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Many compounds in nature are chiral such as various plant chemicals affecting herbivory, sex and aggregation pheromones, 
and allomones of insects. Each chiral semiochemical usually consists of 2 enantiomer structures that are non-superimposable 
mirror images. These contain at least one asymmetric carbon yielding absolute R- or S-stereo configurations that rotate 
plane-polarized light in a polarimeter in opposite directions to specific amounts. Most chiral insect semiochemicals consist of 
only one bioactive enantiomer functioning in communication with conspecifics (pheromones) or in interspecific interactions 
(allomones). Once the absolute configuration of each enantiomer is established, usually by chemical syntheses, and associated 
with the (±) optical rotations via polarimetry, then chiral gas chromatography-mass spectrometry (GC-MS) and polarimeters 
are used to identify the bioactive component in behavioral research. We present equations that use the optical rotations of 
compounds in a polarimeter to characterize the optical purity, specific rotation, enantiomeric excess, and percentage of each 
enantiomer in solution. We extend the polarimetry equations iteratively to solve for the specific rotation of a compound of 
interest in solutions of multiple chiral impurities with known proportions and specific rotations (from literature and analyzed 
by chiral GC-MS and polarimetry). The software allows for improved accuracy in measuring specific rotations of chiral semiochem-
icals in mixtures, as exemplified in previous literature and test samples. The equations implemented in Java software or 
webpages for personal computers and smartphones will aid research on the identification of volatile chiral molecules functioning 
in insect-insect and insect-plant interactions as well as in pest management.
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Graphical abstract

Introduction
Many compounds comprising volatile insect semiochemicals, 
such as those related to monoterpenes and sesquiterpenes, are 
chiral and commonly exist as 2 enantiomers each, having a 
distinctly different odor or taste perceived by animals. 
Pheromones, allomones, and kairomones of many animals, 
especially insects, are chiral and function in locating appropri-
ate food resources, finding mates, and avoiding competitors 
and predators (Mori 1998, 2007, 2014, Wyatt 2010, El-Sayed 
2024). Chiral compounds consist of one or more pairs of enan-
tiomers, each rotating plane-polarized light a characteristic 
number of degrees either right (+) or left (–) as measured in a 
polarimeter (Morrison and Boyd 1973). Chiral sex pheromones 
have apparently evolved millions of years ago in the cockroach 
Eurycotis floridana, where males release chiral components to 
attract females (Farine et al. 1994). Males of many species of 
long-horned beetles (Coleoptera: Cerambycidae) release chiral 
aggregation pheromones that attract both sexes to the tree 
where they mate (Hanks and Millar 2016). Bark beetles 
(Coleoptera: Curculionidae) use attractive and inhibitory pher-
omone components that are typically chiral terpenoid alcohols 
and ketones or double/triple ring structures with one or two 
oxygen bridges (Silverstein et al. 1966a, 1966b, 1968, Wood 
et al. 1976, Borden et al. 1980, Silverstein 1981, Payne et al. 
1982, Wood 1982, Byers 1983, 1989, Mori et al. 1983, Byers 

et al. 1989, Seybold 1993, Zada et al. 2004). In some bark 
beetle species, one of 2 possible enantiomers functions in (1) 
aggregation of conspecifics for mating and feeding on the host 
tree, (2) reducing intraspecific competition for bark phloem, 
or (3) avoiding interspecific competition from resident individ-
uals of other species (Wood et al. 1976, Renwick et al. 1976, 
Byers 1989, Byers et  al. 1989, Seybold 1993, Poland and 
Borden 1998, Mori 2007, 2014). Various chiral monoterpenes 
and sesquiterpenes and their alcohols, aldehydes, and ketones 
have been shown to be important for host plant recognition as 
well as for avoiding non-hosts by bark and ambrosia beetles 
(Byers 1995, Byers et al. 2000, 2018, 2020, Zhang et al. 2002).

Most moth species (Lepidoptera) use volatile sex pheromone 
components that are non-chiral; however, females of many spe-
cies in the families Geometridae, Noctuidae, Arctiidae, and 
Lymantriidae employ long-chain epoxide enantiomers that are 
chiral sex pheromone components (Silverstein 1981, Millar 
2000, Byers 2006, El-Sayed 2024). For example, males of the 
forest defoliator pest, Lymantria dispar (formerly ‘gypsy moth,’ 
now spongy moth), are only attracted by the epoxide (+)-dis-
parlure enantiomer, while the (–)-disparlure is unattractive and 
even reduces the attraction to the (+)-enantiomer (Miller et al. 
1977). Species of red harvester ants in the genus Pogonomyrmex 
use only (S)-4-methyl-3-heptanone as alarm pheromone, while 
the same enantiomer is used by a brachonid parasitoid wasp as 
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a defensive irritant expelled when biting (Byers and Levi-Zada 
2011). The female olive fruit fly, Bactrocera oleae, releases a 
chiral pheromone with one enantiomer attracting males and 
the opposite enantiomer attracting females (Haniotakis et al. 
1986). Other tephritid fruit fly pest species release sex-specific 
mixtures of chiral and non-chiral volatiles in circadian rhythms 
that likely play complex behavioral roles in lek formation and 
mating (Levi-Zada et al. 2020). In Hemiptera, Ho and Millar 
(2001) identified a chiral sex pheromone released by males of 
2 Chlorochoroa stink bug species. Wingless female mealybugs 
(Hemiptera) release unique terpenoid sex pheromones that 
invariably are chiral-specific in attracting winged males (Zada 
et al. 2008, Zou et al. 2010, Ramesh et al. 2015, Zou and 
Millar 2015, Levi-Zada et al. 2019, 2021). Many terpene com-
pounds and aromatic alcohols found in plant essential oils are 
chiral, and depending on the insect species are either attractive 
or repellent (Byers et al. 2000, 2018, 2020, Levi-Zada et al. 
2024, 2025). Most plant essential oils contain monoterpenes 
and related terpenes in complex enantiomeric mixtures. 
Recently, the peach fruit fly, Bactrocera zonata, and the red 
palm weevil of dates, Rhynchophorus ferrugineus, were shown 
in the field to avoid essential oils and their components that 
may represent non-hosts (Levi-Zada et al. 2024, 2025). Thus, 
it is important in studies in chemical ecology to understand and 
have tools that characterize semiochemical enantiomers (Wood 
et al. 1976, Mori 1998, 2007, 2014).

Chiral chemicals are those having at least 1 asymmetric cen-
ter (carbon connected by single bonds to 4 different 
molecular-weight components). Each asymmetric center can 
have a geometric configuration of R (rectus = right-handed) or 
S (sinister = left-handed) depending on a rule of priority to 
decide the absolute rotation. For each asymmetric center, the 
largest to smallest atoms (or extending to the smallest molecular 
weight groups) attached to this center are given priority ranks 
(high to low, respectively). A model of the molecule is rotated 
such that the asymmetric center’s attachment with the lowest 
rank is pointed away from the viewer, and then stepping from 
the highest ranked attachment to the lowest will proceed either 
clockwise to the right-hand (R) or counterclockwise to the 
left-hand (S) of the viewer (Cahn et al. 1966, Morrison and 
Boyd 1973). Compounds with one or more asymmetric centers 
have stereoisomers that are either diastereomers (not mirror 
images and not superimposable) or enantiomers (mirror images 
that are not superimposable) or both (Byers et  al. 1989). 
Straight chain compounds with several (n) chiral centers have 
up to 2n enantiomers; if n = 2 then there are 2 pairs of enantio-
mers (4 different structures): (S, S) and (R, R) are enantiomers 
of each other, and (S, R) and (R, S) are the other pair. However, 
ring structures with 2 chiral centers, such as α-pinene, have only 
2 enantiomers due to conformational constraints of the rings.

Volatile semiochemicals, including those that are chiral, can 
be identified using gas chromatography-mass spectrometry 
(GC-MS). For those semiochemicals that have enantiomers, 
an appropriate chiral GC column is used to separate their 
enantiomers, giving the retention times and the proportion of 
each by peak area. This method cannot directly determine 
which enantiomer elutes first in the chiral column or the opti-
cal rotation of each enantiomer (Byers and Levi-Zada 2011, 
Levi-Zada et al. 2021). However, once an enantiomer is deter-
mined to be R- or S-configuration by either X-ray crystallog-
raphy, chiral derivatizing agents with nuclear magnetic 
resonance spectroscopy (NMR) and chromatography, or 

enantioselective synthesis (chemical synthesis from known 
stereo-precursors) (Labuta et  al. 2013), then the (+)- or 
(–)-rotation can be assigned by a polarimeter and their elution 
order on a chiral column by GC. Thereafter, in research stud-
ies, the identity of each enantiomer can be recognized by either 
polarimetry or chiral GC, which allows for identification of 
the behaviorally active enantiomer. The specific rotation of a 
chiral compound defines the degree of rotation of polarized 
light in a standardized way. The specific rotation, α[ ]

D

20

, is 
usually measured at 589 nm or D (sodium light) at 20 °C, thus 
in units of deg·ml·g−1·dm−1 (typically shortened to degrees), 
and hereafter we use [α]D. The specific rotation then depends 
on (i) the optical rotation (in degrees), (ii) the length of the 
tube containing the enantiomeric solution through which the 
polarized light travels (in dm), and (iii) the concentration of 
the chiral component (g/ml). The equation for the specific 
rotation presented subsequently can be solved for any of the 
3 parameters and extended to more complicated equations.

Our objectives were to (i) present well-known formulas using 
the optical rotations measured in a polarimeter to calculate spe-
cific rotation, enantiomeric excess (ee), and percentage of R and 
S enantiomers, (ii) use the specific rotation equation and derive 
an equation that corrects the measured specific rotation of an 
enantiomer in mixture with a chiral impurity, (iii) extend this 
derived equation for any number of chiral impurities of known 
proportions and rotations to find the specific rotation of an 
enantiomer of interest, and (iv) solve the extended equation to 
predict the optical rotation of a mixture of chiral compounds 
when all specific rotations of components and their proportions 
are known. This calculated rotation should equal the mixture’s 
optical rotation measured by polarimetry, unless there are errors 
reported in the literature for specific rotations of one or more 
of the components. We will confirm the extended equations by 
comparison with optical measurements of enantiomer mixtures 
of α-pinene, limonene, and camphor in a polarimeter. Finally, 
we use the extended equations to correct previously reported 
specific rotations of trans-verbenol, a pheromone of the western 
pine beetle, Dendroctonus brevicomis LeConte (Coleoptera: 
Curculionidae) (Byers 1983), and of α-necrodol, a sex phero-
mone precursor of the spherical mealybug Nipaecoccus viridis 
(Newstead) (Hemiptera: Pseudococcidae) (Levi-Zada et  al. 
2021). The equations are implemented in Java software that 
will aid researchers in the analysis of enantiomeric mixtures as 
well as characterizing commercial samples of dubious or 
unknown enantiomeric purity in preparation for behavioral 
experiments.

Methods
A Java application was created in the Java language (Oracle, 
Redwood Shores, California) for Windows PC that allows user 
input to provide calculation outputs for optical purity, enan-
tiomeric excess (ee), and enantiomer proportions from ee 
(Fig. 1). The software (polarimetry.jar) using Equations (1), 
(4), (5), (6), (7), and (8), presented subsequently, also can cal-
culate (i) specific rotations, (ii) % of R and S enantiomers from 
a sample’s specific rotation, (iii) the highest specific rotation 
from proportions of enantiomers, (iv) the specific rotation of 
an enantiomer with one or more chiral impurities of known 
proportions and specific rotations, and (v) the predicted specific 
rotation of a mixture of chiral compounds of known specific 
rotations and proportions in the mixture.
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Calculation of a specific rotation [α]D of an enantiomer is 
found from the well-known formula (Morrison and Boyd 
1973, p. 119):

	 α
α

[ ] =
⋅D

L c
,	 (1)

where α is the optical rotation of a solution in a polarimeter, 
L is the length of the tube (dm) of polarimeter, and c is the g/
ml (concentration of the enantiomer in solvent). For example, 
if α = –1.369°, L = 1 dm, and c = 0.008 g/ml then [α]D = –171.1° 
(Fig. 1, lines 1 and 2). Since L and [α]D are fixed for a polarim-
eter and chiral compound, the optical rotation of this com-
pound increases linearly with its concentration (α = [α]D · L · 
c). Equation (1) can be solved for c when the concentration is 
desired based on the other three parameters:

	 c
L

D

=
⋅ [ ]

α

α
.	 (2)

The optical purity of a chiral compound is simply the sam-
ple’s optical rotation divided by the highest known specific 
rotation of either enantiomer from the literature, or from a 
standard of only one enantiomer. For example, if the sample 
has a rotation of 80°, and the highest specific rotation known 
for an enantiomer is 120°, then the optical purity percentage 

of maximum is 66.7% (Fig. 1, line 3). Enantiomeric excess (ee) 
describes the excess of the dominant enantiomer in a mixture 
of unequal enantiomer proportions with the equation (Chen 
et al. 1982, Kennepohl et al. 2020): ee D= −( ) ⋅50 100 50/ , 
where D is the percentage of the dominant enantiomer (≥50%). 
For example, if S-enantiomer is dominant with D = 80% (thus 
R = 20%), then the ee of this mixture is 60% S (Fig. 1, line 4). 
If the ee is given instead, then solving for D gives: D = (ee/100) 
+ 50. For example, if ee of S is 60%, then there is 80% S and 
20% R in the solution (Fig. 1, lines 5 and 6).

The optical rotation of a mixture of 2 enantiomers [αM]D such 
as (+)- and (–)-α-pinene can be calculated from the highest 
known specific rotation of one of the enantiomers (either [+α1]D 
or [–α2]D from the literature) as well as the proportion (P) of 
each enantiomer by chiral GC:

	 [ ] [ ] ,α α α
M D D D

P P= + −( ) ⋅ [ ]⋅
1 1 1 2

1 	 (3)

where P1 is the proportion of R enantiomer, [α1]D is the specific 
rotation of R enantiomer, P2 = 1—P1 is the proportion of S 
enantiomer, and [α2]D is the specific rotation of S enantiomer 
(Kennepohl et al. 2020). For example, if P1 = 0.85 (thus P2 = 
0.15) and if [α1]D = –36° then [α2]D = 36°, giving [αM]D = –25.2° 
(Fig. 1, line 7). Equation (3) was solved for P1 (see “Results” 
section, Equation (4)). The equation can also be solved to 

Fig. 1.  Screen image of popup window in PC (Windows) of polarimetry.jar (an executable java program downloaded from https://www.chemical-ecology.
net/java2/polarimetry.jar). The software is also available as an Internet webpage (https://www.chemical-ecology.net/polarimetry.htm). Lines 1 to 16 
numbered at left are referenced in the text regarding various equations (eq# corresponds to Eq. # in text).
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determine the highest specific rotation of an enantiomer when 
its opposite enantiomer is present in a mixture (see “Results” 
section, Equation (6)).

The calculated specific rotation of a predominant enantiomer 
in solution will be erroneous if there is a second chiral impurity 
present. However, the error can be corrected if the impurity is 
identified and has a known [α]D. We did not find such an equa-
tion in the literature, but Equation (3) can be solved for [α1]D 
assuming [αM]D is measured with a polarimeter to obtain the 
specific rotation of the mixture, [α2]D is known from the litera-
ture, and proportions P1 and P2 are known from GC separation 
on a chiral column. Less commonly, one might want to find 
[α1]D for an enantiomer of interest in a mixture of 3 or more 
chiral compounds. This equation can be extended from the 
two-enantiomer case where proportions of the compounds are 
known, and all specific rotations are known from literature 
except the enantiomer of interest (see “Results” section, 
Equation (4)).

The optical equations develop subsequently were tested by 
measuring the specific rotations of chiral terpenes (–)-α-pinene 
(96% by chiral GC), (–)-(S)-limonene (96%), and (+)-R-camphor 
(98%) at respective concentrations of g/ml chloroform (all 
compounds from Sigma Aldrich) in a polarimeter (Anton Paar 
OptoTec GmbH model MCP 5100, Seelze, Germany). A mix-
ture of these 3 compounds (99% chemically pure) in unequal 
proportions of 0.26, 0.57, and 0.17, respectively, was made at 
a concentration of 0.01 g/ml and the optical rotation was 
obtained by polarimetry. GC-MS analyses were performed on 
an Agilent 7890 A/5975C instrument (Agilent Technologies, 
Santa Clara, California) with a chiral column (Rt-γDEXsa, 
30 m × 0.32 mm ID × 0.25 µm, Restek, Bellefonte, Pennsylvania) 
temperature programmed starting at 60 °C (0 min hold), then 
heating 1 °C/min to 110 °C and held for 30 min. The column 
flow was split to both FID and MS detectors equally by an 
Agilent purged two-way effluent splitter, enabling qualitative 
and quantitative analyses simultaneously. Equations devel-
oped, subsequently (Equation (6), “Results” section), were 
used to find the highest specific rotation for each enantiomer 
of α-pinene. Assuming the specific rotation of (+)-R-camphor 
was unknown in the 3-chiral compound mixture above, but 
the specific rotations of (–)-α-pinene and (–)-limonene are 
known as well as the proportions (using chiral GC), then an 
extended equation can be used to obtain the specific rotation 
of camphor. The highest reported specific rotation reported in 
the literature for α-pinene is 52.4° (Comyns and Lucas 1957, 
Renwick et al. 1976), for limonene 123.8° (Lide and Milne 
1994), and camphor 48° (Theimer et al. 1977, Ravid et al. 
1993). The optical rotations of the solutions were then mea-
sured on our polarimeter and compared to the calculations 
from the equations above and derived subsequently in results.

To demonstrate the utility of the derived equations in 
research, we wanted to adjust the reported specific rotation of 
a Spanish lavender, Lavandula luisieri (Rozeira) (Lamiales: 
Lamiaceae), essential oil constituent, (–)-trans-α-necrodol ( α[ ]

D

20

= –168.95°). This chiral compound was used as a precursor to 
synthesize (–)-(R)-γ–necrodyl isobutyrate, a sex pheromone 
released by female spherical mealybugs N. viridis (Levi-Zada 
et al. 2021). The measured specific rotation of trans-α-necrodol 
was inexact because it was mixed with minor chiral impurities 
of 2% (–)-(R)–γ–necrodol ([α]D = –7.04°, Levi-Zada et al. 2021) 
and 1% myrtenol ([α]D = –50°, Renwick et al. 1976). In a sec-
ond example, Byers (1983) exposed females of D. brevicomis 

to vapors of either +45.8° or –41.6° α-pinene ([α]D = –52.4° the 
highest reported rotation) that were converted respectively to 
+104.9° or –91.5° trans-verbenol. We wanted to derive equa-
tions from Equation (3) above to calculate the proportions of 
each enantiomer of α-pinene in the 2 enantiomeric mixtures 
and use these with another derived equation to estimate the 
specific rotations of the (+)- and (–)-trans-verbenols produced 
from the respective enantiomers of α-pinene vapor.

Results
Derivative Equations of Specific Rotation and 
Enantiomeric Ratios
Equation (3) above was solved for P1, the proportion of a 
binary mixture that is R enantiomer:

	 P
M D D

D D

1

2

1 2

=
−
−

[ ] [ ]

[ ] [ ]
.

α α
α α

	 (4)

Hypothetically, if [αM]D = +51° (the measured [α]D of the 
mixture), [α1]D = +111° (reported [α]D of S-enantiomer), and 
[α2]D = –111° (opposite sign for R), then P1 = 0.27 (27% R) 
and P2 = (1 – P1) = 0.73 (73% S) (see Fig.  1, lines 8  
and 9).

A formula to calculate the specific rotation of an enantiomer 
in a solution with a known chiral compound impurity was not 
found readily in literature searches, but was derived from 
Equation (4) to give the following equation:

	 α
α α

1

2 2

1

[ ] =
− ( )⋅

D

M D D
P

P

[ ] [ ]
.	 (5)

where [αM]D = specific rotation of the chiral mixture from 
Equation (3) or Equation (4), P1 = proportion of enantiomer 
of interest, P2 = proportion of chiral impurity, and [α2]D = 
known specific rotation of chiral impurity. For example, if P1 
= 0.9 and P2 = 0.1 and [αM]D was measured as –171.1° and 
[α2]D is reported in literature to be –21°, then the corrected 
[α1]D = –187.8° (Fig. 1, lines 10 and 11). This specific rotation 
is more negative than [αM]D because the impurity did not rotate 
polarized light as much, which means that the enantiomer of 
interest must be even more negative to give the observed 
–171.1°. If [α2]D had been the (+)-enantiomer of +21° instead, 
then the enantiomer’s specific rotation would need to be even 
more negative to counteract this, ie [α1]D = –192.4°.

Another problem is to determine the highest specific rotation 
of an enantiomer when its opposite enantiomer is present in 
the mixture. Chiral GC can separate 2 enantiomers of a com-
pound and determine the proportions P1 (eg 0.85) and P2 (eg 
0.15). It is then possible to isolate the 2 enantiomers together 
by column or GC fractionation and measure the specific rota-
tion of the mixture with a polarimeter (eg [αM]D = –36°). These 
data are used to calculate the highest rotation of each enantio-
mer by substituting P2 for (1—P1) and –[α1]D for [α2]D in 
Equation (3) and solving for [α1]D:

	 [ ] [ ] [ ] [ ]
[ ]

.α α α α
α

M D D D D

M D
P P

P P
= ⋅ − ⋅ → =

−
1 1 2 1 1

1 2

	 (6)

giving –51.4° for the dominant enantiomer (P1) and the oppo-
site enantiomer [α2]D = +51.4° (Fig. 1, lines 12 and 13).
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More complicated situations are possible in which an enan-
tiomer of unknown specific rotation is in solution with several 
chiral impurities that all have known [α]D from the literature. 
In this case, the following iterative formula is appropriate:

	 α
α α

1

2

1

[ ] =
− [ ]⋅

=∑
D

M D i

n

i i D
P

P

[ ]
.	 (7)

For example, if there are 3 chiral compounds in a mixture 
giving [αM]D = –80° with P1 = 0.7, [α2]D = 30° and P2 = 0.2, 
[α3]D = –50° and P3 = 0.1, then from Equation (7), the specific 
rotation of the enantiomer of interest [α1]D = –115.7° (Fig. 1, 
line 15). The more chiral impurities, the more error can be 
introduced by imprecision in the specific rotations reported in 
the literature, although the error is averaged. Equation (7) will 
adjust for even more than 2 chiral impurities providing these 
have known specific rotations (literature) and proportions 
(from chiral GC). While Equation (7) can be solved for  
P1 algebraically, a result is not possible since the proportions 
Pi cannot be determined without knowing P1, which is being 
solved for.

If Equation (7) is used with known [α]D for all n chiral com-
pounds in the solution and the proportions are also known, 
then [αM]D can be predicted and compared to measurement by 
polarimetry according to:

	 [ ] [ ]α α
M D

i

n

i i D
P= ⋅

=

∑
1

	 (8)

For example, if the parameters above are used in Equation (8), 
except [α1]D = –100° rather than –115.7°, then the predicted 
[αM]D = –69° (Fig. 1, line 16), not –80° (as shown input on line 
15, Fig. 1). In this case, the discrepancy (–69 vs –80) indicates 
that one or more [α]D for the chiral compounds reported in the 
literature are incorrect.

Confirmation of the Equations with Mixtures of 
Enantiomers and Polarimetry
The (–)-(1S, 5S)-α-pinene was 92% as determined by chiral 
GC, and using the highest reported rotation of –52.4° to input 
in Equation (8) (Fig. 1, line 16): –52.4, 0.92, 52.4, 0.08 pre-
dicts [αM]D = –44.02°. Polarimetry showed that a solution of 
(–)-α-pinene (0.01212 g/ml, optical rotation of –0.536°) gave 
a specific rotation [α]D = –44.22° (Equation (1)). Chiral GC 
showed the (–)-(S)-limonene was 94% enantiomer-pure and 
entry of: –123.8, 0.94, 123.8, 0.06 in Equation (8) gave 
–108.94°, nearly identical to the polarimeter measurement 
(0.01212 g/ml, –1.317°) of [α]D = –108.66°. Chiral GC 
showed the (+)-camphor was 94.9% enantiomer-pure and 
entry of 48, 0.949, –48, 0.051 into Equation (8) gave [α]D = 
43.11° for (+)-camphor. In the polarimeter, (+)-camphor 
(0.01367 g/ml, optical rotation +0.589°) had [α]D = +43.09° 
(Equation (1)).

The mixture of (–)-α-pinene, (–)-limonene, and (+)-camphor 
(in respective proportions 0.26, 0.57, and 0.17 totaling 0.01 g/
ml) gave an optical rotation of –0.664° and [αM]D = –66.4°. 
Using the proportions and the specific rotations of our impure 
enantiomers of the two monoterpenes, then Equation (7) pre-
dicts that (+)-(R)-camphor has a specific rotation = +43.1° 
(same as our sample of +43.09°). Theoretically, if the enantio-
mers were enantiomerically pure and the highest known 

specific rotations of (–)-α-pinene and (–)-limonene are used in 
the same proportions are entered in Equation (8) (Fig. 1, line 
16): –52.4, 0.26, –123.8, 0.57, 48, 0.17 then [αM]D = –76.03°. 
Entry of (–76.03, 0.17, –52.4, 0.26, –123.8, 0.57) into the 
software in Equation (7) (line 15) would give +48° for (+)-(R)-
camphor (highest known specific rotation, Theimer et  al. 
1977). In practice, the specific rotations would be from the 
literature and the proportions measured by peak areas with 
chiral GC.

Determining Specific Rotations From Data in the 
Literature
The sex pheromone of mealybug N. viridis was synthesized 
from (–)-trans-α-necrodol isolated from essential oil of Spanish 
lavender L. luisieri. The (–)-trans-α-necrodol was reported to 
have a specific rotation of –168.95° (Levi-Zada et al. 2021). 
This measurement, however, included minor chiral impurities 
consisting of 2% (–)-(R)–γ–necrodol and 1% myrtenol of 
unknown enantiomeric composition. A re-analysis of Spanish 
lavender oil using the methods of Levi-Zada et al. showed that 
the myrtenol was only the (1S, 5R)-(+)-enantiomer with no 
trace of the opposite enantiomer. Using Equation (7) with [αM]D 
= –168.95°, the proportions of the 3 compounds (P1 = 0.97, P2 
= 0.02, and P3 = 0.01), and corresponding [α2]D = –7.04° and 
[α3]D = +50° (highest rotation of myrtenol, Renwick et al. 1976) 
then [α1]D = –174.55°, is the corrected specific rotation of 
(–)-trans-α-necrodol (entry Fig. 1, line 15).

Female bark beetles D. brevicomis were exposed 18 h to 
vapors of either +45.8° or –41.6° α-pinene (predominately R 
or S mix of enantiomers), which were biosynthetically hydrox-
ylated to trans-verbenol, respectively yielding specific rotations 
by polarimetry of +104.9° for (+)-(1R, 2S, 5R)-trans-verbenol 
or –91.5° for (–)-(1S, 2R, 5S)-trans-verbenol (Fig. 2) (Byers 
1983). Based on the optical rotations of precursor (+)- or 
(–)-α-pinene, we calculated the proportions of each of the two 
enantiomers of α-pinene in the 2 mixtures above by using 

Fig. 2.  Structures of enantiomers of trans-verbenol and cis-verbenol, 
pheromone components of pest bark beetles Ips and Dendroctonus, 
showing rotation of polarized light and absolute configurations of 3 chiral 
centers. (S)-cis-Verbenol (lower left) was reported to have a (+) optical 
rotation in methanol (+4° by Silverstein et al., 1966a, 1967; +5.9° by 
Renwick et al. 1976; or +11.4° by Mori 2007) but in chloroform the 
rotations reverse for each enantiomer with (S)-cis-verbenol being –9.8° 
(Mori 2007).
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Equation (4). In this equation, [αM]D was either +45.8° or 
–41.6° (Byers 1983) and [α1]D and [α2]D are the respective 
+52.4° and –52.4° specific rotations for pure enantiomers. 
Thus, for +45.8° α-pinene, P1 = (45.8–(–52.4))/(52.4–(–52.4)) = 
98.2/104.8 = 0.937 for proportion of (+)-enantiomer and P2 = 
1–P1 = 0.063 for proportion of (–)-enantiomer. Regarding the 
–41.6° α-pinene, P1 = (–41.6 – (52.4))/(–52.4–52.4) = –94/–
104.8 = 0.897 for proportion of (–)-enantiomer and P2 = 1–P1 = 
0.103 for proportion of (+)-enantiomer. Using the measured 
specific rotations for either (+)- or (–)-trans-verbenol above for 
[αM]D and the calculated proportions for P1 above, then 
Equation (4) was solved for x = [α1]D = [α2]D in the following 
equation:

	 P
x

x x
x

P

M D M D

1

1
2 1

=
−

− −
→ =

⋅ −

[ ]

( )

[ ]
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α α
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Thus, for P1 = 0.937 and [αM]D = +104.9° x = +120.02° is the 
predicted specific rotation of (R)-trans-verbenol. If P1 = 0.897 
and [αM]D = –91.5°, then x = –115.2°, the predicted specific 
rotation of (S)-trans-verbenol. Of course, the higher rotation 
of 120.02° is the best estimate of the specific rotation of 
(+)-trans-verbenol, and the opposite rotation for the 
(–)-enantiomer.

Discussion
Chemical ecologists since the 1960s have discovered that many 
insects biosynthesize and recognize chiral molecules in their 
olfactory communication systems, comprising sex and aggre-
gation pheromones and allomones (Silverstein et al. 1966a, 
1966b, 1967, 1968). Insects also respond toward, or are 
repelled by, chiral chemicals emanating from host plant 
resources (Byers et  al. 2000, El-Sayed and Byers 2000). As 
mentioned earlier, chiral molecules comprised of ring structures 
with 2 or more chiral centers may have only 2 possible enan-
tiomers (eg α-pinene and β-pinene) because of structural con-
straints of the rings. Some Dendroctonus bark beetle species 
use frontalin as an aggregation component that has two chiral 
centers and two enantiomers: (–)-(1S, 5R)-frontalin and (+)-
(1R, 5S). Exo-brevicomin, is another aggregation pheromone 
component of Dendroctonus that has 3 chiral centers, but still 
only 2 enantiomers, (–)-(1S, 5R, 7S)- and (+)-(1R, 5S, 7R)-
exo-brevicomin, the latter active for D. brevicomis. In the 
ambrosia beetle Trypodendron lineatum, its main pheromone 
component is lineatin with 4 chiral centers but just 2 enantio-
mers, (–)-(1S, 4R, 5S, 7S) and (+)-(1R, 4S, 5R, 7R)-lineatin, of 
which only the latter is attractive (Silverstein et al. 1967, Wood 
et al. 1976, Borden et al. 1980, Slessor et al. 1980, Byers 1989, 
Mori et al. 1983, Seybold 1993, Mori 1998, 2007, Hoover 
et al. 2000). Chalcogran, an aggregation pheromone compo-
nent of bark beetle Pityogenes chalcographus, has 2 chiral 
centers and 2 pairs of enantiomers, but only 1 of the 4 com-
pounds has significant bioactivity (Byers et al. 1989). Therefore, 
researchers need to associate the active enantiomer (the pher-
omone component) with either its absolute configuration or 
the optical rotation when attempting to monitor or control 
these pest beetles.

Due to this complexity, a pheromone component must be 
isolated and concentrated to determine its optical rotation by 
a polarimeter, while its absolute configuration would be 

unknown even when using chiral GC because the order of 
eluted enantiomers does not indicate either the absolute con-
figuration or the rotation. However, the retention time of the 
pheromone component on a chiral GC column can be com-
pared to a synthetic standard of primarily one enantiomer with 
known absolute configuration (eg S), and in a second chiral 
GC run as a racemic (or unbalanced) mixture of the enantio-
mers to reveal the elution order of the 2 enantiomers. After 
this, the pheromone enantiomer with assigned absolute con-
figuration can be subjected to polarimetry to determine the 
optical rotation of each enantiomer. The polarimeter is not 
necessary if the configurations and optical rotations have 
already been associated in previous studies, but the instrument 
can be helpful in determining the enantiomeric purity of the 
standard, which cannot be done even with chiral GC columns 
unless the order of enantiomer elution has been associated with 
absolute configurations.

The specific rotation calculated from 3 variables, optical 
rotation, tube length, and concentration in solvent (Fig. 1, lines 
1 and 2), is usually measured with sodium light (589 nm). 
However, other wavelengths may be used to increase sensitivity, 
but this can significantly alter rotations and make comparisons 
between studies difficult (DePalma 2024). Another less import-
ant variable is the temperature of the measurements, usually 
either 20° or 25 °C, which has a minor effect on rotation. The 
solvent used to dissolve the chiral compound, such as ethanol, 
methanol, hexane, chloroform, water, acetone, and DMSO, 
can have minor effects on rotations. The effects of different 
solvents are not well known; however, the effect is evident with 
compounds of small specific rotations (a few degrees) such as 
(S)- and (R)-cis-verbenol where the rotation is reversed depend-
ing on use of a polar or non-polar solvent (Fig. 2). The optical 
purity and enantiomeric excess percentage (ee%) are often used 
in chemical ecology. In the field or in laboratory bioassays, the 
behavior of an insect can vary dramatically depending on the 
ratio of enantiomers (Wood et al. 1976, Byers 1989), which 
can be calculated from the ee% (Fig. 1, line 6) or from the 
mixture’s specific rotation [αM]D in Equation (4) (lines 8 and 
9). In addition, enantiomeric proportions of pheromone com-
ponents are known to vary geographically over North America 
in the bark beetle Ips pini. Its populations in Idaho produce 
and respond to (–)-ipsdienol and avoid the (+)-enantiomer, 
while New York populations produce (+) and (–) ipsdienol in 
a 65:35 ratio, with the (+)-enantiomer eliciting the most pher-
omonal response (Lanier et al. 1980).

Using chiral GC columns, one can determine the proportion 
of the major and minor enantiomer proportions of a mixture, 
and with the polarimeter one can determine the mixture’s [αM]D 
(Equation (3)) to find the highest [α]D of a pure enantiomer 
(Equation (6), Fig. 1, lines 12 and 13). The specific rotation of 
an enantiomer of highest purity can be determined with chiral 
GC to find the proportion of the enantiomer P1 compared to 
the chiral impurity P2 (where P1 + P2 = 1) and a polarimeter to 
find the specific rotation of the mixture [Equation (3) using P1 
and P2, where P2 replaces (1 – P1)], and the known specific 
rotation of the chiral impurity (use Equation (5), Fig. 1, lines 
10 and 11). Equation (7) (Fig. 1, line 15) can be used to find 
the specific rotation of an enantiomer of interest by using chiral 
GC to obtain its proportion, as well as several other chiral 
compounds in the mixture that have known specific rotations 
(from literature). Finally, the proportions of the chiral com-
pounds determined by chiral GC can be input along with their 
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known specific rotations from literature to predict the specific 
rotation of the mixture (Equation (8), Fig. 1, line 16), which 
can be compared with a polarimeter to check for accuracy of 
the literature reports.

Silverstein et  al. (1966a, 1967) identified the first 
multi-component aggregation pheromone for bark beetles in 
Ips paraconfusus Lanier, with one component synergist being 
(1S, 2S, 5S)-cis-verbenol, hereafter called (S)-cis-verbenol 
(Fig. 2). Renwick et al. (1976) exposed I. paraconfusus of either 
sex to –46.5° (–)-(S)-α-pinene vapors and found a selective 
accumulation of only (S)-cis-verbenol in their hindguts. 
Exposure of the beetle to +20.2° (+)-(R)-α-pinene vapors caused 
selective production of +127° (+)-(R)-trans-verbenol. Although 
the +20.2° (+)-(R)-α-pinene had 30.7% (–)-(S)-enantiomer 
(Fig. 1, lines 8 and 9), all the (–)-(S)-α-pinene was converted to 
(S)-cis-verbenol while the 69.3% (+)-(R)-α-pinene was con-
verted only to (+)-(R)-trans-verbenol (Fig. 2). Thus, the +127° 
trans-verbenol is the highest known specific rotation because 
no (–)-α-pinene was converted to trans-verbenol (Renwick et al. 
1976). The rotation of 127° is somewhat more than the 
adjusted 120.02° (Equation (9), “Results” section) found for 
the trans-verbenol converted from α-pinene by D. brevicomis 
in ethanol (Byers 1983). The discrepancy can be due to mea-
surement errors in the polarimetry of low amounts of the 
beetle-produced trans-verbenol, as well as the solvent used for 
polarimetry. In any case, the adjusted value for the (+)- and 
(–)-trans-verbenols produced by D. brevicomis from each enan-
tiomer of α-pinene (120.02°) shows a higher rotation than 
104.9° reported by Byers (1983).

The use of polarimetry to characterize chiral semiochemicals 
is limited by the quantities utilized by various insect species. 
For example, defensive allomones, alarm pheromones (Byers 
and Levi-Zada 2011), and some pheromones that are produced 
in relatively large quantities (eg 10 µg/insect in D. brevicomis, 
Byers 1983) can be analyzed by concentrating repeated GC 
collections and quantified by comparison to dilutions of known 
amounts of synthetic compounds. Generally, the use of the 
software will aid in laboratory and field experiments with syn-
thesized (commercial) compounds in which ratios of enantio-
mers are crucial for behavioral responses (Wood et al. 1976, 
Lanier et al. 1980, Byers 1989). Field testing and application 
of larger quantities of constituents of commercial essential oils 
(monoterpenes and terpenoids) as repellents in control of palm 
weevils, bark beetles, and fruit flies (Byers et al. 2000, 2018, 
2020, Levi-Zada et al. 2024, 2025) is another area where the 
polarimetry software will aid entomologists.

Traditional polarimetry presented here uses polarized light 
vibrating in one plane. A newer, more complex method, 
termed circular dichroism (CD) spectroscopy, uses circularly 
polarized light rotating in opposite directions to study chiral 
macromolecules such as odorant binding proteins (Xu et al. 
2021). They found that some sensory receptor proteins of a 
mealybug change conformation, as indicated by CD, when 
exposed to several plant volatiles. Chiral chemicals are not 
only important to the chemical ecology of insects but also to 
the human food, pharmaceutical, and cosmetic industries, 
with an estimated market value of over 59 billion USD in 2021 
(Das 2025). As noted above, many insect species from prim-
itive cockroaches (Blattodea) to Hemiptera (hemimetabolous) 
and more recently evolved holometabolous orders (Diptera, 
Coleoptera, Hymenoptera, Lepidoptera) use chiral semiochem-
icals in diverse ecological functions such as host plant 

selection, finding appropriate mates, defense, social alarm, 
and avoidance of intra- and interspecific competition for 
resources. The Java application and Internet webpage using 
polarimetric equations should aid chemical ecologists when 
characterizing chiral blends of pheromone components, pre-
paring appropriate semiochemical blends in behavioral bio-
assays, and field applications of pest monitoring and control.

Author Contributions
John A. Byers (Conceptualization [lead], Data curation [lead], 
Formal analysis [lead], Investigation [lead], Methodology 
[lead], Project administration [equal], Software [lead], 
Supervision [equal], Validation [equal], Visualization [lead], 
Writing—original draft [lead], Writing—review & editing 
[lead]), Sara Steiner (Data curation [supporting], Investigation 
[supporting], Validation [supporting], Writing—review & edit-
ing [supporting]), Daniela Fefer (Data curation [supporting], 
Investigation [supporting], Validation [supporting], 
Writing—review & editing [supporting]), and Anat Levi Zada 
(Conceptualization [equal], Data curation [equal], Formal 
analysis [equal], Funding acquisition [lead], Investigation 
[equal], Methodology [equal], Project administration [equal], 
Resources [lead], Software [supporting], Supervision [equal], 
Validation [equal], Visualization [supporting], Writing—original 
draft [equal], Writing—review & editing [supporting])

Funding
None declared.

Conflicts of Interest
None declared.

References
Borden JH, Oehlschlager AC, Slessor KN, et al. 1980. Field tests of 

isomers of lineatin, the aggregation pheromone of Trypodendron 
lineatum (Coleoptera: Scolytidae). Can. Entomol. 112:107–109. 
https://doi.org/10.4039/Ent112107-1

Byers JA. 1983. Bark beetle conversion of a plant compound to a 
sex-specific inhibitor of pheromone attraction. Science 220:624–626. 
https://doi.org/10.1126/science.220.4597.624

Byers JA. 1989. Chemical ecology of bark beetles. Experientia 
45:271–283. https://doi.org/10.1007/BF01951813

Byers JA. 1995. Host tree chemistry affecting colonization in bark beetles. 
In: Cardé RT and Bell WJ, editors. Chemical ecology of insects 2. 
Chapman and Hall, p. 154–213. https://doi.org/10.1007/978- 
1-4615-1765-8_5

Byers JA.  2006. Pheromone component patterns of moth evolution 
revealed by computer analysis of the Pherolist. J. Anim. Ecol.  
752399–407. 10.1111/j.1365-2656.2006.01060.x 16637993

Byers JA, Högberg HE, Unelius R, et al. 1989. Structure-activity studies 
on aggregation pheromone components of Pityogenes chalcographus 
(Coleoptera: Scolytidae): all stereoisomers of chalcogran and methyl 
2,4-decadienoate. J. Chem. Ecol. 15:685–695. https://doi.org/ 
10.1007/BF01014711

Byers JA, Levi-Zada A. 2011. Individual variation of 
(S)-4-methyl-3-heptanone in heads of braconid wasp, Leiophron 
uniformis, and Pogonomyrmex ants indicates costs of semiochemical 
production. Chemoecology 21:35–44. https://doi.org/10.1007/
s00049-010-0064-0

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/article/55/3/nvag039/8672521 by ESA M

em
ber Access user on 17 July 2026

https://doi.org/10.4039/Ent112107-1
https://doi.org/10.1126/science.220.4597.624
https://doi.org/10.1007/BF01951813
https://doi.org/10.1007/978-1-4615-1765-8_5
https://doi.org/10.1007/978-1-4615-1765-8_5
https://doi.org/10.1111/j.1365-2656.2006.01060.x 16637993
https://doi.org/10.1007/BF01014711
https://doi.org/10.1007/BF01014711
https://doi.org/10.1007/s00049-010-0064-0
https://doi.org/10.1007/s00049-010-0064-0


Environmental Entomology, 2026, Vol. 55, No. 3� 9

Byers JA, Maoz Y, Fefer D, et al. 2020. Semiochemicals affecting attrac-
tion of ambrosia beetle Euwallacea fornicatus (Coleoptera: 
Curculionidae: Scolytinae) to quercivorol: Developing push-pull con-
trol. J. Econ. Entomol. 113:2120–2127. https://doi.org/10.1093/
jee/toaa127

Byers JA, Maoz Y, Wakarchuk D, et al. 2018. Inhibitory effects of 
semiochemicals on the attraction of an ambrosia beetle Euwallacea 
nr. fornicatus to quercivorol. J. Chem. Ecol. 44:565–575. https://doi.
org/10.1007/s10886-018-0959-8

Byers JA, Zhang QH, Birgersson G. 2000. Strategies of a bark beetle, 
Pityogenes bidentatus, in an olfactory landscape. Naturwissenschaften 
87:503–507. https://doi.org/10.1007/s001140050768

Cahn RS, Ingold C, Prelog V. 1966. Specification of molecular chirality. 
Angew. Chem. Int. Ed. 5:385–415. https://doi.org/10.1002/anie. 
196603851

Chen CS, Fujimoto Y, Girdaukas G, et al. 1982. Quantitative analyses 
of biochemical kinetic resolutions of enantiomers. J. Am. Chem. Soc. 
104:7294–7299. https://doi.org/10.1021/ja00389a064

Comyns AE, Lucas HJ. 1957. Coördination of Silver Ion with 
Unsaturated Compounds. IX. Solid Complexes of Silver Salts with 
Cyclohexene, α-Pinene and β-Pinene 79:4339–4341. https://doi.
org/10.1021/ja01573a026

Das J. 2025. Chiral chemicals market. Next Move Strategy Consulting. 
https://www.nextmsc.com/report/chiral-chemicals-market

DePalma A. 2024. Specific rotation equation vs. optical rotation–what’s 
the difference? Rudolph Research Analytical. 55 Newburgh Road 
Hackettstown, NJ, 07840 USA. https://rudolphresearch.com/
polarimeters-and-polarimetry/

El-Sayed A. 2024. The Pherobase: database of pheromones and 
semiochemicals. https://www.pherobase.com

El-Sayed AM, Byers JA. 2000. Inhibitory effect of monoterpenes on 
response of Pityogenes bidentatus to aggregation pheromone released 
by piezoelectric sprayer for precision release of semiochemicals.  
J. Chem. Ecol. 26:1795–1809. https://doi.org/10.1023/A: 
1005536421703

Farine JP, Le-Quere JL, Duffy J, et al. 1994. Male sex pheromone of 
cockroach Eurycotis floridana (Walker) (Blattidae, Polyzosteriinae): 
role and composition of tergites 2 and 8 secretions. J. Chem. Ecol. 
20:2291–2306. https://doi.org/10.1007/BF02033204

Haniotakis G, Francke W, Mori K, et al. 1986. Sex-specific activity of 
R-(–) and S-(+)-1,7-dioxaspiro-5.5-undecane the major pheromone 
of Dacus oleae. J. Chem. Ecol. 12:1559–1568. https://doi.
org/10.1007/BF01012372

Hanks LM, Millar JG. 2016. Sex and aggregation-sex pheromones of 
cerambycid beetles: basic science and practical applications. J. Chem. 
Ecol. 42:631–654. https://doi.org/10.1007/s10886-016-0733-8

Ho HY, Millar JG. 2001. Identification and synthesis of male-produced 
sex pheromone components of the stink bugs Chlorochroa ligata and 
Chlorochroa uhleri. J. Chem. Ecol. 27:2067–2095. https://doi.
org/10.1023/A:1012247005129

Hoover S, Lindgren BS, Keeling CI, et al. 2000. Enantiomer preference 
of Trypodendron lineatum and effect of pheromone dose and trap 
length on response to lineatin-baited traps in interior British 
Columbia. J. Chem. Ecol. 26:667–677. https://doi.org/10.1023/ 
A:1005476105114

Kennepohl D, Farmer S, Soderberg T. 2020. 6.7 Optical activity and 
racemic mixtures. Chemistry LibreTexts. https://chem.libretexts.org/
Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_
(Wade)/06%3A_Stereochemistry/6.07%3A_Optical_Activity. 
Accessed 12 December 2020.

Labuta J, Ishihara S, Šikorský T, et al. 2013. NMR spectroscopic detec-
tion of chirality and enantiopurity in referenced systems without 
formation of diastereomers. Nat. Commun. 4:2188. https://doi.
org/10.1038/ncomms3188

Lanier GN, Classon A, Stewart T, et al. 1980. Ips pini: the basis for 
interpopulational differences in pheromone biology. J. Chem. Ecol. 
6:677–687. https://doi.org/10.1007/BF00987678

Levi-Zada A, Levy A, Rempoulakis P, et al. 2020. Diel rhythm of volatile 
emissions of males and females of the peach fruit fly Bactrocera 
zonata. J. Insect Physiol. 120. https://doi.org/10.1016/j.jinsphys. 
2019.103970

Levi-Zada A, Steiner S, Ben–Aziz O, et al. 2021. Absolute configuration 
of the spherical mealybug Nipaecoccus viridis sex pheromone, 
γ–necrodyl isobutyrate: chemoenzymatic synthesis and bioassays. J. 
Agric. Food Chem. 69:3026–3031. https://doi.org/10.1021/acs.
jafc.0c07543

Levi-Zada A, Steiner S, Ben-Aziz O, et al. 2024. Sequential isolation of 
essential oils repellent to the red palm weevil Rhynchophorus ferru-
gineus Olivier (Coleoptera: Curculionidae). J. Chem. Ecol. 50:30–41. 
https://doi.org/10.1007/s10886-023-01451-0

Levi-Zada A, Steiner S, Fefer D, et al. 2019. Identification of the sex 
pheromone of the spherical mealybug Nipaecoccus viridis. J. Chem. 
Ecol. 45:455–463. https://doi.org/10.1007/s10886-019-01075-3

Levi-Zada A, Steiner S, Fefer D, et al. 2025. Repelling fruit flies with 
essential oils and their components: the peach fruit fly Bactrocera 
zonata. J. Chem. Ecol. 51:81. https://doi.org/10.1007/s10886- 
025-01628-9

Lide DR, Milne GWA. 1994. Handbook of data on organic compounds. 
(eds.) Volume I. 3rd ed. CRC Press, Inc. p. V3: 2307.

Millar JG. 2000. Polyene hydrocarbons and epoxides: a second major 
class of lepidopteran sex attractant pheromones. Annu. Rev. 
Entomol. 45:575–604. https://doi.org/10.1146/annurev.ento.45. 
1.575

Miller JR, Mori K, Roelofs WL. 1977. Gypsy moth field trapping and 
electroantennogram studies with pheromone enantiomers. J. Insect 
Physiol. 23:1447–1453. https://doi.org/10.1016/0022-1910(77) 
90171-8

Mori K. 1998. Chirality and insect pheromones. Chirality 10:578–586. 
https://doi.org/10.1002/(SICI)1520-636X(1998)10:7%3C578:
:AID-CHIR5%3E3.0.CO; 2-Z

Mori K. 2007. Significance of chirality in pheromone science. Bioorg. 
Med. Chem. 15:7505–7523. https://doi.org/10.1016/j.bmc.2007. 
08.040

Mori K. 2014. Stereochemical studies on pheromonal communications. 
Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 90:373–388. https://doi.
org/10.2183/pjab.90.373

Mori K, Uematsu T, Minobe M, et al. 1983. Synthesis and absolute 
configuration of both the enantiomers of lineatin the pheromone of 
Trypodendron lineatum. Tetrahedron 39:1735–1743. https://doi.
org/10.1016/S0040-4020(01)88680-4

Morrison RT, Boyd RN. 1973. Organic chemistry. Allyn and Bacon,  
Inc. Boston. 1258 p (page 119).https://archive.org/details/organic 
chemistry00morr_0

Payne TL, Richerson JV, Dickens JC, et al. 1982. Southern pine beetle 
Dendroctonus frontalis olfactory receptor and behavior discrimina-
tion of enantiomers of the attractant pheromone frontalin. J. Chem. 
Ecol. 8:873–881. https://doi.org/10.1007/BF00994788

Poland TM, Borden JH. 1998. Disruption of secondary attraction of  
the spruce beetle, Dendroctonus rufipennis, by pheromones of two  
sympatric species. J. Chem. Ecol. 24:151–166. https://doi.org/ 
10.1023/A:1022349214966

Ramesh R, Bell V, Twidle AM, et al. 2015. Enantiospecific synthesis of 
both enantiomers of the longtailed mealybug pheromone and their 
evaluation in a New Zealand vineyard. J. Org. Chem. 80:7785–7789. 
https://doi.org/10.1021/acs.joc.5b01131

Ravid U, Putievsky E, Katzir I. 1993. Determination of the enantiomeric 
composition of (1R)-(+)- and (1S)-(–)-camphor in essential oils of 
some Lamiaceae and Compositae herbs. Flavour Fragrance J. 
8:225–228. https://doi.org/10.1002/ffj.2730080411

Renwick JAA, Hughes PR, Krull IS. 1976. Selective production of cis- 
and trans-verbenol from (–)- and (+)-α-pinene by a bark beetle. 
Science 191:199–201. https://doi.org/10.1126/science.1246609

Seybold SJ. 1993. Role of chirality in olfactory–directed behavior aggre-
gation of pine engraver beetles in the genus Ips (Coleoptera, 

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/article/55/3/nvag039/8672521 by ESA M

em
ber Access user on 17 July 2026

https://doi.org/10.1093/jee/toaa127
https://doi.org/10.1093/jee/toaa127
https://doi.org/10.1007/s10886-018-0959-8
https://doi.org/10.1007/s10886-018-0959-8
https://doi.org/10.1007/s001140050768
https://doi.org/10.1002/anie.196603851
https://doi.org/10.1002/anie.196603851
https://doi.org/10.1021/ja00389a064
https://doi.org/10.1021/ja01573a026
https://doi.org/10.1021/ja01573a026
https://www.nextmsc.com/report/chiral-chemicals-market
https://rudolphresearch.com/polarimeters-and-polarimetry/
https://rudolphresearch.com/polarimeters-and-polarimetry/
https://www.pherobase.com
https://doi.org/10.1023/A:1005536421703
https://doi.org/10.1023/A:1005536421703
https://doi.org/10.1007/BF02033204
https://doi.org/10.1007/BF01012372
https://doi.org/10.1007/BF01012372
https://doi.org/10.1007/s10886-016-0733-8
https://doi.org/10.1023/A:1012247005129
https://doi.org/10.1023/A:1012247005129
https://doi.org/10.1023/A:1005476105114
https://doi.org/10.1023/A:1005476105114
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Wade)/06%3A_Stereochemistry/6.07%3A_Optical_Activity
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Wade)/06%3A_Stereochemistry/6.07%3A_Optical_Activity
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Wade)/06%3A_Stereochemistry/6.07%3A_Optical_Activity
https://doi.org/10.1038/ncomms3188
https://doi.org/10.1038/ncomms3188
https://doi.org/10.1007/BF00987678
https://doi.org/10.1016/j.jinsphys.2019.103970
https://doi.org/10.1016/j.jinsphys.2019.103970
https://doi.org/10.1021/acs.jafc.0c07543
https://doi.org/10.1021/acs.jafc.0c07543
https://doi.org/10.1007/s10886-023-01451-0
https://doi.org/10.1007/s10886-019-01075-3
https://doi.org/10.1007/s10886-025-01628-9
https://doi.org/10.1007/s10886-025-01628-9
https://doi.org/10.1146/annurev.ento.45.1.575
https://doi.org/10.1146/annurev.ento.45.1.575
https://doi.org/10.1016/0022-1910
https://doi.org/10.1002/(SICI)1520-636X(1998)10:7%3C578::AID-CHIR5%3E3.0.CO; 2-Z
https://doi.org/10.1002/(SICI)1520-636X(1998)10:7%3C578::AID-CHIR5%3E3.0.CO; 2-Z
https://doi.org/10.1016/j.bmc.2007.08.040
https://doi.org/10.1016/j.bmc.2007.08.040
https://doi.org/10.2183/pjab.90.373
https://doi.org/10.2183/pjab.90.373
https://doi.org/10.1016/S0040-4020
https://doi.org/10.1016/S0040-4020
https://archive.org/details/organicchemistry00morr_0
https://archive.org/details/organicchemistry00morr_0
https://doi.org/10.1007/BF00994788
https://doi.org/10.1023/A:1022349214966
https://doi.org/10.1023/A:1022349214966
https://doi.org/10.1021/acs.joc.5b01131
https://doi.org/10.1002/ffj.2730080411
https://doi.org/10.1126/science.1246609


10� Byers et al.﻿

Scolytidae). J. Chem. Ecol. 19:1809–1831. https://doi.org/10.1007/
BF00982310

Silverstein RM. 1981. Pheromones: background and potential for use in 
insect pest control. Science 213:1326–1332. https://doi.org/10.1126/
science.213.4514.1326

Silverstein RM, Brownlee RG, Bellas TE, et al. 1968. Brevicomin: principal 
sex attractant in the frass of the female western pine beetle. Science 
159:889–891. https://doi.org/10.1126/science.159.3817.889

Silverstein RM, Rodin JO, Wood DL. 1966a. Sex attractants in frass 
produced by male Ips confusus in ponderosa pine. Science. (1979) 
154:509–510. http://dx.doi.org/10.1126/science.154.3748.509

Silverstein RM, Rodin JO, Wood DL, et al. 1966b. Identification of two 
new terpene alcohols from frass produced by Ips confusus in pon-
derosa pine. Tetrahedron 22:1929–1936. https://doi.org/10.1016/
S0040-4020(01)82266-3

Silverstein RM, Rodin JO, Wood DL. 1967. Methodology for isolation 
and identification of insect pheromones, with reference to studies on 
California five-spined Ips. J. Econ. Entomol. 60:944–949. https://
doi.org/10.1093/jee/60.4.944

Slessor KN, Oehlschlager AC, Johnston BD, et al. 1980. Lineatin: regi-
oselective synthesis and resolution leading to the chiral pheromone 
of Trypodendron lineatum. J. Org. Chem. 45:2290–2297. https://
doi.org/10.1021/jo01300a005

Theimer ET, Yoshida T, Klaiber EM. 1977. Olfaction and molecular 
shape. Chirality as a requisite for odor. J. Agric. Food Chem. 
25:1168–1177. https://doi.org/10.1021/jf60213a029

Wood DL. 1982. The role of pheromones, kairomones, and allomones 
in the host selection and colonization behavior of bark beetles. Annu. 
Rev. Entomol. 27:411–446. https://doi.org/10.1146/annurev.en. 
27.010182.002211

Wood DL, Browne LE, Ewing B, et al. 1976. Western pine beetle: spec-
ificity among enantiomers of male and female components of an 
attractant pheromone. Science 192:896–898. https://doi.org/10.1126/
science.1273574

Wyatt TD. 2010. Pheromones and signature mixtures: defining species-wide 
signals and variable cues for identity in both invertebrates and verte-
brates. J. Comp. Physiol. Neuroethol. Sens. Neural. Behav. Physiol. 
196:685–700. https://doi.org/10.1007/s00359-010-0564-y

Xu C, Yang F, Duan S, et al. 2021. Discovery of behaviorally active 
semiochemicals in Aenasius bambawalei using a reverse chemical 
ecology approach. Pest Manag. Sci. 77:2843–2853. https://doi.
org/10.1002/ps.6319

Zada A, Ben-Yehuda S, Dunkelblum E, et al. 2004. Synthesis of the four 
stereoisomers of 4-methyl-3-heptanol and their role in the attraction 
of Scolytus amygdali. J. Chem. Ecol. 30:631–641. https://doi.
org/10.1023/B:JOEC.0000018634.94866.5b

Zada A, Dunkelblum E, Assael F, et al. 2008. Attraction of Planococcus 
ficus males to racemic and chiral pheromone baits: flight activity and 
bait longevity. J. Appl. Entomol. 132:480–489. https://doi.org/ 
10.1111/j.1439-0418.2008.01277.x

Zhang QH, Tolasch T, Schlyter F, et al. 2002. Enantiospecific antennal 
response of bark beetles to spiroacetal (E)-conophthorin. J. Chem. 
Ecol. 28:1839–1852. https://doi.org/10.1023/A:1020569303433

Zou Y, Daane KM, Bentley WJ, et al. 2010. Synthesis and bioassay of 
racemic and chiral trans-α-necrodyl isobutyrate, the sex pheromone 
of the grape mealybug Pseudococcus maritimus. J. Agric. Food Chem. 
58:4977–4982. https://doi.org/10.1021/jf904452v

Zou Y, Millar JG. 2015. Chemistry of the pheromones of mealybug and 
scale insects. Nat. Prod. Rep. 32:1067–1113. https://doi.org/10.1039/
C4NP00143E

D
ow

nloaded from
 https://academ

ic.oup.com
/ee/article/55/3/nvag039/8672521 by ESA M

em
ber Access user on 17 July 2026

https://doi.org/10.1007/BF00982310
https://doi.org/10.1007/BF00982310
https://doi.org/10.1126/science.213.4514.1326
https://doi.org/10.1126/science.213.4514.1326
https://doi.org/10.1126/science.159.3817.889
http://dx.doi.org/10.1126/science.154.3748.509
https://doi.org/10.1016/S0040-4020
https://doi.org/10.1016/S0040-4020
https://doi.org/10.1093/jee/60.4.944
https://doi.org/10.1093/jee/60.4.944
https://doi.org/10.1021/jo01300a005
https://doi.org/10.1021/jo01300a005
https://doi.org/10.1021/jf60213a029
https://doi.org/10.1146/annurev.en.27.010182.002211
https://doi.org/10.1146/annurev.en.27.010182.002211
https://doi.org/10.1126/science.1273574
https://doi.org/10.1126/science.1273574
https://doi.org/10.1007/s00359-010-0564-y
https://doi.org/10.1002/ps.6319
https://doi.org/10.1002/ps.6319
https://doi.org/10.1023/B:JOEC.0000018634.94866.5b
https://doi.org/10.1023/B:JOEC.0000018634.94866.5b
https://doi.org/10.1111/j.1439-0418.2008.01277.x
https://doi.org/10.1111/j.1439-0418.2008.01277.x
https://doi.org/10.1023/A:1020569303433
https://doi.org/10.1021/jf904452v
https://doi.org/10.1039/C4NP00143E
https://doi.org/10.1039/C4NP00143E

	Active Content List
	Introduction
	Methods
	Results
	Discussion
	Author Contributions
	Funding
	Conflicts of Interest


