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ABSTRACT

Through the use of an amino acid based imidazole catalyst, a regiodivergent silylation of chiral diols in cases where there is not a significant steric
and electronic difference between the regioisotopic hydroxyl groups has been developed. This transformation allows for the conversion of
racemic diols into regioisomeric, enantiomerically enriched, monosilylated products. The utility of this process is highlighted in the efficient
enantioselective preparation of a useful synthetic intermediate and the natural product, sapinofuranone A.

Amino acid modified imidazole 1 was shown to be an
effective catalyst for the enantioselective silylation of
meso-diols (eq 1, Scheme 1).1 Additional investigations
extended the utility of this transformation to the kinetic
resolution of racemic 1,2-diols (eq 2).2 In this case, the
steric differences between R and R0 of the racemic diols
allowed the catalyst 1 to discriminate between the two
hydroxyl groups, preferentially silylating the hydroxyl
groupwith the appropriate configuration adjacent to the
less hindered R group. Herein, we describe a method for
catalytic enantioselective silylation of racemic syn-diols
where the two heteroatomic sites are sterically and
electronically similar (i.e., R ≈ R0; Scheme 1, eq 3) but
not identical. With these substrates, a regiodivergent

reaction of the racemic mixture (RRRM) is performed,3

where both enantiomers of the racemic diol are mono-

silylated leading to two unique silyl ether regioisomers

that can be isolated with appreciable levels of enantio-

meric purity (up to 97% ee).
Initial experiments focused on the regioselective silyla-

tion of 3-cyclohexene-syn-1,2-diol (2; eq 4). When racemic

diol 2 was subjected to imidazole-catalyzed silylation,

monosilylation proceeded without any regioselectivity.

This finding stands in contrast to our earlier study regard-

ing the resolution of racemic diols (i.e. eqs 2 and 5). For

example, the subtle steric difference between a methyl and

an ethyl group within substrate 3 provided sufficient

dissimilarity to give rise to preferential silylation of the

(1) Zhao, Y.; Rodrigo, J.; Hoveyda, A. H.; Snapper, M. L. Nature
2006, 443, 67–70.

(2) (a) Zhao, Y.; Mitra, A.; Hoveyda, A. H.; Snapper, M. L. Angew.
Chem., Int. Ed. 2007, 44, 8471–8474. For related examples, see:
(b) Weickgenannt, A.; Mewald, M.; Muesmann, T. W. T.; Oestreich,
M.Angew. Chem., Int. Ed. 2010, 49, 2223–2226. (c) Patel, S. G.;Wiskur,
S. L. Tetrahedron Lett. 2009, 50, 1164–1166.

(3) (a) Kagan, H. B. Tetrahedron 2001, 57, 2449–2468. (b) Kumar,
R. R.; Kagan, H. B. Adv. Synth. Catal. 2010, 352, 231–242. The
nomenclature associated with this type of reaction manifold, which
has also been referred to as parallel kinetic resolution or divergent
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and 6.
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hydroxyl group that is proximal to the smaller methyl unit
(eq 5).

Since direct access to enantiomerically enriched diol 2
by catalytic enantioselective dihydroxylation of 1,3-cy-
clohexadiene furnishes products of low enantiomeric
purity (e.g., 37% ee)4 and, to the best of our knowledge,
there are no other direct enantioselective methods avail-
able for synthesis of such organic molecules, we decided
to investigate enantioselective catalytic silylations of
this substrate class. We expected that reactions of diols,
such as 2, would provide access to enantiomerically
enriched, differentially functionalized, monosilylated de-
rivatives that could be used in a variety of synthetic ap-
plications.
The data shown in Table 1 summarize our findings in

connection with the RRRM of racemic diols through a
catalytic enantioselective silylation. In these examples,
the catalyst promotes efficient site-selective silylation of
each enantiomer of the starting diol.5 Accordingly, when
the racemic starting material is subjected to the silyla-
tion conditions, the diol substrate is consumed entirely
(>98%). It is important to note that none of the bis-
silylated products are formed under the reaction conditions

(<2% by 400 MHz 1H NMR analysis). As illustrated in
Table 1, five-, six-, or seven-membered ring unsaturated
diols serve as suitable substrates (entries 1�3 and5).Acyclic
syn-diols undergo efficient and selective silylation as well
(entries 4 and 6).6

In an ideal RRRM process, both enantiomers of the

starting diols are consumed at the same rate and undergo

a highly site-selective transformation, leading to the

formation of two differentially functionalized enantio-

merically enriched products. Any deviation from the

above scenario can lead to unequal amounts of products,

which does affect the enantiomeric purities of the pro-

ducts. This limitation is observed in the reactions illu-

strated in entries 2 and 3 of Table 1. In these cases, a

low level of substrate control during the silylation leads

to one regioisomer being formed in greater than 50%

Scheme 1. Enantioselective Silylations of Diols Table 1. RRRM through Catalytic Enantioselective Silylation

aTBSCl (2 equiv), DIPEA (1 equiv), toluene [1 M], �30 �C, 120 h.
bTBSCl (1.5 equiv), DIPEA (1 equiv), toluene [1 M], �60 �C, 120 h.
cTBSCl (1.5 equiv), DIPEA (1 equiv), toluene [1 M], �30 �C, 120 h.
dTESCl (1.5 equiv), DIPEA (1 equiv), THF [1M],�60 �C, 72 h. eTBSCl
(1 equiv), DIPEA (1 equiv), toluene [1 M], �60 �C, 120 h. fTBSCl (1
equiv), DIPEA (1.25 equiv), THF [1 M], �30 �C, 110 h.

(4) Wang, Z.; Kakiuchi, K.; Sharpless, K. B. J. Org. Chem. 1994, 59,
6895–6897.

(5) Jure, M.; Vedejs, E. Angew. Chem., Int. Ed. 2005, 26, 3974–4001.

(6) For recent representative examples of RRRM, see: (a) Webster,
R.; B€oing, C.; Lautens, M. J. Am. Chem. Soc. 2009, 131, 444–445. (b)
Miller, L. C.; Ndungu, M. J.; Sarpong, R. Angew. Chem., Int. Ed. 2009,
48, 2398–2402. (c) Wu, B.; Parquette, J. R.; RajanBabu, T. V. Science
2009, 326, 1662.
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yield, but with diminished enantioselectivity. The minor

regioisomer, on the other hand, is obtained with higher

levels of enantiomeric purity.7

The present regiodivergent silylation strategy can be
applied to instances where an enantiomerically enriched
mixture of substrates, such as those illustrated in Scheme
2, are used as substrates; this process is referred to as a
regiodivergent reaction on an enantioenriched mixture
(RREM).8 The nonracemic diols (þ)-2 and (�)-2 were
prepared through the use of the complementary Sharp-
less enantioselective dihydroxylation involving AD-mix-
R and AD-mix-β with 1,3-cyclohexadiene. The Os-cata-
lyzed transformations thus provide the desired ene-diol
enantiomers in high yield, albeit in low enantiomeric
purity.4 This limitation can be addressed by employing
a second catalytic, enantioselective reaction performed
sequentially such that the final product is obtained in
higher levels of enantiopurity. For example, when the
asymmetric silylation of diol (þ)-2 is carried out with
catalyst 1, monosilyl ether (þ)-4 can be isolated in 64%
yield and 97% ee. If the same transformation is per-
formed with enantiomerically enriched (�)-2, silylated
allylic alcohol (þ)-5 is generated in 64% yield and 90%
ee. It is important to note that, although the idealized
case for RRRM can provide a maximum of 50% yield of
each product, performing the two aforementioned pro-
cesses serves to increase the theoretical yield of the
products 4 or 5 (since the starting diol 2 is enantiomeri-
cally enriched).
The value of the approach outlined above is high-

lighted through the utilization of (þ)-4 in the first total
synthesis of sapinofuranone A. This butanolide natural
product was first isolated from the liquid cultures of the

phytotoxic fungus Sphaeropsis sapinea in 1999 by Evi-
dente and co-workers.9 Our approach to sapinofuranone
A begins with ozonolytic cleavage/oxidation10 of enan-
tiomerically enriched monosilyl diol (þ)-4 to furnish
lactone 6 (Scheme 3); the resulting sensitive R-siloxy
aldehyde is used directly in a Wittig olefination. After
optimization, we were able to obtain the desired diene in
78% yield and 2.4:1 Z/E selectivity for the newly formed
olefin. Subsequent removal of the silyl group with TBAF
delivers sapinofuranone A in 94% yield.

In another demonstration of utility of the method, silyl

ether (�)-5 can be converted readily into γ-siloxy-β-
methylcyclohexenone 8 (Scheme 4), which has previously

found applications in enantioselective syntheses of nat-

ural products, such as the kinamycins11 and karahana

lactone.12 Formation of enantiomerically enriched 8 is

accomplished through allylic oxidation (PCC) of mono-

silyl ether (�)-5, generating R-siloxy ketone 7. Alkylation

of 7 (MeMgBr) affords a 2:1 mixture of diastereomers

that is subjected directly to another oxidation to furnish 8

in 70% yield (ee = 90%).
In summary, the present study demonstrates the en-

antioselective catalytic silylation of racemic diols that
offers access to enantiomerically enriched monosilylated
regioisomers. We also show, through combination
with catalytic enantioselective dihydroxylation in an
RREM process, that the theoretical yield and enantio-
purity of the products can be significantly enhanced.
Finally, the utility of themethod is demonstrated through

Scheme 2. Combination of RRRM with Enantioselective Di-
hydroxylation

Scheme 3. Synthesis of Sapinofuranone A

Scheme 4. Representative Application of RREM Products
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the synthesis of the enantioenriched γ-siloxy-β-methyl-
cyclohexenone, as well as the first total synthesis of
sapinofuranone A.
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