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Diastereoselective constructions of 1,3-diol units have
always been in high demand in synthetic organic chemistry,
and preparation of 2-quaternary 1,3-diol units is of major
importantance for the synthesis of many biologically signifi-
cant molecules, such as the Furaquinocins,[1] and chiral
ligands.[2] However, the quaternary carbon atom is generally
difficult to construct with high diastereoselectivity, because a
simple aldol reaction of carbonyl compounds is not efficient in
this situation. Several procedures for construction of 2-qua-
ternary 1,3-diol units have already been developed on the
basis of the Lewis acid mediated semipinacol rearrangement
of a-hydroxy epoxides. However, they generally need one
equivalent or an excess of a promoter and produce only the b-

sum of the squares of the differences. The rate constants obtained in this
way were multiplied by two.[14]
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Figure 3. a) 1D 1H-{31P} EXSY NMR spectrum recorded in CDCl3 at
301 K on a sample containing 1, p-H2, and a 100-fold excess of
diphenylacetylene. The resonance for 3t was selectively excited and the
results for a reaction time of 700 ms are displayed. Exchange into 3b, 9, and
cis-stilbene is indicated; b) 2D 1H-{31P} EXSY spectrum (positive contours)
of an identical sample employing a mixing time of 400 ms. Off-diagonal
peaks arise due to chemical exchange.
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hydroxyketone.[3] Therefore, diastereoselective reduction of
the ketone carbonyl group is additionally required.[4, 6e, 8l] We
previously reported a one-step procedure based on
the Al(iPrO)3-promoted semipinacol/Meerwein ± Ponndorf ±
Verley reduction of a-hydroxy epoxides,[5] but it still requires
at least one equivalent of Lewis acid, and stereocontrol at C1
and C2 is not always perfect. Recently, we discovered that a
catalytic amount of SmI2 (0.1 ± 0.3 equiv)[6] can promote a
novel semipinacol rearrangement/Tishchenko reaction[6c, 7] of
a-hydroxy epoxides to form efficiently 2-quaternary 1,3-diol
monoesters with high diastereoselectivity (Scheme 1). This

Scheme 1. Formation of 2-quaternary 1,3-diol monoesters.

transformation is a new tandem reaction promoted by a
catalytic amount of SmI2, which is generally used as a single-
electron reducing reagent in stoichiometric amounts or in
excess.[8]

The synthetically important features of this reaction are:
1) It constructs efficiently three contiguous stereocenters, one
of which is quaternary, in one step; 2) mixed substrates 1 with
two C1 epimers[3a, 5, 9] can form one diastereoisomer product 2
and/or 2' (the acyl migration product[7b,e,g] of 2), where 2 and 2'
were shown by NMR spectroscopy to have the same
2-quaternary 1,3-diol core on the products of their methanol-
ysis with NaOH/MeOH;[10] 3) it is effective with catalytic
amounts of SmI2, instead of stoichiometric or excess quanti-
ties; and 4) the newly generated secondary C1ÿOH group has
the b-configuration, as confirmed by 2D NMR spectroscopy
on the acetonide of the 2-quaternary 1,3-diol obtained by
methanolysis of 2 and/or 2' with NaOH/MeOH,[10] which is not
readily accessible by the previous procedure.[5] Consequently,
this tandem reaction could be developed into a general
procedure for diastereoselective construction of 2-quaternary
1,3-diol units with C1,C2 anti configuration.

The tertiary a-hydroxy epoxides we examined were pre-
pared from the corresponding allylic alcohols through epox-

idation with m-chloroperbenzoic acid (mCPBA) or tBuOOH/
[VO(acac)2] by literature procedures (Hacac� acetyl aceto-
ne).[3a, 5, 9] We invesigated substrates with five- or six-mem-
bered rings because of their wide occurrence in natural
products. As shown in Scheme 1, a solution of 1 (1 equiv) in
toluene, SmI2 (0.1 ± 0.3 equiv), and aldehyde (4 ± 8 equiv)
were heated at 80 ± 85 8C until the substrate was completely
consumed, as shown by TLC (4 ± 8 h), and the 2-quaternary
1,3-diol monoester 2 and/or 2' was obtained in a total yield of
70 ± 96 %. The experimental results (Table 1) show that the
configuration at C1 of the 2-quaternary 1,3-diol monoester
products is independent of that of the substrates. Particularly
remarkable is the high degree of diastereocontrol of three
contiguous carbon centers in all cases. We could not isolate
C1,C2-syn diastereoisomers in our investigations (see below
and Scheme 3). The reversed stereochemistry at C1 compared
with that of the products of the Al(iPrO)3-mediated reaction
is noteworthy.[5]

Using less than 0.1 ± 0.3 equiv of SmI2 leads to partial
formation of b-hydroxyketone, which can not be converted
completely to 2 and/or 2', even by prolonging the reaction
time. The reaction is dependent, to some extent, on the
electronic effect and quantity of the aldehyde employed. The
reactions of entries 1 ± 8 proceeded well with benzaldehyde,
but others did not. For example, performing the reaction of
entry 9 with benzaldehyde gave only 30 % of 2/2', and those of
entries 10 and 11 did not give any monoester products with
benzaldehyde, but only the b-hydroxyketones. This has not
been found in the previously reported Tishchenko reactions,[7]

but is important because it implies that we can expand the
scope of the reaction by screening aldehydes. Generally,
employment of only one equivalent of aldehyde makes this
reaction slow, so we used 4 ± 8 equiv. In addition, we found
that the solvent also has an effect on the reaction. It proceeds
readily in benzene, toluene, or 1,2-dichloroethane, but is very
slow in THF, and can not even be initiated in protic solvents
such as in MeOH or EtOH. Note, however, that we have
successfully conducted only one reaction with alkyl group
migration (entry 11), which would be the only limitation of
the present reaction.

To assign a possible reaction mechanism, we conducted
supporting experiments. First, Sm pinacol complex (0.1 equiv)
was prepared in situ from benzaldehyde and SmI2

[11] then
added as catalyst to a solution of 1 in toluene (entry 1, 1 equiv)

Table 1. Samarium-catalyzed tandem semipinacol rearrangement/Tishchenko reaction of a-hydroxy epoxides 1.

Entry n syn :anti[a] R1 R2 R3 SmI2 [equiv] Yield [%][b] 2 :2' t [h]

1 1 Ph Ph Ph 0.1 95 100:0 4
2 1 70:30 Me Ph Ph 0.15 96 100:0 4
3 1 61:39 Et Ph Ph 0.15 92 100:0 4
4 1 87:13 iPr Ph Ph 0.2 92 100:0 6
5 1 56:44 Allyl Ph Ph 0.3 70 100:0 8
6 1 100:0 Bn Ph Ph 0.3 95 0:100 2
7 1 79:21 nBu Ph Ph 0.3 78 100:0 6
8 0 70:30 Bn Ph Ph 0.3 88 44:56 6
9 0 80:20 Me Ph p-C6H4Cl 0.3 85 74:26 7

10 1 60:40 Me 2-thiophenyl p-C6H4Cl 0.25 83 0:100 4
11 1 91:9 Me cyclopropyl p-C6H4Cl 0.3 78 93:7 4

[a] The ratio of two C1 epimers in substrate 1 ; see refs. [3a, 5, 9]. [b] Total yield of isolated product 2 and/or 2'.
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and benzaldehyde (4 equiv). The reaction mixture was stirred
for 4 h at 80 8C and the product 2 (entry 1) was obtained in
95 % yield. This result is similar to the one-pot reaction shown
in Table 1. To further confirm this, the Sm pinacol complex
(0.1 equiv) was prepared separately by treating dilithium 1,2-
diphenylethanediolate[12] with SmI3

[13] in dry THF under Ar at
room temperature for 1 h and then used for the reaction of 1
(entry 1, 1 equiv) with benzaldehyde (4 equiv) at 80 8C for 4 h.
The result obtained was still similar to the above. In the
general procedure, when SmI2 in THF was added to the
solution of 1 and aldehyde in toluene, the deep blue of SmI2 in
THF disappeared immediately. This suggests that SmI2 is not
the actual catalyst, but only a catalyst precursor.[6e, g] We
further found that SmI3 alone is less efficient as a catalyst.[6e, 7g]

These results indicate that the catalytically active species in
the present reaction may be the Sm pinacol complex (a
bidentate Lewis acid catalyst,[14]represented by M in
Scheme 2). In addition, benzaldehyde and p-chlorobenzalde-

Scheme 2. Proposed catalytic cycle.

hyde were used in a cross-experiment for clarifying the origin
of hydride[6e] and the acyl group in this reaction. Benzalde-
hyde was treated with SmI2 to afford the Sm pinacol complex
(0.1 equiv),[11] which was used for the reaction of 1 (entry 1,
1 equiv) with p-chlorobenzaldehyde (4 equiv) for 0.5 h at
80 8C to give the 2-quaternary 1-hydroxy-3-p-chlorobenzoate
in 97 % yield without any detectable presence of 2 (entry 1,
2-quaternary 1-hydroxy-3-benzoate). Similarly, when the Sm
pinacol complex (0.1 equiv) prepared in situ from p-chloro-
benzaldehyde and SmI2 was used for the reaction of 1 (entry 1,
1 equiv) with benzaldehyde (4 equiv) for 0.5 h at 80 8C the
product 2 (entry 1, 2-quaternary 1-hydroxy-3-benzoate) was
obtained in 95 % yield without formation of 2-quaternary
1-hydroxy-3-p-chlorobenzoate. Hence, hydride and the acyl
group do not originate from the aldehyde that forms the Sm
pinacol complex, but from the other aldehyde. On the basis of
the above results and literature reports,[5, 6e,g, 7, 11, 14] semipana-
col rearrangement/Tishchenko reaction with catalysis by a Sm
pinacol complex is proposed (Scheme 2). In particular, the
high diastereoselectivity of this reaction is explained

(Scheme 3). When the Si face of the aldehyde carbonyl plane
is attacked, a favorable transition state 6 is formed, which

Scheme 3. Proposed mechanism for diastereoselectivity.

leads to the formation of 2 with C1,C2-anti configuration. In
contrast, attack at the Re face results in transition state 7,
which is unfavorable because of steric hindrance between the
cyclohexane ring and the 1,3-dioxo heterocycle. Consequent-
ly, we could not isolate the C1,C2-syn diastereoisomers.[5]

Experimental Section

General procedure (Table 1, entry 1): A solution of SmI2 (0.1m in THF,
0.4 mL) was added dropwise to a solution of 1 (entry 1, 112.0 mg, 0.4 mmol)
and freshly distilled benzaldehyde (1.6 mmol) in dry toluene (4 mL) at
room temperature under an argon atmosphere. The reaction mixture was
stirred for 4 h at 80 ± 85 8C, after which TLC analysis showed the substrate 1
(entry 1) had disappeared completely. Then a saturated solution (3 mL) of
sodium hydrogencarbonate was added. The organic layer was separated,
and the aqueous phase was extracted with ethyl acetate (3� 10 mL). The
combined extracts were dried over anhydrous Na2SO4. Evaporation of the
solvent and column chromatography of the crude product on silica gel
(petroleum/ethyl acetate 30/1!15/1) afforded 2 (entry 1, 147.0 mg,
0.38 mmol, 95 %).
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Nanostructures Exhibiting Fast Transport
Properties**
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Rechargeable lithium batteries are a superior alternative
energy source for a variety of applications that demand
advanced energy-storage systems.[1] However, accessing high
charge/discharge rates without losing capacity is one of the
biggest challenges, due to the often sluggish kinetics of Li� ion
transport in solid electrodes.[2] Many otherwise suitable
intercalation materials do not meet the criterion of fast ion
and/or electron transport. In contrast to attempting to tailor a
single material, nanocomposites can provide an optimum way
of crafting desired characteristics for a target application.[3]

Here, we describe a new class of materials which were
prepared by the grafting of polymer electrolyte chains and
metal oxide layers onto the surface of electronically con-
ductive ªgraphite-likeº carbon spheres. They exhibit an enhanced
electrochemical response at remarkably high rates and improved
electrochemical stability owing to their unique nanostructure.

A ªnanostructureº containing two or more materials mixed
on a nanometer scale, ideally is a composite in which the sum
of the parts is greater than the whole. This concept, of
fundamental interest for many years, is widely applicable.[4]

Electrochemical applications include those involving V2O5, a
widely studied cathode material that has kinetic limitations
both for ionic and electronic transport.[5] Layered polymer/
metal oxide nanocomposites of xerogel ± V2O5

[6] have shown
tenfold enhancement of the Li� diffusion coefficient, owing to
polymer ªproppingº of the host layers.[7] Layered nano-
composites of clays and polyethylene oxide produce highly
ionically conductive materials potentially suitable for solid
electrolyte applications.[8] Another approach has been to
shorten the diffusion path. High surface area aerogel forms of
V2O5 display a high capacity under pseudo-equilibrium
conditions in thin films.[9] V2O5 prepared by electrodeposition
in the presence of surfactants displays a porous thin-wall
structure, also resulting in good behavior with a capacity of
220 mA hgÿ1 at a fast rate.[10, 11] Nonetheless, a potential
drawback with high surface area materials is poor volumetric
capacity, and the attendant increase in catalytically active
surface sites if the sites are not blocked, ultimately resulting in
electrolyte degradation. However, none of the above ap-
proaches gives rise to a readily prepared, nor stable electro-
chemical system, nor takes advantage of a chemically nano-
structured design.
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