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Asymmetric catalysis has become an interdisciplinary and
internationally competitive research field in chemistry.®
The prospects of asymmetric catalysis for both academia
and industry are enormous, and the demand for non-
racemic compounds from the society will probably not
decrease in the future.

Many asymmetric catalytic reactions which have been
used with great success only give excellent enantioselec-
tivity for a narrow range of substrates. A very attractive
goal in asymmetric catalysis is to develop general synthetic
methodologies based on chiral catalysis which shows large
substrate tolerance, i.e., allowing a variety of different
substrates to react with various reactants in a highly
stereoselective manner. Furthermore, if the chiral catalyst
can catalyze more than just one type of reaction, the
prospects will be even further enlarged.

In this Account we intend to present such a common
catalytic system, which can catalyze, in a highly stereo-
selective manner, a variety of important organic addition
reactions. The reactions which will be considered are
outlined in Scheme 1. This approach for the enantiose-
lective addition reactions takes its starting point from
a-dicarbonyl compounds (marked in red). For a-dicar-
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bonyl compounds having R* = H, reaction with conju-
gated dienes can give the hetero-Diels—Alder adduct.
However, for reaction of substrates having allylic C—H
bonds, application of the same catalysts can lead to the
ene reaction. Ketones (R! = alkyl, aryl) can also be
substrates for a hetero-Diels—Alder reaction by reaction
with activated conjugated dienes. The first two hetero-
Diels—Alder reactions in Scheme 1 are normal electron
demand reactions. The catalytic approach can further-
more be applied for the inverse electron demand hetero-
Diels—Alder reactions (R = vinyl) with alkenes substituted
with electron-donating groups (EDG) as the dienophile.
Finally, the approach can be used to catalyze the aldol
reaction with enol silanes.

The key element in the common catalytic approach in
Scheme 1 is the use of the chiral C,-symmetric bisoxazo-
lines (S)-1la and (R)-1b in combination with copper(ll)

[cosTNees

X’

(S)-1a (R)-1b

salts as the Lewis acid. C,-symmetric bisoxazoline—metal
complexes as chiral catalysts, which are structurally related
to the C,-symmetric semicorrins pioneered by Pfaltz et
al.,? have received a great deal of attention in different
catalytic reactions in recent years.® A variety of chiral
bisoxazoline ligands with a great deal of structural diver-
sity have been introduced since the early 1990s,2 when
several research groups introduced these ligands in com-
bination with metal salts as catalysts for different enan-
tioselective reactions, such as the Diels—Alder reaction,*
cyclopropanation,® aziridination of alkenes and imines,®
allylic substitution” and oxidation,® free radical additions,®
nucleophilic addition to aldehydes!® and imines,** and
1,3-dipolar cycloaddition reactions.1?

The reason for us, in this Account, to involve only
a-dicarbonyl compounds and the chiral C,-symmetric
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FIGURE 1. The idea behind the use of C,-symmetric bisoxazoline—
copper(ll) complexes as the catalyst. The o-dicarbonyl compound
coordinates to the catalyst in a bidentate fashion by which the
“green” carbonyl functionality is activated and shielded from above.
bisoxazolines (S)-la and (R)-1b is that the catalysts
provide, for the reactions presented in Scheme 1, a chiral
environment at the Lewis acid center, leading to highly
selective reactions. This basic idea is illustrated in Figure
1. For (S)-1a the a-dicarbonyl compound coordinates to
the copper cation in a bidentate fashion with the two
carbonyl oxygen atoms by which the reacting carbonyl
functionality (the one in green) is activated, by lowering
the energy of the mc—o- orbital (LUMO) compared with
the unactivated substrate. The function of the chiral
bisoxazoline fragment is to shield one of the faces of the
carbonyl functionalities; in the model presented in Figure
1, the re face of the “green” carbonyl functionality is
shielded by the tert-butyl group.

Hetero-Diels—Alder Reactions of Aldehydes

The use of chiral bisoxazolines in combination with
copper(ll) salts, (S)-1a and (R)-1b, as the catalysts for the
hetero-Diels—Alder (HDA) and ene reactions of glyoxylates
with conjugated dienes was introduced in 1995 in our
laboratory,32.14 inspired by the work of Evans et al. on
carbo-Diels—Alder reactions.*? The application of (S)-1a/
Cu(OTf), and (R)-1b/Cu(OTf), as catalysts (10 mol %) for
the reaction of ethyl glyoxylate 2a with 2,3-dimethyl-1,3-
butadiene 3a (eq 1) leads to a HDA:ene ratio of 1:1.5
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(4a:5a) compared with a 1:9 ratio when using BINOL—
TiX, complexes.* The HDA adduct 4a was formed in up
to 85% enantiomeric excess (ee) using the two catalysts
(S)-1a/Cu(OTf), and (R)-1b/Cu(OTf),. It is notable that the
application of the catalysts (S)-1a/Cu(OTf), and (R)-1b/
Cu(OTf), leads to the same enantiomer (R) in the HDA
adduct (vide infra). Other conjugated dienes, such as
isoprene and 1,3-butadiene, also react with ethyl glyoxy-
late in the presence of (R)-1b/Cu(OTf), as catalyst, giving
the HDA adducts in reasonable yields and 80% and 87%
ee, respectively.13a
The reaction rate, chemoselectivity, and ee using the
copper(ll)—bisoxazolines (S)-1a and (R)-1b as catalysts are
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dependent on the solvents and counterions.*¢15> The HDA:
ene ratio, and ee of the HDA adducts, can be improved
by changing the solvent from CH,CI, to MeNO,.15 For the
reaction outlined in eq 1 the HDA:ene ratio is improved
to 1:0.8 and the ee to 90%. It should be mentioned that
this ratio, and the enantioselectivity, can be improved
significantly using BINOL—AIMe?!¢ as the catalyst.

Cyclic conjugated dienes, such as 1,3-cyclohexadiene
3b, are also excellent substrates for the HDA reaction with
ethyl glyoxylate 2a catalyzed by the copper(ll)—bisoxazo-
lines (eq 2).1315 The reaction rate is dependent on both
counterion and solvent. A highly diastereo- and enantio-
selective reaction is obtained using (S)-1a/Cu(OTf), as
catalyst in MeNO, as the solvent, giving exclusively the
endo adduct 4b in more than 90% isolated yield with
>97% ee.13.15
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The HDA adduct 4b formed by reaction of ethyl
glyoxylate with cyclic dienes catalyzed by (S)-1a and (R)-
1b in combination with copper(ll) salts was used in a
simple synthetic approach for the preparation of enan-
tiopure synthons for natural products (eq 3). By treatment
of 4b successively with base, and then acid, intermediate
4c is formed, which undergoes an intramolecular re-
arrangement, leading to the enantiopure bicyclic lactone
6a after recrystallization (eq 3).132152

This HDA approach has, e.g., been used for the total
synthesis of (R)-dihydroactinidiolide 6c, one of the main
components of the pheromone for the queen recognition
of the workers of the red fire ant, Soleneopsis invicta.l”
The total synthesis starting from 2,6,6-trimethyl-1,3-
cyclohexadiene 3c and ethyl glyoxylate 2a is outlined in
Scheme 2 and shows for the HDA reaction the highly
regio-, diastereo-, and enantioselective catalytic properties
of (S)-1a/Cu(SbFg),.

Ene Reactions

The fact that the copper(ll)—bisoxazoline-catalyzed reac-
tion of alkyl glyoxylates with substrates having allylic C—H
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bonds can give both the HDA and ene adducts has been
applied in organic synthesis'®18 and more recently been
developed as a highly enantioselective reaction.® For the
synthesis of meso-diaminopimelic acid 9, a key constituent
of bacterial peptidoglycan, the use of BINOL—TiX, com-
plexes# as catalysts for the ene reaction failed, whereas
(R)-1b/Cu(OTf), catalyzed the desired ene reaction be-
tween methyl glyoxylate 2b and 7 to give the alcohol 8 in
modest yield (42%) (Scheme 3).28 The alcohol 8 was
transformed into the desired acid 9 in a few steps.

Evans et al. have recently increased the potential for
the use of (S)-1a and (R)-1b as catalysts for ene reactions.*®
Ethyl glyoxylate 2a reacts with methylenecyclohexane 10
in the presence of (S)-1a/Cu(SbFg); as the catalyst (10 mol
%), giving the ene product 11 in 97% yield and 97% ee,
while (S)-1b/Cu(OTf), gives 99% vyield and 87% ee of the
other enantiomer of 11 (eq 4).

This ene reaction has the practical advantage that a
bis(aqua) complex (S)-1la/Cu(H,0),(SbFe),, readily pre-
pared as a bench-stable solid, can be used as catalyst with
loadings as low as 0.1 mol % without significant loss of
yield and enantioselectivity. A variety of substrates can
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be applied in this ene reaction. Besides the symmetrical
1,1-disubstituted alkenes, unsymmetrical 1,1-disubstitut-
ed, 1,2-disubstituted, and monosubstituted alkenes also
react in a highly enantioselective manner applying the
copper(ll)—bisoxazoline complexes as catalysts, which
shows the potential of this reaction.1® The ene reaction
of 2-methyl-1-heptene with 2a catalyzed by (S)-1b/
Cu(OTf), shows that the catalytic system can discriminate
between the methyl and methylene groups in the sub-
strate as the ene reaction proceeds in a 90:10 ratio at the
methyl rather than the methylene group. After determi-
nation of the absolute configuration of the products, it
was shown that the use of the ligands (S)-1a and (S)-1b
gives products with opposite configuration.

Hetero-Diels—Alder Reactions of Ketones

Ketones are generally less reactive compared to aldehydes.
Therefore, addition reactions to ketones should be ex-
pected to be more difficult to achieve. This is reflected in
the very few asymmetric catalytic HDA reactions of
ketones compared with the many different catalysts which
can catalyze enantioselective HDA reactions of various
types of aldehydes.

Ketonic substrates, such as ethyl pyruvate 12a, do not
react with simple dienes such as 2,3-dimethyl-1,3-buta-
diene 3a and cyclohexadiene 3b in the presence of (S)-1a
and (R)-1b as catalysts. However, using activated dienes,
such as trans-1-methoxy-3-[(trimethylsilyl)oxy]-1,3-buta-
diene (Danishefsky’s diene) 3d, we found that a smooth
HDA reaction with 12a in the presence of both (S)-1a and
(R)-1b as catalysts (10 mol %) took place (eq 5).2° The
results in eq 4 for the reaction of 12a with 3d illustrate
the influence of the chiral ligand and counterion on the
yield and ee of 13a.
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The reaction conditions for the HDA reaction of ethyl
pyruvate 12a with activated dienes in the presence of (S)-
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Table 1. Results for the Asymmetric HDA Reaction of
Some a-Keto Esters and o-Diketones 12b—g with
Dienes 3d,e Using Low Catalyst Loading of (S)-1a/

Cu(OTf),
-]
:I- 1) [S1aCu| 0Ty 0
o A —  THF COR
At H # TFA e
; Thi
L . I!ll
12 3 13
hetero-Diels—Alder
product 13
catalyst
entry ketone 12 RYR diene 3 R? load (%) vyield (%)2 ee (%)
1 Me/OMe (b) H (d) 0.05 (b)90 98.4
2 Me/Me (c) H (d) 0.05 (c)88 93.9
3 Me/Et (d) H (d) 0.05 (d) 76 97.8
4 Me/Ph (e) H (d) 0.05 (e)25 96.4
5 Et/OMe (f) H (d) 0.5 () 70 96.8
6 Me/OMe (b) Me (e) 25 (g) 85 97.4
7 Ph/OEt (g) Me (e) 25 (h) 65 98.7
8 Me/Me (c) Me (e) 25 ()81 97.1

2 |solated yield.

1a/Cu(OTf), as the catalyst in THF as the solvent turned
out to be the optimal conditions for a general reaction
for both alkyl and aryl o-diketones and a-keto esters
reacting with activated dienes.2®® Some representative
results showing the generality of the HDA reaction of
ketones are presented in eq 6.

n
I.r:l -
| e
”.-"' - +
"—_ TRSD

1] {S-1aCEIT;
18 ok .
THF “*~|-=="' 0 -
L " P - | !..':' T
) TFA e 1

R = i = alioyl: yaids upto 90°E. up io BE oo
R! = &ligl; A = and: yiis up o 55%, up 0 8% e
A = alind, ang; A = QED: yiakis up o 9%, up io B8 ee

From a synthetic point of view the catalytic enantio-
selective HDA reaction of ketones in eq 6 allows one to
prepare, from simple commercially available substrates,
a chiral quaternary carbon center in one step. Formation
of such a center is a particularly demanding task in organic
synthesis.?!

In an attempt to obtain insight into the mechanism for
the catalytic enantioselective HDA reaction of ketones, a
kinetic study was undertaken. However, this took a highly
unexpected direction, as a very fast reaction took place
within a few minutes in the presence of 10 mol % (S)-1a/
Cu(OTf), as the catalyst. It turned out that it was possible
to reduce the catalyst loading to only 0.05 mol % without
affecting the yield of the HDA adduct, and in some cases
even improving the ee. Some representative results for the
reaction of various a-diketones and o-keto esters 12b—g
with the activated dienes 3d,e catalyzed by very low
loadings of (S)-1a/Cu(OTf), are presented in Table 1.
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From the results in Table 1, we show that this HDA
reaction proceeds in high yield and with excellent enan-
tioselectivities with a catalyst loading down to 0.05 mol
%, one of the lowest loadings in Lewis acid-catalyzed
asymmetric reactions observed. Of the results in Table 1,
in particular two will be addressed here: the reactions of
2,3-pentanedione 12d (entry 3) and 3-phenyl-2,3-pro-
panedione 12e (entry 4). 2,3-Pentanedione 12d reacts with
3d in the presence of only 0.05 mol % (S)-1a/Cu(OTf), as
the catalyst with a high regioselective preference for the
methyl fragment relative to the ethyl fragment (91:9) and
gives 97.8% ee of HDA adduct 13d. For 3-phenyl-2,3-
propanedione 12e reacting with 3d an even higher regio-
selectivity is observed as the methyl fragment now reacts
in a 98:2 ratio relative to the phenyl fragment and again
with high enantioselectivity. These results are schemati-
cally outlined in Figure 2.

01 (97 2% e 08 (56.4% e
Q B
& )i
Wy e
o o
l |
g 2

FIGURE 2. A schematic representation of the regio- and enantio-
selective HDA reactions of 2,3-pentadione (to the left) and 3-phenyl-
2,3-propanedione (to the right) with dienes catalyzed by (S)-1a/
Cu(OTf),. The green color indicates the most reactive carbonyl
functionality, and the numbers refer to regioselectivity with ee in
the brackets.

One preliminary result, using the catalytic enantiose-
lective HDA reaction of ketones will be presented here—
the formation of chiral CO, cycloadduct.?? A chiral CO,
cycloadduct is in principle a [2 + 4] cycloaddition reaction
between CO; and a diene, and from a theoretical point of
view this is a very unfavorable reaction in terms of both
activation energy and enthalpy.?2 However, this unfavor-
able process can be overcome by applying an alternative
procedure using (R)-1b/Cu(OTf), as the catalyst for the
HDA reaction of ethyl ketomalonate 14 with 1,3-cyclo-
hexadiene 3b, giving the HDA adduct 15 in 67% yield and
97% ee (Sheme 4). Further transformations of 15 give the
enantiopure chiral CO, cycloadduct 16.
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Hetero-Diels—Alder Reactions with Inverse
Electron Demand

The HDA reaction of a,5-unsaturated carbonyl com-
pounds with electron-rich alkenes provides a simple
synthetic approach to substituted 3,4-dihydro-2H-pyrans,
which are very useful precursors for the synthesis of
carbohydrates and natural products. Before proceeding
to the inverse electron demand HDA reaction outlined in
Scheme 1, the work by Evans et al.,?® which was developed
simultaneously with our work,?* will be presented. The
catalysts (S)-1a/CuX; and (R)-1b/CuX; (X = OTf, SbFs) are
effective for an enantioselective HDA reaction of o,f-
unsaturated acyl phosphonates 17 with ethyl vinyl ether
18a and the cyclic enol ethers 18b, giving the HDA adducts
19a,b in very high yield and ee (eq 7).
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It is notable that the acyclic and cyclic enol ethers react
in a highly stereoselective manner and that the same
antipode of 19a (R! = Me) is formed using (S)-1a/CuX;
and (R)-1b/CuX; as the catalyst for the reaction in eq 7.23
Furthermore, it is also of practical importance that the
HDA reaction of 17 (R = Me) can react with ethyl vinyl
ether 18a using a catalytic load of only 0.2 mol % (R)-1b/
Cu(SbFg),; with minimal reduction in the yield of the HDA
adduct and no loss of enantioselectivity (93% ee).?3

Our development of the catalytic enantioselective
inverse electron demand HDA reaction focuses on the
reaction of ,y-unsaturated a-keto esters 20 with ethyl
vinyl ether 18a and 2,3-dihydrofuran 18b (eq 8).2* The
generality and potential of the highly enantioselective
HDA reaction of the f,y-unsaturated o-keto esters 20 with
ethyl vinyl ether 18a and 2,3-dihydrofuran 18b catalyzed
by (S)-1a/Cu(OTf), is obvious from the results in eq 8.24
Very high yields and ee’s are obtained for the various
substrates as both alkyl, aryl, and alkoxy substituents
might be present in the oxadiene, while for the dienophile,
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both acyclic and cyclic compounds are usable. The
present reaction of a,-unsaturated carbonyl compounds
with electron-rich alkenes catalyzed by chiral copper(11)—
bisoxazolines offers a new and promising methodology
for the construction of natural compounds, as well as
novel carbohydrate derivatives.

Aldol Reactions

The catalytic enantioselective aldol reaction has also
received considerable interest in recent years, and several
reviews are available.325 Though our laboratory has not
contributed to this particular reaction type, we include it
for completeness, and only reactions related to the ap-
proach in Scheme 1 will be considered. Evans et al. have
developed highly enantioselective aldol reactions of gly-
oxylate and pyruvate esters to enol silanes catalyzed by
mainly chiral copper(Il)— and tin(l1)—bisoxazolines.2® The
reaction of methyl pyruvate 12b with various enol silanes
22 proceeds well in the presence of (S)-1a/Cu(OTf), as
the catalyst, giving the syn-aldol products 23 with high
diastereo- and enantioselectivity (eq 9). The catalyst (S)-

i Thes
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12h 22
W OH
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|51 T T - vieid wp do BT,
syrcant wp o 852 and up to S ca

1la/Cu(OTf), can also be employed to catalyze additions
to a-diketones, and as observed in the HDA reaction, the
catalyst can also for the aldol reaction differentiate

VOL. 32, NO. 7, 1999 / ACCOUNTS OF CHEMICAL RESEARCH 609



Catalytic Addition Reactions of Carbonyls Jargensen et al.

between a methyl and ethyl substitution as 2,3-pentanedi-
one reacts with the (2)-silylketene acetal derived from tert-
butyl thiopropionate with high regio- (98:2), diastereo- (93:
7), and enantioselectivity (97% ee) 262

By changing the metal from copper(ll) to tin(ll) and
the chiral bisoxazoline to one having a benzyl substituent
at the chiral center, Evans et al. were able to perform
catalytic enantioselective anti-aldol additions of enol
silanes to glyoxylate, methyl pyruvate, and an a-diketone.26P
The selectivities for the tin(ll)—bisoxazoline-catalyzed
aldol reactions are also very high and comparable to those
obtained when (S)-1a/Cu(OTf), is applied as the catalyst,
but the tin(ll) catalyst leads to opposite diastereoselectivity
compared with the copper(ll) catalyst.

Mechanistic Aspects

Several questions arise with regard to the mechanism for
the reactions of the a-dicarbonyl compounds discussed
in this Account. In the following we address two of these
questions: (i) How does the oa-dicarbonylic fragment
coordinate to catalyst? (ii) What is the structure(s) of the
a-dicarbonyl-copper(ll)—bisoxazoline intermediate. The
mechanistic discussion of other copper(ll)—bisoxazoline-
catalyzed reactions is also available.3

Let us start with the formation of the catalysts (S)-1a
and (R)-1b. The X-ray structures of two copper(Il)—
bisoxazoline—aqua complexes characterized are outlined
in Figure 3.1927 The structure of the catalyst (S)-la/
Cu(H,0),(SbFg), 24 shows that it contains two water
molecules coordinated to the copper(ll) center and that
the SbFs counterions are noncoordinating.?” Of particular
interest is that the coordinated water molecules are
distorted an average of 33° out of the copper(ll)—ligand
plane and that the complex exhibits a distorted square-
planar geometry. Changing the counterion in 24 to triflate
leads to a complex with one triflate counterion coordi-
nated,?® while (S)-1a/CucCl, has the chlorides coordinated
to the metal similar to the water molecules in 24.2° For
the aqua complex of (R)-1b/Cu(H;0),(0Tf), 25 in Figure
3, the triflate counterions coordinate to the metal. This
complex is octahedral with the two water molecules
coordinated to copper(ll) in the equatorial plane, the same
plane as the chiral bisoxazoline ligand, while the two
triflate counterions occupy the axial positions.

These X-ray structures, 24 and 25 in Figure 3, might
serve as a structural guideline for the coordination of the
a-dicarbonyl compounds to the catalyst. Furthermore, the
stereochemical outcome of the reactions adds further
information about the geometrical arrangement of the
chiral bisoxazoline ligand and the a-dicarbonyl compound
at the copper(ll) center.

After the formation of the copper(ll)—bisoxazoline
catalyst, the next reaction step is coordination of the
o-dicarbonyl compound to the catalyst. It is generally
accepted that the a-dicarbonyl compound utilizes both
carbonyl functionalities for coordination to copper(ll).
This view has been invoked in the mechanistic approaches
for the enantioselective catalytic reactions using (S)-1a and
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FIGURE 3. Reactions of chiral bisoxazoline ligands with copper(ll)
salts leading to the aqua complexes of (S)-1a and (R)-1b.**?” The
X-ray strucure of (S)-1a/Cu(H,0),(SbFs), 24 is shown without the
noncoordinating SbFg counterions, while for (R)-1b/Cu(H,0),(0Tf),
the coordinating OTf counterions are shown.*%27

(R)-1b. EPR spectroscopic studies of (S)-1a/Cu(OTf), and
methyl pyruvate 12b have supported a square-planar
copper(Il)—bisoxazoline—pyruvate intermediate in which
the two pyruvate carbonyl oxygen atoms chelate to the
metal.2%2 A square-planar copper(ll) bisoxazoline inter-
mediate was first postulated by Evans et al. in Diels—Alder
reactions of acryloyloxazolidinone-catalyzed by (S)-1a/Cu-
(OTf), using double stereodifferentiating experiments.*P

The absolute configuration of the different addition
products formed by reaction of the various a-dicarbonyl
compounds catalyzed by (S)-la outlined in Scheme 1
points to an intermediate in which the a-dicarbonyl
compound “substitutes” the two water molecules (Figure
3) by coordination to the copper(ll) center, leading to a
square-planar intermediate, 26.40:13.17.19.20b.27 |ntermediate
26 has the a-dicarbonyl compound 2,3-butanedione
coordinated to the catalyst and causes a shielding of the
re face of the reacting carbonyl functionality, leaving the
si face available for attack by the various reagents.
Intermediate 26 is presented as a square-planar complex,
and it might be appropriate to compare it with the
structure of (S)-1la/Cu(H,0).(SbFs), (24; Figure 3). A
distortion of the a-dicarbonyl fragment out of the copper-
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(I —bisoxazoline plane similar to the distortion of the two
water molecules in 24 does not change the face shielding
of the carbonyl functionality, and 26 can account for the
stereochemical outcome of the reactions catalyzed by (S)-
la.

&
l.l.Q

The use of (R)-1b as the catalyst leads generally to the
same absolute configuration in the products formed as
applying (S)-1a as the catalyst. The absolute stereochem-
ical outcome of the reactions catalyzed by the copper-
(I—bisoxazoline complexes indicates that different geo-
metrical intermediates are involved. To account for this
change, we initially proposed a tetrahedral intermediate,
27, for the hetero-Diels—Alder reactions of glyoxylates with
conjugated dienes catalyzed by the copper(ll)—bisoxazo-
line catalyst having phenyl substituents in the chiral
ligand.*#2:30 Such an intermediate, 27, has the same face
(si face) of the carbonyl functionality of the a-dicarbonyl
compound available for attack by the various reagents.
More recently Evans et al. have proposed an intermediate
in which the geometry at the copper center is trigonal
pyramidal, which also can accounts for the absolute
configuration.® The intermediates can be interchanged
by a minor distortion of the coordinated substrate. The
proposal of the intermediate in the (R)-1b/(S)-1b-cata-
lyzed reactions being tetrahedral or trigonal pyramidal has
until now been based on mainly the absolute configura-
tion of the products of the addition reactions. However,
neither the tetrahedral nor the trigonal pyramidal inter-
mediate is in accordance with the structure of (R)-1b/
Cu(H;0),(0Tf),, 25, Figure 3.

At the present stage one can only guess about the
reason for this structure of the intermediate compared
with the structure of the characterized copper(ll)—bis-
oxazoline. Two reasons for the change from a square-
planar intermediate in the case of (S)-1a as the catalyst

to a tetrahedral or trigonal-pyramidal intermediate for
reactions catalyzed by (R)-1b ((S)-1b) might be that in the
latter case the intermediate is stabilized by w—mx inter-
actions between the phenyl substituent of the chiral ligand
and the m-orbital of the carbonyl functionality, or less
destabilized by steric repulsion of the phenyl substituents
in this geometry.

Probably the most important question in relation to
the mechanism for the copper(ll)—bisoxazoline-catalyzed
reactions is why these catalysts are so highly efficent for
the addition reactions to a-dicarbonyl compounds. This
is probably because the bidentate coordination of the
a-dicarbonyl compound to the metal center leads to a
chiral enviroment with efficient shielding of one of the
carbonyl faces (hopefully) visible in 26 and 27, and that
the Lewis acidity of copper(ll) is optimal for this class of
substrates.

Conclusion

The ultimate goal for asymmetric catalysis is to create
general reactions which can be promoted by simple and
easily available catalysts showing very high activity and
stereoselectivity. If this challenge can be met with success,
a new era for this methodology will emerge and asym-
metric catalysis will be an even stronger tool useful even
for industrial synthesis. In this Account we have presented
the potential of copper(ll)—bisoxazolines as catalysts for
addition reactions to a-dicarbonyl compounds. The cata-
lytic reactions discussed, normal and inverse electron
demand hetero-Diels—Alder-, ene-, and aldol reactions,
which are among the most fundamental reactions in
organic chemistry, all proceed in high yields and very high
enantiomeric excess for a variety of different substrates,
leading to highly valuable compounds.

This work was made possible by a grant from The Danish
National Research Foundation. Thanks are expressed to Professor
David E. Evans for providing us with X-ray data.
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