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An efficient and practical method for highly diastereoselective synthesis of 2-quaternary anti-1,3-diol
units with three adjacent stereogenic carbon centers has been developed. The reactions proceed regiospe-
cifically at room temperature via samarium diiodide-promoted tandem Aldol condensation and Evans-
Tishchenko reduction. The relative stereochemistry of the resulting 1,3-diol monoesters is identified by
X-ray crystallography.

� 2009 Elsevier Ltd. All rights reserved.
O

X
R SmI2

X = OMe, Br, Cl

OSm(III)
R

Enolization

R'CHO

Aldol
Reaction

O

R'

O

R'CHO

Evans-Tishchenko

OH O R'

O

1 2 3

R

2 3

Sm(III)
1,3-Diol units are ubiquitous skeletons that can be found in a
wide range of naturally occurring products, biologically active
compounds as well as medicinally important agents, such as mac-
rolides, polyketides, and drug Statins.1 Furthermore, certain enan-
tiomerically pure 1,3-diol units are also used as efficient chiral
auxiliaries and ligands for asymmetric synthesis.2 Due to this great
importance, tremendous efforts have been devoted to the develop-
ment of methods for efficient synthesis of 1,3-diols. Among them,
stereoselective construction of 1,3-diol units with broad structural
diversity has attracted major attention over the past two decades.3

Various elegant alternative procedures have already been devel-
oped for the preparation of these moieties,4–9 often involving cat-
alytic hydrogenation,5 or stereoselective reduction of 1,3-
diketones6 and b-hydroxyketones (aldol adducts),7 Prins cycliza-
tion,8 and Aldol-Tishchenko reaction.9 For preparation of 2-quater-
nary 1,3-diols, however, far fewer reports have appeared in the
literature because of the inherent difficulties on quaternary carbon
construction. Remarkable success was only achieved in samarium-
catalyzed tandem semipinacol rearrangement/Tishchenko reaction
of a-hydroxy epoxides.10 Efficient and straightforward access to 2-
quaternary 1,3-diols remains a challenging topic in organic
synthesis.

In the past several years, we have been interested in samarium
diiodide-mediated reactions for the synthesis of diverse structur-
ally important molecules.11 Very recently, we reported a new ap-
proach for the preparation of quaternary carbon-containing a-
aminoketone derivatives by SmI2-promoted regiospecific electro-
philic amination of a-heterosubstituted ketones. In this work, the
formation of samarium enolate intermediates of ketones was con-
sidered. Inspired by these results,11j,12 we further envisioned that
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an Aldol condensation between the samarium enolate 2 and alde-
hyde might be carried out to give the corresponding b-hydroxyke-
tone intermediate 3. Accordingly, 3 might be activated for the
addition of another equivalent of aldehyde, subsequently under-
went samarium-catalyzed intramolecular Evans-Tishchenko
reduction13 to provide 2-quaternary 1,3-diol product 4 in a diaste-
reoselective manner (Scheme 1). Herein, we wish to report our
development of a new and efficient approach to anti-1,3-diol units
with 2-quaternary carbon stereocenter via SmI2-promoted tandem
Aldol/Evans-Tishchenko reaction.

Initially, we examined the reaction of 2-methoxy-2-phenyl-
cyclohexanone (1a) with two equivalents of benzaldehyde in the
presence of SmI2 to check the potential of our hypothesis. It has
been known in the previous electrophilic amination study that
the samarium enolate formation is important to increase the reac-
tion yield.11j The ketone substrate 1a was first stirred with SmI2 for
half an hour before the addition of aldehyde reagent. To our de-
light, the reaction proceeded smoothly as we expected at 0 �C in
Reaction R'
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Scheme 1. Reaction proposal.



Table 1
Screening and optimization of the reaction conditionsa
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Entry Temp Aldehyde (equiv) Additive (equiv) Yieldb (%)

1 0 oC 2 — 86
2 rt 2 — 84
3 rt 3 — 88
4 rt 3 2.0 HMPA 95

a All reactions were carried out with 0.5 mmol of 2-methoxy-2-phenyl-cyclo-
hexanone (1a), in 11 mL of THF.

b Isolated yield after chromatographic purification.

Figure 1. X-ray crystallographic structure of 4a, ellipsoids at 50% probability.

Table 2
SmI2-promoted tandem Aldol/Evans-Tishchenko reactiona
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n
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Entry R1 R2 n Product Yieldb (%)

1 Ph 4-MeOC6H4 0 4b 94
2 Ph 4-NO2C6H4 0 4c 93
3 Ph 4-ClC6H4 0 4d 84
4 Ph 4-BrC6H4 0 4e 85
5 4-BrC6H4 Ph– 0 4f 92
6 4-ClC6H4 Ph– 0 4g 85
7 4-MeC6H4 Ph– 0 4h 98
8 Ph Ph– 1 4i 72

a All reactions were carried out under the optimized conditions.
b Isolated yield after chromatographic purification.
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THF, the desired 1,3-diol product 4a was indeed isolated in 86%
yield and confirmed by NMR spectra (Table 1, entry 1). When the
reaction temperature was raised to room temperature, a similar
yield of 84% was obtained (entry 2). Further optimization of the
reaction conditions indicated that an excellent yield of 95% could
be achieved by employing slight excess of benzaldehyde (3 equiv)
and using 2 equiv of HMPA14 as additive (entry 4). In all cases, the
reaction completed in 2 h and gave a single diastereomer.

The optimized experimental procedure for the SmI2-promoted
Aldol/Evans-Tishchenko reaction is as follows: Under nitrogen, to
a solution of freshly made SmI2 (1 mmol) in THF (5 mL) was added
HMPA (0.17 mL, 1 mmol). After the mixture was stirred at room
temperature for 15 min, substrate 1a (102 mg, 0.5 mmol) in freshly
distilled THF (3 mL) was added and the stirring continued for an
additional 30 min. Benzaldehyde (159 mg, 1.5 mmol) in THF
(3 mL) was then added, and the reaction mixture was stirred for
2 h. Subsequently, the reaction was quenched with saturated
Na2S2O3 aqueous solution. The aqueous layer was separated and
extracted with ethyl acetate. The combined organic layer was
washed successively with water, brine, and dried over Na2SO4,
then concentrated under vacuum. The crude product was purified
by column chromatography on silica gel to give 2-quaternary 1,3-
diol 4a in 95% yield.

As described above, it is noteworthy that the tandem Aldol con-
densation and Evans-Tishchenko reduction of 2-methoxy-2-phe-
nyl-cyclohexanone (1a) with benzaldehyde occurred in a regio-
and stereoselective fashion to give a single 1,3-diol diastereomer.
The relative stereochemistry of the obtained product was identi-
fied unambiguously through X-ray crystallographic analysis of
1,3-diol monoester 4a,15 and a 1,3-anti-1,2-syn configuration was
found (Fig. 1).

With the optimal reaction conditions identified, the scope of the
tandem Aldol/Evans-Tishchenko procedure was investigated by
employing various ketone substrates as well as differently substi-
tuted aldehydes. As demonstrated in Table 2, the reaction sequence
was found very effective for a wide range of a-methoxy substituted
cyclic ketone substrates and aldehydes bearing either electron-
donating or electron-withdrawing groups.16 In most cases, good
to excellent yields were observed (entries 1–7). With R1 4-methyl-
phenyl substitution, a very high yield of 98% was obtained (entry
7). When seven-membered ring ketone was examined, the reaction
still went smoothly to give the desired 2-quaternary 1,3-diol
monoester 4i in 72% yield (entry 8). It is worth noting that excel-
lent diastereoselectivities were observed in all cases, leading to
the efficient and rapid creation of three adjacent stereogenic cen-
ters in one step. We also explored the possibility of using aliphatic
aldehyde such as propionaldehyde, unfortunately, the reaction did
not take place, probably due to its relatively lower electrophilicity
as compared to the aromatic aldehyde.

To better understand the reaction pathway as well as the ob-
served relative stereochemistry, we further conducted a support-
ing experiment. A plausible reaction mechanism is presented in
Scheme 2. First, upon the treatment of 2 equiv of SmI2, 2-meth-
oxy-2-phenyl-cyclohexanone (1a) was subjected to a regiospecific
enolization to produce a samarium enolate intermediate 2a. A ra-
pid aldol reaction occurred between the samarium enolate 2a
and 1 equiv of benzaldehyde-a-d1,17 affording samarium metalat-
ed aldolate 3a. In the presence of samarium catalyst, 3a underwent
Tishchenko reduction with another equivalent of benzaldehyde-a-
d1 immediately. The excellent stereochemical control achieved in
the reaction sequence could be explained by the formation of a
cyclic Evans-type intermediate 5, in which samarium was coordi-
nated to both carbonyl and hemiacetal oxygen. Subsequent intra-
molecular [1,5]-D transfer followed by protonation of
intermediate 6 yielded the observed 2-quaternary 1,3-anti-1,2-
syn diol monoester product 4a–d (85%).
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Scheme 2. Proposed mechanism for the generation of 2-quaternary anti-1,3-diol
4a–d.
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In summary, we have developed a new strategy as one of effi-
cient and simple method for the synthesis of 2-quaternary anti-
1,3-diol units with three adjacent stereogenic carbon centers
through SmI2-promoted tandem Aldol condensation and Evans-
Tishchenko reduction. The advantages of this method which in-
clude high yields, mild conditions, high regioselectivity, and diaste-
reoselectivity make this tool potentially very useful. Further
studies on exploring the asymmetric version of the reaction and
its applications are in progress.
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1.86 (m, 7H), 2.20–2.24 (m, 1H), 2.05 (s, 3H), 3.06 (s, 1H), 3.98–4.03 (m, 1H),
6.51 (s, 1H), 6.84 (d, J = 3.75 Hz, 2H), 7.12–7.26 (m, 6H), 7.47–7.64 (m, 4H), 8.12
(d, J = 3.75 Hz,2H) ppm.; 13C NMR (75 MHz, CDCl3) d 20.92, 21.13, 24.21, 27.84,
30.04, 51.33, 73.45, 79.29, 127.16, 127.45, 128.05, 128.50, 128.53, 129.80,
129.90, 130.00, 133.31, 136.11, 136.27, 136.92, 166.30; FT-IR (KBr) m 3532,
3071, 2937, 2870, 1713, 1630, 1440, 1274, 1131, 974, 723, 695 cm�1; ESI-MS:
423.2 (M++Na+); Anal. Calcd for C27H28O3: C, 80.97; H, 7.05. Found: C, 80.89; H,
6.88. Compound 4i:1H NMR (300 MHz, CDCl3) d 1.44–1.89 (m, 9H), 2.25–2.29
(m, 1H), 3.05 (br s, 1H), 4.00–4.06 (m, 1H), 5.39 (s,1H), 6.44 (s, 1H), 6.64 (d,
J = 3.75 Hz, 2H), 7.12–7.26 (m, 6H), 7.48–7.61 (m, 4H), 8.14 (d, J = 7.5 Hz, 2H)
ppm.; FT-IR (KBr) m 3519, 3067, 2939, 2868, 1711, 1613, 1459, 1291, 1128, 980,
711, 691, 610 cm�1; ESI-MS: 423.5 (M++Na+); Anal. Calcd for C27H28O3: C,
80.97; H, 7.05. Found: C, 81.09; H, 7.01.

17. Purchased from Acros Organic, 95% atom% D.


