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Reaction of C3 and C4 ketoses with alkenals and alkenones in water
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Abstract—Treatment of 1,3-dihydroxyacetone and acrolein with aqueous KOH gave a tetrahydrofuran derivative, 1,4-dihydroxy-
3,7-dioxabicyclo[3.3.0]octane, in 80% yield. Similarly, 6-alkyl substituted 1,4-dihydroxy-3,7-dioxabicyclo[3.3.0]octanes were
obtained by reaction of 1,3-dihydroxyacetone with various a,b-unsaturated aldehydes. In the cases of long chain alkenals, the reac-
tion was effectively accelerated in the presence of organic co-solvent. On the other hand, the corresponding tricyclic products were
synthesized by reaction of 1,3-dihydroxyacetone with cyclic enones, such as 2-cyclopentenone and 2-cyclohexenone. This method
was successfully applied to the reaction of a tetrulose in the absence of any protecting groups.
� 2004 Elsevier Ltd. All rights reserved.
The unique reactivity and usefulness as a synthetic block
of triose and tetrulose have attracted wide attention in
the field of synthetic and evolutional chemistry.1–6 As
an extension of our study on the reaction of unprotected
sugars,7,8 we found that treatment of 1,3-dihydroxyace-
tone (1) and a,b-unsaturated aldehydes 2 with aqueous
NaOH or KOH gave bicyclic tetrahydrofuran deriva-
tives 3 in one-pot as shown in Scheme 1. The formation
of bicyclic compound 3 is explained by Michael addition
of the hydroxy group of 1 to alkenals 2, intramolecular
aldol reaction, and subsequent hemiacetal formation.
0040-4039/$ - see front matter � 2004 Elsevier Ltd. All rights reserved.
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Scheme 1.
As exemplified in entry 1 of Table 1, treatment of 1,3-
dihydroxyacetone (1) with acrolein (2a) in aqueous
KOH gave 1,4-dihydroxy-3,7-dioxabicyclo[3.3.0]octane
(3a)9 in 80% yield as a 4:1 mixture of diastereomers.
According to studies on the stereochemistry of dioxabi-
cyclo[3.3.0]octane derivatives,10–12 the cis fusion of two
five-membered rings is necessitated by the strain that a
trans fusion would impose. Therefore, the diastereo-
meric ratio would depend on the configuration of the
C(4)–OH group. As the a-face of the cis-fused bicy-
clo[3.3.0]octane is sterically less hindered, cis-1,4-diol,
ydrofurans.
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Table 1. Reaction of 1,3-dihydroxyacetone and a,b-unsaturated carbonyl compoundsa

Entry Alkenal 2 or

alkenone

Base/mol/L Solvent Time/h Isolated yield/% (diastereomer ratio)

1 R = H 2a KOH 0.02 H2O 7 O O

OH

H OH

3a 82 (4:1)

2 R = Me 2b NaOH 0.01 H2O 14 O O

OH

H OH

3b 83 (12:1)

3 R = Et 2c NaOH 0.01 H2O 15 O O

OH

OHH

3c 76 (12:1)

4 R = n-Pr 2d NaOH 0.01 H2O 16 O O

OH

OHH

3d 52

5 H2O/1,4-dioxane 1/1 (v/v) 19 85 (12:1)

6 R = n-Bu 2e NaOH 0.01 H2O 19 O O

OH

OHH

3e 35

7 H2O/1,4-dioxane 1/1 (v/v) 19 90 (10:1)

8 R = n-pentyl 2f NaOH 0.01 H2O 21 O O

OH

OHH

3f 35

9 H2O/1,4-dioxane 1/1 (v/v) 21 88 (10:1)

10 R = Ph 2g LiOH 0.1 H2O/1,4-dioxane 1/1 (v/v) 24 O O

OH

H OHPh

3g 33b

11
O

4 KOH 0.01 H2O 2c O

O

OAc
5 68d

12 O 6 NaOH 0.01 H2O 20 O O

H OH

OH

H

7 64e

13
O

8 NaOH 0.01 H2O 19 O O

H OH

OH

H

9 70b

a 1,3-Dihydroxyacetone dimer: 0.1mol/L as monomer; a,b-unsaturated aldehyde or ketone: 0.12mol/L; temperature: 0 �C.
b Other isomers were not observed.
c Temperature, 20�C.
d Overall yield after acetylation.
e Bicyclic product without hemiacetal formation was observed, 9%.
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which has the C(4)–a-OH group, should be a major iso-
mer. The a configuration of the C(4)–OH group was
also supported by 1H NMR analysis, in which the
absorption (d 5.18, d, J = 1.3Hz) corresponding to the
C(4)–b-H of the major isomer 3a showed a small spin–
spin coupling constant between C(4)–b-H and C(5)–a-
H, because the dihedral angle of the H–C–C–H linkage
is close to 90�. On the other hand, the minor isomer
showed a C(4)–a-H signal with a larger coupling con-
stant (d 5.55, d, J = 6.1Hz). Similar phenomena were
observed in other bicyclic products 3 shown in Table 1.
As to the configuration of the substituent at the C(6)-
position of 3, a product with a C(6)-a-substituent is
thermodynamically favored because the a-face of the
cis-fused bicyclo[3.3.0]octane 3 is sterically less hindered.
Compared with short chain alkenals 2a,b, and 2c in
entries 1, 2, and 3 in Table 1, relatively hydrophobic
alkenals 2d,e, and 2f (entries 4, 6, and 8) were subjected
to the reaction in water to give the corresponding bi-
cyclic products in lower yields. These yields were much
improved by the use of a 1:1 mixture of water and 1,4-
dioxane as a solvent as shown in entries 5, 7, and 9 of
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Scheme 2.

Figure 2. ORTEP plot of the X-ray structure of tricyclic decane 11.
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Table 1. However, formation of 3g from cinnamalde-
hyde had a low yield, because of the poor water solubi-
lity of cinnamaldehyde.

In contrast to acrolein (Table 1, entry 1), which led to
stable hemiacetal product 3a, methyl vinyl ketone (4)
(Table 1, entry 11) did not promote hemiacetal forma-
tion in the last stage of the one-pot transformation,
instead, it led to a complex mixture. Therefore, the
neutralized reaction mixture was then concentrated,
lyophilized, and acetylated with acetyl chloride to yield
3-acetoxymethyl-4-acetyl-2,5-dihydrofuran (5). In addi-
tion, the reaction of 4-methyl-3-penten-2-one with 1
gave the corresponding tetrahydrofuran derivative in a
poor yield. These results mean that hemiacetal forma-
tion plays an important role to obtain the tetrahydro-
furan derivatives. When cyclic a,b-unsaturated ketones
6 and 8 were employed as a Michael accepter (Table 1,
entries 12 and 13), tricyclic tetrahydrofuran derivatives
713 and 914 were obtained in one pot. As shown in
Figure 1, X-ray analysis of 1,4-dihydroxy-2,6-dioxatri-
cyclo[5.3.1.04,11]undecane (9) recrystallized from ethanol
confirmed the all cis fusion of every ring.15 Similarly,
diol 7 might have all cis fusion of every five-membered
ring.

This method was successfully applied to the reaction of
a tetrulose, LL-(S)-erythrulose (10), in the absence of any
protecting groups as shown in Scheme 2. Although the
reaction of 10 with 6 led to a mixture of several diaste-
reomers, purification by column chromatography gave
1,4-dihydroxy-3-hydroxymethyl-2,6-dioxatricyclo[5.2.1.
04,10]decane (11)16 (30% yield; [a]D �8.57, c 0.043g/mL,
H2O, 20 �C) as a major isomer along with a minor iso-
mer 12 (8% yield; [a]D �39.11, c 0.043g/mL, H2O,
20 �C). Although the stereochemistry of 12 is still
unclear, X-ray analysis of the main isomer revealed that
every five-membered ring is fused in a cis manner and
the hydroxymethyl group derived from LL-(S)-10 is in
the cis position relative to the two hydroxy groups as
shown in Figure 2.15

In conclusion, tetrahydrofuran derivatives were synthe-
sized by the one-pot reaction of 1,3-dihydroxyacetone
with a,b-unsaturated aldehydes and ketones in aqueous
NaOH or KOH. This sequence is successfully applied to
the reaction of LL-(S)-erythrulose with 2-cyclopentenone
Figure 1. ORTEP plot of the X-ray structure of tricyclic undecane 9.
to give tricyclic tetrahydrofuran derivatives in the
absence of any protecting groups.
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