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Figure 1. Regioselective cycloaddition of o-quinone 1
to afford 1,4-benzodioxane 3 (30).
We have achieved total synthesis of cleomiscosin C (aquillochin) through regioselective cycloaddition of
o-quinone and protected sinapyl alcohol as a key step. During preparation of o-quinone from phenol by
IBX oxidation, silyl substituents adjacent to the phenolic hydroxyl group afforded effective inhibition of
an undesired oxidative elimination.

� 2008 Elsevier Ltd. All rights reserved.
Recently we developed a novel procedure for regioselective
cycloaddition of o-quinone 1 and a sinapyl alcohol unit 2 to con-
struct 1,4-benzodioxanes 3 (from 1a,b) and 30 (from 10a,b).1,2 The
position of the alkoxy substituent on the o-quinone ring could
effectively control the regioselectivity of the cycloaddition (Fig. 1).

The results prompted us to apply this cycloaddition to the syn-
thesis of natural products. Here, we describe total synthesis of cle-
ll rights reserved.

(A.K.).
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(10) and sinapyl alcohol unit 2
omiscosin C (aquillochin, 4, Fig. 2), a coumarinolignan isolated
from many groups of plants.3–8 It exhibits a vasorelaxant effect5

and inhibitory activity against tyrosinase,6 monoamine oxidase,7

lipid peroxidation,7 and LDL oxidation.8 The synthesis of 4 has been
accomplished by oxidative coupling between catechol and sinapyl
alcohol using silver oxide9 or diphenyl selonoxide10 in low yield,
accompanied by its regioisomer, cleomiscosin D. In the case of
horseradish peroxidase or tyrosinase, the cyclization proceeded
selectively but slowly in low yield.9,11 As an alternative route,
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Figure 2. Retrosynthetic strategy for cleomiscosin C (4).
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Scheme 2. Reagents and conditions: (a) 2, Et3N, THF, rt, 8 h (51%); (b) AcCl, MeOH–
CH2Cl2 (1/1), rt, 1 h (82%).
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successive nucleophilic substitution and dehydrated condensation
have been used to form the 1,4-benzodioxane skeleton.12

Our approach to the synthesis of 4 is summarized in Figure 2.
The coumarin moiety of 4 should be formed from the cyclic acetal
part of 5. The 1,4-benzodioxane framework of 5 could be afforded
by cycloaddition of o-quinone 6a and 2.13 Preparation of 6a would
be carried out from 7a by regioselective oxidation with IBX.14,15

The TBS group was used as the methoxy group precursor16 after
a considerable investigation. Phenol 7a could be obtained from
known 8.2

Preparation of the o-quinone precursor 7a commenced with
bromination of 8 using NBS (97% yield), followed by protection of
the carbonyl moiety as a cyclic acetal to give 9 in 96% yield
(Scheme 1). The resulting 9 was converted to arylsilane 7a in
79% yield by intramolecular transposition of the TBS group with
nBuLi.

Oxidation of 7a with IBX afforded the target o-quinone 6a in
59% yield, together with the undesired 10b in 29% yield, which
was generated by oxidative elimination. o-Quinone 6a and 10b
could be separated readily by silica gel column chromatography.
The selectivity for 6a/10b was 2.0 (Table 1, entry 1). The selectivity
was influenced by the bulkiness of the silyl groups. Thus, the selec-
tivity was increased to 5.2 using the more bulky TIPS group17 (en-
try c), and decreased to 1.0 in the case of the less bulky TES group
(entry b). Preliminary experiments on the IBX oxidation step
revealed that each phenol 7d,18 7e, and 7f produces only 10b.

Cycloaddition of 6a and 2 proceeded regioselectively and
smoothly in the presence of triethylamine to provide the expected
adduct 5 in 51% yield (Scheme 2). The structure of the adduct was
confirmed by NOE experiments on 10, which was obtained after
deprotection of 5 under acidic conditions in 82% yield. NOEs were
observed for the tert-butyl proton of the TBS group to both protons
of the upper part of structure 10.

Protection of the hydroxyl and phenol groups of 10 as the MOM
ether gave 11 in 88% yield (Scheme 3). The TBS group of 11 was
Table 1
Synthesis of 6 from precursor phenols (7)
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Scheme 1. Reagents and conditions: (a) NBS, CH3CN, rt, 3 h (97%); (b) ethylene
glycol, pTsOH, benzene, reflux, 3 h (96%); (c) nBuLi, THF, �78 �C, 3 h (79%).
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Scheme 3. Reagents and conditions: (a) MOMCl, iPr2NEt, CH2Cl2, 0 �C to rt, 3 h
(88%); (b) NIS, CH3CN, 80 �C, 3 h (66%); (c) NaOMe, CuCl, MeOH, DMF, 80 �C, 3 h
(quant.); (d) TBSCl, Et3N, NaI, CH3CN, 80 �C, 1 h; (e) OsO4, NMO, acetone–H2O (2/1)
rt, 2 h (60% in two steps); (f) NaBH4, EtOH–THF (1/1), rt, 5 h (51%); (g) NaIO4, THF–
H2O (2/1), rt, 1 h; (h) Pd/C, H2, EtOAc, rt, 0.5 h (quant. in two steps); (i) Ph3P@CH-
CO2Me, Et2NPh, 220 �C, 5 h (82%); (j) AcCl, MeOH, 0 �C to rt, 0.5 h (71%).
,

replaced by iodide temporarily with NIS to afford 12 in 66% yield,
and introduction of a methoxy substituent by the Ulmann reaction
provided 13 in quantitative yield. The methyl ketone 13 was
converted to 14 in 60% yield by formation of the silyl enol ether
with TBSCl, followed by osmium-mediated dihydroxylation. The
resulting a-hydroxy ketone 14 was reduced to the diol in 51% yield,
which was subjected to successive oxidative cleavage and hydrog-
enolysis to give 15 in quantitative yield. To form the coumarin
structure from salicylaldehyde, we applied a procedure reported
by Harayama and co-workers.19 Thus, salicylaldehyde 15 was
treated with methyl (triphenylphosphoranylidene)acetate in N,N-
diethylaniline at 220 �C to afford protected cleomiscosin C 16 in
82% yield in a one-pot reaction. The MOM groups were removed
under acidic conditions to give 4 in 71% yield. Spectroscopic data
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(1H, 13C NMR) for synthetic 420 were identical to those for natural
cleomiscosin C.4

In summary, a total synthesis of cleomiscosin C (15 steps from
8, 1.9% overall yield) has been achieved as an application of the
regioselective cycloaddition of o-quinone and 2. It is noteworthy
that silyl substituents were useful in avoiding the oxidative
elimination in the IBX-mediated oxidation of phenol for selective
formation of the target o-quinone 6. Further application of the
cycloaddition is currently under way.
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