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A B S T R A C T

A pair of neolignan enantiomers with an unprecedented carbon skeleton, (+)-/(�)-angelignanine
[(+)-/(�)-1], was isolated as minor components of an aqueous extract of the Angelica sinensis root heads
(guitou). Their structures were determined by spectroscopic data analysis and the absolute
configurations were assigned by the circular dichroism (CD) exciton chirality method as well as
electronic CD quantum calculations. The enantiomers represent the first 2,70-cyclo-8,90-neolignans, of
which biosynthetic pathways originating from precursors ferulic acid and coniferyl alcohol is proposed.
In an in vivo test, both the enantiomers showed significant hypnotic effects at a dose of 10mg/kg (i.g.).
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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The dried whole roots of Angelica sinensis (Oliv.) Diels
(Umbelliferae) is a common traditional Chinese medicine, named
“danggui”, having medicinal functions of tonifying blood, invigo-
rating blood circulation and relieving pain [1]. Different parts of
“danggui” are considered in traditional Chinese medicine to have
different functions and applications [1]. Thewhole root is also used
as a tonic medicinal food to cooking with meat or making soup in
China and as food/dietary supplement in Europe and North
America [2,3]. This plant is mainly cultivated in Gansu province of
China not only to satisfy demands of various applications but also
to support local economy. Pharmacological studies on crude
extracts and purified constituents of danggui revealed various
activities, including anti-inflammation, anti-spasticity, antioxida-
tion, anti-fibrosis and neuroprotection, as well as effects against
cardio- and cerebrovascular diseases [1–3]. Meanwhile, around
100 chemical constituents have been isolated from the extracts,
mainly including structural types of phthalide, phenylpropanoid,
lignan, coumarin, alkyne, terpene, sterol, alkaloid, fatty acid and
polysaccharide [2–10]. The main constituents, Z-ligustilide, ferulic
acid and polysaccharides, are considered as the active constituents.
However, contents of the active constituents were varied
significantly by processing and decocting [2–4]. Especially, specific
investigation on the root head “guitou” is rare, and the chemical
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studies were carried out predominantly on the EtOH or MeOH
extract of the whole root, which differs classical utilization by
decocting with water [5–12]. Thus, an aqueous extract of “guitou”
was investigated as part of our program to explore the chemical
diversity of traditional Chinese medicines, focusing on the minor
constituents [13–23]. From the extract, a pair of neolignan
enantiomers with an unprecedented carbon skeleton,
(+)-/(�)-angelignanine [(+)-/(�)-1] (Fig. 1), has been isolated
(see Supporting information) and structurally determined. Herein,
described are details.

The racemate 1was isolated as awhite amorphous powder. The
infrared (IR) spectrum of 1 showed characteristic absorption bands
for aromatic ring (1611 and 1514 cm�1), conjugated carbonyl
(1673 cm�1) and hydroxyl (3348 cm�1) functionalities. Its molecu-
lar formula C20H20O6 with 11 degrees of unsaturation was
determined by negative mode high resolution electrospray
ionization mass spectroscopy [(–)-HR-ESIMS] at m/z 355.1182
[M��H]� [8_TD$DIFF] (calcd. for C20H19O6, 355.1187), together with the nuclear
magnetic resonance (NMR) spectroscopic data (Table 1). The 1H
NMR spectrum of 1 in acetone-d6 exhibited signals due to a
conjugated trisubstituted double bond at dH 7.71 (d, J =2.4 Hz, H-7),
an ortho-meta-para-trisubstituted phenyl at dH 7.08 (s, H-6) and
6.56 (s, H-3), a meta-para-disubstituted phenyl at dH 6.73 (d, J =
1.8 Hz, H-20), 6.72 (d, J = 7.8 Hz, H-50) and 6.43 (dd, J = 7.8 and 1.8 Hz,
H-60), two aromaticmethoxy groups at dH 3.90 (s, 5-OCH3) and 3.76
(s, 30-OCH3), and a sp3 hybrid methine at dH 4.26 (dd, J = 7.8 and
1.8 Hz, H-70). Additionally, in the 1H NMR spectrum the signals
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Structures of (+)-1 and (�)-1.

Table 1
NMR spectroscopic data for compound 1.a

Position dH (J in Hz) dC Position dH (J in Hz) dC

1 126.3 10 136.5
2 140.3 20 6.73 d (1.8) 112.5
3 6.56 s 118.4 30 148.1
4 148.1 40 145.6
5 146.5 50 6.72 d (7.8) 115.4
6 7.08 s 118.4 60 6.43 dd (7.8, 1.8) 121.6
7 7.71 d (2.4) 140.6 70 4.26 dd (7.8, 1.8) 50.2
8 130.3 80a 2.35 m 32.2

80b 2.13 m
9 169.7 90a 2.70 ddd (18.0, 5.4, 3.6) 27.6

90b 2.20 m
OCH3-5 3.90 s 56.4 OCH3-30 3.76 s 56.2

a NMR data (d) were measured in acetone-d6 at 600MHz for 1H and at 150MHz
for 13C. Proton coupling constants (J) in Hz are given in parentheses. The
assignments were based on DEPT, 1H-1H COSY, HSQC and HMBC experiments.
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Fig. 3. The overlaid experimental CD (full lines) and calculated ECD (dash lines)
spectra of (+)-1 (red) and (�)-1 (blue).
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attributable to vicinal coupling protons of two sp3 hybrid aliphatic
methylenes were observable between dH 2.70 and 2.13. The 13C
NMR and distortionless enhancement by polarization transfer
(DEPT) spectra of 1 showed 20 carbon signals (Table 1) corre-
sponding to the aforementioned structural units and a conjugated
carboxylic carbon (dC 169.7, C-9). When compared with those of
compounds previously reported from A. sinensis [2–10], the
aforementioned spectroscopic data revealed that 1 was an
abnormal noelignan possessing an unusual skeleton. Subsequent-
ly, the structure was further deduced by two dimension (2D) NMR
spectroscopic data analysis (Fig. 2).

Analysis of correlation peaks in the heteronuclear single
quantum coherence (HSQC) spectrum led to assignment of the
proton-bearing carbon and corresponding proton signals in the
NMR spectra of 1 (Table 1). In the heteronuclear multiple bond
correlation (HMBC) spectrum, the heteronuclear long-range
correlation peaks of H-3/C-1 and C-5; H-6/ C-2, C-4 and C-7; H-
7/C-2, C-6, C-8 and C-9; and 5-OCH3/C-5, alongwith their chemical
shifts, indicated the presence of a 2,8-disubstituted 4-hydroxy-5-
methoxyphenyl-propenoic acid moiety in 1. Meanwhile, the
presence of a 70,90-disubstituted 40-hydroxy-30-methoxyphenyl-
propane moiety in 1 was deducible from the HMBC correlation
peaks of H-20/C-40, C-60 and C-70; H-50/C-10 and C-30; H-60/C-20, C-40

and C-70; and H-70/C-10, C-20, C-60, C-80 and C-90; and 30-OCH3/C-30,
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Fig. 2. The 1H-1H COSY (thick lines) and main two- and three-bond HMBC
correlations (red arrows, from 1H to 13C) of 1.
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combined with the chemical shifts of these hydrogen and carbon
resonances as well as the vicinal coupling cross-peaks of H-50/H-60

and H-70/H2-80/H2-90 in the 1H–1H coupling correlation spectros-
copy (COSY) spectrum (Fig. 2) and the coupling constant J50,60

(Table 1). In addition, the HMBC correlations of H-3/C-70 and H-70/
C-1, C-2 and C-3 established a 2,70-linkage of the two structural
moieties, while a 8,90-linkage was constructed by the HMBC
correlations of H-7/C-90, H2-80/C-8, and H2-90/C-7, C-8 and C-9.
Accordingly, the planar structure of 1 was elucidated as a novel
2,70-cyclo-8,90-neolignan, of which the carbon skeleton has never
been reported in natural and synthetic products.

Using high performance liquid chromatography (HPLC)
equipped with a semi-preparative chiral column (Chiralpak IG,
n-hexane-EtOH, 3:1), separation of 1 afforded (+)-1 {[α]20D +101.8 (c
0.11, MeOH)} and (−)-1 {[α]20D –96.4 (c 0.14, MeOH)}. The measured
CD curves of (+)- and (�)-1 were mirrored each other (Fig. 3), but
the NMR spectroscopic data were identical to those of 1 prior to
separation, proving that the two compounds were a pair of
enantiomers. The CD spectra of (+)- and (�)-1 displayed typical
exciton coupling Cotton effects at lmax 251.0� 0.5 and
293.0� 0.5 nm, respectively, arising from coupling between
p→p* transitions of the two substituted phenyl chromophores.
Using the CD exciton chiralitymethod [24], the positive CD exciton
chirality predicts the 70S configuration for (+)-1, while the negative
exciton chirality of suggests the 70R configuration for (�)-1 (Figs. S4
and S5 in Supporting information). The assignment was further
supported by comparison of the experimental CD spectrawith that
calculated by quantum mechanical time dependent density
functional theory (TDDFT) [25]. The theoretically calculated
electronic CD spectra of 70S- and 70R-1 were in good agreement
with the experimental CD spectra of (+)- and (�)-1 (Fig. 3),
respectively. Therefore, the structures of (+)- and (�)-1 were
unambiguously determined and trivially designated as (+)- and
(�)-angelignanine, respectively. Based on international union of
pure and applied chemistry (IUPAC) recommendation on nomen-
clature of neolignans [26], the two enantiomers are systematical
named (+)-(70S)- and (�)-(70R)-4,40-dihydroxy-30,5-dimethoxy-
2,70-cyclo-8,90-neolign-7-en-9-oic acid, respectively.

According to the unique structural architecture of 2,70-cyclo-
8,90-noelignan skeleton and substituents in 1, the plausible
biosynthetic pathway is proposed in Scheme 1. The biosynthetic
precursors are traced to be ferulic acid (2) and coniferyl alcohol (3),
which are biosynthesized through shikimate pathway and
abundantly co-occur in this plant [4]. Intermolecular free radical
coupling and intramolecular radical cyclization reactions are
proposed to involve in biosynthesis of 1. Briefly enzyme-assisted
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Scheme 1. The plausible biosynthetic pathway of 1.
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oxidation of 2 and dihydroxylation of 3 give free radicals i and ii,
respectively. An intermolecular coupling of the free radicals
generates an intermediate iii, which would be enzymatically
oxidized to give a double bond-rearranged radical iv then
undergoes cyclization and captures a hydrogen radical via v to
produce 1. Alternatively, 1 may be formed from sequential
intermolecular nucleophilic addition and intramolecular free
radical cyclization (Scheme S1 in Supporting information). A
nucleophilic addition of ferulic acid with a dehydrate product of
coniferyl alcohol to yield 8-coniferylferulic acid, which undergoes
oxidation-assisted intramolecular free radical cyclization to give 1.
Since 1 was isolated as the racemate, formation of the sole chiral
center at C-70 may be non-enzymatic or enzyme-uncontrollable in
the plausible pathways.

Because compound 1 was undetectable in a fresh crude extract
by HPLC/HR-ESIMS analysis (possibly due to low content), to
exclude fortuitous formation of 1 during the isolation procedure, 2
and 3 were refluxed in H2O or methanol with or without silica gel
(the main solvents and absorbent used in the isolation procedure)
for 8 h. HPLC/HR-ESIMS analysis demonstrated that 1 was also
undetectable in the reaction mixtures. The simulation is not
enough but partially supportive to conclude that 1 is a natural
product.

According to the clinical application of “guitou”, the enan-
tiomers were tested for their hypnotic effect in mice. As compared
with vehicle control group, at a dosage of 10.0mg/kg (i.g.) both the
enantiomers significantly increased the rate of sleep onset in mice
treated with sub-hypnotic dose of sodium pentobarbital (Table S2
1659
in Supporting information), and prolonged the duration of loss of
righting reflex in mice treated with hypnotic dose of sodium
pentobarbital [27].

In conclusion, (+)-/(�)-angelignanine [(+)-/(�)-1] was isolated
as the minor constituent from the aqueous extract of “guitou”. The
enantiomers have the undescribed 2,70-cyclo-8,90-neolignan car-
bon skeleton biogenetically proposed from coupling between
ferulic acid and coniferyl alcohol. The structural novelty not only
enriches the diversity of neolignans and the chemical constituents
of “danggui”, but also challenges synthetic and biosynthetic
chemists to obtain enough amount of the sample for further
biological evaluation.
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