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Introduction

Liverworts are a prolific source of bioactive specialized metabolites [START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF], such as the sesqui-and diterpenes, as well as the bis(bibenzyls)s that originate from lunularic acid (Asakawa et al., 2008b). Chiastaucolon (Plagiochilaceae) is a liverwort genus with less than 30 recorded species [START_REF] Söderström | World checklist of hornworts and liverworts[END_REF]. The Plagiochilaceae family comprises seven genera [START_REF] Patzak | A phylogeny of Lophocoleaceae-Plagiochilaceae-Brevianthaceae and a revised classification of Plagiochilaceae[END_REF], but the majority of phytochemical studies performed to date have examined the Plagiochila genus [START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF] (containing more than 1600 species), which is the largest liverwort genus.

Since it has been considered that only integrative studies allow a better comprehension of the diversity of bryophytes, especially in the case of leafy liverwort [START_REF] Renner | By how much do we underestimate species diversity of liverworts using morphological evidence? An example from Australasian Plagiochila (Plagiochilaceae: Jungermanniopsida)[END_REF], chemotaxonomy could be useful in the context of Plagiochilaceae, which is characterized by an important chemical diversity within twelve chemotypes (I: 2,3-seco-aromadendrane-, II: 2,3-seco-aromadendrane-diterpenoid-, III: 2,3-seco-aromadendrane-gymnomitrane-, IV: diterpenoid-bis-bibenzyl-, V: diterpenoid-, VI: bibenzyl-, VII: bibenzyl-diterpenoid-, VIII: bibenzyl-bis-bibenzyl-, IX: pinguisane-, X: cuparane-, XI: sesquiterpene lactone-, and XII: everninic acid methyl ester-9,10-dihydrophenanthrene-types) [START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF].

The first phytochemical study of a Chiastaucolon species was reported on C. conjugates (Plagiochilion ≡ Chiastaucolon [START_REF] Patzak | A phylogeny of Lophocoleaceae-Plagiochilaceae-Brevianthaceae and a revised classification of Plagiochilaceae[END_REF][START_REF] Renner | The genera Chiastocaulon, Cryptoplagiochila and Pedinophyllum (Plagiochilaceae) in Australia[END_REF][START_REF] Renner | Two additional Chiastocaulon species (Marchantiophyta: Plagiochilaceae) from the Wet Tropics Bioregion of north-eastern Queensland[END_REF]), which has been proven to be a rich source of eudesmane-type sesquiterpenes [START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF]. Thus, we herein focus on the second chemical investigation of a Chiastaucolon species. More specifically, ten sesquiterpenoids (including two dimers) and three bis(bibenzyls)s (Figure 1) were isolated from C. caledonicum S.D.F. Patzak, M.A.M.Renner, Schäf.-Verw. & Heinrichs, endemic to New Caledonia, namely (+)-4α-acetoxy-gymnomitr-3(15)-ene ( 1), (+)-9α-acetoxy-gymnomitr-3(15)-ene (2), (-)-4α-hydroxy-gymnomitrol cinnamate ( 3), (+)-1-oxo-gymnomitr-2β,15-diol (4), (+)myltayl-5-one-4β-ol (5), chiastaucolin A (6) and B (7), spathulenol (8) [START_REF] Inagaki | Analysis of 1H and 13C nuclear magnetic resonance spectra of spathulenol by two-dimensional methods[END_REF], viridiflorol (9) [START_REF] Faure | Two-dimensional nuclear magnetic resonance of sesquiterpenes. 4-Application to complete assignment of 1H and 13C NMR spectra of some aromadendrane derivatives[END_REF], maalioxyde (10) [START_REF] Huneck | Sesquiterpenoids from the liverwort Lophozia ventricosa[END_REF], marchantin C (11) [START_REF] Asakawa | Chemical structures of macrocyclic bis(bibenzyls) isolated from liverworts (Hepaticae)[END_REF], marchantiaquinone (12) [START_REF] Wei | Sesquiterpenoids and cyclic bisbibenzyls from the liverwort Reboulia hemisphaerica[END_REF], and isoriccardin C (13) [START_REF] Asakawa | Cyclic bis(bibenzyls) and related compounds from the liverworts Marchantia polymorpha and Marchantia palmata[END_REF]. Finally, we report the structural elucidation of compounds 1-7, and the chemotaxonomic importance of the isolated compounds is also discussed. 

Results and discussion

Compounds 1 and 2 were isolated as a white powder and a light orange oil, respectively.

Their molecular formulae were both determined to be C17H26O2 by HR-EIMS (m/z 262.1942 and262.1915 respectively, calculated for [M] + 262.1927), indicating five degrees of unsaturation. The IR spectra of 1 and 2 showed the presence of ester (1739 and 1738 cm -1 , respectively) and sp 3 oxy-carbon (1032 and 1030 cm -1 , respectively) groups.

The 1D NMR (Table 1 and2) and HSQC data of 1 and 2 confirmed the presence of two sp 2 carbon atoms, which were assigned to an exo-methylene moiety (δC 147. 1 and 110.3, and 151.1 and 108.7 ppm, respectively) and a carbonyl carbon atom (δC 171.0 for 1 and 170.8 for 2), thereby indicating that 1 and 2 were tricyclic. In addition, the 13 C NMR and HSQC spectra of 1 and 2 also confirmed the presence of an oxy-methine moiety (δC 69.1; 76.4 respectively), a methine group (δC 54.0; 56.5), five methylene carbon atoms (δC 38.6, 38.2, 38.1, 37.6, and 24.9; 45.6, 41.6, 40.2, 38.4, and 28.7), three quaternary carbon atoms (δC 55.2, 53.8, and 45.3; 52.5, 51.2, and 43.9), and four methyl groups (δC 27.7, 26.1, 23.9, and 21.5; 28.1, 24.7, 24.3, and 21.5). NOE correlations between H-2, H-12, H10b and H-15b, then between H-5a and H-14 (Figure 3) revealed the relative configuration of C-2 and C-6 as being both (R*). In addition, the NOESY correlations observed between the methyl groups H3-12, H-10b, and H-9, and H3-13, H-8b, and H-9, and finally between H3-2′ and H-8a (Figure 3) showed that the stereochemistry of C-9 was (S*). Hence, the relative configuration of compound 2 was determined as shown in Figure 3.

Subsequently, compound 3 was isolated as a colorless crystal and was assigned the molecular formula C24H30O3 based on the [M] + ion observed at m/z 366.2199 in the positive HR-EIMS (calculated for 366.2189), which indicates nine degrees of unsaturation. The IR spectrum of this compound suggested the presence of alkene (1636 cm -1 ), ester (1715 cm -1 ), and aromatic (1496, 757 cm -1 ) groups. In addition, the 1D (Tables 1 and2) and 2D NMR data revealed the presence of a mono-substituted benzyl moiety (δC 134.5, 128.4, 129. 25.0), and three methyl moieties (δC 28.4, 24.9, and 22.1). These data therefore indicated that 3 was tetracyclic. Moreover, the 1 H-1 H COSY spectrum showed the presence of the H-2′/H-3′

spin system, while the 3 J HMBC correlations from H-3′ (δH 7.69) to C-1′ and C-5′/9′, as well as that from H-2′ (δH 6.43) to C-4′ (Figure 2 The IR spectrum suggested the presence of hydroxyl (3411 cm -1 ) and ketone (1709 cm -1 ) groups.

The 13 C and 1 H NMR (Tables 1 and2) and HSQC data confirmed the presence of a carbonyl group (δC 215.0), an oxy-methine moiety (δC 75.9), an oxy-methylene group (δC 67.2), a methine carbon atom (δC 53.0), five methylene groups (δC 51.6, 39.5, 39.4, 36.0, and 27.8,), and ketone (1714 cm -1 ) groups. The 13 C NMR (Table 3) and HSQC spectra indicated the presence of a carbonyl group (δC 211.4), a tertiary oxy-carbon atom (δC 75.4), five methylene groups (δC 51. 3, 39.7, 39.3, 35.9, and 27.8), three quaternary carbon atoms (δC 55.4, 53.6, and 46.1), and four methyl groups (δC 28.9, 23.2, 23.5, and 22.7), indicating that 5 was tricyclic.

The HMBC correlations from the tertiary methyl groups, i.e., CH3-15 (δH 0.91) and CH3-14 ) and carbonyl (1716 cm -1 ) groups, while the IR data of 7 showed bands and stretches corresponding to carbonyl (1715 cm -1 ) and oxy-carbon (1180, 1160 cm -1 ) groups. Analysis of the 13 C NMR (Table 3) and HSQC data of 6 and 7 showed important similarities. Compounds 6 and 7 possessed a carbonyl group (δC 209.1; 208.5 respectively), two sp 2 carbon atoms (δC 144.4 and 110.7; 145.5 and 115.9), an oxy-carbon moiety (δC 79.0 and 79.1), six quaternary carbon atoms (δC 58.6, 55.6, 55.3, 53.6, 46.5, and 45.6; 58.0, 55.7, 54.9, 53.6, 48.8, and 46.5), two methine groups (δC 52.7 and 50.3; 54.0 and 49.6), and six methyl groups (δC 29.3, 27.7, 24.9, 23.8, 23.2, and 22.7; 29.3, 27.5, 24.0, 23.1, 22.7, and 19.2). Differences between the structures of 6 and 7 included the fact that 12 methylene groups were observed for 6 (δC 52.7, 43.6, 42.0, 39.8, 38.8, 38.5, 37.6, 35.7, 27.9, 27.3, 26.5, and 24.9), but only 11 methylene groups were found for 7 (δC 52.8, 39.6, 38.9, 38.6, 38.2, 36.4, 35.7, 27.9, 27.7, 27.0, and 25.0). In addition, an sp 3 oxy-carbon (δC 73.2) was observed for 7. From these observations, seven rings were deduced for compounds 6 and 7, and compound 7 was suggested to be an oxygenated analog of 6. The 1 H and 13 C NMR shifts and multiplicities for the CH2-1, CH2-2, and CH-3 groups present in compounds 6 and 7 were found to be similar to those of compound 5 (Table 3).

(
Comparison of these shifts with those of 5 in addition to the associated HMBC correlations of 6 and 7 (Figure 5), suggested the presence of a myltayl-5-on-4-oxy moiety. This was also verified by the presence of the H2-1/H2-2/H-3 and H2-8/H2-9/H2-10 spin systems observed in the 1 H-1 H COSY spectrum and the HMBC correlations of this substructure. Based on their structural analysis, compounds 6 and 7 were therefore suggested to be an association of two myltayl-4(12)-en-5-one ( 14) units bound via a hetero Diels-Alder reaction (Figure 7). The aromadendrane-type sesquiterpenes 8 and 9 as well as the bis(bibenzyl)s 11-13 are common in liverworts and have been reported in numerous taxa [START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF]. In addition, maalioxyde (10), which belongs to the gorgonane-type sesquiterpene and is a rarely reported structure in nature, has been found in Lophozia ventricosa [START_REF] Lu | Sesquiterpene constituents of the liverwort Lophozia ventricosa[END_REF] and Saccogyna viticulosa [START_REF] Hackl | Isogermacrene A, a proposed intermediate in sesquiterpene biosynthesis[END_REF]. Barbatane-type sesquiterpenes are widespread in liverwort while myltaylane-type sesquiterpenes are detected in a few species from the Jungermanniales order and the Reboulia genera [START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF]. Furthermore, since the chiastaucolin series is a valuable chemical marker for C. caledonicum, additional investigations into this genus would aid in determining if this series should be considered as a marker for the Chiastocaulon genus. We therefore proposed that chiastocaulins A (6) and B (7) may be formed from two myltayl-4(12)-en-5-one ( 14) units via a Diels-Alder reaction.

Indeed, such dimers have been reported in Porella acutifolia subsp. tosana [START_REF] Hashimoto | Two novel Diels-Alder reaction-type dimeric pinguisane sesquiterpenoids and related compounds from the liverwort Porella acutifolia subsp. tosana[END_REF] (bisacutifolones) and in the following Plagiochila species: P. circinalis [START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF] (fusicoccane-labdane dimers), P. yokogurensis (Asakawa et al., 2008a) (fusicoccane-aromadendrane dimers), and P. moritziana [START_REF] Spörle | Spiroterpenoids from Plagiochila moritziana[END_REF] (eudesmanearomadrendrane dimers). These observations suggest that several classes of Diels-Alderases [START_REF] Tan | Genome-Mined Diels-Alderase Catalyzes Formation of the cis -Octahydrodecalins of Varicidin A and B[END_REF] may be present in the Plagiochilaceae family. Moreover, we note that the chemical composition of C. caledonicum does not correspond with the formerly defined criteria regarding Plagiochilaceae chemotypes [START_REF] Asakawa | Chemosystematics of the Hepaticae[END_REF][START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF][START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF][START_REF] Ludwiczuk | Fingerprinting of Secondary Metabolites of Liverworts: Chemosystematic Approach[END_REF], and so the presence of dimers with a spirochroman core could be included as a new taxonomic criteria for this family.

Conclusion

We herein reported our study into Chiastocaulon caledonicum, which led to the isolation of seven undescribed natural products (i.e., four barbatane-and three myltaylane-type sesquiterpenes). The structures of these compounds were elucidated based on the interpretation of their chemical and spectroscopic/spectrometric data. It was found that the chemical composition of C. caledonicum does not correspond with previously established chemotypes for the Plagiochilaceae family. Nevertheless, the present study highlights that the chiastocaulin series is composed of a dimer based on two myltaylane units, and that this series can be considered a valuable chemical marker for C. caledonicum. Moreover, we found that terpenoid dimers (such as the chiastaucolin series) that could be formed via a Diels-Alder reaction appear to be characteristic of the Plagiochilaceae family. Future work on Plagiochilaceae may determine the structural diversity and refine the chemotaxonomic importance of this type of dimer.

Experimental

General Experimental Procedures

NMR analyses were performed on a Bruker AVANCE III HD 500 spectrometer (MA, USA).

Chemical shifts are given as δ (ppm) and deuterated solvent peaks are used as references for the 1 H and 13 C NMR spectra. The used frequencies were 150 MHz and 500 for the 1 H and 13 C NMR acquisitions respectively.

Infrared spectroscopy was performed using a Perkin Elmer FT-IR Frontier Spectrometer spectrometer (Perkin Elmer, Waltham, MA, USA). Optical rotations for compounds 1-5 were measured using an Anton Paar MCP150 589 nm polarimeter (Anton Paar GmbH, Graz, Austria) equipped with a sodium lamp (c in g/L). Optical rotations for compounds 6-7 were measured using an Optech polarimeter Model PL1 LED (c in g/L). The absorbance spectra were recorded using a Hitachi U-2900 spectrophotometer (Hitachi, Tokyo, Japan). TLC analyses were carried out on Si gel plates F254 (Merck, catalogue number: 105554, Germany) with C6H12-EtOAc as the eluent (1:1 and 4:1). Detection was achieved by spraying the plates with 30% aqueous H2SO4 and heating. For normal-phase column chromatography, Si gel 60

Figure 1 .

 1 Figure 1. Isolated compounds from C. caledonicum.

  24) for 2 to C-1′ (Figure2), thereby indicating that both compounds were acetylated. No HMBC correlations were observed between methyl groups, suggesting the absence of a gem-dimethyl moiety. The above observations and comparison with known sesquiterpenes encountered in liverwort suggest that compounds 1 and 2 are analogs of βbarbatene[START_REF] Asakawa | Chemical Constituents of Bryophytes. Bio-and Chemical Diversity, Biological Activity, and Chemosystematics[END_REF]. In addition, for compounds 1 and 2,3 J HMBC correlations from the vinylic proton H-15a (δH 4.90; 4.61) to C-2 and C-4 confirmed the position of carbon atoms C-2, -3, -4, and -15. Furthermore, the 1 H-1 H COSY spectrum of 1 indicated the presence of H2-1/H-2, H-4/H2-5, and H2-8/H2-9/H2-10 spin systems, while that of 2 indicated the presence of H2-1/H-2, H2-4/H2-5, and H2-8/H-9/H2-10 spin systems. These deductions were also verified by the corresponding HMBC correlations.

Figure 2 .

 2 Figure 2. Key 1 H-1 H COSY (bold bonds) and HMBC (blue arrows) correlations of 1-4.The HMBC spectrum of 1 also showed correlations from CH3-14 (δH 0.92) to C-1, C-5, C-6, and C-7, from CH3-12 (δH 1.00) to C-2 and C-10, and from CH3-13 (δH 0.83) and H-8b (δH

Figure 3 .

 3 Figure 3. Key NOE correlations of 1-4.

  ) revealed the presence of a trans-cinnamate moiety ( 3 JH2′-H3′ = 16.1 Hz). The final two sp 2 carbon atoms (C-3 and C-15) corresponded to an exo-methylene group. Using the same arguments presented above for compounds 1 and 2, compound 3 should be an analog of β-barbatene. In this case, the 1 H-1 H COSY spectrum indicated the presence of three spin systems: H-1/H-2, H-4/H2-5, and H2-8/H2-9/H2-10.Finally, the HMBC correlations from H-2 (δH 2.55) and H-4 (δH 4.56) to C-6, from CH3-12 (δH 1.20) to C-2, C-10, and C-11, from CH3-13 (δH 1.11) to C-6, C-7, and C-8, from CH3-14 (δH 0.99) to C-1, C-5, and C-6, and from H-1 (δH 5.17) to C-1′ confirmed the structure to be 4-hydroxy-gymnomitrol cinnamate[START_REF] Asakawa | Cyclic bis(bibenzyls) and related compounds from the liverworts Marchantia polymorpha and Marchantia palmata[END_REF]. The relative configuration of the molecule was then determined by analysis of the NOESY spectrum. More specifically, the correlations observed from methyl groups H3-12 and H3-13 to H-2′, and those detected from H-1 to H-4 indicated that stereochemistries of the C-1 and C-4 positions were both (S*). Consequently, the relative configuration of compound 3 was determined as shown Figure3.Compound 4 was isolated as a white powder. The HR-EIMS data showed a molecular ion at m/z 252.1735 ([C15H24O3] + , calculated 252.1719), indicating four degrees of unsaturation.

  three quaternary carbon atoms(δC 55.4, 54.0, and 46.1), and three methyl groups(δC 28.7, 23.2, and 22.8), thereby indicating that 4 was tricyclic. The 1 H-1 H COSY spectrum indicated the presence of two spin systems, namely H2-15/H-3/H2-4/H2-5 and H2-8/H2-9/H2-10. The HMBC correlations from the tertiary methyl groups, i.e., CH3-14 (δH 0.93) to C-1, C-5, and C-6, and CH3-13 (δH 0.91) to C-6, C-7, C-8, and C-11 (Figure2) revealed that these spin systems were attached to carbon atoms C-6 and C-7. Moreover, the HMBC correlations from H-4 (δH 2.44), H-12 (δH 1.03), and H-15 (δH 4.40) to C-2, and from H-8b (δH 1.10) and H-12 to C-11 confirmed the planar structure of 4, as shown Figure2. Finally, the NOESY correlations observed between H-5a, H-3, and H-14 revealed the relative configuration to be 1-oxo-gymnomitr-2,15-diol, whereby C-3 was contained in the tricyclic moiety, and was deduced as being (R*).Compound 5 was obtained as an orange oil, and a molecular formula of C15H24O2 was deduced from the HR-EIMS data at m/z 236.1773 [M] + (calculated for 236.1770), indicating four degrees of unsaturation. The IR spectrum showed the presence of hydroxy (1081 cm-1 ) 

  δH 0.90) to C-6, C-10, and C-11, in addition to those from H-10 (δH 1.06 and 1.50) to C-6 (Figure4) confirmed the presence of a gem-dimethyl unit linked to C-11. The 1 H-1 H COSY spectrum indicated the presence of two spin systems, namely H2-1/H2-2/H-3 and H2-8/H2-9/H2-10, while the HMBC correlations from H-2 (δH 1.92),H-3 (δH 1.81), and H-12 (δH 1.38) to C-4 showed that methyl group CH3-12 was bonded to oxy-carbon C-4. The identified subunits and number of rings were characteristic of the myltaylane skeleton. Moreover, the HMBC correlations from CH3-13 (δH 1.06) to C-3 and C-8, from H3-12 to C-3 and C-5, from H-1 (δH 2.58 and 2.44) to C-5, from H-3 to C-5 and C-11, and from H-2 to C-6 and C-7 confirmed the assignment of the remaining NMR signals. Consequently, the structure of 5 was elucidated to be the planar myltayl-5-one-4-ol. Finally, key NOE correlations from H-8a and H-8b to H-12 revealed the relative configuration of C-4 as being (R*), and consequently, compound 5 was determined to be myltayl-5-one-4β-ol.

Figure 4 .

 4 Figure 4. Key 1 H-1 H COSY (bold bonds), HMBC (blue arrows), and NOE correlations (red arrows) for compound 5.

Figure 5 .

 5 Figure 5. Key 1 H-1 H COSY (bold bonds) and HMBC (blue arrows) correlations for 6 and 7.

Figure 6 .

 6 Figure 6. Key NOE correlations for compounds 6 and 7.

Figure 7 .

 7 Figure 7. Proposed biosynthesis for the chiastocaulin structure.
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 1 13 C NMR data (150 MHz, CDCl3) for compounds 1-4

			δC, type		
	No.	1	2	3	4

Table 2 . 1 H NMR data (500 MHz, CDCl3) for compounds 1-4 No.

 2 

	δH mult. (J in Hz)
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	No.					
	δC, type	δH mult. (J in Hz)	δC, type	δH mult. (J in Hz)	δC, type	δH mult. (J in Hz)

1 

H and 13 C NMR data (500 and 150 MHz, CDCl3) for compounds 5-7
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