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Abstract 

 

While depsidones, depsides or dibenzofuran-like compounds dominate the chemical 

composition of lichens, the cyanolichen Nephroma laevigatum affords a diversity of quinoid 

pigments represented by chlorinated anthraquinones derived from emodin and new 

bianthrones resulting from the homo- or heterodimerization of monomers. Bianthrones were 

pointed out from the dichloromethane extract by MS/MS-based molecular networking, then 

isolated and characterized on the basis of extensive spectroscopic analyzes and GIAO NMR 

shift calculation followed by CP3 analyzes. 

 

Keywords: bianthrones; dereplication; NMR calculations; lichens; Nephroma 
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1. Introduction 

 

Nephroma laevigatum Ach. is a lichenized Ascomycota belonging to the Nephromataceae 

family (Peltigerales order). It is a foliose lichen with a cyanobiont (Nostoc) as 

photosynthesizing partner [1]. The first phytochemical investigation of this lichen was 

conducted by Bentz et al., who isolated five anthraquinones (emodin (1) and chlorinated 

derivatives) from a Swedish specimen [2]. A few years later, a North American specimen was 

studied by Cohen et al. They described the presence of chlorinated anthraquinones [3]. 

Beside these hydroxyanthraquinone pigments, N. laevigatum is known for its hopane 

triterpenoids. Nephrin is the only triterpenoid reported and isolated from this species [4]. A 

more recent study revealed the presence of mycosporine hydroxyglutamicol from an 

aqueous-methanolic extract [5]. Mycosporine-like amino-acids were commonly associated 

with cyanolichen metabolism and are involved in photoprotection of the photobiont. A recent 

study on Nephroma laevigatum reports the endolichenic fungi growing inside this lichen 

thallus [6]. This lichen shows a rather low diversity of endolichenic fungi in comparison to 

other genera with a predominance of Nemania species. In an extensive research conduct on 

the Genus Nephroma, a French specimen was collected in a humid forest to deeply explore 

the anthraquinone content. Thus dichloromethane extract, particularly rich in quinoid 

pigments was profiled by LC-MS/MS and then purified in order to isolate anthraquinones and 

bianthrones. This phytochemical investigation allowed the identification of two new 

diastereoisomeric pairs of chlorinated bianthrones (5-6). Due do their chemical instability, few 

bianthrones with a C10-C10’ linkage, have been tested for their biological activity. 

Chrysophanol bianthrones and emodin-physcion bianthrone have shown significant 

cytotoxicity activity against KB, HL-60 and A-459 cell lines [7][8]. Anti-plasmodial activities 

have been described for some prenylated bianthrones [9]. Finally, the ability of such 

compound to generate singlet oxygen upon exposure to light contributes to a photodynamic 

potential toward bacteria and cancer cells [10]. 

 
 
 

2. Results and Discussion 

 

2.1. UV- and MS-based dereplication and isolation 

 

Extraction of the dried lichen thallus with dichloromethane by maceration at room 

temperature gave a brown extract enriched in quinoid pigments easily visualized on TLC. 

Fractionation of the extract by silica gel chromatography yielded several fractions. These 

fractions were analyzed by HPLC-DAD and showed two main groups of compounds with 
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distinct UV absorptions. The first group displays a UV spectrum with four main bands at 210-

232; 271-280; 308-310 and 420-490 nm characteristic of anthraquinones [11]. The second 

group displays a different UV spectrum with two main bands at 278-280 and 358-360 nm 

strongly suggesting the presence of bianthronic compounds [12].  

In an attempt to map the chemical diversity of the dichloromethane extract, the LC-MS/MS 

data were processed using the feature-based molecular networking workflow [13] and 

subsequently dereplicated against the Lichen Database (LDB) [14], hosted by GNPS [15]. 

The molecular networking-based dereplication process afforded only two hits (emodine and 

7-O-methylgalangin). These results reveal the lack of lichen compounds references in 

MS/MS databases and the high potential for new compounds discovery in N. laevigatum. 

The quest for tackling the issue of molecular networking annotation has fueled a number of 

creative and successful endeavors from the community, including our group [16–19]. Hence, 

as part of our continuous interest in the discovery of new chlorinated quinoids pigments, the 

molecular network was color-coded (Fig. 1 and S1 in supporting information for the whole 

molecular network) based on the halogenation pattern (1 x Cl, 2 x Cl) of the fragmented 

parent masses. This annotation revealed that there were over 50 metabolites possessing at 

least a single chlorine in their chemical structure. Consequently, we focused isolation efforts 

on molecules that exhibited the aforementioned UV absorptions in addition to their 

chlorination pattern. Using these UV- and MS-guided isolation approaches, we were able to 

isolate and characterize eight compounds: four anthraquinones (emodin, 7-chloro-emodin, 7-

chloro-1-O-methylemodin and 1-O-methylfragilin (1-4)) [2,3], two new homobianthrones 

(diasteroisomers 5a and 5b) and two new heterobianthrones (diasteroisomers 6a and 6b). 

 

 

Fig. 1. Molecular family containing the new targeted chlorinated bianthrones (color-coding of 
the halogenation pattern is as follows: red = Cl, green = 2 x Cl). 
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2.2. Structural elucidation 

 

Bianthrones isomers were isolated as pale-yellow amorphous powder. Compounds 5a and 

5b, shared the same molecular formula, C30H20O8Cl2, deduced from its HR-ESI-MS spectra 

which showed a pseudo-molecular ion [M-H]- at m/z 577.0488 indicating a degree of 

unsaturation of twenty. Moreover, the intensity of peaks observed in the isotopic cluster is 

consistent with the presence of two chlorine atoms in the molecule. With the same molecular 

formula but different retention times in HPLC, 5a and 5b were suggested to be 

diastereoisomers. The 13C NMR spectrum indicated 15 carbon signals including one carbonyl 

group, nine quaternary carbons, four methines and one methyl groups. In the 1H NMR 

spectrum of compound 5a (Table 1), three broad singlet at δH 12.49, 11.59 and 11.55 ppm 

indicated the presence of hydroxyl groups, three aromatic protons at δH 6.73, 6.27 and 6.23 

ppm, one methine group at δH 4.54 ppm and one methyl group at δH 2.25 ppm. The 

molecular formula, 1H and 13C NMR data (Table 1) suggest that compounds 5a and 5b result 

from the dimerization of 7-chloroemodin (2) to form a homobianthrone. In comparison with 

isolated anthraquinones, the disappearance of one carbonyl group as well as the 

appearance of a methine carbon at δC 53.5 ppm correlated with the proton at δH 4.54 ppm 

suggest a reduction of the carbonyl at C-10 in favor of the linkage of the two monomer 

moieties at C-10 and C-10ʹ. Thanks to HSQC NMR experiment, aromatic protons at 6.73, 

6.27 and 6.23 ppm were correlated to carbons at δC 115.2, 107.5 and 120.2 respectively. 

Information obtained from the HMBC spectrum allowed to establish without any ambiguity 

the structure of compound 5a. The methyl protons at 2.25 ppm were correlated with carbons 

at δC 115.2 (C-2), 120.2 (C-4) and 145.7 (C-3) while H-2 at 6.73 was correlated with carbons 

at δC 139.4 (C-9a), 120.3 (C-4) and 20.4 (CH3-3). Connectivities of OH-8 at 12.49 ppm with 

carbon at δC 104.9 (C-7) and 108.3 (C-8a) confirmed the position of chlorine atom at C-7 

while H-5 was in correlation with C-8a. The hydroxyl proton (OH-8) can be stabilized by 

hydrogen bonding with the ketone, unlike the hydroxyl proton in position 6 and 6ʹ, which 
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appear in the spectrum as a broad singlet. Notably, HMBC correlations of the methine proton 

(H-10) at 4.54 ppm with carbons at δC 53.5 (C-10ʹ), 112.4 (C-10a), 120.2 (C-4), 139.4 (C-9a) 

and 139.5 (C-4a) and were helpful for the attribution of quaternary carbons. It also comforts 

the linkage of the two monomer units at C-10 and C-10ʹ.  

 

Table 1. NMR Spectroscopic Data of 5a, b and 6a, b at 500 MHz (1H) and 125 MHz (13C) in 
DMSO-d6. 
 

  5a, b  6a, b  

  δC    δH, mult(J(Hz))  HMBC  δC   δH, mult(J(Hz))  HMBC  

1  159.7      160.8      

2  115.2  6.73, s/ 6.71, s  C-4 ; C-9a ; CH3-3 116.2  6.67, s / 6.71, s C-1;C-4 ;C-9a ; CH3-3  

3  145.7      146.8      

4  120.2  6.23a, s/ 6.19a, s    121.3  6.15a, s / 6.17a, s   

5  107.5  6.27a, s / 6.33a, s  C-8a  109.1  6.12a, s / 6.09a, s   

6  158.6      158.6 / 158.9      

7  104.9      105.8      

8  157.8      159.6      

9  188.3      189.4      

10  53.5  4.54, s  C4a; C9a; C10a  55.0  4.50, d(4.7) /4.50, d(3.0)  C-4 ; C-4a ; C-8a ; C-10a  

4a  139.5      140.0 / 140.5    

8a  108.3      109.2      

9a  139.4     113.6     

10a  112.4      142.5 / 140.8      

OH-1  -  11.59, s / 11.50a, s   -  11.52, s / 11.60a, s  C-1 ; C-2 ; C-9a  

OH-6  -  11.55a, s/ 11.61a, s    -  11.50a, s / 11.49a, s   

OH-8  -  12.49, s / 12.58, s  C-7 ; C-8 ; C-8a  -  12.60, s / 12.53, s C-7 ; C-8 ; C-8a  

CH3-3  20.4  2.25, s  C-2 ; C-3 ; C-4 21.5  2.21, s / 2.25, s C-2 ; C-3 ; C-4  

1ʹ  159.7     160.8      

2ʹ  115.2  6.73, s / 6.71, s  C-4ʹ; C-9aʹ; CH3-3ʹ  116.3  6.68, s / 6.73, s  C-1ʹ ; C-4ʹ ; C-9aʹ ; CH3-3ʹ  

3ʹ  145.7      146.2      

4ʹ  120.2  6.23a, s / 6.19a, s    121.2  6.40a, s /  6.31a, s   

5ʹ  107.5  6.27a, s / 6.33a, s  C-8aʹ  108.6  6.25, d (2.0) / 6.25a, s  C-6ʹ ; C-8aʹ 

6ʹ  158.6      164.4      

7ʹ  104.9     101.5 / 101.8  6.20, d(2.0) / 6.19 d(1.9)  C-8aʹ  

8ʹ  157.8      163.5 / 163.7       

9ʹ  188.3      189.4      

10ʹ  53.5  4.54, s  C-4aʹ; C-9aʹ; C-10aʹ  54.7  4.56, d(4.7) /4.54, d(3.0)  C-4aʹ ;C-4a ; C-8aʹ;C-10aʹ  

4aʹ  139.5      140.4 / 140.7     

8aʹ  108.3      109.6      

9aʹ  139.4      143.2      

10aʹ  112.4      113.8      

OH-1ʹ  -  11.59, s / 11.56a, s    -  11.65, s / 11.79, s  C-1ʹ ; C-2ʹ ; C-9aʹ 

OH-6ʹ  -  11.55a, s / 11.61a, s    -  10.75a, s / 10.80a, s   C-5ʹ ;C-6ʹ; C-7ʹ  

OH-8ʹ  -  12.49, s / 12.58, s  C-7ʹ ; C-8ʹ; C-8aʹ  -  11.92, s / 11.86, s C-7ʹ ; C-8ʹ ; C-8aʹ  

CH3-3ʹ  20.4  2.25, s / 2.22, s  C-2ʹ ; C-3ʹ ; C-4ʹ 21.4  2.22, s / 2.27, s  C-2ʹ ; C-3ʹ ; C-4ʹ  

 a broad signals 

 

The presence of two asymmetric carbons at C-10 and C-10ʹ easily explains the coexistence 

of two diastereoisomers. It is noteworthy that among the aromatic protons, the signal at δH 

6.73 ppm is well defined while the other two signals at δH 6.27 and 6.23 ppm are broad 

singlets. This could be explained by the chemical environment of these protons. The 

aromatic proton at δH 6.73 ppm attached to the C-2 carbon is stabilized by the involvement of 
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the hydroxyl group at C-1 in a hydrogen bond with the carbonyl and by the presence of the 

methyl group (C-3). Conversely, the protons H-4 and H-5 were influenced by the relatively 

unstable methine proton (C-10) and the steric hindrance and appeared as broad singlets. 

For the stereoisomer 5b, the 1H NMR spectrum showed slightly different chemical shifts. 

Protons H-2, H-4, OH-6 and CH3-3 were shielded while protons H-5, OH-6 and OH-8 were 

deshielded. Due to the degradation of compound in solution during NMR acquisition, 13C 

NMR data could not be acquired.  

 

With a molecular formula of C30H21O8Cl deduced from its HR-ESI-MS at m/z 543.0867 [M-H]-, 

and non-overlapped 13C NMR signals (Table 1), compounds 6a and 6b are supposed to be 

heterobianthrones. Considering the loss of one chlorine replaced by an additional proton at 

δH 6.20 (d, 1.9 Hz, H-7ʹ), these asymmetric compounds were identified as diastereoisomeric 

pairs of 7-chloroemodin-emodin heterodimers. The 1H NMR spectrum of compound 6a 

showed six singlets between 10.80 and 12.53 ppm, seven aromatic protons, two methine 

protons and two methyl groups. Among the aromatic protons, as observed for 

homobianthrones, three protons are well defined (H-7ʹ, H-2 and H-2ʹ) while four are broad 

signals (H-4, H-4ʹ, H-5 and H-5ʹ). The 13C RMN spectrum of compound 6a showed 

similarities with that of compound 5a and 5b except for C-6ʹ, C-7ʹ and C-8ʹ carbons. C-7ʹ was 

shielded by +3.4 ppm while C-6ʹ and C-8ʹ were deshielded by +5.8 ppm and +5.7 ppm, 

respectively. These variations of chemical shifts reflect the loss of the chlorine atom on the 

C-7ʹ position. The correlations observed in the HMBC spectrum for the hydroxyl protons 

confirm the carbon assignments. The hydroxyl proton at δH 12.60 ppm attached to the C8 

carbon has a well-defined signal due to its stabilization by the ketone group at C-9 and the 

chlorine at C-7. This hydroxyl proton showed correlations with C-7, C-8 and C-8a.  

In the other moiety, the hydroxyl proton at δH 11.92 attached to the C-8ʹ carbon is less 

shielded due to the absence of the chlorine atom and showed correlations with C-7ʹ, C-8ʹ and 

C-8aʹ. The HMBC correlations of the hydroxyl proton at δH 11.52 with C-1, C-9a and C-2 

justify its position on carbon C-1. The hydroxyl group at δH 10.75 ppm showed correlations 

with C-5ʹ, C-6ʹ and C-7ʹ whereas the hydroxyl group at δH 11.50 (OH-6) next to the chlorine is 

shielded and without any correlation. As in the homobianthrones (5a and 5b), the hydroxyl 

group at C-6 displayed a broad signal without clear correlations. Nevertheless, a small 

correlation is observed with C-5. The correlation of the methine proton at δH 4.50 ppm with C-

4a, C-8a and C-10a allowed to confirm the chemical shift of the central quaternary carbons. 

For compound 6b, the main difference is observed in the 1H NMR spectrum compared to 6a 

with the deshielding of the aromatic protons H-4ʹ. This difference is supposed to be the 

consequence of a modification of the spatial configuration. 
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Similar chlorinated bianthrones have already been isolated from the lichens Heterodermia 

obscurata and Anaptychia obscurata and are called flavoobscurin A and B [20,21]. These 

new compounds, identified for the first time in the lichen N. laevigatum were named 

nephrolaevigatin A and nephrolaevigatin B (5a and 5b) for the homobianthrones and 

nephrolaevigatin C and nephrolaevigatin D (6a and 6b) for the heterobianthrones. 

 

2.3. Relative configuration assignment 

 

Stereochemistry of bianthrones remains difficult to establish due to the meso, racemic and 

axis rotation phenomena. 1H-1H J coupling constant magnitudes of H10-H10ʹ as well as 

NOESY correlations spectra are often cited in literature but are not sufficient to establish 

properly the relative configurations of these compounds. Even the specific optical rotation is 

uncertain, due to the possible impurity of meso compounds or 1:1 ratio for enantiomers 

(scalemic mixture). Consequently, NMR chemical shifts analysis and computational 

approaches are emerging as alternatives strategies to tackle this issue [22]. In the 1H NMR 

spectrum of homobianthrones nephrolaevigatin A and nephrolaevigatin B (5a and 5b), H-10 

and H-10ʹ protons appear as a singlet without coupling constant due to the symmetry of the 

molecule. Thus, chemical shifts are the only informative data. Based on computational and 

experimental results obtained by Ji et al. [23], the NMR data of compounds 5 and 6 provided 

interesting information. Comparison of 1H NMR data of homobianthrones 5a and 5b with cis 

and trans emodin bianthrones, suggests that 5a is a trans isomer and 5b is a cis isomer. 

Indeed, the isomer 5b possesses higher frequency 1H NMR signals for rings A and Aʹ (H-2, 

CH3-3 and H-4) and lower-frequencies for rings B and Bʹ (H-5) (Fig. S2). Thus, according to 

optical rotation values, we concluded that 5a is a racemate and 5b is a meso form. 

 

An inspection of 1H NMR data of the heterobianthrones 6a and 6b, revealed slight 

differences in 1H-1H J coupling constant magnitudes of H-10 and H-10ʹ.  According to Aly et 

al., a coupling constant of 2.0 Hz between H-10 and H-10ʹ required that these protons have a 

cis relationship [24]. A coupling constant of 4.7 Hz is observed for compound 6a (Table 1), 

suggesting that 6a possesses a C-10 – C10ʹ junction in a trans configuration. In compound 

6b, a coupling constant of 3.0 Hz is in favor of a cis isomer. 

In order to confirm the aforementioned assignments, Gauge-Independent Atomic Orbital 

(GIAO) NMR 1H and 13C chemical shifts calculations were performed on diastereoisomers 5 

and 6. The sigma C-10 – C10ʹ bond enables the two anthraquinone rings to rotate to each 

other; hence, heterobianthrones may take different conformations. A Conformational analysis 

performed around this bond showed that each structure can exhibit, by regard to the bond, 

two face to face stacked forms (gauche conformations) and an anti-one where ring systems 
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are not stacked (Fig. 2 and S3). Quantum chemical geometry optimizations and vibrational 

frequency calculations indicated that the gauche forms are clearly more stables than the anti-

ones. This observation has already been reported by Ji et al [23].  

 

 
 
Fig. 2. Lowest-energy gauche and anti conformers of (10R-10ʹR) heterobianthrones 6. For 
clarity, apolar hydrogens were omitted. 
 

 

The evaluation of the Boltzmann populations of each conformer of 5 and 6 showed that the 

anti conformer is negligible comparing to two gauche ones (Table 2). In addition, one can 

notice that for the (10R, 10ʹR)-5 and 6 enantiomers, one of the two gauche conformers is 

more stable about 2.5 kJ.mol-1, than the second one: the difference is due to the steric 

hindrance induced by the proximity of the 3ʹ-CH3 and the 7-Cl found in the stacked gauche-1 

conformers (Fig. 2).  

 

In the CP3 approach, the difference between the experimental and the ab initio calculated 
13C and 1H NMR scaled chemical shifts is computed. The probability that experimental and 

theoretical data match is then calculated [25]. 

For compounds 5 and 6, two sets of resonance signals were obtained, to which two 

diastereoisomers must be assigned. CP3 parameters were then determined for all possible 

pairs of diastereoisomers of the gauche conformers of 5 and 6. Unfortunately, we were 

unable to exploit the 1H NMR chemical shifts, because they were too close for both 

compounds 5a and 5b. Furthermore, 13C NMR data were not available for compound 5b. 

Therefore, we give only results for the isomers of compounds 6a and 6b. 

The CP3 results allowed to attribute the (10R*, 10ʹS*) relative configuration isomer for 

compound 6a and the (10R*, 10ʹR*) one for compound 6b (Table 3). In addition, the results 

are in favor of the gauche-2 conformation for 6b which is indeed the most stable conformer 

(Table 2). In the case of 6a, CP3 values (Table 3) are very close for the (10R, 10ʹS) gauche-

1 and (10R, 10ʹS) gauche-2 conformers: 0.81 and 0.73 respectively. In fact, these two 

conformers exhibit a similar energy and each contributes to the Boltzmann population for 
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about 50% (Table 2). At last, according to optical rotation value we concluded that 6b occurs 

as a racemate. 

 

Table 2. The relative energy and the Boltzmann populations of conformers for bianthrones 5 
and 6. 
 

Conformers Relative Energy 
kJ.mol-1 

Boltzmann 
population 

(10R,10'R)-5 gauche 1 2.61 0.25 

(10R,10'R)-5 gauche 2 0.00 0.73 

(10R,10'R)-5 anti 9.23 0.02 

(10R,10'S)-5 gauche 1 0.00 0.50 

(10R,10'S)-5 gauche 2 0.01 0.49 

(10R,10'S)-5 anti 9.85 0.01 

(10R,10'R)-6 gauche 1 2.58 0.26 

(10R,10'R)-6 gauche 2 0.00 0.74 

(10R,10'R)-6 anti 14.40 0.00 

(10R,10'S)-6 gauche 1 0.18 0.48 

(10R,10'S)-6 gauche 2 0.00 0.52 

(10R,10'S)-6 anti 11.57 0.00 

 

 

Table 3. Best CP3 values and related probabilities for the diastereoisomers (10R,10ʹR) and 
(10R,10ʹS) for compounds 6a and 6b. The intersection of a row column gives the CP3 score 
and the corresponding probability, for a pair of diastereoisomers, that one of these matches 
compound 6a and the other, compound 6b. 
 

 
6a goes with : 

 
(10R-10'S)-gauche 1 (10R-10'S)-gauche 2 

6b goes with : CP3 P CP3 P 

(10R,10'R)-gauche 1 -0.19 2 -0.58 0 

(10R,10'R)-gauche 2 0.81 100 0.73 100 

 

 

It is important to note that the instability of bianthrones in solution have been observed during 

the purification process, which greatly hampered identification. Notable changes were 

observed i) in the physical state with color changes from pale-yellow to red-dark or green-

dark ii) by HPLC-DAD with the apparition of additional peaks iii) during the NMR acquisition 

time in solvents such as acetone or dimethylsulfoxide with a decrease in the intensity of the 

main compound in favor of the formation of secondary products corresponding to 

anthraquinone monomers (Supporting informations). Indeed, bianthrones are known to 

reversibly change color in solution from bright yellow to dark green when subjected to heat 



11 

 

(thermochromism) or light (photochromism) [26,27]. Similar changes were also observed 

when crystals of bianthrones were submitted to pressure [28]. Johnstones et al., assume that 

the color change observed here, from yellow to red or green, results from the coexistence of 

two forms (folded and twisted) [28]. The folded form is the more stable, but transition to the 

twisted form can be promoted either thermochemically or photochemically in solution. It has 

also been shown that the ability of the hydroxide ion to act as a one-electron reducing agent 

is low in aqueous media, but enhanced in aprotic solvents such as acetonitrile and 

dimethylsulfoxide (solvent used for the isolation and NMR analysis respectively) [29]. The 

first step in the reduction process is a fast and reversible polar-clustering reaction. This 

nucleophilic addition step results in a quinone-hydroxy complex followed by a slower 

electron-transfer step that produces the semi-quinone form [29,30]. LC-MS/MS analysis of 

the compound after degradation (color change from pale-yellow to red dark) showed the 

apparition of monomer ions as well as the formation of hypericine-like compounds (reduction 

of the C10–C10ʹ linkage) [30] (Fig. 3). Surprisingly, no degradation processes were reported 

in literature for flavoobscurin A and B or other related bianthrones after purification using a 

mixture of CH2Cl2 and MeOH or involving acetone. 
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Fig. 3. Degradation products of bianthrones in presence of light and oxygen. 

 

Anthraquinones are widely biosynthesized in nature by higher plants (Liliaceae, 

Polygonaceae, Rhamnaceae and Cesalpinaceae), fungi or lichens [31]. Their biosynthesis 

implies the polyketide pathway [32]. The metabolism of halogenated compounds is restricted 
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to fungi or lichenized fungi. In lichens, parietin is the most frequent anthraquinone 

biosynthesized by Xanthoria or Caloplaca species, but anthraquinones pigments are 

particularly prominent in the families of Nephromataceae, Physciaceae and Telochistaceae 

[2,21,33,34]. 

Bianthrones are more scarcely ever isolated. As demonstrated in this work, it could be 

explained by the difficulty to access to these compounds through purification process due to 

their instability and rapid degradation. Beside flavoobscurin isolated from the lichen H. 

obscurata, two chlorinated bianthrones, were isolated from the endophytic fungus Penicillium 

sp. (accession number HQ112180) [24] and from Aspergillus alliaceus [35]. Emodin 

bianthrones were isolated from Polygonum multiflorum. Prenylated dianthrones were isolated 

from higher plants, such as Vismia laurentii, Psorospermum glaberrrium [9,36] or fungus 

Aspergillus wentii [22].  

 

3. Conclusion 

 

These results highlight the chemical complexity of 10-10ʹ bianthrones. These biosynthetic 

intermediates between anthraquinones and naphtobianthrones can be abundant in lichens. 

The flexible connection between the two anthraquinones moieties gives rise to the existence 

of different isomers or conformers. Despite the difficulty for the chemist to isolate and 

properly identify bianthrones, they constitute interesting agents endowed with biological 

activities close to those of anthraquinones and naphtobianthrones. 

 

 

4. Experimental Section 

 

4.1. General experimental procedures 

 

1H NMR and 13C NMR spectra were acquired with a Bruker Avance III HD spectrometer at 

500 and 125 MHz, respectively (Platform BISCEm Limoges, France). CD spectra were 

measured at 25°C on a JASCO J-710 spectropolarimeter. High-resolution mass 

spectrometry (HRMS) measurements for exact mass determination were performed on a 

Micromass ZabspecTOF spectrometer for chemical ionization (Platform BISCEm, Limoges, 

France). Analytical HPLC was done on a Waters Alliance 2690 using a reversed-phase C18 

Hibar® LiChrospher® 100 column (250 x 4 mm, 10 µm, Merck) and using a photodiode-array 

detector (Waters 996). Semi-preparative HPLC was performed using a HPLC Waters 600 

(Controller, Pumpand Inline Degasser AF) on a Nucleodur® C18 HTec column (250 x 21 mm, 

10µm, Macherey- Nagel). HPLC conditions consisted of isocratic elution at a flow rate of 20 
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mL/min with 63% A / 37% B for 30 min (A = 0.1% trifluoroacetic acid – acetonitrile; B = 0.1% 

trifluoroacetic acid-water). TLC was performed on pre-coated silica gel aluminum sheets 

(Kieselgel 60 F254, 0.20 mm, Merck). The plates were visualized under UV light (254 and 

365 nm) and using anisaldehyde-H2SO4 reagent. Preparative TLC was conducted on silica 

plates Macherey-Nagel SIL G-25 UV254 (20 x 20 cm, 0.25 mm). Chromatographic 

separation was performed using C18-functionalized silica gel (LiChroprep® 15-25 µm, 

Merck). MPLC was carried out using the Büchi pump model C-605, C-615. Acetone, ethyl 

acetate, dichloromethane, toluene (all with purity ≥ 99.8 %), and orthophosphoric acid (85 %) 

were purchased from Carlo Erba. Methanol (HPLC grade, ≥ 99.8 %), chloroform (≥ 99.2 %), 

and formic acid (≥ 99.3 %) from VWR International.  

 

4.2. Lichen Material 

 

Nephroma laevigatum samples were collected in Soudeilles (France; 45°26ʹN. 2°2ʹE) on 

October 2014. This species grows on bark in humid mossy communities of markedly oceanic 

old-growth forests and is quite sensitive to pollutants. The upper surface is grey-brown and 

apothecia are scabrid-areolate, ridged and frequent. Samples were identified by thalline 

chemical tests and stored in the herbarium at the Faculté de Pharmacie, Université de 

Limoges, France (HL-L1014-01). The identification was checked by lichenologists from the 

AFL (French Association of Lichenology). 

 

4.3. Extraction and Isolation 

 

A sample of cleaned and dried lichen (50 g) was extracted by CH2Cl2 (5 L) at room 

temperature under agitation. After concentration, a red-brown extract (2.9 g) was obtained. 

The extract was chromatographed on silica gel chromatography using a gradient of 

C6H12/EtOAc 95:5 to EtOAc followed by a mixture of MeOH/EtOAc 50:50. Fractions were 

collected and analyzed by TLC and grouped following their chemical composition. Thus, 15 

fractions (F1 to F15) were obtained. 

The fraction F7 (116.0 mg) was purified by a reversed phase chromatography to give fraction 

F7c (30.0 mg). This subfraction was submitted to a silica gel MPLC eluted with C6H12/EtOAc 

80:20 to obtain 10 mg of compound 1. 

The fraction F11 (0,830 g) was subjected to a second purification on 40 g of Sephadex® LH-

20 eluted with CHCl3/MeOH (90:10 to 0:100) to provide 11 fractions (F11a to F11k). 

Purification of F11a (208 mg) by preparative TLC give the compound 3 (15 mg) and 4 (26 

mg). Purification of F11b (214 mg) by semi-preparative HPLC generates the compound 2 (3 
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mg). Purification of fraction F11c (60.0 mg) yields the compounds 2 (30 mg), 5a (7.4 mg), 5b 

(9.0 mg) and 6a (9.5 mg) and 6b (14.3 mg).  

 

(±)-Nephrolaevigatin A or 7-chloroemodine bianthrone (5a): Yellowish powder; [α]20
 D +5 (c 

0.002, (Me)2CO); 1H and 13C NMR (in DMSO-d6), see Table 1; Rt 24.016 min; HRESIMS 

negative m/z 577.0488 [M-H]- (calcd for C30H19O8Cl2 577.04515). The MS/MS spectrum was 

deposited in the GNPS spectral library under the identifier: CCMSLIB00005724340. 

 

(±)-Nephrolaevigatin B or 7-chloroemodine bianthrone (5b): Yellowish powder; [α]20
 D +9 (c 

0.002, (Me)2CO); 1H and 13C NMR (in DMSO-d6), see Table 1; Rt 25.667 min; HRESIMS 

negative m/z 577.0488 [M-H]- (calcd for C30H19O8Cl2 577.04515). The MS/MS spectrum was 

deposited in the GNPS spectral library under the identifier: CCMSLIB00005724341. 

 

(+)-Nephrolaevigatin C or (+)-(10R*, 10ʹS*) emodine–7-chloroemodine bianthrone (6a): 

Yellowish powder; [α]20
D +66 (c 0.01, MeCN ; 1H and 13C NMR (in DMSO-d6), see Table 1; Rt 

21.471 min; HRESIMS negative m/z 543.0866 [M-H]- (calcd for C30H20O8Cl 543.08412). The 

MS/MS spectrum was deposited in the GNPS spectral library under the identifier: 

CCMSLIB00005724339. 

 

(±)-Nephrolaevigatin D or (±)-(10R*, 10ʹR*) emodine – 7-chloroemodine bianthrone (6b): 

Yellowish powder; [α]20
 D 0 (c 0.002, (Me)2CO); 1H and 13C NMR (in DMSO-d6), see Table 1; 

Rt 18.34 min; HRESIMS negative m/z 543.0866 [M-H]- (calcd for C30H20O8Cl 543.08412). The 

MS/MS spectrum was deposited in the GNPS spectral library under the identifier: 

CCMSLIB00005724338. 

 

4.4. Data dependent LC-ESI-HRMS2 analysis 

LC-ESI-HRMS2 analyses were achieved by coupling the LC system to a hybrid quadrupole 

time of-flight mass spectrometer Agilent 6530 (Agilent Technologies, Massy, France) 

equipped with an ESI source, operating in positive-ion mode. Source parameters were set as 

followed: capillary temperature at 320°C, source voltage at 3500 V, sheath gas flow rate at 

10 L.min-1. The divert valve was set to waste for the first 3 min. MS scans were operated in 

full-scan mode from m/z 100 to 1700 (0.1s scan time) with a mass resolution of 11 000 at 

m/z 922. MS1 scan was followed by MS2 scans of the five most intense ions above an 

absolute threshold of 5000 counts. Selected parent ions were fragmented at a collision 

energy fixed at 45 eV and an isolation window of 1.3 amu. Calibration solution, containing 

two internal reference masses (purine, C5H4N4, m/z 121.050873, and HP-921 [hexakis-

(1H,1H,3H-tetrafluoropentoxy)phosphazene], C18H18O6N3P3F24, m/z 922.0098). A permanent 
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MS/MS exclusion list criterion was set to prevent oversampling of the internal calibrant. LC-

UV and MS data acquisition and processing were performed using MassHunter Workstation 

software (Agilent Technologies, Massy, France). 

 

4.5. Feature-Based Molecular Networking 

 

The MS2 data files, related to the dichloromethane extract of Nephroma laevigatum were 

converted from the .d (Agilent) standard data-format to .mzXML format using the MSConvert 

software, part of the ProteoWizard package [37]. All .mzXML were then processed using 

MZmine 2 v52 [38]. The mass detection was realized keeping the noise level at 1.2E3 at 

MS1 and at 2E1 at MS2. The ADAP chromatogram builder was used using a minimum group 

size of scans of 2, a group intensity threshold of 2E3, a minimum highest intensity of 2E3 and 

m/z tolerance of 10 ppm [39]. The chromatogram deconvolution was performed using the 

Local Minimum Search algorithm with the following settings: chromatographic threshold = 

1%, search minimum in RT range (min) = 0.1, minimum relative height = 5%, minimum 

absolute height = 2E3, min ratio of peak top/edge = 1.4, peak duration range (min) = 0.05 – 

2. MS2 scans were paired using a m/z tolerance range of 0.02 Da and RT tolerance range of 

1.5 min. Isotopes were grouped using the isotopic peaks grouper algorithm with a m/z 

tolerance of 10 ppm and a RT tolerance of 1.3 min with the most intense peak. The adduct 

search module was used repeatedly to perform the annotation of the chlorination pattern [40] 

using the following parameters (in this order): for Cl2, mass_difference = −1.997, Max relative 

adduct peak height <180%; for Cl, mass_difference = −1.997, Max relative adduct peak 

height <400%, RT tolerance = 1.3 min, m/z tolerance = 10 ppm. The resulted peak list was 

filtered to keep only rows with MS2 features. The .mgf file was exported using the dedicated 

“Export/Submit to GNPS/FBMN” option. The .csv file (for RT, areas and identities regarding 

the chlorination patterns) was generated separately. The raw data files related to the LC-

MS/MS analysis were deposited on the public MassIVE repository under the accession 

number: MSV000086130. 

 

4.6. Molecular Networking Parameters.  

 

A molecular network was created using the online FBMN workflow (version release_20) at 

GNPS (http://gnps.ucsd.edu) with a parent mass tolerance of 0.02 Da and an MS/MS 

fragment ion tolerance of 0.02 Da. A network was then created where edges were filtered to 

have a cosine score above 0.65 and more than 6 matched peaks. Further edges between 

two nodes were kept in the network if and only if each of the nodes appeared in each other’s 

respective top 10 most similar nodes. The spectra in the network were then searched against 
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GNPS spectral libraries. All matches kept between network spectra and library spectra were 

required to have a score above 0.65 and at least 6 matched peaks. The molecular 

networking data were analyzed and visualized using Cytoscape (ver. 3.6.0) [41]. 

 

4.7. Computational details for GIAO NMR chemical shifts calculations 

 

All DFT calculations were performed using the Gaussian 09.A01 program [42]. The 

calculations of the NMR spectra consisted in three successive steps. For each compound 5 

and 6, isomers C-10 R/C-10ʹ R and C-10 R / C-10ʹ S were first subjected to a conformational 

search using the MMFF94 force-field implemented in TINKER software tools. The resulting 

lowest energy conformations were then subjected to further optimization at the 

MPW1PW91/6-31+G(d,p) level of theory. The bulk solvent effects were described with the 

integral equation formalism polarizable continuum Model (IEFPCM) with DMSO as solvent 

[43]. Vibrational frequencies were computed using the gauge-including atomic orbitals 

(GIAO) [44,45] method with the same level theory. The resulting shielding tensors were 

averaged using the Boltzmann distribution. The chemical shifts were calculated from TMS as 

reference standard. The systematic errors were removed by scaling according to δscaled = 

(δcalc – Intercept)/Slope, where Intercept and Slope, result from a linear regression calculation 

on a plot of δcalc against δexp [44]. The CP3 probabilities were then computed as originally 

described by Smith and Goodman [25]. 
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