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The complex structures of terpenes have been stimulating
the creativity of chemists for decades™ and many powerful
synthetic approaches addressing these challenges have been
developed. Taiwaniaquinoids are rearranged diterpenoids
either featuring a CHO group at unusual positions, such as
in 1 or 2, or have undergone loss of one carbon to represent
C,, nor-diterpenoids (e.g., 3 and 4).! Their interesting struc-
ture combined with significant bioactivity (such as aroma-
tase inhibition or cytotoxicity to human oral epidermoid car-
cinoma KB cells) prompted the syntheses of several mem-
bers of this family.”! All synthetic strategies reported so far
rely on ring-formation approaches for the buildup of the un-
usual 6-5-6 ring system. As the biogenesis of these com-
pounds has not yet been investigated, we became interested
in their possible biosynthesis. Herein, we present a hypothe-
sis for the biosynthesis of the C,y tawaniaquinoids and evalu-
ate this proposal in the chemical laboratory by a protecting-
group-free total synthesis™ of (—)-taiwaniaquinone H (4)
from abietane.

Two biosynthetic proposals have been set forth in the con-
text of the formation of the rearranged C,, diterpenes 17
and 2.% However, both hypotheses did not account for the
loss of a carbon atom as required for the formation of the
Cyy nor-diterpenes, such as dichronanone, 3, 4, and taiwania-
quinone G.

Therefore, the formation of these C,y compounds can be
rationalized by the sequence shown in Scheme 1. The start-
ing point would be a suitably oxidized precursor (such as 5)
of ferruginol or abietane, of which similar compounds have
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Scheme 1. Formation of the 6-5-6 taiwaniaquinoid skeleton by benzilic
acid rearrangement and decarboxylation.

been isolated from natural sources.”! Then, a benzilic acid
rearrangement involving an internal nucleophile mediated
by base could result in the 3-oxetanone 6. This postulated
structure of 6 is supported by over 20 steroid derivatives
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featuring a 3-oxetanone in the B ring.[”! Alternatively, inter-
nal attack of the nucleophile on the other keto group or ex-
ternal, intermolecular processes are also feasible. The 3-oxe-
tanone 6 could then undergo a benzilic acid rearrangement
with migration of the aryl group resulting in the lactone 7.
This compound would then decarboxylate and the resulting
enolate, after protonation, would give rise to the hydrofluor-
enone 8 featuring the desired 6-5-6 ring system of the taiwa-
niaquinoids.

Further support for this hypothesis stems from decades of
research on the biosynthesis of gibberellins,” in which ring
contractions of suitably oxidized precursors enable the
transformation of the kaurene into the gibberellane skele-
ton. To evaluate the feasibility of this biogenetic proposal
outlined above in the chemical laboratory, we embarked on
the total synthesis of 4 through the sequence outlined in
Scheme 2.

O AD-mix(p)
“ K,0s0,4/2H,0

BuOH, H,O, RT

9:R=H 11: R=H(90% )
10: R = OMe 12: R=0Me (91% )
LHMDS, THF
15> 0°C
R
NaBH,, MeOH
0°C —™RT
H oH H o
15 (82%) 13: R=H (65%)
(X-ray) 14: R = OMe (6%)

1. i) nBuLi, TMEDA,
hexane, 75 °C
ii) B(OMe),, H,O,
AcOH, 0 °C — RT
2. HCI, CHCl;, RT

1.Frémy's salt,
acetone, RT, (o) OMe
phosphate
O buffer (pH 7)
‘ OH 2.Bry AcOH, RT o)
3. NaOMe, MeOH,

16 64%) RT 4 (63% over 3 steps)

Scheme 2. Total synthesis of 4. LHMDS =lithium hexamethyldisilazide,
TMEDA = N,N,N',N'-tetramethylethylenediamine.

The starting material 9 can be obtained from commercial-
ly available methyl dehydroabiate in five steps according to
literature procedures.*™ The hydroxydiketone functionality
of the key intermediates 11 and 12 was installed in a single
step from the known! 6,7-dehydroabietatrienes 9 and 10,
respectively, through a Sharpless asymmetric dihydroxyla-
tion reaction®” (Scheme 2). The hydroxydiketones 11 (90 %)
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and 12 (91%) were thus obtained in very good yields and
with excellent diastereoselectivities. The relative configura-
tion of 11 was confirmed by X-ray crystallography (see
Figure 1)."”! The ring contraction of the hydroxydiketone as

Figure 1. X-ray crystal structures of 11 and 15.

a key step of the postulated biogenesis was evaluated next
and several conditions for this ring contraction have been
evaluated (Table 1). While organic bases such as DBU re-

Table 1. Bases evaluated in the ring contraction of compound 11.1

Entry Base Temperature [°C] Yield [%]®

1 DBUM RT no reaction

2 CaOl! RT trace

3 NaH RT 20

4 NaH 0 30

5 LHMDS RT 42

6 LHMDS —15t0 0 65

7 NaOMel! RT complex mixture
8 Ti(OiPr), RT no reaction

[a] Reaction conditions: 1.2 equiv base in THF at 0.01M concentration.
[b] Yield of isolated product. [c] DBU=1,5-diazabicyclo[5.4.0]lundec-5-
ene. [d] Reaction was carried out in MeOH. [e] A solution of 0.5m
NaOMe in MeOH was used and the reaction was carried out in THFE.

sulted in no conversion, CaO affected product formation in
trace amounts. Significantly, NaH at room temperature re-
sulted in 20 % yield of ketone 13, which could be improved
by lowering the temperature to 0°C (Table 1, entry 4). In-
creased yields were obtained by using LHMDS (Table 1, en-
tries 5 and 6), and treatment of the hydroxydione 11 with
LHMDS gave the hydrofluorene derivative 13 in good yield
which could be improved to 65% by lowering the tempera-
ture (Table 1, entry 6). Other bases such as NaOMe or
Lewis acids did not initiate this process.
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We rationalize the formation of this compound through
an internal-nucleophile-induced intramolecular benzilic acid
type rearrangement followed by decarboxylation in analogy
to the biosynthetic proposal outlined in Scheme 1. As ex-
pected, conversion of the electron-rich hydroxydione 12,
when treated under the same conditions, resulted in much
lower yield, which is in line with the decreased electrophilic-
ity of the benzylic keto group. This difference, based on
electronic structure, offers further support to our mechanis-
tic proposal for the ring contraction through an 3-oxetanone
intermediate (see Scheme 1).

By securing the required carbon skeleton for the Cy, tai-
waniaquinoids, the stage was ready for the oxidation of the
aromatic ring of ketone 13. To that end, various methods
have been attempted in vain. Finally, to facilitate the aro-
matic oxidation, we decided to use the hydroxy group of
benzylic alcohol 15, which was obtained from the ketone 13
through a NaBH,-mediated diastereoselective reduction
(82%). The relative configuration of 15 was confirmed by
single-crystal X-ray diffraction analysis (Figure 1).1% Ac-
cordingly, a one-pot sequence of hydroxy-group-directed
ortho lithiation of the benzylic alcohol 15 following a
method developed by Seebach and Meyer,"? subsequent
borylation of the aryl lithium compound and oxidation of
the corresponding aryl boronate gave the hydroxylated
phenol derivative. A straightforward dehydration under
acidic conditions then readily resulted in the dehydrated
phenol 16 in 64% yield over two steps (Scheme 2). This
phenol 16 was then cleanly oxidized using Frémy’s salt to
the corresponding p-quinone. Electrophilic bromination of
the quinone followed by substitution with a methoxy group
gave 4 in 63 % yield over three steps (from 16). The analyti-
cal data obtained for 4 are in agreement with the litera-
ture.”**¢%1 However, the value of the optical rotation mea-
sured ([a]5 =-95.7 (c 0.21, CHCL;)) was higher than that of
reported values.['”

In conclusion, we have presented a biogenetic hypothesis
for the transformation of an abietane-type diterpene into
the 6-5-6 skeleton of the taiwaniaquinoids by a ring contrac-
tion of an oxidized precursor. This blueprint has been suc-
cessfully utilized for the total synthesis of 4 in 12 steps from
a commercially available starting material. Salient features
of this synthesis based on a biogenetic proposal include 1) a
benzilic acid rearrangement featuring an intramolecular nu-
cleophilic attack and subsequent decarboxylation, 2) a pro-
tecting-group-free reaction sequence, and 3) functionaliza-
tion of the aryl group by directed metalation. The biogenetic
proposal outlined herein could help to elucidate the actual
biosynthesis, to identify currently unknown intermediates in
the producing organism, and to facilitate additional stereo-
selective syntheses of these unusual taiwaniaquinoids.
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Literature values for (—)-taiwaniaquinone (4): [a]3 =—36.9 (¢=0.30
in CHCL)P, [a]Z=-11.9 (¢=0.56 in CHCL)®; [a]5=-9.0 (c=
0.29 in CHCl,)P").
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