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Abstract—Ten species of Equisetum growing in the Czech Republic were analysed for the lipidic content of their
spores. GC-MS was used after extraction of spores to determine the qualitative and quantitative abundance of
dicarboxylic acids. Together with known acids with an even number of carbon atoms (C,.~C,,), two new acids,
14-methylnonacosanedioic acid and 14,15-dimethyltriacontanedioic acid were identified from E. litorale. Their
structures were confirmed by means of mass. as well as NMR spectra. 0 1998 Published by Elsevier Science

Ltd. All rights reserved

INTRODUCTION

Very long-chain monocarboxylic acids are often
found in natural materials [1]. Dicarboxylic acids with
chain-lengths more than C,, are less common. In the
plant kingdom, they usually exist in the form of esters
as a part of cutins and suberins [2]. Except for this
source, they were also identified in fossil sediments
like peat [3] or shales [4]. Even longer homologues
occur very rarely, [5]. For instance, even carboxylic
acids C,,—C,, were found to predominate in the
bacterium, Sarcina ventriculi. and one of them. a long-
chain dioic acid had an unusual structure with two
vicinal methyl residues in the centre of the chain [6].

As early as 1949, Sosa [7] described the presence
of equisetolic acid (Cs, dioic acid) in the spores of
horsetails. More than 20 years later, the structure of
equisetolic acid was defined with more precision and
minor homologues were identified [8].

In our previous work on the long-chain dioic acids
in the horsetail, Equisetum arvense, the mixture of
homologues was determined where the single hom-
ologues were represented almost equally [9]. Horse-
tails are very ancient plants, so that their spores are
found in peat and lignite, as well as in coal. Dicar-
boxylic acids present in fossil fuel [10] can also have
their origin in plant spores. To elucidate this hypoth-
esis we investigated the structure of the dicarboxylic
acids in ten species of horsetails.

* Author to whom correspondence should be addressed.

RESULTS AND DISCUSSION

Nine out of the ten species of horsetails examined
showed a similar distribution of dioic acids (Table 1).
However, E. litorale had a different composition. This
species is a hybrid E. arvense and E. limosum, and
forms predominantly sterile stalks with very small
spore spikes and underdeveloped spores [11].

The structure of all homologues of dicarboxylic
acids was established using GC-mass spectrometry,
using the corresponding dimethyl and dipicolinyl
esters. In the mass spectra of dimethyl esters, the base
peak ion is m/z 98 with significant ions at [M —31]1%,
[M—32]" and [M—64]" [9]. The m/z values of sep-
arate ions including their relative abundance are listed
in Table 2; they are in good agreement with published
data [12]. For picolinyl esters. only Harvey [13] has
published a spectrum of the dipicolinyl ester of 1,12-
dodecanedicarboxylic acid. The major ion in the high
mass region of these derivatives was the [M]" and
[M —107]" (in [13] described as ion /.) Relative abun-
dances for these ions are listed in Table 2.

Two new acids were identified in E. litorale, GC-
mass spectrometry showing resolution of peaks in the
Cy and C;. methyl ester region. The mass spectra of
these compounds showed ions which suggested bran-
ching in the chain. Preparative RP-HPLC was used
to isolate these acids as their dimethyl esters and.
based on '"H NMR. ""C NMR and mass spectra, their
structures were determined.

In  the first branched acid, 14-methyl-
nonacosanedioic, a signal in the 'H NMR spectra at
d 0.77 (/= 7.1 Hz) was observed, indicating sub-
stitution of the aliphatic chain by a methyl in the
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Branched and long-chain dicarboxylic acids
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vicinity of the centre of the chain. This was confirmed
by a signal at § 19.8 in the "*C-NMR spectrum. The
formula Cy,H¢,04 was deduced from high resolution
measurements and fragmentation ions at m/z 227, 255
and 283 confirmed the structure of the dimethyl ester.
This was supported by the corresponding ions m/z
304, 332 and 360 in the mass spectrum of the dipic-
olinyl derivative.

The structure of the compound with the longer
retention time in GC-MS analysis. 14.15-dime-
thyltriacontanedioic acid, was established from the
following evidence. The 'H NMR spectrum confirmed
the presence of branching with methyl groups (doublet
at § 0.76, J = 7.3 Hz); values for other signals and
their assignment are given in Experimental. The “C
NMR spectrum shows signals at ¢ 14.8 and 15.1,
confirming the proposed structure. These values are
in good agreement with published data for diabolic
and similar acids [6, 15]. An aliphatic chain substituted
by two vicinal methyls near the centre of the chain
was thus predicted. The two “C NMR signals also
indicate that the molecule is asymmetrical. Mass spec-
trometry enabled full elucidation of the suggested
structure. The formula C, H, O, was deduced from
high resolution measurements of the dimethyl ester
and fragment ions with m/z values 227, 255, 283 and
311 indicated the presence of vicinal methyl residues
in positions 14 and 15, confirming the asymmetry of
the molecule. In accordance with these data were the
values measured for the corresponding dipicolinyl
ester. Fragments with m/z values of 304, 332, 346,
360 and 388, and especially their abundance suggest
branching of the chain with two methyl groups in
positions 14 and 15. Because of fragmentation of the
molecule from each ester group the ions with #/z 388
and 304 exhibit higher intensity. lons with n1/z 332
and 360 correspond to cleavage of the bond between
carbon atoms 15 and 16, and 14 and 15. respectively.
Alternatively, ions with m/z 304 and 332 have their
origin from cleavage of bonds between carbon atoms
13 and 14, and 14 and 135, respectively, and ion mj/z
388 corresponds to the cleavage of the bond between
carbon atoms 13 and 14. The chain-length 31.3 pub-
lished by Adams and Bonnett [8] 25 vears ago also
suggests the presence of branched homologues.

The finding of novel branched-chain dioic acids in
a horsetail is of interest. These acids probably arose
from tail-to-tail coupling of appropriate fatty acids
(i.e. pentadecanoic and heptadecanoic or two pen-
tadecanoics). Such a “"mixed” biogenesis has not been
recognized before, since previous studies have only
reported symmetrical dimers. Only one exception has
been described by Carballeira ¢t al. [16] who referred
to “mix" biosynthesis, but only with even carbon
number fatty acids. This is the first mention pre-
sumably about condensation of odd carbon number
fatty acids.

The function of dicarboxylic acids from spores is
well known. They act predominantly, like the other
lipids, waxes and hydrocarbons, as a hydrophobic
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layer on the spore surface, which decreases their wett-
ability. In contrast to bacteria, where they are a part
of phospho- and glycolipids [6], in horsetails they exist
in the free form. We have identified in all ten horsetail
species studied the whole homologous series. It is
difficult to say whether differences from earlier work
is caused by different geographical origin of our horse-
tails (central Europe in comparison with Pacific coast
of Canada [8)]), or if our modern instruments made
the difference. On the basis of our previous analyses
of fossil organic rocks [10] we can say that at least
part of dicarboxylic acids can have their origin in
horsetails. This is in good accordance with the abun-
dance of separate homologues in fossil fuels where the
maximum abundance related to the chain length was
documented in even carbon numbered C,,~C,x acids.
It also corresponds well with the data listed in Table 1.

EXPERIMENTAL

Cones from the different Equiserum species were
collected in the area of central Bohemia in the period
from May-August 1996 and April-May 1997. Cones
were air-dried and the Me esters of the dioic acids
prepared according to Ref. [9] and analyzed by GC-
MS. DiMe esters and/or picolinyl esters (prepared
according to Ref. [[3]) were analyzed using a SPB-1
column (30 m x 0.25 mm [.D.). The column temp. was
programmed from 100" (maintained for 1 min) at 4
min ' to 280 for diMe esters and from 130 at 4
min~'to 310 for dipicolinyl esters. Direct probe MS
of mono- and dibranched esters was also carried out.
Dioic acid diMe esters from cones of £. litorale were
separated on a RP-HPLC column and two branched
homologues were isolated. A semi-prep. Supelcosil
LC-18 column (25 cm x 10 mm 1.D.) was used with a
linear gradient of MeOH-THF from 9:1 to 1:9 during
30 min.

Dimethyl ester of 14-methyinonacosanedioic acid. 'H
NMR (500 MHz, CDCL,): 6 0.77 d (J = 7.1 Hz; CHx;
l.e. C-30 > Me on C-14), 1.31 m (22xCH,), 1.35 m
(1 xH; —CHCH—), 1.61 m (4xH; OC—CH,—
CH.), 2.28 1 (4 xH; OC—CH,). 3.66 5 (6 x H: CH~
0). "C NMR (125 MHz, CDCL): 6 19.8 (C,, —» Me
on Cy), 25.0 (C-3 and C-27), 27.2 and 27.2 (C-12 and
C-16), 29.2-29.8 (C-4—C-10. and C18-C26), 30.1 (C-
11 and C-17), 33.0 (C-14), 34.1 (C-2 and C-28), 37.3
and 37.2 (C-13 and C-15), 52.2 (2 x CH,—0). 175.9
and 175.8 (C-1 and C-29). HR-MS found 510.84838,
caled 510.84904 for C;,H.O,. GC-MS m/z (rel. int.):
S10(M]* . 35). 495 ([M — Me] . 3).479 ((M —MeO] .
17). 478 (M —MeOH]". 54), 446 ((M —2 x MeOH]*.
37). 297 (14), 283 (41), 255 (69), 227 (73), 213 (28),
143 (55), 129 (74), 115(41). 101 (65), 98 (100), 87 (84).
74 (90). Dipicolinyl ester m/z (rel. int.): 664 ([M] . 43),
557 (IM =17, 71), 528 (3). 514 (2), 500 (4), 486 (5).
472 (4), 458 (6), 444 (8), 430 (9). 416 (7). 402 (11). 388
(9). 374 (12), 360 (19). 346 (3). 332 (32), 318 (5). 304
(26), 290 (18), 276 (13), 262 (19). 248 (15), 234 (12).
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220 (20). 206 (16), 192 (23), 178 (25), 164 (44). 151
(67), 108 (100), 92 (75).

Dimethyl ester of 14,15-dimethyvitriacontanedioic
acid. '"H NMR (500 MHz, CDCl,): § 0.76 d (J = 7.3
Hz; 2 xCH;; i.e. C-30 and C-31 — Me on C-14 and
C-15),1.30m (22 x CH,), 1.34m (1 x H;—CHCH,—),
1.61 m (4xH; OC—CH,—CH,). 2.27 ¢ (4xH;
OC~—CH,), 3.66 s (6 x H; CH;—0). *C NMR (125
MHz, CDCl,) 14.8 and 15.1 (C-31 or C-32; i.e. Me’s
on C-14 or C-15), 25.1 (C-3 and C-28), 27.4 and 274
(C-12 and C-17), 29.26-29.93 (C-4—C-10 and C-
19—C-27), 30.1 and 30.1 (C-11 and C-18), 34.27 (C-2
and C-29), 34.6 and 34.6 (C-13 and C-16). 36.7 and
37.1 (C-14 and C-15), 52.4 (2 x CH—0), 175.48 and
175.70 (C-1 and C-30). HR-MS found 338.90261,
caled 538.90272 for C,HO,. GC-MS m/z (rel. int.):
538  ([M]*. 38), 523 (M—~Mel*. 14), 507
(M —MeO]*, 23). 506 ((M—MeOH]', 37). 474
(M —2xMeOH]", 18), 325 (13), 311 (42), 283 (69),
255 (77), 2500 (3), 486 (5), 472 (4), 458 (4), 444 (5),
430 (7). 416 (12), 402 (21), 388 (18), 374 (7). 360 (5),
346 (6). 332 (6), 318 (17), 304 (23). 290 (11). 276 (9),
262 (10), 248 (12), 234 (16). 220 (15), 206 (17). 192
(14). 178 (19), 164 (41). 151 (57). 108 (100). 92 (68).
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