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Although the effects of stereochemistry have been studied ex-
tensively for volatile insect pheromones, little is known about the
effects of chirality in the nonvolatile methyl-branched hydrocarbons
(MBCHs) used by many insects as contact pheromones. MBCHs
generally contain one or more chiral centers and so two or more
stereoisomeric forms are possible for each structure. However, it is
not known whether insects biosynthesize these molecules in high
stereoisomeric purity, nor is it known whether insects can distin-
guish the different stereoisomeric forms of MBCHs. This knowledge
gap is due in part to the lack of methods for isolating individual
MBCHs from the complex cuticular hydrocarbon (CHC) blends of
insects, as well as the difficulty in determining the absolute config-
urations of the isolated MBCHs. To address these deficiencies, we
report a straightforward method for the isolation of individual
cuticular hydrocarbons from the complex CHC blend. The method
was used to isolate 36 pure MBCHs from 20 species in nine insect
orders. The absolute stereochemistries of the purified MBCHs then
were determined by digital polarimetry. The absolute configurations
of all of the isolatedMBCHs were determined to be (R) by comparison
with a library of synthesized, enantiomerically pure standards, sug-
gesting that the biosynthetic pathways used to construct MBCHs are
highly conservedwithin the Insecta. The development of a straightfor-
ward method for isolation of specific CHCs will enable determination
of their functional roles by providing pure compounds for bioassays.

cuticular hydrocarbons | methyl-branched hydrocarbons |
absolute configuration | isolation | contact pheromone

The use of chemical signals is highly developed within insects,
with semiochemicals mediating a wide variety of inter- and

intraspecific behaviors. Volatile pheromones, such as sex and
aggregation pheromones, are the most well-known types, but
insects also use nonvolatile cuticular lipids as contact pheromones
(1–4). The cuticular lipids consist of a complex blend of n- and
methyl-branched alkanes, alkenes, and lesser amounts of more
polar compounds such as esters and alcohols. The lipid layer acts
primarily as a waterproofing barrier (5), but individual lipid
components have evolved secondary roles as signals that mediate
a variety of behaviors and physiological changes (1, 2, 6). For
example, solitary insects use cuticular hydrocarbons (CHCs) to
identify the species and sex of mates (7, 8) whereas, in social
insects, CHCs mediate identification of nestmates (9, 10), recogni-
tion of castes, and task allocation within the colony (11). Social
insect queens also use CHCs to signal fecundity and dominance
status within the colony, inhibiting development of workers into
reproductives (12–14).
Determining the roles of specific CHCs as signals has been

hindered by three interlinked problems. First, CHCs typically
consist of a large number of compounds, which can be difficult to
isolate in pure form to test their bioactivities. Specifically, CHCs
have very similar polarity and so are not separable by liquid
chromatography on silica gel or other polar chromatographic
media. Conversely, the compounds are so hydrophobic that they
are insoluble in the aqueous-organic solvent systems typically
used with reverse phase chromatography. Whereas most CHCs
can be separated to some degree by analytical gas chromatog-
raphy (GC), isolation by preparative GC is challenging because

of the high temperatures required and the difficulty in elimi-
nating cold spots at the interface of the GC column with the
collection apparatus, which can ruin the separation.
In contrast, reverse phase high performance liquid chroma-

tography (RP-HPLC) using nonaqueous solvent systems has ex-
cellent potential for isolating CHCs from complex blends because
the separation depends primarily on hydrophobic interactions be-
tween the solutes and the stationary phase. Thus, homologous
CHCs should be readily separable on the basis of chain length,
presence or absence of double bonds, and chain branching. How-
ever, there is a second problem, one of detection, because most
HPLC detectors are poorly sensitive or insensitive to CHCs. HPLC
coupled to mass spectrometry also is problematic because alkanes
and alkenes are only poorly ionized or not ionized at all by elec-
trospray or other ionization methods typically used with HPLC-
MS, and so are invisible to the mass spectrometer.
The third problem concerns the inherent chirality of methyl-

branched CHCs, most of which can exist in two or more ste-
reoisomeric forms, depending on the number of branches and
their positions. The correct stereochemistry is integral to the
activity of most bioactive molecules. Insects are no exception,
with numerous examples known of the natural stereoisomer of
a volatile pheromone eliciting the expected bioactivity whereas
other stereoisomers can vary from eliciting hyperactivity to being
strongly inhibitory (3, 4).
Methyl-branched cuticular hydrocarbons (MBCHs) have been

identified or implicated as contact pheromones in a number of
insect species (15–27), but most studies involving MBCHs have
ignored the issue of stereochemistry and used only racemic
MBCHs in bioassays to assess function. The linked questions as
to whether insects biosynthesize MBCHs enantioselectively and
whether insects can discriminate between the stereoisomeric
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forms of MBCHs are still largely unknown (28). This deficiency
is due to the difficulty in determining the absolute configurations
of insect-produced MBCHs, particularly when produced in only
nanogram to microgram amounts per individual. In particular,
MBCH enantiomers do not separate on chiral stationary phase
chromatography columns due to their lack of functional groups
or other structural features that interact strongly enough with the
chiral stationary phase to permit resolution (29–31).
As an alternative, the specific rotations of compounds can be

measured with a polarimeter and the absolute stereochemistry
determined by comparing the measured rotations to those of
enantiopure standards. However, this method is useful only if
compounds can be isolated in pure form. Furthermore, the specific
rotations of MBCHs are small (a few degrees-cm2/g for 3-methyl-
alkanes) and decrease further as the methyl branch is moved toward
the middle of the chain, requiring isolation of milligram quantities
of each MBCH to obtain a measurable rotation. Thus, a method of
isolating individual, pure MBCHs in milligram amounts is a pre-
requisite to the determination of their stereochemistry.
We describe here a straightforward solution to this nested

series of problems. Crude extracts of insect cuticular lipids were
first separated into straight-chain alkanes, methyl-branched alka-
nes, alkenes, and more polar compounds by known fractionation
methods (32–34). Reverse phase HPLC with nonaqueous solvent
systems and an evaporative light-scattering detector (ELSD),
a “universal” detector that detects any nonvolatile molecule, then
allowed isolation of individual components from these fractions.
This methodology was used to isolate MBCHs from 20 insect
species from nine orders, including adults of both sexes from both
holometabolous and hemimetabolous species, and of several dif-
ferent life stages, and the absolute configuration of each com-
pound was determined by polarimetry. The separation protocol
was extended to the isolation of individual alkenes from CHC
extracts to demonstrate its general utility in isolating pure com-
ponents from the CHC blend.

Results
Isolation of Pure Compounds from Cuticular Hydrocarbon Extracts.As
proof of concept, the separation protocol was first tested with
extracts of male and female American cockroaches, Periplaneta
americana. The sexes have similar cuticular lipid profiles con-
taining ∼25 compounds (35). Because the sexes could conceiv-
ably produce different stereoisomers of individual MBCHs, the
CHCs of each sex were analyzed separately. Thus, crude extracts
from 14 males and 16 females, respectively, were first fraction-
ated on a silver nitrate-impregnated silica gel column. Sequential
elution with hexane, 5% (vol/vol) cyclohexene in hexane, and
diethyl ether yielded fractions containing alkanes, alkenes, and
more polar compounds, in sequence. The alkane fraction in
isooctane was then treated with 5-Å molecular sieves, resulting in
adsorption of the straight-chain alkanes into the sieve matrix
(34). Filtration or centrifugation of the resulting slurry gave
a filtrate containing only branched-chain alkanes. This fraction
was further fractionated by RP-HPLC, eluting with ethyl acetate/
methanol (1:1). The most abundant MBCH, 3-methylpentacosane,
was collected in multimilligram amounts, in 99% purity, from
adults of both sexes (Table 1).
We then tested the method with extracts from insects with

more complex CHC profiles. Thus, a crude extract of females of
the cockroach Blaberus giganticus was fractionated using the steps
described above, followed by RP-HPLC of the MBCH fraction.
Isocratic elution with a more polar solvent (2:3 ethyl acetate/
methanol) was required in light of the increased complexity of
this fraction in comparison with those from the American cock-
roaches. The separation sequence is illustrated in Fig. 1 A–D, with
multimilligram amounts of 3-methylhentriacontane being isolated
from adults of both sexes.
Crude extracts of the cerambycid beetle Monochamus titillator

were even more complex than those of B. giganticus. Here, RP-
HPLC analysis of the MBCH fraction with a gradient of in-
creasing amounts of ethyl acetate in methanol was required for

adequate resolution, allowing isolation of 9-methylpentacosane,
9-methylheptacosane, and 3-methylhentriacontane in one pass
(Fig. 1 E–H).
The method was extended to cuticular extracts from a variety

of insect species from nine orders (Table 1), including examples
of both holometabolous and hemimetabolous species, adults of
both sexes of some species, and other life stages. In total, 36
chiral MBCHs were isolated from 20 species, in amounts from
0.7 mg to 13.7 mg (Table 1). For all species tested, one or more
MBCHs were isolated in high purity, in approximately milligram
or higher amounts. Representative chromatograms are shown in
Figs. S1–S4.
As a test of its generality, the method was applied to the iso-

lation of individual alkenes from a CHC extract from female
Thasus neocalifornicus. The alkene fraction was first separated
into subfractions containing monoenes, dienes, and trienes with
a silver ion-loaded ion-exchange column. Individual monoalkenes
then were isolated by isocratic RP-HPLC (SI Text and Fig. S5).

Determination of the Absolute Configurations of Methyl-Branched
Hydrocarbons. The absolute configurations of the 36 isolated
MBCHs were determined with a digital polarimeter with a small-
volume optical cell. Scattered reports in the literature indicated
that monomethyl-branched alkanes with the (R)-configuration
all exhibited negative optical rotations (36–44). These data were
confirmed by measuring the specific rotations of ∼50 synthesized
standards of both (R)- and (S)-configurations, with chain lengths
from 25 to 35 carbons and methyl branches on carbons 3–13
(Table S1). Measurement of the specific rotations of the MBCHs
isolated from the various insect species determined that all
36 compounds had negative specific rotations, and thus the
(R)-configuration (Table 1). The amount of each MBCH isolated
and polarimetric details are listed in Table S2.

Discussion
Cuticular hydrocarbons are known to mediate behavioral and
social interactions in a number of insect species, and they have
been implicated as contact pheromones and kairomones in many
more. CHC profiles also have been used in studies examining
speciation (45–48). However, to date, the lack of methods for the
isolation of pure compounds from CHC extracts has resulted in
discrepancies in the rigor with which specific compounds could
be unequivocally linked to particular functional roles. Thus,
many studies have been correlational only, showing statistically
significant differences in the amounts and/or types of compounds
present, without being able to confirm that any one or any group
of these compounds do indeed have a signaling role. Other
studies have bioassayed synthesized CHCs to probe the roles of
specific compounds, with some success (15–22). However, this
approach is limited by the large number of compounds in CHC
extracts so that a single study might require syntheses of nu-
merous standards to assess the functional roles of all possible
components. The problem is compounded when contact pher-
omones consist of blends of components (22–24), each of which
may have no activity when presented individually (25–27).
As an alternative, we have shown that isolation of pure com-

pounds from complex CHC extracts is feasible, using simple
fractionations combined with RP-HPLC. For cases in which the
pheromone consists of multiple components, subtractive recom-
bination of individual CHCs will permit elucidation of the subset
of CHCs that are necessary and sufficient to elicit biological ac-
tivity (49). Whereas we used extracts from large numbers of insects
in some cases, these numbers were dictated by the sensitivity of the
polarimeter, rather than by the amounts required for bioassays,
which would typically be one insect-equivalent or less. For smaller
quantities, the separation method is limited only by the sensitivity
of the ELSD detector. Conversely, the method is scalable to
quantities larger than a few milligrams by batchwise operation or
by switching to larger diameter columns. Although our focus was
on isolation of MBCHs, the method is also amenable to isolation
of other types of CHCs, as demonstrated by isolation of individual
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alkenes from Thasus neocalifornicus (SI Text and Fig. S5). In ad-
dition, other lipid classes such as triglycerides are amenable to RP-
HPLC separation with nonaqueous solvent systems (50). Trigly-
cerides and related compounds have recently been identified as
contact pheromones for Drosophila melanogaster, and it is likely
that similar lipids will be discovered as contact pheromones in
other insect species (51, 52).
The determination of the absolute configurations of 36 in-

sect-produced MBCHs provides insight into the biosynthesis of
MBCHs. The species that were used in our study were chosen
essentially randomly, on the basis of availability and to some
extent size, rather than on the basis of taxonomy. Each com-
pound, regardless of chain length or branch point, was shown to
have the (R)-configuration, in eusocial and solitary insects of
different species, sexes, and life stages, and in both hemi-
metabolous and holometabolous insects. The fact that all 36
MBCHs had the same configuration provides strong evidence
that the enantioselectivity of the biosynthetic pathway for these
molecules is highly conserved throughout the Insecta.
It must be pointed out that the accuracy of the determination of

the enantiomeric purities of the isolated compounds depended on
the magnitudes of their specific rotations and the sensitivity of the
polarimeter. Whereas the measured rotations clearly showed that
the major proportion of each isolated compound must be the
(R)-enantiomer, polarimetry does not allow us to state that each

compound was 100% enantiomerically pure because trace amounts
of the corresponding (S)-enantiomers might go undetected.
Here, we focused on monomethyl-branched alkanes, but our

separation methods should be equally applicable to the isolation of
dimethyl- or multimethyl-branched CHCs. However, determination
of the absolute configurations of such compounds would be further
complicated because of the increased numbers of possible isomers.
For example, a trimethyl-branched compound could have eight
stereoisomers, four with positive and four with negative specific
rotations. In such cases, determination of absolute configurations by
measurement of specific rotations would be uncertain at best, even
with standards of known configuration for comparison, because of
the chances that two or more stereoisomers could have similar
specific rotations.
In most insects, MBCHs are biosynthesized in specialized

oenocyte cells in a process analogous to vertebrate fatty acid
biosynthesis (53). The hydrocarbon chains are formed by mi-
crosomal 3-ketoacyl-acyl carrier protein (ACP) synthase-catalyzed
Claisen condensations of malonyl-CoA substrates, with the methyl
branches being introduced by insertion of a methyl malonyl-CoA
into the growing hydrocarbon chain (54). The stereochemistry of
the methyl branch is likely controlled by a stereoselective NADPH-
catalyzed reduction of the resulting α,β-unsaturated thioester by
the enoyl-ACP reductase domain of the fatty acid synthase
(FAS) (Fig. 2) (55). Subsequent elongation steps followed by

Table 1. Methyl-branched hydrocarbons isolated from various insect species and life stages, with measured specific
rotations (±SD, n = 10 measurements) and absolute configurations. In all cases, the absolute configuration was (R)

Genus Species Order Sex/life stage Isolated compound Specific rotation [α]D25

Periplaneta americana Blattodea ♀ 3MeC25 −3.19 ± 0.01
Periplaneta americana Blattodea ♂ 3MeC25 −3.17 ± 0.01
Periplaneta brunnea Blattodea ♂ 3MeC23 −3.25 ± 0.03
Periplaneta australasiae Blattodea ♂ 3MeC23 −3.21 ± 0.04
Periplaneta fuliginosa Blattodea ♂ 3MeC23 −3.23 ± 0.03
Blaberus giganticus Blattodea ♀ 3MeC31 −2.91 ± 0.01
Blaberus giganticus Blattodea ♂ 3MeC31 −2.95 ± 0.03
Blaberus discoidalis Blattodea Nymph 3MeC29 −2.99 ± 0.03

3MeC31 −2.89 ± 0.07
Blaberus discoidalis Blattodea ♀ 3MeC29 −2.96 ± 0.03

3MeC31 −2.85 ± 0.01
Blaberus discoidalis Blattodea ♂ 3MeC29 −2.98 ± 0.07

3MeC31 −2.85 ± 0.03
Incisitermes minor Isoptera Worker 3MeC23 −3.23 ± 0.01
Extatosoma tiaratum Phasmatodea ♀ 11MeC23 −0.11 ± 0.05
Thasus neocalifornicus Heteroptera ♀ 3MeC29 −2.97 ± 0.05
Thasus neocalifornicus Heteroptera ♂ 3MeC29 −2.99 ± 0.06
Brothylus gemmulatus Coleoptera ♀ 3MeC25 −3.15 ± 0.08
Tenebrio molitor Coleoptera ♀ 11MeC23 −0.10 ± 0.01
Tenebrio molitor Coleoptera ♂ 11MeC23 −0.08 ± 0.03
Xylotrechus colonus Coleoptera ♀ 3MeC25 −3.19 ± 0.10
Monochamus clamator Coleoptera ♀ 3MeC23 −3.11 ± 0.12
Monochamus titillator Coleoptera ♀ 9MeC25 −0.19 ± 0.02

9MeC27 −0.27 ± 0.01
3MeC31 −3.01 ± 0.07

Monochamus titillator Coleoptera ♂ 9MeC25 −0.20 ± 0.03
9MeC27 −0.29 ± 0.02
3MeC31 −3.11 ± 0.07

Calisoma protector Coleoptera ♀ 3MeC25 −3.15 ± 0.09
Zophobas morio Coleoptera Larvae 3MeC25 −3.19 ± 0.03

3MeC27 −3.01 ± 0.07
Linepathema humile Hymenoptera Worker 3MeC25 −3.15 ± 0.09

3MeC27 −2.99 ± 0.10
Hemileuca eglanterina Lepidoptera ♂ 5MeC27 −0.67 ± 0.03
Musca domestica Diptera ♂ 3MeC25 −2.89 ± 0.08*
Myrmeleon sp. Neuroptera ♂ 3MeC25 −3.13 ± 0.10

*Purity of isolated compound, 96%.
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cytochrome-P450–mediated decarbonylation result in in-
ternally branched chiral MBCHs (2, 56). Although the enoyl-
ACP reductase domain has yet to be isolated from insects and
there have been only a few reports of microsomal FAS iso-
lation (54, 57), FAS isolated from fungal species show highly
conserved NADPH binding sites and genetic homology within
the enoyl reductase domain (58), suggesting that this domain
may also be conserved within the Insecta. Such conservation
would explain the lack of stereochemical diversity in our iso-
lated MBCHs and the enantiospecificity in their biosynthesis.
It must be noted that, if the stereochemistry of the methyl
branch point is controlled by the enoyl-ACP reductase re-
duction, compounds whose branch points are inserted early in
the biosynthesis would have the same spatial orientation as
those with branch points inserted after the center of the hy-
drocarbon chain but would be assigned opposite stereochem-
ical configurations due to nomenclature rules [(R) vs. (S)].
Nevertheless, the available evidence suggests that, at least for
monomethyl-branched compounds, the methyl branches are
inserted relatively early during chain construction (59–62).
Further insight into the stereospecificity of insect MBCH
biosynthesis will require the isolation and expression of mi-
crosomal FAS and its enoyl-ACP reductase domain from
insects, and interrogation of these enzymes with labeled sub-
strates to confirm the stereochemical course of the enoyl-
reduction.
It was pointed out more than two decades ago and reiterated

recently that the possible importance of stereochemistry in
MBCHs used as pheromones was essentially unknown (2). To
date, only a handful of studies have probed the effects of MBCH
chirality in the context of the behavioral responses elicited. For
example, the parasitic wasp Ooencytrus kuvanae uses a blend of
5-methylheptacosane and 5,17-dimethylheptacosane as a contact

pheromone for mate recognition (63). Superficially, both sexes
seemed to produce the same two compounds that apparently
constitute the pheromone. However, bioassays with enantiopure
synthetic MBCHs suggested that the pheromone consisted of (S)-
5-methylheptacosane and (5R,17S)-dimethylheptacosane whereas
the combination of (R)-5-methylheptacosane and (5R,17S)-
dimethylheptacosane inhibited attraction. The other stereo-
isomers of the dimethyl-branched component were inactive. Because
the (S)-configuration of the monomethyl-branched compound is
opposite to that of the 36 insect-derived MBCHs described above,
these results suggest that female O. kuvanae might biosynthesize the
(S)-enantiomer of 5-methylheptacosane to differentiate it from the
typical (R)-MBCHs apparently produced by most other insects. It
has not yet been possible to corroborate these findings by de-
termination of the absolute configurations of the compounds pro-
duced by male and female wasps, respectively.
In similar fashion, Schlamp et al. indirectly identified the ab-

solute stereochemistry of female-produced contact pheromone
components of the peach twig borer moth, Anarsia lineatella (38).
In bioassays with female decoys treated with a single enantiomer or
a racemic mixture of 11-methyltricosane and octadecyl acetate,
males responded only to decoys treated with (±)-11-methyltricosane
and octadecyl acetate. Decoys treated with (S)-11-methyltricosane
did not elicit responses whereas decoys treated with the (R)-enan-
tiomer inhibited responses by males.
More recently, the results of bioassays with synthetic standards

have suggested that females of the cerambycid beetles Tetropium
fuscum and Tetropium cinnamopterum use mixtures of (S)-11-
methylheptacosane and (Z)-9-heptacosene as their contact sex
pheromones (64). However, the specific rotation reported for the
synthetic (S)-11-methylheptacosane used in that study, [α]D = −0.06
degree-cm2/g (c = 3.33, hexanes), actually matches the specific ro-
tation of the (R)-enantiomer, suggesting that the stereochemical
identification of these compounds may be incorrect. The insect-
produced 11-methylheptacosane has not yet been isolated to de-
termine its absolute configuration by analytical methods.
It must be pointed out that only one of the methyl-branched

hydrocarbons isolated in this study is a known contact pheromone
(3-methylpentacosane, for the cerambycid beetle Xylotrechus co-
lonus) (24); the other 35 compounds have no known signaling
roles. Thus, it may be that MBCHs used only for maintaining
water balance or other protective purposes are biosynthesized in
one enantiomeric form (R) whereas compounds used for sexual
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discrimination and other signaling functions may be biosyn-
thesized in various stereoisomeric forms to differentiate them
from the general MBCHs that have no functions as signals. This
variation in stereochemistry could be achieved by the insertion of
a methyl branch toward the end of hydrocarbon biosynthesis,
which results in the production of compounds with opposite
stereochemistry than those whose methyl branch point is
inserted early in the hydrocarbon chain, assuming that the
methyl branch is inserted on the same face of the growing chain.
Overall, the examples above suggest that the chirality of MBCHs
is crucial to their activity when used as signal molecules and
that determination of their chirality will be essential to fully
decipher their functional roles.
Although our generic method was successful in isolating

a number of pure MBCHs from a variety of insect species, there
are limitations. Isolation of pure compounds from simple to
moderately complex CHC extracts is possible, but, as the cutic-
ular profiles become more complex (>100 compounds), the
analyses become more difficult. To some extent, these issues can
be addressed by optimization of the solvent system in combina-
tion with using high-resolution columns with <2-μm stationary
phase particle sizes (so called Ultra-HPLC). The methodology
could also be improved by combining RP-HPLC with an ad-
vanced laser polarimeter detector (PDR Chemical) (65), which
we were not able to access for the study reported here. Such
a detector should allow the determination of optical rotations in
real time as part of the HPLC analysis, allowing assessment of
the absolute configurations of a number of methyl-branched
hydrocarbons in an extract in one pass.

Methods
Sources of Insects. Periplaneta americana, Periplaneta australasiae, Peri-
planeta brunnea, Periplaneta fuliginosa, Blaberus giganticus, Blaberus dis-
coidalis adults, Blaberus discoidalis nymphs, Extatosoma tiaratum, Tenebrio
molitor, Incistermes minor workers, Zophobas morio larvae, and Musca
domestica were obtained from populations maintained in the Department
of Entomology, University of California, Riverside (UCR). Linepathema
humile workers were collected from a citrus grove on the UCR campus.
Brothylus gemmulatus and Monochamus clamator were collected during
late spring 2013 from traps in the San Bernardino National Forest in Cal-
ifornia. Xylotrechus colonus were collected during summer 2013 from traps
near Urbana, IL. Hemileuca eglanterina were collected in the spring of 1999–
2003 from pheromone-baited traps in the San Bernardino National Forest
and were frozen at −20 °C until extracted. Thasus neocalifornicus, Calosoma
protector, and an unidentified Myrmeleon sp. were collected in late summer
of 2013 from Sedona, AZ. Monochamus titillator was collected in summer
2010 in traps in Kisatchie National Forest, Catahoula Ranger District,
Louisiana. For those species for which both sexes were collected, insects
were separated by sex before extraction. The numbers of specimens
extracted for each species are listed in Table 1.

Preparation, Fractionation, and Analysis of Cuticular Extracts. Composite
samples of specimens were extracted in n-hexane (50 mL) for 5 min, fol-
lowed by a second hexane rinse (50 mL) for 3 min. The combined extracts
were concentrated, reconstituted in ∼500–1,000 μL of hexanes, and loaded
onto liquid chromatography columns containing 300–500 mg of silica gel
impregnated with 10% (wt/wt) AgNO3 (+230 mesh; Aldrich Chemical Co.).
Columns were eluted with 4 × 1 mL hexanes to elute alkanes, then 4 × 1 mL
1:19 cyclohexene/hexanes to elute alkenes, and then 2 × 1 mL diethyl ether
to recover more polar compounds. Fractions were analyzed by coupled GC-
MS, using an HP6890 gas chromatograph (Hewlett-Packard, now Agilent)

equipped with a DB-17MS capillary column (25 m × 0.20 mm, 0.33 film
thickness; J&W Scientific, Inc.) coupled to an HP5973 mass selective detector
run in full-scan mode, with electron impact ionization (70 eV), and using
helium carrier gas. Samples were analyzed in splitless injection mode with an
injector temperature of 280 °C, and a temperature program of 100 °C/1 min,
then 5 °C or 10 °C/min to 280 °C, hold for 20 min. Compounds were iden-
tified by their retention indices relative to straight-chain alkane standards
and interpretation of their mass spectra (66, 67).

Separation of Methyl-Branched from Straight-Chain Alkanes. The alkane frac-
tions were pooled in a tared 20-mL vial, concentrated, and weighed. Samples
were reconstituted in 5 mL of isooctane and 100 mg of activated 5Å
molecular sieves (Aldrich Chemical Co.) per mg of sample were added. The
vials were flushed with argon, sealed, and magnetically stirred overnight.
The resulting slurry was briefly centrifuged to pellet the molecular sieves
and the supernatant containing the MBCHs was removed. The pellet was
resuspended in 10 mL of isooctane, then centrifuged. The combined
supernatants were filtered through a glass wool plug into a tared vial,
concentrated, and weighed. Compounds were identified by GC-MS as
described above.

Reverse-Phase HPLC Isolation of Pure MBCHs. The MBCH fraction was con-
centrated and reconstituted in EtOAc (500 μL) and then fractionated on an
Infinity 1220 HPLC coupled to a 380-Evaporative Light Scattering Detector
(both from Agilent Technologies). The HPLC was equipped with an Eclipse
XDB-C18 reverse-phase column (5-μm particles, 4.6 mm i.d. × 250 mm;
Agilent Technologies) and a 100-μL sample loop (25-μL injection volumes
were used). Column oven temperature was 60 °C, and the ELSD was set to
nebulize at 40 °C and evaporate at 70 °C, with a stripping gas flow rate of
1.2 standard liters/min (SLM). The eluent was split 80:20 between the frac-
tion collection and the detector. Collected fractions were analyzed by GC-MS
to determine purity. Fractions from replicated analyses were checked to
confirm identity and purity and then pooled and concentrated for polari-
metric analysis. The typical isocratic solvent system used for the separation of
individual compounds was 2:3 EtOAc/methanol at a flow rate of 1 mL/min.
The specific conditions used for each analysis are summarized in Table S3.

Synthesis of Chiral Standards for Polarimetric Comparisons. The syntheses of
both enantiomers of a series of monomethyl-branched alkane standards
are described in SI Text and Fig. S6. The full list of synthesized standards,
along with their specific rotations, is shown in Table S1.

Polarimetric Analysis of Isolated Methyl-Branched Hydrocarbons. Specific
rotations of isolated MBCHs were obtained with an Autopol IV Digital Po-
larimeter (Rudolph Research Analytical) operated in high accuracy specific
rotation mode at 25 °C, with the light source set at 589 nm. Isolated MBCHs
were dissolved in 250 μL of chloroform and transferred to a T32 micro
sample cell (2.5 mm i.d. × 50 mm length; 250 μL volume; Rudolph Research
Analytical). Specific rotation values were obtained 10 times and averaged,
and SDs were calculated. The sample was removed from the sample cell by
syringe, and the cell was rinsed five times with chloroform and dried with
compressed air before being used for another sample.
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