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The plant cuticle, a multi-layered membrane that covers plant aerial surfaces to prevent desiccation, con-
sists of the structural polymer cutin and surface-sealing waxes. Cuticular waxes are complex mixtures of
ubiquitous, typically monofunctional fatty acid derivatives and taxon-specific, frequently bifunctional
specialty compounds. To further our understanding of the chemical diversity of specialty compounds,
the waxes on the aerial structures of the leafy gametophyte, sporophyte capsule, and calyptra of the moss
Funaria hygrometrica were surveyed. Respective moss surfaces were extracted, and resulting lipid mix-
tures were analyzed by gas chromatography–mass spectrometry (GC–MS). The extracts contained ubiq-
uitous wax compound classes along with two prominent, unidentified classes of compounds that
exhibited some characteristics of bifunctional structures. Microscale transformations led to derivatives
with characteristic MS fragmentation patterns suggesting possible structures for these compounds. To
confirm the tentative structure assignments, one compound in each of the suspected homologous series
was synthesized. Based on GC–MS comparison with the authentic standards, the first series of com-
pounds was identified as containing esters formed by b-hydroxy fatty acids and wax alcohols, with ester
chain lengths varying from C42 to C50 and the most prominent homolog being C46. The second series con-
sisted of fatty acid esters of 1,7-alkanediols, linked via the primary hydroxyl group, with ester chain
lengths C40–C52 also dominated by the C46 homolog. The b-hydroxy acid esters were restricted to the
sporophyte capsule, and the diol esters to the leafy gametophyte and calyptra. Based on their homolog
and isomer distributions, and the presence of free 1,7-triacontanediol, possible biosynthetic reactions
leading to these compounds are discussed.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The evolutionary transition of plant life from aquatic to terres-
trial environments presented great challenges, desiccation being
principal among them. One structural feature that helps plants
reduce transpiration across their vast aerial surfaces is the cuticle,
an extra-cellular membrane covering epidermal cells (Yeats and
Rose, 2013). Plant cuticles consist of the fatty acid polyester cutin
that provides a structural framework, and embedded waxes that
seal the surface (Dominguez et al., 2011). Plant cuticular waxes
are complex mixtures of very-long-chain (VLC) fatty acid (FA)
derivatives that can be divided into two categories: those that
occur ubiquitously in the wax of almost all plant species, and spe-
cialty compounds that are encountered only in the wax of certain
plant taxa (Jetter et al., 2006). The ubiquitous wax constituents
are mostly VLC aliphatics with one terminal functional group such
as fatty acids, aldehydes, and primary alcohols, but may also
include alkanes (no functional groups) or dimers formed by ester
linkages between fatty acids and wax alcohols (Samuels et al.,
2008). Specialty wax compounds are mostly also fatty acid-derived,
but may contain more than one functional group including in-chain
functionalities, thus creating much greater structural diversity.

Our current understanding of wax biosynthesis is primarily
based on molecular genetic and biochemical characterization of
model plants, most prominently Arabidopsis thaliana, the wax mix-
tures of which comprise mostly ubiquitously occurring compounds
(Jenks et al., 1995; Rashotte et al., 2001). In the wax biosynthetic
pathways leading to these wax constituents, two stages can be
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distinguished: elongation and diversification. First, even-
carbon-numbered long-chain fatty acyl-CoAs originating from
plastidial FA de novo biosynthesis are elongated by the addition
of C2 units derived from malonyl-CoA. The fatty acid elongase
(FAE) multi-enzyme complex accomplishes the transformation by
catalyzing four sequential reactions. Initially a ketoacyl-CoA
synthase (KCS) condenses the fatty acyl-CoA and malonyl-CoA sub-
strates to form a b-ketoacyl intermediate (Joubès et al., 2008), then
a ketoacyl reductase (KCR) reduces the secondary oxo group to a
hydroxyl function (Beaudoin et al., 2009). Next, the b-hydroxyl
group is eliminated by a dehydratase (HCD), and the resulting a,
b-double bond is finally saturated by an enoyl-CoA reductase
(ECR) to form a fatty acyl-CoA two carbons longer than the original
KCS substrate (Bach et al., 2008; Zheng et al., 2005). Repeated FAE
cycles lead to acyl-CoAs with chain lengths typically ranging from
C24 to C34.

In the second stage of ubiquitous wax compound biosynthesis,
elongated VLC acyl-CoAs are diversified into various derivatives
through head group modifications. These take place in a chain-
length-specific manner such that the full range or only a selection
of the chain lengths in the acyl-CoA precursor pool is found in each
of the final wax products. Matching chain length profiles have been
reported for the free and esterified n-alkanols in various plant spe-
cies (Lai et al., 2007; Razeq et al., 2014), indicating that the esters
and free alkanols are biosynthetically related. Indeed, it has been
shown that in Arabidopsis a fatty acyl-CoA reductase (FAR) gener-
ates VLC n-alkanols that are then linked with fatty acyl-CoAs by a
wax ester synthase (Li et al., 2008), and that both the alcohol inter-
mediates and the alkyl ester end products are exported to the cuticle.
Further chain length comparisons across species suggested that a
separate biosynthetic pathway leads to aldehydes and alkanes.
Molecular genetic evidence, again for Arabidopsis, has confirmed that
reduction of VLC acyl-CoAs truly leads to even-carbon-numbered
aldehydes and further decarbonylation to corresponding odd-
carbon-numbered alkanes (Bernard et al., 2012; Chen et al., 2003).

While the biosynthesis of the ubiquitous wax compounds is well
understood, the processes leading to specialty compounds have
received far less attention. Exceptions to this are the secondary
alcohols, diols, ketones, and ketols found as major constituents of
Brassicaceae waxes (Lee et al., 2015; Zhang et al., 2013). Again,
homolog profiles suggest a biosynthetic relationship: that all these
specialty compound classes are derived from the ubiquitous alka-
nes. Further detailed isomer analysis of Arabidopsis stem wax con-
stituents with secondary functional groups indicates that
hydroxylation on one ormore of three carbon atoms near the center
of alkane precursor molecules likely leads to the secondary alco-
hols, and repeat hydroxylation or oxidation to the ketones, diols,
and ketols (Wen and Jetter, 2009). Molecular genetic investigations
confirmed this hypothesis, and a P450 monooxygenase with mid-
chain alkane hydroxylase (MAH) activity was shown to be involved
in the process by oxidizing any carbon from C-13 to C-15 of the C29

alkane chain to produce a mixture of isomers whose secondary
functional groups are on adjacent carbons (Greer et al., 2007).

Many other wax compounds with one or more secondary oxy-
gen-containing functional groups that do not seem to be biosyn-
thetically related to the secondary functional compounds of the
Brassicaceae have been described as major wax constituents in
several plant taxa. For example, the secondary alcohol 10-nona-
cosanol is a very prominent wax component of various gym-
nosperm and angiosperm taxa, as well as multiple Pogonatum
moss species (Barthlott et al., 1996; Jetter et al., 1996; Neinhuis
and Jetter, 1995). In contrast to the isomer mixtures of Arabidopsis
secondary alcohols, this compound usually appears as a single iso-
mer, and while some species also contained trace amounts of 8- or
12-nonacosanol, the 9- or 11-isomers were not detected. Similarly,
ketones have been found in some plant waxes, most prominently
on the fern Osmunda regalis (Jetter and Riederer, 2000), and also
in the form of b-diketones in the Poaceae (Barthlott et al., 1998).
Based on their isomer patterns, these wax constituents with sec-
ondary functionalities have long been suspected to originate from
processes other than P450 hydroxylation, possibly through the
activity of polyketide synthase (PKS) enzymes (von Wettstein-
Knowles, 1995). In essence, their secondary functional groups were
hypothesized to originate during chain elongation, as remnants of
b-functionalities introduced through Claisen condensation reac-
tions, thus explaining their exclusive presence on particular car-
bons. Diverse biochemical experiments have since confirmed this
hypothesis for b-diketones, but have not provided information
about the enzymes and genes involved (von Wettstein-Knowles,
1993). Similar biochemical and molecular genetic evidence is also
lacking for other specialty compounds.

In the absence of enzymological or genetic information, the
biosynthetic machinery behind the formation of specialty wax con-
stituents is best assessed by further detailed analyses of diverse
compounds with secondary functionalities. In particular, those
with oxygen functionalities on both a primary and a secondary car-
bon are informative, for example 5-hydroxy aldehydes and 1,5-
alkanediols in Taxus baccata and 5-hydroxy acids in Cerinthe minor
(Jetter and Riederer, 1999a; Wen and Jetter, 2007), 11-keto alco-
hols and aldehydes in O. regalis (Jetter and Riederer, 1999b), 1,7-,
1,9-, and 1,11-diols in Papaver alpinum (Jetter et al., 1996), and 3-
hydroxy fatty acids in Aloe arborescens (Racovita et al., 2014). The
primary functionalities therein added substantial chemical diversity
in the form of compound classes with terminal carboxylic acid, ester,
aldehyde, or alcohol group. Comparisons between the homolog
and isomer patterns of these bifunctional compound classes, where
they were co-occurring, thus proved to be particularly informative
for narrowing down possible, novel biosynthetic pathways.

In order to further our understanding of wax biosynthesis, novel
compounds with both primary and secondary functional groups
have to be identified, which necessitates analyses of waxes from
diverse plant lineages. It is important that both vascular and
non-vascular plants are included in this survey, especially since
specialty compounds have been found as prominent members of
the waxes of angiosperms, gymnosperms, ferns, and mosses alike.
Most notably, waxes from several Polytrichales mosses comprised
large percentages of compounds with secondary functional groups,
including 10-nonacosanol (Neinhuis and Jetter, 1995). Waxes of
Andreaea, Pogonatum, Syntrichia, and Physcomitrella moss species
contained ubiquitous wax compounds including fatty acids, alka-
nols, alkyl esters, aldehydes, and alkanes (Buda et al., 2013; Haas,
1982; Xu et al., 2009). However, bifunctional compound classes
from moss waxes have yet to be identified. The goal of the present
study was to provide further moss wax analyses and to identify
bifunctional compounds if possible.

Recently, microscopic examination of multiple structures of the
moss Funaria hygrometrica revealed that the calyptra, a maternal
protective structure of mosses, has a cuticle (Budke et al., 2011).
Interest in the wax of a cuticle that had not been previously ana-
lyzed prompted a preliminary analysis, which indicated the pres-
ence of unknown compounds that potentially contained two
functional groups. As candidates for compounds that could expand
our understanding of the diversity and potentially the biosynthesis
of specialty wax compounds, structural elucidation of these com-
pounds was the focus of this work. Accordingly, waxes were
extracted from the surfaces of the three main structures of F. hygro-
metrica, the maternal leafy gametophyte, the offspring sporophyte
capsule, and the maternal calyptra. The wax mixtures were sepa-
rated with thin layer chromatography (TLC) where necessary,
and analyzed as trimethylsilyl (TMS) derivatives with GC–MS.
Authentic standards were then synthesized to confirm the struc-
tures of the unknown compounds.
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2. Results

The aim of the present work was to identify novel compounds
in the cuticular waxes covering various F. hygrometrica structures.
Extracts from the surfaces of the calyptra, leafy gametophyte, and
sporophyte capsule yielded typical wax mixtures composed of VLC
fatty acids, n-alkanols, alkyl esters, aldehydes, and alkanes,
together with two prominent groups of novel compounds. One
was found in the calyptra and leafy gametophyte waxes (desig-
nated compound class A), and the other in the sporophyte capsule
samples (compound class B). Mass spectroscopic analysis and
organic synthesis were used to determine the structures of the
compounds in each group.
2.1. Identification and relative quantification of compounds in series A

To isolate compound class A, surface wax was extracted from
several hundred leafy gametophytes and separated into three frac-
tions using TLC. An aliquot of each fraction was reacted with bis-N,
O-(trimethylsilyl)-trifluoroacetamide (BSTFA) to form TMS deriva-
tives of groups with exchangeable protons, and the resulting mix-
tures were analyzed with GC–MS. Compound class A was found in
a fraction (Rf 0.39) well separated from all other wax components
and running between n-alcohols and wax esters. Initial GC–MS
analysis indicated that fraction A contained seven compounds
(Fig. 1A) that shared MS characteristics. Their fragmentation
patterns included some fingerprint ions that were identical
between all seven compounds and some with differences of m/z
28 between them. Based on this MS behavior and the evenly
spaced GC peaks, fraction A was recognized as a series of seven
homologous compounds.

All members of unknown series A had high GC retention times
and contained fragments larger than m/z 700+ in their mass spec-
tra, both reminiscent of alkyl esters formed by monofunctional
wax alcohols and acids. To assess whether fraction A contained
similar ester-linked dimers, and to determine the number and nat-
ure of the functional groups involved, the remainder of the TLC
fraction was subjected to transesterification with BF3 and metha-
nol followed by TMS derivatization. GC–MS analysis showed that
the reaction mixture contained eight major compounds, which
were identified as the methyl ester TMS ether derivatives of C20,
C22, C24, and C26 b-hydroxy fatty acids, and as TMS ethers of C20,
C22, C24, and C26 n-alkanols. The C24 b-hydroxy fatty acid methyl
ester and C22 n-alkanol were found to predominate (Fig. S1). Thus,
the initial analysis suggested that the compounds in series A were
VLC b-hydroxy fatty acid alkyl esters.

Next, the mass spectra of the TMS derivatives of the com-
pounds in A were examined to further confirm their potential
b-hydroxy fatty acid ester structures. All seven spectra exhibited
(i) prominent fragments m/z 73 [Si(CH3)3]+ indicative of a
TMS-derivatized hydroxyl group, (ii) series of fragments m/z 57,
71, 85, 99, etc. ([CnHn+1]+) suggesting at least one aliphatic tail,
and (iii) fragments m/z 145 and 161, likely due to combined
a-fragmentation and rearrangement, indicating a b-hydroxy acid
moiety (Fig. S2).

Each of the seven mass spectra exhibited further characteristic
fragments, including ions [M�15]+, possibly due to methyl loss,
and [M�90]+, potentially due to HOSi(CH3)3 elimination from the
parent molecules (m/z 750 and 675, respectively, for the C46 com-
pound in Fig. 1C)1. These fragments differed by m/z 28 between
1 Due to the high number of carbon atoms in wax molecules and thus the high
probability of 13C and 2D incorporation, large fragments such as [CnH2n+1OTMS-15]+

are expected to have average m/z (3n� � �0.01) units more than the nominal mass. The
standard resolution of the MS data acquisition system used here rounds m/z values to
the nearest integer and will thus report m/z 750 for the above ion.
homologs. A third fragment, likely arising from McLafferty rear-
rangement with double hydrogen transfer (r2H, Fig. 1E), was
observed as a small peak in each spectrum (m/z 457 for the C46 com-
pound). Finally, two a-fragments generated about either side of the
(TMS-derivatized) hydroxyl group indicated the presence of one
alkyl tail and a carboxyl head group (m/z 397 and 469 for the C46

compound), which confirmed the b-hydroxy acid ester structure.
The major isomer of the C46 compound was thus tentatively
identified as the C22 alkyl ester of C24 b-hydroxy acid (docosyl
3-hydroxytetracosanoate).

It should be noted that the a-fragments of the b-hydroxyl
function were flanked by pairs of homologous ions (m/z 369
and 497, as well as m/z 341 and 525 for the C46 ester, Fig. S2),
suggesting the presence of isomeric b-hydroxy acid esters with
shorter alcohol and correspondingly longer b-hydroxy acid
moieties. The presence of such ester isomers was confirmed by
corresponding rearrangement fragments (m/z 385, 413, 441 for
the C46 homolog, Fig. S2), present in approximately the same
ratios as the parent ions. The relative abundances of these ions
did not vary within individual ester homolog peaks, indicating
that the ester isomers were not GC-separated under our
conditions.

To confirm the structure assignment for fraction A, an authentic
standard of docosyl 3-hydroxytetracosanoate was synthesized
(Fig. 2). To this end, docosanol (1) was transformed into both
docosyl 2-bromoacetate (2) and docosanal (3) via reaction with
bromoacetyl chloride and oxidation with anhydrous PCC, respec-
tively. Mass spectroscopic characterization of these intermediates
is provided in the Supplementary data (Figs. S3 and S4). A
Reformatsky reaction was then used to unite 2 and 3 to obtain
docosyl 3-hydroxytetracosanoate (4). The final product was
isolated by preparative TLC and found to co-migrate on analytical
TLC with the natural product. A TMS derivative of the TLC-purified
synthetic standard had mass spectroscopic and GC retention
behavior identical to those of one isomer of one homolog in
series A, thus confirming the identity of the latter. Examining all
the evidence jointly, the compounds in fraction A were identified
as homologous b-hydroxy fatty acid esters of the four even-
and three odd-numbered chain lengths ranging from C42 to C48

(Fig. 1A–D).
The relative amounts of the hydroxyester homologs were quan-

tified in the wax mixtures from different moss organs by integrat-
ing appropriate selected ion chromatograms (m/z 161). In the
calyptra wax, the seven b-hydroxy fatty acid esters with even-
numbered chain lengths between C40 and C52 were found in a
bimodal distribution with peaks at C42 and C50 (Fig 3). In the total
wax mixture from leafy gametophytes, 13 b-hydroxy fatty acid
ester homologs ranging from C40 to C52 were detected, thus even
more than in the corresponding TLC fraction (Fig. 1A). The distribu-
tion of these compounds in the leafy gametophyte wax was
approximately normal with a peak at C46.

2.2. Identification and relative quantification of compound class B

The next objective was to identify the constituents of com-
pound class B. Since relatively little sporophyte capsule wax
was available, the structure elucidation had to be carried out
directly from the total wax mixture without prior TLC separation.
However, the TMS derivatives of series B obtained without
pre-separation proved to have MS characteristics that enabled a
tentative structure assignment. Late-eluting, regularly spaced
GC peaks (Fig. 4A) and multiple homologous MS fragments again
indicated that all compounds in B belonged to one homologous
series.

The mass spectra of the TMS derivatives of all homologs in ser-
ies B had four characteristics in common (Fig. 3C): (i) prominent



Fig. 1. Identification of unknown series A found in Funaria hygrometrica calyptra and leafy gametophyte waxes. (A) Selected ion chromatogram (m/z 161) of fraction A
isolated from the leafy gametophyte extract using TLC. (B) Selected ion chromatogram (m/z 161) of synthetic C46 b-hydroxy fatty acid ester (docosyl 3-hydroxytetracosanoate
(4), obtained from docosanol (1), see Fig. 2). (C) EI mass spectrum of the most abundant homolog (C46) in (A). (D) EI mass spectrum of the synthetic C46 b-hydroxy fatty acid
ester shown in (B). (E) Potential routes to the major fragments observed in the mass spectra of the C46 b-hydroxy fatty acid ester. Additional fragmentation mechanisms and
ions resulting from the fragmentation of other C46 b-hydroxy acid isomers are described in Fig. S5.
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fragments m/z 73 ([Si(CH3)3]+), but not m/z 147 ([(CH3)3SiOSi
(CH3)2]+), indicating the presence of only one hydroxyl functional-
ity, (ii) alkyl fragments m/z 57, 71, etc. [CnH2n+1]+, suggesting the
presence of at least one unfunctionalized hydrocarbon terminus,
(iii) a pair of fragments m/z 239 and 257 interpreted as
[CH3(CH2)14CO]+ and [CH3(CH2)14C(OH)2]+, respectively, and hence
pointing to the presence of a C16 acid moiety, and (iv) a pair of
fragments m/z 313 ([CH3(CH2)14COOSi(CH2)2]+, Fig. S5) and 329
([CH3(CH2)14C(OSi(CH3)3)OH]+, Fig. S5) suggesting a C16 acid ester
containing a (TMS-derivatized) hydroxyl function in its alkyl
moiety (Rontani and Aubert, 2004).
Considering all the MS evidence thus far, the compounds in B
were surmised to be fatty acid esters of alkanediols and hence
positional isomers of the compounds in series A. In accordance
with this, the two most abundant fragments in the spectrum of
each (TMS-derivatized) compound in B could be interpreted as
a-fragments generated on either side of the secondary hydroxyl
group located in the alkyl chain of a wax ester. For example, the
fragments m/z 441 and 425 (for the homolog eluting at ca.
54 min) were explained as [CH3(CH2)22CHOSi(CH3)3]+ and
[CH3(CH2)14COO(CH2)6CHOSi(CH3)3]+, respectively, and therefore
pointed to a 1,7-constellation of one primary and one secondary



Fig. 2. Synthesis of a C46 b-hydroxy fatty acid ester (docosyl 3-hydroxytetracosanoate). Docosanol (1) was converted into docosanal (3) as well as bromoacetate ester 2 and
the corresponding organo-zinc reagent, which was then combined with 3 to form docosyl 3-hydroxytetracosanoate (4). Compounds in parentheses were not isolated, but
used directly in the following step. Yields and procedural details are in the Experimental section. Abbreviations: PCC = pyridinium chlorochromate, DCM = dichloromethane,
THF = tetrahydrofuran.

Fig. 3. Quantification of hydroxy ester homologs in Funaria hygrometrica waxes.
Relative abundances of homologous b-hydroxy fatty acid esters on the calyptra
(black) and leafy gametophyte (grey) were determined by integrating selected ion
chromatograms (m/z 161). Values are means of three independent parallels, with
error bars indicating standard deviation.
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hydroxyl function in the alkyl moiety of the ester (Fig. 4E). Satellite
fragments of each of these a-fragments were present in the spec-
trum from each homolog (m/z 413 and 469, as well as m/z 397
and 453, respectively, for the homolog shown in Fig. 4C). These
could be explained as a-fragments from co-eluting isomers in
which the hydroxyl group was five or nine carbons away from
the ester group. With all major fragments in the spectra thus
explained, compounds in B were tentatively assigned to a homolo-
gous series of 1,X-diol ester isomers (X = 5, 7, or 9).

In order to confirm the 1,X-diol ester structure of compounds in
B, the synthesis of a representative of this compound class was
attempted. Considering the two functional groups in the target
molecule, a synthetic scheme was designed where the secondary
hydroxyl functionality was generated first, via Grignard reaction,
and the ester group second, using an acyl chloride (Fig. 5). One
hydroxyl group of 1,6-hexanediol (5) was substituted with bro-
mine (6), the other protected as a tetrahydropyranyl ether, and
then the resulting compound (7) was added to magnesium to
afford the Grignard reagent 7a. In parallel, tetracosanoic acid (8)
was converted in two redox steps via the corresponding alcohol
(9) into tetracosanal (10). Finally, 7a and 10 were combined to
afford 1,7-triacontanediol (11). Information regarding mass and
1H NMR spectroscopic characterization of the intermediates in this
synthesis is provided in the Supplementary data (Figs. S6 and S7).

An aliquot of 11 was further reacted with 4-dimethylaminopy-
ridine (DMAP) and palmitoyl chloride to produce the target com-
pound 12. Selective acylation of the primary hydroxyl group was
achieved by using limiting amounts of DMAP and palmitoyl chlo-
ride. The diol ester product of this reaction was purified by TLC,
transformed into the corresponding TMS derivative, and character-
ized by GC–MS. Both the retention behavior and MS characteristics
of 12 matched those of one isomer in the middle homolog of series
B (Fig. 4A–D). This match of properties thus confirmed the 1,X-diol
ester structure of one major compound in B. Interestingly, closer
inspection established that the tetracosanoic acid starting material
for synthesis of 12 contained a minor impurity in the form of doc-
osanoic acid, which resulted in small amounts of homolog byprod-
ucts in all steps and finally led to 7-hydroxyoctacosyl palmitate
observed as a small peak in the selected ion chromatogram of
the synthetic product (Fig. 4B). The mass spectrum of its TMS
derivative showed all the characteristics expected according to
the above interpretation of diol ester MS fragmentations, thus pro-
viding further support for the homologous nature of the series.

Overall, a series of 1,X-diol esters with even-numbered chain
lengths C40–C52 and odd-numbered homologs C45 and C47 was
identified (Fig. 4A). The abundance of the satellite a-fragments
described above was used to determine the approximate ratio of
esterified 1,5-, 1,7-, and 1,9-diol isomers (secondary hydroxyl posi-
tion isomers) to be 1:4:1, which was roughly the same for all
homologs. Finally, the relative amount of each diol ester homolog
was quantified by integrating the selected ion chromatogram for
m/z 425 (Fig. 4A). Their distribution was approximately normal
and the C46 homolog had the highest abundance (Fig. 6).
2.3. Identification of other bifunctional wax components

By detailed examination of the GC–MS traces, two diols were
also identified in the wax from F. hygrometrica. First, in the calyptra
and leafy gametophyte waxes, 1,3-octacosanediol was found based
on previous reports of C22 and C26 VLC 1,3-diols (Vermeer et al.,
2003; Buschhaus et al., 2013). The mass spectrum of this com-
pound displayed characteristic a-fragments and peaks at m/z 73
([Si(CH3)3]+), 103 ([CH2OSi(CH3)3]+), and 147 ([(CH3)3SiOSi
(CH3)2]+) (Fig. S8). Second, 1,7-triacontanediol (11) was identified



Fig. 4. Identification of unknown series B found in Funaria hygrometrica sporophyte capsule wax. (A) Selected ion chromatogram (m/z 425) of the total wax mixture extracted
from the capsules, depicting homologous series B. (B) Selected ion chromatogram (m/z 425) of the synthetic C46 1,7-diol ester (7-hydroxytriacontyl palmitate (12), obtained
from 1,6-hexane diol (5), see Fig. 5). (C) EI mass spectrum of the C46 homolog of series B. (D) EI mass spectrum of the synthetic C46 1,7-diol ester shown in (B). (E) Potential
routes to the major fragments observed in the mass spectra of the C46 1,7-diol ester. Additional fragmentation mechanisms and ions resulting from the fragmentation of other
C46 1,X-diol ester isomers are described in Fig. S6.
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in the wax of the sporophyte capsule. Its mass spectrum also con-
tained fragments with m/z 73, 103, and 147, characteristic a-frag-
ments, a peak at m/z 584 ([M�CH3]+), and the products of single
elimination of [HOSi(CH3)3] from both the intact molecule (giving
rise to [CH3(CH2)22CHOSi(CH3)3(CH2)4CHCH2]+, m/z 509) and the
bifunctional a-fragment (observed as [CHOSi(CH3)3(CH2)4CHCH2]+,
m/z 185). Confirmation of this structural assignment was provided
by a 1,7-triacontanediol standard (Fig. S9), obtained as an interme-
diate in the synthesis of 7-hydroxytriacontyl palmitate. Further
searches using similar strategies failed to provide evidence for
the presence of other 1,X-diols.
Finally, the wax mixtures from the leafy gametophyte and
calyptra were searched for traces of the b-hydroxy acid esters,
and the sporophyte capsule wax for the 1,X-diol esters. No evi-
dence was found for presence of the novel compounds outside
the moss structures where they had originally been identified. Also
absent from all the wax samples was any indication of structural
variants of series B, for example, a diol ester in which the sec-
ondary hydroxyl group was esterified instead of the terminal
hydroxyl group. The possibility of bis-esterified 1,X-diol esters
(where both the terminal and midchain hydroxyl groups had been
esterified with a fatty acid) cannot be excluded because it is likely



Fig. 5. Synthesis of 7-hydroxytriacontyl palmitate. Tetracosanal (10), as obtained from tetracosanoic acid through two redox steps, was added to the Grignard reagent 7a
obtained from THP-protected, brominated 1,6-hexanediol (5). An acidic workup afforded 1,7-triacontanediol (11), which was then esterified with palmitoyl chloride to form
7-hydroxytriacontyl palmitate (12). Compounds in parentheses were not isolated, but used directly in the following step. Yields and procedural details are given in the
Experimental section. Abbreviations: LAH = lithium aluminum hydride, DMAP = 4-dimethylaminopyridine.

Fig. 6. Relative abundances of homologous diol esters in Funaria hygrometrica
sporophyte capsule wax. Amounts are reported as the average of n = 3 replicate
samples quantified by integrating the selected ion chromatograms (m/z 425). Error
bars denote standard deviation.
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that these molecules would escape detection, as they would be too
large to elute from the GC within the 77-min run time pro-
grammed here.

3. Discussion

This report presents the structure elucidation of two novel
classes of wax compounds from three surfaces of the moss F. hygro-
metrica.Waxes from the leafy gametophyte and calyptra contained
b-hydroxy fatty acid esters, while those on the sporophyte capsule
comprised 1,X-alkanediol esters instead. Both compound classes
had several structural features in common, including the ester
linkage between two unbranched, fully saturated hydrocarbon
chains bearing terminal carboxyl or hydroxyl groups. Most notably,
all the ester structures further contained one additional secondary
hydroxyl function, albeit in varying positions. Overall, both com-
pound classes may thus be described as ester-linked dimers of
one mono- and one bifunctional VLC compound.

While wax constituents with primary functionality typically
occur in simple homologous series, those with secondary groups
frequently exhibit additional regio-isomerism. Accordingly, the
bifunctional monomers contained within the two ester classes,
combining a primary and a secondary functional group, had the
potential for homology as well as isomerism. Interestingly, only a
few characteristic homologs and isomers were found for each
bifunctional ester monomer, all of them with a secondary hydroxyl
group, an odd number of methylene units between the primary
and secondary functionalities, and predominantly even-numbered
overall carbon chain length. Both types of bifunctional monomers
hence had a strict 1,X-constellation of functionalities, where X
was an odd number. These commonalities indicate that both
bifunctional monomers co-occurring in the same plant species
may be biosynthetically related and, based on the specific isomer
and homolog distributions, that their common biosynthetic path-
way may be hypothesized. This should aid and enable future bio-
chemical investigations into the machinery involved in the
production of these specialty compounds. Towards this end, dis-
cussed here are possible reaction steps leading to b-hydroxy fatty
acid esters and alkanediol esters.
3.1. Potential pathway leading to b-hydroxy fatty acid esters

The F. hygrometrica b-hydroxy fatty acid esters had predomi-
nantly even-numbered total carbon chain lengths ranging from
C40 to C52, resulting from combination of acyl and alkyl portions
each between 20 and 26 carbons in length. Furthermore, the addi-
tional secondary hydroxyl group was found exclusively on C-3 of
the acyl moiety. These characteristics suggest that the b-hydroxy
functionality is biosynthesized either by introducing the hydroxyl
group into a pre-existing fatty acyl chain or as a by-product of
chain elongation.

Two scenarios may be distinguished for introduction of a hydro-
xyl group into a pre-existing fatty acyl chain. In one, free or ester-
ified acyl chains may be hydroxylated by a P450-dependent
enzyme similar to the Arabidopsis mid-chain alkane hydroxylase
(MAH1). However, MAH1 has only limited regioselectivity, repeat-
edly oxidizing up to three adjacent methylene units (Greer et al.,
2007; Wen and Jetter, 2009). Therefore, a P450 enzyme clearly dis-
tinct from MAH1 would have to be invoked for formation of the
strict 1,3-geometry of functional groups observed in the F. hygro-
metrica b-hydroxy fatty acid esters. Alternatively, the 3-hydroxyl
group might also stem from mitochondrial fatty acid b-oxidation.
While this would explain the specific location of the functional
group, it would likely necessitate transport of intermediates from
mitochondria to the endoplasmic reticulum as the compartment
for wax ester biosynthesis and origin of wax export (Bernard and
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Joubès, 2013). Neither of the two scenarios involving hydroxyla-
tion of a pre-existing fatty acyl chain is able to account for the
chain length distribution of the F. hygrometrica b-hydroxyacyls.

To better explain the homolog specificity of b-hydroxyacyl for-
mation, two more scenarios can be envisioned, with introduction
of the hydroxyl group as a by-product of chain elongation. For
one, a polyketide synthase (PKS) enzyme could use VLC acyl-CoAs
as starters for condensation with one C2 unit from a malonyl-CoA
to form b-ketoacyls. Most plant PKSs use aromatic starters, but
some have been shown to also accept aliphatic substrates, albeit
usually for multiple condensation rounds. Accordingly, PKSs have
been invoked in biosynthesis of certain wax constituents in other
plant species, mostly to form b-keto compounds (von Wettstein-
Knowles, 1995), and thus a F. hygrometrica PKS generating VLC b-
ketoacyls may be hypothesized. However, it would likely have to
be associated with a reductase to transform the ketoacyls into
the corresponding b-hydroxy compounds. There is no precedence
for a PKS/reductase complex with activity towards VLC substrates.

Finally, the b-hydroxyacyl compounds could be diverted from
normal wax biosynthesis, where they would occur as intermediates
during fatty acid elongation. In the fatty acid elongase (FAE) com-
plex, a KCS and KCR generate a b-hydroxyacyl intermediate that is
usually channeled to the dehydratase and ECR components of the
complex for transformation into the elongated acyl-CoA (Haslam
and Kunst, 2013). However, it is feasible that the b-hydroxyacyl
intermediate may be either released from the FAE complex or
actively interceptedby an additional enzyme.A specific thioesterase
intercepting intermediates between the KCR and the dehydratase of
the FAE may be implicated in formation of the F. hygrometrica b-
hydroxyacyls. Precedence exists for similar thioesterases, however
with specificity for b-keto intermediates (intercepted after conden-
sation rather than reduction) of medium-chain fatty acyl-ACPs (of
the fatty acid synthase complex rather than the FAE) during the
biosynthesis of methyl ketones in tomato (Yu et al., 2010).

The predominance of the C24 b-hydroxy fatty acyl moiety in the
F. hygrometrica esters suggests that potential intercept/release
from the FAE might occur mainly during the elongation round from
C22 to C24 acyl-CoA (Fig. 7, first dashed arrow). The presence of the
other less abundant b-hydroxyacyl chain lengths in the ester prod-
ucts may then be explained by intercept/release occurring to a les-
ser extent during the adjacent rounds of elongation, i.e. those that
produce C22 and C26 compounds. Most interestingly, the current
results on homolog distribution of F. hygrometrica b-hydroxyacyls
match those of previous reports on 1,3-bifunctional wax com-
pounds in diverse higher plants. For example, C24 and C26 1,3-diols
and hydroxyaldehydes were found in Ricinus communis (Vermeer
et al., 2003), C22 and C24 1,3-diols have been identified in Papaver
orientale (Jetter et al., 1996), and C20, C22 and C24 1,3-diols (accom-
panied by 1,2-diols) in Cosmos bipinnatus (Buschhaus et al., 2013).
Overall, this points to the importance of the elongation round from
C22 to C24 acyl-CoAs for the formation of 1,3 bifunctional com-
pounds. However, a recent study showed similar b-hydroxy fatty
acyl products in the wax of A. arborescens, but with chain lengths
around C28, and therefore thought to arise during elongation from
C26 to C28 acyl-CoA (Racovita et al., 2014).

In contrast with previously characterized 1,3-bifunctional wax
compounds, those of F. hygrometrica were esterified, suggesting
involvement of a wax ester synthase similar to those involved in
formation of esters lacking secondary hydroxyl functions. It is well
established that these enzymes use fatty acyl-CoAs rather than free
acids as substrates (Li et al., 2008). Consequently, a free b-hydroxy
fatty acid generated by a thioesterase upon interception at the FAE
would have to be re-activated into the CoA ester, likely by the
action of a long-chain acyl-CoA synthase (LACS) enzyme.
Alternatively, a passively released b-hydroxyacyl-CoA might be
immediately available for esterification. In this context, it should
be noted that no free b-hydroxy fatty acids were found in the
waxes from various moss surfaces investigated here, however this
cannot be interpreted as evidence for either intermediate intercep-
tion or release.

While VLC b-hydroxy fatty acid alkyl esters have not been pre-
viously identified in plants, C24–C32 b-hydroxy fatty acid methyl
esters were recently identified in A. arborescens cuticular waxes
(Racovita et al., 2014). The hypothesized biosynthetic route to
the acyl portion of these compounds was similar to that outlined
above. However, the latter portion of biosynthesis is likely quite
different between the methyl and alkyl esters. In the absence of
methanol in biological contexts, methyl esters are typically formed
by methylation of the carboxyl oxygen with S-adenosyl methion-
ine (Dickschat et al., 2011; Nawrath et al., 2010). This is in contrast
with the known biosynthesis of VLC alkyl esters, and likely by
extension b-hydroxy acid esters, which occurs via acyl transfer
onto a hydroxyl oxygen.

3.2. Potential pathway leading to 1,X-alkanediol esters

The second series of F. hygrometrica wax esters contained char-
acteristic 1,X-alkanediols. When compared with the b-hydroxyacyl
monomers, these diol monomers had a larger number of
methylene units between the two functional groups (1,5-, 1,7-,
and 1,9-geometry), longer overall chain lengths (mostly C30) and
a hydroxyl as terminal functional group. Relatively little chain
length and isomer variation was observed in the diol moieties of
the esters, with C30 1,7-diol largely dominating. Thus, the chain
length of the acyl portion was the sole determining factor of the
total ester chain length, which ranged from C40 to C52 and was
strongly dominated by even-numbered homologs.

The secondary hydroxyl function of the 1,X-alkanediols could
be generated through P450 hydroxylase activity, b-oxidation,
PKS-based elongation, or FAE intermediate intercept/release,
similar to the mechanisms discussed above for b-hydroxyacyls.
However, regioselectivity and literature precedence again favor a
biosynthetic sequence that begins with intercept/release of a
b-hydroxyacyl intermediate of elongation by the FAE complex.
The two pathways to VLC diol esters and b-hydroxy fatty acid
esters thus could share the b-hydroxyacyl-CoA (and/or free
b-hydroxy fatty acids) as intermediate(s), but they diverge beyond
this point (Fig. 7). While b-hydroxy fatty acid ester biosynthesis
might require only one more step (acyl transfer), the hypothesized
pathway to diol esters is more involved.

Formation of the predominant C30 1,7-diol structure may be
explained by intercept/release of the b-hydroxyacyl intermediate
of the elongation round leading from C24 to C26 acyl-CoA. The
resulting C26 b-hydroxyacyl-CoA could then re-enter an FAE for
two more elongation rounds to yield C30 7-hydroxyacyl-CoA
(Fig. 7, bold arrows). Similarly, other b-hydroxyacyl intermediates
might be intercepted in the elongation rounds leading to C28 and
C24 acyl-CoA, which upon being elongated by one or three rounds,
respectively, would generate C30 5- and 9-hydroxyacyl-CoAs.

The co-occurrence of esterified and free 1,X-alkanediols in the
same moss structures strongly suggests that both compound
classes are biosynthetically related, most likely with the free diols
serving as precursors for esterification. This implies that the 5-, 7-,
and 9-hydroxyacyl-CoA intermediates first have their carboxyl
head groups reduced, leading to 1,5-, 1,7-, and 1,9-C30 diols,
respectively. Such a reduction could potentially be accomplished
by a fatty acyl reductase (FAR) enzyme similar to those involved
in acyl reduction to ubiquitous wax alkanols. The resulting free
1,5-, 1,7-, and 1,9-diols could then be exported to the cuticle, or
could be available for esterification. It should be noted that similar
free 1,7-diols had been described as cuticular wax components in
various Papaver species (Jetter and Riederer, 1996), in homolog



Fig. 7. Biosynthesis model for the hydroxy esters found in Funaria hygrometrica waxes. Normal arrows indicate reactions in the biosynthesis of normal very-long-chain fatty
acid elongation. Dotted arrows indicate the hypothesized pathway to b-hydroxy fatty acid esters via a wax ester synthase (WS). Bold arrows indicate the proposed
biosynthesis of the 1,7-diol esters via a fatty acyl reductase (FAR) andWS. Elongation is carried out by four enzymes, the names of which have been abbreviated: ketoacyl-CoA
synthase (KCS), ketoacyl-CoA reductase (KCR), hydroxyacyl-CoA dehydratase (HCD), and enoyl-CoA reductase (ECR).
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and isomer mixtures similar to those found for F. hygrometrica,
albeit in free (not esterified) form. Other 1,X-diols have been
reported from the fern Azolla filliculoides and several algae species,
though were found as 1,13- through 1,19-diols (inclusive)
(Méjanelle et al., 2003; Speelman et al., 2009; Volkman et al.,
1999), indicating that the biosynthesis of these compounds may
be different from the products described here.

While a fraction of the F. hygrometrica 1,X-alkanediols are
exported to the cuticle without further modification, the majority
were observed to be esterified with VLC acids. It seems likely that
the necessary acyl transfer may be catalyzed by a wax ester syn-
thase similar to those involved in normal wax ester biosynthesis,
and also to the enzyme invoked in b-hydroxy fatty acid ester biosyn-
thesis above. Similar diol esters have been found, for example, in the
stem bark of Tectona grandis as a mixture of 7-hydroxyoctacosyl
decanoate, 18-hydroxyhexacosyl decanoate, and 20-hydroxyeico-
syl linolenate (Khan et al., 2010), in A. filliculoides ferns as 1,13-,
1,15-, and 1,17-alkanediol C48 esters (Speelman et al., 2009), and
in Laurus nobilis fruits as a 1,19- alkanediol C42 ester (Garg et al.,
1992). Pea weevil insects also produce a VLC diol ester (22-hydrox-
ydocosyl hydroxypropanoate) that serves as amitogen (Oliver et al.,
2000). Finally, esters of C30 and C32 1,11- and 1,13-hydroxyketones
have been identified in wax from O. regalis fronds (Jetter and
Riederer, 1999b). Nevertheless, VLC 1,X-alkanediol esters have not
been described before as components of cuticular waxes.

4. Conclusions

In summary, two novel compound classes were identified in
the waxes of the moss F. hygrometrica, both with characteristic
homolog and isomer patterns. Based on their common chemical
features, it is proposed that the bifunctional monomers
originate through intercept and/or release of b-hydroxyacyl
intermediates of the FAE complex followed by further modifica-
tion. On one hand, the b-hydroxyacyl-CoA intermediates from
the FAE may be esterified with wax alkanols, or they may
re-enter into the FAE cycle following which subsequent FAR
reduction may lead to 1,5-, 1,7-, and 1,9-diols. These may then
be esterified with fatty acids (Fig. 7). The shared biosynthetic
elements may be fine-tuned in each moss structure to generate
the respective isomer and homolog distributions of the com-
pounds identified.

The proposed biosynthetic pathways explain the observed sim-
ilarities and differences between the two novel natural product
classes and require very few new or modified enzymatic steps. It
seems plausible that either a special FAE allowing release of
b-hydroxyacyls or recruitment of a thioesterase could generate
the necessary precursors. Furthermore, slight modifications in
the substrate specificities of certain known wax biosynthetic
enzymes could then account for the biosynthesis of the distinct
homolog distributions of these two major classes of wax com-
pounds in the moss. However, it should be emphasized that, based
on the current chemical data alone, these biosynthetic pathways
can be tentatively laid out but not proven. Important questions
arising from this discussion include the involvement of a
thioesterase interacting with (one of) the FAE complex(es) in F.
hygrometrica, and the alternative pathways invoking PKS or P450
enzymes for the formation of secondary functional groups in the
1,X-bifunctional compounds found here. Together, the implied
models present directions for future research.
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5. Experimental

5.1. Growth conditions, wax extraction, purification, and
transesterification

Collections of F. hygrometrica were made from four Connecticut
populations with developing sporophytes (CONN – Budke #142,
#144, #145; Goffinet #9027). Spores from several sporophytes
per site were used to establish laboratory populations for each
locality. Laboratory populations were grown, cold treated to stim-
ulate reproduction, and further cultivated to produce sporophytes
as described previously (Budke et al., 2011).

Each wax sample contained the cuticular wax from twenty
square centimeters of plant surface area (74 leafy gametophytes,
465 calyptrae, or 235 sporophyte capsules). Three samples of each
moss structure’s cuticular wax were prepared. To create a sample,
each structure was chemically extracted by rinsing in CHCl3
(4 mL � 2) (Aldrich), for 30 s each time. Cut ends of sporophyte
capsules and leafy gametophytes were held out of the CHCl3 to
avoid extraction of internal lipids. The extracts from both rinses
were pooled and filtered, and n-tetracosane was added as an inter-
nal standard. The CHCl3 was evaporated by air-drying overnight
prior to analysis.

Isolation of individual compound classes, where necessary and/
or possible, was accomplished by loading a wax extract or reaction
mixture onto a TLC plate of 0.25 mm thickness (Analtech), which
was then developed with CHCl3:EtOH (99:1). The plates were
stained with primuline (Aldrich) dissolved in acetone, and bands
were visualized under UV light (365 nm). Bands were excised,
adsorbed compounds extracted from silica using CHCl3, and the
solvent evaporated. Transesterification of resulting mixtures was
carried out by dissolving in 14% BF3 in MeOH (100 ll) (Aldrich),
incubating at 70 �C for 18 h, then evaporating excess reagent under
a stream of N2.

5.2. Derivatization and GC–MS analysis

Derivatization was accomplished by dissolving each sample in
10 ll of both pyridine (Aldrich) and BSTFA (Aldrich), reacting at
70 �C for 45 min, evaporating excess reagents at 60 �C under a
stream of N2, and finally dissolving in CHCl3 (10 ll).

Wax analyses were carried out on a 6890 N Network GC (Agi-
lent) equipped with an HP-1 capillary column (Agilent, length
30 m, i.d. 320 lm, 1 lm film thickness). 1 ll of each sample was
injected on-column into a flow of He programmed for constant
flow at 1.4 ml/min. The GC oven was held at 50 �C for 2 min, fol-
lowed by a 40 �C/min ramp to 200 �C, held at 200 �C for 2 min,
increased by 3 �C/min to 320 �C, and held at 320 �C for 30 min.
Analytes were detected with an Agilent 5793N Mass Selective
Detector (EI 70 eV; m/z 50–800, 1 scan s�1).

5.3. Synthesis of authentic standards

Dry solvents, when required, were dried over activated molecu-
lar sieves for 24 h. Other materials were used as received from the
supplier. Column chromatography (CC) was performed using Sili-
cycle SilicaFlash G60 (60–200 lm size, 70–230 mesh). 1H NMR
spectra were obtained using a Bruker Avance 300 MHz NMR spec-
trometer (CDCl3, 25 �C). TLC comparison of synthetic and biological
compounds was performed using analytical silica gel 60 TLC plates
on aluminum (Merck) developed in CHCl3:EtOH (99:1).

5.3.1. Docosyl 2-bromoacetate (2)
Docosanol (200 mg, 1 eq.) was dissolved in dry CH2Cl2, then

bromoacetyl chloride (113 mg, 60 ll, 1.2 eq.) and pyridine (30 ll,
0.6 eq.) were added. When TLC (developed in toluene) indicated
alcohol consumption, the reaction was washed with HCl (1 M),
and the mixture was loaded onto a silica column. Eluting with hex-
ane:toluene (2:1) yielded docosyl 2-bromoacetate, which was used
in the next step without further purification (50 mg, 20% crude
yield).

5.3.2. Docosanal (3)
Docosanol (200 mg, 1 eq.) was dissolved in dry CH2Cl2 (20 ml),

and PCC (130 mg, 1 eq.) was added. The mixture was stirred at
room temperature overnight, after which the solvent was evapo-
rated, the remaining solid dissolved in hexane:CHCl3 (2 ml, 1:1)
and purified by CC using hexane:CHCl3 (1:1) to afford docosanal
(139 mg, 70% yield).

5.3.3. Docosyl 3-hydroxytetracosanoate (4)
Docosyl 2-bromoacetate (50 mg, 2, 1 eq.), docosanal (29 mg, 3,

0.7 eq.), zinc powder (13 mg, 1.5 eq.), and a small chip of iodine
were dissolved in dry THF (20 ml). Heating was carried out until
reflux began and the temperature was held overnight at 70 �C.
When the consumption of the aldehyde was confirmed by TLC
(developed in toluene) the reaction mixture was washed with
HCl (1 M) and extracted with Et2O (�3). The combined extracts
were concentrated and loaded onto a preparative TLC plate along-
side a small amount of unknown series B as purified from the leafy
gametophyte wax extract. The plate was developed in toluene and
stained with primuline. One band from the reaction mixture co-
migrated with the natural product, which was then excised and
the CHCl3 extract was analyzed with GC–MS. Yield was not
recorded.

5.3.4. 1-Bromohexanol (6)
To a stirred solution of 1,6-hexanediol (6.0 g, 1 eq.) in toluene,

HBr (7 ml, 9 M, 1.3 eq.) was added and allowed to react at 80 �C
for 20 h. Then the reaction mixture was extracted with Et2O
(�3), the combined extracts dried over Na2SO4, filtered, and the
solvent was removed under reduced pressure. The resulting liquid
was purified by CC using hexane:Et2O (1:1) as mobile phase. From
this, 1-bromohexanol was obtained (7.073 g, 73% yield). 1H NMR
(300 MHz, CDCl3): d 3.63 (2H, t, J = 6.6 Hz, CH2Br), 3.40 (2H, t,
J = 6.6 Hz, HOCH2), 1.86 (2H, q, J = 7.2, CH2CH2Br), 1.20–1.60 (6H,
m, aliphatic CH).

5.3.5. 2-((6-Bromohexyl)oxy)tetrahydro-2H-pyran (7)
1-Bromohexanol (7.0 g, 1 eq.) was dissolved in CH2Cl2 and

cooled with an ice bath, then dihydropyran (5.3 ml, 1.5 eq.) and
pyridinium p-toluenesulfonate (50 mg, 0.05 eq.) were added. After
stirring overnight, the mixture was washed with H2O (�2), once
with brine, dried with Na2SO4, filtered, and the solvent was
removed under reduced pressure. The resulting solid was dissolved
in hexane:Et2O (5 mL, 20:1), loaded onto a silica column, and
eluted using hexane:Et2O (20:1). Product containing fractions were
combined and the solvent removed to afford compound 7 (6.442 g,
61% yield).

5.3.6. Tetracosanol (9)
A cold slurry of lithium aluminum hydride (LAH, 110 mg, 3 eq.)

in THF under N2 was prepared. Tetracosanoic acid (400 mg, 1 eq.)
was dissolved in dry THF and added dropwise to the slurry through
a septum using a syringe. The reaction was stirred overnight at
room temperature and then quenched with H2O, the mixture
was washed with dilute HCl and extracted with Et2O (�3), the
combined extracts were dried with Na2SO4, filtered, and the
solvent was evaporated under reduced pressure. This afforded
tetracosanol (0.3162 g, 82% yield).
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5.3.7. Tetracosanal (10)
Tetracosanol (300 mg, 9, 1 eq.) and pyridinium chlorochromate

(215 mg, 1.3 eq.) were dissolved in 50 ml dry CH2Cl2. The mixture
was gently heated until the solids dissolved and stirred overnight
at room temperature. Then the solvent was removed under
reduced pressure, the remaining solid was dissolved in CHCl3
(5 ml), the solution was filtered through a short silica column, stir-
red with activated charcoal, and then filtered through another
short silica column to yield tetracosanal (206 mg, 69% yield).

5.3.8. 1,7-Triacontanediol (11)
Mg powder (30 mg, 2 eq.) and a chip of iodine were suspended

in dry THF (2 mL). Dry tetracosanal (200 mg, 10, 1.3 eq.) and dry
compound 7 (188 mg, 1 eq.) were each dissolved in dry THF
(5 ml). Compound 7 was added dropwise at 70 �C and the mixture
was refluxed for 3 h; 10 was then added dropwise and the reaction
cooled and stirred overnight. The reaction was then quenched with
H2O, the mixture acidified with HCl and extracted with Et2O (�3),
the combined extracts washed with saturated NaCl, dried with
Na2SO4, filtered, and the solvent evaporated under reduced pres-
sure. A small portion of the resulting solid was loaded onto a TLC
plate and developed with CHCl3, from which approximately
10 mg of the desired product, 1,7-triacontanediol, were recovered
and analyzed with GC–MS. Yield was not recorded.

5.3.9. 7-Hydroxytriacontyl palmitate (12)
1,7-Triacontanediol (2 mg) was dissolved in dry CH2Cl2 (50 ll),

to which was added 4-dimethylaminopyridine (1 mg) and palmi-
toyl chloride (0.1 ll). After one hour stirring, the entire mixture
was loaded onto an analytical TLC plate and developed in CHCl3:
EtOH (99:1). GC–MS analysis of the three resulting bands revealed
they contained palmitic acid, DMAP, and 7-hydroxytriacontyl
palmitate. Yield was not recorded.
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