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1 Introduction
Annonaceous acetogenins are waxy substances consisting of C32 or C34 long chain fatty acids which have been
combined with a propan-2-ol unit at C-2 to form a gama-lactone. They are only found in several genera of the
plant family, Annonaceae. Their diverse bioactivities as antitumour, immunosuppressive, pesticidal,
antiprotozoal, antifeedant, anthelmintic and antimicrobial agents have attracted more and more interest
worldwide. Recently, we reported that the Annonaceous acetogenins can selectively inhibit the growth of
cancerous cells and also inhibit the growth of adriamycin resistant tumour cells.1 As more acetogenins have
been isolated and additional cytotoxicity assays have been conducted, we have noticed that, al(hough most
acetogenins have high potencies among several solid human tumour cells lines, some of the derivatives within
the different structural types and some positional isomers show remarkable selectivities among certain cell
lines, e.g. against prostate cancer (PC-3).2
We now understand the primary modes of action for the acetogenins. They are potent inhibitors of NADH :
ubiquinone oxidoreductase, which is an essential enzyme in complex I of the electron transport system (ETS)
which eventually leads to oxidative phosphorylation in mitochondria.3-5 A recent report showed that they act
directly at the ubiquinone catalytic site(s) within complex 1 and in microbial glucose dehydrogenase.6 They also
inhibit the ubiquinone-linked NADH oxidase that is peculiar to the plasma membranes of cancerous cells and
functions to permit cytosolic phosphorylation (substrate level phosphorylation) by restoration of NAD levels.
Thus, the end result of both of these mechanisms is ATP deprivation.7
Using advanced Mosher ester methodology,8 more and more acetogenins are being reported with defined
stereochemistries. Recently, the stereostructures of gigantecin, an acetogenin containing non-adjacent bistetrahydrofuran (THF) rings, was proven by X-ray analysis and Mosher ester determination.9 Several other
acetogenins, such as those with adjacent bis-THF rings — e.g. asimicin,10.11 parviflorin,12 bullatacin10,11.13 and
rolliniastatin-l14 and those with mono-THF rings — e.g. solamin,15-17 reticulatacin,15,17 corossolone,18
corossolin18 and gigantetrocin A (13,14-threo-densicomacin)19 — have now been synthesized. As additional
information regarding the stereo- chemistries of acetogenins has accumulated, we consider that it is now most
logical to classify the Annonaceous acetogenins according to their stereostructures across their THF rings.
Since publishing our last three reviews, which summarized research on Annonaceous acetogenins up to June
1994,20 six new species of Annonaceae have been reported to contain acetogenins: they are Annona atemoya,2123
A. coriacea,9,24 A. crassiflora,23 A. glauca,26 Asimina longifolia27-29 and Uvaria tonkinesis.30
A new structural type of acetogenin, mucocin 207,31 is the first acetogenin containing both a THF ring and a
tetrahydropyran (THP) ring. Rollidecins A 176 and B 17732 are the first acetogenins bearing adjacent bis-THF
rings and one

flanking hydroxyl with relative stereoconfigurations of transthreo-cis-threo (we always designate relative
stereochemistries from lower to higher positions down the hydrocarbon chain). Aromin 205 and aromicin 20633
are the first acetogenins having two non-adjacent THF rings at C-4 and C-15.
Three mono-acetyl acetogenins, 4-acetyl gigantetrocin A 79,34 4-acetyl annonacin 20,28 and 4-acetyl
xylomaticin 38,28 have recently been isolated; no naturally acetylated acetogenins have been reported since the
first acetogenin, uvaricin,35 with a mono-acetyl group at C-24, was published. Three six hydroxyl mono-THF
acetogenins, annohexocin 64u and murihexocins A 82 and B 83,37 have been reported. Annohexocin has a
1,3,5- triol moiety between the THF and gama-lactone rings, and murihexocins A and B have two threo-1,2diols in their molecules. The isolation of coriadienin 223,24 the first acetogenin bearing two double bonds, has
provided further evidence for the hypothesized biogenetic pathway.
In our first review in 1990, we described 28 Annonaceous acetogenins isolated from 11 species ;38 in our second
review in 1993, we summarized 61 acetogenins isolated from 16 species;39 in our third review in 1995, another
80 acetogenins from 20 species of Annonaceae were added to this class of compounds.20 Some recent reviews

of more limited scope have been published by other groups.40-42 At the time of preparation (January 1996) of
this, our fourth review, over 220 Annonaceous acetogenins have been reported from 26 species.
2. Biosynthesis and Classification
In our previous reviews, 20, 38, 39 the Annonaceous acetogenins were classified as mono-THF, adjacent bis-THF,
non-adjacent bis-THF, and non-THF ring compounds, followed by subclassification of the gama-lactone,
substituted gama-lactone or ketolactone variations. As more Annonaceous acetogenins have been found and,
especially, as the absolute stereochemistries of the acetogenins have been proven, either by total synthesis or by
the Mosher ester method, we have realized that the type of stereostructures across the THF rings offer a more
convenient method for classifying these compounds.
Previously, we have proposed biogenetic pathways likely to lead to the acetogenins.20 Most of the acetogenins,
including those with mono-THF rings with one flanking hydroxyl, mono- THF rings with two flanking
hydroxyls, adjacent bis-THF rings with one flanking hydroxyl, adjacent bis-THF rings with two flanking
hydroxyls, and non-adjacent bis-THF rings, can be hypothetically related in a similar way (see Schemes 1-4).
Three types of acetogenins bearing a mono-THF ring with two flanking hydroxyls (the annonacin, cisannonacin and annonacin A types) are considered to be formed from cis-cis or trans-cis dienes, through
epoxidation followed by cyclization starting from the left hand side of the molecule. Three types of acetogenins
bearing a mono-THF ring with one flanking hydroxyl (gigantetrocin A, muricatetrocin A and muricatalin types)
can be formed from a keto cis-alkene or keto trans- alkene through reduction of the keto group followed by
cyclization starting from the right side (see Scheme 1).
Six types of adjacent bis-THF ring acetogenins having two flanking hydroxyls (asimicin, bullatacin,
rolliniastatin 1, trilobacin, squamocin-I and squamocin-N types) can be classified in a similar way. After
epoxidation, these six types all start from the left side to pursue further cyclizations (Scheme 2).

Two other types of acetogenins, bearing adjacent bis-THF rings with one flanking hydroxyl (bulladecin and
rollindecin A types), can be formed from hydroxylated cis—cis—trans or hydroxylated cis—cis—cis trienes,
through epoxidation and cyclization starting from the right side (Scheme 3).
The formation of acetogenins bearing adjacent tri-THF rings (goniocin type) which was found recently in
Goniothalamus giganteus,43 can also be explained in the same way; this is a new type of Annonaceous
acetogenin of which only one example has been found, so far. Two semisynthetic products, cyclogoniodenins T
(with a trans—threo—trans—threo—trans—threo tri- THF ring moiety) and C (with a trans—threo—trans—

threo cis—threo tris-THF ring moiety) derived from goniodenin, are other examples of adjacent tri-THF ring
compounds." Goniocin and cyclogoniodenin T have the same relative stereo- chemistries around the adjacent
tri-THF ring moiety, Le. trans—threo—trans—threo—trans—threo, but the absolute configurations are
different. Goniocin has C-24R, and cyclogoniodenin T has C-24S.
Six types of acetogenins having non-adjacent bis-THF rings (gigantecin, 12, 15-cis-bullatanocin, bullatalicin,
12,15-cisbullatalicin, sylvaticin, and cis-sylvaticin types) have been found. These compounds consist of one
mono-THF ring bearing one flanking hydroxyl and one mono-THF ring bearing

two flanking hydroxyls, separated by two methylenes. The formation of these acetogenins can be considered to
result from cyclization starting from both sides (Scheme 4). The new type of acetogenin, mucocin 207, which
has non-adjacent THF and tetrahydropyran (THP) rings,31 likely has quite a similar biogenetic pathway; the
cyclization would start from the left side, the same as with other non-adjacent bis-THF acetogenins, but it
would start at C-23 instead of C-24; the stereochemistries of mucocin are consistent with this hypothesis
(Scheme 4).
Aromin 205 and aromicin 206 from Xylopia aromatica belong to another new type of non-adjacent bis-THF
acetogenin.33 Two THF rings are located beginning at C-4 and C-16. The THF ring at C-16 is likely formed as
with all the other mono-THF ring compounds, and the THF ring at C-4 may be formed by the loss of one
molecule of water (dehydration) between hydroxyls at C-4 and C-7. Two acetogenins bearing 4,7-hydroxyl
groups, murihexocins A 82 and B37 83, recently isolated from A. muricata, provide evidence for such a
mechanism of formation of the aromin type compounds.
3 Extraction, Isolation and Purification
Ethanol extraction of plant biomass to yield the acetogenins is used in our laboratory as a general method.
Although most of the acetogenins are easily soluble in chloroform or dichloromethane, recently we found that
some six hydroxyl acetogenins, such as annohexocin 64 and murihexocins A 82 and B 83, are not as soluble as
other acetogenins in these chlorinated solvents and might be lost if ethanol were not used. Several partitioning
operations, starting from the residue of the ethanol extract, can concentrate the acetogenins. The concentration
can be easily demonstrated by using the brine shrimp lethality test (BST) to guide their activity directed
fractionation.20,45,46
Separation of acetogenins by repeated open column chromatography and HPLC can be achieved, depending on
their polarities. Polarities are controlled by THF rings and other functional groups, such as hydroxyls, ketones,

epoxides and double bonds, and sometimes depend on the positions of the THF rings and functional groups
along the hydrocarbon chain.
Some successful separations of epimers using HPLC in different systems are given in Table 1. Asimicin 105
and bullatacin 126, adjacent bis-THF acetogenins, are epimers and are different only at C-24. Asimicin has C24R and bullatacin has C-24S. Bullatalicin 191 and 12,15-cis-bullatalicin 199, nonadjacent bis-THF
acetogenins, are epimeric at C-12. Bullatalicin has C-12R and 12,15-cis-bullatalicin has C-12S. Rollinecins A
72 and B 73 are epimeric mono-THF acetogenins which are different at C-14. Rollinecin A has C-14R and
rollinecin B has C-14S. Squamotacin 123 and bullatacin 126 are different only in the placement of their
adjacent bis-THF ring systems and the flanking hydroxyls. The adjacent bis-THF ring starts at C-14 in
squamotacin, while it starts at C-16 in bullatacin. 2,4-cisAsimicinone 114 and 2,4-trans-asimicinone 115 are
epimers at C-2 of the ketolactone ring; the former has C-2R and the later has C-2S.

Separation of murihexocins A 82 and B 83, two six-hydroxyl mono-THF acetogenins which differ at their C-19,
20 vicinal diols (the former has C-19S, 20S , and the latter has C-19R, 20R), was conducted using chloroform
and methanol. Since the UV detector cannot be used as a monitor in this system, careful control of the blind
collection of small fractions and monitoring their retention times separated the pure compounds.
Using program control systems, HPLC separations of these isomeric acetogenins are usually reproducible.
4 Structural Elucidation Strategies

Several strategies for the structural elucidation of Annonaceous acetogenins have been summarized in our
previous reviews.20, 33, 39 From the first acetogenin, uvaricin, found in 1982, until 1992, most acetogenins were
reported as planar structures.33,39 During this time several adjacent bis-THF acetogenins have been reported
with their relative stereochemical relationships among the stereogenic centres around the THF rings based on
the 'H NMR data from synthetic adjacent bis- THF ring model compounds (twelve acetylated isomers of
adjacent bis-THF ring systems bearing two flanking hydroxyls have been reported).47.48 Synthetic efforts on the
relative stereochemistries of single THF rings provide data for determinations of the relative stereochemistries
of mono-THF ring acetogenins with one flanking hydroxyl (four isomers of this type of compound have been
synthesized)49 and mono- THF ring acetogenins with two flanking hydroxyls (four isomers of this type of
compound have been synthesized).49
Using these models the relative stereochemistries of nonadjacent bis-THF acetogenins can also be solved by 1H
NMR. However, no model compounds of adjacent bis-THF rings bearing one flanking hydroxyl and adjacent
tris-THF rings bearing one flanking hydroxyl have been synthesized. Thus, systematic studies synthesizing
models for these types of compounds, such as a bulladecin, rollindecin A and goniocin types of acetogenins, are
still needed.
Diols are common structural features found in the acetogenins and include 1,2-, 1,3-, 1,4- or 1,5-diols. 1H NMR
analyses of acetonide or formaldehyde acetal derivatives can usually solve the relative stereochemistries of
these diols.50, 51
Advanced Mosher ester methodology was introduced to determine the absolute configurations of stereogenic
carbinol centres in Annonaceous acetogenins in late 1992. Since then, most of the acetogenins reported by our
group20 and by Fujimoto's group52 have been defined with absolute stereo- chemistries. Basically, the Mosher
ester method can be directly used to determine the absolute stereochemistries of carbinol centres (the flanking
hydroxyls of THF ring moieties) in the acetogenins which have mono-THF rings bearing one flanking hydroxyl,
mono-THF rings bearing two flanking hydroxyls, adjacent bis-THF rings bearing one flanking hydroxyl and
adjacent bis-THF rings bearing two flanking hydroxyls. Combined with the formation of formaldehyde acetals
of the 1,4-diols between the two THF rings, the absolute stereo- chemistries of (he non-adjacent bis-THF ring
acetogenins (except for the aromicin type) can also be solved.51 The stereochemistries of isolated monohydroxyl groups near the terminal methyl group (including C-28, 29, 30, 31 or 32- hydroxyl compounds)" and
mono-hydroxyl groups near the gama-lactone ring (including C-4, 5 or 6-hydroxyls) can be also directly solved
by the Mosher ester method.
The positions of the THF ring and other functional groups along the hydrocarbon chain are important for
controlling their bioactivities, and, thus, the placements of such groups are essential in the structural
determination of acetogenins. Usually, a combination of chemical methods, 'H and 13C NMR analysis, and mass
spectrometry with high resolution mass analyses of certain fragments can give satisfactory results. The
placements of hydroxyls can be achieved by EI-MS of the trimethylsilyl (TMS) or perdeutero-TMS derivatives,
most of the time; the cleavages between hydroxylated carbons and adjacent carbons provide relatively
prominent peaks. Amine derivatives (N,Ndimethylethylenediamine) of precursor-ion scanning FABMS/MS52
and lithium cationization B/E linked scan FABMS54 are also useful for this purpose.
4.1 Structural Elucidation of THF or THP Ring(s) and Flanking Hydroxyls
1H and 13C NMR are useful in recognizing the different structural types of acetogenins. By identifying the 1H
NMR signals, which appear around 8 3.0-4.0, one can usually distinguish the specific THF or THP types. Table
2 summarizes 1H NMR data of different acetogenins. Sometimes, the signals of 1,2- or 1,3-diols in the molecule
may interfere with these characterizations. The signals of 1,2-threo-diols appear at about 8 3.4, and both l,3threo- or erythro-diols appear at about d 3.8 3.95.55,56
The structural elucidations of adjacent bis-THF ring acetogenins with two flanking hydroxyls sometimes pose
a question as to which side is which. These situations happen in the cases of asymmetric structures, such as with

the bullatacin, squamocin I, trilobacin and rolliniastatin 1 types. Indeed, we initially placed the erythro
arrangement of bullatacin on the wrong side,8, 57 and we initially picked the wrong model for the relative
stereochemistries of trilobacin.58,59, 59
In the structural elucidation of trilobacin, which has a

relative stereochemical relationship across the adjacent THF rings and flanking hydroxyls of threo-transerythro-cis-threo, with the two flanking hydroxyls both R, the questions that needed to be answered were which
side is cis and which side is trans. By selective acetylation of one hydroxyl adjacent to the THF-ring system,
followed by 1H NMR and MS analyses, the correct stereostructure of trilobacin was finally determined.59
Similarly, bullatacin has a relative stereochemical relationship for the adjacent THF rings and two flanking
hydroxyls of threo-trans-threo-trans-erythro and is R,S for the two flanking hydroxyls. By formation of the
mono-MTPA ester, followed by MS analysis of the TMS derivative, the S-configuration was assigned at C-25
placing the erythro on this side of the ring system.60
For mono-THF ring acetogenins bearing two flanking hydroxyls, such as in the annonacin A type of compound
with a relative stereochemical relationship of threo-trans-erythro and in the cis-annonacin type of compound
which are threo-cis-threo, it is necessary to decide on which side the threo configuration is located in the
annonacin A type of compound or which flanking hydroxyl is R or S in the cis-annonacin type of compound.
The different 1H NMR patterns for mono-THF ring acetogenins bearing two flanking hydroxyls (the annonacin
type) are quite distinguishable when another hydroxyl is located two, four or six carbons away. These were
called the goniothalamicin, annonacin and annomontacin patterns.20 In the goniothalamicin pattern, the signals
of the methine protons of two flanking hydroxyls become two separated peaks; one appears at delta 3.43.61
Characteristic chemical shift values are found among several other types of acetogenins, e.g. the
hydroxymethine protons adjacent to the THF ring with a threo relationship appear at ca. delta 3.36-3.41. When
there is another hydroxyl located two carbons away, the above protons will shift downfield to S 3.43-3.46.36 In
this way, the threo configurations are unambiguously assigned to several annonacin A type of acetogenins
(muricatocins B56 and C," longicin,27 annohexocin36 and rollinecins A and B62). For structural determination of
cis-annonacin, the C-15 and C-20 mono-MTPA esters were prepared, and the absolute configurations were
assigned as C-1 5R and C-20S, respectively; also, the successful formation of the formaldehyde acetal across
the two ring flanking hydroxyls served to prove the cis-THF structure.63
4.2 Absolute Configuration of Stereogenic Centres bearing Hydroxyl Groups Distant from the THF
Rings
The absolute configurations of a chiral alcohol which is located close to the gama-lactone ring or the terminal
methyl group can be easily determined by analysis of 'H NMR spectra of perMTPA esters, because the signals
of the gama-lactone ring and terminal methyl are easily differentiated from signals of other protons. It is more

difficult to recognize the nearby proton signals when a hydroxyl is close to the THF ring system or in the case
of 1,2- or I,3-diols.
By controlling the experimental esterification conditions, the mono-MTPA esters have been made to prove the
configurations of C-10R in cis-annonacin63 and of C-18S in gigantetrocin B (another hydroxyl is at C-17).69.65
By the obsevation of the differences in the 'H NMR signals at H-4 between per R- and S-MTPA esters, the C-10
hydroxyl in trilobin was determined to be of the R-configuration.59.66 By transformation of longicin to its
ketolactone derivative and then observing the differences of the signals at H-4 between the S- and R- per-MTPA
esters, the C-10 hydroxyl in longicin was also proven to be of the Rconfiguration.27 By formation of
formaldehyde acetal derivatives between the C-10 and C-13 hydroxyls in goniothalamicin51 and longifolicin,67
and between the C-14 and C-17 hydroxyls in gigantetrocin A,51 and then tracing their relative stereochemistries, the absolute configurations of these compounds have been assigned to be C-10 R in the first two
and C-1SR in the last.
A new approach for using the Mosher ester method to determine the absolute stereochemistries of epimers or
enantiomers has been recently explored.68 The AS values of 1H NMR signals of the same S(or R)-MTPA esters
in two epimers (instead of using the two different S- and R-MTPA esters of one epimer as is performed in the
conventional method8) can predict the absolute configuration of the two epimers. Two models given in Figure 1
demonstrate how the new approach works. When there are multichiral centres in the same molecule, the method
still can assign the epimeric centres, but each of the epimers must be separated and in hand. Several such
examples of epimeric pairs of acetogenins, bullatacin 126 and asimicin 105, bullatalicin 191 and bullatanocin
182, rollinecins A 72 and B 73, and rollidecins A 176 and B 177, shown in Figure 2, have illustrated the
application of the method.68

The 1,2,5-triol group is a fairly common structural feature among the Annonaceous acetogenins; thirteen
examples are found among mono-THF ring compounds with one flanking hydroxyl group. Twelve of these
1,2,5-triol groups have a threo configuration for their vicinal 1,2-diol, and the absolute stereochemistries may
either be R,R or S,S. By formation of the formaldehyde acetal to connect the two hydroxyl groups of the 2,5diols and subsequent Mosher esterification of the 1-alcohol, the stereochemistries of the 1,2-diol at C-17,18 of
gigantetrocin A were determined as R,R.51 By using mono-Mosher esterifications at C-18 in both gigantetrocins
A and B, the stereochemistries of their 1,2-diols were proven to be R,R and S,S, respectively64 6a The 'H NMR
spectra of the acetonides of the hydroxy methine protons in the 1,2,5-triol moiety gave a different pattern, i.e. a
doublet of double doublets for an R,R 1,2-diol; and a quartet for an S,S 1,2-diol. Analyses of the tri- Mosher

ester data of the 1,2,5-triol moieties in all of these acetogenins provide characteristic chemical shift values of
the esterified methine proton signals, e.g. at ca. S 4.91-4.94 and 8 5.01-5.03 (8 4.91-4.94 and 8 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.
8 5.10-5.15 and 8 5.16-5.19 (8 5.16 and 8 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. 8 5.03-5.06 and 8
5.10-5.16 for the S-Mosher esters in the S,S 1,2-diols and at ca. 8 5.03-5.04 and 8 5.17 for the R-Mosher esters
in the S,S, 1,2-diols.
5 Biological Activities
5.1 Studies of Mitochondrial Complex I
In our last review,20 we predicted that the Annonaceous acetogenins would become valuable tools for the
examination of complex I in the mitochondria. Indeed, Friedrich et al.6 have now studied the binding sites of
complex 1 inhibitors including annonacin (annonin VI). In this work, they found that, with respect to
ubiquinone 2, annonacin inhibits mammalian NADH: ubiquinone oxidoreductase in a partially competitive
manner while inhibiting the bacterial equivalent, ubiquinone- linked glucose dehydrogenase, in a competitive
manner. Other molecules, such as piericidin A, fenpyroximate, phenalamid A2, thiangazole and the aurachins
responded similarly, and the authors collectively grouped these as class 1 inhibitors'. Alternatively, compounds
such as rotenone, phenoxan, aureothin and benzimidazole, which inhibit complex I in a noncompetitive manner
with respect to ubiquinone 2 and have no effect on the bacterial glucose dehydrogenase, were termed class II
inhibitors'. Thus, the acetogenins may act at a different site than rotenone as proposed by Espositi et al.96
Complex I is a complicated protein system in the mitochondria; its biochemistry will, undoubtedly, be
deciphered more thoroughly in the future, and the acetogenins will become instrumental in those future
experiments.
5.2 Inhibition of Tumour Cell Growth
An in vitro disk diffusion assay,1 which measures zones of inhibition of cell growth around a filter paper disk,
was used to test the anticancer potential of ten different Annonaceous acetogenins. All the compounds were
extremely potent to both normal' cancer cells, as well as to adriamycin (multidrug) resistant cancer cells, while
the effects on the growth of noncancerous rat GI epithelial cells (I18) were minimal. This study also showed
how important careful dosing is when dealing with this class of compounds. For example, in Figure 3, note how
bullatacin (126) at a concentration of 2.5 µg/disk is cytotoxic to all of the cell lines. At a one-tenth dilution to
0.25 µg/disk, bullatacin remained still more effective than adriamycin (at a dose of 2.5 g/disk) in all cell lines,
including the multidrug resistant mouse mammary cell line, M17/Adr. Furthermore, the acetogenins are only
equipotent or less potent than adriamycin to the non-cancerous I18 cells.

It cannot be overemphasized how essential it is to examine carefully a wide range of concentrations when
studying this class of compounds. The selectivity for cancerous cells vs noncancerous cells is reminiscent of the
inhibition of the ubiquinone linked NADH oxidase, which is peculiar to the plasma membranes of cancerous
cells, as proposed by Morré et al.7 An in vivo study70 with a murine teratoma model failed to test bullatacin 126
at its proven effective dose, i.e. 50 fig kg-1.4 this teratoma study also failed to include a positive control to
demonstrate that any drug is effective against this highly differentiated tumour.
5.3 Potential as Pesticides

Ratnayake et al. 71 tested several different plant parts of Asimina triloba, the North American pawpaw, to
determine which parts yielded both the greatest quantity of F005 (a partitioned 90 % aqueous methanol extract
containing a complex mixture of acetogenins) and which parts had the most potent bioactivity in the brine
shrimp lethality test, BST.45,46 It was found that although the unripe fruit and seeds produced the highest yield,
their harvest is not always reliable. Therefore, it was concluded that the harvesting of small twigs and stems
may be the optimum source of biomass to supply a pesticidal mixture of the Annonaceous acetogenins.
Johnson et al. 72 have now improved the extraction screen for the pes(icidal preparation, by reducing it to one
step, and have studied the variation in bioactivity of twigs from single trees, grown in New York state, over the
course of one year. A single extraction with dichloromethane yielded an extract of equal potency to the
partitioned F005 in the Ratnayake et al. study.71 The potency of this extract decreased significantly in the plant
material collected in the late fall and winter months. Their conclusion was that the prime collection time is from
May to July which likely coincides with the time when the plant tissue is in the greatest need of protection
against insects.
Thus, biomasses consisting of twigs and small branches of pawpaw and the seeds of guanabana (Annona
muricata) could well serve as sustainable sources of acetogenin mixtures. The guanabana juice industry
produces tons of guanabana seeds as a by-product,73 and these are, currently, quite likely the most abundant
readily available source of natural acetogenins. Unfortunately, these seeds only contain the less potent monoTHF ring compounds,73 yet their extracts are still quite effective against several insect pest species. The use of
the Annonaceous acetogenins in pest control is protected by our US patents.74,75
In the late 1800s, Eli Lilly and Company offered a fluid extract of the seeds of pawpaw (Asimina triloba) for
sale to physicians and pharmacists to be used as an emetic.76 In unpublished results at Asta Laboratories,
bullatacin was emetic to pigs at 185 ,ug kg-'. Such emetic effects are encouraging and serve as a safeguard
against poisoning from accidental ingestion of the pesticidal acetogenin mixture.
5.4 SARs and Tumour Selectivities
The structure—activity relationships (SARs) of twenty diverse Annonaceous acetogenins in the inhibition of
oxygen uptake in the rat liver mitochondrial assay77 were explained in our last review.20 This SAR work has
now been extended to include thirteen additional compounds.78 The latter study examined new structurally
diverse compounds that have been recently isolated. A positive control of bullatacin 126 was examined during
every separate determination so that the data could be both normalized to this value and compared in a
bullatacin index' (Table 3) thereby limiting day to day, rat to rat, and other variabilities that are inherent in an
assay of this nature.
The results (Table 3) show that two compounds, trilobin 164 and asiminacin 109, are both more active than
bullatacin 126. Also, the new structural type having a hydroxylated tetrahydropyrane ring (THP), mucocin 207,
was nearly as active as bullatacin 126. With non-adjacent bis-THF ring compounds, such as aromin 205,
separation by more than 4 carbons between the rings caused a decrease in potency to that of a mono-THF ring
acetogenin. With two virtually identical mono- THF ring acetogenins, asiminenin A 56 vs asiminenin B 40, the
latter, with a trans THF ring, was approximately four times more potent than the former, with a cis THF ring.
The mitochondrial assay measures activity at the sub-cellular level which, of course, does not address
absorption, protein binding, metabolism, excretion and transport across cellular membranes.
In several recent papers, some acetogenins appear to be selectively cytotoxic for certain cancer types; altered
biological transport or slight variations in receptor geometry in the membranes of such cell lines might explain
these selectivities, and we hope to be able to have these compounds tested in the larger panel of human tumour
cell lines at the National Cancer Institute. Longicin 57, a mono-THF ring compound, shows a potent ED50 value
of 1.25 x 10-9 ppm in PaCa-2 cells (human pancreatic carcinoma) ;27 longicoricin, another mono-THF ring
acetogenin, showed a selective ED50 of < 1 x 10-' ppm in PC-3 cells (human prostate adenocarcinoma)."
Usually, the mono- THF ring acetogenins show much reduced levels of cyto- toxicities in cell cultures.

Trilobacin 163, while not being very active against A-549 or MCF-7 cells (human lung and human breast
carcinomas, respectively) had an ED50 of < 1 x 10-" in HT-29 cells (human colon carcinoma); trilobin, a
trilobacin analogue with the 4-OH shifted to the 10 position, was more generally cytotoxic but extremely potent
in all cell lines.59 cisAnnonacin 54 also showed a surprising selectivity (ED50 of 1.0 x 10-8 ppm) against HT-29
cells (colon carcinoma).73
Squamotacin 123, with the hydroxylated bis-THF ring system of bullatacin 126 shifted from C-15 to C-13, and
its 35 carbon counterpart, molvizarin 117, both exhibited significant selective cytotoxicities against PC-3
(prostate) cells (on the order of ED50 1 x 10-8 ppm) with only moderate toxicity to the five other cell lines.2
Similarly, longimicin D 103, with the bis-THF ring system of asimin 107 shifted from C-15 to C-13, showed an
ED50 value of 1.69 x 10-7 ppm against PaCa-2 (pancreatic) cells.29 The new structural type, mucocin 207, with
its hydroxylated THP ring, had significant cytotoxicity to both the PaCa-2 and A-549 cell lines (pancreatic and
lung carcinomas, respectively), while its formaldehyde acetal derivative was only toxic to the A-549 cells.31 In
all of the above studies, which are from our laboratories, adriamycin, a standard anticancer agent, was always
run as a positive control and consistently showed nonselective cytotoxicities at ED50 values ranging from 10-1 to
10-3 ppm with variation between runs of not greater than two orders of magnitude (10 to 100 times).

A notable point in these comparisons is that slight variations in structure may lead to significant variability in
bioactivities.39,20 Additional in vivo studies4 are sorely needed to verify such in vitro selectivities. These
observations serve to demonstrate the necessity and merit of a search for new structural themes in this rapidly
growing class of compound. Less than thirty Annonaceous species have yielded more than 220 acetogenins;
there are undoubtedly many more diverse compounds to be found among the > 2000 various species in this
family.79 Some of these compounds will be optimum in structure for specific tumour types and various other
uses.
6 Annonaceous acetogenins containing a Mono-THF Ring
Mono-THF compounds are the largest group of Annonaceous acetogenins. A total of ninety-four of these
compounds has been reported. They can be further divided into six types according to the stereochemistries of
the THF ring and flanking hydroxyl(s). These are the annonacin, cis-annonacin, annonacin A, gigantetrocin A,
muricatetrocin A and muricatalin types of acetogenins (see Scheme 1, before). The first three are mono- THF
ring acetogenins with two flanking hydroxyls, and the latter three are mono-THF acetogenins with one flanking
hydroxyl. Usually, the potencies of mono-THF acetogenins to the different human solid tumour cell lines are
around 10-I to 10-s ,ug m1-1; they are usually not so active when compared to the adjacent bis-THF acetogenins.
Recently, a mono-THF acetogenin, longicin, isolated from Asimina longifolia showed surprisingly potent
selectivity to the human pancreatic carcinoma (PaCa-2) cell line at ED50 10-9 µg m1-1.27
6.1 Annonacin Type
The annonacin type of acetogenin contains a mono-THF ring bearing two flanking hydroxyls. The flanking
hydroxyls have R,R-stereochemistry, and the relative relationship of the THF ring and flanking hydroxyls is
threo-trans-threo; thus, the 2,5- positions of the substituted THF ring also have an absolute configuration of
R,R. There are fifty-one compounds now included in this type, 1-51; thirty-three are C-35 compounds and
eighteen are C-37 compounds. Nearly half (twenty-four) of this compound class have been published with
defined stereostructures. Four compounds, solamin 5, reticulatacin 47, corossolin 7 and corossolone 8 have been
synthesized. Besides the THF ring, this type of compound usually has two to five hydroxyls, with 1,2-threo- or
erythro-diols, ketones and acetoxy groups sometimes present. cis-Double bonds have only been found, so far,
among the C-37 compounds. The THF ring is usually positioned at C-14, 16, 18 or 20.
In the following tabulations, under the core structure, the compound name is followed by the functional groups
and their positions in the carbon chain; the plant resource is given in the parentheses. R2 represents the terminal
hydrocarbon chain; RI represents the hydrocarbon chain ending with the gama-lactone or ketolactone. An
asterisk (*) indicates those compounds which are new in this review and are not included in our previous

reviews. Full structures, spectroscopic data, biological activities and sources for these (*) new compounds are
given in the Appendix (Section 15). The plant names, in alphabetical order are as follows: (a) Annona atemoya;
(b) An. bullata; (c) An. cherimolia; (d) An. coriacea; (e) An. crassiflora; (f) An. densicoma; (g) An. glauca; (h)
An. montana; (i) An. muricata; (j) An. purpurea; (k) An. reticulata; (1) An. senegalensis; (m) An. squamosa;
(n) Asimina parvii fora; (o) As. longifolia; (p) As triloba; (q) Goniothalamus giganteus; (r) Rollinia
membranacea; (s) R. mucosa; (t) R. papilionella; (u) R. sylvatica; (y) R. ulei; (w) Uvaria acuminata; (x) U.
narum; (y) U. tonkinesis and (z) Xylopia aromatica.
6.2. cis-Annonacin Type
The cis-annonacin type of acetogenins has a mono-THF ring bearing two flanking hydroxyls. The flanking
hydroxyls have

R,S-stereochemistry and the relative stereochemical relationship of the THF ring and flanking hydroxyls is
threo—cis—threo; thus the 2,5-positions of the substituted THF ring also have an absolute configuration of R,S.
Five acetogenins 52-56 have been reported, so far, with the cis-annonacin type of structure. There are four C-35
compounds and one C-37 compound in this type. The stereostructure of cis-annonacin 54 has been directly
assigned by the mono-MTPA ester method,63,73 which proves the R and S configurations at C-15 and C-20; thus
the R and S configurations were assigned for C-16 and C-19. The absolute stereochemistries of cisgoniothalamicin can be indirectly solved by observation of the chemical shift of one oxymethine proton (H-13),
which appears downfield at fi 3.47 because there is another hydroxyl at the C-10 position. To distinguish
between the cis-annonacin and annonacin types of acetogenin,1H NMR signals around 8 1.5-2.0 are examined:
with the cis-THF ring, two groups of signals (the protons on the THF ring) appear at ca. 8 1.74 and 1.93; in
contrast, with the trans-THF ring, these are at ca. 8 1.66 and 1.98, respectively.
There are seventeen acetogenins reported so far with the annonacin A type of structure, 57-73; twelve of them
are C-35, and five are C-37. These types of acetogenin are mono-THF ring compounds bearing two flanking

hydroxyls with a threo—trans—erythro relative relationship. The flanking hydroxyls have R,S-stereochemistry
and thus the 2,5-positions of the substituted THF ring also have an absolute configuration of R,R. The
stereochemistries of several compounds of this type (muricatocins B 6256 and C 63,55 longicin 572' and
rollinecins A 72 and B 7362) have been proven to have the R-configuration for the flanking hydroxylated carbon
on the gama-lactone or ketolactone side of the THF ring and the S-configuration forthe flanking hydroxylated
carbon on the hydrocarbon chain side. The hexahydroxylated compound, annohexocin 64,36 which has a 1,3,5triol group at the C-8, 10 and 12 positions, and the 33-0H compound, jetein 65,107 which has a saturated gamalactone ring, are unique structural features for the annonacin A type of acetogenins.
6.4 Gigantetrocin A Type
The gigantetrocin A type of acetogenin has a mono-THF ring bearing one flanking hydroxyl. There are eighteen
compounds included in this type, 74-91; twelve are C-35 compounds and six are C-37 compounds. All
compounds of this type have the ring flanking hydroxyl on the hydrocarbon chain side of the THF ring; all have
a 1,2-diol two carbons away from the flanking hydroxyl of the ring, with either the threo or erythro
configurations. The flanking hydroxyls have S-stereochemistry, and the relative relationship of the THF ring
and flanking hydroxyls is trans—threo; thus, the 2,5-positions of the substituted THF ring also have an absolute
configuration of R,R. Two hexahydroxylated compounds of this type, murihexocins A 82 and B 83,37 have been
reported to bear two 1,2threo-diol s. Two pentahydroxylated acetogenins of this type, muricatatins A 77 and B
7892 have been isolated. Muricatatin B has a 1,2,3-triol at C-17, 18 and 19 with a relative stereochemical
relationship as threo—erythro. A mono-acetyl derivative, 4-acetyl gigantetrocin A 79,31 has recently been
found, and its absolute structure has been determined by correlation to gigantetrocin A 75 whose absolute
stereochemistry is known.
Generally, the Mosher ester method can be used directly to determine the absolute configurations of the
flanking hydroxyl. The absolute configurations of the 1,2-diol in the 1,2,5-triol moiety, with R,R or S,Sstereochemis(ry, among the gigantetrocin A type of acetogenin, can be solved either by use of per- Mosher
esters or by acetonide derivatives. An effort to solve the absolute configurations of the 1,2-erythro-diols of
muricatetrocin C 81, using the per-Mosher ester method, has been made,32 but careful assignments of the 1H
NMR signals are necessary, since it is difficult to distinguish the signals of 1,2diols in the per-Mosher esters.

6.5 Muricatetrocin A Type
Two examples 92 and 93 of the muricatetrocin A type of acetogenins have been published, and both are C-35.
This type of acetogenin has a mono-THF ring and one flanking hydroxyl. The relative stereochemistries are
cis—threo. The flanking hydroxyl is on the terminal hydrocarbon chain side of the THF ring and is proven to
have an S-configuration; thus, the 2,5- positions of the substituted THF ring have an absolute stereochemistry of
S,S.

6.6 Muricatalin Type
One acetogenin, muricatalin 94,15 was recently reported from Annona muricata to have a mono-THF ring and
one flanking hydroxyl with a relative stereochemical relationship of transerythro. From the hypothetical
biogenetic pathway for the formation of mono-THF acetogenins, this type of compound can be assumed to have
an R,S,R-configuration; however, further experiments are still needed to prove its absolute stereochemistry.
10,13-trans-13,14-erythro-Densicomacin111 was initially reported to be of the muricatalin type; however,
comparisons of published data have led us to conclude that it is identical to gigantetrocin B.64,65

7 Annonaceous Acetogenins containing Adjacent Bis-THF Rings
Adjacent bis-THF ring compounds are the second largest group among the Annonaceous acetogenins. Eighty
adjacent bis-THF acetogenins have been reported. They can be divided into eight types considering the
stereochemistries of the THF rings and flanking hydroxyl(s). They are the most potent group biologically
among all the acetogenins; some of them, e.g. bullatacin 126, asimicin 105, trilobacin 163 and trilobin 164, are
active at ED50 values of < 10-12 µg ml-1 to certain human tumour cell lines.
7.1 Asimicin Type
The asimicin type of acetogenin has adjacent bis-THF rings bearing two flanking hydroxyls with relative
stereochemistries of threo—trans—threo—trans—threo. Twenty-one compounds of this type 95-115 have been
reported. The THF ring is usually placed at C-10, C-12 or C-14 in the C-35 compounds and at C-12, C-14 or C16 in the C-37 compounds. The system of the bis-THF rings and the two flanking hydroxyls is pseudosymmetrical, and the two flanking hydroxyls have R,Rstereochemistry; thus, the 2,5-positions of the substituted
THF rings all have an absolute stereochemistry of R. Usually, the terminal methyl group of adjacent bis-THF
ring acetogenins shows a characteristic 1H NMR signal at 8 0.878 as a triplet (in 500 MHz, CDC13) (there are
nine carbons between the terminal methyl group and the nearest flanking hydroxyl carbon). Recently, we found
that longimicins A 102 and C 95 exhibit their terminal methyl signals at delta 0.880 under the same conditions
(these have 13 carbons between the terminal methyl group and the flanking hydroxyl carbon), which is the same
value as those of most mono-THF ring acetogenins (usually, these also have 13 carbons between the terminal
methyl group and the flanking hydroxyl carbon).29
7.2 Bullatacin Type
The bullatacin type acetogenins are epimers of the asimicin type of compound. Bullatacin and asimicin differ
only at C-24; the former has C-24S and the latter has C-24R. Thus, the bullatacin type acetogenins have a
threo—trans—threo—transerythro relative relationship across their bis-THF rings and two flanking hydroxyls.
Forty-six compounds of the bullatacin type 116-161 have so far been reported; seven of them are C-35 and
thirty-nine are C-37 compounds. The THF ring system is usually placed at C-14 or C-16, and they have two to
four hydroxyl groups; a 1,2-erythro-diol has been found in annonin XIV 144.127 To place the R or S

configurations on the proper side of the bis-THF ring system, the mono-MTPA ester method was applied to
bullatacin 126 which proved its C-25S configuration,60 and the formaldehyde acetyl method, combined with the
MTPA ester method was applied to squamocin 129 which proved its C-15R configuration.51
7.3 Squamocin-I Type
The squamocin-I type of acetogenin has exactly the same relative and absolute stereochemistries of the bis-THF
ring and flanking hydroxyls as the bullatacin type; however, the R and S flanking hydroxyl carbons are on the
opposite side, making them erythro—trans—threo—trans—threo (from right to left). The

assignments of the stereochemistries of this compound were made by direct comparison of squamocin-J
(neoannonin) and squamocin-I;116 the two compounds have different retention times on reversed phase HPLC,
and also there are tiny differences of some signals in the 13C NMR spectra. Since squamocin-I 162 represents a
new type of structure, further evidence would be helpful to confirm its absolute stereochemistry.

7.4 Trilobacin Type
The trilobacin type of acetogenin has a threo—trans—erythrocis—threo relative stereochemistry and R, Rconfigurations for their adjacent bis-THF rings and two flanking hydroxyls. Three C-37 compounds of this type
163-165 have been isolated so far from Asimina triloba. They are probably the most potent acetogenins
discovered so far; in several solid human tumour cell lines they are active at ED,50 values of < 10-1Z µg m1-1
56.59 Since they have the erythro configuration between the two THF rings, these erythro protons show
characteristic signals in their 'H NMR spectra at d 3.95-4.05 as two separated multiplets.

7.5. Squamocin-N Type
The squamocin-N type of acetogenin has a threo—cis—threocis—threo relative stereochemical relationship and
R,R configurations for the adjacent bis-THF rings and their flanking hydroxyls. This type of structure is pseudosymmetrical, and using the MTPA ester method can give definite results. Only one C-37 compound of this type
166 has been reported.116

7.6 Rolliniastatin 1 Type
Five acetogenins 167-171 have been published, so far, having the rolliniastatin 1 type of adjacent bis-THF
structure with two flanking hydroxyls. They have a threo—cis—threo—cis—erythro relative stereochemical
relationship and R,S configurations around the adjacent bis-THF rings and flanking hydroxyls. The absolute
stereochemistry of rolliniastatin 1 168 was proven by Mosher ester analysis and has now been confirmed by
total synthesis.14

7.7 Bulladecin Type
The bulladecin type acetogenins have adjacent bis-THF rings and one flanking hydroxyl. The MTPA ester
method was applied to asimilobin 172 and goniodenin 173; in this way, the absolute stereochemistry of the
flanking hydroxyl carbon was determined to be S. By tracing the trans—threo—trans—threo relative
relationship, the 2,5-substituted THF rings have an absolute stereochemistry of R,S,S,S, respectively. This
unique structural feature prompts us to speculate that their biogenesis starts with cyclization from the left hand
side of the molecule (see Scheme 3).
7.8 Rollidecin A Type
Two rollidecin A types of C-37 acetogenin, 176 and 177, have been isolated recently from Rollina mucosa. The
flanking hydroxyl carbon was determined to have an absolute configuration of R by the Mosher ester method,

and the two THF rings were deduced to be trans and cis, respectively. Since no model compounds are available
for comparison, further evidence is needed to confirm the absolute stereochemistry of this type of acetogenin.

8 Annonaceous Acetogenins containing Nonadjacent Bis-THF Rings
Twenty-eight non-adjacent bis-THF acetogenins have been reported, so far, and they can be divided into seven
types. They are the gigantecin, 12, 15-cis-bullatanocin, bullatalicin, 12,15cis-bullatalicin, sylvaticin, cissylvaticin and aromin types. The first six types consist of two separated mono-THF rings, one bearing one
flanking hydroxyl and the other bearing two flanking hydroxyls, and the two THF rings are separated by four
carbons. The last type, the aromin type, has two THF rings at C-4 and C-14. Because the spectral features are
quite similar to some of the adjacent bis-THF ring acetogenins, some incorrect structures and/or assignments of
relative stereochemistries exist in the literature.127,147 The formaldehyde acetal method was introduced to
determine the absolute stereochemistries of the non-adjacent bis-THF ring acetogenins and provided
unambiguous solutions of the absolute structures for bullatanocin 182, bullatalicin 191, cis- and transbullatanocinones, and cis- and trans-bullatalicinones.51 Later, the same method was used with sylvaticin 203
and cis-sylvaticin 204.148 Using per-Mosher ester derivatives compared with model compounds, the absolute
stereostructures of squamostatins-C 184, and –E 181, and squamostatins-A194, -B 192 and -D 190, have been
determined.149 Recently, the absolute structure of gigantecin 180 has also been determined by X-ray
crystallography and the Mosher ester method.9
8.1 Gigantecin Type
The gigantecin type acetogenins have two non-adjacent THF rings separated by four carbons. One THF ring has
one flanking hydroxyl, and the other has two flanking hydroxyls. By comparisons with model compounds of
mono-THF rings bearing one or two flanking hydroxyls, it is not difficult to determine their relative
configurations. They are trans—threo, threo—trans—threo (from right to left). Several compounds of this type
have had their absolute stereostruc(ures defined by using the formaldehyde acetal and Mosher ester methods.51
The stereochemistry of the mono-THF ring with one flanking hydroxyl is the same as that of the gigantetrocin
A type of mono-THF acetogenin, and the stereochemistry of the other mono-THF ring with two flanking
hydroxyls is the same as that of the annonacin type of acetogenin. Nine compounds 178-186 belong to the
gigantecin type: one is C-35, and eight are C-37.

8.2. 12,15-cis-Bullatanocin Type

The 12,15-cis-bullatanocin type of acetogenin is different from the gigantecin type at only one chiral centre; it
has an S- configuration at the first THF ring on the non-flanking hydroxyl side, whereas the gigantecin type has
an R-configuration at this

chiral centre. These acetogenins have cis—threo, threo—transthreo relative stereochemical relationships with
their respective THF rings and flanking hydroxyls. Three C-37 acetogenins of this type 187-189 have been
found and all have C-12S configurations.
8.5 Sylvaticin Type
The sylvaticin type of acetogenin, so far, has only one example. This type of compound has a trans—threo,
threo—cis—erythro relationship for the THF rings and flanking hydroxyls. Sylvaticin 203 was the third
example reported of the nonadjacent bis-THF ring acetogenins; incorrect assignments were made for the erythro
configuration at C-19/20, and both THF rings were assigned as trans.158 The revision of the structure was first
made in our third review based on the reanalysis of published spectral data ;2° later the formaldehyde acetal and
Mosher ester methods provided experimental evidence of the absolute structure.148 In sylvaticin 203, the second
THF ring and flanking hydroxyls have a threo—cis—erythro relationship. No other natural mono-THF ring
acetogenins, so far, have been found to have this relationship.

8.3 Bullatalicin Type
The bullatalicin type of acetogenin is also epimeric with the gigantecin type of compounds. The difference
between the bullatalicin type and the gigantecin type is at the flanking hydroxyl carbon of the second THF ring
on the side of the terminal hydrocarbon chain. The bullatalicin type have trans—threo, threo—trans—erythro
relative stereochemical relationships at the two THF rings and flanking hydroxyls. Nine C-37 compounds 190198 belong to this type of acetogenin, andall are C-24S.

8.6 cis-Sylvaticin Type
The cis-sylvaticin type of acetogenin also has only one example. cis-Sylvaticin 204 and sylvaticin 203 are
epimeric. They are different at C-12, as cis-sylvaticin is C-12S and sylvaticin is C- 12R. The absolute
stereostructure of cis-sylvaticin 204 has been recently determined also by the formaldehyde acetal and Mosher
ester methods. It has S,S,S-stereochemistry for the first THF ring and its one flanking hydroxyl and S,S,R,S,stereochemistry for the second THF and its two flanking hydroxyls.

8.4 12,15-cis-Bullatalicin Type
The 12,15-cis-bullatalicin type acetogenins are epimeric to the bullatalicin type just as the 12,15-cisbullatanocin type is epimeric with the gigantecin (bullatanocin) type. They are different at the first THF ring on
the non-flanking hydroxyl side. They have cis—threo, threo—trans—erythro relative relationships at the THF
rings and flanking hydroxyls. Four C-37 acetogenins 199-202 belong to this type, and all are C-12S and C-24S.
8.7 Aromin Type
Aromin 205 and aromicin 206 represent a new type of acetogenin recently isolated from Xylopia aromatica.
This type of compound has two-non-adjacent THF rings at C-4 and C15, the first THF ring without any
flanking hydroxyls and the second THF ring bearing two flanking hydroxyls. They differ in that aromin 205, is
C-35 and aromicin 206 is C-37 with two additional methylenes on the hydrocarbon end of the chain.

9 Annonaceous Acetogenins containing Nonadjacent THF and THP Rings
9.1 Mucocin Type
A unique acetogenin containing a tetrahydropyran (THP) ring, mucocin 207, has been recently isolated from
Rolling mucosa." Mucocin has a mono-THF ring bearing one flanking hydroxyl and a 2,6-substituted, 5hydroxy pyran ring. The hypothetical biogenetic pathway for mucocin (Scheme 4) is quite similar to those of
several other non-adjacent bis-THF ring acetogenins, such as sylvaticin 203, and bullatalicin 191; it seems that
the cyclization simply started from C-23 instead of from C-24. Mucocin 207 showed very good potencies
against several human solid tumour cell lines (lung carcinoma, ED, 1.0 x 10-6 pg ml-1; pancreas carcinoma,
ED50 4.7 x 10-7 pg ml-1) and was active in inhibiting oxygen uptake by rat liver mitochondria; the latter
observation demonstrated that some new cytotoxic mechanism was not created by the THP ring.31

10 Annonaceous Acetogenins containing Adjacent Tris-THF Rings
10.1 Goniocin Type
The goniocin type of acetogenin has only one example, 208. The relative stereochemical relationship seems to
be transthreo—trans—threo—trans—threo based on the analysis of 1H NMR data. Using the Mosher ester
method, the flanking hydroxyl carbon was determined to have the R-configuration. The other chiral centres,
thus, were deduced from the relative stereochemistries.

11 Annonaceous Acetogenins containing no THF or THP Rings
These refer to the growing list of Annonaceous compounds with C-35 or C-37 long hydrocarbon chains and a
methylated alpha,beta-unsaturated gama-lactone at one end, but no THF or THP rings. They often bear
hydroxyls, ketones, epoxides and/or double bonds. Due to the locations of their dienes, expoxides or hydroxyls,
they are considered to be precursors in the formation of the THF or THP acetogenins. So far, fifteen non-ring
acetogenins 209-223 have been isolated.

12 Semi- and Totally-synthesized Annonaceous Acetogenins
The potent and diverse bioactivities of Annonaceous acetogenins are attracting the attention of many synthetic
chemists who are striving to achieve their total syntheses. Earlier results have been summarized in our previous
three reviews.38,39.20 More recent successes include the total syntheses of bullatacin 126,10,11,13 asimicin 105,10.
11
(+)-15,24-bisepi-bullatacin227," corossolone 8 and corossolin 7,10 gigantetrocin A 75 [13,14threodensicomacin],19 and parviflorin 98.12 It is interesting to observe that the unnatural (+)-15,24-bisepi-bullatacin
227 has decreased in vitro antitumour activity against P388 compared with bullatacin 126, its natural
stereoisomer.13

To date, most synthesized acetogenins belong to the mono- THF ring and adjacent bis-THF ring compounds. It
is generally difficult to synthesize acetogenins of the latter type due to the increased complexities of their
stereochemical structures, although their superior bioactivities are attractive. Almost without exception,
convergent strategies based on the coupling of a bis-THF ring core and a terminal gama-lactone synthon are
employed.
Although the tactical details are very individualistic with each synthetic team, it seems that, for most cases, the
construction of the bis-THF ring moiety involves the opening of epoxide(s) by neighbouring hydroxyl(s), which
are often masked in the earlier stages of the synthesis. This idea, which was termed as directional 'epoxide
cascading' by Hoye et al., 170 is very reminiscent of the hypothesized biogenesis of the acetogenins (Schemes 14).20.38.38 To achieve the specific stereochemistry, either chiral starting materials or some efficient asymmetric
reactions, such as Sharpless asymmetric epoxidation and Sharpless asymmetric dihydroxylation, are employed.
The enantiomeric excesses of the intermediates are usually monitored by applying Mosher's method. It is
amazing that several teams have already achieved two-digit total yield returns after executing fifteen or more
synthetic steps.
No successful syntheses of the other major type acetogenins, i.e. those having adjacent bis-THF rings bearing
one flanking hydroxyl, non-adjacent bis-THF rings, non-adjacent THF and THP rings, and adjacent tris-THF
rings, have been reported to date. This could be related to the challenge of modifying the existing protocols for
synthesizing other types of acetogenin.
For more details about the syntheses, interested readers are asked to refer to the original papers as listed above
and some reviews which are devoted to this specific area.42,171.172
During the structural determinations and total syntheses of acetogenins, some unnatural acetogenins have been
produced. Because these compounds are unnatural, they could not be conveniently classified in the same way as
the natural acetogenins. These are:

13 Uncertain Structures of Acetogenins
In our previous reviews we revised several incorrect structures of acetogenins. However, there are still some
published structures of acetogenins which remain uncertain. These structures will be presented here.
Isorollinicin was reported as a non-ring acetogenin with one hydroxyl, but the placement of the hydroxyl was
unknown.139 Uleicins-B, D and E have been described as adjacent bis-THF ring acetogenins bearing two
flanking hydroxyls, a 4-hydroxyl, and one more hydroxyl which could not be defined; uleicin-C was a nonadjacent bis- THF acetogenin.159 The authors mentioned in a more recent publication that their published
structures were incorrect." Purpureacin-1 was published as a non-adjacent bis-THF acetogenin without the
assignment of relative stereochemistries. From the published data it seems to be a mixture of C-12/15- cis and trans isomers.132 Annonastatin and epoxyrollins A and B were reported to be C-38 or C-36 compounds.86,176.159
No high resolution MS data supported the proposed molecular formulae; these structures could be highly
unusual, and it is unlikely that they will be confirmed. A diepoxide acetogenin, diepoxymotin, has been reported
to have an adjacent epoxide moiety at C-11 and C-13;147 since no high resolution MS data supported the
fragmentations, further evidence is needed for the placement of these epoxides.
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