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Two new cytotoxic annonaceous acetogenins, annomolin (1) and annocherimolin (2), were isolated from
an ethanolic extract of the seeds of Annona cherimolia. Annomolin has a mono-THF ring with one flanking
hydroxyl and possesses a 1,2-diol at C-7/8 of the aliphatic chain. Annocherimolin has a mono-THF ring
with two flanking hydroxyls and possesses a double bond at C-21/22. Their structures were elucidated
by spectral data and chemical derivatization. Compound 1 showed cytotoxic selectivity for the human
prostate tumor cell line (PC-3), with a potency of over 10 000 times that of adriamycin. Compound 2
showed cytotoxic potencies about 10 000 times those of adriamycin in the breast (MCF-7) and colon (HT-

29) cancer cell lines.

Annona cherimolia Mill. is a tropical tree native to Peru
and is used in traditional medicine as an insecticide and a
parasiticide.! As cytotoxic activity had been observed with
a seed extract of this plant, a systematic investigation of
the chemical content of the plant has been undertaken.?
In previous studies by Cortes et al., eight novel acetogenins,
cherimolin, dihydrocherimolin,® molvizarin, motrilin,* itra-
bin, jetein,® cherimolin-2, and almunequin,’ were isolated
from Annona cherimolia seeds. We have reported the
isolation of eight acetogenins from the seeds of this plant.
Three of them are new, annocherin and (2,4)-cis- and trans-
annocherinones,” and the five others, cis-annonacin, cor-
rosolin,® (2,4)-cis- and trans-isoannonacins, and compound
2,2 are known acetogenins. Our continuing brine shrimp
lethality test directed isolation has now yielded two new
acetogenins, annomolin (1) and annocherimolin (2) (Chart
1).

Results and Discussion

The seeds of A. cherimolia were extracted with 95%
EtOH, and the residue of the extract, FOO1, was partitioned
through a standard extraction scheme (see Experimental
Section). The extract FOO5 was subjected to repeated open
column chromatography and HPLC to yield two novel
acetogenins.

Compound 1, [0]%3p +4.0° (c 0.02, CH,CI,), was obtained
as a white powder. The HRFABMS gave a [M + Na]* ion
at m/z 619.4548 (calcd 619.4550) corresponding to the
formula C3sHesO7Na. The IR spectrum contained absorp-
tions for hydroxyl (3446 cm™1) and o,-unsaturated y-lac-
tone (1747 cm™1) functionalities. Sequential losses of four
molecules of H,O from the [M + Na]* in the FABMS as
well as the formation of the tetra-TMSi derivative (1a)
confirmed the existence of four hydroxyl groups in com-
pound 1 (Figure 1).

The presence of an o,f-unsaturated y-lactone with a
hydroxyl group at C-4 in 1 was suggested by the 'H NMR
resonances at 6 7.18 (H-33), 5.06 (H-34), 3.89 (H-4), 2.41
(H-3a), 2.53 (H-3b), and 1.43 (H-35) corresponding in the
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13C NMR spectrum to the resonances at 6 174.7 (C-1), 151.9
(C-33), 131.2 (C-2), 78.0 (C-34), 69.9 (C-4), 33.4 (C-3), and
19.1 (C-35). These are all characteristic spectral features
for the methylated o,f-unsaturated y-lactone fragment,
with the presence of an OH group at the C-4 position, as
commonly found among many of the annonaceous aceto-
genins, 1011

The positions of the OH groups in 1 were assigned at
C-4, C-7, C-8, and C-18 by careful analysis of the fragments
in the EIMS of the tetra-TMSi derivative (1a) at m/z 585,
541, 445, 439, 343, 299, and 213 (Figure 1). The mono-THF
ring with one flanking hydroxyl was indicated by the proton
signals in 1 at 6 3.83 (H-14), 1.48 (H-15a), 2.02 (H-15b),
1.68 (H-16a), 1.99 (H-16b), 3.80 (H-17), and 3.43 (H-18) and
carbon signals at 6 79.3 (C-14), 32.4 (C-15), 28.4 (C-16),
81.8 (C-17), and 74.6 (C-18). These data also indicated that
the relative stereochemistry of the carbon centers C-17/C-
18 was threo and the configuration across the THF ring
was trans, by comparison with a series of model compounds
of known relative stereochemistries.’>13 The 'H NMR ¢
values of the two carbinyl methines of a threo 1,2-diol
should be relatively low (ca. ¢ 3.40) when compared with
that of an erythro 1,2-diol (ca. 6 3.60).1415 Thus, the vicinal
diols in 1 were concluded to be threo from the signal of H-7
and H-8 at 6 3.43.

Tetra-Mosher ester derivatives (1r and 1s) of 1 were
prepared, and their 1H NMR data were assigned according
to 'H—1H COSY spectra (Table 1). For 1, the positive value
of oy (S-R) at H-14 (+0.12), H-15 (+0.06, +0.15), H-16
(+0.03, +0.07), and H-17 (+0.02) suggested an S configu-
ration at C-18.14 The 1,2,5-triol group is a fairly common
structural feature among the annonaceous acetogenins.
The chemical shifts of the esterified methine proton signals
appear at ca. 6 4.91-4.94 and 5.01—-5.03 (6 4.91—4.94 and
5.05 in cases where another double bond is located two
carbons away) for the S-Mosher esters in the R,R-1,2-diols,
and at ca. 6 5.10—5.15 and 5.16—5.19 (6 5.16 and 5.18—
5.20 in cases where another double bond is located two
carbons away) for the R-Mosher esters in R,R-1,2-diols. In
contrast, these signals are located at ca. 6 5.03—5.06 and
5.10—5.16 for the S-Mosher esters in the S,S-1,2-diols and
at ca. 0 5.03—5.04 and 5.17 for the R-Mosher esters in the
S,S-1,2-diols. By using this comparative chemical shift

© 2001 American Chemical Society and American Society of Pharmacognosy

Published on Web 04/12/2001



Cytotoxic Annonaceous Acetogenins from Annona

Chart 1

trans

Journal of Natural Products, 2001, Vol. 64, No. 4 503

Compound
1
1a
ir
1s

trans

Compound
2
2a
2r
2s

pattern data, we have analyzed and assigned the chemical
shifts of compound 1. The chemical shifts of the 1,2-diol at
C-7,8 appeared at ¢ 5.03 and 4.94 in the S-Mosher ester
and at 6 5.18 and 5.14 in the R-Mosher ester. These values
indicated that 1 has R,R-1,2 diols at C-7,8.19.16 On the other
hand, the chemical shifts of murihexocins A and B having
S,S-1,2-diols at C-7,8 appeared at 6 5.03 and 5.10 (in both
murihexocins A and B) in the S-Mosher ester and at 6 5.03
and 5.17 (murihexocin A) and 6 5.03 and 5.20 (murihexocin
B) in the R-Mosher ester. Hoye et al. synthesized (+)-SS
(like) and (£)-RS (unlike) model butenolides and permitted
the assignments of the relative configurations between C-4
and C-34 in acetogenins by using the magnitudes of the
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Ao values for the H and °F nuclei in their Mosher
esters.1819 The Ady values for H-33 and H-34 in 1r and 1s
at 0.24 and 0.04 suggested that 1 has the 4R,34S arrange-
ment. All of the C3s, OH-4 annonaceous acetogenins, so far,
are 4R and 34S. Therefore, the structure of 1 was deter-
mined as illustrated and named annomolin.

Compound 2, [a]?*®p —21° (c 0.02, CH,Cl,), was isolated
as a white powder. Its molecular weight was suggested by
the peak at m/z 645 [M + Na]* in the FABMS. The
HRFABMS gave m/z 645.4707 for the [M + Na]* ion (calcd
645.4706) corresponding to the molecular formula C37HgsO7-
Na. Compound 2 showed an IR carbonyl absorption at 1743
cm™1, a UV (MeOH) Amax at 230 nm (log ¢ 3.1), six
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Figure 1.

Diagnostic EIMS peaks (m/z) for the tetra-TMSi derivative la (intensities are indicated in parentheses).
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Table 1. Characteristic *H NMR Data of Mosher Esters of 1s,
1r, 2s, and 2r for Determinations of Stereochemistry

position 1s0S 1rdo R o0 S-R position 2s9S 2roR 0 S-R
5 1.59 1.58 +0.01 5 1.59 1.57 +0.02

4 531 534 R 4 530 5.36 R
3 256 258 —0.02 3 256 260 —0.04
259 2,67 -0.08 259 263 -—0.04

33 6.72 696 —0.24 35 6.72 6.95 —0.23
34 485 489 —-0.04 36 486 491 -0.05
35 127 130 -0.03 37 125 130 -0.05
7 5.03 518 -0.15 12 159 157 +0.02
8 494 514 -0.20 13 486  5.03 R
14 3.83 371 +0.12 14 3.87 401 -0.14
15 140 134 +0.06 15 144 160 -0.16

1.98 183 +0.15 193 196 —0.03
16 1.33 130 +0.03 16 1.44 160 -—0.16

185 1.78 +0.07 193 196 —0.03
17 3.88 3.86 +0.02 17 3.87 401 -0.14
18 485 4.89 S 18 486  5.03 R

19 158 159 -0.01 19 159 157 +0.02

resonances at 6 7.18 (H-35), 5.06 (H-36), 1.43 (H-37), 2.40
(H-3a), 2.53 (H-3b), and 3.89 (H-4) in the 'H NMR
spectrum, and six peaks at 6 174.6 (C-1), 151.9 (C-35), 131.2
(C-2), 78.0 (C-36), 19.1 (C-37), and 70.0 (C-4) in the 3C
NMR spectrum.

The presence of the mono-THF ring with a flanking OH
group on each side was indicated by the proton signals at
0 3.82 (H-14 and 17), 3.44 (H-13 and 18), 1.73 (H-15a and
16a), and 1.99 (H-15b and 16b) and the carbon resonances
at ¢ 82.7 (C-14 and 17), 74.4 (C-13), and 74.3 (C-18) in 2.
These NMR data also indicated that the relative stereo-
chemistries of the carbon centers C-13/14 and C-17/18 were
threo and the configuration across the THF ring was trans,
by comparison with a series of model compounds of known
relative stereochemistries.'320 The carbon skeleton and the
placement of the THF ring were determined on the basis
of the EIMS fragmentation of the TMSi derivative (2a) of
2. The signals at ¢ 3.59 and 71.9 in the 'H and 3C NMR
spectra of 2 are characteristic of a hydroxyl group in an
alkyl chain. The position of the OH group was determined
by the fragment at m/z 371, which indicated that this
hydroxyl was at C-9.2! The presence of an isolated double
bond in 2 was determined by the proton signals at 6 5.35
and 5.40 and the carbon signals at 6 129.0 and 130.9. The
configuration of the double bond was assigned as cis by
comparing the NMR spectra with other double-bond-
containing acetogenins of known configuration.?? The posi-
tion of the double bond was determined at C-21/C-22 from
the single-relayed COSY spectrum, which showed a cor-
relation cross-peak between H-18 (6 3.44) and H-20 (6 2.20).

The absolute stereochemistry of the carbinol stereo-
centers in 2 has been determined using Mosher ester
methodology based on the differences between the 'H NMR
chemical shifts of (S)- and (R)-MPTA ester derivatives
(Table 1). According to the Mosher arguments, C-13 and
C-18 were assigned with the R absolute configuration, since
the signs of Ady (S-R) were negative for H-14 and H-17,
showing relatively less shielding for this side in the (S)-
MTPA ester.23 Using the Hoye models, the absolute stereo-
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chemistries at C-4 and C-36 were determined from the
Mosher esters as R and S, respectively. Thus, the structure
of 2 was elucidated as illustrated, and it was named
annocherimolin.

These new isolates (1 and 2) were isolated by activity-
directed fractionation and are very active in the brine
shrimp lethality test (BST),?425 and, as expected, they were
all significantly cytotoxic to human solid tumor cells in
culture (Table 2). Compound 1 exhibited potent and selec-
tive cytotoxicities against the breast (MCF-7),%¢ colon (HT-
29),27 and prostate (PC-3)28 cell lines with 100 to 10 000
times the potency of adriamycin. Compound 2 was espe-
cially active against the breast (MCF-7), colon (HT-29), and
pancreatic (MIA PaCa-2)?° cell lines. Against these three
tumor types, 2 was 100 to 10 000 times as active as the
positive control, adriamycin.

Annonaceous acetogenins inhibit cancerous cells by the
blockage of mitochondrial complex I (NADH-ubiquinone
oxidoreductase)® and also through the inhibition of the
NADH oxidase prevalent in the plasma membranes of
tumor cells.3!

Experimental Section

General Experimental Procedures. Melting points were
determined on a Yanaco micro melting point apparatus and
were uncorrected. Optical rotations were taken on a Jasco DIP-
370 digital polarimeter. IR spectra were measured on a Jasco
FT/IR 300E spectrophotometer. UV spectra were obtained on
a Shimadzu UV-1601PC spectrophotometer. 'H, 3C, and
COSY NMR spectra were recorded on Varian VXR300S or
500S spectrometers in CDCIl; using TMS as an internal
standard. Low- and high-resolution FABMS data were col-
lected on a JEOL JMS-HX110 spectrometer. EIMS were
recorded on a Quattro Il spectrometer. For TLC, Si gel 60
F-254 (EM 5717) glass plates (0.25 mm) were used and
visualized by spraying with 5% phosphomolybdic acid in
MeOH and heating. HPLC was performed on a Waters 600
apparatus equipped with a Waters 486 UV detector at 225 nm
using the Autochrowin software system (Young Su Scientific
Co., Seoul, Korea). A uBondapak Cig column (19 x 300 mm
and 7.8 x 300 mm) was used for preparative purposes.

Plant Material. The seeds of A. cherimolia were obtained
in the fall of 1996 from fruits grown commercially in planta-
tions in southern California and purchased from Hurov
Botanicals and Seeds, located in Chula Vista, CA. A voucher
specimen of the seeds is preserved at the Department of
Pharmacy, Catholic University of Daegu, Korea.

Bioassays. The extracts, fractions, and isolated compounds
were routinely evaluated for lethality to brine shrimp larvae
(BST).?4%5 Seven-day in vitro MTT cytotoxicity tests against
human tumor cell lines were carried out at the Cell Culture
Laboratory, Purdue Cancer Center, using standard protocols
for A-549 (human lung carcinoma),®> MCF-7 (human breast
carcinoma),?® HT-29 (human colon adenocarcinoma),?” A-498
(human kidney carcinoma),®> PC-3 (human prostate adeno-
carcinoma),?® and MIA PaCa-2 (human pancreatic carcinoma)?®
with adriamycin as a positive control.

Extraction and Isolation. The dried seeds of A. cherimolia
(8 kg) were repeatedly percolated with 95% EtOH to yield 700
g of an extract (FOO1), on removal of solvent. FOO1 was
partitioned between CH,CIl,—H,0 (1:1) to yield the H,O-soluble

Table 2. Brine Shrimp Lethality and Cytotoxicities in Human Solid Tumor Cell Lines for 1 and 2

human cancer cell line EDsp (1g/mL)

compound BST?2 LCsp («g/mL) A-549P MCF-7¢ HT-29d A-498¢ PC-3f MIA PaCa-29
1 9.40 x 1073 2.37 1.15 x 104 8.92 x 1075 6.88 x 1074 5.39 x 1076 2.18

2 5.80 x 1073 1.56 4.06 x 1076 2.49 x 107 1.53 x 1071 1.02 1.20 x 1075
adriamycin® NT! 1.13 x 1073 1.82 x 1072 1.28 x 1072 2.26 x 1073 5.02 x 1072 2.62 x 1073

a Brine shrimp test. ® Human lung carcinoma. ¢ Human breast carcinoma. ¢ Human colon adenocarcinoma. ¢ Human kidney carcinoma.
f Human prostate adenocarcinoma. 9 Human pancreatic carcinoma. " Positive control standard. ' NT: Not tested.
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Figure 2. Diagnostic EIMS peaks (m/z) for the tetra-TMSi derivative 2a (intensities are indicated in parentheses).

fraction (F002, 300 g) and the CH,Cl,-soluble fraction (FO03,
400 g). FOO3 was then partitioned between 90% aqueous
MeOH—hexane (1:1) to yield a hexane-soluble fraction (FO06,
150 g) and an aqueous MeOH-soluble fraction (FO05, 250 g).
All fractions were subjected to the BST, with the most active
fraction being FOO5 (BST LCso = 1.13 x 1072 ug/mL). FO05
(250 g) was subjected to open column chromatography over Si
gel (2.8 kg) eluted with hexane—CHCI; and CHCl;—MeOH
gradients. Fractions (F;-1 to F;1-18) were collected and pooled
according to their similar TLC patterns. The BST active pool
F1-12 was further resolved on another Si gel (1.5 kg) open
column, eluted with hexane—CHCI; and CHCIl;—MeOH gra-
dients. Fractions (F.-1 to F»-13) were collected into 13 pools
on the basis of similar TLC patterns. Further purifications of
the most bioactive BST fractions (F»-6, BST LCso = 2.00 x
10* ug/mL) were carried out by HPLC to afford compounds 1
and 2. Preparative HPLC: uBondapak Cig column (10 um, 19
x 300 mm i.d.), elution with acetonitrile—H,O (80:20) at flow
rate 10 mL/min, tz 29.0 min (1) and 34.8 min (2).

Annomolin (1): white powder (20 mg); mp 60.5-61.2 °C;
[a]?3p +4.0° (¢ 0.02, CH,Cl,); UV (MeOH) A max (log €) 230 (3.2)
nm; IR (film) vmax 3446, 2915, 2848, 1747, 1646, 1465, 1321,
1062 cm~L; 'H NMR (500 MHz, CDCls) 6 7.18 (1H, g, J=1.5
Hz, H-33), 5.06 (1H, qq, J = 7.0, 1.5 Hz, H-34), 3.89 (1H, m,
H-4), 3.83 (1H, m, H-14), 3.80 (1H, m, H-17), 3.43 (3H, m, H-7,
H-8, H-18), 2.53 (1H, dt, J = 15.0, 1.5 Hz, H-3b), 2.41 (1H, dd,
J = 15.0, 8.5 Hz, H-3a), 2.02 (1H, m, H-15b), 1.99 (1H, m,
H-16b), 1.68 (1H, m, H-16a), 1.48 (1H, m, H-15a), 1.43 (1H, d,
J=6.5Hz, H-35),0.88 (1H, t, J = 7.0, H-32); 13C NMR (CDCls,
125 MHz) 6 174.7 (s, C-1), 151.9 (d, C-33), 131.2 (s, C-2), 81.8
(d, C-17), 79.3 (d, C-14), 78.0 (d, C-34), 74.6 (d, C-18), 74.4 (d,
C-8), 74.3 (d, C-7), 69.9 (d, C-4), 33.4 (t, C-3), 32.4 (t, C-15),
28.4 (t, C-16), 19.1 (q, C-35), 14.1 (q, C-32); FABMS m/z 619
[M + NaJ*, 601 [M + Na — H,O]*, 583 [M + Na — 2H,0]",
565 [M + Na — 3H.0]", 547 [M + Na — 4H,0]*; HRFABMS
m/z [M + Na]* 619.4548 for C3sHesO-Na (calcd 619.4550).

Annomolin tetra-TMSi Derivative (1a). Approximately
10 ug of compound 1 was treated with 0.2 4L of pyridine and
2 uL of N,O-bis(trimethylsilyl)acetamide for 5 h to give a l1a:
EIMS m/z, see Figure 1.

Annocherimolin (2): white powder (10 mg); mp 57.9-58.7
°C; [a]?®p —21° (c 0.02, CH,Cl,); UV (MeOH) Amax (log €) 230
(3.1) nm; IR (film) vmax 3421, 2925, 2854, 1743, 1646, 1457,
1319, 1079 cm™%; *H NMR (500 MHz, CDClg) ¢ 7.18 (1H, q, J
= 1.5 Hz, H-35), 5.40 (1H, m, H-22), 5.35 (1H, m, H-21), 5.06
(1H, qq, 3 = 7.0, 1.5 Hz, H-36), 3.89 (1H, m, H-4), 3.82 (2H,
m, H-14, H-17), 3.59 (1H, m, H-9), 3.44 (2H, m, H-13, H-18),
2.53 (1H, dt, J = 15.0, 1.5 Hz, H-3b), 2.40 (1H, dd, J = 15.0,
8.5 Hz, H-3a), 2.20 (1H, m, H-20), 2.03 (1H, m, H-23), 1.99
(2H, m, H-15b, H-16b), 1.73 (2H, m, H-15a, H-16a), 1.48 (1H,
m, H-19), 1.43 (1H, d, J = 6.5 Hz, H-37), 0.88 (1H, t, J = 7.0,
H-34); 13C NMR (CDCls, 125 MHz) 6 174.6 (s, C-1), 151.9 (d,
C-35), 131.2 (s, C-2), 130.9 (d, C-22), 129.0 (d, C-21), 82.7 (d,
C-14, C-17), 78.0 (d, C-36), 74.4 (d, C-13), 74.3 (d, C-18), 71.9
(d, C-9), 70.0 (d, C-4), 28.8 (t, C-15, C-16), 27.3 (t, C-23), 23.5
(t, C-20), 19.1 (q, C-37), 14.1 (q, C-34); FABMS m/z 645 [M +
Na]*, 627 [M + Na — H,0]*, 609 [M + Na — 2H,0], 591 [M
+ Na — 3H;0]*, 573 [M + Na — 4H,0]"; HRFABMS m/z [M
+ Na]* 645.4707 for CzsHgsO7 (calcd 645.4706).

Annocherimolin tetra-TMSi (2a). Approximately 10 ug
of compound 2 was treated with 0.2 uL of pyridine and 2 uL
of N,O-bis(trimethylsilyl)acetamide for 5 h to give a 2a: EIMS,
see Figure 2.

Preparation of Mosher Esters. A previously described
method was used.®33* To each of 1 mg of 1 and 2 in 0.5 mL of
CHCl, were added sequentially 0.2 mL of pyridine, 0.5 mg of
4-(dimethylamino)pyridine, and 12 mg of (R)-(—)-o-methoxy-
o-(trifluoromethyl)phenylacetyl (MTPA) chloride, separately.
The mixture was left at room temperature overnight and
purified over a microcolumn (0.6 x 6 cm) of Si gel (230—400
mesh) eluted with 3—4 mL of hexane—CH,Cl; (1:2). The eluate
was dried, CH,CI, (5 mL) was added, and the CH,Cl, was
washed using 1% NaHCO; (5 mL x 3) and H,O (5 mL x 2).
The washed eluate was dried in vacuo to give the S-Mosher
esters of 1 and 2, respectively. Using (S)-(+)-o-methoxy-a-
(trifluoromethyl)phenylacetyl (MTPA) chloride afforded the
R-Mosher esters. Their pertinent *H NMR chemical shifts are
given in Table 1.
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