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Summary

Pyrethrum is derived from Tanacetum cinerariifolium (Pyrethrum daisies) and has been used
extensively as an insect control agent both domestically and agriculturally for many years. This
natural extract is comprised of the Pyrethrins 5-7, six structurally related esters that impart
the concentrate with its insecticidal properties. Whilst the Pyrethrum extract has long served
as an insecticidal agent for its many beneficial characteristics like broad spectrum activity, low
toxicity and low environmental impact, it suffers from a lack of long term stability due to the
readiness of the Pyrethrins 5-7 to undergo degradation by a number of pathways. Although
there are measures in place to limit this degradation, there remains a need to further limit or
prevent these degradative processes leading to pyrethrin losses. Due to this, the work
described in this thesis has pursued the direct synthetic modification of the naturally derived
Pyrethrins 5-7 as a potential means of stabilising the insecticidal esters whilst retaining their

advantageous qualities.

Pyrethrins | 5a and Il 5b make up over 50% of the pyrethrin content in Pyrethrum however,
they are the most susceptible of the six Pyrethrins 5-7 to degradation particularly about the
pentadienyl side chain. Two of the minor Pyrethrins, the jasmolins 7, differ from the pyrethrins
5 by a single point of saturation and as such may be accessed through reduction of the
terminal double bond. Chapter 2 details the exploration into the reduction chemistry of the
pyrethrins 5 in a bid to elicit the transformation into their more stable jasmolin counterparts
7 (Figure 1). As a result, a number of reduced pyrethrin analogues were prepared by several
common reductive pathways and the desired transformation to the jasmolins 7 was successful

with their isolation as a mixture with the corresponding tetrahydropyrethrins 53.
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Figure 1: Selective reduction of the pyrethrins 5 in the pyrethrum concentrate to their jasmolins 7 and

tetrahydropyrethrins 53 counterparts.

With the rethrolone moiety of the pyrethrins 5 containing a pentadienyl chain, its applicability
in Diels-Alder cycloadditions was explored as highlighted in Chapter 3. Whilst the cis-geometry
of the natural pyrethrins 5 was found to be inactive in the normal electron demand Diels-Alder
reaction, it was found there is precedent for the trans-isomer 34 to take part. Alternatively,
the inverse electron demand Diels-Alder reaction could be applied with the pyrethrins 5 acting

as dienophile and electron-deficient tetrazines serving as dienes (Figure 2).

‘ o// N o~
A | ~ ]
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R i) DDQ R
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= LoMe = CO,Me = 2', 3' or 4"-pyridyl
= 3',5'-dimethylpyrazol-1'-yl
=Cl

Figure 2: Inverse electron demand Diels-Alder cycloaddition reaction of the pyrethrins 5 with a range of 3,6-

disubstituted-1,2,4,5-tetrazines.
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In addition, the alkenes within the pyrethrin scaffold were of particular interest for application
in palladium-catalysed cross coupling, specifically Heck reactions. Ultimately, a protocol was
developed for the site-selective coupling of the terminal double bond in the pyrethrins 5 to
aryl iodides (Figure 3), detailed in Chapter 4. The resulting products were the E-isomer and
the migration isomer of the terminally arylated product with distribution of the two

dependent on the electronic properties of the aromatic coupling partner.

Tl R
—
Pd(OAc), (2.5 mol%) +
.. O, PPh; (7.5 mol%)
| T — AgOAc
I _—
R © ACN
(o]
5a R = Me |
5b R = CO,Me R
R = Me R' = OMe
= COzMe = N02

= CF3

Figure 3: Terminal arylation of the pyrethrins 5 by palladium-catalysed Heck reaction with aryl iodides.

Finally, Chapter 5 details attempts to produce racemic (Z)-pyrethrolone 21, the rethrolone
moiety of the pyrethrins 5, for its potential in gaining further insight into the reactivity and
degradative properties of the more prominent of the Pyrethrin esters 5-7. As a result, racemic
(2)-pyrethrolone 21 could be prepared as a mixture with its precursor 155 over a series of five

synthetic steps in a yield of 11% as determined by *H NMR analysis (Figure 4).

vii
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Figure 4: Synthesis of racemic (2)-pyrethrolone 21 from ethyl acetoacetate 187 over five steps.
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Chapter 1 Introduction

1.1 A brief history of insecticides

Insecticides have long been an invaluable staple in both the agricultural and domestic sectors
for the control of, and protection from, a wide range of pest insect species. Pest control has
been an ongoing problem for centuries with the early use of pyrethrum, a plant product with
insecticidal and repellent properties, dating back to ancient China.! Other naturally occurring
materials were popular until the 19™ century, when many arsenic-containing compounds like
lead arsenate (PbHAsO4) and Paris Green (Cu(AcO)2.3Cu(AsO2);) were integrated into
widespread use. Whilst effective, these materials proved to be highly toxic to humans and
were found to persist within the vegetation they were applied to, including fruits and
vegetables. The incredible health risk posed by these arsenical insecticides led to the
development and application of alternative insecticides. Many classes of insecticide arose and
continue to be used in agricultural and domestic applications, with the major classes shown
below (Figure 1.1). The initial replacement of these arsenic-containing insecticides was
dichlorodiphenyltrichloroethane (DDT) 1 (Figure 1.1A), the most notable member of the

organochloride insecticide class.?

0]
Cl
A Cl Cl B ¢ \N)J\o
0 H
Clﬁ/\ P~ @EO)<
Z 70710
O
O O Cl ~
Cl Cl
dichlorodiphenyltrichloroethane, DDT 2,2-dichlorovinyl dimethyl phosphate, DDVP Carbofuran
1 2 P 3
Q
D 1 5O~
o H H .\‘O Y
5 (0] O

e

derived from Saccharopolyspora spinosa

Spinosyn A R=H 4a

SpinosynD R=Me 4b
Figure 1.1: Examples of the major classes of insecticides: DDT 1, an organochloride (A); DDVP 2, an
organophosphate (B); Carbofuran 3, a carbamate (C); Spinosyn A 4, a natural product (D). Main functional groups

highlighted in green.



The effectiveness of DDT 1 led to its prevalent use throughout the late 19t and early 20t
century but its toxicity extended beyond the insect targets into groups of non-target
organisms including, but not limited to, birds and reptiles.”3 Another major issue associated
with DDT 1 was its ability to bioaccumulate, particularly in aquatic organisms, ultimately
having a detrimental effect on organisms higher in the food chain, including humans.* The
extreme toxicity of DDT 1 to wildlife and human health, as well as its persistence in the
environment led to its worldwide ban in 2004 and prompted further development of new
insecticides for its replacement in extensive pest control.®> Organophosphates, like 2,2-
dichlorovinyl dimethyl phosphate (DDVP) 2 (Figure 1.1B), and carbamates, like carbofuran 3
(Figure 1.1C), were developed in the latter half of the 1900s and still see continued use today.
However, organophosphates like their organochloride equivalents have high toxicity,
particularly with chronic exposure, and carbamates have been shown to affect human health
through their binding to melatonin receptors.> ® The adverse effect of these insecticidal
agents on human health and their environmental impact causes their use to be undesirable

making the naturally derived insecticides far more attractive.

Natural insecticides (Figure 1.1D) overcome the many challenges associated with the above
synthetic insecticides, particularly the high toxicity and bioaccumulative effects, with
botanical extracts such as neem and spinosad seeing widespread use in pest control.” 8 In
detail, neem oil is derived from Azadirachta indica and contains a substantial amount of
biologically active compounds. Of these compounds, the limonoids serve as the primary
insecticidally active agents which present little toxicity to humans with the oil extract being
used in traditional medicine and cosmetics.” In addition, spinosad is a mixture of two natural
products, known as the spinosyns, derived from the soil bacteria Saccaropolyspora spinosa,
in contrast to the botanical source of both neem and pyrethrum. Spinosyn A 4a (Figure 1.1D)
is the major constituent of the spinosad mixture whilst spinosyn D is the minor component.
Unfortunately, the increased use of spinosad since its introduction has led to a number of
cases of resistance.® Alternatively, a range of other naturally occurring classes of compounds
have been utilised in the control of pest insect species including, but not limited to, bacterially
derived macrocyclic lactones and other botanical extracts like rotenone derived from a series

of tropical plant species.! Notably, the pyrethrum extract sees continued and more prevalent



use globally due to its broader spectrum of activity, prevailing absence of toxicity and, lack of

environmental persistence.® 10

1.2 Pyrethrum and its constituents

Pyrethrum has been used for centuries where dried flower heads were used as an early insect
repellent with subsequent development of an insecticide made by grinding these dried
flowers.! Importantly, the pyrethrum concentrate derives its insecticidal characteristics from
six structurally-related esters commonly known as the Pyrethrins® (Figure 1.2). However, the
identity of these compounds instilling the insecticidal activity to this naturally derived

material were not elucidated until the early 1900s, well after its widespread use.

1.2.1 Discovery of the Pyrethrins

Early in the 20t century it was found that the activity of the pyrethrum extract was in fact
due to an ester-containing compound however, the complete identity remained unknown
until the mid-1920s.1113 In 1924, Staudinger and Ruzicka proposed that the activity was due
to a mixture of two esters, pyrethrins | 5a and Il 5b (Figure 1.2), of which they assigned
structures and stereochemistry,’* later revised to the well-known pyrethrin scaffold.?
Notably, the stereochemical aspects were not completely assigned until the mid-1950s with
final confirmation by X-ray crystallography, of their dinitrophenyhydrazone derivatives, not

established until 1972.16

*The informal naming convention in the pyrethrin field can be confusing. Notably, the six esters as a collective
are known as the Pyrethrins with two subsets known as Pyrethrins | and Pyrethrins Il. In addition, two of the
individual esters are also known as pyrethrins, namely pyrethrin | 5a and pyrethrin Il 5b. As such, throughout
this thesis the groups of compounds are referred to by capitals (i.e. Pyrethrins) whilst the individual esters are
not (e.g. pyrethrin I).
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Figure 1.2: The six natural Pyrethrins 5-7 that make up the pyrethrum concentrate. Key atomic numbering of the

alcohol moiety is also shown on pyrethrin | 5a.

Ultimately, the alcohol component, more commonly referred to as the rethrolone (Figure
1.2), was isolated and characterised through its semicarbazone giving the pyrethrin structure.
The underivatised rethrolone moiety itself interfered in the correct identification of these
structures due to the complexity and reactivity of the enone component of these alcohols.
Specifically, whilst the alkaline hydrolysis undertaken on the esters can easily liberate the acid
portions of pyrethrins | 5a and Il 5b, chrysanthemic 14a and pyrethric 14b acid respectively,
it was found to cause the ready degradation of the alcohol moiety.}*1>17.18 | ater, the extract
was found to contain a further four esters contributing to its biological activity albeit in much

lower proportions to the originally discovered pyrethrins 5.

In the 1940s, LaForge and Barthel identified two of these additional esters in the pyrethrum

concentrate. These were identified as cinerins | 6a and Il 6b (Figure 1.2), where the carbon



side chain of the alcohol moiety was shorter, lacking the terminal unsaturated carbon unit.**
21 The jasmolins 7 (Figure 1.2), the last two of the six esters, were not identified until the late
1960s by Godin as another pair of minor constituents. Much like the cinerins 6, the difference
from the pyrethrins 5 was once again a result of the alcohol side chain, where the number of
carbons remained the same as the pyrethrins 5 but the terminal position was saturated.??
Notably, all six of the Pyrethrin esters 5-7 contain a cis-alkene in the linear side chain with the

major point of difference resulting from the terminus of this moiety.

The structural differences in these six insecticidal esters can serve as a means of
categorisation with their acid moiety giving rise to two subsets namely Pyrethrins | 5a-7a and
Pyrethrins Il 5b-7b; with chrysanthemic acid 14a giving Pyrethrins | 5a-7a and pyrethric acid
14b giving Pyrethrins Il 5b-7b. In conjunction, the cyclopentenone alcohol (or rethrolone)
moiety defines the individual esters with; pyrethrolone 21 giving pyrethrin | 5a and Il 5b,
cinerolone 22 giving cinerin | 6a and 1l 6b and, jasmolone 20 giving jasmolin | 7a and Il 7b.2*
24 These subtleties in the side-chain of the rethrolone significantly alter the bioactivity,
reactivity and the stability of the pyrethrin structure. Importantly, these insecticidal esters
are secondary metabolites of the plants they can be extracted from, serving as a defense

mechanism against herbivorous insects.

1.2.2 Biosynthesis and purpose of the Pyrethrins

The Pyrethrins 5-7 are most prominently isolated from Tanacetum cinerariifolium, more
commonly known as pyrethrum daisies, which are farmed for the industrial extraction of
pyrethrum concentrate for use in commercial insecticide formulations. As these esters are
secondary metabolites of the plant, they are biosynthetically prepared through the
independent synthesis of both the chrysanthemate and rethrolone moieties which then
undergo an esterification to give the appropriate pyrethrin. Though many of the intricacies
associated with these biosynthetic pathways have not yet been completely identified, a large
number of the intermediates have been characterised and the pathways for their production
proposed. The chrysanthemic acid 14 used in the construction of the Pyrethrins 5-7 is a
monoterpene and as such its biosynthesis starts via well-known biosynthetic pathways

(Scheme 1.1).

Specifically, the major pathway (Scheme 1.1A) proceeds initially by a condensation of pyruvic

acid 8 with glyceraldehyde-3-phosphate 9 catalysed by 1-deoxy-D-xylulose 5-phosphate



synthase (DXP-synthase) giving 1-deoxy-D-xylulose 5-phosphate (DXP) 10.%” This is then used
to produce a typical terpene starting material in the form of dimethylallyl pyrophosphate
(DMAPP) 11 which in the presence of chrysanthemyl diphosphate (CDP) synthase can react
with another equivalent of DMAPP 11 to give the cyclopropyl ring seen in the acid moiety of
Pyrethrins 5-7.2> 27 Following dephosphorylation, the resulting chrysanthemol 13 undergoes
a series of oxidations to give the appropriate chrysanthemic acid 14a, or pyrethric acid 14b,
which can then be used in conjunction with the rethrolone equivalent 20-22 in the production

of Pyrethrins 5-7.2> 26

The biosynthetic pathways associated with the production of the rethrolone moieties are less
understood than the acid pathway.?® Recent literature suggests that the rethrolones are
biosynthesised from (Z)-jasmone 19, which originates from jasmonic acid 18 produced by the
oxylipin pathway (Scheme 1.1B).2”?° In this pathway linolenic acid 15, produced from
membrane lipids, is oxidised in the presence of lipoxygenase (LOX) to give a
hydroperoxylinolenic acid 16.2” An allene oxide intermediate 17, produced with allene oxide
synthase (AOS), undergoes a number of transformations ultimately giving the characteristic
5-membered cyclic scaffold in the form of (Z)-jasmonic acid 18.%° The pivotal intermediate (2)-
jasmone 19 is then produced and subsequently hydroxylated by jasmone hydroxylase to give
(2)-jasmolone 20.2° The other rethrolones are then likely furnished through (Z)-jasmolone 20
and the appropriate pyrethrin produced by condensation of a coenzyme A-activated

chrysanthemate 14 and the appropriate rethrolone 20-22.2°% 30
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The Pyrethrins 5-7 are used by the plant primarily for the same reason as it is extracted by
humans; for protection against insect pests.?’” These insecticidal esters are produced as a
defense mechanism of the plant to help deter or eliminate the threat of consumption by
herbivorous insects.3V 32 A majority of the Pyrethrins 5-7 are concentrated in the flower head,
in particular the seed casings, with up to 94% of the total pyrethrin content present.?3
Therefore, much of the defence lies in the protection of the seeds of the plant and as such
the reproductive pathways of the pyrethrum daisy. The way in which the Pyrethrins 5-7 act,
and protect the plant, is through activity on the nervous system of the insect. Specifically, the
Pyrethrin esters 5-7 affect the ‘para’ voltage-gated sodium ion channels (Nay,) which control
the electrical pulses and transmissions through the nervous system.3% 3> The Pyrethrins 5-7
bind to hydrophobic cavities along the sodium channel, deemed pyrethroid receptor sites,
resulting in overexcitation of the nerve cell.3> When bound in these receptor sites the
Pyrethrins 5-7 promote the opening of these channels for extended time periods, through
stabilisation of the open state of the sodium channel, allowing the channel to continue
conducting sodium. 343> This overexcitation of the nervous system through increased sodium
influx results in the ‘knockdown’ effect where the overstimulation results in incapacitation
and can ultimately cause the shutdown of the nervous system due to the inability of the nerve
cells to maintain the continued activation of the sodium pump, resulting in the death of the
insect.>> Much of the work associated with the mode of action of the Pyrethrins 5-7 has been
extrapolated from the action of the pyrethroids however more recently Dong, et.al. have
highlighted the individual action of the six Pyrethrins 5-7 in support of the pyrethroid receptor
site model.3* From this, the order of activity was assighed as pyrethrin 5> cinerin 6> jasmolin
7 on the isolated sodium channel. In addition, they proposed structure-activity relationships
associated with natural Pyrethrins 5-7 through computational docking studies with model
cockroach sodium ion channels. In summary, the substantial difference in activity between
pyrethrin 5 and jasmolin 7 was proposed to be due to the increased length of the jasmolin
side chain and the lack of terminal mt-system available for interaction in the binding pocket.
This activity of the Pyrethrins 5-7 on a broad range of insect species has allowed for the

effective and continued use of pyrethrum as a domestic and pre-harvest insecticide.



1.2.3 The problems with pyrethrum

Many of the beneficial qualities that the Pyrethrins 5-7 bestow upon pyrethrum-based
insecticides, including its lack of environmental persistence and mammalian toxicity, stem
from its ready degradation under typical environmental conditions. In particular, these esters
5-7 are sensitive to degradation through a variety of pathways particularly thermal,
photochemical and oxidative routes.?* 3¢ 37 However, this tendency to breakdown can
adversely affect the ability to store the pyrethrum extract for extended periods of time and
its long-term applicability. Due to this tendency to degrade rapidly, they have seen more
prevalent use in the domestic sector for household pest control products. For large scale
agriculture, storage of the pyrethrum becomes difficult because of these decomposition
pathways and ensuing pyrethrin losses. As such many safeguards have been implemented to
minimise the loss of material over time including storage controls and incorporation of
additives. Although these measures have been put in place and have had success in slowing
the decomposition of the pyrethrum, pyrethrin losses are still significant and the potential for
more long-term agricultural use remains low. This has led to a myriad of studies into the
mechanisms surrounding their degradation and general reactivity in an attempt to develop
other solutions to minimise these degradative processes. Some of the pathways, and the

resulting degradation products, will now be discussed.

1.3 Pathways resulting in pyrethrin loss
The pyrethrin scaffold possesses a number of functional groups (Figure 1.3) that are known
throughout synthetic chemistry to be reactive handles for synthetic manipulation or potential

sites for degradation.
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Figure 1.3: The reactive functional groups in pyrethrins 5 found to participate in a range of chemical reactions and

degradative pathways.



Many of these reactive moieties contribute to the instability of the Pyrethrins 5-7 through
their oxidative, photochemical, and/or thermal sensitivity. Each of these prominent

degradation routes are highlighted in more detail below.

1.3.1 Oxidative degradation

There are a number of different degradation pathways that pyrethrin decomposition can
occur, and one of the most common is oxidation. Oxidative reactivity is a key problem with
the Pyrethrins 5-7, particularly with the abundance of alkenes throughout the six esters 5-7.
One of the earliest studies to explore the effects of oxidation on pyrethrum was in 1933 by
Gnaudinger and Corl where the concentrate and pyrethrolone analogues were exposed to
the oxidant potassium permanganate (KMn0Q4).3® From this exposure, the pyrethrin content
was significantly reduced and the pyrethrolone analogues were almost completely
consumed,®® suggesting oxidative reactivity on the rethrolone moiety. Despite this, no
oxidation products were isolated and characterised leaving the fate of the Pyrethrins 5-7
unknown. Further studies by Chen and Casida, showed the production of a number of
different products from the decomposition of the Pyrethrins 5-7 irradiated with a sun-lamp
under aerobic conditions.3® Whilst the individual products were again not isolated, the
oxidative degradation could be readily attributed to both the acid and rethrolone portions of
the scaffold by 2D TLC analysis of *C-labelled Pyrethrins 5-7. Whilst these simulated oxidative
conditions revealed insight into the potential for large pyrethrin loss and the participation
from both moieties of the scaffold, the changes to the structure and its subsequent effect on
biological activity remained unknown. More recent studies have been undertaken to reflect
the direct action of atmospheric oxygen on stored pyrethrum crop material, elucidating some

of the oxidised degradation products.?*

A prominent degradation mechanism for the loss of pyrethrin has recently been found to be
autoxidation, where molecular oxygen in the atmosphere acts upon a substrate generally by
radical mechanisms. Specifically, it has been proposed that hydrogen abstraction can take
place on the linear rethrolone sidechain of the Pyrethrins 5-7 (Scheme 1.2), similar to
oxidative processes affecting lipids. The resulting radical is most likely formed at the 7’
methylene (Figure 1.2) due to the stability imposed by the doubly allylic character imparted
by both the alkene of the enone and the conjugated diene in the sidechain.?* Subsequent

reaction with atmospheric oxygen then has the potential to form a range of oxidised products
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including epoxides 23 and diols 24 (Scheme 1.2A), with some implicated in the HPLC analysis

of unstabilised, stored crop.?*

., 0O,
II ’,
g 0
sy O, . R % 0 \
| i o)
0] 23a R =Me
R 23b R = CO,Me
I +
y 'l,,]/O/,, OH
|
//rO//, —f-: A R | O \
H-abstraction | (l) \ y J o HO
L R 24a R = Me
O 24b R = CO,Me
| N
B
. O//,
i ., O,
o \_7 | i \
R o}
o) R \
— — 0
25a R = Me
25b R = CO,Me

Scheme 1.2: Radical reactivity of the pentadienyl side chain of pyrethrins 5 leading to oxidation (A) or thermal
isomerism (B).

These radical procedures are more prominent in pyrethrin | 5a and Il 5b due to stabilisation
of the radical by resonance through the conjugated pentadienyl sidechain (Scheme 1.2).244°
The increased stability of the radical has been linked to higher rates of decomposition of these
major pyrethrum components. In conjunction, similar radical mechanisms have been
implicated in the thermal isomerism of the pentadienyl unit resulting in the migration of the
double bonds into conjugation with the enone (Scheme 1.2B) giving the trienyl ‘isopyrethrins’
25.%0 Mixtures and completely isomerised pyrethrin extracts have been documented to result
in losses of insecticidal activity by half and knockdown activity to one quarter strength of pure

pyrethrum, ultimately decreasing the applicability and effectiveness of the extract.*°

Notably, oxidation by other means can also lead to the beneficial breakdown of the Pyrethrins
5-7, with many metabolic pathways utilising oxidative enzymes.**3 Casida’s exploration into

mammalian oxidative metabolism identified a number of hydroxy and epoxy pyrethrin
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analogues 26-29 (Figure 1.4) with reactivity taking place on both the chrysanthemate and

rethrolone portions of the scaffold. 443
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Figure 1.4: Some of the oxidative metabolites of Pyrethrins 5-7 observed in mammals.#*

This ability to readily metabolise the Pyrethrins 5-7 through these oxidative means is a large
contributor to the significant lack of toxicity of pyrethrum-based insecticides to mammalian
organisms.*! Alternatively, microorganisms have been studied for their metabolism of the
Pyrethrins 5-7,*2 however their contribution to pyrethrin degradation is negligible particularly
in relation to the major degradative mechanisms.3® Other degradative factors remain more

prominent in the loss of Pyrethrins 5-7, particularly photolytic and thermal processes.

1.3.2 Photolysis of the Pyrethrins

The photochemical degradation of the Pyrethrins 5-7 and the primary moieties that comprise
them are well-documented, with a number of studies detailing the mechanisms and chemical
outcomes of these routes. The photodegradation of the Pyrethrins 5-7 can result in a
multitude of changes to the scaffold with reactivities such as double bond isomerism,
homolytic cleavage of integral bonds and rearrangement of entire moieties taking place.® 4+
4> This photochemical instability makes the pyrethrum concentrate, and insecticides derived
from it, sensitive to sunlight which can reduce their applicability in field use limiting the

lifetime of the applied insecticide.” # 46 The acid moiety of the pyrethrin scaffold is
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photolytically labile, with a number of degradative pathways possible from the homolytic

cleavage of the cyclopropyl ring (Scheme 1.3).> 4’
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Scheme 1.3: Photolytic degradation by homolytic cleavage of the cyclopropyl moiety resulting in recombination

(A), rearrangement (B) or, fragmentation (C).

This homolytic cleavage results in a diradical intermediate that can recombine regenerating
the cyclopropyl ring. From this process, the natural trans geometry of the substitution on the
cyclopropane can isomerise to the cis-isomer 30 (Scheme 1.3A) through free rotation of the
substituents followed by the recombination of the radicals giving the 3-membered cyclic
structure.> 4> % The cis stereochemistry of the acid moiety in Pyrethrins 5-7 has been shown
to significantly decrease the insecticidal activity by up to four times the original concentrate.®
Alternatively, the radical can delocalise onto the carbonyl of the ester (Scheme 1.3B) and
subsequently recombine giving a more stable, rearranged tetrahydrofuran structure 31.> 47
Finally fragmentation of the structure (Scheme 1.3C) has also been suggested as a means of
decomposition, with the formation of a theorised vinyl carbene 32 and an observed
isobutenyl ester 33 in studies with chrysanthemates.® 47 Whilst the photolysis of the
chrysanthemate moiety has been well studied, the photodegradation of Pyrethrins 5-7 is not

limited to this portion of the scaffold. Photochemical action on the rethrolone portion of the
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Pyrethrins 5-7 occurs with alteration of the molecular configuration of the scaffold. The most
prominent pathway is the cis-trans isomerism (Scheme 1.4) of the linear sidechain which has

been documented to result in decreased biological activity.® 4% >0
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Scheme 1.4: Photochemical isomerism of the cis-alkene of pyrethrin 5.

The rethrolone moiety of the Pyrethrins 5-7 is the major source of a number of other
reactivities and is likely the main contributor to pyrethrin losses due to its high chemical

reactivity.

1.3.3 Alternate degradation pathways

A major issue with the long-term storage of pyrethrum is the formation of polymeric material
with the polymerisation of the Pyrethrins 5-7 a suggested major degradative pathway.
Extracts containing polymerised material exhibit decreasing insecticidal activity with
increasing polymer content.”® Whilst the polymerisation process has been suggested to be
limited to the rethrolone portion and proceed through thermal or photochemical means,>% >2
the exact mechanism of formation and the polymer identity currently remain unknown
limiting remediation of this process. Unprecedented reactivity of the Pyrethrins 5-7 has not
only affected the biological activity of the insecticide but has also had significant impact in
limiting their analysis. Standard quantitation methods of the Pyrethrin content in pyrethrum
extracts requires the alkaline hydrolysis of the ester linkage to liberate the acid and rethrolone
moieties. Whilst the chrysanthemic 14a or pyrethric acid 14b can be obtained intact from
these hydrolytic protocols allowing for quantification of the Pyrethrins | 5a-7a and Il 5b-7b,
the rethrolone moiety reacts further preventing quantitation of the individual esters. The
acidic 5" proton (Figure 1.2) leads to the rethrolone moiety undergoing an elimination reaction
giving a cyclopentadienone 35 that readily dimerises by Diels-Alder cycloaddition to give the

homodimers 36 and 37 (Scheme 1.5).1°
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Scheme 1.5: Base-induced elimination of pyrethrin rethrolone 21 leading to Diels-Alder dimerisation of the

resulting cyclopentadienone 35.%°

Examination into the degradation of the natural Pyrethrins 5-7 has and will continue to lead
to improved storage of the harvested plant material and resulting extract, with a number of

countermeasures having been developed in an effort to combat these processes. Discussion
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will now briefly outline current countermeasures employed to prevent loss of pyrethrin

content in pyrethrum.

1.4 Current countermeasures to minimise pyrethrin loss

Currently, several strategies have been implemented to prevent or minimise the loss of
Pyrethrins 5-7 from the pyrethrum crop, extract, and insecticides. Alleviating Pyrethrin losses
during processing of the crop and extraction of the pyrethrum concentrate has been a priority
with a number of safeguards being implemented in the storage and manufacture of the

extract. 2

1.4.1 Crop storage and processing

The loss of Pyrethrins 5-7 can occur anytime from the harvest of the plant material through
to the storage of the pyrethrum concentrate and its subsequent insecticidal formulations. The
earliest countermeasure is implemented directly after the dried crop is harvested. The dried
plant material is stored in light-free, temperature-controlled facilities to minimise loss of
Pyrethrins 5-7 from photochemical and thermal degradative pathways. Throughout the
extraction process an antioxidant, e.g. butylated hydroxytoluene (BHT), is added to prevent
oxidative processes affecting the pyrethrum and the pyrethrin content is closely monitored.?*
The final pyrethrum extract is typically diluted with hydrocarbon solvent and stored in dark,
cool facilities with additional antioxidant added to further minimise pyrethrin loss.
Countermeasures continue to be developed whether it be in the storage of the material or in

the application, where longevity is desirable.

Attempts have also been made to diminish the degradation of Pyrethrins 5-7 on application
of the insecticidal material, particularly in terms of photochemistry. The photochemical
degradation of Pyrethrins 5-7 has been shown to be mitigated through protection in
glasshouses, as displayed by the persistence of pyrethrin residues in such a setting.*® >3 The
wavelength range in which light is damaging to Pyrethrins 5-7 has been found to be 290-320
nm (UVB), with this destructive range being moderated by the glass panels employed in the
greenhouse and additives like selective light absorbing materials and antioxidants added to
the insecticide.”® However, the development of fully synthetic alternatives to the Pyrethrins
5-7 has resulted in the most impact with replacement of the natural pyrethrum concentrate

with pyrethroids.
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1.4.2 Pyrethroids: Alternatives to the natural Pyrethrins

The instability of Pyrethrins 5-7 towards factors such as light, temperature and oxidation led
to the development of more stable, fully synthetic alternatives, known as pyrethroids, as early
as 1949. Pyrethroids were established as synthetic analogues of the natural Pyrethrins 5-7 in
an attempt to not only potentially increase their activity towards insects but to significantly
improve their stability, ultimately allowing for more widespread and long-term applicability
in the agricultural sector. Early pyrethroids were developed with a similar scaffold to the
natural Pyrethrins 5-7, with minor modifications to combat the photochemical and oxidative
decay observed in pyrethrum-based insecticides. Many were readily put into use as
commercial insecticides for both domestic and agricultural applications with a large number
of the commonly employed pyrethroids being developed in the mid-to-late 20th century.
With increasing synthetic capabilities, and knowledge surrounding the action of pyrethroids,
more tolerant and structurally diverse moieties have been incorporated into the pyrethroids
straying from the typical pyrethrin frame. Both the chrysanthemic acid and rethrolone
moieties have been the focus of alteration and have ultimately been replaced with stabilised

structural motifs.

The earliest development of a pyrethroid focussed on alteration and replacement of the
rethrolone sidechain due to its propensity for degradation, and as a consequence, loss of
insecticidal activity, in the natural Pyrethrins 5-7. This resulted in the first of the pyrethroids
with the production of allethrins 38 (Figure 1.5), where the linear hydrocarbon sidechain of
the Pyrethrins 5-7 was substituted for an allyl group.>* Notably, both the chrysanthemic 38a
and pyrethric acid 38b variants were developed, with each a mixture of eight possible
diastereomers. This minor amendment of the pyrethrin scaffold (Figure 1.3) resulted in a
drastic increase in stability compared to the natural Pyrethrins 5-7 and even increased
insecticidal activity against some insect species including houseflies (Musca domestica).>> >°
Despite this, allethrins 38 did not demonstrate the same broad spectrum activity of the
natural Pyrethrins 5-7 and retained many of the reactive moieties of the pyrethrin scaffold

requiring further development of pyrethroids with larger alteration to the rethrolone.>®
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Figure 1.5: Early pyrethroids with alteration of the labile rethrolone moiety.

The most notable of the next generation of pyrethroids was resmethrin 39 (Figure 1.5) where
the entire rethrolone moiety was redesigned. The substituted cyclopentenone of the
Pyrethrins 5-7 was replaced with a benzyl furan moiety mimicking the steric qualities and high
ni-character of the natural rethrolone.>” Of particular note is the lack of stereocentres in the
benzyl furan replacement making industrial synthesis a more viable process without the need
to produce purified stereoisomers. In conjunction, this significant modification gave the
pyrethroid incredibly high activity in comparison to the natural esters and other pyrethroids
on the market. Unfortunately, whilst more stable than the Pyrethrins 5-7, resmethrin 39 was
limited to domestic use due to it still being sensitive to oxidative and photochemical
degradation.'® > In addition, the (R)-configuration of the isobutenyl substituent of the
chrysanthemate was necessary for high insecticidal activity.>> Phenothrin 40 (Figure 1.5) was
developed shortly after and alleviated the issues of the benzyl furan moiety of resmethrin 39
with the introduction of a 3-phenoxybenzyl group.>® This alteration retained all the beneficial
qualities of resmethrin 39 whilst increasing the resistance of the pyrethroid to photochemical
and oxidative processes.”® The remaining drawback of phenothrin 40 was the unaltered
chrysanthemate and the degradative processes it could still undergo to diminish insecticidal

activity.

The most stable and well-known of the classic pyrethroids were developed throughout the
1970s and 80s where the majority of the alteration to the pyrethrin scaffold shifted to the
acid moiety having established a valuable rethrolone candidate. The most prominent change
to the chrysanthemate was the replacement of the methyl substituents of the isobutenyl for
halogens like chloride and bromide. These methyls in the isobutenyl moiety of the Pyrethrins

5-7 were established as sites for photodecomposition prompting this replacement.?®
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Permethrin 41 (Figure 1.6) was the first of the 3-phenoxybenzyl pyrethroids to introduce a

dichlorovinyl substituent in place of the natural isobutenyl in Pyrethrins 5-7.>°

M3

Cl Cl
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Figure 1.6: Permethrin 41, a pyrethroid containing stabilised acid and rethrolone moieties.

This halogen incorporation about the double bond in the acid moiety was ultimately able to
minimise the photosensitivity of the chrysanthemate and as such the pyrethroid as a whole
preventing the radical oxidative processes that affected the pyrethrin isobutenyl group. >
60 Having established stabilised acid and rethrolone moieties, final changes to the pyrethroid
scaffold focussed on increasing insecticidal activity. Of these, cypermethrin 42 and
deltamethrin 43 (Figure 1.7) were developed, introducing an a-cyano modification in the
ester linkage. These two pyrethroids became the most common commercial pyrethroids in
use with this continuing today. This popularity is due to their increased stability with the
dihalovinyl and 3-phenoxybenzyl moieties and their high insecticidal, broad-spectrum activity

increased with the a-cyano modification in the ester linkage.1% 5> 58 61
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Figure 1.7: Commercial pyrethroids cypermethrin 42 and deltamethrin 43.

Unfortunately, these fully synthetic alternatives to the natural Pyrethrins 5-7 suffer from their
own drawbacks that can have negative impact on the environment leaving the necessity for

the continued development of novel insecticidal materials.

1.4.3 Drawbacks of pyrethrin replacements
Despite the many successes the pyrethroids have accomplished, they still demonstrate a

range of shortcomings that have not been fully addressed. Unfortunately, due to their
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increased stability, pyrethroids exhibit extended environmental persistence, heightened
mammalian toxicity and insects have demonstrated a developing resistance to a range of

these heavily utilised classic pyrethroids.

Whilst the stability of the pyrethroids allows for their more widespread agricultural
application, it can lead to the pyrethroids causing a detrimental impact on the environment
and affecting non-target organisms.®? The persistence of pyrethroids in soils can lead to them
being transported into waterways from agricultural run-off contaminating aquatic bodies and
adversely affecting aquatic life.®3 ®* Aquatic life has a well-known sensitivity to this class of
insecticides as they lack many of the enzymes that mammals use to efficiently metabolise the
pyrethroids. This toxicity to aquatic organisms can lead to loss of life and as such have a
significant negative effect on the ecology of these environments.®> Notably, the
hydrophobicity of many of the pyrethroids can minimise their solubility in irrigation run-off
however, they strongly adsorb to soil particles that move with the water run-off into these
aquatic environments where detectable quantities can build up.®® % 87 This negative
environmental impact is not the only issue that the pyrethroids pose with the rise of

resistance in many insect species.

The most prominent, ongoing issue with commercial pyrethroid insecticides, particularly
those that were developed in the mid-20™" century, is the emergence of resistance in a
number of insect species.®®7! A number of insect species have developed an insensitivity to
the pyrethroids or are able to rapidly metabolise them minimising their affect.®® The
development of this resistance can generally be attributed to three main processes; increased
metabolic ability, a decreased sensitivity at the target active site and/or decreased ability for
the insecticide to penetrate the cuticle of the insect.”? Notably, the development of resistance
against one insecticide can result in cross-resistance to other similarly acting insecticide,
which is particularly detrimental to the pyrethroid class. With the increasing development of
resistance across several pest insect species, spikes in pest species numbers can occur and
ultimately affect the production and harvest of commercially relevant crops. This ever-
growing resistance to commercial pyrethroids feeds the need for ongoing research and has
led to the more recent development of newer pyrethroid-like materials in an effort to replace

the classic pyrethroids.
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1.4.4 Current attempts to combat pyrethroid drawbacks

The focus to overcome the emerging downfalls of pyrethroids has seen the continued
development of other pyrethroid-like insecticidal materials with the eventual goal of
implementation in agriculture and the home. The development of these modern pyrethroids
has resulted in minor amendments to the pre-existing pyrethroid scaffold, such as
monohalogenated acid moieties, as seen in 44 (Figure 1.8),”3 or more significant changes that

deviate further from the original pyrethroid-based skeleton.
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Figure 1.8: A selection of emerging pyrethroids with structures similar to the classic variants.

Whilst some of these monohalogenated acid derivatives, e.g. 44, showed comparable activity
against some pest species like aphids (Aphis craccivora) and armyworms (Mythimna
separata), they were significantly less active against mosquitos (Culex pipins pallens) than the
commercial pyrethroids cypermethrin 42 and deltamethrin 43. Notably, with only one of the
sites of the acid alkene halogenated, degradation was found to proceed much easier giving

these materials potential as a middle ground between the Pyrethrins 5-7 and pyrethroids.

Use of less conventional pyrethroid alcohols, like the tetrafluorobenzyl group, with altered
cyclopropyl acids has resulted in pyrethroidal materials like 45 (Figure 1.8) with broad-
spectrum activity and long-term stability.”* In conjunction, the pyrethroid 45 showed
potential against a pyrethroid resistance model organism, German cockroach (Blattela

germanica), and demonstrated minimal acute toxicity against rats. However, the high fluorine
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content is likely to contribute to long-term persistence and, as such environmental impact,

due to the high stability of polyfluorinated organic compounds.”> 7¢

More recently, heterocyclic components have been added to the alcohol motifs of these
pyrethroid structures to alleviate the generation of toxic degradation products. Biaryl
systems, like that contained in 46 (Figure 1.8), replaced the 3-phenoxybenzyl moiety of
deltamethrin 43 introducing nitrogen-containing heterocycles.”” Many of the prepared biaryl
pyrethroids exhibited significant bioactivity against mosquitos and prevented the generation
of toxic degradation pollutants. However, the stability and broad-spectrum capabilities of
these new pyrethroids remains unknown limiting their current potential applicability. 1,3,4-
Oxadiazole thioether rethrolone replacements, similar to 47 (Figure 1.8), have also recently
been investigated as new pyrethroids. Many of these new analogues were able to elicit
insecticidal activities comparable to those of some commercial insecticides, including

cypermethrin 43, however, the photostability and mammalian toxicity remain uncertain.’®

The continued need for the development of novel pyrethroid insecticides is the result of the
many drawbacks they present particularly in terms of their environmental impact and
evolving resistance in a number of insect species. Additionally, the pyrethroids and emerging
pyrethroid-like material require ground up synthesis over multiple steps which is resource
and time consuming. Many of these drawbacks have potential to be remedied by the direct

functionalisation of the natural Pyrethrins 5-7.

1.5 Altering the natural pyrethrins to combat their degradation

After centuries of their use, the natural Pyrethrins 5-7 remain the ideal candidate for
environmentally friendly and low toxicity insecticides due to their degradative properties and
effective, broad-spectrum activity. Whilst the degradative properties of the Pyrethrins 5-7
remains beneficial from an environmental standpoint, they have been a point of concern in
the long-term storage and prolonged use in agricultural settings of pyrethrum-based
insecticides?® 36 42,46 Unfortunately, the many countermeasures in place to minimise this
degradation do not completely alleviate the issue of pyrethrin loss in processing and storage.
Alternatives like the pyrethroids have also resulted in a number of their own shortcomings.
As such, a solution for both the flaws of the natural pyrethrum and the drawbacks of

pyrethroid insecticides is required. A potential means of mitigating these on-going issues is to
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develop new, insecticidally active analogues from the naturally derived Pyrethrins 5-7.
Specifically, this has the potential to alleviate the environmental stress and synthetic demand
imposed by the pyrethroids whilst imparting stabilisation to the natural material through

direct functionalisation.

1.5.1 Selective reduction of the natural pyrethrins

Of the six esters in the pyrethrum extract, pyrethrin | 5a and Il 5b constitute the majority of
the refined concentrate making up approximately 30-40% each.”® Unfortunately, these more
abundant constituents are also the most prone of the Pyrethrins 5-7 to degrade due to the
pentadienyl unit.?* The degradation of the Pyrethrins 5-7 remains a beneficial quality as it
prevents the environmental persistence and minimises the development of resistance. The
instability also bestows the Pyrethrins 5-7 with low mammalian toxicity. As such, a
compromise between the stability of the extract for long-term storage and the beneficial
degradation of the extract could be explored by means of simplifying the mixture of six esters
to four. The more sensitive pyrethrins 5 differ from their jasmolin counterparts 7 solely by the
saturation of the terminal bond in the penta-carbon sidechain. As such the transformation of

pyrethrins 5 to jasmolins 7 could be achieved through selective reaction at this site (Scheme

1.6).
., , ’ O//
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Scheme 1.6: Selective reduction of the pyrethrins 5 to the more stable jasmolins 7.

This conversion to the more stable minor esters 7 was envisioned to be achieved through a
chemo- and regio-selective reduction. Specific focus was given to implementing sterically
encumbered reducing agents and/or mild conditions to minimise alternate reactivity and
degradation of the pyrethrin starting material. Ultimately, such a transformation may serve
to limit the degradation of the pyrethrum concentrate with long-term storage whilst retaining

the beneficial qualities bestowed by the natural esters.

23



1.5.2 Altering the pentadienyl unit of pyrethrins | and I

The rethrolone moiety of the Pyrethrins 5-7 remains the major site of degradation, whether
through oxidation or polymerisation.?* >! Alteration of the reactive sites on this portion of the
scaffold may lead to analogues of the Pyrethrins 5-7 that exhibit an increased stability to the
well-known degradation pathways. Specifically, the double bonds of the pentadienyl
sidechain are responsible for this high reactivity under environmental conditions. As such,

functionalisation or modification of these sites to stabilised motifs was of particular interest.

As previously highlighted, the diene of the rethrolone moiety in the pyrethrins 5 is a
particularly well-established site for degradation. This pentadienyl sidechain of the major
pyrethrum constituents has potential as a reactive site in Diels-Alder cycloaddition reactions.
Such reactivity would allow for the production of cycloadducts of the pyrethrins 5 that no
longer possess the reactive pentadienyl side chain (Scheme 1.7), potentially decreasing their

propensity to decompose particularly through oxidative means.

5a R = Me
5b R = CO,Me

Scheme 1.7: Potential Diels-Alder cycloaddition of the natural pyrethrins 5.

Further, the electron density of the pentadienyl unit may provide a means to explore the
reactivity of the pyrethrins 5 under inverse electron demand Diels-Alder (IEDDA) conditions,
with the pyrethrin double bond(s) serving as the dienophile with electron-deficient diene
reagents. Exploring these different conditions can ultimately shed light into the reactivity of
the natural Pyrethrins 5-7 whilst also allowing for the development of pyrethrin analogues

with potential for increased stability.

Alternatively, the alkenes of the rethrolone side chain also have the capacity for versatile
functionalisation with a range of aromatic structures through palladium-catalysed cross
coupling. The introduction of these aromatic moieties into the pyrethrin scaffold can readily

be achieved through Heck reaction (Scheme 1.8).

24



‘0, O/, “, O//, J—
TN~ P T B
R © R ©
o o}
5a R = Me
5b R = CO,Me

Scheme 1.8: Potential palladium-catalysed arylation of the natural pyrethrins 5.

These aromatic motifs could potentially mimic some of the structural characteristics of the

pyrethroids to ideally give stabilised pyrethrin-based equivalents.

1.6 Research outline

Described herein, is the exploration into the synthetic modification of particularly sensitive
moieties in the natural pyrethrin scaffold in an effort to develop analogues with increased
stability allowing for long-term storage and applicability. Notably this work has focussed on
the selective modification of the pyrethrins 5 and testing of their viability in preliminary
insecticidal activity assays. Specifically, Chapter 2 describes efforts into the selective
reduction of the pyrethrins 5 to the jasmolin 7. A number of reductive protocols are assessed
for their viability in this transformation and a number of reduction products resulting from
these pursuits are subjected to preliminary evaluation of their insecticidal activity yielding
insight into pyrethrin structure-activity relationships. Chapter 3 explores the Diels-Alder
reactivity of the pyrethrin 5 pentadienyl side chain under both normal electron demand and
inverse electron demand. Chapter 4 further investigates the functionalisation of the
pentadienyl unit in pyrethrins 5, instead utilising palladium-catalysed methods. In particular,
the use and optimisation of Heck conditions for the arylation of the pyrethrins 5 is studied
leading to a series of arylated pyrethrin analogues. Lastly, Chapter 5 details attempts at the
synthesis of the rethrolone of pyrethrins 5, (Z)-pyrethrolone 21, for its potential use as a

future model for pyrethrin alteration.
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Chapter 2 Selective Reduction of the Pyrethrins

2.1 Introduction

The pyrethrum concentrate has long been an insecticide of choice due to its highly beneficial
properties in terms of crop and domestic pest control but also due to its lack of impact on the
environment and low toxicity to mammals.> 2 As previously indicated (Chapter 1; Section
1.2.3) the environmentally favourable qualities of the pyrethrum stem from the long-term
instability of the individual Pyrethrin esters 5-7 under typical environmental conditions.3
Despite the higher prevalence of pyrethrin 1 5a and Il 5b in the concentrate, they are the more
susceptible of the six esters to these degradative processes.® ® Much of this reactivity can be
attributed to the conjugated pentadienyl unit of the rethrolone moiety, which allows for
stabilised radical formation (Chapter 1; Section 1.3.1) and possesses an increased number of

reactive functional groups relative to the minor Pyrethrins; the cinerins 6 and jasmolins 7.3 7

Jasmolin | 7a and Il 7b only differ from their pyrethrin counterparts 5 at the terminus of the
penta-carbon system of the rethrolone moiety, where jasmolin 7 is saturated at this point. It
was proposed that the pyrethrum concentrate could be simplified through a chemo- and
regio-selective reduction of pyrethrin | 5a and Il 5b to jasmolin | 7a and Il 7b (Scheme 2.1).
Ultimately, this transformation would afford a redistribution of the pre-existing natural esters
from a mixture of six to a simplified mixture of four. Whilst the pyrethrins 5 are the more
active of the esters,? this redistribution would allow for a modified concentrate that retains
the beneficial environmental qualities of the original pyrethrum and improves upon its long-

term storage.
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Scheme 2.1: Proposed modification of the pyrethrum concentrate, transforming pyrethrin | 5a and Il 5b into

jasmolin | 7a and Il 7b.

Notably, the pyrethrin esters 5 have a high prevalence of unsaturated centres, with a number
of carbon-carbon and carbon-oxygen multiple bonds spread throughout the skeleton (Figure

2.1) making chemo- and regio-selectivity paramount to target the terminal double bond.
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Figure 2.1: Functional groups within the pyrethrin scaffold susceptible to reductive modification.

In an attempt to afford this transformation of the two pyrethrins 5 into the jasmolins 7, a
number of reductive conditions were explored in this thesis. Firstly, the individual reactivity
of the more sensitive pyrethrin esters 5 needed to be explored prior to implementation of
the botanic extract. As such, an efficient method for the isolation of significant quantities of
the individual pyrethrins 5 was necessary in order for them to be tested in the proposed
selective synthetic protocols. With the purification of pyrethrins | 5a and Il 5b, a range of
reductive modifications could then be explored for the direct conversion of these into their
more stable jasmolin analogues 7 prior to application on the pyrethrum concentrate. As a
result, a number of reduced pyrethrin analogues were produced and subsequently subjected

to preliminary insecticidal activity against a commercially relevant insect species.

2.2 Purification of the pyrethrum concentrate

The distribution of the various esters within the pyrethrum concentrate varies between
growing regions however, the pyrethrins 5 are generally in the highest proportion typically
comprising over half of the concentrate whilst the jasmolins 7 are in the lowest proportion.>
%10 Dye to the similarity of the esters, separation of considerable quantities of the individual
constituents has been difficult to achieve by cheap, conventional laboratory processes.
Purification of the individual esters 5-7 has previously been accomplished, however generally
for analytical scale applications or through the use of expensive equipment, like preparative
HPLC.1*%5 As the reactivity of the pyrethrin esters 5 was to be explored, a method for the
isolation of high purity pyrethrin | 5a and Il 5b from the botanical concentrate was required

for subsequent implementation into synthetic modifications.

2.2.1 Separating pyrethrins | from pyrethrins Il
Pyrethrins Il 5b-7b are significantly more polar than their Pyrethrin | counterparts 5a-7a due

to the presence of a methyl ester functionality. This large polarity difference allows for the
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well-resolved chromatographic separation of the subsets of Pyrethrins 5-7. In particular, dry
column vacuum chromatography (DCVC) is a convenient technique allowing for this
purification to occur rapidly and with scalability, where gram quantities of pyrethrum
concentrate can be subjected to the process at any given time. DCVC is a form of vacuum-
assisted column chromatography, where controlled gradient elution can easily be
accomplished.'®'® Generally, the apparatus consists of a short silica gel column fitted to a
solvent reservoir for fraction collection.® Small solvent fractions are then individually applied
and collected through the separating funnel, where each fraction increases in percentage of
the desired gradient.'®® DCVC is ideal for large scale separations, as is required for the
pyrethrum concentrate, and allows for decreased silica and solvent consumption in

comparison to typical chromatographic purifications.

Separation of 5-10 g quantities of the pyrethrum concentrate into the two Pyrethrin subsets
was undertaken with DCVC. A modified version of the process described by Hutt et. al,*°
allowed for the Pyrethrins | 5a-7a to be separated from Pyrethrins Il 5b-7b through gradient
elution with solvent fractions of ethyl acetate in hexane. Individual fractions increased in ethyl
acetate content by 1% increments from 1% to 25%. Typically, Pyrethrins | 5a-7a were isolated
over 7-14% ethyl acetate in hexane whilst Pyrethrins Il 5b-7b were eluted in 18-25% ethyl
acetate in hexane. TLC analysis of the Pyrethrins Il 5b-7b fractions in 20% ethyl acetate in
hexane showed that the later fractions contained purified pyrethrin Il 5b whilst earlier
fractions were still mixtures. The pure fractions were combined and evaporated to dryness
for subsequent use in synthetic transformations. Recycling the fractions containing Pyrethrins
Il 5b-7b into the DCVC procedure allowed for increased amounts of enriched pyrethrin Il 5b
to be isolated. The purified pyrethrin Il 5b was found to have a purity of 91% as determined
by analytical HPLC' (Figure 2.2).

" Quoted purity is an estimate based on the area of the peaks in the HPLC chromatogram. As the impurities
found in the pyrethrin | 5a or Il 5b fractions are the closely related cinerins 6 and jasmolins 7, the effect of the
extinction co-efficients are comparable and should have little effect on the determination of purity.
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Figure 2.2: HPLC trace (C18, 235 nm) of enriched pyrethrin Il 5b purified by DCVC with pyrethrin Il 5b eluting at
23.8 min.

Conversely, TLC analysis of the Pyrethrins | 5a-7a fractions showed that all fractions contained
a mixture of the three Pyrethrin | esters 5a-7a. The isolation of solely mixed Pyrethrins | 5a-
7a required further purification by a more controlled process. Therefore, these fractions were
combined and evaporated to dryness for subsequent purification of pyrethrin | 5a by silica gel

column chromatography.

2.2.2 Column chromatography of Pyrethrins | mixtures

Following separation of the two pyrethrin subsets, the Pyrethrins | 5a-7a mixture required
further purification to give individual pyrethrin | 5a for subsequent use in synthetic processes.
Previously, the individual Pyrethrins 5-7 have been purified through preparative HPLC
however, this process yields small amounts at high cost.3 Alternatively, pyrethrin | 5a can be
separated from the two minor constituents through careful column chromatography on silica
gel.’® Early attempts at purification of pyrethrin | 5a from the mixture made use of
conventional silica gel column chromatography with elution achieved by a solvent gradient
similar to Hutt et. al.® In these instances, it was difficult to obtain significant quantities of
pure pyrethrin | 5a due to the similarity in retention factors between the three components
and the tendency for these esters to overlap however, small quantities of pure pyrethrin | 5a

could be obtained.

Alternatively, pyrethrin | 5a can be isolated with high purity using a silica gel multibore, or
tiered, column.?® In this case a three-tiered glass column was employed, with each tier
decreasing in diameter by 1 cm from the tier above, and an isocratic eluting solvent of 8%
ethyl acetate in hexane. The multibore column significantly reduces the amount of solvent
used and the time taken for the separation to occur whilst also increasing the resolution of
the separation.?% 21 The largest tier serves a capacity type purpose where it accommodates

the amount of material loaded onto the column, with the following tiers acting to increase
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resolution/separation.?® The increased vyield of purified pyrethrin | 5a was thought to be a
result of elongation of the individual component bands as they move through each tier of the
column. This elongation stretches the individual bands, allowing for fractions of increased
purity to be obtained after the point of fraction overlap. Using this method pyrethrin | 5a was
able to be isolated in synthetically useful quantities with a purity of 91%, as determined by

HPLC analysis*(Figure 2.3).
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Figure 2.3: HPLC trace (C18, 235 nm) of enriched pyrethrin | 5a purified by three-tiered column chromatography
with pyrethrin | 5a eluting at 40.37 min.

With the isolation of gram-scale quantities of pyrethrin | 5a and Il 5b, the implementation of
reductive protocols in the pursuit of a transformation to the more stable jasmolins 7 could be

investigated.

2.3 Reduction with organoboranes and borohydrides

A range of different reduction reactions were investigated in an attempt to elicit the desired
transformation of the less stable, more abundant pyrethrins 5 to their jasmolins equivalents
7. Initial reactions implemented reductive protocols employing organoboranes, particularly

those with bulky substituents in an attempt to mediate the selectivity.

2.3.1 Hydroboration-protonolysis

The electrophilic addition of boranes across carbon-carbon multiple bonds has long been a
useful synthetic manipulation, particularly for monohydroxylation of alkenes.?? Generally, the
hydroboration of double bonds is successively followed by oxidation, however, the
intermediate organoborane can be cleaved through protonolysis with an organic acid

ultimately achieving a formal reduction of the unsaturated centre.?® 24 This hydroboration-

* Quoted purity is an estimate based on the area of the peaks in the HPLC chromatogram. As the impurities
found in the pyrethrin | 5a or Il 5b fractions are the closely related cinerins 6 and jasmolins 7, the effect of the
extinction co-efficients are comparable and should have little effect on the determination of purity.
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protonolysis process was promising for the transformation of pyrethrin | 5a and Il 5b into
jasmolin | 7a and Il 7b respectively. In order to achieve the desired reactivity, a number of
constraints were implemented in the attempt to increase selectivity for the terminal double

bond of the pentadienyl system.

A significant number of boranes are commercially available or can be prepared in situ for
immediate reaction with the desired substrate. Due to the number of reducible functional
groups within the pyrethrin structure (Figure 2.1), the regioselectivity and chemoselectivity
of the borane needed to be tuned for the pursuit of jasmolin 7 production so as to address
the selectivity criteria. In order for these conditions to be met, a borane with decreased
reactivity and large steric hinderance was of particular interest. Both of these requirements
could be met by implementing a disubstituted borane, where the substituents are
significantly bulky to prevent reactivity at hindered sites of the pyrethrin scaffold. Substituted
boranes have a decreased number of reactive sites allowing for increased control and
selectivity in hydroboration reactions.?? Provided the substituents on the chosen borane are
of sufficient size, the regioselectivity of the hydroboration event can be manipulated to occur
at the least hindered position of the pyrethrin 5, more specifically the terminal alkene of the

pentadienyl unit.

Disiamylborane 50 possesses the desired steric hindrance and singular site of reactivity due
to its branched alkyl substituents and a documented history of chemoselective and
regioselective hydroboration of alkenes.?> 26 Due to its air and moisture sensitivity,
disiamylborane 50 is generally prepared directly prior to use (Scheme 2.2), ensuring optimal
reactivity with the alkene substrate. Prior to the hydroboration-protonolysis of the pyrethrins
5, disiamylborane 50 was prepared from a 2 M 2-methylbut-2-ene 48 THF solutionanda 1 M

borane-THF 49 solution at 0 °C giving the hindered organoborane as a 0.5 M solution.

Y\ + BH3THF —»
THF, 2 h

438 49
Scheme 2.2: Generation of the hydroborating reagent, disiamylborane 50.

The 0.5 M disiamylborane 50 solution could then be utilised in reactions with either pyrethrin

| 5a or Il 5b in an attempt to produce jasmolin | 7a and Il 7b respectively. Typically, one
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equivalent of disiamylborane 50 was added to the pyrethrin 5 in dry THF at room temperature
under an inert atmosphere. The resulting solution was stirred for a further 5 h to allow for
hydroboration and was subsequently treated with acetic acid to elicit protonolysis. The acidic
solution was left for an additional 1 h before being quenched with sodium bicarbonate
solution and was extracted with ethyl acetate. A crude oil was obtained with *H NMR analysis
indicating a mixture of reduction products and evidence of some pyrethrin 5 starting material.
The desired jasmolin 7 product was not indicated in the analysis of the isolated mixture,
instead it was observed that the entirety of the pentadienyl moiety had been affected giving
what appeared to be full saturation. Organoborane intermediate(s) of the pyrethrin starting
material 5 were suggested to be a part of the isolated mixture due to the number of disiamyl
resonances in the 'H NMR spectrum however, their identity could not be fully elucidated. The
presence of these organoborane intermediate(s) suggest the protonolysis procedure to be
inefficient for complete conversion to the reduced material(s) however, attempts to remedy
this by altered reaction times and temperatures were unsuccessful and the crude mixture of
materials was also unable to be purified by column chromatography. An alternative borane
reagent with increased steric hinderance and availability was proposed to prevent the

aforementioned multiple reduction events from taking place.

The bicyclic, caged structure of 9-borabicyclo-[3.3.1]-nonane (9-BBN) was deemed to be of
significant steric hinderance to impede access to alternate sites of reactivity within the
pyrethrins 5 and possesses the pre-existing criteria necessary for selectivity. The commercial
availability and decreased sensitivity to moisture of 9-BBN eliminated the need to prepare the
reagent directly prior to use and minimised decomposition with handling. 9-BBN has
previously been used specifically for the monohydroboration of conjugated dienes with the
reaction showing preference for the least hindered site of the double bond.?’ This described
regioselectivity of 9-BBN suggested its further potential in the selective reaction with
pyrethrins 5 at the terminal position of the pentadienyl unit. A commercial 0.5 M solution of
9-BBN in THF was used in place of the disiamylborane solution described above with the
isolated oil resulting from this hydroboration-protonolysis procedure identified as a mixture
by NMR analysis. The presence of the alkene resonances of the pentadienyl unit suggested
recovery of starting material whilst the large abundance of aliphatic hydrocarbon signals

suggested the presence of organoborane intermediate as well as any residual 9-BBN that
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remained unquenched. 1B NMR spectroscopy was implemented as a qualitative analysis to
determine if the isolated material contained residual hydroborating reagent or unreacted
intermediate organoborane. The B NMR spectrum exhibited three distinct resonances, all
within the alkylborane region,?® likely due to the presence of residual 9-BBN, quenched
borane and potential organoborane intermediate(s). As such, it was suspected that the
protonolysis procedure was not rigorous enough to elicit efficient cleavage of the
intermediate and so, the hydroboration-protonolysis procedure was amended. Instead, the
hydroboration was monitored by TLC until the pyrethrin material 5 appeared to be completely
consumed (~5-7 h) and the subsequent protonolysis was run at elevated temperatures. The
resulting oil was observed to be free from boron species suggesting complete protonolysis of
the hydroborated species. Nevertheless, 'H NMR analysis revealed that the alkene signals of
the pentadienyl unit were still present in the resulting mixture, signifying the hydroboration

event proceeded with alternate reactivity than desired.

The 3C NMR spectrum exhibited a lack of a ketone resonance at 203 ppm, suggesting that
reactivity was localised to the cyclopentenone of the rethrolone moiety. Ultimately, two
products were able to be separated from the mixture of both pyrethrins 5 by column
chromatography. One of the two products was readily identified as the allylic alcohol 51
through typical characterisation in yields of 15-19%. The 'H NMR spectrum revealed the
isolation of a single diastereomer from the reaction with 2D nOe correlation (Figure 2.4) used
to determine the stereochemical configuration. The isolated stereoisomer of the allylic
alcohol 51 showed a direct correlation between the 4’ proton and the 1’ proton suggesting
they are on the same face of the cyclopentene which would give an (R)-configuration at the

4’ position.

(4'R)-stereoisomer

(4'R)-51a R = Me
(4'R)-51b R = CO,Me

Figure 2.4: nOe correlation, indicated by the red arrow, for the allyl alcohol 51 isolated from the hydroboration-

protonolysis of pyrethrin 5.
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This stereoselectivity is likely to stem from the steric hindrance of the bulky bicyclic structure
of 9-BBN and the bulk of the ester substituent at the pre-existing 1’ stereocentre. The second
product was isolated as what appeared to be a mixture, potentially of stereoisomers. Infra-
red spectroscopy indicated the presence of a second carbonyl-containing functionality within
the structure and yet lacked the characteristic —OH stretch (>3000 cm™) of an alcohol. Mass
spectrometry showed a protonated molecular ion corresponding to the molecular mass of
the pyrethrin starting material 5 with an additional 43 m/z. This, in conjunction with the lack
of ketone resonance in the 13C NMR spectrum, implicates potential esterification/substitution

of the newly formed pyrethrin alcohol 51 with the acetic acid used for protonolysis resulting

oy O,
J'\% [ é’\f
R © B
oH

(4'R)-51a R=Me 15%
(4'R)-51b R=CO,Me 19%

in the corresponding allyl acetate 52 (Scheme 2.3).

.. O, i) 9-BBN
| (. — i) AcOH "
O ——
R
° 1y O/I,
5a R=Me | ¢ —
5b R=CO,Me R o) =
0
O:<

52a R=Me 8% (dr 4.0:1.0; S:R)
52b R=CO,Me 9% (dr 3.3:1.0; S:R)

Scheme 2.3: Hydroboration-protonolysis of pyrethrins 5 giving allylic alcohols 51 and allylic acetates 52.

In contrast, the allyl acetates 52 were isolated as a diastereomeric mixture in typical yields of
8-9%, which were later shown to have the (S)-isomer (Section 2.3.2) constituting the majority
of the mixture (dr 52a 4.0:1.0, dr 52b 3.3:1.0) by comparison to purified allyl acetate 52
diastereomers. Attempts to resolve the two stereoisomers by column chromatography were
unsuccessful and as such the allyl acetates 52 were characterised as the diastereomeric

mixture.
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This observed chemoselectivity for the enone, rather than the desired alkene, is proposed to
be due to the electron deficiency of the boron in the 9-BBN hydroborating reagent and the
large electron density of the carbonyl oxygen atom. In fact, it has been documented that 9-
BBN exhibits chemoselective reactivity with aldehydes, ketones and their a,B-unsaturated
variants in the presence of other reactive functional groups to give the corresponding
alcohol.?® 3% Some of the newly generated alcohol can subsequently esterify with the excess
acetic acid under the harsh reflux conditions employed for the protonolysis of the
intermediate organoborane, giving the observed acetate esters 52. Despite the undesired
reactivity, the enone reduction products were promising for the exploration into structure-
activity relationships of pyrethrin-like materials. As such, efficient production of the allyl
alcohol 51 and allyl ester 52 was pursued to acquire sufficient quantities for application in

biological activity testing.

2.3.2 Production of pyrethrin allyl alcohols and allyl acetates with borohydrides

Borohydride reagents have been used for a range of reductive protocols including the
chemoselective reduction of carbonyl functionality, particularly aldehydes and ketones.3!
Sodium borohydride (NaBHa4) was proposed as an appropriate reducing agent for the efficient
conversion of pyrethrin 5 to the allylic alcohol 51 by direct carbonyl reduction without
affecting the ester functionality present (Scheme 2.4). Typical reaction conditions with
sodium borohydride and enone substrates can result in a mixture of both the 1,2- and 1,4-
reduction producing the allyl alcohol or saturated ketone respectively.3? However, using
sodium borohydride in a 10% methanol in THF blend has previously been shown to favour the
1,2-reduction process to give higher quantities of the allylic alcohol product.?? Stirring the
desired pyrethrin starting material 5 in a solution of sodium borohydride in a 10% methanol-
THF solvent blend at 0 °C under inert atmosphere resulted in nearly quantitative conversion

to the allyl alcohol 51 as a mixture of diastereomers.
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Scheme 2.4: Efficient production of allyl alcohols 51 and subsequent esterification giving the allyl esters 52.

The individual stereoisomers could readily be resolved by column chromatography and
subsequent analysis by nOe spectroscopy was undertaken to assign the configuration at the
newly formed stereocentre. Much like the hydroboration process, the 4’ (R)-stereocisomer
was found to be formed as the major constituent. The alternate 4'(S)-stereoisomer of the
allylic alcohol 51 was determined to be the minor constituent with the 4’ proton correlating

through the 5’ proton(s) to the 1’ proton on the opposite face of the ring (Figure 2.5).
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(4'S)-stereocisomer

(4'S)-51a R=Me
(4'S)-51b R=CO,Me

Figure 2.5: NOe correlations, as indicated by the red arrows, for the determination of (4'S)-configuration of the

allyl alcohol 51.

This 1,2-enone reduction showed reasonable stereoselectivity for the (4'R)-sterecisomer with
diastereomeric ratios of 5.5:1.0 and 4.5:1.0 for pyrethrin | 5a and Il 5b respectively. This
moderate stereoselectivity observed can be attributed to the pre-existing (1'S)-stereocentre
and the steric bulk associated with the ester substituent. The chrysanthemic ester moiety
likely imparts significant bulk to hinder access by the borohydride reagent on the re face of

the carbonyl.

This observed stereoselectivity with a relatively small reagent was believed to be potentially
enhanced by employing a larger borohydride reagent. Employing L-selectride as the reducing
agent was able to afford only the (4'R)-diastereomer of the allyl alcohol 51 in yields of 20-38%

depending on the pyrethrin starting material 5 (Scheme 2.5).

"//]/O//. ___ L-Selectride "y O,
! B . ¢ =
@) OH
5a R=Me (4'R)-51a R=Me 38%
5b R=COyMe (4'R)-51b R=CO,Me 20%

Scheme 2.5: Stereoselective reduction of the pyrethrins 5 with L-Selectride giving the (4'R)-stereocisomer of the

allylic alcohol 51.

The (4'S)-stereoisomer was not observed in crude reaction mixtures or isolated from the
chromatographic process. Yields of the allyl alcohol 51 were significantly reduced in
comparison to the sodium borohydride reaction which is likely due to the increased reactivity

of L-selectride. Whilst the tri-sec-butyl substituents of L-selectride give significant steric
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hinderance they also inductively activate the borohydride, ultimately making it more reactive,

which can result in ester reduction.

These individual diastereomers of the allylic alcohol 51 could then be utilised to furnish the
individual stereoisomers of the allylic esters 52 (Scheme 2.4) allowing for the exploration into
the effect of stereochemical configuration at the 4’ position on insecticidal activity. Each of
the individual allylic alcohol 51 diastereomers were subjected to typical acetylation
procedures using acetic anhydride in the presence of triethylamine to afford the allyl esters
52. The (4’R)-allyl esters 52 were furnished in high yields of 85-91% whilst the (4'S)-allyl esters

52 were obtained in lower yields of 46-56%.

Despite these attempts at double bond selectivity with boron reducing agents, the desired
transformation from pyrethrin 5 to jasmolins 7 was unable to be elicited. Alternatively, the
chemoselective reduction of the enone moiety in a 1,2-fashion was able to produce both the
allyl alcohol 51 and allyl acetate 52 of the pyrethrins 5 with the isolation of both of the possible
diastereomers. In the pursuit of jasmolins 7 from pyrethrins 5, hydrogenation protocols were

explored as a means to elicit this change.

2.4 Hydrogenation of pyrethrins

The most conventional processes for the reduction of unsaturated moieties have been various
forms of hydrogenation, whether through direct use of hydrogen gas or by hydrogen donor
molecules.?* Previous reduction of the pyrethrum extract (Scheme 2.6), before the
identification of the jasmolins 7, made use of catalytic hydrogenation protocols to give the

tetrahydropyrethrins 53 and dihydrocinerins 54.3°

Pyrethrum Hyd rogenation ,,
concentrate 'n/

53a R=Me

53b R=CO,Me S4a R=Me

54b R=CO,Me

Scheme 2.6: Previous hydrogenation of pyrethrum concentrate giving the tetrahydropyrethrins 53 and

dihydrocinerins 54.%

Both the individual reduced esters and the hydrogenated mixtures were tested for their

activity against the domestically relevant housefly (Musca domestica) where they showed a
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significant lack of bioactivity in comparison to the original pyrethrum.3> 3¢ Despite this, no
attempt has been made to modulate this reductive protocol in the pursuit of selective
reactivity on the terminal double bond of pyrethrins | 5a and Il 5b to produce their jasmolin 7

equivalents.

2.4.1 Catalytic hydrogenation

Catalytic hydrogenation with hydrogen gas has served as a reliable method for the reduction
of alkenes to their respective alkanes and can be achieved under relatively mild conditions.3’
Due to the undesired chemoselectivity observed with borane/borohydride reagents,
hydrogenation became of interest for the specific reduction of the carbon-carbon double
bond(s) in the pyrethrins 5 with potential for controlled, regioselective reduction of the
terminal site. The sensitive nature of the pyrethrins 5 and the desire to achieve regioselective
reduction required tailoring of the reaction conditions so as to minimise undesired reactivity.
In this case, all hydrogenation protocols were performed at room temperature and
atmospheric pressures of hydrogen gas to not only prevent the degradation of pyrethrin(s) 5
but also to attempt to regulate the reductive process. Direct hydrogenation can be carried
out with a range of catalysts including both homogeneous and heterogeneous variants. In this
case, palladium on carbon (Pd/C) was used due to its ready availability, relatively cheap cost
in comparison to other metallic catalysts and its heterogeneous nature, allowing easy removal
and reuse.” In an effort to further control this process, a range of catalyst loadings from 1-

10 wt% Pd/C and the time of exposure to the hydrogen were explored.

Initially, the reaction mixtures were exposed to hydrogen for 4 h at room temperature in the
presence of Pd/C with variation in the catalyst loading. Despite this attempt to control the
regioselectivity by altering the amount of palladium available for catalysis, all reaction
outcomes resulted in the isolation of the tetrahydropyrethrins 53 (Scheme 2.7).
Tetrahydropyrethrin | 53a and Il 53b were able to be isolated in high yields of 83% and 97%
respectively with catalyst loading of 10 wt% and 1 wt% Pd/C respectively. Reducing the
reaction time with the lowest catalyst loading (1 wt% Pd/C) was explored as a means of
limiting the reaction process to attempt to isolate a semi-reduced product, however in most

cases the tetrahydropyrethrins 53 were the only product isolated.
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Scheme 2.7: Hydrogenation of pyrethrins 5 resulting in full saturation of the pentadienyl unit.

Despite these extensive attempts to further minimise the reactivity of the hydrogenation
process, only small amounts of a semi-reduced analogue were implicated by *H NMR in a
mixture with tetrahydropyrethrin 53 after 2 h with a 1 wt% Pd/C loading. This semi-reduced
analogue was proposed to be a dihydropyrethrin 55 where the cis-alkene of the side chain
was reduced whilst the terminal position remained intact (Scheme 2.7). Unfortunately, this
dihydropyrethrin 55 was unable to be purified from the tetrahydropyrethrin 53 preventing

further analysis and subsequent application into bioactivity testing.

This rapid over reduction of the pentadienyl moiety of pyrethrins 5 under typical
hydrogenation conditions could potentially be overcome by more controlled reduction
procedures. As such, transfer hydrogenation became a focus as a way of limiting the amount

of hydrogen in the system through stoichiometric control of the hydrogen donor.

2.4.2 Transfer hydrogenation

The stoichiometric control of the amount of hydrogen within the system imposed by transfer
hydrogenation processes was proposed to allow for a more regulated reduction process to
potentially target the terminal double bond of pyrethrins 5. This increased control is derived
from the use of an organic molecule as hydrogen donor where the amount of hydrogen
available is limited by the stoichiometric addition of said donor.3* Ideally, addition of the

hydrogen donor as one equivalent of hydrogen and the more step-wise addition of hydrogen
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to the double bonds would allow for the desired regioselectivity without further reaction

taking place.

Cyclohexene and cyclohexadiene are ideal hydrogen donors due to their well-documented
use, availability and, the volatility of them and their common oxidation product benzene.3%
38 39 Injtial attempts at transfer hydrogenation reactions made use of cyclohexene as the
hydrogen donor in the presence of Pd/C at reflux in THF. Unfortunately, no reaction was
observed with the recovery of only pyrethrin starting material 5 from the reaction mixtures.
Cyclohexadiene was then used to replace cyclohexene as hydrogen donor due to its increased
reactivity under transfer conditions.>® Despite this change, the pyrethrins 5 were still
recovered from the reaction unchanged. Typically, these hydrogen donors require higher
temperatures to elicit the reduction at sufficient rates, which are not achievable with the
thermally sensitive pyrethrins 5.3° As such, an alternative hydrogen donor was sought to elicit

the desired change with the milder conditions employed.

Formic acid acts as hydrogen donor through thermal decomposition in the presence of a
palladium catalyst to give the reducing species and CO;. Direct incorporation of formic acid
into the previous methodology was able to elicit a response from the pyrethrins 5 unlike the
cyclohexene/cyclohexadiene protocols (Scheme 2.8). However, instead of the desired
reduction it was observed that the alkeneswere affected by both cis-trans isomerism and
migration events. Both the trans-pyrethrins 34 and double bond migration isomers 25 were

readily separated by column chromatography giving yields of 9-14% and 15-19% respectively.
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Scheme 2.8: Alkene isomerism and migration of pyrethrins 5 under transfer hydrogenation conditions with formic

acid as hydrogen donor.

The observed reactivity is limited to the Pd/C-formic acid system with exploration into
catalysts including platinum on carbon and palladium hydroxide yielding no reaction.
Alternatively, controls without the catalyst and/or the formic acid resulted in recovery of the
pyrethrin starting material 5, eliminating solely thermal processes for the isomerism
observed. Instead it is likely that the palladium hydride species formed as a result of the
formic acid decomposition produces the observed changes (Scheme 2.9). The resultant active
palladium hydride species, formed by the decomposition of the formic acid hydrogen donor,*°
can hydropalladate across the double bond(s) to give an intermediate organopalladium
species 56.* 42 This organopalladium species 56 then has the capacity to undergo free
rotation about the previously unsaturated bond. Subsequent B-hydride elimination reinstalls
the double bond ultimately giving the trans-isomer (Scheme 2.9, red arrows).*® Alternatively,
the B-hydride elimination can take place with the 7’ position resulting in migration of the

double bond (Scheme 2.9, green arrows).*°
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Scheme 2.9: Alkene isomerism by palladium hydride species formed under transfer hydrogenation conditions.

A second migration event shifts the terminal double bond giving isopyrethrins 25 placing the
diene into complete conjugation with the enone. The intermediate migration isomer 57 was

not observed, likely due to the increased resonance stability of the isopyrethrins 25.
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The isomerism process, whether cis-trans or migratory, was inefficient for the production of
larger quantities of the isomers 34 and 25 with low yields after 8 h reaction times and
significant recovery of pyrethrin starting material 5. However, sufficient quantities were
obtained to allow for biological activity testing. These transfer hydrogenation protocols were
unable to elicit the desired transformation of pyrethrin 5 to jasmolin 7 leading to exploration

of an alternate transfer procedure.

2.4.3 Diimide mediated transfer hydrogenation

Alternate means of transfer hydrogenation exist outside of these catalytic processes including
reduction by short-lived species such as diimide. Diimide is a highly chemoselective reducing
agent that specifically reduces unpolarised m-bonds such as alkenes, alkynes and diazenes.**
Additionally, diimide reductions exhibit some regioselectivity due to the decrease in reaction
rate with increasing substitution around the unsaturated site, making exposed terminal
double bonds most susceptible.*> The transient nature of diimide requires its generation in
situ which can be achieved through a number of nitrogenous reagents. Some of the more
common methods include the thermal decomposition of sulfonylhydrazides, decarboxylation
of azodicarboxylates in acidic conditions or, the catalytic oxidation of hydrazine.** In this case,
hydrazine oxidation was deemed ideal for the generation of diimide due to its ready
accessibility, inexpensive reagent(s) and mild reaction conditions. These favourable reaction
characteristics were deemed ideal for the site-specific reduction of pyrethrins 5 to their

corresponding jasmolins 7.

Initial attempts to produce diimide through the oxidation of hydrazine made use of potassium
periodate as oxidant with catalytic quantities of copper(ll) sulfate and acetic acid. The
periodate was added in portions to a solution of the appropriate pyrethrin 5 with the
corresponding catalytic material and hydrazine monohydrate in ethanol. Following complete
addition of the oxidant, the reaction was left to stir at room temperature up to 2 h before
removal of the insoluble inorganic material. The desired reaction product was identified in
the 'H NMR analysis of the crude material with the presence of jasmolins 7 as determined by
comparison to the spectroscopic data of the naturally isolated ester. However, significant
quantities of the pyrethrin starting material 5 remained in the mixture with conversions to
jasmolin 7 up to 75%. The similar retention of pyrethrin 5 and jasmolins 7 in column

chromatography made it difficult to give pure jasmolins 7 and as such higher conversions
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would be preferred. The addition of up to 5 eq of periodate salt to the reaction in small
portions can result in the ready over oxidation of the hydrazine to dinitrogen without the
reactive diimide forming and as such a more steady means of diimide release was deemed

likely to limit this process.

The oxidation of hydrazine can also be elicited through exposure to atmospheric oxygen
allowing for the generation of the reductive species simply through stirring of the material
open to air.*® 47 Individual pyrethrins | 5a and Il 5b could be subjected to conditions where
the reaction mixture, with the same catalytic residues and presence of hydrazine, was simply
stirred vigorously open to the atmosphere allowing for the steady production of diimide
(Scheme 2.10). Monitoring the reaction by TLC, it was found that after approximately 8 h all
of the pyrethrin starting material 5 was consumed and the equivalent jasmolins 7 were
produced. The isolated material gave mass yields of 77% and 83% for pyrethrins | 5a and Il 5b
respectively with spectroscopic characterisation confirming their identity by comparison to
the natural jasmolins 7. However, HPLC analysis (Figure 2.6) revealed an unknown impurity,
that did not correspond to any of the natural Pyrethrins 5-7, eluting at 48.9 and 32.8 min for
the reactions of pyrethrin | 5a and Il 5b respectively. This unknown material was found to
constitute approximately 25% of the isolated mixture in each of the individual diimide-

mediated reductions.
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Figure 2.6: HPLC analysis (C18, 235 nm) of the diimide reduction of pyrethrins 5 resulting in jasmolin | 7a (A) and

jasmolin Il 7b (B) mixtures.
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The unknown by-product was identified by LC-MS analysis as the corresponding
tetrahydropyrethrin 53, where further reduction had taken place at the cis-alkene of the
resulting jasmolin 7. Ultimately, the individual jasmolins 7 could be furnished in high
proportions as a mixture with their tetrahydropyrethrin equivalents 53 from the purified

pyrethrins 5 (Scheme 2.10).
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Scheme 2.10: Diimide mediated reduction of pyrethrins 5 to their jasmolins 7 and tetrahydropyrethrin 53

equivalents.

When subjected to UltraPerformance Convergence Chromatography (UPCC), undertaken by
Marc McEwan at CSIRO, the semi-synthetic jasmolins in the mixture showed similar retention
to the natural jasmolins 7 further confirming their identity. Additionally, when subjected to a
range of chiral columns and solvent programs in the UPCC analysis the semi-synthetic
jasmolin 7 signal showed no evidence of resolving into more than a single peak suggesting
preservation of the natural stereochemical configuration of the pyrethrin starting materials

5.

This diimide-mediated reduction was then directly applied to the pyrethrum concentrate,
containing all six of the Pyrethrins 5-7. Using the same methodology, it was found that
pyrethrin | 5a and Il 5b could be reduced to their respective jasmolins 7 in the presence of

both the natural jasmolins 7 and cinerins 6 albeit with some over-reduction. It was found, by
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HPLC analysis® (Figure 2.7), that the jasmolin 7 content of the extract increased from the
original 7% up to approximately 65% following diimide treatment which coincides with the

drop in pyrethrin 5 content from over 70% to 5%.
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Figure 2.7: HPLC analysis (C18, 235 nm) of the pyrethrum concentrate before (A) and after (B) diimide reduction.
Much like the individual pyrethrin reactions, the diimide reduced pyrethrum extract showed
the presence of both the tetrahydropyrethrins 53, albeit in significantly lower amounts,
constituting 15% of the altered extract. The cinerins 6 remained unaffected by the diimide

treatment with no evidence of loss or production of a reduced variant.

The diimide-mediated reduction was able to be improved further with the reaction tolerating
lower hydrazine quantities from 48 to as low as 10 eq before the reaction rate was adversely
affected. Lower amounts of hydrazine resulted in longer reaction times and lower conversions
due to the tendency for the diimide to undergo disproportionation to the original hydrazine
and molecular nitrogen, as well as overoxidation events.*® Further, the diimide reduction
continues to progress with the omission of the catalytic copper(ll) salt which may allow for
more ready industrial application due to the mitigation of the need for heavy metal use and
disposal. Generally, these copper-free reactions required increased reaction times and a
higher proportion of hydrazine to elicit the same response as the original copper-catalysed
variant due to the slower oxidation of the hydrazine. The copper-catalysed diimide-mediated

protocol has shown promise in larger scale reactions, with up to gram amounts of pyrethrum

$ Quoted purity is an estimate based on the area of the peaks in the HPLC chromatogram. As the impurities
found in the reaction mixture are closely related pyrethrin derivatives, the effect of the extinction co-efficients
are comparable and should have little effect on the determination of purity.
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concentrate, demonstrating the conversion of the more sensitive pyrethrins 5 to the more

stable jasmolins 7 albeit with small quantities of the tetrahydropyrethrins 53.

2.5 Preliminary insecticidal activity of reduction analogues

Both the Pyrethrins 5-7 and pyrethroids act upon the target insect in the same manner, by
affecting the voltage-gated sodium ion channels in the nervous system.*® More specifically,
the Pyrethrins 5-7, or pyrethroids, bind to these ion channels causing them to remain open
for longer periods of time than usual, ultimately allowing for a greater influx of ions. The result
of this ion surge is the overstimulation of the nerve which can result in incapacitation of the
insect, or ‘knockdown’, and eventual death with continued overexcitation of the nervous
system.*® >0 |t has also been established by in vitro testing of cockroach sodium ion channels
in Xenopus oocytes that the natural Pyrethrins 5-7 can act upon the closed form of the

channel.?®

The activities of the pyrethrum concentrate, individual natural Pyrethrins 5-7 and reduced
pyrethrin analogues were determined by assay, undertaken by Dr. Andrew Kotze (CSIRO
Agriculture and Food), against the commercially relevant pest Lucilia cuprina (Australian
sheep blowfly).> The larvae of L. cuprina were exposed to the individual compounds and the
inhibition of pupation used as an initial measure of their bioactivity. In conjunction with the
aforementioned compounds two commercially utilised pyrethroids, a-cypermethrin 42 and
deltamethrin 43, were used as positive controls in the assays. Both dose-response curves
(Figure 2.8) and ICso data (Table 2.1) could then be generated to display the effectiveness of

each pyrethrin analogue against the larvae.
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Figure 2.8: Dose-response curves of the pupation rate of L. cuprina larvae in response to commercial pyrethroid
controls (A), the natural Pyrethrins | 5a-7a and pyrethrum concentrate (B), the natural Pyrethrins Il 5b-7b (C), and

the diimide mediated reduction mixtures (D). Each data point represents mean +SE, n = 2 assays at each

concentration.

Despite the minor differences between the natural Pyrethrins 5-7, they exhibit a range of
toxicities toward the L. cuprina larvae with all six showing significant activity (Figure 2.8B and
C). Generally, the Pyrethrin Il 5b-7b variants were less active than their Pyrethrin | 5a-7a
counterparts on the live organism which is consistent with previous work on Culex pipiens
pallens (common mosquito).® Of the individual esters, pyrethrin | 5a and cinerin | 6a were the
most effective of the six esters with 1Csp values of 11 and 13 nmol/assay respectively (Table
2.1). Jasmolin | 7a was significantly less active than the other two esters in the series, with
approximately 6.5 times the amount of cinerin | 6a necessary to elicit the 50% inhibition of
pupation. This trend was consistent in the Pyrethrins Il 5b-7b where pyrethrin 5b was the

most active and jasmolin 7b was the least active against the larvae.

Early insecticidal testing of the Pyrethrins 5-7 explored the activity of the isolated pyrethrins
5 and cinerins 6 on both house fly (Musca domestica)®?> and mustard beetle (Phaedon
cochleariae)> finding cinerin Il 6b the least potent of the four which is reflected with the
aforementioned bioassays of L. cuprina. This general trend is also consistent with the in vitro
testing on cockroach sodium ion channels where the order of activity was found to be

pyrethrin 5> cinerin 6> jasmolin 7.°° The semi-synthetic jasmolin mixtures 7+53 showed
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comparable activity to their natural jasmolins 7 counterparts likely due to the high content of
jasmolins 7. The pyrethrum extract was able to elicit responses similar to that of pyrethrin Il
5b, presumably due to the majority of the concentrate being made up of the pyrethrins 5.
Similarly, the diimide altered concentrate exhibited reduced activity correlating closely with

its major jasmolin 7 constituents.
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Table 2.1: ICso bioactivity of the natural Pyrethrins 5-7 and the reduced analogues against L. cuprina larvae.
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Many of the other analogues produced from the reduction protocols described above showed
no insecticidal activity towards the L. cuprina larvae. Both the allyl alcohol 51 and allyl acetate
52 failed to elicit any insecticidal activity indicating that alteration of the ketone in the
rethrolone moiety is detrimental to the biological activity of the Pyrethrins 5-7. This lack of
activity may stem from a change in lipophilicity or conformation about the enone moiety.
Additionally, complete saturation of the pentadienyl moiety in pyrethrins 5 adversely affects
the activity towards the L. cuprina larvae. This lack of activity by the tetrahydropyrethrins 53
is consistent with the early literature which described a decreased effect on live insects.3> 3¢
>4 The necessity for the unsaturation in the pentadienyl sidechain of the pyrethrins 5 is further

highlighted in the docking studies by Dong, where it was implicated that these points of

unsaturation in pyrethrin Il 5b were necessary for binding to the sodium channel.>®

In conjunction, the importance of the regiochemistry of the double bonds in the pentadienyl
side chain can be seen with the activities of the pyrethrin isomers 34 and 25 isolated from the
transfer hydrogenation. The trans-pyrethrin isomers 34 both retained significant activity,
greater or equivalent to the natural jasmolins 7, however with diminished potency in
comparison to the natural cis geometry of the pyrethrins 5. Conversely, the migratory isomers
25 showed no inhibition of larval pupation in L. cuprina potentially due to the shift of the
double bonds in the rethrolone moiety. More specifically, the shift of the double bonds into
conjugation with the cyclopentenone ring reduces the flexibility of the side chain, which has
been suggested to be necessary to allow for particular interactions in the sodium channel

binding site.*®

2.6 Conclusions

Significant quantities of individual pyrethrin | 5a and Il 5b were able to be obtained by a dual
chromatographic process. Firstly, dry column vacuum chromatography with stepwise elution
was able to resolve the Pyrethrins | 5a-7a from Pyrethrins Il 5b-7b. Subsequent column
chromatography or repeated DCVC yielded gram quantities of pyrethrin | 5a and Il 5b

respectively, allowing for testing of prospective modifications.

Exploring the reduction chemistry of the natural Pyrethrins 5-7 in the pursuit of a site-
selective reduction of the least stable pyrethrin | 5a and Il 5b to the more stable jasmolins 7

resulted in the synthesis of a number of reduced analogues. Implementation of a
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hydroboration-protonolysis procedure was unable to elicit the desired transformation
instead acting upon the carbonyl unit of the enone moiety. This process gave rise to the allyl
alcohols 51 and allyl esters 52 in relatively low yields of 15-19% and 8-9% respectively. The
potential application of these materials for use in biological activity assays was deemed
appropriate for the optimisation of such reaction. As a result, reduction by sodium
borohydride was able to produce the allyl alcohol 51 in near quantitative yield with the
individual diastereomers able to be readily resolved. Treatment of these individual alcohol
stereoisomers with acetic anhydride gave good vyields of the individual allyl acetate
diastereomers 52. Despite the success of the reductive transformation, these allyl alcohol

derivatives 51 and 52 showed no observable activity in pupation inhibition assays.

Hydrogenation of the individual pyrethrins 5, by standard catalytic means or through catalytic
transfer processes, was unable to give the desired pyrethrin 5 to jasmolin 7 transformation.
Attempts to limit catalytic hydrogenation through catalyst loading, hydrogen pressure and
temperature were ineffectual in preventing over reduction of the pentadienyl unit, with the
regular isolation of tetrahydropyrethrins 53. A dihydropyrethrin variant 55, where the interior
cis-alkene of the pentadienyl unit was reduced, was implicated in the mildest reaction
conditions however, was unable to be isolated and tested for biological activity. These
tetrahydropyrethrins 53 were unable to inhibit the pupation of L. cuprina highlighting the
necessity for unsaturation in the rethrolone side chain. Application of stoichiometrically
controlled catalytic transfer hydrogenation resulted in isomers of pyrethrins where either cis-
trans isomerism 34 or double bond migration 25 was observed due to the active palladium
hydride species of such procedures. The resulting trans-pyrethrin isomers 34 retained
insecticidal activity whilst their migratory counterparts 25 were ineffective in the assay

against L. cuprina larvae.

Finally, reduction by diimide generated from hydrazine was able to reduce the terminal
double bond of the pyrethrins 5 to give the jasmolins 7 as a mixture, effectively removing the
more sensitive esters from the pyrethrum concentrate. The resulting mixtures retained
insecticidal activity comparable to that of the natural jasmolin esters 7 despite the presence
of the tetrahydropyrethrins 53. The diimide-mediated process was found to be applicable
under catalyst-free conditions up to gram scale and as such may be directly amenable to flow

systems.
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Chapter 3 Investigating the Diels-Alder Reactivity of the Pyrethrin
Side Chain

3.1 Introduction

Cycloadditions have become an integral, well established way of introducing large, elaborate,
and functionality rich cyclic scaffolds particularly in the total synthesis of natural products or
biologically active small molecules.> A number of cycloadditions exist but the common
feature between them is the movement of n-electrons forming new o-bonds to give a cyclic
adduct. Cycloaddition reactions can generate a number of ring sizes (Figure 3.1), depending
on the number of participating atoms and m-electrons from each substrate. Generally these
reactions can either be categorised by the atom participation from each substrate, (a+b), or
more importantly the electron participation from each substrate, [c+d].® For example, the first
reaction (Figure 3.1A) is a (2+1) where the two carbons from the alkene and the one carbon
of the carbene participate in the reaction, or a [2+2] where both substrates contribute two

electrons each, forming the cyclopropane ring.

©
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Figure 3.1: Cycloaddition reactions used to generate adducts of different ring sizes.
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The most recognised of these cycloadditions is the Diels-Alder reaction named for the Nobel
prize winning chemists who discovered it, Otto Diels and Kurt Alder.* At its simplest, this [4+2]
cycloaddition reaction, initially discovered in 1928, utilises a conjugated diene containing 4n
electrons and an alkene containing 2rt electrons, more commonly referred to as a dienophile,
to form a 6-membered cyclic adduct (Figure 3.1D).” This reactivity continues to see use in

modern day synthesis with a number of variants now documented.

The electronic demands of the Diels-Alder cycloaddition have led to classification into three
distinct classes; normal electron demand (Figure 3.2A), neutral electron demand (Figure 3.2B)

and, inverse electron demand (IEDDA)(Figure 3.2C).>8
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A) Normal Demand B) Neutral Demand C) Inverse Demand
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Figure 3.2: Frontier molecular orbital interactions of the normal electron demand (A), neutral electron demand

(B) and, inverse electron demand (C) Diels-Alder cycloadditions.

The most common of these is the normal electron demand Diels-Alder cycloaddition (Figure
3.2A), where the reaction is facilitated by the HOMO-LUMO energy gap of the diene’s Highest
Occupied Molecular Orbital (HOMO) and the dienophile’s Lowest Unoccupied Molecular
Orbital (LUMO). More specifically, this reactivity takes place when the
HOMOgiene—LUMOdgienophile gap is smaller than the reverse, i.e. HOMOJgienophile-LUMOgiene.?
Generally, this reactivity is more pronounced when the diene possesses an electron donating
substituent, increasing the energy of the HOMOgiene and subsequently ‘closing’ the
HOMOgiene~LUMOdgienophile €nergy gap. In addition, dienophiles possessing an electron
withdrawing substituent have a lower energy LUMO further reducing the energy difference

between the HOMOgiene and the LUMOienophile.®

The natural Pyrethrins 5-7 are rich with rt-electron containing moieties, particularly pyrethrins
| 5a and Il 5b, which may lend themselves to application in cycloaddition reactions. Of
particular interest is the conjugated pentadienyl side chain of the pyrethrins 5 which may be
directly amenable to the Diels-Alder reaction. As previously discussed (Chapter 1; Section 1.3),
this pentadienyl side chain is the source of significant degradation of the more prominent
pyrethrin esters 5 and its alteration may help to stabilise the insecticidal compounds.
Submission of the pyrethrins 5 to Diels-Alder conditions has potential to derivatise this

oxidatively sensitive side chain to give stabilised analogues with rethrolone moieties
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reminiscent of the synthetic pyrethroids. Notably, the application of Diels-Alder
cycloadditions to the diene in the natural pyrethrins 5 has remained unexplored. As such,
investigation into the Diels-Alder reactivity of the natural pyrethrins 5 was undertaken to

develop stabilised insecticidal analogues.

3.2 Conventional Diels-Alder cycloadditions with pyrethrins

Initial investigation into the Diels-Alder reactivity of the pentadienyl moiety in pyrethrins 5
focussed on model reactions utilising well-known, highly reactive dienophiles like maleic
anhydride 59. It has been well established that modelling of the frontier molecular orbitals of
the diene/dienophile can give qualitative insight into the Diels-Alder reactivity and
regioselectivity of said substrates.® As such, the feasibility of the Diels-Alder reactions were
explored through computational modelling of the frontier molecular orbitals of the pyrethrins

5 and the dienophiles of interest.

3.2.1 Evaluation of the Diels-Alder with the natural pyrethrins

Molecular modelling (Spartan 16, Wavefunction, Inc.)!° of the involved molecular orbitals
(DFT B3LYP/6-31G*) of pyrethrins | 5a and Il 5b (Figure 3.3) as well as some conventionally
Diels-Alder active dienophiles was undertaken to determine the energies of the HOMO and

LUMO of each substrate.

The molecular modelling of both pyrethrin | 5a and Il 5b revealed that the HOMO and LUMO
were not directly associated with the pentadienyl unit but rather with the acid and enone
moieties respectively. However, the Next-to-Highest Molecular Orbital (NHOMO or HOMO-1)
and Second Lowest Molecular Orbital (SLUMO or LUMO+1) were observed over the
pentadienyl side chain (Figure 3.3). Ultimately, both pyrethrin | 5a and Il 5b shared similar

energies for both the HOMO and LUMO of approximately -6.2 and -0.5 eV respectively.
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Figure 3.3: Molecular modelling (DFT B3LYP/6-31G*) showing pyrethrin | 5a (A), the lowest unoccupied molecular
orbital (LUMO+1) (B) and, the highest occupied molecular orbital (HOMO=1) of the pentadienyl moiety of
pyrethrin | 5a (C).

Evaluation of the HOMOgiene—~LUMOdienophile gap between the pyrethrin substrates 5 and the
conventional dienophiles 58-60 (Figure 3.4) revealed energy differences consistent with

normal demand Diels-Alder reactivity.!

o -0.5
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Figure 3.4: HOMO-LUMO energy profiles of some electron-withdrawn dienophiles 58-60 and pyrethrin | 5a
determined by molecular modelling (DFT B3LYP/6-31G*).1°
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This theoretical viability as well as the atom economy, selectivity and general efficiency of the
Diels-Alder cycloaddition made it potentially applicable to derivatisation of the sensitive
pentadienyl unit in the natural pyrethrins 5a.” Initial attempts focussed on the conventional,

electron-deficient dienophiles theoretically modelled to elicit Diels-Alder reactivity.

3.2.2 Attempts at normal Diels-Alder reactions on pyrethrins

The theoretical evaluation of application of the normal electron demand Diels-Alder to the
most abundant pyrethrins 5 showed promise with a selection of typical, electron-deficient
dienophiles. More specifically, the calculated HOMOdiene~=LUMOdgienophile gaps (Figure 3.4)
showed all three of the dienophiles to be viable for reaction with the pyrethrins 5 by Diels-
Alder cycloaddition. As such, exploration into the practical reactivity of these dienophiles with

the pentadienyl moiety of pyrethrin | 5a and Il 5b as diene commenced.

The electron-withdrawing methyl esters of dimethyl acetylenedicarboxylate (DMAD) 60 have
made the alkynyl unit the ideal dienophile, so much so that it has been used as a measure for
the efficiency/activity of the Diels-Alder reaction.? Similarly, the alkene of maleic anhydride
59 is sufficiently electron-deficient, due to the carbonyl units either side, to elicit efficient
Diels-Alder cycloaddition. These favourable dienophile qualities allowed DMAD 60 and maleic
anhydride 59 to be used as model dienophiles to probe the Diels-Alder reactivity of the

natural pyrethrins 5.

Initial attempts of the normal Diels-Alder with pyrethrins 5 were undertaken by purely
thermal means where the pyrethrin 5 and dienophile were heated under reflux (Scheme 3.1).
Reaction with DMAD 60 as the dienophile with pyrethrins 5 in THF was monitored by TLC for
reaction progression but no change was observed over reaction times reaching 24 h.
Subsequent isolation of the crude reaction mixture and analysis by *H NMR showed no change
in the pyrethrin starting material 5 and some degradation of the DMAD 60 to the equivalent
acid(s). Notably, the HOMOiene—~LUMOdienophile €nergy gap between the pyrethrin 5 and DMAD
60 is significantly larger than that of the other two dienophiles investigated (Figure 3.4) which
may be indicative of reduced reactivity in comparison to these alternative dienophiles. As
such, a substrate with a smaller HOMOdiene—LUMOdienophile, Namely maleic anhydride 59, was
then used as dienophile in the pursuit of invoking normal demand Diels-Alder reactivity.
However, much like the reactions with DMAD 60, no reaction was observed to take place by

TLC analysis and the NMR spectra of crude isolates showed only small amounts of hydrolysis
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of the maleic anhydride 59 amongst the starting materials. Finally, substitution of the
dienophile for one with an even smaller HOMOiene~LUMOdienophile gap was attempted with a

well-known, highly reactive substrate.

A,
., 0O, CO,Me P or
. " W, O,
| H/ — . LA cat. "n/ - CO,Me
M d _ I S
R
o CO,Me Y CO,Me
5a R = Me 60 61a R = Me
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B _ (o > 1 0
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Scheme 3.1: Unsuccessful normal electron demand Diels-Alder reactions of pyrethrins 5 with electron-deficient

dienophiles 58-60 under reflux (A), high pressure (P) or Lewis acid (LA) catalysis.

4-Phenyl-1,2,4-triazoline-3,5-dione (PTAD) 58 has been used as a dienophile not only for the
introduction of heteroatoms into the resulting cycloadduct but also for its incredibly high
reactivity under normal demand Diels-Alder conditions, which correlates with the smaller
HOM Odiene—~LUMOdgienophile €nergy gap calculated above with the natural pyrethrins 5 (Figure
3.4).1% % Nevertheless, its direct application into the thermal Diels-Alder reaction with
pyrethrins 5 was unable to elicit any change in the pentadienyl moiety as only starting
material was recovered. Unfortunately, the various cycloadducts 61-63 resulting from
reaction with these electron-deficient dienophiles 58-60 were unable to be formed (Scheme
3.1) by purely thermal means and as such alternate, more forcing reaction conditions were

explored to elicit the Diels-Alder reaction.
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The Diels-Alder reaction can be enhanced by a range of different physical and chemical
processes including catalysis, sonication and, high pressure.'>1® High pressure activation of
Diels-Alder substrates has been extensively studied as a means of enhancing reactions with
thermally sensitive substrates, like the natural Pyrethrins 5-7.1%2% A number of factors
involved in the chemical reactivity can be affected by high pressures, including the solvent
properties and the intermolecular distances between reactants, that result in the observed
increased reaction rates.?l 22 The potential for increased reactivity at thermally mild
conditions from high pressure reactions was attractive for the Diels-Alder cycloaddition of
pyrethrins 5. Applying pressure to the Diels-Alder reaction of pyrethrin 5 with the
aforementioned dienophiles 58-60 (Scheme 3.1) up to 35 MPa in DCM for 24 h was unable to
afford any cycloadduct, no matter the dienophile, instead the pyrethrin starting material 5
was isolated in its entirety. Finally, catalysis was explored as a means of increasing the

reactivity between the diene and dienophile.

Lewis acid catalysis has been a well-established approach to accelerate the Diels-Alder
reaction through further activation of the dienophile.® 1723 Complexation of the Lewis acid
to the electron withdrawing groups, i.e. carbonyls, further removes electron density away
from the dienophilic mt-system ultimately lowering the LUMOudienophile €nergy and as such the
HOMOgiene—~LUMOdgienophile €nergy gap.'® 24 2> This is directly reflected in modelling of the
HOMO-LUMO energies of the conventional, electron-withdrawn dienophiles complexed with

aluminium chloride (Figure 3.5).
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Figure 3.5: HOMOdiene=LUMOdienophile €nergy gaps with the Lewis acid (LA) AICls complexed to the dienophile
determined by molecular modelling (DFT B3LYP/6-31G*).*°

This significant drop in the energy of the LUMOugienophie, and consequent decrease in
HOMOdiene~LUMOdgienophile €nergy gap, should allow for increased reactivity with the
dienophile and as such increase the Diels-Alder reaction rate. Experimental application of
Lewis acid catalysis was pursued with the introduction of aluminium chloride into the reaction
mixture and substitution of the original THF solvent due to its Lewis basic properties (Scheme
3.1).26 Addition of the Lewis acid to the reaction mixture was accompanied by a rapid colour
change to light pink suggesting complexation of the aluminium chloride. Nevertheless, after
24 h of reflux no reaction was observed by TLC and only recovery of the individual starting
materials was observed in the 'H NMR spectrum. The carbonyl containing functional groups
in the pyrethrins 5 may interfere and preferentially complex with the Lewis acid catalyst
preventing the desired lowering of the LUMOudienophile €nergy. Alternatively, the cis geometry
of the pentadienyl unit of the pyrethrins 5 may hinder their reactivity in the normal Diels-
Alder cycloaddition. More specifically, the conformational restrictions of the cis-alkene may
prevent adoption of the necessary s-cis geometry due to steric interaction with the 7’

methylene and enone moieties (Figure 3.6).
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Figure 3.6: Steric hinderance of the s-cis geometry needed for Diels-Alder reactivity.

3.2.3 Pyrethrin isomerism and subsequent Diels-Alder reactivity

The trans-isomer of pyrethrins 34 is likely less conformationally restricted, due to the s-cis
geometry no longer encumbered by the 7' methylene unit of the side chain (Figure 3.6). There
is precedent in literature for the Diels-Alder reactivity of this isomer where (E)-pyrethrolone
64 has been removed from diastereomeric mixtures by Diels-Alder reaction with
tetracyanoethylene (Scheme 3.2) and subsequent column chromatography of the

cycloadduct 65.%7

RO RO
e} O
21R=H Na_ 2N 21R=H
5a R = chrysanthemate I 5a R = chrysanthemate
5b R = pyrethrate N S\ 5b R = pyrethrate
+ R .
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34a R = chrysanthemate 66a R = chrysanthemate
34b R = pyrethrate 66b R = pyrethrate

Scheme 3.2: Removal of the trans-rethrolone isomer from diastereomeric mixtures by Diels-Alder reaction with

tetracyanoethylene.?”> 28

Further to this, synthetic diastereomeric mixtures of pyrethrin 5 have been treated in a similar
manner where the (E)-isomer 34 undergoes cycloaddition with the tetracyanoethylene and
the cycloadduct 66 is readily removed by column chromatography to give purified pyrethrin

5 with the natural cis geometry.?® As such, isomerism of the cis-alkene to the trans-geometry
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followed by reaction with appropriate dienophiles should allow for the normal Diels-Alder

process to take place with the natural pyrethrins 5.

It has been well established that the natural Pyrethrins 5-7 are susceptible to cis-trans
isomerism, particularly under photochemical conditions (Chapter 1; Section 1.3.2).2°31 In this
work, preliminary experiments were undertaken utilising a short term exposure of solutions,
with intermittent analysis to monitor the process, of the pyrethrins 5 to UV light (254 nm) to
isomerise the cis-alkene. Generally after a total of 16 h of UV exposure, the pyrethrins 5 were
obtained as diastereomeric mixtures with ratios of 1:1.3 and 1:2.2 (E:Z; 34:5), determined by
'H NMR, for pyrethrin | 5a and Il 5b respectively. These mixtures were then added to a
solution with maleic anhydride 59 and heated under reflux (Scheme 3.3). Reaction monitoring
with TLC showed the development of a new spot, indicating the potential formation of a Diels-
Alder cycloadduct. Following work-up, the crude material was shown to possess new alkene
'H resonances (5.96 and 5.76 ppm) consistent with the expected cycloadduct 62 and no
residual trans-pyrethrin 34 was observed suggesting complete consumption of the Diels-Alder

active isomer in the starting mixture.
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Scheme 3.3: Diels-Alder reaction of isomerised pyrethrin mixtures with maleic anhydride 59 as dienophile.

Unfortunately, attempts to purify the cycloadduct 62 from the residual cis-pyrethrin 5 were
unsuccessful with the desired material decomposing on the silica during column
chromatography likely through hydrolysis of the anhydride. As a result of this decomposition

and the inefficiency of the isomerism under the preliminary conditions, the normal Diels-
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Alder procedure was not pursued further however, this remains a potential for derivatisation
of the natural pyrethrins 5. Instead, alternative Diels-Alder reactivity was pursued where the

pyrethrin 5 was utilised as a dienophile.

3.3 Inverse electron demand Diels-Alder reactions of the pyrethrins

3.3.1 The inverse electron demand Diels-Alder reaction

In contrast to the normal electron demand Diels-Alder reaction, the IEDDA reaction takes
place with an electron-rich dienophile and an electron-deficient diene. In this variant of the
Diels-Alder cycloaddition, the reactivity is driven by the HOMOgienophile=LUMOdiene interaction
instead of the HOMOgiene~LUMOdienophile interaction of normal Diels-Alder cycloadditions
(Figure 3.2).>32 Under these conditions, the pyrethrins 5 are more likely to act as a dienophile
with electron-deficient dienes due to the large electron density of the terminal double bond

in the pentadienyl chain.

A range of different electron-deficient dienes have been the focus of IEDDA studies including
2-pyrones 67,3% 34 1-oxa-1,3-butadienes 68,%> and nitrogen-rich heterocycles 69-70 (Figure

3.7).5.36
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Figure 3.7: Common electron-deficient dienes that participate in IEDDA cycloadditions.

The most extensively used dienes in the IEDDA reaction are the 1,2,4,5-tetrazines, e.g. 70,
due to their rapid reactivities without the need for catalysis.3” The 1,2,4,5-tetrazines were first
found to participate in the IEDDA reaction in 1959,38 and have since been implemented in a
range of applications, including chemical biology and materials chemistry, due to their rapid
reactivity, bioorthogonal properties and ability to introduce heterocyclic scaffolds via these
cycloadditions.> 3% 3° Not only are the tetrazines well-documented and highly reactive but
they can be readily afforded by synthetic means, particularly the symmetrical, 3,6-bis-

substituted variants.
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3.3.2 Preparation of 3,6-bis-substituted tetrazines

A range of syntheses exist for the production of 1,2,4,5-tetrazines but by far the most
common is the reaction of nitriles with hydrazine via the Pinner synthesis to give a
dihydrotetrazine which is subsequently oxidised to give the final aromatic tetrazine (Scheme

3.4).40, 41

Scheme 3.4: Pinner synthesis for the production of aromatic bis-substituted 1,2,4,5-tetrazines.

Generally, the Pinner synthesis is used for the production of 3,6-bisaryl-1,2,4,5-tetrazines
whilst other methods are more efficient for synthesis of 3,6-bisalkyl-1,2,4,5-tetrazines. The
Pinner synthesis can be modified by additions of catalytic or stoichiometric additives like
transition metal ions and elemental sulfur, respectively, to increase the yields of these
aromatic tetrazines.%% 444 The modified Pinner synthesis employing elemental sulfur is most
common and readily accessible due to the use of inexpensive reagents and adaptability to

gram scale quantities.

A series of 3,6-bisaryl-1,2,4,5-tetrazines 71-74 (Scheme 3.5) were furnished through a
modified Pinner synthesis amended from literature.*® Specifically, hydrazine monohydrate
was added slowly to a suspension of an aromatic nitrile and sulfur in ethanol followed by 4 h
under reflux. Following reaction, the mixture was cooled over an ice-bath allowing the
dihydrotetrazine to precipitate and be readily obtained by filtration. The dihydrotetrazine was
observed to begin to oxidise with exposure to air, with a colour change from bright yellow to
pink/purple. As such, the dihydrotetrazine was immediately subjected to oxidation without
purification. Oxidation was undertaken by the dropwise addition of an aqueous solution of
sodium nitrite to a suspension of the dihydrotetrazine in acetic acid. Following reaction
qguench and collection of the resulting solid, the tetrazine could be readily purified by

recrystallisation with ethanol.
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Scheme 3.5: The modified Pinner synthesis used to furnish a series of 3,6-bisaryl-1,2,4,5-tetrazines; yield from
nitrile.

As well as these 3,6-bisaryl-1,2,4,5-tetrazines 71-74, 3,6-bis(3’,5'-dimethylpyrazol-1'-yl)-
1,2,4,5-tetrazine 78 and 3,6-dichlorotetrazine 80 were of interest as dienes due to their
potential to allow access to alternatively substituted materials by nucleophilic displacement
of the substituents.*? These tetrazines could be readily afforded through modified literature

procedures (Scheme 3.6).4% 4647
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Scheme 3.6: Synthesis of 3,6-bis(3',5'-dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78 and 3,6-dichlorotetrazine 80 by

modified literature procedures.*% 4647

Triaminoguanidine hydrochloride 76 was generated in near-quantitative yields by treatment
of guanidine hydrochloride 75 with hydrazine monohydrate in 1,4-dioxane.*® Condensation
of the triaminoguanidine salt 76 with 2,4-pentandione in aqueous conditions with subsequent
recrystallisation gave 3,6-bis(3’,5'-dimethylpyrazol-1'-yl)-1,2-dihydro-1,2,4,5-tetrazine 77 in a
modest yield of 33%.4¢ Successive oxidation with nitric acid and recrystallisation gave pure
3,6-bis(3’,5'-dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78 in a good yield of 57%. The
dichlorotetrazine 80 could then be afforded through the 3,6-bis(3’,5’-dimethylpyrazol-1'-yl)-
1,2,4,5-tetrazine 78. Due to the pyrazole group’s leaving group ability,* the
dihydrazinyltetrazine 79 was generated by nucleophilic substitution with hydrazine.*% 47
Subsequent reaction with chlorine gas generated from trichloroisocyanuric acid (TCCA)
afforded the desired dichlorotetrazine 80. With a range of 3,6-bis-substituted-1,2,4,5-

tetrazine readily prepared, their application in the IEDDA reaction with the natural pyrethrins

5 was explored.
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3.3.3 Pyridazine pyrethrin analogues

The IEDDA reaction with 1,2,4,5-tetrazines can be utilised in the production of 1,2-diazines
(pyridazines) 87 (Scheme 3.7). The [4+2] cycloaddition proceeds with the tetrazine 82 as diene
forming a nitrogen-bridged bicyclic adduct 83 which rapidly undergoes a retro-Diels-Alder
process expelling molecular nitrogen forming a dihydropyridazine 84.* The resulting 4,5-
dihydropyridazine 84, which can quickly undergo a 1,3-shift to the 1,4-dihydropyridazine

85,374 can subsequently be oxidised to restore aromaticity to the ring giving the pyridazine

product 86.*°
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Scheme 3.7: Production of pyridazines by a IEDDA cycloaddition-oxidation process.

Initial attempts at this IEDDA process made use of individual pyrethrin | 5a or Il 5b and 3,6-
bis(2'-pyridyl)-1,2,4,5-tetrazine 72. These two reagents were heated under reflux in
anhydrous THF in an attempt to facilitate the cycloaddition cascade (Scheme 3.8). Due to the
bright colour of the tetrazine starting material the reaction could be visually monitored with
this bright purple material serving as a colourimetric indicator of reaction progression where
the consumption of the tetrazine starting material was accompanied by a colour change to
yellow. This reaction with the 2'-pyridyl variant 72 proceeded over an 8 h period and was
subsequently cooled for the following oxidation. Once at room temperature, 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) was added as oxidant and the reaction mixture was stirred
overnight. After work-up, a dark brown, viscous oil was obtained and subsequent analysis by

NMR indicated reactivity at the terminal double bond of the pentadienyl moiety of the
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pyrethrin 5 (Scheme 3.8). This reactivity was postulated due to the observation of shifted cis-
alkene *H resonances downfield and the presence of an aromatic singlet (8.60 ppm) which is
likely the result of the only aromatic proton in the pyridazine ring of the expected cycloadduct
87. Aside from the desired cycloadduct 87, the crude material was isolated as a complex

mixture containing residual pyrethrin 5 and tetrazine 72.
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Scheme 3.8: IEDDA reactivity of pyrethrins 5 with 3,6-bis(2'-pyridyl)-1,2,4,5-tetrazine 72.

Purification of the resulting pyridazine 87 was initially attempted through chromatographic
means. Use of silica gel column chromatography was unable to sufficiently purify the
cycloadduct 87 as it had a tendency to streak along the silica despite exhaustive investigation
into eluting solvents. This affinity for the silica stationary phase may be the result of the basic
properties of the pyridyl substituents and their interaction with the acidic silica. Despite this,
the pyrethrin starting material 5 was readily removed due to its relatively non-polar character
in comparison to the cycloadduct 87, giving an enriched mixture of the cycloadduct 87.
Further exploration into purification focussed on the solubility of the cycloadduct 87 in
comparison to the residual materials either by recrystallisation or trituration. Ultimately,
trituration with warm hexane and subsequent cooling allowed a precipitate to form that was
readily identified as the purified pyridazine 87. Ultimately this trituration could be
implemented directly on the crude reaction mixture still containing pyrethrin 5 giving the

pyridazine adduct 87 in moderate yields of 37 and 46% for pyrethrin | 5a and Il 5b respectively.

The IEDDA reaction sequence was then applied to the other synthesised tetrazines albeit with
slightly altered reaction times. Reactions with the 4'-pyridyl- 74, pyrazolyl- 78 and dichloro-
1,2,4,5-tetrazine 80 proceeded within the 8 h reflux time period but the 3’-pyridyl- 73 and
diphenyl-1,2,4,5-tetrazine 71 reactions required extended reflux times up to 24 h. The

necessity for extended reaction times with these two tetrazines is likely due to the reduced
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electron withdrawing capability of the phenyl groups in 3,6-bisphenyl-1,2,4,5-tetrazine 71
and reduced resonance effect of the 3’-pyridyl groups of 3,6-bis(3'-pyridyl)-1,2,4,5-tetrazine
73 in comparison toits 2'- 72 and 4'-counterparts 74; deactivating the diene in the Diels-Alder

process.>?

Unlike the 2'-pyridylpyridazine 87, the other cycloaddition adducts were able to be purified
by silica gel column chromatography. The bisphenylpyridazine 88 and bispyrazolylpyridazine
91 adducts were able to be readily separated with solvent mixtures of ethyl acetate and
hexane whilst the pyridyl containing cycloadducts (3'-pyridyl 89 and 4'-pyridyl 90) required
elution by higher polarity solvents. These pyridyl adducts 89 and 90 required blends of DCM
and methanol or DCM, methanol and TEA to allow for purification of the desired materials
respectively. Additionally, the 3'-pyridyl variants 89 were optimised to forego the oxidation
step with DDQ due to the complexity of the resulting crude mixture. The resulting product
mixture was found to aerobically oxidise to give the desired aromatic ring and was more

readily purified by column chromatography.

Ultimately, a range of IEDDA cycloadducts were prepared from the pyrethrins 5 and 3,6-
bissubstituted-1,2,4,5-tetrazines in varying yields depending on the tetrazine substituents

(Table 3.1).
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Table 3.1: IEDDA reaction of the pyrethrins 5 with various 3,6-bissubstituted tetrazines.

"
—N
R’ i) A N
/l',]/ol,’ N N I|) DDQ , ’II/”/OII' \ /
g /T N T N O —/ ®
R 3 THF
0 \Rr. 0
5a R = Me
5b R = CO,Me
Compound R R’ Reaction time (h)? Yield (%)
88a Me §© 24 24
88b CO:Me ;@ 24 18
N
87a Me s \ 8 37
N
87b CO;Me s \ 8 46
N
89aP Me ;@ 24 43 (dr 1:2 E:2)
N
89hP CO,Me : 7\ 24 46 (dr 1:2.3 E:2)

90a Me §@N 8 47
90b CO;Me §@N 8 60

N\
91a Me PN 8 42
/N\
91b CO:Me BN 8 45
92a+93a Me $~Cl 8 31¢
92b+93b CO:Me $~Cl 8 30¢

2 Time reaction heated under reflux. ® Oxidation with DDQ omitted from process. ¢ Mass yield of isolated

mixture.
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In the case of IEDDA, particularly with tetrazines, the HOMOdienophile "LUMOgiene interaction
involves the highly delocalised LUMO+1 (Figure 3.8B) rather than the heteroaromatic central
LUMO (Figure 3.8A).>> >3 Following modelling of these frontier orbitals, the experimental
reactivities of the various substituted tetrazines were found to be in relatively good
agreement with theoretically calculated HOMOJdienophile "LUMOdiene €nergy gaps (Figure 3.8).
Specifically, the 1,2,4,5-tetrazines with lower LUMO energies result in increased reaction rate
in the IEDDA reaction ultimately giving higher yields in the same timeframe as those with
larger HOMOdienophie"LUMOudiene €nergy gaps. The considerably lower yields of the
bisphenylpyridazine adducts 88, even after 24 h reaction times, are likely due to the
diminished electron withdrawing effects the phenyl substituents have on the tetrazine in
comparison to the other substituents, as is reflected in the LUMOuiene energy (Figure 3.8C),

ultimately decreasing reaction rate.>% >
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Figure 3.8: Representative LUMO (A) and LUMO+1 (B) of 3,6-diphenyl-1,2,4,5-tetrazine 71, and the

HOM Odienophile™LUMOdienophile relationships of various substituted tetrazines and pyrethrin | 5a determined by

molecular modelling (DFT B3LYP/6-31G*) (C).*°
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The 3’-pyridyl adducts 89 were able to be isolated in yields comparable to that of the rest in
the series albeit with significantly longer reaction times despite the LUMOgiene €nergy of the
tetrazine 73 being comparable to that of the 3,6-bis(2’-pyridyl)-1,2,4,5-tetrazine 72. Similarly,
the 3,6-bis(3'5'-dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78 exhibited faster reactivity than the
diphenyltetrazine 71 despite a higher LUMO energy. Previous studies on the IEDDA reaction
have highlighted that other factors, such as the interaction energy, strain and distortion of
the employed substrates play a major role in the reactivity of the diene and dienophile which

may result in the deviation from the theoretical trend of the aforementioned tetrazines.?> >*

55

Alternate products were also isolated from reactions involving 3,6-bis(3'-pyridyl)-1,2,4,5-
tetrazine 73 and 3,6-dichlorotetrazine 80. More specifically, the 3'-pyridyl products 89 were
isolated as mixtures of (E)- and (Z)-isomers, where the remaining double bond in the side
chain of the cycloadduct 89 undergoes cis-trans isomerism under the reaction conditions. This
is likely the result of extended exposure to the thermal conditions necessary for the Diels-
Alder reaction and the increased conjugation of the new side chain. Evidence for this
isomerism taking place by thermal means was shown with variable temperature NMR
experiments (Figure 3.9) of the purified cis-isomer of the 2'-pyridyl pyrethrin Il adduct 87b. H
NMR spectra were taken at defined time intervals at 85 °C to observe the change from the

cis-isomer of the cycloadduct to the trans-isomer.
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Figure 3.9: Partial 'H NMR spectra at 85 °C monitoring the cis-trans isomerism of the 2'-pyridyl pyrethrin II
cycloadduct 87b over a 4 h period. Diagnostic resonances from the (Z)-isomer are highlighted in green and

resonances from the (£)-isomer are highlighted in blue.

Within the first 15 min of heating in the NMR, the rapid isomerism of the purified pyridazine
87b was observed with the appearance of the trans-alkene 'H resonances at 6.59 ppm (H8’)
and 6.88 ppm (H9’), as characterised by the larger coupling constant (J = 11.6 Hz cis, J = 15.8
Hz trans). After 4 h, the cis-isomer of the pyridazine adduct 87b was almost completely
converted to the more energetically stable trans-isomer. The ready thermal isomerism of
these pyridazine adducts is likely due to the increased conjugation with the terminal aromatic
system lowering the energy barrier necessary for the isomerism process.*® Despite this, the
pyridazine adduct 87b remains stable for extended periods of time at 65 °C with variable

temperature NMR experiments showing no change over 4 h of heating.
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In addition, the reaction of pyrethrins 5 with 3,6-dichloro-1,2,4,5-tetrazine 80 (Scheme 3.9)
results in an inseparable mixture of two compounds following purification by a silica gel plug.
The mixture was identified as containing two Diels-Alder adducts with the presence of two
separate aromatic singlets in a ratio of 1:2.3 and 1:2.3 for pyrethrins | 5a and |l 5b respectively.
Changing NMR solvent from CDCl; to DMSO-ds in the NMR analysis was able to resolve the *H
resonance at 6.57 ppm into two alkene resonances, at 6.89 and 6.53 ppm, consistent with the
minor product retaining the cis-alkene of the pentadienyl unit. As such, it was proposed that
the IEDDA cycloaddition between the dichlorotetrazine 80 and natural pyrethrins 5 resulted
in the production of a saturated cycloadduct 93 as a mixture with the expected cycloadduct

92 (Scheme 3.9) where the saturated material comprised the majority of the product

distribution.
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Scheme 3.9: IEDDA cycloaddition of the natural pyrethrins 5 and 3,6-dichloro-1,2,4,5-tetrazine 80 with oxidation.

Attempts to further separate and characterise the mixture by LCMS were unsuccessful in
resolving the two compounds from one another however, the mass spectrum of the co-eluted
mixture was able to allow for some differentiation. The natural isotope abundance of
chlorine, being 75% 3>Cl and 25% 3/Cl, allows for the differentiation of the number of chlorine
substituents present in a given material through the resulting isotope pattern observed in the

mass spectrum.>’ The acquired mass spectrum (Figure 3.10) shows masses that were found
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to correlate with the protonated cycloadduct 92 (M+H*), a sodium adduct (M+Na*) and, in the

case of the pyrethrin Il variant 92b a fragment with loss of the methyl ester (461 m/z).
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Figure 3.10: Representative mass spectrum, acquired by LCMS, of the cycloadduct mixture isolated from the

reaction of dichlorotetrazine 80 and pyrethrin Il 5b from 100-900 m/z (A), 260-320 m/z (B) and, 420-590 m/z (C).

Despite the presence of these masses, the isotopic pattern did not appear to be consistent
with the 9:6:1 ratio expected for a cycloadduct containing two chlorine atoms, namely the
anticipated pyridazine 92. The fragment and its corresponding sodium adduct, at 281 and 299
m/z respectively (Figure 3.10B), retained the unexpected isotopic pattern and were consistent
with the loss of the acid moiety of the individual pyrethrins 5. This highlighted that the mass
discrepancy is limited to the rethrolone moiety, where the IEDDA reactivity has shown
precedent for. It was then proposed that the co-eluting mixture contained the desired
cycloadduct 92 and a similar product with a saturated site (M+Hz) resulting in overlapping
isotopic patterns consistent with two chlorine atoms being present. This saturated
cycloadduct constituted the majority of the crude mixture and was proposed to be either the
unoxidised dihydropyridazine or the remaining double bond of the sidechain was reduced 93.
In an attempt to identify the unknown dihydro compound, selective 1D correlation NMR

spectroscopy was pursued.

Selective 1D correlation experiments, much like their 2D counterparts, allow for the

investigation into the connectivity of chemical environments within a given compound. In
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contrast to the 2D equivalent, 1D correlation spectroscopy allows for the investigation into
the connectivity associated with a given resonance and more rapid, resolved data
acquisition.”® >° More specifically, selective 1D TOCSY experiments allow for the investigation
into the spin system associated with a given chemical environment i.e. any proton signal
within a continuous chain of spin-spin coupled proton environments.®° Selective 1D TOCSY
experiments (Figure 3.11) were undertaken on the product mixture isolated from the
dichlorotetrazine 80 reactions with irradiation of the unknown aromatic signal at 7.44 ppm

(Figure 3.11B) and the 7' methylene proton of the unknown at 2.37 ppm (Figure 3.11C).
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Figure 3.11: Representative analysis of the dichlorotetrazine adduct mixture of pyrethrin | 5a showing the full *H
NMR spectrum (A), 1D TOCSY of the unknown aromatic signal irradiated at 7.44 ppm (B) and, 1D TOCSY of the

unknown 7' methylene signal irradiated at 2.37 ppm (C).
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From these selective 1D TOCSY correlations, it was found that the unidentified cycloadduct
was likely the saturated variant 93 of the desired product 92. This was determined by the
selective irradiation of the aromatic signal of the unknown (7.44 ppm) which showed a spin
system containing the irradiated aromatic and three individual aliphatic proton
environments. Of the three aliphatic signals, the proton resonance at 2.37 ppm was
determined to be the 7' methylene of the rethrolone side chain as when it was selectively
irradiated it not only correlated to the same spin system as the aromatic proton but also
showed correlation to the 6’ (2.05 ppm) protons of the methyl substituent of the enone. As
such, it is likely that the proton resonances at 2.72 and 1.83 ppm are the 9’ and 8’ protons of
the side chain of the reduced cycloadduct 93. As such, the 11’ proton likely couples directly
to the 9’ proton and each successive proton environment couples down the side chain spin
system to the 7' methylene. Ultimately, this TOCSY analysis provided further evidence for the
proposed saturated cycloadduct 93. Attention turned to identifying the potential route this

saturated cycloadduct 93 may have been formed through.

Control experiments where the oxidation with DDQ was omitted were undertaken to
determine whether the intramolecular hydrogen transfer to the alkene was taking place
during the Diels-Alder or the oxidative component of the reaction cascade. After reflux of the
pyrethrin 5 with the dichlorotetrazine 80 the solvent was removed, and the crude mixture
analysed by NMR. The analysis of the crude material showed the same saturated cycloadduct
93 contained in the mixture as was observed under the original reaction conditions. The
presence of the aromatic material suggests the oxidation is either aerobic, with introduction
of the atmosphere during work-up, or occurs in situ. It was proposed that the reduced
cycloadduct 93 is potentially formed by an intramolecular transfer of hydrogen from the
dihydropyridazine 94 resulting from the Diels-Alder cascade ultimately providing aromaticity
to the pyridazine and the saturation of the sidechain in the reduced cycloadduct 93. This
transfer of hydrogen to the alkene was proposed to take place through a series of
tautomerism events of the dihydropyridazine 94 (Scheme 3.10). The resulting 4,5-
dihydropyridazine 94 formed as a result of the cycloaddition readily undergoes a 1,3-shift to
give the 1,4-tautomer 95 due to its increased stability.3” 4° Tautomerism of this 1,4-tautomer
95 could shift the double bond into the exocyclic position 96 which is likely to readily shift into

the ring, providing aromaticity to give the saturated pyridazine product 93.
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Scheme 3.10: Proposed tautomerism of the dihydropyridazine intermediate 94 to the saturated pyridazine

product 93.

Some precedent for this tautomerism process exists in literature, where a payload (RXH) is
released by bioorthogonal click reactions with tetrazines via the dihydropyridazine adduct 99
(Scheme 3.11).5%3 |n this instance, the exocyclic pyridazine 101 is formed by an electron-
cascade elimination of the 1,4-dihydropyridazine tautomer 100 releasing the appropriate
payload (RXH) and CO.. The exocyclic pyridazine 101 then readily rearranges to give the more

stable, aromatic pyridazine product 102.
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Scheme 3.11: Click and release of a payload (RXH) from the IEDDA reaction of 3,6-dimethyl-1,2,4,5-tetrazine 98

and trans-cyclooctenes 97.5%63

Whilst 3,6-dimethyl-1,2,4,5-tetrazine 98 was found to rapidly undergo this elimination
process, 3,6-bis(2'-pyridyl)-1,2,4,5-tetrazine 72 and other bisaryl-1,2,4,5-tetrazines were
found to retain the payload and remain as the dihydopyridazine.®% 4 Similarly, the various
IEDDA cycloadditions employing diaromatic tetrazines with pyrethrins 5 showed no
detectable quantities of a saturated cycloadduct likely due to the stabilisation of the

dihydropyridazine through conjugation to the aromatic substituents.

3.4 Preliminary insecticidal activity of IEDDA pyrethrin cycloadducts

Preliminary investigation into the insecticidal activity of these pyridazine products was
undertaken, by Andrew Kotze (CSIRO Agriculture and Food), through assay of pupation
inhibition against L. cuprina larvae. All of the pyridazine adducts 87-91 were subjected to this
assay, except for the dichloropyridazine 92 mixtures due to the presence of the saturated
variant 93. Unfortunately, these preliminary assays revealed a lack of insecticidal activity of
these pyridazine pyrethrin analogues 87-91. This is likely the result of the large steric bulk
now incorporated at the end of the pyrethrin chain, particularly with the bis-substitution of

the pyridazine ring.
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3.5 Conclusions

The pentadienyl unit of the natural pyrethrins 5 was initially proposed to be primed for
functionalisation by normal electron demand Diels-Alder cycloaddition. The viability of this
reactivity was investigated by molecular modelling of the frontier molecular orbitals of
pyrethrins 5 and several conventional, reactive dienophiles 58-60. This theoretical
investigation showed HOMOdiene—LUMOgienophie €nergy profiles consistent with normal
electron demand Diels-Alder reactions and as such experimental implementation of this
reaction was pursued. Unfortunately, under typical reaction conditions no cycloadduct was
obtained and the starting materials were readily isolated. Application of more forcing
conditions, including higher temperatures, Lewis acid catalysis and high pressure were unable
to elicit any response with the starting materials recovered unreacted. As a result of this lack
of reactivity, it was proposed that the pyrethrins 5 are conformationally restricted and are
unable to access the necessary s-cis geometry required for the [4+2] cycloaddition.
Preliminary investigations revealed that eliciting cis-trans isomerism of the pyrethrins 5 by
exposure to UV light and subsequent reaction with maleic anhydride 59 was able to afford
Diels-Alder reactivity. Despite this, attempts to purify the cycloadduct 62 resulted in
decomposition and the efficiency of isomerism was low making it difficult to obtain

appreciable quantities of the Diels-Alder active pyrethrin isomer 34.

Alternative Diels-Alder conditions were then explored where the pyrethrin 5 acted as
dienophile in IEDDA reactions. A range of electron-deficient 3,6-bis-substituted-1,2,4,5-
tetrazines were prepared and implemented as diene with the pyrethrin dienophiles 5. From
this, a range of pyridazine cycloadducts were produced in moderate to good yields with the
Diels-Alder reactivity remaining relatively consistent with calculated
HOM Odienophile—LUMOydiene €nergy differences. Two notable exceptions were the 3,6-bis(3’,5'-
dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78 and 3,6-bis(3'-pyridyl)-1,2,4,5-tetrazine 73 where
the difference in reactivity likely results from other factors like the interaction energy and
distortion of the substrates. In conjunction, two alternate reaction product profiles were
obtained from the reactions utilising 3,6-bis(3'-pyridyl)-1,2,4,5-tetrazine 73 and 3,6-dichloro-
1,2,4,5-tetrazine 80. It was found that the longer reaction times necessary for the
cycloadditions with the 3'-pyridyl variant 89 resulted in cis-trans isomerism of the remaining

double bond in the side chain giving E/Z mixtures of the cycloadduct. This isomerism process
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was found to be relatively general for the bisarylpyridazine adducts as shown by variable
temperature NMR monitoring of the 2'-pyridylpyridazine adduct 87b at 85 °C. Use of the 3,6-
dichloro-1,2,4,5-tetrazine 80 in the IEDDA procedure resulted in the isolation of a mixture
that was found to contain the saturated pyridazine cycloadduct 93 and the expected
pyridazine cycloadduct 92. Omitting the oxidation procedure resulted in the isolation of the
same reaction profile containing the saturated cycloadduct 93. As such it was proposed to
have formed as a result of a cascade of tautomerism events of the intermediate

dihydropyridazine 94.
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Chapter 4 Heck Arylation of the Pyrethrins

4.1 Introduction

Palladium-catalysed cross coupling reactions have become a staple in organic chemistry for
the construction of carbon-carbon and carbon-heteroatom bonds leading to extended
organic frameworks.! The use of these reactions is widespread throughout the research
sector and has been implemented in the industrial syntheses of several pharmaceuticals and
agrochemicals.? 3 By far the most recognised forms of these palladium-catalysed couplings
are the Suzuki, Negishi and Heck reactions (Scheme 4.1) with the award of the Nobel prize in
2010 to their namesakes. The earliest of these reactions was developed by Richard F. Heck in
1968, initially making use of aromatic organomercury compounds 103 and electron-deficient
olefins 104 as coupling partners with palladium (ll) salts as catalyst giving arylated alkenes
similar to 105 (Scheme 4.1A).% This early version of the Heck reaction was later refined and
evolved into the modern iteration with the use of aryl or vinyl halides 106, any alkene with a
free C(sp?)-H 107 and palladium (0) complexes giving rise to a larger scope of substituted

alkenes 108 (Scheme 4.1B).%>®

A O Li,Pd"'Cl 0
I2 4
@—HgCI + \)J\O/ E—— X o7
103 104 105

B

Base
106 107 108

PdoL, R
SR >

X = Cl, Br, I, OTf, N,*

c
PdL,,
106 109

Base

110
X =Cl,Br, | M = B(OH),, B(OR),, ZnX

Scheme 4.1: Early development of the Heck reaction (A), the modern day iteration (B) and, general Suzuki and

Negishi coupling (C).
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Soon after the development of the Heck reaction, Negishi explored the coupling of organozinc
reagents 109 with aryl halides 106 that could be catalysed by either nickel or palladium
catalysts (Scheme 4.1C).” & In conjunction, Suzuki established the palladium-catalysed
coupling of boronic acids 109 with aryl and vinyl halides 106 (Scheme 4.1C).> 1° Both the
Negishi and Suzuki coupling reactions can generate substituted alkenes 108, much like the
Heck reaction, as well as biaryl systems 110. Whilst all three of these coupling reactions make
use of palladium(0) catalysis, the catalytic cycles (Scheme 4.2) of the Suzuki/Negishi coupling
and the Heck reaction differ following the oxidative addition (Scheme 4.2A) of the aryl halide
reagent 106 to the palladium(0) catalyst. Both the Suzuki and Negishi couplings rely on a
transmetallation (Scheme 4.2B) from the boronic acid/ester or organozinc 109 respectively
to the palladium catalyst whilst the Heck reaction has direct interaction with the

unfunctionalised olefin coupling partner.

R' Base /:/

R/ L\ Rl

HX pd
Reductive H X B-Hydride
elimination elimination
(C) Lo o-L E
Pd° ()

R Suzuki R- Oxidative Heck XL,Pd" R
L.Pd'\ Negishi addition
R (A) R,>*
L ||'L
/Pd\
R X
\ X L Carbometallation
JPd! (D)
MX RO /R
R'-M
Transmetallation
(B)

Scheme 4.2: General catalytic cycles of the Suzuki, Negishi and Heck reactions.!

This direct interaction and its extensive history make the Heck reaction attractive due to the

accessibility to substrates, foregoing the need for functionalisation prior to coupling.

The natural Pyrethrins 5-7 are rich with alkene C-H sites that may lend themselves to
functionalisation by the palladium-catalysed Heck reaction. The various alkene double bonds

are mostly contained to the rethrolone moiety of the pyrethrin scaffold, the more sensitive
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component of the Pyrethrins 5-7. Many of the rethrolone moieties of the pyrethroids are
based on aromatic scaffolds, with the phenoxybenzyl group a common feature (Chapter 1;
Figure 1.7). Introduction of an aromatic system to the rethrolone component of the natural
Pyrethrins 5-7 may serve to produce analogues with similar characteristics to the synthetic
pyrethroids. The presence of several alkenes and palladium interactive functional groups
within the Pyrethrins 5-7, in particular the more abundant pyrethrins 5, makes both chemo-
and regio-selectivity a high priority in developing reaction protocols for the introduction of
aryl substituents via the Heck reaction. As such, initial investigations in this thesis turned to
developing reaction conditions to facilitate the Heck coupling of the pyrethrins 5 with aryl

coupling partners in a site-selective manner.

4.2 Screening reaction conditions

Whilst the Heck reaction shows particular efficiency in the coupling of electron-deficient
olefins, specifically acrylates and styrenes, with aryl halides, including triflates and
diazoniums,'* 12 there has been significant progress towards generality with the
implementation of electron-rich olefins (Scheme 4.1B).!* A range of conditions exist
throughout literature for this coupling process that can be modified to facilitate
regioselectivity and enhance reactivity of inefficient coupling partners, i.e. aryl chlorides.*41®
As such, it was necessary to develop Heck conditions that not only allowed for the coupling
to take place with the pyrethrins 5 but also resulted in regioselectivity and prevented any

alternate reactivity from taking place with other palladium interactive functional groups.

Initially, relatively general conditions were implemented as a means of screening the
reactivity of the natural pyrethrins 5 in Heck reactions (Scheme 4.3). The relatively electron-
rich alkenes of the pyrethrin scaffold make them somewhat deactivated to the Heck process
so aryl iodides were explored as coupling partners due to their increased reactivity in the
palladium catalytic cycle (Scheme 4.2), particularly in the oxidative addition to the palladium

centre.® 17

In conjunction, early attempts to elicit the coupling made use of
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)s) as catalyst due to its general use across
palladium-catalysed cross-coupling chemistry. With this catalyst, iodobenzene as the aryl
halide coupling partner and triethylamine as base initial attempts at the Heck reaction of
pyrethrins 5 were undertaken. The various reaction components were added to a solution of

the pyrethrin 5 in dry THF under inert atmosphere and was followed by heating the mixture
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under reflux for up to 24 h. The reaction mixture was sampled and analysed by 'H NMR to
monitor the progress of the reaction, however, little change was observed over the reaction
period. Ultimately no coupled product was detected in the crude mixture isolated from the

reaction (Scheme 4.3) prompting alteration and extensive screening into the reaction

conditions.
o
Pd°(PPh3), (2.5 mol%)
PPh; (5 mol%)
o, Et3
_ Arylated pyrethrin product(s)

5a R = Me

5b R = CO,Me

Scheme 4.3: Initial attempt at Heck reaction of the pyrethrins 5 with iodobenzene.

Screening of alternate reaction conditions began by exploring sources of palladium(0) as a
means of eliciting the Heck reaction of the pyrethrins 5. Generally, the catalytically active
palladium species is of the form Pd(0)L, which in the case of Pd(PPhs)s requires two of the
phosphine ligands to dissociate from the palladium complex.'® ° However, the stability of the
Pd(PPhs)s 18-electron complex makes this dissociation slow, preventing efficient formation of
the catalytically active complex and as such inhibiting turnover of the catalytic cycle.'®
Tris(dibenzylideneacetone)dipalladium(0) (Pd.dbas) is another common source of
palladium(0) for use in palladium-catalysed organic reactions. Unlike Pd(PPhs)s, the
dibenzylideneacetone ligands in Pd,dbas are easily displaced and substituted for other
ligands, making it ideal for the in situ production of catalytically active palladium complexes.?°
As such, Pdxdbas was used as catalyst in the aforementioned Heck reactions (Scheme 4.4)
along with triphenylphosphine as a ligand for formation of the catalytically active Pd(0)L..
Following overnight reaction, the crude isolate was analysed by *H NMR and was found to
have small quantities of an unknown coupled product. The formation of this coupled material
was surmised based on the presence of new alkene resonances showing coupling consistent

with arylation on the terminal site of the sidechain 111 (Scheme 4.4). Despite this, conversion
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remained less than 10% after 24 h showing low efficiency of the catalytic process and the

necessity for further screening of reaction conditions.

Oy
Pd,dbas (2.5 mol%) @

PPhs (5 mol%) 0
2 O, vy /s, —
3 ., Et;N
e _ e O _
O — R
R THF
o) (0]
<10%
5a R = Me 111a R = Me
5b R = CO,Me 111b R = CO,Me

Scheme 4.4: Inefficient terminal arylation of pyrethrins 5 with iodobenzene under Heck conditions.

Choice of solvent is another parameter of importance to explore for reaction development
and eventual optimisation. N,N-Dimethylformamide (DMF) is a common solvent used in the
Heck reaction for its capacity to solvate both organic and inorganic reagents, ability to
participate as a ligand in some metal catalysed processes, and has a high boiling point allowing
for higher reflux temperatures.?! Utilising DMF also allows for screening of different bases,
more specifically the use of organic or inorganic bases. Therefore, the model Heck reaction
with pyrethrins 5 and iodobenzene was undertaken in DMF, retaining the Pddbas/PPhs

catalytic system, with either triethylamine or potassium carbonate as base (Scheme 4.5).

szdba3 (2.5 mol%)
O PPh3 (5 mol%) .,
, Et3N or K2003 /

5a R = Me 111a R = Me
5b R = CO,Me 111b R = CO,Me

Scheme 4.5: Desired Heck reaction of pyrethrins 5 in DMF.

Introduction of potassium carbonate resulted in a rapid colour change of the reaction mixture
from colourless to brown. Upon reaction completion and work-up it was found the reaction

mixture no longer contained the pyrethrin starting material 5 and showed no evidence of the
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previously observed coupled product 111. Whilst DMF has the capacity to solvate ionic
species, its ability to solvate anions is low resulting in the enhanced reactivity of anionic or
basic reagents.?2?* As a result of this marked increase in base reactivity, a mixture of Diels-
Alder cycloadducts, 36 and 37, of the rethrolone moiety of the pyrethrins 5 was isolated

(Scheme 4.6).

5a R = Me
5b R = CO,Me

37

Pd.dbas (2 5 mol%)
PPhs (5 mol%)

' fu,n/O/,, __ EtsN orK,CO;q
R ° — DMF

+ residual 5
Scheme 4.6: Observed reactivity of the pyrethrins 5 under Heck conditions in DMF.

This reactivity of the pyrethrins 5 (Scheme 4.7) has been well-established where elimination
of the ester on the enone moiety under basic conditions results in the cyclopentadienone
analogue 35 which rapidly undergoes Diels-Alder cycloaddition with a second equivalent of

this analogue giving two rethrolone dimers 36 and 37.°
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. %w

H
H O 0
5 35

37

RO.,. = Elimination - Diels Alder

Scheme 4.7: Elimination and Diels-Alder cycloaddition pathway of the natural pyrethrins 5 under basic conditions.

The use of triethylamine in DMF resulted in a similar colour change and product distribution
(Scheme 4.6), namely the rethrolone dimers 36 and 37, however at a decreased rate with the
presence of some remaining pyrethrin starting material 5 in the resulting crude product
mixture. This similar reactivity likely stems from the stabilisation of the resulting cationic
conjugate acid of the triethylamine through strong interaction with the DMF solvent. As such,
an alternate solvent was necessary to prevent this reactivity which led to the use of

acetonitrile to retain polar aprotic properties but to a much smaller extent.?®

The model Heck reaction with pyrethrins 5 and iodobenzene was revisited retaining the
previous catalytic materials, Pd.dbas and triphenylphosphine, and triethylamine in
acetonitrile (Scheme 4.8). Much like the previous attempt in THF, the reaction failed to result
in significant conversion to a coupled product prompting further investigation into alternative

catalytic conditions.
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szdba3 (2.5 mol%)
O PPh3 (5 mol%) .,
‘e, Et3 /

<10%
5a R = Me 111a R = Me
5b R = CO,Me 111b R = CO,Me

Scheme 4.8: Revisited Heck conditions employing a palladium(0) catalyst and polar aprotic solvent.

Commonly, Heck reactions make use of a palladium (Il) precatalyst that is reduced and
undergoes ligand exchange in situ to give the catalytically active palladium (0) complex.'” 27
Palladium (ll) acetate (Pd(OAc)2) is by far the most common of these palladium (Il) salts used
as a precatalyst which readily undergoes the pre-activation pathway to a catalytically active
palladium (0) complex in the presence of triphenylphosphine (Scheme 4.9).283 The generally
accepted mechanism for the production of the active palladium (0) catalyst 112 with
triphenylphosphine starts with a rapid association of two phosphine ligands to the Pd(OAc):
followed by a slower elimination of acetoxytriphenylphosphonium acetate to give
monotriphenylphosphine palladium (0) 113. Rapid association of two more phosphine ligands
to the palladium centre give the tristriphenylphosphine palladium (0) complex 114 that, upon
dissociation of a phosphine ligand, can then enter the Heck catalytic cycle. The residual
acetoxytriphenylphosphonium  acetate  decomposes rapidly to acetate and

triphenylphosphonium oxide.

Pd°PPh, Pd%(PPhg)s
113 114
2PPh;  PhsP OAc 2 PPhy * -PPh;
Pd"(OAc), —> JPa" — * — PhsP=0  —— pyO(pphy),
AcO” PPh, ®
PhsP—0Ac + 115
112 o ©
OAc OAc

Scheme 4.9: In situ activation of the palladium(ll) precatalyst with triphenylphosphine for use in the Heck reaction

catalytic process.

Unfortunately, implementation of this palladium(Il) pre-activation pathway still resulted in

minor conversion of the pyrethrin starting material 5 to any coupled product (Scheme 4.10).
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Ultimately, it was found that the lack of conversion was due to the lack of turnover in the

o

catalytic cycle of the Heck reaction.

Pd'(OAc), (2.5 mol%) O
PPh; (7.5 mol%) o
O// Et3 ' ’//”/ /,, J—
— R 0
<10%
5a R = Me 111a R = Me
5b R = CO,Me 111b R = CO,Me

Scheme 4.10: Attempted Heck reaction utilising a palladium (I1) precatalyst.

The catalytic cycle of the Heck reaction can proceed either through a neutral pathway or by a
cationic pathway however they both take place via the same three main steps (Scheme 4.11):
oxidative addition of the aryl halide to the palladium catalyst (Scheme 4.11A),
carbometallation to the olefin substrate (Scheme 4.11B) and B-hydride elimination to give the

arylated olefin (Scheme 4.11C).%4

Pd" precatalyst

R © R
121 R L‘Pd”L ©) Lapgnt R 421
H X HBé AcOH |_'|
B-Hydride 120 124 B-Hydride
elimination L L elimination
(€) “PdY (c)
116
M I}
R PdTLoX R.x |Oxidative LoPd > /R
< . Neutral addition Cationic R
e (A)
9 123
L. L
Pd!
R X
117
R\ .
Carbomgtallation /)\ L/ ®0 L\®”L Carborr(]Bet)aIIatlon
(B) pq' Ag OAc ,Pd\ ,
R’ \X R /\R
118 AgX 122
e
OAc

Scheme 4.11: The two potential catalytic cycles of the Heck reaction.
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As outlined above (Scheme 4.11), oxidative addition (Scheme 4.11A) of the aryl halide gives
the palladium(Il) complex 117 which then coordinates to the m-system of the alkene substrate
to give either the neutral 118 or cationic 122 palladium intermediate depending on the
conditions employed. In the neutral pathway the m-coordinated palladium complex 118 is
formed through dissociation of a ligand whilst in the cationic pathway the
halide/pseudohalide is lost resulting in the cationic palladium complex 122. Typically, the
cationic process is favoured when aryl triflates are used due to the ready dissociation of the
triflate from the palladium(ll) centre or,'> 3! when a silver(l) or thallium(l) salt is added to
abstract the halide from the palladium(ll) complex 117.3%3> Following carbometallation
(Scheme 4.11B), the coupled product 121 is afforded by B-hydride elimination (Scheme 4.11C)
along with a palladium(ll) hydride complex 120 or 124 which is then reduced with a base to
regenerate the palladium(0) catalyst 116. The Heck reaction via the cationic catalytic cycle
works particularly well for electron-rich olefins and has been demonstrated to have high

regio- and chemo-selectivity for the terminal position in conjugated dienes.33 36

With the electron-rich nature of the alkenes in the rethrolone side chain of the pyrethrins 5
and the potential for regioselective coupling, the cationic pathway of the Heck reaction was
explored for arylation of the terminal position. In a bid to promote the cationic catalytic cycle,
silver(l) acetate was employed in stoichiometric quantities to abstract the halide from the
post oxidative addition palladium(ll) complex 117 (Scheme 4.11). The use of silver(l) acetate
also allows for the omission of the previously employed base as it can act in this capacity,
allowing for regeneration of the catalytic palladium(0) after cross-coupling. The new
conditions were directly applied to the model Heck reaction of the pyrethrins 5 with
iodobenzene using the palladium(ll) acetate precatalyst and silver(l) acetate in anhydrous
acetonitrile (Scheme 4.12). Ultimately, work-up and analysis of the resulting crude material
showed a substantial increase in consumption of the pyrethrin starting material 5. Purification
by column chromatography resulted in the isolation of two isomeric arylated pyrethrin
analogues where the expected terminal regioselectivity was achieved (Scheme 4.12).
Characterisation of the two materials confirmed their identities as the arylated analogue with
either cis-trans isomerism of the cis-alkene 111 or migration of both double bonds into
conjugation with the enone 125 respectively. Notably both arylated pyrethrin isomers, 111

and 125, were isolated as the (E,E)-diastereomer.
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AgOAc (1.5eq) R

1l
Pd(OAc); (2.5%)  111aR=Me  26%

u, O, PPh; (7.5%) 111b R = CO,Me 17%
e =
R © reflux *
o ACN o, O,
5a R = Me | ﬂ/ '
5b R = CO,Me R O

125a R = Me 30%
125b R = CO,Me 17%

Scheme 4.12: Heck arylation of the natural pyrethrins 5 with iodobenzene via a cationic catalytic cycle.

The trans-geometry of the coupled alkene is unsurprising given the high stereoselectivity
exhibited by the Heck reaction. The carbometallation takes place in a syn fashion followed by
the carbopalladated material 123 rapidly reorganising to minimise the steric encumbrance
between the palladium complex and newly arylated position, shifting the palladium onto the
same face as the hydride (Scheme 4.13).3! The subsequent B-hydride elimination also

proceeds in a syn manner, delivering the trans-alkene 121.14 3!

/L
L-Pd® H

H
® L R H Ar
L./

®| Pd Ar

Y T,
R R HH L-Pd H Ar

Carbometallation —_— _
122 123 R’\"’H (',;’Af p-Hydride
Elimination

121

Scheme 4.13: Rearrangement of the carbopalladate 122 resulting in the favourable trans-arylation product.

In conjunction, the isolation of both the (E)-isomer 111 and migration isomer 125 of the
arylated pyrethrins can be rationalised through the Heck reaction catalytic cycle and the

reactivity of the intermediates.

The B-hydride elimination (Scheme 4.11C) that ultimately furnishes the arylated alkene 121
also results in the production of a palladium hydride 120 or 124, which can then be reduced

to regenerate the catalyst. Alternatively, the palladium hydride 120/124 can hydropalladate
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the alkenes of the rethrolone side chain (Scheme 4.14), similar to the proposed reactivity of
the palladium-catalysed transfer hydrogenation shown in Chapter 2 (Section 2.4.2; Scheme
2.9). More specifically, hydropalladation can occur on the cis-alkene of the rethrolone side
chain giving the palladated intermediate 126. Much like the aforementioned transfer
hydrogenation, the palladated intermediate 126 likely reorganises to the lower energy trans
geometry which, following a B-hydride elimination to regenerate the alkene, gives the E,E-
arylated product 111 (Scheme 4.14A, red arrows). The alternate product is likely furnished
through the B-hydride elimination proceeding on the 7' methylene unit resulting in the E-
migration isomer 127 which is followed by a second hydropalladation-B-hydride elimination
process on the benzylic alkene to give the doubly migrated product 125 (Scheme 4.14A, green

arrows).}%37
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—
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@
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Ar el N © Ar

r
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; 128
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RO/, ROI'.
\ \
\ \
© Ar ° Ar
125 125

Scheme 4.14: Isomerism and double bond migration of the arylated pyrethrins by hydropalladation B-hydride

elimination (A) or m-allyl palladium complexes (B).

Alternatively, the isomerism can also take place through the generation of m-allyl palladium
complexes of the alkene system (Scheme 4.14B).3% 3% In this case, a palladium complex co-
ordinates to the m-system and abstracts a hydrogen to give a cationic m-allyl palladium
complex 128. Subsequent reductive elimination regenerates the palladium complex and
results in the 1,3-shift of the hydrogen to give the migrated isomer 127.%° Following two
consecutive migrations with this m-allyl palladium pathway, the migration isomer 125 is

generated.

With the development of reaction conditions that facilitate regioselective Heck arylation of
the pyrethrins 5, the application of the aforementioned reaction conditions with a range of

substituted aryl iodides was undertaken.
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4.3 Arylated analogues of pyrethrins

Implementation of a selection of substituted aryl iodides into the Heck reaction with the
pyrethrins 5 resulted in a variety of arylated analogues with varying yields and product
distribution (Table 4.1), depending on the electronic character of the aryl substrate.
Generally, the electron-deficient aryl iodides resulted in increased yields of the arylated
product and were more prone to retaining the alkene regiochemistry of the pyrethrin starting

material 5.
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Table 4.1: Palladium-catalysed Heck reaction of the pyrethrins 5 with a range of aryl iodides.

Ar-l (1.2eq)
AgOAc (1. 5eq

Pd(I1)(OAC), (2

.5%)

"n/

—

w, _O,, PPhs (7.5%) 111, 120-134 O
T = =
R o reflux
(0] ACN /,l
5a R = Me
Sb R =COzMe 125,135-138 © Ar
R Ar Yield (%)2 R Ar Yield (%)2
111a: 26 132b: 13
1 Me §—<<::> 10 CO,Me §—<::>—0Me
125a: 30 137b: 15
111b: 17 OMe  133a:8
2 CO.Me §—<::> 11 Me
125b: 17 138a: 18
OMe  133b:7
3 Me z—@ 129a:44 | 12 CO,Me
138b: 13
MeQO
4 CO:Me §—<<::>>— 129b:31 | 13 Me %_%i:j> _b
130a: 30 MeO
5  Me 14 COMe _b
135a: 19
130b: 15
6 CO.Me 15  Me §—<::>>—CF3 134a: 13
135hb: 11
131a: 30
7 Me 16 CO,Me 2—@% 134b: 14
136a: 7
131b: 20
8 CO:Me 17 Me }—@NHZ -b
136b: 12
132a: 8
9 §—<C:j>— 18 CO;Me §—<C:>}—NH2 _b
137a: 13

2|solated yields. " No product isolated.
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Prior to final purification, crude mixtures of the reactions utilising nitro-substituted aryl
iodides showed observable quantities of the unsubstituted arylation products 111 and 125 in
'H NMR analyses. The formation of the phenyl adducts 111 and 125 is not entirely
unprecedented with recent literature describing the reactivity of nitroarenes under palladium
catalysis.?® 4! Reductive denitration of nitroarenes is one of these reported palladium-
catalysed reactions that is likely furnishing the phenyl arylation products 111 and 125
observed in the reaction with nitro-substituted aryl iodides. The proposed reactivity (Scheme
4.15) details that the nitroarene 141 is able to undergo oxidative addition (Scheme 4.15A) to
a palladium(0) catalyst 116 followed by the introduction of a hydride source. The resulting
palladium hydride species 140 can then undergo reductive elimination (Scheme 4.15B) to
furnish the reduced aromatic 142 (Scheme 4.15).%° Generally, these palladium-catalysed
reactions of nitroarenes require much higher temperatures to be significantly effective in the
generation of the reduced aromatic hence, the milder conditions employed for the Heck

reaction of pyrethrins 5 only allows for minor quantities of the denitrated product(s) to

form.40-42
L\Pdo L NO,
H 116 ©/
141
142 Oxidative Addition
Reductive Elimination (A)
(B)
“pat -
L L A" NO
~ I}
APl 139 °
N %
©
NO, Hydride source

Scheme 4.15: Proposed catalytic cycle for the reductive denitration of nitroarenes 141.4°

Ultimately, 24 arylated pyrethrin analogues were produced from the application of
substituted aryl iodides in the Heck reaction with pyrethrins 5 (Table 4.1). Generally, the
electron-deficient nitro-substituted aryl iodides, particularly the 2- and 4-substituted variants,
resulted in higher yields of the arylated analogues likely due to the greater polarisation and
as such weaker C-1 bond allowing for ready oxidative addition (Scheme 4.11A).43%> The 4-

trifluoromethyl variant exhibited a significantly lower vyield likely due to the decreased
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electron-withdrawing capability of the trifluoromethyl group in comparison to the nitro
group.?® In conjunction, aryl iodides bearing a 2-substituent gave significantly lower yields
than their 4-substituted counterparts due to the steric encumbrance imposed by the
proximity of the substituent to the reactive iodide (Table 4.1).%” In the case of 2-iodoanisole,
the combination of the steric hinderance imposed by the ortho-substitution and the electron-
donating effect of the methoxy group rendered reactivity such that neither of the expected
arylated adducts could be isolated. In addition, the electronic nature of the substituent on the

aryl iodide had a significant effect on the product distribution of the arylated pyrethrins.

As described earlier, the Heck reaction with the pyrethrins 5 and substituted aryl iodides
resulted in the production of two arylated pyrethrin regioisomers with the distribution of the
two dependent on the aromatic coupling partner. Interestingly, the distribution of these
regioisomers was dependent on the differing substitution on the aromatic coupling partner
particularly in terms of their electronic character. Generally, the electron-deficient substrates
resulted in higher proportions of the unmigrated regioisomer, i.e. retaining the
regiochemistry of the natural pyrethrins 5, whilst the electron-rich substrates were more
prone to the migration (Table 4.1). This difference in product distribution is likely due to the
formation of positive charge on the newly benzylic position, potentially through the formation
of m-allyl palladium complexes (Scheme 4.14B). Specifically, the electron-rich aryl groups
stabilise this positive charge allowing for the migration to take place more readily, whilst the
electron-deficient groups destabilise the cationic character resulting in the retention of the

double bond regiochemistry.

4.3 Preliminary insecticidal activity of arylated pyrethrins

The various arylated pyrethrin analogues were subjected to preliminary insecticidal activity
testing, undertaken by Dr. Andrew Kotze (CSIRO Agriculture and Food), against L. cuprina
larvae. Unfortunately, none of these arylated pyrethrin analogues showed activity against the
L. cuprina larvae. Based on previous docking studies of pyrethrin Il 5b to a model cockroach
sodium ion channel, the lack of activity of these arylated analogues is likely due to the
extension of the pentadienyl sidechain and the subsequent disruption to pre-established
interactions by the terminal double bond.*® Further, the migration isomers likely reduce the

flexibility of the rethrolone sidechain, much like the migration isomer 25 formed from the
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transfer hydrogenation protocols in Chapter 2, which has been suggested to be necessary to

allow for specific interactions with the sodium channel.*®

4.4 Conclusions

Derivatisation of the natural pyrethrins 5 was explored under palladium-catalysed conditions,
specifically the well-established Heck reaction, coupling aryl halides with olefins. Initially, the
reactivity and conditions necessary for the natural pyrethrins 5 to undergo Heck reaction with
aryl halide substrates were screened. From this screening process it was found that
palladium(0) catalysts resulted in little or no turnover of the catalytic cycle and as such no
coupled product was able to be isolated from the reaction employing these palladium species.
Substitution of the solvent for DMF resulted in the decomposition of the pyrethrin starting
material 5 due to the effect of the highly polar aprotic solvent on the bases employed. Shift
to a slightly less polar solvent in the form of acetonitrile and use of a palladium(ll) precatalyst
resulted in similar conversions as the reactions performed with the palladium(0) catalysts,
indicating issue with catalytic turnover. Finally, it was found a silver salt additive could be used
to fulfil both the role of base and drive the Heck reaction through a cationic catalytic cycle to
give much higher conversions to the arylated pyrethrins that were able to be purified and
characterised. Ultimately, these Heck arylations resulted in the isolation of two isomers of an
arylated pyrethrin analogue where coupling had taken place with high regioselectivity at the
terminal double bond of the rethrolone side chain. The isomers were determined to both
have (E,E)-diene geometry where one retained the alkene regiochemistry of the natural
pyrethrins 5 whilst the other showed migration of the double bonds into conjugation with the

enone moiety.

With a protocol developed, the Heck reaction of the pyrethrins 5 was applied to a range of
substituted aryl iodides which resulted in the production of 24 arylated pyrethrin analogues
with the yields and product distribution dependent on the electronic nature of the aromatic
system. Generally, use of the electron poor aryl iodides resulted in higher yields overall with
the product distribution favouring the unmigrated isomer. Conversely, electron-rich systems
gave lower overall yields with higher proportions of the migrated isomer. Ultimately, the yield
of arylated product appeared to be dependent on the oxidative addition of the aryl iodide to
the palladium centre. In conjunction, the product distribution relied upon the stabilisation of

any positive charge on the benzylic position of the arylated analogues.
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Chapter 5 Towards a More Efficient Synthesis of (Z)-Pyrethrolone

5.1 Introduction

The rethrolone moiety of the Pyrethrins 5-7 is the most functionality-rich portion of the
pyrethrin scaffold with many of them bearing some instability to oxygen, light and heat.
Notably, these functional groups contribute to the environmentally friendly qualities of the
Pyrethrins 5-7, with their high reactivity leading to rapid degradation and preventing
persistence in the environment. However, these moieties have proved detrimental to the
long-term storage and widespread application of pyrethrum insecticides, particularly in the
agricultural sector. (2)-pyrethrolone 21 (Figure 5.1), the rethrolone of pyrethrins | 5a and Il
5b, is especially sensitive to degradation with its pentadienyl side chain being implicated in

many of the degradative pathways. 2

HO,,

o]
21

Figure 5.1: (2)-pyrethrolone 21, the rethrolone moiety of the pyrethrins 5.

Due to the high content of these reactive functional groups found in (Z)-pyrethrolone 21 its
efficient synthesis may serve as a means to explore the degradative properties of this
rethrolone moiety in more depth and has potential as a model for future synthetic
manipulation of the pyrethrins 5. A number of pre-existing syntheses have been published in
the literature since the elucidation of the rethrolone structure however, many are lengthy or
make use of undesirable, toxic reagents. Some of these efforts will now be examined in more

detail.

Crombie and co-workers explored a number of synthetic pathways for the production of (2)-
pyrethrolone 21 with early attempts detailed in 1956.% 4 The first attempt was based on their
assighment of the cis-geometry of natural pyrethrolone 21° and earlier work detailing the
synthesis of alkyl- and alkenyl-substituted rethrolone structures.® This effort to prepare the
desired (Z2)-pyrethrolone 21 focussed on the generation of the cis-pentadienyl sidechain
required for (Z)-pyrethrolone 21 with initial attempts concentrating on a vinyl acetylenic

intermediate 147 (Scheme 5.1A). Unfortunately, the proposed elimination-substitution
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chemistry of bis-tosylated diols 144 did not vyield the desired a-propargyl tosylate
intermediate 146. This procedure relied on the selective elimination of one tosylate to give
the terminal alkene of the side chain whilst the a-propargylic tosylate, with proposed
pseudohalogen character, would allow for nucleophilic substitution with the sodium enolate
of ethyl acetoacetate (Scheme 5.1A). Focus then turned to producing the vinyl acetylene
intermediate 147 via a stepwise tosylation (Scheme 5.1B), where the first tosyl 150 served as
a means for substitution and the second 152 allowed for the desired elimination. Ultimately,
the vinyl acetylene 147 could be generated by this stepwise approach, where the first tosylate
150 underwent substitution with the sodium enolate of ethyl acetoacetate followed by ester
hydrolysis and decarboxylation to give 151. Following the second tosylation, elimination with
sodium ethoxide afforded the vinyl acetylene 147 which was subsequently implemented in a
previously described rethrolone synthesis.® Specifically, a B-dicarbonyl 153 was generated
from the condensation of the vinyl acetylene 147 with diethyl carbonate in the presence of
sodium hydride. Subsequently, the B-dicarbonyl 153 could then be used to furnish the linear
carbon structure 154 through aldol addition to pyruvaldehyde. Cyclisation of this linear
structure 154 could then be achieved under basic conditions to give the rethrolone scaffold
155. Finally, attempts to selectively semi-hydrogenate the alkyne to give the cis-alkene was
explored in a bid to give the (Z)-pyrethrolone product 21 (Scheme 5.1B). Unfortunately, the
selective hydrogenation procedure to give (Z)-pyrethrolone 21 resulted in <1% reported yield

in the final step with significant contamination from isomerised and over-reduced product.*
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Scheme 5.1: Crombie’s attempted synthesis of (2)-pyrethrolone 21 by bistosylates (A)® and subsequent inefficient

synthesis of (2)-pyrethrolone 21 through selective hydrogenation (B).*

Crombie later devised a more general procedure (Scheme 5.2) allowing for the production of
not only (Z)-pyrethrolone 21 but also the rethrolone moieties of the minor pyrethrin esters,

(2)-jasmolone 20 and (2)-cinerolone 22.”
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Scheme 5.2: Crombie’s revised synthesis of (2)-pyrethrolone 21 without alkynyl intermediates.’

This procedure allowed for installation of the pentadienyl side chain without the use of an
acetylenic intermediate, foregoing the need for semi-hydrogenation of the alkyne. The
installation of this dienyl moiety, or respective side chain of cinerolone 22 or jasmolone 20,
was achieved through Wittig olefination of triphenylphosphonium bromide 158 giving 159.
Subsequent deprotection of the ketone and carboxylation with methyl magnesium carbonate
yielded the carboxylate salt 161 which was subjected to a decarboxylative aldol reaction to
yield the linear carbon scaffold 162. Similar to the aforementioned synthesis (Scheme 5.1),
this linear scaffold 162 could then be cyclised under basic conditions to yield the desired (2)-
pyrethrolone 21. Whilst this synthesis was fruitful, with the production of racemic (2)-
pyrethrolone 21 (Scheme 5.2) in 21% overall yield, it made use of the highly toxic acrolein and

required carbonyl protection-deprotection resulting in an extended synthetic route.

In 1979, Tsuji and co-workers were able to produce (Z)-pyrethrolone 21 by generating the
pentadienyl intermediate 160 from 1,3-butadiene 163 via a series of palladium-catalysed
reactions which were then subjected to Crombie’s earlier synthetic pathway (Scheme 5.3).>

4 8 More specifically, the carbon skeleton 164/165 of the side chain was established by
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palladium-catalysed telomerisation of 1,3-butadiene 163 with phenoxide as nucleophile. The
necessary carbonyl group 166/167, for subsequent implementation into Crombie’s
synthesis,” was installed by Wacker-Tsuji oxidation followed by a palladium-catalysed

elimination of phenol to give the appropriate diene 160.
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Scheme 5.3: Tsuji’s synthesis of (2)-pyrethrolone 21 by palladium-catalysed production of the pentadienyl

moiety.®
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Unfortunately, reliance on palladium catalysis resulted in a mixture of the cis- 160 and trans-
pentadiene 168 intermediates which was subsequently used in the following synthesis. This
then required the resulting (E)-pyrethrolone 64 in the mixture to be derivatised through Diels-
Alder cycloaddition with tetracyanoethylene and subjected to subsequent column

chromatography to remove the resulting adduct 65.

The most recent synthesis of (Z)-pyrethrolone 21 was by Matsuo and co-workers over five
synthetic steps (Scheme 5.4).°1! Notably, an enzymatic chiral resolution, described
previously by Danda,'? was employed to afford the natural (S)-stereocisomer. Dimethyl 3-
oxoglutarate 172 was used as an easily accessible starting material. The enolate of the
oxoglutarate 172 was generated with magnesium methoxide and was subsequently alkylated
using propargyl chloride in a yield of 71%. The purified monoalkylated oxoglutarate 173 was
subjected to a one-pot ester hydrolysis, decarboxylation and aldol addition giving the linear
1,4-diketones 174 in 80%. This mixture of diketones 174 was subsequently used in an
intramolecular aldol condensation to give the desired cyclopentenones 175 with 62% yield.
This enantiomeric mixture was resolved via chemical and enzymatic processes to give the (S)-
isomer in 74% vyield with 90% ee. The (S)-cyclopentenone 175 was subjected to chain
extension via Sonogashira cross coupling conditions with vinyl bromide giving the desired
carbon skeleton 155 in 64%. Finally, the alkynyl unit was reduced to the cis-alkene using
activated zinc in a water/n-propanol mixture giving (S)-(Z)-pyrethrolone 21 in 85% yield with

a 14% overall yield.
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Scheme 5.4: Matsuo’s synthesis of (2)-pyrethrolone 21 with enzymatic chiral resolution to afford the natural (S)-

stereochemistry. 1!

The availability of the starting materials, concise synthesis and relatively good yields, made
the pathway developed by Matsuo and co-workers,®*! omitting the chiral resolution, of
interest to produce racemic (Z)-pyrethrolone 21 as a potential model compound for future

investigations into pyrethrin reactivity and potential modifications.

5.2 Attempted synthesis by published procedures

The pathway devised by Matsuo was attractive and relevant to the work in this thesis for the
production of (2)-pyrethrolone 21 for a number of key reasons. The synthetic pathway
undertaken was a suitable, five-step synthetic protocol reportedly applicable up to multi-
gram scale with relatively high yields, allowing for sufficient quantities of the (2)-pyrethrolone
21 to be produced for future use. Additionally, the starting materials utilised were easy to
access, cheap and relatively safe to use in significant amounts. As such attempts to replicate
the synthesis were attempted. The first step of this synthetic pathway uses well-established

enolate alkylation to produce a mono-alkylated oxoglutarate 173.

5.2.1 Alkylation of dimethyl 3-oxoglutarate
The protocol described by Matsuo for the first step of the synthetic pathway utilises propargyl

chloride to alkylate the magnesium enolate of dimethyl 3-oxoglutarate 173 in the presence
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of catalytic amounts of lithium iodide. Addition of the lithium iodide to the reaction was
depicted as increasing not only the reaction rate, likely through the formation of an
intermediate propargyl iodide via the Finkelstein reaction, but also the yield of monoalkylated

product 173.°

Implementing this described protocol, albeit with substitution of the propargyl chloride with
its bromide equivalent due to its availability, was undertaken for the attempted production
of the monopropargyl oxoglutarate 173 (Scheme 5.5). Magnesium methoxide was generated
for enolate formation through reaction of powdered magnesium metal with methanol under
anhydrous conditions. The enolate could then be furnished through slow addition of the
oxoglutarate 172 to the basic solution and subsequent stirring at 60 °Cfor 1.5 h. The propargyl
bromide was then added along with 10 mol% lithium iodide followed by a 4 h reaction time
with heating under reflux.

i) Mg(OMe),
ii) Lil (10 mol.%)

O O O //\Br O O O
~ )J\/U\/U\ - > ~0 -~ + overalkylation products and 172
0 0 MeOH ©
172
G

173

Scheme 5.5: Alkylation of dimethyl 3-oxoglutarate 172 with propargyl bromide under Matsuo’s described

conditions.?

Following reaction quench and work-up, the isolated crude material was found to be a
complex mixture denoted by the abundance of propargylic alkyne proton resonances around
2 ppmin the 'H NMR spectrum, characterised by their small coupling of J = 2-3 Hz. The desired
monoalkylated product 173 was observed, indicated by comparison to literature
spectroscopic data, with a number of multialkylated variants 176-178 and residual starting
material 172. In an effort to increase the selectivity and conversion to the monopropargyl

oxoglutarate 173, altered synthetic conditions were explored.

Matsuo’s original conditions made use of considerable excess of the magnesium methoxide
in enolate generation, with four equivalents of base to the oxoglutarate starting material 173.
This large excess of base could lead to a variety of side reactions resulting in the observed

multiple alkylation events. One such pathway could result following the first alkylation event,
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where a new enolate may be generated with the excess base present (Scheme 5.6). Further
alkylation via this pathway is likely to occur on the already alkylated position, due to the
increased stability of the now thermodynamic enolate, giving the asymmetric dialkylated
oxoglutarate 176. This dialkylated derivative 176 still retains another acidic B-dicarbonyl site
that can undergo further enolisation events to furnish the tri- 177 and tetra-propargyl

oxoglutarates 178.

Mg(OMe
Mg(OMe), P99
J\/U\/U\ > o9 o~
172 &
o) ') 0 (0] (0] (6]
/\Br ~ s \O O/ +
e (0] (0]
= = %
/ Vi 7\
176 177 178

Scheme 5.6: Potential pathway to multialkylation products 176-178 via multi-step enolate formation.

Initial attempts to alleviate this multi-alkylation issue focussed on tuning of the stoichiometry,
so as to prevent the generation of successive enolates as described above. Sequential
reduction of the base stoichiometry from 4 to 2, 1.5 and 1 was explored. However regardless
of the amount of base used, significant dialkylation 176 was observed in the crude isolates by
both NMR and GCMS analyses. This is potentially the result of stabilised enolate production
through chelation to the magnesium cation®® and as such utility of alternate bases was
proposed to potentially ameliorate the increased reactivity. Nevertheless, attempts to
substitute the base for sodium methoxide, sodium hydride or even potassium carbonate
resulted in isolation of similar crude reaction profiles containing multi-alkylated 176-178 and
unreacted dimethyl 3-oxoglutarate 172. As a result, efforts shifted to purification of the

desired monopropargyl oxoglutarate 173.
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Purification of the crude alkylation mixture was attempted, first through the described
distillation.® Unfortunately, attempting to purify the alkylation mixture through conventional
distillation at reduced pressure still required the use of temperatures of approximately 150
°C which ultimately led to decomposition of the alkylated material giving a viscous resin.
Alternate means of purification were sought so as to obtain sufficient quantities of the
alkylated intermediate 173 for continuation of the synthetic pathway (Scheme 5.4).
Separation of the alkylated adducts 173 and 176-178 was pursued through column
chromatography to avoid application of harsh thermal conditions and subsequent
decomposition of the material. However, whilst the alkylated components remained
chemically intact, exhaustive attempts to separate the mixture by column chromatography
with a range of solvent systems resulted in co-elution of the alkylated constituents 173 and
176-178. Short-path distillation, by Kugelrohr, was employed to minimise the exposure of the
alkylation mixture to the high temperatures needed to distil the desired monopropargyl
oxoglutarate 173. Endeavours to distil the alkylated oxoglutarate mixture by such means
prevented the significant decomposition seen in the conventional distillation however, the
desired monoalkyl oxoglutarate 173 co-distilled with the dimethyl 3-oxoglutarate 172 starting
material. Despite the isolation of a mixture, the removal of higher alkylated products 176-178
gave an enriched mixture of the desired product 173. This simplified mixture was then

subjected to the next step, a decarboxylative aldol procedure, without further purification.

5.2.2 Production of 3-hydroxy-8-nonyne-2,5-dione by decarboxylative aldol addition

The second step of Matsuo’s synthetic methodology towards (Z)-pyrethrolone 21 was a one-
pot reaction allowing for ester hydrolysis, decarboxylation, and aldol addition to extend the
carbon framework.? The presence of the propargyl unit was proposed to allow for rapid
decarboxylation of the neighbouring carboxylate ultimately giving the desired regioselectivity
for the subsequent aldol addition on the unsubstituted B-dicarbonyl region of the carbon
skeleton (Scheme 5.7).° Notably, this regioselectivity was contributed to the greater
withdrawing capabilities of the propargyl unit in comparison to a previously implemented allyl

derivative that exhibited no regioselectivity.®
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Scheme 5.7: Proposed reactivity for the one-pot Aldol process giving the acyloin intermediate 174.

The semi-purified oxoglutarate mixture isolated from the previous step was subjected to the
above literature procedure for the one-pot decarboxylative aldol® to generate the linear 1,4-
diketone intermediates 174. The oxoglutarate mixture of 172 and 173 was slowly added to a
cooled aqueous sodium hydroxide solution. The biphasic reaction mixture was warmed to 30
°C for 5 h during which the mixture became a homogeneous, yellow solution. The resulting
solution was then cooled over an ice-bath and the pH adjusted with concentrated sulfuric acid
which resulted in the observable evolution of gas from the decarboxylation. The reaction was
allowed to progress overnight after which sodium bicarbonate, sodium dithionite and toluene
were added. The mixture was warmed to 36 °C and a 40% aqueous methylglyoxal solution
was added slowly. The reaction was left to stir with continued heating overnight throughout
which time the organic layer became a dark orange colour. Following extraction from the
aqueous layer, the crude material was found to be a mixture of reaction products including
minor amounts of the desired acyloin 174. Notably, the addition of sodium dithionite has
been implicated in preventing the formation of a previously identified by-product, a catechol
formed from consecutive aldol events.* However, the mechanism in which this inhibition

proceeds by remains unknown.

Despite clear reaction progression, a number of undesired by-products were formed from
both the reactivity of the residual oxoglutarate starting material 172 and alternate reactions
of the propargylated oxoglutarate 173 (Scheme 5.8). The most prevalent of these side
reactions was the decarboxylation of the starting material without aldol addition taking place.
Instead, the unalkylated material 172 could undergo mono- or di-decarboxylation yielding
either the monocarboxylate 181 or acetone 182 respectively (Scheme 5.8A). Similarly, the
monopropargyl oxoglutarate 173 could undergo similar decarboxylation giving carboxylates

180 and 183 or 5-hexyne-2-one 184 (Scheme 5.8B).

134



) o
|
O O O ii)H® o O O
S —— o
\O O/ -co, )J\/U\OH -CO, )J\
172 181 182
B O O
OH
.)%H 0
i 180
O O O iy HO “Z
\O O/ —_— + EEEE——
-CO, -CO,
O O &
Z 184
173 HO
Z
183

Scheme 5.8: Alternate reactivity of the oxoglutarate starting mixture where the unalkylated (A) and

monoalkylated (B) materials undergo decarboxylation.

GCMS analysis of the crude mixture indicated 5-hexyn-2-one 184 was the most abundant by-
product originating from complete decarboxylation of the alkylated starting material. By
extension, acetone 182 is a probable by-product from similar reactivity of the dimethyl 3-
oxoglutarate 172 in the reaction however, it is likely to have been removed during
evaporation of the extraction solvent on work-up. Intermediate decarboxylation by-products
180, 181 and, 183 were also implicated in the GCMS analysis of the reaction mixture in much
lower quantities. The increased presence of these decarboxylated impurities 180-184 is likely
due to the strength of the employed acid and the time of exposure to this acid prior to the
aldol addition resulting in premature loss of carbon dioxide. In conjunction to these
decarboxylated by-products 180-184, alternate aldol reactivities were also observed (Scheme
5.9) with the presence of minor aldol addition adducts in the reaction mixture. The most
prevalent of these adducts was the unalkylated equivalent 185 of the desired product
stemming from residual dimethyl 3-oxoglutarate 172 (Scheme 5.9A) or the alternate

regioisomer 186 from the alkylated oxoglutarate 173 (Scheme 5.9B).
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Scheme 5.9: Aldol addition products observed in the one-pot decarboxylative Aldol protocol from the residual

dimethyl 3-oxoglutarate 172 (A) and the monoalkylated oxoglutarate 173 (B).

Unfortunately, attempts to purify the mixture isolated from this decarboxylative aldol
protocol were unsuccessful due to the abundance and structural similarity of by-products
formed from both the propargyl 173 and unsubstituted 172 oxoglutarates in the alkylation
mixture. Whilst milder conditions may act to counteract the formation of the undesired
decarboxylation by-products 180-184, the alternate aldol adducts 185 and 186 may still be
formed complicating the purification process. In addition, continuation of the pathway
became unfeasible with the build-up of impurities that were unable to be removed at each
successive step. As such, alternate protocols were investigated for the production of pivotal

intermediates in the pathway.

5.2.3 The pursuit of an alternate synthesis
In spite of the exhaustive attempts to mimic and optimise the early stages of the synthesis
described by Matsuo,’ the desired intermediates could not be isolated in high purity with

compounding impurities occurring with each successive step in the pathway (Scheme 5.10).
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Scheme 5.10: Attempted steps of Matsuo’s described synthesis for (2)-pyrethrolone 21 showing the major

products isolated.

The complication encountered when attempting to purify the important products early in the
synthesis suggests alternate means of producing them or an alternate pathway is necessary

in an attempt to combat the development of unwanted by-products.

5.3 A modified synthesis for (Z)-pyrethrolone

An altered synthesis for the production of (Z)-pyrethrolone 21 was necessary to avoid the
issues described above however, it was desirable to maintain the attractive qualities of
Matsuo’s published pathway.> ° This meant that the new or modified protocols needed to
remain scalable and accessible for high throughput production of (2)-pyrethrolone 21 whilst
being reliable for the production of pure materials. The reliable manufacture of the acyloin
174 was of particular interest for the direct application to the rest of the published
procedures, i.e. chain extension and alkyne reduction.® 1° Retrosynthetic analysis (Scheme
5.11) highlighted ethyl acetoacetate 187 as a potential replacement of dimethyl 3-
oxoglutarate 172 as starting material because, once selectively alkylated, it is amenable to

the decarboxylate aldol addition.
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Scheme 5.11: Retrosynthetic analysis for a more efficient synthesis of 3-hydroxy-8-nonyne-2,5-dione 174.

5.3.1 Dianion alkylation of ethyl acetoacetate

Ethyl acetoacetate 187 much like dimethyl 3-oxoglutarate 172 is cheap, readily available and
has little mammalian toxicity. In contrast to the oxoglutarate 172, ethyl acetoacetate 187 only
has a single ester available to react under the decarboxylative aldol protocol, allowing for site
specific addition, and can be regioselectively alkylated. The regioselective alkylation of a B-
keto ester can be achieved through the generation of its dianion where the more reactive
terminal anion is alkylated preferentially.’> This well-documented dianion reactivity was
proposed as a replacement alkylation procedure for alleviating the multi-alkylation reactivity
observed with the oxoglutarate 172 and as such purification complications encountered in

the prior alkylation reaction.

Treatment of ethyl acetoacetate 187 with sodium hydride at decreased temperature
generated the monoanion enolate 189 at the B-carbon (Scheme 5.12), indicated by the
change from a colourless suspension to a light-yellow solution. Subsequent addition of n-
butyllithium at —78 °C readily afforded the dianion 190, monitored by the further change to
a deep orange solution. The alkylating agent, propargyl bromide, was then added and the
mixture warmed to room temperature. During this time a precipitate formed, likely lithium
bromide, from reaction of the lithiated enolate, and a rapid colour change to light brown was
observed. Quench and work-up of the reaction gave a mixture containing the desired

alkylation product 188 as the major constituent.
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Scheme 5.12: Dianion alkylation of ethyl acetoacetate 187 with propargyl bromide.

Due to the prior issues with large scale conventional distillation, Kugelrohr short-path
distillation was used to purify the mixture giving ethyl 3-oxohept-6-ynoate 188 in a 76% vyield
with characterisation in agreement with literature.'® Replacing this first step in the synthetic
sequence allowed for the clean production of an alternate alkylation product that was
proposed to be directly amenable to a modified version of the ester hydrolysis-

decarboxylative aldol addition described by Matsuo.®

5.3.2 Decarboxylative aldol addition revisited

A modified method of Matsuo’s one-pot ester hydrolysis-decarboxylative aldol protocol
remained a viable route to afford the 1,4-diketones 174 utilising the propargylated ethyl
acetoacetate 188. Unlike the dimethyl 3-oxoglutarate equivalent 173, ethyl 3-oxohept-6-
ynoate 188 only has a single site for reaction to take place allowing for regioselectivity in the
aldol component of the procedure hence, minimising the formation of unwanted by-

products.

Hydrolysis of the ethyl ester was undertaken as before with the addition of the alkylated
material 188 to a cooled solution of aqueous sodium hydroxide which was subsequently
warmed to room temperature and left to stir. With progression of the hydrolysis, the reaction
mixture became homogeneous indicating formation of the carboxylate anion. Deviating from
Matsuo’s protocol (Scheme 5.13),° dilute hydrochloric acid was added to the cooled reaction
mixture until approximately pH 5 was achieved. Sodium dithionite and toluene were added
immediately after pH adjustment followed by the dropwise addition of an aqueous solution
of methylglyoxal. The resulting biphasic mixture was left to slowly stir overnight at room
temperature, during which the organic layer slowly became a dark yellow colour. Following
work-up, the alkyne by-product 184 was removed by Kugelrohr short-path distillation giving
the desired aldol addition adducts 174 in a combined yield of 66%.
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Scheme 5.13: Decarboxylative aldol procedure giving acyloin intermediate 174.

Substitution of the concentrated sulfuric acid used in the initial procedure for 1 M
hydrochloric acid minimised premature decarboxylation, which would normally give
increased quantities of the alkyne by-product 184. Unlike the protocol described by Matsuo®
which relies on regioselective decarboxylation followed by aldol addition at the remaining B-
dicarbonyl, this revised methodology immediately adds the dithionite and methylglyoxal as
the reactive enol species is likely furnished as a result of the decarboxylation process (Scheme

5.13).

The successful application of an altered hydrolysis-decarboxylative aldol addition to ethyl 3-
oxohept-6-ynoate 188 allowed the 1,4-diketones 174 to be subjected to an intramolecular

aldol condensation to furnish the cyclic enone scaffold 175 of (Z)-pyrethrolone 21.

5.3.3 Intramolecular aldol condensation for cyclisation

The third reaction of Matsuo’s production of (Z)-pyrethrolone 21° remained a feasible step to
generate the cyclic enone framework 175. This intramolecular aldol condensation of an
intermediate 1,4-diketone is a common feature amongst many of the previous rethrolone

syntheses* ’° demonstrating its reliability in cyclopentenone production.

As per the published procedure,® the 1,4-diketones 174 was added dropwise to a cooled,
biphasic mixture of aqueous sodium hydroxide and toluene. Following a total 5 h reaction
time, the reaction mixture was quenched with concentrated hydrochloric acid and the
subsequent work-up yielded a crude mixture containing the desired rethrolone 175.
However, the mixture also contained significant quantities of what appeared to be rethrolone
dimers 192 and 193. It has been well established that hydrolysis of pyrethrins 5 under alkali
conditions results in ready yielding a cyclopentadienone 35. This cyclopentadienone 35, like
many others, readily undergoes [4+2] Diels-Alder cycloaddition giving the two dimers 36 and

37 known more commonly as ‘altered pyrethrolone’ (Chapter 1; Scheme 1.5).17"1° By
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extension of this phenomenon, it is likely that the rethrolone formed 175 can react in an
analogous way (Scheme 5.14) to produce the observed dimer impurities 192 and 193 with

extended exposure to the basic conditions.

O OH HO.,
 —— (‘ e
0 H \
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174 175 191
_ _ _ _
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192
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Z =
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0 o=
193

Scheme 5.14: Elimination and subsequent Diels-Alder dimerisation of the rethrolone 175 intermediate under

basic conditions.

Optimisation of the conditions (Scheme 5.15) allowed for a shorter reaction time of 1.5 h,
minimising exposure of the rethrolone 175 to the alkaline environment and therefore limiting
the formation of the undesired cyclopentadienone dimers 192 and 193. After Kugelrohr short-
path distillation, cyclopentenone 175 was isolated in a good yield of 72% allowing for

successive carbon chain extension by Sonogashira cross-coupling.

O OH NaOHq
-10°c,1.5h HO
E——
0
Z" 5\

175 72%

Scheme 5.15: Optimised cyclisation of acyloin 174 to give cyclopentenone 175.
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5.3.4 Sonogashira side chain extension

Extension of the hydrocarbon side chain of the alkynyl rethrolone 175 was necessary to install
the required carbon skeleton for (Z)-pyrethrolone 21. The methodology described by
Matsuo,° albeit substituting the carcinogenic benzene reaction solvent for dry THF, was
applied to the isolated rethrolone 175 (Scheme 5.16). Under an atmosphere of nitrogen, the
catalytic palladium(0) and copper(l) were added to a solution of rethrolone 175 in dry THF.
Successive addition of the vinyl bromide was followed by a 20 h reaction period at room
temperature. Following work-up, analysis of the crude product revealed a lack of the desired
material. Instead, the protocol had resulted in the production of a homodimer 194 of the

alkynyl rethrolone 175 rather than reactivity with the vinyl halide.

Pd°(PPhj),
cu'l
Et;N HO
HO 0O, from solvent
A Br % \\
S\

175 194
OH

Scheme 5.16: Copper(l)-catalysed Glaser coupling affording the rethrolone homodimer 194 from the attempted

Sonogashira cross coupling.

Sonogashira cross-coupling reactions make use of a co-catalytic system with palladium(0) and
copper(l) (Scheme 5.17). Whilst not fully understood, the copper catalyst is proposed to form
a reactive copper acetylide 198 with the alkynyl reagent 201 which is then transmetallated to
the palladium centre.?° However when oxygen is present, this copper acetylide intermediate
198 can readily dimerise with another alkynyl equivalent 201 via Glaser coupling to give the

homodimer 199 (Scheme 5.17).%%
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Scheme 5.17: Sonogashira cross-coupling co-catalytic cycle showing Glaser coupling side reactivity.

The presence of the homodimer 194 in the crude product from the Sonogashira protocol
employed suggests that oxygen in the system caused preferential Glaser coupling rather than
the desired two carbon chain extension. Strictly oxygen-free conditions, achieved through
thorough de-oxygenation of the solvent with argon, were employed to remedy this
homocoupling with successful Sonogashira coupling giving the desired enyne 155 in 62% yield

following purification by short silica gel plug (Scheme 5.18).
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Scheme 5.18: Sonogashira coupling of rethrolone 175 and vinyl bromide.

The isolation of this final intermediate 155 in sufficient yields allowed exploration into the

semi-reduction of the alkynyl-unit to give the desired (Z)-pyrethrolone 21.

5.3.5 Reduction to (Z)-pyrethrolone

The final step to afford (2)-pyrethrolone 21 was the partial hydrogenation of the enyne 155
to the cis-alkene. Traditionally this transformation is achieved through hydrogenation in the
presence of a poisoned catalyst to prevent over-reduction to the alkane. Such a protocol is
widely accessible and generally operationally simple and therefore, served as a starting point

for the reduction of the enyne rethrolone 155 to (2)-pyrethrolone 21.

Initial attempts at this controlled reduction utilised Lindlar catalyst under atmospheric
pressure of hydrogen in an effort to limit reactivity. Unfortunately, under these conditions
transformation of the enyne 155 to the desired (Z)-pyrethrolone 21 was not observed,
potentially indicating a need for harsher conditions. Consequently, the reaction (Scheme
5.19A) was conducted under Parr conditions with up to 200 kPa of hydrogen applied. The
resulting material was unaffected by the increased hydrogen pressure, with the sole isolation

of the starting enyne 155.
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Scheme 5.19: Attempted hydrogenation of the enyne rethrolone 155 under high pressure poisoned conditions

(A) and atmospheric pressures with Pd/C catalyst (B).

In an attempt to induce a transformation, the atmospheric pressure hydrogenation protocol
was undertaken in the presence of typical Pd/C catalysts (Scheme 5.19B). In this case, the
penta-carbon side chain was readily reduced to the completely saturated analogue 203 no
matter how short the exposure time. A more controlled means of hydrogenation then

became of interest to limit reactivity.

Transfer hydrogenation protocols allow for the stoichiometric control of hydrogen in a given
reaction system and as such are a more controllable reductive methodology. In this instance,
the enyne 155 was heated under reflux in the presence of the formic acid hydrogen donor
and a Pd/C catalyst in THF (Scheme 5.20). This protocol was successful in producing minor
guantities of the desired (2)-pyrethrolone 21 however, regularly resulted in production of
both the E-isomer 64 and the migration isomer 204 as well as significant over reduction to

the fully saturated analogue 203.
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Scheme 5.20: Catalytic transfer hydrogenation of enyne 155 and the continued reaction of (Z)-pyrethrolone 21

under such conditions.

Much like attempts with the pyrethrins 5 (Chapter 2; Section 2.4.2), these alternate
pyrethrolone isomers 64 and 204 are the result of the competing B-hydride eliminations
where either: i) rotation about the intermediate single bond and subsequent elimination will
generate the trans-isomer 64 or ii) elimination on the alternate B-hydrogen results in the
migration of the double bond(s) 204.2% 23 Unfortunately, purification by distillation was
undesirable due to the thermal instability of the (Z)-pyrethrolone 21 and attempts to purify
by column chromatography resulted in co-elution of the structurally similar isomers. After
exhausting these typical hydrogenation methods, the activated zinc protocol described by

Matsuo was investigated.®

The literature alkyne controlled reduction made use of metallic zinc in an aqueous n-propanol
solvent mix to produce the (2)-pyrethrolone product 21.1° Enyne 155 in n-propanol was added
to a suspension of zinc, activated by hydrochloric acid, in water and the resulting mixture
heated under reflux for 30 h (Scheme 5.21). Following isolation of the crude material, *H NMR
analysis indicated complete consumption of the enyne starting material 155 however, no (2)-
pyrethrolone 21 was observed. The (Z)-pyrethrolone 21 continued to react under the
reductive conditions ultimately giving over saturated products. Repetition of the protocol
with close monitoring revealed that reaction times extending beyond 2 hr resulted in further
reduction of the (2)-pyrethrolone 21 with no observable quantities after 5 hr. Optimised
protocols utilised a 1.5 hr reaction time giving small quantities of the (Z)-pyrethrolone 21 as
a mixture with the enyne starting material 155. Attempts to purify by chromatographic means

did not yield pure (Z)-pyrethrolone 21 due to the high structural similarity with the starting
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material 155. As prior, the sensitivity of the (Z)-pyrethrolone 21 to thermal conditions and its
high boiling point, even under reduced pressure, prevented purification by distillation. As a
result, the model (Z)-pyrethrolone 21 was isolated as a mixture in a yield of 11% as

determined by NMR (Scheme 5.21).

Activated Zn
HO n-PrOH/H,0 (1:1) HO
Reflux

A\ e)

155 21
11% by '"H NMR

= + 155 and over-reduction products

Scheme 5.21: Reduction of enyne 155 by the activated zinc protocol described by Matsuo.°

5.4 Conclusions

In the pursuit of a model compound to test future synthetic modifications of pyrethrins 5 on,
the alcohol moiety (Z)-pyrethrolone 21 was most suited. This rethrolone possessed the
desired functionality for the prospective modifications and had previously been prepared by

a number of synthetic pathways.* 71!

In an attempt to acquire the (2)-pyrethrolone 21 in appreciable quantities, the most recent
synthesis by Matsuo (Scheme 5.4) was attempted.® 1° Unfortunately, replicating the initial
alkylation of dimethyl 3-oxoglutarate 172 resulted in a mixture of multi-propargylated
oxoglutarates 176-178 amongst the desired material. Attempts to purify this mixture were
unsuccessful but an enriched mixture with the starting material was obtained by short-path
distillation. Application of this mixture in the following ester hydrolysis-decarboxylative aldol
addition protocol was unable to yield the desired intermediate 174 in significant purity due
to the build-up of by-products and the reactivity of residual starting material 172. Due to
these complications an alternate pathway was explored for the production of (2)-

pyrethrolone 21.

A modified synthetic pathway (Scheme 5.22) was developed for the production of (2)-
pyrethrolone 21 with an alternate starting material and alkylation procedure implemented.
Dianion alkylation of ethyl acetoacetate 187 was able to remedy the multi-alkylation
complications from Matsuo’s original propargylation of dimethyl 3-oxoglutarate 172° giving

an intermediate 188 directly amenable to the ester hydrolysis-decarboxylative aldol addition
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process. This aldol process was then able to be optimised to minimise premature
decarboxylation giving the 1,4-diketones 174 in fair yield. Cyclisation of the 1,4-diketones 174
by intramolecular aldol condensation gave the rethrolone moiety, with decreased reaction
times reducing the exposure of the rethrolone 175 to detrimental alkali conditions. Modified
Sonogashira conditions gave the carbon framework of (Z)-pyrethrolone 21 in the form of
enyne 155 which could be subjected to semi-reduction protocols. Unfortunately, despite
exhaustive attempts, racemic (Z)-pyrethrolone 21 was only able to be isolated as a mixture in

low yields due to complications with over-reduction of the penta-carbon unit.

ii)')n’t‘;'jl_'i'igs ?C i) 10% NaOH,q, 10 °C - RT
iii) Proparg);I bromide, ii) 1M HCI (pH = 5), Na;S;04
o o) _78°C—RT o o Toluene, Methylglyoxal, (0] OH
)J\/U\ THFE 0 °C—»RT
76% 66% o
187 Z
FZ 188 74 174

Pd°(PPh3), (5 mol%)
Cu'l (10 mol%)

TEA
0,
10% NaOH,q HO Vinyl Bromide HO
Toluene, 0 °C THF. RT
o [v)
72% \ A 62% Y AN
175 155
Activated Zn HO

n-PrOH/H,0 (1:1), Reflux

L e
Y

11% as mixture

21
Scheme 5.22: Modified synthesis of (2)-pyrethrolone 21.

Whilst not completely successful, the modified synthesis of racemic (Z)-pyrethrolone 21 was
achieved over 5 steps in 2.5% overall yield albeit as a mixture with over-reduction products.
Despite the improvement on Crombie’s early synthesis of less than 1% as a mixture* and
Tsuji’s production of the undesired geometric isomer,® the modified synthesis described here
was unable to improve upon Crombie’s revised synthesis.” Ultimately, the desired model for
pyrethrin modification, (Z)-pyrethrolone 21, was unable to be manufactured in large, pure

guantities despite extensive reaction optimisation and purification attempts.
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Chapter 6 Conclusions and Future Work

6.1 General conclusions

The work outlined in this thesis has focussed on attempts to selectively synthetically modify
the natural pyrethrin scaffold towards analogues with increased stability to the
environmental factors that would normally result in the degradation and loss of the Pyrethrins
5-7. As a result, a library of pyrethrin analogues has been developed with varying degrees of
alteration on the rethrolone side chain of the pyrethrin scaffold. Whilst many proved to be
inactive in preliminary insecticidal activity studies, they provided new insight into the

reactivity and structure-activity relationships of this sensitive moiety.

The increased susceptibility of the pyrethrins 5 to the degradative processes that affect the
pyrethrum concentrate prompted exploration into their chemo- and regio-selective reduction
to the more stable jasmolins 7. As a result of this exploration into several reductive protocols
(Chapter 2), a number of reduced pyrethrin analogues were prepared allowing for application
into preliminary insecticidal activity. In addition, a diimide-mediated reduction of the
pyrethrins 5 was developed allowing for the production of their jasmolins counterparts 7
albeit as a mixture with the overreduction product, tetrahydropyrethrins 53 (Scheme 6.1A).
Of particular note was the applicability of this diimide reduction to the pyrethrum extract,
effectively removing the least stable of the pyrethrin esters 5 giving a modified version of the

extract with insecticidal activity comparable to the jasmolins 7.

Further elaboration of the pyrethrin scaffold was achieved through both Diels-Alder
cycloaddition (Chapter 3) and palladium-catalysed arylation (Chapter 4). A range of pyridazine
adducts of the natural pyrethrins 5 were prepared under IEDDA conditions with the terminal
double bond of the pentadienyl moiety serving as dienophile and 3,6-bissubstitued-1,2,4,5-
tetrazines as diene (Scheme 6.1B). Of these, cycloaddition with 3,6-dichloro-1,2,4,5-tetrazine
80 resulted in some unprecedented reactivity resulting in a dihydro-analogue 93 likely formed
through a series of tautomerism events of the intermediate dihydropyridazine 94. In addition,
Heck reaction of the natural pyrethrins 5 with a series of aryl iodides was achieved through a
cationic catalytic cycle. Of particular interest was the production of the arylated analogue and

its corresponding migration isomer, both isolated as the E,E-diastereomer (Scheme 6.1C). The
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electronic properties of the aryl iodide coupling partner significantly affected the yield as well

as the ratio in which the two regioisomers were produced.
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Scheme 6.1: Production of a range of pyrethrin analogues through reduction (A), Diels-Alder cycloaddition (B)

and, palladium-catalysed Heck reaction (C).

Preliminary insecticidal activity testing of the various pyrethrin analogues was undertaken, by
Andrew Kotze (CSIRO Agriculture and Food), against a commercially relevant pest, L. cuprina.
Whilst a majority of the prepared pyrethrin analogues showed no notable affect against L.
cuprina larvae, they revealed new insight into the structure-activity relationships of the
natural Pyrethrins 5-7. Most notably, significant alteration to the terminal double bond of the
pyrethrin side chain, like those afforded by the Diels-Alder and Heck reactions, results in
complete loss of activity towards the L. cuprina larvae, likely due to the increased steric
encumbrance imposed by the newly introduced aromatic motifs. In conjunction, the
positioning and number of alkenes in the rethrolone side chain contribute significantly to the

activity of the pyrethrins 5. More specifically, shift of these bonds towards the enone moiety
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likely imposes some structural constraints that prevent the necessary movement of the side

chain for specific interactions with the sodium channel.

Whilst the various synthetic modifications explored throughout this thesis are likely to be
beneficial towards the long-term storage of these pyrethrin analogues, they result in a
significant loss of biological activity. As such, further exploration into the synthetic
manipulation of the natural Pyrethrins 5-7 remains viable for the development of analogues
with increased storage capabilities and retention of their insecticidal characteristics. In
addition, further alteration of the pyrethrin scaffold could illuminate structure-activity

relationships allowing for more tailored insecticidal materials.

6.2 Future directions

The success in the conversion of the pyrethrins 5 to the jasmolins 7 utilising diimide mediated
reduction (Chapter 2) facilitates further investigation into optimisation of the reaction
conditions so as to minimise the overreduction process to the tetrahydropyrethrins 52 and
allow potential scale up for industrial viability. Specifically, the development of flow-based
protocols would be of particular interest as they would allow for higher throughput
conversion of the pyrethrins 5 to the jasmolins 7, can minimise hazard associated with the
reaction and facilitate faster reactivity. 2 Previous work by Kappe, et. al has shown that in
situ diimide generation can be achieved within flow systems, without the presence of typical
catalysts like the copper(ll) salt employed here, resulting in the near quantitative reduction
of terminal alkenes.? Application of similar conditions to the natural pyrethrins 5 could allow

for the desired high-throughput, on-flow conversion to their jasmolin counterparts 7.

Given the precedent and observed reactivity of the trans-isomer of the pyrethrins 34 (Chapter
3), further investigation of their ability to participate in normal electron demand Diels-Alder
reactions could allow for access to the described cycloadducts 61-63 and others. Obtaining
significant quantities of the trans-isomer of the pyrethrins 34 was the biggest challenge due
to the long UV exposure times, low isomerism efficiency or, formation of regioisomers under
palladium catalysis. This may be overcome by employing higher intensity UV light to increase
the rate of isomerism. Alternatively, using a photocatalyst to more efficiently transfer the
photochemical energy to the substrate as well as allowing the use of visible light instead of

harmful UV light would be highly desirable.* > In conjunction, preliminary attempts should
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make use of maleimide instead of maleic anhydride 59 as it is likely to minimise degradation
during purification due to its increased hydrolytic stability. Ultimately, the implementation of
various dienophiles followed by oxidation should facilitate aromatisation of the cycloadduct
giving rethrolone moieties reminiscent of the phenoxybenzyl moiety of pyrethroids (Scheme

6.2).

i) dienophile, A
hv w, O, ii) [O] o1, ~O,
5 - - 7T éZ/\a --------- - 7T
(0] 0]
R — R

Scheme 6.2: Potential isomerism and subsequent normal electron demand Diels-Alder of pyrethrins 5 to generate

pyrethroid-like analogues.

The synthetic success of the IEDDA reaction with a range of aromatic substituted tetrazines
allowed for a range of adducts to be synthesised (Chapter 4) however, they possess relatively
large substituents that proved detrimental to insecticidal activity in the preliminary assays
against L. cuprina larvae. The modified Pinner synthesis is generally considerably less effective
for the synthesis of alkyl substituted 1,2,4,5-tetrazines making it far more difficult to access
similarly substituted pyrethrin cycloadducts. However, both the 3,6-dichloro- 80 and 3,6-
bis(3’,5'-dimethylpyrazol-1-yl)-1,2,4,5-tetrazines 78 are well-known to readily undergo
nucleophilic substitution at the electron-deficient carbons of the tetrazine core.® Such
reactivity would allow for replacement of the more sterically demanding aromatic
substituents with smaller nucleophilic species including thiols, amines and alcohols.
Preliminary experiments using 3,6-bis(3’,5'-dimethylpyrazol-1yl)-1,2,4,5-tetrazine 78 and
short alkyl chain amines were able to produce 3,6-bisamino-1,2,4,5-tetrazines 205 and 206
which exhibited some activity in the IEDDA reaction with pyrethrins 5 (Scheme 6.3). These
preliminary findings suggest there is potential to optimise and extend this work to other

nucleophilic species.
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Scheme 6.3: Nucleophilic substitution of 3,6-bis(3',5'-dimethylpyrazol-1yl)-1,2,4,5-tetrazine 78 with alkyl amines

and subsequent implementation into the IEDDA process with pyrethrins 5.

Alternatively, the 3,6-dichloro-1,2,4,5-tetrazine 81 and its mono-substituted 3-chloro-1,2,4,5-
tetrazine analogues have potential for direct carbon substitution through the implementation
of palladium-catalysed cross couplings (Scheme 6.4). There is precedent for this reactivity

with Sonogashira, Stille and Suzuki couplings of these tetrazines present in literature.”?
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Scheme 6.4: Production of alternatively substituted 3,6-disubstituted-1,2,4,5-tetrazines by palladium-catalysed

reactions and their subsequent use in IEDDA reactions with the natural pyrethrins 5.

This variety in 1,2,4,5-tetrazine substitution may ultimately allow for the production of a
range of pyrethrin analogues allowing for thorough structure-activity determination in

insecticidal assays.

In addition, further exploration into the reactivity occurring between 3,6-dichloro-1,2,4,5-
tetrazine 80 and pyrethrins 5 may allow for the production of the expected cycloadduct 92
(Scheme 6.5) and give mechanistic insight into this reactivity. Introduction of triethylamine as
base has been shown to suppress the 1,3-shift of 4,5-dihydropyridazines to the 1,4-
dihydropyridazines allowing for further Diels-Alder reactivity at high pressure.l® As such,
tautomerism of the 4,5-dihydropyridazine 94 to the 1,4-dihydropyridazine 95 may be

prevented with pH control by the addition of a sterically hindered, non-nucleophilic base
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ultimately impeding the proposed tautomerism cascade that is proposed to result in the
saturated cycloadduct 93. The success of this suppression would not only result in isolation
of the expected cycloadduct 92 but would provide further evidence for the proposed

tautomerism cascade as a means for the formation of the saturated pyridazine 93.

cl _
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5b R = CO,Me 8 92b R = CO,Me

Scheme 6.5: Synthesis of the dichloropyridazine cycloadduct 92 of the pyrethrins 5 by suppression of the

dihydropyridazine tautomerism cascade with a non-nucleophilic base.

Despite the lack of activity exhibited by the arylated pyrethrins produced by the palladium-
catalysed Heck reaction (Chapter 4), the exploration of other transition-metal mediated
functionalisation remains a potential route for pyrethrin modification. Activation of seemingly
inert C-H bonds has become a major area of focus for the direct incorporation of functionality
with emerging strategies allowing for site selectivity.!! C-H activation/functionalisation could
be a means of introducing key functionality at sites prone to high reactivity under the
degradative processes that affect pyrethrins 5. Specifically, the doubly allylic position of the
rethrolone side chain in the pyrethrins has been implicated as a site for hydrogen atom
abstraction, producing a delocalised radical that ultimately takes part in oxidative
degradation.'? Allylic C-H activation has been extensively explored, with the development of
the highly effective White catalyst for amination, alkylation and oxidation of allylic
substrates.’>1> Notably, both branched and linear products can be generated from these
allylic C-H functionalisation procedures with product distribution controlled with employed
conditions.*® In this instance, the branched product is preferable due to the observed lack of
activity exhibited by the migration products produced by palladium-catalysed processes
(Chapter 2 and 4). Application of the allylic C-H functionalisation procedures could allow for
the formation of a range of pyrethrin analogues with oxygen, nitrogen and carbon linked
substituents at the 7'-methylene (Scheme 6.6). In conjunction, fluorination of the doubly

allylic 7'-methylene unit of this side chain (Scheme 6.6) would be of interest due to the
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bioisosteric relationship fluorine has with hydrogen and the increased stability of the carbon-

fluorine bond.16-18

White catalyst

R-X |
Oxidant
. R
R \\
5aR = Me ~ 1y, O, N
5b R = CO,Me White catalyst | ¢ _
Oxidant R
F-source (0]
o\\s/ \S//o
White catalyst = $
ite catalys PH Ph
Pd(OAc),

Scheme 6.6: Allylic C-H functionalisation of the natural pyrethrins 5.

Fluorine’s bioisosteric relationship with hydrogen means its incorporation in place of the 7’
methylene protons should retain the biological activity of the pyrethrins 5 albeit with
increased stability.*® 1 In particular, the increased strength of the carbon-fluorine bond and
its effect on the remaining C-H bond on the 7' methylene should limit the hydrogen atom
abstraction that leads to the oxidation of the rethrolone side chain and as such slow the loss
of pyrethrin content in the pyrethrum concentrate.® Notably, this allylic C-H functionalisation
may have applicability to all six of the Pyrethrin esters 5-7 ultimately increasing the stability,
without detriment to the insecticidal activity, of all of the constituents contributing to the

pyrethrum concentrate’s biological activity.

As previously highlighted (Chapter 2), the pyrethrins 5 are the most abundant of the esters in
the pyrethrum concentrate but are also the most sensitive to the degradative processes
leading to pyrethrin loss.1> 20 Alteration of the saturation and bulk of this side chain has
proven to be detrimental to insecticidal activity, as exhibited through the reduction (Chapter
2) and further functionalisation (Chapter 3 and 4) explored in this thesis, limiting the potential

derivatisation of this moiety. Notably the cinerins 6 and jasmolins 7 show increased stability
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in comparison to their pyrethrin counterparts 5 albeit with decreased insecticidal activity.
Whilst production of the jasmolins 7 from the pyrethrins 5 was explored (Chapter 2), the
insecticidal activity of the jasmolins 7 is significantly less than even the cinerins 6 and
significant amounts of the over-reduced tetrahydropyrethrins 53 were observed. Olefin
metathesis may serve as a means of altering the rethrolone side chain of the pyrethrins 5 by
replacing the alkene rich carbon chain. As the cinerins 6 exhibit greater stability than the
pyrethrins 5 and retain higher levels of insecticidal activity than the jasmolins 7 it would be
an ideal candidate for production through cross metathesis with propylene (Scheme 6.7).
Alternatively, the pyrethroid allethrin 38 could be furnished through similar means utilising

ethylene (Scheme 6.7).
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Scheme 6.7: Olefin metathesis of the pyrethrins to give the more stable cinerins 6 or the pyrethroid allethrin 38.

Ethenolysis and propenolysis are well established cross metathesis routes particularly for the
conversion of fatty acids, and their methyl ester derivatives, into more economically useful
substrates.’! The biggest challenge associated with these cross metathesis processes, in
particular those utilising polyenes, is the regioselectivity. However, there remains potential
to tailor selectivity based on the catalytic system employed with a range of different catalysts
now readily available, each with different reactivities.??> Provided reaction conditions can be
customised to afford the desired metathesis regioselectivity, the cross metathesis process has
potential to be applied to the pyrethrum concentrate effectively transforming all six esters 5-

7 into two esters solely differing in the chrysanthemic acid moiety.
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Whilst the focus of this thesis has been directed toward modification of the sensitive
pentadienyl chain of the rethrolone moiety of pyrethrins 5, alteration of the chrysanthemic
acid moiety remains of interest. As previously noted (Chapter 1), the cyclopropyl unit can be
the subject of degradation particularly through photochemical processes. Interestingly, the
influence of altering this three-carbon unit, either through degradation or synthetically, has
not been explored in terms of insecticidal activity. Notably, many of the modern pyrethroids
have introduced acid moieties far different than the original chrysanthemic acid analogues of
the Pyrethrins 5-7 and classic pyrethroids. The substitution of the cyclopropyl in the natural
Pyrethrins 5-7 resembles that of donor-acceptor cyclopropanes, where the substituted C-C
bond(s) are polarised by the electronic properties of the substituents i.e. one is an electron
donor whilst the other is an acceptor. This polarisation, which can be enhanced by the
introduction of a Lewis acid to complex with the acceptor substituent, weakens the C-C bond
leading to heterolytic cleavage affording a zwitterionic, reactive intermediate. This type of
reactivity allows several routes of alteration in the chrysanthemate moiety including ring
opening by nucleophiles (Scheme 6.8A), [3+2] dipolar cycloadditions (Scheme 6.8B) and
rearrangements (Scheme 6.8C) similar to those observed in chrysanthemic acid photolysis.?3
The rearrangement process is analogous to one of the photolytic degradation pathways of
chrysanthemic acids allowing for direct determination of the effect this pathway may have on

the insecticidal activity.
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Scheme 6.8: Potential routes of reaction utilising pyrethrins 5 as donor-acceptor cyclopropanes.

The effect these modifications have on insecticidal activity will be of particular interest

considering the large variation of this moiety now seen in modern synthetic pyrethroids.
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Chapter 7 Experimental

7.1 General methods

Pyrethrum concentrate (80% Pyrethrins stabilised with 5 wt% BHT) was supplied by Botanical
Resources Australia, reagents were purchased from Sigma-Aldrich and solvents were
purchased from Chem-Supply. THF was dried by distillation over sodium benzophenone ketyl,
DCM was dried by distillation over calcium hydride and acetonitrile was dried by distillation
over 4 A molecular sieves. Thin layer chromatography (TLC) was performed using Chem-
Supply silica gel 60 Fs4 TLC plates and visualised under UV light (254 nm) or permanganate
stain. Column chromatography was undertaken using Sanpont silica gel of 230-400 mesh

(0.040-0.063 mm) at atmospheric pressure.

The pyrethrum concentrate was separated by dry column vacuum chromatography (DCVC)
using silica gel of 230-400 mesh (0.040-0.063 mm) and a gradient elution from 1% to 25%
ethyl acetate in hexane to give the Pyrethrins | and Pyrethrins Il subsets. Pyrethrin | (91%
purity) was obtained by subjecting the Pyrethrins | subset to column chromatography on a 3-
tiered glass column eluting in 8% ethyl acetate in hexane and pyrethrin 1l (91% purity) was
obtained by repeated dry column vacuum chromatography (DCVC) of the Pyrethrins Il subset.
Individual jasmolins and cinerins were provided by CSIRO in >98% purity. For synthetic
protocols, BHT was removed from pyrethrum concentrate by application to a short silica gel

plug with hexane, then eluting the Pyrethrins off the plug with ethyl acetate.

All *H and 3C NMR spectra were recorded on a Bruker 600 Avance Ill NMR spectrometer at
600 MHz and 150 MHz respectively. All spectra were recorded at 298 K using CDCl3 or DMSO-
ds as the solvent and internal lock. All spectra were referenced to the solvent peak (CDCls: *H
=7.26 ppm, 13C =77.0 ppm; DMSO-ds: *H = 2.50 ppm, 13C = 39.52 ppm) and were recorded as
follows: 1. Chemical shift (ppm) (proton spectra are reported to two decimal places and
carbon spectra are reported to one decimal place except when an additional digit is necessary
to discern overlapping peaks), 2. Integration, 3. Multiplicity (s = singlet, d = doublet, t = triplet,
g = quartet, quin = quintet, dd = doublet of doublets, dt = doublet of triplets, m = multiplet,
brs = broad singlet, brd = broad doublet, * = multiplicity assigned based on homonuclear
decoupling experiments (Supporting Information) and comparison to prior literature,* signals

overlap due to similar magnitude coupling constants), 4. Coupling constant (Hz).
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Homonuclear (*H-1H) correlation spectroscopy (COSY) and heteronuclear (*H-13C) correlation
spectroscopy (HSQC, HMBC) were carried out for all new compounds (Supporting
Information). Stereochemical configurations were assigned through nuclear Overhauser
effect spectroscopy (NOESY). Variable temperature 'H NMR spectra were obtained on a
Bruker 600 Avance Il NMR spectrometer at 600 MHz in DMSO-ds up to 358 K. Selective 1D
correlation spectra (COSY, TOCSY, NOESY) were recorded on a Bruker 400 Avance llI
spectrometer at 400 MHz at 299 K using CDCls as solvent and internal lock. !B NMR spectra
were obtained on a Bruker 400 Avance lll spectrometer at 128 MHz at 299 K using CDCl3 as

solvent.

High Performance Liquid Chromatography (HPLC) analysis was performed on an Agilent
Technologies 1200 series HPLC system with a photodiode array detector at 223, 229 and 235
nm with a Phenomenex Phenosphere-Next C18 column (150 mm x 4.6 mm I.D., 5 um). Solvent
A was 1% acetic acid in water and solvent B was acetonitrile. The column was kept at 40 °C
with a constant flow rate of 0.8 mL/min and a 10 pL injection. The solvent program was
amended from Wang, et al.? and is as follows: 50% solvent A for 10 min followed by a linear
gradient to 40% solvent A over 5 min. Solvent A was held at 40% for a further 10 min before
a linear gradient to 35% solvent A over 5 min. 35% solvent A was held for 10 min after which
a linear gradient to 20% solvent A was undertaken over 5 min. 20% solvent A was then held

for an additional 5 min.

LC-MS analysis was conducted on a Shimadzu LCMS-2020 with a photodiode array detector
at 254 nm and a single quadrupole mass spectrometer. Solvent A was 0.1% formic acid in
water and solvent B was 0.1% formic acid in acetonitrile. The column was a Phenomenex
Kinetex C18 column (100 mm x 2.1 mm I.D., 2.1 um) maintained at 30 °C with a constant flow
rate of 0.4 mL/min and a 1 pL injection. The solvent program was as follows: 30% solvent A
for 0.5 min before a linear gradient to 5% solvent A over 5.5 min. Solvent A was held at 5%
for 2 min before a linear gradient to 30% solvent A over 0.5 min. Solvent A was held at 30%
for an additional 3.5 min. The mass spectrometer was operated with APCl with a mass range
of 50-1000 m/z, nebulising gas flow of 1.5 mL/min., drying gas of 15 mL/min. and desolvation
temperature was 250 °C. Alternate LC-MS analysis was conducted on a Waters Acquity UPLC
coupled to a Waters Synapt HDMS. Solvent A was 0.1% formic acid in water and solvent B was

methanol. The column was a Phenomenex Kinetex XB-C18 column (50 mm x 2.1 mm I.D., 2.6
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um) maintained at 30 °C with a constant flow rate of 0.2 mL/min and a 4 pl injection. The
solvent program was as follows: 35% solvent A was held for 2 min before a linear gradient to
10% solvent A over 18 min. Solvent A was held at 10% for 1 min before returning to 35% over
1 min. Solvent A remained at 35% for a further 8 min. The Waters Synapt HDMS was operated
using ESI with a mass range from 100-900 m/z, a capillary voltage of 2.5 kV and cone voltage

of 40 V. The source temperature was 80 °C and desolvation temperature was 350 °C.

UltraPerformance Convergence Chromatography (UPCC) was utilised for chiral analysis on a
Waters Acquity UPC? system equipped with photodiode array detection at 230 nm. The
column was maintained at 40 °C with a constant flow rate of 1.2 mL/min, a 1 pL injection and
convergence pressure of 2000 psi. The solvent program was as follows: 97% solvent A for 0.5
min followed by a linear gradient to 40% solvent A over 2.5 min. Solvent A was held at 40%
for 3 min before a linear gradient to 97% solvent A over 0.1 min. Solvent A was CO; and solvent
B was either ethanol: isopropanol: acetonitrile (1:1:1) with 20 mM ammonium acetate,
methanol: isopropanol (1:1) with 0.2% v/v formic acid, ethanol: acetonitrile (1:1) with 0.2%
v/v formic acid, or ethanol: isopropanol (1:1) with 0.2% v/v formic acid. The column was either
a Waters Trefoil AMY1 (50 mm x 2.1 mm I.D., 2.5 um), Waters Trefoil CEL1 (50 mm x 2.1 mm
I.D., 2.5 um), or Waters Trefoil CEL2 (50 mm x 2.1 mm |.D., 2.5 um).

Fourier Transform Infrared Spectroscopy (FTIR) was recorded using a Perkin Elmer
Spectrum100 spectrometer with an ATR diamond crystal attachment. All spectra are reported

in wavenumbers (¥ = cm™).

High resolution mass spectrometry (HRMS) was performed on a Perkin ElImer AxION Direct
Sample Analysis (DSA) with an AxION®2 Time of Flight (ToF) mass spectrometer using

Atmospheric Pressure Chemical lonisation (APCI) in positive ion mode.

Optical rotations were recorded on a PolAAR 21 polarimeter referenced to the sodium D-line

(589 nm) at 20 °C. Specific rotations are reported at the concentrations stated.
Melting points were obtained on a Sanyo Gallenkamp melting point apparatus.

Molecular modelling was undertaken using Spartan ’163 on a Dell Optiplex 990 desktop
computer with an Intel® Core™ i7-2600 CPU and 16 GB RAM. Geometry optimisations were
carried out using a DFT method with a B3LYP hybrid functional and 6-31G* basis set. The
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molecular orbitals were visualised with the Spartan ’16 program?® and HOMO-LUMO energy

gaps were determined by the difference in the calculated SCF values.

Australian sheep blowfly (L. cuprina) larvae were prepared and used in insecticidal activity
assays as detailed in published procedures.* > Specifically, a plug of cotton wool (~0.2 g) on
top of 3 layers of filter paper (within a 70 mL plastic pot) was loaded with 4 mL of a solution
of the compound in ethanol, and the solvent allowed to evaporate. Controls were prepared
in the same manner, by loading the cotton wool plug with ethanol or a solution of BHT. On
day 0 of the assay, a sheep-serum based medium was added to the cotton wool and 50 freshly
hatched L. cuprina larvae were added. The plastic pots containing the larvae were incubated
at 28 °C over a period of 4 days. The larvae were fed with 1 mL of nutrient medium on day 1,
and 2 mL on days 2 and 3. Late on day 4, the larvae were transferred to larger pots with a
layer of sand (a medium for pupation) and allowed to incubate further. On day 9, the resulting
pupae were collected by sieving the sand and the bioactivity calculated by pupation rate: the
number of collected pupae in assays with experimental compounds was expressed as a
percentage of the average number of pupae in the control assays. All tested materials had a
purity >90% and were prepared as solutions in hexane or acetone, stabilised with 5 wt% BHT
and subsequently diluted for testing in ethanol. BHT controls exhibited no inhibition of
pupation on L. cuprina larvae at concentrations up to 5 umol/assay, ten times the amount

present in the individual samples. Each assay was performed in duplicate.

The pupation rate dose-response data were analysed with GraphPad Prism® software. Non-
linear regression was performed using a four-parameter logistic regression model with the
‘variable slope’ option to determine ICso values for reduction in pupation, together with 95%

confidence intervals.

7.2 Synthetic protocols

7.2.1 Reduction chemistry

Hydroboration-protonolysis of pyrethrins with 9-BBN

Pyrethrin I 5a (117 mg, 0.357 mmol) was stirred in a solution of 9-BBN (0.65 mL, 0.5 M in THF,
0.3 mmol) under an atmosphere of nitrogen for 5 h. Acetic acid (200 uL, 3.49 mmol) was
added and the resulting mixture refluxed for an hour. Residual acid was quenched with 10%

sodium bicarbonate solution and the resulting mixture extracted with ethyl acetate. The
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solution was dried (Na;S04) and solvent removed in vacuo giving a pale yellow oil. The residue
was purified by column chromatography (15% ethyl acetate in hexane) yielding the allylic

alcohol (4'R)-51a (18 mg, 15%) and allylic ester 52a (11 mg, 8%, dr 4:1 (S:R)).

Pyrethrin Il 5b (79 mg, 0.21 mmol) was subjected to the above procedure using 9-BBN (0.6
mL, 0.5 M in THF, 0.3 mmol) and acetic acid (200 pL, 3.49 mmol). Column chromatography
(15% ethyl acetate in hexane) afforded the allylic alcohol (4'R)-51b (15 mg, 19%) and allylic
ester 52b (8 mg, 9%, dr 3.3:1(S:R)).

Reduction of pyrethrins with sodium borohydride

Sodium borohydride (90 mg, 2.4 mmol) was added to a solution of pyrethrin | 5a (310 mg,
0.95 mmol) in methanolic THF (10% v/v, 5 mL) at 0 °C. The resulting mixture was stirred for 3
h with continued cooling. Water was added and the aqueous mixture was extracted with ethyl
acetate. The ethyl acetate was dried (Na;SO4) and the solvent removed in vacuo giving a
diastereomeric mixture of the allylic alcohol 51a as a colourless oil (305 mg, 98%, dr 5.5:1
(R:S)). The individual diastereomers were isolated by silica gel column chromatography (15%

ethyl acetate in hexane) giving (4'R)-51a (202 mg) and (4'S)-51a (45 mg).

Pyrethrin Il 5b (330 mg, 0.89 mmol) was subjected to the same procedure using sodium
borohydride (86 mg, 2.3 mmol). The diastereomeric mixture of the allylic alcohol 51b (330
mg, 99%, dr 4.5:1 (R:S)) was resolved by silica gel column chromatography (30% ethyl acetate
in hexane) giving (4'R)-51b (163 mg) and (4'S)-51b (40 mg).

Stereoselective reduction of pyrethrins with L-selectride.

L-Selectride (1.0 M in THF, 0.5 mL, 0.5 mmol) was added to a solution of pyrethrin | 5a (160
mg, 0.49 mmol) in dry THF 5 mL at 0 °C under an atmosphere of nitrogen. The mixture was
allowed to stir with continued cooling for an additional hour. The reaction was quenched with

water and extracted with ethyl acetate. The ethyl acetate was dried (Na2S04) and the solvent
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removed in vacuo giving a yellow oil. The oil was subjected to column chromatography (15%

ethyl acetate in hexane) giving allylic alcohol (4'R)-51a (62 mg, 38%).

Pyrethrin 11 5b (150 mg, 0.3 mmol) was subjected to the same procedure detailed above. The
resulting oil was subjected to column chromatography (30% ethyl acetate in hexane) giving

allylic alcohol (4’R)-51b (30 mg, 20%).

(1S,  4R)-4-hydroxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl  (1R,3R)-2,2-

dimethyl-3-(2-methylprop-1-enyl)cyclopropane-1-carboxylate (4’R)-51a

IH NMR (600 MHz, CDCls) & 6.75 (1H, ddd*, J = 10.1, 10.7, 16.9 Hz), 6.07 (1H, dd*, J = 10.7,
10.9 Hz), 5.42 (1H, dt, J = 10.9, 8.5 Hz), 5.35 (1H, m), 5.23 (1H, d, J = 16.7 Hz), 5.16 (1H, d, J =
10.1 Hz), 4.90 (1H, d, J = 7.7 Hz), 4.50 (1H, brs), 3.16 (1H, dd, J = 8.5, 14.9 Hz), 3.05 (1H, dd, J
= 7.3, 14.9 Hz), 2.78 (1H, m), 2.04 (1H, m), 1.71 (3H, s), 1.70 (3H, s), 1.67 (1H, d, J = 8.1 Hz),
1.57 (3H, s), 1.54 (1H, m), 1.39 (1H, d, J = 5.3 Hz), 1.25 (3H, s), 1.12 (3H, s); 13C NMR (150 MHz,
CDCls) 6 172.6, 141.7, 135.7, 134.8, 131.8, 130.6, 128.3, 121.3, 118.3, 79.3, 75.8, 40.7, 35.0,
32.6,28.7, 25.7, 24.8, 22.3, 20.6, 18.6, 11.8. [a]o® = 73.7 (c = 0.6, CHCl3).

(1S,  4S)-4-hydroxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl ~ (1R,3R)-2,2-

dimethyl-3-(2-methylprop-1-enyl)cyclopropane-1-carboxylate (4'S)-51a

OH

IH NMR (600 MHz, CDCl3) & 6.75 (1H, ddd*, J = 10.1, 10.7, 16.7 Hz), 6.09 (1H, dd*, J = 10.7,
10.9 Hz), 5.69 (1H, d, J = 6.1 Hz), 5.45 (1H, dt, J = 10.9, 8.3Hz), 5.24 (1H, d, J = 16.7 Hz), 5.16
(1H, d, J = 10.1 Hz), 4.88 (1H, d, J = 7.7 Hz), 4.81 (1H, brs), 3.12 (1H, dd, J = 8.3, 14.9 Hz), 3.03
(1H, dd, J = 7.3, 14.9 Hz), 2.15 (1H, ddd, J = 3.2, 7.0, 14.9 Hz), 2.06 (1H, ddd, J = 3.2, 7.0, 14.9
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Hz), 2.03 (1H, m), 1.70 (3H, s), 1.69 (6H, s), 1.49 (1H, d, J = 6.4 Hz), 1.36 (1H, d, J = 5.3 Hz), 1.24
(3H, s), 1.11 (3H, s); 3C NMR (150 MHz, CDCls) & 172.8, 142.1, 135.7, 135.3, 131.8, 130.7,
128.2,121.2,118.3,81.1, 76.9, 41.2, 35.0, 32.6, 28.7, 25.7, 24.9, 22.3, 20.5, 18.6, 11.8. [a]p?°
=286.7 (c = 0.5, CHCl3).

FTIR (v): 3424, 2921, 1719, 1421, 1378, 1282, 1195, 1158, 1081, 1023, 904, 852. HRMS
calculated for C21H290, [M—0OH]*: 313.2162, observed: 313.2162.

(1S,4R)-4-hydroxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-3-((E)-3-

methoxy-2-methyl-3-oxoprop-1-enyl)-2,2-dimethylcyclopropane-1-carboxylate (4'R)-51b

M902C -
OH

IH NMR (600 MHz, CDCl3) & 6.75 (1H, ddd*, J = 10.1, 10.7, 16.8 Hz), 6.46 (1H, d, J = 9.6 Hz),
6.08 (1H, dd*, J = 10.7, 10.9 Hz), 5.42 (1H, dt, J = 10.9, 8.2Hz), 5.36 (1H, m), 5.54 (1H, d, J =
16.8 Hz), 5.17 (1H, d, J = 10.1 Hz), 4.51 (1H, brs), 3.73 (3H, s), 3.16 (1H, dd, J = 8.2, 14.9 Hz),
3.05 (1H, dd, J = 7.2, 14.9 Hz), 2.80 (1H, m), 2.20 (1H, dd, J = 5.2, 9.6 Hz), 1.93 (3H, s), 1.72 (1H,
d,J=5.2 Hz), 1.70 (3H, s), 1.69 (1H, d, J = 7.4 Hz), 1.57 (3H, s), 1.54 (1H, m), 1.30 (3H, s), 1.22
(3H, s); 13C NMR (150 MHz, CDCls) & 171.5, 168.4, 142.0, 139.6, 134.5, 131.8, 130.6, 129.6,
128.2,118.4,79.9, 75.8, 51.9, 40.7, 36.4, 32.7, 24.8, 22.8, 22.6, 20.6, 13.0, 11.8. [a]p® = 117.3
(c = 0.5, CHCl3).

(1S,4S)-4-hydroxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-3-((E)-3-

methoxy-2-methyl-3-oxoprop-1-enyl)-2,2-dimethylcyclopropane-1-carboxylate (4'S)-51b

M602C
OH

1H NMR (600 MHz, CDCl3) & 6.75 (1H, ddd*, J = 10.1, 10.7, 16.8 Hz), 6.45 (1H, d, J = 9.7 Hz),
6.10 (1H, dd*, J = 10.7, 10.9 Hz), 5.70 (1H, d, J = 6.9 Hz), 5.45 (1H, dt, J =10.9, 8.2Hz), 5.26 (1H,
d, J=16.7 Hz), 5.17 (1H, d, J = 10.1 Hz), 4.82 (1H, brs), 3.72 (3H, s), 3.12 (1H, dd, J = 8.2, 14.9
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Hz), 3.04 (1H, dd, J = 7.1, 14.9 Hz), 2.17 (2H, m), 2.06 (1H, ddd, J = 3.1, 6.9, 14.8 Hz), 1.93 (3H,
s), 1.70 (4H, m), 1.54 (1H, d, J = 6.7 Hz), 1.29 (3H, s), 1.21 (3H, s); 13C NMR (150 MHz, CDCl3) &
171.6, 168.4, 142.4, 139.7, 135.1, 131.7, 130.8, 129.6, 128.1, 118.5, 81.6, 76.9, 51.9, 41.2,
36.4,32.7,30.2, 24.9, 22.6, 20.6, 13.0, 11.9. [a]p?°= —177.5 (c = 0.4, CHCls).

FTIR (v): 3489, 2924, 1713, 1642, 1434, 1261, 1222, 1176, 111, 1010, 940, 905, 831, 762.
HRMS calculated for C22H2904 [M—OH]*: 357.2060, observed: 357.2077.

General Procedure for the acylation of allylic alcohols

Acetic anhydride (1 mL, 11 mmol) and triethylamine (1 mL, 7 mmol) were added to a solution
of the allylic alcohol 51 in dry DCM (5 mL) under a nitrogen atmosphere. The mixture was
heated under reflux for 4.5 h. The resulting solution was allowed to cool to room temperature
and washed with water. The organic layer was collected and dried (Na2SOa). The solvent was

removed in vacuo yielding the allyl ester 52.

(1S,4R)-4-acetoxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-2,2-

dimethyl-3-(2-methylprop-1-enyl)cyclopropane-1-carboxylate (4'R)-52a
"/, O/l,
O -
£
(e}

Yield: 110 mg, 85%. 'H NMR (600 MHz, CDCls) & 6.64 (1H, ddd*, J = 10.1, 10.7, 16.8 Hz), 6.05
(1H, dd*, J = 10.7, 10.9 Hz), 5.48 (1H, m), 5.44 (1H, m), 5.35 (1H, dt, J =10.9, 7.9 Hz), 5.23 (1H,
d,J=16.8 Hz), 5.14 (1H, d, J = 10.1 Hz), 4.90 (1H, d, J = 7.8 Hz), 3.04 (2H, m), 2.92 (1H, m), 2.05
(1H, m), 2.04 (3H, s), 1.74 (3H, s), 1.71 (3H, s), 1.70 (3H, s), 1.54 (1H, m), 1.41 (1H, d, J = 5.3
Hz), 1.25 (3H, s), 1.13 (3H, s); 13C NMR (150 MHz, CDCls) 6 172.5, 170.9, 137.8, 137.6, 135.7,
131.6,130.6,127.8,121.2, 118.3,79.1,77.7, 38.2,34.9, 32.7, 28.8, 25.7, 25.0, 22.3, 21.3, 20.6,
18.6, 11.9. [a]o® = —12.5 (c = 0.4, CHCl3).

(1S,4S)-4-acetoxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-2,2-

dimethyl-3-(2-methylprop-1-enyl)cyclopropane-1-carboxylate (4'S)-52a
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Yield: 68 mg, 56%. *H NMR (600 MHz, CDCls) & 6.65 (1H, ddd*, J = 10.1, 10.7, 16.8 Hz), 6.06
(1H, dd*, J =10.7, 10.9 Hz), 5.72 (1H, d, J = 6.9 Hz), 5.68 (1H, brs), 5.37 (1H, dt, J = 10.9, 8.2
Hz),5.22 (1H, d, J=16.8 Hz), 5.14 (1H, d, /=10.1 Hz), 4.88 (1H, d, J = 7.8 Hz), 3.01 (2H, m), 2.20
(1H, ddd, J=3.0, 7.0 15.2 Hz), 2.12 (1H, ddd, J = 3.4, 7.0, 15.2 Hz), 2.04 (1H, m), 2.01 (3H, s),
1.73 (3H,s), 1.71(3H, s), 1.70 (3H, s), 1.38 (1H, d, /= 5.3 Hz), 1.24 (3H, s), 1.12 (3H, s); >*CNMR
(150 MHgz, CDCls) 6 172.7,171.1, 138.4, 138.1, 135.7, 131.7, 130.6, 127.6, 121.2, 118.2, 80.6,
79.4, 38.6, 35.0, 32.7, 28.8, 25.7, 25.1, 22.3, 21.3, 20.5, 18.6, 11.9. [a]p®* = 183.3 (c = 0.6,
CHCls).

FTIR (v): 2924, 1736, 1720, 1433, 1377, 1236, 1194, 1158, 1115, 1022, 997, 906. HRMS
calculated for Ca3H3304 [M+H]*: 373.2373, observed: 373.2382.

(1S,4R)-4-acetoxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-3-((E)-3-
methoxy-2-methyl-3-oxoprop-1-enyl)-2,2-dimethylcyclopropane-1-carboxylate (4'R)-52b

MeOZC

Yield: 158 mg, 91%. 'H NMR (600 MHz, CDCl3) § 6.64 (1H, ddd*, J = 10.1, 10.7, 16.8 Hz), 6.45
(1H, d, J = 9.7 Hz), 6.05 (1H, dd*, J = 10.7, 10.9 Hz), 5.49 (1H, m), 5.44 (1H, m), 5.33 (1H, dt, J
=10.9, 7.9 Hz), 5.23 (1H, d, J = 16.8 Hz), 5.14 (1H, d, J = 10.1 Hz), 3.72 (3H, s), 3.04 (2H, m),
2.93 (1H, m), 2.19 (1H, dd, J = 5.3, 9.7 Hz), 2.04 (3H, s), 1.93 (3H, s), 1.73 (4H, m), 1.53 (1H, m),
1.29 (3H, s), 1.21 (3H, s); 3C NMR (150 MHz, CDCl5) § 171.3, 170.8, 168.3, 139.6, 138.1, 137.2,
131.6,130.6,129.6,127.6,118.3,79.6, 77.6, 51.9, 38.2, 36.2, 32.7, 30.3, 25.0, 22.5, 21.3, 20.6,
13.0, 11.9. [a]p?° = 25.0 (c = 0.4, CHCls).
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(1S,4S5)-4-acetoxy-2-methyl-3-((2Z)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl  (1R,3R)-3-((E)-3-

methoxy-2-methyl-3-oxoprop-1-enyl)-2,2-dimethylcyclopropane-1-carboxylate (4'S)-52b

Yield: 44 mg, 46%. *H NMR (600 MHz, CDCls) 6 6.65 (1H, ddd*, J = 10.1, 10.7, 16.8 Hz), 6.45
(1H, d, J=9.7 Hz), 6.07 (1H, dd*, J = 10.7, 10.9 Hz), 5.72 (1H, m), 5.67 (1H, m), 5.37 (1H, dt, J
=10.9, 7.9Hz), 5.23 (1H, d, J = 16.8 Hz), 5.14 (1H, d, J = 10.1 Hz), 3.72 (3H, s), 3.02 (2H, m),
2.19 (2H, m), 2.14 (1H, ddd, J = 3.4, 7.1, 15.4 Hz), 2.02 (3H, s), 1.93 (3H, s), 1.72 (3H, s), 1.70
(1H, d, J = 5.2 Hz), 1.29 (3H, s), 1.22 (3H, s); 3C NMR (150 MHz, CDCl3) 6§ 171.6, 171.1, 168.3,
139.6, 138.5, 138.0, 131.6, 130.7, 129.6, 127.5, 118.3, 81.7, 79.3, 51.9, 38.6, 36.3, 32.7, 30.4,
25.0, 22.5, 21.3, 20.5, 13.0, 11.9. [a]p?*°= —70.0 (c = 0.4, CHCl3).

FTIR (V): 3668, 2970, 2924, 1715, 1643, 1434, 1381, 1259, 1222, 1174, 1150, 1111, 1050, 904,
804. HRMS calculated for C22H2904 [M—0ACc]*: 357.2060, observed: 357.2062.

Catalytic hydrogenation of the pyrethrins.

Pyrethrin I 5a (100 mg, 0.305 mmol) in THF (2 mL) was stirred in the presence of palladium on
carbon (10 wt% loading, 10 mg) under an atmosphere of hydrogen at room temperature.
After 4 h, the mixture was filtered over Celite and the solvent removed in vacuo yielding 53a

as a colourless oil (83 mg, 83%).

(15)-2-methyl-4-oxo-3-pentylcyclopent-2-en-1-yl (1R,3R)-2,2-dimethyl-3-(2-methylprop-1-

enyl)cyclopropane-1-carboxylate 53a

1H NMR (600 MHz, CDCl3) & 5.65 (1H, brd, J = 6.2 Hz), 4.89 (1H, d, J = 7.7 Hz), 2.83 (1H, dd, J =
6.2, 18.7 Hz), 2.21 (1H, dd, J = 1.7, 18.7 Hz), 2.18 (2H, m), 2.08 (1H, m), 2.01 (3H, s), 1.71 (3H,
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s), 1.69 (3H, s), 1.40-1.27 (7H, m), 1.26 (3H, s), 1.13 (3H, s), 0.88 (3H, t, J = 7.3 Hz); 13C NMR
(150 MHz, CDCl3) 6 204.7,172.5, 164.7, 144.4, 136.0, 121.0, 73.1, 42.3, 34.7, 33.1, 31.9, 29.2,
27.9,25.7,23.2,22.6,22.3, 20.5, 18.6, 14.1 (2 overlapping signals). FTIR (v): 3675, 2971, 2922,
1713, 1655, 1420, 1380, 1282, 1235, 1192, 1151, 1114, 1065, 995, 964, 906, 849. HRMS
calculated for C21H3303 [M+H]*: 333.2424, observed: 333.2439. [a]p?°= —27.4 (c = 0.8, CHCls).

Pyrethrin Il 1b (136 mg, 0.366 mmol) was subjected to the procedure detailed above using
palladium on carbon (1 wt% loading, 12 mg). Tetrahydropyrethrin 53b was obtained as a

colourless oil (133 mg, 97%).

(15)-2-methyl-4-oxo-3-pentylcyclopent-2-en-1-yl (1R,3R)-3-((E)-3-methoxy-2-methyl-3-

oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 53b

MGOZC

1H NMR (600 MHz, CDCl3) 6 6.45 (1H, d, J = 9.6 Hz), 5.64 (1H, brd, J = 6.3 Hz), 3.72 (3H, s), 2.84
(1H, dd, J = 6.3, 18.6 Hz), 2.22 (4H, m), 1.99 (3H, s), 1.84 (3H, s), 1.74 (1H, d, J = 5.2 Hz), 1.38
(2H, m), 1.30 (3H, s), 1.27 (4H, m), 1.23 (3H, s), 0.87 (3H, t, J = 6.9); 3C NMR (150 MHz, CDCl3)
6204.5,171.4,168.3, 164.2, 144.6, 139.2, 129.9, 73.6, 52.0, 42.2, 36.0, 33.0, 31.9, 30.5, 27.9,
23.2,22.6, 22.5, 20.6, 14.1, 13.0. FTIR (v): 3675, 2954, 2928, 2872, 1710, 1649, 1435, 1385,
1260, 1221, 1173, 1148, 1055, 993, 831. HRMS calculated for CyH330s [M+H]*: 377.2323,
observed: 377.2333. [a]p?°= 15.2 (c = 1.3, CHCl3).

Isomerism of pyrethrins under catalytic transfer hydrogenation conditions

Pyrethrin | 5a (110 mg, 0.335 mmol) was heated under reflux in dry THF (2 mL) in the presence
of palladium on carbon (10 wt% loading, 15 mg) and formic acid (200 pL, 5.30 mmol) for 5 h
under nitrogen. The mixture was allowed to cool, filtered over Celite and the solvent removed

in vacuo yielding a pale yellow oil. The resulting mixture was purified by column
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chromatography (10% ethyl acetate in hexane) giving trans-pyrethrin 34a (10 mg, 9%) and a

diastereomeric mixture of the isopyrethrins 25a (17 mg, 15%).

(15)-2-methyl-4-oxo-3-((E)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-2,2-dimethyl-3-(2-
methylprop-1-enyl)cyclopropane-1-carboxylate 34a

IH NMR (600 MHz, CDCls) 6 6.27 (1H, ddd*, J= 10.1, 10.3, 16.9 Hz), 6.05 (1H, dd, J = 10.3, 15.2
Hz), 5.67 (1H, d, J = 6.3 Hz), 5.64 (1H, dt, J = 15.2, 6.8Hz), 5.12 (1H, d, J = 16.9 Hz), 5.00 (1H, d,
J=10.1Hz), 4.90 (1H, d, J= 7.7 Hz), 3.00 (2H, d, J = 6.8 Hz), 2.87 (1H, dd, J = 6.3, 18.7 Hz), 2.24
(1H, dd, J = 1.32, 18.7 Hz), 2.08 (1H, m), 2.03 (3H, s), 1.72 (3H, s), 1.71 (3H, s), 1.40 (1H, d, J =
5.3 Hz), 1.26 (3H, s), 1.14 (3H, s); 3C NMR (150 MHz, CDCls) & 204.0, 172.5, 165.9, 141.7,
136.8, 136.1, 132.5, 129.6, 120.9, 116.2, 73.1, 42.2, 34.7, 33.1, 29.3, 26.2, 25.7, 22.3, 20.6,
18.6, 14.2. FTIR (¥): 3675, 2972, 2924, 1715, 1655, 1420, 1380, 1282, 1235, 1193, 1152, 1114,
1065, 1003, 963, 901, 849. HRMS calculated for Cy1H2903 [M+H]*: 329.2111, observed:
329.2122. [a]p® = —44.7 (c = 0.8, CHCl3).

(S)-2-methyl-4-oxo-3-(penta-1,3-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-2,2-dimethyl-3-(2-

methylprop-1-enyl)cyclopropane-1-carboxylate 25a

iy O,
s \

0]

N

'H NMR (600 MHz, CDCls) 6 7.64 (0.37H, dd, J = 11.4, 15.5 Hz), 7.29 (0.63H, dd, /= 10.7, 15.6
Hz), 6.09 (2H, m), 5.92 (0.63H, m), 5.67 (1.4H, m), 4.90 (1H, d, J =7.6 Hz), 2.90 (1H, m), 2.28
(1H, m), 2.09 (3H, s), 1.85 (2H, d, J = 7.1 Hz), 1.80 (3H, d, J = 6.7 Hz), 1.72 (3H, s), 1.71 (3H, s),
1.41 (2H, m), 1.26 (3H, s), 1.13 (3H, s) (some diastereomeric signals overlap); 3C NMR (150
MHz, CDCl3) & 203.4, 172.5, 163.9, 163.4, 137.9, 136.2, 136.1, 133.3, 132.6, 131.0, 130.4,
130.2, 121.0, 119.7, 117.7, 72.7, 43.0, 34.8, 33.1, 30.5, 29.3, 25.7, 22.3, 20.6, 18.7, 14.4, 14.1
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(some diastereomeric signals overlap). FTIR (V): 2955, 2926, 1716, 1431, 1379, 1282, 1193,
1152, 1114, 994, 860. HRMS calculated for C21H2903 [M+H]*: 329.2111, observed: 329.2122.
[a]p2°= —179.2 (c = 0.5, CHCl3).

Pyrethrin 1l 1b (108 mg, 0.290 mmol) was treated following the above procedure using
palladium on carbon (10 wt% loading, 12 mg) and formic acid (200 pL, 5.30 mmol). The
isolated yellow oil was purified by column chromatography (20% ethyl acetate in hexane)

giving 34b (15 mg, 14%) and a diastereomeric mixture of 25b (20 mg, 19%).

(15)-2-methyl-4-oxo-3-((E)-penta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-3-((E)-3-methoxy-

2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 34b

MeO2C —

'H NMR (600 MHz, CDCl3) 6 6.46 (1H, d, J = 9.6 Hz), 6.26 (1H, ddd*, J = 10.1, 10.3, 16.9 Hz),
6.05 (1H, dd, J = 10.3, 15.1 Hz), 5.67 (1H, d, J = 6.2 Hz), 5.64 (1H, dt, J =15.2, 6.8 Hz), 5.11 (1H,
d,J=16.9 Hz), 4.99 (1H, d, J = 10.1 Hz), 3.72 (3H, s), 3.01 (2H, d, / = 6.8 Hz), 2.88 (1H, dd, J =
6.2, 18.7 Hz), 2.23 (2H, m), 2.03 (3H, s), 1.94 (3H, s), 1.74 (1H, d, J = 5.1 Hz), 1.30 (3H, s), 1.23
(3H, s); 13C NMR (150 MHz, CDCl3) 6 203.7, 171.4, 168.3, 165.4, 141.9, 139.1, 136.7, 132.5,
129.9, 129.5, 116.3, 73.5, 52.0, 42.1, 35.9, 33.1, 30.7, 26.2, 22.5, 20.6, 14.2, 13.0. FTIR (v):
3662,2952,1709, 1649, 1435, 1383, 1340, 1260, 1221,1173, 1147, 1111, 1055, 996, 904, 830.
HRMS calculated for C2H290s [M+H]*: 373.2010, observed: 373.2022. [a]p?°= 17.8 (c = 0.5,
CHCls).

(S)-2-methyl-4-oxo-3-(penta-1,3-dien-1-yl)cyclopent-2-en-1-yl ~ (1R,3R)-3-((E)-3-methoxy-2-

methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 25b
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iy O,
T W

MeO,C o
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1H NMR (600 MHz, CDCls) 6 7.71 (0.33H, dd, J = 11.5, 15.4 Hz), 7.35 (0.66H, dd, J = 10.7, 15.6
Hz), 6.46 (1H, d, J = 9.6 Hz), 6.09 (2H, m), 5.92 (0.66H, m), 5.66 (1.66H, m), 3.72 (3H, s), 2.90
(1H, m), 2.25 (2H, m), 2.08 (3H, s), 1.94 (3H, s), 1.84 (1H, d, J = 7.2 Hz), 1.80 (2H, d, J = 6.7 Hz),
1.74 (1H, m), 1.30 (3H, s), 1.24 (3H, s) (some diastereomeric signals overlap); 3C NMR (150
MHz, CDCl3) & 203.1, 171.4, 168.2, 163.3, 162.8, 139.1, 138.1, 136.4, 133.5, 132.5, 131.1,
130.3, 129.9, 119.6, 117.6, 73.2, 51.9, 42.9, 36.0, 33.0, 30.7, 22.5, 20.6, 18.6, 14.3, 14.0, 13.0
(some diastereomeric signals overlap). FTIR (V): 2952, 2928, 1710, 1643, 1435, 1385, 1260,
1221,1173,1147,1111, 993, 830. HRMS calculated for C22H2905 [M+H]*: 373.2010, observed:
373.2010. [a]p?°= —56.9 (c = 1.0, CHCI3).

Reduction of pyrethrins by diimide-mediated transfer hydrogenation

Pyrethrin | 5a (110 mg, 0.335 mmol) in THF (5 mL) was left to vigorously stir open to air in the
presence of hydrazine monohydrate (800 mg, 16.0 mmol), copper(ll) sulphate pentahydrate
(8.5 mg, 0.034 mmol, 10 %mol) and acetic acid (20 mg, 0.33 mmol). The reaction was
monitored by TLC (8% ethyl acetate in hexane) until all of the pyrethrin starting material was
consumed (typically 7-8 h). The reaction mixture was filtered and subsequently diluted with
brine water. The resulting solution was extracted with ethyl acetate and dried (Na,SOa).
Solvent was removed in vacuo yielding a colourless oil (85 mg, 77% mass recovery) which was
analysed by HPLC to be 68.0% jasmolin | 7a and 24.7% tetrahydropyrethrin | 53a.
Characterisation was undertaken on the isolated mixture with signals assigned to jasmolin |

by comparison to the natural ester.

Jasmolin | 7a
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1H NMR (600 MHz, CDCl3) 6 5.65 (1H, brd, J = 6.4 Hz), 5.42 (1H, dt, J = 10.5, 7.3 Hz), 5.24 (1H,
dt, J = 10.5, 7.3 Hz), 4.90 (1H, d, J = 7.7 Hz), 2.98 (2H, d, J = 7.3 Hz), 2.85 (1H, dd, J = 6.4, 18.7
Hz), 2.22 (1H, dd, J = 1.9, 18.7 Hz), 2.15 (2H, m), 2.08 (1H, m), 2.03 (3H, s), 1.73 (3H, s), 1.71
(3H, s), 1.41 (1H, m) 1.26 (3H, s), 1.14 (3H, s), 0.99 (3H, t, J = 7.5 Hz); 3C NMR (150 MHz, CDCl3)
6204.1,172.5,165.0,142.9,136.0,133.3,124.1,121.0,73.1,42.2,34.7,33.1, 29.2, 25.7, 22.2,
21.4,20.7, 20.5, 18.6, 14.2, 14.2. FTIR (v): 3675, 2965, 2928, 1714, 1655, 1447, 1420, 1380,
1282, 1235, 1193, 1152, 1114, 1046, 995, 850. HRMS calculated for C;1H3103 [M+H]*:
331.2268, observed: 331.2256. Isolated mixture [a]p?® = —32.2 (c = 0.9, CHCIl5) (natural
jasmolin | [a]p?®= —56.0 (c = 0.5, CHCIs3)).

Pyrethrin 1l 5b (145 mg, 0.390 mmol) in THF (5 mL) was subjected to the same procedure as
above using hydrazine monohydrate (270 mg, 5.4 mmol), copper(ll) sulphate pentahydrate
(11 mg, 0.044 mmol, 10 %mol) and acetic acid (10 mg, 0.17 mmol). The reaction was
monitored by TLC (25% ethyl acetate in hexane) until all of the pyrethrin starting material was
consumed (typically 7-8 h). A colourless oil was obtained (120 mg, 83% mass recovery) which
was analysed by HPLC to be 65.8% jasmolin Il 7a and 25.6% tetrahydropyrethrin 1l 53b.
Characterisation was undertaken on the isolated mixture with signals assigned to jasmolin |l

by comparison to the natural ester.

Jasmolin Il 7b

MGOZC

IH NMR (600 MHz, CDCl3) 6 6.45 (1H, d, J = 9.6 Hz), 5.64 (1H, d, J = 6.4 Hz), 5.42 (1H, dt, J =
10.6, 7.2 Hz), 5.23 (1H, dt, J = 10.6, 7.2Hz), 3.73 (3H, s), 2.97 (2H, d, J = 7.2 Hz), 2.86 (1H, dd, J
= 6.4, 18.7 Hz), 2.23 (2H, m), 2.16 (2H, m), 2.03 (3H, s), 1.94 (3H, s), 1.74 (1H, d, J =5.2 Hz),
1.30 (3H, s), 1.23 (3H, s), 0.99 (3H, t, J = 7.5 Hz); 13C NMR (150 MHz, CDCl3) § 203.87, 171.39,
168.28, 164.51, 143.17, 139.19, 133.42, 129.91, 123.94, 73.63, 51.97, 42.20, 35.95, 33.03,
30.69, 22.47, 21.37, 20.75, 20.56, 14.23, 14.17, 13.02. FTIR (¥): 3675, 2956, 1712, 1648, 1435,
1383, 1324, 1261, 1221, 1174, 1148, 1111, 1056, 995, 830, 762. HRMS calculated for C22H310s
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[M+H]*: 375.2166, observed: 375.2162. Isolated mixture [a]p?°= 10.3 (c = 1.1, CHCIl3) (natural
jasmolin Il [a]p?°= 8.0 (c=0.5, CHCI3)).

Pyrethrum concentrate (HPLC analysis: 43.1% pyrethrin | 5a, 36.2% pyrethrin 1l 5b, 3.8%
jasmolin | 7a, 4.3% jasmolin Il 7b) (500 mg, ~1.36 mmol) in THF (5 mL) was left to vigorously
stir open to air in the presence of hydrazine monohydrate (517 mg, 10.3 mmol), copper (Il)
sulphate (19 mg, 0.12 mmol, 10 %mol) and acetic acid (10 mg, 0.17 mmol). The reaction was
left to stir at room temperature for 8 h before being filtered and diluted with brine. The
resulting solution was extracted with ethyl acetate and dried (Na>SOa4). Solvent was removed
in vacuo yielding a pale yellow oil (HPLC analysis: 3.2% pyrethrin | 5a, 1.8% pyrethrin Il 5b,
29.2% jasmolin | 7a, 35.7% jasmolin Il 7b, 7.3% tetrahydropyrethrin | 53a, 8.0%

tetrahydropyrethrin 11 53b) (400 mg, 80% mass recovery).

7.2.2 Diels Alder chemistry

Cis-trans isomerism of pyrethrins

A solution of pyrethrin | 5a or Il 5b (350 mg) in dry THF (3 mL) was irradiated with UV light
(254 nm) for 16 h at room temperature. The solvent was removed in vacuo giving a mixture
of trans-pyrethrin 55 with the starting material. The mixture was used without further

purification.
Pyrethrin 1 (330 mg, 94%, 1: 1.3 E:Z; 34a:5a)

Pyrethrin 11 (335 mg, 96%, 1: 2.2 E:Z; 34b:5b)

Normal electron demand Diels-Alder with maleic anhydride

Maleic anhydride 59 (1.5 eq) was added to a solution of trans-pyrethrin 34 mixture (150 mg,
0.46 mmol. (pyrethrin 1) or 0.40 mmol. (pyrethrin 1)) in THF (5 mL). The resulting solution was
refluxed for 8 h followed by solvent removal in vacuo. Attempted purification by column

chromatography resulted in decomposition.

General procedure for the synthesis of 3,6-disubstituted tetrazines.
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Amended from Li,° the aromatic nitrile (48 mmol), sulfur (1 g, 31 mmol) and hydrazine
monohydrate (10 mL, 206 mmol) in ethanol (10 mL) were heated under reflux for 4 h. The
reaction mixture was cooled to 0 °C and filtered. The solid was washed with cold ethanol and

allowed to dry giving the dihydrotetrazine which was used without further purification.

The dihydrotetrazine was suspended in acetic acid (30 mL) and cooled to 0 °C. A solution of
sodium nitrite (5 g, 73 mmol) in water (10 mL) was added dropwise with vigorous stirring to
the suspension of dihydrotetrazine with continued cooling. The mixture was left to stir until
no more gas was evolved and quenched with agueous ammonium hydroxide solution (28-
30% w/v) with continued cooling. The resulting slurry was filtered, washed with cold water

and allowed to dry. Once dry, the tetrazine was recrystallised from ethanol.

3,6-bisphenyl-1,2,4,5-tetrazine 71

Prepared as per general procedure using benzonitrile (1.9 g, 19 mmol), sulfur (0.5 g, 16 mmol),
hydrazine monohydrate (5 mL, 103 mmol) in ethanol (5 mL). The resulting dihydrotetrazine
was immediately oxidised in acetic acid (10 mL) with sodium nitrite (2.5 g, 36 mmol) in water
(5 mL). Recrystallisation gave the desired tetrazine 71 as dark pink, needle-like crystals (1.07

g, 24%) m.p. 197 °C (lit. m.p. 196-198 °C).”

'H NMR (600 MHz, CDCl3) 6 8.66 (4H, dd, J =1.4, 7.9 Hz), 7.63 (6H, m); 13C NMR (150 MHz,
CDCl3) 6 163.98, 132.67,131.78,129.29, 127.97. FTIR (v): 3070, 1599, 1455, 1387, 1308, 1187,
1103, 1074, 999, 917, 764, 685. HRMS calculated for C14H11N4 [M+H]*: 235.0978, observed:
235.0981.

3,6-bis(2"-pyridyl)-1,2,4,5-tetrazine 72

Prepared as per general procedure using 2-cyanopyridine (5 g, 48 mmol), sulfur (1 g, 31
mmol), hydrazine monohydrate (10 mL, 206 mmol) in ethanol (10 mL). The resulting
dihydrotetrazine was immediately oxidised in acetic acid (30 mL) with sodium nitrite (5 g, 73
mmol) in water (5 mL). Recrystallisation from ethanol gave the desired tetrazine 72 as fine,

dark red crystals (3.3 g, 29%) m.p. 223 °C (lit. m.p. 227 °C).2
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<:l\>_<N—N \_/
'H NMR (600 MHz, CDCls) 6 9.01 (2H, d, J = 4.7 Hz), 8.77 (2H, d, J =7.9 Hz), 8.03 (2H, ddd, J =
1.7, 7.6, 7.9 Hz), 7.60 (2H, dd, J = 4.7, 7.6 Hz); *C NMR (150 MHz, CDCls) & 163.87, 151.03,

150.08, 137.46, 126.57, 124.51. FTIR (v): 3095, 3060, 1581, 1442, 1387, 1239, 1127, 1090,
992,918, 796, 743, 731. HRMS calculated for C12HgNg [M+H]*: 237.0883, observed: 237.0879.

3,6-bis(3"-pyridyl)-1,2,4,5-tetrazine 73

Prepared as per general procedure using 3-cyanopyridine (5 g, 48 mmol), sulfur (1 g, 31
mmol), hydrazine monohydrate (10 mL, 206 mmol) in ethanol (10 mL). The resulting
dihydrotetrazine was immediately oxidised in acetic acid (30 mL) with sodium nitrite (5 g, 73
mmol) in water (5 mL). Recrystallisation from ethanol gave the desired tetrazine 73 as purple,

needle-like crystals (3.7 g, 32%) m.p. 203 °C (lit. m.p. 203-204 °C).®

N=N =N
DaWaW,
N\ 7
@_<N—N \_7/
14 NMR (600 MHz, CDCl3) & 9.87 (2H, s), 8.91 (4H, m), 7.59 (2H, dd, J =4.8, 7.9 Hz); 13C NMR
(150 MHz, CDCl3) 6 163.42,153.56, 149.48, 135.20, 127.58, 124.05. FTIR (v): 3078, 3061, 1582,

1572, 1436, 1383, 1340, 1126, 1109, 1057, 1015, 916, 819, 700. HRMS calculated for C12HgNe
[M+H]*: 237.0883, observed: 237.0892.

3,6-bis(4’-pyridyl)-1,2,4,5-tetrazine 74

Prepared as per general procedure using 4-cyanopyridine (5 g, 48 mmol), sulfur (1 g, 31
mmol), hydrazine monohydrate (10 mL, 206 mmol) in ethanol (10 mL). The resulting
dihydrotetrazine was immediately oxidised in acetic acid (30 mL) with sodium nitrite (5 g, 73
mmol) in water (5 mL). Recrystallisation from ethanol gave desired tetrazine 74 as fine,

magenta crystals (2.5 g, 22%) m.p. 254 °C (lit. m.p. (decomp.) 258 °C).2
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1H NMR (600 MHz, CDCl3) & 8.96 (4H, dd, J =1.6, 4.4 Hz), 8.51 (4H, dd, J =1.6, 4.4 Hz); 3C NMR
(150 MHz, CDCl3) 6 163.77, 151.31, 138.62, 121.38. FTIR (v): 3032, 1588, 1558, 1495, 1410,
1385, 1262, 1217, 1111, 1054, 991, 917, 829, 714. HRMS calculated for Ci2H9Ne [M+H]*:
237.0883, observed: 237.0891.

Preparation of triaminoguanidine hydrochloride 76

As detailed by Coburn,® hydrazine monohydrate (10.0 g, 200 mmol) was added to a
suspension of guanidine hydrochloride 75 (5.0 g, 52 mmol) in 1,4-dioxane (30 mL). The
resulting mixture was allowed to reflux for 2 h. The mixture was cooled to 0 °C, filtered and
the resulting solid washed with 1,4-dioxane. The off-white solid was dried giving a near
quantitative yield of triaminoguanidine hydrochloride 76 (7.0 g, 95%) m.p. 231 °C (lit. m.p.
230°C).°

H,N
27NN

|
HZN\N)\N,NHZ HCl
H H
1H NMR (600 MHz, DMSO-ds) & 8.58 (2H, brs), 4.49 (4H, s). 3C NMR (150 MHz, DMSO-ds) &

159.51.

Synthesis of 3,6-bis(3’,5’-dimethylpyrazol-1'-yl)-1,2 -dihydro-1,2,4,5-tetrazine 77

As previously described by Coburn,® 2,4-pentandione (7.2 g, 72 mmol) was added dropwise
to a suspension of triaminoguanidine hydrochloride 76 (5.0 g, 36 mmol) in water (30 mL). The
resulting bright yellow solution was allowed to stir at room temperature before being heated
at 70 °C for 4 h. The resulting yellow precipitate was collected by vacuum filtration and
washed with water. Recrystallisation from ethanol yielded the dihydrotetrazine 77 as yellow,

needle-like crystals (3.15 g, 33%) m.p. 150-152 °C (lit. m.p. 150 °C).°

HN—-NH N

NG N
N N—N

1H NMR (600 MHz, CDCl3) & 8.04 (2H, s), 5.97 (2H, s), 2.49 (6H, s), 2.22 (6H, s); 3C NMR (150
MHz, CDCl3) & 149.97, 145.77, 142.30, 109.88, 13.80, 13.47. FTIR (): 3248, 2981, 2930, 1676,
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1567, 1467, 1404, 1381, 1361, 1295, 1147, 1059, 1027, 984, 966, 886, 787. HRMS calculated
for C12H17Ns [M+H]*: 273.1571, observed: 273.1557.

Synthesis of 3,6-bis(3’,5-dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78

Dihydrotetrazine 77 (3.15 g, 11.6 mmol) was suspended in dichloromethane (40 mL) and
cooled to 0 °C. With vigorous stirring, concentrated nitric acid (70% w/v) was added dropwise
to the suspension with continued cooling until gas evolution ceased (approximately 2 mL).
The resulting red suspension was left to stir with continued cooling for an additional 1 h.
Collection of the precipitate by vacuum filtration and subsequent recrystallisation from
acetone gave the desired tetrazine 78 as red, needle-like crystals (1.79 g, 57%) m.p. 225-227
°C (lit. m.p. 226 °C).°

N

N ¢ S~
/>—N/
N

-

=

N
N
N

'H NMR (600 MHz, CDCls) 6 6.18 (2H, s), 2.69 (6H, s), 2.38 (6H, s); 3C NMR (150 MHz, CDCls)
6 159.31, 154.49, 143.79, 111.91, 14.68, 13.87. FTIR (v): 3084, 2993, 2933, 1576, 1479, 1421,
1380, 1273, 1162,1077,1048, 1022, 968, 938, 845, 756. HRMS calculated for C12H1sNg [M+H]*:
271.1414, observed: 271.1422.

Preparation of 3,6-dihydrazinyl-1,2,4,5-tetrazine 79

As prepared by Gong,° hydrazine monohydrate (0.6 g, 12 mmol) was slowly added to a
solution of 3,6-bis(3’,5'-dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78 (1.0 g, 3.7 mmol) in
acetonitrile (20 mL) at room temperature. The resulting dark red solution was then refluxed
for 30 min. After the reaction mixture cooled to room temperature, the resulting maroon
precipitate was filtered and washed with acetonitrile to give the desired tetrazine 79 (0.39 g,

74%) m.p. 148 °C (decomp.) (lit. m.p. 158-160 °C).*

N=N 'NH2
HN—Q  )—NH
HoN N—N

1H NMR (600 MHz, DMSO-ds) & 8.37 (2H, s), 4.24 (4H, s); 3C NMR (150 MHz, DMSO-ds) &
163.37. FTIR (¥): 3292, 3209, 3022, 2925, 1632, 1535, 1449, 1296, 1169, 1050, 1003, 935, 698.
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Synthesis of 3,6-dichloro-1,2,4,5-tetrazine 80

Hydrochloric acid (32% w/v) was added dropwise to trichloroisocyanuric acid (8.2 g, 35 mmol,
5 eq) generating chlorine gas that was gently bubbled through a stirring suspension of 3,6-
dihydrazinyl-1,2,4,5-tetrazine 79 (1 g, 7 mmol) in dichloromethane (40 mL) at O °C. Once gas
evolution ceased, the orange suspension was allowed to stir at room temperature for an
additional 1 h. The solvent was gently removed in vacuo at ambient temperature and the
orange residue purified by silica gel plug (DCM) giving the tetrazine 80 (0.72 g, 69%) m.p. 145-
150 °C (lit. m.p. 144-147 °C (decomp.)).*?

N=N
c—§ )—cl
N-N

13C NMR (150 MHz, CDCl3) 6 168.11. FTIR (v): 2931, 2295, 1732, 1454, 1371, 1257, 1236, 1156,
1064, 1025, 882, 834.

General procedure for the IEDDA of pyrethrins with 3,6-disubstituted tetrazines

3,6-disubsituted-1,2,4,5-tetrazine (1 eq) was added to a solution of pyrethrin | 5a or Il 5b (150
mg, 0.46 mmol. (pyrethrin 1) or 0.40 mmol. (pyrethrin 1)) in dry THF (5 mL). The mixture was
refluxed under an atmosphere of nitrogen for 8 or 24 h, as indicated. Once cooled to room
temperature, DDQ (1 eq) was added and the mixture allowed to stir for 2 hr. The reaction was
diluted with saturated sodium bicarbonate solution and extracted with dichloromethane. The
organic extract was dried (Na2S04) and the solvent removed in vacuo giving the crude IEDDA

adduct. Each adduct was purified as described below.

(S)-3-((2)-3-(3,6-diphenylpyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-yl (1R,3R)-2,2-
dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 88a

Prepared as per general procedure using pyrethrin | 5a (400 mg, 1.22 mmol), 3,6-bisphenyl-
1,2,4,5-tetrazine 71 (285 mg, 1.22 mmol) and dry THF (10 mL). The reaction was heated under
reflux for 24 h. The resulting mixture was purified by column chromatography (20% ethyl

acetate in hexane) giving the pyridazine adduct 88a (155 mg, 24%).
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IH NMR (600 MHz, CDCls) & 8.26 (2H, d, J = 7.5 Hz), 8.18 (1H, s), 7.79 (2H, d, J = 7.9 Hz), 7.56
(2H,t,J=7.5 Hz), 7.48 (4H, m), 6.41 (1H, d, J = 11.6 Hz), 5.83 (1H, dt, J=11.6, 7.4 Hz), 5.67 (1H,
brd, J = 6.3 Hz), 4.90 (1H, d, J = 7.7 Hz), 3.25 (2H, d, J = 7.4 Hz), 2.91 (1H, dd, J = 6.3, 18.6 Hz),
2.27 (1H, dd, J = 1.2, 18.6 Hz), 2.09 (1H, m), 1.97 (3H, s), 1.73 (3H, s), 1.71 (3H, s), 1.40 (1H, d,
J=5.3Hz), 1.26 (3H, s), 1.15 (3H, s); 13C NMR (150 MHz, CDCls) & 203.9, 172.2, 166.3, 158.3,
157.4, 141.0, 136.6, 136.2, 136.0, 134.0, 131.9, 130.0, 129.8, 129.2, 129.1, 128.3, 127.2,
126.9, 124.3, 120.7, 72.8, 42.1, 34.5, 33.1, 29.3, 25.6, 22.9, 20.4, 18.5, 14.2. FTIR (¥): 2927,
1713, 1655, 1567, 1529, 1427, 1380, 1339, 1153, 1114, 1085, 970. HRMS calculated for
CasHa7N20s [M+H]*: 533.2799, observed: 533.2807. [a]p?°= —37.7 (c = 1.3, CHCl3).

(S)-3-((2)-3-(3,6-diphenylpyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-yl ~ (1R,3R)-3-

((Z2)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 88b

Prepared as per general procedure using pyrethrin Il (400 mg, 1.08 mmol), 3,6-bisphenyl-
1,2,4,5-tetrazine 71 (253 mg, 1.08 mmol) and dry THF (10 mL). The reaction was heated under
reflux for 24 h. The resulting mixture was purified by column chromatography (40% ethyl

acetate in hexane) giving the pyridazine adduct 88b (109 mg, 18%).

IH NMR (600 MHz, CDCls) 6 8.26 (2H, d, J = 7.1 Hz), 8.17 (1H, s), 7.79 (2H, dd, J = 2.0, 8.0 Hz),
7.54 (2H, t,J = 7.1 Hz), 7.48 (4H, m), 6.45 (1H, d, J = 9.6 Hz), 6.41 (1H, d, J = 11.5 Hz), 5.82 (1H,
dt, J=11.5, 7.4 Hz), 5.68 (1H, brd, J = 6.3 Hz), 3.74 (3H, s), 3.25 (2H, d, J = 7.4 Hz), 2.91 (1H, dd,
J=6.3,18.7 Hz), 2.26 (1H, dd, J = 1.9, 18.7 Hz), 2.22 (1H, dd, J = 5.2, 9.6 Hz), 1.97 (3H, s), 1.94
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(3H, s), 1.73 (1H, d, J = 5.2 Hz), 1.31 (3H, s), 1.25 (3H, s); 13C NMR (150 MHz, CDCls) & 203.6,
171.1, 168.1, 165.8, 158.2, 157.3, 141.2, 139.8, 136.6, 136.2, 133.9, 131.8, 130.0, 129.9,
129.8, 129.2, 128.2, 127.1, 127.0, 124.3, 73.2, 51.8, 42.0, 35.7, 33.0, 30.6, 22.9, 22.3, 20.4,
14.1. FTIR (v): 2927, 1711, 1655, 1586, 1529, 1446, 1425, 1380, 1338, 1282, 1151, 1113, 1044,
1027, 970, 786. HRMS calculated for C3gH37N20s [M+H]*: 577.2697, observed: 577.2694. [a]p*°
=8.3 (c= 0.9, CHCls).

(S)-3-((2)-3-(3,6-di(pyridin-2-yl)pyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 87a

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), 3,6-(2'-pyridyl)-
1,2,4,5-tetrazine 72 (108 mg, 0.46 mmol) and dry THF (5 mL). The reaction was heated under
reflux for 8 h. The resulting brown solid was purified by trituration and subsequent

precipitation from hexane giving the pyridazine adduct 87a (90 mg, 37%).

'H NMR (600 MHz, CDCl3) § 8.73 (3H, m), 8.67 (1H, s), 8.19 (1H, d, J = 7.8 Hz), 7.89 (2H, m),
7.39 (2H, m), 6.92 (1H, d, J = 11.7 Hz), 5.86 (1H, dt, J = 11.7, 7.3Hz), 5.62 (1H, brd, J = 6.4 Hz),
4.88 (1H,d,J=7.5Hz),3.17 (2H, d, J = 7.3 Hz), 2.83 (1H, dd, J = 6.4, 18.6 Hz), 2.20 (1H, d, J =
18.6 Hz), 2.06 (1H, m), 1.87 (3H, s), 1.72 (3H, s), 1.69 (3H, s), 1.37 (1H, d, J = 5.3 Hz), 1.24 (3H,
s), 1.13 (3H, s); 13C NMR (150 MHz, CDCls) 6 203.9, 172.4, 166.4, 157.9, 157.4, 155.9, 153.6,
149.7, 148.9, 141.6, 137.3, 136.9, 136.1, 135.8, 130.9, 127.0, 125.6, 124.9, 124.8, 123.8,
121.9, 120.9, 73.0, 42.1, 34.7, 33.1, 29.3, 25.7, 23.0, 22.3, 20.6, 18.7, 14.3. FTIR (v): 3059,
2925,1710, 1654, 1585, 1577, 1476, 1442, 1395, 1283,1192, 1152, 1114, 1044,992, 911, 794,
730. HRMS calculated for C33H3sN4O3 [M+H]*: 535.2704, observed: 535.2709. [a]p?°= —-9.3 (c
= 0.4, CHCl3).
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(S)-3-((2)-3-(3,6-di(pyridin-2-yl)pyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-y/
(1R,3R)-3-((2)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 87b

Prepared as per general procedure using pyrethrin 11 5b (150 mg, 0.40 mmol), 3,6-(2'-pyridyl)-
1,2,4,5-tetrazine 72 (95 mg, 0.40 mmol) and dry THF (5 mL). The reaction was heated under
reflux for 8 h and the resulting brown solid purified by trituration and subsequent

precipitation from hexane giving the pyridazine adduct 87b (108 mg, 46%).

IH NMR (600 MHz, CDCls) 6 8.77 (1H, d, J = 8.0 Hz), 8.74 (1H, d, J = 4.6 Hz), 8.70 (1H, d, J = 4.6
Hz), 8.60 (1H, s), 8.20 (1H, d, J = 7.9 Hz), 7.89 (2H, m), 7.40 (2H, m), 6.92 (1H, d, J = 11.6 Hz),
6.45 (1H, d, J = 9.6 Hz), 5.86 (1H, dt, J =11.6, 7.3 Hz), 5.60 (1H, brd, J = 6.2 Hz), 3.73 (3H, s),
3.18 (2H, d, J = 7.3 Hz), 2.84 (1H, dd, J = 6.2, 18.7 Hz), 2.20 (2H, m), 1.93 (3H, s), 1.87 (3H, s),
1.70 (1H, d, J = 5.2 Hz), 1.29 (3H, s), 1.23 (3H, s); 13C NMR (150 MHz, CDCls) § 203.4, 171.1,
168.1, 165.8, 157.7, 157.2, 155.7, 153.4, 151.0, 149.5, 148.7, 141.6, 138.9, 137.1, 136.7,
135.6,130.6, 129.8, 127.0, 125.4, 124.7, 124.6, 123.7, 121.7, 73.3,51.8, 41.9, 35.7, 32.9, 30.5,
22.8,22.3,20.4, 14.0, 12.6. FTIR (¥): 3054, 3003, 2953, 1710, 1655, 1641, 1578, 1475, 1429,
1396, 1265, 1225, 1177, 1149, 1111, 999, 941, 831, 796, 744. HRMS calculated for CasH3sN4Os
[M+H]*: 579.2602, observed: 579.2614. [a]p2° = 37.5 (c = 0.4, CHCls).

(S)-3-((2)-3-(3,6-di(pyridin-3-yl)pyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-y/
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 89a

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), 3,6-(3"-pyridyl)-
1,2,4,5-tetrazine 73 (108 mg, 0.46 mmol) and dry THF (5 mL). The reaction was heated under
reflux for 24 h and solvent removed in vacuo without addition of DDQ. The subsequent
mixture purified by column chromatography (5% methanol in dichloromethane) giving the

adduct 89a as a mixture of isomers (105 mg, 43%, d.r.1:2 (E:Z)).

187



'H NMR (600 MHz, CDCl3) 6 9.50 (0.66H, brs), 9.31 (0.33H, brs), 9.21 (0.33H, brs), 9.02 (0.66H,
brs), 8.94 (0.33H, brs), 8.76 (1H, m), 8.73 (0.66H, d, J = 4.7 Hz), 8.68 (0.66H, d, J = 7.8 Hz), 8.53
(0.33H, d, J = 7.8 Hz), 8.48 (0.66H, s), 8.39 (0.33H, d, J = 8.0 Hz), 8.21 (0.66H, d, J = 7.7 Hz),
8.09 (0.33H, d, J = 7.8 Hz), 7.93 (0.33H, s), 7.50 (2H, m), 6.58 (0.33H, dt, J = 15.8, 6.4Hz), 6.42
(0.33H, d, J = 15.8 Hz), 6.38 (0.66H, d, J = 11.5 Hz), 5.87 (0.66H, dt, J =11.5, 7.6Hz), 5.70 (1H,
m), 4.91 (1H, d, J = 7.6 Hz), 3.27 (1H, d, J = 7.6 Hz), 3.23 (1H, d, J = 6.4 Hz), 2.91 (1H, m), 2.27
(1H, m), 2.09 (1H, m), 2.08 (1H, s), 2.05 (2H, s), 1.73 (3H, s), 1.71 (3H, s), 1.42 (0.66H, d, J = 5.3
Hz), 1.39 (0.33H, d, J = 5.3 Hz), 1.27 (2H, s), 1.26 (1H, s), 1.15 (2H, s), 1.14 (1H, s) (some
diastereomeric signals overlap); 3C NMR (150 MHz, CDCls) § 204.06, 203.72, 172.21, 166.91,
166.77, 156.22, 156.07, 155.86, 155.72, 152.20, 151.14, 150.50, 150.47, 150.34, 148.98,
148.53, 148.19, 140.35, 139.99, 137.29, 137.13, 136.02, 135.23, 134.98, 134.88, 134.65,
134.61, 134.55, 133.29, 132.35, 132.07, 131.86, 131.72, 126.22, 126.07, 125.95, 124.58,
124.04, 123.88, 123.40, 123.36, 120.69, 120.16, 72.75, 42.06, 42.03, 34.46, 34.43, 33.16,
33.14, 29.30, 27.06, 25.55, 22.98, 22.08, 20.40, 20.38, 18.50, 14.21, 14.17 (some
diastereomeric signals overlap). FTIR (v): 2924, 1710, 1655, 1591, 1385, 1282, 1235, 1192,
1153, 1114, 1022, 812, 708. HRMS calculated for C33H3sN4O3 [M+H]*: 535.2704, observed:
535.2704. [a]o2°= —48.5 (c = 1.0, CHCl3).

(S)-3-((2)-3-(3,6-di(pyridin-3-yl)pyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((Z)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 89b

Prepared as per general procedure using pyrethrin |1 5b (150 mg, 0.40 mmol), 3,6-(3"-pyridyl)-
1,2,4,5-tetrazine 73 (95 mg, 0.40 mmol) and dry THF (5 mL). The reaction was heated under

reflux for 24 h and solvent removed in vacuo without addition of DDQ. The subsequent
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mixture was purified by column chromatography (5% methanol in dichloromethane) giving

the adduct 89b as a mixture of isomers (107 mg, 46 %, d.r.1:2.3 (E:2)).

MeOQC

1H NMR (600 MHz, CDCls) § 9.49 (0.7H, brs), 9.31 (0.3H, brs), 9.21 (0.3H, brs), 9.01 (0.7H, brs),
8.93 (0.3H, brs), 8.76 (1H, m, ), 8.73 (0.7H, d, J = 4.9 Hz), 8.68 (0.7H, d, J = 8.0 Hz), 8.53 (0.3H,
d, J = 8.0 Hz), 8.46 (0.7H, s), 8.39 (0.3H, d, J = 8.0 Hz), 8.21 (0.7H, d, J = 7.8 Hz), 8.10 (0.3H, d,
J=7.8Hz),7.93 (0.3H, s), 7.48 (2H, m), 6.57 (0.3H, dt, J = 16.0, 6.3Hz), 6.46 (1H, m), 6.40 (1H,
m), 5.87 (0.7H, dt, J = 11.5, 7.7Hz), 5.70 (1H, d, J = 5.9 Hz), 3.74 (3H, s), 3.26 (1.3H, m), 3.22
(0.7H, d, J = 6.3 Hz), 2.93 (1H, m), 2.25 (2H, m), 2.08 (0.7H, s), 2.05 (2.3H, s), 1.95 (3H, s), 1.76
(0.7H, d, J=5.2 Hz), 1.71 (0.3H, d, J = 4.9 Hz), 1.32 (2.3H, s), 1.31 (0.7H, s), 1.24 (2.3H, s), 1.23
(0.7H, s) (some diastereomeric signals overlap); *3C NMR (150 MHz, CDCl3) § 203.77, 203.44,
171.13, 168.08, 166.44, 166.29, 165.42, 156.21, 156.07, 155.83, 155.70, 152.20, 151.15,
150.47, 150.36, 148.98, 148.50, 148.18, 140.62, 140.24, 138.82, 138.79, 137.30, 137.13,
135.08, 134.94, 134.87, 134.61, 134.51, 133.14, 132.33, 132.06, 131.84, 131.71, 126.21,
126.16, 124.54, 124.03, 123.89, 123.41, 120.17, 73.20, 51.83, 41.97, 35.65, 33.08, 33.03,
30.70, 27.05, 22.99, 22.30, 20.40, 14.21, 14.16, 12.89 (some diastereomeric signals overlap).
FTIR (v): 2953, 1710, 1650, 1591, 1386, 1263, 1222, 1149, 1112, 1023, 758, 709. HRMS
calculated for C34H3sN4Os [M+H]*: 579.2602, observed: 579.2595. [a]p?° = —10.8 (c = 0.7,
CHCls).

(S)-2-methyl-4-oxo-3-((Z)-3-(3-phenyl-6-(pyridin-4-yl)pyridazin-4-yl)allyl)cyclopent-2-en-1-yl
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 90a

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), 3,6-(4"-pyridyl)-
1,2,4,5-tetrazine 74 (108 mg, 0.46 mmol) and dry THF (5 mL). The reaction was heated under
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reflux for 8 h and the subsequent mixture purified by careful column chromatography (1:2:97

TEA:MeOH:DCM) giving the pyridazine adduct 90a (115 mg, 47%).

N
/

/
N
IH NMR (600 MHz, CDCl3) & 8.85 (2H, d, J = 4.7 Hz), 8.78 (2H, d, J = 4.7 Hz), 8.61 (1H, s), 8.26
(2H, d,J=4.8 Hz), 7.74 (2H, d, J = 4.8 Hz), 6.37 (1H, d, J = 11.6 Hz), 5.87 (1H, dt, J = 11.6, 7.6Hz),
5.72 (1H, d, J = 6.4 Hz), 4.91 (1H, d, J = 7.9 Hz), 3.26 (2H, d, J = 7.6 Hz), 2.95 (1H, dd, J = 6.4,
18.8 Hz), 2.31 (1H, d, J = 18.8 Hz), 2.11 (1H, m), 2.08 (3H, s), 1.73 (3H, s), 1.72 (3H, s), 1.41 (1H,
d,J=5.3 Hz), 1.27 (3H, s), 1.15 (3H, s); 13C NMR (150 MHz, CDCls) § 204.3, 172.3, 167.2, 157.3,
156.3, 151.0, 150.2, 143.9, 143.2, 140.3, 136.2, 134.8, 133.5, 125.9, 125.2, 124.2, 121.3,
120.8,72.9,42.2, 34.6,33.3,29.5,25.7, 23.1, 22.2, 20.5, 18.6, 14.4. FTIR (¥): 3030, 2922, 1707,
1653, 1598, 1577, 1409, 1282, 1152, 1064, 992, 829. HRMS calculated for CssHzsN4O3 [M+H]*:
535.2704, observed: 535.2701. [a]p2°= —40.9 (c = 0.2, CHCl3).

(S)-2-methyl-4-oxo-3-((Z)-3-(6-phenyl-3-(pyridin-4-yl)pyridazin-4-yl)allyl)cyclopent-2-en-1-yl
(1R,3R)-3-((Z)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 90b

Prepared as per general procedure using pyrethrin Il 5b (150 mg, 0.40 mmol), 3,6-(4'-pyridyl)-
1,2,4,5-tetrazine 74 (95 mg, 0.40 mmol) and dry THF (5 mL). The reaction was heated under
reflux for 8 h and then was purified by careful column chromatography (1:4:95

TEA:MeOH:DCM) giving the pyridazine adduct 90b (140 mg, 60%).

N
/
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IH NMR (600 MHz, CDCl3) & 8.83 (2H, d, J = 4.7 Hz), 8.77 (2H, d, J = 4.7 Hz), 8.60 (1H, s), 8.24
(2H, d,J= 4.8 Hz), 7.73 (2H, d, J = 4.8 Hz), 6.46 (1H, d, J = 9.6 Hz), 6.36 (1H, d, J = 11.5 Hz), 5.84
(1H, dt, J = 11.5, 7.8Hz), 5.71 (1H, d, J = 6.2 Hz), 3.72 (3H, s), 3.25 (2H, d, J = 7.8 Hz), 2.94 (1H,
dd, J = 6.2, 18.7 Hz), 2.29 (1H, d, J = 18.7 Hz), 2.23 (1H, m), 2.06 (3H, s), 1.94 (3H, s), 1.73 (1H,
d,J=5.0 Hz), 1.31 (3H, s), 1.23 (3H, s); 13C NMR (150 MHz, CDCl3) § 204.1, 171.3, 168.2, 166.8,
157.3, 156.3, 151.0, 150.2, 144.0, 143.2, 140.6, 138.9, 134.8, 133.4, 130.1, 126.0, 125.2,
124.2, 121.4, 73.3, 52.0, 42.2, 35.8, 33.2, 30.9, 23.1, 22.5, 20.6, 14.4, 13.0. FTIR (¥): 3031,
2952, 1706, 1649, 1598, 1578, 1434, 1410, 1385, 1262, 1221, 1174, 1148, 1111, 1056, 992,
915, 829, 729. HRMS calculated for C3aH3sN4Os [M+H]*: 579.2602, observed: 579.2593. [a]p?
= -89.8 (c = 0.3, CHCl3).

(S)-3-((2)-3-(3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)pyridazin-4-yl)allyl)-2-methyl-4-
oxocyclopent-2-en-1-yl (1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-

carboxylate 91a

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), 3,6-bis(3’,5'-
dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78 (125 mg, 0.46 mmol) and dry THF (5 mL). The
reaction was heated under reflux for 8 h and subsequently purified by column
chromatography (40% ethyl acetate in hexane) giving the pyridazine adduct 91a (110 mg,
42%).

IH NMR (600 MHz, CDCl3) & 8.29 (1H, s), 6.38 (1H, d, J = 11.7 Hz), 6.08 (1H, s), 6.02 (1H, s),
5.87 (1H, dt, J = 11.7, 7.4Hz), 5.65 (1H, d, J = 6.3 Hz), 4.89 (1H, d, J = 7.7 Hz), 3.26 (2H, d, J =
7.4 Hz), 2.86 (1H, dd, J = 6.3, 18.7 Hz), 2.77 (3H, s), 2.32 (3H, s), 2.31 (3H, s), 2.28 (3H, s), 2.22
(1H, d, J = 18.7 Hz), 2.08 (1H, m), 1.99 (3H, s), 1.72 (3H, s), 1.70 (3H, s), 1.38 (1H, d, J = 7.0 Hz),
1.25 (3H, s), 1.14 (3H, s); 13C NMR (150 MHz, CDCls) & 203.6, 172.4, 166.5, 156.3, 151.7, 150.5,
142.8, 141.9, 141.0, 136.0, 135.0, 123.2, 121.4, 120.8, 110.5, 107.2, 72.9, 42.0, 34.5, 33.1,
29.2,25.6,23.1,22.1,20.4,18.5, 15.1, 14.3, 13.7, 13.7, 11.9. FTIR (¥): 2929, 1713, 1653, 1567,
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1427, 1339, 1261, 1222, 1174, 1148, 1112, 970, 912, 738. HRMS calculated for C33H41NsO3
[M+H]*: 569.3235, observed: 569.3240. [a]p?® = 13.9 (c = 0.4, CHCl3).

(S)-3-((2)-3-(3,6-bis(3,5-dimethyl-1H-pyrazol-1-yl)pyridazin-4-yl)allyl)-2-methyl-4-
oxocyclopent-2-en-1-yl (1R,3R)-3-((Z)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-

dimethylcyclopropane-1-carboxylate 91b

Prepared as per general procedure using pyrethrin Il 5b (150 mg, 0.40 mmol), 3,6-bis(3’,5'-
dimethylpyrazol-1'-yl)-1,2,4,5-tetrazine 78 (108 mg, 0.40 mmol) and dry THF (5 mL). The
reaction was heated under reflux for 8 h and subsequently purified by column
chromatography (40% ethyl acetate in hexane) giving the pyridazine adduct 91b (110 mg,
45%).

MeOZC

1H NMR (600 MHz, CDCls) & 8.28 (1H, s), 6.46 (1H, d, J = 9.6 Hz), 6.44 (1H, d, J = 11.7 Hz), 6.08
(1H, s), 6.02 (1H, s), 5.87 (1H, dt, J = 11.7, 7.4Hz), 5.65 (1H, d, J = 6.3 Hz), 3.74 (3H, s), 3.26 (2H,
d,J=7.4Hz),2.88 (1H, dd, J = 6.3, 18.8 Hz), 2.77 (3H, s), 2.32 (3H, s), 2.31 (3H, s), 2.28 (3H, 3),
2.22 (2H, m), 1.99 (3H, s), 1.94 (3H, s), 1.29 (3H, s), 1.24 (1H, d, J = 7.0 Hz), 1.23 (3H, s); 13C
NMR (150 MHz, CDCls) 6 203.3, 171.1, 168.1, 166.0, 151.6, 150.4, 142.8, 141.8, 141.2, 138.9,
135.3,134.1, 129.8, 123.3, 121.4, 110.5, 107.2, 73.3, 51.8, 41.9, 35.7, 32.9, 30.3, 29.7, 23.0,
22.3, 20.4, 15.0, 14.3, 13.7, 13.6, 12.9, 11.9. FTIR (v): 2925, 1711, 1655, 1566, 1529, 1425,
1380, 1337, 1152, 1113, 969, 765. HRMS calculated for CssH41NgOs [M+H]*: 613.3133,
observed: 613.3127. [a]p?°= 13.3 (c = 0.8, CHCl3).

(S)-3-((2)-3-(3,6-dichloropyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-yl  (1R,3R)-2,2-
dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 92a and (S)-3-(3-(3,6-
dichloropyridazin-4-yl)propyl)-2-methyl-4-oxocyclopent-2-en-1-yl (1R,3R)-2,2-dimethyl-3-(2-
methylprop-1-en-1-yl)cyclopropane-1-carboxylate 93a
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Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), 3,6-dichloro-
1,2,4,5-tetrazine 80 (70 mg, 0.46 mmol) and dry THF (5 mL). The reaction was heated under
reflux for 8 h and the resulting mixture subjected to silica gel plug (50% ethyl acetate in

hexane) giving a mixture of 92a and 93a (31% mass yield, 1:2.3; 92a:93a).

N—N
. 0] Cl 7 —cl . 0]
T = T
o) — o)
0 0 =
92a 93a TN K

1H NMR (600 MHz, CDCls) & 7.50 (0.3H, brs), 7.44 (0.7H, brs), 6.56 (0.6H, m), 5.72 (0.3H, d, J =

Cl

6.3 Hz), 5.67 (0.7H, d, J = 6.2 Hz), 4.90 (1H, d, J = 7.6 Hz), 3.26 (0.6H, m), 2.92 (0.3H, dd, /= 6.3,
18.6 Hz), 2.86 (0.7H, dd, J = 6.2, 18.6 Hz), 2.72 (1.4H, m), 2.32 (1.4H, m), 2.27 (1H, d, J = 18.6
Hz), 2.09 (0.9H, s), 2.04 (2.1H, s), 1.81 (1.4H, m), 1.72 (3H, s), 1.72 (3H, s), 1.41 (1H, d, J = 5.3
Hz), 1.26 (3H, s), 1.14 (3H, s); 3C NMR (150 MHz, CDCls) & 204.44, 172.25, 167.18, 166.01,
162.24, 156.87, 156.04, 155.99, 154.28, 150.85, 143.57, 142.38, 139.60, 138.12, 137.64,
136.07, 135.99, 129.07, 124.37, 123.19, 120.71, 120.65, 72.76, 42.04, 41.98, 34.48, 33.18,
33.09,31.96, 29.24, 27.16, 25.65, 25.54, 22.53, 22.08, 20.39, 18.49, 14.23, 14.09 (some signals

overlap).

(S)-3-((2)-3-(3,6-dichloropyridazin-4-yl)allyl)-2-methyl-4-oxocyclopent-2-en-1-yl (1R,3R)-3-
((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 92b
and (S)-3-(3-(3,6-dichloropyridazin-4-yl)propyl)-2-methyl-4-oxocyclopent-2-en-1-yl (1R,3R)-3-

((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 93b

Prepared as per general procedure using pyrethrin Il 5b (150 mg, 0.40 mmol), 3,6-dichloro-
1,2,4,5-tetrazine 80 (60 mg, 0.40 mmol) and dry THF (5 mL). The reaction was heated under
reflux for 8 h and the resulting mixture subjected to silica gel plug (50% ethyl acetate in

hexane) giving a mixture of 92b and 93b (30% mass yield, 1:2.3; 92b:93b).

N—N
\
i, O/l, I / — ¢ 1y O/I,
[T _ [T
M902C M602C
o) —
C—\ /
92b 93b NN

C
o Cl
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IH NMR (600 MHz, CDCls) & 7.50 (0.3H, brs), 7.44 (0.7H, brs), 6.56 (0.6H, m), 6.45 (1H, d, J =
9.6 Hz), 5.72 (0.3H, d, J = 6.3 Hz), 5.67 (0.7H, d, J = 6.3 Hz), 3.73 (3H, s), 3.26 (0.6H, m), 2.93
(0.3H, dd, J = 6.3, 18.8 Hz), 2.88 (0.7H, dd, J = 6.3, 18.8 Hz), 2.72 (1.4H, m), 2.33 (1.4H, m), 2.23
(1H, m), 2.09 (0.9H, s), 2.04 (2.1H, s), 1.94 (3H, s), 1.81 (1.4H, m), 1.74 (1H, d, J = 5.2 Hz), 1.30
(3H, s), 1.24 (3H, s); 13C NMR (150 MHz, CDCls) & 204.16, 203.29, 171.16, 171.12, 168.09,
168.06, 166.71, 165.55, 156.85, 156.04, 155.98, 154.26, 143.54, 142.63, 139.86, 138.86,
138.75, 137.99, 137.61, 129.88, 129.82, 129.07, 124.38, 123.26, 73.22, 51.83, 41.95, 41.89,
35.69, 35.65, 33.07, 33.00, 31.97, 30.70, 30.65, 27.17, 25.61, 22.56, 22.29, 20.39, 14.20,

14.08, 12.87 (some signals overlap).

7.2.3 Mizoroki-Heck chemistry

General procedure for Mizoroki-Heck coupling of aryl iodides with pyrethrins

Pyrethrin 5 (150 mg, 0.46 mmol (pyrethrin | 5a) or 0.40 mmol (pyrethrin Il 5b)) was added to
a stirring mixture of silver acetate (1.5 eq), triphenylphosphine (7.5 mol%), palladium acetate
(2.5 mol%) and aryl iodide (1.2 eq) in dry acetonitrile (5 mL) under nitrogen. The resulting
mixture was allowed to stir at RT for 30 min before being refluxed for 16 h. The suspension
was cooled to RT and filtered over Celite. The filtrate was diluted with HCI (1 M) and extracted
with DCM. The organic fraction was dried (Na;SO4) and solvent removed in vacuo. The
resulting mixture was purified by column chromatography (ethyl acetate in hexane) as stated

to give the product.

lodobenzene with pyrethrin |

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), silver acetate
(117 mg, 0.70 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and iodobenzene (62 uL, 0.55 mmol) in dry acetonitrile (5 mL). The resulting mixture
was purified by column chromatography (10% ethyl acetate in hexane) giving 111a (48 mg,
26%) and 125a (55 mg, 30%).

(S)-2-methyl-4-oxo-3-((2E,4E)-5-phenylpenta-2,4-dien-1-yl)cyclopent-2-en-1-yl  (1R,3R)-2,2-

dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 111a
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1H NMR (600 MHz, CDCls) 6 7.34 (2H, d, J = 7.7 Hz), 7.29 (2H, dd, J = 7.3, 7.7 Hz), 7.19 (1H, t, J
= 7.3 Hz), 6.71 (1H, dd, J = 10.5, 15.7 Hz), 6.46 (1H, d, J = 15.7 Hz), 6.21 (1H, dd, J = 10.5, 15.1
Hz), 5.75 (1H, dt, J =15.1, 6.9 Hz), 5.68 (1H, d, J = 6.3 Hz), 4.90 (1H, d, J = 7.8 Hz), 3.08 (2H, d, J
= 6.8 Hz), 2.89 (1H, dd, J = 6.3, 18.7 Hz), 2.25 (1H, dd, J = 1.4, 18.7 Hz), 2.09 (1H, m), 2.06 (3H,
s), 1.72 (3H, s), 1.71 (3H, s), 1.41 (1H, d, J = 5.3 Hz), 1.26 (3H, s), 1.14 (3H, s); 3C NMR (150
MHz, CDCls) § 203.91, 172.35, 165.78, 141.59, 137.35, 135.96, 131.96, 131.35, 129.45, 128.63,
128.60, 127.39, 126.25, 120.82, 72.97, 42.10, 34.59, 33.03, 29.19, 26.35, 25.58, 22.13, 20.44,
18.53, 14.15. FTIR (¥): 3024, 2925, 1714, 1656, 1447, 1421, 1380, 1282, 1235, 1193, 1152,
1114, 990, 848, 749, 692. HRMS calculated for C7H3303 [M+H]*: 405.2424; observed:
405.2458. [a]p2° = —34.0 (c= 0.5, CHCl3).

(S)-2-methyl-4-oxo-3-((1E,3E)-5-phenylpenta-1,3-dien-1-yl)cyclopent-2-en-1-yl ~ (1R,3R)-2,2-

dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 125a

| (lfo \_
(@)

&

'H NMR (600 MHz, CDCl3) 6 7.38 (1H, dd, J = 10.4, 15.7 Hz), 7.29 (2H, dd, J = 7.3, 7.7 Hz), 7.20
(3H, m), 6.09 (3H, m), 5.68 (1H, d, / = 6.4 Hz), 4.91 (1H, d, J = 7.7 Hz), 3.47 (2H, d, J = 6.6 Hz),
2.90 (1H, dd, J = 6.4, 18.7 Hz), 2.27 (1H, dd, J = 1.9, 18.7 Hz), 2.08 (3H, s), 2.04 (1H, m), 1.72
(3H,s),1.71(3H,s), 1.41 (1H, d, J=5.4 Hz), 1.26 (3H, s), 1.14 (3H, s); 3C NMR (150 MHz, CDCls)
6 203.2, 172.4, 163.7, 139.8, 137.7, 136.4, 136.0, 135.7, 132.2, 128.7, 128.5, 126.2, 120.8,
118.8, 72.6, 42.8, 39.2, 34.6, 33.0, 29.2, 25.6, 20.5, 18.5, 14.2. FTIR (v): 3026, 2925, 1714,
1637, 1585, 1494, 1452, 1421, 1380, 1282, 1235, 1193, 1152, 1114, 985, 849, 748, 699. HRMS
calculated for C,7H3303 [M+H]*: 405.2424; observed: 405.2416. [a]p?° = —96.0 (c = 0.5, CHCIs).
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lodobenzene with pyrethrin I

Prepared as per general procedure using pyrethrin 1l 5b (150 mg, 0.40 mmol), silver acetate
(100 mg, 0.6 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 4-iodobenzene (54 pL, 0.48 mmol) in dry acetonitrile (5 mL). The resulting mixture
was purified by column chromatography (20% ethyl acetate in hexane) giving 111b (31 mg,
17%) and 125b (31 mg, 17%).

(S)-2-methyl-4-oxo-3-((2E,4E)-5-phenylpenta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-3-((E)-
3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 111b

1H NMR (600 MHz, CDCls)  7.35 (2H, d, J = 7.7 Hz), 7.29 (2H, dd, J = 7.3, 7.7 Hz), 7.20 (1H, t, J
= 7.3 Hz), 6.71 (1H, dd, J = 10.4, 15.7 Hz), 6.47 (2H, m), 6.21 (1H, dd, J = 10.4, 15.1 Hz), 5.75
(1H, dt, J =15.1, 6.9Hz), 5.68 (1H, d, J = 6.2 Hz), 3.73 (3H, s), 3.08 (2H, d, J = 6.9 Hz), 2.90 (1H,
dd, J = 6.2, 18.7 Hz), 2.24 (2H, m), 2.06 (3H, s), 1.95 (3H, s), 1.75 (1H, d, J = 5.2 Hz), 1.31 (3H,
s), 1.24 (3H, s); 3C NMR (150 MHz, CDCls) & 203.59, 171.22, 168.11, 165.25, 141.82, 138.96,
137.28, 132.01, 131.39, 129.78, 129.46, 128.57, 128.55, 127.38, 126.22, 73.42, 51.82, 41.99,
35.77,32.92, 30.58, 26.32, 22.32, 20.41, 14.11, 12.88. FTIR (¥): 3024, 2951, 1713, 1645, 1435,
1383, 1262, 1222, 1174, 1148, 1112, 992, 829, 750. HRMS calculated for CasH330s [M+H]*:
449.2323; observed: 449.2345. [a]p® = —36.7 (c = 0.3, CHCl3).

(S)-2-methyl-4-oxo-3-((1E,3E)-5-phenylpenta-2,4-dien-1-yl)cyclopent-2-en-1-yl (1R,3R)-3-((E)-

3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-carboxylate 125b

MeO,C
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1H NMR (600 MHz, CDCls) & 7.39 (1H, dd, J = 10.3, 15.7 Hz), 7.29 (2H, dd, J = 7.3, 7.7 Hz), 7.20
(3H, m), 6.45 (1H, d, J = 9.7 Hz), 6.11 (2H, m), 6.07 (1H, m), 5.66 (1H, d, J = 6.4 Hz), 3.73 (3H,
s), 3.47 (2H, d, J = 6.6 Hz), 2.91 (1H, dd, J = 6.4, 18.7 Hz), 2.26 (1H, dd, J = 2.0, 18.7 Hz), 2.22
(1H, m), 2.08 (3H, s), 1.94 (3H, s), 1.74 (1H, d, J = 5.3 Hz), 1.30 (3H, s), 1.23 (3H, s); 13C NMR
(150 MHz, CDCls) 6 202.9, 171.2,168.1, 164.4, 163.1, 139.0, 136.6, 135.9, 132.2, 129.8, 128.7,
128.5,126.2, 125.6, 118.6, 73.0,51.8,42.7,42.0, 39.2, 35.8, 32.9, 30.6, 22.3, 20.4, 14.2. 12.8.
FTIR (v): 2952, 1712, 1643, 1435, 1384, 1263, 1222, 1174, 1148, 1112, 995, 830, 760, 700.
HRMS calculated for CasH330s [M+H]*: 449.2323; observed: 449.2341. [a]p?° = -33.3 (c=0.3,
CHCls).

1-iodo-4-nitrobenzene with pyrethrin |

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), silver acetate
(117 mg, 0.70 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 1-iodo-4-nitrobenzene (136 mg, 0.55 mmol) in dry acetonitrile (5 mL). The
resulting mixture was purified by column chromatography (15% ethyl acetate in hexane)

giving 129a (90 mg, 44%).

(S)-2-methyl-3-((2E,4E)-5-(4-nitrophenyl)penta-2,4-dien-1-yl)-4-oxocyclopent-2-en-1-yl

(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 129a

0,

IH NMR (600 MHz, CDCls) & 8.14 (2H, d, J = 8.7 Hz), 7.45 (2H, d, J = 8.7 Hz), 6.85 (1H, dd, J =
10.5, 15.7 Hz), 6.50 (1H, d, J = 15.7 Hz), 6.25 (1H, dd, J = 10.5, 15.1 Hz), 5.90 (1H, dt, J =15.1,
6.9 Hz), 5.70 (1H, d, J = 6.2 Hz), 4.90 (1H, d, J = 6.8 Hz), 3.11 (2H, d, J = 6.9 Hz), 2.90 (1H, dd, J
=6.2,18.7 Hz), 2.26 (1H, dd, J = 1.4, 18.7 Hz), 2.09 (1H, m), 2.06 (3H, s), 1.71 (3H, s), 1.70 (3H,
s), 1.41 (1H, d, J = 5.2 Hz), 1.26 (3H, s), 1.14 (3H, s); 13C NMR (150 MHz, CDCls) 6 203.8, 172.3,
166.1, 143.9, 141.1, 136.0, 134.8, 133.3, 133.2, 131.3, 129.5, 128.9, 126.6, 124.5, 124.1,
123.7, 120.8, 72.9, 42.1, 34.6, 33.1, 29.3, 26.5, 25.6, 22.1, 20.4, 18.5, 14.2. FTIR (¥): 2926,
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1711, 1656, 1591, 1421, 1380, 1340, 1282, 1193, 1152, 1112, 991, 863, 849, 826, 747. HRMS
calculated for C27H32NOs [M+H]*: 450.2275; observed: 450.2303. [a]p?°= —55.6 (c = 0.9, CHCIs).

1-iodo-4-nitrobenzene with pyrethrin Il

Prepared as per general procedure using pyrethrin 1l 5b (150 mg, 0.40 mmol), silver acetate
(100 mg, 0.6 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 1-iodo-4-nitrobenzene (120 mg, 0.48 mmol) in dry acetonitrile (5 mL). The
resulting mixture was purified by column chromatography (25% ethyl acetate in hexane)

giving 129b (62 mg, 31%).

(S)-2-methyl-3-((2E,4E)-5-(4-nitrophenyl)penta-2,4-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 129b

IH NMR (600 MHz, CDCls) & 8.15 (2H, d, J = 8.7 Hz), 7.46 (2H, d, J = 8.7 Hz), 6.85 (1H, dd, J =
10.4, 15.6 Hz), 6.50 (1H, d, J = 15.6 Hz), 6.46 (1H, d, J = 9.5 Hz), 6.25 (1H, dd, J = 10.4, 15.1 Hz),
5.90 (1H, dt, J =15.1, 6.8 Hz), 5.70 (1H, d, J = 6.3 Hz), 3.73 (3H, s), 3.12 (2H, d, J = 6.8 Hz), 2.91
(1H, dd, J = 6.3, 18.7 Hz), 2.24 (2H, m), 2.06 (3H, s), 1.95 (3H, s), 1.74 (1H, d, J = 5.2 Hz), 1.31
(3H, s), 1.24 (3H, s); 13C NMR (150 MHz, CDCls) & 203.51, 171.19, 168.12, 165.59, 146.60,
143.86, 151.31, 138.89, 133.10, 133.07, 131.37, 129.83, 128.97, 126.53, 124.08, 73.33, 51.84,
41.95,35.73,32.99, 30.63, 26.45, 22.32, 20.40, 14.12, 12.88. FTIR (v): 2951, 2926, 1710, 1642,
1592, 1515, 1435, 1383, 1340, 1263, 1222, 1175, 1148, 1111, 992, 827, 748. HRMS calculated
for C2sH32NO7 [M+H]*: 494.2173; observed: 494.2182. [a]p2°= —23.3 (c = 0.6, CHCls).

1-iodo-3-nitrobenzene and pyrethrin |
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Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), silver acetate
(117 mg, 0.70 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 1-iodo-3-nitrobenzene (136 mg, 0.55 mmol) in dry acetonitrile (5 mL). The
resulting mixture was purified by column chromatography (10% ethyl acetate in hexane)

giving 130a (60 mg, 30%) and 135a (40 mg, 19%).

(S)-2-methyl-3-((1E,3E)-5-(3-nitrophenyl)penta-1,3-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 130a

O,N

1H NMR (600 MHz, CDCls) & 8.19 (1H, brs), 8.04 (1H, dd, J = 1.9, 8.2 Hz), 7.63 (1H, d, J = 7.7
Hz), 7.45 (1H, dd, J = 7.7, 8.2Hz), 6.82 (1H, dd, J = 10.4, 15.7 Hz), 6.49 (1H, d, J = 15.7 Hz), 6.24
(1H, dd, J = 10.4, 15.1 Hz), 5.86 (1H, dt, J = 15.1, 6.9Hz), 5.70 (1H, d, J = 6.3 Hz), 4.91 (1H, d, J
=7.7 Hz), 3.11 (2H, d, J = 6.9 Hz), 2.90 (1H, dd, J = 6.3, 18.7 Hz), 2.27 (1H, dd, J = 1.9, 18.7 Hz),
2.09 (1H, m), 2.07 (3H, s), 1.72 (3H, s), 1.71 (3H, s), 1.42 (1H, d, J = 5.4 Hz), 1.26 (3H, s), 1.14
(31H, s); 3C NMR (150 MHz, CDCls) 203.8, 172.3, 166.0, 148.7, 141.2, 139.2, 136.0, 132.3,
131.9,131.6,131.2,129.5,128.6,121.8, 120.8, 120.6, 72.9, 42.1, 34.5, 33.1, 29.2, 26.4, 25.6,
22.1,20.4, 18.5, 14.2. FTIR (v): 2925, 2872, 1713, 1655, 1529, 1422, 1380, 1350, 1282, 1235,
1193, 1153, 1114, 991, 854, 822, 734. HRMS calculated for C;7H3,NOs [M+H]*: 450.2275;
observed: 450.2270. [a]p?°= —44.8 (c = 0.6, CHCl3).

(S)-2-methyl-3-((1E,3E)-5-(3-nitrophenyl)penta-1,3-dien-1-yl)-4-oxocyclopent-2-en-1-yl

(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 135a
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IH NMR (600 MHz, CDCl3) 6 8.09 (1H, d, J = 8.1 Hz), 8.06 (1H, brs), 7.52 (1H, d, J = 7.5 Hz), 7.47
(1H, dd, J = 7.5, 8.1 Hz), 7.41 (1H, dd, J = 10.4, 15.4 Hz), 6.17 (2H, m), 6.03 (1H, m), 5.68 (1H,
d,J = 6.4 Hz), 4.91 (1H, d, J = 7.8 Hz), 3.57 (2H, d, J = 6.8 Hz), 2.91 (1H, dd, J = 6.4, 18.7 Hz),
2.28 (1H, dd, J = 1.9, 18.7 Hz), 2.10 (3H, s), 2.08 (1H, m), 1.72 (3H, s), 1.71 (3H, s), 1.41 (1H, d,
J=5.2 Hz), 1.26 (3H, s), 1.14 (3H, s); 13C NMR (150 MHz, CDCls) & 203.1, 172.3, 164.4, 148.5,
141.9, 137.4, 136.0, 135.0, 134.9, 134.0, 133.5, 129.4, 123.6, 121.5, 120.8, 119.8, 72.5, 42.8,
38.7, 34.6, 33.0, 29.2, 25.6, 22.1, 20.4, 18.5, 14.2. FTIR (¥): 2922, 2872, 1713, 1583, 1529,
1422, 1380, 1351, 1282, 1234, 1193, 1152, 1114, 1082, 996, 849, 805, 733. HRMS calculated
for C27H3NOs [M+H]*: 450.2275; observed: 450.2279. [a]o2’= —128.9 (c = 0.4, CHCl3).

1-iodo-3-nitrobenzene and pyrethrin Il

Prepared as per general procedure using pyrethrin 1l 5b (150 mg, 0.40 mmol), silver acetate
(100 mg, 0.6 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 1-iodo-3-nitrobenzene (120 mg, 0.48 mmol) in dry acetonitrile (5 mL). The
resulting mixture was purified by column chromatography (20% ethyl acetate in hexane)

giving 130b (30 mg, 15%) and 135b (21 mg, 11%).

(S)-2-methyl-3-((2E,4E)-5-(3-nitrophenyl)penta-2,4-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 130b
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IH NMR (600 MHz, CDCls) 6 8.20 (1H, brs), 8.04 (1H, d, J = 8.1 Hz), 7.64 (1H, d, J = 7.6 Hz), 7.46
(1H, dd, J= 7.6, 8.1 Hz), 6.82 (1H, dd, J = 10.4, 15.6 Hz), 6.50 (1H, d, J = 15.6 Hz), 6.46 (1H, d, J
=9.6 Hz), 6.24 (1H, dd, J = 10.4, 15.1 Hz), 5.87 (1H, dt, J =15.1, 6.9 Hz), 5.70 (1H, d, J = 6.4 Hz),
3.74 (3H, s), 3.11 (2H, d, J = 6.9 Hz), 2.91 (1H, dd, J = 6.4, 18.7 Hz), 2.24 (2H, m), 2.07 (3H, s),
1.96 (3H, s), 1.75 (1H, d, J = 5.2 Hz), 1.32 (3H, s), 1.25 (3H, s); 13C NMR (150 MHz, CDCls) &
203.5, 171.2, 168.1, 165.5, 148.7, 141.4, 139.2, 138.9, 132.1, 131.9, 131.5, 131.2, 129.8,
1295, 128.7,121.8,120.6, 73.4,51.8,42.0, 35.8, 24.0, 30.6, 26.4, 22.3, 20.4, 14.1, 12.9. FTIR
(v): 2957, 2925, 1712, 1644, 1529, 1435, 1383, 1351, 1263, 1222, 1175, 1148, 1112, 992, 823,
735. HRMS calculated for C2gH32NO7 [M+H]*: 494.2173; observed: 494.2187. [a]p?°= —20.0 (c
= 0.3, CHCl3).

(S)-2-methyl-3-((1E,3E)-5-(3-nitrophenyl)penta-1,3-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 135b

T T O \
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1H NMR (600 MHz, CDCls) & 8.08 (1H, d, J = 8.1 Hz), 8.06 (1H, brs), 7.51 (1H, d, J = 7.6 Hz), 7.47
(1H, dd, J = 7.6, 8.1 Hz), 7.42 (1H, dd, J = 10.6, 15.6 Hz), 6.46 (1H, d, J = 9.7 Hz), 6.17 (2H, m),
6.04 (1H, m), 5.68 (1H, d, J = 6.5 Hz), 3.74 (3H, s), 3.58 (2H, d, J = 6.9 Hz), 2.92 (1H, dd, J = 6.5,
18.7 Hz), 2.28 (1H, dd, J = 1.9, 18.7 Hz), 2.23 (1H, m), 2.10 (3H, s), 1.95 (3H, s), 1.75 (1H, d, J =
5.3 Hz), 1.31 (3H, s), 1.24 (3H, s); 3C NMR (150 MHz, CDCls) & 202.8, 171.2, 168.1, 163.8,
141.8,138.9, 137.6, 135.2, 134.9, 134.1, 133.4, 129.8, 129.4, 123.5, 123.3, 121.5, 119.6, 73.0,
51.8,43.0, 38.7, 35.8, 32.9, 30.6, 22.3, 20.4, 14.2, 12.9. FTIR (¥): 2957, 2925, 2854, 1712, 1642,
1529, 1435, 1385, 1351, 1262, 1222, 1174, 1148, 1112, 996, 825, 734. HRMS calculated for
C2sH3:NO7 [M+H]*: 494.2173; observed: 494.2175. [a]p2%= —105.0 (c = 0.2, CHCl3).

1-iodo-2-nitrobenzene and pyrethrin |
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Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), silver acetate
(117 mg, 0.70 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 1-iodo-2-nitrobenzene (136 mg, 0.55 mmol) in dry acetonitrile (5 mL). The
resulting mixture was purified by column chromatography (15% ethyl acetate in hexane)

giving 131a (61 mg, 30%) and 136a (15 mg, 7%).

(S)-2-methyl-3-((2E,4E)-5-(2-nitrophenyl)penta-2,4-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 131a

o,

IH NMR (600 MHz, CDCls) & 7.88 (1H, d, J = 8.2 Hz), 7.61 (1H, d, J = 8.0 Hz), 7.53 (1H, dd, J =
8.0, 7.7 Hz), 7.34 (1H, dd, J = 8.2, 7.7 Hz), 6.94 (1H, d, J = 15.5 Hz), 6.71 (1H, dd, J = 10.4, 15.5
Hz), 6.25 (1H, dd, J = 10.4, 15.1 Hz), 5.89 (1H, dt, J = 15.1, 6.7 Hz), 5.70 (1H, d, J = 6.3 Hz), 4.91
(1H, d, J = 7.1 Hz), 3.09 (2H, d, J = 6.7 Hz), 2.90 (1H, dd, J = 6.3, 18.7 Hz), 2.26 (1H, d, J = 18.7
Hz), 2.10 (1H, m), 2.07 (3H, s), 1.72 (3H, s), 1.71 (3H, s), 1.43 (1H, d, J = 5.3 Hz), 1.27 (3H, s),
1.15 (3H, s); 13C NMR (150 MHz, CDCls) & 203.8, 172.3, 166.1, 147.8, 141.1, 135.9, 133.8,
132.8,132.7,132.7, 131.4, 127.7, 125.5, 124.7, 120.8, 72.9, 42.1, 35.5, 33.0, 29.2, 26.4, 25.5,
22.1,20.4, 18.5, 14.1. FTIR (V): 2925, 2857, 1713, 1656, 1604, 1523, 1442, 1421, 1345, 1282,
1235, 1193, 1152, 1114, 991, 859, 783, 742. HRMS calculated for Cp7H3;NOs [M+H]*:
450.2275; observed: 450.2284. [a]p®= —28.3 (c = 0.6, CHCl3).

(S)-2-methyl-3-((1E,3E)-5-(2-nitrophenyl)penta-1,3-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-

carboxylate 136a
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'H NMR (600 MHz, CDCl3) 6 7.93 (1H, d, J = 8.2 Hz), 7.54 (1H, dd, J = 7.5, 8.0 Hz), 7.36 (3H, m),
6.15 (2H, m), 6.03 (1H, m), 5.67 (1H, d, /= 6.4 Hz), 4.90 (1H, d, /= 7.9 Hz), 3.76 (2H, d, /= 6.8
Hz), 2.89 (1H, dd, J = 6.4, 18.7 Hz), 2.27 (1H, dd, J = 2.2, 18.7 Hz), 2.08 (3H, s), 2.07 (1H, m),
1.72 (3H,s), 1.70 (3H, s), 1.40 (1H, d, J = 5.4 Hz), 1.25 (3H, s), 1.13 (3H, s); 3C NMR (150 MHz,
CDCl3) 6 203.1, 172.3, 164.2, 137.4, 135.9, 135.1, 134.8, 133.4, 133.3, 133.1, 131.9, 127.4,
124.8, 120.8, 119.6, 72.5, 42.7, 36.1, 34.6, 33.0, 29.1, 25.5, 22.1, 20.4, 14.2. FTIR (v): 2925,
2860, 1713, 1608, 1583, 1526, 1421, 1379, 1350, 1282, 1234, 1193, 1152, 1114, 1081, 1064,
995, 857, 786, 745. HRMS calculated for CagH3;NO7 [M+H]*: 450.2275; observed: 450.2268.
[a]p?°= —133.3 (c = 0.2, CHCl3).

1-iodo-2-nitrobenzene and pyrethrin Il

Prepared as per general procedure using pyrethrin Il 5b (150 mg, 0.40 mmol), silver acetate
(100 mg, 0.6 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 1-iodo-2-nitrobenzene (120 mg, 0.48 mmol) in dry acetonitrile (5 mL). The
resulting mixture was purified by column chromatography (25% ethyl acetate in hexane)

giving 131b (40 mg, 20%) and 136b (24 mg, 12%).

(S)-2-methyl-3-((2E,4E)-5-(2-nitrophenyl)penta-2,4-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 131b

1H NMR (600 MHz, CDCls) & 7.88 (1H, d, J = 8.1 Hz), 7.61 (1H, d, J = 8.1 Hz), 7.53 (1H, dd, J =
7.4,8.1 Hz), 7.34 (1H, dd, J = 7.4, 8.1 Hz), 6.94 (1H, d, J = 15.5 Hz), 6.71 (1H, dd, J = 10.4, 15.5
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Hz), 6.46 (1H, d, J = 9.6 Hz), 6.25 (1H, dd, J = 10.4, 15.2 Hz), 5.88 (1H, dt, J =15.2, 6.8 Hz), 5.70
(1H, d,J = 6.3 Hz), 3.73 (3H, s), 3.10 (2H, d, J = 6.8 Hz), 2.91 (1H, dd, J = 6.3, 18.8 Hz), 2.25 (2H,
m), 2.07 (3H, s), 1.95 (3H, s), 1.76 (1H, d, J = 5.2 Hz), 1.32 (3H, s), 1.24 (3H, s); 13C NMR (150
MHz, CDCls) 6 203.56,171.21, 168.11, 165.65, 141.41, 138.94, 133.71, 132.83, 132.52, 131.47,
129.80, 127.69, 127.67, 125.55, 124.67, 73.39, 51.82, 41.98, 35.75, 32.97, 30.62, 26.38, 22.32,
20.42, 14.14, 12.89. FTIR (¥): 2952, 2926, 1712, 1643, 1523, 1435, 1345, 1264, 1222, 1175,
1149, 1112, 992, 830, 743. HRMS calculated for CasH3;NO7 [M+H]*: 494.2173; observed:
494.2180. [a]p2°= —20.8 (c = 0.2, CHCl3).

(S)-2-methyl-3-((1E,3E)-5-(2-nitrophenyl)penta-1,3-dien-1-yl)-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 136b

1H NMR (600 MHz, CDCls) & 7.87 (1H, d, J = 8.0 Hz), 7.47 (1H, dd, J = 7.7, 8.0 Hz), 7.31 (3H, m),
6.46 (1H, d, J = 10.5 Hz), 6.15 (2H, m), 6.04 (1H, m), 5.67 (1H, d, J = 6.5 Hz), 3.77 (2H, d, J = 6.8
Hz), 3.73 (3H, s), 2.92 (1H, dd, J = 6.5, 18.7 Hz), 2.27 (1H, dd, J = 2, 18.7 Hz), 2.09 (3H, s), 1.94
(3H, s), 1.74 (1H, d, J = 5.3 Hz), 1.30 (3H, s), 1.23 (3H, s); 13C NMR (150 MHz, CDCls) & 202.8,
171.2, 168.1, 163.8, 141.8, 138.9, 137.6, 135.1, 134.9, 134.1, 133.4, 129.4, 123.5, 121.5,
119.6,72.9,51.8,42.7,38.7,35.8, 32.9, 30.6, 22.3, 20.4, 14.2, 12.9. FTIR (V): 2954, 2926, 1712,
1526, 1435, 1348, 1263, 1222, 1148, 1112, 996, 744. HRMS calculated for C2sH3NO7 [M+H]*:
494.2173; observed: 494.2191. [a]p®= —38.1 (c = 0.2, CHCl3).

4-iodoanisole and pyrethrin |

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), silver acetate
(117 mg, 0.70 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01

mmol) and 4-iodoanisole (129 mg, 0.55 mmol) in dry acetonitrile (5 mL). The resulting mixture
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was purified by column chromatography (10% ethyl acetate in hexane) giving 132a (15 mg,
8%) and 137a (25 mg, 13%).

(S)-3-((2E,4E)-5-(4-methoxyphenyl)penta-2,4-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 132a

IH NMR (600 MHz, CDCls) § 7.29 (2H, d, J = 8.7 Hz), 6.83 (2H, d, J = 8.7 Hz), 6.58 (1H, dd, J =
10.3, 15.6 Hz), 6.41 (1H, d, J=15.6 Hz), 6.19 (1H, dd, J = 10.3, 15.1 Hz), 5.68 (2H, m), 4.90 (1H,
d, J=7.6 Hz), 3.79 (3H, s), 3.06 (2H, d, J = 6.8 Hz), 2.88 (1H, dd, J = 6.3, 18.7 Hz), 2.25 (1H, dd,
J=1.6,18.7 Hz), 2.09 (1H, m), 2.05 (3H, s), 1.72 (3H, s), 1.71 (3H, s), 1.41 (1H, d, J = 5.3 Hz),
1.26 (3H, s), 1.14 (3H, s); 3C NMR (150 MHz, CDCl5) § 203.9, 172.3, 165.6, 159.1, 141.7, 135.9,
132.1, 130.9, 130.2, 128.4, 127.4, 126.6, 120.8, 114.1, 73.0, 55.3, 42.1, 34.6, 33.0, 29.2, 26.3,
25.6, 22.1, 20.4, 18.5, 14.1. FTIR (v): 2927, 1713, 1656, 1604, 1510, 1442, 1421, 1381, 1282,
1251,1193,1152,1116,1033, 989, 828, 760. HRMS calculated for C2sH3504 [M+H]*: 435.2530;
observed: 435.2527. [a]p?°= —26.7 (c = 0.2, CHCl3).

(S)-3-((1E,3E)-5-(4-methoxyphenyl)penta-1,3-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 137a

| (lfo \
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1H NMR (600 MHz, CDCls) & 7.38 (1H, dd, J = 10.3, 15.7 Hz), 7.09 (2H, d, J = 8.5 Hz), 6.84 (2H,
d, J = 8.5 Hz), 6.10 (2H, m), 6.03 (1H, m), 5.67 (1H, d, J = 6.3 Hz), 4.90 (1H, d, J = 7.6 Hz), 3.79
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(3H, s), 3.41 (2H, d, J = 6.5 Hz), 2.90 (1H, dd, J = 6.3, 18.7 Hz), 2.28 (1H, dd, J = 2.0, 18.7 Hz),
2.08 (4H, m), 1.72 (3H, s), 1.71 (3H, s), 1.40 (1H, d, J = 5.4 Hz), 1.26 (3H, s), 1.14 (3H, s); 3C
NMR (150 MHz, CDCls) 6 203.2, 172.3, 163.6, 158.1, 137.7, 136.9, 135.9, 135.7, 131.9, 131.8,
129.6,120.8, 118.6, 113.9, 72.5, 55.3, 42.7, 38.3, 34.6, 33.0, 29.1, 25.5, 22.1, 20.4, 18.5, 14.2.
FTIR (v): 2927,1714, 1611, 1584, 1511, 1421, 1380,1300, 1282, 1246, 1193, 1152, 1114, 1082,
995, 846, 819. HRMS calculated for CagH3s04 [M+H]*: 435.2530; observed: 435.2537. [a]p?’=
~112.0 (c = 0.3, CHCl3).

4-iodoanisole and pyrethrin Il

Prepared as per general procedure using pyrethrin Il 5b (150 mg, 0.40 mmol), silver acetate
(100 mg, 0.6 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 4-iodoanisole (112 mg, 0.48 mmol) in dry acetonitrile (5 mL). The resulting mixture
was purified by column chromatography (20% ethyl acetate in hexane) giving 132b (24 mg,
13%) and 137b (28 mg, 15%).

(S)-3-((2E,4E)-5-(4-methoxyphenyl)penta-2,4-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 132b

IH NMR (600 MHz, CDCls) & 7.28 (2H, d, J = 8.5 Hz), 6.83 (2H, d, J = 8.5 Hz), 6.57 (1H, dd, J =
10.4, 15.6 Hz), 6.46 (1H, d, J = 9.7 Hz), 6.42 (1H, d, J = 15.6 Hz), 6.19 (1H, dd, J = 10.4, 15.2 Hz),
5.68 (2H, m), 3.79 (3H, s), 3.73 (3H, s), 3.07 (2H, d, J = 6.7 Hz), 2.89 (1H, dd, J = 6.2, 18.7 Hz),
2.23 (2H, m), 2.05 (3H, s), 1.94 (3H, s), 1.75 (1H, d, J = 5.2 Hz), 1.31 (3H, s), 1.24 (3H, s); 3C
NMR (150 MHz, CDCls) § 203.6, 171.2, 168.1, 165.2, 159.1, 142.0, 139.0, 132.2, 130.9, 129.8,
128.2,127.4,126.6, 114.1, 73.4, 55.3, 51.8, 42.0, 35.8, 32.9, 30.6, 26.3, 22.3, 20.4, 14.1, 12.9.
FTIR (¥): 2951, 1712, 1646, 1605, 1510, 1436, 1383, 1252, 1222, 1175, 1149, 1112, 1034, 991,
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828, 761. HRMS calculated for C29H3506 [M+H]*: 479.2428; observed: 479.2442. [a]p?°= —29.2
(c=0.2, CHCl3).

(S)-3-((1E,3E)-5-(4-methoxyphenyl)penta-1,3-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 137b

MeOQC
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H NMR (600 MHz, CDCls) 6 7.39 (1H, dd, J = 10.2, 15.6 Hz), 7.10 (2H, d, J = 8.5 Hz), 6.84 (2H,
d, J=8.5Hz), 6.46 (1H, d, J = 9.5 Hz), 6.09 (3H, m), 5.67 (1H, d, J = 6.4 Hz), 3.79 (3H, s), 3.74
(3H, s), 3.41 (2H, d, J = 6.5 Hz), 2.91 (1H, dd, J = 6.4, 18.7 Hz), 2.26 (1H, dd, J = 1.9, 18.7 Hz),
2.22 (1H, m), 2.08 (3H, s), 1.95 (3H, s), 1.74 (1H, d, J = 5.3 Hz), 1.31 (3H, s), 1.23 (3H, s); 13C
NMR (150 MHz, CDCls) 6 202.9, 171.2, 163.0, 158.1, 139.0, 137.8, 137.1, 135.9, 131.8, 131.7,
129.8,129.6, 118.5, 113.9, 73.0, 55.3,51.8, 42.7, 38.3, 35.8, 32.9, 30.5, 22.3, 20.4, 14.2, 12.9.
FTIR (v): 2951, 1641, 1610, 1511, 1435, 1385, 1247, 1222, 1148, 1112, 996, 828. HRMS
calculated for Ca9H3s0s [M+H]*: 479.2428; observed: 479.2442. [a]p*°= —90.0 (c = 0.2, CHCIs).

3-iodoanisole and pyrethrin |

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), silver acetate
(117 mg, 0.70 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 3-iodoanisole (129 mg, 0.55 mmol) in dry acetonitrile (5 mL). The resulting mixture
was purified by column chromatography (10% ethyl acetate in hexane) giving 133a (16 mg,
8%) and 138a (36 mg, 18%).

(S)-3-((2E,4E)-5-(3-methoxyphenyl)penta-2,4-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl

(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 133a
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1H NMR (600 MHz, CDCls) 6 7.20 (1H, dd, J = 7.7, 8.2 Hz), 6.95 (1H, d, J = 7.7 Hz), 6.88 (1H, brs),
6.75 (1H, dd, J = 2.5, 8.2 Hz), 6.69 (1H, dd, J = 10.4, 15.7 Hz), 6.43 (1H, d, J = 15.7 Hz), 6.20 (1H,
dd, J = 10.4, 15.1 Hz), 5.76 (1H, dt, J = 6.8, 15.1 Hz), 5.69 (1H, d, J = 6.2 Hz), 4.90 (1H, d, J = 7.7
Hz), 3.80 (3H, s), 3.07 (2H, d, J = 6.9 Hz), 2.88 (1H, dd, J = 6.2, 18.7 Hz), 2.26 (1H, dd, J = 1.7,
18.7 Hz), 2.09 (1H, m), 2.05 (3H, s), 1.72 (3H, s), 1.71 (3H, s), 1.42 (1H, d, J = 5.5 Hz), 1.26 (3H,
s), 1.14 (3H, s); 13C NMR (150 MHz, CDCls) & 203.9, 172.3, 165.8, 159.8, 141.5, 138.8, 135.9,
131.8,131.2,129.8,129.5, 128.9,120.8, 119.0, 113.1, 111.4, 72.9, 55.2, 42.1, 34.5, 33.0, 29.2,
26.3, 25.5, 22.1, 20.4, 18.5, 14.1. FTIR (¥): 2952, 1713, 1655, 1596, 1577, 1488, 1433, 1380,
1263, 1193, 1154, 1114, 1044, 990, 849, 777, 688. HRMS calculated for CagH3s0a [M+H]*:
435.2530; observed: 435.2544. [a]p®= —120.0 (c = 0.2, CHCl3).

(S)-3-((1E,3E)-5-(3-methoxyphenyl)penta-1,3-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 138a

| ,,Ilcn)/O,,, \ \
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1H NMR (600 MHz, CDCls)  7.38 (1H, dd, J = 10.5, 15.8 Hz), 7.21 (1H, dd, J = 7.7, 8.2 Hz), 6.76
(2H, m), 6.73 (1H, brs), 6.17 (2H, m), 6.05 (1H, m), 5.67 (1H, d, J = 6.4 Hz), 4.91 (1H, d, J = 7.7
Hz), 3.79 (3H, s), 3.45 (2H, d, J = 6.8 Hz), 2.90 (1H, dd, J = 6.4, 18.7 Hz), 2.27 (1H, dd, J = 2.2,
18.7 Hz), 2.09 (3H, s), 2.07 (1H, m), 1.72 (3H, s), 1.71 (3H, s), 1.40 (1H, d, J = 5.3 Hz), 1.26 (3H,
s), 1.14 (3H, s); 13C NMR (150 MHz, CDCls) & 203.2, 172.3, 163.7, 159.8, 141.4, 137.6, 136.1,
135.9, 135.6,132.3,129.4, 121.0, 120.8, 118.8, 114.3, 111.6, 72.5, 55.2, 42.7, 39.2, 34.6, 33.0,
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29.1, 22.1, 20.4, 18.5, 14.2. FTIR (v): 2926, 1714, 1600, 1585, 1489, 1435, 1379, 1281, 1258,
1235, 1193, 1152, 1114, 1049, 995, 850, 778, 695. HRMS calculated for CzgH3505 [M+H]*:
435.2530; observed: 435.2527. [a]p?°= —125.7 (c = 0.4, CHCl3).

3-iodoanisole and pyrethrin I

Prepared as per general procedure using pyrethrin 1l 5b (150 mg, 0.40 mmol), silver acetate
(100 mg, 0.6 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 3-iodoanisole (112 mg, 0.48 mmol) in dry acetonitrile (5 mL). The resulting mixture
was purified by column chromatography (20% ethyl acetate in hexane) giving 133b (17 mg,
7%) and 138b (26 mg, 13%).

(S)-3-((2E,4E)-5-(3-methoxyphenyl)penta-2,4-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 133b

'H NMR (600 MHz, CDCl3) § 7.14 (1H, dd, J = 7.6, 8.1 Hz), 6.89 (1H, d, J = 7.6 Hz), 6.82 (1H, brs),
6.70 (1H, dd, J = 2.2, 8.1 Hz), 6.63 (1H, dd, J = 10.4, 15.6 Hz), 6.38 (2H, m), 6.14 (1H, dd, J =
10.4, 15.1 Hz), 5.68 (1H, dt, J = 15.1, 6.8 Hz), 5.61 (1H, d, J = 6.4 Hz), 3.74 (3H, s), 3.66 (3H, s),
3.01 (2H, d, J = 6.8 Hz), 2.83 (1H, dd, J = 6.4, 18.8 Hz), 2.16 (2H, m), 1.99 (3H, s), 1.88 (3H, s),
1.69 (1H, d, J = 5.2 Hz), 1.24 (3H, s), 1.17 (3H, s); 3C NMR (150 MHz, CDCls) § 203.6, 171.2,
168.1, 165.3, 159.8, 141.8, 139.0, 131.9, 131.3, 129.7, 129.5, 128.9, 119.0, 113.1, 111.4, 73.4,
55.2,51.8,42.0, 35.8,32.9, 30.6, 26.3, 22.3, 20.4, 14.1, 12.9. FTIR (V): 2952, 1712, 1647, 1597,
1434, 1383, 1263, 1222, 1156, 1112, 1049, 991, 689. HRMS calculated for Ca9H3506 [M+H]*:
479.2428; observed: 479.2443. [a]p?°= —117.6 (c = 0.2, CHCls).
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(S)-3-((1E,3E)-5-(3-methoxyphenyl)penta-1,3-dien-1-yl)-2-methyl-4-oxocyclopent-2-en-1-yl
(1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-1-
carboxylate 138b

MeOzC
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1H NMR (600 MHz, CDCls) & 7.32 (1H, dd, J = 10.4, 15.7 Hz), 7.14 (1H, dd, J = 7.7, 8.2 Hz), 6.70
(2H, m), 6.66 (1H, brs), 6.39 (1H, d, J = 9.4 Hz), 6.05 (2H, m), 5.98 (1H, m), 5.61 (1H, d, J = 6.4
Hz), 3.72 (3H, s), 3.66 (3H, s), 3.38 (2H, d, J = 6.7 Hz), 2.84 (1H, dd, J = 6.4, 18.7 Hz), 2.20 (1H,
dd, J = 2.0, 18.7 Hz), 2.16 (1H, m), 2.02 (3H, s), 1.88 (3H, s), 1.68 (1H, d, J = 5.3 Hz), 1.24 (3H,
s), 1.16 (3H, s); 13C NMR (150 MHz, CDCls) 6§ 202.9, 171.2, 168.1, 159.7, 139.0, 137.8, 136.3,
135.8, 132.2,129.7,129.4, 121.0, 118.7, 114.3, 111.6, 73.0, 55.2,51.8, 42.7, 39.2, 35.8, 32.9,
30.5, 22.3,20.4, 14.2, 12.9. FTIR (v): 2951, 1713, 1641, 1600, 1489, 1435, 1385, 1260, 1222,
1149, 1112, 1051, 995, 830, 761, 695. HRMS calculated for CyoH3s04 [M+H]*: 479.2428;
observed: 479.2447. [a]p?°= —134.8 (c = 0.2, CHCls).

4-iodobenzotrifluoride and pyrethrin |

Prepared as per general procedure using pyrethrin | 5a (150 mg, 0.46 mmol), silver acetate
(117 mg, 0.70 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 4-iodobenzotrifluoride (80 pL, 0.55 mmol) in dry acetonitrile (5 mL). The resulting
mixture was purified by column chromatography (10% ethyl acetate in hexane) giving 134a

(27 mg, 13%)

(S)-2-methyl-4-oxo-3-((2E,4E)-5-(4-(trifluoromethyl)phenyl)penta-2,4-dien-1-yl)cyclopent-2-

en-1-yl (1R,3R)-2,2-dimethyl-3-(2-methylprop-1-en-1-yl)cyclopropane-1-carboxylate 134a
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1H NMR (600 MHz, CDCls) 6 7.53 (2H, d, J = 8.3 Hz), 7.43 (2H, d, J = 8.3 Hz), 6.77 (1H, dd, J =
10.5, 15.7 Hz), 6.47 (1H, d, J = 15.7 Hz), 6.22 (1H, dd, J = 10.5, 15.1 Hz), 5.83 (1H, dt, J =15.1,
6.8Hz), 5.68 (1H, d, J = 6.3 Hz), 4.90 (1H, d, J = 7.7 Hz), 3.08 (2H, d, J = 6.8 Hz), 2.89 (1H, dd, J
=6.3,18.7 Hz), 2.26 (1H, dd, J = 1.7, 18.7 Hz), 2.09 (1H, m), 2.06 (3H, s), 1.72 (3H, s), 1.71 (3H,
s), 1.41 (1H, d, J = 5.3 Hz), 1.26 (3H, s), 1.14 (3H, s); 3C NMR (150 MHz, CDCls) & 203.82,
172.30, 165.90, 141.29, 140.81, 135.97, 131.56, 131.47, 131.02, 129.70, 126.25, 125.54,
125.52, 120.77, 72.91, 42.06, 34.54, 33.04, 29.20, 26.37, 25.56, 22.11, 20.41, 18.50, 14.13.
FTIR (v): 2926, 1713, 1656, 1610, 1417,1381, 1324, 1282,1235,1192, 1154, 1121, 1067, 1015,
989, 831. HRMS calculated for CagH32F303 [M+H]*: 473.2298; observed: 473.2309. [a]p?°=
—40.7 (c = 0.3, CHCl3).

4-iodobenzotirfluoride and pyrethrin Il

Prepared as per general procedure using pyrethrin Il 5b (150 mg, 0.40 mmol), silver acetate
(100 mg, 0.6 mmol), triphenylphosphine (9 mg, 0.03 mmol), palladium acetate (3 mg, 0.01
mmol) and 4-iodobenzotrifluoride (70 uL, 0.48 mmol) in dry acetonitrile (5 mL). The resulting
mixture was purified by column chromatography (20% ethyl acetate in hexane) giving 134b

(30 mg, 14%)

(S)-2-methyl-4-oxo-3-((2E,4E)-5-(4-(trifluoromethyl)phenyl)penta-2,4-dien-1-yl)cyclopent-2-
en-1-yl (1R,3R)-3-((E)-3-methoxy-2-methyl-3-oxoprop-1-en-1-yl)-2,2-dimethylcyclopropane-
1-carboxylate 134b

211



'H NMR (600 MHz, CDCls) 6 7.54 (2H, d, J = 8.2 Hz), 7.44 (2H, d, J = 8.2 Hz), 6.78 (1H, dd, J =
10.4,15.7 Hz), 6.47 (2H, m), 6.23 (1H, dd, J = 10.4, 15.1 Hz), 5.83 (1H, dt, J = 15.1, 6.9 Hz), 5.70
(1H,d,J=6.3 Hz), 3.74 (3H, s), 3.09 (2H, d, J = 6.9 Hz), 2.90 (1H, dd, J = 6.3, 18.7 Hz), 2.24 (2H,
m), 2.07 (3H, s), 1.95 (3H, s), 1.74 (1H, d, J = 5.2 Hz), 1.32 (3H, s), 1.25 (3H, s); 13C NMR (150
MHz, CDCl3) 6 203.54,171.21,168.11, 165.42, 141.55, 140.77, 138.92, 131.54, 131.39, 130.96,
129.81,129.77,126.26, 125.54,125.51, 73.37,51.83,41.97, 35.75, 32.97, 30.61, 26.37, 22.32,
20.41, 14.11, 12.88. FTIR (v): 2957, 2929, 1713, 1645, 1613, 1436, 1384, 1325, 1263, 1222,
1165,1112,1067,991, 831, 760. HRMS calculated for Ca9H32F30s [M+H]*: 517.2196; observed:
517.2203. [a]p?°= —8.0 (c = 0.3, CHCl3).

7.2.4 Model compound

Dianion alkylation of ethyl acetoacetate 187

Ethyl acetoacetate 187 (5.0 g, 38 mmol) was slowly added to a suspension of sodium hydride
(2.1 g, 60 %wt in mineral oil, 52 mmol) in dry THF (30 mL) at —15 °C under an atmosphere of
N,. After 15 min, n-butyl lithium (16 mL, 2.5 M in hexanes, 40 mmol.) was slowly added at
—78 °C and the mixture was left to stir for an additional 20 min. Propargyl bromide (4.6 mL,
80 % wt in toluene, 41.4 mmol.) was slowly added to the mixture with continued cooling and
over 1.5 h the reaction mixture was allowed to warm to room temperature. The reaction was
guenched with saturated ammonium chloride solution (20 mL), acidified with hydrochloric
acid (1 M) and extracted with ethyl acetate. The ethyl acetate was washed with saturated
sodium chloride solution. The organic fraction was dried (Na2SOa4) and the solvent removed in
vacuo yielding a dark brown liquid. The mixture was distilled by Kugelrohr short path

distillation yielding 188 as a colourless liquid (110 °C at 0.8 mmHg) (4.98 g, 76%).

Ethyl 3-oxohept-6-ynoate 188
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'H NMR (600 MHz, CDCl3) 6 4.20 (2H, q, /= 7.1 Hz), 3.46 (2H, s,), 2.81 (2H, t, J = 7.4 Hz), 2.47
(2H, td, J = 7.4, 2.6 Hz), 1.95 (1H, t, J = 2.6 Hz), 1.27 (3H, t, J = 7.1 Hz); 13C NMR (150 MHz,
CDCl3) 6 200.7, 167.0, 82.6, 69.1, 61.6,49.4,41.7,14.2,13.0. FTIR (v): 3287, 2984, 2934, 2120,
1739, 1715, 1410, 1367, 1316, 1190, 1083, 1031, 641. HRMS calculated for CoH1303 [M+H]*:
169.0859, observed: 169.0854.

Altered decarboxylative aldol addition

Ethyl 3-oxohept-6-ynoate 188 (4.25 g, 25.3 mmol) was slowly added to a solution of sodium
hydroxide (15 mL, 10 %wt) cooled over an ice bath. The reaction mixture was left for 6 h at
room temperature before being cooled to 0 °C and acidified to pH 5 with hydrochloric acid (1
M). With continued cooling, sodium dithionite (0.9 g, 5.2 mmol) and toluene (15 mL) were
added followed by the slow addition of methylglyoxal (6.0 g, 40 %wt in water, 33 mmol). After
complete addition of the methylglyoxal solution, the mixture was allowed to warm to room
temperature and was left to slowly stir overnight. The aqueous layer was saturated with
sodium chloride and the toluene layer collected. The aqueous layer was extracted with ethyl
acetate and the organic fractions combined. The combined organic extract was dried (Na;SO4)
and the solvent removed in vacuo yielding a dark brown, viscous oil. Short path distillation
by Kugelrohr under vacuum was used to remove the undesired by-product 184 (100 °C at 0.8
mmHg) leaving 174 a viscous orange liquid (2.5 g, 66%) which was used without further

purification.

3-hydroxy-8-nonyne-2,5-dione 174

1H NMR (600 MHz, CDCl3) 6 4.36 (1H, dd, J = 3.8, 6.4 Hz), 2.97 (1H, dd, J = 3.8, 16.9 Hz), 2.84
(1H, dd, J = 6.4, 16.9 Hz), 2.73 (2H, t, J = 7.1 Hz), 2.45 (2H, td, J =7.1, 2.6 Hz), 2.26 (3H, s), 1.95
(1H, t,J = 2.6 Hz); 13C NMR (150 MHz, CDCls) § 209.1, 207.0, 82.7, 73.8, 69.1, 45.5, 42.4, 25.5,
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12.9. FTIR (v): 3440, 3285, 2924, 2118, 1709, 1631, 1360, 1093, 639. HRMS calculated for
CoH1203 [M+H]*: 169.0859, observed: 169.0856.

Altered cyclisation by aldol condensation

3-hydroxy-8-nonyne-2,5-dione 174 (2.3 g, 14 mmol) was slowly added to a sodium hydroxide
solution (15 mL, 10 %wt) and toluene (10 mL) over an ice-salt bath. The mixture was left to
stir with continued cooling for 1.5 h before being acidified with concentrated hydrochloric
acid (32%). The mixture was extracted with ethyl acetate and dried (Na;S0a). The solvent was
removed in vacuo and the resulting viscous liquid was distilled under vacuum (150 °C at 0.8

mmHg) giving 175 as a yellow oil (1.47 g, 72%).

4-hydroxy-3-methyl-2-(2-propyn-1-yl)-2-cyclopenten-1-one 175

HO

5 N\

1H NMR (600 MHz, CDCl3) & 4.74 (1H, brd, J = 6.1 Hz), 3.11 (2H, m), 2.80 (1H, dd, J = 6.1, 18.4
Hz), 2.30 (1H, dd, J = 1.9, 18.4 Hz), 2.22 (3H, s), 1.96 (1H, t, J = 2.7 Hz);'3C NMR (150 MHz,
CDCl3) 6 203.5, 170.8, 136.7, 79.8, 71.8, 69.0, 44.1, 14.0, 12.5. FTIR (v): 3398, 3287, 2120,
1693, 1649, 1382, 1277, 1190, 1050, 1011, 943. HRMS calculated for CoH110, [M+H]*:
151.0754, observed: 151.0751.

Modified Sonogashira coupling chain extension

A solution of 4-hydroxy-3-methyl-2-(2-propyn-1-yl)-2-cyclopenten-1-one 175 (741 mg, 4.94
mmol) and triethylamine (2.5 mL, 18 mmol) in vinyl bromide solution (12 mL, 1.0 M in THF,
12 mmol) was deoxygenated with argon over 40 min. Under an atmosphere of argon,
tetrakis(triphenylphosphine)palladium(0) (252 mg, 0.218 mmol, 5 mol.%) and copper(l)
iodide (94 mg, 0.49 mmol, 10 mol.%) were added with stirring. The resulting mixture was left
to stir at room temperature over 17 h. The mixture was poured over cooled hydrochloric acid

(1 M) and extracted with ethyl acetate. The ethyl acetate solution was dried (Na>SO4) and

214



solvent removed in vacuo yielding a viscous, brown oil. The mixture was purified by silica gel

plug (DCM - DCM:EtOAc (1:1) - EtOAc) yielding 155 as an amber oil (537 mg, 62%).

4-hydroxy-3-methyl-2-(4-penten-2-yn-1-yl)- 2-cyclopenten-1-one 155
HO

AN

O

IH NMR (600 MHz, CDCl3) 6 5.73 (1H, ddt, /= 17.5, 11.1, 2.2 Hz), 5.55 (1H, dd, / = 2.2, 17.5 Hz),
5.39 (1H, dd,J=2.2,11.1 Hz), 4.75 (1H, brd, J = 6.2 Hz), 3.24 (2H, m), 2.82 (1H, dd, /= 6.2, 18.4
Hz), 2.30 (1H, dd, J = 2.0, 18.4 Hz), 2.22 (3H, s); 3C NMR (150 MHz, CDCls) 6 203.4, 170.3,
137.2,126.5,117.3, 86.1, 79.8, 71.9, 44.2, 14.0, 13.4. FTIR (v): 3406, 2920, 1701, 1651, 1382,
1052. HRMS calculated for C11H130, [M+H]*: 177.0910, observed: 177.0910.

Alkyne semi-reduction

Activated zinc (330 mg, 5.04 mmol) was added to a mixture of 4-hydroxy-3-methyl-2-(4-
penten-2-yn-1-yl)- 2-cyclopenten-1-one 155 (600 mg, 3.41 mmol) in n-propanol:water (1:1,
10 mL). The resulting suspension was refluxed for 1.5 h and filtered to remove residual zinc.
The mixture was diluted with water (10 mL) and extracted with ethyl acetate. The ethyl
acetate was dried (Na;S04) and solvent was removed in vacuo giving (Z)-pyrethrolone 21 as a
mixture with starting material and over-reduction products (550 mg, 11% by 'H NMR).
Characterisation was undertaken on the isolated mixture with signals assigned to (2)-

pyrethrolone 21 by comparison to literature spectroscopic data.*3

(2)-Pyrethrolone 21

HO

@)

IH NMR (600 MHz, CDCls) 6 6.75 (1H, ddd*, J = 10.1, 10.7, 16.8 Hz), 6.03 (1H, m), 5.36 (1H, m),
5.22 (1H, d, J = 16.8 Hz), 5.16 (1H, d, J = 10.1 Hz), 4.74 (1H, brs), 3.09 (2H, d, J = 7.8 Hz), 2.79
(1H, dd, J = 6.1, 18.2 Hz), 2.29 (1H, dd, J = 2.2, 18.2 Hz), 2.09 (3H, s); 3C NMR (150 MHz, CDCl3)
§203.4,170.4, 140.4, 131.8, 130.3, 127.3, 118.3, 71.9, 44.4, 21.8, 13.9.
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