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Abstract—The first catalytic asymmetric synthesis of tetrahydroxanthenones is presented. The simple organocatalytic enantioselec-
tive domino reactions between salicylic aldehyde derivatives and a,b-unsaturated cyclic ketones proceed with excellent chemoselec-
tivity to give the corresponding tetrahydroxanthenones in moderate to good yields and high enantioselectivities.
� 2007 Elsevier Ltd. All rights reserved.
Xanthones have attracted much attention from a broad
area of science, including medicinal chemistry, physical
chemistry, synthetic organic chemistry and natural prod-
uct chemistry, because of their distinctive structure and
the potential for further transformations.1 Tetrahydro-
xanthenones are among the most important classes in
the family of xanthones.2 There are different methods
reported for the racemic synthesis of tetrahydroxanthe-
nones. For example, Bräse and co-workers have
described a very efficient approach to tetrahydroxanthe-
nones, adopting the condensation between salicylic alde-
hydes and 2-cyclohexen-2-ones.3 The reaction is
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mediated by tertiary amines via a Baylis–Hillman
reaction pathway. More recently, Shi reported a new
approach to the synthesis of tetrahydroxanthenones
using N-tosylimines to replace salicylic aldehydes and
dimethylphenylphosphine as a catalyst.4 However, there
is to our knowledge no report of a catalytic asymmetric
version of this reaction.

Recently, organocatalytic asymmetric transformations
that involve catalytic domino or cascade reactions via
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enamine and iminium intermediates were reported.5,6

Inspired by this research, we developed asymmetric
methods for the synthesis of heterocycles via organocat-
alytic domino oxy-, thia- and aza-Michael/aldol reac-
tions between 2-heteroatom substituted benzaldehydes
and a,b-unsaturated aldehydes.7 We have also recently
developed methodology for the synthesis of tetrahydro-
thioxanthenones.8 Based on this concept, we envisioned
a simple catalytic route to the synthesis of tetrahydro-
xanthenones via an organocatalytic asymmetric domino
reaction between salicylic aldehyde derivatives 1 and
a,b-unsaturated cyclic ketones 2 (Eq. 1).
Herein, we present the first amine-catalyzed asymmetric
synthesis of tetrahydroxanthenones, in good to moder-
ate yields with 85–91% ee.

In an initial catalyst screen, we found that chiral pyrroli-
dines such as 4, 5 and 7 catalyzed the reaction between
2-hydroxybenzaldehyde 1a (0.30 mmol) and 2-cyclo-
hexen-1-one 2a (0.25 mmol) with high chemoselectivity
to give the corresponding tetrahydroxanthenone 3a in
moderate yields and moderate to good ee’s (Table 1).9

We found that the chiral diamine 4 catalyzed transfor-
mations gave the highest enantioselectivity in CH3CN
and MeOH. For instance, (S)-1-(2-pyrrolidinyl-
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Table 1. Catalyst screen for the enantioselective domino reactions between 1 and 2aa
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Entry Catalyst Solvent Yieldb (%) eec (%)

1 4 CH3CN 48 75
2 4 Toluene 56 30
3 4 MeOH 58 77
4 4 DMF Traces n.d.
5 5 CH3CN 22 54
6 6 CH3CN N.R. —
7 7 CH3CN 16 39
8 8 CH3CN N.R. —
9 9 CH3CN N.R. —

a Experimental conditions: a mixture of 1 (0.25 mmol), 2-cyclohexenone 2a (0.30 mmol), benzoic acid (20 mol %) and catalyst (20 mol %) in 1 mL of
solvent was stirred at room temperature under the conditions displayed in the Table.

b Isolated yield of pure compound 3a.
c Determined by chiral-HPLC analyses.
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methyl)pyrrolidine 4 catalyzed the asymmetric forma-
tion of 3a in 58% yield and 77% ee in MeOH at rt.10

Moreover, adding an organic acid additive improved
the stereoselectivity of the reaction. Hence, we decided
to investigate the use of various organic acids and differ-
ent reaction conditions to enhance the enantioselectivity
of the reaction using the chiral diamine 4 as a catalyst
(Table 2).
Table 2. Acid screen for the enantioselective domino reactions between 1 an
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Entry Acid Solvent T

1 C6H5COOH CH3CN
2 2-NO2C6H4COOH CH3CN 1
3 C6H5COOH MeOH
4 2-NO2C6H4COOH MeOH 1
5 2-FC6H4COOH CH3CN 1
6 3,5-(NO2)2C6H3COOH MeOH 1
7 3,5-(NO2)2C6H3COOH CH3CN 1
8 No acid added MeOH 1
9 No acid added CH3CN 1

10d 2-NO2C6H4COOH CH3CN

a Experimental conditions: a mixture of 1 (0.25 mmol), 2-cyclohexenone 2a (0
solvent was stirred at room temperature under the conditions displayed in

b Isolated yield of pure compound 3a.
c Determined by chiral-HPLC analyses.
d 10% of 2-nitrobenzoic acid and 0.50 mmol of 2-cyclohexenone were emplo
Tetrahydroxanthenone 3a was catalytically assembled
using 4 in moderate yield and good enantioselectivity
when 2-nitrobenzoic acid was used as an additive. The
highest enantioselectivity was obtained in CH3CN at
room temperature. Furthermore, increasing the reaction
temperature improved the yield and decreased the reac-
tion time without significant loss of enantioselectivity
(entry 10).11 Encouraged by this result, we decided to
d 2aa
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ime (h) T (�C) Yieldb (%) eec (%)

72 rt 48 75
20 rt 46 85
72 rt 58 77
20 rt 56 77
20 rt 46 78
20 rt 56 78
20 rt 42 91
20 rt Traces 76
20 rt Traces 86
3 40 52 89

.30 mmol), organic acid (20 mol %) and catalyst (20 mol %) in 1 mL of
the Table.

yed.



Table 3. Direct organocatalytic asymmetric domino oxo-Michael/aldol condensation between hydroxybenzaldehydes 1 and a,b-unsaturated ketones
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a Experimental conditions: a mixture of 1 (0.25 mmol), 2-cyclohexenone 2a (0.50 mmol), 2-nitrobenzoic acid (10 mol %) and catalyst (20 mol %) in
1 mL of solvent was stirred at 40 �C for 3 h.

b Isolated yield of pure compound 3.
c Determined by chiral-HPLC analyses.
d Reaction run at room temperature. 3,5-(NO2)2C6H3COOH was used as the additive.
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investigate the catalytic asymmetric domino oxo-Mi-
chael/aldol reaction between 1a and various a,b-unsatu-
rated ketones with 4 as the organocatalyst and 10% of
2-nitrobenzoic acid (Table 3) at 40 �C.

The catalytic domino reactions with cyclic enones 2a and
b were highly chemoselective and furnished the corre-
sponding tetrahydroxanthenones 3a–e in moderate yields
and excellent enantioselectivities (85–89% ee). The only
products were the tetrahydroxanthenones 3 and the
unreacted starting materials which could be recovered.

Based on our previous work,7,8 we propose the follow-
ing mechanism for the chiral amine-catalyzed reactions.
The reaction starts with iminium activation of the a,b-
unsaturated cyclic ketone by the chiral pyrrolidine deriv-
atives. Stereoselective nucleophilic conjugate attack on
the b-carbon by alcohol 1 results in a chiral enamine
intermediate, which performs an intramolecular 6-exo
trig aldol addition from the same face as the incoming
alcohol, followed by hydrolysis of the resulting iminium
intermediate to give the aldol product 4. Elimination of
water gives the corresponding tetrahydroxanthenone 3.

In summary, we have reported the first organocatalytic
asymmetric stereoselective synthesis of tetrahydroxan-
thenones. The simple chiral pyrrolidine catalyzed
domino oxo-Michael/aldol reaction between 2-hydroxy-
benzaldehyde and a,b-unsaturated cyclic ketones pro-
ceeds with high chemo- and diastereoselectivity and
furnishes the corresponding tetrahydroxanthenones in
moderate yields with high ee’s (up to 91% ee). Further
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investigations on this novel transformation and its syn-
thetic applications are ongoing in our laboratory.
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