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Further studies on the seeds of Annona cherimolia have led to the isolation of two pairs of Annonaceous
acetogenins, a mixture of epimers of annomolon A (1) and 34-epi-annomolon A (1′), and a mixture of
epimers of annomolon B (2) and 34-epi-annomolon B (2′), containing a rare γ-hydroxymethyl-γ-lactone
moiety and a carbonyl group. Their structures were elucidated on the basis of spectroscopic and chemical
methods, and their absolute stereochemistry was solved by preparing their respective per-Mosher ester
derivatives. These acetogenins showed substantial cytotoxicity, comparable to that of adriamycin, against
a human pancreatic tumor cell line (MIA PaCa-2).

The Annonaceous acetogenins are an expanding class of
potent long-chain fatty acid derivatives that are found only
in certain species of the Annonaceae. Interest in these
compounds has become widespread, as knowledge of their
potent antitumor and pesticidal activities has become
better understood.1 Annona cherimolia Mill. is the only
species in its genus cultivated in Europe and is grown
principally in southern Spain, between Almuòecar and La
Herradura (Granada coast).2 In previous investigations by
Cortes et al., eight new acetogenins, cherimolin, dihydro-
cherimolin,3 molvizarin, motrilin,4 itrabin, jetein,5 cheri-
molin-2, and almunequin,6 were isolated from A. cherimolia
seeds. We have reported the isolation of 10 acetogenins
from the seeds of this plant.7-10 In this paper, we report
the identification of two pairs of Annonaceous acetogenins,
a mixture of epimers of annomolon A (1) and 34-epi-
annomolon A (1′), and a mixture of epimers of annomolon
B (2) and 34-epi-annomolon B (2′). Their structures,
characterized by the unusual presence of a γ-hydroxy-
methyl-γ-lactone, were elucidated by spectroscopic analysis
and chemical derivatization.

Results and Discussion

The seeds of A. cherimolia were extracted with 95%
EtOH, and the extracted residue, F001, was partitioned
by a standard extraction scheme (see Experimental Sec-
tion). The aqueous MeOH residue (F005), which was the
most bioactive fraction in the brine shrimp lethality test
(BST),11,12 was subjected to column chromatography and
reversed-phase HPLC.

A mixture of epimers of 1 and 1′, [R]23
D -5.0° (c 0.02,

CH2Cl2), was obtained as a white powder. The HRFABMS
gave a [M + H]+ ion at m/z 595.4574 (calcd 595.4580)
corresponding to the formula C35H63O7. The 13C NMR
spectrum revealed a duplication of several signals that
appeared at δ 105.2/105.3, 132.0/132.3, 149.6/150.5, and
172.0/172.6, suggesting the presence of two epimeric
compounds.13,14 In the 1H NMR spectrum, no H-34 signal
was apparent. The H-35 protons exhibited a singlet at δ
1.64, while in the 13C NMR spectrum the C-34 signal
appeared at δ 105.2/105.3. These data indicated that for
the mixture of epimers of 1 and 1′, H-34 was substituted
by a hydroxyl group.

The 13C NMR spectrum of the mixture of epimers of 1
and 1′ displayed a signal at δ 212.2 (C-11) for a carbonyl
group and two signals at δ 42.5 (C-10) and 42.4 (C-12)
corresponding to methylene carbons adjacent to the car-
bonyl.15 The position of the carbonyl group in the alkyl
chain of the mixture of epimers of 1 and 1′ was deduced
by mass spectral analysis. The position of the carbonyl
group was determined from the EIMS fragment ions at m/z
253, 323, and 305 (Figure 1), which can be explained by a
C-11/C-12 cleavage in the mixture of epimers of 1 and 1′.7

The EIMS data of the tri-TMSi derivative of the mixture
of epimers of 1a and 1a′ clearly resolved the carbon
skeleton and the placement of the tetrahydrofuran (THF)
ring (Figure 1). The EIMS fragmentation patterns indi-
cated that the mono-THF ring was located at C-16 and C-19
along the hydrocarbon chain and also supported the
placement of the three hydroxyl groups at C-15, C-20, and
C-34, as originally indicated by the NMR data. The
presence of a mono-THF ring in the mixture of epimers of
1 and 1′, with two OH groups at the adjacent carbons of
the ring, was deduced by the 1H NMR resonances at δ 3.80
(H-16/H-19) and 3.40 (H-15/H-20) and the 13C NMR peaks
at δ 74.1 (C-15), 82.3(C-16), 82.7 (C-19), and 74.3 (C-20),
which are characteristic for mono-THF acetogenins having
two OH groups adjacent to a mono-THF ring.16,17 The
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relative stereochemistries of C-15/16 and C-19/20 were both
defined as threo by comparing the 1H NMR signals of the
mixture of epimers of 1 and 1′ for H-15, H-16, H-19, and
H-20 with those of model compounds of known relative
stereochemistry.18 The mixture of epimers of 1 and 1′
showed 1H NMR signals at δ 1.97 (H-17a and 18a) and 1.67
(H-17b and 18b), which are typical methylene proton
signals for a trans-THF ring. The mixture of epimers of 1
and 1′ are C-35 mono-THF acetogenins with novel γ-hy-
droxymethyl-γ-lactone moieties and have been named
annomolon A (1) and 34-epi-annomolon A (1′).

The mixture of epimers of 2 and 2′, [R]23
D +6.0° (c 0.02,

CH2Cl2), was obtained as a white powder. The HRFABMS
gave a [M + Na]+ ion at m/z 633.4359 (calcd 633.4342),
corresponding to the formula C35H62O8Na. The 13C NMR
spectrum revealed a duplication of several signals that
appeared at δ 171.6/172.7, 146.9/147.2, 134.4/134.6, and
110.0, suggesting the presence of two epimeric compounds.
The H-3a and H-3b 1H NMR signals of the mixture of
epimers of 2 and 2′ were observed at δ 2.26 and 2.55,
respectively, correlating with the 1H NMR signal at δ 3.90
(H-4). Several spectral characteristics in the terminal
lactone moiety of 2 and 2′ were identical to those of the
above-mentioned lactol acetogenins, annomolon A (1) and
34-epi-annomolon A (1′).

The placement of the THF ring unit and their flanking
hydroxyls from C-15 to C-20 was confirmed by the EIMS
fragmentation pattern of the TMSi derivative of the

mixture of 2 and 2′. The fragment at m/z 271 was the most
intense and indicated major cleavage between C-19 and
C-20 (Figure 2). Further support was given by the fragment
at m/z 557, indicating a cleavage between C-15 and C-16.
The relative stereocheimisty of the mono-THF ring with
two flanking hydroxyl groups in the mixture of epimers of
2 and 2′ was assigned as threo/trans/threo, as in the
mixture of epimers of 1 and 1′. Thus, the new epimers 2
and 2′ were named annomolon B (2) and 34-epi-annomolon
B (2′).

To determine the absolute stereochemistry of the carbinol
centers at C-15 and C-20 in the mixture of epimers of 1
and 1′, and at C-4, C-15, and C-20 in the mixture of epimers
of 2 and 2′, tri-(R)- and tri-(S)-methoxytrifluoromethyl
phenylacetic acid (MTPA) esters (Mosher esters) in the
mixture of 1 and 1′ and tetra-(R)- and tetra-(S)-MTPA
esters in the mixture of 2 and 2′ were prepared.19-21 The
1H NMR chemical shift data of 2s/2′s and 2r/2′r showed
that the absolute configuration at C-4 of the mixture of
epimers of 2 and 2′ is R. This result was identical to all
acetogenins examined so far that possess an OH group at
C-4. Similarly, the Mosher ester data allowed the absolute
stereochemical assignments of the carbinol centers adjacent
to the mono-THF ring as C-15 R and C-20 R in the mixture
of epimers of 1 and 1′ and the mixture of epimers of 2 and
2′.

Bioactivity data obtained with the mixture of epimers
of 1 and 1′ and the mixture of epimers of 2 and 2′ are

Figure 1. Diagnostic EIMS peaks (m/z ratios) of the mixture of 1 and 1′ and the tri-TMSi (1a and 1′a) derivative (intensities are indicated in
parentheses). aH2O. bTMSiOH.

Figure 2. Diagnostic EIMS peaks (m/z ratios) of the mixture of 2 and 2′ and the tetra-TMSi (2a and 2′a) derivative (intensities are indicated in
parentheses). aH2O. bTMSiOH. *Ions not observed.
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summarized in Table 2. The mixture of 1 and 1′ and the
mixture of 2 and 2′ showed cytotoxicity comparable to
adriamycin against the human pancreatic tumor cell line
(MIA PaCa-2). The introduction of a hydroxyl group at C-4
in the mixture of 2 and 2′ appears to account for an order
of magnitude more potency than the mixture of 1 and 1′
against breast (MCF-7), colon (HT-29), and prostate (PC-
3) cell lines. The mechanism of action of the acetogenins
has been determined, and they are powerful inhibitors of
complex I in mitochondrial electron transport systems.22-24

Experimental Section

General Experimental Procedures. Melting points were
determined on a Yanaco micro melting point apparatus and
are uncorrected. Optical rotations were taken on a JASCO
DIP-370 digital polarimeter. UV spectra were obtained on a
Shimadzu UV-1601PC spectrophotometer. IR spectra were
measured on a JASCO FT-IR 300E spectrophotometer. 1H, 13C,
and COSY NMR spectra were recorded on Varian VXR 300S
or 500S spectrometers in CDCl3 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 II spectrometer. For TLC, silica 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 (Waters Korea Co.,
Seoul, Korea). A µBondapak C18 column (19 × 300 mm and
7.8 × 300 mm) was used for preparative purposes.

Plant Material. The seeds of Annona cherimolia were
obtained in September 1996 from fruits grown commercially
in plantations in southern California and purchased from
Hurov Botanicals and Seeds located in Chula Vista, CA. A
voucher specimen (CUDP 96003) 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).11,12 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),25 MCF-7 (human breast
carcinoma),26 HT-29 (human colon adenocarcinoma),27 A-498
(human kidney carcinoma),25 PC-3 (human prostate adeno-

carcinoma),28 and MIA PaCa-2 (human pancreatic carci-
noma),29 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 (F001), on removal of solvent. F001 was
partitioned between CH2Cl2 and H2O (1:1) to yield the H2O-
soluble fraction (F002, 300 g) and the CH2Cl2-soluble fraction
(F003, 400 g). F003 was then partitioned between 90% aqueous
MeOH and hexane (1:1) to yield a hexane-soluble fraction
(F006, 150 g) and an aqueous MeOH-soluble fraction (F005,
250 g). All fractions were subjected to the BST, with the most
active fraction being F005 (BST LC50 ) 1.13 × 10-2 µg/mL).
An aliquot of F005 (250 g) was subjected to open column
chromatography over Si gel (2.8 kg) eluted with hexane-CHCl3

and CHCl3-MeOH gradients. Fractions (F1-1 to F1-18) 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-CHCl3 and
CHCl3-MeOH gradients. Fractions (F2-1 to F2-13) were col-
lected into 13 pools on the basis of similar TLC profiles.
Further purification of the most bioactive BST fraction (F2-6,
BST LC50 ) 2.00 × 10-4 µg/mL) was carried out by HPLC to
afford a mixture of epimers of 1 and 1′ and a mixture of
epimers of 2 and 2′ [preparative HPLC: µBondapak C18

column (10 µm, 19 × 300 mm i.d.), elution with acetonitrile-
H2O (80:20) at flow rate 10 mL/min, tR 20.0 min (a mixture of
1 and 1′) and 24.5 min (a mixture of 2 and 2′)].

Mixture of Epimers of Annomolon A (1) and 34-epi-
Annomolon A (1′): white powder (20 mg); mp 82.1-82.7 °C;
[R]23

D -5.0° (c 0.02, CH2Cl2); UV (MeOH) λ max (log ε) 230 (3.1)
nm; IR (film) νmax 3444, 1731 cm-1; 1H NMR (500 MHz, CDCl3)
δ 6.95 (1H, s, H-33), 3.80 (2H, m, H-16, H-19), 3.40 (2H, m,
H-15, H-20), 1.97 (2H, m, H-17a, H-18a), 1.67 (3H, m, H-17b,
H-18b, H-35), 0.68 (1H, t, J ) 6.5 Hz, H-32); 13C NMR (CDCl3,
125 MHz) δ 212.2 (s, C-11), 172.0/172.6 (s, C-1), 149.6/150.5
(d, C-33), 132.0/132.3 (s, C-2), 105.2/105.3 (s, C-34), 82.7 (d,
C-19), 82.3 (d, C-16), 74.3 (d, C-20), 74.1 (d, C-15), 42.5 (t,
C-10), 42.4 (t, C-12), 29.0 (t, C-17, C-18), 24.9 (q, C-35), 14.1
(q, C-32); FABMS m/z 595 [M + H]+, 577 [M + H - H2O]+,
559 [M + H - 2H2O]+, 541 [M + H - 3H2O]+; EIMS m/z 253
[C14H21O4]+, 341 [C21H41O3]+, 323 [C21H41O3 - H2O]+, 305
[C21H41O3 - 2H2O]+; HRFABMS m/z [MH]+ 595.4574 for
C35H63O7 (calcd 595.4580).

Mixture of Epimers of Annomolon A (1) and 34-epi-
Annomolon A (1′) and Tri-TMSi Derivative (1a and 1′a).
Approximately 10 µg of the mixture of epimers of 1 and 1′ was
treated with 0.2 µL of pyridine and 2 µL of N,O-bis(trimeth-

Table 1. Characteristic 1H NMR Data of the Mosher Esters of 1s and 1′s, 1r and 1′r, 2s and 2′s, and 2r and 2′r

position
1s and 1′s

δ S
1r and 1′r

δ R ∆δ S-R position
2s and 2′s

δ S
2r and 2′r

δ R ∆δ S-R

14 1.65 1.56 +0.09 5 1.74 1.72 +0.02
15 4.96 5.02 R 4 4.55 4.56 R
16 3.92 4.00 -0.08 3 2.61 2.62 -0.01
17 1.40 1.60 -0.20 14 3.05 3.06 -0.01
18 1.64 1.94 -0.30 15 1.57 1.56 +0.01
19 1.40 1.60 -0.20 16 4.96 5.02 R
20 1.64 1.94 -0.30 19 3.92 4.01 -0.09
21 3.92 4.00 -0.08 20 3.92 4.01 -0.09

4.96 5.02 R 21 4.96 5.02 R
1.65 1.56 +0.09 1.57 1.55 +0.02

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

human cancer cell line ED50 (µg/mL)

compound BSTa LC50 (µg/mL) A-549b MCF-7c HT-29d A-498e PC-3f MIA PaCa-2g

1 and 1′ 3.75 × 10-1 1.26 3.03 × 10-1 1.93 × 10-1 9.30 × 10-1 1.98 × 10-1 3.12 × 10-3

2 and 2′ 7.00 × 10-2 1.37 4.70 × 10-2 7.19 × 10-2 3.77 × 10-1 5.53 × 10-2 7.48 × 10-3

adriamycinh NTi 1.13 × 10-3 1.82 × 10-2 1.28 × 10-2 2.26 × 10-3 5.02 × 10-2 2.62 × 10-3

a Brine shrimp test. b Human lung carcinoma. c Human breast carcinoma. d Human colon adenocarcinoma. e Human kidney carcinoma.
f Human prostate adenocarcinoma. g Human pancreatic carcinoma. h Positive control standard. i NT: not tested.
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ylsilyl)acetamide for 5 h to give the mixture of epimers of 1a
and 1a′: EIMS m/z, see Figure 1.

Mixture of Epimers of Annomolon B (2) and 34-epi-
Annomolon B (2′): white powder (10 mg); mp 86.3-87.2 °C;
[R]23

D +6.0° (c 0.02, CH2Cl2); UV (MeOH) λ max (log ε) 224 (3.6)
nm; IR (film) νmax 3427, 1743 cm-1; 1H NMR (500 MHz, CDCl3)
δ 6.96 (1H, s, H-33), 3.90 (1H, m, H-4), 3.78 (2H, m, H-16,
H-19), 3.42 (2H, m, H-15, H-20), 2.55 (1H, m, H-3b), 2.26 (1H,
m, H-3a), 1.99 (2H, m, H-17a, H-18a), 1.67 (2H, m, H-17b,
H-18b), 1.65 (1H, s, H-35), 0.88 (1H, t, J ) 7.0 Hz, H-32); 13C
NMR (CDCl3, 125 MHz) δ 212.3 (s, C-11), 171.6/172.7 (s, C-1),
146.9/147.2 (d, C-33), 134.4/134.6 (s, C-2), 110.0 (s, C-34), 82.7
(d, C-16), 82.4 (d, C-19), 74.4 (d, C-15), 74.0 (d, C-20), 69.0 (d,
C-4), 42.5 (t, C-10), 42.3 (t, C-12), 33.0 (t, C-3), 28.9 (t, C-17,
C-18), 24.7 (q, C-35), 14.1 (q, C-32); FABMS m/z 633 [M +
Na]+, 615 [M + Na - H2O]+, 597 [M + Na - 2H2O]+, 579 [M
+ Na - 3H2O]+, 561 [M + Na - 4H2O]+; EIMS m/z 269
[C14H22O5]+, 341 [C21H41O3]+, 323 [C21H41O3 - H2O]+, 305
[C21H41O3 - 2H2O]+; HRFABMS m/z [M + Na]+ 633.4359 for
C35H62O8Na (calcd 633.4342).

Mixture of Epimers of Annomolon B (2) and 34-epi-
Annomolon B (2′) and Tetra-TMSi Derivative (2a and
2′a). Approximately 10 µg of the mixture of epimers of 2 and
2′ was treated with 0.2 µL of pyridine and 2 µL of N,O-bis-
(trimethylsilyl)acetamide for 5 h to give a mixture of epimers
of 2a and 2a′: EIMS, see Figure 2.

Preparation of Mosher Esters. A previously described
method was used.19-21 To each of 1 mg of the mixture of
epimers of 1 and 1′ and the mixture of epimers of 2 and 2′,
both in 0.5 mL of CH2Cl2, were added sequentially 0.2 mL of
pyridine, 0.5 mg of 4-(dimethylamino)pyridine, and 12 mg of
(R)-(-)-R-methoxy-R-(trifluoromethyl)phenylacetyl (MTPA) chlo-
ride. The mixture was left at room temperature overnight and
purified over a microcolumn (0.6 × 6 cm) of silica gel (230-
400 mesh) eluted with 3-4 mL of hexane-CH2Cl2 (1:2). The
eluate was dried, CH2Cl2 (5 mL) was added, and the CH2Cl2

was washed with 1% NaHCO3 (5 mL × 3) and H2O (5 mL ×
2); the washed eluate was dried in vacuo to give the S Mosher
esters of the mixture of epimers of 1 and 1′ and the mixture
of epimers of 2 and 2′, respectively. The use of (S)-(+)-R-
methoxy-R-(trifluoromethyl)phenylacetyl (MTPA) chloride af-
forded the R Mosher ester analogues. Their pertinent 1H NMR
chemical shifts are given in Table 1.
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