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PINDOX 8 has been identified as a chiral organocatalyst for the enantioselective ring-opening of cyclic meso-epoxides with SiCl, to produce
chlorohydrins in up to 90% ee. The catalyst is most effective with saturated cyclic substrates containing more than seven carbon units.

Epoxides constitute a class of versatile synthetic intermedi-
ates that offer a great deal of variability of the regio- and
stereocontrolled ring cleavage, thus creating the space for
subsequent synthetic transformations. In the case of sym-
metrical meso-epoxides, the ring opening generates two
contiguous stereogenic centers.

The ability of various chlorosilanes to serve as the source
of chloride ion in the epoxide cleavage was recognized half
a century ago (Scheme 1).* Over the years, it has been
demonstrated that the reaction can be dramatically accelerated
by nucleophilic catalysts, such as phosphines and imidazole?
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and, most recently, by ferrocene-type phosphorus hetero-
cycles® and HMPA.*
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Experimental and computational data® show that silanes
act as weak Lewis acids toward neutral N and O Lewis bases.
Stronger Lewis bases or stabilizing intermolecular forces in
the solution can enhance the propensity of Si to the formation
of relatively stable extracoordinate adducts.®” However,
when Lewis bases are to be employed as catalysts, it is
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important that their adducts be sufficiently unstable to allow
catalytic turnover.

A detailed investigation into the mechanism of the
nucleophile-assisted opening of epoxides allowed Denmark®
to formulate the following catalytic cycle (Scheme 2).
Initially, tetrachlorosilane and a monodentate Lewis base
(LB) form a pentacoordinate donor—acceptor complex A.
The silicon center in the hypercoordinate derivatives, such
as A, uniformly becomes more Lewis acidic due to the
increased positive charge at Si,>”° which encourages interac-
tions with the epoxide. Displacement of a chloride in the
coordination sphere of silicon by the epoxide oxygen gives
rise to complex B, where the Lewis base is present in both
cationic and anionic species. Opening of the activated
epoxide by a chloride ion, presumably generated from the
silicate anion, proceeds in an Sy2 fashion to give intermediate
C. Due to the reversible nature of the donor—acceptor
interactions between the Lewis base and silicon, SiCl, then
reacts with C to release the silylated chlorohydrin D,
simultaneously generating complex A, which completes the
catalytic cycle.
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The intermediacy of species B containing two molecules
of the catalyst, each attached to a different silicon center,
was proposed as the most plausible scenario, taking into
account the nonlinear effect observed for monodentate chiral
Lewis bases in conjuction with the inability of the corre-
sponding bidentate catalysts to improve the enantioselectivity.
Therefore, an alternative arrangement, where two molecules
of the catalyst are coordinated to the same silicon atom, can
be regarded as less likely.®

According to the latter mechanism (Scheme 2), the process
is well suited to asymmetric modifications.>° However, the
existing enantioselective versions of the Lewis base-assisted
desymmetrization of meso-epoxides with halosilanes are
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limited to the acyclic series, where a number of successful
catalysts, in particular 3—7 (Figure 1), have been intro-
duced:***~1* The axially chiral phosphoramide 3,* planar
chiral pyridine N-oxide 4,** helical pyridine N-oxide 5,
bisisoquinoline N,N’-dioxide 6,* and BINAPO 7**" exhib-
ited high enantioselectivity in the opening of derivatives of
cis-stilbene oxide 1 (R = Ar; 87—97% ee). By contrast, in
the case of the less sterically demanding aliphatic substrates
and, in particular, with cyclic epoxides, the enantioselectivity
remains inadequate. Herein, we present the results of our
investigation into the asymmetric catalytic opening of cyclic
meso-epoxides.
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Figure 1

At the time of the first reports on desymmetrization of
cis-stilbene oxide,*** we introduced the bipyridine mono-
N-oxide 8 (PINDOX) as an efficient catalyst for the asym-
metric allylation of aromatic aldehydes with allyltrichlorosi-
lanes.™> When applied to the opening of noncyclic meso-
epoxides, catalyst 8 proved ineffective: thus, cis-stilbene
oxide and cis-oct-4-ene oxide produced the corresponding
chlorohydrins in high yields but in only 16% and 8% ee,
respectively. However, cyclooctene oxide, a particularly
challenging substrate showing low reactivity and selectivity
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with most of the Lewis bases 3—7,'® furnished the corre-
sponding chlorohydrin in 85% ee (see footnote 25 in ref 15a).
This prompted us to investigate PINDOX in the asymmetric
opening of a series of cyclic epoxides 9a—e (Scheme 3).
The opening of epoxides 9a—e with SiCly, catalyzed by
PINDOX 8 (10 mol %), was carried out in CH,Cl, at —90
°C in the presence of (i-Pr)Et,N (3 equiv) for 48 h. To ensure
the accuracy and consistency of the results, the reaction
mixtures were quenched with an aqueous saturated 1:1 KF/
K,HPO, solution, known to be highly effective in preventing
the large quantities of acid released during the hydrolysis of
Si—Cl bonds from entering the organic solution and causing
a nonselective opening of the remaining unreacted epoxide.®

Scheme 3
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The highest levels of selectivity (up to 90% ee) were
attained for derivatives with the ring size of eight carbons
or more (10c and 10e).*” Reduction of the ring size resulted
in a dramatic drop in selectivity: thus, cycloheptane oxide
9b afforded the corresponding chlorohydrin 10b in good
yield (87%) but with only 49% ee, whereas cyclohexane
oxide 9a furnished racemic product 10a. The introduction
of a double bond into the eight-membered ring system also
had a negative effect, with 10d showing a drop to 57% ee
compared to the 90% ee for the corresponding saturated

(16) For a correction of erroneous reports, see: Denmark, S. E.; Wynn,
T.; Jellerichs, B. . 2001, 40, 2255.

(17) (a) The absolute configuration of chlorohydrins 10 is unknown;
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(b) The enantioselectivities shown in Scheme 3 were established by *°F
NMR analysis of the corresponding Mosher’s esters, as most of the
chlorohydrins 10 (except 10c) proved difficult to separate by chiral
chromatography. (c) The Mosher esterication was quantitative, as revealed
by TLC analysis and by the *H NMR spectra of the crude products, which
excludes a possible ee amplification during this derivatization. (d) The
enantiopurity of Mosher’s acid was independently verified to be >99% ee
(see the Supporting Information). (d) Chiral GC analysis of the trifluoro-
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system 10c. Note that to attain the highest enantioselectivity
it is crucial to carry out the reaction at low temperature. Thus,
opening of 9c at —60 °C gave 10c in 75% ee (a ~15% drop
in ee compared to —90 °C), whereas at —35 °C the product
was racemic, as shown by chiral GC analysis. It is also
pertinent to note that PINDOX (8) seems to be unique as a
catalyst for these transformations. Its close analogues, such
as the corresponding N,N’-dioxide™® or METHOX,*® were
inefficient, giving practically racemic products.*®

The tricyclic exo-norbornene oxide 9f afforded the syn-
exo-chloroalcohol 11 as the major product (53% yield and
90% ee), rather than the vicinal chlorohydrin (Scheme 4).
The latter result is not surprising as the tendecy of 9f to
undergo Wagner—Meerwein rearrangements in the presence
of hydrochloric or hydrobromic acids is well docu-
mented.?%

The formation of 11 suggests that the epoxide opening
does not strictly follow a bimolecular Sy2-type manifold but
involves a substantial degree of the C—O bonds ionization
in the initially formed complex E, generating the carbocation
intermediate F/G. According to this scenario, the enantiose-
lectivity of the process is determined by the selection of one
of the two C—0O bonds of the epoxide for ionization. It seems
likely that the silicate counterion in the intermediate complex
B, incorporating the chiral Lewis base (Scheme 2), exerts
significant influence on the enantiodifferentiation.??

The syn relationship between the hydroxyl and chloride
groups in the syn-exo-chlorohydrin 11 is noteworthy. Intrinsic
preference for the nucleophile to form an exo-adduct, coupled
with the close proximity of the hydroxy group, suggests that
the delivery of the chloride ion may occur from the silicon
atom coordinated to the oxygen, rather than from the silicate
ion.

In conclusion, we have demonstrated that PINDOX 8 can
catalyze an enantioselective formation of chlorohydrins from
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and prevent the organic phase from becoming acidic (vide supra®).
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cyclic meso-epoxides 9 in up to 90% ee, which is unprec-
edented. The catalyst was most effective with cyclic saturated
substrates containing more than seven carbon units. In the
opening of the norbornene oxide, the major product resulting

Org. Lett, Vol. 11, No. 23, 2009

from the Wagner—Meerwein rearrangement was obtained
in 90% ee. Since the existing catalysts (3—7) only exhibit
high enantioselectivity with stilbene-type and related ep-
oxides, PINDOX 8 can be regarded as a valuable addition
to this collection as it fills a significant gap in the portfolio
of substrates.
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