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ABSTRACT

The reactions of pyrethrin |, cinerin | and jasmolin | with sodium hydroxide in ethanol afforded an
approximately 1.1 ratio of two respective cyclopentadienone dimers, isolated in good yield. A
combination of one-dimensional and two-dimensional NMR spectroscopic studies allowed
determination of the structure and stereochemistry of the dimers. The dimers are formed by
cycloaddition reactions of the less substituted alkene of the cyclopentadienone, and by regioi-
someric endo transition states. Density functional theory calculations were in accord with the
experimental findings showing the products formed by ambimodal transition states. One such
transition state led to two initial products with the less stable product undergoing facile
conversion to the other more stable, experimentally observed product. These studies clarify
the structures of the altered pyrethrolone reported by Staudinger and Ruzicka in 1924.

Keywords: altered pyrethrolone, biologically active molecules, cinerin I, cyclopentadienone,
density functional calculations, dimerisation, electrocyclic reactions, elimination, jasmolin |,
pyrethrin I.

Introduction

The Australian pyrethrum industry, based in Tasmania, has grown to be a major player in
the natural insecticide market." The industry contributes both to the agricultural sector
through the growing of the pyrethrum daisy Tanacetum cinerariifolium and to the
chemical sector through the production of commercial-grade refined pyrethrum extracts
that in turn are the basis of a wide range of products. The active ingredients in the refined
pyrethrum extracts, known as pyrethrins, are a series of six insecticidal compounds
(Fig. 1).%* The pyrethrins continue to be a source of inspiration for the development
of synthetic analogues referred to as pyrethroids.® Despite the availability of a large array
of synthetic analogues, the pyrethrins continue to find use in a range of human, pet and
household applications where the very limited persistence and low mammalian toxicity
of the natural compounds offers some advantage.®

The elucidation of the structures of the pyrethrins is intimately linked to the develop-
ment of organic chemistry through the early to mid-20th century.> The insecticidal
principle was first recognised by Fujitani and Yamamoto as containing an ester resi-
due,*® then by Staudinger and Ruzicka as comprising two compounds, designated as
pyrethrin I and pyrethrin II (with correct molecular formula for pyrethrin I (1a) and
pyrethrin II (2a), however assigned as isomeric structures with different positioning of
the side chain double bonds).” Subsequently, minor constituents were discovered, cinerin
I (1b) and cinerin II (2b) by LaForge and Barthel,®° and jasmolin I (1¢) and jasmolin II
(2¢) by Godin.'' The determination of the absolute configuration of the pyrethrins
involved significant endeavour, with the stereochemistry of the carboxyl residues first
elucidated by Crombie and Inouye,'*'® and that of the alkoxy residues by Katsuda.'*
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During the early studies of the chemistry of the pyrethrins,
saponification reactions were performed (Scheme 1).%'>7!7
Chrysanthemic acid (3) and chrysanthemic diacid (4) were
recovered, representing the carboxyl residues of the pyre-
thrins. However, the alcohols (thought to be a single alcohol
pyrethrolone (5)) were not obtained; instead, what was iso-
lated was a material identified as altered pyrethrolone
(7).%'>7'7 1t became accepted that hydrolysis of the natural
pyrethrins is accompanied by competing elimination (E1cB)
processes leading to cyclopentadienones 6, which are desta-
bilised and highly reactive owing in part to their antiaromatic
character, and undergo rapid Diels-Alder dimerisation.” A
range of 2,3-disubstituted cyclopentadienones are known to
exist as cyclopentadienone dimers.'® Therefore, it has been
suggested that the altered pyrethrolone (7) is a mixture of
cyclopentadienone dimers (Scheme 1).2

Although the processes involved in formation of the nat-
urally derived cyclopentadienone dimers 7 are generally
understood,>*%? the structures and stereochemistry of
the dimers 7 have not been reported in the peer-reviewed
chemical literature. The most closely related system studied
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pyrethrin|  (1a) methyl Z-2,4-pentadienyl
cinerin | (1b) methyl Z-2-butenyl
jasmolin I (1c) methyl Z-2-pentenyl
pyrethrin Il (2a) methoxycarbonyl  Z-2,4-pentadienyl
cinerin Il (2b) methoxycarbonyl Z-2-butenyl
jasmolin Il (2¢) methoxycarbonyl Z-2-pentenyl
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‘altered pyrethrolone’ (7)*

is an ester of allethrolone (8), a synthetic analogue of the
pyrethrin-derived alcohols 5.'° Saponification of phthalate
ester 9 produced two cyclopentadienone dimers, assigned as
regioisomeric exo cycloadducts, with one depicted as regioi-
somer 10 (Scheme 2).'°

In contrast to the above results described by LaForge,"’
other cyclopentadienone dimerisation reactions display a
strong preference for the kinetically favoured endo cycload-
ducts.”*>*’ For example, 2-bromocyclopentadienone (11)
dimerises to produce the endo cycloadduct 12 (Scheme 3).28
The endo stereochemistry of 12 was elegantly confirmed by
[2 + 2]-photocycloaddition of the diene 12 to give cage
cyclobutane 13, which could only be achieved for the endo
adduct. Then Favorskii ring-contraction of diketone 13 pro-
duced cubane-1,4-dicarboxylic acid 14, as part of the first
synthesis of cubane (Scheme 3).%®

Given the ambiguities in the literature, we sought to fully
characterise the cyclopentadienone dimers derived from the
natural pyrethrins. A preliminary study of the cyclopenta-
dienone dimers from pyrethrin I (1a) was communicated at
a pyrethrum symposium,*® and herein, we report the full
study of the dimers resulting from pyrethrin I (1a), cinerin I
(1b) and jasmolin I (1c).

Results and discussion

The base-promoted elimination of the natural pyrethrins
1 + 2 would lead to three cyclopentadienones 6, which in
turn could lead to six Diels-Alder cycloaddition reactions,
each of which could produce a number of regio- and stereo-
isomers. We reasoned that separation of such complex mix-
tures of dimers could be difficult, whereas separation of the

HO,
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Scheme 1. Hydrolysis of the natural pyre-

thrins; regio- and stereo-chemistries (in 7) are
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Scheme 2. The previously reported cyclopentadienone dimers derived from an allethrolone ester."
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1 o COMH  scheme 3. An example of an endo selective cyclo-
12 Br 1B 0 14 pentadienone dimerisation.?®
Table 1. UPLC (ultra performance liquid chromatography) analysis (percentage areas under the curve) of refined pyrethrum extract, before and
after heat treatment.
Sample Ta 2a 1b 2b 1c 2c Other
A 49.9 29.5 5.5 4.6 34 19 5.2
B 135° 8.0"° n3® 9.24® 24.4% 182 154
C 33° 1748 13.8° 10.8"° 2934 2184 19.3

Sample A: refined pyrethrum extract prior to heat treatment. Sample B: after heating the extract at 230°C for 8 min. Sample C: after heating the extract at 230°C
for 15 min. See Supplementary material for representative traces. Other refers to all other significant peaks.

Apeak shoulder.
BPeak broadened and not baseline resolved.

products from base-promoted elimination of a single natural
pyrethrin would be relatively straightforward. Additionally,
we only needed access to one series of the natural pyrethrins
to produce all three cyclopentadienones 6 and, therefore, we
chose to isolate pyrethrin I (1a), cinerin I (1b) and jasmolin
I (1¢) from the natural source.

Isolation of pyrethrin I (1a), cinerin I (1b) and
jasmolin 1 (1c)

A sample of pyrethrin I (1a) was obtained by repeated silica
gel chromatography of a sample of refined pyrethrum
extract. The first pass enabled separation of the fast-eluting
la—c from 2a to ¢ and the second pass enabled separation of
major component 1a from minor components 1b and 1c.

Although cinerin I (1b) and jasmolin I (1¢) could be
separated from the mixture on an analytical scale using
normal or reverse-phase chromatography, preparative-
scale chromatographic isolation was hampered by the simi-
lar retention times of all three components, compounded by
the relatively minor amounts of these components compared
with pyrethrin I (1a) (see Table 1, sample A).

It was thought that if pyrethrin I (1a) could be removed
from the mixture of the three components, then it would be
easier to separate the minor components chromatographi-
cally. We found that pyrethrin I/II (1a/2a) could be largely
removed by heating samples of the pyrethrum extract con-
taining the six esters at 230°C (Table 1, samples B and C).
However, on inspection of the UPLC chromatograms of the
heated samples, peak shoulders for the cinerin I/II (1b/2b)
and jasmolin I/II (1c/2c) peaks were detected, indicating
the formation of closely related impurities that would be
very difficult to remove from the desired compounds.

The fast degradation of pyrethrin I/II (1a/2a) at such
elevated temperatures was thought to be due to free radical

1. AIBN, 0.5 equiv., toluene, 85°C
2. Silica chromatography
3. Preparative RP HPLC

Mixture of 1a + 1b + 1¢c _— 1b + 1c

Scheme 4. Method for isolation of gram quantities of 1b and 1c.

reactions of the diene sidechain of 1la/2a. To test this
hypothesis, we investigated the effect of adding a free radi-
cal initiator to a mixture of pyrethrin I (1a), cinerin I (1b)
and jasmolin I (1c), readily obtained by column chromatog-
raphy of the pyrethrum extract on silica gel. Addition of
minor amounts of azobis(isobutyronitrile) (AIBN) to the
mixture in toluene at 85°C resulted in a slight reduction in
the levels of pyrethrin I (1a). Addition of further quantities
of AIBN (up to ~0.50mol equiv.) resulted in complete
reaction of pyrethrin I (1a). The levels of cinerin I (1b)
and jasmolin I (1c¢) did not appear to be affected by this
process. The pyrethrin I (1a)-AIBN derived products could
be readily separated by chromatography on silica gel,
affording a mixture of cinerin I (1b) and jasmolin I (1c).
This mixture of 1b and 1c¢ was readily separated by prepar-
ative reverse-phase HPLC, which allowed isolation of
cinerin I (1b) and jasmolin I (1c¢) in gram quantities with
purity of greater than 95% by UPLC (Scheme 4).

Hydrolysis of pyrethrin I (1a), cinerin 1 (1b) and
jasmolin 1 (1c)

A sample of pyrethrin I (1a) was exposed to sodium hydrox-
ide in ethanol and after consumption of the starting mate-
rial, the reaction mixture was worked up, yielding a mixture
of two major products. The products were readily separated
by flash column chromatography on silica, resulting in 30
and 38% yields of the respective faster-eluting and slower-
eluting products (Table 2; percentage yields calculated
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Table 2. Percentage yields of products obtained from the
hydrolysis of 1a, 1b and 1c.

Starting material High Rg dimer 21 Low Rg dimer 22

Ta 21a: 30% 22a: 38%
1b 21b: 26% 22b: 31%
Tc 21c: 24% 22c: 27%

Conditions: NaOH, 2 equiv., ethanol, 25°C, 30 min.

assuming the products are the expected dimers). The treat-
ment of cinerin I (1b) and jasmolin I (1¢) under the same
conditions also each afforded two products, isolated in simi-
lar yields, with the slower-eluting product isolated in slightly
higher yield than the faster-eluting product (Table 2).

Structural elucidation of the cyclopentadienone
dimers

The products from the hydrolysis of pyrethrin I (1a) were
shown to be endo cyclopentadienone dimers. For both prod-
ucts, the high-resolution electrospray ionisation mass spec-
trum (positive ion mode) contained a peak at m/z 343.1657
assigned to the [M + Na™] ion, supporting a molecular
formula of Cy5H3405. The infrared spectrum of the higher
Rg product showed strong absorption bands at vy, 1775 and
1692 cm ' assigned to bridged ketone and enone carbonyl
groups respectively, whereas for the lower R product, the
corresponding bands were observed at v, 1775 and
1695 cm ™~ *. The 3C NMR spectrum of the higher Ry product
contained resonances at § 204.7 and 201.3 ppm, assigned to
the two carbonyl carbons, and at § 16.2 and 15.8 ppm
assigned to the two methyl groups, whereas for the lower
Rg product, the corresponding resonances occurred at §
205.2, 201.1, 17.3 and 15.8 ppm. For the higher Ry product,
the two methyl groups exhibited resonances at § 1.95 and
1.65 ppm in the "H NMR spectrum, whereas for the lower Ry
product, these resonances occurred at § 2.05 and 1.62 ppm.
For both products, the 'H and '*C NMR spectra contained two
distinct sets of signals assigned to the two diene side chains.

The cyclopentadienone 6a derived from pyrethrin I (1a)
could dimerise by addition of the diene of one molecule to
either double bond of the other, by either endo or exo
transition states and by two regioisomeric orientations, so,
in principle, eight isomers could be formed (Fig. 2). Analysis
of the NMR spectra of the isolated dimers confirmed cyclo-
addition to the unsubstituted alkene of the cyclopentadie-
none moiety of 6a. In the '"H NMR spectra of the higher Ry
dimer and lower Ry dimer, the respective methine signals at
Sy 3.14 and 2.64 ppm, and 8y 3.09 and ~2.85ppm are
assigned to the bridgehead protons H3a and H7a (see
Fig. 3). If cycloaddition had occurred at the substituted
alkene of cyclopentadienone 6a, these signals would not
be apparent and instead additional signals due to two ole-
finic protons would be present. This analysis allows exclu-
sion of structures 15a-18a.

O O

15
RZ: R? RZH RZH
Dew Do
R20 RO H o
16 18 20 22
a: R®= _§/—_—\: b: R’= ,§/:\ c R*= —é/:\_

Fig. 2. The structural formulae of the eight potential cyclopenta-
dienone dimers derived from pyrethrin | (1a), cinerin | (Ib) or jasmolin |
(Te).

22a

Fig. 3. 'H-'H COSY (bold) and NOE correlations (arrows) for higher Re
dimer 21a and lower R dimer 22a (COSY, correlation spectroscopy).

A range of NMR experiments allowed full assignment of
all 'H and '3C resonances (see Supplementary materials)
and assignment of the higher Rr dimer as 21a and lower
Ry dimer as 22a. As shown in Fig. 3, the 'H-'H correlation
spectroscopy (*H-'H COSY) spectrum of the higher Ry dimer
indicated the presence of the partial structures depicted in
bold. Next, the relative stereochemistry of the higher Rg
dimer was characterised by a nuclear Overhauser enhance-
ment (nOe) spectroscopy (NOESY) experiment, which
showed nOe correlations between the signals due to the
following protons: H3a with H7a, H14 and H4, H4 with
H3a, H14 and H5, H5 with H4, H14’ with H9” and HS5,
and HY’ with H7a. In particular, the nOe correlation
between the signals due to H5 and H14 could only be
achieved with the depicted regio- and stereo-chemistry of
21a. For the alternative stereoisomeric exo structure 19a,
H5 and H14 would be too distant to exhibit a nOe correla-
tion. For the lower Ry dimer, the "H-'H COSY spectrum
again allowed assignment of partial structures depicted in
bold. The NOESY spectrum showed several correlations
consistent with the assigned structure. In particular, the
correlation between the signals of H14 and H14’ is only
possible for the depicted regio- and stereo-chemistry of 22a.

The cyclopentadienone dimers derived from cinerin I
(1b) and jasmolin I (1c) were assigned in an analogous
fashion, with the higher R dimers being assigned structures
21b and 21c respectively and the lower Ry dimers being

4
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assigned structures 22b and 22c respectively. Diagnostically,
the 'H and *3C NMR resonances for the protons and carbons
of the cyclic core were very similar within the series of the
higher or the lower Ry dimers. For example, for the higher Rg
dimers derived from 1a, 1b and 1c, respective resonances at
dy 5.68, 5.67 and 5.67 ppm were assigned to the ring vinyl
proton H5 of 21a, 21b and 21c. Similarly, for the lower Rg
dimers from 1a, 1b and 1c, the respective resonances at 5y
5.92, 591 and 5.91 ppm were assigned to the ring vinyl
proton H6 of 22a, 22b and 22c.

A proposed pathway for the formation of the respective
cyclopentadienone dimers 21a-c and 22a—c from the natu-
ral pyrethrins 1a—c is shown in Scheme 5. Thus, reaction of
natural pyrethrins (la-c¢) with sodium hydroxide could
result in ester hydrolysis to give the sodium salt of chry-
santhemic acid (3) and pyrethrolones 23a—c. The latter
could undergo E1cB reaction to give the transient cyclopen-
tadienones 6a-c (path a). Alternatively, the cyclopentadie-
nones 6a-c could form directly from ElcB elimination of
chrysanthemic acid (3) from natural pyrethrins la-c
(path b).'®*? Diels-Alder dimerisation of the cyclopentadie-
nones 6a-c would then occur by endo transition state TS-A
leading to compounds 2la-c or by regioisomeric endo
transition state TS-B leading to compound 22a-c. The com-
parable yields obtained for the regioisomeric endo dimers

imply that the regioisomeric endo transition states TS-A and
TS-B are of similar energy.

Density functional theory calculations were performed to
explore the endo and exo selectivities of the Diels—Alder
dimerisations (Fig. 4). The calculations modelled the cyclo-
pentadienones 6a-c as the methyl derivative 6d (R% = Me)
and were performed with B3LYP-D3(BJ)/6-311 +G(d,p)
using the solvent model based on solute electron density
(SMD) of ethanol. In agreement with the experiment, the
two endo transition states (TSs, labelled as 21d-TS and 22d-
TS in Fig. 4) are strongly favoured, lying 10-12 kcal mol ~*
(1kcalmol™ = 4.186kJmol™) lower in energy than the
corresponding exo transition states 19d-TS and 20d-TS.
The two endo TSs differ in energy by 1kcalmol ™!, with
22d-TS being favoured, consistent with the small selectivity
for 22 relative to 21 observed in experiments. The two endo
cycloadditions have very small barriers (3-4 kcal mol ™),
consistent with the antiaromaticity of the reacting cyclopen-
tadienones, and lead to cycloadducts that are 22 kcal mol !
more stable than the reactants.

A distortion—interaction analysis®® was performed to
explore the origin of the endo selectivity (Fig. 4). The
diene and dienophile were found to undergo a similar
amount of distortion, or even a few kilocalories per mole
more distortion, when forming the endo TSs compared with

1a-c
path a
/ l path b
HO,
! R? path a R2
—_—
o -H,0 (e}
23a-c 6a—-c
RZ RZ R2 R2
O
T T 1S S <
Vo or 2% \7 TN N
R2\ \\\f R Y R2 " \\\ or R2‘\\\\
o b :
\ "/ "/
O O
TS-A TS-B

RZ
T il G
B3 | O Ol = b
R? O ) )
H Scheme 5. Mechanism for formation

© of cyclopentadienone dimers 2la—c

and 22a—c.
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Dimerisation of

19d-TS (exo)

AG*=14.0

AE 4 (diene) = 10.6

AE 4(dienophile) = 7.0
AE, =-15.8

Leads to 19d, AG = -20.3

20d-TS (exo)

AG* =14.9

AE 4 (diene) =9.7

AE 4;(dienophile) = 7.0
AE =—14.2

Leads to 20d, AG = -19.4

21d-TS (endo)
AGt=43

AE 4 (diene) = 12.2

AE 4(dienophile) = 9.8

22d-TS (endo)
AGt=3.2

AEj(diene) = 9.0

AE 41(dienophile) = 9.0
AE;=-313 AE; =-276

Leads to 21d, AG =-21.9 Leads to 22d, AG = —21.5

Fig. 4. Calculated transition structures for Diels—Alder dimerisations
of cyclopentadienone 6d (R = Me) leading to 19d, 20d, 21d and 22d,
calculated with B3LYP-D3(BJ)/6-311+G(d,p) in SMD implicit ethanol.
The standard atom colouring scheme has been used (red is O). AG,
change in Gibbs energy of activation; AEg, change in energy of
distortion; AE;;, change in energy of interaction. Distances (dashed
lines) in Angstroms, energies in kilocalories per mole.

the exo TSs, but the interaction between the diene and
dienophile is much stronger (by 13-15 kcal mol™ 1) in the
endo TSs than the exo TSs, leading overall to the substantial
endo preference. This is likely attributable to the stronger
s—gt interactions that occur between the cycloaddends in the
endo TSs.

Of note, the two endo TSs are ambimodal.>! Each gives
rise to two alternative cycloaddition pathways that branch
out after the TS (i.e. [4 + 2] and [2 + 4] pathways) on a
bifurcating energy surface. The forming bonds drawn in
Fig. 4 depict one of the two possible pathways for each
TS. In the case of 22d-TS, the [4 + 2] and [2 + 4] pathways
both give rise to the same cycloadduct by virtue of the C,

symmetry of the TS. In the case of 21d-TS, the two pathways
give different products initially, as illustrated in Fig. 5.
One pathway gives rise to 21d whereas the other gives
rise to the less stable cycloadduct 18d. A facile Cope
rearrangement of 18d over a small barrier of (0.5kcal
mol ! relative to the starting cycloaddends) then leads to
21d. The mechanism for the Cope rearrangement of 18 to
afford 21 is shown in Fig. 5. A similar type of inter-
conversion between isomeric Diels—Alder dimers of the
parent cyclopentadienone has previously been described
by Caramella and coworkers.>?

Conclusions

The cyclopentadienone dimers produced on hydrolysis of the
natural pyrethrins pyrethrin I (1a), cinerin I (1b) and jasmo-
lin I (1¢) were isolated and the structures determined. In
each case, isomeric products were isolated in ~1:1 ratio, a
similar overall result to that obtained for the allethrolone
esters.'” However, the products were shown, by 2-D NMR
spectroscopy experiments, to be regioisomeric endo cyclo-
pentadienone dimers 21 and 22, rather than exo cyclopen-
tadienone dimers as previously proposed for the allethrolone
esters.'” Density functional theory calculations confirmed
the experimental findings, and a study of the ambimodal
endo TSs revealed that one of the TSs is associated with a
bifurcating energy surface with two distinct initial products,
with the less stable product converting to the more stable
product by a facile Cope rearrangement. Given that in this
work, the side chain of the cyclopentadienone does not seem
to have a significant influence on the product distribution,
the results of this study serve to raise doubt about the origi-
nal assignments of the dimers derived from the allethrolone
ester 10.'° The present work also serves to clarify the struc-
tures of the altered (verdndert) pyrethrolone first reported by
Staudinger and Ruzicka in 1924.”

A study of the dimerisation of cyclopentadienones from
allethrolone esters is warranted to confirm endo stereo-
chemistry of the cycloadducts. For the natural pyrethrins,
a study of this process with at least one of pyrethrin II,
cinerin II or jasmolin II (2a—c) would be useful to check any
influence the acryloyl moiety, embedded within the pyr-
ethric acid side of these natural pyrethrins, may have on
the outcome of the reactions. Furthermore, characterisa-
tion of the products from the reaction of pyrethrin I (1a)
with AIBN may provide insight into the nature of this free
radical process. With the exception of a recent study on
autoxidation processes,>® the present work appears to be
the only example of free radical chemistry of pyrethrins.
Finally, future work could explore the question as to whether
the isolated dimers represent previously undiscovered
natural products. The only known natural products that
appear to form by cyclopentadienone Diels—Alder dimerisa-
tion processes are guaiane dimers, including vielanin A and
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formatlon of
bonds a and b

O 21d ]
~N~a —22 kcal mol™
@o

21d-TS ) o
4 keal mol™ formation of /

(ambimodal) bonds a and ¢
—_—

1

18d
—12 keal mol™

xylopidimers A-C and D, isolated from the roots of Xylopia
vielana.*>>*

Experimental

General experimental

All reaction flasks were oven-dried, and all reactions were
carried out under an atmosphere of N,. All solvents used
were HPLC grade. NMR spectra were recorded on a Bruker
Av400 spectrometer. "H NMR and '>C NMR were recorded
at 400 and 100 MHz respectively. 'H NMR chemical shifts
are reported in ppm with the internal chloroform signal at
7.26 ppm. The data are reported as s, singlet; d, doublet; t,
triplet; m, multiplet or unresolved; brs, broad singlet; obs,
obscured; coupling constant(s) in hertz, integration. 3¢
NMR chemical shifts are reported in ppm with the internal
chloroform signal at 77.0 ppm. Infra-red spectra were
recorded on a Thermo Scientific Nicolet 6700 Fourier trans-
form (FT)-IR. High-resolution mass spectra (HRMS) were
recorded on a Waters Q-TOF II, employing electrospray
ionisation (ES) with 35-eV cone voltage, lock spray and
sodium iodide as a reference sample. Analyses were per-
formed on a Waters Acquity UPLC with 50- X 2.1-mm BEH
C18 column wusing 55% ACN/H,O mobile phase at
0.4mLmin" flow rate and detection by photo diode array
detector scanning 190-400 nm. Data acquisition and proces-
sing used Waters Empower software and representative
chromatograms were extracted at 223 nm. Prep-HPLC sepa-
rations were performed on a Waters HPLC using a 300-
X 40-mm Deltaprep C;g column, a mobile phase of 50 or
55% acetonitrile/water, a flow rate of 80 mLmin™, and

Cope rearrangement
TS (0.5 kcal mol™)

Fig. 5. Alternative reaction channels branching out
from the ambimodal transition state 21d-TS respec-
tively leading to the cycloadducts 21d and 18d. A
Cope rearrangement converts 18d to the more sta-
ble cycloadduct 21d. Mechanism for the Cope
rearrangement of 18 to give 21.

detection by a Waters 490E programmable multi wave-
length detector set at 230 nm.

Isolation of pyrethrin | (1a)

A refined extract of natural pyrethrins (79% natural pyre-
thrins by HPLC, courtesy of Botanical Resources Australia
Pty Ltd) was subjected to dry column vacuum chromatogra-
phy (silica, gradient elution, pentane then ethyl acetate/
petroleum spirits 1:23 v/v, then ethyl acetate/petroleum
spirits 1:4 v/v). Fractions containing the faster-eluting nat-
ural pyrethrins la-c, free from the slower-eluting natural
pyrethrins 2a—c, were concentrated under vacuum and sub-
jected to column chromatography (silica gel, ethyl acetate/
petroleum spirits 1:24, then 1:12 v/v). Fractions enriched in
the slower-eluting pyrethrin I (1a) were combined and con-
centrated to afford pyrethrin I (1a) of 90% purity by UPLC
analysis. The '>*C NMR spectrum matched that reported in
the literature.®® Other mixed fractions were combined ready
for treatment with AIBN (see below).

Isolation of cinerin I (1b) and jasmolin I (Ic)

To a round-bottomed flask was added a ~90:9:1 mixture of
pyrethin I (1a), cinerin I (1b) and jasmolin I (1c, 11.5g,
~35 mmol pyrethrin I) and toluene (50 mL). The flask was
heated under nitrogen at 85°C for 15 min. A blast shield was
installed, then AIBN (caution: special precautions should be
taken when dealing with AIBN; please refer to safety data
sheets) (2.8g, 17.5mmol) was dissolved in toluene
(~25mL) and added slowly dropwise, by a syringe fitted
with a wide-bore needle, to the reaction flask. The reaction
was stirred for 22h at 85°C. TLC analysis (ethyl acetate/
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petroleum spirits 1:4 v/v) showed a characteristic new spot
on the baseline due to the products from pyrethrin I (1a).
The reaction mixture was cooled and then filtered through a
short column of silica, followed by elution with ethyl ace-
tate/petroleum spirits (1:9 v/v, 200 mL) and ethyl acetate/
petroleum spirits (1:4 v/v, 200 mL). The fractions containing
the faster-eluting components were combined and concen-
trated to give a mixture of cinerin I (1b) and jasmolin I (1c)
(1.3 g, 1b:1c 94:6 v/v). This material was subjected to pre-
parative HPLC, which yielded cinerin I (1b, 1.15g) and
jasmolin I (1c¢, 0.162g) in 99.9 and 99.5% purity respec-
tively as assessed by UPLC analysis. The *C NMR of 1b and
1c matched that reported in the literature.>®

Representative procedure for hydrolysis of

the natural pyrethrins: 3,6-dimethyl-2,7-di((Z)-
penta-2,4-dien-1-yl)-3a,4,7,7x-tetrahydro-1H-4,7-
methanoindene-1,8-dione 21a*° and 3,5-dimethyl-
2,4-di((Z)-penta-2,4-dien-1-yl)-30,4,7,7x-tetrahydro-
1H-4,7-methanoindene-1,8-dione 22a*°

To a round-bottomed flask was added pyrethrin 1 (1a,
0.232 g, 90% purity, 0.64 mmol of 1a) and ethanol (2 mL).
Freshly powdered sodium hydroxide (0.050g, 1.2 mmol)
was added, and the reaction mixture was stirred at room
temperature for 30 min. At this time, TLC analysis (heptane/
ethyl acetate 4:1 v/v) indicated that the starting material
had been consumed. The reaction mixture was diluted with
ethyl acetate (20 mL) and washed with water (10 mL) and
brine (10 mL). The organic layer was then dried with mag-
nesium sulfate, filtered and the solvent removed under
reduced pressure. The resulting oily yellow residue was
subjected to chromatography on silica gel (gradient: dichlor-
omethane, then 0.5% methanol in dichloromethane, then
1% acetone in dichloromethane, then 5% acetone in
dichloromethane). The fractions containing the component
(Rf 0.3, heptane/ethyl acetate 4:1 v/v) were evaporated
under reduced pressure to give title compound 21a (0.031 g,
30%) as an oil. vmax (KBr) 1775, 1692, 1639cm™ 1. 8y
(400 MHz, CDCl3) 6.92 (dtd, J 16.8, 10.2, 1.1, 1H, H12"),
6.72 (dtd, J 16.7, 10.2, 1.1, 1H, H12), 6.14 (t, J 11.0, 1H,
H11%), 5.97 (t, J 10.9, 1H, H11), 5.68 (m, 1H, H5), 5.63 (m,
1H, H10"), 5.14-5.25 (m, 5H, H13, H13’, H10), 3.22 (bt, J 5.2,
1H, H3a), 3.14 (t, J 4.2, 1H, H4), 3.06 (dd, J 15.1, 7.8, 1H,
H9a), 2.99 (dd, J 14.8, 8.2, 1H, H9b), 2.90 (dd, J 15.2, 7.3,
1H, H9%a), 2.81 (dd, J 15.2, 7.3, 1H, H9'b), 2.64 (d, J 6.0, 1H,
H7a), 1.95 (s, 3H, H14), 1.65 (d, J 1.6, 3H, H14). J¢
(100 MHz, CDCl3) 204.7 (C1/C8), 201.3 (C1/C8), 167.3
(C3), 145.7 (C6), 143.0 (C2), 132.2 (C129), 131.9 (C11),
131.7 (C12), 129.9 (C11), 127.4 (C10), 121.0 (C5), 118.0
(C13/C13"), 117.9 (C13/C13"), 59.2 (C7), 49.5 (C3a), 45.3
(C4), 45.1 (C7a), 24.0 (C9"), 21.8 (C9), 16.2 (H14), 15.8
(H14). HRMS m/z (Q-TOF ES*) Caled for CyoHs40oNa:
343.1674; found: 343.1657. Concentration of the fractions
containing the component (Ry 0.2, heptane/ethyl acetate

4:1 v/v) afforded the title compound 22a (0.039 g, 38%) as
an oil. vmax (KBr) 1775, 1695, 1653 cm ™', §y (400 MHz,
CDCls) 6.72 (m, 2H, H12, H12"), 6.16 (t, J 11.0, 1H, H11),
5.98 (t, J 10.7, 1H, H11"), 5.92 (m, 1H, H6), 5.60 (m, 1H,
H10), 5.15-5.30 (m, 5H, H10’, H13, H13"), 3.28 (dd, J 4.7,
3.7, 1H, H7), 3.09 (m, 1H, H3a), 3.04 (m, 2H, HY"), 2.83-2.87
(m, 3H, H7a, H9), 2.05 (s, 3H, H14), 1.62 (d, J 1.6, 3H, H14").
éc (100 MHz, CDCl3) 205.2 (C1/C8), 201.1 (C1/C8), 167.5
(C3), 146.1 (C5), 140.9 (C2),131.6 (C12),131.4 (C12), 131.3
(C11), 129.9 (C11%), 127.3 (C10"), 127.0 (C10), 123.2 (C6),
118.5 (C13), 118.1 (C13"), 58.9 (C4), 49.1 (C7), 45.6 (C3a),
45.2 (C7a), 24.3 (C9), 21.7 (C9), 17.3 (C14), 15.8 (C14").
HRMS m/z (Q-TOF ES*) Caled for CpoHo405Na: 343.1674;
found: 343.1657.

2,7-Di((Z)-but-2-en-1-yl)-3,6-dimethyl-3c,4,7,7 ¢~
tetrahydro-1H-4,7-methanoindene-1,8-dione 21b
and 2,4-di((Z)-but-2-en-1-yl)-3,5-dimethyl-3t,4,7,7t-
tetrahydro-1H-4,7-methanoindene-1,8-dione 22b

A sample of cinerin I (1b) (0.120 g, 0.37 mmol) was treated
according to the representative procedure. After chromatog-
raphy, concentration of the fractions containing the faster-
eluting component (Rr 0.7, heptane/ethyl acetate 4:1 v/v)
afforded the title compound 21b (0.014 g, 26%) as a colour-
less 0il. vmax (KBr) 1776, 1692, 1638 cm ™ 1. 8y (400 MHz,
CDCl3) 5.67 (brs, 1H, H5), 5.51-5.61 (m, 2H, H10’, H11"),
5.39-5.47 (m, 1H, H11), 5.12-5.18 (m, 1H, H10), 3.20
(t, J 5.1, 1H, H3a), 3.13 (t, J 4.0, 1H, H4), 2.91 (dd,
J 14.7, 7.2, 1H, H9a), 2.85 (dd, J 14.8, 7.5, 1H, H9b),
2.74 (dd, J 15.3, 7.0, 1H, H9a’), 2.68 (dd, J 15.5, 6.4, 1H,
H9b"), 2.62 (d, J 6.0, 1H, H7a), 1.94 (s, 3H, H13), 1.74 (d,
J 6.2, 3H, H12"), 1.68 (obscured d, 3H, H12), 1.66 (d, J 1.4,
3H, H13"). §c (100 MHz, CDCl;) 205.0 (C1/C8), 201.7
(C1/C8), 166.8 (C3), 146.4 (C6/C2), 143.1 (C6/C2), 126.8
(C10M), 126.1 (C10), 125.4 (C11"), 124.8 (C11), 120.9 (C5),
59.3 (C7), 49.6 (C4), 45.2 (two signals coinciding: C3a,
C7a), 23.1 (C9"), 21.0 (C9), 16.1 (C13), 15.7 (C13), 12.9
(C12), 12.8 (C12). HRMS m/z (Q-TOF ES*) Caled for
CooH240,Na: 319.1674, found: 319.1664. Concentration of
the fractions containing the slower-eluting component
(Rr 0.6, heptane/ethyl acetate 4:1 v/v) afforded the title
compound 22b (0.017 g, 31%) as a colourless 0il. vyax
(KBr) 1778, 1698, 1635cm™ . 8y (400 MHz, CDCly) 5.91
(dd, J 3.2, 1.5, 1H, H6), 5.61 (m, 1H, H11"), 5.53 (m, 1H,
H10"), 5.45 (m, 1H, H11), 5.14 (m, 1H, H10), 3.26 (t, J 4.2,
1H, H7), 3.07 (d, J 6.0, 1H, H3a), 2.94 (dd, J 14.9, 6.8, 1H,
H9a), 2.87 (obscured dd, 1H, H9b), 2.84 (t, J 5.6, 1H, H7a),
2.68 (m, 2H, H9"), 2.05 (s, 3H, H13), 1.72 (d, J 6.4, 3H,
H12"),1.67 (d, J 6.9, 3H, H12), 1.63 (d, J 1.5, 3H, H13"). 8¢
(100 MHz, CDCl3) 205.6 (C1/C8), 201.5 (C1/C8), 167 (C3),
146.7 (C5), 141.1 (C2), 126.2 (C11%), 126.1 (C10), 125.5
(C10"), 124.9 (C11), 123.0 (C6), 59.1 (C4), 49.1 (C7), 45.6
(C3a), 45.2 (C7a), 23.4 (C9"), 20.9 (C9), 17.1 (C13), 15.7
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(C137), 13.1 (C12), 12.8 (C12). HRMS m/z (Q-TOF ES™)
Caled for CyoH5405Na: 319.1674; found: 319.1651.

3,6-Dimethyl-2,7-di((Z)-pent-2-en-1-yl)-30,4,7,7 -
tetrahydro-1H-4,7-methanoindene-1,8-dione 21c and
3,5-dimethyl-2,4-di((Z)-pent-2-en-1-yl)-3,4,7,7 ¢~
tetrahydro-1H-4,7-methanoindene-1,8-dione 22¢

A sample of jasmolin I (1¢) (0.120 g, 0.36 mmol) was treated
according to the representative procedure. After chromatog-
raphy, concentration of the fractions containing the faster-
eluting component (Rp0.9, 1% methanol in dichloro-
methane) afforded the title compound 21c (0.014 g, 24%)
as a colourless 0il. vmax (KBr) 1775, 1692, 1638 cm ™ 1. 8y
(400 MHz, CDCl3) 5.67 (m, 1H, H5), 5.50 (m, 2H, H10’,
H11%), 5.35 (m, 1H, H11), 5.09 (m, 1H, H10), 3.20
(t, J 5.1, 1H, H3a), 3.13 (t, J 4.0, 1H, H4), 2.90 (dd,
J 15.0, 7.4, 1H, H9a), 2.84 (1H, dd, J 14.9, 7.7, H9Db),
2.74 (dd, J 15.5, 5.8, 1H, H9a‘), 2.67 (dd, J 15.8, 5.1, 1H,
H9bY), 2.62 (d, J 6, 1H, H7a), 2.22 (m, 2H, H12"), 2.11 (m,
2H, H12), 1.95 (s, H14), 1.65 (d, J 1.6, 3H, H14"), 0.98 (two
coincidental t, J 7.8, 6H). §c (100 MHz, CDCl3) 205.0
(C1/C8), 201.7 (C1/C8), 166.8 (C3), 146.4 (C6), 143.1
(C2), 134.5 (C10Y), 132.5 (C10), 124.5 (C11%), 123.8
(C11), 120.9 (C5), 59.3 (C7), 49.6 (C4), 45.3 (C3a), 45.2
(C7a), 23.4 (C9), 21.3 (C9), 20.6 (C12), 20.5 (C12"), 16.0
(C14), 15.8 (C14"), 14.1 (C13), 14.0 (C13’). HRMS m/z
(Q-TOF ES*) Caled for CyyHyg0-Na requires 347.1987;
found: 347.1989. Concentration of the fractions containing
the slower-eluting component (Rp0.5, 1% methanol in
dichloromethane) afforded the title compound 22¢ (0.016 g,
27%) as a colourless oil. v,.x (KBr) 1778, 1698, 1634 cem L
dy (400 MHz, CDCl3) 5.91 (dd, J 3.3, 1.6, 1H, H6), 5.35
(m, 1H, H11), 5.49 (m, H10, 2H, H10"), 5.07 (m, 1H, H11"),
3.25 (dd, J 4.7, 3.7, 1H, H7), 3.08 (d, J 6.0, 1H, H3a), 2.93
(dd, J 15.1, 6.5, 1H, H9a), 2.87 (obscured dd, 1H, HO9b), 2.83
(t, J 5.6, 1H, H7a), 2.68 (m, 2H, H9"), 2.14 (m, 4H, H12,
H12"), 2.04 (s, 3H, H14), 1.60 (d, J 1.6 Hz, 3H, H14"), 1.02 (t,
J7.5,3H, H13), 0.97 (t,J 7.5, 3H, H13"). 8¢ (100 MHz, CDCls)
205.6 (C1/C8), 201.5 (C1/C8), 167.2 (C3), 146.7 (C5), 141.1
(C2), 133.9 (C11"), 132.6 (C10), 124.4 (C10"), 123.8 (C11),
123.0 (C6), 59.0 (C4), 49.1 (C7), 45.6 (C3a), 45.2 (C7a), 23.7
(C9), 21.2 (C9), 20.8 (C129), 20.5 (C12), 17.0 (C14), 15.8
(C14), 14.1 (C13), 13.9 (C13). HRMS m/z (Q-TOF ES™)
Calcd for CyoHog05Na requires 347.1987; found: 347.1981.

Density functional theory calculations

Calculations were performed using Gaussian 16 (rev. C.01,
see https://gaussian.com/gaussian16/).>® Geometries were
optimised®”~*! with B3LYP-D3(BJ)/6-311 + G(d,p) using the
SMD*? of ethanol. Distortion-interaction analyses of each TS
partner were performed at the same level of theory. Intrinsic
reaction coordinate calculations**>** were performed on all
TSs, which allowed the reactant and product structures

connected to each TS along minimum-energy pathways to
be identified. Gibbs free energies are reported at a standard
state of 298.15K and 1 mol L™,

Supplementary material

Numbering schemes, 1-D and 2-D NMR spectra and HPLC
chromatograms of all new compounds; UPLC traces of rep-
resentative samples of refined pyrethrum extract before and
after heat treatment; computed geometries and energies of
species calculated with density functional theory: supple-
mentary material is available online.
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