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Abstract: The behaviour of the peach potato aphid Myzus persicae (Sulz.) was studied during settling on plants. The experiment in-
volved observing peach potato aphid activity after the application of some natural and synthetic cyclohexanones and the, respective
e-lactones and epoxy-é¢-lactones which were obtained from the cyclohexanones. Stereochemistry, and the number and position of
methyl substituents were important for the biological activity of the starting compounds: only trimethyl-substituted cyclohexanones
were active, i.e. 3.3.5-trimethylcyclohexanone (deterrent) and 2.2.6-trimethylcyclohexanone (attractant). The effect of oxygen incor-
poration into the cyclohexanone ring on deterrent activity varied depending on the starting compound. The e-lactones that derived
from saturated cyclohexanones were either weak attractants or were inactive, except the deterrent e-lactone with three methyl groups
at positions 3.7.7. None of the products of unsaturated ketone isophorone (weak deterrent) oxidation, i.e. epoxy isophorone, epoxy
lactone, or unsaturated lactone, affected aphid settling. Of the two epoxy ketones obtained from (+)-dihydrocarvone that was inac-
tive, only (2S, 55)-2-methyl-5-((S)-1-methyloxiranyl)-cyclohexanone was a strong deterrent. Both epoxy-e-lactones that derived from

(+)-dihydrocarvone were strong deterrents.
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INTRODUCTION

The peach potato aphid Myzus persicae (Sulz.) is a po-
lyphagous aphid species that feeds on secondary hosts
of over 40 different plant families. It is also the most im-
portant insect vector of more than 100 plant viruses (Cap-
inera 2004). At present, aphid control depends mainly on
the use of insecticides. Due to the repeated applications,
many aphid species have developed resistance to several
chemical aphicides. The peach potato aphid has devel-
oped an especially strong resistance to aphicides. There-
fore, a more specific alternative method of aphid control
isneeded. The use of targeted chemicals that would repell
aphids or deter their feeding is one of the most promising
approaches. The reduced feeding may, in consequence,
cause the rejection of a plant or affect aphid development,
fecundity, and longevity, which finally leads to collapse.
The most interesting discoveries for insect control include
ajugarin, azadirachtin, and polygodial. The sesquiter-
penoid polygodial was successfully applied in the field
against bird cherry-oat aphid Rhopalosiphum padi. Sesqui-
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terpenoid polygodial gave similar outcomes to the results
obtained with cypermethrin (Pickett et al. 1994).

Insect feeding deterrents (antifeedants) belong to dif-
ferent chemical groups and were initially found in natu-
ral sources (Wawrzyniak 1996; Klein Gebbinck et al. 2002;
Wawrzenczyk et al. 2002). Compounds with the lactone
moiety are commonly occurring natural products and fre-
quently exhibit antifeedant properties against insects (Pic-
man 1986). The use of natural compounds on a wide scale,
however, is costly. For this reason, there is a strong demand
for synthetic, behaviour modyfing chemicals which are
simple to obtain in the laboratory. In the present work we
were interested in whether the incorporation of oxygen into
the cyclohexanone ring creating a lactone moiety, would af-
fect the biological activity. We were especially interested in
the starting compound’s antifeedant activity against aphids.
We studied the behaviour of M. persicae during settling on
plants. The study concerned settling after the application
of natural and synthetic cyclohexanones, and the respective
e-lactones and epoxy-¢-lactones of the cyclohexanones.
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MATERIALS AND METHODS

Chemical compounds

The chemical compounds: 2-Methylcyclohexanone
(1a), 3-methylcyclohexanone (1b), 4-methylcyclohexa-
none (lc), 3.3.5-trimethylcyclohexanone (le) were pur-
chased from Sigma-Aldrich Chemical Co. The chemical
compounds: 2.2.6-trimethylcyclohexanone (1d), 2-iso-
propyl-5-methylcyclohexanone (1f), isophorone (1g) and
(+)-dihydrocarvone (1h) were purchased from Fluka Bio-
Chemika.

The racemic (2a—f, 3b, 3e, 3g, 4g) and optically active
(2h, 3h) e-lactones were prepared by the oxidation of cor-
responding ketones (1a—h) with m-chloroperbenzoic acid
(m-CPBA) in dichloromethane according to the method
described by us earlier (Ratus et al. 2006; Ratus$ et al. 2009).
The yields, physical and spectral data of lactones 2b, 3b,
2¢, 2e, 3e, 2f, 4g, epoxy lactones 2h, 3h, epoxy ketones 4h,
5h were presented in Ratus et al. (2009), and lactones 2a,
2d, epoxy ketone 2g and epoxy lactone 3g in Ratus ef al.
(2006). The purity of the tested compounds was higher
than 97% as determined by gas chromatography us-
ing capillary columns: Thermo TR-5 (30 m x 0.32 mm x
1.0 um) and Agilent DB-17 (30 m x 0.25 mm x 0.25 um).

Biological tests

Aphids (M. persicae) and plants (Chinese cabbage Bras-
sica pekinensis) were reared in the laboratory at 20°C, 65%
RH, and L16 : 8D photoperiod. All experiments were car-
ried out under the same conditions.

The compounds were applied to the adaxial surface
of a leaf as 0.1% ethanolic solutions, on 0.01 ml/cm? of the
leaf, according to the method described by Polonsky et al.
(1989). All biological tests were performed 1 hour after
the application of the compounds, to allow for the evapo-
ration of the solvent.

The feeding deterrence was assessed by a choice-test,
in which the aphid settling on plants was observed. The
compounds were applied on one half of the leaf. The oth-
er side of the leaf midrib was treated with ethanol and
acted as the control. Aphids had a choice between treated
and control surfaces. Aphids that settled, i.e. they did not
move and the position of their antennae indicated feed-
ing (Hardie et al. 1992) on each side of the midrib were
counted at 1h, 2h, and 24h intervals after access to the leaf
(8 replicates, 20 viviparous apterous females/replicate).
The data were analyzed using the Mann-Whitney U-test
(STATISTICA 6.1. package). If aphids showed a clear pref-
erence for the half of the leaf treated with the tested com-
pound (p < 0.05), the compound was described as hav-
ing attractant properties. If aphids settled mainly on the
control half of the leaf (p < 0.05), the compound tested in
the respective choice-test was stated a feeding deterrent.
From the data thus obtained, the relative (R) coefficient of
deterrence was calculated using the formula according to
Nawrot et al. (1982):

R = (C-T/C+T)

Where:

C — the number of aphids settled on the control half of
the leaf

T — the number of aphids settled on the half of the leaf
treated with the tested compound.
Negative values of R indicated attractant properties

and positive R values — the deterrent ones.

RESULTS AND DISCUSSION

The Baeyer-Villiger oxidation of methyl and trimeth-
yl substituted saturated cyclohexanones (la-1f) with
m—CPBA gave respective e-lactones (2a—2f, 3b, and 3e)
(Table 1). It is noteworthy, that in the reaction of cyclo-
hexanones with alkyl substituents in the a position to
carbonyl group, only one product was formed. The re-
gioselectivity of Baeyer-Villiger oxidation was lower in
the reaction of cyclohexanones with methyl substituents
in B positions. From the ketones 1b and 1e, the mixtures
of two products 2b, 3b and 2e, 3e, respectively, were ob-
tained. More complex mixtures of products were formed
in the oxidation of unsaturated ketones 1g and 1h. The
oxidation of isophorone (1g) with application of 1.1 or 2.2
equiv. of m-CPBA per 1 equiv. of ketone, afforded mix-
ture of epoxy ketone 2g, epoxy lactone 3g and unsatu-
rated e-lactone 4g. The oxidation of (+)-R-dihydrocarvone
(1h) with 1.1 or 2.2 equiv. of m-CPBA led to a mixture of
diastereoisomeric epoxy ketones 4h, 5h and epoxy lac-
tones 2h, 3h. The increase in the amount of m-CPBA to
3.0 equiv. per 1 equiv. of unsaturated ketone led to the
formation of only epoxy lactones 2h and 3h. The analysis
of the composition of reaction mixture, in the course of
the process, indicated that the epoxy ketones 4h and 5h
were formed first and then they were transformed into
epoxy lactones 2h and 3h.

The starting compounds, i.e. methyl and trimethyl
substituted cyclohexanones, varied in biological activity.
Ketones 1a and 1b did not affect aphid behaviour either
at the beginning or at the end of the experiment. Ketone
1c showed attractant activity 24 hours after application
(R=-0.5) (Table 1, Fig. 1A). Ketone 1d showed deterrent
activity at the beginning of the experiment and attrac-
tant 24 hours later (Fig. 1A). Ketone le was a deterrent,
whose index of deterrence reached 0.6 in the first hour of
the experiment. Later, its activity slightly decreased but
remained relatively high (R = 0.4) until the end of experi-
ment (24 hours after application).

The e-lactones, that derived from respective cyclo-
hexanones, also differed in biological activity. Generally,
the incorporation of oxygen into methyl and trimethyl
substituted cyclohexanones did not have any significant
effect on biological activity, except for the oxidation of
ketones 1a and le. The oxidation of ketone 1a led to lac-
tone 2a that had weak attractant properties (R value after
24 hours: —0.2), and the oxidation of ketone le reduced its
deterrent activity dramatically. Lactone 2d showed weak
deterrent activity (R = 0.2 throughout the experiment).
Neither of the lactones, 2e and 3e had any effect on aphid
settling (Table 1, Fig. 1A).

The naturally occurring unsaturated cyclic ketone
isophorone 1g showed deterrent properties 24 hours after
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Table 1. Deterrent effect of methyl and trimethyl substituted cyclohexanones la-1f and products of their oxidation, the respective
e-lactones 2a-2f, 3b and 3e. Numbers represent means +SE of 8 replications; statistically significant differences in aphid set-

tling behaviour at p < 0.05 according to Mann-Whitney U-test

c d Symbol/N Number of aphids
ompoun ymbol/Name in h Y
o control 7.6+0.9 7.1+0.9 4.8+0.9
la
test 8.0+1.1 6.0+1.1 2.6+0.7
2-methylcyclohexanone
P 0.7871 0.4453 0.0731
R control 2.420.9 3.1£1.1 4.2+0.5
2a
] test 5.6£1.0 6.6+0.8 6.0£0.5
7-methyl-1-oxepan-2-one
P 0.0316 0.0195 0.0256
0 control 5.6x1.1 6.3£1.5 51+1.2
1b
test 4.5+0.5 5.0+0.7 7.1+1.1
3-methylcyclohexanone
P 0.3563 0.4599 0.2503
control 7.4+1.1 7.6+1.2 8.2+1.1
o P 2b
LY test 10.0+1.1 99:09 102:11
6-methyl-1-oxepan-2-one
P 0.1165 0.1660 0.2250
o control 8.5+1.1 6.9+0.9 5.5+0.9
3b
4 test 10.0£1.2 11.1+0.6 6.6+1.4
4-methyl-1-oxepan-2-one
P 0.3779 0.0026 0.5163
0 control 7.0£1.3 5.3+1.3 2.3+0.3
1c
test 8.9+1.3 6.6+0.6 6.1+0.6
4-methylcyclohexanone
P 0.3195 0.3623 0.0004
0. 0 control 7.4+1.0 7.6x0.9 7.9+0.7
2c
test 6.11.1 6.4+1.0 9.2+0.6
5-methyl-1-oxepan-2-one
P 0.4164 0.3601 0.1692
Q control 8.5¢1.2 5.8+0.9 2.5+0.3
1d
test 3.8+0.5 3.9+£1.0 5.9+1.7
2.2.6-trimethylcyclohexanone
P 0.0041 0.0359 0.7336
control 8.2+0.9 10.4+1.3 10.1+1.3
00 |2d
test 5.4+0.8 6.1+0.7 6.6+0.7
3.7.7-trimethyl-1-oxepan-2-one
P 0.0336 0.0123 0.0355
o control 13.3+#1.3 13.3+1.2 13.8+1.1
le
test 3.8+0.9 4.5+1.1 5.9+0.9
3.3.5-trimethylcyclohexanone
P 0.0000 0.0001 0.0001
o o control 9.1+0.9 9.9+0.9 9.7+0.9
2e
test 8.7+0.9 8.2+1.1 7.6+1.3
4.6.6- trimethyl-1-oxepan-2-one
P 0.7814 0.2746 0.2024
control 9.1+0.9 9.4+0.8 9.2+0.7
ong? 3e
test 8.0+0.4 8.1+0.6 7.5+0.9
4.4.6- trimethyl-1-oxepan-2-one
P 0.2266 0.2268 0.1540
control 6.3£1.2 6.5£1.3 3.420.7
1f
) test 6.3+0.8 5.5+0.7 3.0£0.6
° 2-isopropyl-5-methylcyclohexanone
P 1.0000 0.5091 0.7079
control 8.6+1.4 9.3£1.0 7.2¢0.7
0 2f
$ test 7.1+14 5.0¢1.0 5.4+1.1
7-isopropyl-4-methyl-1-oxepan-2-one
P 0.4664 0.00 83 0.1642
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Fig. 1. Index of deterrence (R) for cyclohexanones and products of their oxidation. A — Methyl and trimethyl substituted cyclohexa-
nones la-1f and products of their oxidation, the respective e-lactones 2a—2f, 3b and 3e. B — Isophorone 1g and products of its
oxidation, the respective lactone 4g, epoxy ketone 2g and epoxy lactone 3g. C - (+)-Dihydrocarvone 1h and products of its
oxidation, the respective epoxy ketones 4h-5h and epoxy lactones 2h-3h. Asterisks indicate statistically significant biological

3e 2f

4h

5h

Oxidation products

ol

1@ 1 1c 1d 1e 11f 2a 2b 3b 2c 2d 2e
0.5 - Cyclohexanones Oxidation products
0.4 ' o '
*
0.3 A
0.2
0.1 1 =
-0.1 A1 u \i‘ I_I I—, |_,
-0.2 1
—0.3 A1
—0.4 A *
—0.5 -
19 29 3g 4g 1h 2h 3h
0.5 4 Oxidation products 0.5 1
0.4 1 & — 0.4 1 f
0.3 A 0.3 1 %
0.2 A 0.2 A1
0.1 4 0.1 1 ’_*‘
0 , , ,_l , ., RO T T
0.1 - -0.1 A
0.2 A -0.2 1
—0.3 A -0.3 A
-04 - -0.4 1
—05 - B -0.5 -

activity according to the Mann-Whitney U-test results (p < 0.05): R <0 — attractant, R > 0 — deterrent

Table 2. Deterrent effect of isophorone 1g and products of its oxidation, the respective lactone 4g, epoxy ketone 2g, and epoxy lac-
tone 3g. Numbers represent means +SE of 8 replications; statistically significant differences in aphid settling behaviour at

p <0.05 according to Mann-Whitney U-test

Number of aphids
Compound Symbol/Name
1h 2h 24 h
control 1.4+0.2 3.9+0.6 4.4+0.8
1
8 test 2.6+0.5 4.4+0.7 1.8+0.4
o 3.5.5-trimethyl-cyclohex-2-en-1-one

P 0.0335 0.6076 0.0098
control 1.7£0.6 7.320.9 6.1+0.7

o Zg
test 0.8+0.4 4.0+1.2 4.5+1.6

o 4.4 6-trimethyl-7-oxabicyclo[4.1.0]heptan-2-one

P 0.1566 0.0507 0.3760
control 6.5+0.9 6.5+0.8 6.5+1.1

o 3g
o test 6.7+0.9 7.4+1.1 5.4+0.9

5 5.5.7-trimethyl-2.8-dioxabicyclo[5.1.0]octan-3-one

P 0.8493 0.5270 0.4393
control 6.5+1.1 4.1+0.8 0.9+0.3

Q e
3 test 49+1.1 2.6+1.2 0.9+0.4

Y 4.4 .6-trimethyl-1-oxepan-6-en-2-one

P 0.3162 0.3083 1.0000
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Table 3. Deterrent effect of (+)-dihydrocarvone 1h and products of its oxidation, the respective epoxy ketones 4h-5h and epoxy lac-
tones 2h-3h. Numbers represent means +SE of 8 replications; statistically significant differences in aphid settling behaviour

at p <0.05 according to Mann-Whitney U-test

Number of aphids
Compound Symbol/Name P
1h 2h 24 h
control 11.1+1.3 5.3+1.1 4.5+1.2
[ j%’ 1h
test 5.4+1.1 49+1.1 3.0£0.8
2R .5R-5-iso-propenyl-2-methylcyclohexanone
N P 0.0049 0.8122 0.3149
b@ N control 10.4+0.8 11.2+0.7 10.9+0.9
2
test 5.7+0.5 6.2+0.5 7.4+1.0
‘o (4S. 7S)-7-methyl-4-((R)-1-methyloxiranyl)-1-oxepan-2-one
N P 0.0003 0.0000 0.0186
bd " control 9.2+0.9 10.2+0.8 11.7+0.9
3
test 4.6+0.7 4.9+0.7 5.9+0.5
4 (4S. 7S)-7-methyl-4-((S)-1-methyloxiranyl)-1-oxepan-2-one
P 0.0013 0.0002 0.0000
N control 8.6+0.9 6.6+1.0 6.5+1.4
° 4
(J test 7.4+0.8 5.6+0.8 4.3+0.9
S (2S. 55)-2-methyl-5-((R)-1-methyloxiranyl)-cyclohexanone
AN P 0.3007 0.4524 0.2011
B control 12.3+1.3 10.4£1.9 10.1£2.1
° 5
é& . test 5.541.1 3.8+0.7 4.9+0.7
P%i (2S. 55)-2-methyl-5-((S)-1-methyloxiranyl)-cyclohexanone
P 0.0015 0.0048 0.0313

application (R = 0.4). The oxidation of 1g caused the loss
of this activity. Neither the epoxy ketone 2g, the epoxy
lactone 3g nor the unsaturated e-lactone 4g had any effect
on aphid settling (Table 2, Fig. 1B).

(+)-Dihydrocarvone (1h) showed deterrent properties
only at the beginning of the experiment (R = 0.3; 1 hour
after application) (Table 3, Fig. 1C). Both epoxy lactones
2h and 3h, reduced aphid settling for 24 hours after appli-
cation. The epoxy ketone 4h did not affect aphid settling,
while its stereoisomer 5h had a strong negative effect on
aphid settling behaviour (R = 0.4 throughout the experi-
ment) (Table 3, Fig. 1C.).

The biological activity of cyclohexanones and prod-
ucts of their oxidation was monitored at three time in-
tervals during the experiment, i.e. 1, 2, and 24 hours after
aphids had access to the treated leaves. Ketone 1le, lac-
tone 2d and compounds with epoxy group (2h, 3h, and
5h) showed the most stable strong deterrent activity.
However, in some cases there were differences in aphid
response to various substances in the course of time (e.g.
1b, 1c, 1d, 1g, and 3g). In the case of ketones 1d and 1g,
the switch from negative aphid response (deterrent activ-
ity of the compound) to positive (attractant activity of the
compound) or otherwise, respectively, was statistically
significant (Tables 1, 2).

In conclusion, as far as the structure-activity aspect of
this study is concerned, our experiments showed that in
the case of alkyl-substituted cyclohexanones, the number
and position of alkyl substituents and stereochemistry of
cyclohexanone molecule was important for the deterrent
activity: only trimethyl-substituted cyclohexanones were
biologically active. 3.3.5-trimethylcyclohexanone (1e) was
an active deterrent and 2.2.6-trimethylcyclohexanone
(1d) was a weak attractant. In the case of the unsaturated
ketone isophorone 1g, none of the derived products: ep-
oxy isophorone (2g), epoxy lactone 3g, and unsaturated

lactone 4g showed biological activity. Of the two epoxy
ketones 4h and 5h that were obtained from (+)-dihydro-
carvone, [(2S, 5S)-2-methyl-5-(R)-1-methyloxiranyl]-cy-
clohexanone (4h) was inactive, while [(25,55)-2-methyl-
5-(S)-1-methyloxiranyl]-cyclohexanone (5h) was a strong
deterrent. The e-lactones showed either weak attractant
properties (2a, 3b) or were inactive (2b, 2c, 2e, 3e, 2f). The
only active deterrent was e-lactone 2d with three methyl
groups at positions 3.3.7. On the contrary, both epoxy-e-
lactones 2h and 3h that derived from (+)-dihydrocarvone
were strong deterrents.

The results of the experiments presented here il-
lustrate three major aspects of biological activity of the
studied compounds, i.e. the variation in the stability of
deterrent effect, a switch from attractant to deterrent
properties or otherwise, and the importance of substitu-
ents, and stereochemistry of the molecule. These aspects
seem characteristic of feeding deterrents because similar
observations were made during analogous studies on
natural and synthetic aphid antifeedants (Halarewicz-Pa-
can 2003; Dancewicz et al. 2005, 2006, 2008; Wawrzenczyk
et al. 2003). The change in stability and nature of the be-
havioural effect of exogenously applied chemicals may
be caused by the alteration of local conditions in the plant
tissues. These are changes that take place in the course of
time due to plant and aphid metabolism. The chemicals
may became less concentrated in plant tissues and the
phloem sap, the pH of the sap may change, etc. Moreover,
the compounds may be detoxified by enzymes present in
aphid saliva or by aphid symbionts (Leszczynski 2001).
On the other hand, it is very well documented that natu-
ral antifeedants are lactones with one or more additional
functional groups (Ley and Toogod 1990). Enantiomers
of chiral compounds may differ significantly in respect to
their interaction with biological receptors, thus resulting
in a different biological activity (Juza et al. 2000).
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POLISH SUMMARY

WPLYW WPROWADZENIA ATOMU TLENU
DO PIERSCIENIA CYKLOHEKSANONU NA
BIOLOGICZNA AKTYWOSC

Badano zachowanie sie mszycy brzoskwiniowej My-
zus persicae (Sulz.) podczas zasiedlania roslin, po zasto-
sowaniu wybranych naturalnych i syntetyczynych cy-
kloheksanonéw oraz uzyskanych z nich odpowiednich
e-laktonow i epoksy-e-laktonow. Struktura przestrzenna
oraz liczba i pozycja grup funkcyjnych danego zwiagzku
wyjsciowego mialy duze znaczenie dla poziomu aktyw-
nosci biologicznej. Jedynie tréjmetylopodstawione cyklo-
heksanony byty aktywne, tzn. 3.3.5-trimetylocyklheksa-
non (deterent) i 2.2.6-trimetylocyklheksanon (atraktant).
Wplyw wbudowania atomu tlenu w pierscien cyklohek-
sanonu na aktywnos¢ deterentna, zalezat od zwigzku
wyjsciowego. e-Laktony pochodzace od nasyconych cy-
kloheksanondéw byty albo stabymi deterentami, albo byty
nieaktywne, oprdcz e-laktonu z trzema grupami metylo-
wymi w pozycjach 3.7.7. Zaden z produktéw utleniania
nienasyconego ketonu izoforonu (staby deterent), tzn.
epoksyizoforon, epoksylakton oraz nienasycony lakton,
nie wptywat na zasiedlanie roslin przez mszyce. Sposréd
dwoch epoksyketonéw uzyskanych z (+)-dihydrokarwo-
nu, ktéry byt nieaktywny, jedynie (25,5S)-2-metylo-5-((S)-
1-metylooks:ranylo)-cykloheksanon, byt silnym deteren-
tem. Obydwa epoksy-e-laktony pochodzace od (+)dihy-
drokarwonu byly silnymi deterentami.



