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Investigation of the alkaloids from Myrioneuron effusum leads to the isolation of myrionsumamide A (1),

a pair of enantiomeric alkaloids with an unprecedented tetracyclic system skeleton. These two alkaloids

were separated by chiral HPLC with a ratio of 3 : 5 from the scalemic mixture. Their structures including

absolute configurations were determined by NMR spectroscopy, X-ray diffraction data and ECD

calculations. Both (+)-1 and (−)-1 showed antibacterial activity against Staphylococcus aureus with MIC

at 7.81 mg ml−1.
Introduction

Myrioneuron alkaloids belong to the category of lysine-based
structurally diverse natural products elaborated by plants of
the genus Myrioneuron R. Br. (Rubiaceae).1 Some structures of
them showed signicant biological activities such as antima-
larial and anti-hepatitis C virus (HCV),2–4 which along with their
complex ring systems (up to 10 hexatomic rings) and amazing
multiple chiral centers (up to 12 ones) within one structure have
attracted great attention for total synthesis studies.5–7 By July
2022, more than twenty Myrioneuron alkaloids had been ob-
tained with various polycyclic structures (tricyclic-, tetracyclic-,
pentacyclic-, hexacyclic-, octacyclic-, and decacyclic-type).1,4,8–10

However, their stereochemistry control and polycyclic skeleton
construction logic in nature remain elusive.

One basic feature of Myrioneuron alkaloids is their decahy-
droquinoline (DHQ) core (Fig. 1), and the subsequent attach-
ment of rings C and D onto the DHQ moiety (rings A and B)
consistently generated the typical ‘myrionamide carbon skel-
eton’ with a series of chiral centers (Fig. 1). From the
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the Royal Society of Chemistry
biosynthesis perspective, the ve carbon atoms on ring D were
assumed to be derived from a lysine aer oxidation and
decarboxylation reactions.2,8 However, in our continuous
investigation of bioactive Myrioneuron alkaloids, (�)-myr-
ionsumamide A (1) was isolated and possessed a different
carbon skeleton from myrionamide and schoberine (Fig. 2),
whose structures were conrmed by X-ray diffraction experi-
ments.3 This new manner of ring D formation and attachment
drew our attention to study its structure and bioactivity.

Here we report the isolation of 1 from Myrioneuron effusum
(Pitard) Li and its structural elucidation on the basis of NMR
and X-ray diffraction data analysis, and a hypothesized bioge-
netic pathway of 1 was also discussed. Further we observed that
myrionsumamide A is a scalemic mixture, and (+)-1 and (−)-1
Fig. 1 Representative Myrioneuron alkaloids with DHQ moiety and
‘myrionamide carbon skeleton’ (highlighted in bold).
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Fig. 2 Structures of myrionsumamide A (1) and known typical Myr-
ioneuron alkaloids myrionamide and schoberine. Fig. 3 (A) 1H–1H COSY, key HMBC and ROESY correlations of 1; (B) X-

ray structure of 1.
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View Article Online
were separated by chiral HPLC with a ratio of 5 : 3. An anti-
bacterial experiment showed both (+)-1 and (−)-1 were active
against Staphylococcus aureus with MIC at 7.81 mg ml−1.
Results and discussion

Myrionsumamide A (1) was recrystallized from acetone to give
colorless crystal, and its molecular formula C15H24N2O2 was
established by positive HR-ESI-MS (m/z 265.1922 [M + H]+, calcd
for C15H25N2O2, 265.1911), corresponding to 5 degrees of
unsaturation. The 1H and 13C NMR data (Table 1) revealed the
presence of two quaternary carbons (dC 174.0 and dC 70.7), four
methines, and nine methylenes. The IR absorption bands
around 3555, 2932 and 1614 cm−1 showed the presence of
hydroxyl, secondary amine, and carbonyl functionality, respec-
tively. Since one carbonyl accounted for one out of the ve
degrees of unsaturation, the remaining four degrees of unsa-
turation were assumed for the presence of a tetracyclic system
in the structure.

The gross structure of 1 was constructed by 2D NMR exper-
iment. Based on the 1H–1H COSY and HSQC study, two struc-
tural fragments were established as drawn with bold bonds
(Fig. 3A). The connectivity of the two structural fragments, via
Table 1 1H (600 MHz) and 13C NMR (150 MHz) spectroscopic data of 1
recorded in chloroform-d1 (d in ppm)

No. dC dH-a (mult, J) dH-b (mult, J)

2 42.7 4.50 (dd, 13.14, 4.26) 2.62 (m)
3 19.9 1.70 (m) 1.56 (m)a

4 27.0 1.63 (m) 1.29 (m)
5 42.2 1.64 (m)
6 29.7 1.61 (m) 1.53 (m)
7 26.5 1.54 (m) 1.24 (m)
8 26.4 2.12 (m) 1.79 (dt, 13.14, 3.36)
9 36.4 1.66 (m)
10 54.6 3.86 (t, 5.52)
11 60.9 2.80 (d, 2.88)
13 45.0 2.91 (dd, 11.52, 3.72) 2.64 (ddd, 24.42, 11.16, 3.54)
14 23.5 1.56 (m)a 1.23 (m)
15 36.8 2.53 (dd, 12.42, 3.96) 1.30 (m)
16 70.8
17 174.2
16-OH 4.94 (s)b

a Overlapped. b Recorded in DMSO-d6.

28148 | RSC Adv., 2022, 12, 28147–28151
two nitrogen atoms and two quaternary carbons were estab-
lished by the analysis of HMBC correlations (Fig. 3A). The
HMBC correlation from H-2 to C-10 indicated that C-2 and C-10
were connected via N-1, which further conrmed by that
methine (C-10, dC 54.5) andmethylene (C-2, dC 42.5) were typical
carbons bearing one nitrogen atom of Myrioneuron alkaloid.
Similarly, the HMBC correlations from H-11 to C-13 and from
H-13 to C-11 revealed that C-11 and C-13 were connected
through N-12. In addition, the HMBC correlations from H-9, H-
11 and H-15 to C-16, from H-2, H-11 and H-15 to C-17, from H-
11 to C-15 and from H-15 to C-11 indicated the structural
fragments a and b were connected by a quaternary carbon
bridge of C-16/C-17. Thus, the 2D structure of 1 was established
as shown (Fig. 3A).

The relative conguration of 1 was elucidated by 2J coupling
constant analysis and further conrmed by X-ray diffraction
data. Since H-10 was split by H-5 and H-9 to give 2J ¼ 5.52 Hz
which required cis position of both H-5 and H-9 with H-10, and
these three cofacial protons were arbitrarily assigned as b-
oriented. The remaining chiral centers at C-11 and C16 were
directly conrmed by X-ray diffraction. Compound 1 was care-
fully recrystallized from acetone. As a result, the planar struc-
ture and relative conguration of 1 was conrmed as shown in
Fig. 3B. Moreover, analysis of X-ray data suggested 1 to be
racemate by the space group P�1 (data has been deposited to
CCDC with no. 2190231). Subsequently, 1 was further analyzed
by HPLC with a chiral column and turned out to be an scalemic
Fig. 4 Analysis of a scalemic mixture of (�)-1 by chiral HPLC (Daicel
Chiralpak IC 4.6 � 250 mm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Experimental ECD spectrum of (�)-1 (solid) and calculated ECD
spectrum of (�)-1 (dash).
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mixture with a ratio of (+)-1/(−)-1 as 5 : 3 (Fig. 4), and in agree
with its slightly positive rotation value (Fig. S1.10†).

Both racemic and enantiomeric enrichment were observed
in alkaloids from Myrioneuron faberi,3 so we suppose that
primary polycyclic structures could be formed spontaneously as
biomimetic access to C5-lysine-derived nitraramine11 and other
scalemic natural products,12,13 while the optical pure species
should be resulted from late stage enzymatic modication(s). A
proposed biosynthetic pathway for 1 starting from L-lysine was
shown in Scheme 1. Three basic building bricks a, b and c could
be derived from L-lysine through decarboxylation, deamination,
and oxidation, with disappearance of the chiral carbon. First,
a and b could transform into intermediates i and ii via
Mannich-like reaction. Second, iii could react with c to give
imine iv, and the tautomer of iv might undergo intramolecular
Manish-like reaction resulting ring D closed vi. Then ring C
could be generated to give vii via condensation from vi. Finally,
1 could be obtained by oxidation of vii. Since optical monomer
(+)-1 was enriched over (−)-1, it was speculated that the
hydroxylation at C-16 was catalyzed by an oxygenase with poor
stereoselectivity which favors the formation of (+)-1.

Based on the relative congurations, the absolute congu-
rations of the two enantiomers were conrmed by comparing
the experimental CD with the theoretical calculation ECD
(Fig. 5). The ECD spectrum was calculated using the TD-DFT-
B3LYP/6-311G+(2d,p) theory of B3LYP/6-31G(d,p)-optimized
geometries with the IEFPCM model (in MeOH) in the
Gaussian 09 program package.14 The CD of (+)-1 is in agree with
the ECD of the model compound (5R, 9S, 10S, 11S, 16R), while
the CD of (−)-1 is comparable to the ECD of (5S, 9R, 10R, 11R,
16S) (Fig. 5). Thus, the absolute conguration of (+)-1 and (−)-1
was determined as 5R, 9S, 10S, 11S, 16R and 5S, 9R, 10R, 11R,
16S, respectively.

Antibacterial activity of (+)-1 and (−)-1 were evaluated
against six bacterial strains (Staphylococcus aureus ATCC29213,
Bacillus subtilis ATCC 6051, Escherichia coli ATCC25922, Pseu-
domonas aeruginosa ATCC27853, Acinetobacter baumanii ATCC
BAA-1710D and Klebsiella pneumonia ATCC BAA-1705) by MIC
method15 aer optical density value by spectrophotometer at
490 nm. Both (+)-1 and (−)-1 showed antibacterial activity
against Staphylococcus aureus ATCC29213 with MIC value of
7.81 mg ml−1.
Scheme 1 Plausible biosynthetic pathway for 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Experimental
General procedures

Optical rotations were measured with a Jasco P-1020 polarim-
eter. UV spectra were obtained using a Shimadzu UV-2401A
spectrophotometer. A Tenor 27 spectrophotometer was used
for IR spectra as KBr pellets. 1D and 2D NMR spectra were
recorded on Bruker spectrometer with TMS as internal stan-
dard. HRESIMS was performed on a triple quadrupole mass
spectrometer. Semi-preparative HPLC was performed on an
Agilent 1100 liquid chromatograph with a Waters X-Bridge Prep
Shield RP18 (10 � 150 mm) column. Column chromatography
(CC) was performed using silica gel (100–200 mesh and 300–400
mesh, Qingdao Marine Chemical, Inc., Qingdao, People's
Republic of China) and Sephadex LH-20 (40–70 mm, Amersham
Pharmacia Biotech AB, Uppsala, Sweden). Microplate reader
(BioTek ELx800) was used in antibacterial assay. X-ray diffrac-
tion was carried out on BRUKER D8 QUEST.

Plant material

The twigs and stems ofMyrioneuron effusum were collected from
Guangxi Province, People's Republic of China, in November
2014. The plant samples were identied by Ligong Lei of
Kunming Institute of Botany, Chinese Academy of Science
(CAS). A voucher specimen (HXJ20141101) was deposited at the
State Key Laboratory of Phytochemistry and Plant Resource in
West China, Kunming Institute of Botany, Chinese Academy of
Science (CAS).

Extraction and isolation

The air-dried, powdered leaves and twigs (57 kg) of M. effusum
were extracted three times with MeOH at room temperature.
The total extract (4.8 kg) was subjected to normal phase Si gel
(100–200mesh; CHCl3/MeOH, 1 : 0 to 0 : 1) to obtain four major
fractions (Fr. 1–4). Fraction 2 (311.5 g) was also subjected to Si
gel column chromatography with CHCl3/MeOH (20 : 1) to yield
four sub-fractions (2a–2d). Fraction 2c (90.0 g) was chromato-
graphed over a RP-C18 silica gel with step-gradient of MeOH–

H2O (v/v, from 10 : 90 to 90 : 10) to obtain the crude alkaloids
RSC Adv., 2022, 12, 28147–28151 | 28149
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(51.4 g) and then separated to three fractions (2c-1–2c-3) by Si
gel column chromatography (300–400 mesh, CHCl3/MeOH,
20 : 1). Fraction 2c-1 (12.6 g) was separated by preparative HPLC
(Waters XSelect CSH prep C18, 5 mm, 19 � 150 mm; MeOH–

H2O, from 30 : 70 to 90 : 10 in 20 min; velocity of ow 10
ml min−1) to obtained three fractions (2c-1a–2c-1c). Fraction 2c-
1b (40.5 mg) was chromatographed over a Sephadex LH-20 gel
column to give compound (�)-1 (15.6 mg). Then (+)-1 and (−)-1
were separated by chiral HPLC (Daicel Chiralpak ODH, 4.6 �
250 mm, isopropanol/hexane 13 : 87, 1 ml min−1).
X-ray crystallographic analysis

The crystals of 1 were obtained from acetone at room temper-
ature. The crystallographic diffraction data were collected with
Cu Ka radiation (l ¼ 1.54178 Å) using a BRUKER D8 QUEST
diffractometer at T ¼ 150(2) K. The structure was solved by the
SHELXS method and rened based on full-matrix least-squares
on F2 using SHELXL-2018/3. Crystal data for 1: C15H24N2O2,M¼
264.36, a ¼ 10.0436(5) Å, b ¼ 11.4268(6) Å, c ¼ 12.7535(6) Å, a ¼
92.7820(10)�, b ¼ 96.8930(10)�, g ¼ 108.4380(10)�, V ¼
1372.67(12) Å3, T ¼ 100(2) K, space group P�1, Z ¼ 4, m(CuKa) ¼
0.676 mm−1, 17 390 reections measured, 4629 independent
reections (Rint ¼ 0.0477). The nal R1 values were 0.0744 (I >
2s(I)). The nal wR(F2) values were 0.2159 (I > 2s(I)). The nal R1

values were 0.0747 (all data). The nal wR(F2) values were 0.2165
(all data). The goodness of t on F2 was 1.107.
Antibacterial assay

Compounds (+)-1 and (−)-1 were tested for antibacterial activi-
ties against Staphylococcus aureus ATCC29213, Bacillus subtilis
ATCC 6051, Escherichia coli ATCC25922, Pseudomonas aerugi-
nosa ATCC27853, Acinetobacter baumanii ATCC BAA-1710D and
Klebsiella pneumonia ATCC BAA-1705. The minimum inhibitory
concentration (MIC) values were determined using a 96-well
plate format with LB broth. Briey, each strain was grown in LB
and used as a seed culture when the OD490 reached 2.0. The
seed culture (10 mL) was added to 10 ml LB, and 100 mL LB with
cells was transferred into the rst 6 columns on a 96-well plate
ready for assay (LB without cells in column 7 as background,
and DMSO instead of compound in column 8 as a negative
control). The compounds (+)-1 and (−)-1 and the positive
control hygromycin b were dissolved in DMSO to make serial
dilutions ready for assay. Then add a series of compound to get
nal concentrations of 125 mM, 62.5 mM, 31.25 mM, 15.62 mM,
7.81 mM, 3.91 mM in each row. Each strain was also set up in the
same way and in triplicate. The 96-well plates were cultured at
37 �C for 8 h and then the OD490 was measured to determine the
MIC values.
Conclusions

In this work we showed a new ring system construction manner
together with stereoselectivity adopted byMyrioneuron alkaloids
(�)-Myrionsumamide A. Their structures and absolute cong-
urations were elucidated by NMR data analysis, X-ray
28150 | RSC Adv., 2022, 12, 28147–28151
diffraction, and ECD calculations. Meanwhile, both (+)-1 and
(−)-1 showed antibacterial activity against Staphylococcus
aureus.
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