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Lewis acids have been employed satisfactorily as catalysts
for cycloadditions for some time, and more recently organo-
catalysts have also been shown to catalytically accelerate such
reactions."”! Catalyzed enantioselective cycloadditions, in
particular, are of prime interest for organic synthesis. On the
occasion of the 100th birthday of Kurt Alder, Corey
summarized the field of catalyzed enantioselective Diels—
Alder reactions in this journal in 2002. Although a number
of enantioselective homo- as well as hetero-Diels—Alder
reactions are known, which are catalyzed by transition metals
in the presence of bis(oxazoline), binaphthyl, or a,a,0’,0/-
tetraaryl-2,2-dimethyl-1,3-dioxolan-4,5-dimethanol(Taddol)
ligands,>®! the research by Corey and co-workers focused on
asymmetric catalysis with Lewis acids derived from alumi-
num, boron, or titanium. In addi-
tion, Narasaka has made important
pioneering contributions to the lat-
ter field."™

Oxazaborolidine catalysts such
as 1 (Scheme 1) have proven suc-
cessful in the enantioselective Cor-
Bu ey-Bakshi—Shibata(CBS)  reduc-
tion'®? over the past 20 years.['¥]
Catalysts of this kind are suitable
not only for reduction but also for
[44+2] cycloaddition reactions. Cor-
ey and Loh showed as early as 1991
that the Diels—Alder reaction of cyclopentadiene (2) with 2-
bromopropenal (3) in the presence of 5 mol% of 1 afforded
cycloadduct 4 in excellent enantioselectivity (ca. 99.5 % ee) in
94 % yield (exolendo 96:4, Scheme 2).1¥

Later Corey et al. showed that protonated oxazaborolidi-
nium triflates such as 5 have an extraordinarily broad
application profile as catalysts in enantioselective Diels—
Alder reactions. For example, the cycloaddition of 2-methyl-

Scheme 1. Oxazaboroli-
dine catalyst 1. Ts =p-tol-
uenesulfonyl.
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Scheme 2. Enantioselective Diels—Alder reaction with catalyst 1.

1,3-butadiene (6) with 2-methylpropenal (7) at —78°C affords
8 in 96 % yield and 97 % ee (Scheme 3).['>1%)
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Scheme 3. Enantioselective Diels—Alder reaction catalyzed by the pro-
tonated oxazaborolidinium triflate 5. o-Tol = o-tolyl.

The broad application profile of protonated oxazaboro-
lidinium catalysts such as 5§ has been underlined impressively
by the implementation of enantioselective Diels—Alder cyclo-
additions into some classic syntheses of racemic natural
products, resulting in the formation of the respective natural
products in high enantiomeric purity.'"”! In this respect,
mention should be made of the cortisone synthesis by Sarett
et al.,'8 that of vitamin B, by Eschenmoser and Winter,?"!
that of myrocine C by Danishefsky et al.’!l as well as the
triquinane syntheses by Mehta etal. including those of
corioline and hirsutene.”?! In addition to the implementa-
tion of enantioselective Diels—Alder reactions into known
racemic syntheses, Corey and co-workers developed new
syntheses of natural products and active substances based on
this reaction. These include dolabellane-derived marine
natural products such as dolabellatrienone and palominol,**!
fragrances such as georgyone and arborone,””! as well as the
neuroamidase inhibitor oseltamivir, which has gained impor-
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tance as Tamiflu in connection with medicinal treatment of  reaction conditions in excellent yields and enantioselectiv-
infections with the bird flu virus H5N1.2 An important  ities, whereas 10-20 mol% of 9 were required to achieve
expansion of the profile of protonated oxazolidinium catalysts ~ comparable results. This applies also to cycloadditions with
has been realized by the application of triflimide 9 as a  the less reactive cyclohexadiene. The catalysis also functions
catalyst for an enantioselective [34+2] cycloaddition of 2-  with with furans, thus opening the way to valuable chiral
methoxyquinone (10) and 4,5-dihydrofuran (11) to give 12  cyclohexadienes by subsequent ring-opening of the cyclo-
within the total synthesis of aflatoxin B, (Scheme 4).%” adducts by using trimethylsilyl bromide or zinc dust in

acetonitrile. An additional advantage of this method for
Ph large-scale reactions is that the catalyst precursor diphenyl-
H 1.Ph pyrrolidinomethanol can be recovered easily in enantiomer-
T ically pure form. Remarkably, up to now only aluminum
N-g TN tribromide has led to such an activation of oxazolidine
H ool catalysts, AICl; and GaCl, gave clearly worse results.”"!
9 Recent review articles by Lee-Ruff and Bach on syntheses
o H of cyclobutanes indicate that catalyzed enantioselective [2+2]
MeO MeO cycloadditions are exceptionally rare.”**? Early ground-
I 20 mol% 9 H breaking contributions by Narasaka et al. include the cata-
0 MeCN, CHoCl, lyzed enantioselective [24+2] cycloaddition of a,f-unsaturated
o 65 % ° 4o amides with various ketene thioacetals, allenyl and alkenyl
sulfides in high yields and enantioselectivities in the presence
10 " 12 (92 % ee) of chiral Taddol ligands and dichlorodiisopropoxytitani-
Scheme 4. Enantioselective [342] cycloaddition catalyzed by the pro- um.**! Later Engler applied the catalyst system for the
tonated oxazaborolidinium triflimide 9. [242] cycloaddition of quinones with styrene derivatives.’’! In
a recent paper, Corey and Canales now describe the
application of catalyst 13 in enantioselective [242] cyclo-
It should emphasized that the complete protonation of the  additions of cyclic enol ethers with the particularly reactive
oxazaborolidines requires strong acids such as trifluorome-  2,2,2-trifluorethylpropenoate (16). The reactions take place in
thanesulfonic acid or bis(trifluormethylsulfonyl)imide, even  the presence of 10 mol% of 13 at —78°C in 87-99% yield
methanesulfonic acid or p-toluenesulfonic acid are insuffi-  with high diastereoselectivity and enantiomeric excesses of
cient. Early attempts at the formation of adducts of oxaza- the cyclobutanes formed of up to 99%. For example, the
borolidines and Lewis acids were less than promising; reaction of 4,5-dihydrofuran (11) with 16 affords the bicycle
however, Corey and co-workers have now reported efficient 17 in 87 % yield (endo/exo=1:>99) and 99% ee in only 3 h
asymmetric catalyses of Diels—-Alder cycloadditions and, (Scheme 7).*’]
more recently, [242] cycloadditions by the
adduct 13 of the oxazaborolidine, which had o O\\
Ph aldready been protonated to give 9, and Ho\
H LR aluminum tribromide (Scheme 5).2%%) @ + KL OCH ,CF4 10 mol% 13 {jj OCHCFs
+N\B'O The adduct 13 was formed in situ by © CH2Cla, -78°C B
BrAl™ oTol addition of a solution of AIBr; in dibromo- 87 %, 99 % 60 H
13 methane to a cold (< —20°C) solution of the 1 16 endolexo 1:299 17
Scheme 5. Oxa- oxazaborolidine in dichloromethane, and Scherrte. 7. Enantioselective [24-2] cycloaddition catalyzed by the oxaza-
Saborolidine. was identified by 'HNMR spectroscopy; borolidine-AlBr; adduct 13.
AlBr, adduct 13.  the pyrrolidine and the o-tolyl methyl pro-
tons showed a deshielding comparable to
that in protonated oxazaborolidines. It Notably, the reaction works with tert-butyldimethylsilyl as
turned out that 13 was more efficient than  well as with triisopropylsilyl enol ethers, which are well
9 in Diels—Alder reactions such as that of the quinone 14 and  accessible from the respective ketones. The enol ethers
cyclopentadiene (2) to tricycle 15 (Scheme 6): 4 mol % of 13 derived from cyclohexanone undergo the cycloaddition to
were sufficient for performing the reaction under mild 18 and 19 with high endo selectivity (18: 82:18,19: 97:3) in 97
and 99% yield, respectively, with 92% ee in both cases
(Scheme 8). 1-(Triisopropylsilyloxy)cycloheptene performs
H particularly well to give the cycloadduct 20 (endo/exo 99:1)
4 mol% 13 @ P in 99% yield and 99 % ee. In contrast, the stereochemical
@ ~cn.cn Q course of the reaction of 2-methyl-substituted silyl enol ethers
2bl2 Me . .
~78°C, 05 h appears to be less clear: Whereas the silyl enol ethers derived
99 % 0 from 2-methylcyclohexanone predominantly afford exo-cy-
14 2 99 % ee 15 cloadducts 21 and 22 (21: 1:99, 22: 10:90), the reaction of 1-
Scheme 6. Enantioselective Diels—Alder reaction with the oxazaboroli- (tert-butyldimethylsilyloxy)-2-methylcycloheptene preferen-
dine-AIBr; adduct 13 as catalyst. tially leads to the endo-cycloadduct 23 (96:4). The annelated
Angew. Chem. Int. Ed. 2008, 47, 3492 —3495 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 3493
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Scheme 8. Products of the enantioselective [2+2] cycloaddition of
cyclic silyl enol ethers with 16 catalyzed by 13.

silyloxy-substituted cyclobutane derivatives thus obtained in
enantiomerically pure form can be transformed in few steps
with high yields into the valuable enantiomerically pure
bicycloalkenones 24-26 (Scheme 9).%”!

24 25 26

Scheme 9. Enantiomerically pure bicycloalkenones obtained from
[242] cycloadducts.

In terms of the mechanism, the authors presume an attack
of the enol ether at the acrylate from the si face, which
corresponds to the mechanistic model of the action of catalyst
13 in enantioselective Diels-Alder reactions.'*'**! In con-
trast, the facial selectivity of the silyl enol ether appears to be
influenced by several different factors such as the steric bulk
of the silyl group, the presence of other substituents (H, Me)
at the double bond, and the ring size. For the [2+42]
cycloaddition the authors presume an asynchronous process
and propose, as earlier for the Diels—Alder reactions, a
transition state with a bridge between the a-hydrogen atom of
the acrylate and the oxygen atom of the oxazaborolidine
catalyst. For the reaction with 4,5-dihydrofuran (11), a
transition state similar to that for the [3+2] cycloaddition
leading to 12 is suggested.

With the introduction of the oxazaborolidine—aluminum
tribromide adduct 13 as an efficient catalyst for enantiose-
lective Diels—Alder reactions and now also for enantioselec-
tive [242] cycloadditions, Corey and co-workers have suc-
ceeded in an impressive broadening of the application profile
of oxazaborolidine derivatives in asymmetric catalysis. The
compounds accessible by these reactions are valuable as
enantiomerically pure building blocks for the synthesis of
complex organic compounds. Although the classes of com-
pounds, which according to the earlier work of Narasaka et al.
and the more recent publication by Corey and Canales can be
used successfully in enantioselective [2+2] cycloaddition, are
still somewhat limited in scope, the results summarized here
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makes one expect further improvements of this important,
sometimes underestimated reaction type in the near future.
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