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Three new compounds, the silphiperfolanol angelate ester
umutagarananol (1), the macrocyclic pyrrolizidine alkaloids
umutagarinine A and B (2–3), and five known secondary
metabolites (4–8) were isolated from the CH2Cl2� MeOH (1 :1)
extract of the roots and the stem bark of Solanecio mannii
(Hook. f.) (Asteraceae). The isolated compounds were charac-
terized by NMR and IR spectroscopic, and mass spectrometric
analyses, whereas the relative stereochemistry of 4 was
established by NAMFIS-based combined computational and

solution NMR analysis. Synthetic modification of 5 provided two
new compounds, 2-angeloyloxy-4,8-epoxypresilphiperfolane (9)
and 2-angeloyloxy-4,8-epoxypresilphi-perfolane (10). The crude
extracts and the isolated constituents showed weak antibacte-
rial activities (EC50 0.7–13.3 mM) against the Gram-negative
Escherichia coli and the Gram-positive Bacillus subtilis. Com-
pounds 2, 3 and 4 exhibited strong cytotoxicity against MCF-7
human breast cancer cells, with EC50 values of 35.6, 21.7 and
12.5 μM, respectively.

Introduction

Plants of the Senecio genus have elevated pyrrolizidine alkaloid
content,[1] which are substances composed of a necine base
that is esterified with a necic acid. The necine base is a
structural derivative of pyrrolizidine, a bicyclic aliphatic hydro-
carbon that consists of two fused five-membered rings and has
a nitrogen at the bridgehead.[2] These alkaloids exhibit strong
hepatotoxic, genotoxic, cytotoxic, tumorigenic, and neurotoxic
activities. They are common food contaminants in grain, milk,
honey and eggs, and thus are a threat to public health.[1c,d]

Solanecio mannii (Asteraceae, synonym Senecio manii),
locally known as “umutagara” in Rwanda, is a shrub with small
soft-wooded branches and with conspicuous pale leaf scars.[3] It
is widespread and in folk medicinal use in tropical Africa. In

Cameroon, it is used to treat epilepsy as well as microbial and
fungal diseases.[4] Preparations of S. mannii are taken by the
East African Nandi people to treat cough, pneumonia, epilepsy,
typhoid, and cancer,[5] whereas in Rwanda, for treatment of
food poisoning, open wounds, hemorrhoids and malaria.[6]

Motivated by the traditional medicinal use of S. mannii, we
conducted a phytochemical investigation of its root and stem
bark, and evaluated the antimicrobial and the cytotoxic
activities of their extracts and their isolated constituents. Two
additional new compounds were synthesized by synthetic
modification of a metabolite that was isolated in large amount.

Results and Discussion

The CH2Cl2� MeOH (1 :1) extracts of the root and stem bark of S.
mannii were subjected to column chromatography over silica
gel and Sephadex LH-20 repeatedly, and were further purified
by preparative reversed-phase HPLC to afford three new
metabolites (1–3) along with five known compounds (4–8,
Figure 1). Their structures were elucidated by NMR, IR, and
HRESIMS analyses (see pages S1–S21 in the Supporting Informa-
tion). The known compounds were identified as senaetnine
(4),[7] 2-angeloyloxy-5,8-dihydroxypresilphiperfolane (5),[8] caffeic
acid (6),[9] methylcaffeate (7),[10] and lupeol (8)[11] by comparison
of their spectroscopic data with literature data.

Compound 1 was isolated as an optically active
([α]D

20� 39.1°; c 0.15, CHCl3) brownish gum. It was assigned the
molecular formula C20H32O4 based on HRESIMS ([M+H]+ m/z
337.2375, calcd 337.2378) and NMR data (Table 1, Figures S2–
S9, Supporting Information) analyses. The IR spectrum showed
characteristic bands for hydroxy (3460 cm� 1) and carbonyl
(1715–1740 cm� 1) groups (Figure S52, Supporting Information).
Its 1H NMR, 13C NMR and HSQC spectra showed the presence of
six methyl (CH3-4’, 5’, 12, 13, 14, 15), three methylene (CH2-2, 6,
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7), and six methine groups (aliphatic CH-4, CH-5, olefinic CH-3’,
and oxygenated CH-3, 9, 11), and three quaternary (C-1, C-8, C-
10), an olefinic (C- 2’) and a carbonyl carbon (C-1’). The olefinic
proton H-3’ (δH 6.04) and the two methyl groups (CH3-4’ and 5’)
resonating at δH 1.88 and 1.97, respectively, suggested the
presence of an angeloyl moiety.[12]

A TOCSY spectrum revealed two separate spin systems
(Figure 2), of which the first is constituted by protons H-2a/b (δH

1.80 and 2.20), H-3 (δH 4.98), H-4 (δH 2.47), H-5 (δH 2.03), H-6 (δH

1.80 and 1.46) and H-7a/b (δH 1.46 and 1.91). The methyl proton
H-4’ (δH 1.97), the olefinic proton H-3’ (δH 6.04), and the methyl
protons CH3-5’ (δH 1.88) form the second spin system. We
deduced the presence of three, fused cyclopentane rings from
COSY, TOCSY, HSQC and HMBC spectra. Hence, the HMBC
spectrum showed cross-peaks of H-2 (δH 1.80 and 2.20) to C-1
(δC 50.9), C-3 (δC 80.8), C-4 (δC 58.8), C-8 (δC 63.7) and C-12 (δC

26.3) indicating the connectivity of ring A. The HMBC cross-
peaks of H-11 (δH 3.29) with C-12 (δC 26.3), C-14 (δC 15.5), C-2

Figure 1. The natural products isolated from the root and stem bark of Solanecio mannii (Asteraceae): umutagarananol (1), umutagarinine A (2), umutagarinine
B (3), senaetnine (4), 2-angeloyloxy-5,8-dihydroxypresilphiperfolane (5). The structures of caffeic acid (6), methylcaffeate (7), and lupeol (8) that were also
isolated are given in the Supporting Information.

Table 1. NMR spectroscopic data (400 MHz, CDCl3) for umutagarananol (1).

Position δC, type δH (J in Hz) HMBC, H!C

1 50.9, C
2 41.6, CH2 1.80, m C-1, C-3, C-11, C-12

2.20, m C-1, C-3, C-12
3 80.8, CH 4.98, m C-1’, C-2, C-4, C-5
4 58.8, CH 2.47, dd (8.6, 3.6) C-3, C-6, C-8, C-9, C-15
5 39.8, CH 2.03, m
6 35.05, CH2 1.80, m C-4, C-8, C-15

1.46, m C-7, C-8, C-15
7 36.9, CH2 1.46, m C-1, C-4, C-5, C-6, C-8, C-9

1.91, m C-1, C-5, C-6, C-8, C-9
8 63.7, C
9 86.9, CH 3.43, s C-4, C-7, C-13, C-14
10 44.6, C
11 86.0, CH 3.29, s C-1, C-2, C-9, C-10, C-12, C-13, C-14
12 26.3, CH3 1.11, s C-1, C-2, C-8, C-9
13 28.9, CH3 1.06, s C-9, C-10, C-13, C-14
14 15.5, CH3 1.01, s C-9, C-13
15 19.7, CH3 1.01, d (7.2) C-4, C-5, C-6
1’ 168.2, CO
2’ 128.3, C
3’ 137.4, CH 6.04 m C-4’, C-5’
4’ 20.8, CH3 1.88, m C-1’, C-2’, C-3’
5’ 15.9, CH3 1.97, dq (7.1, 1.7) C-2’, C-3’
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(δC 41.6), C-10 (δC 44.6), C-11 (δC 86.0), C-8 (δC 63.7), and C-9 (δC

86.9) revealed the existence of ring B. Additional HMBC
correlations were observed from H-6a (δH 1.80) to C-4 (δC 58.8),
C-8 (δC 63.7), C-15 (δC 19.7), revealing the size and connection
of ring C. Attachment of the angeloyl moiety to the C-3 hydroxy
group was assigned based on the HMBC cross-peak of H-3 (δH

4.98) to the carbonyl carbon C-1’ (δC 168.2), which also shows
correlations with CH3-4’ (δH 1.88) and with the olefinic H-3’ (δH

6.04).
The relative configuration of 1 was established by analysis

of its NOESY spectrum (see Figure 2 and Figure S8 in the
Supporting Information). The NOE correlations of CH3-13 (δH

1.01) and H-11 (δH 3.29), of H-11 (δH 3.29) and CH3-12 (δH 1.11),
of CH3-12 (δH 1.11) and H-3 (δH 4.98), and of H-3 (δH 4.98) and H-
5 (δH 2.47) indicated these protons to be on the same face of
the molecular framework. Likewise, the NOESY cross-peaks
between H-4 (δH 2.47) and CH3-15 (δH 1.01) and between H-9
(δH 3.43) and CH3-14 (δH 1.06) suggested these to be co-facial.
The bicyclo(3,3,0)octane core of 1 is proposed to be trans as the

cis configuration of this bicyclic system is energetically
disfavored.[13] Accordingly, the H-4� C-4 bond is expected to be
trans oriented to the C-8� C-9 bond. In lack of single crystals
suitable for X-ray diffraction analysis, the absolute configuration
of 1 could not be determined. Based on these spectroscopic
data, the new silphiperfolanol angelate ester, umutagarananol
(1), was characterized as 3-angeloyloxy-9,11-dihydroxysilphiper-
folane. It is presumed to be biosynthesized from trans-
caryophyllane with 2-angeloyloxy-5,8-dihydroxypresilphiperfo-
lane (5),[14] also isolated in this work, being its precursor.

Compound 2 was obtained as a white, optically active
([α]20D +12.3°, c 0.15, CHCl3) solid. It was assigned the molecular
formula C20H23NO9 based on HRESIMS ([M+H]+ m/z 422.1369,
calcd 422.1372) and NMR data analyses (Table 2 and Figur-
es S10–S17, Supporting Information). The IR bands at 3500 and
1715–1740 cm� 1 suggested the presence of hydroxy and
carbonyl groups, respectively (Figure S53, Supporting Informa-
tion). The 1H NMR and 13C NMR displayed signals at δH 6.46 (CH-
2), 5.79 (CH-7), 5.33 and 4.51 (CH2-9), 3.12 and 2.51 (CH2-6)
characteristic of a 3,8-didehydroheliotridin-5-one necine base
with an additional carbonyl carbon at δC 167.2 (C-3).[15] The
1H NMR and 13C NMR signals at δH 7.05 (CH-20) for an olefinic
proton coupling with a methyl group at δH 1.85, and a
methylene group at δH 2.25 (CH2-14) coupling with methine
group at δH 1.77 (CH-13) are characteristic of a retronecic acid
ester moiety. This was further confirmed by the HMBC cross-
peaks of H-9a/b (δH 5.33 and δH 4.51) to the carbonyl carbon C-
11 (δC 171.2), of H-7 (δH 5.79) to C-16 (δC 165.8) as well as of
CH3-23 (δH 1.73) to C-11 (δC 171.2),

C-12 (δC 83.0), and C-13 (δC 42.0). Furthermore, its HSQC and
HMBC spectra suggested the presence of an acetoxy group,
that is CH3-19 (δH 1.85) showing HMBC correlation to δC 170.2
(C-18) and HSQC correlation to δC 21.6 (C-19). The placement of
the acetoxy group at C-12 (δC 82.8) was motivated by its signal
appearing at a more deshielded chemical shift as compared to

Figure 2. Key TOCSY (bold lines) and NOESY (blue arrows) correlations for
umutagarananol (1).

Table 2. NMR spectroscopic data (500 MHz, CDCl3) for umutagarinine A (2).

Position δC, type δH (J in Hz) HMBC, H!C

1 157.4, C
2 128.5, CH 6.46, s C-1, C-3, C-8, C-9
3 167.2, CO
5 170.8, CO
6 36.2, CH2 2.51, dd (9.2, 17.8), C-5, C-7

3.12, dd (9.2, 17.8) C-5, C-8
7 73.7, CH 5.79, t (9.2) C-1, C-5, C-6, C-8, C-16
8 99.0, C
9 56.8, CH2 4.51, d (13.0) C-1, C-2, C-8, C-11

5.33, d (13.0) C-1, C-2, C-8, C-11
11 171.2, CO
12 83.0, C
13 42.0, CH 1.77, m C-11, C-14, C-22
14 28.7, CH2 2.25, d (9.4) C-13, C-15, C-16, C-20
15 129.7, C
16 165.8, CO
18 170.2, CO
19 21.6, CH3 1.85, s C-18
20 142.5, CH 7.05, m C-14, C-16
21 15.0, CH3 1.85, d (7.0) C-15, C-16, C-20
22 22.4, CH3 1.73, s C-11, C-12, C-13
23 13.0, CH3 1.00, d (6.9) C-11, C-12, C-13
8-OH 5.92, s C-6, C-7, C-8
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that of senecionine.[16] This assignment is corroborated by that
of previously reported compounds.[17] It is worth to note that
lactams located at C-3 (δC 167.2) and C-5 (δC 170.8) together
with a hydroxy group attached to C-8 (δC 99.0) are rare in
naturally occurring twelve-membered macrocyclic pyrrolizidine
alkaloids.[17b] Based on the above spectroscopic data, the new
macrocyclic pyrrolizidine alkaloid umutagarinine A (2) was
characterized as a stereoisomer of 8-hydroxy-3-oxosenaetnine.

Compound 3 was obtained as an optically active ([α]20D
+16.9°, c 0.15, MeOH) white solid. It was assigned the
molecular formula C20H23NO9 based on HRESIMS ([M+H]+ m/z
422.1295, calcd 422.1372) and NMR data (Table 3 and Figur-
es S18–S25 Supporting Information) analyses. It showed similar
spectroscopic features to compound 2, except some chemical
shift differences observed for H-7, OH-8 and H-9 and their
corresponding carbon atoms (Tables 2–3, Figures S10, S11, S18
and S19, Supporting Information). Thus, the tertiary carbon C-8
resonating at δC 99.0 for 2 was observed at δC 93.7 ppm for 3,
C-3 moved from 167.2 in 2 to 163.3 ppm in 3, C-7 shifted from
73.7 ppm (2) to 72.2 ppm (3), and C-9 from 56.8 ppm (2) to
60.6 ppm (3). These chemical shift differences suggest 2 and 3
to be stereoisomers.

The relative configurations of 2 and 3 were established
based on NOESY correlations. NOEs observed between CH3-22
(δH 1.00) and CH3-23 (δH 1.73) for 2, and between CH3-22 (δH

1.75) and CH3-23 (δH 1.08) for 3 suggested that the two methyl
groups were in the same facial plane in the low energy
conformation of both compounds. Macrocyclic diester pyrrolizi-
dine alkaloids have been reported to exist as the 7-β-hydroxy
isomer (retronecine),[18] but not the α-isomer (heliotridine),
which allowed the definition of the configuration of C-7 of 2
and 3. The NOE cross-peak between OH-8 (δH 5.92) and CH2-9a
(δH 4.51) observed for compound 2 is absent in the spectrum of

compound 3 (OH-8 (δH 3.62); CH2-9a/b (δH 5.16/5.18)), indicating
the different orientation of OH-8 in the two compounds. The
chemical shift of this hydroxy proton indicates that OH-8 is
hydrogen bonded to O-7 in 2 (δH 5.92) whereas not in 3 (δH

3.62). It should be underlined that the relative stereochemistry
within the C-8� C-7 fragment as well as within the C-12� C-13
fragment could be identified, but the relative stereochemistry
between these two independent fragments is not available
from the NMR data. Based on the above spectroscopic data, the
new macrocyclic pyrrolizidine alkaloid umutagarinine B (3) was
characterized as a stereoisomer of 8-hydroxy-3-oxosenaetnine.
In lack of single crystals suitable for X-ray diffraction analysis,
the absolute configuration of compounds 2 and 3 could not be
determined.

Our results corroborate the proposed biosynthesis[19] of
pyrrolizidine alkaloids, whose structures vary according to their
necine base constituent.[20] Advisedly, compound 2 is biosynthe-
sized from a heliotridine derivative, while compound 3 from a
retronecine derivative. The different stereochemistry at C-8 of
the diastereomeric necine bases heliotridine and retronecine
(Figure 3) accounts for the diastereomeric relation of com-
pounds 2 and 3.[20] Recently, Jumai et al.[21] reported the

Table 3. NMR spectroscopic data (500 MHz, CDCl3) for umutagarinine B (3).

Position δC, type δH (J in Hz) HMBC, H!C

1 156.5, C
2 125.2, CH 6.07, s C-1, C-3, C-8, C-9
3 163.3, C
5 166.7, CO
6 41.3, CH2 3.16, dd (9.2, 17.8) C-5, C-7

3.49, dd (9.2, 17.8) C-5, C-8
7 72.2, CH 4.82, dd (7.1, 10.6) C-1, C-16
8 93.7, C
9 60.6, CH2 5.16, d (13.0) C-1, C-2, C-8, C-11

5.18, d (13.0) C-1, C-2, C-8, C-11
11 171.0, CO
12 83.9, C
13 42.2, CH 2.40, m C-11, C-14, C-22
14 28.7, CH2 2.30, dd (7.0, 14.4) C-13, C-15, C-16, C-20

2.49, dd (4.0, 14.4) C-13, C-15, C-16, C-20
15 129.7, C
16 167.9, CO
18 170.0, CO
19 21.6, CH3 2.08, s C-18
20 141.3, CH 6.89, q (7.2) C-14, C-16
21 15.2, CH3 1.89, d (7.2) C-15, C-20
22 23.0, CH3 1.75, s C-11, C-12, C-13
23 12.9, CH3 1.08, d (6.9) C-12, C-13, C-14
8-OH OH 3.62, br s C-12, C-13, C-14

Figure 3. The structures of the diastereomeric necine bases heliotridine (left)
and retronecine (right).
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isolation of diastereomeric pyrrolizidine alkaloids from S.
jacobea, a plant belonging to the same genus as S. mannii.

Our attempts to crystallize senaetnine (4) to determine its
relative stereochemistry by X-ray diffraction were unsuccessful.
Given the flexibility of the 12-membered macrocycle, the
relative configuration cannot be reliably determined by a
qualitative assessment of the NOEs of the protons in proximity
to the three stereocenters. As the relative orientations of the
substituents of C-7, C-12 and C-13 restrict the conformational
freedom of the macrocycle, the quantitative determination of
the solution ensemble of 4 and a comparison of the intra-
molecular distances to that of computationally generated
models of all possible diastereomers is expected to allow the
determination of the relative configuration of 4. Hence, we
performed a NAMFIS (NMR analysis of molecular flexibility in
solution)[22]-based conformational analysis using 15 interproton
distances (Figure 4 and Table S1, Supporting Information),
which were derived from NOE build-up rates obtained from 7
NOESY spectra acquired at 500 MHz in CDCl3 with mixing times
100–700 msec (For further details, see the experimental section
and the Supporting Information). NAMFIS was chosen, as it is a
proven technique that has, for instance, been successfully
applied for the elucidation of relative configurations[23] as well
as for the conformational analysis of macrocycles,[24] and natural
products. Following a literature protocol,[23] we compared the fit
of the population-averaged interatomic distances of the
theoretical conformer ensembles (models generated by Monte
Carlo conformational search, for details see the Supporting
Information) of the 7R,12R,13R, the 7R,12R,13S, the 7R,12S,13R
and the 7R,12S,13S diastereomers to those determined exper-
imentally. The experimental data best fitted to the back-
calculated distances of the ensemble of the 7R,12R,13R-
diastereomer (Table S4, Supporting Information). The relative
stereochemistry of senaetnine (4) has previously been assumed
to be 7R,12R,13S based on the configuration of necic acid, a
biosynthetic precursor, and on mass spectrometric analysis,[7]

but was not yet experimentally determined. Our NOE-based
analysis corrects this previous stereochemical suggestion.[7] The
NAMFIS analysis revealed that 4 adopts four major conforma-
tional families in CDCl3 solution, with a 67% prevalence of the
most abundant one (Figure 4b). The 12-membered macrocycle
is flexible, as indicated by the varying orientations of the
substituents (Figure 4c).

As we obtained compound 5 in large amounts, 800 mg,
from S. mannii, we synthetically modified it to obtain novel
compounds. Hence, compound 5 was mixed with PPh3 in CCl4,
and stirred at 70 °C for 5 h, which lead to the formation of a
new compound (9, Figure 5a), in 68.5% yield, following
purification on silica gel. This new compound 9 was obtained as
an optically active ([α]D

20+16.3°; c 0.20, CHCl3) white solid, and
it was assigned the molecular formula C20H30O3 based on
HRESIMS ([M+H]+ m/z 319.2234, calcd 319.2228) and NMR
data (Table 4, Figures S36–S43, Supporting Information) analy-
ses. The IR spectrum showed characteristic bands for a hydroxy
(3500 cm� 1) and carbonyl (1705 cm� 1) groups (Figure S54,
Supporting Information). Its NMR spectra resembled those of 5;
however, the 1H NMR of 9 displayed an olefinic proton H-11 (δH

5.06), connecting to C-11 (δC 114.3) as determined by HSQC.
The olefinic proton H-11 (δH 5.06) showed HMBC cross-peaks to
C-6 (δC 50.1), C-8 (δC 56.9), C-9 (δC 32.5), and C-10 (δC 36.8). Its
CH3-13 (δH 1.15) showed an NOE to CH3-12 (δH 1.30) and to H-5
(δH 3.45). A proton signal at δH 2.02, which was not present in
the spectrum of 5, was assigned to H-8 for compound 9. This
signal is broadened by an allylic coupling to H-11 (δH 5.06). The
HMBC cross-peaks of H-8 (δH 2.02) to C-1 (δC 57.5), C-2 (δC

76.3.9), C-4 (δC 44.9), C-5 (δC 88.8), C-7 (δC 154.8), C-9 (δC 32.5),
and C-11 (δC 114.3) were used to confirm the tricyclic backbone.
Based on the above spectroscopic data, compound 9 was
characterized as 2-angeloyloxy-5-hydroxypresilphiperfol-7-ene.
It is suggested to be generated upon heating in the presence of
PPh3 in CCl4 by the loss of OH-8 of 5, followed by a C-7 to C-8
hydride shift, and subsequent formation of a C-7=C-11 double

Figure 4. (a) The NOEs (red arrows) that were used in the NAMFIS analysis for the determination of the relative configuration of C-7, C-12 and C-13 of
senaetnine (4). The interatomic distances are given in Table S1 in the Supporting Information. The 7R,12R,13R-configuration, determined based on the NOE
data is shown. (b) The superimposed conformers of 4, identified by NAMFIS. (c) The orientation of substituents at C-12 and C-13 in the various conformers
indicates high flexibility. Oxygen and nitrogen atoms are shown in red and blue, respectively, whereas hydrogen atoms are omitted for clarity.
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bond upon deprotonation at its C-6. The putative mechanism is
shown in Figure 6. Upon mixing 5 with diethylaminosulfur
trifluoride (DAST) in CH2Cl2, at room temperature, for 2 h,
compound 10 was formed (Figure 5b) in 74.0% yield. It was
isolated by reversed phase preparative HPLC and was obtained
as an optically active ([α]D

20+27.6°; c 0.20, CHCl3) white solid. Its
molecular formula was assigned based on HRESIMS (m/z
301.2158 [M+H� H2O]

+, calcd for C20H29O2 301.2173) and NMR
data (Table 5, Figures S44–S51, Supporting Information) analy-
ses. The IR spectrum showed a characteristic carbonyl band
(1700 cm� 1) (Figure S55, Supporting Information). Although
most NMR spectroscopic data of 10 (Figures S44–51) closely
resembled those of 5, some larger chemical shift differences
were observed at their C-4 and C-5. The latter was more
shielded in compound 10 (δC 43.8) than in 5 (δC 87.2)
(Figure S45, Supporting Information), which suggested the
replacement of OH-5. Upon determination of its structure, OH-5
was replaced by a methyl group that shifted from C-4 in a
cation rearrangement. The C-4, in turn, is more deshielded in 10
(δC 79.7) than in 5 (δC 58.8) (Figure S43, Supporting Informa-

tion). This methyl shift has been further confirmed by the
change of the splitting pattern of H-12 (δH 0.99) from a singlet
in 5 to a doublet in 10, and by the HMBC correlations of H-12
(δH 0.99) to C-4 (δC 79.7), C-5 (δC 43.8) and C-6 (δC 49.3) (Table 5).
The plausible mechanism of dehydration, rearrangement and
epoxide formation is shown in Figure 7. We obtained single
crystals suitable for X-ray diffraction analysis (Figure 8), which
confirmed that this new compound (10) is 2-angeloyloxy-4,8-
epoxypresilphiperfolane. It was presumably formed by dehydra-
tion at C-5 of 5, yielding a carbocation that rearranged by a C-4
to C-5 methyl shift, and subsequent epoxide formation by a
nucleophilic attack from OH-8 to the tertiary carbocation
formed at C-4.

Overall, weak activities against the Gram negative Escher-
ichia coli and the Gram positive Bacillus subtilis were observed
for the crude extracts, for the isolated compounds and for the
synthetic analogues 9 and 10 of 5. The isolated constituents
showed EC50 ranging between 2.8–13.3 mM and 0.7–13.3 mM,
respectively for each bacterial species (Tables S9 and S10,
Supporting Information). Strong to moderate cytotoxicity

Figure 5. The structure of compounds 9 and 10, that were obtained by modification of 5 using (a) PPh3 in CCl4 or (b) diethylaminosulfur trifluoride (DAST) in
CH2Cl2.

Table 4. NMR spectroscopic data (400 MHz, CDCl3) for 2-angeloyloxy-5-hydroxypresilphiperfol-7-ene (9).

Position δC, type δH (J in Hz) HMBC, H!C

1 57.5, CH 1.29, m C-2, C-7, C-9, C-15
2 76.3.9, CH 5.03, ddd (6.3, 9.3, 11.3) C-1’, C-3, C-8, C-9
3 42.9, CH2 1.94, dd (6.3, 12.4) C-1, C-2, C-4, C-5, C-12

2.32, dd (9.3, 12.4) C-1, C-2, C-4, C-5, C-12
4 44.9, C
5 88.8, CH 3.45, s C-6, C-7, C-8, C-14
6 50.1, C
7 154.8, C
8 56.9, CH 2.02, d (12.0) C-1, C-2, C-4, C-5, C-7, C-9, C-11
9 32.5, CH 1.85, m C-2, C-8, C-10, C-15
10 36.8, CH2 1.71, dddd (2.0, 5.4, 7.1, 17.9) C-1, C-7, C-9, C-11

2.52, dddd (2.4, 2.4, 8.4, 17.9) C-1, C-7, C-9, C-11
11 114.3, CH 5.06, m C-6, C-8, C-9, C-10
12 30.7, CH3 1.30, s C-3, C-4, C-5, C-8
13 35.6, CH3 1.15, s C-5, C-6, C-7, C-14
14 22.2, CH3 1.17, s C-5, C-6, C-7, C-13
14 35.6, CH3 1.14, s C-5, C-6, C-7, C-13
15 20.1, CH3 0.97, d (6.6) C-1, C-9, C-10
1’ 168.5, CO
2’ 128.6, C
3’ 137.8, CH 6.03, qq (1.5, 7.3) C-4’, C-5’, C-1’
4’ 15.7, CH3 1.85, dq (1.6, 1.6) C-1’, C-2’, C-3’, C-5’
5’ 20.6, CH3 1.98, dq (1.6, 7.3) C-1’, C-2’, C-3’, C-4’
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against the MCF-7 human breast cancer cell line (EC50 0.012–
1.11 mM) were observed, with compounds 2, 3 and 4 exhibiting
the strongest toxicity with EC50 values of 35.6, 21.7 and 12.5 μM,
respectively (Table S11, Supporting Information). Compounds 9
and 10 were moderately cytotoxic with IC50 values of 0.07 and
0.17 mM, respectively.

Conclusion

In conclusion, the CH3OH� CH2Cl2 (1 :1) root and stem bark
extracts of S. mannii afforded the new silphiperfolanol angelate
ester umutagarananol (1), the macrocyclic pyrrolizidine alka-
loids umutagarinine A and B (2 and 3) along with the known
secondary compounds senaetnine (4),[7] 2-angeloyloxy-5,8-dihy-

Figure 6. The putative mechanism for the formation of 2-angeloyloxy-5-hydroxypresilphiperfol-7-ene (9) from 5 in the presence of PPh3 in CCl4 via carbocation
rearrangement.

Table 5. NMR spectroscopic data (500 MHz, CD3CN) for 2-angeloyloxy-4,8-epoxypresilphiperfolane (10).

Position δC, type δH (J in Hz) HMBC, H!C

1 53.0, CH 1.71, d (11.0) C-3, C-4
2 82.9, CH 5.25, d (7.4) C-1’, C-4, C-8, C-9
3 33.0, CH2 1.81, m C-1, C-2, C-4, C-8

2.39, dd (7.4, 15.6) C-2
4 79.7, C
5 43.8, CH 1.78, m C-12, C-13
6 49.3, C
7 46.3, CH 1.64, dd (6.4, 6.4) C-4, C-5, C-11, C-13
8 79.9, C
9 36.3, CH 1.24, m
10 33.3, CH2 1.02, m C-11

1.63, m C-15
11 29.6, CH2 1.16, m C-7

1.80, m C-8, C-9
12 14.42, CH3 0.99, d (7.8) C-4, C-5, C-6
13 35.6, CH3 1.15, s C-5, C-6, C-7, C-14
14 22.2, CH3 0.90, s C-5, C-6, C-7, C-12, C-13
15 22.2, CH3 1.06, d (6.6) C-1, C-9, C-10
1’ 168.2, CO
2’ 129.2, C
3’ 137, CH 6.07, qq (1.4, 7.3) C-5’
4’ 20.8, CH3 1.81, dq (1.4, 7.3) C-2’, C-3’
5’ 16.0, CH3 1.92, qd (1.4, 7.3) C-2’
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droxypresilphiperfolane (5),[8] caffeic acid (6),[9] methylcaffeate
(7),[10] and lupeol (8).[11] The configuration of senaetnine (4) was
determined to be 7R,12R,13R using NAMFIS analysis. Upon
synthetic modification of 5, we obtained the new compounds
2-angeloyloxy-5-hydroxypresilphiperfol-7-ene (9) and 2-ange-
loyloxy-4,8-epoxypresilphiperfolane (10). The crude extracts and
the isolated constituents showed weak antibacterial activities,
whereas umutagarinine A (2) and B (3) and senaetnine (4)
exhibited strong cytotoxicities against MCF-7 cells. Isolation of
compounds 1–4 from S. mannii indicates that the genus
Asteraceae produces pyrrolizidine alkaloid and silphiperfolanol
angelate ester metabolites, analogous to the previously studied
members of this genus.[7,17a,21]

Experimental Section
General Experimental Procedures: The plant material was finely
ground using Retsch SM 100 and Retsch ZM 200 grinding machines.
Optical rotations were determined on a Perkin-Elmer 241MC
polarimeter. IR spectra were recorded on a Perkin Elmer Spectrum
One spectrometer with universal ATR sampling accessory. NMR
spectra were recorded on an Agilent MR400-DD2 (1H at 400 MHz,
13C at 100 MHz) spectrometer equipped with a OneNMR probe, or a
Bruker Avance Neo 500 MHz (1H at 500 MHz, 13C at 125 MHz)
spectrometer equipped with a TXO (CRPHe TR-13C/15N/1H 5 mm-Z)
cryogenic probe. NMR spectra were processed using MestReNova
x64-14.1.0-24037. Chemical shifts were referenced to the residual
solvent signals (CDCl3: δH 7.26, δC 77.16; CD3OD: δH 3.31, δC 49.0
and CD3CN: δH 1.94, δC 1.3, 118.3). Mass spectra were acquired on a
Waters Micromass ZQ Multimode Ionization ESCI using LC–MS in
ESI mode, connected to an Agilent 1100 series gradient pump
system and a RP-C18 Atlantis T3 column (3.0×50 mm, 5 μm), using
Milli-Q water-MeCN (5 :95 to 95 :5, with 1% HCO2H, flow rate
0.75 mL/min over 6 min).

HRESIMS spectra were acquired with a Q-TOF LC/MS spectrometer
with a lockmass-ESI source (Stenhagen Analysis Lab AB, Gothen-
burg, Sweden), using a 2.1×30 mm 1.1 μm RP-C18 column and
Milli-Q water-MeCN gradient (5 : 95 to 95 :5, with 0.2% HCO2H). TLC
analysis was performed on Merck pre-coated silica gel 60 F254
aluminum plates. Gravitational column chromatography was done
using silica gel 60 (230–400 mesh). Gel filtration was performed
using Sephadex LH-20 (GE Healthcare). Preparative HPLC separa-
tions were performed on a Waters 600E system using the
CHROMuLAN (PiKRON Ltd) software and RP-C8 Kromasil® column
(250 mm×25 mm, 5 μm) or on an Interchim Ultra Performance
Flash Purification (PF-430) system using Interchim v5.1d.02 software
and a RP-C8 Kromasil® column (250 mm×25 mm, 5 μm).

Figure 7. The putative mechanism for the formation of 2-angeloyloxy-4,8-epoxypresilphiperfolane (10) from 5 in the presence of with diethylaminosulfur
trifluoride (DAST) in CH2Cl2 through carbocation rearrangement.

Figure 8. The structure of 10 as determined with single-crystal X-ray
diffraction analysis.
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Plant Material: The root and the stem bark of S. mannii were
collected in February 2019 in Kamatovu village, Kibinja cell,
Busasamana sector, Nyanza District, southern Province, Rwanda
(2°21’28.6“S 29°45’02.7”E). The plant was identified by Mr. Alphonse
Murerwa, an experienced Rwandan traditional healer, and further
authenticated by Mr. Samuel Nshutiyayesu, a senior botanist,
Department of Biology, University of Rwanda. A voucher specimen
(UMDAN: 007 2019) was deposited in the herbarium of the National
Industrial Research and Development Agency (NIRDA), Rwanda.

Extraction and Isolation: The shade dried and finely ground stem
bark of S. mannii (1.10 kg) was extracted with CH2Cl2� MeOH (1 :1)
(3×2 L) at room temperature for 72 h. The extract was filtered and
the solvent removed under vacuum using a rotary evaporator at
50 °C to obtain 32 g of crude extract. The extract was adsorbed on
silica gel and subjected to column chromatography on silica gel
(350 g) eluting with iso-hexane containing increasing percentages
of EtOAc yielding 20 fractions. Fractions 1–5 eluted with 0–4%
EtOAc in iso-hexane gave a mixture of fatty acids that were not
further investigated. Fractions 6–10 eluted with 5–12% EtOAc in
iso-hexane, gave an oily mixture of terpenoids which was subjected
to preparative HPLC to yield 2-angeloyloxy-5,8-dihydroxypresilphi-
perfolane (5, 800.3 mg) and umutagarananol (1, 31.0 mg). Fractions
11–13 eluted with 15–20% EtOAc in iso-hexane were combined
and purified over Sephadex LH-20 (CH2Cl2� MeOH, 1 :1) and
afforded lupeol (8, 62.5 mg). Fractions 14–20 eluted with 30–65%
EtOAc and were combined based on TLC analysis. Further
purification of those combined fractions over Sephadex LH-20 gave
caffeic acid (6, 21.7 mg) and methoxycaffeic acid (7, 18.4 mg).

The dried and finely ground root bark powder of S. mannii (1.4 kg)
was extracted as described above, and 47 g dry crude extract was
collected. Chromatographic fractionation of the crude extract was
carried out by column chromatography on silica gel (450 g), eluting
with petroleum ether with increasing percentages of EtOAc. A total
of 25 fractions were obtained and were combined according to the
results of TLC analysis developed with CHCl3 :MeOH:NH3 8 :2:0.2,
stained with anisaldehyde solution or visualized by UV (254 nm).
Fraction 5, obtained at 20–35% EtOAc in petroleum ether, was
further purified by Sephadex LH 20 column giving 16 fractions.
Fractions 10–15 were combined and subjected to silica gel column
chromatography eluting with 20–50% EtOAc in petroleum ether
resulting in 26 fractions. Fractions 4–9 were combined and
separated by preparative TLC with the solvent system as described
above for TLC analysis and afforded umutagarinine A (2, 10.2 mg).
Fractions 10–17 were combined and subjected to preparative HPLC
with an elution gradient of MeOH� ACN (90 :10 to 10 :90) leading to
the isolation of the known alkaloid senaetnine (4, 24.3 mg).
Repeated silica gel column chromatography of fractions 18–26
eluting with 25–55% EtOAc in petroleum ether, followed by
Sephadex LH-20 column eluting with MeOH� CH2Cl2 (1 : 1) comple-
mented by preparative HPLC with a similar gradient as above for
50 min afforded umutagarinine B (3, 9.3 mg).

The synthesis of 2-angeloyloxy-5-hydroxypresilphiperfol-7-ene
(9): To a solution of compound 5 (50 mg, 0.149 mmol) in 7 ml of
CCl4, PPh3 (80 mg, 0.3 mmol) was slowly added with stirring. The
stirred reaction mixture was heated to 70 °C for 5 h. It was allowed
to cool to room temperature, pentane was added, and the mixture
was stirred for 5 min while PPh3O precipitated. The precipitate was
filtered and washed with more pentane. The filtrate was dried with
rotary evaporator at 40 °C and purified over silica gel column
eluting with DCM:EtOAc (4 :1), compound 9 was obtained and
analyzed in 68.5% yield (32.5 mg, 0.102 mmol).

The synthesis of 2-angeloyloxy-4,8-epoxypresilphiperfolane (10):
To a solution of compound 5 (80 mg, 0.24 mmol) in DCM (10 mL),
DAST (67.2 mL, 0.5 mmol) was added. The reaction mixture was

stirred for 3 h at room temperature, subsequently it was diluted
with MeOH and subsequently poured in saturated aqueous sodium
hydrogen carbonate. The aqueous layer was extracted with DCM,
and organic layer was washed with brine, and was dried. The
residue was separated on silica gel column chromatography with
Hexane:EtOAc (1 :1) eluent, and was further purified by reversed-
phase preparative HPLC (RP-C8 Kromasil® column, 250 mm×
25 mm, 5 μm). Compound 10 eluted isocratically with MeOH :MeCN
(1 :1) at 36 min retention time using 5 mL/min flowrate, providing
10 in 74.0% yield (56.5 mg, 0.18 mmol).

Umutagarananol (1): brownish gum; [α]20D� 39.1° (c 0.15, CHCl3); IR
νmax 3460, 1715–1740 cm

� 1; 1H NMR (400 MHz, CDCl3) and
13C NMR

(100 MHz, CDCl3), see Table 1; HRESIMS m/z 337.2375 [M+H]+

(calcd for C20H33O4, 337.2371).

Umutagarinine A (2): white solid; [α]20D+12.3° (c 0.15, CHCl3); IR
νmax 3500 and 1715–1740 cm� 1; 1H NMR (500 MHz, CDCl3) and
13C NMR (125 MHz, CDCl3) see Table 2; HRESIMS m/z 422.1369 [M+

H]+ (calcd for C20H24NO9, 422.1372).

Umutagarinine B (3): white solid; [α]20D+16.9° (c 0.15, MeOH); IR
νmax 3500 and 1715–1740 cm� 1; 1H NMR (500 MHz, CDCl3) and
13C NMR (125 MHz, CDCl3) see Table 3; HRESIMS m/z 422.1295 [M+

H]+ (calcd for C20H24NO9, 422.1372).

2-Angeloyloxy-5-hydroxypresilphiperfol-7-ene (9): white solid; [α]20D
+16.3° (c 0.20, CHCl3); IR νmax 3500, 3000, and 1705 cm� 1; 1H NMR
(500 MHz, CDCl3) and 13C NMR (125 MHz, CDCl3), see Table 4;
HRESIMS m/z 319.2228 [M+H]+ (calcd for C20H31O3, 319.2234).

2-Angeloyloxy-4,8-epoxypresilphiperfolane (10): white solid; [α]20D+

27.6° (c 0.20, CHCl3); IR νmax 3000 and 1700 cm� 1; 1H NMR (400 MHz,
CD3CN) and

13C NMR (100 MHz, CDCl3), see Table 5; HRESIMS m/z
301.2158 [M� H2O] (calcd for C20H29O2, 301.2173).

Configurational Analysis of Senaetnine (4): Initial geometries for
the four diastereoisomers (7R,12R,13R, 7R,12R,13S, 7R,12S,13R and
7R,12S,13S) of 4 were generated in Schrödinger Maestro. Theoret-
ically feasible conformational pools were computed by Monte Carlo
conformational searches, using the OPLS, OPLS4 and AMBER* force
fields using implicit chloroform and water solvation models
(Table S2). An exhaustive conformational search was performed for
each diastereoisomer. The conformers originating from different
conformational searches (MCMM) were combined, and duplicates
(RMSD cut off at 2.0 Å) were eliminated to obtain input ensembles
for the NAMFIS calculations. Interproton distances were quantified
experimentally by acquiring a NOESY-buildup and determining the
NOE buildup rates (for details see Supporting Information, S35–
S40). The NAMFIS algorithm was implemented to deconvolute the
experimental data provided for each of the four conformer
ensembles. The data of the diastereotopic protons CH2-10 and CH2-
23 were treated with permutations. The overall lowest RMSD, that
is the best fit of the theoretical model to the experimental data,
was found for the 7R,12R,13R-diastereoisomer (0.18) (7R,12R,13S:
0.28; 7R,12S,13R: 0.32; 7R,12S,13S: 0.33). Senaetnine (4) was found
to populate 4 conformers with molar fractions of 5%, 10%, 18%,
and 67%, respectively. The superimposed conformers are shown in
Figure 4, whereas each individual geometry in Figure S59 in the
Supporting Information.

X-ray Diffraction Analysis: SC-XRD measurements were performed
using graphite-monochromatized Mo Kα radiation (λ 071073) using
a Bruker D8 APEX-II equipped with a CCD camera. Data reduction
was performed with SAINT. Absorption corrections for the area
detector were performed using SADABS. The structures were solved
by direct methods and refined by full-matrix least-squares techni-
ques against F2 using all data (SHELXT, SHELXS).[25] All non-
hydrogen atoms were refined with anisotropic displacement
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parameters. Hydrogen atoms constrained in geometric positions to
their parent atoms using OLEX2.[26] Absolute configurations could
not be reliably determined.

Deposition Number 2162687 (for 10) contains the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

Antibacterial Assay: The antibacterial activity of all isolated
compounds, root and stem crude extracts was determined against
Gram-negative Escherichia coli MG1655 (CGSC #6300) and Gram-
positive Bacillus subtilis (NBRC/ATCC #111470). The compounds
were first re-dissolved at 10 mg/mL in 100% DMSO, then further
diluted 30× in H2O and stored at � 20 °C. E. coli and B. subtilis were
cultured as previously described by Mueller, Hinton45 and Doyle.[27]

For in vitro determination of antibacterial activity, a culture of
bacterial cells was grown to OD 600 nm=0.5. The culture was
diluted 10×with pre-warmed medium, and the substances to be
tested were added to the culture medium for a final concentration
of 30 μg/mL, each at 100 μL in a 96-well microtiter plate. Cultures
with substances to be tested were then incubated at 37 °C without
agitation for 18 h. A resazurin-based assay was used to measure cell
health as previously reported.[28]

Next, 12 μL of AlamarBlue solution (commercial name of resazurin
solution, ThermoFisher) was added to each well, and incubation at
37 °C was continued for 1 h. Then, fluorescence was measured
using a POLARstar Omega microplate reader from BMG Labtech
with the excitation filter set to 544 nm and emission filter to
590 nm. Cells exposed to an equivalent concentration of DMSO
only were used as negative control. Before setting up the assay in
microtiter format, bleed-through of fluorescence from resorufin
between wells in the microtiter plate fluorescence reader was
measured and found to be less than 1% between adjacent wells.

To check for quenching of fluorescence by any of the investigated
compounds, normally grown bacterial cultures were mixed after 1 h
of incubation with resazurin and the compound of interest at the
highest concentration to be investigated, and the immediately
measured fluorescence was compared with samples without
compound added. Activity tests for all compounds were performed
in three independent replicates. Compounds, where a reduction of
fluorescence by >50% relative to the solvent control in any of the
strains was observed, were followed up by additional tests for more
accurate determination of the half (EC50), 90% maximal effective
concentration (EC90) and minimum inhibitory concentration (MIC).

Cytotoxicity Assay: The cytotoxicity of all isolated compounds, root
and stem crude extracts was evaluated against human MCF-7 cells
grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum and kept in exponential growth as described
previously.[27,28] Before the assay, cells were reseeded into 96-well
microtiter plates at a density allowing continued exponential
growth and allowed to settle for 24 h. The isolated compounds
were added from a stock solution in DMSO, for a final concentration
of 0.3% v/v of the solvent in the culture medium.

After 24 h of incubation in the presence of the compound, cell
viability was assayed using PrestoBlue cell viability reagent
(ThermoFisher) according to the manufacturer’s instructions. A
Polar Star Omega plate reader (BMG Lab Tech) was used to
measure resorufin fluorescence at 544 nm excitation/590 nm
emission. Each assay contained a DMSO control at the equivalent
starting concentration, positive control (uninhibited cell growth)
and negative control (cell medium only). Survival was expressed as
percentage of the solvent-only control. EC50 values for each
compound were calculated from three independent replicate
experiments, using 2-fold dilution intervals.
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