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Meroterpenes from Dichrostachys cinerea Inhibit Protein Farnesyl Transferase Activity
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Eighteen new meroterpene derivatives, dichrostachines A—R (1—18), have been isolated from the root and stem barks
of Dichrostachys cinerea, and their structures determined by spectroscopic means and molecular modeling. From a
biosynthetic standpoint these compounds arise from a Diels—Alder reaction between a labdane diene of the raimonol
type and a flavonoid B-ring-derived quinone. The hypothesis was tested by the partial synthesis of similar compounds
by simply mixing methyl communate and a synthetic flavonoid quinone. The hemisynthetic compounds were shown by
NMR to have configurations different from those of the natural products, thus allowing a refinement of the biosynthesis
hypothesis. Most of the compounds were assayed for their ability to inhibit the enzyme protein farnesyl transferase. The
most active compounds exhibited ICsy and cytotoxicity values in the 1 uM range.

Protein farnesyl transferase (PFTase) plays an important role in
the post-translational prenylation of several intracellular proteins.
If the PFTase substrate is GTPase Ras, which is found in more
than a third of human cancers in its mutated form, then the
prenylation activity is inhibited, with functional consequences for
the Ras-transformed cell phenotypes. As a result, PFTase inhibitors
have been developed as potential anticancer drugs, by either rational
design or random screening of chemical or natural product libraries."
Manumycin,? ajoene,” and methyl ganoderate A* are examples of
natural products active on the PFTase enzyme. In the course of a
large-scale screening of plant extracts aiming at finding new
inhibitors of this enzyme, we came across a bioactive fraction from
the root bark of Dichrostachys cinerea (L.) Wight & Arn. The plant
is a spiny acacia-like treelet belonging to the Leguminosae family,
common in Africa, from the sub-Saharan part to the south.” It grows
in disturbed areas and impoverished soils and is sometimes planted
as a defensive thorny fence. In some places, it forms invasive and
impenetrable thickets and represents a nuisance. Numerous uses
have been found for D. cinerea in traditional medicine.® The roots
are used as a diuretic, febrifuge, antivenom, and antirheumatic and
against leprosy. The trunk bark is believed to be a taeniafuge,
antivenom, and antidysenteric and to be active against tooth decay
and leprosy. The leaves are used to treat eczema, abscesses, measles,
and rheumatism. Fresh twigs with leaves are recommended to
prevent miscarriage. The fruit is utilized for the prevention of otitis,
umbilical hernia, and malaria in children. Despite all these
interesting properties, chemical investigations on the plant are scant
and mostly limited to tannins, with the noticeable exception of a
very recent preliminary report on the antitumor activity of some
still unindenfied constituents.” In the present study, we isolated a
novel flavono-labdane, which was named dichrostachine A, and
given the originality of the compound and the lack of significant
phytochemical investigations on the genus, it was decided to search
for other secondary metabolites in various parts of the plant,
resulting in the identification of 18 compounds belonging to the
same group. They all had in common an association between a
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laddane and a flavonoid following an unprecedented Diels—Alder-
type reaction that could be mimicked in an attempted partial
synthesis of the skeleton of these new meroterpenes.

Results and Discussion

Fractionation of the EtOAc extract of the root bark was
performed first by a liquid—liquid partition between hexanes and
MeOH followed by MPLC of the MeOH soluble part, completed
by semipreparative LC on Cig. All the successively obtained
fractions were assayed against PFTase, and after the C,s fraction-
ation, most of the activity could be attributed to a single compound,
for which we propose the trivial name dichrostachine A (1). This
compound showed a pseudomolecular ion peak at m/z 641.4 [M +
Na]" in the positive ESI mode and a prominent fragment at m/z
337 corresponding to the loss of 304 mass units (C,0H3,0,). High-
resolution MS was obtained in the negative mode and confirmed
the C36H4109 and C,¢HyO; composition for the quasimolecular ion
[M — H]™ and fragment, respectively. The UV spectrum showed
two maxima, at 210 and 264 nm, with tailing down to 350 nm; in
basic medium (MeOH, NaOH) the second band was displaced at
275 nm and absorptions appeared at 325 and 380 nm. The IR
spectrum displayed strong OH vibrations at 3435 cm™! and carbonyl
bands at 1710, 1651, and 1609 cm™'. The 'H and '3C NMR spectra
(Table 1) were recorded in CDCl;, acetonitrile-d3;, and methanol-
d,, and they showed signals for seven olefinic protons, one methoxy,
one methyl on a trisubstituted double bond, and two “angular”
methyl groups at unusually high field (6 0.58 and 0.61). In CDCl;,
the 3C NMR spectrum could be fully resolved into 36 signals,
including four CHj, eight CH,, 10 CH, and 14 quaternary carbons,
matching a CscHsg partial formula, thus leaving four exchangeable
OH protons. In CDCl;, some line broadening due to conformational
mobility was observed, and since no improvement was obtained
upon heating, “high-resolution” spectra had to be run in acetonitrile-
d; and methanol-d,, where the phenomenon was not observed with
the same intensity. The analysis of these data was done using
COSY, HSQC, and HMBC experiments, and despite severe overlap,
this rapidly revealed the presence of a drimane subunit with a
hydroxy group at C-7, an exomethylene at C-8,17, and a hy-
droxymethylene group at C-4. A substituted methylene group
resided at C-9. The linkage of the methylene to an isoprene unit
permitted us to propose a labdane skeleton; this latter isoprene unit
was part of a six-membered ring. Interestingly, this ring contained
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Table 1. 3C NMR Data of Compounds 1—8
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carbon 1 2 3 4 5 6 7 8
1 38.0 46.5 37.8 41.7 374 49.6 43.1 37.8
18.4 64.5 18.7 65.6 18.1 63.7 64.3 17.4
3 349 49.7 41.2 50.7 36.4 50.2 55.9 31.9
4 37.6 33.9 32.6 34.9 46.6 33.9 33.7 49.3
5 46.2 52.8 53.3 44.1 47.2 55.7 45.0 45.5
6 33.0 32.5 33.0 33.5 35.3 19.6 18.9 35.3
7 73.1 72.4 72.6 69.7 72.3 432 38.1 72.5
8 148.8 148.7 149.5 151.5 149.3 72.3 74.8 148.2

9 51.3 50.7 51.4 79.8 52.2 56.0 78.5 51
10 39.2 40.1 38.8 46.6 38.4 40.7 44.7 38.1
11 24.0 23.8 23.6 30.9 23.6 26.1 31.4 23.7
12 40.2 40.8 40.7 39.3 40.8 42.7 40.4 39.8
13 140.2 139.4 139.4 144.2 139.6 139.8 144.1 139.8
14 116.2 117.1 117.1 118.7 117.1 118.3 117.7 117.2
15 26.8 26.3 26.2 26.7 26.3 25.9 25.3 26.9
16 23.2 22.0 22.0 25.5 22.6 25.4 23.6 23.2
17 104.4 104.1 103.4 108.2 104.0 22.5 24.3 105.3
18 17.4 21.3 20.2 22.9 15.5 21.3 21.4 13.7
19 71.2 32.5 32.3 342 180.5 32.6 33.0 206.2
20 14.4 14.2 13.1 17.1 13.5 15.0 17.2 14.2
2 166.8 167.1 167.2 167.2 166.8 167.1 167.0 166.6
3 109.5 108.7 108.7 110.2 108.8 108.7 108.9 109.4
4’ 181.5 181.2 181.2 182.7 181.2 181.3 181.6 181.4
5 162.1¢ 162.0 162.0 162.5 162 161.7 161.7 162.1
6’ 100.6 99.9 99.6 100.4 100.1 99.6 99.3 100.6
7 163.7¢ 165.8 165.9 165.6 165.4 166.4 165.4 164.3
8 95.1 94.6 94.2 94.7 93.8 94.2 93.7 94.9
9’ 157.2 157.2 157.3 158.5 157.3 157.7 157.9 157.2
10" 105.1 104.3 104.0 104.9 104 103 103.7 104.9
1” 60.4 60.0 60.2 63.7 60.5 62.2 62.7 60.4
2" 192.6 193¢ 193.0¢ 194¢ 192.9 192.9 192.8 192.5
3” 110.0 109.7 109.6 111.3 109.6 109.8 110.3 109.9
4 159.6 160 160.0 161.6 160.0 160.3 160.7 159.6
57 193.4¢ 193.2¢ 193.3¢ 194.5¢ 193.5 193.8 193.9 193.5
6" 42.5 422 424 44.1 425 425 43.1 425
OMe 56.6 56.1 55.9 57.1 56.1 55.9 55.9 56.6

“ These resonances can be exchanged within the same column.

a trisubstituted double bond, which could be the locus of a
theoretically acceptable retro Diels—Alder reaction (RDA), the
result of which would be diterpene A, the molecular weight of
which (304: CyH3,0,) exactly matched the observed MS fragmen-
tation. This six-membered ring presented NMR signals used as
“handles” for further construction: an olefinic proton at 6 5.24,
coupling with two well-separated signals at 0 2.19 and 2.62,
themselves coupling with a triplet at 0 3.81 (J/ = 9 Hz); on the
other side of the double bond, a broad signal at 0 3.2 (Oc 40.2)
corresponded to H-12 (diterpene numbering) and linked this part
of the molecule to the drimane core. The system was consolidated
by the observation of an olefinic methyl at 6 1.9 (¢ 23.2), which
showed HMBC couplings with the two sp? carbons at ¢ 116.2 and
140.2 and with the methine at 6 40.2. Using these as reference
signals, the analysis was pursued in a more elaborated model
implying two ketone carbonyls at 6 192.6 and 193.4, a trisubstituted
double bond (d¢ 110, 159.6), a methoxy at 0 56.6, and a quaternary
sp® carbon atom at 6 60.4. The HMBC experiment and the chemical
shifts of the sp? carbons showed that the double bond was part of
a vinylogous methyl ester. All the HMBC correlations indicated
annealation of partial formula B to a six-membered ring of the
diterpene moiety, thus accounting for a Cy;H3;05 formula for this
part of the molecule with a single substitution point left at the
angular position of the decalin-dione ring system. At that stage,
there was a CoHs0, fragment unaccounted for, and for which the
only detected signals in the "H NMR spectrum were three “singlets”
at 0 6.17, 6.30, and 6.42. A particular feature of the latter two
signals, which corresponded to carbons at 0 100.6 and 95.1, was
that their integration was less than one proton and diminished with
time in methanol-d,. This behavior and the set of '*C NMR shifts
for the unassigned signals led to the proposal that the CoHsO4 moiety
constituted a 2-substituted chromone. Due to line broadening and
exchange, the only HMBC correlations that were detected concerned
H-3’ with %3] with one of the ketone carbonyls, with the neighboring

C-4’, and with the quaternary carbon at the ring junction of the
decalin. All these elements allowed the proposal of flat structure 1
for dichrostachine A, which appeared to be made of a labdane and
a flavonoid unit.

OH

Dichrostachine A possessed eight stereogenic centers, Ssix
belonging to the labdane and two to the junction between the terpene
and the flavonoid moieties. In the labdane part, observation of
interproton coupling constants and '*C NMR chemical shifts showed
that the hydroxymethylene, OH-7, and the side chain were
equatorial. Worthy of note were the ROEs observed between H-7,
H-5, and H-9, which could be justified only in a trans-decalin with
equatorial substituents at positions C-7 and C-9. The upper part of
the molecule displayed three remarkable Overhauser effects:
between H-3” of the chromone residue and H-6" situated at the
ring junction on one hand and H-12 of the labdane part on the
other, and between H-6" and one of the diastereotopic C-11 protons.
These observations allowed determination of the ring junction as
cis, and despite the fact that cis-decalins may exist under two
interconverting configurations, the three NOEs are compatible only
with an all-cis arrangement of the chromone, H-6", and C-11. The
relative configuration of the two parts and the absolute configuration
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Table 2. '3*C NMR Data of Compounds 9—18

Long et al.

carbon 9 10 11 12 13 14 15 16 17 18 23 24
1 39 474 32.7 38.4 38.5 41.7 38.8 374 39.9 383 38.4 38.7
2 18.5 65 19.5 18.7 18.6 64.9 18.9 18.8 19.5 18.8 19.8 20
3 35.6 49.7 42.1 41.4 41.4 50.2 40.1 41 41.6 41.5 38.2 385
4 38.5 34.6 34 333 333 34.7 34 332 334 32.7 443 443
5 45.8 51.6 44.1 522 523 43.2 53.1 53 53 52.6 56.8 56.8
6 38.5 37.8 39.3 nd* 38.1 nd 32.6 32.6 343 329 26.3 26.2
7 204.4 202.4 207.6 203.8 202.4 206.8 72.8 72.7 73.4 72.9 38.8 38.7
8 148.7 147 152.7 nd 147.8 nd 149.4 149.6 149.7 150 147.2 147.9
9 55.2 52.6 79.9 53 535 79.2 50.8 51.2 54.1 55 54.7 55.0
10 39.3 40.1 44.9 38.6 38.4 45.8 37.4 389 41.8 38.6 41.2 41.0
11 27.1 259 31.8 253 25.6 nd 235 242 73 22.8 26.0 25.0
12 43.9 41.4 39.6 40.6 41.6 38.9 43.4 47.5 39 125.3 43.2 45.5
13 140.8 139.3 143.7 139.4 139.8 nd 138.9 136.5 130 1325 135.8 138.5
14 118.6 118.1 119.2 117.8 117.7 118.9 119.4 122.7 124.9 36 120.0 118.4
15 272 26.7 272 26.8 26.7 nd 23.8 235 22.3 25 20.6 25.2
16 24.8 24.1 25.1 24.1 242 25 222 223 23.8 145 242 23.8
17 120.4 120 120.8 118.8 118.8 120.9 103.6 103.2 105.7 104.9 107.5 106.9
18 16.7 21.4 21.5 20.4 20.4 225 20.6 20.3 20.9 20.7 28.8 28.8
19 70.8 325 333 323 323 333 32.6 323 332 325 177.7 177.6
20 14.4 14.5 16.5 13.6 13.6 17.5 135 13.2 14.5 133 12.1 12.1
2 167 166.2 168 166 166.3 167.5 168.2 175 168.4 160 163.2 162.2
3 109.7 109.9¢ 110.4 109.6 109.7 110.2 108.8 109.6 107.5 112 113.5 110.3
4 181.9 181.2 182.9 181.5 181.2 nd 181.7 181.6 182 180.5 176.8 178.2
5 162.4 162.3 nd nd 161.7 nd 162 162 161.7 162.2 160.9 160.4
6 100.8 100.7 100.6 100.3 99.3 99.3 99.6 99.3 98.9 97.8 96.2 96.5
7 166.4 163.9 nd nd 166.1 161.3 165 165.2 164.6 165 164.0 164.2
8 95.2 95 95 94.7 92.5 93 94.8 94.4 93.6 93.3 92.5 93.0
9 158.2 156.9 nd nd 157 nd 157.3 157.4 158.1 157.8 159.7 160.3
10 104.7 105 105 104.7 105.3 nd 104.5 104.2 104.1 103.3 108.8 108.6
17 62.1 60.8 63.7 60.9 61 nd 57.6 49 57.5 119 61.0 61.1
2” 193.3 192.1° 193.9¢ 192.1¢ 192¢ 194 194.5 151.8 197.5 148 196.3 195.4
3” 110.5 109.7¢ 111.4 109.6 109.7 111.1 100.4 127.2 103 115.6 112.3 112.3
4" 160.7 159.7 161.7 159.6 159.6 166.8 176.2 198.8 171.1 112.3 163.8 165.7
5” 194.2 193.3 194.84% 193.4¢ 193.14% 194 68 73.9 95 143 192.9 139.5
6" 433 425 44.1 42.8 42.6 43.9 33.6 349 39.1 125 46.7 119
OMe 57.1 56.7 57.3 56.6 56.5 56.3 56 56.3 51.2 512
OMe 56 57 56.5 55.9
OMe 56.6 56
OMe 56.9

“> These resonances can be exchanged within the same column. € nd: not determined.

of the whole molecule will be dealt with after examination of all
other molecules isolated from the plant and molecular modeling.

Compound 1 was accompanied by a host of structurally closely
related molecules, which were isolated and purified in order to correlate
structure with activity in this new series. Two batches of the plant
with slightly different compositions, despite a common origin, were
used, and the isolation of the new compounds is detailed in the
Experimental Section. Thus, compounds 1—14, raimonol, and 19 were
found in the root bark, 2, 3, 15—18, and raimonol were found in
the stem bark, and rhamnitrin® and myricitrin 3-O-0-L-rthamnoside®
were the only compounds that could be characterized in the leaves.
The occurrence of (+)-raimonol, a diterpene chemically correlated to
cis-abienol of known absolute configuration and isolated from the
exudates of Nicotiana raimondii,'® brought further credence to the
structural hypothesis and allowed a precise determination of the ab-
solute configurations of 1 and related compounds on the basis of a
common biosynthesis origin.

All the isolated compounds, except 18 and 19, showed a
quasimolecular ion in the same range, and their '"H and '*C NMR
spectra displayed signals for a chromone as in dichrostachine A
(1). As a working hypothesis, they could be considered as belonging
to the same series. More precisely, compounds 1—5 and 8 contained
raimonol skeletons at different oxidation levels. Compounds 6 and
7 had the exomethylene double bond hydrated, and compounds
9—14 had a C-7 keto functionality. All the NMR assignments
allowing such conclusions were based on the analysis of homo-
nuclear and internuclear 2D NMR experiments; their results are
collated in Tables 1 and 2.

Dichrostachine B (2), an isomer of 1, was obtained by repeated
C,; fractionation of a fraction of lower polarity than the one from
which 1 was isolated. This compound displayed spectra similar to

those of 1, including MS with the same quasimolecular ion at m/z
617 [M — H]™ and identical fragmentation pattern (m/z 313) in the
negative mode. Structure 2 was proposed mainly upon methyl group
counting and also owing to observation of a deshielded H-2 in the
labdane part. The high-field section of the 'H NMR spectrum
showed signals for three tertiary methyl groups at 6 0.62, 0.68,
and 0.74, with the latter two signals displaying three identical
HMBC correlations with C-3, C-4, and C-5, pointing to a quaternary
C-4 substituted with two methyl groups. The substitution at C-2
was ascertained by the deshielding of C-1 (6 46.5 vs 38) and C-3
(0 49.7 vs 34.9), both identified through their *J HMBC correlations
with the tertiary methyl groups. The two alcohol functions were
equatorial since H-2 showed NOEs with axial CH;-18 and -20 on
one side and H-7 with the angular H-5 on the other. As in compound
1, NOEs were observed between H-3” of the chromone and H-12
and H-6"; H-5, identified through the HMBC and HSQC experi-
ments, was at an unusually high field, and this will be commented
upon in the general discussion on stereochemistry (dy.s 0.18).

The molecular weight of compound 3, dichrostachine C, was
16 amu lower than those of 1 and 2 (602 vs 618), suggesting that
one of the alcohol functions was absent. The retro Diels—Alder
fragmentation gave an ion at m/z 313 in the negative mode, showing
that the “flavonoid” part of the molecule was intact and that the
missing OH was in the terpene part. Besides minor chemical shift
differences, the spectra of 2 and 3 were almost superimposable with
the noticeable exception of the lack of deshielded signals for H-2
and C-2, allowing assignment of the structure of 2-deoxydichrosta-
chine B for 3. The same Overhauser effects were observed in the
two compounds, as well as the same characteristic shielding for
H-5, as a consequence of a similar relative arrangement of all
stereogenic centers.
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Compound 4, like compounds 2 and 3, was characterized by
three high-field tertiary methyl groups in the '"H NMR spectrum,
suggesting that C-4 was substituted by two methyl groups. Its
molecular weight was measured at m/z 634, i.e., 16 amu higher
than observed for 2, and corresponded to a C3sH,010 formula (m/z
633 in the negative mode). According to the NMR spectra and
despite some minor chemical shift differences, it was clear that all
the elements of the upper part of the molecule, chromone and
dihydronaphtalenedione, as well as the two alcohol functions at
C-2 and C-7 and the exomethylene group were present in this
molecule. Although the mass spectrum was richer in fragments than
those of the previous molecules, the integrity of the “upper part”
was again demonstrated by the MS fragmentation with a prominent
ion at m/z 313. The location of the additional hydroxy group was
settled by the observation of a correlation between CH3-20 and a
quaternary carbon atom at 6 79.8, either C-5 or C-9. The C-5 center
was eliminated since the HMBC and HSQC experiments allowed
its detection at 0 44.1, a much higher field than in the other
compounds of the series, and this shielding could be explained by
a steric y-effect, meaning that the OH at positions C-9 and H-5
were both axial in a chair conformation. Compound 4 was thus
9-hydroxydichrostachine B, for which the name of dichrostachine
D is proposed.

Compound 5, named dichrostachine E, was isolated from the
most polar fractions of the extract, and its molecular weight, 632,
corresponded to a Cs3HyO;9 formula suggesting an additional
oxygen atom and unsaturation. As the '"H NMR spectrum of 5
showed signals for only two high-field methyl singlets, 5 could be
the carboxylic acid corresponding to the primary alcohol function
in 1, and this was confirmed by observation of a three-bond CH
correlation between one of the tertiary methyl groups and an acid
carbonyl at ¢ 179, all other correlations in the HMBC experiments
being in agreement with the gross structure of the series. The relative
configuration at C-4 could be determined by the observation of a
strong shielding for the remaining methyl group (6 15.5), indicative
of an axial position and therefore equatorial for the carboxylic acid
group. An NOE was detected between the two axially oriented
methyls (CH3-18 and CH3-20).

Compounds 6 and 7, dichrostachines F and G, were obtained from
a fraction with polarity between those of 2 and 3. Their molecular
ions were respectively found at m/z 620 and 636, and the RDA peak
was at m/z 313. In both compounds, an OH group was placed at C-2,
as in 2, to account for the deshielding of C-1. The most conspicuous
feature of their "H NMR spectra and those of the other compounds
was the absence of signals for the exomethylene group and the presence
of an additional methyl singlet, observed at 0 1.01 in 6 and 1.21 in 7.
In compound 6, this methyl group showed HMBC correlations with
carbon signals at 6 43.2 (CH,), 56.0 (CH), and 72.3 (C), indicating
that it was on an oxygen-substituted quaternary carbon atom, flanked
by a CH and a CH, group. Biogenetic considerations and analysis of
all the COSY, HSQC, and HMBC correlations led to the proposal
that the exomethylene bond was hydrated in 6 and 7. In the two
compounds, a strong shielding was observed for C-6 as a consequence
of y-shifts due to the OH and the methyl group at C-8. Compound 7
differed from 6 by an oxygen atom, placed at C-9, the '*C NMR signal
of which was identified by a three-bond correlation with CH3-17, CHs-
20, and H-12; this substitution induced significant downfield shifts for
C-11 (AJ +7) and C-10 (A6 +5) when compared with dichrostachine
D. This tertiary alcohol function was deduced to be axial to account
for the 8 ppm shielding of C-5, as a consequence of a 1,3-diaxial
interaction, also a y-effect. As in compounds 1—3, ROESY interactions
were observed between H-3" and H-12 and -6”, settling the point of
the relative configurations in the “upper” part of the molecule. As far
as rings A and B of the diterpene were concerned, a series of ROEs
between CHs-17, CH,-11, CH;3-20, and CH;-18 left the axial orientation
of the above-mentioned tertiary methyl and the equatorial nature of
the side chain to be established. The same experiment revealed key
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ROEs between H-2 and the two axial methyls at C-4 and C-10, thus
providing supplementary evidence for the OH orientation.

Compound 8, dichrostachine H, was the only aldehyde in the
series (0 8.81). The molecular weight of 616 (C3sH4005) indicated
an additional unsaturation degree when compared to compounds 1
and 2. The aldehyde function was placed at C-19, through
observation of a correlation with tertiary CHs-18, identified as axial
because of its strong shielding (6 13.7). Most chemical shifts in 8
were similar to those observed for the corresponding atoms in 1,
except for C-4 (Ad +12), C-18 (Ad —4), and C-3 (Ad —3). As a
direct consequence of oxidation and given the similarity of all other
chemical shifts, the rest of the structure and the configuration were
deduced to be as in dichrostachine A.

17 1R4=CH,OH,R,=R3=H
2R1=CH3,R2=OH,R3=|‘
OH 3R1:CH3,R2:R3:H
4R1=CH3,R2=R3=OH
18 19 5R,=CO,H, Ry = Ry = H
8R,=CHO,R,=R3=H

>< OH

(+)-1ai !

Dichrostachines I—L (9—12) displayed spectroscopic properties
analogous to those of the parent compounds but were distinguished
from the latter by the presence of an additional double bond, as
shown by MS. Dichrostachines I, J, and K were isomeric and
displayed molecular ions at m/z 616 (C3sH00Oo), while compound
12 had a C;6H4Og composition (m/z 600). All these compounds
showed the fragment at m/z 313 in the negative mode; in the positive
mode, two fragments were generally observable at m/z 325,
corresponding to the labdane plus a sodium atom, and m/z 337,
corresponding to the flavonoid also with a sodium atom. The most
striking difference between the NMR spectra of 9 and of its closest
counterpart, dichrostachine A (1), was the downfield shifts of the
H-17 exomethylene protons: 6 5.25/4.85 in 1 vs 5.84/5.25 in 9.
The oxymethine C-7 group was replaced by a ketone carbonyl at
0 204.4 ppm, thus explaining the shifts of CH,-17 and of CH,-6
appearing as part of an AMX system with a fairly large geminal
coupling constant (J = 17.5 Hz). The only '*C NMR signal for an
oxygen-bearing sp? carbon atom was found at ¢ 70.8 and cor-
responded to C-19 (HMBC correlations with CH;-18, C-3, and C-5),
the rest of the NMR signals being very close to those of 1, thus
establishing the structure of 9 as 7-dehydrodichrostachine A. Despite
repeated attempts and due to the limited amount of material, it was
not possible to cleanly oxidize 1 into 9. In a similar fashion,
compound 10 was found to be analogous to dichrostachine B (2),
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and the similarities between the '3C NMR chemical shifts of C-2
in 2 and 10 (0 64.5 and 65) indicated a similar configuration for
these carbon atoms. The third isomeric compound, 11, did not have
an equivalent in the “reduced” series but showed similarities with
compound 4, both bearing a tertiary OH group at C-9, with
compound 11 lacking the C-2 hydroxy group. Evidence for the
structure was the deshielding of CH,-17 due to the C-7 carbonyl
group (0 207.6), strong shielding of C-2 (6 19.5), and substitution
of C-9 with an OH, as shown by an HMBC correlation between
C-20 and a tertiary carbon atom at 6 79.9 (C-9). The elemental
composition of dichrostachine L (12) suggested that the only
oxidized carbon on the labdane was C-7.

This set of compounds was accompanied with two related
compounds, dichrostachines M and N (13 and 14), which were the
only compounds in the series with one of the phenolic hydroxy
groups being methylated. Compound 13 showed a molecular ion
at m/z 614 and was thus identified as 7-O-methyldichrostachine L
(12). A special feature of its "H NMR spectrum recorded in CDCl3
was the presence of a sharp resonance at & 12.26 for a phenolic
hydroxy proton, deshielded as a consequence of hydrogen bonding
with the C-4" carbonyl, therefore establishing the site of etherifi-
cation. When the spectra were recorded in a mixture of CDCl; and
methanol-d, to improve solubility, compound 13 showed noticeable
instability and decomposed within 24 h into a mixture of at least
five unidentified compounds. This behavior was not observed for
the other compounds and seemed related to the etherification of
one of the phenolic functions. The last compound in the series, 14,
derived from 4 since it showed C-7 as a ketone, C-2 and C-9 as
oxymethines, and the methyl substitution on the phenol of the
chromone ring. This compound was isolated in minute quantities
and could not be further characterized.

9 R1=CH20HR2=R3=R4=H
10 Ry = CH; Ry = OHR; = R, = H
11 R1=CH3R2=R4=HR3=OH
12R;=CH3R, =Ry =R, = H

13R1=CH3R2=R3=HR4=CH3

A rapid investigation into the compounds of similar polarity
present in the stem bark led to the isolation of dichrostachines B
and C (2 and 3) as the major components, meaning that apparently
these organs had low oxidation power as compared to the root.
However, two other compounds directly linked to the above were
isolated, presenting quite different structural features. Compound
15, for which the name dichrostachine O is proposed, displayed a
quasimolecular ion at m/z 603 in the negative mode, thus corre-
sponding to a C3cH4305 composition. As in all dichrostachines, an
RDA fragmentation was observed and yielded an ion at m/z 315,
suggesting reduction in the flavonoid part. NMR analysis showed
little difference with the other compounds up to H-6", which now
appeared as a double triplet at ¢ 3.53, as a result of coupling with
CH,-15 and with a doublet at 6 4.98. The usual methoxy group
was in place and attached to a carbon atom at 0 177.2, part of a
system that comprised a carbonyl at 0 195.6 and a methine at 0
101.5 (attached proton as a sharp doublet at 0 5.34 and J = 1.1
Hz). All those features fit into the flat structure of 5”-dihydrod-
ichrostachine C. A NOESY experiment gave further stereochemical
information: decalin cis junction as a consequence of NOEs between
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chromone H-3" and decalin H-5", -6, -12, -15 (very weak
correlation between 3” and 6”, much stronger between H-3" and
H-15). None of these correlations allowed determination of the C-5”
configuration, and the 4 Hz coupling between H-5" and H-6" was
consistent with cis axial —equatorial or frans equatorial —equatorial
orientations of these protons. In the labdane rings, correlations were
observed between H-5, H-7, and H-9, confirming the all-axial
position of these atoms in a frans-decalin arrangement.

Dichrostachine P (16) displayed a quasimolecular ion at m/z 573
in the negative mode, corresponding to a Cs;sH4;07; composition.
The mass discrepancy arose from the flavonoid part since the RDA
fragmentation yielded an ion at m/z 285 instead of 313. It is worth
noting that 15 and 16 were the sole dichrostachines for which the
RDA fragmentation was observed in the negative and positive
modes (sodium adducts at m/z 339 and 309). The NMR spectra
showed that 16 had a different B ring flavonoid part, and the COSY
experiment enabled the determination of the functionalities present
on this ring starting from H-14, which led to CH,-15 and then to
H-6" (br t). H-5" resonated as a broad singlet at § 4.89 (W;, =5
Hz), which coupled with H-6", thus confirming the position of an
alcohol function at C-5. There was also a disubstituted double bond
on this ring, part of an enone with a downfield doublet of doublets
at 0 6.89 coupling with another doublet at 6 5.98 (J = 10 Hz). In
analogy with the structure of 15, a proposal for 16 was that of a
compound with a ketone at C-2”, a C-3”—C-4"" double bond, and
a C-5” alcohol function. This product likely arose from the
following sequence of events: 1,2 reduction of the C-5” carbonyl
followed by 1,4 reduction and f-elimination of the methoxy group.
This hypothesis explained most of the NMR data, but several facts
did not quite fit: first, there was no coupling between H-5" and
H-4”, but there was coupling between the alleged H-4” and H-6";
second, there was a NOESY correlation between H-12 and the same
H-4"! These data were best accommodated in a structure in which
there was a 1,3 ketone transposition, i.e., C-4” ketone and C-2"”"—C-
3” double bond. With this assignment the signal for H-4"" became
H-2”, the absence of coupling between H-5" and the double-bond
protons was due to the carbonyl, and the observed coupling between
H-6" and H-2” was a simple long-range W coupling.

During the first round of structural elucidations, compound 17,
named dichrostachine Q, was assigned the structure of 11-
hydroxydichrostachine C. It was an isomer of compounds 1 and 2
with a quasimolecular ion at m/z 617 in the negative mode and an
RDA fragment at m/z 313. All the NMR signals fitted into the
proposed structure with appropriate chemical shifts and reasonable
coupling constants. Substitution at C-11 was evidenced by the
downfield shifts of H-11 (double doublet at & 4.37) and of C-10
and C-12. Subtle differences were, however, found for some
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particular signals; for example, the ring junction proton H-6"" was
not a triplet anymore but a singlet. Typically, dichrostachines
displayed H-6" couplings with both allylic CH,-15, which were
clearly identified through their coupling with H-14 and the higher
frequency H-15 usually appearing as a doublet of doublets of
quintets (large geminal and vicinal coupling, smaller long-range
coupling with CH3-16 and H-12). In compound 17 however, it
appeared as a broad doublet, while its geminal upfield proton
overlapped with other signals, precluding any analysis, but the
COSY experiment did not show any interaction between the CH,-
15 and H-6. On the other hand, the COSY experiment showed a
clear correlation between H-12 and H-6", which did not fit the
regular structure but perfectly matched a structure in which the
chromone ring was at the opposite edge of the decalin ring junction.
So far, dichrostachine Q is the only molecule in which the
arrangement of the labdane and of the flavonoid is different. There
is high probability that the change of regioselectivity of the
Diels— Alder reaction finds its origin in the presence of the alcohol
function at C-11, either for electronic or for steric reasons. In this
regard, it is worth noting that the C-11 alcohol function could not
stay free but was engaged into a hemiketal with the carbonyl C-5"
(Oc 95).

The last of the dichrostachines, dichrostachine R (18), was
characterized by a very strong UV absorption at 206 nm, shoulders
at 225 and 275, and a band at 360 nm, and a much simpler IR
carbonyl pattern consisting of a single sharp band at 1730 cm™.
The mass spectrum showed a quasimolecular ion at m/z 571
(C55H3007) in the negative mode and a fragment at m/z 309, which
was analyzed for C;HyOg. The labdane moiety was identified by
means of the usual 'H and '3C 1D and 2D NMR experiments, but
contrary to the other compounds, identification led to a 7-hydroxy-
drimane that was substituted by a trisubstituted olefin moiety bearing
a methyl group and the equivalent of the flavonoid part. Despite a
composition corresponding to the addition of a diterpene to a
flavonoid, the Diels—Alder fragmentation was not observed. The
"H NMR spectrum of the upper aromatic part of the molecule was
characterized by two low-field AX systems, one with an o-coupling
(8.3 Hz) and the other with m-coupling of the flavonoid A ring.
Three further coupled protons were located in the middle of the
spectrum, featuring a CHCH, fragment. The HMBC experiment
allowed linking of this two-carbon unit to the trisubstituted double
bond and to the other aromatic carbon atoms. Examination of the
HMBC correlation identified a naphtho-benzopyran ring system
instead of the usual chromone-decalin arrangement. Attachment of
the drimane moiety on one of the methylene carbons was secured
by the observation of correlations between the methylene protons
and the B-ring carbon (flavonoid numbering) and between the
methine and the C-ring carbon atoms.

12743 14
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The last new compound (19) was an isomer of raimonol, which
also contained a diene system (UV at A, 234 nm) but with no
methyl substituent present. HMBC and HMQC experiments allowed
identification of its skeleton as a cassane with a hydroxymethylene
system at C-4 and CH;-16 as a doublet (/ = 7 Hz) at 6 0.97 in a
o axial position because of its high-field carbon resonance (0 14.4).

The candidate for the non-terpenoid part in the Diels—Alder
reaction could be a flavonoid-derived quinone such as 20. The main
problem with this hypothesis is that quinones derived from
flavonoids have not been described as natural products, despite the
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fact that some are stable and can be synthetically prepared (vide
infra). Dihydroquinones corresponding to 20 are rare, and their
presence in the Dichrostachys extracts was limited to rhamnitrin®
and myricitrin 3-O-o-L-rhamnoside,'® quercetin derivatives with
the interesting feature of O-methylation at C-7. No flavonoid with
p-dihydroxy substitution in ring B could be isolated. This absence
raised the interesting question of oxidations in the B ring of
flavonoids. Some plants, ferns in particular, are able to oxidize the
B ring of flavonoids, and although originally discovered in the early
1980s,'" the molecules were largely unnoticed until the recent
discovery of their cytotoxic activity, the main bioactive compound
being protoapigenone.'? It is most probable that Dichrostachys
possesses the enzymatic system able to synthesize the flavonoid
quinone, which is then processed into Diels—Alder adducts
presumably via another enzymatic system to account for the high
regio- and stereoselectivities of the reactions.

Labdanetrienes are numerous (80 entries in the Dictionary of
Natural Products), and despite their high reactivity, there are no
reported intermolecular Diels—Alder reactions with these com-
pounds.'? In the natural product area however, there are at least
two examples of compounds formed along this principle: in Xylopia
species, with a kaurane (dienophile was an enone and the diene
was a 16—13, 14—15 labdadiene),'* and in the rare eunicellan
diterpene of Vellozia magdalenae (diene is 12—13, 14—15).'> Given
the originality of the molecules and their potentially interesting
biological activity, it was decided to briefly explore the feasibility
of such a reaction. A separate paper'® gave a preliminary account
of this work and described the fact that flavonoid quinones such as
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Scheme 1. Reaction of Methyl Communate with Flavoquinone 21
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21 methyl
communate

Corey's
catalyst

Mo

21, made according to a literature procedure,'” were very reactive
dienophiles that yielded Diels—Alder adducts under mild conditions,
in the absence of a catalyst, and with a variety of dienes. The
labdane diene used as a model was trans-methyl communate,
prepared from trans communic acid isolated from Cupressus
sempervirens."® In a first series of experiments, the reaction was
catalyzed with diverse Lewis acids, just provoking decomposition,
but one of Corey’s chiral reagents, 3,3-diphenyl-1-o-toluyltetrahy-
dropyrrolo[1,2-¢][1,3,2]oxazaborolidinium,'® gave a moderate yield
of a compound (22) whose spectral properties were compatible with
those of an adduct. Surprisingly, with no catalyst, the reaction
proceeded equally smoothly in dichloromethane at room temper-
ature to give an adduct (23) possessing similar but not identical
spectral properties (Scheme 1). Compound 23 was stable enough
to allow NMR characterization, but it slowly decomposed in CDCl;,
as the O-methyl derivative 13 did. The product obtained under
Corey’s conditions, 22, was purified, and both compounds were
shown to be isomers by mass spectrometry (m/z 658 for a C3gHacO9
composition). The most striking dissimilarities between their 'H
NMR spectra were found for CH,-15, which, in 23, as in the natural
products, displayed a complex pattern of couplings with H-14 and
H-6" and, in 22, appeared as an AX system broadened by coupling
with H-14. Clearly H-6” was missing and compound 22 was
demonstrated to be the enol form of 23 by the HMBC experiment.
The regio and stereo outcomes of the reaction were determined by
analysis of the correlations observed in the COSY, HMBC, and
ROESY experiments: the analysis started with C-1” identified by
a correlation with H-3’, which showed a coupling with H-11, thus
settling the question of the regioselectivity of the addition. This
was further confirmed by the observation of couplings between CH,-
15 and C-6" in 22. Cis ring junction for the decalin in 23 was
established by observation of NOEs between H-3" and H-6. It is
not clear if the difference in the course of the reactions was due to
Corey’s reagent or to the process of purification in the presence of
traces of the catalyst and related substances. It is worth noting
however that the condensation proceeded under very mild conditions
with high regio- and stereoselectivities, and it is not known whether
Nature uses an enzyme catalyst or not.

At this point, the relative and absolute configurations of the
natural and hemisynthetic compounds still needed to be defined.
The available data were NOEs and some very particular chemical
shifts that witnessed long-range interactions. Molecular modeling
by “quenching molecular dynamics” was used to build models from
which distances and NOEs could be assessed and energies

calculated. The first compounds to be investigated were the synthetic
compounds, and although it was not possible to interconvert 22
and 23 because of extensive decomposition, the question of the
isolation of a ketone and of its enol counterpart under similar
conditions was submitted to calculations. In each case, four
diastereoisomeric ketones and enols were simulated (Figure 1), and
it was found that for one pair of those, 22B/23B, the global
minimum energy difference was very low (19 vs 19.2 kcal/mol).
The near image corresponding pair 22C/23C also displayed one
of the lowest energy differences, but it was significantly higher
(2.2 vs 0.2 kcal/mol). This could explain why it was possible to
isolate from the same reaction either the ketone or the enol in the
presence of a Lewis acid catalyst. The models also offered an
explanation for the NOEs with observation of short distances
between H-3" and H-12 and CH;-16; the NOE between H-6" and
H-3’ required a rotation around the C-1”—C-2" bond, which was
allowed by the low energy barrier. Regarding the relative config-
uration of the two halves of the molecules, a clue was obtained by
the observation of unusually shielded signals for CH3-20 at 6 0.4
in 22 and 0.37 in 23 (6 0.57 in methyl communate). Examination
of the molecular models showed that CH3-20 lay in the axis of the
double bond of the vinylogous ester function at a distance of ca. 4
A in the preferred models 22B/23B. Given the known absolute
configuration of communic acid, the configuration of 23 therefore
was 4R, 5R, 95, 10R, 128, 1S, 6”R.

In constrast to the semisynthetic compounds, the natural products
displayed NOEs between H-6" and H-11, and recourse to the
models was not necessary to demonstrate that the series had opposite
configuration at C-12. Conformation was thus as in model A, and
the question of the relative configuration of the decalin and of the
labdane could be settled by the observation of the extreme shielding
of H-5 in compounds 2, 3, 15, and 16 (6 < 0.3). In model A, the
labdane was stacked on the flavonoid and a distance of 3.2 A was
measured between H-5 and the center of the aromatic ring, thus
accounting for a strong shielding due to the ring current effect. In
the series, the chemical shift of H-5 spans from 6 0.18 to 1.5,
reflecting not a configurational change but differences in populations
of conformers. Assuming that all natural compounds had the
absolute configuration of raimonol, their configuration is 4R, 5R,
9S, 10R, 12R, 1S, 6”R. A simple explanation for the difference in
the stereochemical outcome of the reactions (chemistry vs Nature)
is probably to be found in the difference of configuration of the
12—13 trisubstituted double bond in the labdane trienes, and it
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Enol 22A :23.7 Enol 22B : 19.2

Enol 22C : 18.8 Enol 22D : 25.0

Figure 1. Energy minimization of diastereoisomeric enols 22 and ketones 23.

Table 3. In Vitro PFTase Inhibition of Dichrostachines A—H,
L, M, O, P, and R

compound ICso (uM)
1 10
2 40
3 5.7
4 86
5 40
7 17
8 1.8
12 3.2
13 3
15 25
16 7
18 37
SCH-66336 0.1

would have been interesting to run the reaction with raimonol
instead of the methyl communate to settle this point.

The PFTase enzyme inhibition was measured for dichrostachines
A to H, L, M, O, P, and R. The ICs, values, identified as the
dichrostachine concentrations inhibiting 50% of the PFTase activity
(Table 3), ranged from 1.8 uM for dichrostachine H to 90 uM for
dichrostachine D, indicating that both active and nonactive dichrosta-
chines could be detected in the screening process. Compound 1
was not the most active compound isolated from the root bark,
and minor compound 3 showed a slightly better activity, thus
demonstrating the difficulties of bioassay-guided fractionation when
several active compounds are present at different concentrations.
Two of the two most active compounds, 13 and 14, were also the
most reactive (conjugated enones), and their higher activity was
most probably due to nonspecific interaction with the enzyme via
Michael conjugation. These two compounds were also the most
cytotoxic (3.1 and 2.8 uM, while all others had cytotoxicity > 10
uM), which pointed to other possible modes of action. In the
nonreactive compounds, it seemed that activity was lowered by
hydroxylation at C-2, and the most active of those was aldehyde 8
(dichrostachine H), with hydroxymethyl (1) and methyl (3) half an
order of magnitude less potent than 8. Despite the fact that the
most active compound, dichrostachine H, was only 20 times less
potent than the reference compound, SCH-66336, a molecule
presenting a strong inhibitory effect on tumor growth,>® the
complexity of the purification, and the tremendous efforts necessary
to chemically improve the activity brought this program to a halt.

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a Perkin-Elmer 341 automatic polarimeter. UV spectra were obtained

in MeOH using a UV MC? Safas spectrophotometer. An FT-IR Bruker
Tensor 27 spectrophotometer was used for scanning IR spectroscopy.
The NMR spectra were recorded on a Bruker Avance equipped with a
13C cryoprobe at 500 MHz for 'H and 125 MHz for '*C; 2D experiments
were performed using standard Bruker programs. The ESIMS and
MSMS were performed using a Bruker Esquire-LC ion trap mass
spectrometer. The samples were introduced by infusion in MeOH
solution. HRESIMS were obtained on a Bruker MicroTOF. TLC was
carried out on precoated silica gel 60F,s4 (Merck) with CHCl;—MeOH
(90:10), and spots were visualized by spraying with 3% H,SO, + 1%
vanillin. Column chromatography (CC) was carried out on Kieselgel
(40—60 um) with a binary gradient elution (solvent A, CH,Cl,; solvent
B, MeOH) or LiChroprep RP-18 (15—25 um) with a binary gradient
elution (solvent A, H,O—0.1% HOAC; solvent B, MeCN—0.1% HOACc).
Analytical HPLC was performed on a Merck-Hitachi apparatus
equipped with an L-7200 automated sample injector, an L-7100 pump,
an L-7450 diode array detector, a D-7000 interface, and Lachrom HSM
software. A prepacked C,g reversed-phase column (Lichrospher 100
RP18, 4 x 125 mm, 5 um) was used for analytical HPLC with a binary
gradient elution (solvent A, H,0—0.1% HOAc; solvent B, MeCN—0.1%
HOAC) and a flow rate of 1 mL min~!. Semipreparative HPLC was
performed on an apparatus equipped with a Waters 600 pump, a Waters
2487 Dual 4 absorbance detector, and Empower software. A prepacked
C,g reversed-phase column (Hibar-Lichrospher 100 RP18, 25 x 250
mm, 5 um) was used for semipreparative HPLC with a binary gradient
elution (solvent A, H,O—0.1% HOAC; solvent B, MeCN—0.1% HOACc)
and a flow rate of 30 mL min~'!, and the chromatogram was monitored
at 235 and 255 nm.

Plant Material. The plant material was collected by one of us (C.D.)
at Menkao, Bateke Plateau, Democratic Republic of Congo (former
Zaire), in October 1971; identification was performed by Dr. H. Breyne
and found identical with authentic sample HB No. 383, deposited in
the Herbarium of the Royal Garden of Brussels (Belgium).

Extraction and Isolation. The dried root bark (300 g) of D. cinerea
was extracted at room temperature with EtOAc (2 L) overnight. After
filtration, the extract was concentrated under reduced pressure and the
residue (5.45 g) was partitioned between MeOH (2.77 g) and hexanes
(2.40 g). The MeOH fraction was subjected to silica gel column
chromatography (120 g, 3.5 x 23 cm) using a gradient of
CH,Cl,—MeOH (100 to 85:15) for 90 min to give 180 fractions of 15
mL. All the fractions were analyzed by TLC on silica gel using the
solvent mixture CHCl;—MeOH (90:10) and pooled according to TLC
into 11 fractions (RI—R11). Fraction R1 (48 mg), eluted with 100%
CH,Cl,, was purified by semipreparative RP 18 chromatography, eluting
with a linear gradient (65 to 90% B) for 40 min, to give 1.4 mg of
raimonol (0.0005%) and 2.3 mg of 19 (0.0008%). Fraction R4 (315
mg) was further purified by semipreparative RP 18 chromatography,
eluting with a linear gradient (60 to 100% B) for 40 min, to give after
repeated HPLC purification 2 (7.0 mg, 0.0023%), 3 (9.4 mg, 0.0031%),
6 (3.3 mg, 0.0011%), and 7 (11.9 mg, 0.0040%). Fraction R6 (370
mg) and fraction R8 (152 mg) were purified by semipreparative RP 18
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3D models Tor the synihetic (top) and natural
(bottom) isomers

chromatography, eluting with 45% B, to give 1 (49.9 mg, 0.0166%)
and 5 (6.8 mg, 0.0023%).

The second batch of roots (1 kg) was treated as above, and after the
first column chromatography, six fractions were obtained (RB1—RB6).
Fraction RB2 (4.8 g) was subjected to C;g (15—25 um) column
chromatography (120 g, 3.5 x 23 cm) with a linear gradient (40 to
100% B) to give 76 fractions of 100 mL, which were analyzed by
HPLC over C,g with the gradient elution program 40 to 70% B for 25
min and pooled into 24 fractions. These fractions were further purified
by crystallization in MeOH to yield 2 (120 mg, 0.012%), 11 (7 mg,
0.0007%), 12 (35 mg, 0.0035%), 13 (14 mg, 0.0014%), and 4 (40 mg,
0.004% dry) or by semipreparative RP 18 chromatography, with a linear
gradient (10 to 100% B) for 37.5 min, to yield 1 (8 mg, 0.0008%), 10
(3 mg, 0.0003%), 14 (3 mg 0.0003%), 9 (3.1 mg, 0.0003%), and 8 (6
mg, 0.0006%). Fraction RB3 (4.15 g) was subjected to C18 column
chromatography (430 g, 7 x 46 cm) eluting with 40% B, and from the
49 fractions of 100 mL were obtained 4 (37 mg, 0.0037%), 2 (130
mg, 0.013%), and 5 (100 mg, 0.01%).

Long et al.

In a similar fashion, the stem bark (500 g) yielded 7.43 and 4.56 g
of MeOH and hexanes fractions, respectively. The MeOH fraction was
processed as above into eight fractions. Fractions B1—B2 (122 and 62
mg) gave raimonol (8.6 mg, 0.0017%) after semipreparative RP 18
chromatography and repeated HPLC. Fractions B6—B7 (156 and 731
mg) were subjected to C;g (15—25 um) column chromatography (120
g, 3.5 x 23 cm) with a linear gradient (40 to 90% B) for 80 min to
give after analysis (TLC and analytical HPLC) five fractions (B9—B13).
Fraction B9 (568 mg) was purified by semipreparative RP 18 chro-
matography, eluting with 40% B, to give 2 (52.7 mg, 0.0105%). Fraction
B10 (219 mg) was purified by semipreparative RP 18 chromatography,
with a linear gradient (40 to 60% B) for 75 min, to give 15 (9.8 mg,
0.0020% dry weight), 16 (16.3 mg, 0.0033%), 17 (2.9 mg, 0.0006%),
and 2 (6.7 mg, 0.0013%). Fraction B12 (134 mg) was purified by
semipreparative RP 18 chromatography, with a linear gradient (50 to
75% B) for 40 min, to give 3 (6.1 mg, 0.0012%). Fraction B13 (222
mg) was purified by semipreparative RP 18 chromatography, with a
linear gradient (60 to 75% B) for 50 min, to give 18 (3.5 mg, 0.0007%).

The leaves (500 g) of D. cinerea were treated in a similar fashion
to yield MeOH (2.69 g) and hexanes (5.35 g) fractions. The MeOH
fraction was subjected to silica gel column chromatography (120 g,
3.5 x 23 cm) using a gradient of CH,Cl,—MeOH (100 to 85:15) for
90 min to give 180 fractions of 15 mL. The fractions were analyzed
by TLC on silica gel using the solvent mixture CHCl;—MeOH (90:
10) to obtain 10 fractions (L1—L10). Fraction L9 (90 mg) was purified
by semipreparative RP 18 chromatography, eluting with a linear gradient
(20 to 35% B) for 50 min, to give myricitrin 3-O-a-L-rhamnoside (1.6
mg, 0.0003%).

Dichrostachine A (1): yellow gum, [a]*p —51 (¢ 0.27, MeOH);
UV (MeOH) Anax (log €) 210 (4.16), 264 (4.06), 330 sh (3.47) nm; IR
Vax (film) 3435, 2928, 1710, 1651, 1609, 1574, 1165 cm™!; 'H NMR
(CDCl;, 500 MHz) 6 12.5 (OH-5"), 6.42 (1H, br s, H-8"), 6.30 (1H, br
s, H-6"), 6.17 (1H, s, H-3"), 5.81 (1H, s, H-3"), 5.26, 4.84 (each 1H, br
s, H-17), 5.24 (1H, br s, H-14), 3.81 (1H, t, J = 9 Hz, H-6"), 3.73
(3H, s, OMe), 3.23 (1H, m, H-7), 3.2 (1H, m, H-12), 3.18 (1H, d, J =
11 Hz, H-19), 2.94 (1H, d, J = 11 Hz, H-19), 2.62 (1H, m, H-15),
2.19 (1H, m, H-15), 1.9 (3H, br s, H-16), 0.67 (1H, d, J = 13 Hz,
H-5), 0.61 (3H, s, H-18), 0.58 (3H, s, H-20); 'H NMR (CD;0D, 500
MHz) 6 6.14 (1H, br s, H-8"), 6.12 (1H, br s, H-6"), 5.99 (1H, br s,
H-3%), 5.96 (1H, s, H-3"), 5.25 (2H, br s, H-14, H-17), 4.85 (1H, br s,
H-17), 3.84 (1H, t, J = 11 Hz, H-6"), 3.74 (3H, s, OMe), 3.39 (1H, m,
H-7), 3.09 (1H, dd, J = 6.5, 5 Hz, H-12), 3.00 (2H, m, H-19), 2.62
(1H, ddq, J = 18, 9, 1 Hz, H-15), 2.20 (1H, ddm, J = 18 Hz, H-15),
1.86 (3H, br s, H-16), 0.66 (3H, s, H-18), 0.59 (3H, s, H-20); '"H NMR
(CD;CN, 500 MHz) 6 12.44 (OH-5"), 6.23 (1H, br s, H-8"), 6.22 (1H,
br s, H-6"), 5.99 (1H, br s, H-3’), 5.84 (1H, s, H-3"), 5.23 (1H, m,
H-14), 5.17, 4.80 (each 1H, s, H-17), 3.80 (1H, t, J = 9 Hz, H-6"),
3.67 (3H, s, OMe), 3.25 (1H, dd, J = 10, 5 Hz, H-7), 3.05 (1H, dd, J
=17.5, 4.5 Hz, H-12), 2.99 (1H, d, J = 10 Hz, H-19), 2.82 (1H, d, J
= 10 Hz, H-19), 2.53 (1H, ddq, J = 18, 9, 1 Hz, H-15), 2.12 (1H, m,
H-15), 1.82 (3H, d, J = 1.5 Hz, H-16), 1.64 (1H, ddd, J = 12, 5.3,
2.3, Hz, H-6eq), 1.47 (1H, dt, J = 12, 3 Hz, H-leq), 1.11 (2H, m,
2H-3), 1.06 (1H, dd, J = 10, 3.3 Hz, H-9),), 0.96 (1H, q, J = 12 Hz,
H-6ax), 0.74 (1H, dd, J = 12, 2.5 Hz, H-5), 0.58 (3H, s, H-18), 0.53
(3H, s, H-20); '3C NMR, see Table 1; HRMS m/z 617.2761 (calcd for
C36H4109 617.2756); m/z 313.0349 (caled for C9HoO7 313.0354).

Dichrostachine B (2): white solid, [a]*’, —161 (¢ 0.12, MeOH);
UV (MeOH) Ay (log €) 212 (4.02), 262 (3.99), 330 (3.47) nm; IR
Vimax (film) 3390, 1715, 1650, 1614, 1354, 1021, 756 cm™!; 'H NMR
(CD;0D/CDCl3, 9:1, 500 MHz) 6 6.40 (1H, br s, H-8"), 6.26 (1H, d,
J = 1.4 Hz, H-6), 6.08 (1H, br s, H-3"), 5.99 (1H, s, H-3"), 5.31, 4.90
(each 1H, s, H-17), 5.29 (1H, br s, H-14), 3.91 (1H, t, J = 9 Hz, H-6"),
3.76 (3H, s, OMe), 3.73 (1H, m, H-2), 3.20 (1H, dd, J = 11, 5 Hz,
H-12), 3.17 (1H, d, J = 10 Hz, H-7), 2.61 (1H, dd, J = 19, 9 Hz,
H-15), 2.23 (1H, dd, J = 19, 8.8 Hz, H-15), 1.91 (3H, br s, H-16),
1.71 (1H, m, H-6eq), 1.03 (1H, q, J = 12 Hz, H-6ax), 0.74 (3H, s,
H-18), 0.68 (3H, s, H-19), 0.62 (3H, s, H-20), 0.18 (1H, d, / = 12 Hz,
H-5); 3C NMR, see Table 1; HRMS mi/z 617.2760 (calcd for CssH,1 09
617.2756).

Dichrostachine C (3): white gum, [0]*p —223 (¢ 0.17, MeOH);
UV (MeOH) A (log €) 210 (4.16), 258 (4.08), 325 sh (3.47) nm; IR
Vimax (film) 3395, 1715, 1655, 1603, 1190, 1170 cm™'; '"H NMR
(CD;0D, 500 MHz) 6 6.32 (1H, d, J = 2 Hz, H-8"), 6.25 (1H, d, J =
2 Hz, H-6"), 6.07 (1H, br s, H-3), 6.01 (1H, s, H-3"), 5.29 (1H, br s,
H-14), 5.28, 4.88 (each 1H, s, H-17), 3.87 (1H, t, J = 9 Hz, H-6"),
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3.76 (3H, s, OMe), 3.29 (1H, dd, J = 11, 5 Hz, H-7), 3.14 (1H, dd, J
=8, 2 Hz, H-12), 2.61 (1H, ddq, J = 19, 9, 1.5 Hz, H-15), 2.21 (1H,
dd, J = 19, 9 Hz, H-15), 1.89 (3H, d, J = 1.5 Hz, H-16), 1.75 (1H,
ddd, J =12, 5, 2.3 Hz, H-6eq), 1.07 (1H, q, J = 12 Hz, H-6ax), 0.71
(3H, s, H-18), 0.66 (3H, s, H-19), 0.58 (3H, s, H-20), 0.29 (1H, d, J =
12 Hz, H-5); *C NMR, see Table 1; HRMS m/z 601.2810 (calcd for
C36H4105 601.2807).

Dichrostachine D (4): white solid, [a]*’y —176 (¢ 0.225, MeOH/
CHCl3, 6:4); UV (MeOH) A,0x (log €) 210 (4.14), 274 (3.99), 326 (3.78)
nm; IR vy, (film) 3272, 1715, 1640, 1605, 1014 cm™'; '"H NMR
(CD;0D/CDCls, 9:1, 500 MHz) 6 6.33 (1H, s, H-3"), 6.23 (1H, d, J =
2.1 Hz, H-8"), 6.2 (1H, d, J = 2.1 Hz, H-6"), 5.86 (1H, s, H-3"), 5.25
(1H, dt, J = 5, 1.8 Hz, H-14), 5.23 (1H, d, J = 1.5 Hz, H-17), 4.83
(1H, s, H-17), 4.4 (1H, dd, J = 11.5, 5.2 Hz, H-7), 3.81 (1H, dd, J =
10.5, 6.5 Hz, H-6"), 3.76 (3H, s, OMe), 3.57 (1H, tt, J = 11.5, 4 Hz,
H-2), 3.46 (1H, dd, J = 10, 2.3 Hz, H-12), 2.78 (1H, ddq, J = 19,
10.5, 2 Hz, H-15), 2.14 (1H, dt, J = 19, 7 Hz, H-15), 1.93 (1H, ddd,
J=12,5.1,2.5 Hz, H-6eq), 1.9 (1H, dd, J = 14.4, 10 Hz, H-11), 1.85
(1H, dd, J = 13, 2.7 Hz, H-5), 1.82 (3H, br s, H-16), 1.69 (1H, dd, J
= 14.4, 2.5 Hz, H-11), 1.61 (1H, dd, J = 12.5, 2.4 Hz, H-3), 1.27
(ddd, J = 11.3, 3, 1.5 Hz, H-1leq), 1.11 (1H, t, J = 11.5 Hz, H-1ax),
1.06 (1H, t, J = 12 Hz, H-6ax), 1.02 (1H, t, J = 12 Hz, H-3ax), 0.92
(3H, s, H-19), 0.77 (3H, s, H-18), 0.65 (3H, s, H-20); '*C NMR, see
Table 1; HRMS 633.2698 m/z (calcd for C3sHy;019 633.2705).

Dichrostachine E (5): yellow gum, [a]*’, —154 (c 0.083, MeOH);
UV (MeOH) Ayx (log €) 208 (3.93), 256 (3.6), 330 sh (3) nm; IR vy
(film) 3285, 1718, 1650 cm™!; '"H NMR (CD;0D/CDCls, 9:1, 500 MHz)
d 6.31 (1H, br s, H-8), 6.26 (1H, br s, H-6"), 6.11 (1H, s, H-3"), 5.97
(1H, s, H-3"), 527 (2H, br s, H-14, H-17), 4.8 (1H, s, H-17), 3.86
(1H, t, J = 8.8 Hz, H-6"), 3.76 (3H, s, OMe), 3.41 (1H, dd, J = 12,
6 Hz, H-7), 3.14 (1H, t, / = 6 Hz, H-12), 2.63 (1H, brdd, J = 18, 8.5
Hz, H-15), 2.23 (1H, br d, J = 19 Hz, H-15), 1.88 (3H, br s, H-16),
1.60 (2H, t, J = 6 Hz, H-11), 0.99 (3H, s, H-18), 0.59 (3H, s, H-20);
13C NMR, see Table 1; HRMS 631.2544 m/z (calcd for C3sH30010
631.2549).

Dichrostachine F (6): white, amorphous solid, [a]*’y —175 (¢ 0.008,
MeOH); UV (MeOH) /ey (log €) 210 (3.84), 250 (3.54) nm; IR Vi
(film) 3378, 1640 cm™'; '"H NMR (CD;0D, 500 MHz) ¢ 6.37 (1H, br
d, J = 1.8 Hz, H-8"), 6.25 (1H, s, H-3"), 6.21 (1H, br d, J = 1.8 Hz,
H-6"), 5.99 (1H, s, H-3"), 5.36 (1H, br s, W,,, = 6 Hz, H-14), 3.87
(1H, dd, J = 10, 8 Hz, H-6"), 3.77 (3H, s, OMe), 3.7 (1H, m, H-2),
3.52 (1H, dd, J = 12, 3 Hz, H-12), 2.76 (1H, ddq, J = 19, 10, 2 Hz,
H-15), 2.15 (1H, br d, J = 19 Hz, H-15), 2.01 (3H, br s, H-16), 1.79
(1H, dt, J = 13, 3 Hz, H-7), 1.47 (1H, d, J = 5.5 Hz, H-9), 1.01 (3H,
s, H-17), 0.92 (3H, s, H-19), 0.87 (1H, d, J/ = 10.5 Hz, H-5), 0.8 (3H,
s, H-18), 0.6 (3H, s, H-20); '*C NMR, see Table 1; HRMS 619.2900
m/z (caled for C36Hs309 619.2913).

Dichrostachine G (7): white solid, [a]*’p —87 (¢ 0.108, MeOH);
UV (MeOH) ey (log €) 212 (4.29), 256 (4.24) nm; IR Vg, (film)
3394, 1715, 1650, 1607, 1021 cm™'; 'H NMR (CD;0D, 500 MHz) 6
639 (1H, d, J = 1.8 Hz, H-8'), 6.29 (1H, s, H-3"), 6.22 (1H, d, J = 1.8
Hz, H-6"), 5.98 (1H, s, H-3"), 5.31 (1H, br s, H-14), 3.85 (1H, dd, J =
10.5, 6.5 Hz, H-6"), 3.78 (3H, s, OMe), 3.71 (1H, dd, J = 8, 2 Hz,
H-12), 3.66 (1H, m, H-2), 2.85 (1H, m, H-15), 2.13 (1H, br d, J = 18
Hz, H-15), 2.01 (3H, br s, H-16), 1.96 (1H, m, H-1), 1.87 (1H, dd, J
=15.2,9.5 Hz, H-11), 1.77 (1H, dd, J = 15.2, 2 Hz, H-11), 1.68 (4H,
m, H-1, H-3, H 5, H-7), 1.52 (1H, br d, J = 12 Hz, H-6eq), 1.46 (1H,
dt, J = 12, 2 Hz, H-7eq), 1.21 (3H, s, H-17), 1.08 (1H, t, / = 12 Hz,
H-3ax), 0.92 (3H, s, H-19), 0.79 (3H, s, H-18), 0.68 (3H, s, H-20); 13C
NMR, see Table 1; HRMS m/z 635.2865 (calcd for CicHy301g
635.2862).

Dichrostachine H (8): yellow oil, [a]*p —125 (c 0.175, MeOH);
UV (MeOH) A (log €) 210 (4.2), 258 (4.11), 330 sh (3.6) nm; IR
Vmax (film) 3275, 1715, 1652, 1605, 1017 cm™'; 'H NMR (CDCl;, 500
MHz) 8 8.81 (1H, s, H-19), 6.4 (1H, br s, H-8"), 6.36 (1H, br s, H-6"),
6.18 (1H, s, H-3), 5.83 (1H, 5, H-3"), 5.29 (1H, br s, H-17), 5.26 (1H,
brs, H-14), 4.87 (1H, s, H-17), 3.79 (1H, m, H-6"), 3.75 (3H, s, OMe),
3.21 (2H, m, H-12, H-7), 2.62 (1H, dd, J/ = 19, 10 Hz, H-15), 2.2 (1H,
m, H-15), 1.9 (3H, br s, H-16), 1.15 (4H, m, H-3, H-6), 0.89 (3H, s,
H-18), 0.59 (3H, s, H-20); '3C NMR, see Table 1; HRMS m/z 615.2607
(calcd for C36H3909 6152600)

Dichrostachine I (9): yellow oil, [0]*p —144 (¢ 0.167, MeOH);
UV (MeOH) A, (log €) 212 (4.28), 256 (4.16), 330 sh (3.48) nm; IR
Vmax (film) 3283, 1650 cm™! (broadband); '"H NMR (CD;OD/CDCl;,
9:1, 500 MHz) 6 6.26 (1H, d, J = 2.1 Hz, H-8'), 6.22 (1H, d, J = 2.1
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Hz, H-6"), 6.15 (1H, s, H-3"), 5.86 (1H, s, H-3"), 5.84 (1H, d, J =2
Hz, H-17), 5.28 (1H, m, H-14), 5.25 (1H, br d, J = 2 Hz, H-17), 3.75
(1H, t, J = 9 Hz, H-6"), 3.74 (3H, s, OMe), 3.12 (1H, d, J = 11 Hz,
H-19), 3.06 (1H, dd, J = 8, 5 Hz, H-12), 2.93 (1H, d, J = 11 Hz,
H-19), 2.68 (1H, ddq, J = 19, 10, 2 Hz, H-15), 2.37 (1H, dd, J =
17.5, 4.5 Hz, H-6), 2.22 (1H, m, H-15), 2.17 (1H, dd, J = 17.5, 14 Hz,
H-6), 1.92 (1H, m, H-9), 1.79 (3H, br s, H-16), 1.62 (1H, ddd, J = 15,
5, 2 Hz, H-11), 1.55 (1H, dd, J = 13.5, 4.5 Hz, H-5), 1.45 (1H, dt, J
=15, 8 Hz, H-11), 0.68 (3H, s, H-18), 0.65 (3H, s, H-20); '3C NMR,
see Table 2; HRMS m/z 615.2597 (calcd for C3H3909 615.2600).

Dichrostachine J (10): white solid, [a]*°p, —178 (¢ 0.125, MeOH);
UV (MeOH) Ay (log €) 210 (4.19), 258 (4.09), 330 sh (3.48) nm; IR
Vana (film) 3288, 1650 cm~"; "H NMR (CDCls, 500 MHz) 6 6.38 (1H,
br s, H-8), 6.33 (1H, br s, H-6"), 6.23 (1H, s, H-3"), 5.90 (1H, d, J =
1.5 Hz, H-17), 5.83 (1H, s, H-3"), 5.32 (1H, m, H-14), 5.3 (1H, br s,
H-17), 3.82 (2H, m, H-6", H-2), 3.75 (3H, s, OMe), 3.21 (1H, t, J =
6 Hz, H-12), 2.68 (1H, m, H-15), 2.37 (1H, dd, J = 17.5, 4.6 Hz,
H-6), 2.21 (1H, m, H-15), 2.11 (1H, m, H-6), 1.9 (3H, br s, H-16),
1.62 (1H, m, H-9), 0.82 (1H, m, H-5), 0.8 (3H, s, H-18), 0.77 (3H, s,
H-19), 0.7 (3H, s, H-20); '3C NMR, see Table 2; HRMS m/z 615.2584
(calcd for C36H3909 6152600)

Dichrostachine K (11): white gum, [0]*’, —76 (c 0.05, MeOH);
UV (MeOH) Anay (log €) 208 (3.87), 250 (3.6) nm; IR ¥pney (film) 3400,
1715, 1645, 1605 cm™'; 'TH NMR (CD;0D/CDCl;, 9:1, 500 MHz) 6
6.28 (1H, s, H-3"), 6.27 (1H, br s, H-8"), 6.21 (1H, d, J = 2 Hz, H-6"),
5.94 (1H, s, H-3"), 5.62 (1H, br s, H-17), 5.3 (1H, br s, H-17), 5.29
(1H, m, H-14), 3.83 (1H, dd, J = 10, 7.5 Hz, H-6"), 3.76 (3H, s, OMe),
3.50 (1H, dd, J = 9, 3 Hz, H-12), 2.76 (1H, m, H-15), 2.45 (1H, dd,
J =15, 2.5 Hz, H-6), 2.18 (1H, m, H-15), 2.17 (1H, m, H-6), 1.77
(3H, br s, H-16), 0.84 (3H, s, H-19) 0.82 (3H, s, H-18), 0.77 (3H, s,
H-20); '*C NMR, see Table 2; HRMS m/z 615.2602 (calcd for C3sH3000
615.2600).

Dichrostachine L (12): white gum, [a]*’, —181 (c 0.108, MeOH);
UV (MeOH) A, (log €) 212 (4.32), 256 (4.23), 330 sh (3.7) nm; IR
Vmax (film) 3335, 1650, 1605 cm™'; '"H NMR (CDCls, 500 MHz) 6
6.21 (1H, d, J = 2.1 Hz, H-6"), 6.15 (1H, s, H-3"), 6.14 (1H, d, J = 2.1
Hz, H-8"), 5.76 (1H, m, H-17), 5.72 (1H, s, H-3"), 5.23 (1H, m, H-14),
521 (1H, br s, H-17), 3.68 (3H, s, OMe), 3.61 (1H, t, J = 8.9 Hz,
H-6"), 3.13 (1H, dd, J = 8, 4.5 Hz, H-12), 2.57 (1H, ddg, J = 19, 9,
2 Hz, H-15), 2.21 (1H, dd, J = 18, 4.5 Hz, H-6), 2.14 (1H, m, H-15),
2.02 (1H, m, H-6), 1.82 (3H, br s, H-16), 0.66 (3H, s, H-18) 0.63 (3H,
s, H-19), 0.56 (3H, s, H-20); '3C NMR, see Table 2; HRMS m/z
599.2641 (calced for C3H3905 599.2650).

Dichrostachine M (13): white solid, [a]*’p, —163 (c 0.142, MeOH);
UV (MeOH) Ay (log €) 210 (4.27), 254 (4.16), 330 sh (3.54) nm; IR
Vmax (film) 3380, 1716, 1655, 1604, 1162 cm™'; '"H NMR (CDCl;, 500
MHz) & 12.26 (1H, s, OH), 6.31 (2H, s, H-6", H-8"), 6.21 (1H, s, H-3"),
5.81 (1H, m, H-17), 5.78 (1H, s, H-3"), 5.26 (1H, m, H-14), 5.20 (1H,
brs, H-17), 3.86 (3H, 5, 7'-OMe), 3.72 (3H, s, 4”-OMe), 3.71 (1H, m,
H-6"), 3.15 (1H, t, J = 6.4 Hz, H-12), 2.64 (1H, ddq, J = 19, 8, 1.6
Hz, H-15), 2.28 (1H, dd, J = 18, 4.5 Hz, H-6), 2.19 (1H, m, H-15),
2.08 (1H, dd, J = 18, 14 Hz, H-6), 1.84 (3H, br s, H-16), 0.71 (3H, s,
H-18), 0.68 (3H, s, H-19), 0.59 (3H, s, H-20); (CD;0OD/CDCl;, 9:1,
500 MHz) 0 6.38 (1H, d, J = 2.2 Hz, H-8"), 6.32 (1H, d, J/ = 2.2 Hz,
H-6"), 6.2 (1H, s, H-3"), 5.87 (1H, s, H-3"), 579 (IH, br d, J = 1.7
Hz, H-17), 5.29 (1H, m, H-14), 5.26 (1H, br d, J = 1.7 Hz, H-17),
3.87 (3H, s, 7-OMe), 3.75 (1H, m, H-6"), 3.74 (3H, s, 4-OMe), 3.15
(1H, t, J = 6.5 Hz, H-12), 2.66 (1H, ddq, J = 19, 8, 1.6 Hz, H-15),
225 (1H, dd, J = 17.7, 45 Hz, H-6), 2.2 (1H, m, H-15), 2.11 (1H, dd,
J=17.5, 14 Hz, H-6), 1.83 (3H, br s, H-16), 0.72 (3H, s, H-19), 0.68
(3H, s, H-18), 0.63 (3H, s, H-20); '3C NMR, see Table 2; HRMS m/z
637.2761 (calcd for C37H4,OgNa 637.2772).

Dichrostachine N (14): white solid, [0.]*’, —375 (¢ 0.008, MeOH);
UV (MeOH) Apex (log €) 210 (3.74), 250 sh (3.47), 300 sh (3.3) nm;
IR vpa (film) 3400, 1647, 1600 cm™'; '"H NMR (CD;OD/CDCl3, 9:1,
500 MHz) 6 6.39 (1H, d, J = 2.2 Hz, H-8), 6.33 (1H, s, H-3), 6.31
(1H, d, J = 2.2 Hz, H-6'), 5.89 (1H, s, H-3"), 5.62 (1H, br s, H-17),
5.32 (1H, br s, H-17), 5.30 (1H, m, H-14), 3.86 (3H, s, 7"-OMe), 3.76
(3H, s, 4-OMe), 3.80 (1H, m, H-6"), 3.62 (1H, m, H-2), 3.49 (1H, dd,
J=9,2Hz, H-12),2.74 (1H, ddq, J = 19, 8, 1.6 Hz, H-15), 2.45 (1H,
dd, J = 16, 3 Hz, H-6), 2.19 (1H, m, H-15), 2.14 (1H, dd, J = 18, 14
Hz, H-6), 1.78 (3H, br s, H-16), 0.88 (3H, s, H-19), 0.85 (3H, s, H-18),
0.80 (3H, s, H-20); '3C NMR, see Table 2; HRMS m/z 645.2693 (calcd
for C37H4,049 645.2705).
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Dichrostachine O (15): yellow oil, [a]*’y —146 (c 0.15, MeOH);
UV (MeOH) Ay (log €) 208 (4.05), 225 sh (3.95), 256 (3.9), 330
(3.34) nm; IR vy, (film) 3365, 1730, 1660, 1603, 1153, 1025, 764
cm™!; 'TH NMR (CD;OD/CDCl3, 9;1, 500 MHz) 6 6.5 (1H, d, J =2
Hz, H-8), 6.3 (1H, d, J = 2 Hz, H-6), 6.1 (1H, s, H-3"), 5.34 (1H, d,
J = 1.1 Hz, H-3"), 5.23 (2H, m, H-14, H-17), 498 (1H, br d, J = 4
Hz, H-5"), 4.82 (1H, br s, H-17), 3.75 (3H, s, OMe), 3.53 (1H, dt, J =
4.6, 8.3 Hz, H-6"), 3.28 (1H, dd, J = 11, 5.3 Hz, H-7), 3.11 (1H, br
d, J = 9.4 Hz, H-12), 2.46 (1H, m, H-15), 2.11 (1H, m, H-15), 1.8
(3H, br s, H-16), 0.79 (1H, d, J = 12 Hz, H-9), 0.69 (3H, s, H-18),
0.62 (3H, s, H-19), 0.56 (3H, s, H-20), 0.17 (1H, dd, J = 13, 2 Hz,
H-5); 3C NMR, see Table 2; HRMS 603.2962 m/z (calcd for CssH,305
603.2963).

Dichrostachine P (16): yellow oil, [a]*p 6 (¢ 0.05, MeOH); UV
(MeOH) A (log €) 210 (4.16), 225 sh (4.04), 254 (3.96), 330 (3.54)
nm; IR vy, (film) 3370, 1685, 1655, 1614, 1168, 758 cm™!; 'H NMR
(CD;0D, 500 MHz) d 6.89 (1H, dd, J = 10, 2.2 Hz, H-2"), 6.48 (1H,
d, J =2 Hz, H-8'), 6.3 (1H, br s, H-3"), 6.29 (1H, d, J = 2 Hz, H-6'),
5.98 (1H, d, J = 10 Hz, H-3”), 5.42 (1H, m, H-14), 5.22 (1H, br s,
H-17), 4.81 (1H, br s, H-17), 4.59 (1H, br s, H-5"), 3.37 (1H, m, H-6"),
3.28 (1H, dd, J = 11, 5 Hz, H-7), 2.62 (1H, d, J = 7 Hz, H-12), 2.53
(1H, ddq, J = 19.7, 8.8, 2 Hz, H-15), 1.89 (3H, br s, H-16), 0.72 (3H,
s, H-18), 0.69 (3H, s, H-19), 0.58 (3H, s, H-20), 0.35 (1H, br d, J =
11.7 Hz, H-5); 3C NMR, see Table 2; HRMS 573.2840 m/z (calcd for
C35Hy,07 573.2840).

Dichrostachine Q (17): white gum, [a]*’p +156 (¢ 0.212, MeOH);
UV (MeOH) Ay (log €) 210 (4.24), 252 (4.29), 300 (3.71), 330 sh
(3.65) nm; IR vy, (film) 3375, 1644, 1603 cm™'; 'TH NMR (CDCl;,
CD;0D, 500 MHz) 6 6.25 (1H, d, J = 2.1 Hz, H-8'), 6.21 (1H, d, J =
2.1 Hz, H-6"), 6.00 (1H, s, H-3"), 5.81 (1H, s, H-3"), 5.47 (1H, br s,
H-14), 5.41 (1H, br s, H-17), 4.50 (1H, br s, H-17), 4.37 (1H, dd, 10.3,
1 Hz, H-11), 3.91 (3H, s, OMe), 3.90 (1H, m, H-7), 3.22 (1H, br s,
H-6"), 2.89 (1H, d, J = 6.9 Hz, H-12), 2.84 (1H, br d, J = 19.5 Hz,
H-15), 2.3 (1H, br d, J = 13 Hz, H-3), 2.11 (1H, dd, / = 9, 5 Hz,
H-6), 1.91 (1H, d, J = 10.5 Hz, H-9), 1.74 (3H, br s, H-16), 0.91 (3H,
s, H-19), 0.82 (3H, s, H-18), 0.78 (3H, s, H-20); '3C NMR, see Table
2; HRMS m/z 617.2724 (caled for C36Hq 09 617.2556).

Dichrostachine R (18): yellow oil, [a]*p, —78 (¢ 0.05, MeOH);
UV (MeOH) Ay (log €) 206 (3.98), 275 sh (3.3) nm; IR vy, (film)
3420, 1730, 1458, 1273, 1123, 1071 cm™'; '"H NMR (CD;0D, 500
MHz) 6 7.34 (IH, d, J = 8.3 Hz, H-3”), 6.79 (1H, d, J = 8.3 Hz,
H-4"), 6.42 (1H, d, J = 1.8 Hz, H-8'), 6.2 (1H, d, J = 1.8 Hz, H-6"),
4.9 (1H, s, H-17), 4.89 (1H, t, J = 7 Hz, H-12), 4.28 (1H, br s, H-17),
3.76 (2H, m, H-7, H-14), 3.45 (1H, d, J = 16.5 Hz, H-15), 2.7 (1H,
dd, J = 16.5, 7.5 Hz, H-15), 1.69 (3H, s, H-16), 1.07 (1H, dd, J =
12.5, 2 Hz, H-5), 0.88 (3H, s, H-19), 0.8 (3H, s, H-18), 0.62 (3H, s,
H-20); 3C NMR, see Table 2; HRMS m/z 571.2695 (calcd for C3sH350;
571.2701).

Compound 19: yellow oil, UV A, 234 nm; 'H NMR (CDCls, 500
MHz) 6 6.27 (1H, dd, J = 17.5, 11 Hz, H-14), 5.66 (1H, t, J = 4 Hz,
H-12),5.13 (1H, d, J = 17.5 Hz, H-15), 4.95 (1H, d, J = 11 Hz, H-15),
3.49 (1H, d, J = 11 Hz, H-19), 3.19 (1H, d, J = 11 Hz, H-17), 2.16
(1H, ddd, J = 20, 7.5, 4 Hz H-11), 1.99 (1H, ddd, J = 20, 9.5, 3 Hz
H-11), 1.26 (1H, dd, J = 10, 2.3 Hz, H-5), 0.97 (3H, d, J = 7 Hz,
H-16), 0.89 (3H, s, H-20), 0.86 (3H, s, H-18); '3*C NMR (CDCls, 75
MHz) 6 142 (C, C-13), 138.6 (CH, C-14), 128.6 (CH, C-12), 109.4
(CH,, C-15), 72.2 (CH,, C-19), 48.3 (CH, C-5), 44 (CH, C-9), 38.7
(CH,, C-1), 38 (C, C-4), 36.5 (C, C-10), 35.3 (CH,, C-3), 35 (CH,
C-8),32 (CH, C-17), 30.7 (CH,, C-7), 25.2 (CH,, C-11), 21.3 (CH,,
C-6), 17.9 (CH;, C-18), 17.8 (CH,, C-2), 14.5 (CH3, C-16), 14.4 (CH3,
C-20).

Compound 22. To a CH,Cl, solution of Corey’s reagent (440 uL;
0.04 mmol) maintained at —78 °C under an argon atmosphere were
sequentially added flavoquinone 21 (34 mg; 0.1 mmol) and methyl
communate (32 mg; 0.1 mmol) dissolved in 1 mL of CH,Cl,. The
temperature was maintained for 1 h, and the reaction medium was
progressively warmed to room temperature and stirred for three days.
The solvent was evaporated and the residue filtered twice on a silica
gel plug. Compound 22 (29 mg, 23%) was obtained as a reddish
powder: IR vy, (film) 2935, 1718, 1635, 1448, 1392, 1340, 1222, 1188,
1159, 888 cm™!; 'H NMR (CDCl;, 500 MHz) 6 6.56 (1H, d, J = 2.3
Hz, H-8), 6.32 (1H, d, J = 2.3 Hz, H-6), 5.96 (1H, s, H-3"), 5.42
(1H, s, H-3"), 5.12 (1H, m, H-14), 4.85 (1H, br s, H-17), 4.59 (1H, br
s, H-17), 3.93 (3H, s, 5’- or 7"-OMe), 3.90 (6H, s, 5’- or 7"-OMe and
4”-OMe), 3.6 (3H, s, 19-OMe), 3.41 (1H, t, J = 5.8 Hz, H-12), 3.26
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(1H, dq, J = 21, 1.5 Hz, H-15), 2.86 (1H, br d, J = 21 Hz, H-15),
242 (1H, br d, J = 11.6 Hz, H-7), 1.75 (3H, br s, H-16), 1.18 (3H, s,
H-18), 0.4 (3H, s, H-20); '3C NMR, see Table 2; HRMS m/z 657.3074
(calcd for C39Hys09 657.3069).

Compound 23. To a solution of flavoquinone 21 (34 mg; 0.1 mmol)
in 1 mL of CH,Cl, was added methyl communate (32 mg; 0.1 mmol;
1 equiv) in 1 mL of CH,Cl,. The reaction was followed by HPLC, and
after 48 h of stirring at room temperature, the solvent was evaporated
to give 23 as a red-orange powder, which was not further purified: IR
Vmax (film) 2936, 1718, 1646, 1603, 1456, 1388, 1330, 1219, 1156,
1104, 824, 731 cm™!; 'H NMR (CDCl3, 500 MHz) 6 6.35 (1H, d, J =
2.4 Hz, H-8), 6.33 (1H, d, J = 2.4 Hz, H-6), 6.11 (1H, s, H-3"), 6.1
(1H, s, H-3"), 5.23 (1H, m, H-14), 4.86 (1H, br s, H-17), 4.49 (1H, br
s, H-17), 3.92 and 3.87 (2 x 3H, s, 5’- and 7"-OMe), 3.86 (3H, s, 4”’-
OMe), 3.76 (1H, dd, J = 8.8, 2.2 Hz, H-6"), 3.59 (3H, s, 19-OMe),
3.03 (1H, br d, J = 19 Hz, H-15), 2.85 (1H, t, J = 6.5 Hz, H-12), 2.01
(1H, m, H-15), 1.81 (3H, br s, H-16), 1.14 (3H, s, H-18), 0.37 (3H, s,
H-20); C NMR, see Table 2; HRMS m/z 681.3042 (calcd for
C39H46N3.09 6813034)

Molecular Modeling Calculations. Molecular modeling calculations
were performed on a Dell P490 station with an Intel Xeon X5355 (2.66
GHz to 1333 MHz) Quad Core processor. All the possible stereoisomers
were built using the Sybyl software builder module version 8.03 from
TRIPOS Inc. Molecular mechanic and dynamics calculations were
performed using the Sybyl software advance computation module
version 8.03 from TRIPOS Inc. The eight possible stereoisomers of
22 and 23 (Figure 1) were subjected to conformational search using
the quenched molecular dynamics procedure, with atomic potentials
assigned by the Tripos force field and Gasteiger—Hiickel charges. In
this procedure the molecules were heated to a set temperature (1000
K) for a dynamics run and then “cooked” at this temperature for 100.000
fs. Along the trajectory, the molecular conformations were saved at
regular intervals of 50 fs. The set of conformations (2000) represented
the possible conformations at the set temperature, assuming that the
dynamics was performed long enough to sample the entire range of
conformations. The resulting structures were subjected to energy
minimization until the energy gradient was lower than 0.001 kcal/
mol-A. Each conformation was “quenched”; that is, the conformation
was minimized to the nearest local minimum energy. The ensemble of
obtained geometries were ranked on the basis of their conformational
energy values and grouped into families according to the rms value of
superimposition between all heavy atoms. The lowest energy conforma-
tion of each stereoisomer was subsequently analyzed in the light of
NMR spectra.

Protein Farnesyl Transferase Assay. The assay was carried out
as described.?! In 96-well microplates and in a final volume of 50 uL,
the dichrostachines and SCH-66336 were added to a solution of 50
mM Tris/HCI pH = 7.5, 5 mM MgCl,, 5 mM DTT, 0.1 mM ZnCl,,
0.2% octyl-f-D-glucopyranoside, 10 uM GCVLS-dansyl substrate
(Calbiochem, Darmstadt, Germany), and 10 uM farnesyl pyrophosphate
(Sigma, St Louis, MO). The reaction was initiated by addition of 10
nM rat PFTase (Jena Biosciences, Jena, Germany). Stock solutions of
the natural products were prepared in 100% DMSO at a 10 mM final
concentration and diluted in assay buffer to final concentrations ranging
from 0.3 nM to 100 uM. Each compound was tested in triplicate and
final DMSO % fixed to 1%. Reactions were incubated 30 min at 37
°C, and the fluorescence was read on a NOVOstar (BMG Labtech-
nologies, Offenburg, Germany) plate reader at 340 nm excitation and
505 nm emission. ICsy’s were determined by using the sigmoidal
dose—response calculation of the GraphPad Prism software.

Antiproliferative Assay. The metastatic melanoma WM 266-4 cell
line was purchased from the ATCC. A total of 5000 cells were seeded
per well in 96-well microplates and incubated in RPMI (Lonza) culture
medium containing 10% fetal bovine serum (Sigma), 50 ug/mL
streptomycin, and 50 U/mL penicillin, during 72 h. Each compound
was tested in triplicate and final DMSO % fixed to 1%. The
antiproliferative activity was measured using the ATP Lite assay
(Perkin-Elmer). The luminescent signal was read on an Envision
multimode reader (Perkin-Elmer), and ICsy’s were determined by using
the sigmoidal dose—response calculation of the GraphPad Prism
software.
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