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Abstract
In the continuing discovery and structure elucidation of natural xanthone dimers, which are still rarely reported in absolute con-
figuration, three new xanthone dimers, eumitrins I–K (1–3) were isolated from the lichen Usnea baileyi, a rich source of natural 
xanthone dimers. Their structures were elucidated unambiguously by spectroscopic analyses, including high-resolution electrospray 
ionization mass spectrometry (HRESIMS), 1D and 2D nuclear magnetic resonance spectroscopy (1D and 2D NMR). The absolute 
configuration of all three compounds was established through DP4 probability and ECD calculation. All compounds revealed weak 
activity for their enzymatic inhibition against α-glucosidase and tyrosinase, as well as antibacterial activity.
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Introduction

The xanthone dimers comprising a hexahydroxanthone mon-
omer and a chromanone lactone are complicated structural 
compounds widely distributed in fungi and lichens [1–5]. 
They are reported to occur as mycotoxins with toxic, feto-
toxic/teratogenic, and mutagenic properties [6], as well as 
cytotoxic substances against cancer cells [7], and having 
α-glucosidase inhibition [8]. Although the absolute configu-
rations for the foregoing heterodimers have been established 
directly by X-ray crystal diffraction analysis [7, 9–11] and 
indirectly by ECD calculations [12, 13], the determination 
of the relative and absolute configurations of their struc-
tures is a challenge due to the numerous chirality centers 
with axial chirality elements in some cases. Therefore, the 
assignment of the absolute configurations in many cases of 
xanthone dimers is incomplete. Currently, many reports have 
revealed the isolation and structural elucidation of the xan-
thone dimers from the lichen genus Usnea sp. such as those 
from U. aciculifera [7, 9] or U. baileyi [8, 12, 14]. How-
ever, many dimeric xanthones, such as eumitrin A3, B2 from 
U. baileyi [15] and eumitrin U, X, or Y from other lichen 
sources [16–18] were described without structural deter-
mination, leading to interest in the isolation and structural 
elucidation of these compounds. During our phytochemical 
investigation of U. baileyi, numerous xanthone dimers were 
reported such as bailexanthone [14] and eumitrins C–H [8, 
12]. In the continuous study on new xanthone dimers and 
their absolute configurations from U. baileyi, our current 
study reports the isolation, structure elucidation, and evalua-
tion of enzyme inhibitory activity against α-glucosidase and 
tyrosinase, and antibacterial activity of three new xanthone 
dimers: eumitrins I–K (1–3).

Results and discussion

Continuing chromatographic fractionation of the acetone 
extract of U. baileyi led to the purification of three new com-
pounds that showed the same molecular formulas  C32H32O13 
from HRESIMS namely eumitrins I–K (1–3). In addition, 
their UV–vis (Fig. S1) and IR (Fig. S2) spectra were also 
quite similar, indicating that they shared related skeletons. 
The doubled resonances in the 1D NMR (Table 1), particu-
larly in the 13C NMR spectra of 1–3, suggested that they are 
xanthone heterodimers further supported by the comparison 
of 1D NMR of 1–3 to those of bailexanthone and eumitrin 
series isolated in the same bio-source [8, 12, 14] (Fig. 1).

Compound 1 was isolated as a light yellow gum. The 
occurrence of a hexahydroxanthone moiety of the first sub-
unit was determined by the near-identical 1D NMR data 
of 1 to those of bailexanthone [14], eumitrin C [12], and 

eumitrin F–G [8], evidenced by the HMBC correlation 
from both methine H-8a (δH 3.00) and oxymethine H-5 (δH 
3.73) to C-10 (δC 87.5), from oxymethine H-5 and methyl 
 H3-11 (δH 1.12) to C-7 (δC 31.2). Moreover, a methyl ester 
group allocated at oxygenated carbon C-10 was identified 
by the HMBC correlation from both the methine protons 
H-5, H-8a and methoxy proton  H3-13 (δH 3.68) to C-12 (δC 
169.2). A second spin system in this monomer is a phe-
nyl ring moiety supported by HMBC correlations from the 
aromatic protons H-3 and H-4 at δH 7.48 and 6.62, respec-
tively, to C-4a (Fig. 2). In addition as the two Hα at  H2-8a′ 
can cause hyperconjugation to C-9′ as an electron-donating 
effect which contributes more electrons to C-9′ than those 
of a single Hα at H-8a to C-9, further supported by the 13C 
NMR data of C-9 and C-9′ as 197.4 and 194.2, respectively. 
Thus, the chemical shift of 1-OH and 1′-OH was identified 
at δH 11.91 and 11.89, respectively, further demonstrated by 
HMBC correlations from the phenolic proton at δH 11.91 to 
C-1 (δC 159.1), C-2 (δC 118.1) and C-9a (δC 107.4). Due to 
C-2 being a quaternary carbon, it can be deemed that this 
specific site is linked to the other part of the compound.

Furthermore, the occurrence of 2,2-disubstituted chro-
manone monomeric unit was assigned by the 2D NMR 
correlations and the similar 1D NMR data to those of 
eumitrin D [12], versixanthones A–D [10]. The connection 
between the γ-butyrolactone moiety and the chromanone 
monomeric unit was identified by the HMBC cross-peak 
between H-5' (δH 4.81) and C-12' (δC 169.2).

The planar structure of 1 was formed by connecting 
the two monomeric units through the linkage of hexahy-
droxanthone C-2 and chromanone C-2′, supported by the 
HMBC correlations of H-3′ (δH 7.53) with C-2, H-3 (δH 
7.48) with C-2′ (δC 117.4), and 1′-OH (δH 11.89) with 
C-1′, C-1′ and C-9a′ (δC 107.4) (Fig. 2).

The relative configuration of 1 was readily recognized 
to be the same as that of eumitrin G [8], blennolides [19], 
blennolides I and J [20] based on the coupling constant 
(3JH-5, H-6 = 10.5 Hz), the NOESY correlation between H-5, 
H-8a and  H3-11 (Fig. 3), and the chemical shifts similarities 
(Table 1). Moreover, the cis configuration of H-5' and  H3-11' 
in the γ-butyrolactone moiety was identified by the NOESY 
correlation between H-5' and  H3-11'.

Similar to 1, compounds 2 and 3 were also built from 
hexahydroxanthone and chromanone monomers, except for 
the different configuration on hexahydroxanthone (for 2) or 
linkage pattern (for 3). As for compound 2, the coupling con-
stant (3JH-5, H-6 = 7.2 Hz), the NOESY correlation between 
H-5 and  H3-11, H-8a and H-6 (Fig. 3), and the chemical shift 
similarities (Table 1) indicated the relative configuration of 
the hexahydroxanthone monomer to be the same as that of 
eumitrin F [8]. For 3, the 4-2′ linkage of two monomers was 
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recognized by HMBC correlations from H-3 to C-4′ and 
from H-3' to C-2 (Fig. 2).

Due to the NOESY correlation between H-5 and  H3-11, 
H-5' and  H3-11' (Fig. 3), along with the identical 13C NMR 
data of enantiomers, the two diastereomeric candidates 
for each compound (1a/1b, 2a/2b, and 3a/3b) were pro-
posed (Fig. 4), which would be determined via the DP4 
parameter.

As shown in Table S1, the pi values of 1a are nearly 
equal while those of 1b have a large difference. The three 
1a conformers have the highest pi (1a01—9.434%, 1a02—
9.901%, and 1a03—9.600%), and these values are only 
about 2% higher than the latter group. Besides, there are 
four 1b conformers having the highest pi (1b01—18.577%, 
3b08—12.144%, 1b09—11.819%, and 1b12—17.810%), 

Table 1  1H and 13C NMR data for 1–3 in  CDCl3 (δ ppm)

*1H (500 MHz) and 13C (125 MHz) NMR
**1H (600 MHz) and 13C (150 MHz) NMR

No. 1* 2** 3*

δH (J, Hz) δC δH (J, Hz) δC δH (J, Hz) δC

1 159.1 159.5 159.1
2 118.1 118.1 117.2
3 7.48 (1H, d, 8.5) 140.3 7.48 (1H, d, 9.0) 141.0 7.65 (1H, d, 9.0) 140.7
4 6.62 (1H, d, 8.5) 107.4 6.63 (1H, d, 8.4) 107.7 6.64 (1H, d, 7.0) 108.1
4a 158.5 158.5 158.7
5 3.73 (1H, d, 10.5) 80.3 3.88 (1H, d, 7.2) 74.1 3.77 (1H, d, 11.0) 82.5
6 1.82 (1H, m) 34.3 1.81 (1H, m) 27.3 1.86 (1H, m) 34.0
7 1.95 (1H, m); 1.19 (1H, m) 31.2 2.05 (1H, m); 1.29 (1H, m) 33.6 1.95 (1H, m); 1.28 (1H, m) 31.2
8 2.20 (1H, m); 2.14 (1H, m) 20.4 2.26 (1H, m); 2.18 (1H, m) 21.5 2.19 (2H, m) 20.4
8a 3.00 (1H, dd, 11.5, 5.0) 51.2 3.41 (1H, dd, 7.2, 4.8) 46.4 3.05 (1H, dd, 11.0, 5.5) 51.2
9 197.4 198.7 197.7
9a 107.6 107.5 108.0
10 87.5 85.6 86.0
11 1.12 (3H, d, 6.5) 18.4 1.12 (3H, d, 7.2) 17.8 1.12 (3H, d, 6.5) 18.5
12 169.2 170.1 169.3
13 3.68 (3H, s) 53.0 3.77 (3H, s) 53.4 3.76 (3H, s) 53.0
1' 159.3 159.3 161.9
2' 117.4 117.5 6.64 (1H, d, 7.0) 110.5
3' 7.53 (1H, d, 8.5) 141.4 7.53 (1H, d, 8,4) 141.4 7.55 (1H, d, 8.5) 141.7
4' 6.62 (1H, d, 8.5) 107.4 6.58 (1H, d, 8.4) 107.6 115.5
4a' 159.0 157.4 158.7
5' 4.81 (1H, d, 6.5) 82.9 4.81 (1H, d, 7.2) 82.8 4.66 (1H, d, 7.5) 80.1
6' 2.96 (1H, m) 33.6 2.98 (1H, m) 36.1 2.88 (1H, m) 34.1
7' 2.70 (1H, dd, 17.0, 8.0);

2.48 (1H, dd, 17.0, 8.0)
36.9 2.71 (1H, dd, 17.4, 8.4)

2.48 (1H, dd, 17.4, 7.8)
36.9 2.28 (1H, dd, 17.0, 8.5)

2.00 (1H, dd, 17.0, 7.5)
35.6

8' 174.9 175.0 174.8
8a' 3.27 (1H, d, 17.5)

3.20 (1H, d, 17.0)
39.9 3.28 (1H, d, 17.4)

3.21 (1H, d, 17.4)
39.9 3.27 (1H, d, 17.5)

3.16 (1H, d, 17.5)
40.0

9' 194.2 194.2 194.1
9a' 107.4 106.8 107.5
10' 84.6 84.6 87.7
11' 1.33 (3H, d, 7.0) 15.0 1.34 (3H, d, 7.2) 15.0 1.23 (3H, d, 7.0) 14.8
12' 169.2 169.2 168.9
13' 3.77 (3H, s) 53.9 3.84 (3H, s) 53.9 3.69 (3H, s) 53.8
1-OH 11.91 (1H, s) 12.21 (1H, s) 11.79 (1H, s)
1'-OH 11.89 (1H, s) 11.92 (1H, s) 11.62 (1H, s)
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these values are 10% higher than the latter group. The pi of 
selected groups (1a01–1a17 and 1b01–1b12) accounted for 
over 90% of 1a and 1b total pi, indicating that the selected 
groups are statistically representative of the substances. 
Furthermore, DP4 probabilities (DP4 + and J-DP4) of 1a 
(ave.) are much higher than that of 1b (ave.) (84.62% and 
84.27% compared to 15.38% and 15.73%). These values sug-
gest that 1a structures give the most consistent simulation 
results compared to the experimental spectrum. In the same 
manner, as those of 1, 2b (with DP4+ and J-DP4 percentages 

as 70.49% and 79.23%, respectively, Table S2), and 3a (with 
DP4+ and J-DP4 percentages as 65.77% and 75.62%, respec-
tively, Table S3) would be the proper structure for 2 and 3, 
respectively, that were further used for absolute configura-
tion determination through ECD calculation (Fig. 5).

The DP4 peak assignment (by DP4+ and J-DP4 methods) 
showed that 1a, 2b, and 3a represent 1, 2, and 3, respec-
tively with overwhelming probability values compared to 

Fig. 1  Chemical structures of 
compounds 1–3 

Fig. 2  Key 1H–1H COSY and 
HMBC correlations for 1–3 
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the remaining conformers/structures. The experimental ECD 
spectra of 1–3 were compared with calculated ones.

The experimental spectrum was well matched with that 
of 1a, 2b, and 3a. Thus, the absolute configuration of 1–3, 
namely eumitrins I–K, were established as (5S,6R,8aR,10aS
,5′R,6′R,10a′S)-1, (5R,6S,8aR,10aR,5′S,6′S,10a′R)-2, and (5
S,6R,8aR,10aS,5′R,6′R,10a′S)-3, respectively.

In our previous report, eumitrins F–H revealed good 
activity on antimicrobial (eumitrins F–G) and enzyme inhi-
bition against α-glucosidase [8]. In this study, compounds 
1–3 were also evaluated for their antimicrobial activity and 
enzyme inhibition against tyrosinase and α-glucosidase 
(Table S4). Unfortunately, 1–3 revealed weak (compounds 1, 
3) or no (compound 2) antimicrobial activity (Table S4). As 
to enzyme inhibitory activities, only compound 1 showed a 
weak effect against tyrosinase (Table S4) with an  IC50 value 
of 148.5 µM.
Experimental

General experiment procedures

Optical rotations were measured on a JASCO P-1010 pola-
rimeter (JASCO, Easton, MD, USA). The UV measurements 
were done using a Hitachi U4100 instrument. The IR spectra 
were measured on Frontier FTIR/NIR spectrometers (Perkin 
Elmer, USA). The experimental ECD data were recorded 
on a JASCO J-815 spectropolarimeter. HRESIMS spectra 
were recorded on Bruker micrOTOF Q-II and MALDI-
TOF-MS mass spectrometers. The 1D and 2D NMR spec-
tra were acquired using a Bruker Advance spectrometer 
(500/125 MHz for 1H and 13C NMR, respectively) and a 

JEOL JNM-ECZR (600/150 MHz for 1H and 13C NMR, 
respectively).

The residual solvent signal  (CDCl3: δH = 7.26, δC = 77.16) 
was used to reference the chemical shifts. The column 
chromatography was performed using (0.040–0.063 mm, 
Himedia)-silica gel. TLC analysis was accomplished on sil-
ica gel 60  F254 or silica gel 60 RP-18  F254S plates (Merck), 
and a 10%  H2SO4 solution was used to visualize the spots 
after heating.

Lichen material

The whole thalli of Usnea baileyi (Parmeliaceae) were col-
lected and identified as stated in our previous report [8, 12, 
14].

Extraction and isolation

In this work, we continue our study of further fractiona-
tion of the three fractions DCM2.2.1-3. The description for 
extraction and isolation was reported by Nguyen et al. [8, 
12]. Compound 1 (2.4 mg) was obtained by further silica 
gel chromatographic column of DC2.2.2 (450.9 mg) eluted 
with n-hexane/CH2Cl2/MeOH (3:7:0.1) to yield compounds 
1 (2.4 mg) while compounds 2 (4.6 mg) and 3 (5.2 mg) were 
isolated from DCM2.2.3 (385.7 mg) with n-hexane/CH2Cl2/
EtOAc/MeOH (6:4:2:0.1).

Fig. 3  Key NOESY correlations for 1–3 
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Compound 1 (Eumitrin I)

Yellow, amorphous solid; 1H NMR  (CDCl3, 500 MHz) and 
13C NMR  (CDCl3, 125 MHz) see Table 1; IR (ATR) νmax 
 cm−1 3513, 2933, 1739, 1625, 1430, 1363, 1199, 1053; UV 
λmax (log ε) 207 (4.3), 266 (4.3), 367 (3.8) nm; [α]25

D—34.0 
(c 0.02, MeOH); HRESIMS m/z: [M +  Na]+ 647.1740 for 
 C32H32O13Na (calcd. 647.1741).

Compound 2 (Eumitrin J)

Yellow, amorphous solid; 1H NMR  (CDCl3, 600 MHz) 
and 13C NMR  (CDCl3, 150 MHz) see Table 1; IR (ATR) 
νmax  cm−1 3506, 2933, 1737, 1628, 1437, 1363, 1198, 
1049; UV λmax (log ε) 236 (4.2), 267 (4.3), 373 (3.8) nm; 
[α]25

D—18.8 (c 0.02, MeOH); HRESIMS m/z: [M +  Na]+ 
647.1766 for  C32H32O13Na (calcd. 647.1741).

Compound 3 (Eumitrin K)

Yellow, amorphous solid; 1H NMR  (CDCl3, 500 MHz) 
and 13C NMR  (CDCl3, 125 MHz) see Table 1; IR (ATR) 
νmax  cm−1 3522, 2908, 1730, 1642, 1431, 1354, 1208, 
1047; UV λmax (log ε) 235 (4.3), 267 (4.4), 364 (3.8) nm; 
[α]25

D—258.8 (c 0.02, MeOH); HRESIMS m/z: [M +  Na]+ 
647.1748 for  C32H32O13Na (calcd. 647.1741).

Biological activities

The antimicrobial, tyrosinase, and α-glucosidase activity 
was performed according to our previous report [8].

Fig. 4  Relative configuration for 1–3: DP4+ , J-DP4 probabilities of the two candidate diastereomers
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Computational details

In this research, the Conformer–Rotamer Ensemble Sam-
pling Tool (CREST) [21, 22] carried out conformer sam-
pling for 1–3 (a/b) structures (a total of six structures). 
These structures were embedded in (polarizable continuum 
model)  CHCl3 solvent. The CREST code utilized the GFN2-
xTB algorithm to predict and arrange possible configura-
tions (of the starting structures) in increasing total energy 
order. A 1.0 kcal/mol energy window (count from the lowest 
total energy configuration) was applied to eliminate con-
figurations with total energies outside this range. Several 
configurations satisfying the above settings were extracted, 
including 23, 14, 10, 10, 10, and 8 conformers for 1a, 1b, 2a, 
2b, 3a, and 3b, respectively. These (75) configurations were 
subjected to structure optimization and single-point energy 
calculation by ORCA code [23], employing the PBE0/def2-
TZVP//PBE0/aug-cc-pVTZ level of theories. The single-
point energy of each configuration was used to calculate 
the Boltzmann distribution (pi) by the following equation.

In (Eq. 1), Ei and Ej are the conformer’s total energies (in 
kcal/mol), and the RT value is 0.5925 kcal/mol at 298.15 K.

The 13C NMR chemical shift calculation was executed on 
conformers with pi above 3% (0.03) because the contribution 
of conformers with pi lower than 3% is considered insignifi-
cant. Accordingly, there were 39 conformers selected, com-
prising 12, 10, 5, 5, 4, and 3 configurations corresponding to 
1a, 1b, 2a, 2b, 3a, and 3b. The NMR chemical shift calcula-
tion was performed by ORCA code on optimized structures, 
using the PBE0/pcSseg-2 level of theory. To accurately deter-
mine a stereochemical structure from simulated NMR shifts, 
we need to compare the simulated peaks of configurations with 
the experimental spectrum, a procedure called peak assign-
ment. The peak assignment process produces many errors that 
affect the results' accuracy. Smith and Goodman developed 
a probability method called DP4 [24] that could eliminate 

(1)pi =
exp

�

−Ei∕RT
�

∑all

j=1
exp

�

−Ej∕RT
�

Fig. 5  Experimental ECD and calculated spectra of eumitrins I–K (1–
3). a Experimental ECD spectrum of 1 and calculated ECD spectrum 
of (5R,6S,8aS,10aR,5′S,6′S,10a′R)-1 (1a-enan). b Experimental ECD 

spectrum of 2 and calculated ECD spectrum of (5S,6R,8aS,10aS,5′R,6
′R,10a′S)-2 (2a-enan). c Experimental ECD spectrum of 3 and calcu-
lated ECD spectrum of (5R,6S,8aS,10aR,5′S,6′S,10a′R)-3 (3a-enan)



410 Journal of Natural Medicines (2023) 77:403–411

1 3

systematic errors utilizing Bayes' theorem. This method has 
been widely adopted and developed into more advanced tech-
niques such as DP4+ and J-DP4 [21, 25]. The DP4 family 
returns the results as a percentage (matching probability) of 
each configuration compared to the experimental spectrum. 
Accordingly, the highest DP4 value configuration will be the 
most suitable configuration for the initial structure. The authors 
applied DP4+ and J-DP4 methods in this research to verify 
the most feasible configuration for each initial structure. The 
selected configuration must have the highest matching prob-
abilities in both DP4 processes and will be chosen as the sole 
representation of each given substance (1–3, a/b) to calcu-
late simulated ECD spectra. The ECD calculation was per-
formed by ORCA code on optimized structures (see ESI) and 
employed the PBE0/def2-TZVP//B3LYP/def2-TZVPP level 
of theories. The polarize basis-set (def2-TZVPP) was chosen 
because it can better represent the interaction of the orbitals 
with the stimulated wavelength in UV regions.

Conclusion

In this study, the continuing fractionation of DCM2.2.1-3 of 
 CH2Cl2 extract from lichen Usnea baileyi led to the isola-
tion of three new xanthone dimers namely eumitrins I–K 
(1–3). Their planar structures were elucidated based on 
the HRESIMS and NMR spectroscopic data. The absolute 
stereochemistry of 1–3 was determined by DP4 parameters 
and ECD calculation. All of the tested compounds revealed 
weak or inactive α-glucosidase, tyrosinase, and antimicro-
bial activity.
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