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a b s t r a c t

Protected 1,2,3-triols were prepared by organocatalytic a-hydroxylation of b-hydroxyaldehydes followed
by in situ reduction. All diastereoisomers were obtained with correct yields and good to excellent de. The
absolute configurations of the new asymmetric centers were confirmed by derivatization into the corre-
sponding epoxide.

� 2012 Elsevier Ltd. All rights reserved.
1,2,3-Triols are important building blocks in organic synthesis,
as proved by the occurrence of this pattern in numerous bioactive
molecules. A relevant approach to such derivatives is the creation
of one of the C–O bonds to obtain a configurationally controlled
carbon atom, independently from the other chiral centers of the
reactant. In this context, the organocatalyzed a-hydroxylation of
carbonyls followed by an in situ reduction is a promising possibil-
ity, already well described as a good solution to the synthesis of
1,2-diols.1

Sometime after the description of the use of nitrosobenzene in
the presence of silyl or metal enolates leading, respectively, to the
formation of the C–O link (aminoxylation reaction) or the C–N link
(oxyamination reaction) depending on the reaction’s conditions,2

Hayashi,3 Mac Millan,4 and Zhong5 independently published the
reaction of a-aminoxylation of aldehydes catalyzed by proline. The
method is now well-used and can be noticed in many total synthe-
ses.6 Other oxygen donors are also efficient for the organocatalyzed
asymmetric a-oxidation of aldehydes, namely N-sulfonyloxaziri-
dine,7 TEMPO,8 benzoyl peroxide,9 o-quinone,10 and molecular oxy-
gen.11 Nevertheless, the use of nitrosobenzene remains the most
studied case,1a where the effect of the structure of the catalyst or
addition of an acid in the reaction medium has been shown to mod-
ify significantly the result of the reaction (aminoxylation or oxyam-
ination).12 The greater selectivity observed for the oxygen atom has
been explained by the stronger basicity of the nitrogen atom. Indeed,
N-protonation of the nitrosobenzene in the transition state by
ll rights reserved.
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proline-type catalysts (meaning a catalyst bearing a Brønsted acid
functionality) allows oxygen to become electrophilic, and lead to
the a-oxygenated products. For other catalysts which give preferen-
tially a-aminated products, additives are necessary to reverse the
selectivity.13 The catalytic cycle has been well studied, and would
be in favor of an oxazolidinone species, precursor of an enamine-
key intermediate which would react with nitrosobenzene.1a Using
proline as the catalyst, McQuade14 demonstrated in 2009 that the
introduction of the additive 1-(2-(dimethylamino)ethyl)-3-phe-
nylurea 1 in nonpolar solvents induced drastic increase of the kinet-
ics without modification of the enantiomeric excesses (ee). This
effect was explained by the existence of hydrogen bonds between
the urea and the oxazolidinone intermediate, promoting the enam-
ine formation with proline (rate limiting step).

Exploring the scope of organocatalytic a-heterofunctionaliza-
tion of carbonyl compounds,15 the formation of chiral 2-hydra-
zino-1,3-diols in good yields and diastereoisomeric excesses (de)
was described recently by our team.15c We now extended the con-
cept to the preparation of 1,2,3-triols via an organocatalyzed
hydroxylation reaction of chiral b-hydroxyaldehydes. Indeed, the
reaction of nitrosobenzene with such aldehydes in the presence
of proline and 1 should lead to the corresponding 1,2,3-triols after
in situ reduction using sodium borohydride in ethanol.

First, racemic 3-tert-butyldimethylsilyloxybutanal 2 was se-
lected as model to optimize the reaction conditions (Scheme 1).
The reaction was run at 0 �C, in the presence of DL-proline and 5%
of urea 1 until coloration changes from blue to yellow. Then, the
reaction mixture was transferred to a suspension of sodium borohy-
dride (4 equiv) in ethanol and stirred 30 min at 0 �C. After treatment,
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Scheme 1. Organocatalyzed aminoxylation of 2.
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Scheme 2. Asymmetric aminoxylation of (S)- and (R)-2.

Table 2
Hydroxylation of (S)- and (R)-2

Entry Substrate Catalyst Product Yield (%) Syn/antia

1 (S)-2 L-Pro (2S,3S)-4 76 97/3

2 (S)-2 D-Pro (2R,3S)-5 75 4/96

3 (R)-2 L-Pro (2S,3R)-5 70 2/98

4 (R)-2 D-Pro (2R,3R)-4 62 97/3

a Measured by UPLC.
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purification by column chromatography on silica gel allowed to ob-
tain 3 as a mixture of diastereoisomers.16

The results are summarized in Table 1. Applying McQuade’s
conditions,14 that is, 5 mol % of 1 and proline in ethyl acetate at
0 �C with a 3/1 ratio of 2/PhNO for 3 h gave the desired triol in a
poor yield (10% related to nitrosobenzene, entry 1). Changing the
solvent to acetonitrile (entry 2) increased the yield to 56% in the
same time. For comparison, the same reaction in the absence of
urea was not finished after 24 h, proving the importance of this
catalyst. Then, increasing the amount of DL-proline to 10 and
20 mol% improved the yield, respectively, to 54% and 67% (entries
3 and 4). With this catalyst loading, acetonitrile remained the best
solvent among all other tested (entries 5 and 6). Finally, lowering
the quantity of 2 (entries 7–9) and/or increasing the amount of
PhNO (entries 8 and 9) to modify the 2/PhNO ratio gave 29% as best
yield based on the aldehyde. From all theses results, it was decided
to use the conditions described in entry 4 for the next experiments.

The two enantiomers of the hydroxyaldehyde, namely (S)-2 and
(R)-2 were then aminoxylated separately under these conditions
(ratio 2/PhNO 3/1; 20 mol % Pro; 5 mol % 1; MeCN; 3 h at rt then
reduction) (Scheme 2, Table 2). Depending on the configuration
of the proline used as the catalyst, we obtained the expected 3-
tert-butyldimethylsilyloxy-2-(phenylaminoxy) butanols as syn- or
anti-stereomers, respectively 4 and 5.16 The diastereoisomeric ratio
was measured by UPLC (compared to the stoichiometric mixture of
4/5). From (S)-2, the use of L-proline as the catalyst led to the amin-
oxylated syn product (2S,3S)-4 with the excellent diastereoiso-
meric ratio of 97/3 and good yields (76%) (entry 1). The use of
the D-catalyst gave access to the anti (2R,3S)-5 with a similar ratio
(4/96) and yield (entry 2). Correspondingly, (R)-2 is the precursor
of the two stereoisomers (2S,3R)-5 or (2R,3R)-4 with identical ste-
reochemical results (dr 2/98 and 97/3; entries 3 and 4). Thus, the
possibility to obtain each diastereoisomer and enantiomer by this
method has been demonstrated.

The absolute configuration of the newly formed stereocenter
was proved by derivatization of the triols (2S,3S)-4 and (2R,3S)-5
Table 1
Optimization of the reaction of hydroxylation of 2

Entry Solvent Pro (mol %) 2 (equiv)

1 EtOAc 5 3
2 MeCN 5 3
3 MeCN 10 3
4 MeCN 20 3
5 DMSO 20 3
6 DCM 20 3
7 MeCN 20 1.5
8 MeCN 20 1
9 MeCN 20 1

a Isolated yield based on PhNO.
b Isolated yield based on 2.
into the corresponding epoxides (Scheme 3). A three-step sequence
starting with the hydrogenolysis of the N–O bond followed by a
selective sulfonylation of the primary alcohol and a cyclization of
6 under basic treatment gave the epoxide 7 from 4,17 with concor-
dant analytical data of the literature.18 The unknown 8 was ob-
tained with the same sequence from (2R,3S)-5.19

We extended the method using the long-chained 9 and the pro-
tected diol 10 as substrates (Table 3, Scheme 4). In all cases, the
same conditions than previously described were used. We first ap-
plied racemic proline, and the obtained equimolar mixture of epi-
mers at position 2 was used for NMR data and UPLC references. The
hexadecanal 9, prepared in five steps from palmitic acid, was re-
acted in the presence of either L- or D-proline. In both cases, pro-
tected triols 11 and 12, respectively, were obtained in good
yields and excellent diastereoisomeric ratios (entries 1 and 2).
Then, the (S)-3,4-O-isopropylidenebutanal 10 in the presence of
two antipods of the catalyst led, respectively, to the anti 13 (entry
PhNO (equiv) Time (h) Yielda (%)

1 3 10
1 3 56
1 4 54
1 3 67
1 1 41
1 70 8
1 3 37
1.2 3 17b

1.5 15 29b
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Table 3
Hydroxylation of compounds 9 and 10

Entry Substrate Cat⁄ Product Yield (%) Syn/antia
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Figure 1. Proposed transition state with L-proline and 10.
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3) or syn 14 (entry 4). The low yield for 13 could be explained by
the unstability of the product on silica gel during the column chro-
matography. In a similar way than observed during the a-hydraz-
ination of this substrate,15c a significant difference of de between
13 (98%) and 14 (80%) was observed.

A model for the transition state for the a-aminoxylation reac-
tion of b-hydroxyaldehyde could be proposed. The use of proline
as the catalyst would favor the approach of the nitrosobenzene
on the same face than the carboxylic acid function. In the case of
L-proline and the substrate 10, the transition state favored could
explain excellent de and match effect (Fig. 1). Mismatch effect is
observed with the D-proline. However the mismatch effect in the
hydroxylation procedure is much lower compared to the amina-
tion reaction where D-proline gave no selectivity, because the steric
hindrance is probably lower with nitrosobenzene than with
azodicarboxylates.

In conclusion, we prepared the four protected butan-1,2,3-triols
in good yields and de up to 96% by the use of organocatalysis in the
presence of proline and urea. The process is applicable to more
functionalized structures, and the excesses observed made of this
method a very respectable proposal for the obtention of chiral
triols.
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