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Tabernaemontana divaricata Apparicine (11) 1

ABSTRACT: Four new monoterpenoid bisindole alkaloids, flabellipparicine (1), 19,20-dihydrovobparicine (2), 10'-
demethoxy-19,20-dihydrovobatensine D (3), and 3’-(2-oxopropyl)ervahanine A (4), and 10 known monoterpenoid indole
alkaloids were isolated from the stems of Tabernaemontana divaricata. All structures were elucidated based on spectroscopic
methods, and the absolute configuration of 1 was established using conformational analysis and TDDFT-ECD calculation of
selected stereoisomers. Compound 1 represents the first flabelliformide-apparicine-type bisindole alkaloid, in which the
flabelliformide-like unit connects to the apparicine-like unit with a C-3—C-22’ bond and an N-1-C-16" bond to form an
uncommon five-membered ring between the two monomers. All alkaloids were evaluated for their cytotoxicity against two
human cancer cell lines, MCF-7 and A-549. Compounds 2, 4, and 14 exhibited cytotoxicity against MCF-7 and A-549 with ICs,
values in the range of 2 nM to 8 uM.

he monoterpenoid indole alkaloids (MIAs) are repre- search for structurally and biogenetically interesting alkaloids

sentative natural products mainly produced by plants of from the genus Tabernaemontana,® four new monoterpenoid
the Apocynaceae family. MIAs such as reserpine and bisindole alkaloids, flabellipparicine (1), having an interesting
vincristine have long been attractive secondary metabolites to flabelliformide-apparicine-type skeleton, 19,20-dihydrovobpar-
chemists and pharmacologists due to their complex structures icine (2), 10’-demethoxy-19,20-dihydrovobatensine D (3),
and prominent bioactivities.”> The genus Tabernaemontana and 3'-(2-oxopropyl)ervahanine A (4), together with 10
belonging to Apocynaceae consists of approximately 120 known alkaloids, namely, tabernamine (S),” ervahanine A

10 - i1 . . 12

species, which are mainly located in the tropical and (6), " vobparicine (7), 19,20-dihydrotabernamine (8),
subtropical areas of Asia and Australia. About 15 species and 19,20-dihydrotabernamine A (9)," taberdivarines E (10),"
five varieties grow in the South of China, of which many (—)-apparicine (11)’11 tubotaiwine qgﬂ);ls hydroxy-3-(2-
species are used as folk medicine to treat abdominal pain, Oxopropyl);:;)ronaridineindolenine (13),"° and deoxytubulo-
headache, hypertension, scabies, and sore throat.> A previous sine (14), " were isolated from T. divaricata. Here, the
chemical investigation of the genus Tabernaemontana
generated many new monoterpenoid indole alkaloids with Received: March 4, 2018
promising cytotoxic activities."”” As a part of an ongoing Published: August 31, 2018
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Figure 1. Compounds 1—14 isolated from T. divaricata.
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isolation, structural elucidation, and the cytotoxic activity of
the 14 alkaloids are discussed.

B RESULTS AND DISCUSSION

Compound 1 was isolated as a light yellowish, amorphous
powder. The molecular formula was determined as C33H,,N,O
(20 indices of hydrogen deficiency) by HR-ESIMS in positive
mode (m/z 571.3423, caled for [M + H]* §71.3437). Its UV
spectrum displayed UV absorptions at 218.8 and 285.5 nm,
typical of indole chromophores. Its IR data suggested the
presence of NH (3364 cm™) and carbonyl (1713 cm™)
functionalities (Figure 1). The most characteristic 'H NMR
(Table 1) signals were assigned to an indolic NH proton [6y
8.09 (s)], two 1,2-disubstituted benzene rings [6y 7.55 (d, ] =
7.8 Hz), 7.01 (t, J = 7.8 Hz), 6.80 (dd, J = 7.8, 8.3 Hz), and
6.59 (d, J = 8.3 Hz); 8, 7.51 (d, ] = 7.9 Hz), 7.11 (dd, ] = 7.9,
7.4 Hz), 7.18 (dd, ] = 7.4, 7.9 Hz), and 7.24 (d, ] = 7.4 Hz)],
an N-methyl (6 2.98, s), and two methyl groups [6 1.01 (t, ]
= 7.4 Hz) and 1.72 (dd, ] = 6.8, 1.9 Hz)]. These data showed
that compound 1 was an asymmetric dimeric indole alkaloid
with two unsubstituted aromatic rings, indicating an
uncommon attachment between the two units, which is
different from the usual vobasinyl-ibogan-type bisindole
alkaloids. The chemical shifts for the N-methyl at 2.98 ppm,
an ethyl group at 1.49 and 1.01 ppm, a double bond at 140.5
and 131.9 ppm, and an ester carbonyl at 164.5 ppm indicated
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the presence of an uncommon flabelliformide-like half, while
the two isolated methylenes at 5 (4.74; 4.45) and 5y (3.86;
3.75) and an ethylidene at 1.72 and 5.65 ppm revealed the
presence of an apparicine-type unit. The structures of
monomeric units I and II and their connectivities were
elucidated based on analysis of 2D NMR spectra (HSQC,
COSY, and 'H, “C, and '"H-"*N HMBC) (Figure 2).

In monomeric unit I, the COSY experiment established
three spin systems, C-9—C-10—C-11-C-12, C-5—C-6, and C-
22'—C-3—C-14—C-15—C-20(—C-21)—C-19—C-18, as dis-
played (Figure 2), which was confirmed by the HMBC
correlations (Figure 2). Correlation of H-S [6y 7.49 (dd, J =
8.2, 3.5 Hz)] to C-7, C-15, and C-17, from H-14 [y 1.87 (dd,
J =132, 5.0 Hz), 1.52 (m)] to C-2, C-16, and C-20, from H-6
to C-8 and C-16, and from H-3 to C-7 and C-15 revealed the
presence of ring C (a cycloocta-1,4-diene moiety), which was
connected to the indole moiety (rings A and B). The presence
of ring D (a y-ethyl-N-methyl a,f-disubstituted §-lactam) was
elucidated based on correlations of H-15 to C-17, C-19, and C-
21, from the H;-18 to C-20, from the N-CH; to C-17 and C-
21, and from H,-19 to C-21 and C-15, which was linearly
aligned with the indole moiety (rings A and B) and ring C in
monomeric unit I. The extended C-22'—C-3—C-14—C-15—C-
20(—C-21)—C-19—C-18 spin system strongly suggested that
an extra methylene group was attached to the flabelliformide
unit at C-3, which was confirmed by HMBC correlations from
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Table 1. 'H (400 MHz) and *C NMR (100 MHz) Data for
1 and 2 in CDCl,

1 2
position Sy, J (Hz) Sc/n Sy, J (Hz) bc
N-1 168.4“  7.59 brs
2 141.6 136.3
3 3.69 m 39.0 446 m 37.8
S 7.49 dd (8.2, 3.5) 140.5 392 m 59.3
6 3.63 dd (13.7, 3.5); 21.8 327m;3.02m  17.5
3.45 dd (13.7, 8.2)
7 109.9 109.7
8 1329 130.1
9 7.55d (7.8) 1180  7.51d (7.8) 117.7
10 7.01t (7.8) 119.5  7.09 t (7.8) 1194
11 6.80 dd (8.3, 7.8) 1210  7.12 dd (7.8) 122.6
12 6.59 d (8.3) 1120  7.19d (7.8) 110.3
13 1312 135.8
14 1.87 dd (13.2, 5.0); 384 2.59 m; 1.88 d 36.8
1.52 m (12.5)
15 336 d (8.1) 384 2.62, m 34.5
16 1319 2.87s 43.7
17 164.5 172.5
18 1.01 t (7.4) 12.0 0.96 t (7.3) 12.8
19 149 m 24.8 171 m; 149 m 257
20 1.73 m 414 1.40 m 43.0
21 3.62m; 3.10 d (14.5) 493 3.04m;245m 473
N-CH, 298 s 35.6 2.53s 43.1
CO,CH, 244 s 49.9
N-1 8.14 brs 126.4“  7.81 brs
2/ 131.9 1323
3’ 3.03 m; 2.87 m 46.9 3.52m 46.1
6 4.74 d (17.8); 445 d 53.9 4.43 d (17.6); 54.3
(17.8) 4.34 d (17.6)
7' 111.8 110.7
8’ 127.9 128.7
9’ 7.51d (7.9) 1183  7.37d(7.8) 1182
10’ 7.11 dd (7.9, 74) 1193 7.09 t (7.8) 119.3
11 7.18 t (7.4) 123.1 713t (7.8) 122.0
12/ 724 d (74) 1109  7.18d (7.8) 109.9
13 135.9 135.3
14 291 m; 1.67 dd (114, 27.5 227 m; 21Sm  29.7
5.0)
15’ 3.13d (11.4) 412 440 m 34.0
16/ 70.1 137.7
18’ 1.72 dd (6.8, 1.9) 13.8 1.65 d (6.6) 13.1
19’ 5.65 q (6.8) 1229 534 q (6.6) 119.8
20 137.3 137.4
21 3.86 d (15.0); 3.75 d 55.6 3.88 d (15.2); 54.56
(15.0) 341d (152)
22/ 2.96 ;n,- 239 dd (17.1, 5LS 591 d (10.0) 1334
6.1

“ISN NMR data were obtained at 25 °C on an Advance 500 MHz
spectrometer (Bruker) equipped with a broadband inverse probe.

H-22" to C-2 and C-14. Therefore, the 2D structure of
monomeric unit I was defined (Figure 1), with the extra C-22’
methylene a “loose end”.

The 'H and *C NMR data in monomeric unit II are highly
similar to those in apparicine-type alkaloids, and this similarity
was verified by the 2D NMR spectra analysis. The gross
structure of monomeric unit II is quite similar to that of
compound 11 (apparicine)'' except for C-16’ and C-22’. The
exocylic double bond [y 5.39 (s), 5.26 (s); 6¢c 135.6, 112.2]

in apparicine was replaced by an sp® quaternary carbon atom
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(8¢ 70.1) and an sp® methylene (5¢ 51.5) in monomeric unit II
of compound 1. The key correlations of H-22" to C-2 and C-
14 as mentioned above and from H-22' to C-2’ and C-15’
verified C-22" as the first linkage between monomeric units I
and II. The quaternary C-16" was unassigned; thus, there was
only one indolic NH and one more index of hydrogen
deficiency, indicating a second linkage presumably from N-1 to
C-16' to form a five-membered ring.'® The linkages were
confirmed by the "H—"N HMBC correlations from H-15" [5y
3.13 (d), 11.8 Hz], H-22' [y 2.96 (m)], and H-12 [5y 6.59
(s)] to N-1 (6y 168.4) (Figure 2). Accordingly, the 2D
structure of compound 1 was elucidated as shown (Figure 1).

The (A'’-E)-configuration was established via the NOESY
correlation between H-19’ and H,-21'. H-15 showed NOE
correlations to H-3 and H-20, indicating that they were
cofacial. Assuming monomeric unit I had the (3S* 1SR¥,
20S*) relative configuration, there should be four possible
structures for 1, (3S*, 15R*, 20S8*, 15'R*, 16'R*), (3S*, 15R¥,
208*, 15'S*, 16'R*), (38*, 15R*, 208*, 15'S*, 16'S*), and
(3S*, 15R*, 20S*, 15'R*, 16'S*).

To define the absolute configuration of 1, the TDDFT-
ECD'**° method was applied on the chosen (3S, 1SR, 208,
15'R, 16'R), (35, 1SR, 208, 15'R, 16'S), (3S, 15R, 208, 15'S,
16'R), and (3S, 1SR, 20S, 15'S, 16'S) diastereomers.
Preliminary Merck Molecular Force Field (MMFF) conforma-
tional searches indicated relatively low flexibility with 6—18
low-energy initial conformers. These conformers were
reoptimized at the B3LYP/6-31G(d) level in vacuo and the
B97D/TZVP,*"** the CAM-B3LYP TZVP,**** and the
®B97XD* levels with the PCM solvent model for MeOH,
and ECD calculations were performed for each set of
conformers with various functionals and the TZVP basis set
with the same solvent model as in the preceding step or
without solvent model. Electronic circular dichroism (ECD)
results of the (35, 1SR, 20S, 15'R, 16'R) (Figure 3) and the
(3S, 1SR, 208, 15'S, 16'R) diastereomers showed mirror-image
agreement with the experimental spectrum, while those of the
(3S, 15R, 208, 15'R, 16'S) and the (3, 15R, 208, 15'S, 16'S)
diastereomers were similar to the experimental ones. Thus, the
ECD spectrum seems to be governed mainly by the newly
formed C-16" chirality center, which determines the relative
orientation of the two indole chromophores. Although the two
indole moieties are expected to interact, which may give rise to
exciton-coupled ECD curves, the two high-energy ECD
transitions below 250 nm with opposite signs derive from
many overlapping transitions, as shown by the computed
rotational strengths, and without calculations this interaction is
not suitable to determine the absolute configuration. There-
fore, the absolute configuration of C-16" could be obviously
elucidated from the TDDFT-ECD calculations as (16’S). The
interatomic distances of all the low-energy conformers found
for each diastereoisomer were further analyzed to account for
the experimentally observed NOE correlations. As depicted in
Figure 4, the large distance between H-12 and H-14’
computed for the (3S, 1SR, 20S, 15'S, 16'R) stereoisomer
should not account for the NOE correlation of both protons.
Similarly, the H-3/H-15" and H-3/H-18' NOE correlations
should not be observed in the (3S, 1SR, 20S, 15'S, 16’S) and
(3S, 15R, 20S, 15'R, 16’S) isomers, as the calculated
interatomic distances are large enough to account for the
NOE enhancement experimentally observed. In contrast, the
global minima structure found for (3S,15R,20S,15'R,16'R)-1
matched well with the NOE correlations, with all key
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Figure 2. '"H—"H COSY (left, bold), selected HMBC (left, blue single arrows), selected "H—'*N HMBC (middle, green single arrows), and
NOESY (middle and right, blue double-headed arrows) correlations of compound 1.
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Figure 3. Comparison of the experimental ECD of 1 measured in
MeOH with the BH&HLYP/TZVP PCM/MeOH spectrum of
(3S,15R,205,15'R,16'R)-1 (level of optimization: CAM-B3LYP/
TZVP PCM/MeOH). The bars represent the rotational strength
values of the lowest-energy conformer. (The ECD spectra calculated
for other isomers are provided in the SI.)

Figure 4. Lowest-energy conformers of (A) (3S,15R,20S,15'R,16'R)-
1, (B) (3S,15R,20S,15'S,16'R)-1, (C) (3S,15R,20S,15'S,16’S)-1, and
(D) (3S,15R,20S,15'R,16'S)-1 along with feasible (black line) and
nonfeasible (red line) key NOE correlations (level of optimization:
CAM-B3LYP/TZVP PCM/MeOH).

interatomic distances less than 3.0 A. These findings are also in
agreement with the NMR shift calculations securing the
relative configuration of 1. As shown in the Supporting
Information, the NMR calculations of the four candidate
diastereoisomers (3S, 15R, 20S, 15'R, 16’R), (3S, 1SR, 208,
1S'R, 16'S), (3S, 1SR, 208, 15'S, 16'R), and (3S, 1SR, 208,
15’S, 16'S) were carried out at the PCM/mPWIPW91/6-
31+G**//B3LYP/6-31G* level of theory, as recommended
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for DP4+ analysis.26 As expected, the isomer featuring the (35,
1SR, 20S, 15'R, 16'R) relative configuration displayed the
closest match between experimental and computed NMR
shifts. The CMAE (corrected mean absolute error, defined as
I8, = Spl/n) computed for the (38, 15R, 20S, 15'R, 16'R)
isomer was 2.2 ppm ("*C NMR data) and 0.13 ppm (‘H NMR
data), lower than the corresponding values obtained for the
remaining three isomers (2.3—2.6 and 0.19—0.21 ppm for
carbon and proton data, respectively). As a result, the DP4+
probability strongly supported the most likely relative
configuration of 1 as (3S, 1SR, 20S, 15'R, 16'R) in high
confidence (>99.9%). Therefore, with the information
provided by the ECD and NMR calculations, the absolute
configuration of 1 was defined as (3R, 1SS, 20R, 15'S, 16'S).
Compound 2 was obtained as a light yellow, amorphous
solid with the molecular formula C;,H,N,O, based on the
HR-ESIMS positive ion ([M + H]" at m/z 603.3699).
Comparison of the 1D and 2D NMR data of 2 (Table 1)
with those of vobparicine (7)"" suggested the 2D structures of
2 and 7 were similar, except that the ethylene group was
replaced by an ethyl group in 2. The molecular formula of 7,
C3oH,N,O,, is two units less than that of 2, confirming that 2
was a reduced product of 7. The configurations at C-3, C-S, C-
15, and C-15’ were deduced to be the same as in 7 by the
similarity of the 1D and 2D NMR data of 2 and 7, along with
biosynthetic considerations. The NOESY correlations of H-
20/H-14 and H-20/H-15 suggested the C-20 ethyl side chain
is f-oriented to the ring system. Hence, the structure of 2 was
determined to be 19,20-dihydrovobparicine (Figure 1).
Compound 3 was obtained as a light yellowish solid with
[a] +10 (c 0.1, MeOH). Its UV spectrum displayed
absorption maxima at 293, 286, and 228 nm, suggesting an
indole chromophore, while its IR absorptions implied the
presence of NH/OH (3358 cm™') and ester carbonyl
functions (1721 cm™). A molecular formula of C,,Hs,N,O5
was deduced from HR-ESIMS (m/z 635.3966, calcd for [M +
HJ]* 635.3961). An analysis of the '"H NMR (Table 2) data
revealed only one indolic NH at 8y 7.56. The rest of the 'H
NMR signals indicated an unsubstituted indole ring (5 7.01,
7.02, 7.0S, and 7.53), another indole moiety substituted at C-
11’ (6y 7.01, 7.20, and 7.30), a methoxy (5y 2.43), an N-Me
(84 2.53), and two ethyl groups at 5y 0.95, 1.72 and &y 0.93,
1.81, respectively. The absence of the indole NH' in the iboga
half, connected to an imine carbon (§¢ 194.3, C-2'), together
with an oxygenated sp® tertiary carbon atom (5. 87.4, C-7),
implied that the structural skeleton of the iboga moiety is
similar to the compound hydroxy-3-(2-oxopropyl)-
coronaridineindolenine (13).'® Detailed analysis of the 2D

DOI: 10.1021/acs.jnatprod.8b00191
J. Nat. Prod. 2018, 81, 1976—1983


http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.8b00191/suppl_file/np8b00191_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.8b00191/suppl_file/np8b00191_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.8b00191/suppl_file/np8b00191_si_001.pdf
http://dx.doi.org/10.1021/acs.jnatprod.8b00191

Journal of Natural Products

Table 2. 'H (400 MHz) and *C NMR (100 MHz) Data for
3 and 4 in CDCl,

3 4

position Sy J (Hz) 8¢ Sy, J (Hz) 8¢
N-1 7.56 7.45 brs
2 136.5 136.8

451dd (3.0, 127) 452 4.67 d (10.0) 453
S 3.97 t (7.74) 594 407 m 59.8
6 3.10 m; 3.40 m 17.5 3.52 m; 3.27 m 19.4
7 110.5 110.4
8 129.8 129.8
9 7.53 dd (8.0, 2.0) 1177 7.59m 117.6
10 7.05 m 1189  7.01 dd (8.0) 119.5
11 7.02 m 121.6 7.08 m 121.7
12 7.01 d (7.8) 1099  7.02d (82) 109.9
13 136.1 137.3
14 193 m; 2.53 m 41.2 125 m 38.9
15 2.61 m 34.6 3.80 m 33.6
16 3.00 m 43.7 2.75's 47.1
17 172.6 171.9
18 095 t (7.2) 12.9 1.69 d (6.1) 124
19 172 m 257 535 d (7.0) 1189
20 2.53 m 43.0 137.6
21 3.00 m; 3.05S m 47.1 3.79 m; 293 m 524
N-CH;, 2.53 42.95 249 s 49.9
CO,CH;, 2.43 49.93 2.11s 42.4
N-1 7.66 brs
2/ 194.3 136.0
3 3.46 m; 2.98 m 49.1 329 m 55.4
S 2.67 m; 2.78 m 49.4 3.13 m 51.4
6’ 1.11 m; 1.72 m 31.8 3.17 m; 295 m 22.1
7' 87.4 110.1
8’ 140.1 127.5
9’ 720 d (7.6) 1213 7.39d (8.0) 1187
10’ 7.01 d (7.6) 1251 7.08 d (8.0) 119.0
11’ 152.6 140.0
12/ 7.30 s 119.8 7.03 s 109.4
13/ 148.2 135.8
14/ 148 m 27.1 1.68 m 30.8
158’ 1.87 m 322 1.60 m; 1.44 m 27.0
16’ 146 m 40.4 54.7
17 210 m; 2.17 m 33.8 2.60 m; 1.90 m 37.6
18' 093 t (7.4) 118 091 t (7.6) 117
19’ 1.81 m 27.2 144 m 26.8
20’ 287 m 43.6 125 m 384
21’ 351ls 53.4 3.58 s 58.0
22’ 275 m 46.6
23’ 208.6
24/ 220 s 31.0
CO,CH, 175.3
CO,CH, 370 s 52.6

NMR data su§§ested that 3 had the same skeleton as
vobatensine D,”” except that the double bond A®?? and
the aromatic methoxy group at C-10" in vobatensine D were
absent in 3. Meanwhile, an additional sp® methylene group
(H,-19) was present, and its orientation was determined by
NMR data and biosynthetic considerations. As in the case of
known compound 19,20-dihydrotabernamine (8),'” the NMR
data suggested similar configurations at C-3 (a-substitution),
C-16, and C-20 of the vobasinyl unit and at C-14’, C-16¢’, C-
20, and C-21’ of the iboga unit (Figure 1). The a-orientation
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of 7'-OH was determined based on the biosynthetic pathway,
since the C-7 configuration of 7-hydroxyindolenine of ibogaine
has been previously established.”® Thus, the structure of 3 was
established to be 10’-demethoxy-19,20-dihydrovobatensine D
as shown (Figure 1).

Compound 4 was isolated as a light yellowish solid with the
molecular formula C,;sHs,N,Ojs, determined by the HR-ESIMS
ion ([M + H]* at m/z = 731.4173). Detailed comparison of
the 1D and 2D NMR data (Table 2) of 4 with those of 6
(ervahanine A)'? indicated similar structures, except for the 2-
oxopropyl substituent at C-3" in the iboga moiety of 4. The
configurations of 4 were determined to be the same as
ervahanine A (6)'’ and taberdivarines E (10)"* by NMR data
and biosynthetic considerations. Accordingly, the structure of 4
was elucidated to be 3'-(2-oxopropyl)ervahanine A.

Among the four new compounds, the structure of
compound 1 is unique because monomeric unit I (featuring
four rings [6 + S + 8 + 6] linearly aligned) is uncommon in
nature. Similar to flabelloformides A and B,'®*’ monomeric
unit T could be biosynthetically derived from vobasinol®
(Scheme 1). Starting from vobasinol, from which 19,20-
dihydrovobparicine (2) would be generated, a f-elimination
leads to a tricyclic keto ester, which on attack by the secondary
amine nitrogen (N-4) on the ester carbonyl, followed by
elimination of MeOH, §ives the tetracyclic lactam incorporat-
ing the flabelliformide™ ring system. The (15'S) absolute
configuration of 1 is in accordance with the (1SS)
configuration of (—)-apparicine (11),"" the biosynthetic
precursor of monomeric unit II. After formation of a C-3
carbocation by removal of the C-3 hydroxy group, the
electrophilic addition of C-3 to C-22’ of the exocyclic double
bond, followed by nucleophilic addition of the nitrogen (N-1)
to C-16’, would generate compound 1.

All the monoterpenoid indole alkaloids isolated form T.
divaricata were evaluated against the human breast (MCF-7)
and human lung (A-549) cancer cell lines. Bisindole alkaloids
1—10 and 14 were active in a range of 2 nM to 8.1 M (Table
3); however, monoterpenoid indole monomers 11—13 were
inactive. Alkaloids 2, 4—7, and 10, having two indolic NH
groups, displayed a similar cytotoxicity against MCF-7 and A-
549, whereas 1 and 3, having just one indolic NH group,
showed much less inhibitory activity toward these two cell
lines. Compared to the monoterpenoid indole alkaloids, the f-
carbolinebenzoquinolizidine alkaloid deoxytubulosine (14)
showed potent inhibitory effects toward MCF-7 and A-549
with ICq, values of 2 and 87 nM (Table 3), respectively. The
bioassay results suggested that the indolic NH group plays an
important role in bisindole alkaloids for the cytotoxicity, while
the p-carbolinebenzoquinolizidine alkaloid was much more
cytotoxic than monoterpenoid indole alkaloids.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured using a PerkinElmer model 341 polarimeter. ECD spectra
were recorded on a JASCO J-810 spectropolarimeter. UV absorption
spectra were measured using a Shimadzu UV-1700 spectrophotom-
eter. IR spectra were recorded on a Thermo Nexus470 FT-IR
spectrometer. NMR spectra were acquired using a BIOSPIN AV 400
NMR instrument (Bruker) at 400 MHz for '"H NMR and 100 MHz
for *C NMR. 'H-"N HMBC data were obtained at 25 °C on an
Advance 500 MHz spectrometer (Bruker) equipped with a broadband
inverse probe. HR-ESIMS data were obtained on an LTQ_Orbitrap
XL mass instrument (ThermoFisher). Column chromatography (CC)
was performed with silica gel (200—300 mesh, Anhui Liangchen
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Scheme 1. Proposed Biosynthetic Pathway for Compounds 1 and 2

vobparicine (7)

l

compound 2

apparicine (11)

apparicine (11)

Table 3. Cytotoxic Activity of 1—10 and 14 (ICg,, M)

ICso (M)
compound MCE-7 A-549

1 >10 uM 75

2 0.8 8.1

3 13 >10 uM
4 2.8 1.2

S 1.3 32

6 7.3 1.2

7 1.3 4.0

9 5.4 >10 uM
10 1.3 1.2

14 0.002 0.09
SN38“ <0.1 nM 0.2

“SN38 (7-ethyl-10-hydroxycamptothecin) was used as positive
control.

Guiyuan Material Ltd., Anhui, China). Size-exclusion chromatography
was performed with Sephadex LH-20 (Pharmacia, Sweden).

Plant Material. A specimen of T. divaricata was collected from
Xishuangbanna, Yunnan Province, People’s Republic of China, in July
2013 and identified by Mr. Jing-Yun Cui of the Xishuangbanna
Tropical Botanical Garden, Chinese Academy of Sciences. A voucher
specimen (WHU20130821) is available for inspection at the Institute
of TCM & Natural Products, School of Pharmaceutical Sciences,
Wuhan University.

Extraction and Isolation. The stems of T. divaricata were
pulverized to a powder after desiccation. The powder (6 kg) was
exhaustively extracted (3 X 7 days) with 95% EtOH (3 x 10 L) to
give the crude (71 g), which was dissolved in 1.5 L of acidified water
(adjusted to pH 1-2 using 10% H,SO,). After removal of the
nonalkaloids by extracting with EtOAc (1.0 L X 3), the acidic aqueous
phase was basified with Na,CO; to pH 8—9 and partitioned with
CHCl, (1.5 L X 3) to afford the crude alkaloids (10.2 g), which were
subsequently chromatographed over silica gel eluted with CH,Cl,/
MeOH/Et,NH (50:1:0.1 to 1:1:0.1) into three fractions (G1—G3).

G1 (6.1 g) was chromatographed over silica gel (CH,Cl,/MeOH/
Et,NH, 50:1:0.1 to 1:1:0.1) to afford six subfractions, Gla—G1f. Gla
(2.13 g) was purified by silica gel CC eluted with petroleum ether/
EtOAc/Et,NH (5:1:0.1 to 3:1:0.1) to generate two major fractions.
One fraction was purified by silica gel CC with petroleum ether/
EtOAc/Et,NH, 5:1:0.1, to afford 8 (168 mg) and 14 (10 mg), and
the second fraction with petroleum ether/2-propanol/Et,NH,
7.5:1:0.1, to provide 9 (159 mg) and 3 (27 mg). G1b (2.25 g) was

1981

further purified on silica gel CC with petroleum ether/EtOAc/Et,NH
(5:1:0.1 to 3:1:0.1) to give three subfractions, G1bl, G1b2, and
G1b3. Glbl was purified over silica gel CC (petroleum ether/
EtOAc/Et,NH, 5:1:0.2) to give 10 (78 mg), G1b2 was subjected to
silica gel CC (petroleum ether/EtOAc/Et,NH, 5:1:0.4) to give §
(316 mg), and G1b3 was purified with petroleum ether/EtOAc/
Et,NH, 4:1:0.2, to afford 6 (38 mg). Glc (1.2 g) was isolated by silica
gel column chromatography to afford 4 (36 mg) and 1 (10 mg)
(eluted with petroleum ether/EtOAc/Et,NH, 5:1:0.2).

G2 (2.1 g) was chromatographed over silica gel to afford two major
components. One fraction was separated and purified to give 11 (105
mg) over silica gel CC with petroleum ether/EtOAc/Et,NH, 5:1:0.1,
and the second one was further separated by silica gel to afford 12 (36
mg) and 13 (21 mg).

G3 (1.8 g) was separated and purified over silica gel CC
(petroleum ether/EtOAc/Et,NH, 3.5:1:0.1) to give 2 (17 mg) and
7 (10 mg).

Flabellipparicine (1): [a]% +28 (¢ 0.1, CHCL); UV (MeOH) .,
(log €) 285.5 (4.26), 244.5 (4.36), 218.8 (3.67) nm; ECD {MeOH, 1
[nm] (Aeg), ¢ 0.1 x 107* M} 298 (—5.49), 271sh (-2.01), 233
(+60.40), 220 (—18.16), 210sh (—8.60); IR (KBr) v, 3364, 2922,
2856, 1713, 1657, 1461, 1384, 741 cm™}; 'H and *C NMR data
(CDCly), see Table 1; HR-ESIMS m/z 571.3423 [M + H]" (calcd for
C3sH3N,O, 571.3437).

19,20-Dihydrovobparicine (2): [a]y +26 (¢ 0.1, MeOH); UV
(MeOH) A, (log €) 295 (4.22), 239 (4.29), 234 (4.28) nm; IR
(KBr) v,,,, 3417, 2925, 2854, 1723, 1660, 1462, 1384, 1228, 1155,
1060, 741 cm™'; 'H and "*C NMR data (CDCl,), see Table 1; HR-
ESIMS m/z 603.3690 [M + H]* (calcd for C40H,,N,0,, 603.3699).

10'-Demethoxy-19,20-dihydrovobatensine D (3): [a]y +10 (c
0.1, MeOH); UV (MeOH) A,,,, (loge) 293 (4.01), 286 (4.05), 228
(4.62) nm; IR (KBr) v, 3358, 2927, 2866, 1721, 1561, 1459, 1314,
1102, 1062, 1010, 742 cm™!; 1D NMR data, see Table 2; HR-ESIMS
m/z 635.3966 [M + H]* (calcd for C4HgN,O5 635.3961).

3'-(2-Oxopropyl)ervahanine A (4): [a]® —90 (¢ 0.1, MeOH); UV
(MeOH) A, (log €) 288 (4.2), 231 (4.68) nm; IR (KBr) vy, 3390,
2928, 2868, 1710, 1650, 1459, 1337, 1222 cm™'; 1D NMR data, see
Table 2; HR-ESIMS m/z 731.4161 [M + H]* (calcd for C,sHN,Os,
731.4173).

Computational Section. Mixed torsional/low-frequency mode
conformational searches were carried out by means of the
Macromodel 10.8.011 software using the MMFF with an implicit
solvent model for chloroform.*’ Geometry reoptimizations were
carried out at the B3LYP/6-31G(d) level in vacuo, the B97D/
TZVP,***! the CAM-B3LYP/TZVP,”*** and the wB97XD™" levels
with the PCM solvent model for MeOH. TDDFT-ECD calculations
were carried out using various functionals (B3LYP, BH&HLYP,
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CAM-B3LYP, PBEO) and the TZVP basis set as implemented in the
Gaussian 09 package with the same or no solvent model as in the
preceding DFT optimization step.”> ECD spectra were produced as
sums of Gaussians with 3000 cm™' widths at half-height
(corresponding to ca. 16 at 230 nm), using dipole-velocity-computed
rotational strength values.”> Boltzmann distributions were evaluated
based on the ZPVE-corrected B3LYP energies in the gas-phase
calculations and the uncorrected B97D/TZVP and CAM-B3LYP/
TZVP energies in the PCM ones. The NMR calculations were carried
out at the PCM/mPWI1PW91/6-31+G**//B3LYP/6-31G* level of
theory using the GIAO method,”* with CHCl; as solvent. The
unscaled chemical shifts (§,) were calculated using tetramethylsilane
(TMS) as reference standard according to 8, = 6, — 6,, where o, is
the Boltzmann-averaged shielding tensor (over all significantly
populated conformations) and 6, is the shielding tensor of TMS
calculated at the same level of theory employed for o,. The scaled
chemical shifts (§,) were calculated as 5, = (5, — b)/m, where m and b
are the slope and intercept, respectively, deduced from a linear
regression calculation on a plot of §, against J,,. The DP4+
calculations were run by the Excel spreadsheet available for free at
sarotti-nmr.weebly.com or as part of the Supporting Information of
the original paper.”® The MOLEKEL software package was used for
visualization of the results.*®

Antiproliferative Assays. The antiproliferative activities of all the
alkaloids were tested against MCF-7 human breast adenocarcinoma
and A-549 human lung carcinoma cell lines. The concentration giving
50% inhibition of cell growth (IC,) was calculated according to the
procedure described in the literature.®
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