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A B S T R A C T

Thuwalamides A–E (1, 3, 5, 6 and 8), previously undescribed polychlorinated amides, along with ten previously 
reported related compounds (2, 4, 7 and 9–15), were isolated from the organic extract of the marine sponge 
Lamellodysidea herbacea (Keller), collected off the village of Thuwal in the Red Sea at Saudi Arabia. The structures 
of the isolated compounds have been determined through extensive analysis of their NMR and MS data, while 
their absolute stereochemistry was unequivocally established via single crystal X-ray diffraction. Additionally, 
the absolute stereochemistry of the previously reported compounds 2 and 4, whose configuration was not 
determined, has also been established using single-crystal X-ray crystallographic analysis. The antibacterial ac-
tivity of compounds 1–15 was evaluated against Escherichia coli and Staphylococcus aureus. Among them, com-
pound 14 displayed activity against S. aureus comparable to vancomycin that was used as a positive control with 
a MIC value of 4 μg/mL.

1. Introduction

Marine sponges (Porifera) rank amongst the most prolific sources of 
bioactive natural products, yielding up to now approximately 30% of all 
marine natural products (MarinLit, 2024). Sponges are sessile in-
vertebrates lacking an innate immune system or physical defensive 
structures and therefore rely heavily for their protection on the bioactive 
molecules they or their symbionts produce (Hong et al., 2022). Com-
pounds isolated from sponges include mostly alkaloids, peptides, ter-
penoids, steroids and macrolides, exhibiting a wide spectrum of 
bioactivities, such as anticancer, anti-inflammatory, antibacterial, anti-
fungal, antimalarial, analgesic, immunomodulatory, and neuro-
protective activities (Carroll et al., 2024; MarinLit, 2024). It is worth 
noting that the medicinal uses of sponges can be traced back to the 
Alexandrian physicians, as described by the Roman historian Plinius 
(Sipkema et al., 2005).

The sponge genus Lamellodysidea Cook & Bergquist (Dysideidae), 

which resulted from the splitting of the genus Dysidea, currently includes 
two species, i.e. Lamellodysidea herbacea (Keller) and L. chlorea (de 
Laubenfels) (Sauleau and Bourguet-Kondracki, 2005; de Voogd et al., 
2024). Up to now, several compounds, including furanosesquiterpenes, 
polybrominated diphenyl ethers, chlorinated diketopiperazines, poly-
chlorinated amides and diterpenes, with various biological activities 
have been reported from species of the genera Dysidea and Lamellody-
sidea (Fathallah et al., 2023; MarinLit, 2024).

The Red Sea, characterized by unique biotic and abiotic conditions, 
relatively high temperature and relatively young geologic age, exhibits 
an enormous biodiversity. Nonetheless, its marine biodiversity is still 
poorly understood and underexplored (Rateb and Abdelmohsen, 2021).

The isolation and structure elucidation of thuwalamides A–E (1, 3, 5, 
6 and 8), previously undescribed polychlorinated amides, along with ten 
previously reported related compounds (2, 4, 7 and 9–15) from the 
organic extract of the marine sponge L. herbacea collected from coral 
reefs off Thuwal in the central Red Sea, Saudi Arabia, as well as the 

* Corresponding author.
E-mail addresses: mtammam@pharm.uoa.gr (M.A. Tammam), ntsoureas@chem.uoa.gr (N. Tsoureas), dafnid@pharm.uoa.gr (D.-I. Diakaki), carlos.duarte@kaust. 

edu.sa (C.M. Duarte), roussis@pharm.uoa.gr (V. Roussis), eioannou@pharm.uoa.gr (E. Ioannou). 

Contents lists available at ScienceDirect

Phytochemistry

journal homepage: www.elsevier.com/locate/phytochem

https://doi.org/10.1016/j.phytochem.2024.114315
Received 30 August 2024; Received in revised form 5 November 2024; Accepted 6 November 2024  

Phytochemistry 230 (2025) 114315 

Available online 6 November 2024 
0031-9422/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:mtammam@pharm.uoa.gr
mailto:ntsoureas@chem.uoa.gr
mailto:dafnid@pharm.uoa.gr
mailto:carlos.duarte@kaust.edu.sa
mailto:carlos.duarte@kaust.edu.sa
mailto:roussis@pharm.uoa.gr
mailto:eioannou@pharm.uoa.gr
www.sciencedirect.com/science/journal/00319422
https://www.elsevier.com/locate/phytochem
https://doi.org/10.1016/j.phytochem.2024.114315
https://doi.org/10.1016/j.phytochem.2024.114315
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phytochem.2024.114315&domain=pdf


evaluation of the antibacterial activity of the isolated compounds, are 
described herein.

2. Results and discussion

A series of chromatographic separations of the CH2Cl2/MeOH extract 
of the sponge L. herbacea collected from the coral reef off Thuwal in 
Saudi Arabia allowed for the isolation of compounds 1–15 (Fig. 1).

Thuwalamide A (1), isolated in the form of colourless crystals, 
possessed the molecular formula C14H21Cl6NO2 as deduced from the HR- 
APCIMS data (Fig. S6). Indeed, the presence of six chlorine atoms in the 
molecule was evidenced by the pseudomolecular ion peak [M+H]+

cluster at m/z 445.9781, 447.9747, 449.9715, 451.9684, 453.9650 and 
455.9618 with relative intensities 52:100:81:35:8:1, agreeing with the 
theoretical isotopic envelope. In addition, the absorption bands at 1720 
and 1647 cm− 1 observed in the IR spectrum indicated the presence of 
two carbonyl groups (Fig. S7). The 1H and 13C NMR and HSQC spectra 
(Fig. S1, Fig. S2 and Fig. S3) confirmed the presence of four methyls on 
tertiary carbon atoms, two methylenes, four methines, two carbonyl 
groups and two deshielded non-protonated carbons resonating at δC 
104.8 and 105.3 (Table 1). As readily observed from the cross-peaks in 
the COSY spectrum (Fig. S5), evident was the presence of three short 
spin systems, H-2/H2-3/H-4/H3-9, H-7/H3-8 (H3-10) and H2-2′/H-3′/H3- 
5′ (Fig. 2). The HMBC correlations of H2-3 (δH 2.05 and 1.77), H-4 (δH 
2.57), and H3-9 (δH 1.49) with C-5 (δC 105.3), of H-2 (δH 4.94), H-7 (δH 
2.81), H3-8 (δH 1.13), H3-10 (δH 1.16) with C-6 (δC 211.7), of H-2, H2-2′ 
(δH 3.03 and 2.26) and NH-1 (δH 6.23) with C-1′ (δC 170.4), as well as of 

H2-2′ and H3-5′ (δH 1.34) with C-4′ (δC 104.8) concluded the planar 
structure of compound 1 (Fig. S4), which was identified as a previously 
undescribed hexachlorinated amide named thuwalamide A. Single 
crystal X-ray diffraction studies of 1 (Fig. 3 and Table S1) confirmed the 
proposed structure and allowed for the unambiguous determination of 
its absolute stereochemistry as 2S,4S,3′S.

Compounds 2 and 3, both obtained as colourless crystals, possessed 
the same molecular formula (C16H23Cl6NO4), as indicated by analysis of 
their mass spectrometric data. Their 1H and 13C NMR spectroscopic data, 
which were rather similar, included signals for two singlet methyls, two 
doublet methyls and one oxygenated methyl, two methylenes, three 
methines, three carbonyl groups and two deshielded non-protonated 
carbons (δC 104.8 and 105.4 for 3 vs. δC 104.8 and 105.3, respec-
tively, for 2), as well as one more non-protonated carbon (Table 1, 
Fig. S9, Fig. S10, Fig. S11 and Fig. S12). The correlations observed in 
their respective HSQC, HMBC and COSY spectra (Fig. S13, Fig. S14 and 
Fig. S15) suggested the same planar structure for 2 and 3 and led to the 
identification of compound 2 as a previously reported hexachlorinated 
amide (Sauleau et al., 2005). The fact that in the case of 3 H-2, H-3a and 
H-4 were deshielded (δH 5.19, 2.49 and 2.63, respectively, for 3 vs. δH 
5.09, 2.14 and 2.47, respectively, for 2) and H-3b and H3-9 were 
shielded (δH 1.50 and 1.33, respectively, for 3 vs. δH 1.68 and 1.42, 
respectively, for 2) suggested a change in the relative configuration at 
either C-2 or C-4 or both. Since compound 2, for which the relative 
configuration had not been proposed, was isolated in crystalline form, it 
was submitted to single-crystal X-ray diffraction analysis (Fig. 3 and 
Table S1) and its absolute stereochemistry was determined as 2S,4S,3′S. 

Fig. 1. Chemical structures of compounds 1–15.
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Moreover, single-crystal X-ray diffraction analysis of 3 (Fig. 3 and 
Table S1) established its absolute stereochemistry as 2R,4S,3′S, verifying 
that the previously undescribed compound 3, named thuwalamide B, is 
the epimer of 2 at C-2. Careful interpretation of the spectroscopic data of 
compound 2 led to the conclusion that the chemical shift of C-7 should 
be 55.1 and not 40.5 ppm as previously assigned (Sauleau et al., 2005).

Thuwalamide C (5), obtained as colorless crystals, possessed the 
molecular formula C16H26Cl5NO4 as suggested by its HR-APCIMS data 
(Fig. S24), where the pseudomolecular ion peak [M+H]+ cluster 
observed at m/z 472.0384, 474.0351, 476.0320, 478.0287 and 
480.0251 with relative intensities 61:100:65:20:3 was indicative of the 
presence of five chlorine atoms in the molecule. The spectroscopic fea-
tures of metabolite 5 shared a high degree of similarity with those of the 
co-occurring hexachlorinated amide 4, previously reported from 
L. herbacea (Sauleau et al., 2005). The main difference was the 
replacement of one of the two deshielded non-protonated carbons in 4 
by a deshielded methine at δH 5.76/δC 78.8 in metabolite 5, suggesting 
the replacement of one CCl3 terminal group in 4 by a C(H)Cl2 moiety in 5 
(Table 1, Fig. S19 and Fig. S20). This hypothesis was further confirmed 
by the COSY cross-peaks that dictated the presence of the spin system 
H-6/H-2/H2-3/H-4 (H3-9)/H-5, as well as the HMBC correlations of H-5 
(δH 5.76) with C-3 (δC 38.0) and of H-3a (δH 1.43), H-4 (δH 2.05) and 
H3-9 (δH 1.20) with C-5 (δC 78.8) (Fig. 2, Fig. S22 and Fig. S23). As in the 
case of compound 2, the relative configuration of metabolite 4 had not 
been previously assigned. Therefore, successful crystallization of 4 
enabled its single-crystal X-ray diffraction analysis (Fig. 3 and Table S1) 

and the determination of its absolute stereochemistry as 2S,4S,6S,3′S. 
Furthermore, the same absolute stereochemistry was established for the 
previously undescribed thuwalamide C (5) based on single-crystal X-ray 
diffraction analysis (Fig. 3 and Table S1).

Compounds 6 and 7 possessed the same molecular formula 
(C15H19Cl6NO3), based on analysis of their mass spectrometric data, 
indicating a monocyclic structure based on the four degrees of unsatu-
ration and the presence of three carbonyl moieties. Their 1H and 13C 
NMR spectroscopic data, which shared a high degree of similarity, 
included signals for two singlet and two doublet methyls, two methy-
lenes, three methines, three carbonyls and three non-protonated car-
bons, among which two were rather deshielded (δC 104.7 and 105.0 for 
6 vs. δC 104.7 and 105.1, respectively, for 7) (Table 1, Fig. S27, Fig. S28
and Fig. S35). The correlations observed in their respective HSQC, 
HMBC and COSY spectra (Fig. S29, Fig. S30 and Fig. S31) revealed the 
same planar structure for 6 and 7 and led to the identification of com-
pound 7 as the previously reported hexachlorinated pyrrolidinone dys-
idamide H (Sauleau et al., 2005). As in the case of compounds 2 and 3, 
protons H-2 and H-3a in 6 were deshielded compared to the ones in 7 (δH 
4.60 and 2.46, respectively, for 6 vs. δH 4.52 and 2.20, respectively, for 
7), while H-3b and H3-9 were shielded in 6 in comparison to those in 7 
(δH 1.92 and 1.41, respectively, for 6 vs. δH 2.20 and 1.47, respectively, 
for 7). This suggests a change in the configuration of the stereogenic 
centers. Indeed, single-crystal X-ray diffraction analysis of the previ-
ously undescribed thuwalamide D (6) (Fig. 3 and Table S1) established 
its absolute stereochemistry as 2S,4S,3′S. Unfortunately, a suitable 
crystal of dysidamide H (7), for which the relative configuration had not 
been proposed, could not be obtained for single-crystal X-ray diffraction 
experiments. Nevertheless, on the basis of biosynthetic considerations 
and taking into account that the stereochemistry at C-4 and C-3′ seems 
conserved throughout the series of these co-occurring metabolites as S,S, 
whereas the stereochemistry at C-2 can result in both epimers at this 
position, it is proposed that dysidamide H (7) possesses a 2R,4S,3′S 
absolute stereochemistry.

Thuwalamide E (8), isolated as a colorless oil, has the molecular 
formula C15H22Cl3NO3 as deduced from its HR-APCIMS and NMR data 
(Fig. S41). The 1H and 13C NMR data of compound 8 (Table 1, Fig. S36
and Fig. S37) included signals for two singlet and three doublet methyls, 
two methylenes, three methines, three carbonyls and two non- 

Table 1 
1H and13C NMR data (δ in ppm, J in Hz) of compounds 1, 3, 5, 6 and 8 in CDCl3.

Position 1 3 5 6 8

δC δH δC δH δC δH δC δH δC δH

1 – 6.21 d (8.5) – 5.93 d (8.5) – 5.76 d (9.8) – – – –
2 53.8 4.94 ddd (12.6, 8.5, 

2.4)
52.9 5.19 ddd (9.2, 8.5, 5.0) 46.3 4.30 m 62.6 4.60 t (5.5) 61.1 4.51 dd (8.8, 6.4)

3 36.3 2.05 t (12.6), 1.77 
ddd (12.6, 10.2, 2.4)

36.5 2.49 ddd (14.6, 5.0, 
2.6), 1.50 ddd (14.6, 
9.2, 7.5)

38.0 2.11 m, 1.43 m 37.7 2.46 ddd (14.4, 5.5, 
2.1), 1.92 ddd (14.4, 
9.2, 5.5)

35.2 2.20 m

4 52.0 2.57 br dq (10.2, 
6.4)

52.1 2.63 dqd (7.5, 6.7, 2.6) 40.8 2.05 m 52.7 3.02 ddd (9.2, 6.5, 2.1) 50.4 2.98 m

5 105.3 – 105.4 – 78.8 5.76 d (2.5) 105.0 – 105.1 –
6 211.7 – 207.0 – 79.0 3.58 d (6.1) 209.9 – 210.0 –
7 38.3 2.81 sep (7.0) 55.2 – 45.8 – 48.9 – 49.2 –
8 17.6 1.13 d (7.0) 173.0 – 179.2 – 176.3 – 175.9 –
9 16.4 1.49 d (6.4) 18.2 1.33 d (6.7) 15.6 1.20 d (6.7) 17.1 1.41 d (6.5) 15.8 1.47 d (6.5)
10 18.9 1.16 d (7.0) 22.0 1.43 s 20.1 1.19 s 20.9 1.32 s 20.8 1.29 s
11 – – 22.1 1.44 s 24.1 1.28 s 22.0 1.36 s 22.7 1.38 s
12 – – 52.86 3.73 s 52.2 3.70 s – – – –
1′ 170.4 – 169.3 – 169.8 – 171.7 – 173.2 –
2′ 40.2 3.03 dd (14.9, 2.7), 

2.26 dd (14.9, 9.7)
40.1 2.98 dd (15.1, 2.4), 2.17 

dd (15.1, 9.5)
40.5 2.90 dd (14.5, 

2.5), 2.13 m
42.6 3.71 dd (18.3, 2.0), 3.20 

dd (18.3, 9.3)
46.9 2.91 dd (16.5, 6.5), 

2.83 dd (16.5, 7.1)
3′ 51.7 3.18 dqd (9.7, 6.5, 

2.7)
51.6 3.18 dqd (9.5, 6.5, 2.4) 51.4 3.16 dqd 

(12.0, 6.4, 2.5)
50.6 3.35 dqd (9.3, 6.5, 2.0) 24.9 2.18 m

4′ 104.8 – 104.8 – 104.7 – 104.7 – 22.7 1.00 d (6.5)
5′ 16.8 1.34 d (6.5) 16.8 1.30 d (6.5) 16.7 1.31 d (6.3) 17.3 1.39 d (6.5) 22.6 0.98 d (6.5)
OH – – – – – 3.84 d (6.1) – – – –

Fig. 2. COSY and important HMBC correlations observed for compounds 1 
and 5.
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protonated carbons, among which one was rather deshielded at δC 
105.1. The COSY cross-peaks and HMBC correlations observed revealed 
a pyrrolidinone planar structure with the same side chain terminating 
with a CCl3 moiety, as in 6 and 7, attached to C-2, whereas the amide 
chain did not contain any chlorine atoms (Fig. S39 and Fig. S40). At-
tempts to crystallize compound 8 proved unsuccessful. However, the 
almost identical 1H and 13C NMR chemical shifts for H-2, H2-3, H-4 and 
H3-9, as well as C-2, C-3, C-4, C-5 and C-9, observed for the co-occurring 
compounds 7 and 8, suggest that thuwalamide E (8) possesses a 2R, 4S 
stereochemistry.

The previously described compounds were identified by comparison 
of their spectroscopic and physical characteristics with those reported in 
the literature as 7,7,7-trichloro-2,2,6-trimethyl-3-oxo-4-(4,4,4-tri-
chloro-3-methyl-1-oxobutylamino)-heptanoic acid methyl ester (2), 
7,7,7-trichloro-3-hydroxy-2,2,6-trimethyl-4-(4,4,4-trichloro-3-methyl- 
1-oxobutylamino)-heptanoic acid methyl ester (4), dysidamide H (7), 
dysidamide G (9) and its epimer 10, dysidamide (11), dysidamide B 
(12), and dysidamides D (13), E (14) and F (15) (Carmely et al., 1990; 
Gebreyesus et al., 1988; Isaacs et al., 1991; Sauleau et al., 2005).

Compounds 1–15 were evaluated for their antibacterial activity 
against the Gram-negative Escherichia coli strain NCTC-10418 and the 
Gram-positive Staphylococcus aureus strain ATCC-25923 (Table S2). The 
tested compounds could not inhibit the growth of E. coli up to a con-
centration of 128 μg/mL. On the other hand, compounds 12 and 13 
displayed weak to moderate inhibitory activity against S. aureus with 
MIC values of 64 and 32 μg/mL, respectively, while dysidamide E (14) 
was proven more effective with a MIC value of 4 μg/mL, similarly to 
vancomycin that was used as a positive control.

3. Conclusions

The chemical investigation of the organic extract of the sponge L. 

herbacea, collected off the village of Thuwal in the Red Sea at Saudi 
Arabia, led to the isolation and structure elucidation of 15 poly-
chlorinated amides. Among them, thuwalamides A–E (1, 3, 5, 6 and 8) 
represent previously undescribed natural products, whereas compounds 
2, 4, 7 and 9–15 have been previously reported in the relevant literature. 
The structures of thuwalamides A–E were determined on the basis of 
thorough analysis of their NMR and MS data, while their absolute ste-
reochemistry was established on the basis of single crystal X-ray 
diffraction analysis. Additionally, the relative configuration and the 
absolute stereochemistry of the previously reported compounds 2 and 4, 
which had not been assigned, were determined based on analysis of their 
X-ray crystallographic data. Among compounds 1–15, dysidamide E 
(14) displayed activity against S. aureus comparable to vancomycin that 
was used as a positive control with a MIC value of 4 μg/mL.

4. Experimental

4.1. General experimental procedures

Optical rotations were measured on a Krüss model P3000 polarim-
eter (A. KRÜSS Optronic GmbH, Hamburg, Germany) with a 0.5 dm cell. 
UV spectra were recorded on Shimadzu UV-1900i UV–Vis spectropho-
tometer (Shimadzu Europa GmbH, Duisburg, Germany). IR spectra were 
obtained on an Alpha II FTIR spectrometer (Bruker Optik GmbH, 
Ettlingen, Germany). High-resolution APCI mass spectra were measured 
on a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, 
Bremen, Germany). NMR spectra were recorded on a Bruker DRX 400 
(Bruker BioSpin GmbH, Rheinstetten, Germany) spectrometer. Chemical 
shifts are given on the δ (ppm) scale with reference to the solvent signals. 
The 2D NMR experiments (HSQC, HMBC, COSY, NOESY) were per-
formed using standard Bruker pulse sequences. Column chromatog-
raphy separations were performed with Kieselgel 60 (Merck, Darmstadt, 

Fig. 3. ORTEP drawings showing 50% atomic displacement parameters (ADPs) of the molecular structures of compounds 1–6.
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Germany). HPLC separations were conducted on a LKB 2248 liquid 
chromatography pump (Pharmacia LKB Biotechnology, Uppsala, Swe-
den) equipped with a Shodex RI-102 refractive index detector (ECOM 
spol. s r.o., Prague, Czech Republic) using a Supelcosil SPLC-Si 5 μm 
(250 × 10 mm) column (Supelco, Bellefonte, PA, USA) or on a Waters 
600 liquid chromatography pump (Waters, Milford, MA, USA) with a 
Waters 410 refractive index detector (Waters, Milford, MA, USA) using a 
Kromasil 100 C18 (250 mm × 8 mm) column (MZ-Analysentechnik 
GmbH, Mainz, Germany). TLC was performed with Kieselgel 60 F254 
(Merck aluminum-backed plates) and spots were detected after spraying 
with 15% H2SO4 in MeOH reagent and heating at 100 ◦C for 1 min.

4.2. Animal material

Specimens of the sponge L. herbacea (Keller) were hand-picked off 
the village of Thuwal, Saudi Arabia, at a depth of 1–2 m, in January of 
2018. A voucher specimen has been deposited at the animal collection of 
the Section of Pharmacognosy and Chemistry of Natural Products, 
Department of Pharmacy, National and Kapodistrian University of 
Athens (ATPH/MP0649).

4.3. Extraction and isolation

The fresh specimens of the sponge were extensively extracted with 
mixtures of CH2Cl2 and MeOH at room temperature, to afford after 
evaporation of the solvents in vacuo a crude extract (15.8 g) that was 
subjected to vacuum column chromatography on silica gel, using cHex 
with increasing amounts of EtOAc, followed by EtOAc with increasing 
amounts of MeOH as the mobile phase, to yield seven fractions (A-G). 
Fractions B and C (20–60% EtOAc in cHex, 2.33 and 2.62 g, respec-
tively) were combined and further separated by gravity column chro-
matography on silica gel, using mixtures of cHex and EtOAc of 
increasing polarity as the mobile phase to afford 16 fractions (B1–B16). 
Fraction B5 (10% EtOAc in cHex, 72.5 mg) was subjected to normal- 
phase vacuum column chromatography, using cHex with increasing 
amounts of Me2CO as the eluent, to yield two fractions (B5a-B5b). 
Fraction B5a (5–7% Me2CO in cHex, 67.5 mg) was further fractionated 
by normal-phase vacuum column chromatography, using cHex with 
increasing amounts of EtOAc as the mobile phase, to afford two fractions 
(B5a1-B5a2). Fraction B5a1 (5–10% EtOAc in cHex, 57.5 mg) was 
repeatedly subjected to normal-phase HPLC with cHex/EtOAc (96:4) 
and cHex/Me2CO (98:2 and 96:4) as the eluent to yield compounds 6 
(1.3 mg, tR = 20.5 min in cHex/Me2CO, 98:2, 1.5 mL/min), 7 (10.0 mg, 
tR = 18.7 min in cHex/EtOAc, 96:4, 1.5 mL/min) and 8 (0.7 mg, tR =

14.3 min in cHex/Me2CO, 96:4, 1.5 mL/min). Fraction B6 (10–12% 
EtOAc in cHex, 63.5 mg) was further fractionated by normal-phase 
vacuum column chromatography, using cHex with increasing amounts 
of EtOAc as the mobile phase, to afford three fractions (B6a-B6c). 
Fraction B6a (4–8% EtOAc in cHex, 18.7 mg) was subjected to normal- 
phase HPLC using cHex/EtOAc (93:7) and subsequently cHex/Me2CO 
(98:2) as the mobile phase to yield compounds 6 (2.4 mg, tR = 14.3 min 
in cHex/EtOAc, 93:7, 1.5 mL/min), 7 (6.9 mg, tR = 16.6 min in cHex/ 
EtOAc, 93:7, 1.5 mL/min) and 8 (1.2 mg, tR = 20.5 min in cHex/Me2CO, 
98:2, 1.5 mL/min). Fraction B6b (10% EtOAc in cHex, 36.3 mg) was 
subjected to normal-phase HPLC using cHex/EtOAc (93:7) and subse-
quently cHex/Me2CO (96:4) as the eluent to yield compounds 1 (1.9 mg, 
tR = 19.1 min in cHex/Me2CO, 96:4, 1.5 mL/min) and 7 (4.2 mg, tR =

16.6 min in cHex/EtOAc, 93:7, 1.5 mL/min). Fraction B7 (12% EtOAc in 
cHex, 39.5 mg) was subjected to vacuum column chromatography on 
silica gel, using cHex with increasing amounts of EtOAc as the mobile 
phase, to afford three fractions (B7a-B7c). Fraction B7b (7–8% EtOAc in 
c-Hex, 11.0 mg) was further fractionated with normal-phase HPLC using 
cHex/EtOAc (93:7) and subsequently cHex/Me2CO (96:4) as the eluent 
to yield compound 2 (1.0 mg, tR = 23.6 min in cHex/Me2CO, 96:4, 1.5 
mL/min). Fraction B8 (12–16% EtOAc in cHex, 181.7 mg), was sub-
jected to normal-phase vacuum column chromatography, using cHex 

with increasing amounts of EtOAc as the mobile phase, to afford six 
fractions (B8a-B8f). Fraction B8b (7–8% EtOAc in cHex, 95.2 mg) was 
submitted to normal-phase HPLC using cHex/EtOAc (93:7), cHex/ 
Me2CO (96:4 and 94:6) and subsequently n-Hex/Me2CO (96:4) as eluent 
to yield compound 2 (9.0 mg, tR = 23.6 min in cHex/Me2CO, 96:4, 1.5 
mL/min) and 3 (9.2 mg, tR = 23.8 min in n-Hex/Me2CO, 96:4, 1.5 mL/ 
min). Fraction B8e (8% EtOAc in cHex, 8.4 mg) was fractionated by 
normal-phase HPLC using cHex/Me2CO (94:6) as eluent to yield com-
pound 11 (2.0 mg, tR = 21.2 min in cHex/Me2CO, 94:6, 1.5 mL/min). 
Fraction B9 (16–20% EtOAc in cHex, 3.4 g) was fractionated by gravity 
column chromatography on silica gel using mixtures of toluene and 
Me2CO of increasing polarity as the mobile phase to yield fourteen 
fractions (B9a-B9n). Fraction B9f (4% Me2CO in toluene, 1.8 g) was 
repeatedly submitted to normal-phase HPLC using toluene/Me2CO 
(96:4) as eluent to yield compounds 4 (3.9 mg, tR = 20.0 min in toluene/ 
Me2CO, 96:4, 1.5 mL/min) and 11 (1.2 g, tR = 17.5 min in toluene/ 
Me2CO, 96:4, 1.5 mL/min). Fraction B9g (4% Me2CO in toluene, 634.6 
mg) was repeatedly subjected to normal-phase HPLC using toluene/ 
Me2CO (96:4) and cHex/Me2CO (90:10) as eluent to afford 4 (24.4 mg, 
tR = 20.0 min in toluene/Me2CO, 96:4, 1.5 mL/min), 11 (352.3 mg, tR =

17.5 min in toluene/Me2CO, 96:4, 1.5 mL/min) and 14 (6.0 mg, tR =

22.9 min in cHex/Me2CO, 90:10, 1.5 mL/min). Fraction B9h (4–5% 
Me2CO in toluene, 357.0 mg) was repeatedly subjected to normal-phase 
HPLC using toluene/Me2CO (96:4), cHex/Me2CO (90:10) and n-Hex/ 
Me2CO (88:12) as the eluent to yield 4 (41.1 mg, tR = 23.4 min in cHex/ 
Me2CO, 90:10, 1.2 mL/min), 5 (0.5 mg, tR = 24.9 min in n-Hex/Me2CO, 
88:12, 1.5 mL/min), 11 (86.4 mg, tR = 22.5 min in cHex/Me2CO, 90:10, 
1.2 mL/min), 12 (1.4 mg, tR = 19.5 min in toluene/Me2CO, 96:4, 1.5 
mL/min), 13 (10.8 mg, tR = 25.1 min in cHex/Me2CO, 90:10, 1.2 mL/ 
min) and 14 (13.4 mg, tR = 24.1 min in cHex/Me2CO, 90:10, 1.2 mL/ 
min). Fraction B9i (5% Me2CO in toluene, 54.2 mg) was fractionated 
with normal-phase HPLC using toluene/Me2CO (95:5) as the mobile 
phase to yield compounds 11 (2.5 mg, tR = 14.7 min in toluene/Me2CO, 
95:5, 1.5 mL/min) and 13 (7.2 mg, tR = 15.8 min in toluene/Me2CO, 
95:5, 1.5 mL/min). Fraction B9j (5–6% Me2CO in toluene, 37.8 mg) was 
purified by normal-phase HPLC eluting with toluene/Me2CO (95:5) to 
afford compound 13 (1.6 mg, tR = 15.8 min in toluene/Me2CO, 95:5, 
1.5 mL/min). Fractions E, F and G (90–100% EtOAc in cHex and 
10–100% MeOH in EtOAc, 1.44g) were combined and further separated 
by gravity column chromatography on silica gel, using cHex with 
increasing amounts of EtOAc followed by EtOAc with increasing 
amounts of MeOH, to yield ten fractions (E1-E10). Fraction E4 (45% 
EtOAc in cHex, 40.1 mg) was submitted to normal-phase HPLC using 
cHex/EtOAc (45:55) as the eluent to afford compound 9 (2.0 mg, tR =

18.3 min in cHex/EtOAc, 45:55, 1.5 mL/min) and a fraction that was 
subsequently subjected to reversed-phase HPLC eluting with MeOH 
(100%) to afford compound 10 (2.5 mg, tR = 8.8 min MeOH, 100%, 1.5 
mL/min). Fraction E5 (45–50% EtOAc in cHex, 152.6 mg) was frac-
tionated with normal-phase HPLC using cHex/EtOAc (45:55) as the 
eluent to yield a fraction that was subsequently purified by reversed- 
phase HPLC using MeOH (100%) as eluent to yield 10 (2.3 mg, tR =

8.8 min MeOH, 100%, 1.5 mL/min). Fraction E7 (70–80% EtOAc in 
cHex, 123.4 mg) was fractionated with normal-phase HPLC eluting with 
cHex/EtOAc (45:55) to afford a fraction that was subsequently subjected 
to reversed-phase HPLC using MeOH/H2O (95:5 and 92:8) as eluent to 
yield compound 15 (14.5 mg, tR = 13.2 min MeOH/H2O, 92:8, 1.5 mL/ 
min).

4.3.1. Thuwalamide A (1)
Colourless crystals; [α]D

20 +3.33 (c 0.12, CHCl3); UV (MeOH) λmax 
(log ε) 207.0 (3.51) nm; IR (thin film) νmax 2974, 2933, 1720, 1647, 
1536, 1463, 1348, 797, 765; 1H and 13C NMR data, see Table 1; HR- 
APCIMS m/z 445.9781 [M+H]+ (calcd. for C14H22

35Cl6NO2, 445.9782).

4.3.2. Thuwalamide B (3)
Colourless crystals; [α]D

20 +6.05 (c 0.33, CHCl3); UV (MeOH) λmax 
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(log ε) 207.0 (3.55) nm; IR (thin film) νmax 3298, 2948, 1752, 1717, 
1650, 1536, 1279, 1153, 791, 768; 1H and 13C NMR data, see Table 1; 
HR-APCIMS m/z 503.9839 [M+H]+ (calcd. for C16H24

35Cl6NO4, 
503.9836).

4.3.3. Thuwalamide C (5)
Colourless crystals; [α]D

20 -75.0 (c 0.027, CHCl3); UV (MeOH) λmax 
(log ε) 202.0 (3.50) nm; IR (thin film) νmax 3351, 2927, 1726, 1525, 
1463, 1709, 1262, 1142, 1095, 800,771, 753, 698; 1H and 13C NMR 
data, see Table 1; HR-APCIMS m/z 472.0384 [M+H]+ (calcd. for 
C16H27

35Cl5NO4, 472.0383).

4.3.4. Thuwalamide D (6)
Colourless crystals; [α]D

20 +13.04 (c 0.15, CHCl3); UV (MeOH) λmax 
(log ε) 219.0 (3.59) nm; IR (thin film) νmax 2936, 1779, 1741, 1709, 
1381, 1367, 1168, 771; 1H and 13C NMR data, see Table 1; HR-APCIMS 
m/z 471.9571 [M+H]+ (calcd. for C15H20

35Cl6NO3, 471.9574).

4.3.5. Thuwalamide E (8)
Colourless oil; [α]D

20 -54.55 (c 0.073, CHCl3); UV (MeOH) λmax (log ε) 
219.0 (3.44) nm; IR (thin film) νmax 2959, 2927, 1775, 1734, 1708, 
1465, 1164, 1033, 793, 770; 1H and 13C NMR data, see Table 1; HR- 
APCIMS m/z 370.0742 [M+H]+ (calcd. for C15H23

35Cl3NO3, 370.0744).

4.4. Single-crystal X-ray diffraction analysis

Compounds 1–6 were crystallized by slow evaporation of saturated 
solutions of MeOH, either as colourless plates (1, 4 and 6), colourless 
rods (2 and 3) or colourless flakes (5). Data for compounds 1–6 were 
collected on a dual source (IμS Diamond Cu/Κα & Mo/Κα) Bruker D8- 
Venture SC-XRD instrument equipped with a Photon-III area detector 
at 100K using an Oxford Cryosystems 100 cryostream. Data were 
collected using φ and ω scans to fill the Ewald sphere using a 4-circle 
kappa goniometer. Data collection and subsequent processing were 
handled by the APEX4 software package. A multi-scan absorption 
correction (SADABS, 2016/2) was applied in all cases unless otherwise 
stated. Data solution (ShelXT: Sheldrick, 2015a or Superflip: Palatinus 
and Chapuis, 2007) and model refinement (ShelXL: Sheldrick, 2008; 
Sheldrick, 2015b) were achieved using the Olex2-1.5 software package 
(Dolomanov et al., 2009). All atoms were refined anisotropically and 
hydrogen atoms were added using the riding model, unless otherwise 
stated.

In the case of compound 1, data were collected using Mo/Κα to a 
resolution of 0.75 Å. Two chlorine atoms in one of the CCl3 moieties 
show occupational disorder (ca 63:27) which was modelled using the 
PART command and SADI restraints. The hydrogen connected to the 
nitrogen atom was located in the Fourier difference map and its position 
refined freely.

In the case of compound 2, data were collected using Cu/Κα only to a 
resolution of 1.05 Å (THETM01_ALERT_3_A and PLAT340_ALERT_3_B) 
partly, due to the small size of the crystal, but mostly due to extensive 
radiation damage even at 100 K which rendered most of the sweeps of 
the data-collection devoid of any meaningful data. Despite this, the 
quality of the data is sufficient to establish the connectivity map, while 
the completeness to this resolution and the multiplicity (4.4) of the data 
were sufficient enough (PLAT089_ALERT_3_B) to establish the chirality 
of the molecule. Finally, the model was refined as a two component 
(87:13) merohedral twin (twin matrix: 1 -1 0 0 1 0 0 0–1 as established 
by PLATON TWINROTMAT (Spek, 2009).

In the case of compound 3, data were collected using Mo/Κα to a 
resolution of 0.75 Å. A numerical absorption (Clark and Reid, 1995) 
based on crystal faces was applied after integration. There are two 
molecules in the asymmetric unit, with one of them showing occupa-
tional disorder between the ester moiety and one of the methyls attached 
to the quaternary carbon C31. This was modelled using the PART 
command and the occupancy of the two sites refined freely and found to 

be ca 64:36. Carbon atoms C19, C15 were isotropically refined and their 
counterparts in PART2 (ie C19A and C15A) were constrained to their 
ADP’s respectively using the EADP command. The hydrogen connected 
to N2 was found in the Fourier difference map and was refined freely. In 
the case of N1, electron corresponding to its hydrogen was also located 
in the Fourier difference map, but in this case free refinement of its 
position led to a non-converging refinement. Therefore, this hydrogen 
(H1) was added using the riding model. These two N–H distances are 
similar within esd’s (d(N1–H1) = 0.88 Å; d(N2–H2) = 0.88(7) Å).

In the case of compound 4, data were collected using Mo/Κα to a 
resolution of 0.75 Å. The hydrogen connected to the nitrogen atom was 
located in the Fourier difference map and its position refined freely.

In the case of compound 5, data were collected using Mo/Κα to a 
resolution of 0.75 Å. A numerical absorption based on crystal faces was 
applied after integration. The CH2Cl2 moiety was modelled as having 
occupational disorder over two sites (ca 95:5) using the PART command 
with the use of ISOR and SADI restraints, as well as constraining the ADP 
of Cl1a and C5a in PART 2 to their counterparts Cl1 and C5 in PART 1. 
The hydrogen connected to the nitrogen atom was located in the Fourier 
difference map and its position refined freely.

In the case of compound 6, data were collected using Cu/Κα only to a 
resolution of 0.83 Å. As in the case of 2, the crystals were prone to 
irradiation damage even at 100K. This led to more than half of the 
frames containing very little data, as well as the data completion being 
rather low for this resolution (97.4% for the Laue group and 90.6% for 
the point group - PLAT029_ALERT_3_C & PLAT911_ALERT_3_C). 
Nevertheless, the connectivity map and the chirality of the molecule 
could be established and agrees with the spectroscopic data for this 
compound.

Collection, data and final model refinement parameters are sum-
marised in tabular form in Table S1.

4.4.1. Crystallographic data of thuwalamide A (1)
Colourless plates of 1 were crystallized by slow evaporation of a 

saturated methanolic solution, C14H21Cl6NO2 (M = 448.02 g/mol): 
monoclinic, space group P21, a = 9.1221(9) Å, b = 9.6825(8) Å, c =
12.1270(12) Å, α = 90◦, β = 108.946(4)◦, γ = 90◦, V = 1013.09(17) Å3, 
Z = 2, T = 100 Κ, μ(Mo Κα) = 0.854 mm− 1, ρcalc = 1.469 g cm− 3, 74371 
reflections measured (2.361◦ ≤ 2θ ≤ 28.282◦), 4735 independent re-
flections (Rint = 0.0851, Rsigma = 0.0332) which were used in all cal-
culations. The final R1 was 0.0574 (I > 2σ(I)) and wR2 was 0.1535 (I >
2σ(I)). The Flack and Hooft parameters were 0.04(11) and 0.03(3), 
respectively. The X-ray structure (CIF) data of 1 (CCDC 2375956) has 
been deposited in the Cambridge Crystallographic Data Centre.

4.4.2. Crystallographic data of 7,7,7-trichloro-2,2,6-trimethyl-3-oxo-4- 
(4,4,4-trichloro-3-methyl-1-oxobutylamino)-heptanoic acid methyl ester (2)

Colourless rods of 2 were crystallized by slow evaporation of a 
saturated methanolic solution, C16H23Cl6NO4 (M = 506.05 g/mol): 
hexagonal, space group P65, a = 12.0760(6) Å, b = 12.0760(6) Å, c =
27.407(3) Å, α = 90◦, β = 90◦, γ = 120◦, V = 3461.3(5) Å3, Z = 6, T =
100 Κ, μ(Cu Κα) = 6.983 mm− 1, ρcalc = 1.457 g cm− 3, 9247 reflections 
measured (3.225◦ ≤ 2θ ≤ 47.309◦), 1763 independent reflections (Rint 
= 0.0928, Rsigma = 0.0745) which were used in all calculations. The final 
R1 was 0.0520 (I > 2σ(I)) and wR2 was 13.30 (I > 2σ(I)). The Flack and 
Hooft parameters were 0.01(6) and 0.027(17), respectively. The X-ray 
structure (CIF) data of 2 (CCDC 2375958) has been deposited in the 
Cambridge Crystallographic Data Centre.

4.4.3. Crystallographic data of thuwalamide B (3)
Colourless rods of 3 were crystallized by slow evaporation of a 

saturated methanolic solution, C16H23Cl6NO4 (M = 506.05 g/mol): 
tetragonal, space group P43, a = 16.1531(8) Å, b = 16.1531(8) Å, c =
17.7148(11) Å, α = 90◦, β = 90◦, γ = 90◦, V = 4622.2(5) Å3, Z = 8, T =
100 Κ, μ(Mo Κα) = 0.764 mm− 1, ρcalc = 1.454 g cm− 3, 116782 re-
flections measured (2.122◦ ≤ 2θ ≤ 28.292◦), 9547 independent 
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reflections (Rint = 0.0867, Rsigma = 0.0431) which were used in all 
calculations. The final R1 was 0.037 (I > 2σ(I)) and wR2 was 0.0880 (I >
2σ(I)). The Flack and Hooft parameters were − 0.01(5) and − 0.04(2), 
respectively. The X-ray structure (CIF) data of 3 (CCDC 2375959) has 
been deposited in the Cambridge Crystallographic Data Centre.

4.4.4. Crystallographic data of 7,7,7-trichloro-3-hydroxy-2,2,6-trimethyl- 
4-(4,4,4-trichloro-3-methyl-1-oxobutylamino)-heptanoic acid methyl ester 
(4)

Colourless plates of 4 were crystallized by slow evaporation of a 
saturated methanolic solution, C16H25Cl6NO4 (M = 508.07 g/mol): 
monoclinic, space group P21, a = 6.6450(8) Å, b = 9.2883(11) Å, c =
18.112(2) Å, α = 90◦, β = 90.675(5)◦, γ = 90◦, V = 1117.8(2) Å3, Z = 2, 
T = 100 Κ, μ(Mo Κα) = 0.790 mm− 1, ρcalc = 1.510 g cm− 3, 33457 re-
flections measured (2.464◦ ≤ 2θ ≤ 28.412◦), 5073 independent re-
flections (Rint = 0.0585, Rsigma = 0.0397) which were used in all 
calculations. The final R1 was 0.0397 (I > 2σ(I)) and wR2 was 0.0900 (I 
> 2σ(I)). The Flack and Hooft parameters were − 0.00(2) and 0.002(3), 
respectively. The X-ray structure (CIF) data of 4 (CCDC 2375957) has 
been deposited in the Cambridge Crystallographic Data Centre.

4.4.5. Crystallographic data of thuwalamide C (5)
Colourless flakes of 5 were crystallized by slow evaporation of a 

saturated methanolic solution, C16H26Cl5NO4 (M = 473.63 g/mol): 
monoclinic, space group P21, a = 6.7245(8) Å, b = 9.1244(12) Å, c =
17.628(2) Å, α = 90◦, β = 94.210(5)◦, γ = 90◦, V = 1078.7(2) Å3, Z = 2, 
T = 100 Κ, μ(Mo Κα) = 0.693 mm− 1, ρcalc = 1.458 g cm− 3, 46158 re-
flections measured (2.317◦ ≤ 2θ ≤ 28.244◦), 4997 independent re-
flections (Rint = 0.0751, Rsigma = 0.0401) which were used in all 
calculations. The final R1 was 0.0658 (I > 2σ(I)) and wR2 was 0.1726 (I 
> 2σ(I)). The Flack and Hooft parameters were − 0.06(12) and 0.04(2), 
respectively. The X-ray structure (CIF) data of 5 (CCDC 2375960) has 
been deposited in the Cambridge Crystallographic Data Centre.

4.4.6. Crystallographic data of thuwalamide D (6)
Colourless plates of 6 were crystallized by slow evaporation of a 

saturated methanolic solution, C15H19Cl6NO3 (M = 474.01 g/mol): 
monoclinic, space group P21, a = 9.8608(13) Å, b = 12.0788(17) Å, c =
9.9336(13) Å, α = 90◦, β = 118.948(6)◦, γ = 90◦, V = 1035.3(2) Å3, Z =
2, T = 100 Κ, μ(Cu Κα) = 7.705 mm− 1, ρcalc = 1.521 g cm− 3, 7504 re-
flections measured (5.088◦ ≤ 2θ ≤ 67.679◦), 2961 independent re-
flections (Rint = 0.0575, Rsigma = 0.0638) which were used in all 
calculations. The final R1 was 0.0525 (I > 2σ(I)) and wR2 was 0.1302 (I 
> 2σ(I)). The Flack and Hooft parameters were 0.02(4) and 0.024(16), 
respectively. The X-ray structure (CIF) data of 6 (CCDC 2375955) has 
been deposited in the Cambridge Crystallographic Data Centre.

4.5. Evaluation of antibacterial activity

The antibacterial activity of the isolated compounds was evaluated 
against the bacterial strains S. aureus ATCC-25923 and E. coli NCTC- 
10418 using the methodology previously described (Dimou et al., 2016).
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