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Abstract—Objective: Structural analysis of the fatty acids and their ethyl esters from the extract of sponge 
Penares sp. (South China Sea). Methods: Separation by high-performance liquid chromatography. Analysis 
by gas chromatography-mass spectrometry using pyrrolidine, 4,4-dimethyloxazoline, dimethyl disulfide, and  
hydrogenated derivatives. Analysis by 1Н and 13С NMR spectroscopy. Results and Discussion: 71 acids with a 
chain length from C12 to C28 were found, including 12 new compounds, i.e., (5Z,9Z)-9-chloro-24-methy-5,9-penta-
cosadienoic, (5Z,9Z)-9-chloro-25-methyl-5,9-hexacosadienoic, (5Z,9Z)-9-chloro-24-methyl-5,9-hexacosadienoic, 
(5Z,9Z)-9-chloro-25-methyl-5,9-heptacosadienoic, 6-chloro-20-methyl-4-heneicosenoic, 6-chloro-19-methyl- 
4-heneicosenoic, 6-chloro-20-methyl-4-docosenoic, cis-17,18-methylene-tetracosanoic, 16,21-dimethyldocosa-
noic, 18,23-dimethyltetracosanoic, 16,18,22-trimethyltricosanoic, and 18,20,24-trimethylpentacosanoic acids.  
Conclusions: The characteristic features of the fatty acid mixture from Penares sp. were a high level of constitu-
ents with monomethylated chains (over 50%) and the nearly total substitution of common demospongic acids for 
their previously unknown chloro derivatives, (5Z,9Z)-9-chloro-5,9-dienoic acids, due to, presumably, the activity 
of sponge-associated microorganisms.
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INTRODUCTION

Sponges are ancient and the most primitive multi- 
cellular animals, which are one of the richest natural 
sources of various unique metabolites including unusual 
fatty acids (FAs). Many experimental and some review 
articles are devoted to sponge FAs (e.g., reviews [1–5]). 
Despite the predominance of chloride ions in seawater, 
the previously known halogenated sponge FAs are 
represented by 6-bromo derivatives of 5-cis,9-cis- 
dienoic (or demospongic [6]) acids and acetylenic 
polyunsaturated brominated [7] and iodinated [8] acids. 
Chlorinated FAs were found in some more evolutionarily 
developed marine invertebrates, fish, and algae [7].

When separating the ethanol extract of sponge Penares 
sp. (South China Sea), we obtained not only fractions of 
triterpenoids [9] and brominated indole alkaloids [10], 
but also a fraction of ethyl esters of new demospongic 
acids that contained a vinylic chlorine atom. This unusual 
structural feature prompted us to investigate the FAs of 
this sponge in more detail, which led to the finding of 
other previously unknown acids.

Penares sponges are producers of many lipids and 
lipid-like compounds with various biological activities. 
For example, penaresidins A and B from Penares sp. 
activated actin-dependent ATPase [11], and penazetidine 
A from Penares sollasi inhibited protein kinase C [12]. 
Penasulfate A from Penares sp. and schulzeines A−C 

Abbreviations: FA, fatty acids; ECL, equivalent chain length; 1Н, 1Н-COSY, proton-proton correlation spectroscopy; НМВС, heteronuclear 
multiple bond correlation; HSQC, heteronuclear single-quantum coherence.
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from Penares schulzei inhibited α-glucosidase [13, 14], 
and ancorinosides B–D from Penares sollasi inhibited 
membrane matrix metalloproteinase (MT1-MMP) [15]. 
Penaramides from Penares aff. incrustans inhibited the 
binding of ω-conotoxin GVIA to the N-type calcium 
channels [16], and penasins A–E from Penares sp. had 
cytotoxic activity against the HeLa and P388 tumor cells 
[17]. Despite the interest in these substances, a structural 
analysis of their potential precursors, i.e., individual 
FAs from the sponges of the genus Penares, was not 
previously performed. The only screening studies of FAs 
of two Penares tylotaster samples were published, and 
the relative FA contents of these samples were compared 
by chain lengths and the presence/absence of branching, 
double bonds, etc., without revealing the position of 
substituents and double bonds [18, 19]. The goal of our 
work was a more thorough structural analysis of FAs 
from a sponge, belonging to the genus Penares, and a 
comparison of the characteristic structural features of 

some detected FAs and known secondary metabolites 
of Penares.

RESULTS AND DISCUSSION

Fractions of FAs and their ethyl esters were isolated 
from the ethanol extract of Penares sp. by column chro- 
matography on Sephadex and silica gel and separated 
by HPLC on normal-phase or reversed-phase columns 
or both. The resulting fractions were analyzed by 
GC-MS (electron impact ionization) using ester, pyr- 
rolidine, 4,4-dimethyloxazoline, dimethyl disulfide, and 
hydrogenated FA derivatives. In some cases, 1H and  
13C NMR spectroscopies were used to analyze FA struc- 
tures. We found 71 acids with a chain length from C12 
to C28 (Table 1) including 12 new compounds, i.e., 
(5Z,9Z)-9-chloro-24-methyl-5,9-pentacosadienoic (I), 
(5Z,9Z)-9-chloro-25-methyl-5,9-hexacosadienoic (II), 
(5Z,9Z)-9-chloro-24-methyl-5,9-hexacosadienoic (III), 
(5Z,9Z)-9-chloro-25-methyl-5,9-heptacosadienoic (IV),  

Table 1. Fatty acids (FAs) from sponge Penares sp. 

FA ECL % FA ECL %
14:0 14.00 1.4 18:0 18.00 8.4

iso-15:0 14.63 6.7 10-Me-18:0 18.37 8.2
anteiso-15:0 14.71 2.7 11-Ме-18:0 18.39 8.2

15:0 15.00 1.6 iso-19:0 18.64 0.5
iso-16:0 15.63 1.9 anteiso-19:0 18.72 0.2

anteiso-16:0 15.72 1.6 11,12-Methylene-18:0 18.93 0.7
16:1Δ9 15.81 0.8 19:0 19.00 0.1

16:0 16.00 8.9 anteiso-20:0 19.72 0.9
9-Me-16:0 16.40 3.2 20:0 20.00 0.3
10-Me-16:0 16.44 5.1 anteiso-21:0 20.72 1.9

iso-17:0 16.64 2.0 iso-22:0 21.63 0.6
anteiso-17:0 16.72 2.1 16-Ме-22:0 22.42 1.8

9,10-Methylene-16:0 16.94 0.6 iso-23:0 22.63 0.7
17:0 17.00 1.1 anteiso-23:0 22.73 0.2

10-Ме-17:0 17.39 0.2 17-Ме-24:0 24.40 4.9
18:1Δ9 17.81 13.4 18-Ме-24:0 24.44 5.5

The composition of the total FA fraction is based on the GC-MS data for their ethyl esters. The trace components, for which an accurate percent-
age estimation was not possible (<0.1%) are listed below (the value of the equivalent chain length (ECL) is given in parentheses): 12:0, 9-Me- 
15:0 (15.44), 10-Me-15:0 (15.47), iso-20:0 (19.63), 15-Ме-21:0 (21.43), anteiso-22:0 (21.72), 22:0, 14-Ме-22:0 (22.38), 16-Me-iso-23:0 
(22.97), 23:0, 15-Ме-23:0 (23.36), 16-Ме-23:0 (23.39), 17-Ме-23:0 (23.43), 18-Ме-23:0 (23.47), iso-24:0 (23.63), anteiso-24:0 (23.73), 
24:0, 16,18-di-Me-iso-24:0 (24.53), iso-25:0 (24.63), anteiso-25:0 (24.73), cis-17,18-methylene-24:0 (24.94), 18-Me-iso-25:0 (24.98), 25:0, 
18-Ме-25:0 (25.38), 26:2Δ5Z,9Z (25.50), iso-26:0 (24.63), anteiso-26:0 (25.73), 26:0, 18-Ме-26:0 (26.37), 18,20-di-Ме-iso-26:0 (26.53),  
iso-27:0 (26.63), anteiso-27:0 (26.73), 9-Сl-iso-26:2Δ5Z,9Z (27.00), 9-Сl-iso27:2Δ5Z,9Z (28.00), 9-Сl-anteiso-27:2Δ5Z,9Z (28.11), and 
9-Сl-anteiso-28:2Δ5Z,9Z (29.12). In the case of 6-Сl-iso-22:1Δ4 (22.93), 6-Сl-anteiso-22:1Δ4 (23.06), and 6-Сl-anteiso-23:1Δ4 (24.07), the 
ECL values were calculated for their pirrolidine derivatives.
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6-chloro-20-methyl-4-heneicosenoic (V), 6-chloro-19-me- 
thyl-4-heneicosenoic (VI), 6-chloro-20-methyl-4-doco- 
senoic (VII), cis-17,18-methylene-tetracosanoic (VIII),  
16,21-dimethyldocosanoic (IX), 18,23-dimethyl- 
tetracosanoic (X), 16,18,22-trimethyltricosanoic (XI), 
and 18,20,24-trimethylpentacosanoic (XII) acids (Fig. 1). 
Previously unknown compounds (I‒XII) were observed 
in trace amounts (<0.1%) in the total FA mixture.

Structural Analysis of New FAs

Like the mass spectra of higher aliphatic monohalides 
[20], the mass spectra of the ethyl esters (Ia–IVa) of 
chlorinated demospongic acids contained either no or 
very low-intensity peak of molecular ion [M]+ because 

of a slight loss of Cl and HCl. In contrast, we observed 
relatively intense peaks of [M ‒ Cl]+/[M ‒ HCl]+/[M ‒  
Cl ‒ EtOH]+ ions (m/z 419/418/373, 433/432/387, and 
447/446/401 for the ethyl esters of C26, C27, and C28 acids, 
respectively). Noticeable amounts of [M – 88 – Cl]+ ions, 
where the fragment with m/z 88 was formed due to the 
McLafferty rearrangement [21], were also detected. The 
intense peaks at m/z 55, 67, 81 (100%), 95, and 109, 
and some other peaks, typical for the fragmentation of 
the ethyl esters of dienoic FAs [22], were observed in 
the region of low ion masses. In addition to the peak at  
m/z 155, characteristic of the mass spectra of Δ5,9-acid 
ethyl esters [23], a slightly more intense peak at m/z 154 
was observed in the mass spectra of compounds (Ia–IVa). 

Fig. 1. New fatty acids (FAs) from sponge Penares sp.
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The double signal at m/z 154/155 was accompanied 
by less intense signals of two long-chain isotopic ions 
with 35Cl and 37Cl. These ions containing the methyl 
end of the molecule were also formed by the cleavage 
of the bis-allylic bond CH2-7–CH2-8 (Fig. 2a). Thus, in 
the mass spectra of the ethyl esters of C26, C27, and C28 
acids, two isotopic peaks at m/z 298/300, 312/314, and 
326/328, respectively, in a characteristic ratio of ~3 : 1 
were observed. The summation of the masses of each of 
the two isotopic ions with a sum value of 155 + 1 gave 
the corresponding molecular masses, e.g., 454/456 [M]+  
for (Ia). In addition, the signals of the secondary radical 
ions with m/z 403 ([M ‒ HCl – CH3]+ for (Ia) or [M ‒ HCl –  
CH2CH3]+ for (IIIa)) and m/z 417 ([M ‒ HCl – CH3]+ 

for (IIa) or [M ‒ HCl – CH2CH3]+ for (IVa)) were more 
intense than neighboring signals of homologous ions, 
which implied the presence of iso- or anteiso-branching 
in the corresponding structures (e.g., Fig. 2a).

Compounds (Ia–IVa) were converted to dimethyl 
disulfide derivatives. In this case, dimethyl disulfide 
was not attached to the chloro-substituted double bonds 
of (Ia–IVa). The mass spectra of the resulting adducts 
contained the significant peak of [M – Cl]+ ion ([M]+ 
ion was not detected) and the intense peaks at m/z 129 
(100%) and 175, thus indicating the presence of double 
bond at position 5 of the initial compounds. The latter 
signals were accompanied by much less intense signals of 
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Fig. 2. Mass spectrometric fragmentation of isomeric ethyl esters (IIa) and (IIIa) (the peak of the molecular ion at m/z 468 [M]+ with 
35Cl was low-intensity and the minor peak [M]+ with 37Cl was not recorded) (a); mass spectrometric fragmentation of the bis(methylthio) 
derivative of ethyl ester (Ia) (513 [M – Cl]+) (b); mass spectrometric fragmentation of pyrrolidide (Ib) (479/481 [M]+; to simplify  
the scheme, less abundant ions corresponding to the elimination of HCl from the isotopic fragments at m/z 310/312–422/424) are not 
shown (c); key НМВС correlations for compounds (IIa) and (IIIa) (d).

(a)

(b)

(c)

(d)
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isotopic ions, which were also formed by the cleavage of 
the C5–/–C6 bond, e.g., the ions of m/z 373/375 produced 
by fragmentation of the bis(methylthio) derivative of ethyl 
ester (Ia) (Fig. 2b). The summation of the masses of the 
isotopic m/z 373/375 ions with the mass of m/z 175 ion 
gave the values of 548/550 [M]+ for the dimethyl disulfide 
derivative of (Ia).

The mass spectra of pyrrolidides (Ib–IVb) and 4,4-di- 
methyloxazoline derivative of acid (I) contained the noti- 
ceable peaks of isotopic molecular ions (m/z 479/481, 
493/495, and 507/509 with 35C1/37C1 for the derivatives 
of C26, C27, and C28 acids, respectively) along with slightly  
more intense peaks of [M ‒ Cl]+ ions. The intense peak 
of m/z 180 ion, which was formed by the cleavage at the  
center of the bis-methylene-separated system of two 
double bonds (Fig. 2c), unambiguously indicated the 
presence of Δ5,9 fragment in all analyzed N-containing 
derivatives [23, 24]. The positions of methyl branches in 
acids (I–IV) were revealed by gaps between certain peaks 
in the mass spectra of their pyrrolidides according to the 
previously formulated rule [25]. For example, the mass 
spectra of pyrrolidides (Ib) and (IIIb) with methyl group 
at position 24 had the gap of 28 amu between the peaks 
at m/z 464/466 ([M ‒ CH3]+ for (Ib) and [M ‒ CH2CH3]+  
for (IIIb)) and 436/438 ([M ‒ CH(CH3)2]+ for (Ib), and 
[M ‒ CH(CH3)CH2CH3]+ for (IIIb)). Fragmentation  
of pyrrolidide (IIb) that contained methyl group at CH-25  
resulted in the gap of 28 amu between the peaks at  
m/z 478/480 ([M ‒ CH3]+) and 450/452 ([M ‒ CH(CH3)2]+). 
The signal of the secondary radical ion of m/z 478/480 
[M – CH2CH3]+ in the mass spectrum of pyrrolidide (IVa) 
was also much more intense than the neighboring signals 
of homologous ions, which indicated the presence of 
methyl group at CH-25. The mass spectra of pyrrolidides 
demonstrated the break of sequential fragmentation after 
CH2-8 and its continuation after CH-10 as shown for (Ib) 
(Fig. 2c). The same pattern was observed in the mass 
spectrum of 4,4-dimethyloxazoline derivative of acid 
(I) (478/479/480/481, [M – 1]+/[M]+), which was isomer 
of pyrrolidide (Ib). Thus, the mass spectrometric data 
indicated that chlorine atom in compounds (I–IV) could 
be located at either C9 or C10.

Hydrogenation of some derivatives of acids (I–IV)  
over the Adams catalyst was accompanied by dehalo- 
genation, thus leading to the transformation of these 
substances into known saturated compounds. For 
example, pyrrolidide (Ib) was dehalogenated to the 
corresponding derivative of 24-methylpentacosanoic acid, 
the mass spectrum of which contained a diagnostic gap 
(28 amu) between the peaks at m/z 406 and 434 [26]. Ethyl 
esters (IIa–IVa) were transformed during hydrogena- 
tion into the ethyl esters of 25-methylhexacosanoic, 
24-methylhexacosanoic, and 25-methylheptacosanoic 
acids (equivalent chain lengths (ECL) were 26.63, 
26.72, and 27.72, respectively, according to the GC-MS 
analysis). Elimination of Cl during hydrogenation could 
indicate its vinylic (as in compounds (I–IV)) or allylic  
(as in compounds (V–VII)) location because dehalogena- 
tion of saturated chlorinated fatty acids did not occur 
under the used hydrogenation conditions.

Using HPLC on normal-phase and reversed-phase 
columns, we managed to obtain a mixture of structurally 
similar isomers (IIa) and (IIIa) (39 and 31% in the mix- 
ture, respectively), which were not separated by prepa- 
rative chromatography. The presence of the 5,9-diene 
fragment and the position of the chlorine atom at C9 
in these compounds were confirmed by 1H,1H-COSY, 
HMBC, and HSQC experiments. The 1H,1H-COSY 
spectrum of compounds (IIa) and (IIIa) showed the 
presence of linear spin proton systems from CH2-2 (δH 
2.30, t; J 7.5) to CH2-8 (δH 2.325, t; J 7.3) and from 
CH-10 (δH 5.44, t; J 7.0) to CH2-pool (δH 1.20–1.35, m). 
The HMBC spectrum of (IIa) and (IIIa) contained the 
corresponding correlations (Fig. 2d). The value of the 
spin-spin coupling constant J5,6 10.9 Hz, which was found 
by selective homonuclear decoupling of allylic protons 
[27], indicated Z-configuration of the double bond at C5. 
Z-Configuration of the double bond at C9 was revealed 
by the comparison of the 1H and 13C NMR spectra of 
compounds (IIa) and (IIIa) with the corresponding 
literature spectra of some known vinylically chlorinated 
Z/E isomers [28], i.e., by the presence of characteristic 
resonances of CH-10 (δH 5.44, t; J 7.0), CH2-11 (δH 2.145, 
m), and CH2-8 (δC 39.4). In addition, the NMR spectra 
showed the signals of two equivalent terminal methyl 
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(δH 0.86, d; J 6.7; δC 22.6), one methine (δH 1.515, m;  
δC 28.0), and one methylene (δH 1.15, m; δC 39.0) groups, 
the protons of which formed the spin system of the iso- 
structure of component (IIa) according to 1H,1H-COSY 
and HMBC correlations. The correlations in the 1H,1H- 
COSY and HMBC spectra made it possible to confirm 
the anteiso-structure of component (IIIa), which showed 
the characteristic signals of two methyl groups (δH 0.84, 
d; J 6.2; δC 19.2 and δH 0.85, t; J 7.1; δC 11.3) [29, 30].

The values of chemical shifts and the multiplicities 
of olefin proton signals in the 1H NMR spectra of HPLC 
fractions enriched with acids (I) and (IV) were analogous 
to the corresponding characteristics of the protons of 
double bonds in the ethyl esters of acids (II) and (III). 
This fact and data from mass spectrometric fragmentation 
and chemical transformations of (I–IV) indicated that 
these compounds contained identical 5Z,9Z-diene bond 
system with chlorine atom at C9. This conclusion was 
confirmed by the ECL values (27.00 and 28.00 for iso- 

homologues (I) and (II), respectively, and 28.11 and 29.12 
for anteiso-homologues (III) and (IV), respectively).

Allylic halides are known to lose halogen more easily 
than vinylic halides. This pattern was manifested under 
the conditions of mass spectrometric fragmentation 
of allylically chlorinated pyrrolidides (Vb–VIIb), for 
which the elimination of chlorine atom occurred easier 
than for vinylically chlorinated pyrrolidides (Ib–IVb). 
For example, the main signal in the mass spectra of 
pyrrolidides (Vb–VIIb) was the peak of [M – Cl]+ ion 
(m/z 390, 390, and 404, respectively), but the intensity of  
this peak in the mass spectra of pyrrolidides (Ib–IVb)  
was only ~3.5%. The molecular ion region in the mass 
spectra of compounds (Vb‒VIIb) contained clusters 
of low-intensity peaks of isotopic ions [M – 1]+/[M]+  
(m/z  424/425/426/427, 424/425/426/427, and 
438/439/440/441, respectively). Apart from the peak at 
m/z 126, the region of low ion masses contained much 
less intense peaks at m/z 138/139 and 152, which was 
a sign of the presence of a double bond at C4 (Fig. 3a). 

 

 

 

(a) 

(b) 

Fig. 3. Mass spectrometric fragmentation of pyrrolidide (Vb) (424/425/426/427 [M – 1]+/[M]+) (a); mass spectrometric fragmentation 
of ethyl esters (XIa) and (XIIa) (b). 

(a)

(b)
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Although a clear signal of allylic cleavage at m/z 166 
was characteristic of the mass spectra of the pyrrolidides 
of known Δ4 acids [26], the mass spectra of the 
pyrrolidides of Δ4 acids (Vb–VIIb) were characterized 
by an increased intensity signal of a similar mass ion of 
m/z 165. Obviously, this ion was formed because of the 
abstraction of chlorine atom from the initial products of 
allylic cleavage, i.e., isotopic ions with m/z 200 and 202, 
which were detected in the mass spectrum as less intense 
peaks in the ratio of 3 : 1 despite the easy loss of Cl during 
fragmentation. This kind of characteristic cleavage after 
substituted allylic carbon, which led to the appearance 
of significant diagnostic signals, was previously obser- 
ved during the mass spectrometric fragmentation of 
the methyl esters of some FAs with allylic hydroxy or 
S-methyl groups [31]. The gap of 28 amu between the 
peaks at m/z 374 (corresponds to the [M ‒ CH3 – HCl]+ 
ion for (Vb) and the [M ‒ CH2CH3 – HCl]+ ion for 
(VIIb)) and 346 ([M ‒ CH(CH3)2 – HCl]+ for (Vb) and 
[M ‒ CH(CH3)CH2CH3 – HCl]+ for (VIIb)) indicated 
the presence of the methyl group at C20 in acids (V) and 
(VII). This conclusion was confirmed by the increased 
intensity of the peaks of the secondary ion radicals at 
m/z 410/412, which represented a fragment [M ‒ CH3]+ 
for iso-methyl-branched compound (Vb) and a fragment 
[M ‒ CH2CH3]+ for anteiso-methyl-branched compound 
(VIIb). The gap of 28 amu between the peaks at m/z 360 
([M ‒ CH2CH3 – HCl]+) and 332 ([M ‒ CH(CH3)CH2CH3 –  
HCl]+) and the peak of increased intensity of the secon- 
dary ion radical at m/z 396/398 [M ‒ CH2CH3]+ in the 
mass spectrum of anteiso-methyl-branched pyrrolidide 
(VIb) were signs of the presence of methyl group at C19. 
Expectedly, hydrogenation of compounds (Vb–VIIb) 
over the Adams catalyst proceeded with dehalogenation, 
thus leading to the formation of the pyrrolidides of known 
20-methylheneicosanoic, 19-methylheneicosanoic, and 
20-methyldocosanoic acids, which we also found in 
Penares sp. Unfortunately, the low content of allylically 
chlorinated acids (V–VII) made it impossible to register 
the 1H NMR spectrum, which would be quite informative 
to establish the configuration of the double bond of these 
compounds.

The peaks of ions with m/z 408 [M]+, 362 [M – EtOH]+,  
etc., were detected in the mass spectrum of the ethyl 
ester of cyclopropane-containing acid (VIII) similar to 
those for monoenoic C25 acid. However, the inability of 
the ethyl ester of compound (VIII) to attach dimethyl 
disulfide and its ECL value (24.94) implied the presence 
of the cyclopropane ring at the (n –7) and (n –8) carbon 
atoms (n is the sequence number of the terminal carbon 
atom of the linear aliphatic chain) as in the ethyl esters 
of homologous 9,10-methylene-16:0 (ECL 16.94) and 
11,12-methylene-18:0 (ECL 18.93) acids from Penares sp.  
(Table 1). The mass spectrometric features of the pyr- 
rolidides of higher cyclopropane-containing homologs 
(C19 and more) of such acids include an intense peak 
with an odd m/z value corresponding to the fragment ion, 
which is formed by β-cleavage to the cyclopropane ring, 
and an interval of 12 amu between the fragments showing 
the position of the cycle [32, 33]. Accordingly, the mass 
spectrum of the pyrrolidide of acid (VIII) (m/z 433 [M]+)  
contained an intense peak at m/z 363 (ion formed by 
β-cleavage) and a characteristic interval of 12 amu 
between the peaks at m/z 322 and 334 corresponding to C17  
and C18 FA fragments, which confirmed the presence of 
the cyclopropane ring in the 17,18 position. In the 1H,1H- 
COSY spectrum, protons with δH −0.33 (ddd, J 4.3, 5.3, 
5.3, 1H, H-25a), 0.56 (ddd, J 4.3, 8.4, 8.4, 1H, H-25b), 
and 0.65 (m, 2H, H-17, H-18) of acid (VIII) were coupled 
to each other within a three-membered cycle; in this case, 
the values of chemical shifts and spin-spin coupling 
constants for the signals of these protons corresponded 
to the cis-orientation of the ring [33, 34].

It should be noted that the mass spectra of the studied 
4,4-dimethyloxazoline derivatives of cyclopropane- 
containing FAs are considered almost indistinguishable 
from the mass spectra of 4,4-dimethyloxazoline deriva- 
tives of unbranched monoenoic FAs of the same mole- 
cular weight because of the probable rearrangement 
of cyclopropanes into monoenes during fragmentation  
[35, 36]. According to this pattern, the mass spectrum of 
4,4-dimethyloxazoline, formed from acid (VIII), should 
be similar to the mass spectrum of 4,4-dimethyloxazoline, 
formed from acid 25:1Δ17. Nevertheless, the fragmenta- 
tion of obtained 4,4-dimethyloxazoline derivative of acid 
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(VIII) (m/z 433 [M]+) resembled the fragmentation of  
the corresponding derivative of acid 25:1Δ18 because it 
led to the appearance of an interval of 12 amu between the 
peaks at m/z 322 (C17 fragment) and 334 (C18 fragment).  
In this case, these peaks were even slightly more intense 
than the previous peak at m/z 308, which did not corres- 
pond to the relative intensity of the signals, characteristic 
of fragmentation near the isolated double bond. Thus, in 
the recorded mass spectrum of the 4,4-dimethyloxazoline 
derivative of acid (VIII), the characteristic signals with 
an interval of 12 amu were shifted and changed their 
intensities contrary to the pattern previously observed in 
the mass spectra of 4,4-dimethyloxazoline derivatives of 
shorter cyclopropane-containing FAs. Similar changes in 
the diagnostic signals as a result of increasing aliphatic 
chain length were previously observed in the mass spectra 
of pyrrolidides of some homologous cyclopropane- 
containing FAs, which, like compound (VIII), were 
formal derivatives of monoenes of the (n –7) family [33].

The ethyl esters of two saturated homologous iso- 
methyl-branched acids (IX) (ECL 22.97) and (X) (ECL 
24.98) with additional methyl group at the (n –7) position 
generated characteristic ions formed by the cleavage of 
the bonds in the α positions relative to the (n –7) carbon 
as previously described for the mass spectrometric 
fragmentation of the FA esters with methyl group in 
the middle of chain [37]. For example, unlike the ethyl 
ester of standard unbranched 24:0 acid (m/z 396 [M]+), 
the α-cleavage of the ethyl ester of compound (IX)  
(m/z 396 [M]+) produced the ions with m/z 269 and 297 
in an approximately equal ratio and the fragments with 
m/z 251 and 233 because of the abstraction of the EtOH 
molecule and the EtOH and H2O molecules, respectively, 
from the ion with m/z 297. The ethyl ester of compound 
(X) (m/z 424 [M]+) generated large amounts of the ions 
at m/z 325 and 297, compared to the corresponding 
derivative of unbranched 26:0 acid (m/z 424 [M]+), and 
the ions at m/z 279 (the abstraction of the EtOH molecule 
from the ion with m/z 325) and 261 (the abstraction of 
the EtOH and H2O molecules from the ion with m/z 325). 
In this case, the signals of the fragments indicating the 
presence of the terminal iso-structures in the ethyl esters 
of acids (IX) and (X) were low-intense. The positions 
of all methyl branches were unambiguously determined 
based on the presence of the diagnostic gaps of 28 amu 
between the peaks at m/z 294 and 322 (loss of CH-16 with 

its methyl group) and the peaks at m/z 378 and 406 (loss 
of CH-21 with its methyl group) in the mass spectrum 
of the pyrrolidide of 16,21-dimethyl-branched acid (IX) 
(m/z 421 [M]+), as well as the similar gaps between the 
peaks at m/z 322 and 350 (loss of CH-18 with CH3) and 
m/z 406 and 434 (loss of CH-23 with CH3) in the mass 
spectrum of the pyrrolidide of 18,23-dimethyl-branched 
acid (X) (m/z 449 [M]+).

iso-Methyl-branched homologous acids (XI) (ELC 
24.53) and (XII) (ECL 26.53) had additional methyl 
groups at the (n –6) and (n –8) positions. Figure 3b 
shows some fragment ions that gave increased intensity 
signals in the mass spectra of ethyl esters (XIa) (m/z 424 
[M]+) and (XIa) (m/z 452 [M]+) compared with the mass 
spectra of unbranched standards of similar molecular 
weights. In addition, the characteristic ions that were 
absent in the mass spectra of the standards, are shown in 
Fig. 3b. It can be seen that the fragmentation near C16 
in compound (XIa) and C18 in compound (XIIa) was 
similar to the fragmentation of the ethyl esters of acids 
(IX) and (X), respectively. The detection of the gaps of  
28 amu between the peaks at m/z 294 and 322, 336 and  
364, and 406 and 434 in the mass spectrum of the pyr- 
rolidide of acid (XI) (m/z 449 [M]+) indicated the presence 
of the methyl groups at C16, C18, and C22. The gaps 
between the peaks at m/z 322 and 350, 364 and 392, and 
434 and 462 in the mass spectrum of the pyrrolidide of 
acid (XII) (m/z 477 [M]+) corresponded to the positions 
of the methyl branches at C18, C20, and C24.

Features of Fatty Acids from Penares sp.

Most fatty acids in living tissues exist in a bound 
form (as components of other lipids), whereas free or 
non-esterified FAs with harmful properties are minor 
compounds. However, these compounds are easily 
generated from more complex lipids during storage (even 
at –20°C), thawing, or extraction of biological objects due 
to the functioning of lipases [38]. Therefore, we consider 
FAs isolated from the Penares sp. extract as products of 
the activity of these enzymes. As for the ethyl esters of 
FAs, these compounds are, in our experience, common 
components of ethanol sponge extracts.

The FA mixture from Penares sp. (Table 1) contains 
higher amounts of branched components (59.1%) than 
the FA mixture of previously studied Penares tylotaster 
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(38.1%) [19]. The branched C15–C28 acids from Penares sp.  
have mono-, di-, and tri-methylated chains. Among the 
dominant monomethylated FAs, there are iso/anteiso 
components (12.4/9.6%) and components with mid-
chain methyl group (37.1%) located at positions (n –5),  
(n –8), (n –6), and (n –7) of the aliphatic chain (in 
order of relative abundance). Most monomethylated 
acids have an odd number of carbon atoms, i.e., C19 
(17.1%; isomeric 10-Me-18:0 and 11-Me-18:0 prevail), 
C17 (12.4%), C25 (10.4%), and C15 (9.4%). Di- and tri- 
methylated FAs are trace components. The source of 
methyl-branched and cyclopropane-containing FAs of 
sponges are considered to be bacteria that serve as their 
food or inhabit these invertebrates [3, 39–41]. Some 
sponges, like “microbial fermenters,” can contain so many 
bacteria per gram of weight that they have even been 
called “bacteriosponges” [42]. The FAs of bacteria and 
other associated microbes can be present in unchanged 
form in fatty acid fractions of sponges or be exogenous 
precursors of longer FAs of these invertebrates (review 
by Bergé et al. [3] and references therein). Consequently, 
bacterial 9,10-methylene-16:0 or 11,12-methylene-18:0 
acids, which were found in minor amounts in Penares sp., 
could act as an elongation substrate during the formation 
of compound (VIII). The precursors of dimethylated  
(IX and X) and trimethylated (XI and XII) compounds 
could also be shorter homologs of bacterial origin, 
such as 8-Me-iso-15:0 and 10,12-di-Me-iso-18:0 acids, 
respectively, which were previously found in bottom 
sediments [43]. It should be noted that methyl branches  
are characteristic of the aliphatic chains of many biolo- 
gically active lipids and lipid-like compounds isolated 
from sponges of the Penares genus including penaresidins 
A and B (iso- and anteiso-branching) [11], penazetidine 

A (methyl group at the (n –7) position) [12], penasulfate 
A (methyl group in the (n –7) position) [13], schulzeine 
A (methyl group at the (n –9) position) [14], penaramides 
(iso- and anteiso-branching or methyl group at the (n –7)  
position) [16], penasins C–E (methyl groups at the (n –8),  
(n –9), or (n –10) positions) [17], and ancorinoside C  
(methyl group in the middle of glycosylated chain) [15].  
These structural features may not only imply the invol- 
vement of bacteria in the biosynthesis of these com- 
pounds but also suggest a significant amount of these 
microorganisms in sponges of the Penares genus.

Saturated linear FAs of Penares sp. (Table 1) contains 
С12, С14–С20, and С22–С26 components (36.0% with the 
predominance of 16:0 (8.9%) and 18:0 (8.4%) acids). 
Linear monoenes (14.2%) are 18:1Δ9 (13.4%) and 16:1Δ9 
(0.8%) acids. A demospongic acid with unbranched 
skeleton, 26:2Δ5Z,9Z, is present in trace amounts. These 
saturated, monoenoic and dienoic FAs are typical for 
many sponges [2, 5]. The remaining unsaturated FAs 
of Penares sp. include previously unknown chlorinated 
acids with a methyl branch at the end of their aliphatic  
chains, i.e., monoenes: 6-Cl-iso-22:1Δ4 (V), 6-Cl-anteiso- 
22:1Δ4 (VI), and 6-Cl-anteiso-23Δ4 (VII) and dienes: 
9-Cl-iso-26:2Δ5Z,9Z (I), 9-Cl-iso-27:2Δ5Z,9Z (II), 9-Cl- 
anteiso-27:2Δ5Z,9Z (III), and 9-Cl-anteiso-28:2Δ5Z,9Z 
(IV). Thus, demospongic acids, typical for sponges, were  
almost completely replaced by their chlorinated deriva- 
tives.

Chlorination of natural fatty acids occurs under the 
action of halogenating enzymes, e.g., chloroperoxidases 
and chlorinating halogenases [44]. These enzymes 
could convert 5Z,9Z-dienoic acids of Penares sp. into  
corresponding 9-chloro-acids (I–IV), the first repre- 
sentatives of chlorinated demospongic acids. Cytotoxic 
penasin A (XIII) that contains bis-methylene-separated 
cis-double bonds and its chlorinated derivative, penasin 
B (XIV), from a Japanese sample of a sponge of the 
Penares genus [17] can be considered as a substrate 
and a product of analogous chlorination (Fig. 4). The 
simultaneous presence of triterpenoid (XV) and its chlo- 
rohydrin derivative (XVI) in the sample of Penares sp.  
(Fig. 4) (the structures of these compounds were estab- 
lished earlier [9]) can also be considered a sign of the 
functioning of halogenating enzyme, which promotes 
the production of hypochlorous acid HClO. It is likely 

 

Fig. 4. Hypothetical pathways for the formation of chlorinated 
secondary metabolites (XIV) and (XVI) isolated from sponges 
of the Penares genus. 
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that the enzyme-catalyzed addition of halogen to C6 in 
Δ5-acids common to many marine sponges [2, 5] could 
cause a double bond shift by analogy with lipoxygenase 
hydroperoxidation and lead to the formation of allyllically 
chlorinated Δ4-acids (V–VII).

Halogenating enzymes were not detected in sponge 
cells. However, the genes of halogenases (which belong 
to some bacteria according to some signs) were found 
in the microbial metagenomes from sponges with a high 
content of microorganisms [45]. The proportion of the 
components of bacterial origin in the studied mixture of 
FAs from Penares sp. made it possible to conclude that 
the bacterial content in this sponge was high, which could 
ensure the halogenation of FAs and other metabolites. It 
is also possible that not only sponge-associated bacteria 
(including cyanobacteria or blue-green algae) but also 
fungi could be responsible for this halogenation [46]. In 
the case of Penares sp., microbial chlorinating enzymes 
obviously preferred the double bond-containing aliphatic 
chains as a substrate, thus leading to the formation of 
acids (I–VII). Apart this, brominating enzymes were also 
active in Penares sp. studied here because, in addition 
to triterpenoids, indole alkaloids containing bromine in 
aromatic rings were previously isolated from this sample 
[9, 10]. Obviously, despite the functioning of bromination 
mechanism, microbes from Penares sp. used chlorination 
rather than bromination of demospongic acids in contrast 
to microorganisms associated with other sponges.

EXPERIMENTAL

Equipment. The 1H NMR, 1H,1H-COSY, HSQC, and 
HMBC (CDCl3) spectra were recorded on Avance III HD 
500 (Bruker, Germany, 500.13 MHz) and Avance III 700 
(Bruker BioSpin, Germany,700.13 MHz) spectrometers 
using tetramethylsilane as the internal standard. 

The GC-MS analysis was performed on an HP6890 
GC System chromatograph-mass spectrometer (Hewlett-
Packard, USA) using an HP-5MS capillary column  
(30.0 m × 0.25 mm; J&W Scientific, USA), helium as a  
carrier gas, and an ionizing potential of 70 eV. In most 
cases, we used the following program: 100°C (1 min)— 
10°C/min—280°C (30 min) at the injector temperature 
of 270°C. For the low-volatile pyrrolidides of long- 

chain FAs, we used the following program: 200°C 
(1 min)—30°C/min—280°C (45 min) at the injector 
temperature of 300°C. HPLC was performed on 
liquid chromatographs, i.e., 1) Du Pont Series 8800 
Instrument (DuPont, USA) equipped with RIDK-102 
refractometer (Laboratorni Pristroje, Czechoslovakia) 
and ZORBAX Eclipse XDB-C8 column (4 × 150 mm; 
Agilent Technologies, USA) in 85% ethanol; 2) Agilent 
1100 Series (Agilent Technologies, USA) equipped with 
RID-G1362A differential refractometer on ULTRA- 
SPHERATM Si column (10 × 250 mm; Beckman Instru- 
ments, USA) in a petroleum ether–ethyl acetate mixture 
(100 : 1) and YMC-Pack ODS-A column (10 × 250 mm; 
YMC Co., Japan) in ethanol.

Column chromatography was performed on Sephadex 
LH-20 (Sigma Chemical Co., USA) and silica gel (50/100 
or 50/160 µM; Sorbpolymer, Russia). The qualitative 
analysis was performed using thin-layer chromatography 
on Sorbfil plates (Sorbpolymer, Russia) with a layer of 
STX–1A silica gel fixed to the foil. The spots of the sub- 
stances were stained by spraying with an EtOH-H2SO4 
mixture (1 : 1).

Biological material. A sample of a sponge of the  
Penares genus was collected by dredging from a depth  
of 95 m in the South China Sea (16°07'N, 114°47'E) in 
January 2005 during the 30th voyage of the Academic 
Oparin research vessel to Vietnam. The sponge was  
identified by V.B. Krasokhin (G.B. Elyakov Pacific 
Institute of Bioorganic Chemistry, FEB RAS, Vladivostok, 
Russia). The sample (PIBOC O30-271) is stored in the 
collection of Elyakov Pacific Institute of Bioorganic 
Chemistry, FEB RAS.

Sponge extraction and separation of FA fractions 
and FA ethyl esters. The freshly harvested Penares 
sponge (400 g) was frozen and stored at –20°C. The 
sponge was crushed and extracted with ethanol at room 
temperature. The ethanol extract was concentrated in a 
vacuum to an aqueous residue, which was extracted with 
hexane (3 × 250 mL). The hexane extract (2.92 g) that 
contained nonpolar and low-polar sponge compounds  
was divided into fractions on a Sephadex LH-20 column 
using a CHCl3–EtOH mixture (1 : 1) as an eluent. The 



RUSSIAN  JOURNAL  OF  BIOORGANIC  CHEMISTRY  Vol.  50  No.  2  2024

428 SANTALOVA, KOLESNIKOVA

resulting fraction (346.4 mg) contained similar-sized 
molecules of FAs and their ethyl esters. These compounds 
were separated according their different polarity on a silica 
gel column. The substances (26.9 mg), which were eluted 
in hexane-ethyl acetate (70 : 1), were separated by normal- 
phase HPLC (petroleum ether-ethyl acetate, 100 : 1)  
and reversed-phase HPLC (ethanol). We obtained 1.5 mg  
of a mixture of ethyl esters (IIa) and (IIIa). The substances 
(147.9 mg), which were eluted in hexane-ethyl acetate  
(5 : 1 → 2 : 1) from silica gel, were separated by reversed- 
phase HPLC (85% ethanol) to obtain FA fractions.

Ethyl esters (IIа) and (IIIа) (39 and 31% in the 
HPLC fraction, respectively); colorless oily substance; 
1Н NMR (CDCl3, 700 MHz; δ, ppm (J, Hz)): 5.44  
(t, J 7.0, H-10), 5.37 (m, Н-5), 5.36 (m, H-6), 4.13 (q, J 7.1,  
−OCOСН2CH3), 2.325 (t, J 7.3, CH2-8), 2.30 (t, J 7.5, 
CH2-2), 2.27 (m, CH2-7), 2.145 (m, CH2-11), 2.09 
(m, CH2-4), 1.69 (m, CH2-3), 1.515 (m, Н-25, (IIа)), 
1.35–1.20 (m, CH2-pool), 1.32 (m, H-25b, (IIIа)), 1.30 
(m, H-24, (IIIа)), 1.26 (m, Н-23b, (IIIа)), 1.255 (t, J 7.1,  
−OCOСН2CH3), 1.15 (m, СН2-24, (IIа)), 1.12 (m, Н-25а, 
(IIIа)), 1.08 (m, Н-23а, (IIIа)), 0.86 (d, J 6.7, CH3-27, 26, 
(IIа)), 0.85 (t, J 7.1, CH3-26, (IIIа)), and 0.84 (d, J 6.2,  
CH3-27, (IIIа)); 13C NMR (CDCl3; the δ values, ppm, were  
obtained through the С/Н correlations in the HSQC and 
НМВС spectra): 173.8 (C-1), 134.1 (C-9), 129.6 (CH-5),  
129.0 (CH-6), 126.05 (CH-10), 60.2 (–OCOСН2CH3), 
39.4 (CH2-8), 39.0 (CH2-24, (IIa)), 36.6 (CH2-23, (IIIa)), 
34.4 (CH-24, (IIIa)), 33.7 (CH2-2), 30.0–28.5 (CH2-pool),  
29.4 (CH2-25, (IIIa)), 28.65 (CH2-12), 28.5 (CH2-11), 
28.0 (CH-25, (IIa)), 26.6 (CH2-4), 25.25 (CH2-7), 24.85 
(CH2-3), 22.6 (CH3-26, 27, (IIa)), 19.2 (CH3-27, (IIIa)), 
14.2 (−OCOСН2CH3), and 11.3 (CH3-26, (IIIa)); MS of 
the ethyl ester of (5Z,9Z)-9-chloro-25-methyl-5,9-hexa- 
cosadienoic acid (IIа) (EI, 70 eV), m/z (Irel, %): 468 [M]+ 
(0.04), 432/433 [M – HCl/M – Cl]+ (16/14), 422/424  
[M – EtOH]+ (2/0.7), 417 [M – HCl – CH3]+ (0.7), 405/407 
[M ‒ EtO ‒ H2O]+ (0.7/0.2), 387 [M ‒ Cl ‒ EtOH]+ (16), 
369 [M ‒ HCl – EtO ‒ H2O]+ (5), 345 [M ‒ 88 ‒ Cl]+ (6),  
312/314 (6/2), 276 (3), 154/155 (51/45), 109 (61), 95 (28),  
88 (24), 81 (100), 67 (54), and 55/57 (36/34); MS of 
the ethyl ester of (5Z,9Z)-9-chloro-24-methyl-5,9-hexa- 
cosadienoic acid (IIIа) (EI, 70 эВ), m/z (Irel, %): 468 

[M]+ (0.02), 432/433 [M – HCl/M – Cl]+ (16/14), 422/424  
[M – EtOH]+ (2/0.7), 405/407 [M ‒ EtO ‒ H2O]+ (0.7/0.2), 
403 [M – HCl – CH3]+ (0.8), 387 [M ‒ Cl ‒ EtOH]+ (16), 
369 [M ‒ HCl – EtO ‒ H2O]+ (6), 345 [M ‒ 88 ‒ Cl]+ (6), 
312/314 (5/1.7), 276 (4), 154/155 (52/44), 109 (61), 95 (29),  
88 (24), 81 (100), 67 (56), and 55/57 (39/49).

Preparation of FA derivatives. Pyrrolidine deriva- 
tives (pyrrolidides) were synthesized by the treatment 
of FAs with N,O-bis(trimethylsilyl)trifluoroacetamide  
(Alfa Aesar, USA) and pyrrolidine (Aldrich, Germany) 
at room temperature [47]. Before analysis, the reaction 
mixture was concentrated in a vacuum. Free FAs were 
ethylated with N-nitroso-N-ethyl urea (Sigma, Germany). 
To obtain dimethyl disulfide adducts, the FA ethyl esters 
were treated with dimethyl disulfide (Sigma-Aldrich, 
France) according to the method described by Christie 
[48]. However, after the reaction was stopped with an  
aqueous solution of Na2S2O3, the reaction mixture was  
extracted with hexane (5 × 0.5 mL), and the hexane 
extract was dried in a vacuum before analysis. 4,4-Di- 
methyloxazoline derivatives were prepared by the reac- 
tion with 2-amino-2-methyl-1-propanol in pyridine in 
the presence of sodium borohydride (all reagents from 
Sigma-Aldrich, Germany) [49]. Hydrogenation (3–5.5 h) 
was performed over an Adams catalyst in ethanol.

The mass spectra of the derivatives of new FA are 
given in Supplementary.

CONCLUSIONS

The structural analysis of fatty acids from a sponge 
of the Penares genus was performed for the first time 
using GC-MS and, in some cases, 1H and 13C NMR 
spectroscopy. We found 71 acids with chain lengths from 
C12 to C28 including 12 new compounds. Previously 
unknown (5Z,9Z)-9-chloro-5,9-dienoic acids represent 
the first examples of chlorinated demospongic acids. The 
features of the studied FA mixture are the high content  
of components with monomethylated chains (>50%) and  
the almost complete replacement of common demospongic 
acids with their chloro derivatives due to, presumably, 
the activity of chlorinating enzymes of microorganisms 
associated with the sponge. The data from the analysis 
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of FAs from Penares sp. not only expand our knowledge 
about the diversity of biomolecules but also contribute to 
understanding the origin of the structural features of some 
secondary metabolites of the sponge genus.
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