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ABSTRACT

Interest in light activated pesticides and
herbicides is dramatically increasing and coming to the —
fdrefront as they offer new alternatives in environmental
control of pests or weeds. These substances are generally
made and uséd by the plant which exploits both the light
energy of the sun and the presence*of oxygen in the
environment. One of these nafurally occurring compounds
isolated from the plant family Asteraceae, a-Terthienyl
(e=T), has proven its potential as a potent mosquito

larvicide, both in laboratory tests and field trials.

—

A facile large scale synthesis of o-T was
developed with potential after modifications for use as a
commercial process. The influence of chemical structure on
biological activity of the parent-compound was studied by
preparing a series of derivatives and analogues with
extended or altered chromeophores. Ali_of the compounds
synthesized were toxic to mosquito larvae. Two of the
derivatives + S5-methyl-e-T, also found in Asteraceae, and 5-
cyano—-a-T, were more potent larvicides than the parent
compound. The methylated derivative has been prepared in
order to label it with tritium for biosynthetic
incorporation experiments.

The final part of this work is a photochemical
study of the prepared derivatives and analogues as @heir
mode of action is light mediated. Specifically, their
singlet oxygen quantum yields were measured and correlated
with mosquito larva mortality data. Assessment of
structure-function relationships may allow us to predict and
prepare a more efficient phototoxic larvicide.

—

- xi -



INTRODUCTION

1.1 GENERAL

More than 700 naturally occurring polyacetylenes
and biosynthetically related thiophene derivatives have now
been isolated and characterized from the plant family
Asteraceael. ‘Although polyacetylenes are especially
prominent in Asteraceae, they can also be found in several
other vascular plant families, e.g. in Apiaceae and
Campanulaceae, in Basidiomycete fungi and in alg&eT Prior
to 1950 less than 10 naturally occurring polyacetylenes were
knownl. Subsequent to this, rapid progress was made largely

due to theswork of three groups led by Sorensen, Bohlmann,

(PHT| 1) which was first obtained from Coreopsis

grandiflora®. Thiophene derivatives were alsc detected in

the same extract during the purification of PHT-.

The first naturally occurring thiophene derivative
isolated in a pure form from Asteraceae was a-terthienyl
(e-T, g)4, from the African marigold, Tagetes erecta. The —
second, junipal (3) [5-(1—propynyi;2—formyl thiophene) ], was
isoiated from Daedelia juniperina a Basidiomycetes, and
contained both a thiophene and an acetylenic moiety. —

Challenger and Holmes®

first suggested that there was a
biosynthetic connection between polyacetylenes and
thiophenes in the same plant family. It is now known that
thiophenes are produced by the cyclization of two adjacent

acetylenic bonds7, with the incorporation of a sulfur atom.



¥ Recentlf, polyacetylenes and thiophene derivatives

have received a great deal of attention because of their
phototoxic activitya. This thesis describes. the synthesis
and biological activity of two highly active substances in
this group of secondary metabolites, a-T and PHT. The
photochemistry of «-T, derivatives and analogues was also
examined.

@-(cscg—-cu, /S\ /S\ /S\

1

CH,—¢ EC—@—CHO

3

1.2 ISOLATION AND STRUCTURE DETERMINATION

Naturally occurring acetylene and thiophene -
derivatives are usually isolated by ether/petroleum ether
extraction’ from the macerated roots, stems or leaves of
certain plants. Repeated chromatography of the various
fractions extracted, on silica gel or alumina, Yields small
quantities (often ug) of pure compounds. Because of the
instability and sometimes explosive nature of
polyacetylenes, great care must be taken in the isolation
process to avoid degradation.

The structure elucidation of the isolated compound
can usually be determined using spectroscopic techniques.
In the earlier isolation work, the only technique available
for such ziall quantities was ultraviolet (UV) spectroscopy.



It was, and still is, useful for detection of polyacetylenes
as they have characteristic spectral'7 and high molar
extinction coefficientg. Infrared (IR) spectroscopy was not
used as a primary method of i&éntification but couid be used
to determine whether the alkynyl compound was mono-or
disubstituted.’

c—— L

Thiophenes with their broad UV maxima posed a
major problem for early phytoéhemists. Sometimes a
structure was suggested based on the UV spectrum and the
suspected compound was then synthesized and compared to the
isolated material%s®?. This process was tedious, as
synthetic methods were not as specific then, and reaction
mixtures contained many side products requiring lengthy
purificaﬁion procedures. Identification of unknown
substances was also facilitated by analyzing .the products of
chemical degradations, derivéfizations'and hydrbgenations by
nass spectroméfry (MS) and gas chromatography (GC)7.

Newer techniques such as G¢-MS10 and high .
perféimance liquid chromatography (HPLC)11 are particularly
suited for separation and identification of small quantities
of material, and have been used successfully on thiophene
and polyacetylene natural extractsl?.

The most powerful techniqpe for complete structure
elucidation of. both thiophenes and polyacetylenes is 1K NMR.
Technological improvements are lowering' the detection level
so that on a 300 MHz spectrometer, a spectrum may be taken
with 5-10 ug of sample. At such é&ﬁcentrations the solvent
purity is a limiting factor. Other NMR technigques such as
2D NMR have also aided in structure determination of small
cuantities of natural productsl3.

e



1.3 BIOSYNTHESIS OF NATURALLY OCCURRING POLYACETYLENES AND
THIOPHENES ‘

1.3.1 etvlene Biosynthesis

The biosyﬁ%hesis of acetyléne compounds was first
studied using radioisotope labeled precursors for
incorporation experiments. Matricaria ester (4),-a
w:despread polyacetylene isolated from Asteraceae and higher
fung1 (Agaricales), was labeled in a head to tail
arrangement after feeding [1—14C]-acetate to Polyporus
anthracophiluslu. '

* * * * * *
CH3C02 —, H3C—CH=CH-C=C—CEC—CH=CH—CO2CH3
) 4

In a similar experiment, [2—14C]-malonate was fed
to Tricholoma grammopoduin. The C,o polyacetylene isolated
(Scheme 1) contained a headr to tail linkage.of labeled
carbons with the exception of the first two carbons,
indicating that acetate was a probable precursorls. These
results ultimately led to the hypothesis that acetylenes

»
CH,COSCoA + 4CH,COSCoA —> H3C-Cﬁé—CEE—CEE—CH=EHCH20H
2

Scheme 1.

were formed from fatty acids. In fatty acid
16,17 é&etyl—CoA is carboxylated to yield
malonyl-CoA (Scheme 2). The Co units of fatty ac1ds are
derived from malonyl=-CoA by multistep condensatlons. For
the condensation to begin, acetyl-CoA is required as a

primer. Incorporations of both malonate and acetate

biosynthesis
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observed in polyacetylene biosynthesis is as expected for
fatty acid derived molecules. In an.incorperation study

Acetyl—-CoA

Malonyl-Coa
VAcetyl-CoA {Primer)
N

co,

\ 4
Oleic Acid 5

Scheme 2.

- -~
using oleic acid (5) as the labeled precursorls, this -

hypothesis was confirmed. It was also determined that while
“oleic acid is a precursor, fatty acids with shortened

chains’ are not incorporated.

It is not really known at which stage the
characteristic structural changes occur in the piosynthesis7
of polyacetylenes. Scheme 3 shows how this pathway could
proceed from oleic acid (5) using known mechanisms of fatty
acid chain shortening (8 oxidation) and hydrogenation-
systems. Xey acetylenes such as crepenyﬁic acid (6) may
algo branch off the pathway shown and lead to many other
natyrally occurring acetylenes. Route A ends with the
acetylene, tridecapentynene (8) and route B
biosynthesis of PHT (1). The experimental work

5 : ,.
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Hp—CEC—CHC—CHy =\a . -
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OLHy . 1
CHy \
/ LN
» » * ” I
Hp—C =C—C=CH ,@_ —-<:..c—<:..c—---cHJ
OXH,
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. . Scheme 4. ¥
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Tritium from doubly labeled [10,12-3H]-oleic acid
was incorporated into PHTlS, suggesting that aryl

substituted acetylenes are derived from the same fatty acid
precursor as other naturally occurring acetylemes. Feeding
studies with L1-14C]-acetate incorporated the labeled
precursor into PHT and somé Closely related compounds _
(Scheme 4)15. With the methyl group of acetylenic precursor
7 tritium labeled and fed to Coreopsis lanceolata, PHT with

a tritiated methyl group was isolatedl®. All of these
labeling studies supgért the now generally accepted ,
biosynthetic pathway to PHT. Definitive studies will MEB
requlre 1solat10n and characterization of the key enzymes,
none of which have yet been isolated, even in crude

extracts.

1.3.2 Biosynthesis of a-Terthienyl

Through biosynthetic feeding‘studies with labeled
precursors, it has been shown that most naturally occurring
thiophenes have been formed via acetylenes7. An enormous
diversity of functionalized thiophenes have been isolated,
including such structures as a spiroenol ether (10) found in



1

. L | \
Artemisia ludoviciana and the corresponding acetylene (9)

‘from which it has been derived. Other unusual thiophenes
v .

cn,—(csc;,—cu=@<7:> —_— @—cn%
- 9. 10

)

have been found in the Berkﬁeyazo and cullumia?l species
(13,12) and are proposed to occur via an époxide (21). e-T

- SH

\

R—C=C s so—c\?u .n-cac / \ =C=C= C—-TH—I

-k

=edl W
R—C=C _O— ZEC—CH= H, — HEC-@_CEC—-C“: H,
13 S ' H
: I 12 ~
H

-

- - has been shown by labeling studies’ to originate from the
long_chain polyacetylene, tridecapentynene (8).

Feeding studies have béen performed using the most
widespread bithienyl compound (17} and suspected precursor
to e-T. In two cases’22 it has been .reported that
incorporation into e¢-T does not occur. The feeding studies
by Jente et al.23 showed a low incorporation of labeled 17
and 19 into a-T. Scheme 5 jillustrates the tesults of
incorporation studies while Scheme 6 represents the possible
biosynthetic routes to a-T based both on incorporation
studies and isolation studies.
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Further incorporation studies have shown that the
bithienyl diynes 14 and 45 are the most likely precursors to
a—T22'24ﬂ These postuleted-prectrsors have never been
isolated from a plant source, although a closely related
compound has been found (27). The terminal diyne group is
so reactive that its presence per se in the plant
env1ronment would be very dlfflcult to prove.

In feeding studies with lsg and 18b, 1ncorporatlon
into e-T was achieved?? in high yiélds. ‘As these

derivatives cause no disruption in the plant metabollc path,
it is probable that the order in which the rings are formed
is not crucial in the formation of a-T. These compounds
have not been found in a plant source although there is some
support for their existence. For example the thiocenol

derivative (28) has been isolated from the Berkheyazo
species.

cua-—c;c—@@—t O—c—C—C—C—O
27

sl.cus

With labeled 15, plants are also able to
synthesize 17 and the bithienylbutynol acetate (16)22.
Later work?3 indicated that the plant, in this case Tagetes
patula, had the ability to hydrogenate triple bonds and to
form saturated carbon chains via the addition of water or
acetic acid. It was also shown that the metabolic
conversion of 14 to 15 was very rapid. There was no
available information on the conversion of 19 to 17. The
demethylation of the diynes is currently thouéht to be an



oxidative mechanism involving loss of CO,. This may be an

important step in the formation of a-T.

It -is still not known at which stage the a-methyl
group (Scheme 6) is removed_in_the biosynthesis of a-T,
befdre or after the third thiophene ring is formed. The
oxidative mechanism currently proposed suggesting 23 as a
precursor to a-T is supported by other terthienyl
derivatives that have been isolated?®. The alcochol (24),
aldehyde (25) and the methyl ester of the alcohol (gi) ﬁave
been isolated from Eclipta erecta.

Definitive enzymatic studies of thiophene
metabolism are just beginning with the first report by.
Sutfield and Towers?’ of a plant enzyme mediated
polyacetylenic conversion. They have also studied the
hydrolysis of 3,4-diacetylbutynyl-bithiophene in the Same
plant and were able to show that the éompound is
sequentially hydro_lyzed28 by two specific enzymes.

1.3.3 Source of Sulfur in Thiophene Biosvnthesis

The exact source of sulfur in cyclizing conjugated
iple bonds to thiophene rings has not been definitively
iidentiﬁgad“fbr Asteraceae. In the laboratory, the addition
sulfur hag’ been accomplished by adding H,S to a diyne
und tly alkaline conditions?® {(Scheme  7), or by

reflux1ng the dlyne with Na,5°9H,0 in dioxane or
tetrahydofuran (THF)3°.

The search for the bioclogical equivalent of H,S
initiated labeling studies ‘with sulfur containing amino
acids, and salts. With [3SS]-cystelne in feeding studies
with the plant Chrysathemum gulgare, an alkynal thiophene



was isolateq-l containing 14% of the activity incorporated
into the 1ipid soluble compounds.

Oremememed D s, A

Scheme 7.

Other radioactive sulfur containing precursors'
were fed %o T.‘erecta and the incorporation inte a-T was
measured. Incorporation into a-T occurred when fed sodium
[3SS]-sulfate or DL[3SS]—methionine but not sodium hydrogen
sulfide32. carbon was incorporated with DL[2-14C]—
methionine (001% incorporation) and sodium f1-14CJ-acetate.
The sodium acetate incorporation was very low (0.004%). No
level of incorﬁoration into a-T was observed with DL[2-?4C]—
glutamic acid or [2,3-14CJ—succinic acid. From these
results, it is very difficult to identify the source of
sulfur in thiophene biosynthesis, although the lack of
incorporation from the labeled sulfide suggests that H,S is
not involved. Further study with more convincing
incorporation levels is required before the true source of
sulfur in vivo can be establishedy For our purposes [S]
will signify the biological source of sulfur. :

1.3.4 Mechanism of Sulfur Addition

The mechanism of sulfur addition is thought to be
a two-step process7'33, due to the existence of many
thiocenol ethers. Tridecapentynené (8) and one of its

. .
- 10 - J
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thicenol derivatives (29) have been isclated from E.
erecta?®, Single addition of [S] (Scheme 8A) may result in

CH, [CmC] ,~C(SCH4) =CH-[C=C) ,~CH=CH, —-
29

further methylation to fthe thio ether or cyclization to a
thiophene ring. Doublé addition of [S] via route B leads to
disulfide derivatives. A number of these red colored
disulfides have been isclated from Eriophyllum caespitosum
and yield thiophenes after heating 7,33,

R c -—c==c-—cu==?—-
+ICH,]
—CEC—C =0 —[':'l——) —LC=C —CH=C— ‘
A

fs] -%H-\\\’—JQ;EL_
\/C=CH—-CI-I=< -—-..-..,; Q :Q

SH SH

Scheme 8.

1.4~ BIOLOGICAL ACTIVITY OF a-TERTHIENYI. AND
PHENYLHEPTATRIYNE

The isolation and identification of various
phytochemicals including PHT? and a-T% were reported many
years before their nematicidal properties wefe
discovered34:35, reinvestigation of previously and newly

- 11 =-



isolated phytochemicals began, especially for thiophenes and
polyacetylenes from Asteraceae, when it was shown that the
biological toxicity of a-T was enhanced in éunlight36'37.
Chan et al.38 reported a-T as phototoxic to the yeast
Candida albicans as were PHT and other polyacetylenes when
subjected to UV irradiation. These unusual phototoxic
properties prampted studies into their precise mode of
action and further biological testing to evaluate the scope
of their toxicity and commercial potential.

1.4.1 Mcocde of Action for g-Terthienvl

The photosensitizations involving oxygen such as
occur with a~T are called photodynamic sensitizations. They
are distinguished from nonphotodynamic sensitizations which
do not involve oxygen. An example of this latter type are -
photosensitizations by the furanccoumarins(gé), natural
products which react with DNA when in their excited state.
They form photoadducts with free pyrimidines, cross-linking
the strands of DNa3° (31) , and interfering with crucial _
functions within the cell such as transcription.

e

In photodynamic sensitizations, type I or type II
processes are possible. Anthraquinone dyes and flavins
operate via a Type I process, producing superoxide radicals
(0,*) through a series of electron processes after
absorption of a photon. In Type II photosensitizations,
singlet oxygen (102) is produced by energy transfer from the
excited photosensitizer to molecular oxygen. For both types
of photodynamic'sensitizations, the activated oxygen = ~
species, whether superoxide radical or singlet oxygen,
causes extensive biological damage.

- 12 =-



The first mechanistic study on e-T reporéed4° the
effect of o¢-T on glucose-6-P-dehydrogenase (G6-P),
cholinesterase and malonate dehydrogenase, all isolated from
homogenates of the plant nematode Ditylenchus dipsaci. It
was found that the activities of the enzymes decreased
dramatically when a‘@}was applied and subjected to UV
irradiation. Dithighite and mercaptoethanol, both
scavengers of oxygen,\treated an anaercobic environment which
protected G6~P ‘from damage by e-T. Only a slight decrease
in act1v1t§ was obser$ed under a nitrogen atmosphere. These
experiments demonstrated the dependence of a-T toxicity on
the presence o;,engen in vitro.

N

In order to determine which activated oxygen
species was being produced by a-T, Bakker and Gommers4°,
performed a number of experiments. The iifq;ime of singlet

oxygen is 10 times-longer41

in D,0 than in water, which
means that biological damage is more extensive in the
former. An enzyme sample (G6-P) when treated in D,0 with o-
and subjected to UV light for 25 min, retained 45% less
activity than when subjected to the same treatment but in

H,0.

The investigators also tested other gquenchers and
inhibitors of singlet oxygen on the enzyme system. The

i>
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singlet oxygen scavengers methionine, histidine and sodium
azide protected the enzyme from damage by a=-T. Catalase, an
enzyme which scavenges peroxide did not have any effect on
the enzyme, n did the addition of H,0,. Superoxide o
dismutase (SOL) also did not affect the enzyme, eliminating
a Type I mechanism. Addition of EDTA to check for metal-
oxygen complexation had no effect. The hydroxyl radical was
eliminatgd as the active oxygen species since the hydroxyl
radical scavengers mannitol and benzoate did not affect
photosensitization of the enzyme.

These experiments led to the conclusion that —-
siﬁélet oxygen was theractive oxygen species in vitro.
Direct evidence was obtained for the presence of singlet
oxygen by isolating a chemical product formed via singlet
oxygen. After UV irradiation (325-400 nm) of an air —-
saturated solution, containing the olefin adamantylidene
adamantane(32) and a-T for 7.0 h, the dioxetane (33) formed
and no trace of 32 could be detected (Scheme 9.). GC
"analysis indicated the fo;mation of the ketone 34 from the
dioxetane 33. When the experiment was repeated without a-T,
33 and 34 were not f&%med.

Scheme 9.

- 14 =



.IaIn the first in vivo experiments on the mechanism
of photosensitization, Kagan et al. reported42 on the non-
photodynamic propertiés of a-T. The tests showed a-T was
toxic to Escherichia coli, strain B, only .in the absence of
oxygen. They also found no prétective effect to the yeast
Candida utilus when adding sodium azide to irradiated a-T.
They al reported that radicactive a-T intercalated with
calf thymus DNA and with the DNA of ¢. utilus. This paper,
with a conflicting‘honphotodynamic mechanism, was later
retracted by the authors43 as were several other

publications44~46

stating that the toxicity of a-T was
oxygen independent. The authors explain that there was
"unexpected difficulty in obtaining a truly anaerobic

environment"®.

Arnason et al.%7 also stgszéd'the mechanism of a-T
in vivo on the microorganism E. coli. They reported that
under anaercbic conditions, o¢-T displayed no photo-
sensitizing activity. Protection from a-T was provided to
the yeast &\ cerevisiae by adding the singlet oxygen
scavenger sodium azide to the cells. The authors
explained47 that the concentration utilized by Kagan in the
previous study was too low to effectively quench 10248.

E. coli was §1ightly protected from e-~T in the presence of
UV by treatment with bovine SOD, so the production of

superoxide radical could not be ruled out. They concluded
that a-T acts as a photodynamic Type II sensitizer in vivo.

Chemical evidence of singlet oxygen‘production by
a-T and PHT was obtained4® using cﬁolesterol. When the
latter is oxidized by singlet oxygen it forms 3f-hydroxy-sSa-
cholest-6-ene 5-hydroperoxide. Rad@cal oxidations yield the
78-hydroperoxy compound as the main productso, Both a—f and

- 15 '-



PHT irradiated in a solution with cholesterol formed the Sa-
hydroperoxy derivative, with o-T yielding the larger amount.

1.4.2 Photogenotoxic Studies -(

The possibility of a photogenotoxic mechanism by

@-T has been the subject of some conflicting studies. The
results by Kagan42, showing incorporétion of radicactive a-T
into calf thymus DNA, suggested that o-T was a monoalkylator
anqrthat ‘this was an important pgrt of its toxic effect.
This in vitro study may not accurately portray the
biological activity of a-T ‘in a living organism. A -
subsequent in vivo'study by MacRae et al.?1l found no
evidence to show that E. coli DNA was damaged by o-T upon
irradiation with UV light. Another studysz, using DNA
repair-deficient E.'coli mutants that are vulnerable to
compounds which damage DNA, showed the same sensitivity to
a-T upon irradiation as wild type E. coli. This strongly
indicated that the damage to the microorganisms was not due
to a-T/DNA intercalation. The mechanism for PHT also does
not involve cross-linking of DNAS3.

1.4.3 Mode of Action of Phenvlheptatrivne

While the mechanism of a-T has clearly been shown
to be a photodynamic Type II process, the mechanism of
action of PHT has been much harder to elucidate. The
hemolysis of red blood cells>% by PHT was enhanced in the
presence of UV light but was oxygen independent.
Photodegradation was a consideration when proposing a
mechanism since more than 50% of PHT was destroyed after 30
min irradiation. An in depth study into the mode of action
of PHT using E. coli and S. cerevisiae as the test
organism555 showed that, unlike «-T, PHT was slightly less

- 16 '_



effective in an oxygen enviromment. It was also confirmed
that the mechanism was nonphotodynamic by testing,the
effects of sodium azide, D,0 and SOD. 1In each case, there
.was very little effect on E. coli survival curves.

Slightly greater toxicity was observed when tests were
carried out in D,0 instead of H,0. The results indicated
that PHT did not react like a classical Type II
photosensitizer. A radical mechanism was proposed as this
type of mechanism had previously been suggested for -

56,57

acetylenes and a radical species can cause biological

damage or polymerize.

A later more detailed study on several
polyacetylenes by the same authors®8 suggested that for
polyacetylenes both photodynamic and nonphotodynamic
mechanisms compete for excitation. The in vitro generation
of singlet oxygen was measured using the singlet oxygen d
scavenger, 2,5-dimethylfuran. It was foqu that «~T and PHT
were geood sj

glet oxygen generators and-that long chain
polyacetylenes were also generating some singlet oxygen
although not as muth as would be expected based oﬁ their
toxicity to yeast and E. coli. This supported their
suggestion of a nonphotodynamic oxygen independent mechanism
for aliphatic acetylanes. PHT, a ring‘stabilized
polyacetylene has an in-egEEEEEEe mechanism operating with
competition between a radical based pathway and one
involving singlet oxygen.

—

A conflicting interpretation was proposed for the
mode of action of PHT by Kagan et a1.59._ In a study using
E coli, the toxicity of PHT was found to be oxygen dependent
and operating via a Type II mechanism analogous to that of
e-T. This point is still not completely resolved and at

- 17 =
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present the author malntalns that 1t is the correct
mechanism for PHT3.

-

1.4.4 Range of Toxicitv of a—Terth:;hvl and Phenvlf_
heptatrivne

Y

The toxicity of e-T and PHT toward microorganisms
and nematodes (see Tables 1 and 2), both in the Presence and
absence ¢of UV, eventually led to the discovery that these
secondary metabolites were potent larvicides. Arnason
et al.5% examined a broad selection of polyacetylene
compounds from Asteraceae, including o-T and PHT, for
mosquito larvicidal activity when subjected to near UV. a-T
and PHT were two of the compounds which induced 50% or
greater mortéiity to fourth-instar mosquito larvae when
irradiated. e-T was the most potent larvicide with an LCyq
= 0.019 ppm (lethal concentratlon for half of the insects

tested in parts per million), a lower LCgo than for the
commercial insecticide DDT.

—

As a potent phototoxin against mosquito larvae,
a-T was the best candidate for further evaluation. 2 large
scale synthesis allowed field trials and laboratory tests to
be conductgd against mosquito larvae (Aedes intrudens) and ,
blackfly larvae (Simulium verecundum)sl. a-T was slightly
less toxic to blackfly larvae with an LCgy = 0.028 ppm,-but
able to control third and fourth-instar mosquito larvae with
an application of only 0.1 kg/ha to the natural pools. 1In
these experiments the half-life of ¢-T was determined as 4 h
in the outside pools and a gradual reduction in mortality
was obtained when larvae were added to the pools on
subsequent days after treatment? ~

- 18 -
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Table»;.l Target Organisms Treated with a-Terthienyl and
Subjected to UVVIrradiation.{'

Target Organism ' References

., Microorganisms 38,42,44,47,52,60-62
Fungi 38,47,63
Nematedes 37,64
Insects \\\ . 59,65-71
Piants ' .72
Human Skin . _ 38
Red Blood Cell : N ‘ 73,74
A;gae . ,/ﬂi;y 75

. ~

This same group examined nontarget effects of e-T
on a variety of organisms?2 under field or laboratory
conditions. Many of the'test orgénisms survived a-T
treatment better than the target mosquito and only the
Closely related midge larvae and daphnia were killed at the
concentrations necessary to contrdfiﬂﬂ intrudens. This
study, showing acceptable nontarget effects, is encouraging
for further development of the most extensively studied
naturally occurring Type II phototoxin.

As well as larvicidal activity, e-T and PHT have
antifeedant activity which can be extremely potent to some
species of phytophagous insects. PHT was a strong feeding
deterrent to late instar larvae of the dark-sided cutworm

83

Euxoa. messoria®”, a herbivore whose diet does not contain

members of the Asteraceae. PHT interfered with their diet

- 19 -
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Table 2. Target Organisms Treated with Phenylheptatriyne
— .and Suy§ected to UV Irradiation.

Target Organism References = °
o . .
Microorganisms . 47,53,59,76
Nematodes _ 37,65
Trematodes ' 77
Fungi ,f’ ‘ ) ' 76
Insects ’ _~ 65,66
Algae ' 75
Plants o . . 72
: Bacteriophageéﬂ ' . 78
Animal Viruses . : 79
: Re@ Blood Cells ) . 74,80

-3

at concentrations of 10-300 ppm and only-1/3‘of the contreol
feeding was observed at the lowest concentration. . The PCgq
(protective concentration) of PHT.was determined as

119 ug/g7°. e-T was a more potent antifeedant with a PCgq =
6.2 ug/g for the same insect. Neonates of the tobacco
hornworm (Manduca sexta), which usually feed on
nonphdtotoxic Solanaceae, were strongly deterred by both a-T
and PHT. The cornborer (Ostrinia nubilalis) has «a host
range which includes Asteraceae and was able to avoid
photosensitization by behavioral adaptations such as
spinning silk and bofing into diet cubes during testing. In
their natural environment they bore into the stem of the

- 20 =



plant. Slight inhibition of feeding was found for both o-T
and PHT with the thiophenes more inhibitory than the
polyacetylenes and greater inhibition .with increasing numbexr
of thiophene rings in the compound.

PHT and ¢-T have been shown to be phototoxic to a -
broad range of test organisms, plants and insects. Tables 1
and 2 summarize these studies using a-T and PHT !
respectively, as photosensitizers. The target organisnm is

indicated as well as the literature reference.
%(E?é ' Site of Action

The site of action of «-T and PHT is thought to be
the cell membrane. Membrane components such as unsaturated
fatty acids and cholesterol are known to react with singlet
oxygen in vitro®% ana initially form hydroperoxides.
Yamamoto et al.’s studied the inactivation of enzymes in
erythrocytes by a-T and PHT. After irradiation and before
hemolysis of the red blood cell acetylcholinesterase, an
enzyme located on the outer membrane was strongly
inactivated. The cytoplasmic enzymes were inactivated only

.after hemolysis. It was concluded that the membrane was the
primary target and that membrane proteins can be damaged by
PHT ang?ﬁ:é. ﬁﬁmage to the red blood cell membrane before
complete hemolysis during & similar experiment has been
observed’4 by electron scanning microscopy. Confirmation of
protein damage was found by Downum et 2l.%2 on their studies
with E. Coli where, after a-T treatment,‘the membrane
proteins were crosslinked and formed high molecular weight
aggregates. The partition coefficients of «-T%° and
PHT%(85 are very high indicating strongly lipophilic
molecules which would certainly be soluble in membranes.

s



A new test deéigned to elﬁzidate both mutagenicity
and mode of action of a phototoxln86 was performed on a-T.
A series of four E. coli mutants with specific gehes
rendering them sensitive to far or near UV irradiation were
treated with «-T. The inactivation kinetics for a-T for the
four strains were all the same with the E. coli sensitivity
to near or far UV having no effect on mortality. oa-T was
also not mutagenic to the E. coli. This result was
consistent for a photosensmtlzer with a mode -of actlon

involving destruction of the membranes.
&

1.5 THE FUNCTION OF POLYACETYLENES AND THIOPHENES IN
ASTERACEAE

Plants do not h¢gfe the same protection against
predators or pathogens utilized by most other animals or
insects, i.e. the ability to avoid a threat or stress by
physically changing location. They are sedentary and <o it
has been suggested that they have developed a chemical -
method of discouraging predation87. The current hypothesis
concerning the function of secondary metabolites such as the
polyacetylenes and thiophenes suggest they have evolved in
order to provide a protective advantage against insect
herbivores and other pathogens®8.

studies®® on the concentration of secondary
metabolites in plants experiencing environmental stress have
reinforced this position. Tréatment of two week old
T. erecta seedlings by a moderately virulent fungus,
Fusarium oxysporum var callistephi race 2 (FOVC race 2)
elicited a phytoalexin response as indicated by the
accumulation of thiophene derivatives in the the roots and
stems. The thiophenes identified were a-T, 5-(4-hydroxy-1-,
butenyl)-2,2'-bithienyl (Scheme 5., 16) and 5-(but-3-en-1-

~22 -
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ynyl)=-2,2'=bithienyl (Scheme 5., 17). Treatment of 4 day
old seedlings with the highly paéhogenic fungi, F. oxysporum
f.sp. radicis lycoperisici (FORL) resulted in a decrease of
thiophenes isolated. This recent work supports the
hypothesis. that thiophenes and-polyacetylenes function as
part of a sophisticated planﬁ defense system.

The taxonomic importance of these compounds is
also currently being explored7'11. Genera of the Pectidinae
contain a biochemical difference in_their ability to
synthesize acetylenic thiophenes and this provides a
subclassification into two groups, Pectis, which does not
contain these secondary metabolites and the remaining genera
which have the ability to synthesize them!l. Further
studies on the distribution of these phototoxins in plants,
plant- insect interactions, and their biological activity
against pathogens, will enhance understanding of the
ecological and environmental importance of these

compounds®0-91, - )
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SYNTHESIS OF PHT, a-TERTHIENYL 'AND. RELATED COMPOUNDS
2.1 PREVIOUS SYNTHESES OF ¢—TERTHIENYL

The structure of a-T'essentially limits the rfumber
of synthetic approaches to this molecule. Several main
routes have been developed since the first syntheé&s was
reported in 193722, The earliest syntheses employed the
most obvious approach, coupling thiophene moieties to "
produce the trimer. 3Zechmeister and Sease® used the Ullmann
reaction, heating 2-iodothiophene to a temperature over
200 °C with copper bronze as catalyst. This reaction gave a-
variety of products, from 2,2'-bithienyl (10% vield) to
'a—quinquethienyl (0.04% yield), with only a 3% vield of a-T.
The separation of this mixture recquired tedious, repeated
chromatography. The low yield of a-T by this method is
largely due to the lack of control in the number of coﬁpled
thiophene monomers. The same lack of control is evident in
an a-T synthesis patented93 in 1959 for which no yield is
given; large quantities of sulfur were added to saturated or
unsaturated hydrocarbons (C15-C5q) at high temperatures
(200-600 °C) for 15 h.

‘ Another approach for préparing a-T is to make an
intermediate with a thiophene ring on either end and then to
generate the middle ring by cyclization. The 1,4-di-(2-
thienyl) diketone (Scheme 10A) has been cyclized success-
fully to yield o-T when treated with acid and H2594'95 or
tetraphosphorus decasulfide and sodium hydrogen carbonate?6.
In the 1atter case, Lawessons's reagent (P254[p—c6H5 OCH5]4)
was equally effective. Treating the diketone with acetic
anhydride and hydrochloric ac1d gave 2,5-di~-(2-thienyl)-
furan in 87% y1e1d94

- 24 -
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Another intermediate, 1,3;di-(2—thienya)-
. . 0 e T e’
butadiyne, has been cyclized to-&=-T°", and has been
postulated as a precursor in the biosynthetic pathway to the
target molecule. The ethynyl thiophene was synthesized by

.

[
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Scheme 10..

performing a Wittig reaction on 2-formylthiophene with CBr,,
- followed by treatment of the product with butyllithium. The
ethynyl thiophene was coupled by the Glaser method and
cyclized to give o-T in 66% yield (Scheme 10B). 14c—(2',5")
labelled a-T?7 was synthesized in 12% yield by starting with
labelled aldehyde and following the same synthetic scheme.

Bestmann and Schaper98 presented a different
approach to the synthesis of a-T usihg a medified Wittig
reaction in wﬁich a stabilized ylide was prepared from the
dithio methyl ester of thiophene and a methyl phosphorane
(Scheme 11). Pyrolysis of the ylide gave ¢-T in 45% yield.
An advantage of this procedure is the possibility of
introducing substituents in the middle ring of a-T.

Unlike the earlier coupling reactions that gave
@-T in low yield with many side products, new éoupling
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reactions have been developed to prepare a-T. The
improvgment in methodology was due largely to the diversity
and better understanding of organometallics as mediators and
catalysts.

® -
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Scheme 11.

A stepwise approach of adding thiophene units is
now‘possible using organoborane reagentsgg. In one
preparation (Scheme 12) B-methoxy-9-borabicyclo [3.3.1]
nonane (B-methoxy-SBBN) was treated with lithiobithienyl,
neutralized with boron trifluoride and treated again with

’Iithiothiophene. Iodine oxidatiqp of the complex formed
gave a-T'in 37% yield. The scoﬁe of this one-pot coupling )

& reaction has not been determined for substituted thiophenes
-but the reaction is particularly convenient for

N
\
o8
B 7\ o R — )
S S 3 W O _';__? 0
' +Li :I

Scheme 12.
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polythiophene oligomers which can be-synthesized in high
yields. This method allows for the sequential addition of .--
thiophene rings and is not plagued by format%gn of

significant amounts of side products. Lithium-salté of
terminal acetylenes can also be successively introduced-onto
B-methoxy=-9BBN and coupled to produce the diacetylene3°.

This method is especially useful for unsymmetrical coupling
and is an alternative to the Cadiot-Chodkiewicz

procedureloo.

A versatile one-pot coupling reaction was
developed by Kumada and Tamaoc et 21101-103 5 wnich
halogenated compounds are treated with Grignard reagents in
the presence of a nickel-phosphine'catalyst. The method has
wide application and can be used to couple alkyl, alkenyl,
aryl, and heterocaryl Grignard reagents with aryl, hetero-
aryl, and alkenyl halides.

In a recent report detailing the scope of the
Grignard-Wurtz reactionl®% for heteréaryl halides with
various Grignard reagents, ¢-T was prepared (Scheme 13) in
80% yield (millimolar scale, GC analysis). This nickel
catalyzed coupling procedure appeared to be the most
promising synthetic scheme to adapt for preparing large
scale quantities of o-T.

e

@ﬂg& . . @ - Nildspslcr, | & | BYE

Scheme 13.
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2.2 THE NICKEL-COMPLEX CATALYSED GRIGNARD-WURTZ REACTION
2.2.1 General

Cross-coupling reactions using organometaliic
reagents and organic halides are straightforward, efficient
methods of forming carbon-carbon bonds. Grignard reagents
initially were limited in terms of synthetic utility as
coupling agents due-to their inability to undergo direct
substitution reactions with organic halides. Other problems
included low chemoselectivity, competitive eliminations and
halogen-metal exchange reactions leading to homo-coupled
side*produéts. The use of nickel(II) complexes to catalyze
the reactions between Grignard reagents and organic halides,
was independently«discovered by Kumada and Tamao et al.X095
and Corriu et al.l9% and has eliminated many of these
problems. A-special feature of this reaction is that alkyl
érignard reagents containing f-hydrogen atoms do not uyndergo
elimination but give selective cross-coupling products in
high yield. This selective coupling reaction has been a
facile and convenient method for preparing various .
substituted indans and tetralin51°7, lignan skeletonsl?8 ang
shikimate or acetate derived productslog.

The Grignard reagent in the presence of
Ni[dppplCl, (dichloro[l,3—bis{diphenylphosphino}~pFopane]-
nickel(II)) has also been treated with thiols or sulfides to
selectively introduce ary{ and alkyl groups into purine
derivatives in good yield1 . Five membered ring
heterocycles such as furan, thiophene and selenophene when
treated with phenyl or methyl magnesium bromide in the
presence of a nickel (II) catalyst, undergo alkylative ring
opening yielding in most cases the 2,Z-buta-1,3-diene
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stereospecificallylll. The Z olefin configuration of Ci/z—\\
thiophene was also retained for fused thiophene systemsllZ2,

Although the scope of the nickel-complex catalyzed
Grignard reaction is broad in terms of selection of organic
halide and Grignard reagent, the major disadvantage of the
reaction is that the substituents of either part are
restricted to those which do not react with Grignard
reagents. ngups with active hydrogen may be present in
their salt form but others like ¢=0, NO,, COOR and C=N react
with the Grignard reagent. For tﬁese reasons énhydrous
conditions must be used and all carbonyls or reactive
substituents must be masked. In contrast to the reactions
between alkyl Grignérd reagents and various aryl or alkenyl
halides, the reactions between alkyl halides and Grignard
reagents often result in complex product mixturesl©3,

2.2.2 Catalytic Cvcle

The proposed mechanisms for the Grignard-Wurtz
nickel-complex catalyzed reaction are divided into those
which involve Ni(II) and those whi¢h invoke other nickel
species. A route proposedll3 involving Ni(0) however, is
not conxistent with rigorous experimental results obtained
by varying phosphine ligands and the substrates. The
addition of halogenated compounds to Ni(0) is knownll4
although the process is ﬁuch slower than that observed for
the cross-coupling reaction. Also, according to Kochills,
the following. reaction

LoNi(II)(Ar)CH; ———> ArCH; + L,Ni(0) Ar= Aryl

is too slow to be a catalytic process. “Kochi et al. have
studied the mechanism of nickel catalysis in cross-coupling
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reactions and suggest a mechanism involving Ni(I), Ni(II)
and Ni(III) speciesll6,117 (Scheme 14 - the phosphine
ligands have been omitted). The proposed mechanism is
initiated by electron transfer to the aryl halide producing
the active Ni(III) species (Rxn A). The Ni(III)_species
undergoes aryl transfer with 35 giving the diaryl Ni(III)X
intermediate: (Rxn B). The latter species reductively
eliminates Ni(I)X to yield the coupled product (Rxn C). The
Ni(I) species can then produce the active Ni(III) species by
oxidative addition with the aryl halide (Rxn D). One
problem with this pathway identified by these workers, is
that it involves aryl fadicals when experimental results
have precluded radicals as intermediates--

A ATNi(II)X + Arx

> ArNi(III)XY + Are + X~
t

B ArNi(III)X" + AINi(II)X ——> ArArNi(III}X + Ni(II)X,
35

c ArArNi (III)X > Ar-Ar + Ni(I)X

/

> ArNi(III)xt

: /!
Scheme 14.

D Ni(I})X + Arx

Two proposed catalytic cycles which do not require
oxidation or reduction of the metal differ in terms of the
complex which is formed with the catalyst. Scheme 15 is the
catalytic cyclelf3 designed by Kumada et al.

The catalyst (A) forms the intermediate
diorganonickel complex (B) which is then converted by the
organic halide to C. Further reaction with the Grignard
reagent forms a nickel complex with both of the substrates
to be coupled (D). Release of the cross-coupled product is
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facilitated by the attack of organic halide via a penta-
coordinated intermediate. The release of the product and
addition of R'X' allows the catalytic cycle to continue.

Mgxx*
Rng R*
A
2RMgX RUXY “R
. ReXY
Lzmxz _.Lr_ LaNiRy _Ll,‘ LzN y- x
2MgXy R*X¢

k/ P
R-R' Lzh.(R

Scheme 15.

Kumada et al. investigated the role of the
phosphine ligands in their reactions of aryl and alkenyl
halides with Grignard reagent51°3 104 7pe nature of the
ligand greatly influenced catalytic activity. This implies
that the catalytically active species contained at least one
ligand on the nickel. Using a standard reaction, it was
found that bidentate ligands were more active than
unidentate ligands and of the former, Ni[dppp]Cl2 (;és was
the most efficient. A three carbon methylene bridge was the
optimum length in terms of activity. With Ni[dppp]Cl,, the
order of react1v1ty of halobenzenes was I >Cl >Br >F while
with the ethyl diphosphine catalyst the order was as
expected Br >Cl >F. The catalyst Ni[dppp]Cl2 when treated
with butylmagnesium bromide to form the catalytically active
species, after being. left stirring for 16 h maintained its
stability and reacted with chlorobenzene to give the usual
yYield (98%) of butylbenzene.
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Investigation oflcross—coupling Grignard reagents
'Qith 2—halogenobénzothiazoles (2X-BT) using nickel (II)
catalysts resulted in another catalyticcycle‘,118 (Scheme”
16) which derives a catalytically active complex (A) from
the reaction of L,NiR, with organic halide, and the
replacement of one of the phosphine ligands. After the
release of the cross—coupled product the catalytic species
is regenerated by reaction with the Grignard reagent first
and then the organic halide. The major differences between
this catalytic route and the previous one are the loss of--
the phosphine ligand and the inclusion of the organic halide
as a ligand instead of as an attacker promoting the
coupling.

2=R~BT
2 RMgX 2-X~BT %—) LNiXR
x% Xﬁ , Rng
; !
L,NiX, L,NiR, N o
I./\ T > MgX,
2 MgX, L oa LNiR,
T 2—-X-BT
Scheme 16.
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) In the reactions with halogencbenzothiazoles ﬁhe
oaosphine ligands were also shown to have an influence on
activity. Contrary to Kumada's work1°3, bidentate ligands
were inferior to unidentate ligands. This is consistent
with the proposed mechanism. Ligand loss would be more
difficult with the ring stabilized bidentate phosphine
ligands than for a unidentate one. The mechanism is also
consistent with the halogen reactivity order of F >Cl >I.
Fluorine with its small veolume and high metal affinity would
coordinate better with the nickel. The act1v1ty of the
unldentate ligands increased with increasing basicity, with
Nl(PPh3)2C12 being the mgst active catalyst.

The synthesis of the catalyst NiBr, (2C1-BT)

[(P(CH,) 3] when treated with CH,MgI resulted in an almost
quantitative yield of product (2CH,-BT) via the postulated
catalytically active complex A, Nl(CHB)(ZCl BT)[P(CH3)3] in
this case. This phosphlne-organlc halide nickel complex was
more active than any of the previous nickel-diphosphine
catalysts and provides compelling evidence for this
catalytic cycle at least for the methylated derivative.

.

The latter two catalytic cycles proposed for the
nickel catalyzed Grignard-Wurtz reaction may be a reflection
of the specific nature of the substrates rather than a
general mechanism which is appropriate regardless of the
substate. This would explain the differences in the |
reactivity order of the halogens and the preferred type of
rhosphine llgand.

2.2.3 - Metdl catalvsts other than Nickel

A number of catalysts other than nickel have been
used in the cross-co&giing of Grignard reagents with organic
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halides. A nickel(II) complex of 1, l'-bls(dlphenyl- B
phosphine) ferrocene proved to be an efficient catalyst in
cross—-coupling reactions between tertiary alkyl Grignard
reagents and p-bromostyrenell?. E-g-tert-butylstyrene was
the exclusive product without.any of the isomeric
isobutylstyrene which usually forms when palladium or nickel
catalysts are used.

Chiral (aminocalkylferrocenyl) phosphineslzo are
‘effective ligands for the asymmetric Grignard-organic hallde
cross-coupling reaction. The amlnoalkyl side chain was
responsible for high asyﬁmetrlc 1nductlon of up to 63% ee in
the optically active hydrocarbon (Scheme 17A) More
recently, Ni(II) catalysts with chiral aminoalkyl phosphlne
‘ligands have resulted in asymmetric cross-coupling for the
same reactibn (Scheme 17B)} in 94% eel?l  he hf%hest

asymmetric induction was achieved with the bulky tert—butyl
group.

Me
V.x
A @}2 =+ NECIz

Ph(CH;)CHMGCL + CH,=CHBr _Ph(CH5) c*HCH=CH,

\
B "~g—am + NiCl,
NMey  PPhy

Scheme 17.

The catalyst tris(dibenzoylmethido)iron(III) when

- treated with aryl Grignard reagents and alkenyl halides in

dimethoxyethane (DME), give good yields of the coupled
product but is not as stereospecific with E-alkenyl halides:



et

as other nickel and palladium catalytic complexeslzz. The
scope of iron catalysts in Grignard-Wurtz coupling reactions
has not been fully realized but, like the nickel catalysts
cost is an advantage and they are reasonably insensitive to
light, moisture and air.

The cross-coupling of alkyl groups with Grignard
reagents has been accomplished usiné silver(I) éalts,123'124
although yields are low and mixtures of products are common.
Vinylic Grignard reagents can be alkylated by primary alkyl
iodides and tosylates in the presence of a catalytic amount
of Cu salts (Cul) in high yieldslzs.

Copper (I) cataleeS,cross—coupling between
Grignard reagents and priméry alkyl bromidesl?® in THF
solutions at 0 *C or lower. The homo dimers formed under
these conditions are small. The structure of the halide,
rather than the Grignard reagent is important, with
secondary and tertiary alkyl halides being inert and giving
poor yields of coupled products.

Palladium Eatalysts ﬁéﬁe been used in pléce of
nickel catalysts with favorable results. Prodpct yields
have been generally higher particularly for aryl-alkenyl and
alkenyl-alkenyl coupling reactionsl?2. fThe catalyst
Pd(PPhy), is also the best catalyst when other
organometallic reagents such as 1ithium127, boronlza, and

aluminuml<?

are used. A major disadvantage of palladium
catalysts is their expense and sensitivity to air and

moisture.
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2.2.4 Synthesis of- a=Terthienvl

As indicated earlier, it was'decided to adapt the
Grignard-wWurtz coupling reactionl®4 using Ni(dppp]Cl, as
catalyst, for a scale-up one-pot preparatioh of a=T. This -
. _was necessary in order to begin field trials with this
compound. The starting materials were readily available
from Aldrich and 'used without further purification. Yields
of the order of 75%, were obtained even for 50g (2,5-
dibromothiophene) scale runs®l.

It was not feasible to attempt to purify such
large.amounts of crude product by column chromatography,
partiEularly when a purity of about 98% was needed for field
testing. Crystallization from ethanol or methanol improved
product purity, t not sufficiently. Soxhlet extraction of
a crude o-T/silica gel mixture (1:1) with hexane as solvent
proved to be an/excellent purification method. Continuous
extfaction of this mixture with hexane provided crystalline
a-T on concentration of the solvent and cooling. The bright
yellow solid;igola ed using this procedure was >99% pure
based on cgbiiiary GC analysis. This purification method is
only limited 5& the size of the extraction apparatus and
thimble and could probably be applied to a pilot plant or
industrial scale preparation of a-T:

Although the synthesis and method of purification
of a-T were both satisfactory, one obstacle remained for
making this a more feasible commericial process. This '
obstacle was the use of diethyl ether as solvent for the

reaction.
b



2.2.5 "Solvent Effects

It was considered important to evaluate the
effects of various solvents on the Grignard-Wurtz reaction
and to find a more acceptable solvent -than diethyl ether.
Alternative solvents were evaluated in terms of yield and
side product formation using the Grignard-wurtz method  to
make a-T. The ideal solvent would form-the Grignard
readily, preferably without heat, and give a high yield of
- cross-coupled prbduct. (

Reaction products were identified by comparing GC
retention times to the retention times of known standards.
Table 3 shows the retention times of the standards at
various initial temperatures. The chromatogram (Figure 1)
of réaction products ‘from the Grignard-Wurtz reaction in
ether/THF (1:7), after column chromatography to isolate e-T,
is an example of this separation. The shorter %P metre-
caplllary column eliminated the problems associated with
longer conventional columns in which degradation of the
‘products was common. ' '

The choice of solvent is an important factor in
the formation of the Grignard reagent. In solution, the
Grignard reagent is part o e Schlenk equilibrium®3C. The
position of the equili%/ un depends largely on solvent
although concentration and temperature131'132 can also
influence it. For diethyl ether, the equilibrium lies to
the left, coordinated with two molecules of ether (37). NMR
studies of aryl Grignard reagents have shown that there is a
decrease of ArMgX in tetrahydrofuran (THF) compared to ether
with some aryl groups. Both of these solvents are widely
used for the preparation of Grignard reagents.
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Table 3. Capillary GC Retention Times™ of a-Terthienyl ahd
Other Thiophenic Compounds. '

- Retention Times (min{ﬂ
Standards
Initial Temperature
100°C ~ . 70°C
(AR\W/A\W/A 16.75 19.83
s s
7\ _//\ 6.13 10.49
s s
Bﬂ& 2.08 5.67
- s
@e, | - 1.44
Ns
AWAE - 1.21
s : )
L/ - 16.96
S
/'\ WA 19.04 _
s s _ 1
e/ VW N\, 21.71 -
s s

* GC analysis was carried out on a Varian 6000 VISTA GC
model with an SEA 30, 10 m capillary column and a HEWLETT-
PACKARD integrator. The injection temperature was 200 °c.
The initial temperature was maintained for 5 min and then
increased at a rate of 10 °C/ min to a temperature of

250 °cC. v

- ' - 37% -
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‘1. : %
E' I % I f G
Peak Retention Time(min) Area%

1 1.23 ‘3.4
2 5.36 37.0
3 10.47 29,7
4 14,07 274
5 16,94 1.5
6 19.75 0.9

———— = —

Figure 1. Chromatogram of the Reaction Products Obtained
from the Grignard-Wurtz Recation in Ether/THF (1:7) after

Column Chromatography to Isclate e-Terthienyl.
conditions are described in Table 3. for the initial
tenperature of 70 °C witB,the retention times to identify

the compounds. '



QEt,
2RMgX === R,Mg + MgX, 'R -Mg- Br
: OEt,
37

[S

For both the preparation of the Grignard reagent
and the cross-coupling reaction, Kumadal%3 has found dlethyl
ether to be a superior solvent to THF. The reaction
proceeded faster with better yields and less reduction
product. With THF, the Grignard reaction occurs without
difficulty but the coupling reaction does not proceed as
well as for diethyl ether. THF, a more basic solvent could
‘bind_with the nickel catalyst inhibiting the approach of the
organic haliqel®3 or Grignard reagent, preventing the
formation of the active organo-nickel complex.

For the preparation of a-T THF was also found to
be an inferior solvent (Table 4) comﬁared to diethyl ether
(Table 5). o-T was synthesized in only 34% yield with a
similar amount of unreacted starting material and a large
amount of homo-coupled Grignard product. In an effort to
improve the yield of ¢-T, the Grignard reagent of 2-bromo-
thiophene was prepared in THF and then added to the organic
halide and nickel catalyst in a diethyl ether/THF mixture
(1:7) . This solvent mixture did not improve the yield of
the cross-coupling reaction and sllghtly less a-T was
obtained compared to THF alone as solvent.

n-Propyl ether gave a yield similar to diethyl
ether and contained only bithienyl as a side product. This
reaction was not optimized so it is not unreascnable to
assume that the yield could be improved and the amount of
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Table 4. Yields of c-Terthienyl Obtained

using Various Ether

Solvents.
Yield  of Isolated Yield 7
Solvent a-Terthienyl*(%) of a—Terthienyl*(%)
Diethyl ether 95.3 73.2
n=-Propyl ether 9l.5 70.2
n-Butyl ether 68.5 55.0
{Diisopropyl ether no reaction no reaction
Dimethoxyethane i 16;0
Tetrahydrofuran 67.0 L7.7
Tetrahydrofuran ang o k5.0
Diethyl ether
1,4-Dioxane . no reaction no reaction

* taking account of unreacted 2, 5-Dibromothiophene

#% Yield determined by GC Analysis

###CGas Chromatogram not taken of the crude reaction mixture ;

r
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Table 5. Capillary GC Analysis* of a-Terthienyl Product
. Mixtures in Various Ether Solvents.
Solvenf
: a2
Product Diethyl n-Propyl n-Butyl THF
ether ether ¢ ether
_ % % % %
[/S\S (/5\5 [/s\S 77.9 70.6 b2.1 4.0
Lo . 25. .1
5 (/ \E 17 20.9 5.5 33
S
/\‘/'\} (/ \) 2.6 8.5 10.2 23.6
S S
AW - - - 9-3
S
Fd
8 (/ \5 (/ \5 ] 2.1 _ - -
S S )
AWAYAW _ _ 21.2 -
S S

* The GC conditions are described in Table 3 for the

initial temperature of 70 °C.



bithienyl formed decreased by éitering the reaction
conditions. The only obvious disadvantage when considering
large scale reactions with this solvent is the expense of
n-propyl ether. An attempt to do the reaction on a larger
scale (0.1 m of halide) with a diisopropyl/n-propyl ether
mixture (1:1.4) gave a poor yield of a-T.

- The next higher homologue, n-butyl ether, gave
only a modest yield (43.1%) of a-T. The n-butyl ether
contained just over 25% of unreacted starting matérial and

gave rise to larger amounts of the homo-coupled product
‘bithienyl (10%) and a side product, 5-bromo-a-T, in 21%
yield. As n-butyl ether is an economical solvent,
experlments on over ten times the scale of the standard
react;on were carried out to try to improve the vield of a-T
and decrease side product formation. The initial large
sgale (0.05 m of organic halide) attempts were unpromising
with low yields and the isolation of charred material due to
the abrupt rise in temperature during the addition of the
Grignard reagent. External cooling to maintain the reaction
temperature at 40 °C reduced the charring and gé&e yields of
25-32%. Higher gields for the smaller scale experiments may
be due to the higher molar dilution,132 0.1 M of halide as
compared to 1.15 M in the large scale experiments. Larger
volumes of n-butyl ether would not facilitate work-up which
involves removal of solvent by distillation under reduced
pressure. n-Butyl ether is therefore not the best choice of
solvent for large scale work in preparing a-T.

Other solvents investigated included diisopropyl
ether and 1,4-dioxane which were unsuccessful as solvents in
the formation of the Grignard reagent even with. the addition
of ethyl jodide and the application of heat. Forcing
‘
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conditions were necessary in order to form 2-thienyl
magnesiufi bromide with DME as solvent and the yield of a-T
was poor (16% isolated yield).

2.2.6 ide oduct F ation

¢,
Bithiényl is a common side product formed in all
of the ether solvents at various molar dilutions. The
preparation of 2-thienyl magnesium bromide from 2-bromo-
thiophene is quantitative,” precluding the formation of
2,2'-bithienyl by a coupling reaction between the Grignard
reagent and unreacted starting material. TLC immediately
after preparing the 2-thienyl Grignard reagent indicated the
absence of starting material and 2,2'-bithienyl.: However, -.°
bithienyl was detected by capillary GC and TLC when the ,:-;
Grignard reagent was left overnight. The bithienyl is :
’ probably formed from the Grignard reagent vié a
disproportionation reaction with a free-radical type
mechanism*32. Small amounts of bithienyl may alsoc be formed
via either of the proposed catalytic cycles for a nickel
(II) species. The double addition of the Grignard reagent
to the nickel chloride catalyst and the subsequent
displacement by organic halide, liberates the homo coupled
Grignard product (Scheme 15 and 16).

Solvents in which the yield of a-T was low (THF,
THF/Ether, DME) gave rise to an intermediate product,
5-bromo-2,2'~bithienyl, which accounted for 20% of the
reaction mixture when the reaction was carried out in the
latter two solvents. 'In order to produce «-T, this
intermediate product must go through the catalytic pathway
once more, reacting with another'equivalent of 2-thienyl
magnesium bromide. The difficulty in forming the catalytic
complex with S5-bromobithienyl may be due to a more faforabig
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solvent~catalyst complex which could prevent the approach of
Aﬁhe bromobithienyl and subsequent coupling. The nature of
the solvent cage is not known but could involve a tight
nickel complex between the nickel and the oxygen of the
ether. i

GC analysis of the chromatographed products from
the reactions using THF/ether or DME as solvent indicated
small amounts of 5,5'-dibromobithienyl (40). This product
could be formed by a free radical type process from two
molecules of 2,5-dibromothiophene or from a halogen-
magnesium exchange product, 38. The exchange product could
react with 2,5-dibromothicphene using the ﬁi(Ii) catalyst
(Scheme 18) to give 40. It is known that halogen-magnesium
exchanges are enhanced in the presence of transition metals,
and that the rate of exchange depends greatly on the
solvating power of the ether solventl33:134  yo observed
the same trend as Zakharkin et al.t3% for halecgen magnesium
exchange, i.e. DME >THF/diethyl ether >diethyl ether. 1In
the case of diethyl ether no exchange pro&uct was observed.
This route could also produce the bithienyl compound, a
common product in all of the reactions. '

Another side product, S5-bromo-a-T(41), was
observed in 21% yield under the standard reaction conditions
with n-butyl ether. This product may form from a butyl
ether enhanced halogen magnesium exchange mechanism. The
production of 40 (Scheme 18) and its subsequent reaction
with an equivalent of 2-thienyl magnesium bromide could
produce 5-bromo-a-T. It is interesting to note that 40 was
not detected in the reaction mixture. -
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Scheme 18.

our results show that maximum yield and minimum
side product formation can be obtained in the order n=2 >n=3
>>n=4 for ethers of the type H(CH,)nO(CH,) H for the
nickel(II) catalyzed Grignard-Wurtz reaction. Propyl ether
was found to be a suitable alternative solvent to diethyl
ether, giving a good yield of e~T, and being less of a ‘
safety hazard. The cyclic ether THf was the next best
solvent for this reaction. The worst results were obtained
with the branched alkyl ether and the diethers DME and
1,4-dioxane. Although the number of solvents tested was not
exhaustive, our results agree with previous generalizations
based on more complete and larger solvent studiesl32,

2.3 ANALOGUES OF a-TERTHIENYL

The bioclogical activity of o~T stimulated our
interest in preparing analogues that may have similar
biclogical activity. Some of the characteristics necessary



in order to consider a compound an analogue of @-T are three
unfused rings (usually) with one ring at least containing a
heteroatom, and all rings being aromatic.

synthésis“of various terthienyl structural

95,135

isomers and analogues of the general structure 42 have

been synthesized where the center ring is an oxygen,94'136

137 or nitrogen96:138

selenium containing heterocycle. Many
of these analogues have unknown ﬁiological activity. A
complete stﬁdy of the synthesis and biological activity of
e-T. analogues containing different combinations of thiophene
and furan ringsl136 substituted at c-2, has shown that e-T
and 43b are pﬁototoxic in in vitro tests against the fungus
Pythium irregulare. The analogues with furan between two
thiophenes (32d) and thiophene substituted in the a position
by two furan rings (43a) ‘are toxic ir vitro toward Botrytis
cinerea in the dark. 1,4-Benzene analogs substituted by
functiqnaliéed and unfunctionalized thiophene or benzene

rings have been prepared but not biologicélly fested139.

00 -0 Q0o

/AW A YA\WA

X Y Z s Se -

430 X=0 Y=$ Z=0 ' 44
b Xx=§ Y=$ Z=0

Biological tests on analogues with selenophene or
furan as _the centre ring have been performed and compared to



the parent compound e-7137,  The oxygen and selenium
analogues were phototoxic to a variety of bacteria and fungi
with the selenium analogue the more toxic of the two. The
seleniuh analogue was just slightly less toxic than a-T and
also appeared to operate via a mechanism involving‘singlet
oxygen.

The Kumada procedurel03:104 yag 4 very{convenient
route for synthesizing analogues of aéf for biological
testing. In each case the Grignard reagent used was 2-
thienyl magnesium bromide in diethyl ether solvent with the
selected halide and Ni[dppp]Cl2 as catalyst. )

2.3.1 2,6-(Pi-2=-Thienvl)-Pvridine

Selection of the organic halide was very impbrfhnt
and could dramatically alter the yield of the Grignard-Wurtz
coupling reaction. Tamaoc et ai.,1°4 in their synthesis of
2,6-(di-2~thienyl)~pyridine, used 2,6-dichloropyridine in
diethyl ether and refluxed with two equivalents of the
thienyl Grignard reagent for 21 h obtaining a yield of “only
11%. In our preparation using 2,6-dibromopyridine, a
vigorous reaction occurred on addition of the Grignard
reagent and the yield of cross-coupled product was 86%.

3

Initial halogen reactivity studies by Tamao °
et al.193 based on the Yields obtained for a standard
reaction, using the Ni[dppp]Cl, catalyst and an alkyl
Grignard reagent with different aryl halides, showed an
unusual aryl halogen order .(PhI >PhCl > PhBr >Pﬁf). This
result was - not confirmed by these same workers in further
competitive reactivity experiments which support a regular
reactivity order. Our results support this as well with
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bromides being more active and g1v1ng higher .yields than the
esponding chlorides. :

Similar results were obtalned when 2 s—dlchloro-
thlophene was used in some large scale expﬂrlments instead
of the brominated thiophene in the preparation of e¢-T. The
best result was a crude yield of 29% with e¢-T isolated as an
orange -yellow powder: The "reddish impurity was not -~ <
identified but was of high molecular mass (m/z >382) with a
mp 140-160 °C, possibly a thiophenic polymer. |

n -
2.3.2 en Analo ég

The coupling between 2-thienyl magnesium bromide
and aryl dihalides was not a complete success (Scheme 19).
The yield of coupled p&gductlafterlstirring 1,4~dichloro-
benzene with two equivalents of the Grignard reagent at RT
'was poor (3%) with the major product being 1-thienyl-4- s
chlorobenzene (38% yield). Repeating this experiment but
refluxing for 14 h and stirring 48 h at RT only_siightly
- improved the yield (9.3%). Using the more active 1,4;
dibromobenzene and refluxing for 10 h further improved the
yield to 15%. Low yields (7.6%) of coupled product were
also obtained when treating 1,3-dibromobenzene with the 2-
thienyl Grignard reagent. The observed unreactivity of
. 4,4'-dibromobiphenyl was first attributed to its low
sclubility in ether, but the coupling reaction would not
proceed even after adding more diethyl ether or by further
refluxing. o

- L1
Tamao et ai. also reported problemslo4 with. the

Ni(II) catalyzed coupling reactions between thienyl Grignard-:
. reagents and aryl halides (Scheme 19), especially for ..
chlorides. . They propose that the low yields may be
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attrlbuted to an interaction between the sulfur atom of the .
thienyl Grlgnard reagent and the catalytically active
species. This interaction could prevent effective
coordination of the less reactive chloride*04. This

@Mqﬂr + @—l Reflux 44 5% fs\ ' Yield %

X=c| 17°
X=8r - 56°

.+Br—©—8r-ﬁ-ﬁuﬂ.l.'m.h__ - - 15

S s
+ Ch{c:>—C| Bofluxda b, | ’ 83
5,_©_B, —sr2en . ([} B

Scheme 19. (a) From reference 104

o+

(b) 2all reactions were in diethyl ether with
Ni[dppplCl;.

explanatien recelives some support from the observation that
the diphenyldihalide which did not react with the 2-thienyl
Grignard reagent, reacted in good yield with trimethylsilyl—
methylmagnesium chloride or cyclohexYlmagnesium bromidel®3
using the same nickel-phosphine catalyst.

Slmllar dlfflcultles have occurred when using
v1ny11c Grignard reagentslo3 The yields can be improved if
a vinyl halide is used to couple with the Grignard reagent.
The vinylic Grignard reagent may compete with the halide for
.coordination onto the organonickel intermediate. Strong
interaetion between the halide and the catalyst favors the
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catalytic process. VThe lower yields when reacting thienyl
magnesium bromide with-éryl dihalides reflect the stronger
interaction of the Grignard reagent with the catalyst. It
has been shown both in previous work294 and our own, that
aromatic halides with a heteroatom usually react well with
the thienyl Grignard reagent. The presence of the
hetercatom may improve the coordination between the halide
and the catalyst, eliminating the problemé associated with
less reactive halides. The vield drops slightly if the
heterocycle is a dihalide and more noticeably if the
heterocycle is a dichloride. '

Para—tefphenyl has been prepared using the same
reaction but a different nickel catalystlos. Instead of -
phenyl phosphine ligands, the catalyst has two acetoacetone
ligands attached to the nickel. With this catalyst, 1,4-
dibromobenzene was coupled at both positions to phenyl
magnesium bromide in diethyl ether solvent producing para-
terphenyl in greater than 80% yield. It would be
interesting to repeat this experiment with the thienyl
Grignard reagent, to see if the coordination between the
catalyst and the reagents would be different. TIf the
Grignard bound less strongly to. the Nilacac], catalyst, the
yields of our aryl dihalide couplings may improve.

2.3.3 Naphthalene 2Analogques

In order to prepare an analogue distinctly
different from those described above, and still maintainla
highly conjugated system like the one found in a-T, thienyl
naphthalene analogues were prepéred. These conjugated
systems with the last two rings fused were of interest to us
for both biological testing and for examination of the
photochemical properties.
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Scheme 20.

The coupling reaction (Scheme 20) to make the
1-(2~thienyl)-naphthalene product was exothermic with an
isalated yield of 71%. This reaction was done at RT but
Tamao .et al.l04 reported a similar yield of 76% (GC
analysis) by refluxing for 20 h. The 2=(2-thienyl)-
naphthalene analogue was formed in 73% yield based on
recovered starting material (Scheme 20). The 2-bromo-
naphthalene reacted much less vigorously with the Grignard
reagent. The greater reactivity of the e-bromo starting
material parallels unsubstituted naphthalene where the a
position is the preferred reaction site of free radicals,
nucleophiles or electrophilesl3°.

2.4 DERIVATIVES OF a-TERTHIENYL

Although many derivatives of @-T have been

. synthesized, only in rare instances have they been
systematically prepared to test their effectiveness against
a target organiém85f14°'l42. The following derivatives were
prepared in order to study how electron donating or
withdrawing groups altered biological toxicity. The
derivatives also contained substituents of various )
polarities and substituents to extend the a-T chromophore.
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Derivatization of o-T was performed by taking into
account what was.already known about thiophene. Thiophene
resembles benzene as an aromatic compound, although it is
generally more reactive and less stable. Electrophilic
substitution at the C-5 and/or C-5" positions of &-T would
be consistent with that of unsubstituted thiophene which
usually directs electrophiles to the C-2 position almost

exclusivelyl43.

Electrophilic. substitution of a-T invariably gave
two products, the C-5 and the C=5, C-5" substituted )
derivatives. 1In some cases the yield of the desired product
could be optimized by altering reaction conditions. The NMR
(section 2.5) showed that the thiophene ring furthest
removed from the substituent in a C-5 substituted compound
has chemical shifts and coupling constants that are almost
‘identical to the unsubstituted molecule. From our results,
it seems reasonable to suggest that for electrophilic
attack, there is little difference between derivatives
already substituted at C-5 and a-T. :

Purification of the synthesized analogques and
derivatives was particularly important as the compounds were
to be biologically tested. Mixtures of thiophene
derivatives can sometimes be separated by distillation while
a-T and its related compounds which are usually solid, were
separated when possible by column chromatography. With
substituents like CH4 or halecgen, the C-5, and C-5, C-5"
substituted products were inseparable by usual methods and
required HPLC with reverse phase columns. '
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2.4.1 tion o = jen

Bromination of e-T was first attemptéd using
bromine in CHCl, and stirring overnight. This reaction
vielded a reddish oil which by TLC and by the MS was a
complex mixture of a-T, mono, di and trisubstiputed i
products. A phase transfer bromination method developed by )
olahl44 was also performed on «-T using calcium carbonate,
hydrogen bromide, H,C, and Triton X as a surfactant in ccl,.
Separation by column chromatography yielded products
brominated from orz to four times. The major products were
the 5-brominatzd derivative in 32% yield and the 5,5"-
dibrominate< derivative in 23% yield.

N-bromosuccinimide (NBS) has been used for
bromination of thiophenel43 in good yield and it proved to
be the reagent of choice for bromiﬂating a-T. After
refluxing a~T and NBS for 10 h, HPLC analysis revealed the
major products of the reaction to be the 5-bromo  (57%) and
the 5,3"-dibromo (26%) derivatives. The high percentage of
the dibrominated product was unexpected as just over one |
equivalent of NBS was used. NBS was a better brominating
agent for o-T when compared to the other methods (see ”
above), probably because NBS provides a low steady state
concentration of Br,, the attacking species.

The same brominating method was used on 2,2"-
bithienyl with similar results. Column chromatography
revealed that the major product was S-bromo~2,2'-bithienyl
in 54% yield, with the 5,5'-dibromo product present in only
14% yield. The bréminations of a-T and bithienyl with NBS .
were not optimized.



The brominated products of e-T were almost
inseparable by column chromatography. TLC in hexane showed
that the brominated products were less polar than the parent
compound with the dibrominated product closest to the
solvent front (Rg=0.7), the mono derivative next at Rg=0.65
and ¢-T at Rg=0.6. S

T

Iodination of o-T was achieved in moderate yields
using HgO and I, in CHCl3145. The iodination of thiophene
with Hgo146 or HNO3147 and I, also occurs in good yield.
The function of HgO is to oxidize I, to a better

electrophile148.

The exact nature of the electrophilic

species responsible for iodination is uncertain, perhaps I

or I3+. The HgO must be added in small aliquots to the

. reaction flask; adding the oxidizing agent in one aliquot
greatly reduces the yield. The iodination can be performed

in different solvents (benzene, CCl4 and CHCl;) and the

yvield of the monoicdinated product was diminished when

excess I, was added. The additional iodine may react with

Hgo forming HgI, immediately and preventing the formation of
the active electrophile. @}

This method of iodination produced the S-iodo
derivative in 45% yield. The 5,5"-diiodo derivative was
prepared in 24% yield by using two equivalents of the
reagents. -Both compounds were insoluble or sparingly
soluble in common laborateory solvents. The diiodo .
derivative was insoluble in chlorinated solvents, sparingly
soluble in benzene, hexane and alcoholic solvents. The
nmonoiodinated product was slightly more soluble and
crystallization from hot hexanes was possible. One solvent
in which the diiodo derivative was soluble was CS,. The
purification of these compounds was both by crystallization
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and_by column chromatography. .Eleméntal analysis of these

derivatives consistently gave 1arger amcunts of I, than the
calculated value. These results could be due to additional
iodine being complexed with the product.

Another method of iodination?4? was used invelving
the preparation of the mercuric chleride salt of a~T to
which iodine was added. Based on previous work with
thiophene143, it was expected that mercuric chloride would
add at the C-5 and/or C-5" positions of a-T, however our
results do not bear this out.. Addltlon of a saturated HgCl,
solution precipitated the yellow mercuric salt which, after
filtration and treatment with I,, gave a mixture of a-T and
the 5-iodinated derivative, with no diiodinated product
formed. Even after lengthy heating, the formation of the
mercuric chloride salt was never quantitativé,'and after
treatment with iodine, always resulted in mixtures of
starting material and 5-iodo-a-T. This iodinating method
d&d not seem to offer any advantages over the HgO/I2
iodination method previously used on a-T and the mixture
obtained was not further purified.

Rossi et al.%? used the mercuric ¢hloride
iodination method on 2,2'-bithienyl, and report isolating
only the 5-iodo derivative by distillation in 85% yield.
Repetition of this reaction and capillary GC analysis of the
reaction mixture after treatment with I,, indicated that the
monoicodinated product was formed in 66% yield, and the 5,5'-
diiodinated product in 11.4% yield. A small amount of
starting material was also present.
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2.4.2 Methvlation of a-Terthienvl

The 5-methyl derivative of a-T was of interest for
' some bilological tests and photochemical studies. It is also
a naturally occurring compound isolated from T. erecta’.
Radiocactive labeling of this compound to perform
incorporation experiments may elucidate key parts of the
biosynthetic pathway to a-T (see section 1.3.2).

Our initial attempt to prepare the methyl
derivative was by Grignard-wWurtz coupling between S5-iodo-a-
. terthienyl and methyl magnesium iodide in ether using
Ni[dppp]Clz as catalyst. After work-up, a red-brown oil was
obtained which contained a small amount of the product by GC
analysis. Two other products were isolated by column’
chromatography which appeared to be polymeric in nature.

our next attkmpt to introduce a methyl group was
by preparing ‘the lithio-derivative of a-T followed by
treatment with methyl iodide. The heterocatom in the
thiophene ring makes lithiation regicselective at the
position ortho to the sulfur atom. Recent work on
lithiation of 2,5-dibromothiophenel®® ang 3-{methylthio)~
thiophene151, the latter by abstraction of a proton or by
halogen metal exchange, showed the importance of the ring
sdf%ur in directing lithiation.

-

The lithiation of ¢-T was first performed in ether
at RT, and the reaction mixture refluxed for 24 h after the
addition of methyl iodide. Column chromatography of the
reaction mixture isolated the major product of the reaction,
a ruby-red solid which was not the methyl derivative and was
not further identified.
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Changing the reaction conditions (Table 6A) by
stirring Ehe reaction mixture for 24 h at RT instead of
refluxing, resulted in a mixture of products which was
analyzed by HPLC. The major product was the S5-methyl
derivative (65%), along with a-T and 5,5"-dimethyl-a-
terthienyl. It was not possible to separate this mixture by
conventional methods of liquid chromatography. However,
this mixture could be separated by reverse phase HPLC in
small quantities (100mg). The presence of the dimethyl
derivative was surprising as exactly one equivalent of
butyllithium had been added.

Similar results were reported by Kagan et a1.1§2
using lithiumdiisopropylamide (LDA) as the lithiating
reagent in the preparation of the S-carboxyl derivative of
.@~T. The addition of CO, to a-T which had been lithiated
with one equivalent of LDA resulted in a mixture of 5 and
5,5"-carboxylic acids. The yield of the S5-carboxylic acid
was increased by adding 0.5 equivalents of LDA. Although
this increased the amount of the monosubstituted product,
half the reaction mixture was unreacted starting material.
a~-T and the acid derivative are easily separated by column
chromatography - this is not the case for ¢-T and the 5-
methyl derivative.

The lithiation of a-T was repeated at various
temperatures in THF to try and improve the yield of the mono
methyl derivative. The yield of S5-methyl-a-terthienyl was
optimized by performing the reaction in THF at -78 *C and
then allowing the reaction to warm up to room temperature
(see Table 6C). For entry A, B and C, a-T was treated with
one equivalent of butyllithium and two equivalents of methyl
iodide. 5,5"-Dimethyl-e-terthienyl (Table 6D) was prepared
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in 82% yield by adding two equivalents of butyllithium and
three equivalents of CH,I to e-T in THF at -50 °C.
Treatment of the lithium salt with ethyl iodide or bromide
did not yield the ethylateq, product.

Table 6. HPLC Analysis(2) of Reaction Mixtures(P) using
Different Reaction Conditions to Methylate
a-Terthienyl

Entry cConditions a=-T 5-CH;-a-T 5,5"-CH3~-a-T
a Diethyl ether, RT 12% . 65% 11.5%

B THF, =-50°C 8% 60% 30%.

c THF, -78°C 7% " 69% T 23%

D

. TRF, -50°'C 0.2% le% 82%

(a) HPLC was performed using an MCH-SNCAP reverse
phase column with UV detection at 400 nm. The
eluent was 5% H,0/ CH,OH.

(b) Reaction mixtures were pre-purified on silica gel
eluted with petroleum ether.

2.4.3 Nitro and' Cvano Derivatives

Thiophene can be nitrated by using HNO3 in acetic
anhydr1de143 or the nitration conditions employed for
a-7153, fhe 5-nitro derivative was obtained in 36% vield
using HNO,; in sulfuric acid. capillary GC analysis of the
brick-red compound separated by liquid chromatography
revealed an impurity, which wds not evident by TLC or MS.

- The capillary gas chromatogram showed two peaks, one at



.

-~

15.35 min with a peak area of 20.5%, and another at 16.33
min with a peak area of 79.5%.

The lH NMR also showed that the separated mixture
contained 20% of another compguﬁ?. There was cagéiderable
overlap between the 5-nitro derivative and the impurity.
However, four doublets can be clearly observed, two of which
are upfiéld from the main envelope of thiophenic protons.
These doublets are located at § 7.61 and § 7.47 with J
values of 5 Hz and 3 Hz respectively. These are typical J
values for a thiophenic compound. The upfield shift for
these protons could be due to a nitro substituent.  The
other two doublets observed in the spectrug,are at § 7.17

and é 7.15, with J values of 3 Hz and 1 Hz respectively. It
| is possible that this compound may be the 4-nitro-derivative
of e-T. The lH NMR does not confirm this assignment .
definitively. The presence of this isomer could explain why
the impurity was undetected by MS as well as the difficulty
in separating the two compounds by liquid chromatography.
The nitration of thiophene using mild conditions gives a
small percemrntage of the 3-nitro compound143. GC-MS was
attempted to try and identify the unknown, but the sample
‘polymerized or degraded on the 50 m column. The mixture of
' 5-nitro-e-terthienyl and the impurity was not further
purified. 3

The preparatioﬁ of the cyano derivative of a-T was
modeled on that used for thiophene154. Treatment of a-T
with chlorosulfonyl isocyanate {CSI) genérates the
chlorosulfonyl derivative of o-T which precipitated as a
yellow solid. Treatment with dimethylformamide (DMF)
vielded the 5-cyano derivative of a-T in 58% yvield,
comparable to the cyanation of thiophene which occurred in
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66% yield*®%.” fThe 5,5"—dicyang‘derivative was prepared in
70% yield (capillary GC analysis) by treating a-T with four

" equivalents of CSI. The other 30% was the 5-cyano
derivative, identified by its retention time.

vl
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Scheme 21.

The mechanism (Scheme 21)  of this reaction was’

155

proposed by Lohaus and involves the displacement of the

chlorine on the. tautomer of the chlorosulfonyl intermediate
forming a six membered transition state which falls apart to
liberate the cyanated compound, 505, and DMF as the water

" soluble salt..

2-4.4 Formvl and Amide Derivatives

The S5-formyl derivative of .e-T was prepared by the
Vilsmeier reaction with N-methylformahilide and phosphorus
oxychloride (POCl,) (Scheme 22). This reaction had been
performed previously on tl_uiophene156 resulting in a 71%
vield of the ziformylated derivative. The electrophile was
formed first, and the ¢-T dissolved in CH,Cl,, added at RT
and stirred for 24 h. Pouring the reaction mixture into
dilute hydrochloric acid decomposed the POCls and removed
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-the N-methylaniline as the hggrochloride, yieiding S5~formyl-

a-T in 85% yield. Separation of the aldehyde derivative is
facile using flash chromatography with CHCl, as eluent or
recrystallization from benzene for larger scale

'5urification. Recently, Nakayamals7 reported the synthesxs

of this compound in 75% yvield using the same reaction but
different conditions. The reaction was performed in
dimethylformamide (DMF) with POCly at 70 °C for 1 'h. The
solvent used was also DMF.

o9

<- \

Scheme 22. . \\\*\\ &

The 5-formyl derivative of o-T is a naturally
occurring compound isclated from T. erecta’. Radiocactive
labeling studies will be performed with this compound as it
is one of the last cbmpounds postulated to occur before a-T
in the biosynthetic pathway (see Scheme 6). The aldehyde
functional group on the C-5 position of e-T provides an
entry for many other derivatives formed by Wittig reactions
or condensation reactions. It also provides a means of
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Preparing the methyl derivative by reduction and eliminates
the proclems associated with separation of mono and
dimethylated products. Attempts to oxidize the S-aldehyde
‘of a-T to the acid failed with a variety of reagentsl52,

_ " The 5-amide of a-T was prepared by treating the -
S-cyano derivative of ¢-T with NaOH in ethanol. Column |
chromatography of the crude product isolated a vellow solid
(71% yield) which was mainly the amide with a small amecunt
of -the completely hydrolyzed ﬁrcduct, S5=carboxy-a-T. The
acid was not detected by 1y MR or Ms but was‘cbserveq on
TLC. Column chromatography-was difficult due to the
insolubility of the 5-amide derivative and the 5-carboxylic
acid derlvatlve. Neither compound has been isolated from a
plant source. The 5-carboxy derivative is pcstulated to bé
the last compound before a-T in the biosynthetic pathway
(Scheme 6). - Due to the insolubility of the acid in most
sclvents, the fact that it has not been detected during a
plant 1solatlon/extractlon does not necessarily mean that it

o -

was not present. . r

.Z.Qﬁs . Acrvlic Acid and Alcohol Perivatives

The acryllc acid .derivative of a-T was preparedls8
by a condensation reactlon between 5-formyl-a—terth1enyl and
malonic acid in ledlne with piperidine as catalyst. This
is the Doebner/ d:.f:.cat:.onls8 of the Knoevenagel reaction.

- The reaction is similar to the -Perkin reaction which usually
uses the potassium or sodium salt of the. ac1d as ‘'the base.
After nucleophlllc attack on the carbonyl group of 5- formyl—
a-T, decarboxylatlon and elimination occur, perhaps as a’
single concerted process, (Scheme 23) to give the E

159

isomer—>”. This may be catalyzed by the pyridinium ion

which can decarboxylate arylidenemalonic acidsi®0,

é%”k

*
]
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Scheme 23.

rhe_majorlpréduct of this reaction with 5-formyl
¢-T was the E isomer isolated in 47% yield. 1H NMR was used
to ident;fy the isomers formed. The vinylic protons for the
major product were doublets with a coupling constant of 14
Hz, which is usually the value associated with protons in a
- ./ trans arrangement. A small amount of the Z isomer was also
‘ isolated as a red powder. For both isomers, the carboxylic
‘proton was located at § 1.04 as a sharp doublet with a
coupling constant of 6 HzT The OH proton may be coupled to
the closest vinylic proton or to the solvent (acetone—ds)
Both isomers were sparingly soluble in CDcl3.

Grignard reagents have been used as ring opening
'nucleophileslsl, as have organocopper reagents162 and
alkyllithiums1®3. The alkyllithiums have been shown to be

| superior to the Grignard reégents, yielding more of the

. direct product. This typé of reaction has been known to
occg; with metalated thiophenel4%. The lithium salthof a=T
was treated with ethylene oxide resulting in a mixture of
many products, one of which was the alcohol resulting from
ring opening. - This mixture of products could not be
purified easily. The 5-(2~-hydroxyethyl)-
se};:aara‘éfi

ienyl was

ed by column chromatography and-ldegilfied by TH NMR

and MS. Like &~-T, this shbstance photodecomposed, turning
i . -«

»



brown on TLC when exposed to light for a few hours. This
reaction did not occur in high yield and was not optimized.

)

2.5 1H NMR of o-TERTHIENYL DERIVATIVES

1y MR is an effective method to determine the
position of substituents on the a-T molecule and the effect
of these substituents on other parts of ﬁhe molecule. It
also gives an indication of the electron donating or
electron withdrawing ability of particular substituents.

The 1H NMR spectra of the derivatives were often
complicated because of overlapping signals. Assignment of
protons was sometimes difficult due to overlap with the
CDCl, solvent at § 7.24 ppm or other ring protons which were
all contained within one ppm for any derivative. _Solubility
problems with CDCI3 as solvent occurred for some of the
derlvatlve?,and either acetone-d6 or dimethylsulfoxide
(DMSO- d6) had to be used.

] As expected, the coupllng constants for the
derlvatlves are similar to that of thlophene and are not
dramatically altered by differing substituents. For ‘the
disubstituted derivatives (Table 7), J 3,4 = J 3u g4n wWere
between 3.6 and 4.0 Hz. The shielding effect of the methyl
group on the C-4 proton can be observed as a downfield shift
of 0.37 ppm. The electron withdrawing cyano group had the
opposite effect on the same position shifting the proton
upfield by 0-47 ppm.

The monosubstituted‘derivativés (Table 8) are
characterized by doublets of doublets at the unsubstituted
end. ThlS pattern is due to the long range coupling between
the protons at C-3" and C-5" of about 1.0 Hz. The thiophene

>
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ring furthest removed from the substituent was the least
affected by it and shows little change either in chemical
shift or in coupling constants from that of the parent
molecule. In some cases (X=I, Br, CH5, CHO), the C-3' and
C-4' protons are almost interchangeable with chemical shifts
differing by only 0.05 ppm. For these protons the
assignment was based on the electronic nature of the
substituent. For an electron donating group (X= CHy), the
proton closest to the substituent in the second ring was
considered slightly more shielded and was therefore assigned
the lower chemical shift. The proton located at C-4 was
usually identified easily as the substituent effects were
greatest in this position. The changes in chemical shift
were dramatic with the functions CHO or NOE:giving upfield
shifts of 0.85 and 0.82 ppm respectively. A corresponding
downfielq shift (0.36 ppm) was observed with the methyl
substituent. The J values of the protons at C-4 and C-3 as
well as between C-3' and C~4' were often identical in the
monosubstituted derivatives.

2.6 SYNTHESIS OF PHENYLHEPTATRIYNE AND ACETYLENIC
COMPOUNDS

2.6.1 Previous Svntheses of Phenvlheptatrivne

Soon after the isolation of PHT from the plant C.
2, this compound was synthesized (Scheme 24) in
order to confirm the proposed structure. The l-phenylhepta-
1,4-diyne-3,6~diol was first prepared by reacting the Qi-
Grignard reagent of but-l-ynf3-ol with phenylpropargyl-
aldehyde. The dichloride was then synthesized and converted
by alcoholic potassium to the triyne. The final yield was
not given for this multistep synthetic route which gave rise

grandiflora

to various side products and leaves room for improvementz.
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7 N)—CaC—CHO + CHy—CH-CTCMghr —5= @-c:c—i:'—c-c—ii*—c"; 7%/ E1OR HT 1
H

7 | ' . L

Scheme 24. '

Coupling reactions have becbme one of the best
methods of synthesizing polyacetylenes. Modifying the
acetylenes first and then coupling the twa synthons together
minimizes further reactions with potentially explosive
substrates. Many different types of coupling reactions have
been developed for this purpose164.

The most common type of symmetrical coupling
reaction is the Glaser couéling procedure,164'165 which
involves the coupling of two terminal alkynes via the
cuprous derivative in the presence of NH,OH. The reaction
also uses an oxidant which is typically air, 0, or H,0,.

'“”) This reaction is unsuitable for unsymmetrical type coupling

procedures. When two different alkynes are used, the
reaction yields the three possible diynes. This problem of
synthesizing unsymmetrical diynes was solved by a coupling
reaction discovered by Cadiot and Chodkiewiczl90,

The Cadiot-Chodkiewid% coupling reaction joins a
‘bromoacetylene and an ethynyl compound in high yield. The
reaction is copper catalyzed and is performed in the
presence of base. The genefal Yeaction is as follows:

R-CcsCc-H + cu(I) ————> R-C=C-Cu + HT __ ... . .

o

R-CaC-Cu + Br-CsC-R' —————> R-(C=C),-R' + CuBr

-}



Hydroxylamine hydrochlorlde functions as the reducing agent
and is added as required generating a low concentration of
Cu(I) from CuCl,. The primary amine removes liberated acid
from the reaction and may assist in forming'a complex with
the cuprous derivative. The bromoalkyne does not react with
the cuprous jons™at such low concentrations, but may form a
complex with the triple bond. Cadiot-Chodkiewicz éoupling
reactionsl®0:164 are performed in a variety of solvents such
as water, alcoholic solvents, ether, THF, or DMF. The best
results are obtained when the ethyn?i#compound and the
cuprous derivative that is formed are soluble in the
reaction medium. The bromoalkyne is added in the same
solvent. This reaction is of broad scope as almost any
functional group on either alkyne will be tolerated. )

Homo coupling of the bromoalkyne is the only
unwanted side reaction which occurs for this type of
coupling reaction. This side reaction can be minimized by
maintaining only a catalytic quantity of cu(I) by adding
sufficient reducing ageﬁt. Slow addition of the bromoalkyne
and low reaction temperatures also reduce the yield of this
product. ) : —

. The Cadiot-Chodkiewicz coupling procedure has
‘become the method of choice for unsymmetrical coupling of
alkynes, and many polyacetylenes have been prepared using
this procedure164. In testing the scope of the Cadiot-
Chodkiewicz coupling reaction, PHT was synthesized in 91%
yield from pentadiyne and bromophenylacetyleneles. The
coupling of bromopentadiyne and phenylihcetylenels7 has also
been performed resulting in a decreased yield of PHT (67%).

e



2.6.2 Synthesis of 1-Phenylhepta-1.3,5-trivne

The first attempt to synthesize PHT involved the
coupling reactions between bromopropiolic acid and phenyl-
acetylene using the Cadiot~-Chodkiewicz procedurel®0.164 .
The acid could then be cleavedl68 using activated copper
bronze in dioxane and the phenyl aiyne recoupled with -
bromopropiolic acid. Bromopropiolic acid adds one acetylehe
unit each time, with the carboxflate group functioning as a
protecting group. The methylation of the phenylhexatriyne
was to be the final step to PHT. This route contained too
many steps and one major flaw - isolated phenylhexatriyne
has bheen reported tc;'explode169 even when stored at 0 °C in

the absence of air. °

The convergent synthesis of Cadiot and Chodkiewicz
to synthesize PHTY%6 was the best route available for
preparing PET safely and in high yield. Bromophenyl-
acetylene. was prepared immediately before the coupling
reaction by treating phenylacetylene with NaOBr (section
2.6.5). The pentadiyne was prepared by treating 1,4-
dichlorobutyne with three equivalents of NaNH, and %
methylating the sodium diacetylide in situ (Scheme 25).

N -
CICH,—CEC—CH,CI —3—;T'""2> H—C=C—C=CNat* —— 5 H—C=C—C2=C—CH,
30

Scheme 25.

N
Pentadiyne was distilled from decalin without

heat, using the vacuum pump, into a specially designed trap
which was cooled by an acetone/coz bath. The sharp peak at
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3300 cm~ 1 in the IR of the decalin due to the terminal
diyne, was used to determine when the'distillation of the
pentadiyne was complete. Distillation from decalin is a
common method of isolating potentially explosive
acetylenesl7°. Pentadiyne was a clear liquid after
distillation which quickly turned yellow due to
polymerization products when kept in the freezer (-15 *C) or
at room temperature for a few minutes. Polymerization
reactions were almost eliminated by storing the product in
an acetone/CO, bath. By-products formed in the reaction and
identified by GC-MS were dimethylbutadiyne and butadiyne.

Earlier work on the physical properties of
pentadiYne has not Egen consistentl71-174 Jones et al.
have compiled the previous syntheses of pentadiyne and
provided explanations for the reported data.

The coupling between pentadiyne and bromophenyl-
acetylene produced PHT in 84% yield after chromatography
(Scheme 26). The primary amine used was prbpylamine instead
of the ethylamine used previouslyles, and did not alter the
yield of the reaction appreciably. There was no evidence of
diphenylbutadiyne, the homo coupled product. PHT was
identified by TLC comparison to a naturally occurring sample
and by its mass spectrum. The UV spectrum of synthetic PHT
was identical to the spectrum obtained for naturally
occurring PHT. Storage of PHT in a small amount of
petroleum ether and wrapped in tin foil minimized
polymerization and photochemical reactions.

The PHT prepared was used to conduct bioleogical
toxicity tests and to study'the photochemistry of this
paturally occurring triyne175. This synthetic route
produced 1.3 g of PHT, a large quantity compared to the
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small amounts obtained previously by isolation from plant
sources (seg_section 1.2).

CuCly/CH,OH -
H~CmC—C=C—CH, + =C—Br B T =EC—CRC—C=C—CH;
npropylemine

NH,OH + HC
Scheme 26.
2.6.3 omination of Termina Acet enes

The bromination of the termlnal alkynes was
performed using the hypobromlte procedurelo0 176 and can be
represented as follows:

R-CmC-H + NaOBr > R-C=C-Br + NaOH

The bromination occurs faster with alkynes soluble in the
alkaline hypobromite, but insoluble alkynes may be P
brominated by stirring the reaction mixture vigorously and
for long reaction times. The greaﬁer acidity of the'ethynyl
hydrogen, also shortens the reaction time. This difference
is evident in the reaction time of pentadiyne and
phenylacetylene. Both brominations occur quantitatively,
the phenylacetylene reaction required 6 h and the pentadiyne
only 0.5 h. After stirring the péntadiyne for 9 h other
reaction products were observed by TLC and MS including
dibrominated butadiyne.
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Bromlnatlon was easily monitored by analyzing the
IR spectrum at various reaction times. The characteristic
bands at approximately 3300 and 2100 ¢m™1 which are due to
the terminal alkyne disappear, as the band for the
disubstituted alkyne appears at 2200 cm'l, Genérally,
purification of the brominated product was not necessary as
the reactions proceeded in high yield. The prodﬁct was
extracted with¢CH2C12 and the solvent removed under reduced
pressure withqﬁt heat. Heating.during the removal of
solvent or during distillation may cause the bromoacetylene
to decompose violently, even under reduced preséure164. For

this reason, bromoacetylenes are usually used in the crude
state.

i

The bromination of propiolic acid was initially
performed in the same fashion as for.the previous alkynes,
except for preparing and adding the sodium salt of the acid
to the hypobromite. After acidification of the reaction
mixture and continuous extraction with CH2012 or e@per,
little product was recovered.

The inverse addition was suggested by
chodklewz.czlo0 for bromination of oxygen contalnlng terminal
alkynes. When the hypobromite was added to the salt of the
acid, the brominated product was obtained in 34% yield. The
brominated acid was very soluble in aqueous solution, and
‘was isolated as an oil from ether. When the extracﬁingh:'
solvent was changed to:CHzclz, the product was isolated as
pale yellow crystals. The brominated acid was sparingly
soluble ip petroleum ether and pentane but soluble in both
ether and CH,Cl, and very soluble in water.

Commefcon et a1.177 have also synthesized _
bromopropiolic acid using the sodium hypobromite proci?ure
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and describe the product which was extracted from aqueous

solution with pentane, as very insoluble in water. The

analytical data for this compound consisted of an IR

spectrum, one proton signal in the NMR and the melting

point. This data suggests that the product was the’ ' —
brominated acid. This does not explain the discrepancy in ‘
solubiiity between the product they isolated and the
bromopropiclic- acid-we prepared.

-
2.6.4 ' Couplin eactions with Nifd cl,
Recent interest in thiophene and acetylene
derivatives isolated from natural sources has stlmulated the
search for a direct route to couple thiophenes and

acetylenes. TInitially reactions of this sort were performed

by coupliing 1 halides with cuproﬁs_acetylide§78_18°. The

tween 2-~iodo-furan.or 2-iodo-thiophene with a
181

reaction
cuprous acefylide occurs in good yield. The reaction was
performed with boiling pyridine as solvent in an inert -
atmosphere with a small amount of cupric ion. - While this

coupling reaction was useful, a few problems were also

evident. A by-product was always formed in sighificant

quantities in the reaction mixture where the iodine in the

C~2 position of the heterocycle is replaced by hydrogen181. /j%\
Also, the'gpope of the reaction is sometimes limited by the
drastic reaction conditions, and by difficulties in
preparing cdprous acetylides. Copper(I) acetylides have
been known to explodel®2., Further dévelopment of this typé
of cross-coupling reaction has led to palladium catalyzed -

reactlonsla3 186

Monosubstituted alkynes were coupled with aryl,
heterocyclic or vinylic halides u51ng a PA(II) trlphenyl—
phosphine complex as catalyst in the presence of a. basic

./



183,184 Acetylenic side chains have been introduced

into 2-iocdo or 4-iodo-pyrimidines in very good to excellent
yields187 using PA(II) as catalyst. Cross-coupling
reactions catalyzed by Pd(II) complexes can sometimes also
be catalyzed by Ni(II) complexesli?®. several reactions were
pefformed using Ni[dppp]C12 as catalyst to couple thienyl
magnesium bromide with 4 brominated alkyne. Kumada et al.
reported one example ‘of such a'reactionloz, with no yielad
given and without any discussion except to say that
haloacetylenes undergo coupling with the Ni(II) catalyst-
very easily.

amine

The reaction between l-bromopenta—l 3-diyne and
’ thienyl magnesium bromide using the nickel(II) phosphine
jcatalyst produced the novel product, 1-(2-thienyl)-
'pentadiyne in 29% yield (Scheme 27). Column chromat raphy
- effected a partial separation of the reaction mixture: pert
of the.product was isol#fed in pure form, while the rest was
contaminated by the homo—coupled products 2,2'-bithieényl and
1,10-dimethyltetryne, which were identified by MS." By TLC,

. these products were 1ocated at Rg=0.5 as a long spot which
turned blue at the top (bithienylj, Violet in the center
(perhaps the tetryne), and brown at the bottom (1-[2-

thienylj—pentadiyne) after spraying with H,50, and heating
the TLC .plate briefly. ' ‘

-

1
" The coupling of 1-bromo-2-phenylacetylene with
thienyl magnesium Qromide using the Ni(JX) catalyst was an
exothermic reaction;, which yielded the desired product,
2-(2-thienyl)-l-phenylacetylene (Scheme 27). However, the
hemg—coupled products 2,2'-bithienyl and 1,4-diphenyl-
butﬁdiyne, were also present in the reaction mixture.
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+ @—CEC.—-CEC—'Ql

.
B—C=C—C2C—CH, ()—Mgﬁr M[dppquz -(s}_c:c__c&c —H, + /S'\ / \
$ , _
. . +  HL—(C=Clh—CH,

- Scheme 27.

:COlumn chromatography on alumina with petroleum ether or
hexane as eluent effected only partial separation. Reverse
phase HPLC would.be required to separate the product
completely from 1,4-diphenylbutadiyne.

L

The results of these preliminary reactions were
encouraging as the desired product was formed in both cases.
However, the by-products formed in these acetylene/thicphene
coupling r@ac%ioﬁé reduce the yields and produce complex
reaction mixtures which are difficult to separate. At the
time these preliminary reactions were being performed, a
similar type of reaction with the same target molecules was
reported in the literaturel4®. ~~

- ‘.ﬁossi et al. synthesized the naturally occurring
5-(3-buten-l-ynyl)-2,2'-bithienyl (Scheme 6, 17), and some
related compounds using a palladium catalyzed cross-coupling
method?4?. This method couples aryl halides and

e
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heterocycles with ethynyl Grignard réagents in good yield
using tetrakis (triphenylphosphine) palladium ([PPh3]4Pd) as
catalyst. Many heterocyclic acetylene derivatives have been
prepared including 2-(2-thienyl)-l-phenylacetylene in 85%
&ield. This product was synthesized in higheér yield using
the Pd(II) catalyst and without the homo coupled side
products that were present when Ni(II) was used as the
catalyst.
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- - . EXPERIMENTAL
{ :

" 3.1 GENERAL

LS

Meiting points were determined on a Hoover Uni-
melt a@paratus and are uncorrected. TH NMR and 13¢ NMﬁ
spectra were obtained on a Varian XL-300 NMR spectrometer
using. deuterochloroform as solvent and tetramethylsilane as
the internal standard. If other solvents were used, they
will be specified. UV spectra were obtained on a Hewlett
Packard 8451A diode array spectrophotometer. IR spectra
were recorded on a Perkin Elmer 783 Infrared spectrometer as
a mixture of sample and KBr in the form of a pellet unless
otherwise indicated. Mass Spectra were taken on a VG ~

" Analytical 7070E mass spectrometer equippeé“with a Dani 3800

Gas Chromatograph for GC-MS. The HPLC was done~g§§ng a
Varian Vista 5500 HPLC using a UV detector and coupled to a
Shimadru C-R34 recorder. The type of column will be
ségéified for each compound purified in this manner.

Thin layer chromatography was performed on either
Baker-Flex pre-coated silica gel 1B2-F plates or Baker pre-
coated glass plates. The reverse phase plates used were
Whatman KC18f. The silica gel for liquid chromatography was
purchased from Terrochem Laboratories, flaﬁp chromatoéraphy
type with 20-435 micron particle size.

All solvents were distilled before use and
solvents used for the Grignard reaction Yere anhydrous.
Tetrahydrofuran (THF) was distilled over sodium and .
benzophenone. Mallinckrodt anhydrous diethyl ether was useé
undistilled. The petroleum ether used was of the boiling
range 35-65 °C.
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The magnesiim metal used for the Grignard : QJ/
reactions was obtaiﬁed from the Fisher Scientific Company
and specifically intended for Grignard reactions. The
magnesium was used as received.

- -

3.1.1 General Procedure for the Grignard-Wurtz

Coupling Reaction

This coupling prdcedure was developed by Kumada
and Tamao et a1l93,104, Magnesium turnings (2.2 eq.) and
anhydrous diethyl ether were placed in a three-necked flask,
equipped with a reflux condenser, an inlet tube for passing
a current of nitrogen and an additional funnel. The
reaction was started by adding a small crystal of iodine ~
while-a solution of 2-bromothiophene (2 eg.) in anhydrous
digp&yl ether was slowa_added dropwise under nitrogen with
magnetic stirring. The mixture was stirred for 45 minutes
after the addition of the 2-?£S§9thiophene was complete.

The solution of 2-thienyl magnesium bromide was
poured into a separatory funnel and added dropwise with
stirring under nitrogen to the appropriate brb@inated
substrate (1 eg.) in anhydrous diethyl ether. Dichloro-
[1,3-bis(diphenylphosphinopropane) J-nickel, Ni[dppp]Cl,,
(trace) was added as catalyst. The mixture was stirred for
24 h at RT and then worked up with with 3N HCl. The diethyl
ether layer was separated and washed with water. It was
then dried over MgSO, and the solvent removed under reduced
pressure. Crystallization, licquid ehromatography or HPLC

were used to purify the coupled product.
i n
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3.1.2 General Procedure For Selection of Grignard
Solvent s
a
In a three-necked flask magnesium (0.3 g, 12.0
mM), a crystal of iodine and solvent (ib ml) were placed.
To this, 2-bromothiophene (0.87 ml, 9.0 mM) -in the selected
solvent was added tﬁrough the dropping funnel. The reaction
was stirred under a nitrogen-flow for 1 h at RT. A trace of
. ethyl iodide was added and heat was applied only when
necessary.\ All glassware was oven dried and the solvents

were distilled prior to use.

The Grignard reagent was then slowly added to the
Ni{dppp]Cl, catalyst (10 mg) and 2,5-dibromothiophene

(0.75 ml, 4.0 mM) in the selected solvent (20yml). The
reaction mixture was stirred at RT for 24 h before work-up.
At this time, 3N HCl (20 ml) was added dropwise and the two
solvent layers separated. The ether layer was washed with
water, dried over MgSO, and the solvent removed under
reduceq pressure.

The residue was chromatographed on flash silica
(50 ¢), with petroleum ether (500 ml) as eluant.

3.2 PREPARATION OF 2,2':5',2"-TERTHIENYL IN VARIOQOUS
SOLVENTS

o~-T was prepared using the general procédure as
described above and was used as starting material for the
synthesis of its derivatives. The reaction product isolated
after purification had the following characteristics; pale
yellow needles, mp 91-92 °C (lit.9 mp 94-95.5 °C):; m/z 248
M*); 1 NMR (cDCls), § 7.20 (dd, 2H, J = 5.2, 1.0 Hz,
5,5"H), 7.01 (dd, 2H, J = 3.6, 5.2 Hz, 4,4"H), 7.16 (dd,
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2H, J = 3.6, 1.0 Hz, 3,3"H), 7.06 (s, 2H, 3',4'H): Found
C, 59.97; H, 3.11; S, 38.47; c12H383,requires C, 58.06; H,
3.22; S, 38.71. :

£

t the ' *

. Anhydrous diethyl ether was used undistilled. The
. s .
Grignard reagent formed immediately at RT. The coupling
reaction was stirred for 25 h.

n-Pro the o

n-Propyl ether was distilled from sodium and
benzophenone immediately before use. The Grignard reagent
formed easily at RT. The coupling reaction mixture was
stirred 22 h before work-up. '

n-Butyl Ether

The n-butyl ether was distilled from sodium onto
molecular sieves before use. fﬁe Grignard began after
addingzé drops of ethyl iodide and stirring at RT. The
coupleng reaction was stirred for 24 h.

Diisopropvl Ether

The diisopropyl ether was distilled from sodium
and benzophenone onto molecular sieves. The Grignard :
reagent would not form even with 4 h reflux and the addition

of ethyl iodide.

Dimethoxyethane

Dimethoxyethane was distilled from sodium.onto
molecular sieves before use. After adding a few)drops of
ethyl iodide and 2 ml of anhydrous ether, the reaction was

»
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stirred for 3 h at RT. Since the Grignard reagent had not
fofmed, it was necessary to reflux the mixture for 3 k at
which time the reaction occurred. The light brown colored
Grignard reagent was not very soluble in dimethoxyethane.
The coupling reaction was stif%ed for 24 h.

——
-

Tetrahydrofuran

The tetrahydrofuran used was distilled from zbdium
and benzophenhone. The Grignard reagent was formed almest
immediately. The coupling reaction was stirred for 26 h.

~

Tetrahydrofuran and Diethyl Ether

sl

The Grignardé reagent of 2-bromothiophene was
prepared in tetrahydrofuran (20 ml) as in the previous
example. It was added to 2,5-dibromothiophene and catalyst
in tetrahydrofuran (15 ml) and diethyl ether (5 ml); The
reaction was stirred for 24 h. :

~

Dioxane

The dioxane was distilled from sodium and
benzophenone onto molecular sieves. Difficulties were
encountered in the formation of the Grignard reaéent. The
nmixture was refluxed for 20 h with 4 drops of ethyl iodide,
but no reaction occurred.

3.2.1 Large Scale Purification of A-Terthienyl

Soxhlet extraction of a crude AT/ silica gel
mixture with hexane as solvent proved to be an excellent
method of purifying A-T, especially for gram scale
guantities. The crude product (Ib g) was mixed with an
equal amount of silica gel and placed in a soxhlet
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extraction thimble. Glass wool was inserted at the top of
the thimble to prevent the silica gel/ea-T mixture from
rising during the initial wetting. The mixture was then
continuously extracted with'hexane.(400 ml) for 24 h. On
cooling, a-T crystallized from the hexane as a bright yellow
solid. The product purity using this procedure was >99%
using capillary GC. ..

~-3.2.2 Breparation of Dichlo;o[;.g—bis(dipheﬁy;-
phosphino) -propanej-Nickel (IT), (Ni{dppplCl,)

The nickel catalyst was prepared using a known
preparatioﬁ;ﬁrgm the literature;sg. A solution of
nickel (II) chloride hexahydrate (2.2 g, 9.0 mM) in a 5:2
mixture of 2-propanol and methanol (40 ml) was added to a
hot solution of 1,3-bis(diphenylphosphino)propane (3.25 g,
7.8 mM) in 2-propanol (35 ml). A reddish brown precipitate
formed almost immediately. The mixture was heated for 1 h
and then brought to RT. The product was filtered off,
washed with methanol and dried under vacuum. The red

complex was formed in almost quantitative yield.

3.3 PREPARATION OF ANALOGUES OF a-TERTHIENYL .

3.3.1 2,6=(Di-2-Thienvl)-Pyridine

The procedure for the following coupling reactions
was based on the Kumada Grignard-Wurtz coupling1°3'1°4. 2-
Bromothiophene. (5 ml, 0.046 m) in anhydrous ether (25 ml)
was added to magnesium turnings (1.2 g, 0.05 m) and a trace
of iodine in diethyl ether (40 ml). It was stirred for one
hour and then added to 2,6-dibromopyridine (4.5 g, 0.019 m)
~and nickel catalyst in diethyl ether (30 ml). The reaction



was stirred for 24 h at RT. After work-up, dark brown
crystals (4 g, 86% crude yield) were isolated.

. The crystals (2.15 g) were chromatographed on
flash silica with 4 lbs of pressure. Pétroleum ether was
the eluant. A pale yellow crystalline solid (1.89 g, 76% -
vield) was separated; mp 79-80 °C (1it.1_°4 mp 78-79 °C); m/z
243 (M);: lH NMR (Acetone-dg) & 7.78 (dd, 2H, J = <1, 4 fiz]
5,5"H), 7.16 (dd4, 2H, J = 4, 6 Hz, 4,4"H), 7.57, (44, 2H, J
=<1, 6 Hz, 3,3"H ), 7.71 (dd4, 2H, J = 7, 1 Hz, 3',5'H),
7.83 (dd, 1H, J = <1, 7 Hz, 4'H); Found: C, 64.36; H, 3.81;
S, 26.02; N,.5.78. C,,HgNS, requires C, 64.2; H, 3.7; §,
26.3; N, 5.80.

—

3.3.2  1.3-(Di-2-Thienvl)-Benzene

The Grignard reagent was prepared by adding 2-
bromothiophene (8.15 g, 0.05 m) in diethyl ether (10 ml) to
magnesium turnings (1.22 g, 0.05 m) and iodine (trace) in
diephyl ether (15 ml). After 1 hr., the Grignard was slowly
added to 1,3-dibromobenzene (5.0 g, 0.021 m) and nickel
catalyst in diethyl ether (20 ml). Work-up after 24 h
afforded a residue which crystallized from hot hexanes
yielding a green solid (540 mg, 10% grude‘yield). The green
solid (190 mg) was purified by -column chromaﬁography using
petroleum ether as the eluant. A light g}een crystalline
solid (136 mg, 7-6% yield) was separated:; mp 83-84 °C; m/z
242 (M*); 1l NMR (cDCly) 6 7.35 (44, 2H, T = <1, 3 Hz,
5,5"H), 7.085 (dd, 2H, J = 5, 3 Hz, 4,4"H), 7.29 (ad, 2H, J
= <1, 5 Hz, 3,3"H), 7.8l (t, 1H, J = <1 Hz, 2'H), 7.38 (d4,
1H, J = 8 Hz, 5'H), 7.51 (ddd, 2H, J“€ <1, 2, 8 Hz, 6',4'H);
Found C, 69.22; H, 4.04; S, 26.09; C14H1052 requires C,
69.22; H, 4.1; S, 26.4. ‘

—
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3.3.3 4.4-(Di-2-Thienyi)-
2-Bromothiophene (22.5 g, 0.15 m} in diethyl ether

— (150 ml) was added to magnesium turnings (4.0 g, 0.15 m) and
iodine (trace) in diethyl ether (25 ml). The Grignard
reagent was added to 1,4~dibromobenzene (13 g, 0.055 m) and
nickel catalyst in diethyl ether (25 ml). The reaction
mixture was refluxed under nitrogen fof 10 h and at RT for

" another 36 h. The reaction was worked up in the usual - -
fashion. The crude residue was dissolved in hot hexanes
(75 ml) and filtered to remove insoluble -material. After
evaporation of the hexane to 40 ml and cooling, orange
plate-like crystals (1.0 q) separdted; An orange solid
(4.9 gy was also obtained by filtering the water layer and
washing the water layer with benéene (44% crude yield).
1,4~ (Di-2-~thienyl)-benzene (0.66 ¢) was'further purified by
column chromotography using 1.5% diethyl ether/petroleum
ether a§ eluant. Bright yellow crystals (153 mg) were
isolated. The remainder of the product was recrystallized
from hot benzgne affording yellow-orange crystals (1.9 g}
15% yield); mp 207-208 °C, (1it.1%0 mp 208 *¢); m/z 242
*y; w NMR (cDCL,) § 7.28 (dd, 2H, J = 3.6, 1.2 He,
5,5"H), 7.04 (dd, 2H, J = 3.06, 5.4 Hz, 4,4"H), 7.23 (44,
'2H, J = 5.4, 1.2 Hz, 3,3"H), 7.56 (s, 4H, 2',3',5',6'H);
Found: C, 69.29; H, 4.03;7; S, 26.33; Cy4Hq4S, requires C,
69.42; H, 4.03; S, 26.33.

3.3.4 1-(2-Thienyl)-Naphthalene

2—Brohothiophene.(1.45 ml, 15.0 mM) in diethyl
ether (20 ml) was added slowly to magnesium turnings (0.48
g, 20.0 mM) and iodine (trace) in diethyl ether (10 ml). It
was stirred for 0.5 h before being added to 1l-bromo-
naphthalene (2.07 g, 10.0 mM) and nickel catalyst in diethyl
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er'(zs ml). The coupling reaction was stirred for 24 h.

e reaction was workéd up in the usual way yielding a brown
-0i1™42.49 g). The brown oil was purified by column

chromatography. Flash silica (104 g) eluted with petroleum
ether (600 ml) and increased to 5% diethyl ether/petroleunm
ether separated a clear pale green oil (1.50 g, 71% yield):
m/z 210 (M¥); YH NMR (cDCly) § 7.17 (44, 1H, J = 3.2, 5.6
Hz), 7.23 (dd, 1H, J = <1, 3.2 Hz), 7.41 (ad, 1H, J = <I,
5.6 Hz), 7.45 (d, 1H, J = 4.8 Hz), 7.47 (4, 1H, J = 4.8 Hz),
7.48 (4, 1H, J = 8-Hz), 7.55 (dd, 1H, J = <1, 8 Hz), 7.83
(d, 1H,'J = 8 Hz), 7.88 (4d, 1H, J = 3.2, 4.8 Hz), 8.20 (ad,
l1H, J = 5.6, 4.8 Hz); Found: C, 80.26; H, 4.91; S, 15.24:
CyqH1oS requires C, 80.00; H, 4.76; S, 15.24.

3.3.5 2—(2-Thienvl)-Naphthalene : -

2-(2-Thienyl)-naphthalene was prepared in the same
manner as for the l-thienyl-naphthalene derivative, with the
addition of the Grignard reagent to 2-bromcnaphthalehe
(2.07 g, 0.01 m). After work-up, a brown solid (2.39 g) was
isolated. Column chromatography yielded starting material,
é:gromonaphthalené'T330 mg) and the product as a white
crystalline solid (1.13 g, 73% yield based on recovered
starting material):; mp 103-104 °C (lit.189 mp 104-105 °*C);
m/z 210 (M"); lH NMR (cDcl,) § 7.17 (a4, 1H, J = 5.6, 3.5
Hz), 7.30 (dd, 1H, J = <1, 5.6 Hz), 7.42 (dd, 1H, J = <1, 5
Hz), 7.45 (dd, 1H, J = <1, 7 Hz ), 7.46 (dd, 1H, J = 1, 4
Hz), 7.73 (d4,}1H, J = 1, 8 Hz), 7.79 (dd, 1H, J = 1, 8 Hz),
7.81 (s, 1H), 7.83 (s, 1H), 8.03 (d, 1H, J = <1 Hz):  Found:
¢, 79.75; H, 4.80; S, 15.09. C,,H,,S requires C, 80.0; H,
4.76; S5, 15.24. ’
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3.4 SYNTHESIS OF a-TERTHIENYL DERIVATIVES

3.4.1 5-Methvl-2,2':5', 2"-Terthienvl

a-Terthienyl (1.0 g, 4.0 mM) was dissolved in dry
THF (75 ml) and cooled to =78 °C via an acetone/CO, bath.
all gléssware was oven dried and the butyllithium titrated
before use. The reaction was carried out under nitrogen.
Butyllithium (2.08 M, 1.92 ml, 4.0 mM) was added to the
cooled solution dropwise over 15 min. .The yellow lithium
satt- formed and precipitated out of solution. The mixture
was stirred for 0.5 h at which time methyl iodide (0.5 ml,
8.0 mM) was slowly added. The reaction was stirred for 2 h
at -78 °C and then allowed to warm up to RT. At -30 °C, the
lithium salt rapidly disappeared leaving a clear orange
solution. After stirring at RT for 24 h, the reaction was
- worked up with. 3N HCl. Methylene chloride (50 ml) was added
and the organic layer separated and washed with water. It
was then dried over MgS0O, and solvent removed by rotary
evaporation, yielding a brown-green solid (1.12 g).

The crude product was chromatographed with silica
(52 g) using petroleun ether as the eluant. A bright yellow
solid (0.93 g) was isolatefl and'determined by reverse phase— -
TLC (90% ethanél/ 10% H,0) to be a_mixture of a-T and the
mono~ and dimethylated products. The products were
separated by HPLC using an MCH-5NCAP column (analytical)
purchased from Varian and eluting with 5% H,0/ 95% CH,0H.
The product ratio of the reaction mixture using integrated
peak areas was @-T -7%, S-methyl-2,2':5'2"-terthienyl -69%,
and 5, 5“-d1methy1 2,2':5°", 2"-terth1enx% =23%. Preparative
HPLC using 2% H,0/ 98% CH40H as eluant was performed using a
Serva ODS 100 polyol column (22 mm X 500 mm, with 5 micron
particle size).-mp 94.5-95.5 *C (lit.® 93-94.5 °C); m/z 262
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.(M+): g NMR (CDCly) § 2.46 (d, 3H, J = <1 Hz, 5-CH,), 6.65
(m, 1H, J = <1, 3.2 Hz, 4H), 6.94 (4, 1H; 3.2 Hz, 3H),
6.97 (d, 1, J = 3.2 Hz, 3'H), 7.02 (4, 1H, T = 3.2 Hz,
4'H), 7.13 (44, 1H, J = 1, 3.2 Hz, 3"H)} 6.70 (dd, 1H, J =
3.2, 5.2 Hz, 4"H), 7.19 (44, 1H, J = <1} 5.2 Hz, S5"K).

imeth

The procedure for synthesizing the dimethylated
derivative was similar to that of S;methyl-a—terthienyl so
only the modifications will be mentioned here. The butyl-
lithium (2.02 M, 3.96 ml, 8.0 mM) was slowly added to the
solution of a-terthienyl (1.0 g, 4.0 mM) in tetrahydrofurln
{75 nl) which was kept between -50 and -40 °C in an acetone/
CO, bath. The mixture was stirred at this temperature for
45 min at which time methyl iodide (0.75 ml, 12.0 mM) was
slowly added. It was stired for a further 20 min and
allowed to warm up to RT. At 4 °C, most of the 1%;hiﬁ£hggzzﬁ\\““-*
had disappeared leaving an almost clear orange sglution.

After work-up, a green solid was isolated (1.23 E).

Liquid chromatography yielded a brigHZ yvellow
solid (0.90 g) which showed by reverse phase TLC (90%
ethanol/ 10% water), a mixture of mono and dimethylated
a-terthienyl. HPLC using the MCH-SNCAP reverse phase
analytical column by Varian and eluting with 5% H,0/ 95%
CH,0H showed the mixture to be 5~ methyl-2,2':5',2"~ .
terthienyl -16%, and 5,5"-dimethyl-2,2':5',2"-terthienyl -
82%. Preparative HPLC using the Serva ODS 100 polyol column
(22 mm x 500 mm, 5 micron particle size) and eluting with 2%
H,0/ 98% CH5O0H yielded a yellow-orange solid. mp 96-97 °C,
(1it.? mp 98-99 °C); m/z 276 (M'); }H NMR (CDCl,) & 2.46 (s,
6H, 5-CH;, 5'-CH,;), 6.64 (m, 2H, J = <1, 4 Hz, 4,4"H), 6.92
(4, 2H, T = 4 Hz, 3,3"H), 6.94 (s, 2H, 3',4'H): Found: C,
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60.34; H, 4.36; S, 35.04. Cq,H,,8; requires: C, 60.87: H,
4.34; S, 34.78.

-

3.4.3 - - ':512"-Terthien

The iodination method used was based on a previous
preparation of iodothiophene in 72% yield}45. a-Terthienyl
(1.00 g,.4.0 mM) was dissolved in_CHCl3 (50 ml}, and I,
(1.1% g, 4.5 mM) was added. HgO (0.72.g, 3.3 mM) was added
in small portions over 3 h. The mixture was left to stir at
RT for 24 h. At this time TLC (petroleum ether eluan%)
showed the presence of starting material, and the 5-iodo
derivative of &-T. The HgI, was filtered off and the
solution washed with sodium thiosulfate (300 ml, 10%). The
CHCl, was then dried over M§804 and removed under reduced
pressure yielding a brown solid (2.8 g)._ _

The product was dissolved in hexane, and the
insoluble material filtered off (220 mg). It was mostly the
5-iodinated product mp 128-130 °C. On cooling, 5-iodo-o-
terthiényl (342 mg) crystallized from the hexane as a tan-
yellow powder. A second crop of product (116 mg) with a
small amount of starting material present was also
recovered. 5—Iodo-2,2':5',2"-terthienyl was crystallized in
45% yield. Some of the crystallized product was purified by
column chromatography using flash silica gel and pétroleum
" ether as eluant; mp 138-139 °C; m/z 374 (M+): . ) i)
(DMSO-dg) & 7.10 (d, 1H, J = 3.6 Hz, 4H), 7.36 (d, 1H, J =
3.6 Hz, 3H), 7.28 (n, 2H, 4',3'H), 7.38 (dd, 1H, J'= 3.6, 1
Hz, 3"H), 7.14 (4d, 1H, J = 3.6, 5.4 Hz, 4"H), 7.56 (dd, 1H,
J = 5.4, 1 Hz, 5"H).
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3.4.4 5.5"-Diiodo-2,2':5',2"-Terthienyl -

a-Terthienyl (2.48 g, 10.0 mM), HgO (3.0 g, 13.8
mM), and I, (4.36 g, 17.0 mM), were added_to CHCl4 (75 ml)
and the reaction stirred for 18 h at RT. TLC (petroleum
ether eluant) showed the presence of eo-terthienyl so further
HgO (1.0 g, 4.6 mM) and I, (2.0 g, 7.9 mM) were .added and
the reaction stirred for 24 h. Filtration of HgI, and
removal of benzene on a rotary evaporator afforded a pale
brown solid: Hot benzene was added to the solid and the
undissolved material, the diiodinated product, was filtered
off (1.2 g, 24% yield); mp 188-190 °C; m/z 500 (MY); lm mMm
(CDCl,) & 6.86 (d, 2H, J = 3.6 Hz, 4,4"H), 7.18 (d, 2H, J =
3.6 Hz, 3,3"H), 7.04 (s, 2H, 3',4'H).

3.4.5 5-Bromo-_ and 5.5“—Dib:pmo-2.2':5'.2"—Terthienvl

a-Terthienyl (2.46 g, 0.01 m) and N-bromo-
succinimide (NBS) (1.96 g, 0.011 m) were dissolved in CCl,
(50 ml) and refluxed for 10 h. The succinimide floated on
top of the solution and the solution turned from yellow to
green. The imide was filtered off and the filtrate removed
under reduced pressure yielding a green solid (4.2 g). By
TLC the product was a mixture of monobrominated and
dibrominated a-terthienyl with very little unreacted
starting material.

Liquid chromatography yielded-only partial
separation, so the yield was determined by HPLC using a
Beckman ODS DP5M (6 mm ID, 25 cm) reverse phase column and
eluting with acetonitrile. The reaction mixture was
determined to be 5-bromo-a-~terthienyl -57% and 5,5"-dibromo-
a-terthienyl -26%. For the monobrominated derivative: mp
136-137.5 °C ; m/z 326,328 (M); .l MMR (cDCl,) & 6.89 (4,

- 85 =



s

1H, J = 3.6 Hz, 4H), 6.95 (d, 1H, J = 3.6 Hz, 3H), 6.99 (d,

1H, J = 3.6 Hz,.3'H), 7.05 (d, 1H, J = 3.6 Hz, 4'H), 7.15
(ad, 1H, J = 3.6, <1 Hz, 3"H§), 7.00 (dd, 18, J = 5.4, 3.6
Hz, 4“H), 7.21 (44, 1H, J = 5.4, <1 Hz, 5"H). Found C,
44.17; H, 2.10; S, 29.45; Br, 24.59. C,,H,S,Br requires C,
44.03; H, 2.14; S, 29.36; Br, 24.5. For the dibrominated ~
derivative: mp 156-157 *C (lit.9 160-161 °C); m/z
404,406,408 (M*); lH NMR (cDCl,) § 6.89 (4, 2H, J = 3.6 Hz,

' 4,4"H), 6.96 (d, 2H, J = 3.6 Hz, 3,3"H), 6.97 (s, 2H,

3',4'H).

3.4.6 5=Cvano-2,2':5',2"-Terthienvl

thiophene with good.results and was considered a general

method suitable for compounds which readily undergo

electrophilic substitutionl®¥. To a solution of

a-terthienyl (2.46 g, 0.01 m) in methylene chloride (20 ml),
was added chlorosulfonyl isocyanate (1.75 ml, 0.02 m) in
methylene chloride (15 ml). A yellow solid §ep§§5€£d almost
at once. The reaction mixture was stirred for 2 h and left
overnight. Dimethylformamide (5.0 ml, 0.064 m) was added to
the ice-cold reaction mixture dropwise. Addition of water
(40 ml) precipitated a yellow solid insoluble in methylene
chloride. The latter was removed in vacuo and the yellowish
green solid (2.0 g) was collected in a Buchner funnel’ and
washed with water. Recrystallization from the ﬂinimum
amount of boiling ethanol—benzéne (1:1) afforded 1.6 g of
product (58.6 % crude yield).

The recrystallized material (500 mg) yas
chromatographed on flash silica (110 g), eluted ¥ith 3%
ethyl acetate/ hexane and gradually increased to 15% ethyl
acetate. A bright yellow solid (234 mg, 27.4% yield) was
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isolated. mp 101-105 °C, m/z 273 (M'); lH NMMR (Acetone-ds)
§ 7.81 (a4, 1H, J = 3.5 Hz, 4H), 7.30 (d, 1H, J = 3.5 Hz,
3H), 7-.42 (d, 1H, J = 3.7 Hz, 4'H), 7.46 (d, 1H, J = 3.7 Hz,
3'H), 7.38 (dd, 1H, J = <1, 3.5 Hz, 3"H), 7.12 (dd, 1H, J =
3.5, 5.5 Hz, 4"H), 7.50 (dd, 1H, J = <1, 5.5 Hz, S5"H):
Found C, 57.45; H, 2.87; S, 34.49; N, 4.89; C13H7S3N
requires €, 57.10; H, 2.56; S, 35.10; N, 5.13.

3.4.7 5,5"-Digvano=~2,2':5' 2"-Terthjenvl

a-Terthienyl (2.46 g, 0.01 m) was. treated with
chlorosulfonyl isocyanate (3.5 ml, 0.04 m) in methylene
chloride as described in the preparation of 5-cyano-
2,2':5",2"-terthienyl. Work-up as in that procedure gave
crude product (2.4 g, 56% crude yield). <cCapilliary GC
analysis of the product showed_that it was composed of the
S5-cyano product (30%) and the 5,5"-dicyano product (70%).
mp 165-170 °C, contracting around 140 °C ; m/z 298 (M+):
g avr (DMSO—dG) §7.98 (d, 2H, J = 4 Hz, 4,4"H), 7.62 (s,
2H, 3',4'H), 7.58 (4, 2K, J = 4 Hz, 3,3"H).

3.4.8 5-Nitro=2,21':5"' 2"-Terthienyl

The prbcedure153 used to synthesize 2-nitro-
thiophene was the method chosen to nitrate a«-T. To a
solution of e-terthienyl (1.24 g, 5.0 mM) in methylene
chloride (10 ml) with acetic anhydride (10 ml) at 5 °C was
added with stirring, 3.5 ml of a solution composed of fuming
nitric acid (3.0 ml) in glacial acetic acid (30 ml). The
reaction mixture which became slightly warm was stirred at
RT for 6 h. It was then poured into water (60 ml) and
stirred for 30 min to hydrolyse the acetlc anhydrlde. The
reddish-brown precipitate (1.3 g) obtained after removing

methylene chloride in vacuo was collected in a Biichner
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funnel and washed with water: mp 128-130 °C, shrinking at
124 *C. TILC (20% ethyl acetate/hexane) showed the product
to be a nmixture of mono-and dinitro—-o-terthienyl.

Part of the mixture (360 mg) was separated by
liguid chromatography using flash silica (76 g) and eluting
with hexane gradually increasing to 5% ethyl acetate/
hexane. A red-brown solid (110 mg, 36% yield) was isolated
and was determined by capillary GC to be the mono-nitro
derivative (80%) and 20% of another combound, possibly an _
isomer. mp 139-141 °C; m/z 293 (MT); For the S5-nitro-
derivative: IH NMR (CDCl,) § 7.83 (4, 1H, J = 4.0 Hz, 4H),
7.05 (4, 1H, J = 4.0 Hz, 3H), 7.12 (d, 1H, J = 3.0 Hz, 4'H),
7.26 (d, 1H, J = 3.0 Hz, 3'H), 7.22 (44, 1H, J = <1, 3.¢ Hz,
3"Hg), 7.04 (dd, 1H, J = 3.0, 5.2 Hz, 4"H), 7.28 (44, 1H, JT =
<1l, 5.2 Hz, ?"ﬂ).

3)4.9 5-Formyl-2,2':5',2"-Terthienvl

The procedure used to make the aldehyde of a-T was
based on a method of preparing the aldehyde of thiophene in
good yield'®®. N-methylformanilide-(0.52 ml, 4.4 mM) and
phosphorus oxychloride (0.37 ml, 4.0 mM) were mixed and left
to stand for 15 min to allow the reagent to form. A
solution of ec-terthienyl (1.0 g, 4.0 mM) in methylene
chloride (10 ml) was added with stirring. There was no
appreciable rise in temperature. The reaction mixture was
stirred for 24 h at RT before pouring it into HCl (50 ml)
and stirring for 1 h to remove dimethylaniline as the
hydrochloride. The methylene chloride extract was freed of
solvent in vacuo leaving an orange solid (1.33 g) as
residue. Flash column chromatography with CHCl; as eluant
yielded an orange product (0.93 g, 85% yield); mp 135-136 °C
(1it.2% mp 135-136 °C); m/z 276 (M"); lH NMR (Acetone-dg)
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§ 9.92 (s, 1H, 5-CHO), 7.93 (d, 1H, J = 3.6 Hz, 4H), 7.30
(4, 1H, T = 3.6 Hz, 3H), 7.49 (d, 1H, T = 3.6 Hz, 3'H), 7.48
(d, 14, T = 3.6 Hz, 4'H), 7.12 (dd, 1H, J = 4.2, 5.4 Hz, '
4"H), 7.50 (dd, 1H, J = <1, 5.4 Hz, 5"H), 7.38 (dd, 1H, J =
<1, 4.2 Hz, 3"H); Found: C, 56.03; H, 2.87; S, 34.7.
C;3HgS40 requires C, 56.50; H, 2.89; S, 34.8.

3.4.19  5=(2-Hydroxvethyl)-2,2':5,2"=Terthienyl)

The lithium salt of e-terthienyl was prepared by
adding, under nitrogen, butyllithium (2.0 M, 2.0 ml, 4.0JEM)
via a syringe and septum to a stirred solution of -
a-terthienyl (1.00 g, 4.0 mM) in anhydrous THF (50 ml)
cooled to —-40 °C in a dry ice bath. After 1 h ofbstirring
‘at -20 °C, excess ethylene oxide was bubbled through the
yellow suspension of the lithium salt for 10 min. The
ion mixture was allowed toygome to RT, stirred for 20 h

ied with 3N HCl.” THF was removed under vacuum and
he residual oil was taken up in diethyl ether. Evaporation
of the dried diethyl ether solution under vacuum left a
green solid (1.1 g). Recrystallization from ethanol and then
hexane gave green crystals (0.50 g, 43% crude yield).
Column chromatography (ethyl acetate/ hexane eluent) was
used to purify a small amount of the <-ethanol def*?atlve :
mp 85-87 °C; IH NMR (CDCl,) & 3.87 (t, 2H, J = 6.0 Hz, 5=
CH,OH), 3.02 (t, 2H, J = 6.0 Hz, 5-CH,~CH,OH), 6.77 }dt, 1H,
J = <1,-3.6 Hz, 4H), 7.05 (d, 1H, J = 3.6 Hz, 3Hl,—6.99 (d,
1H, J = 2.4 Hz, 3'H), 7.00 (d, 1H, J = 2.4 Hz, 4'H), 7.14
(dd, 1H, J = <1, 3.6 Hz, 3"H), 7.00 (44, 1H,E\J = 3.6, 5.2
Hz, 4"H), 7.20 (44, 1H, J = <1, 5.2 Hz, S"H). "
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3.4.11

5-Cyano-a-terthienyl (100 mg, 0.36 mM) was
dissolved in ethanol (15 ml) and added to an acqueous NaOH
solution (10 ml, 6.8 mM, 0.68 M). The reaction mixture was
stirred for 1 h and then heated for 4 h at 70 °*C. At this
time the starting material was not detected by TLC (ethyl
acetate/ hexane 1:5). Dilute acid was added precipitating
the amide (0.97 g). The crude product was purifiis by column
chromatography using silica gel and eluting with hexane/
acetone, increasing the amount of acetone gradually to 100%.
The 5-amide was isolated as a yellow powder (75 mg, 71.6%
yield) with a small quantity of the 5;carboxy derivative,
which was detected by TLC; mp 225 °C shrinking and then _
charring to 240° C; m/s 291 (MY); IR (KBr pellet) 3165,
3390 cm™l (NH, stretching, broad), 1680 cm™! (c=0
stretching, very strong), 1390 em™1 (C-N stretching, very
strong) ; g awr (acetone~d¢) § 7.67 (4, 1H, J = 3.5 Hz,
4H), 7-46 (ad, 1H, J = <1.0, 5.0 Hz, 5"H), 7.32-7.34 (m,
4H),_7.29 (d, 1H, & = 3.5 Hz, 3'H), 7.25 (d, 1H, J = 3.5,
4'H), 7.10 (&4, 1H, J = 3.5, 5.0 Hz, 4"H).

3.4.13 5=-(2,2':5' 2v"-Terthienvl)=Acrvlic Acid

The following procedure was based on the Perkin
reaction which was used to prepare f-piperonylacrylic
acigl>8, A mixture of 5-formyl-e-terthienyl (2.7 g,

0.01 m), malonic acid (2.0 g, 0.019 m) and piperidine

(0.1 ml) in pyridine (20 ml) was heated until there was no
evolution of CO, through a bubble counter on top of the
reflux condenser. This took 2 h. The cold reaction mixture
was then poured into 2N HCl (75 ml). The orange precipitate
was collected on a Buchner funnel and washed copiously with
water. It was digested with dilute sodium hydroxide in
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ethanol (50 ml, 25%). Insoluble material was collected on a
filter and was treated as described later. Acidification of
the yellow filtrate precipitated a red solid (100 mg),

mp 190-191 °C with decompositionTZProbably evoldtion of CO,.

Both the yellow precipitate and the red precipitate gave the
same MS ion m/z 318 (M'). . -f*
The insoluble product was digested with hot dilute
HCl and filtered off, It amounted to 2.0 g and melted at -
230 °C. Recrystallization from glacial acetic acid (200 ml)
resulted in a yellow product melting at 220-225 °C with
decomposition. The yield was 47% (1.5 g) of the E isomer;
m/z 318 (MY); lH NMR (Acetone-dg) § 1.04 (d, 1H, J = 6.0
Hz, CO,H), 6.21 (d, 1H, J = 14 Hz, CH=CH-CO,H), 7.10 (dd,
1H, J = 5.0, 3.0 Hz, 4“H), 7.26 (&, 1H, J = 3.0 Hz), 7.33-
7.35 (m, 3H), 7.43 (4, 1H, J = 3.0 Hz), 7.47 (dd, 1H, J =
1.0, 5.0 Ez, 5"H) 7.77 (dd, 1H, J = <1.0, 14 Hz, CH=CH-
CO,H). The red solid was the Z isomer; 1y R (Acetone-dg)
§ 1.04 (4, 1H, J = 6.0 Hz, CO,H), 7.12 (dd, 1H, J = 3.0, 5.0
Hz, 4"H), 7.31 (4, 1H, J = 3.0 Hz), 7.38 (d4d, 1H, J = 1.0,
3.0 Hz, 3"H), 7-45-7.79 (m, 4H), 7.80 (44, IH, .= 3.0, 1.0

Hz, CH=CH-CO,H), 8.32 (d, 1H, J = <1.0 Hz, CH=CH-CO2H).

3.5 PREPARATION OF PHENYLHEPTATRIYNE AND ACETYLENIC
COMPOUNDS

3.5:i' 1-Bromo-2-bhenvlacetvlene

The brominations of the acetylenic substrates were

done using the hypobromite method first developed by Strauss
et a1.176,

Hypobromite was prepared by adding bromine (1.7
ml, 0.034 m) to agqueous NaOH (5.3 M, 15 ml, 0.079 m) which



was cooled to 5 *C. Nitrogen was intreduced intc the flask
before slowly adding phenylacetylene (2.02 g, 0.02 m)
dissolved fﬁ dimethoxyethane (8 ml). After stirring the
reaction mixture for 5 h at RT, it was extracted with
diethyl ether (6 x 50 ml) and the organic layer dried with
MgSO,. The solvent was then removed under reduced pressure
with the bath temperature not exceeding 30 °*C. Any
remaining solvent was removed using the vacuum pump. An IR
(neat) of the orange oil showed a strong sharp peak at

2200 cm™ %, characteristic of a disubstituted acetylene. The

absence of the monosubstituted acetylene band due to
starting material at 2110 cm™* indicated that the reaction
was esseﬁtially quantitative. GC-MS showed one peak with
m/z 180, 182 (MT).

3.5.2 1,4-Dichloro-2~-Butyne

The procedure follwed was a known procedure from
the literaturel?0.
placed in a three-necked two litre flask fitted with an
additional funnel, thermometer and drying tube leading to a
neutralizing NaOH solution. To this, pyridine (15 ml) was
added and the flask cocled to =35 °C via an acetone/ CO,
bath. Thionyl chloride (380 ml, 5.2 m) was pre-cooled to
—-40 °C and added slowly to the diol over 2 h. After the
addition, the reaction temperature was slowly brought to
0 °C . This took 2 h. At this time the butynediol was
consumed and a brown liquid remained. An ice bath was
employed to slowly bring the reaction from 0 °C to RT. The
reaction was left to stand for 18 h at which time the gases
were sucked out using an aspirator. When most of the gases
had been removed, the temperature was raised to 40 °C for
4 h.' The reaction mixture was distilled yielding a clear

2-Butyne-1,4-diol (172.22 g;\z.o m) was -

~)
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pale yellow liguid (111 ml, S57% yield) bp 60 *C/ 12 nm.

The IR (neat) spectrum contained sharp medium peaks at 2590,
- -2950 cm~! with smaller peaks at 2320, 2690, 2840 cm™ % ,
identical to a commercial sample.
3.5.3 Pentadivne
The preparation of pentadiyne was from a large
scale procedure published by Brandsmal’0, .The apparatus 4

used for this ékﬁerggént was thoroughly dried before
condensing NH, (580 ml) into a one litre three-necked flask.
An acetone/ CO, bath was used throughout. With nitrogen
slowly flowing through the apparatus, commercial NaNH,

{25.5 g, 0.65 m) was added to the NH,. 'Thg temperature of-
the bath was then brought to between ~40 - -50 °C and
dichlorobutyne (20 ml, 0.204 m) was added by syringe over a
2 h period. The reaction was stirred for 15 min 'and any NH,
that evaporated during the addition was replaced. After
stirring another 1S-min, pre-cooled CH,I (12.75 ml, 0.204 m)
was added by syringe over a 25 min period. The reaction
mixture was stirred for 20 min and the temperature of the
bath was brought to -30 °C. Decalin (125 ml) was added and
the reaction mixture poured into a two-litre Erlenmeyer
flask containing crushed ice amrd decalin (50 ml). Using a
separatory funnel the decalin layer was saved and ‘the
agueous layer reextracted with decalin (2 x 100 ml). The
decalin was dried with MgSO, and then distilled without heat
using the vacuum pump (2 mm). The pentadiyne (8 ml, 45%
vield) was collected in an acetone/ CO, trap specifically
constructed to trap veolatile produ;%s. The IR (neat) of the
clear liquid showed a sharp peak at 3300 cm~® which is
characteristic of a terminal acetylene. All of the peaks in
the spectrum were small as the sample volatilized very
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quickly. The decalin contained the same intense peak at
3300 cm™t before distillation. m/z 64 (M') with the
following cracking pattern 64, 63(-H), 62(;H), 61(-H),
60(-H) in decreasing intensity.

Dimethylbutadiyne, a side product from this
reaction was- characterized by GC-MS; m/z 78 (M+) with the
following cracking pattern, 78, 63(~CH5), 51. The IR )
(nujol) showed small sharp pedks at 2040, 2150, and
2210 em™) indicating a disubstituted acetylene.

A small amount of butadiyne was élso detected by
/ .
GC-MS; m/z 50 (M) with the cracking pat%g&n 50, 49(-H),
48 (-H). -

.

3.5.4 1-Phenvlhepta-1.3,5-Triyne

PHT has previously been prepared using this
method, during an examination of the scope of the Cadiot-
Chodkiewicz cross-coupling reactiont®8,

CuCl, (9.9 mg, 0.074 mM) was placed in a three-
necked flask (50 ml) equipped with a dropping funnel,
thermometer and- an inlet for nitroéen. To 'this was added
prbpylamiﬁe (1.7 ml, 20.5 mM) HPLC grade methanocl (5 ml) and
NH,OH"HCl (45.5 mg, 0.65 mM).. The ethynyl compound,
pentadiyne, (1.1 ml, 0.78 g, 12.2 mM) slightly yellow from
polymerization, was then added to the flask immediately
forming a soluble red copper acetylide. 1-Bromo=2-phenyl-
acetylene (1.69 g,'9.4 mM) was solubilized in methanol
.. (5 ml) and added slowly to the xreaction flask. The reaction
was kept at 20 °*C under niﬁrogen and vigorously stirred for
6.5 h. KCN (05 M, 15.5 ml, 7.75 mM).was added to stop the
reaction. The mixture was then extracted with ether (6 x



20 ml) and the solvent removed under reducded pressure
yiéidiﬁg a red-brown oil (3-4 ml). The only spot on TLC
past the baseline (100% pentane rf=0.6) of the reaction
mixture was identical to that of isolated natu;allj\
occurring PHT. The UV spectrum of the reaction mjxture was
also identical to that of the natural compound with .
absorbances at 332, 312, 292, 274, 250, 240 and 223 nm.
Flash column chromatography eluting with Betroleum ether at
6 lbs pressure yielded PHT in the first fraction as a color-
less oil (1.3 g, 84% yield). The IR (methylene chloride .
solution) showed sharp intense peaks at 2300, 2980, and 3040
=1, with a less intense peak at 2220 cm™*. m/z 164 M*y .
PHT was stored as an ether solution to reduce polymerization.

cm

3.5.5 Bromopropiolic Acid e -

Propiolic acid (2.01 g, 28.8 mM) was treated with
cold aqueocus NaOH (1.8 M, 16 ml, 28.8—£ﬁ) to prepére the
salt. Hypobromite was prepared from aqueous NaOH (4.3 M, 20
ml, 86.0 m M) and bromine (1.54 ml, 30 mM) and cooled to
0 °C. The hypobromite was added to the salt with cooling
and vigorous stirring. The temperature rose to 15 °*C. The
mixture was stirred for 3 h under nitrogen. The clear
vellow liquid was then acidified to ph=2 with cold H,S0,
(40%). The reaction mixture was then continuously extracted
with methylene chloride for 16.5 h. The evaporation of the
methylene chloride yielded crude bromopropiolic acid as pale
yellow crystals (1.51 g, 35:4% yield); mp 79-85 °*C (1lit.176
mp 84-86 'C); m/z 104, 106 (-CO,) as the base peak with the
next prominent peaks 148, 150 (M+) and 131, 133 (-0OH).

When ether was used as the extractant, the acid was isolated
as an oil. The IR (neat) showed a strong sharp
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peak at 2200 cm™1 characteristic of a disubstituted
acetylene.

3.5.6 l—ﬁxomopenta-;,g-dixne

. Hypobromite was prepared by adding bromine (3.63

ml, 0.071 m) to an aqueéus NaOH solution (8.0M, 20.0 ml,

0.16 m). The reaction was done under a nitrogen atmosphere,

at 20 °C with vigorous séirring. Pentadiyne (2.5 ml, 0.029

m) was then added to the hypobromité via a syringe. The

reaction was stirred for 30 min before extraction with

petroleum ether (5 x 25 ml). TLC (100% hexane) showed one

spot rf=0.6. The~petroleum ether was dried over MgS0O4 and -
removed under reduced pressure. The product was a yellow
orange oil (3.13 g, 76% yield). In the IR (neat) spectrun,
two intense peaks at 2140 and 2240 cm™ ! with a smaller peak
at 2040 cm™1 characterized the proaﬁgztﬂhm/z 63 (-Br) was
the base peak with the parent ion being the next prominent
peaks at m/z 142, 144.

When the same reaction was stirred for 9 h, the
mixture was a dark brown color and another compound,
1,4-dibromobutadiyne, was detected by GC-MS aﬁd IR. m/z
206, 208, 210 (M+). The IR showed an additional peak in the
acetylene region at 2120 cm™t.,

3.5.7 1-(2=-Thienvl)-Penta-1,3-divne

_Coupling of acetylene derivatives to thienyl
magnesium bromide was performed using the Kumadal03,104
cross-coupling procedure. 2-Thienyl magnesium bromide was
prepared from 2-bromothiophene (3.7 g,0.023 m) and magnesium
(0.55 g,0.023 m) in anhydrous ether (2o'm1). The Grignard
reagent was added to l-bromopenta-l,3-diyne (2.4 g, 0.017 m)



.

~
in eﬁher (10 ml) an Ni[dppp]Cl2 (trace) under a.nitrogeh
atmosphere with vigogpous stirring. The reaction was
immediate and withinla few minutes the solution was dark
brown. TLC (100% hexpne) after 1 h and 24 h showed three
new products which webre distinguished by their color after '
spraying with H,SO,. They were located at §f= 0.4-0.5 as an
elongated spot. After hydrolysing with 2N HCl and
extracting with ether, a dark brown oil (2.20 g) was
isolated.

The reaction mixture was’flash‘chromatographed on
silica gel with petroleum ether (100%) as the eluant. The
mixture was very complex with 7 different products. By MS,
some of these products were identified as the homo~coupled
Grignard reagent, bithienyl m/z 166 (MT) and hoﬁo-coupled
pentadiyne, deca-(2,4,6,8)-tetryne m/z 126 (M+). Some of
the desired product was isolated by column chromatography
(flash silica gel eluted with petroleum éther) as a yellow
oil (410 mg, 29% yield) and identified as 1-(2-thienyl)~
pentadiyne. m/z 146 (M+). The IR showed two large sharp
peaks at 2150 and 2240 cm™ %, a feature which is
characteristic of umsymmetrical disubstituted acetylenes.
iy NMR (CDCl,) & 6.98 (dd, 1H, J = 3.6, 5.6 Hz, 4H), 7.26

v
-—

(dd, 1H, J = 1.0, 5.6 Hz, 5H), 7.28 (dd, 1H, J = 1.0, 3.6
Hz, 3H), 2.02 (s, 3H, 2-CH,). '

3.5.8 2-L2-Thienv1)Qi—Phenvlacetvlene -

103,104 yas also used in the

The Kumada procedure
following reaction. The Grignard reagent was formed from
2-bromothiophene YZ.S ml, 0.025'm) and magnesium (0.6 g,
0.025 m) in anhydrous diethyl ether (20 ml). It was then
added to l-bromophenylacetylene (2.0 g, 0.011 m) and nickel

catalyst (trace) in ether (30 ml). The mixture stirred
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21 h befqre work-up with 3N HCl. After extraction and
‘solvent removal, a dark bsown'oil (3.26 g) &as obtained. -
GC-MS showed the major product to be the unsymmetrical
coupled product, 2-(2-thiehyl)-phenylacetylene with
bithienyl as a significant impurity.

*-Column chromatography was carried out on part of
the o0il (500 mg) using alumina (actiﬂity 1) with petroleum
ether as eluant. Yellowish crystals (0.054 g) were isolated
that by MS showed the product m/z 184 (M+ -100%) and an
impurity h/z 202 which was 1,4-diphenylbutadiyne; mp 48-49
*c (1it.1%% mp s50-51); H NMR (DMSO-d¢) § 7.12 (dd, 1H, J =
5.0, 3.5 Hz), 7.40- 7.43 (m, 4H), 7.51-7.55 (m, 2H), 7.68

(ad, 1H, J = <1.0, 5.0 Kz). .
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PHOTOCEEMISTRY OF a-TERTHIENYL AND RELATED COMPOUNDS e

4.1 INTRODUCTION

The potent toxicity of «-T to a broéd'range of
organisms (see section 1l.4.4) including insects and
microorganisms has been shown to be due to a photodynamic
mechanism involving singlet oxygen4°'47. PHT, a closely
related compound is thought to effect its toxicity by a dual
mechanism involving both 51nglet\oxygen production and a
radical based pathway “These compounds are natural n
photosensitizers found in the plgﬁt family Asteraceae where
they may be used to exploit the env1ronment for defence
purposes. Molecular oxygen, a ngund -state triplet, is
easily sensitized by a compound with a higher energy trlplét
to form singlet oxygen, (23 kcal relative to the ground
statelgl), a ﬁighly reactive species which when formed in a
biological system causes oxidative damage which leads to
cell death. '

The long-lived triplet states of a~T192 ang pHT17S
have been examined and fully characterized since the
production of singlet oxygen occurs by energy transfer via
these excited state species. By elucidating the
photophysical pfocesses, it may be possible to predict
whether a sﬁécifio»derivative or analogue will enhance or
~ decrease phototoxicity. The photochemical data, when
combined with other physical properties and biological
activities, may also provide information that can be used. to
design the structure of a more efficient phototoxin.

s

The relatlonshlp between biological activity and - -
photochem:.cal58 193 or physical propertles such as chemical

Q
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140-142 oy 1ipophilicity®® have been studied. A

positive correlation between lipophilicity, measured as

structure

. ,octanol-water partition coefficients, and toxicity was
ﬁ&eported for a set of thiophenic derivatives. The
photochemical studies related the relative amount of singlet
oxygen produced by a number of compounds including e-T and

PHT, to biological toxicity. In one of these studieslg3, \\\

both a-T and PHT were almost twice as efficient at
photosensitizing adamantylidene adanantane as the reference
compound, methylene blue. While these results are useful
within the set of compounds studied, comparisons with other
studies are difficult since the quantum yield of singlet
oxygen was not determined.

The efficiency of these compounds as -sensitizers
~is a-fundamental factor in their toxicity, and it was
considered crucial to find the gquantum yields of singlet
oxygen generation. The trends from the analysis of these

results with mortality datK/BQEained for mosquito larvae and

the cornborer will also be discussed. Partition
coefficients for the set of coﬁpounds studied were obtained
for an octénol—water systen, and will be used to assess
polarity differences.

A laser flash photolysis method developed by
gsgahtopadhyay et al. was used to deterpine the efficiency of
singlet oxygen generation of the sengiiizerslg4. This
od measure%Sthe depletion of DPBF (1,3-diphenyl-
isobenzofuran), due to irreversible reactiog with the
singlet oxygen produced. DPBF reacts with singlet oxygen by
initially forming an endoperoxide (Scheme 28) which has been
isolated at low temperatureslgs. It then decomposes by a
mechanism which is not well established to the diphenyl
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ketone. One suggested'pathway involves an intermediate
carbonyl oxide which.forms a dimer with DPBF and rearranges
to give the diphenyl ketonel®5,196,

-~
Ph Ph Ph
3. O /e s
cs, L
Ph P (A
a5 46
Ph Ph o
OLPh
43 —— + - —_—
J \a s — 4__6
. P . Laniil
Py- Ph P h
Scheme 28.

The equation (Egn 1) derived by Chattopadhyay et
al., which relates the quantum yield of singlet oxygen to
the photoprocesses involved, requires that the triplet
states of the sensitizers be fully characterized. This
equation, which will be described in detail elsewhere
(section 4.2.4) includes the triplet lifetime value of the
sensitizers as well as their rate of quenching with '
molecular oxygen. The sensitizers are shown with the
acronym used for this work in Scheme 29. The triplet states
of a-T192'197, DTBlgz, and DBre-T127 have already been
studied using laser flash spectroscopy, however few or no phdtolyﬁ,//’

chemical data were available for the other sensitizers.
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For this reason, the triplet states of ‘the compounds we
studied will be described first.

4.2 RESULTS AND DISCUSSION

On excitation with a pulse from a nitrogen laser
(337.1 nm), o-T and its derivatives form very short-lived
singlet states. The singlet lifetime for a-T and the 5-iodo
~or 5,5"-diiodo derivatives, was reported by Evans et al.192
as <1 ns. The singlet lifetime of the analogue DTB,
reported by the same workers, is 6.0 # 0.2 ns. The singlet
undergoes rapid intersystenm crossing to the triplet excited
state, the specieé responsible for.sensitizing molecular
oxygen;

4.2.1 Transient Spectroscopy

Nitrogen saturated samples of ¢-T, derivatives and
analogues produced strong transient signals after laser
excitation (337.1 nm). These transients were identified as
the triplet excited states, based on the long lifetimes,
quenching studies and photochemical resultsl92,197
previously obtained for oa-T and some closely related
derivatives. Figure 2 shows the triplet decay for Ma-T
(0.38 nM, CH;O0H solvent) at full laser power. The first
order kinetic fit for the decay had a correlation
coefficient of 0.9955. Generally the triplet decay for the
sensitizers showed mostly first order kinetics although at
higher laser doses and for concentrated samples, second
order contributions were sometimes observed. This may be
due to triplet~triplet annihilation, a process represented
by the following ecquation:

3¢-7 + 3@-T > lg-7 + Oprp
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Figure 2. Trace recorded at 460 nm following 337 mm
excitation of a 0.38 mM solution of Me-T in methanol at full

laser power.
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Figure 4. Triplet-triplet absorption spectra of CNe-T (A),
INP (B) and BTP (C) in methanol under a nitrogen atmosphere.
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Figure 5. Triplet-triplet absorption spectrum of PYT in
methanol under a nitrogen atmosphere.
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Figure 6. Time dependent triplet-triplet spectra of DBra-T
in methancl under a nitrogen atmosphere. Window A shows the
spectrum immediately after laser excitation. The time after

excitation (337.1 nm) is progressively 1onger for the other
windows, with window D being about 20 ps.
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Figure 7. Variation in triplet decay rate as a function of
laser dose (as represented by the maximum observed triplet
optical density, termed the Top OD) for DBra~T (0.084 mM) in

CDCl,. The sample was monitored at 460 nm and was under a
nitrogen atmosphere. - '
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The triplet-triplet absorption spectra (Figures 3-
6) recorded for the sensitizers were obtained using pulses
from either a nitrogen (337.1 nn) or excimer (308 nm) laser.
The absorption spectrum of the triplet transient is recorded
over a serieg of wavelengths and at different time delays

Table 9. Triplet- Triplet Absorption Characteristics of e-T,

Derivatives and Analogues. <ff\

Substrate(2) | Apax (¢, nm Aisopestic'S) s mm
g~ (d) 450 ' 338

Ma-T 461 -

CNa-T 493 415
_ pBra-T(P) 500,590 410

Bra-T 465 -

prp (<) 390,610 360

BTP 467 . 355

PYT 380,550 . -

ONP 474 310

TNP 408 -

(2) in methanol
(b) in CDCl,

(¢) 2 nm

(d) Reference 192.

———

after laser excitation. The point in the triplet-triplet
spectrum where the change in optical density (0OD) between
the excited state and the ground state is equal to zero is
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called the isobestic point. The triplet-triplet maxima-of,
the sensitizers and the isobestic points are listed in Tabi%\

9.

The time dependent triplet-triplet spectré of the
sensitizers indicated that the excited triplets represented
one transient species, that is, only one transient
absorption spectrum was seen from 0 to 20 gs after the laser
pulse. The only exception was DBra-T which showed at least
two different transients (Figure 6). The triplet maximum
for compounds containing an intact «=-T chromophore diffgr
very 1ittle with the maxima located between 450-465 nm. The
CNa-T compound ‘containing a substituent which extends the
conjugation of the chromophore has a tripiet maximum
occurring at a longer wavelength (493 nm). Of the
analogues, in terms of both structure and‘triplet—triplet
maximum, BTP contains the closest chromophore to that of
a-T. For PYT and DTB, two bands are observed in the
ftriplet-triplet spectrum, both due to the same transient.

In our' experiments with DBro-T it was discovered
that there was a spectral dependence on laser dose. At -
least two transient species were being formed -tFigure 6),
one at 500 nm and another longer-lived species at 590 nm.
This latter species can be observed at 100 gs and slightly
at 300 gs. Initially, it ggs suspected that the brominated
derivative of a-T was liberating\hélogen as was previously
reportedl98 for the iudinated derivatives!®2. The iodine
produced by cleavage of the C-I bond in 5,S5"-diiodo-a-T
after laser excitation, had been detected by forming an
iodine/benzene complex which has an absorption maximum of
490 nm. On addition of benzene to a sample of DBra-T, the
Br/benzene complex eépected to be observed at 540 nm?91 was
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not formed. The sample DBra-T, colorless and élear before
laser experiments, was of a tan color afterwards, perhaps
indicating the presence of Br, in solution. The power

dependence plot for DBre-T is shown in Figure 7. The non-
linearity of the plot could indicate two-photon processes.

4.2M  Triplet Lifetimes.

The triplet lifetimes were detefmined by laser
flash photelysis wnd attenuating the laser dose with neutral
density filters (in the 15% to 100% range). The lifetimes
at "zero" laser dose were obtained through extrapolation.
This procedﬁre was followed to eliminate triplet-triplet
annihilation contributions as well as two-photon processes.
The rate data may incorporate some contribution from self-
quenching, which could be eliminated by extrapolation to
zero concentration. However, it was preferred to determine
the lifetimes under conditions similar to those used for the
singlet oxygeh experiments. The rate of self quenching192
for e-T in methanol was reported to be ksq= 5 x 102 N~ 51
and can be described by the following equation:

a-T* + -7

> 20-T

The triplet lifetimes of the substrates were cobtained in
methanol or CDCl;, at the concentrations used in the singlet
oxygen studies.

Figure 8 illustrates the plots obtained for
triplet decay rate versus laser dose for ONP and TNP. The
laser dose was represehted by the Top OD, ®hich is the
maximum triplet optical density monitored at the triplet-
triplet absorption maximum of the compound for a particular
laser intensity. The intensity was altered by changing the
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'Figure 8. Variation in triplet decay rate as a function of
laser dose (as represented by the maximum observed triplet
optical density, termed the Top OD) in methanol under a

nitrogen atmosphere for ONP (A) and TNP (B).

monitored at 470 rm and TNP at 41( nm.
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neutral density filter. This value was determined before
significant triplet decay took place. The triplet lifetime
is the reciprocal of the intercept obtained from the plot

(r = l/ko).

Table 10. Triplet Lifetime Data for the Substates Examined.

Substrate Amax; nm T BS [substrate], mM Solvent
e-1(2) 450 30 (0) methanol
a=T(P) 460 & 57 (low) ethanol
a-T 450 19 0.24 . . cDCl,
Ma-T 461 12 0.38 methanol
CNa-T . 493 13 0.01 methanel
CNe-T 493 @ —= 8.5 " 0.39 methanol
DBra-T 460 22 (¢) ethanol
DBra-T a60(d) 13 0.084 cDCl,
Bra-T 465 T 11.s 0.35 methanol
pre(3) - 390 31 (0) ‘methanol
BTP 467 20 0.41 methanol
BTP 467 24 0.19 el
PYT 550 23.3 __ _0.01 methanol
ONP 474 39 0.097 - methanol
TNP 408 “~ 33 0.052 - methanol

(a) Reference 192, extrapolated to zero laser dose
and zero concentration.

(b) Reference 197. l

(c) At OD<1 at the laser wavelength.

(d) Lifetime value measured at the Anayx reported in
Reference 197.
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The triplet lifetimes of.the compounds and the
values reported by other investigators are shown in Table
10. The triplet lifetimes for the sensitizers examined were
concentration dependent, having shorter lifetimes at higher
concentrations. They were all long lived triplets and thelr
lifetimes ranged between 8.0 and 40.0 us.

4.2.3 Oxvgen Ouenching Studies

Quenching experiments wgth oxygen were carried out
for all of the analogues and most of the derivatives. The
ground state triplet of molecular oxygen can gquench )
sensitizers with excitation energlies as low as 23 kcal/mole
to produce singlet oxygen. '

The rate constant- for oxygen guenching (qu can be
obtained by plotting the rate constant for triplet decay
(kexp) as a function of quencher concentration ([Q])., oxygen

in this case, i.e.,
ke){p = ko + kq[Q] -

where k_ is the constant for triplet decay in the absence of

Q
_1) _

quencher, (kg = T The cconcentration of oxygen was

-changed by purging the sample with different N,-0O, mixtures.
The kq values obtained for the samples are
.reported in Table.ll. The sclubility of oxygen in
J)%ethanol?gg was taken as 1.02 x 107¢ M {under 1 atm partial
pressure). A spin statistical treatment of triplet
guenching by oxygen suggests that 1/9 of the encounters
between the sensitizer and oxygen can lead to energy

transfer200

Oxygen gquenching for most of the sensitizers
was very rapid and of the order 1/9 the diffusion controlled

rate, suggesting that energy transfer was the major

- 114 -



mechanism for quenching the triplet excited state.

Diffusion controlled energy transfer occurs at a rate of

1.8 x 102% M1 57! in methanol. CNe-T is quenched at a
faster rate than the other sensitizers however, the error
associated with this value is particularly high. The errors
in this experiment are largely due to the preparation of the
N,-0, mixtures. |

Table 11. Rate Constants Obtained for Oxygen Qggpching.

Sensitizer(2) kq'x 1072 (©) Apop DM (d)
ML 573y
PYT 2.7 t 0.3 390
BTP 3.3 ¢ 465
CNa-T 6.9 t 2.0 500
ONP 4.3 0.7 . 475
TNP 3.6 t 410
a-T (P) .3 % 0.2 450
pra(P) 1.5 + O. 385

(a) in CH40H
(b) From reference 1s2.
(¢} errors as t2¢
=
(d) llaser = 337.1 nmn

Lack of sufficient material did not permit this
experiment for the methylated or brominated derivatives of
«-T. The rate constants for oxygen quenching of the mono-
‘and diiodinated derivativesl92 have values similar to that

f
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of a=T- It is likely that the tripleE\EQates from the other
derivatives are also efficiently quenche% by oxygen.

4.2.4 ntroduction: n _Quantum vields

The method of Chattopadhyay et al.1%% yas used to
determine the singlet oxygen quantum yields of e-T and
related compounds using 1,3;diphenylisobenzofuran (DPBF) as
the singlet oxygen monitor. Laser excitation (337.1 nm) of
the sensiﬁizbr (8), a=T for example, produces a short-lived
singlet ( <1.0 ns )192 which undergoes intersystem crossing
to a low-lying triplet state. The sensitizer triplet can
\T<;fhen be quenched by ground state molecular oxygen as

1 \discussed above, to produce singlet oxygen. Other processes

| __may compete to decrease the efficiency. of the oxygen

quenching reaction, such as fluorescence from the singlet,
or decay of the triplet to the ground state. The singlet
oxygen produced can decay to the ground state or be quenched
by DPBF. The latter procesé leads to irreversible dépletion
of DPBF.

1g > 1g*

3g* > 1s Tep
3g* + 3o2 > lg 4 lo2 kg
3s* + 3o, > s+ 3o, kg

i 3
\ 0, > 20, 7o
102 + DPBF > products ky

" Scheme 30.

Monitoring the depletion of DéBF in solution
provides a method of measuring the amount of singlet oxygen
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produced by the sensitizer (S). This method assumes that
DBPF -is not a physical quencher i.e. by collisional
processes, of singlet oxygen. The processes associated with\

this experiment and the symbols .used to describe them are
" summarized in Scheme 30.

‘ kTq is the sum of kg and k; and k?obs is thg
pseudo first order rate constant for bleaching of DPBF.
To L and 7,71 are the invepge of the triplet lifetime of the
sensitizer and singlet oxy respectively. The following
equation based on these photochemical processes was derived
by-Chattopadhyay et al. to relate the experimental data to
singlet oxygen quantum yield.

on

z

A -
-A(ODY ., ef{z kTq[3oz] + To ! k;’bs
&y = ?%sc - -
A A . 3
A(ODYs' " eppgp KTl 02 Kobs 75"

A(OD) signifies the changes in optical density at
Al' the wavelength where the DPBF was monitored and Az, the
wavelength where the benzophenone triplets were monitored.
A, for DPBF was 440 nm, where it absorbs strongly in the
ground state}®%, The actinoneter, benzophenone was
monitored at its triplet-triplet absorption maximum,zo1 g
525 nm. The extinction coefficient for benzophenone (eAf is
7640 ML cm™l at 525 nm and the reported202 quantum yield
for formation of the triplet (2;gc) is 1.0. The molar
extinction coefficient for DPBF was 10,780 M™% em™1 at
440 nm. The symbol #, represents the guantum yieldlof
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sing;ét oxygen generation under_conditions where all
tripléts are quenched by oxygen and where every singlet
oxygenJEolecule decays by reaction with DPBF.

The solvent used for the experiments was CDCl4, in
which-singlet oxygen has a lifetime of 300 ps?l. This long
lifetime allowed simplification of the last term of equation
1 to unity as the values of k. were around 6 X 10° s™1,
The last term of the equation was also unity as the value of
kq[302] >>> Tp L (for a-T kq[302] =3 x10% ¥ s7L). with
these modifications and using the intersyster crossing
quantum yield of benzophenone as 1.0202, the equation used

under our experimental conditions was:

L
-A(qp)_m1 »
3 = )
A
A
AOD)3  epbay

4.2.5 Singlét Oxygen Quantum Yields

As well as using the simplified equation (Egn 2),
several modifications were implemented to improve the
procedure. Chattopadhyay et al. reported that DPBF absorbed
a significant portion of the laser photons (337.1 nm)194.
Besides having DPBF absorb some of the photons rather than
the sensitizer, this also made it possible that direct
excitation of the furan could contribute to the observed
bleaching. This problem was alleviated by performing laser o
flash experiments with a blank containing the same amount of
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DPBF in the absence of sensitizer. The appropriate
correction was then calculated taking into account the
fraction of light absorbed by DPBF is different when the
sensitizer is present. This type of correction does not
account for the conditions of laser photolysis experiments,
in which the volume irradiated (and therefore. the overlap
between excitation and monitoring beams) is a function of
the optical density of the solution. This is especially
true for the conditions employed in this study with
relatively high concentrations of YDPBF.

The blank used in our experiments contained DPBF
in the same concentration as used in the sensitizer sample,
and o-hydroxybenzophenone (OHBP). OHBP is photostable, ‘its
phofochemistry well characterized and involving rapid and’
reversible proton transfer?03. OHBP is added in order to
optically match the blank with that of the sample containing
the sensitizer and DPBF. In other words, the absorption of
OHBP effectively substitutes for the thiophenic compound.
In this way the correction used in our study was a direct
value and not a _calculated one such as that used by
Chattopadhyay eé'al.. -

-

A flow system was used in order to aveid DPBF
depletion which was clearly evident when Jéing’static
samples of small optical path lengths. The optical path
length of the flow-through cell was 0.03 c¢m, which optimized
the overlap between the excitation and the monitoring beam.
This optical path iength allowed for a sufficient amount of
DPBF to be used for bleaching experiments while keeping the
solutions transparent at the monitoring wavelength.

DPBF has a triplet energyl®l of~34 kcal mol“l and
sc may quench the triplet of the sensitizer in competition

5
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with molecular oxygen. This process would yield DPBF
triplets which could then be quenched by molecular oxygen to
generate singlet oxygen, causing an error to occur in the
final quantum yield measurement. This type of error wdudld
be unlikely to occur under the conditions used for the
bleaching experiments, with the concentration of oxygen2°4
in the solutions approximately 1.16 x 1072 M as compared to
that of DPBF which was used at concentrations < 1.0 mM.

With suéh low concentrations of DPBF, oxygen would be
expected to quench at least 950% of the substrate triplets.

»

This method assumes that singlet oxygen is not
reacting with the ground state of the sensitizers.
Oxidation of alkyl and phenyl substituted thiophenes with
photochemically generated singlet oxygen has been

reportedzo5

via the endoperoxide affording 2-buten-1,4-
diones. Information regarding the reaction of =T
derivatives and analogues with singlet oxygen is currently
not available. The pseudo first order rate constant (ky)
for the reaction of singlet oxygen with DPBF was measured
under the experimental conditions (CDCl,, oxygen saturation)
and determined to be 4 x 10% M™1 571, This rate constant is
similar to previously reported values<?96. Considering this
fast rate constant and the concentrations of DPBF and
sensitizer, reactions between singlet oxygen and the ground

state sensitizer are unlikely to occur.

In order to show that this was the case,
experiments were performed using twice (1.62 mM) and half
(0.4 mM} the concentration of DPBF, with a-T as the
sensitizer. If a portion of the singlet oxygen generated
was being depleted by reaction with the substrate, it was
expected that the dilute system would give a higher quantum

.~
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yield of singlet 6xygen. The differences between the two
values was less than 10% with the dilute systefi\having the
iower—&ﬁantum yield,: contrary to expectations)f}wthis type
of error was occurring. These experiments showed that DPBF
was the only important scavenger of singlet oxygen under our
' conditions.

v

The data from a complete laser experiment are
shown in Figure 9 with ¢-T as the sensitizer. The bleaching
of DPBF for the blank containing OHBP (B) and for the sample
with DPBF and o-T were monitored at 440 nm. The insert in
this same figure shows the triplet décay of the actinometer, -
benzophenone, at its triplet maximum (525 nm) for a solution
of matched optical density (OD5y35 = 1.16 for an optical path
length of 0.03 cm) with the previous two samples in the. .
figure. The three decay traces shown were obtained-at full
“laser power.

The data for each sample were extrapolated to
"zero laser dose" and usually involved at least ten
experiments per sample. The plots of signal intensity
(bleaching or absorption) vs. laser dose are shown in Figure
10 for the sensitizer sample, the DPBF blank and the
actinometer. The reasons for non-linearity in plots of this
type are numerous, but commonly are due to partial depletion.
of one of the reagents, possibly DPBF in our case, or
competition of a reaction intermediate for the absorption of
the exciting beamn.

The v&iues used in equation 2 were not the
measured A(OD) but the slopes at the origin of the power
dependence plots as in Fiqure 10 for exampleQA-a-T was
included as a separate experiment each time samples were
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0 10 20 30
Time, us

Figure 9. Bleaching observed at 400 nm for 1.64 mM o¢-T and
0.85 mM DPBF (trace A) and for the same concentration of
DPBF in the presence of sufficient OHBP to match the optical
absorption with sample A (trace B). 'I?he insert shows a
benzophenone trace monitored at 525 nm (OD337—1 16 for an.
optical path length of 0.03 cm).
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Mutiple regression plots of the changes in

transient optical density as a function of the relative
laser dose for 11.8 mM ONP and 0.82 mM DPBF (A), the
DPBF/OHBP standard (B) and the corresponding benzophencne

actinometer(cC).
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tested, providing an indication of the reliability of the

method from day to day on the laser facility.

As well, the

singlet oxygen generating efficiency for acridine and
benzophencne was determined under the same experimental

conditions employed for the sensitizers.

The quantum yield

obtained for acridine was .0.95 and is in agreement with .

previously determined values

207,208

indicating the high

efficiency of this compound in generating singlet oxygen.

Table 12, Singlet Oxygen Generating Efficiencies in CDCl, at

Room Temperature.

Substrate €, [substrate] ,mM
acridine 0.95 1.74
benzophenone 0.55 306
a-T 0.86 1.6
Mo-T 0.93 0.53
CNe—-T 0.86 0.6l
DBra-T 0.69 1.8
Bre-T 0.70 1.7
BTP 0.69 0.083
DTB 0.75 9.9
PYT 0.53 5.6
ONP 0.76 15.6
TNP . 0.63 11.7

Previous quantum yield values obtained for benzophenone
range betW%een 0.12 to 0.9020% yith the current "best" value

&
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~of 0.29 obtained in benzene. With no agreement in the

literature, the quantum yield of 0.55 obtained using the
present method does support the modest efficiency of
benzophenone as a sensitizer.

The singlet oxygen quantum yields determined for

. @-T derivatives and analogues are summarized in Table 12.
The error in these values is probably +0.15, although

statistical analysis suggests smaller errors. The relative
errors are probably #0.10. These results varxy by less Ehan
a factor of two from the highest to the lowest quantum
yield, indicatinyg that all the sensitizers were efficient
generators of singlet oxygen.

In a similar study by Reyftmann et al.197, the
quantum yield of DPBF bleaching was determined for a few
substrates including o¢-T and DBre-T. Intersystem crossing
quantum yield values of 0.20 and 0.35, respectively, were
also obtained for the same substrates. This is in conflict
with the singlet oxygen generating efficiency of these -
substrates which we have measured as 0.86 and 0.69. The
intersysfem crossing quantum yield should be equal to or
higher than the cquantum yield of singlet oxygen formation.

Faced with a large discrepancy in results, other
types of mechanisms were examined that could account for a

_high quantum yield of singlet oxygen-generation and a low

intersystem crossing quantum yield. These results could be
explained either by considering additional triplet formation
or singlet oxygen generation from another process.

‘Additional triplet could be formed by oxygen-catalysed

/r
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) RV il ,
intersysten crossing210 from the singlet excited state as
shown below.

1 3 —_— 3,. 3

a=-T + 05 > a ? + O,

Also, singlet oxygen could arise from direct quenching of
the excited singlet state of the sensitizer with oxygenlgl. ;

7~ In order to test these possibilities

fluorescence quenching experiment was performe

CDCl,. The solution was excited at 352 nm and mo
426 nm. Saturation of this solution with oxygen re lted in
less than a 5% decrease in the luminescence 1ntens;ty\mna
comparison to a sample purged with nitrogen. Thus, the
excited singlet state of a~T is not quenched by oxygen under
these conditions and tbe s;nglet oxygen that is generated by
the sensitizer must arlse via the excited triplet state. It
also follows that for these substrates, +the intersystem
crossing cuantum yield is the same for an o;}gen or nitrogen
saturated solution. The intersysterd“crossinl cquantum yields
reported by Reyftmann et al. must be reviewed at least for
the substrates in common with this work and perhaps the
methodolgy for obtaining #hese results improved.

4.3 STRUCTURE~-FUNCTION RELATIONSHIPS

"

4.3.1 Relationship Between Chemical Structure and
Biological Activit

Studies of structure-function relationships of
biologically active molecules are undertaken to probe many
aspects which contribute to activity, including the featurés
of the chemical structure that are necessary for a compound
to be active. Structure-function relationships may provide
the informgtion necessary to successfully alter the

3
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structure of a molecule, making a more active compound or
ohe with desirable characteristics such as stability.

Synthesis of various closely related derivatives
and analogues of pyrethrin, and examination of how the
chemical structure affects biological activity has been
successful in developing new, potent pyrethroid
1nsect1c1deszl1 This was the approach lnltlally used for
ﬁinvestlgatlng the naturally occurring photctoxln a-T and a

series of synthetic analogues and derivatives.

The lead compound of this study o-T, was altered
chemically by substitution in either the C-5 or C-5 and C-5"

~ positions by bromine, iodine, methyl or nitrile. The effect
‘of methylation at the C-3'and C-4' positioﬁs in the center
rlng was also examlned. A series of analogues were prepared
by replacing the center thlophene ring with either a phenyl
or a pyridine ring. The thienyl-naphthalene compounds
represent the most structurally different analogues that
were prepared and tested. '

The biclogical tests were carried out in the
laboratory of Dr J.T. Arnason at the University of Ottawa.
The person(s) involved in a specific biological test will be
mentionéd in the text.

The series of compounds descrlbed above were
tested agalnSt mosquito larvae (Aedes atropalpus) and their
IC55 (lethal concentration for 50% mortality) values
determined (Table 13). These tests were carried out by
Cornelius Berg and France Duval. The mosquito larvae were
treated with 4 h near-UV irradiation from a bank of 4

B
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Table 13. The LCg, Values for a Series of Compounds Against
" Mosquito Larvae (A. atropalpus) After Treatment
With Near-UVv.

Compound ) LC5q (ppm)
Ma-T | 0.0153
a-T 0.0275
“ CNa=T 0.0258
ONP ‘ 0.3296 _
DTB 0.060
Bra-T ' 0.436
BTP . _ (b)
DBra-T ) 1.7
TNP 0.1829 /
pyT(2) ' , 0.261
Te-T(3) - .30.7 :
DIe-T(2) >1.0
37,4 'Ma-7(2) . 0.164

4

(a) Previously published, reference 212.
(b) See text. '

TN NN /NN N

3',4'"Ma-T

Scheme 31.
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blacklight blue tubes (4 W]mz) immediately folléwing
addition of the test compound, then held in the dark for a
further 20 h. No mortality was seen in the controls. The

‘ acronyms and the structures of the last three compounds not.

previously shown are in Scheme 31.

The biological activity of the test compounds
varies widely, even among the closest structurally related
derivatives. The most potenﬁ larvicide was Ma-T followed
closely by CNe-T and ¢-T. With the present small sample of
derivatives tested thusvfar, the influence of an electron
donating group or withdrawing group in the C-5 position
remains unclear} particularly since the two most potent
larvicides in this study represent a derivative from each of
the two categories. Natural selection may account for the
excellent activity of «~T and Me-T both naturally occurring
compounds. ’

The larvicidal activity of 3',4'Me~T was an order
of magnitude less than that of «-T. In the halogenated
series of derivatives, the brominated derivatives were more
toxic than the iodoinated derivatives while in both Tases
the monosubstituted derivatives were superior to the
disubstituted derivatives. The most toxic of this series,
Bra-T, was 16 times less active than o-T.

The phenyl analogues BTP and DTP were both very
active and showed significant toxicity in the absence of UV
light, perhaps indicating an alternative non-photo-
sensitizing mechanism. DTB was equally toxic in the
presence or absence of light. BTP showed no toxicity toward
the larvae within the 24 h for the LCg, tests at all
concentrations. However, 48 h after the end of the test
period 100% mortality was observed at all concentrations.
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The naphthalene analogs and the pyridine analogue PYT, were
active and all around 10, times less toxic than ¢-T.

To summarize the results above, the best
larvicides rétained the terthienyl skeleton and were mono-
substituted rather than disubstituted. Methylation in the
C-5 position was more favorable than in the C-3' and
C-4' position. All of the analogues were active and showed
toxicity in the dark but were less toxic than o-T under the
test conditions.

Similar results were repcrted by Uhlenbroek
et al.149 for a series of bithienyl and terthienyl compounds
which were tested for nematicidal activity against
Heterodera rostochiensis. -All of the compounds with high
activity in this study could be considered derivatives of
2,2'-bithienyl. The negessity of the intact bithienyl unit
was illustrated by comparing the biological results for BTP
(as named in our study) and 5-pheny1—2,2'-bithienyi. The
latter compound was highly active while the former was
considered inactive. Nematicidal activity was enhanced by
methylating 2,2'-bithienyl or a«-T at C-5 while methyl in
other positions reduced activity. Mono substitution in the
Cc-5 position produced a more active derivative than '
disubstitution in the C-5 and C-5" position of a-T or the
C-5 and c-5' pos;tion of 2,2'-bithienyl.

While the results of Uhlenbroek et al. are in good
agreement with our findings for mosquito larvae, some
differences in the two studies must be raised. The
biological activity was determined from an in vitro test on
a nematode rather than an in vivo test on an insect. As
well, there are no indications from the experimental on how
mugh light the samples received, since at this time the

.'/
e
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light enhanced activity of these compounds was unknown.

This is particularly important because some of the bithienyl
derivatives from this study have been reported to operate
via a photodynamic type II mechanism similar to a-T142,
Another problem associated with assessing the results of
this study ié that they are qualitative. 1In testing
5-methyl and 5,5"-dimethyl-a-T, a "high activity" rating was
obtained for both.: However, in the text it is revealed that
the dimethylated derivative is "slightly" less active.

A nmore recent study by Kagan et al.l4l examined
the phototoxicity of derivatives of o-T and 1,4-buﬁadiynes
against five target organisms including the larvae of the
mosquito Aedes aegypti. The results of this study were also
qualitative, a + indicating toxicity and a - indicating
inactivity. Two of their test compouhds, a-T and PYT were
common to this work and were both toxic to the mosquito
larvae. a-T was toxic to the other four target organisms’

which included microorganisms and the fruitfly Drosophila
melanogaster. :

4.3.2 Contribution of Physical Properties to

Bioclogical Activit

Investigatation into the physical properties that
could be considered contributing factors in the toxicity of
=T and related compounds was undertaken. The toxicity of
a~T is due to the production of singlet oxygen as a-T
operates as a photodynamic type II sensitizer in vitro and
in vivo. Previous attempts correlating biological activity
with relative singlet oxygen production for a series of
compounds have been only partly successful>8,193 The
results are useful for the set of compounds studied but
comparison to other studies is difficult. The singlet
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, oxXygen gquantum yields for a-T and some related compounds

have been described (section 4.2.5).

The quantum yields of singlet oxygen for all of
the test compounds was very high, showing they all were
efficient producers of singlet oxygen. There is a modest
negative correlation (-0.40) between the singlet oxygen
quantum yields of the test compounds and the LCgy data for
mosquitoe larvae. A higher correlation (-0.69) was
obtained by eliminating the two least toxic cémpounds
(DBre-T and Bre-T) and plotting the LCg, data for mosquito
larvae against the log of the quantum yield (Figure 11).
47% 'of the variation in toxicity can be explained by the
quantum yield of singlet oxygen. The correlation
coefficient clearly indicates that this is not the only
factor involved in the toxicity.

The location of a phototoxin in a cell affects the
toxicity it can exert against a target organism?l3. The
location depends partially on the lipophilicity of the
compound. Lipophilicity is an important factor in the
toxicity of e-T, as the membrane is its site of
action$2:73,74 positive correlation between
lipophilicity and toxicity has previously been described for
a series of naturally occurring acetylenic and thiophenic
compounds including a-785. The compounds with the highest
lipophilicity may be expected to have enhanced toxicit&,

with all other physical factors being equal. -

The lipophilicity of the compounds is represented
by the partition cocefficient (log P)214 and was determined
for an octanol-water system by Francesca Campos. Known
standards were run on a Reverse Phase—c18 Ultrasphere column
with acetonitrile-water (65:35) as eluent and UV detection
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at 254 nm. The linear correlation of log P (partiéion
coefficient) versus log k'( capacity factor based on the.
retention time)'for the known compounds was 0.98. The
derivatives:and analogues were then run under the same
conditions in order to obtain their retention times. With
this information log P could be calculated using the
following equation.

log P =2.14 + 3.83 log k'

The partition coefficients (PC) are shown in Table 14 and
show little variation. All of the compounds tested were
highly lipophilic. A correlation of -0.82 was obtained for
the plot of LCg, mortality data for mosquito larvae versus
log PC (Figure 12). Therefore, the lipophilicity accounts
for 67% of the variation in toxicity. .

Table 14. Partition Coefficients for «-T and Related
 Compounds for an Octanol-Water System.

Compound PC (log P) Compound PC (log P).
Ma-T 6.16 ' Bre-T 6.97
a-T 5.41 BTP 5.31
CNa-T 5.14 TNP 479
ONP 4.71 PYT 4.28
DTB 5.31

The bioclogical data for mortality toward neonates
of the European cornborer (Ostrinia nubilalis) are presented
in Table 14. These contact toxicity tests were performed by
Natalie Donskov. The compounds to be tested were applied to
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the inside of a vial in acetone and the solvent alloﬁed to
evaporate. The neonates were then inserted into the vial
and irradiated for 2 h with near-UV light from a bank of 4
blacklight blue tubes (4 W/m2). A diet cube was added to
the vial and éhe neonates kept in the dark for 20 h at which
time the percent mortality'was determined. Not more than
10% mortality was found in the controls. .

' 'Table 15. Percent Mortality of a=-T and Related Compounds
Toward the Cornborer, With or Without UV Light

Treatment.
0.01 mg/ml 0.1 mg/ml
compound (2) -Uv +UV -Uv +UV
Me-T 35 100 44 100
-7 68 100 80 100
CNa=T 22 15 -, 28 32
ONP 78 54 100 100
DTB 32 32 54 50
Bra-T 40 . 65 46 66
BTP 16 14 30 26
DBra-T : 25 32 30 48
TNP 3g 54 60 62
PYT 30 26 44 38

(a) The compounds are listed in the order of decreasing
guantum yield of singlet oxygen.
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Figure 11. Plot of LCg, values for a series of @-T
derivatives and analogues, versus the log of their quantum
vield of singlet oxygen generation.
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Figure 12. Plot of LC5y values for a series of -7
derivatives and analogques, versus the log of their partition
coefficient.
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ih 100% mortality of the cornborer after UV treatment
wi 0.1 mg/ml of test compound was observed for 3 of the 4
' derivatives‘with the highest quantum yields of singlet
oxygen. 'The reason why CNe-T is not as toxic to the )
cornborer when its quantum yield of singlet oxygen and its
parti" n coefficient are similar to that of «-T is not
\\\Sgyiéz:?/ For the analogues (ONP, TNP, PYT, BTP and DTB),
toxicity toward the cornborer shows little or no enhancement
in the‘presencé of UV light. This could point to a non-
sensitizing mechanism of toxicity based on structural
differences. The cornborer may not be the best choice as a
target organism due to its ability to metabolize and excrete
a-T within 6 h. Thus the differences in toxicity may be a
function of how easily the insect is able to metabolize the
test compound. This data are not as reliable as the data -
_obtained gor mosquito larvae and were not further analyzed.

" In conclusion, there’is evidently a contribution
of both the singlet oxygen geﬂerating ability of the
compounds and their partition coefficients to the toxicity
of the «-T derivatives and analogues toward mosquito larvae.
All of the compounds tested were good singlet oxygen
generators and highly lipophilic. The results alsc indicate
that other factors are involved which may include the in
vivo site of action due to the different chemical
functionalities and the availability of oxygen at these
sites. A definitive establishment of a toxicity model will
require further study. The non-sensitizing toxic mechanism
of the analogues also requires further research and may
vield a potent conventional pesticide. o
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4.4 EXPERIMENTAL

4.4.1 General

UV spectra were recorded before and after laser
- experiments to ensure phptoconyersion was kept to acceptable
levels { < 20% ). Solvents were of the highest commercial
purity available and were used without further purification.

The UV spectra were.obtained using a Hewlett-
Packard 8451 diode array spectrophotometer. Luminescence
studies were carried out with a Perkin Elmer LS5
spectrofluorimeter equipped with a PE3600 data station.

4.4.2 Quenching Studies

Oxygen quenching studies were performed in
methanol solutions at various. oxygen .concentrations. The
solutions were saturated with known N,-0, mixtures prepared
using a Matheson ﬁodgl 610 gas mixer. The gases used were
Linde products of 99+% purity. ¢

For the quenching studics k). was the rate of
decay of the triplet recorded at- or near the triplet-triplet
absorption maximum of the sample. Quenching data were
treated by fitting to a-first order kinetic expression.

4.4.3 Singlet Oxvgen Quantum Yields

>
1

The compounds used in this study were synthesized
and purified as described in Chapter 3. The procedure
followed for determination of singlet oxygen quantum yields
was based on a method devised by Chattdpadhyay et a1.%%4, »
flow-through apparatus was used consisting of a cell with an
optical path length of 0.03 cm equipped with an inlet for
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continuocus gas flow. The flow rate of the sample was
controlled using a Cole-Parmer Masterflex pump system and
was usually around 2 ml/ min. The samples (OD between 0.8 -
1.2 at the laser wavelength), one consisting o? the ",.
sensitizer plus 1,3-diphenylisobenzofuran (DPBF), an -
optically matched sample containing o-hydroxybenzophenone
Y(OHBP) and DPBF were excited by pulses from a nitrogen laser
(337.1 nm) and the bleaching of DPBF monitored at 440 nm.
Both of these samples contained the same concentration of
DBPF (0.82 mM) and were continuously saturated with oxygen
(Ultra pure). A third optically matched sample,
benzophenone, was monitored at its triplet maximum 525 nm
and served as the actinometer. This sample was continuously
purged with nitrogen. The solvent used for.each sample was
CDCly. The bleaching of DPBF or the monitoring of the
actinometer were extrapolated to "zero" laser dose by using'
neutral density filters (15-100%) to attenuate the dose.

Chloroform-d 99.8% isotopic purity was purchased
from Merck Sharp and Dohme and was used as received- '
Benzophenone, acridine and o-hydroxybenzophenone were
purified by recrystallization from ethanol. 1,3-
diphenylisobenzofuran, purchased from Aldrich, was purified
by recrystallization from methanol.

4.4.4 The Laser System

.

N

The laser system used for the flash photolysis
experiments is located at the National Research Council of
Canada in Ottawa, and is set up as shown in Figure 13.
Detailed descriptions of this laser facility are also found
in fhe literature?l>,
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Figure 13.

EXCIMER
LASER

el

-t

. / SAMPLE
FILTERS ® .

SHUTTER -

SIGNAL TO

DIGITIZER
AND
COMPUTER
.
’ ~
N,LASER
PMT

Diagram of the laser facility at the

National Research COuncii of Canada.
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While a flbw system was necessary for the singlet
oxygen experiments, static saﬁples were used for determining
the triplet-triplet absorption spectra, the oxygen quenching.
rate constants and some of the triplet lifetime data. '
Samples were usually contained in 3 X 7mm2. or 7 X 7 mm?
cells made of Supracil tubing which held 1 ml or 2 ml of
sample respectively. Samples were purged with oxygen.frée
nitrogen by bubbling the gas into the sample via a syringe
for 10 min and'sealing the tube. The septa used to seal the
sample tube were previously soaked in benzene for two days
to remove impurities that might later leach out into the
sample. cOncentratidns of solutions ranged from 1 -

)

10 x 10> M unless otherwise specified.

A molectron UV-24 nitrogen laser is used to excite
the sample, emitting a2 pulse at 337.1 nm with <10 nJ energy
per pulse for a pulse duration of 10-ns. The repetition
rate of the pulses is 1 Hz which ensured reproducible laser
pulses. The laser beam is set at a 20° angle to the
monitoring beam to optipize the signal/(pulse energy) ratio.
Neutral density filters are used to attenuate the dose. The
moﬁitoriné lamp is a pulsed 200 Watt xenon lamp in which the
beam is increased by a factor of 20-100 during a few
milliseconds. The monitoring beam -after concentration '
passes through the-samplé and then is concentrated again
before entering the PRA-B204 monochromator. An RCA-4840
photomultiplier (PMT) is the detector which generates the
electrical signal. S

e

The PMT signal is initially captured by an R-7912
Tektronix transient digitizer. The digitizer contains a
local memory. in which each trace, the various settings and
experimental information are stored. The monitor displays .

4
LY
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each trace and the memory is read by a pr ;1/23 computer.
The computer controlled the equipmeﬁt, provided suitable
storage, processing and hard-copy facilities.

The data generated from a laser flash photolysis
experiment are presented as an array of data points obtained
‘as a function of time representing the change in optical
density between the ground state sample and the excited
species formed after a 4aser pulse. The data from each
experiment are given a file name and saved on a floppy disc
from which it can be recalled for further processing. A
photocopy of the trace which includes the conditions of the
experiment can also be provided from a 4631 Tektronix hard-
copy unit.

Usually an experiment is carried out with an
average of 10 laser shots per wavelength. The signal shots
are alternated with correction. shots, rather than
independently accumulating each one. The two types of
corrections used to enhance data quality are called baseline
or fluorescence corrections. The baseline correction
minimizes the noise associated with the laser and the
monitoring beam, and corrects for changes in the intensity
of the latter. The fluorescence correction minimizes the
fluorescence from the sample as well as the contributions
from other photon sources such as phosphorescence or
scattered laser light. '

The PDP 11/23 computer activates various shutters
which are used to prevent unnecessary irradiation of the
sample by either the laser or the monitoring beam. Computer
control also allows the corrections previously described to
be carried out gasily. For a baseline correction, the
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computer activates all units except the shutter controlling -
the laser beam.

For some of the triplet-triplet absorption
spectra, the laser pulses were from a lumonics TE 860-2
excimer laser operated with Xe-HCl-He mixtures. The samples
were contained in 7 x 7 mm® cells of supracil tubing holding
4 ml of sample. The pulses emitted were at 308 nm, for 5 ns
duration and of <60 mJ energy per pulse.  The excimer laser
beam (Figure 13) is located at a 90° angle to the monitoring
beam. This laser was used with an EG & G model 1420 optical
maltichannel aﬂalyzer (CMA), which measures the triplet-
triplet absorption of a transient over the wavelength range
desxred for a specific time delay after excitation.
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GENERAL CONCLUSIONS

Increasing insect resistance to current pesticides
has pointed out the .necessity for a cooperative effort in
all areas of pesticide management. More than 500 species of
insects have formed sSome type of immunity to insecticides,
some strains with resistance to almost everything available
1216, pesides further research on the
diversity of factors influencing resistance which includes

in the chemical arsena

genetic, physf%logic,*and ecological aspects, development of
new pesticides is a priority. '

The naturally occurring phototoxin e¢-T, is an
alternative to the type of pesticides currently available,
The mechanism of action is completely different from the
neurotoxins that have made insects resistant. As a-T is in _
an early stage of its development as a commercial pesticide,
little is known about how easily insects would develop
resistance. However, the current belief that &~T is a

defense compound88

used by the plant family Asteraceae
suggests that it may be less hazardous to the environment.
The research to date supports this view. o-T photodegrades
quickly, with a half-life of about 4 h81, into products
which are nontoxic to the target organism42. Acceptable
levels of mortallty to nontarget organlsms have also

recently been reported82

This work has described a large scale synthesis of
a-T by a Grignard-wurtz reaction using a nickel (II)
phosphine catalyst. This one-pot synthesis is cost
efficient and produces the product in 75-80% yield. The
large quantities of a-T synthesized in this manner have

»
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enabled field trials .to be carried out and these have
confirmed the potential of e-T as a commercial larvacide.

The synthesis of derivatives of e¢-T and analecgques
was undertaken to determine their biologiocal activity, and
to examine how chemical structure affected the activity.

All of the compounds synthesized were biologically active,
with two compounds (Ma-T, CNe~T) being more potent than «-T.
- Some of the analogues showed activity in the dark as well as
the 1ight indicating a non-photosensitizing mechanism. N
Future synthetic work to put a sugar moiety or amino acid in
the C-5 position of ¢-T could produce a water soluble
derivative. The effect of a water soluble derivative may be
completely different, as it would not be located on the
surface of the water iike e-T. Particular sugars could be
used which are specific to insect enzyme5217. Substituents
that have improved the potency of pyrethrin, such as the
vinyldichloride group, added in the C-5 position of e-T
could also produce a more potent insecticide?l?,

The derivatives prepared im this work will also be
used to study the biosynthesis of @-T which is still
ambiguous. Tritium labeling of the S-methyl and the 5-
formyl derivative of a-T is currenfly in prdgress_for

feeding studies to resolve the final biosynthetic stéps to
a-T.

The photochemical work on the analogues and
derivatives prepared confirmed the photodynamic type II
mechanism of toxicity. The singlet oxygen quantum yields
indicated that these compounds are extremely potent singlet
oxygen generators. Determining the singlet oxygen quantum
yields of these sensitizers in 1lipid bilayers may give

= 145 -



interesting results and is one step closer to the site of

action in vivo. . 2

The quantum yields of singlet oxygen generation
and the partiton coefficienté were used to begin to
understand structure-function relationships for these
compounds. The amount of singlet oxygen produced by a
compound correlates with the observed toxicity toward
mosquito larvae.  Compounds with high quantﬁm yields have
lower LCgyo values. A negative correlation also existed J
between the lipophilicity and LCg, values. Most of these
data are based on a set of 10 peoints at maximum and this
thesis describes only the preliminary results. By gathering
and correlating the data on a larger set of e-terthienyl
derivatives, it may be possible to establish a definitive
toxicity model.
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CLAIMS TO ORIGINAL RESEARCH

1. The Grignard-Wurtz reaction for preparing e-terthienyl
was examined for various ether solvents with complete
quantitative analysis anSJidentification of .all reaction

products. N
. e

2. The singlet oxygen quantum yields Qere determined for
the following compounds:

2,21:5", 2"-Terthienyl
5-Methyl-2,2':5"',2"-terthienyl
5-Cyano-2,2':5',2"-terthienyl
5,5"-Diffromo-2,2':5',2"-terthienyl
5-Bromo—2,2':5',2“-éerthienyl
1,3-(Di-2~thienyl)-benzene
1,4-(Di-2-thienyl)-benzene
2,6-(Di-2-thienyl)-pyridine
1-(2-Thienyl)-naphthalene
2-(z—Thienyl)-naphthalene-

3. The following new compounds were synthesized:

1,3-(Di-2-thienyl)-benzene

5-Iodo- and 5,5"-Diiodo-2,2':5',2"-terthienyl
5-Cyano and 5,5"-Dicyano-2,2':5',2"-terthienyl
5-Nitro-2,2':5',2"-terthienyl
5-(2-Hydroxyethyl)-2,2':5!,2"=terthienyl
5-(2,2':5',2"-Terthienyl)-amide
5-(2,2':5'",2"-Terthienyl)=-acrylic acid
1-(2-Tﬂ3enyl)—penta—l,s-diyne

¢
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