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ty and Ins
A B S T R A C T

Aphamines A–C (1–3), three pairs of acyclic diterpene dimer enantiomers with an unprecedent
ploymerization pattern, were discovered from Aphanamixis polystachya by NMR-guided isolation and
chiral resolution. The elucidation of their novel carbon skeletons was achieved based on spectroscopic
analysis, exciton chirality, and calculated electronic circular dichroism (ECD). Plausible Claisen
rearrangement, 5-exo-trig cyclization, and reduction reactions may play important roles in the
polymeric biosynthesis pathway. Compounds 1 and 3 showed inhibitory effects on nitric oxide (NO)
production (IC50: 6.71–15.36mmol/L) and reduced the expression of iNOS in LPS-induced RAW 264.7
macrophages.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Acyclic diterpene dimers (ADDs), a kind of rare natural products
originating from acyclic diterpenes with multiple double bonds,
were first discovered from the Meliaceae plant Aphanamixis
grandifolia by our research group in 2013 [1]. After that, ADDs
have attracted considerable attentions and 25 dimers [1–4] and 26
monomers [5–12] with diverse biological activities were isolated
from the Aphanamixis genus, and of these, the biomimetic
synthesis of dimers aphadilactones A–D was accomplished [13].
To date, the reported ADDswere proposed to be formed via a [4 + 2]
or [2 + 2] cycloaddition reaction [1–4]. Moreover, acyclic diter-
penes can be assembled with other physiologically active
substances, for example ascorbic acid (vitamin C), to provide
structurally fantastic and biologically important derivatives [14].
Considering the rich double bonds in monomer precursors [5–12],
the diversity of location and pattern in polymerisation might exist.
As a new structure family [15], their significant anti-inflammatory
activities [1,2] and structural diversities [1–4] stimulated our
further investigation of diterpene dimers from the Aphanamixis
plants.

In plant extract, these minor low-polar ADDs coexisted with
a large quantity of fatty components [1–4], which increased
the difficulty of discovery. Comparing their characteristic
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methyl and double bond structure fragments distinguished
from those of fatty acids, NMR-guided investigation of ADDs in
seeds of A. polystachya, a timber tree mainly distributed in the
tropical and subtropical of Asia [16], was conducted and led to the
isolation of three pairs of dimeric acyclic diterpene enantiomers,
aphamines A–C (1–3) (Fig. 1). Different from previously reported
dimers [1–4], compounds 1–3 bore an unprecedented carbon
skeleton through the linkage of a 4H-furan moiety fused via
Claisen rearrangement, cyclization and reduction reactions.
Herein, the details of NMR-guided isolation, structural elucidation,
plausible biosynthetic pathway, and biological activities of 1–3 are
described.

Aphamine A (1), obtained as a colourless gum, had the
molecular formula of C42H62O7 determined by its HRESIMS ion
at m/z 701.4384 [M +Na]+ (calcd. for 701.4388). The 1H and 13C
NMR data (Table 1), interpreted with the help of DEPT and HSQC
experiments, revealed resonances for 42 carbons including 12
singlet methyl carbons (two methoxy), eight methylenes, 10
methines (seven olefinic and one oxygenated), nine tertiary
carbons (seven olefinic and two oxygenated), and one ketone
and two ester carbonyls, of which three resonances appearing
highly overlapped (dC 167.34� 2, 50.99� 2, 16.14� 2) and seven
ones appearing in pairs (dC 160.07/159.89, 115.49/115.26, 50.99/
50.97, 40.96/40.78, 27.21/27.20, 26.19/26.09, 18.98/18.96). Consid-
ering the number of methyl singlets and carbon atoms and 12
indices of hydrogen deficiency, compound 1 might be a diterpene
dimer similar to the previously described aphanamene A [1].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Structures of compounds 1–3.

Table 1
1H (600MHz) and 13C NMR (150MHz) spectroscopic data for compound 1 in CDCl3
(d in ppm, J in Hz).

No. dH dC No. dH dC

1 167.34 1' 167.34
2 5.62 s 115.26 2' 5.67 s 115.49
3 160.07 3' 159.89
4 2.17 m 40.78 4' 2.17 m 40.96

2.06 m 2.06 m
5 2.18 m 26.19 5' 2.18 m 26.09

2.06 m 2.06 m
6 5.05 t (6.8) 124.71 6' 5.14 t (6.7) 124.05
7 134.35 7' 135.20
8 2.03 m 42.27 8' 2.34 m 38.47

1.96 m 2.14 m
9 1.94 m 44.23 9' 2.34 m 27.80
10 4.21 d (8.9) 82.58 10' 6.59 t (6.2) 142.07
11 100.65 11' 137.58
12 157.57 12' 200.91
13 6.27 d (5.9) 120.58 13' 2.72 m 37.75
14 6.03 d (5.9) 139.50 14' 2.33 m 50.99
15 88.79 15' 80.61
16 1.33 s 27.21 16' 1.24 s 29.44
17 1.31 s 27.20 17' 1.08 s 25.24
18 1.65 s 9.76 18' 1.78 s 11.74
19 1.50 s 16.14 19' 1.64 s 16.14
20 2.12 s 18.98 20' 2.16 s 18.96
OCH3-1 3.68 s 50.99 OCH3-1' 3.68 s 50.97
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Fig. 2. Key HMBC and ROESY correlations of compound 1.
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A 2,2-dimethyl-2,5-2H-furan moiety and one double bond
between C-11 and C-12 were established by the HMBC cross-peaks
(Fig. 2) of H3-18 (dH 1.65) to C-11 (dC 100.65) and C-12 (dC 157.57);
of H-13 (dH 6.27) to C-12, C-14 (dC 139.50), and C-15 (dC 88.79); of
H-14 (dH 6.03) to C-12, C-13 (dC 120.58), and C-15; and of H3-16
(dH 1.33) and H3-17 (dH 1.31) to C-14 and C-15. The presence of an α,
β-unsaturated-d-methyl ester moiety was confirmed by the HMBC
correlations of OCH3 (dH 3.68) to C-1 (dC 167.34); of H-2 (dH 5.62) to
C-1 and C-3 (dC 160.07); and of H3-20 (dH 2.12) to C-1, C-2
(dC 115.26), and C-3. The connection of these above fragments
constructed the monomeric diterpene unit A of 1 by the HMBC
correlations shown in Fig. 2. In the same way, the monomer unit B
was readily established, with the major difference being the
absence of the 2,5-2H-furan moiety in unit A and the presence of
an α,β-unsaturated carbonyl fragment in unit B. This assignment
was supported by the HMBC cross-peaks fromH-10' (dH 6.59) to C-
9' and C-12' (dC 200.91); from H3-18' (dH 1.78) to C-10' (dC 142.07),
C-11' (dC 137.58), and C-12'; and from H2-13' to C-12'. The above
analysis revealed that both monomer units A and B were acyclic
diterpene derivatives derived from melidianolic acid A [5].

The key HMBC correlations of H2-8 to C-14' (dC 50.99); of H-9 to
C-13' (dC 37.75) and C-14'; of H-10 to C-14'; of H-14' to C-8 (dC
42.27) and C-9 (dC 44.23); and of H2-13' to C-9 revealed that C-9
was attached to C-14' through a carbon-carbon single bond. The
HMBC cross-peaks of H-10 (dH 4.21) to C-9 and C-11; of H-9
1481
(dH 1.94) and H3-18 to C-10 (dC 82.58); and of H-14' (dH 2.33), H3-
16', and H3-17' to C-15' (dC 80.61), suggested that both C-10 and C-
15' were oxygenated. The molecular formula of 1 and the
remaining one degree of unsaturation required the linkage of C-
10 and C-15' via an oxygen atom. Thus, the 2D structure of 1 was
determined to be a diterpene dimer skeleton through the linkage
of a 4H-furan moiety.

The ROESY cross-peaks from H-10 (dH 4.21) to H-8 (dH 1.96), H-
14' (dH 2.33), and H3-16' (dH 1.24) and from H-14' to H3-16' (Fig. 2)
indicated that these protons and Me-16' were cofacial and
randomly assigned as α-oriented. The coupling constant
(J = 8.9 Hz) between H-9 and H-10 and ROESY correlations of H-
9 (dH 1.94)/H2-13' (dH 2.72) and H2-13'/H3-17' (dH 1.08) suggested
that H-9, H2-13', and Me-17' were cofacial and β-oriented.
Consequently, the α-oriented long wing at C-9 and β-oriented
head incorporating a 2,5-2H-furanmoiety at C-10were assigned as
trans-oriented, and another long wing at C-14' was fixed as β-
oriented. The E-geometry of D6,7, D11,12, D6',7', and D10',11' double
bonds were deduced from the ROESY correlations of H-6/H-8, H-
10/H-13, H-6'/H-8', H-9'/H3-18', and H-10'/H2-13', while the ROESY
cross-peaks of H-2/H3-20 and H-2'/H3-20' suggested the Z-
geometry of D2,3 and D2',3' double bonds.

The lack of optical activity and Cotton effect suggested that 1
might be a racemic mixture. Chiral HPLC separation of 1 yielded
two enantiomers, (+)-1 and (–)-1, in a rate of 1:1withmirror-image
ECD spectra (Figs. 3a and b) and opposite optical rotations. Due to
the oil property and flexible structure of acyclic diterpene dimers
[1–4], the recrystallization of (+)-1 and (–)-1 in many solvent
systems and temperature conditions was unsuccessful. Thus, the
absolute configurations of these enantiomers were established by
exciton chirality and ECD calculation. The ECD spectrum of (+)-1
(Fig. 3b) showed a positive Cotton effect at 274 nm (De +3.94)
attributable to n-p* band of the conjugated dienol moiety and a
negative Cotton effect at 218 nm (De –1.83) assignable to p-p*
band of the α,β-unsaturated carbonyl group, indicating a clockwise
spatial relationship of these two chromophores [17]. Therefore, the
absolute configuration of (+)-1was defined as 9S, 10S and 14'S. The
high similarity of the experimental and calculated ECD data
(Fig. 3b) further confirmed the above assignment. Consequently,
the opposite CD curve of (–)-1 versus that of (+)-1 revealed the
reversed configuration (9R, 10R and 14'R) of (–)-1.
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Fig. 3. The chiral HPLC separation of compounds 1 and 3, the experimental and calculated ECD spectra of 1 and 3 in MeOH, and the exciton chirality of the core part of (+)-1.
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Comparison of the 1H and 13C NMR data of aphamine B (2) with
those of 1 revealed the absence of a methoxy group. The minor
variations of the chemical shifts of C-1'/2'/3' (Table S1 in
Supporting information) and HMBC cross-peaks of H-2' (dH
5.69) to C-1' (dC 169.53) and C-3' (dC 162.46) and of H3-20' (dH
2.17) to C-1', C-2' (dC 114.89), and C-3' (Fig. S2 in Supporting
information) verified the presence of an α,β-unsaturated carboxylic
acid group in the unit B of 2 rather than the α,β-unsaturated-
d-methyl ester moiety in 1. The relative configuration of 2 was
determined to be the same as that of 1 by a ROESYexperiment and
the identical chemical shifts of protons and carbons around the 4H-
furan ring.

Detailed analysis of the HRESIMS, 1D NMR, HSQC, and HMBC
data indicated that aphamine C (3) possessed the same 2D
structure as that of 1. The chemical shifts (dH 2.61 (H-9), 4.31 (H-
10), 2.60 (H-14'); dC 40.27 (C-9), 82.38 (C-10), 46.76 (C-14'), 81.70
(C-15')) of the protons and carbons around the 4H-furan ring
(Table S1 in Supporting information) were notably different from
those (dH 1.94 (H-9), 4.21 (H-10), 2.33 (H-14'); dC 44.23 (C-9), 82.58
(C-10), 50.99 (C-14'), 80.61 (C-15')) in 1, implying that they might
be stereoisomers with different configuration at C-9, 10, and 14'.
The ROESY cross-peaks of H-8 (dH 1.90)/H-10 (dH 4.31), H-8/H2-13'
(dH 2.63, 2.67), H2-13'/H3-16' (dH 1.10), and H3-16'/H-10 (Fig. S3 in
Supporting information) revealed that these protons and Me-16
were cofical and assigned as α-oriented. The β-orientations of H-9,
H-14', andMe-17'were inferred from the ROESY correlations of H-9
(dH 2.61)/H3-17' (dH 1.26) and H-14' (dH 2.60)/H3-17' and the
coupling constant (J9,10 = 6.6 Hz). Consequently, the long wing at C-
9 and the head at C-10 were also trans-oriented, identical to that in
1, while the long wing at C-14' in 3 was determined as α-oriented.
Therefore, 3 was a stereoisomer of 1 with different relative
configuration at C-14'.

Aphamines B and C (2 and 3) were also resolved by chiral HPLC
to obtain (+)-2 and (–)-2 and (+)-3 and (–)-3 (Fig. 3c and Fig. S5 in
Supporting information). Similarly, the absolute configurations of
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(+)-2, (–)-2, (+)-3 and (–)-3 were assigned as 9S, 10S and 14'S; 9R,
10R and 14'R; 9S, 10S and 14'R; and 9R, 10R, and 14'S respectively,
based on their experimental and calculated ECD data (Fig. 3d and
Fig. S5).

The biogenetic precursor of 1–3 was traced to geranylgeranoic
acid, which produced the monomer units A and B through
oxidation and cyclization (Scheme 1). Different from previously
reported dimers formed via a [4 + 2] or [2 + 2] cycloaddition [1–4],
oxidation of the olefinic alcohol moiety in unit Awould generate a
free radical i, which would be captured by unit B to give
intermediate ii [14]. Subsequent Claisen rearrangement of ii
provided the intermediate iii [14,18–20], which then underwent an
intramolecular 5-exo-trig cyclization to produce the intermediate
v [14,21–23]. The asymmetric reduction of D9,10 double bond in v
would afford 1–3 with the wing at C-9 and the head at C-10 in a
trans-orientation [24–26]. Based on the aforementioned specula-
tion, the dimeric carbon frameworks of 1–3 represent the third
polymerisation mode of acyclic diterpenes.

Inflammation in humans is associated with the pathogenesis of
various diseases such as cancer, myocardial infraction, rheumatoid
arthritis, stroke, and diabetes [27,28]. Our previous research indicated
that 16 diterpene dimers showed significant anti-inflammatory
activities [1,2]. Therefore, compounds 1 and 3 were evaluated
for inhibitory activities on NO production in LPS-induced
RAW264.7 macrophages [29]. At non-cytotoxic concentrations,
compounds (+)-1, (–)-1, (+)-3 and (–)-3 showed inhibitory effects
with IC50 values of 11.96�1.08, 9.01�0.53, 15.36�1.11 and
6.71�0.12mmol/L, respectively (L-NMMA, IC50 = 43.19�
1.99mmol/L), and reduced the protein level of inducible nitric
oxide synthase (iNOS) but had no impact on the expression of
cyclooxygenase-2 (COX-2) (Fig. 4 and Fig. S6 in Supporting
information).

In conclusion, aphamines A–C (1–3), three pairs of enantiomers,
represent a new class of acyclic diterpene dimers bearing a unique
carbon skeleton. This finding revealed a new dimerization pattern
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Fig. 4. The effects of compounds (–)-1 and (–)-3 on NO production and the expression of iNOS and COX-2 in protein levels in LPS-stimulated RAW 264.7 cells.

[(Scheme_1)TD$FIG]

Scheme 1. Plausible biogenetic pathway of compounds 1–3.
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of acyclic diterpenes involving Claisen rearrangement, 5-exo-trig
cyclization, and asymmetric reduction reactions. Meanwhile, their
significant inhibitory activities on NO production and reduction of
the expression of iNOS provided more evidence for the acyclic
diterpene dimers as the candidates for anti-inflammatory agents.
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