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ABSTRACT

The asymmetric ring opening of meso epoxides with TMSCN is catalyzed by (pybox)YbCl3 complexes, yielding the â-trimethylsilyloxy nitrile
ring-opened products with good enantioselectivities (83−92% ee). The reaction exhibits a second-order kinetic dependence on catalyst
concentration and a first-order dependence on epoxide concentration, consistent with a bimetallic pathway involving simulataneous activation
of epoxide and cyanide.

The asymmetric ring opening (ARO) of meso epoxides
catalyzed by chiral metal complexes has emerged as an
important synthetic strategy for the preparation of valuable
chiral building blocks.1 A variety of nucleophiles have been
employed successfully in ARO reactions, with the majority
of these being heteroatom-based. These methodologies have
provided practical access to enantioenriched 1,2-azido alco-
hols,2 1,2-halohydrins,3 1,2-hydroxy sulfides,4 1,2-benzoy-
loxy alcohols,5 and 1,2-aryloxy alcohols.6 In contrast, the
number of methods for effecting catalytic ARO reactions

with carbon-based nucleophiles remains quite limited. Two
important advances have been made in this area: Snapper
and Hoveyda applied a novel solid-phase ligand optimization
approach to the discovery of titanium-based catalysts for the
ARO of meso epoxides with TMSCN7 and Oguni made the
striking discovery that uncomplexed salen ligands catalyze
ARO reactions with organolithium reagents.8

Cyanide is a particularly interesting carbon-based nucleo-
phile for epoxide desymmetrization reactions because of its
low cost and the synthetic versatility of the nitrile ring-opened
products. We were intrigued by the possibility of effecting
cyanide ARO reactions with lanthanide-based catalysts,
drawing on the seminal observation by Kagan et al. that
lanthanide chloride salts effectively promote the ring opening
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of propylene oxide with TMSCN.9 In particular, they reported
that treatment of racemic propylene oxide with TMSCN and
LnCl3 (Ln ) Sm, Ce, La) yielded the desired trimethylsilyl-
cyanohydrin in good yields (eq 1).

It was later disclosed by Utimoto that ytterbium salts also
catalyze the reaction of TMSCN with epoxides, with the
active catalyst for the reaction identified as Yb(CN)3.10 In
both reports, the lanthanide catalysts were found to be
selective for the formation of the nitrile product,11 with
minimal production of the isomeric isonitrile.12

Recognizing that the multiple coordination sites available
to lanthanide salts might allow coordination of ancillary
chiral ligands in these ring-opening reactions, we evaluated
a series of neutral chiral additives (e.g.,2-5) in the TMSCN
addition to cyclohexene oxide catalyzed by YbCl3 (Scheme
1). Formation of the (ligand)YbCl3 complexes was conducted

in THF and was discernible by dissolution of the otherwise
insoluble salt. The complex was isolated by concentration

of the THF solution and redissolved in CH2Cl2, and reaction
was then initiated by sequential addition of TMSCN and
cyclohexene oxide. After 4 h at rt, GCanalysis indicated
formation of the desired cyanide ring-opened product1 in
all four cases, with formation of ca. 5% of the corresponding
O-trimethylsilylchlorohydrin as a side product. While reac-
tions with ligands3-5 afforded the cyanide ring-opened
product in racemic form, thei-Pr-pybox ligand2a led to
formation of1 in 47% ee.13

A systematic evaluation of LnCl3 hydrates in the ARO of
cyclohexene oxide with pybox ligand2a revealed a consistent
increase in enantioselectivity as a function of the lanthanide
atomic number, with the highest ee of 51% obtained with
LuCl3 (Table 1, Figure 1). If one makes the rather substantial

assumption that all of the complexes mediate the ARO by a
common mechanism, then this trend can be ascribed to more
effective stereochemical communication resulting from the
smaller ionic radius of the metals with higher atomic
numbers.

A series of different pybox ligands (2a-e) was evaluated
in association with YbCl3 in order to identify the most
enantioselective system for the ARO of cyclohexene oxide
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for the Rh-catalyzed hydrosilylation of aryl ketones,14 they have been used
effectively in a wide range of asymmetric carbon-carbon bond-forming
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trimethylsilylcyanohydrin adduct in 89% ee and 61% yield.16

Scheme 1

Table 1. Asymmetric Ring Opening (ARO) of Cyclohexene
Oxide Catalyzed by2‚LnCl3‚6H2O. Reactions Were Run at
Room Temperature for 12 h with 5 mol % of Catalyst

Ce Pr Nd Eu Dy Er Yb Lu

yield (%)a 68 96 88 91 89 88 96 94
ee (%)b 0 2 10 25 31 40 47 51

a Crude yield of1 determined by GC analysis.b Determined by chiral
GC analysis (see Supporting Information).

Figure 1. Plot of ee as a function of lanthanide atomic number in
the ARO of cyclohexene oxide with TMSCN.
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with TMSCN. The (S,S)-Ph-pybox ligand2c afforded the
highest enantioselectivity, yielding the product in 67% ee

(Table 2). Moreover, the product obtained with (S,S)-2cwas
of opposite configuration to that obtained with the other (S,S)-
pybox ligands.17

The reaction conditions for the ARO of cyclohexene oxide
with 2c‚YbX3‚6H2O were optimized systematically with
respect to both enantioselectivity and yield. While all
ytterbium salts that were studied catalyzed formation of1
in good yield, the complex derived from YbCl3 afforded
substantially higher enantioselectivity than those derived from
the corresponding bromide, triflate, or alkoxide salts. A
strong solvent dependence was observed, with halogenated
solvents providing best results and nonpolar solvents such
as toluene or TBME leading to low conversions and ee’s.
Chloroform proved to be the optimal solvent, providing ring-
opened product1 in 92% yield and 72% ee at room
temperature. Decreased reaction temperatures led to im-
provement in ee’s, although at the expense of reaction rate.
Thus, at-40 °C, the ARO could be carried out with 10 mol
% of catalyst, affording1 in 91% ee and 90% isolated yield
after 4 days.

Investigation of the scope of the ARO was conducted
under the optimized conditions outlined above (Table 3).

While it was possible to achieve good yield and enantiose-
lectivity for a variety of meso epoxides, the optimal ligand
and reaction temperature proved to be highly substrate-
dependent. For example, the ARO of cyclopentene oxide
carried out at room temperature proceeded in 33% ee with
ligand2c but in 63% ee with thet-Bu-pybox ligand2b. At
-10 °C, the enantioselectivity was improved to 92%. For
those substrates examined, epoxides fused to five-membered
rings (entries 2, 4, and 5) performed best with thet-Bu-pybox
ligand2b, whereas the Ph-pybox ligand2c proved superior
with cyclohexene oxide andcis-2-butene oxide. As was
observed in the ARO of cyclohexene oxide (see above), these
two ligands consistently afforded product of opposite abso-
lute configuration.

While the results summarized in Table 3 compare favor-
ably with the state-of-the-art for ARO of meso epoxides with
TMSCN,7 it is clear that the reaction is by no means ideal
from a practical standpoint. In particular, the reactions must
be carried out at reduced temperature in order to achieve
high enantioselectivity, and as a result several days are
required to attain optimal yields. To glean some insight into
this process as a first step toward the design of improved
catalysts, we have carried out a set of preliminary mechanistic
investigations that are summarized below.

As noted above, a chloride transfer byproduct was obtained
in the initial stages of the ARO of cyclohexene oxide in
yields roughly equal to the amount of catalyst employed.
This, in combination with the observations made by Utimoto
with achiral ytterbium catalysts,10 is consistent with the
requisite formation of a cyanoytterbium species as the active
catalyst.18 While this might suggest a role of nucleophile-
delivery agent for the catalyst, the observation of significant
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Table 2. Effect of Ligand in the ARO of Cyclohexene Oxide
with TMSCN Catalyzed by YbCl3‚6H2O. Reactions Were Run
at Room Temperature for 4 h with 5 mol % of Catalyst

ligand yield (%)a ee (%)b confignc

(S,S)-2a 95 47 1S,2R
(S,S)-2b 93 57 1S,2R
(S,S)-2c 96 -67 1R,2S
(S,S)-2d 96 28 1S,2R
(S,S)-2e 93 28 1S,2R

a ,bSee Table 1.c Absolute configuration of the predominant enantiomer
of 1 generated with (S,S)-ligand.

Table 3. ARO of Meso Epoxides with TMSCN Catalyzed by
(pybox)YbCl3 Complexesa
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rate inhibition with coordinating solvents such as THF and
CH3CN suggested that the Lewis acidity of the catalyst is
also important. The observation of a significant positive
nonlinear effect (Figure 2) provided the first concrete

indication that a bimetallic mechanism of catalysis might
be involved. A nonlinear effect is symptomatic of catalyst
aggregation at some point in the catalytic cycle19,20 and is
consistent with the catalyst playing a dual role of cyanide-
delivery agent and Lewis acid (Figure 3).21

Kinetic studies provided additional insight into the nature
of the ring-opening reaction.22 Measurements were carried
out at five different catalyst loadings over an 8-fold
concentration range, and the rate constants thus obtained
correlated in a linear manner with the square of catalyst
concentration (Figure 4). This second-order dependence on
catalyst is again consistent with a bimetallic rate-limiting
ring-opening reaction.

In summary, the ARO of several meso epoxides was
accomplished with good enantioselectivity and yield by

employing (pybox)YbCl3 catalysts. Preliminary kinetic stud-
ies point to a bimetallic mechanism of catalysis, indicating
that it may be possible to construct more effective and
reactive catalysts by covalent linkage of (pybox)lanthanide
units. Efforts in this direction are ongoing and will be
reported in due course.
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Figure 2. Plot of product ee vs catalyst ee for the ARO of
cyclohexene oxide with TMSCN using 5 mol % of catalyst2b‚
YbCl3. Reactions were carried out at 0°C in CHCl3.

Figure 3. Proposed bimetallic mechanism for the ARO.

Figure 4. Plot of first-order rate constantkobs vs the square of
catalyst concentration for the ARO of cyclohexene oxide with
TMSCN. Reactions were carried out at 23°C in CHCl3.
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