compounds. In particular. we felt it was possible to make improvements in the svn-
thesis of the BeT precursor. the sulfide 63 taking advantage of existing solid support
methodology(72. T3]. To achieve this. two targets were chosen (Figure 15). We chose
to prepare 5.6-methylenedioxybenzo{c|thiophene 52 using a heavily modified version
of a synthesis recently reported[67] and it was hoped that this new procedure could
then be extended to the preparation of other novel BeTs such as diester 57.

Annelated terheterocycles, 1,3-dithienylbenzo[c|thiophenes (DTBcT) also known
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Figure 15: Substituted BeT Targets

as 1.3-dithienylisothianaphthenes. have recently attracted some attention[53.71 760
Polvimers of this tvpe possess segments of thiophene and BeT and are expected o
combine both the steric and electronic characteristics of the parent polvmers P71 oand
PBc¢T{74i. Theoretical calculations carried out on polymers containing thiophene
and BeT units predicted a decrease in the bandgap compared to that of PT alone.
Molecular modeling caleulations have been used to show that steric interactions ocenr
hetween the sulfur and the hydrogens at the 4.7-positions in BeT dimersi77l. s a
result of this interaction. adjacent rings are not coplanar with cach other. the dihedral
angles calculated to be 43°[78]. The incorporation of the thiophene units was expected
to provide some relief from this interaction and a smaller dihedral angle of 36° berween
adjacent rings was predicted[77].

We were also interested in these svstems and chose to investigate approaches
towards the terheterocycles 1.3-dithienyi-5.6-dimethoxvbenzofcithiophene 58. 1.3-di-
thienyl-5.6-methylenedioxybenzo(c|thiophene 59 and 1.3-dithienyl-5.6-cthyviencdioxy-
benzo{cjthiophene 60 (Figure 16). In addition to the advantages mentioned mentioned
above. these trimeric species are also conveniently set up for the construction of

copolvmers consisting of alternating donor-acceptor subunits. This. however. is ouly
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pussible once a consistent and reliable synthetic procedure is established. Froum the
literature. there appears to be a variety of ways to prepare DTBcTs. but there appears

to be considerable disagreement as to which of the methods are reproducible.

AN / N\
HiCO  OCH, o~ Yo

Figure 16: DTBeT Targets

The current svothetic methodologies towards DTBeTs will be presented and «is-
cussed in further detail in Chapter 4 along with our approaches rowards these coni-
pounds.

Somie of the theory behind conjugated polymers and why they are of interest has
been reviewed in this introduction. The origin of BeT 6 was presented along with
the debate concerning the structure of the corresponding polvimer PBeT 8 and the
different methods for obtaining this important monomer and polymer. The need

exists for an optimized general svnthesis of substituted BeTs and reliable syntheses

for substituted DTBcTs.



Chapter 2

5,6-Dioxymethylenebenzoc|thiophene
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2.1 Results and Discussion

As described in the introduction. there are several existing methods to the prepara-
tion of BeTs. starting from appropriately substituted phthalic anhydrides. substituted
a, « -dihalo-o-xyvlene derivitives and from other sources (see Section 1.3). Prepara-
tion of a substituted BeT from the a. « -dihalo-o-xylene derivitive can be achieved in
three steps. Conversion of such a compound to the sulfide is followed by its oxidation
to the corresponding sulfoxide and subsequent dehvdration to the BeT.

Traditional methods for the preparation of sulfides generally use dilution condi-
tions with slow. careful addition of the reagents. These methods typically involve
long reaction times and give low vields. In an effort to overcome this problem and
improve overall vields to the substituted BeT. the use of supported reagent method-
ology(72. T3)was investigated.

Sodiuin sulfide adsorbed on alumina (Na,S/Al,O3) has been reported to be an
alternative reagent to Na,S-9H,O [79] and its preparation was described first by
Czech et al. [79] for the synthesis of dialkyl sulfides from primary alkvl halides. [rs
use was later reported for the svnthesis of cvelic sulfides from straight chain o..-
dibromides by Tan et al. [80]. The reagent has also been used occasionally in syu-
thetic and methodological studies(81-84]. The use of sodium sulfide adorbed on
alumina in cyclophane chemistry has also been reported by Bodwell et al. who de-
scribed an optimized procedure for the svnthesis of svmmetrically substituted svn-
2.11-dithia[3-3]metacyclophanes[83]. In comparison with older Na,S-9H,0 method-
ologies. the procedure and work-up were simplier, only moderate dilution and shorter
reaction times were required. and the reagent could be used in the presence of base
sensitive groups.

In order to determine whether Na;S/Al,03 would be effective for the synthesis
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of sulfide precursors to BeTs. a known BeT 52, which had originally been prepared
using Na,S-9H,O methodology. was selected as the first synthetic target.
5.6-Dioxymethylenebenzo(¢|thiophene 52 was first prepared by Ikenoue. Wudl and
Heeger in 1991(67]. To effect the key cyclization step. they emploved Na,S-9H,O and
reported a vield of 531% for the sulfide 63 after a lengthy reaction timne of 25 hours. Our
svnthesis (Scheme 14) follows the published route with modification of the evelization

srony (62 631

Q
< CH-OH HCHO(aq) <O Cl
HCI Cl
¢} 0]
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75%
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Scheme 14: Modified Synthesis of 3.6-Methylenedioxybenzo[c[thiophene

As described hy Ikenoue et al.. chloromethylation and chlorination of piperouvl
alcohol 61 (prepared from the reduction of piperonal) was carried out ewmploving
aqueous formaldehyde that had been saturated with hydrogen chloride at 0 “C. The
resulting 1.2-bis(chloromethyl)-4.5-dioxymethylenebenzene 62 was obtained in a vield

of 75% comparable to literature results[67].
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Using the modified procedure reported by Bodwell et al. [83). freshly prepared
Na,S/ALQO; and was added in one portion to a solution of 62 in neat absolute ethanol.
Ring closure to the corresponding sulfide 63 proceeded smoothly in 2.5 hours and
in a vield of 80%. By comparison. the previously reported procedure required 25
hours. much higher dilution and afforded only 51% of 63. A noteworthy. but not
particularly surprising. feature of this reaction was that Na,S/ALQOy reacted readily
witht the beazyvlic chlorides. All previously reported uses of this reagent were with
bromides.

The resulting sulfide 63 was then oxidized to the sulfoxide 64 using sodinm perio-
date i1 retfluxing ethanol/water for 15 hours in an unoptimized vield of 66%. The lit-
crature vield for this reaction was 91%. Dehvdration of the sulfoxide 64 was achieved
by heating on nentral activated alumina under vacuum. Under these conditions. the
substituted BeT. 52 was sublimed onto a cold finger (ca. 3 °C). Compound 52 is
unstable in air and consequently stored under nitrogen at -28 “C. Componnds 63. 62

and 64 are also unstable in air but can be stored for several months at - 28 °C.
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2.2 General Procedures.

Unless otherwise noted. all commercial chemicals were used without further purifi-
cation. Tetrahydrofuran was distilled over sodium/benzophenone. Toluene and ben-
zene were distilled over calcium hvdride and stored over 4A molecular sieves. Thin
laver chromatography was performed on E. Merck 60 F.gy precoated silica plates.
Column chromatography was carried out on 60 (E. Merck. 230-400 mesh) silica zel
(unless otherwise noted) using flash technique. Melting points (mp) were obrained
on a Fisher-Johns apparatus and are uncorrected. 'H and ¥ C nuclear magnetic res-
onance (NMR) spectra were recorded on a GE GN-300NB spectrometer at 300 Ml
and 73 MHz respectively. unless otherwise specified. in CDCly solution unless other-
wise noted. Chemical shifts are in ppm relative to internal standards: MeySi for 'H
and CDCly (8 77.0 ppm) for BC NMR. Individual peaks in the 'H NMR spectra are
reported as chemical shift. multiplicity (s=singlet. d=doublet. dd=doublet doublers.
t=triplet. q=quartet, m=multiplet). number of hydrogeus and coupling constants.
Individual peaks in the *C NMR spectra are reported as chemical shift. Low resolu-
tion mass spectra (MS) were determined on a V.G. Micromass 7070HS instrument.

MS data are reported as m/z and percent relative intensity.



2.3 Experimental

2.3.0.2 1,2-Bis(chloromethyl)4,5-dioxymethylenebenzene (62)[67]
CI s
0 Ci

Piperonyl alcohol (2.00 g. 13.2 mmol) was added in one portion ro a solution
of aqueous formaldehvde (37%. 4 ml) saturated with HCI (g) and hydrochloric acid
(8 ml). The resulting mixture was stirred for 15 h and poured into cold water (30
ml). The aqueous mixture was extracted with two portions of diethvl ether and the
combined extracts were dried over anhydrous NaySO,. Removal of solvent atforded
the crude product as an off-whire solid. Purification by columnn chromatography (30'4
hexane/CHLCly) gave 62 as a colourless solid (2.17 g. 9.91 mmol. 75%): mp 68.5 70
'C (1it.[67) 66 -70 °C): 'H NMR 8 6.87 (s. 2H). 6.01 (s. 2H). L.67 (s. 4H): PC NMR 4
L15.5. 123.5. 107.9. 99.0. 40.6: MS m/z (%): 218 (M™. 18). 185 (32). 183 (100). 113
(23). 89 (28). 63 (21).

2.3.0.3 Preparation of Solid-Supported Sulfide Reagent (Na,S/Al,0,)[85]

Sodium sulfide nonahydrate (14.04 g. 14.0- mmol) was dissolved in deionized warer
{60 ml) and filtered. Basic alumina (13.94 g Fluka 5016A) was added to the filtrare
and most of the solvent was then removed on a rotary evaporator (bath temperarure
30-60 °C). The resulting mixture was subsequently ground with a mortar and pestle
and then dried to constant weight with gentle warming (50-60 °C)} under high vacuum

to give a final mass of 22.58 g (2.39 mmol Na,S/g reagent).
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2.3.0.4 1,3-Dihydro-5,6-dioxymethylenebenzo[c|thiophene (63)
0
{ S
0

Freshly prepared Na,S/AlL03[83] (3.11 g 8.08 mmol) was added in one portion 1y
a solution of 1.2 bis(chloromethyl)-4.5-dioxyvmethvlenebenzene (1.00 g. 4.36 mmol) in
absolute ethanol (320 ml). The resulting solution was stirred vigourously under N,
ac rt for 2.5 h. AlLOj was removed by filtration and the solvent removed by rotary
evaporation. CH,Cly was added to the residue and it was then refiltered. Removal
of solvent afforded an off-whirte solid. Purification by column chromatography (304
hexane /CH,Cly) gave 683 as a colourless solid (0.66 g. 3.66 mmol 807 ): mp 117.5 119
*C (1 [67] 117 119 °C: "H NMR 0 6.63 (s, 2H). 5.93 (s, 2H). -L.17 (s. 4H): ¥C NMR 4
L4440 130.3. 101.8. 98.8. 35.0: MS m/z (%): 180 (M7, 93), 179 (100). 150 (13}, 135
(10). 122 (10). 121 (23). 77 (12).

2.3.0.5 1,3-Dihydro-5,6-dioxymethylenebenzo[c]thiophene-2-oxide (64){67]

-

A solution of NalO, (0.52 g, 2.5 mmol) in H,O (14 ml) was added to 63 (0.40 g.
2.2 mmol) in 98 ml of hot ethanol (95%). The resulting solution was heated under
reflux for 10 h. The reaction solution was then filtered and the solvent removed using

rotary evaporation. The resulting residue was redissolved in CH,Cl, and dried over
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Na.SO,;. Removal of solvent gave a vellow solid. Purification by column chromatog-
raphy (50% CH,Cl, in EtOAc) afforded 64 as a colourless solid (0.29 g. 1.5 mmol.
667): mp 126.5-128.0 °C (lit.[67] 127-128 >C). 'H NMR § 6.79 (s. 2H). 5.99 (s, 2H).
4.23 (2H. AB half spectrum, J = 13.0 Hz). 4.03 (2H. AB half spectrum. J = 15 Hz):
BCNMR 4 145.6. 125.0. 103.7. 99.0. 36.1: MS m/z (%): 196 (M*T. 23). L8 (100).
L7 (35). 89 (14).

2.3.0.6 5,6-Dioxymethylenebenzo[c|thiophene (52)(67]

O =
e

A mixture of 64 (0.25 g. 1.3 mmol) and activated neutral alumina was heaved
at 110-140 °C under ¥ mm Hg in a sublimation apparatus for 30 min. Colourless
crystals were obtained from the cold finger (cooled with cold water. ca 5 °C) (0.12 o,
(.67 munol. 32%): mp 133.5-134.5 °C (lie.{67] 133.5 1345 °C) 'H NMR o 7.33 s,
2H). 6.82 (s. 2H). 5.93 (s. 2H): YC NMR 6 145.1. 132.5. 1114, 93.2. 93.5: MS m:

(7). 178 (M7, 100). 122 (18), 120 (43). 94 (11). 89 (9). 69 (16). (11). 28 (16).
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3.1 Results and Discussion

One of the long term goals of this work was the synthesis of BeT polviners with
alternating electron-rich and electron-deficient monomer units. Having successtully
svithesized an electron-rich monomer 52. attention was then turned to the svuthesis
of an electron-deficient monomer. The diester 57 was chosen as a target because the
ester groups are strongly electron-withdrawing and are easily converted into other
electron-withdrawing tunctional groups. In addition. this compound had not ver
appeared in the literature and would therefore be a test for the generality of the new
solid-supported sulfide methodology (NayS/Al:O4) developed during the svathesis of
52. The important precursor 69 possesses a relatively high degree of svmmetry and,
despite the fact it does not have a great deal of structural complexity. a variety of
pathways to it and also the more advanced svothetic target 78 were conceived.

The tonr approaches to BeT 57 are outlined in Scheme 15. The tirst two ap-
proaches focused on the dibrominated precusor 69, while the other two centred on
the sulfide 78. Each of the proposed synthetic sequences relies upon a Diels-Alder
reaction for construction of the six-membered ring,.

Preparation of compound 69 was first attempted according to Scheme 16, Terra-
bromide 66 was prepared using a literature synthesis[86] involving the reaction of 2.3-
dimethyl-1.3-butadiene with bromine followed by allvlic bromination (NBS. hv. ben-
zovl peroxide) to give 66 in 60% vield. Compound 66 was subsequently debrominated
with Zn-Cu couple[87] using a literature method[88]. to afford 2.3-bisbromomethyl-
1.3-butadiene 67 in a crude vield of 87%. As reported earlier[88], 67 was found to
be stable only in cold dilute solutions. As such, this diene was prepared as required
and used immediately in the next step. the Diels-Alder reaction with DMAD. Xylene.

toluene and benzene were employed as solvents with the latter giving the best results.
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H3CO» H3CO»
= S
J@Q = 1
H;CO,C 3CUa 78
ICO‘\ m H\COZC
X
B
H,COx H,COAC ‘
H;COAC H,CO.C
76
H}COZC Br H3C02C

68 71

Rk

Scheme 13: Retrosvnthetic Scheme for the Synthesis of
3.6-Bis(methylcarboxylate)benzolc|thiophene
The vield. however. never exceeded 48%.

The seeming straightforward aromatization step presented difficulties. DDQ) was
nsed as the oxidant, but failed to give the aromatized product 69 in significant vields.
Several aromatic solvents (toluene. xylenes and benzene) were emploved at both room
temperature and at reflux but to little avail. The reactions were very difficult ro
monitor by TLC due to extensive streaking. The lack of formation of the usual tan
precipitate 2.3-dichloro-5,6-dicyano-1,4-hydroquinone indicated that the DDQ was
not reacting in the required manner. Removal of the solvent after refluxing invariably
vielded a black. tarry substance. From the reaction carried out in refluxing benzene.

-

a small amount (<1%) of the aromatized product 69. confirmed by 'H NMR analysis.



= 1. Bry,CCls
™ 2. NBS,

Br Br
Br Br

(CsHs0)202,
hv, CClg
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Zn-Cu, Br Z DMAD,
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ether, reflux reflux
0, Q,
87% 67 48%
CO-CH CO-CH
Br ! DDQ - Br =
Br benzene Br
CO»CH;4 trace CO.CH;
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Scheme 16: First Approach to Dimethyl 4.5-bis(bromomethyvl)phthalate

was isolated by sublimation from the tar. Next. the solvent svstem was changed to
THEF/HBr(aqueous) since it has been reported that the dehvdrogenation rates are
enhanced in more polar solvents[89] but 89 was not observed by 'H NMR analysis.
These disappointing results led to the investigation of the second route (Scheme 17)

The first step of the sequence was the Diels-Alder reaction between 2.3-dimethvi-
1.3-butadiene 65 and DAMAD (refluxing toluene, 4 h) to give the adduct 70 in a
vield of 87%. As a matter of convenience. this reaction was generallvy carried out
in refluxing benzene in spite of the longer reaction times required (8 hours) wirh
comparable vields. The success of this reaction compared to that of 67 may be
attributable to steric effects. Since a bromomethyl group is larger than a methyl
group. the s-cis conformation (required for a Diels-Alder reaction to occur) of 67

may be more sterically encumbered and therefore less populated than that of 65

(Figure 17).
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Scheme 17: Second Approach to Dimethyvl4.5-bis(bromotethyl)phthalate

In addition. the greater sterie requirements of a bromomethvl group may also
hinder the approach of the dienophile. Indeed Xidos et al. have recently shown that
the facial selectivity of Diels-Alder reaction is very sensitive to steric etfects[90 94). In
stark contrast to the previous route, the next step, aromatization. proceeded smoothly
in an extremly exothermic and rapid manner at room temperature to give the producr
71 in a vield of 91%. The reason for such a dramatic difference is not immediarefv
obvious and may have its roots in steric effects. For example. in conformation 72
(Figure 17). where the two bulky bromine atoms are well separated. both faces of the
cvelohexadiene ring would encounter steric hinderence upon the approach of DDQ).
Low level calculations. using semi-empircal methods (AM1). revealed 22 possible
conformers. The conformer with the lowest heat of formation is bromoQ0 1L, illustrared
in Table 1. In this conformer, two bulky bromine atoms are situated on opposite faces
of the cyclohexadiene ring which would be expected to hinder the approach of DDQ).

In addition to the suggestion of sterics, the brominated species 70 is a more

electron-deficient system than 71. The ease of dehydrogenation is dependent upon
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67 72
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Figure 17: Two Existing Conformations for the Dienes
2.3-Bis(bromomethyl)-1.3-butadiene and 2.3-dimethyl-1.3-butadiene

the degree of stabilization of the incipient carboniwin ion in the transition state()s)

and therefore this must also be of consideration.
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The next step was the two-fold benzylic bromination of 71 with NBS to give
69. This reaction has been used extensively in the formation of w.ce’-dibromo-m-
xvlenes[96]. As is frequently seen in m-xylene substrates. this reaction gave a mixture
of products. monobrominated 74. dibrominated 69 and tribrominated 75 (Figure 13).
Attempted separations however, of the desired compound 69 from this mixture by
column chromatography. sublimation. or recrystallization were uniformiv unsuccesstul

and this ted to the investigation of the third route.

Br

CO-CH; CO-CH;
Br Br

B
CO-CHj; f CO-CHj

74 75

Figure 18: Side Products Obtained from the Benzvlic Bromination of Dimethyl
4.5-dimethylphthalate

[n an effort to get around the problems associated with the benzyvlic bromination.
the third route (Scheme 18). which centred around a Diels-Alder reaction of 3.1-
dimethylenethiolane 76[88) and DMAD, was investigated. Thiolane 76 was prepared
from 2.3-bis(bromomethyl)-1.3-butadiene 67 upon reaction with Na,S/AlLOj.

This compound was previously reported by Gaoni and Sadeh(88] from the reaction
between 67 and Na,S-9H,0. The reported vield of 76 (80-85%) was curiously deter-
mined by UV spectroscopy on the basis of ¢ =6000 at 240 nm for the pure compound.
Compound 76 was said to polymerize in the solid state. but could nevertheless be
purified by evaporation of the solvent and distilled.

To confirm 76 had indeed formed in the Na,S/Al,O3 reaction, a comparison wis

made between the 'H NMR spectrum of the crude product and literature values.
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Like the starting material 67. it was found to be stable only in cold. dilute solu-
tion. Attempts to purify 76 by vacuum distillation (using the reported conditions)
consistently resulted in decomposition. The vield of the crude product was 56% and
subsequent reactions were performed using unpurified 76.

Countrary to the findings of Gaoni and Sadeh.[88] 76 proved to be unreactive
towards DMAD in a Diels-Alder sense. In the hopes that the adduct 77 could be
rrapped dnosidn. the reaction was attempted in the presence of a small amoun:

DDQ. However neither 77 nor 78 were observed.

Br = NaS/AOs S Z DMAD N,
Br ™ EtOH A MeOH, reflux /\
56%(crude)
67 76

COaCH3 CO-CH;
CEI :
C07CH3

CO.CH;

78

Scheme 18: Third Approach

Finally. the preparation of 76 from 67 was carried out in the presence of excess
DMAD in CH,Cl;/MeOH at both room temperature and reflux. Again. no Diels-
Alder reaction was observed.

[t was previously observed that 68 was not aromatized by DDQ under the con-
ditions used and this was ascribed to steric and/or electronic effects. [t was then
reasoned that flattening the system would be advantageous. It was envisaged that
this could be accomplished by the reaction of 68 with Na,S/Al,03. Somewhat sur-

prisingly. this reaction afforded a complex mixture. In the hopes that some of the
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Scheme 19: Alternative Approach to
1.3-Dihydro-5.6-bis(methylcarboxylate)benzo{c|thiophene

adduct had been formed. DDQ was added. but none of the aromatized product 78
conld be observed.

At this point. the most promising route appeared to be the one outlined carlier in
Scheme 17. Its downfall was the two-fold benzylic bromination to give 69. Attention
was then turned to the possibility of using other reagents to accomplish this transfor-
mation. Of particular interest were reports that NBS/SiO, was an effective reagent
for the ring bromination of electron rich arenes (aromatic amines and phenols[97]
alkoxybenzenes[98] and indols and benzimadazoles[99]). Since no electron-deticient
arenes were included in this study. it was of interest to determine whether this reagent
could achieve benzylic bromination of electron-deficient arenes such as 69. more sce-
lectively than NBS and hv.

Treatment of 71 with NBS/SiO, (hv excluded) in refluxing dichloromethane af-
forded a mixture of dibromide 69 and monobromide 74. The combined vicld was

92% and the ratio of 69:75 roughly 4:1. as determined by 'H NMR spectroscopy.
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Scheme 20: Successful Approach to 3,6-Bis{methylcarboxylate)benzo[e]thiophene
Using an Alternative Method for Benzylic Bromination

Compound 69 could be obtained pure by column chromatography and multiple re-
crvstallization. but the vield dropped drasticallv. Fortunately, the original mixture of
69 and 75 could be used in the following step without further purification. Thus. the
reaction of this mixture with Na,S/AlL Oy afforded 82-88%: (based on 75 80% purity
of starting material) of sulfide 78 after purification by column chromatography on
neutral alumnina (based on the estimated amount of 69 in the starting mixture).
Compound 78 was then oxidized with sodium periodate in a refluxing mixture of
methanol/water to give the sulfoxide 79 in 78% vield.

This left only the dehydration step to be achieved. Unfortunately. subjection of
79 to the conditions emploved for the conversion of 64 to 52 was not successful. The
problem lay with the reluctance of 57 to sublime. When the alumina was extracted

at an intermediate time, signals in the 'H NMR spectrum attributable to starting



material and product could be observed. Longer reaction times led to complete
consumption of the starting material and decay of the product.

Dehvdration of the sulfoxide 79 was accomplished instead by heating with acti-
vated neutral alumina in refluxing benzene under nitrogen. After refluxing overnight.
the alumina was removed by filtration and the alumina extracted using drv benzene.
The desired BeT 57 was obtained as a vellow oil in a vield of 53%. From the 'H
NMR spectrun. three singlets, as expected, were obsecved 8.07 (s 2015, 7.38 (- 211
3.92 (s 6H).

[nitial attempts to purifv the sulfide 78 on silica led to the formation of several
side products. These side products were not observed by TLC prior to the eolumn
and it was concluded 78 was not stable on the silica, hence the purification using
neutral alumina as support. Upon closer examination of the fractions by 'I{ NMR
analvsis, peaks associated with the BeT 57 were observed. This initially discouraging
result. instability of 78 on the silica. may instead now be considered beneficial as it
mayv be possible to proceed directly from the sulfide 78 to 57 although the reaction

mechanism is unknown.

CO-CH CO,CH;,
T sio, =
r———

CO,CH, CO.CH;
78 57

Scheme 21: Dehydrogenation of
1.3-Dihydro-3.6-bis(methylcarboxylate)benzo[c|thiophene to BcT By Silica
A small amount of 78 was stirred with silica in benzene at room temperature

for several days. The reaction appears very slow but along with starting material

78. compound 57 was also observed by TLC and this was confirmed by 'H NMR



analvsis. This reaction inay be further enhanced by elevation of reaction temperature
or perhaps absorbing compound 78 directly onto silica and allowing to stand for a
period of time. Although the exact nature of this reaction is unknown. particulariy
the mechanism and why this particular sulfide 78 underwent the transformation on
silica while the other sulfide 63 did not. the initial results appear very promising. The
potential of eliminating a reaction step (oxidation of sulfide to sulfoxide) and heuce

possibly increasing the overall vield to the novel Be'T 57 should not be disniissed.

3.1.1 Bromination of 5,6-Bis(methylcarboxylate)benzo(c]thio-

phene
H;CONC CO-CH, H;CO.C  CO.CHj
_LDANBS\/ _
[\ 780C /N /\
S Br S Br
57
\_/ 2Buli \\
CUC|2 W

Scheme 22: Synthesis of 1.3-Dithienyl-3.6-bis(methylcarboxy)benzo[c|thiophene

After the successful synthesis of 57 efforts were then turned to modification of this
monomer to synthesize an alternating donor-acceptor monomer. It was thought that
this could be achieved according to the route illustrated by Scheme 22: bromination

of the substituted BeT followed by coupling with two equivalents of thiophene using
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literature methods[100].

An initial attempt to brominate 57, was carried out using LDA and NBS but a
complex mixture was obtained (as observed by 'H NMR analvsis. along with mul-
tiple spots and streaking by TLC analysis). This result was rather unfortunate as
this method may have provided a convenient synthetic procedure to preparing other
5.6-disubstituted DTBe¢Ts from corresponding 5.6-disubstituted BeTs which in turn
cadt be prepared from the well established BeT synthetic methodology. Furthermore.
this approach could have been used to svuthesize new monomers which could incor-
porate the alternating donor -acceeptor theme to give monomers such as 82 and 83
(Figure 19) using appropriately substituted thiophenes. Bromination of 57 was not
repeated however. but due to the svnthetic potential of this reaction. other methods

of brominating BeTs should be further investigated.

82 D A 83

A = electron acceptor groups
D = electron donating groups

Figure 19: Monomers Displaying the Alternating Donor-Acceptor Sub-Units



3.2 Experimental
Note, for General Procedures. see Section 2.2.

3.2.0.1 1,4-Dibromo-2,3-bis(bromomethyl)-2-butene (66)[86]
Br Br
Br Br

A solution of bromine (2.95 mL. 2.90 g. 57.6 mmol) in 25 mL of carbon retrachlo-
ride was added dropwise over 1 h. to a magnetically stirred solution of 2.3-dimethvl-
1.3-butadiene (6.50 mL. 4.72 g, 57.4 mmol) in 60 mL of carbon tetrachloride in a Hask
fitted with a dryving tube (containing anhydrous calcium chloride).  After complere
addition of bromine, the reaction solution was cooled to 0 °C {ice/water bath) and
NBS (20.43 g. 114.9 mmol) was added in one portion followed by benzovl peroxide
(0.46 g. 0.19 mmol). The reaction mixture was then slowly allowed to warm to rt and
was then refluxed for 8 h. The hot reaction solution was filtered and. upon cooling.
66 cryvstallized as a bright vellow solid. Recrvstallization from EtOAc afforded 66
as a pale vellow solid (13.74 g. 34.37 mmol. 60%): mp 156.0-157.0 >C (1it.[86] 157
139 >C): 'H NMR o 4.16 (5. 8H): C NMR 4 134.4. 24.9: MS m/z (%): 400 (M-,
10). 319 (83). 159 (37). 79 (97). 39 (100).

3.2.0.2 Zn-Cu Couple[88]

Zinc dust (25 g) was placed in a sintered glass funnel and slurried with and filtered
from the following solutions: 4 x 20 mL portions of aqueous 3% HCI solution. 5 x 50
mL portions of water, 2 x 40 mL portions of aqueous 2% copper sulfate solution. 5 x

530 mL portions of water and 5 x 30 mL portions of anhydrous diethyl ether. After
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air drying in the funnel for several min. the resulting dark powder was then dried in

a vacuum desiccator overnight.

3.2.0.3 2,3-Bis(bromomethyl)-1,3-butadiene (67)(88]
Br Z
Br N

1.4-Dibromo-2.3-bis(bromomethyl)-2-butene 66 (3.00 g. 7.50 mmol) was refluxed
in diethyvl ether (30 mL) with good stirring in the presence of Zn-Cu couple (1.50 g).
After 20 min of stirring. HVMPA (4.5 mL) was added dropwise over 15 min. tollowed
by a further addition of Zn-Cu couple (0.60 g). After cach hour at reflux. further
portions of Zn-Cu (0.60 g) were added: total reflux time was 4.5 h. The reaction
solution was subsequently filtered through Celite and the filtrate was concentrated
using rotary evaporation. The resulting oil was redissolved in pentane (eca. 15 ml).
washed once with a saturated NH, Cl solution. three times with water. and once
with a saturated NaCl solution. The pentane solution was then dried over Na,SO),
(anhvdrous) and filtered. Removal of the solvent by rotary evaporation afforded 67
as colourless crystals (1.37 g, 6.54 mmol. 87 %). The following signals attributed to
67 were recorded on a Bruker WP 100SY 'H NMR (100 MHz) 6 3.33 (s. 2H). 5.48 (.
2H). 4.15 (s. 4H). The crude product was used immediately in the next step without

further purification.



3.2.0.4 Dimethyl 4,5-bis(bromomethyl)cyclohexa-1,4-diene-1,2-dicarboxylate
(68)

CO-CH;4
Br
v L
CO.CH,

A solution of 2,3-bis(bromomethyl)-1.3-butadiene (4.00 g. 16.67 mmol) and DNMAD
(2.43 g. 17.10 mmol) in benzene (15 mL) was stirred under retux conditions tor 18
h. Evaporation of solvent by reduced pressure gave a vellow oil (9.38 g). Purili-
cation by column chromatography (1% CH;CO,H/CH,Cl, gave 68 as a colourless
oil (3.08 g. 8.06 mmol. 48%). recrystallization (hexanes) gave 68 as a colourless oil
(1it.[88] colourless solid mp 75 76 >C): literature '"H NMR data{88] agree. '"H NNIR o
103 (s. 4H). 3.80 (s, 6H). 3.19 (s. 4H): BC NMR § 164.6. 128.7. 126.8. 49.7. 28.7.
26.5: NS m/z (%) (M* not observed) 349 (7). 301 (28). 271 (100). 243 (13). 190
(37). 162 (54). 134 (44). 103 (25). 50 (36).

3.2.0.5 Attempted Syntheses of Dimethy! 4,5-bis(bromomethyl)phthalate
(69)

CO.CHs
XX
B

! CO.CH;

A solution of 68 (1.01 g, 2.64 mmol) in benzene (10 mL), was treated with DDQ
(0.60 g, 2.6 mmol). The flask was fitted with a drying tube and the solution was
stirred at rt. TLC and 'H NMR analysis after stirring for 2 h did not indicate the
formation of 69 and the reaction mixture was then refluxed for 4 days. Removal of

solvent using rotary evaporation gave a dark brown viscous material. Along with other
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material unidentifiable by NMR. only trace amounts of yellow aromatized product
69 were obtained through sublimation (<1%). 'H NMR 4 3.92 (s. 6H). 4.63 (s. 1H).
T.73 (5. 2H).

In a second attempt to obtain synthetically useful quantities of 69. DDQ (0.50 g.
2.6 mmol). followed by 48% HBr (ca. 0.2 mL) was added to a solution of 68 (0.30 g,
2.1 mmol) in THF (13 mL}. The resulting solution was stirred for 1 h at rt and was
then refluxed for 2.5 b T NMR analysis revealed only a trace amount of arotmacized

producr 69.

3.2.0.6 Dimethyl 4,5-bis(bromomethyl)phthalate (69)

A Hask containing a solution of 71 (1.00 g. 4.50 mmol). NBS (2.40 g. 13.5 munol)
and benzovi peroxide (0.02 g, 0.01 mmol) in CCly (20 mL). was ficted with a drving
tube containing calcium chloride, refluxed for 8 h and illuminated with strong visible
light. The reaction mixture was filtered and the solvent was removed by rotary evap-
oration to vield a vellow oil. Column chromatography (20% ethyl acetate/perrotenm
ether) vielded 69 as a pale vellow solid (0.09 g. 0.2 mmol. 5%): 'H NMR o 7.73 (5.
2HY). 4.63 (s. 4H). 3.92 (s. 6H).

3.2.0.7 Dimethyl 4,5-bis(bromomethyl)phthalate (69) from NBS and Sil-
ica

To a stirred solution of prepared 71 (0.31 g. 2.29 mmol) in CH,Cl, (25 mL). NBS

(0.89 g, 5.0 mmol) followed by silica (2.38 g) was added. The resulting mixture was

refluxed for 15 h. after which the reaction solution was filtered and filtrate washed

with water and dried with anhydrous Na,SO,. Removal of the solvent afforded crude

69 as a pale yellow oil which solidified upon standing (0.80 g). The amount of side

products (mono, and tri brominated) was estimated to be 10-15 % from 'H NMR
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analysis (crude 69 75-80%). Pure 69 was obtained from column chromatography
(257 EtOAC /hexanes) followed by several recrystalizations (methanol/water). Frac-
tions containing compounds 74 and 75 were isolated by column chromatography (254
EtOAC/hexanes). The following signals were recorded on a Bruker WP 100SY. '
NMR (100 MHz) 74: 6 7.70 (s. 1H). 7.49 (s. 1H). 4.50 (s. 2H). 3.90 (s. 3H) 3.91 (x.
3H). 2045 (s 3H): 'H NMR (100 MHz) 75: ¢ 8.29 (s. 1H). 7.65 (s. 1H). 7.01 (s. LH).
£.35 (5. 2H). 3.9 (s. 3H). 3.91 (5. 31): 69: wp 93.0 94.5°C. 'II NMR J§ 7.74 (5. 210,
L6 (s, 4H). 3.93 (5. 6H): C NMR 4§ 164.2. 136.8. 129.8. 128.7. 50.1. 25.2: \IS >
(7¢) 380 (M™. 2). 348 (15). 298 (100). 270 (12). 220 (33). 189 (87). 146 (7). 102 (16).
TT (20). HRMS caled for C;3H 2™ Br,O, 377.91026. found 377.9111.

3.2.0.8 Dimethyl 4,5-dimethyl)cyclohexa-1,4-diene-1,2-dicarboxylate (70)

:@CO:CH}

CO.CH;

A solution of 2.3-dimethyl-1.3-butadiene (7.33 g. 89.2 mmol) and DMAD (19.9 g.
98.1 mmol) in toluene (15 mL) was refluxed under a nitrogen atmosphere for 3 h. The
solvent was removed by rotary evaporation and purification by dry flash chromatog-
raphy (25% EtOAc/hexanes) gave 70 as a pale vellow solid {17.4 g. 77.6 mmol. 837%):
recrystallization (hexanes) gave 70 as a colourless solid: mp 72 73 °C: 'H NMR o
3.78(s. 6H). 2.93(s. 4H). 1.67(s. 6H): 3C NMR J 165.7. 130.0. 118.8. 49.4. 31.4. 15.2:
MS m/z (%) 224 (M*. 0.3). 177 (100). 133 (28), 105 (35). 91 (27). 77 (13). 39 (31).
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3.2.0.9 Dimethyl 4,5-dimethylphthalate (71)
CO-CHj
:C[C03CH_~,

DDQ (5.09 g. 22.4 mmol) was added in one portion to a solution of 70 (5.00 g.
22.3 mmol) in benzene (20 mL) and the resulting mixture was left to stir overnighe
at rt. The precipitated hvdroquinone was removed by filtration and the solvenr was
removed by rotary evaporation to give crude 71 as an orange solid. Purification by
drv flash column chromatography (alumina. CH»Cl,). furnished 71 as a colourless
solid (431 g, 19.4 mmol, 87%): mp 51.5-53.0 °C: 'H NMR 6 7.49 (s. 2H). 3.88 (5.
GH). 2.31 (5. 6H): C NMR ¢ 168.3. 140.3. 130.1. 129.4, 52.5. 19.7: MS m/z (%4): 222

(M. 20y, 192 (L1). 191 (100). 163 (6). 120 (3). 105 (G). 91 (6). 77 (6).

3.2.0.10 3,4-Dimethylenethiolane (76)
X
S
X

To stirred solution of 67 in absolute ethanol (1.50 g, 6.26 mmol). freshlv pre-
pared Na,;S/AlLO; [83] (3.62 g. 9.38 mmol) was added as a finely ground powder in
one portion. After stirring for 2.5 h. the solution was filtered and the solvent was
removed using rotary evaporation. The residue was redissolved in CH,Cl, (ca. LOU
mL). and filtered once more. The filtrate was then washed successively with aqueous
1.0 M sodium bicarbonate and water. and dried over anhydrous Na,SO;. Rotary
evaporation of the solvent gave a pale yellow oil (0.39 g). 'H NMR analysis (Bruker

WP 100SY) indicated 76 was present: 'H NMR (100 MHz) § 3.61 (s). 3.01 (s). 5.45
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[

(5)(88]). Attempts to purifyv the thiolane according to the literature[88] resulted in its

decomposition.

3.2.0.11 Attempted Synthesis of Dimethyl 3-thiabicyclo[4.3.0]nona-1(5),7-
diene-7,8-dicarboxylate (77)

CO:N‘C
LI

CO:Me

Freshly prepared Na,S/ALO; (85] (0.80 g. 2.1 mmol)was added iu one portion
to a solution containing freshly prepared 68 (0.53 g. 1.4 mmol) in methanol (120
mL) and the reaction mixture was stirred at rt for 6 h. The alumina was removed by
filtration and solvent was removed by rotary evaporation. The residue was redissolved
in CH,Cl, and the remaining alumina was removed by filtration. Removal of solvent
gave material unidentifiable by 'H NMR analvsis.

Next. freshly prepared Na,S/AL Oy [85] (6.42 g, 16.9 mmol) was added to a sol-
tion containing 67 (2.69 g. 11.2 mmol) and DMAD (1.60 g. 12.4 mmol) in a solvent
system of 9:1 dichloromethane/methanol (100 mL) and the resulting solution was
stirred at rt for 19 h. The reaction solution was then filtered and removal of the
solvent by rotary evaporation gave a dark red oily residue. Column chromatography
eluting initially with petroleum ether followed by petroleum ether/CH,Cl, (9:1) gave

materials unidentifiable by '"H NMR analysis.
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3.2.0.12 Attempted Synthesis of 1,3-Dihydro-5,6-bis(methylcarboxylate)-
benzo[c|thiophene (78)

CO,CH;
LI
CO~CH;
A solution of crude 76 (0.39 g) (prepared from Section 3.2.0.10). DAMAD (0.91 g
6.-4 mmol) and DDQ (0.02 g, 0.09 mmol) in methanol (50 mL) was stirred at rt for 5.5

h. Compound 78 was not observed by 'H NMR. and the reaction mixture was then

refluxed for 8 h. Other material unidentifiable by 'H NMR analysis was obrained: 78

wis not observed.

3.2.0.13 1,3-Dihydro-5,6-bis(methylcarboxylate)benzo[c]thiophene from 69
from Section 3.2.0.7 (78)

To a solution of 69 (1.26 g. 3.32 mmol 75-80% pure) in methanol (300 wml.).
freshly prepared Na,S/ALO; [83] (1.89 g. 4.95 mmol) was added in one portion and
the reaction mixture was vigorously stirred for 2.3 h. The reaction mixture was
filtered and the solvent was removed using rotary evaporation. The vellow residue
was redissolved in CH,Cl,. filtered to remove the remaining alumina. and the solvent
wis removed by rotary evaporation. Purification by dry flash column chromatography
on neutral alumina (CH,Cl,) gave a vellow solid (0.56 g, 82 -88% based on 75 -80'%
pure starting material): mp 77.3-77 °C: 'H NMR & 7.62 (s. 2H). 4.29 (s. 4H). 3.91
(s. 6H): ¥C NMR 4 144.0, 130.9. 125.3. 52.7. 37.6. carbonyl signal not observed: MS
m/z (%) 252 (M*. 30), 221 (37). 219 (12), 193 (13). 134 (21). 94 (14). A sample of

high purity for HRMS was not obtained due to the apparent instability of 78.
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3.2.0.14 1,3-Dihydro-5,6-bis(methylcarboxylate)benzo|c]thiophene-2-oxide
(79)

A solnution of 78 (0.63 g. 2.5 mmol} in methanol (110 mL) was heated to near
reflux. Sodinm periodate (0.3Y g. 2.8 munoi) in hot water {13 mL) was added to the hot
solution and the reaction mixture was heated at reflux for 15 h. The reaction solution
was fltered. concentrated and the residue was dissolved in CH,Cly and refiltered. The
fltrate was washed twice with water and dried over anhvdrous MgSO,. Removal of
the solvent by rotary evaporation afforded 79 as an off-white solid (0.52 ¢. 1.9 munol.
T8%). Recrystallization (methanol/water) gave 79 as a colourless solid: mp 155.0
136.0 °C: '"H NMR 4 7.76 (s 2H). 4.33 (2H. AB half spectrum. J = 16.5 Hz), 1.22
(2H. AB half spectrum. J = 6.5 Hz). 3.92 (s 6H): BC NMR  164.6. 136.3. 121.6.
1L7.6. 56.5. 30.1: MS m/z 268 (M™. 48). 237 (18). 220 (82). 189 (100). 161 (6). 130
(9). L1& (9). 102 (18). 90 {15). 77 (23). HRMS calced for C,H 2S04 268.04046. found
268.0394.

3.2.0.15 5,6-Bis(methylcarboxylate)benzo[c|thiophene (57)

CO-CH;
~X
L
——

CO.CH;,

Activated neutral alumina (0.65 g) was added to a solution of 79 (0.21 g. 0.78 mmol)
in dry benzene (10 mL) and the resulting mixture was refluxed for 10 h. Filtration

of the alumina under nitrogen, followed by removal of solvent under reduced pressure



gave a vellow oil (0.11 g, 0.44 mmol. 553%): '"H NMR 4§ 8.07 (s. 2H), 7.88 (s. 2H). 3.92
(s. 6H): *C NMR § 168.3. 136.6, 126.5. 125.0. 120.8. 52.5: MS m/z (%): 250 (N .
32). 219 (100). 204 (7). 160 (10). 133 (28). 132 (16). 89 (20). 82 (7). 69 (11). HRMIS
caled for C1,H 2SO, 250.02991. found 250.0298.

3.2.0.16 1,3-Dibromo-5,6-Bis(methylcarboxy)benzo[c]thiophene (80)

Br
\ COCH,
_—
S I [
=)
C(3,CH,
Br

A solution of diisopropyvlamine (0.17 mL. 1.3 mmol) in anhvdrous THFE (5 mL)
was cooled to 0 °C (ice/water) and n-BuLi (1.3 M in hexane. 0.90 mL. 1.2 munol)
was added. Aftev stirring for 30 min. a solution of 57 in anhvdrous THFE (5 mL) was
added slowly and stirring at 0 °C was continued for 1.5 h. NBS (0.48 g. 2.7 mmol)
was then added in one portion and stirred at 0 °C for 2 h. The reaction mixture was
allowed to warm to rt and then quenched by pouring into water and extracted with
CH,Cly. The CH,Cly extracts were dried over anhvdrous MgSO,. Removal of the
solvent emploving rotary evaporation furnished material unidentifiable by 'H NMR

analvsis.



Chapter 4

Substituted
1,3-Dithienylbenzo[c|thiophenes
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4.1 Results and Discussion

As described in 3.1.1. the attempt to prepare dimethy!l 1.3-dibromobenzo[¢]thio-
phene-5.6-dicarboxylate 80 had been unsuccessful and efforts to synthesize this com-
pound and proceed with Scheme 22 were discontinued. Instead. the svntheses of
appropriate precursors which could eventually lead to DTBcTs 58. 59 and 60 (Fig-

ure 20) were investigated.

Figure 20: Targeted DTBcTs

Lawesson’s Reagent
| > > T P2Ss se 4\ s
/ N\ or NasS.9H.0
0 0 N /5 \J
85

84

Scheme 23: Direct Route to DTBcTs

According to the literature, DTBcTs can be prepared from the thiation of an
appropriate o-diacylarene (Scheme 23)[74]. The difficulty however lies with the syn-
thesis of the o-diacylarene itself. Several strategies have been put forth which lead to

the critical o-diacylarenes, but there does appear to be considerable disagreement as

to which of these are reproducible.
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4.1.1 First Synthesis of Parent DTBcT

The first svntheses of the parent DTBcT 85 were reported simultancously in 1992
by Baiierle et al (Scheme 24){73] Lorey and Cava (Scheme 26)(76]. each group emplov-
ing similar methods. Baterle et al prepared the intermediate 1-(2-thienvl)phthalide
87 from the reaction of phthalic anhvdride with thiophene in the presence of alu-
minum chloride (93%) followed by the reduction of the resulting rmono-acvlated o-
(2-thienovl)benzoic acid 86 with sodiim borohydride. The initially formed alcohol

readily lactonized to afford 87 (83%).

O
CO-H
thiophene, AICI3 I A\ NaBHa
1,2-dichloroethane 83%
93% S 0
10 O 86 0 \ 0
S 87
2 @‘MLB
sBr
1, — :| h LR s 4\ s
iethyi ether, 1. CH.Cls, 30 S
-20°C3 2. EtOH, nt, 14h \ / - \ /
2. HyO 3. EtOH, 700C 1h 85
. Pb(OAc)s 28%
88% THF
96% LR
toluene, reflux
2h
83%
I S S
Y Y & N\
84

Scheme 24: Baiierle et al. Synthesis of DTBcT

Baiierle et al. then reacted the phthalide 87 with 2-thienvimagnesium bromide to
afford the substituted dihydrobenzo[c|furan 88. The reaction of 88 with lead tetraac-

etate vielded the o-diacylarene 84 which, upon reaction with Lawesson's Reagent
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(LR). reportedly gave the terheterocvcle 85 (83%). They also prepared 85 from the

direct thiation of the dihvdrobenzo[c|furan 88 with LR, but the yield of 85 was much

lower (28%).

d\
. SnCi4. CsHe ==
89

, |

2eq @u 90 L/
S

2eq QMgBr

K 84
F |\ /|

84
84
{ \5
2eq g
Yo 84
TFOP N\
0PNy~ =0
10

Scheme 25: Additional Reactions Carried out By Baiierle et al.

[t is worth noting that thev also reported approaches which failed to afford 84
(Schenie 25). Acylation reaction of phthaloyl dichloride 89 with 2eq of thiophene in
the presence of tin(IV) chloride in benzene resulted in the formation of 90 (50%).
Reaction of 89 with the Grignard and lithium derivatives of 2-bromothiophene failed
to produce 84 (nature of resulting product(s) not given), as did the reaction of

phthalic acid with thiophene under 2-(trifluoromethyisulfonyloxy)pyridine (TFOP)

catalysis{75]
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CO.H
[y - NaBH, ! _thiophene, TMEDA,
S NaOH/H-0 n-BulLi
26 3 days o) 2. HCI
0 2. HCI 50%
95%
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1. CHaCla, rt 3h S [\ S
2. EtOH reflux \ / S \ /)
15 min 85
94%
1. LR, CHaoCla, rt 1h
2. EtOH reflux, 15 min
90%
O
1. S MgBr S S
O 0 THF/diethyl ether | Y, A\ |
S reflux 15h 0 O
12 2. NaOH 84
25%

Scheme 26: Lorey and Cava's Synthesis of DTBeT

[n the synthesis presented by Lorcy and Cava (Scheme 26). the substituted di-
hydrobenzo[c]furan 88 was prepared from the reaction of the phthalide 87 and 2-
thienvilithium (50%) and this was then reacted with LR to afford 85 in a vield of
94%. They also reported the svnthesis of 84 (25%) by the reaction of thiophthalic
anhydride 12 with 2-thienylmagnesium bromide under Grignard conditions[76]. The
o-diacylarene was then converted to 85 in high vield (90%) using, once again. LR.

Subsequent to the procedures presented by Baiierle et al. and Lorcy and Cava.
other methods have been employed in the preparation of o-diacylarenes. Successful

Diels-Alder reactions have been carried out[101, 102 (Scheme 27){102] and Grignard



reactions on the following compounds have been reported: phthalic anhvdrides. thio-

phthalic anhvdrides. phthalaldehvdes and phthaloyl dichlorides.

COCgH:5

COCgHs
= CeHg/MeOH
™ + ” reflux, 8h
66% COC¢Hs
65 COCgH; 92
91
CeHs
1. PaSsg
sand, tetralin_____ = S
1500C, 15 min S
2. NaQH
78% 93 C6H5

Scheme 27: Diels-Alder-Based Approach to a 1.3-Disubstituted BeT

4.1.2 Grignard Reaction Methods

4.1.2.1 Phthalaldehydes

CHO Q
THF 5
CHO | 4

\
HO OH

Pst, NaHCO;;
S
OO0

overall yield 32%

Scheme 28: Musmanniand Ferraris's Synthesis of DTBcT



Several successful Grignard reactions have been reported on phthalaldehydes. For
example. Lee et al. reported a successful synthesis of aromatic o-diacylarenes in vields
of 55-7H%[103] using this approach.

Musmanni and Ferraris also reported a successful Grignard reaction of phthal-
aldehvde 94[77] using an earlier method[104] (Scheme 28). Compound 94 was added
to 2-thienvimagnesium bromide to afford diol 95. which was then oxidized to the
o-diacvlarene 84. Subsequent reaction of 84 with phosphorus pentasulfide under
buffered conditions achieved the cyvelization to 85. Unfortunately. experimental de-
tails. such as reaction conditions or vields for individual steps were not given. The
overall vield from 94 to 85 was reported to be 32%.

They also reported another instance of a Grignard reaction on 2.3 pvridinedi-
carbaldehyde[103] (Scheme 29) using similar conditions. The overall vield tor the
thiree-step svnthesis was reported to be “about 20%'. As with the previous case.

vields for the individual steps were not given.

CHO S \/lgBr F’CCIAlaOa
S benzene
CHO | 4
HO OH
\
7\
S J— S :'2-'5::5, NaHCQO, -
| \
0O 0
98

overall yield 20%

Scheme 29: Synthesis of 2,5-Di(2-thienyl)pyridino[c|thiophene



4.1.2.2 Phthalic and Thiophthalic Anhydrides

1. RMagBr (1 eqL R

CO-H
benzene,
reflux 2h 0 100
2. H,0"
50-80%
0 0 O

10 RMgBr (2 eq)T
benzene reflux
(yields not reported)

g7 o7 O
101
1. RMgBr (1eq) R
OH
0PN Ng" N

diethyl ether
reflux 2h
2. HSO,4

e} N O 42-58%

102
12 1. AMgBr(2eq) -(MgBr)2S
diethyl ether 62-70%
reflux 2h R R R R
2. HaSO4 S
103

BrMgO OMgBr 0O O
104

Scheme 30: Grignard Reactions of Phthalic and Thiophthalic Anhydride

Grignard reactions with phthalic and thiophthalic anhydrides have been reported.
but results appear to be contradictory. Early reports indicate that Grignard reac-
tions with phthalic anhydride 10 did not result in the formation of o-diacvlarenes.
but instead. one equivalent of Grignard reagent reacted to give o-aroylbenzoic acid
100 and two equivalents reacted to give primarily 3,3-dialkylphthalide 101 due to
ring opening[106}(Scheme 30). Later, in 1973, Omran and Harb concluded that un-

like 10, the action of Grignard reagents on thiophthalic anhydrides did not result in



ring opening{106]. These authors published a series of successful reactions of thio-
phthalic anhyvdride with a variety of Grignard reagents employing one equivalent
(Scheme 30){106].

According to Omran and Harb, thiophthalic anhyvdride reacted with one equiva-
lent of the Grignard reagents by a 1.2-addition to the carbonyl group. without ring
opening to give 3-alkyl-3-hydroxy-2-thiophthalides 102 (Scheme 30)[106). It was fur-
ther claimed that when two equivalents of Grignard teagents with the substituenis
R = C;H,CH;-p and R = CgHs-. were emploved. o-dizroyl benzene derivitives 104

were formed in T0% and 62% respectively.

HyCO  OCH, HiCO  OCH,
2eq QMgBr V
THF N | S S j
0PN~ 0 7N, N\
105 106

teq Q\Mgﬁr

| HcO  OCH, H:CO  OCH,
CHal
—_—

S S

S | H,CS |
00 \ 0 O \

107 ) 108

Scheme 31: Paulussen’s Synthesis of a Thioester

Contrary to the findings of Omran and Harb, Paulussen et al. reported that a
Grignard reaction with a dimethoxy substituted thiophthalic anhydride 105 and 2-

thienvimagnesium bromide did not lead to the o-diacylarene 106 (Scheme 31). They
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suggested that ring opening did occur and the thiolate 107 was formed as an inter-
mediate after the reaction of the first equivalent of Grignard reagent. Compound
107 was not isolated. but was reacted in situ with methyl iodide to form the methyl
thioester 108: synthetic details were not given[l07]. They had intended to react
compound 108 with another equivalent of 2-thienylmagnesium bromide. but it is not
clear whether or not this was actually carried out.

KNiebuows b al. reported very low yields for Grignard reactions of 2-thienvimag-
nesitm bromide with both phthalic anhvdride (153%) and thiophthalic anhvdride
(0% )(74]. Etsewhere. Paulussen et al. published vields ranging from 0-60% depend-

ing on the solvent employved[53].
4.1.2.3 Phthaloyl Dichlorides

As mentioned earlier (Section 1.1.1). moderate-yvielding Friedel-Crafts acyvlations
of phthaloyl dichloride 89 with thiophenes have been reported(75]. and the reaction

of Grignard reagent with phthalovl dichloride 89 gave low vields (0- L0%)([533].

@ECOCI @Q @@

cocl -Cl
cioc |
89 \

d
G — S 1
coc Q ¢ g <l \s
0‘3 o}/s 0" "o |
S P 90 7
L

Scheme 32: Formation of 3,3-Dithienylisobenzofuran-1(3H)-one



Paulussen et al. and Kieboomns et al. also reported that the reaction of 2-thienvimagnesinm
bromide with 89 gave very low vields of the o-diacvlarene 84 and this was attributed
to the intramolecular attack of the oxyvgen atom of one of the carbonyl groups which
would result in disubstituted phalide 123 (Scheme 32). Aside from a poor vield of 84.
the formation of alcohols and many other side products were observed. The reason
given for these results was that ortho situated acid chlorides are too reactive towards

the nucleophilie substitution[74).

N
2 Cos
soc! — EtaN, R R
toluene THE ) S
HO.C Co.H reflux2h ¢ Ccocql % 0 0

S -
109 89 _ NN/

7\ workup
QMgﬁr R R M a
0 9C, 30 min S S S Y & 5
95% (crude) / \N ._.0 Q =

L <—§ Mg Mg/ 84

110

Scheme 33: Kieboom's Synthesis of o-Dithienoylbenzene

Kiebooms et al. did report successful Grignard reactions when the compound
89 was converted to a thioester and then reacted with 2-thienylmagnesium bro-
mide[33.74]. The notion of converting phthaloyl dichlorides to thioesters before un-
dergoing Grignard reactions has been reported elsewhere{108, 109] and. according to
more recent results[74], appears quite promising for the synthesis of a variety of DT-

BcTs. Thus. 89 was converted to the thioester bis(S-(2-pyridinyl))benzenedithioate



before performing the Grignard reaction[110] and this method resulted in the prepa-
ration of fluorinated and deuterated analogues[74]. The success of this method was
attributed to the formation of a stable magnesium complex 110. which prevents

overreaction and intramolecular reaction (Scheme 33)[74].

R
O
@ 1. leq g7 U N
2. Mel I\
07Ng7 0 3. 1eq Q‘u
105 R = 35.6-dimethoxy R
111 R =35.6-methylenedioxy
N S S
O 0
B W, g
2eq Q\U R 0O
106 R =4,5-dimethocy
OHC CHO 114 R =4.5-methylenedioxy
112 115 R =45 ethylenedioxy
/\
0 O ,N SH
N ' TEA
© 2eq { \ -
cod  coc 89 K M
113

Scheme 34: Some Strategies Towards Substituted o-Diacyvlarenes

Of the known strategies described thus far, Grignard-type reactions were chosen
for initial study (Scheme 34) and the following compounds were identified as starting
points: 4,5-dimethoxythiophthalic anhydride 105, 4,5-methylenedioxyvthiophthalic
anhydride 111, 4,5-methylenedioxyphthalaldehyde 112 and 4.,5-ethylenedioxyphthal-

ovl dichloride 113. With the first reaction (A), there are several advantages worth



noting. Emploving this particular method. two equivalents of thiophene can be added
in a stepwise manner providing more control and flexibility to the reaction which
could lead to both symmetrically substituted or nonsymmetrically substituted DT-

BeTs. This is in contrast to the other Grignard-type reactions mentioned (B and C)

which lead only to symmetric DTBc¢Ts.

4.1.3 Approaches Towards 1,3-Dithienoyl-4,5-Dimethoxyben-
zene (106)

Although some work has been carried out towards 106[107]. its successtul prepa-
ration from a Grignard reaction with the thiophthalic anhvdride 105 has not vet
been reported to our knowledge. Our approach to this compound was based upon
Panlussen’s method{107] with the intent of reacting the thivester 108 with a second
equivalent of a thiophene (Scheme 40 wmde infra) and eventually effect ring closure to

58.
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Scheme 35: Methods to Preparing Substituted Thiophthalic Anhydride

There are at least two methods for the preparation of thiophthalic anhydrides:



sulfurization of the corresponding phthalic anhydride 10 (Path A Scheme 35): or by
the reaction of sulfur with a phthalide 116 (Path B Scheme 33).

Both methods appear convenient and, in the first case. typical sulfurization reagents
such as P.S;. Na,S-9H,O and LR give good vields[74]. Routes leading to sub-
stituted phthalic anhydrides. however. can be rather lengthy. For example. 5.6-
dimethoxyvphthalic anhvdride 119 can be prepared from the corresponding acid 117
in four steps (Schemie 36)[533!. Reaction of 117 wirth aqueons formaldehvde satnrared
with hydrogen chloride yields the hyvdroxvmethylated product 120 and reduction of
this phthalide using lithium aluminum hydride gives the diol 118. Oxidation of 118
to the diacid can accomplished with potassium permagnate and finally. dehvdration
leads to 119 (Scheme 36)(33]. As a result. overall yields to 3.6-dimethoxythiophthalic

anhydride 105 tend to be low (20 25%).
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H:CO CO-H H;CO
:gro o _LiAHs
H:CO H,CO
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1 0!
H;CO CH,OH H;CO
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2. (CHsCO)20
H.CO CH,OH H,CO
118 119 o
overall yield 20-25%
0 0
H,CO HyCO
5 ch:jcoa. NBS 5
H;CO H,CO

120 119

Scheme 36: Methods to Preparing 4,53-Dimethoxyphthalic Anhydride
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Another method for the preparation of 105. based on the thiation of 119. worth
consideration is the oxidation of 120 to 119. Despite reports of unsuccessful attempts
to oxidize 120 to the diacid[53] using literature methods[111]. it may have be possible
to oxidize 120 using allvlic brominating methods reported by Finucane and Thomson
(CaCOj4. NBS and hv)[112] (Schenie 36) and would thus save a step in the svnthesis
of 119.

A niore recent publication describes the synthesis of 105 by the sulfurization
of 120. Although this reaction might be dismissed initially due to the scemingly
poor vield. (13- 20%)[33]. its advantage of convenience might outweigh the poor vield.
Paulussen et al. explained this low vield as a result of incomplete conversion of 120 to
105 and reported that after two and half hours of heating. column chromatography
vielded 70% of unreacted starting material which could be recveled[33). For onr

purposes. the second method (Pathway B) was chosen for the preparation of 105 and

the phthalide 120 was prepared using literature methods from 3.4-dimethoxyvbenzoic

acid 117 (Scheme 37){111].

0
H,CO 0 HyCO
? €O peroag) 5
HCI
H.CO 42% H,CO
117 120
o 0
H,CO H;CO
2100¢C
0 o)
121 S 105

Scheme 37: Synthesis of 4,5-Dimethoxythiophthalic Anhydride
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The acid 117. was heated for 7 hours at 60-70 °C with an aqueous formaldehvde
solution that had been saturated with hydrogen chloride. The solution was then lett to
stir at room temperature overnight and following workup. afforded a light brown solid.
which was easilv purified using dry flash column chromatography methods on silica
gel to give the phthalide 120 in 412% vield. In the next step. 120 was melted directly
along with sulfur at 210 *C. for two and a half hours{33]. The resulting black residne
was extracted several times with chloroform. and purification of the concentrated
extracts using column chromatography on silica gel, gave 105 as a bright vellow,
pungent solid in 19% vield.

Despite the moderate vields obtained for both steps. the initial step of hvdroxy-
methylation can be carried out on a large scale basis to provide syvnthetically nseful

quantities of 120. Overall. the two step process vielding 105 was found to be quite

reliable.
H;CO QOCH; H;CO OCH;
7\
2eq q)\u v/
THF, -78 OC \ I N 4 l
(@) O
S S (OO S
105 106

Scheme 38: Attempted Synthesis of 1,2-Dithienoyl-4.3-Dimethoxybeunzene

Compound 105 was then reacted initially with two equivalents of a thienvilithium
solution to test for our satisfaction, whether or not this method leads to the o-
diacylarene 106 (Scheme 38). 2-Thienyllithium in THF (at -78 °C). freshly prepared

from the halogen-metal exchange reaction of 2-bromothiophene and n-butyllithium.



was added to a cooled solution (-78 °C) of 105 in THF. After stirring for approxi-
mately 15 hours at -78 °C. the reaction was quenched using dilute hvdrochloric acid to
give the crude product as a reddish brown oil. Purification by column chromatogra-
phyv. using either silica gel or Sephadex did not result in product separation. Further
attempts using neutral alumina (activity V) vielded a small amount (33%) of a reddish
brown powdery solid.

The mass spectrum of the traction that was isolated showed M7 jon with we,/2 of
338. which could correspond to the desired o-diacylarene 106 or the phrhalide 123.
The 'H NMR spectrum was not consistent with 106: the syimmetry expected of 106
was not reflected in the '"H NMR spectrum. but most likely the isomeric 123 was
formed (Figure 21). Had compound 105 behaved in a manner similar to that of 12
reported by Omran and Harb (Scheme 30){106]. the o-diacylarene 106 or, more likely.

the tertiary alcohol 122 would have been observed (Figure 21).

HiCO  OCH; H;CO  OCH;

/4 | | A\ | N
S S o S
HO S OH (N &
122 123 s 4/

HS |
0 O

124

Figure 21: Potential Side Products from the Reaction of 4,5-Dimethoxythiophthalic
anhydride and 2-Thienyllithium
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Scheme 39: Possible Mechanism for the Formation of
3.3-Dithienyl-5.6-Dimethoxyphthalide

From experimental observations, it appears as though the addition of two equiv-
alents of 2-thienyllithium to 105 did not lead to the o-diacvlarene 106 supporting
nore recent findings[74, 107] that ring opening was occurring (Scheme 39). If ring
opening was occurring. then it should be possible to trap the thiolate 107 as the
thivester 108 using methyl iodide, as Paulussen et al. reported{107](Scheme -10).

A freshly prepared solution of 2-thienyllithium (one equivalent) in THF (at -78 *C)
was added to a solution of the thiophthalic anhydride 105 in THF. As in the previous
case. the reaction was carried out -78 °C and left to stir overnight and slowly warm up.
When the temperature had reached 0 °C, methyl iodide (one equivalent) was added
and the reaction was quenched after stirring for an additional 30 minutes. Purification
of the resulting crude mixture was difficult, as experienced in the previous case. but

column chrornatography using neutral alumina afforded a small amount (12%) of a
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very light pink solid.

HiCO  OCH;

OCHs
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Scheme 40: Second Attempted Syunthesis of 1.2-Diethienoyl-4.3-dimethoxvhbenzene

The 'H NMR spectrum of this fraction is consistent with 108. The mass spectrumn
did not show the molecular ion peak (m/z = 322), but M* -SCHj (m/z = 275) was
observed and peak patterns consistent with the fragmentation of M~ -SCH, were also
observed. Mass spectrometric analysis a using lower energy ionization method also
did not show the molecular ion peak. The same was true for analvsis by GC-\S.
In light of the lability of thioesters, it is not surprising that the SCH; group cleaved
readily under EI conditions.

Compound 108 was then reacted with one equivalent of 2-thienyllithium using the
same conditions as described for 105 (Scheme 40). Unfortunately, the results were
inconclusive. Analysis of the fraction isolated by column chrematography by mass
spectrometry, suggests that 106 or, at the very least. its isomer 123 may have been

formed. Mass spectrometry revealed a small peak corresponding to the parent ion.



m/= 358. and a very large peak with m/z of 275 corresponding to the loss of thienovl
C4H3SCO (m/z 111). The 'H NMR spectrum of this fraction showed that it was a

mixture and 106 was not detected.

4.1.4 Approaches to 1,2-Dithienoyl-4,5-Methylenedioxyben-

zene

Foilowing on from the successful sy uthesis of the thicester 108, thiophthalic an-
hydride 111 was also targeted as a precursor to the o-diacylarene 114. Recalling that
the hydroxymethyvlation of the dimethoxy derivative 117 had proceeded smoothly. it
was anticipated that repeating these reaction conditions with piperonylic acid would
lead to 4.5-methylenedioxvphthalide 128 (Scheme 41). This was found not to be the

Case,

0
O CO:H 9)
< ﬂ HoHO@a) y . ¢ o
HCI /\
O 0
127 128

0O

S O
S

o
111 O

Scheme 1: Proposed Method to 4.5-Methylenedioxythiophthalic Anhydride

Piperonylic acid 127 was heated for 7 hours at 60-70 °C with an aqueous formalde-
hyde solution that had been saturated with gaseous hydrochloric acid. The solution

was then left to stir at room temperature overnight; workup led to only trace amounts
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of the phthalide 128 (< 6%). The reaction was repeated with several modifications.
For example. glacial acetic acid was included to aid solubility. and concentrated hv-
drochloric acid was also added. These modifications did not result in the formation
of 128 and gave instead complex mixtures.

The lack of reactivity of the piperonylic acid 127 towards the acidified aqueous
formaldehvde was perplexing. Although the electron-withdrawing ability of the acid
functional group can be expected to deactivate the aromatic ring somewhat towards
electrophilic substitution. it was assumed that the other functional group methylene-
dioxy group at the 3 and 4 position would be sufficient to activate the svstem.

Acetal hvdrolysis may also have taken place to some extent. thus complicating
the reaction mixture. This was not actively studied and further attempts to hvdroxy-

methylate 127 using these methods were discontinued.
<O:©/\cOzH HCHO < m
O HCI
O
PhCHO <0 KMnO4 <
piperidine o
0
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Scheme 42: Alternative Method for Synthesis of 4,5-Methylenedioxyphthalide
Leading to 4,5-Methylenedioxythiophthalic Anhydride

A literature method where the phthalide 128 figured as an intermediate leading to



the svnthesis of the anhydride 132 is illustrated in Scheme 42. From this approach. the
phthalide 128 is reportedly available from homopiperonylic acid in three steps[lL3].

Rather than hvdroxyvmethylate the homoacid 129 to the homophthalide 130. the
preparation of 130 was attempted from the ring closure of a bromoester 133 using
Friedel-Crafts conditions (Scheme 43). Intramolecular Friedel-Crafts acvlations have
appeared frequently in synthetic works for fusing six-membered rings to aromaric
rings{114. 115} and it was thought this method may lead to 130 which could then be

(93

used to prepare 128 (Scheme 42).

O
< U\ pyndmg r <o:<j/;10

= 000,

Scheme 13: Attempted Synthesis of 4,5-Methylenedioxy homophthalide

Alcohol 61 was treated with bromoacetyl bromide in the presence of pyridine and
was allowed to stir overnight. Purification by dry flash column chromatography on
silica gel afforded 133 as a pale amber oil in 88% vyield. Ring closure of 133 was then
artempted using aluminum chloride as the Lewis acid catalyst. Compound 130 was
not observed, but rather a somewhat insoluble shiny green material was obtained.
This reaction was repeated using more dilute conditions, but these conditions also
failed to vield 130. The use of milder catalysts was not investigated.

At this point. it was decided it would be more prudent to go back and synthesize
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the homoacid 129 and then continue on to prepare the phthalide 128 as illustrated
in Scheme 42. The intention was to prepare compound 129 by the oxidation of
homopiperonal 140 using a mild oxidizing agent. sodium chlorite. under butfered
conditions. This reagent has been used successfully in K. Suzuki's synthesis of Gilvo-
carcin M[116] during the oxidation of the aldehyde 134 to the acid 135 (Figure 22).
Nicolaou's synthesis of Brevetoxin B[116] also featured sodium chlorite in the oxida-
tion of the aldehyde 136 to the acid 137 (Figure 22). The vields for dhese reactions

were reportedly high.

OMce OMe

oTt OTY
NaClO;, NaH,PQ4

2-methyl-2-butene

CHO (CH,)2CO, H0 CO:H
25 0C (90%)
OMOM OMOM
134 135
1. (COCl), DMSO
Yeo e Eoen CH,Cly, -78 0C; Yol B omn
OHC then EtsN _HOC
2. NaClQ,, NaH,PO4
TBSO™ | 71707} >~ "OBn 5 1AF, THE, 65 0C HO L~ h O pe OBP
(88% qverall yield)
136 137

Figure 22: Examples of Oxidations Using Sodium Chlorite

To prepare homoaldehyde 140, a method employed by Dhoubhadel and Joshi in
their svnthesis of w-baptigenin, from the acylation of piperidine enamine of 140(117].
was selected. Dhoubhadel and Joshi had prepared 140 from the Darzen's reaction
of 138 with methyl chloroacetate. They hydrolyzed the resulting glyvcidate ester 139
and then decarboxylation was reported to lead to 140.

Taking a similar approach (Scheme {4}, piperonal 138 was combined with methyvl
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Scheme 44: Attempted Synthesis of Homopiperonylic Acid

bromoacetate and added to a freshly prepared solution of sodium methoxide. Upon
workup. crude 139 failed to precipitate and an oily yellow layer was obtained. Exani-
ination of this crude material by 'H NMR analysis indicated a complex mixture. in
which the presence of compound 139 was not immediately obvious and the reaction
was then repeated using methyl chloroacetate. Similar results as obtained previously
with methyl bromoacetate were obtained, contrary to findings of Dhoubhadel and
Joshi[117] and this avenue of investigation was discontinued.

To summarize. efforts to prepare the phthalide 128 by the hydroxymethylation
of the acid 127 was unsuccessful. as were attempts to prepare the homophthalide
130 and homoaldehyde 140. both of which may have been useful for the preparation
of 128. In a final attempt to prepare 128, formylation of piperonyl alcohol was

investigated.

To formylate aromatic systems there are several methods that exist that use
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Friedel-Crafts type conditions. The Vilsmeier-Haack reaction is one such method[118.
119]. The reactive electrophile with this method is a chloroiminium ion. generated by
the reaction of phosphorus oxyvchloride and a N.N-dialkylamide. This species acts as
an electrophile in the absence of a Lewis acid but only reacts with aromatic systems
that are sufficiently reactive. The piperonyl system. from our previous experiences.
did not appear to be very reactive and it was decided that it wounld most likely not
he a good candidate to undergo this tvpe of reaction.

Other reactions include the Gatterman reaction{120] and Gatterman-Koch re-
action[121].In the first instance {Gatterman reaction). the reagents HCN and HCI
(or Zn(CN), and HCI) are used to effect formylation and in the second. {Gatterman-
Koch). formvlation is achieved using CO and HCl with AICly. Both of these reactions.
with their strongly acidic nature. may present problems with the piperonyl svstem.
specifically the methylenedioxy substituent. Recall that in the case of hydroxymethy-
lation of piperonylic acid (Scheme 41). it was suspected that the strougly acidic con-
ditions were responsible for the complex mixtures. Another aromatic formylation
reaction is the Reimer-Tiemann reaction[122], but this method is only for phenols
and certain heterocyclic compounds. such as pyrroles and indoles. Therefore. these
conditions would not be suitable for the piperonyl system.

From the various formylating reactions presented. it would seem that the formy-
lation methods at our disposal for the piperonyl system were somewhat limited. One
other Friedel-Crafts type method that held some promise was the use of dichloromethyl
ethers as a precursor of the formyl group{115] (Figure 23).

The formylation of piperonyl alcohol, was attempted using dichloromethyl methyl

ether with titanium (IV) chloride (Scheme 45). Titanium (IV) chloride was added
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Figure 23: Chloromethyvlations

rapidly to a solution of piperonyl alcohol in dry dichloromethane. cooled using a salt-
ice bath followed by dichloromethyvl methyl ether. Workup vielded an intracrable.
complex mixture as observed by both TLC and 'H NMR analysis. which prevented
the definite assessment of product formation. The exact cause of the failure of this
reaction was not identified. but perhaps under these reaction conditions. once again.

cleavage or partial cleavage of the acetal functional group might have occurred.

0 CH.OH CH.OH
{ Cl2CHOCHS3 <
o TiCla, CHgClz
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o o CH-OH
O ¢ A 0
0 CHO o
142 128

Scheme 45: Attempted Synthesis of 4,5-Methylenedioxvphthalaldehyde

Efforts were then focused on preparing the 4.5-methylenedioxyphthalaldehyvde 112
using formylation methods. The phthaladehyde 112, might ultimately be used as a
precusor to the o-diacyvlarene 114 by employing Grignard-tyvpe conditions as men-

tioned earlier (Section 4.1.2.1).



To achieve the formylation, the halogen-metal exchange reaction followed by ad-
dition of a formyl precursor. N, N-dimethylformamide[123], was thought to be advan-
tageous since this method does not use acidic conditions. Intially, endeavours were

carried out on the svnthesis of an iodo-substituted piperonyl system (Schemes 46 and

17).

<Z UCHO Z:;,COZAQ, LAVA (Z :@CHO

138 143

0 CHO
1. ethylene glycol, p-TsOH// <
2. n-BuLi, DMF 7
(aqeous workup) 0 CHO
112

3. acidic workup
Scheme 46: First Approach Towards 1.53-Methylenedioxyphthalaldehyde

To effeet iodination. several useful techniques have been developed{121 128]. At-
tempts using iodine monochloride and silver trifluoroacetate with iodine on piperonal.
piperonvlic acid and alcohol were unsuccessful.

The attempt to iodinate 138 (Scheme 16) was initially carried out using iodine
monochloride in glacial acetic acid{128]. No product was observed and starting ma-
terial was recovered upon workup as verified by 'H NMR analysis. The reaction was
repeated using the same reagents but. with gentle heating (60 °C). However. workup
gave unidentifiable material, as indicated by 'H NMR analysis. lodination of piper-
onal was also attempted using an adapted procedure(129], namely iodine with silver

trifluroacetate in chloroform. This reaction was not successful and starting material

was recovered.
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Scheme 47: Attempted Svnthesis of 6-lodopiperonylic Acid and Alcohol

Next iodination of both the acid 127 and alcohol 61 was attempted cmplov-
ing adapted literature procedures[129! that employed the reagents iodine and sil-
ver trifluroacetate in chloroform and also using iodine monochloride in glacial acetic
acid{128]. Both of these methods also proved to be unsuceessful. lodine can effect
substitution only on very reactive aromatic systems(115]. Since the failure to obtain
iodo-substituted piperonyl compounds was observed. this suggests a low reactivity
of this particular system towards electrophilic substitution. Unlike iodine. chlorine
and bromine are reactive towards aromatic systems[113] and therefore. bromination
of piperonal appeared more likely to succeed. 6-Bromopiperonal 146 was targeted
next using a literature procedure[130] {Scheme 48).

Piperonal 138 was converted to 146 in vield of 23% after purification by columnn
chromatography and recrystallization. Prior to the reactions leading to formylated
product. 112, the aldehyde functional group of 146 was first protected as a 1.3-
dioxolane. employing literature methods[131] 147 (97%). The protected aldehvde
was subsequently treated with n-BuLi to accomplish the halogen-metal exchange

reaction. followed by the addition of dry DMF[131]. Upon aqueous workup, the
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Scheme 48: Svathesis of 4.3-Methylenedioxyphthalaldehyde and Subsequent
Reaction with 2-Thienyllithium
resulting formylated product was obtained in a 86% vield.

[nitial attempts to deprotect the aldehyde functional group emploving dilute hy-
drochloric acid resulted in an oily mixture. Attempts to purify this oil using column
chromatography on silica gel appeared to result in further complications. Decomposi-
tion of the crude mixture by some unknown mechanism was thought to be occurring.
Deprotection was more successful when a milder method of stirring the protected
dialdehvde 148 using catalytic amounts of p-TsOH in acetone was used. However.
the crude product obtained from this method decomposed very quickly on silica gel.
and this was evident from TLC analysis. A rapidly-forming dark streak formed while
the plate was eluting. The reaction solution containing the crude product 112 in ace-
tone was filtered rapidly through neutral alumina and the alumina was rinsed several
times with portions of acetone to give crude 112 in 77% yield. Analysis by 'H NMR

indicated a small amount of starting material was present.



Initial cursory reactions of 112 with two equivalents of freshly prepared 2-thienyl-
lithium were carried out and 'H NMR analysis indicated that a mixture of compounds
were formed. The reaction was subsequently repeated and. after the addition of the
first equivalent of 2-thienyvllithium had been added. the reaction was then allowed
to stir for several hours before the addition of the second equivalent. For reasons
that are not clear at this time. this reaction gave undefined products and analvsis
by 'H NMR of the crude product upon workup showed. once more. that a mixture
of compounds had formed and 149 was not readibly detected. Extractions of the
crude oil with hexanes vielded a small amount of crvstalline material. Analvsis of
this residue by 'H NMR indicates a mixture and it is not entirely clear whether the
diol 149 was obtained. Further work is required on this reaction to determine the

nature of the products obtained.
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Scheme 19: Future Work for 4.5-Methylenedioxyphthalaldehyde

In the future. it may be more advantageous to oxidize the crude 112 to the
o-dicarboxylic acid. compound 150 perhaps using sodium chlorite under buffered

conditions as shown earlier (Figure 22). This compound could then be converted to
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the corresponding phthalovdichloride 151 using typical chlorinating reagents (thionyl
chloride or phosphorus pentachloride) and further reacted with 2-mercaptopyridine.
followed by reaction with a suitable Grignard reagent (Scheme 49) which could lead

to the critical o-diacviarene 114.

4.1.5 Approaches to 1,2-Dithienoyl-4,5-Ethylenedioxybenzene
(115)

[t was envisaged that the approach towards o-diacylarene 115 would relv upon a
Diels-Alder reaction between 3.4-ethvlenedioxythiophene (EDT) and DMAD for the

coustruction of the basic skeleton (Scheme 35 vide infra).

4.1.5.1 Synthesis of EDT
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Scheme 30: Synthesis of EDT by Pei et al. [3]

EDT is a known compound(3], but, upon attempting to repeat the literature syn-
thesis (Scheme 30), the published vields could not be achieved reliably. In addition.

there appeared to be room for improvement in the methodology. For a start. according



to the reported method([3]. the vield (29%) of the diester 153. from the esterification
of thiodiglvcolic acid 152 in refluxing methanol is rather poor. The thiophene ring it-
self was reportedly prepared from the reaction of 153 with diethyl oxalate and freshly
prepared sodium ethoxide to give the disodium salt 154 in 100% vield. Subscquent
to the isolation of compound 154, they refluxed this salt in 1.2-dichloroethane for
24 or 48 hours. The suspension was filtered to remove starting material and the in-
subsequently hydrolyzed. Interestingly. the vield for formation of 160 prior to hyv-
drolvsis was not given. but the overall vield for the two steps is reportedly 20%.
The hvdrolysis step most likely gives high vields and therefore the step prior to the
hvdrolysis is the one likely to have given the very poor vields.

Rather than prepare the sulfide 158 from the esterification of the corresponding
acid. the use of the solid supported reagent Na,S/AL O3, (previously used to prepare
1.3-dihvdro-3.6-methylenedioxybenzo[c]thiophene 63 and 1.3-dihydro-5.6-bis(methvl-
carbonyl)benzo{¢]thiophene 78). was investigated (Scheme 51). The reaction of ethyl
bromoacetate and Na,S/ALOy proceeded in an exothermic manner and stirring for
2.5 hours afforded 158 as a pale vellow oil in 73% vield. Carrving out subsequent
reactions from the literature synthesis. the disodium salt 154 was prepared in a good
vield (>95%). but it was found that the next step. refluxing in 1.2-dichloroethane.
gave very low yields. Despite several attempts, refluxing initially for 24 hours then
48 hours. vields never exceeded 3%. The low solubility of 154 was suspected to be a
contributing factor to the low vield.

Instead of pursuing the literature synthesis, a modified procedure which kept some
aspects of the literature synthesis intact was developed (Scheme 31). The disodiutn

salt 159a was prepared in the usual manner, but rather than isolate this salt. it
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was protonated using hyvdrochloric acid to give the diol 159b in 90% vield. The
reaction of 159b with triethylamine in a large excess of 1.2-dichloroethane helped
to overcome the solubility problems experienced with the reaction of 154 in the
chlorinated solvent for the formation of 160. This new method not only gave good
vields of 160 (93%). but also the reaction time was shortened substantially from
24 or 48 hours to approximately 15 hours. The remaining steps to EDT 157 were
cartied out in a manner siniilar to that of the literature synthesis.  Hydrolvsis of
the esters with 10% potassium hydroxide gave the acid 156 in 877. Contrary to
the literature. decarboxylation of the diacid to give EDT 157. by heating in freshly
distilled quinoline (180 °C for 30 minutes) in the presence of copper chromite. gave

vields that did not exceed 61%.
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Schemie 51: Modified Synthesis of EDT

Overall. the steps in this modified reaction sequence gave good yields and a re-
duction in the reaction times for two key steps, preparation of the sulfide 158 and

the thiophene 160. In addition to this, very clean products were obtained and crude
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products could be carried through the synthesis with only the final product EDT

requiring purification.
4.1.5.2 Diels-Alder Reaction of EDT

Normally. substituted thiophenes are not expected to be very reactive dienes to-
wards Diels-Alder reactions. The statement such as “thiophenes do not undergo
Dicls-Alder tvpe reactions” had found its place in several textbooks[132] after unsue-
cessful attempts to carry out the Diels-Alder reactions were reported[133]. This lack
of reactivity is based upon the known chemistry of thiophenes. which are regarded as
aromatic syvstems that are not expected to readilv undergo a concerted Diels-Alder
reaction{134]. It was thought that in order for Diels-Alder type reaction to oceur. the
thiophene must first be oxidized to thiophene-1.1-dioxide.

Thiophene-1.1-dioxide was first prepared by Bailey and Cummings[133] and. al-
though this compound is veryv reactive and is only stable over a short period in cold
solution. some substituted thiophene-1.1-dioxides have been prepared[136]. These
findings prompted the hasty. if not somewhat prejudiced. thinking that in order for
EDT to react with DMAD in a Diels-Alder manner, it must first be converted to the
I.1-dioxide. 161.

Various attempts were made to oxidize EDT. but these were unsuccessful. These
endeavours initially included oxidation of EDT emploving a literature preparation[137]
using m-chloroperoxybenzoic acid. but this led to a black, viscous. unresolved complex
mixture.

Another method of oxidation that was of some interest, was the use of Oxone

(2KHSOs-KHSO,-K,S0,) and solid support methods[138, 139]. Support reagents in
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general have been reported to be useful for various oxidations{140-142]. such as ox-
idation of alcohols[143] and cyclic ketones(139]. There have been several reports of
the successful oxidation of both alkyl and cyclic sulfides to sulfoxides and sulfones
using Oxone in the presence of "wet’ Montmorillonite clay[138]. but no reports ap-
pear to have been given for substituted thiophenes. Following in the interesrs of
solid-supported reagents. this method warranted some attention as it may provide
an aiternative and convenient general niethod for the oxidation of thiophenes. The
Montmorillonite clay was prepared according to the literature[138] by the addition
of 10% by weight of water. followed by thorough shaking. The resulting “wet clayv’
was then added to a solution of 157 in dichloromethane followed by the addition
of the oxidizing reagent. Oxone. After stirring for 48 hours at reflux temperature.
the oxidized species 161 was not observed by 'H NMR analvsis. The reaction was
repeated and the solvent was changed to ethyl acetate. but 'H NMR analvsis did not

indicate the formation of 161.

. o 1 N
O/ \O g2 ,—’\O o o O
= 0 SO A\
00 Y 5 N [
S > 0 d
161 3, L 0 s d 163 -
161 162

Scheme 52: Possible Dimerization of Oxidized EDT

Further attempts to oxidize EDT using Oxone in aqueous solutions also gave poor
results. Although the oxidized species was not directly observed using the described
methods of Oxone or m-CPBA, this does not necessarily mean that 161 was not

formed at some point. In fact, the oxidized species, if formed, may be highly reactive
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and. as a result. may quite readily undergo dimerization type reactions (Scheme 52).
Thiophene 1.1-dioxides reportedly undergo dimerizations even below room tempera-
ture in a manner where one molecule acts as the diene with the other behaving as
a dienophile (Scheme 53). The adduct 165 that forms could then spontaneously ex-
trude sulfur dioxide. The resulting 1.3-diene 166 can then undergo further reactions

with another dienophile such as DMAD to form 167[136] (or even another molecule

of the thiophene 1. 1-dioxide[136]).

SO,
——
o L) — @ e
S SO
164 0. 165

7 50,
Cry -
S
0, — “CO,CH
166 co,cH; O
167
Scheme 53: Dimerization of Oxidized Thiophene and Subsequent Reaction with
DMAD
302 CO,CH
2 2LH;
/ \ Oxone, DMAD CO,CH;
<s) CHaOH, Hz0 \ -§0z
reflux 15h CO,CH,4 CO,CH;

168

Scheme 34: In situ Oxidation of Thiophene and Subsequent Diels-Alder reaction
with DMAD

In light of this. oxidation of thiophene itself to the 1,1-dioxide was attempted using

Oxone but in the presence of a large excess of DMAD (Scheme 54). It was hoped that
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as oxidized thiophene was formed, it would react immediately with DMAD to vield
the adduct 168. This method failed to produce dimethyl phthalate in anv detectable
amounts. Further investigations into reactions of substituted thiophenes and thio-
phene 1.1-dioxides in the literature revealed that some substituted thiophenes have
indeed been reported to undergo Diels-Alder type reactions. Successful reactions
of alkvl-substituted thiophenes with dienophiles such as dicvanoacetvlene to torm
phthalonitriles{ 103}, and DMAD to form dimethy] phthalatesf1 1L P15 have been re-
ported. More recently. reactions of methoxythiophenes with DMAD 1o form dimerhvl
phthalates or thienvl fumarates (depending on reaction conditions) have been re-
ported{144]. Based on these recent findings. we were intrigued as to whether EDT
157 would react in a Diels-Alder fashion with DMAD to give the dimethyvl phtha-
late. 170. The substituted thiophene is speculated to form the bicvelie intermediare
169 upon cyveloaddition with DMAD. Collapse of this intermediate leads to the ex-
trusion of sulfur{132]. a small stable species. and the reaction becomes irreversible.
[n addition to this, the formation of a stable benzenoid svstem is also a most likely

contributing driving force.

/\ S
0 O CO-CH,
DMAD 0 S
/ \ CgHg, Cu CO-CH,
Z Sj reflux 3 - 4 days Q/O
157 14-25% 169
/TN /~ \
(0] O 0 0
10% NaCH
reflux
87%
H,CO.C CO.CH;4 HO-C CO,»H
170 171

Scheme 33: Diels-Alder Reaction of EDT 157 and Subsequent Hydrolysis
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The reaction (Scheme 33), was carried out in refluxing benzene in the presence
of an excess of the dienophile, DMAD. employing adapted literature conditions{1-14|.
The resulting odiferous crude mixture was quite dark and viscous and. although the
desired adduct 170 was clearly indicated in this crude mixture by "H NMR analvsis.
it was veryv difficult to isolate.

Depending on the tyvpe of substituents on the thiophene ring. there are at least
thiree modes by which the intermediate 169 could collapse: Path A (o give back the
original starting materials via a retro-Diels-Alder reaction; Path B. collapse to give a
new substituted thiophene by a different retro-Diels-Alder reaction: or via Path C 1o

the desired arene through the extrusion of sulfur (Figure 24).

2 ‘ R,

0. = ° . "YU
S —_
R R‘ -S Rl R,

172 R:

R,
R 2 0
sl s 178
. R =
RT 174 & "~ 176 T
T 175
PO pee
R Ry Ry R
179 180

Figure 24: Three Modes of Collapse of the Bicyclic Intermediate 172 and Products
Formed
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The first mode of collapse (Path A). would not be so disastrous since the original
starting matcerials are obtained. but. in the second case (Path B). this could be a
problem for some substituted thiophenes (Figure 24). Combinations of the side prod-
ucts 174 with 177 could lead to the formation of 179 and in a similar fashion. 175
and 176 could also combine to give 180, complicating the reaction mixture. Note
that in the case of EDT as the substituted thiophene. this second mode (Path Bi
is not as likelv to occur since the resulting dieneophile formed 178 wounld he highiy
strained.

The extruded sulfur itself is also a potential source for side products by reaction
with DMAD. It has been reported that sulfur can react with acetyvlenic dienophiles{146]
and thus the possiblity exists in our case that DMAD may also be reacting with the

extruded sulfur to form a 2.3.4.5-tetra(methylcarbonyvl)thiophene.

O 0 N SH 0O O
soch 1, U'TEA
orPCls 2.2eq J \
QM B S S
HO,C COaH cloC  coci | p \ |
113 00
115

Scheme 56: Future Work for 4,5-Ethylenedioxyphthalic acid

Taking this into consideration. activated copper was added to the reaction mixture
as a means of ‘mopping’ up the sulfur as copper sulfide and aid in the purification
process of isolating 170. Yields for this reaction at this stage are variable 14-25%
after purification by column chromatography on silica gel. Examination of 170 by
'H NMR analysis suggested pure compound, but mass spectrometry showed a rather

curious peak at m/z 285 which could not be accounted for.
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Next. the adduct 170 was hydrolvzed using 10% sodium hydroxide to give the
acid 171 in 87% vield. All that remains with this system is the preparation of
the phthalovl dichloride 113 which should be possible with either thionyvl chloride
or phosphorus pentachloride. Once the preparation of 113 is achieved. the method.
emploved by Kiebooms et al.. can be investigated. This will involve conversion of 113

to a thioester from the reaction with 2-mercaptopyridine and subsequent Grignard

reactioil with 2-bromothiophene {Schemie 565,



4.2 Experimental
Note. for General Procedures. see Section 2.2.

4.2.0.3 3,4-Dimethoxyphthalide (120)[111]

0

HiCO
0]
H,CO

A solution of 3.4-dimethoxybenzoic acid (26.84 g, 147.3 mmol) and aqueous formalde-
hvde (37%. 165 mL) that had been saturated with HCl (g) was heated for Th at
60- 70 °C. The resulting mixture was then left to stir overnight. After concentrating
the the solution, water was added and the solution was neutralized with aqueous
ammonia. The crude product was collected by filtration as a light brown solid. Drv
flash column chromatography (neutral alumina. 9% EtOAc¢/CH,Cl,) gave 120 as a
colourless solid (11.97 g. 61.64 mumol. 42%): mp 144.0-146.0 °C (lit.[L11] 154 156
“C): '"H NMR § 7.32 (s. 1H), 6.91 (s, 1H). 5.23 (s. 2H). 3.99 (s. 3H). 3.95 (s. 3H):
BCNMR § 220.6. 152.1. 147.7. 138.3, 114.9, 103.3. 100.7. 66.4. 53.6. 33.5: MS m/z
(%) 194 (M*. 52). 165 (100). 95 (12). 77 (13).

4.2.0.4 3,4-Dimethoxythiophthalic Anhydride (105)[53]
0]

H,CO
3
H«CO

(6]

A mixture of 3.4-dimethoxyphthalide 120 (0.54 g, 2.8 mmol) and sulfur (0.45 g,
14 mmol) was melted at 210 °C under a nitrogen atmosphere for 2.5 h. After cool-

ing, chloroform (15 mL) was added and the reaction mixture was filtered. Removal
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of the solvent by rotary evaporation gave a dark brown solid. Purification by col-
umn chromatography (30% hexane/CH,Cl,) afforded thiophthalic anhyvdride 105 as
a bright vellow solid (0.12 g, 0.54 mmol. 19%): mp 195.0-195.5 °C (lit.[33] 181.3 °C}:
'H NMR § 7.36 (s. 2H). 4.03 (s. 6H); ¥C NMR 0 186.3. 152.0. 130.2. 102.0. 54.0: \MS
m/z (%) 224 (M™. 100). 164 (74). 136 (90). 93 (30). 78 (11). 62 (13). 30 (-40).

4.2.0.5 Attempted Synthesis of 1,2-Dithienoyl-5,6-dimethoxybenzene (106)

H.(CO OCH;,

A solution of 2-thienvllithium (0.75 Min hexane, 2.0 mL. 1.5 mmol) in THEF (5 mL)
cooled to 0 °C was added dropwise a solution of thiophthalic anhvdride 105 (0.11 g.
0.49 mmol) in THF (7 mL) under a nitrogen atmosphere. The reaction mixture was
then stirred at 0 °C for 12 h after which the reaction mixture was quenched with the
addition of a saturated solution of NH,C! (15 mL). CH,Cl; was added to the mixture
and the organic laver was removed and the aqueous layver was extracted with another
portion of CH,Cl,. The organic extracts were combined, washed with water and dried
over anhvdrous MgSQOy. The solvent was removed by rotary evaporation to the afford
crude prodnet as a reddish brown oil. Column chromatography (alumina. CH,Cl,
vielded 0.06 g of a red-brown powder. 'H NMR analysis indicated this powder was
a mixture of compounds and did not clearly show the presence of 106: MS of this
fraction contained the following peaks: m/z (%) 358 (39), 314 (39). 283 (100). 247
(13). 111 (22).
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4.2.0.6 1-Thienoyl-2-methylthiacarbonyl-5,6-dimethoxybenzene {108)

H«CO QCH,

2-Thienylithium was prepared by treating a solution of 2-bromothiophenc (0.13 mL.
1.3 mmol) in THF (15 mL) cooled to -78 >C (acetone/dry ice). with n-butvilithinm
(0.90 M solution in hexane. 1.5 mL. 1.4 mmol) under a nitrogen atmosphere. The
resulting solution was stirred for 45 min and added slowly to a solution of 105 (0.30 u.
1.3 mmol) in THE (20 mL) cooled to 0 °C and stirred under a nitrogen atmosphere
at 0 °C for 18 h. CH3I {0.090 mL. 1.4 mmol) was added. The solution was then
allowed to warm to rt and after stirring for a further 30 min the reaction was poured
in a solution of dilute HCl/ice water (2% HCI). Following the addition of CH,Cl,
to the resulting mixture, the organic laver was removed and the aqueous laver was
extracted with another portion of CH,Cl,. The combined organic extracts were dried
over anhydrous Na,SO, and evaporation of the solvent gave crude 108 as a red-brown
oil. Column chromatography on neutral alumina (CH,Cl,) afforded 108 as a light
pink solid (0.050 g. 0.16 mmol. 12%): mp 121.0-122.0 °C: *H NMR 4 7.69 (dd. 1H.
J=3.6. 1.2 Hz). 7.44 (s. 1H), 7.34 (dd. 1H. J=3.0. 1.2 Hz), 7.08 (dd. IH. J=3.6. 1.2
Hz). 6.99 (s. 1H). 4.02 (s. 3H). 3.94 (s, 3H). 2.34 (s. 3H): the following signals were
observed in YC spectrum: ¢ 131.5. 131.3. 125.2. 108.2, 108.0. 53.6. 53.5. 9.5: MS m/z
(%) (M™ not observed). 275 (100), 263 (13). 209 (28), 84 (17).
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4.2.0.7 Attempted Synthesis of 1,2-Dithienoyl-5,6-dimethoxybenzene(106)
from 108

A solution of 2-thienvllithium in THF (10 mL) was prepared according ro the
procedure described previously (Section 4.2.0.6) using 2-bromothiophene (0.18 mlL.
1.8 mmol). in THF (10 mL) and r-butyllithium (2.1 mL. 1.8 mmol). The solution
of 2-thienvllithinm was added slowly to a solution of crude 108 (prepared according
to Section 4.2.0.6) (0.60 g. 1.9 mmoi) in THE (40 mL) cooled to 0 °C. The reaction
(under nitrogen atmosphere) was left to stir at 0 °C for 12 h. The solution was poured
into H,O (50 mL). CH,Cl, (20 mL) was added and the organic layer was separarted.
The aqueouns laver was extracted with CH,Cl, and the combined organic extracts
were dried over anhvdrous Na,SO,. Evaporation of the solvent furnished the crude
product as a red-brown oil. Column chromatography (3%EtOAc¢/CH,Cl,) gave a
red brown oil (0.20 g): 'H NMR analysis did not indicate clearly the presence of 106:
\MS of this fraction contained the following peaks: m/z (74): 358 (1). 314 (3). 283 (8).
275 (100) 231 (9). 203 (4). 111 (19).

4.2.0.8 Attempted Synthesis of 3,4-Methylenedioxyphthalide (128)

S0

A suspension of piperonylic acid (5.00 g, 30.1 mmol} in aqueous formaldehyvde (37
%. 3 mL). that had been saturated with HCI (g), was heated to 70-80 °C for 7 h
and then stirred at rt overnight. The mixture was concentrated. poured into water
and the resulting mixture was neutralized with aqueous ammonia. A light beige

precipitate was filtered {0.05 g), but was found to contain a significant amount of
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starting material by '"H NMR analysis.

Reaction was repeated with the addition of concentrated HCI (10 mL). A complex
mixture was obtained as observed by 'H NMR analysis.

The reaction was repeated with the addition of acetic acid (5 mL): complex mix-

ture was obtained as observed by 'H NMR analysis.

4.2.0.9 Piperonyl bromoacetate (133)

A solution of piperony alcohol (8.07 g, 33.0 mmol) in anhydrous diethyl ether
(75 mL) was cooled to 0 °C (ice bath). To the cooled solution. pyridine (4.60 mL.
37.4 mmol) was added dropwise over 10 min. Next. a solution of bromoacetyl bromide
(.10 mL. 46.6 mmol) in anhydrous diethyi ether was added slowly over 30 min and
the resulting solution was stirred overnight at rt. The precipitate that had formed
was removed by filtration and the filtrate was washed successively with aqueons 1M
HCl. aqueous saturated NaHCQOj; solution. then with an aqeous saturated solution
of NaCl and dried over anhyvdrous Na,SO,. Removal of solvent following removal of
drving agent afforded a pale yellow oil (11.75 g) and purification by dry flash colunn
chiromatography with 1% ethyl acetate/CH,Cl, gave a pale amber oil (11.20 g, 41.01
mmol. 88 %): bp 233 °C (starts to decompose at >210 °C). 'H NMR o 6.84-6.76 (m.
3H). 5.95 (s. 2H), 5.07 (s, 2H), 3.83 (s. 2H); ¥ C NMR 4 166.9. 147.7. 128.5. 122.5.
109.0. 108.2. 100.9, 67.6, 25.8: MS m/z (%) 273 (M™*, 2.5). 272 (24). 193 (23), 151

(70). 135 (100). 93 (27), 77 (38). HRMS caled for CigHe™BrO; 271.96841. found
271.9698.
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4.2.0.10 Attempted Syntheses of 3,4-Methylenedioxyhomophthalide (130)
o) 0
T

A rapidly magnetically stirred suspension of anhydrous aluminum chloride (0.98 g.
7.4 mmol) in anhydrous CH,Cly (300 mL) was cooled to 0 °C (ice/water bath) in a
Hask equipped with a drying tube {containing anhydrons caleinm chloride). To the
suspension. a solution of 133 (2.00 g. 7.32 mmol) in CHaCly (100 mL) was added
dropwise over 1.3 h and the reaction mixture was then allowed to warm up to rt. After
stirring overnight. the reaction was quenched by pouring into dilute aqueous HCl (ca.
1 M) and extracted with several portions of CH,Cl,. The combined CH,Cly extracts
were successively washed with aqueous 1 M NaHCOj. then water and subsequentlv
dried over anhydrons MgSOy,. Filtration followed by rotary evaporation of solvent
furnished a shiny green powder (0.57 g) containing material unidentifiable by 'H
NMR analysis.

The reaction was subsequently repeated using a prepared solution of PPA. Phos-
phorus pentoxide (P,05) (90.0 g. 634 mmol) was added to Hask equipped with a
mechanical stirrer and drving tube (contaiuning calcium chloride). The reaction tlask
was cooled to 0 °C (ice-water bath) and o-phosphoric acid(30 mL. 50 g) was added.
After stirring for approximately 1 h. the ice bath was replaced with a oil bath and
the viscous solution was heated to 105-110 °C for 2 days. Compound 133 was added
to the PPA solution, stirred for 30 min at 105 °C and was then poured in ca. 200
g ice. The resulting mixture was then extracted several times with CH,Cl,. and the

combined organic extracts were then washed successively with aqueous 1 M NaHCOj.



followed by water and dried over anhvdrous Na,SO,. Removal of solvent atter filtra-

tion gave a brown oil which. analysis by 'H NMR indicated to be a complex mixture.

4.2.0.11 Attempted Synthesis of 3,4-Methylenedioxy Glycidate (139)

O

<0:©/L¥cozcn3
o

A solution of piperonal {5.40 g. 36.0 mmol). methylbromoacetate (8.26 g. 3.0
nimol) and anhvdrous methanol (15 mL) was added over 3 h to a fresly prepared
solution of sodium methoxide (prepared from freshly cut sodinm (1.43 g, 62.2 minol)
and methanol (25 mL) cooled to -10 °C (ice-salt bath) and stir for 2 h. The reaction
solution was then left to stir overnight and slowly warm to rt. The reaction was poured
into ice water containing acetic acid (2 L) and the resulting mixture was transferred
to a separatory funnel and was extracted several times with CH,Cl,. The combined
CH,Cl, extracts were washed once with water and then dried over anhyvdrous Na,S(),.
Removal of the solvent. following filtration. vielded a vellow oil of a complex nature
by 'H NMR analysis.

The reaction was repeated using methylchloroacetate (8.31 g. 54.0 mmol) in place

of methvibromoacetate, compound 139 was not observed by 'H NMR analysis.

4.2.0.12 Attempted Synthesis of 3,4-Methylenedioxyphthalide (128) Em-
ploying Friedel-Crafts Type Conditions

A solution of piperonyl alcohol (1.00 g, 6.57 mmol) in anhydrous CH,Cl, (15 mL)
was cooled to -0.5-0 °C (salt/ice bath) in a flask equipped with a dropping funnel.

a reflux condenser and a drying tube (containing anhydrous calcium chloride). To

the solution was added titanium (IV?} chloride (1.20 mL, 10.9 mmol) followed by the
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dropwise addition of chloromethyl methyl ether (0.50 mL. 5.5 mmol). The solution
was stirred at 0 °C for a further 30 min. The salt-ice bath was removed. and after
the solution warmed to rt. the temperature was elevated to 30-35 °C and stirring was
continued for an additional 15 min. The crude mixture was transfered to a separatory
funnel containing ice (ca. 3 g) and the CH,Cl, layver was removed. The aqueous layver
was extracted with CH,Cl, and the combined organic extracts were washed with
water and dried over anhydrous MgSO,. Removal of solvent following fltration save

a brown solid (0.35 g). Analvsis by '"H NMR revealed a complex mixture.

4.2.0.13 Attempted lodination of Piperonyl Aldehyde, Alcohol and Acid
Employing Iodine Monochloride

0 CHO O’ Co:H ¢ CH,OH
[ KX
<O:@1 <O X 1 <0 1
143 144 145

A solution of iodine monochloride (0.35 g, 3.4 mmol) in acetic acid (3 mL)
was added dropwise over 15 min to a rapidly stirring solution of piperonal (0.30 g,
3.3 mmol) in acetic acid (10 mL). After stirring overnight at rt. the resulting dark solu-
tion was poured into water (20 mL) and extracted twice with CH,Cl,. The combined
organic extracts were washed successively with aqueous metabisulphite followed by
water and dried over anhydrous MgSO,. Rotary evaporation of the solvent. following
filtration, furnished starting material as determined by 'H NMR analysis.

This reaction was repeated on the same scale, but the temperature was elevated
to 60-65 °C. Workup as reported above gave only starting material as determined by

'H NMR analysis.

This reaction was repeated on the same scale with both piperony! aleohol (0.51 g.
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3.4 mmol) with iodine monochloride (0.55 g. 3.4 mmol). and piperonylic acid (0.53 g.
3.2 mmol) with iodine monochloride (0.55 g. 3.4 mmol). Workup as reported above

did not result in iodinated products as determined by 'H NMR analysis.

4.2.0.14 Attempted Iodination of Piperony! Aldehyde, Alcohol and Acid
Employing CF;CO,Ag and I,

[odine (8.18 g 32.2 mmol) was added in small portions to a vigourously stirred
suspension of piperonyl alcohol (1.50 g. 9.86 mumol} and silver trifluvroacetate (3.11 g.
14.1 mumol) in chloroform (25 mL). After complete addition of iodine. the resulting
dark solution was stirred for 3 h. The reaction mixture was filtered and the fltrace
was washed successively with aqueous 20 % sodium thiosulfate. then water and dried
over anhydrous MgSO,. Evaporation of the solvent vielded a brown oil. The resulting
oil was redissolved in carbon tetrachloride and after treating with activated charcoal
was filtered. Evaporation of solvent furnished only starting material as determined
by 'H NMR analvsis.

The same reaction conditions were carried out on both piperonyl aldehyde (1.49 g.
9.83 mmol) with silver trifluoroacetate (3.11 g, 14.1 mmol) and piperonylic acid
(1.63 g. 9.84 mmol) with silver trifluoroacetate (3.11 g. 14.1 mmol). In both cases.

the repeated reaction conditions gave only starting materials.

4.2.0.15 6-Bromopiperonal (146)[130]
0 Br

A solution of bromine (40.0 mL, 770 mmol) in acetic acid (100 mL) was slowly

added over 3 h to a solution of piperonal (100 g, 666 mmol) in acetic acid (200 mL)



and the reaction mixture was left to stir overnight. Precipitated 6-bromopiperonal
was separated by filtration. The filtrate was mixed with water and the resulting
solid was isolated by filtration. The collected solid was then heated in a solution of
aqueous 20 % sodium hydrogen sulfite. filtered and the remaining solid was stirred
in diethvl ether and filtered once more. The ethereal filtrate was extracted several
times with aqueous 20 % sodium hydrogen sulfite and 6-bromopiperonal was recovered
{from the agueous extracts upon the addition of Na,COz. Column chiromaiographiv
(337 hexanes/CH,Cly) of crude product afforded 146 as a colourless solid (35.8 g
156 numol. 23%): mp 124.5-126 >C (lit.[130] 129.0 °C): 'H NMR 4 10.19 {s. 1H). 7.37
(s. TH). 7.07 (s. LH), 6.09 (s. 2H): 3C NMR J 187.6. 169.0. 150.6, 145.4. 118.8. [10.53.
105.4. 100.0: MS m/z (%) 229 (M™. 98). 228 (100). 201 (26). 143 (20). 120 (19). 90
(16).

4.2.0.16 1-(2-Bromo-4,5-methylenedioxy)-1,3-dioxolane (147){131]}

e

T

6-Bromopiperonal (10.36 g 45.23 mmol) was dissolved in benzene (280 mL) and
a catalvtic amount of p-TsOH (1 mg) and ethylene glvcol (5.4 mL) were added. The
reaction flask was equipped with a Dean-Stark trap (for the removal of water) and
the reaction was refluxed for 17 h was fitted with a Dean-Stark trap and the reaction
was refluxed for 17 h. Potassium carbonate (4.0 g) was added in one portion and
the resulting mixture was filtered through basic alumina. The solvent was removed
using rotary evaporation to afford 147 as a pale colourless oil which solidified upon

standing to vield a colourless solid (12.04 g, 44.09 mmol, 97%): mp 65.0-66.5 °C:
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'H NMR § 7.08 (s. 1H). 7.01 (s. 1H). 6.02 (s. 1H). 5.99 (s, 2H). 4.18-4.03 (m. 4H.
AABB svstem): BC NMR § 146.3. 144.7. 127.2, 125.6. 111.1. 110.0. 104.9. 99.8.

99.1. 62.7: MS m/z (%) 273 (M*. 31). 229 (29). 200 (48). 133 (44). 73 (100). 63 (30).
13 (47). 29 (26).

4.2.0.17 6-(1,3-dioxolano)piperonal (148){131]

O\

/
9] ()
0 CHO

A solution of 147 (4.76 g. 17.4 mmol) in drv THF (50 mL) was cooled to -78 -C
(dryv ice/acetone bath) and r-butvllithium (1.0 M in hexane. 19.0 mL. 19.0 mmol)
was added. After stirring for 1 h. dry DMF (3.80 mL) was added and the solution was
stirred for an additional 5 h at -78 °C. The solution was slowly warmed to 0 °C and
quenched by the addition of an aqueous saturated solution of NH{Cl. The mixture was
transferred to a separatory funnel and the THF laver was removed. The aqueous phase
was extracted with several portions of CH,Cly and the combined organic extracts
were dried over anhvdrous MgSQOy. The removal of the solvent afforded crude 148 as
a vellow-orange oil. Purification by column chromatography (30% EtoAc/hexanes)
gave 148 as a colourless solid (3.34 g, 15.0 mmol. 86%): mp 62.0 63.5 °C. '"H NMR o
10.3 (s. LH). 7.39 (s, 1H), 7.18 (s. 1H), 6.35 (s, 1H). 6.07 (s. 2H). 4.20-4.02 (m. -H.
AABB’ system): BC NMR ¢ 186.4, 149.4. 145.9, 133.9, 126.9, 105.4, 104.1. 99.4,
97.5. 62.6: MS m/z (%) 222 (M*, 10). 194 (29), 149 (100), 121 (14), 63 (33). 45 (23).
29 (21).
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4.2.0.18 4,5-Methylenedioxyphthalaldehyde (112)
0 CHO
A solution of 148 (1.04 g, 4.68 mmol). acetone (15 mL) and a catalvtic amount
of p-TsOH was stirred at rt for approximately 20 h. The resulting solution was
then concentrated by rotary evaporation and filtered quickly through neutral alumina
(activity grade V) to give a pale vellow solid (0.64 g). This compound. for reasous
not exactly known. was unstable and therefore. efforts to purify this compound were

unsuccessful.  Verv rapid decomposition was observed on silica gel. The following

signals were observed by 'H NMR analysis: 10.5 (s). 7.81 (s). 6.25 {s).

4.2.0.19 Attempted Synthesis of 1,2-Dithienylhydroxy-4,5-methylenedioxy-
benzene (149)

A solution of 2-thienyvllithium. (prepared according to Section 4.2.0.6). from 2-
bromothiophene (0.30 mL. 3.1 mmol} and n-butyllithium (1.1 M in hexane. 2.7 mL,
3.0 mmol) in THF (10 mL) was cooled to -78 °C (dry ice/acetone bath) and added
dropwise to a solution of 112 (0.50 g, 2.8 mmol) in THF (30 mL) cooled to -78 °C.
The resulting solution was stirred for 1 h, and a second portion of 2-thienyllithium.

(prepared according to Section 4.2.0.6), from 2-bromothiophene (0.30 mL. 3.1 mmol)

and n-butyllithium (1.1 M in hexane, 2.7 mL, 3.0 mmol) in THF (5 mL) cooled to
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-78 °C. was added slowly and left to stir at -78 °C overnight. and slowly allowed to
warm to room temperature. The reaction was quenched by the addition of an aqucous
10% HC'T solution. and CH,Cl, was added. The organic laver was separated and rhe
aqueous phase was extracted once with CH,Cl,. The combined organic extracts were
dried over anhvdrous MgSO, and removal of the solvent furnished a complex mixture

of materials unidentifiable by 'H NMR analvsis.
4.2.0.20 Diethyl thiodiglycate (158)

C2H0:C” N7 > C04CHHs

Freshly prepared Na,S/ALOy i83] (60.9 g. 146 mmol) (prepared according to
Section 2.3.0.3) was added in one portion to a solution of ethyl bromoacetate (32.1 g,
194 mmol) in absolute ethanol (130 mL) and the suspension was rapidly stirred for
2.5 h under a nitrogen atmosphere. The alumina was removed by filtration and the
solvent was removed employing rotary evaporation. The residue was redissolved in
CH.Cl, and filtered and removal of the solvent afforded a pale vellow oil. Purification
by dry flash column chromatography (alumina. CH,Cly) gave 158 as a pale vellow
oil (14.6 g. 71.0 mmol. 73%): 'H NMR 4 4.13 (q. 2H. J = 7.2 Hz). 3.32 (s. 4H). 1.22
(t. 3H J = 7.2 Hz): ¥3C NMR 9 166.9. 38.6. 30.8. 11.3: MS m/z (%) 206 (M*. 16).
160 (7-4). 133 (42). 105 (31}, 88 (20). 77 (31). 60 (24). 47 (29). 29 (100).

4.2.0.21 2,5-Bis(ethoxycarbonyl)-3,4-dihydroxythiophene (159))
HO  OH

T3
C:H;0,C CO,C1Hs

S

A solution of 158 (24.5 g, 119 mmol) and diethyl oxalate (36.4 g, 249 mmol) in
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anhvdrous ethanol (170 mL) was added dropwise to a freshly prepared ethanolic so-
lution of sodium ethoxide {prepared from sodium (29.0 g, 1.26 mmol) and anhvdrous
ethanol (130 mL) cooled to 0 °C (ice/water bath). The resulting mixture was gently
refluxed for 2 h. The precipitated disodium salt was filtered. rinsed with copious
amounts of absolute ethanol, dissolved in water and acidified with aqueous concen-
trated HCL. The colourless precipitate that formed was filtered and rinsed with warter.
Drving with gentle warming (30 °C) under high vacuum afforded 159 as a colourless
solid which was used without further purification (27.4 g. 106 mmol. 90%): mp 130.0-
131.0°C: '"H NMR § 'H NMR (D,0) 6 9.37 (s. 2H), 4.40 (q. 2H. J = 7.2 Hz). 140 (1.
3H. J = 7.2 Hz): BC NMR 4 162.9. 117.6. 104.4. 39.1. 11.4: MS m/z () 260 (M.

33). 214 (100). 186 (14). 168 (82). 100 (70). 72 (14).

4.2.0.22 2,5-Bis(ethoxycarbonyl)-3,4-bis(dioxy)-disodium thiophene (154)[3]

*

Na 'O O Na*

TS
CaH50:C7 g~ ™CO,CH;

A solution of 158 and diethyl oxalate (36.4 g. 249 mmol) in anhydrous ethanol
(170 mL) was added dropwise to a freshly prepared solution of sodium ethoxide
(prepared from sodium (29.0 g, 1.26 mmol) and anydrous ethanol (130 mL) cooled
to 0 °C (ice/water bath). The resultant mixture was gently refluxed for 2 h. The
precipitated disodium salt was filtered off and rinsed with copious amounts of absolute
ethanol and dried under high vacuum to yield 154 as a yellow solid (2.86 g, 9.40 mmol.
97%): mp of this solid was not determined, decomposed at temperatures greater than
215 °C: 'H NMR (D;0) ¢ 4.06 (q, 2H, J = 7.2 Hz), 1.12 (t. 3H. J = 7.2 Hz): “C
NMR (D,0Q/DMSO-d6 233.9, 164.5, 117.6, 57.7, 11.1.
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4.2.0.23 2,5-Bis(ethoxycarbonyl)-3,4-ethylenedioxythiophene (160) from
154(3]

/N
o 0

g e
C1Hs0.C CO-C;Hs

S

A suspension containing 154 (5.02 g. 16.5 mmol) in 1.2-dichloroethane (60 mL)
was refluxed for 24 h. The resulting vellow suspension was filtered to remove unre-
acted starting material and the residue was washed with several portions of CH,CL,.
Removal of the solvent by rotary evaporation and afforded 160 as a light vellow solid
(0.14 g. 0.49 mmol. 3%): '"H NMR o 4.41 (s. 4H). 4.36 (q. 2H. J = 7.2 Hz). 1.37 (1.
JH. J = 7.2 Hz).

4.2.0.24 2,5-Bis(ethoxycarbonyl)-3,4-ethylenedioxythiophene (160)

A solution of 159 (20.0 g, 76.9 mmol). triethylamine (40.0 mL) and 1.2-dichloroethane
{150 mL)} was refluxed overnight.( approximately 15 h.) Most of the solvent was re-
moved by rotary evaporation and. following the addition of CH,Cl, (150 mL). undis-
solved solid was removed by filtration. The filtrate was washed successively with
aqueous 2M HCL. water and dried over anhydrous Na;SO,. Removal of the solvent

gave 160 as a colourless solid which was used without further purification (21.0

¥y
e

73.3 mmol. 95%): mp 116-118 °C: 'H NMR o 4.41 (s, 4H), 4.36 (q. 2H. J = 7.2 Haz).

1.37 (t. 3H. J = 7.2 Hz); 3C NMR ¢ 158.1, 142.2. 109.1, 62.0. 58.6, 11.5: MS m/z
MS (%) 286 (M*. 3), 260 (32). 241 (8). 214 (100), 186 (13). 169 (34), 146 (13). 100
(74). 85 (13). 69 (16), 45 (29).



4.2.0.25 3,4-Ethylenedioxythiophene-2,5-dicarboxylic acid (156)(3]

0] O

TS
HO:C" g~ ~CO.H

A suspension of 160 (21.0 g. 73.3 mmol) in 10% sodium hvdroxide solution
(200 mL) was heated to refiux for 2 h. After cooling to room temperature. the
reaction solution was filtered and acidified with aqueous concentrated HCL The
precipitrate was collected by filtration and washed with copious amounts of water.
Dryving by gentle heating (30 °C) under high vacuum. gave 171 as a light brown
solid (14.7 g, 63.9 mmol. 87%). Purification by recrvstallization (methanol) vielded
a colourless solid: mp of this solid was not determined. decomposition occurred at
temperatures greater than 200 °C: 'H NMR (D,0-NaOD) ¢ 4.13 (s. 4H): YC N)MIR
D,0/NaOD/DMSO-d6) ¢ 194.5. 163.0. 137.3. 59.3: MS m/z(%) 230 (M*". 38). 186
(93). 142 (40). 90 (21). 69 (30) 44 (100).

4.2.0.26 3,4-Ethylenedioxythiophene (157)[3]

To a suspension containing 171 (2.0 g. 8.7 mmol) in freshly distilled quinoline (20
mL) barium promoted Cu-Cr (0.80 g) was added. The reaction mixture was then
heated at 180 °C for 0.5 h under a nitrogen atmosphere. After cooling to rt, diethyl
ether (50 mL) was added and the catalyst was removed by suction filtration. The
filtrate was washed successively with aqueous 1 M HCI, aqueous 1 M NaOH. water

and finally dried over Na,SQ,. Removal of solvent vielded crude 157 as a brown oil.



Purification by dry flash column chromatography (toluene) afforded 157 as a pale
amber oil (0.76 g. 5.3 mmol, 61%): bp 206 °C: 'H NMR 4 6.34 (s. 2H). 4.20 (s. 4H):
BC NMR 4 139.0.96.9. 61.9: MS m/2 (%) 142 (M*. 100). 127 (11). 116 {17). 69 (29).

4.2.0.27 Attempted Synthesis of 3,4-Ethylenedioxythiophene-1,1-dioxide
(161) Employing m-CPBA

=~ S\\
o 0

A solution of 157 (0.39 g. 2.7 mmol) and m-CPBA (1.2 g. 7.0 mmol) was dissolved
in hot 1.2-dichloroethane (15 mL) and refluxed for 48 h. Precipitated m-chlorobenzoic
acid was removed by filtration and the filtrate was washed several times with aqueous
10% Na,C'Oy followed by water. The organic layer was dried over anhyvdrous Na,S0O,
and evaporation of the solvent afforded a complex mixture as determined by 'H NMR

analysis.

4.2.0.28 Attempted Synthesis of 3,4-Ethylenedioxythiophene (161) Em-
ploying Oxone and ‘Wet’ Montmorillonite Clay

To a suspension containing Oxone. (2.71 g, 4.40 mmol), CH,Cl, (10 mL) and " wet
clay” (prepared by the addition of 2 mL of deionized water in 8 portions with vigorous
shaking) 157 (0.25 g, 1.8 mmol) was added in one portion. After stirring under a
nitrogen atmosphere at rt for 1.5 h, the reaction mixture was filtered to remove the
clay which was washed with several portions of CH,Cl,. Rotary evaporation of the
solvent furnished unidentifiable material as determined by 'H NMR analysis

The reaction was repeated on the same scale and the solvent was changed to

EtOAc. but workup and removal of solvent furnished material unidentifiable by 'H
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NMR analysis.
4.2.0.29 Attempted Synthesis of 1,2-Bis(methoxycarbonyl)benzene (168)
@iCOzCI'l;
CO.CH,
To a solution of Oxone (6.39 g. 10.4 mmol) in water (12 ml.}). a solution of rhio-
phene (0.25 g. 3.0 mmol) and DMAD (6.36 g. 10.4 mmol) in methanol (20 mL) was
added dropwise. The resulting suspension was refluxed for 13 h. Filtration of the rve-

maining solid and removal of solvent by rotary evaporation vielded a complex mixture

as determined by 'H NMR analysis.

4.2.0.30 4,5-Ethylenedioxy dimethylphthalate (170)

@]

CO-CHa

A suspension of 157 (2.67 g. 18.8 mmol). DMAD (7.98 g. in xvlenes (90 mL) and
caopper (activated by washing with aqueous 1 M HCl followed by rinsing with diethyl
ether and drying under vacuum) (2.30 g) was refluxed for 4 days. The reaction mixture
was filtered and removal of the solvent vielded a dark red-brown oil. Purification by
column chromatography (100:10:1 CH,Cl;:EtOAc:acetic acid) afforded 170 as a pale
vellow solid (1.16 g, 4.60 mmol. 25%); recrystallization from hexanes afforded 170
as a colourless solid: mp 60.0-61.5 °C; '"H NMR & 7.23 (s. 2H). 4.30 (s, 4H). 3.87
(s. 6H): B®C NMR § 164.7, 142.7, 122.8. 115.7, 61.7, 49.7: MS m/z (%) 285 (9). 252

(M*. 33). 221 (100), 191 (4), 162 (5), 134 (3). 107 (3). HRMS caled for C2H ;204



252.06330. found 252.0638.

4.2.0.31 4,5-Ethylenedioxyphthalic acid (171)
0 COH
[OﬁCOZH
A suspension of 170 (142 g, 53.63 mmol) in 1054 sodium hydroxide solution (40 ml)
was heated to reflux for 1 h. The reaction solution was filtered and the filtrate was
acidified with concentrated HCl. Precipitated 171 was collected by suction filtration
and washed with copious amounts of water and dried by gentle heating (50 °C) under
high vacuum. Compound 171 was obtained as an off-white solid {1.12 g. 5.00 mmol.
89% ). Recryvstallization (MeOH/H,0) furnished 171 as a colourless solid: mp 223
224 °C: 'H NMR (DMSO-d6) o 7.63 (s. 2H). 4.27 (s. 4H). CO.H not observed: ¢

NMR (DMSO-46) 9 165.6. 142.4, 124.0. 115.1. 61.9: MS m/z (%) 224 (M*. 2}, 162
{79). 134 (86). 50 (100). HRMS caled for CioHzOq 224.03202. found 224.0307.
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Appendix

The selected 'H spectra of the svnthetic examples were arranged according to the
order in which thiey appear in the text. For the intruments. see General Procedures
in Section 2.2.
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