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bstract

Metal-bis(oxazoline) complexes have proven to be one of the most versatile classes of chiral catalysts being able to promote a large
ariety of organic transformations. The coordination geometry and electronic properties play an integral role for the asymmetric induction
xhibited by these complexes and, aided by X-ray structure analysis and NMR studies, rules have been recognized to understand their func-
ion. Based on the most common complex geometries observed, i.e. tri, tetra- (tetrahedral or square-planar), penta- (trigonal-bipyramidal or

quare-pyramidal), or hexacoordination (octahedral) a mechanistic picture has emerged that allows control of enantioselectivity in reactions
n a highly predictable and tunable way, demonstrating the power of combining the knowledge of coordination chemistry and asymmetric
atalysis.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bis(oxazoline) (box) ligands have developed into one of the
ost useful ligand classes for asymmetric catalysis due to their
bility to coordinate with a large number of metals [1–4]. The
esulting chiral complexes display a C2-axis (Fig. 1), a feature
hat has proven most beneficial in designing asymmetric pro-

� For a colored version see the online version of this article at http://dx.doi.org/
0.1016/j.ccr.2007.11.007.
∗ Corresponding author.

E-mail address: Oliver.Reiser@chemie.uni-regensburg.de (O. Reiser).
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esses in general due to the reduction of possible transition states
aused by the equivalency of structures upon rotation by 180◦
5]. However, unlike for other chiral ligand classes the principles
f the function of metal-bis(oxazoline) complexes, especially
ith respect to chiral discrimination of substrates, have been

ecognized.
A considerable number of X-ray structure analyses of metal-

ox and especially metal-box-substrate complexes combined

ith most insightful interpretations [6,7] have provided a reli-

ble mechanistic picture for many asymmetric transformations,
mpressively showing the power of combining the knowledge of
oordination chemistry and asymmetric catalysis.

http://dx.doi.org/10.1016/j.ccr.2007.11.007
http://dx.doi.org/10.1016/j.ccr.2007.11.007
mailto:Oliver.Reiser@chemie.uni-regensburg.de
dx.doi.org/10.1016/j.ccr.2007.11.007
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Fig. 1. C2-symmetrical metal-bis(oxazoline) complexes.

. Metal-bis(oxazoline) complexes

Complexes with a metal/box stoichiometry of 1:2 have been
haracterized, however, the decisive intermediates discussed in
pplications for catalysis generally contain a metal to ligand
atio of 1:1 with two metal sites being occupied by the ligand,
eaving typically up to four sites open for substrate interac-
ions. Complexes in which bis(oxazolines) act as a monodentate
igands have been observed [8,9], however such assemblies
re not productive to promote asymmetric transformations and
oreover, might not represent the structure in solution. Oxa-

oline ligands [10,11] having three donor atoms (especially
yridine-bis(oxazolines) [12] and tris(oxazolines) [13–15]) have
lso been most successfully utilized for asymmetric catalysis,
hile bis(oxazoline) ligands with even more donor atoms are
nown to display a rich coordination chemistry [16–19], but
ave found fewer applications [20–27] in promoting organic
ransformations. This review will focus on metal-bis(oxazoline)
omplexes with a 1:1 metal/ligand ratio and their implica-
ions for asymmetric reactions based on their coordination
eometry.

.1. Tricoordinated metal complexes with bis(oxazoline)
igands

One of the first asymmetric reactions using bis(oxazoline)
igands to be described is the copper(I)-catalyzed cyclo-
ropanation of alkenes with diazoacetates [28–30]. Although
opper(I)-carbene complexes had been postulated early on, the
haracterization of such intermediates has been elusive. Never-
heless, Pfaltz and co-workers put forward a model in 1988 for
he related semicorrine ligands that has proven to be the most
uccessful to rationalize the general outcome of this reaction
31].

According to this model, a copper(I)-carbene complex of box
igand 1 is formed in which the substituents on the carbene
ake positions perpendicular to the plane spanned by the metal-
xazoline moieties (Scheme 1). Since there is no electronic

ontribution from the copper(I)-center (having d10 configu-
ation) to the carbene ligand, this geometry is most likely a
onsequence of steric factors, avoiding interactions of the ester
ith the bulky R groups.

c
t
p
m

cheme 1. Asymmetric cyclopropanation with copper(I)-bis(oxazolines).

Hofmann and co-workers provided evidence of such copper
arbene species and especially elegantly proved the proposed
eometry with respect to the orientation of the substituents on
he carbene ligand by NMR [32]. Alkenes approach the carbene
omplex of Cu·(S)-1-R from the ligand quadrant that best avoids
he group R (Scheme 1), placing substituents such as phenyl in
[30] or benzyl in 5 [33] away from the ligand. Furthermore, in

he forming cyclopropane the ester group of the carbene moves
way from the approaching alkene without encountering steric
indrance from the bulky R groups of the ligand.

Acyclic alkenes such as 3 will also place their terminal sub-
tituent preferentially away from the ester group E, however,
is/trans-selectivity is generally low unless especially bulky
sters are employed. With cyclic alkenes such as 5 or 7, exo-
dducts placing the ester group on the convex face of the bicyclic
roduct are generally obtained with high selectivity. Finally,
he high enantiocontrol observed with 7 [34–37], in contrast to
esults observed with N-Boc-pyrrole [27], points to a favorable
ewis acid/Lewis base interaction between copper and the furan
xygen.

In an analogous fashion, copper(I)-catalyzed aziridinations
f alkenes were argued to proceed via bis(oxazoline)−Cu NTs
ntermediates such as 13 by a concerted pathway [38]. An alter-
ative step-wise mechanism, featuring a square-planar copper

omplex of type 14 involving coordination of oxygen of the
osyl group in addition to the nitrene moiety has also been
roposed (Scheme 2) [39]. Considering a copper-nitrene inter-
ediate as depicted in 13, the stereoselectivity of the reaction can
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azabis(oxazoline) [46,47] (S)-15-iPr it also becomes evident that
the degree of distortion away from the ideal tetrahedral geometry
is increasing with the steric bulk of the R groups.
Scheme 2. Asymmetric aziridination with copper(I)-bis(oxazolines).

e explained by primarily minimizing steric interactions of the
pproaching alkene with the bis(oxazoline) ligand, and secon-
arily with the N-tosyl group. As a consequence of this rational,
he selection of the enantiotopic faces should be reversed upon
ariation of the substrate from a terminal alkene such as 3 to a
rans-substituted alkene such as 11, which is indeed the observed
xperimental result [40]. However, by varying the copper source,
he nitrene precursor, or the solvent the opposite stereoselectiv-
ty has been reported, indicating that other factors must also play
role [41,42].

.2. Tetra-, penta-, and hexacoordinated complexes with
is(oxazoline) ligands

The most common total number of ligands in bis(oxazoline)
omplexes is four to six, i.e. in addition to the two point coor-
ination of the bis(oxazoline) ligand two to four coordination
ites can be occupied by substrates, solvent molecules or counter
nions, the latter stemming from the metal salt employed for
omplexation. Which species will be present in solution is
ependent on subtle factors and has very significant conse-
uences for the stereochemical outcome of a given reaction. The
oordination geometry can be especially affected, which might
esult in a complete reversal of the absolute stereoinduction, thus
llowing the access of either enantiomer of a product with the
ame catalyst.

.2.1. Tetracoordinated complexes with bis(oxazoline)
igands

The two principle geometries possible for tetracoordinated
is(oxazoline) complexes are square-planar and tetrahedral.

hese are indeed widely found for such complexes with vary-

ng degrees of distortion. Interestingly, complexes residing in
ither of these geometries show opposite selectivity, since rota-
ion of a coordinated substrate by 90◦ moves its accessible face
ig. 2. Preferred trajectory (solid arrow) of a substrate S for the attack of a
rochiral group Y forming a tetrahedral (left) or a square-planar (right) environ-
ent with a metal-bis(oxazoline) complex.

rom the shielded into the unshielded region of the ligand and
ice versa (Fig. 2). Consequently, switching between these two
eometries by the appropriate choice of the metal opens the pos-
ibility to access either enantiomer of a product with the same
is(oxazoline) ligand stereochemistry.

.2.1.1. Tetrahedral bis(oxazoline) complexes. Zinc(II) [43],
ickel(II) [44] and iron(II) chloride [45] have been proven by X-
ay structure analysis to form only slightly distorted tetrahedral
omplexes with bis(oxazoline) ligands (R)-1-Ph and (S)-1-tBu
Fig. 3).

Copper(II)-halide complexes with bis(oxazolines) are con-
iderably more distorted towards a square-planar geometry
Fig. 4), therefore, such complexes can also be described as
istorted square-planar.

Quite obviously, the chlorine ligands orient themselves away
rom the ligand quadrants blocked by the sterically demand-
ng substituents. Comparing the copper complexes (Fig. 4;
able 1), for example the copper complexes of the tert-butyl sub-
tituted bis(oxazoline) (S)-1-tBu and the isopropyl substituted
Fig. 3. X-ray structures of 1-R with ZnCl2, NiCl2, and FeCl2.
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Fig. 4. X-ray structures of copper(II)-chloride complexes of bis(oxazolines)
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Scheme 3. Kinetic resolution of (±)-2-hydroxy-1,2-diphenylethanone (±)-16
by asymmetric benzoylation.

Table 2
Degree of distortion in square-planar metal-bis(oxazoline) complexes

Metal Box (X)2 θ1/θ2 Ref.

Cu (S)-1-Ph (H2O)2 79/66 [57]
Cu (S)-1-tBu (H2O)2 52/50 [58]
Cu (S)-1-Ph PhCH C(CO2Me)2 90/85 [63]
Cu (S)-1-tBu PhCH C(CO2Me)2 79/75 [62]
Pd (S)-1-iPr Me/Cl 20/8 [64]
P
P

s
t
i

S)-1-tBu and (R)-1-Ph, and of azabis(oxazoline) (S)-15-iPr (triazole moiety
mitted for clarity).

Therefore, it cannot always be assumed that increasing the
teric bulk of the groups R in bis(oxazolines) will also enhance
electivity. The latter is reversed upon changing from a tetra-
edral to a square-planar geometry (Fig. 2), and sterically
emanding substituents R will not only more effectively block
pproaching substrates but also cause distortion of tetrahedral
omplexes towards square-planar ones. Indeed, quite a number
f examples are known in which 1-Ph leads to higher selectiv-
ties than 1-tBu [43,50–54], which might also be attributed to
he special features of a phenyl group as a �-shield, providing
“flat wand” to block incoming substrates. However, there are

lso cases known in which isopropyl has proven superior against
ert-butyl substitution in bis(oxazoline) ligands, for example in
he asymmetric benzoylation of �-hydroxycarbonyl compounds
Scheme 3) [55] or in conjugate reductions of �,�-unsaturated

arbonyl compounds [56].

Magnesium-bis(oxazoline) complexes have been widely
mployed in Diels–Alder reactions (Section 2.2.4). Although
o X-ray structures of such complexes are available, from the

able 1
egree of distortion in tetrahedral metal(II)-bis(oxazoline) complexes

etal Box Anion θ1/θ2 Ref.

n (R)-1-Ph Cl 17/13 [43]
n (S)-1-tBu Cl 32/22 [43]
i (S)-1-tBu Cl 23/23 [44]
e (S)-1-tBu Cl 18/15 [45]
u (R)-1-Ph Cl 45/38 [43]
u (S)-1-tBu Cl 45/45 [43,48]
u (S)-15-iPr Cl 31/25 [49]

2
A
a
r
m
c
p
a
F
s

F
S

d (S)-19-iPr Me/Cl 12/5 [64]
d (R)-1-tBu PhCHCHCHPh 84/71 [65]

electivities observed in such reactions it could be concluded
hat tetrahedral species are formed as the decisive intermediates
n the absence of coordinating solvents or anions.

.2.1.2. Square-planar complexes with bis(oxazoline) ligands.
great number of copper(II)-bis(oxazoline) complexes with

dditional oxygen ligands have been characterized [43,57–63],
eflecting the great importance such complexes play in the pro-
otion of many asymmetric transformations. In comparison to

opper(II)chloride complexes described in Section 2.2.1.1, com-
lexes with hydroxyl as well as with carbonyl ligands exhibit

marked preference for square-planar geometries (Table 2;

igs. 4–7), reflecting the larger d orbital splitting the latter groups
hould cause.

ig. 5. X-ray structures of Cu(H2O)2(SbF6)·(S)-1-R complexes (outer sphere
bF6 ligands omitted for clarity).
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oxazoline nitrogens, with the allyl group being more strongly
ig. 6. X-ray structures of copper(II)-phenylbenzylidene complexes (outer
phere SbF6 ligands omitted for clarity).

Again, the distortion in the copper(II)-aquo complex of the
ert-butyl substituted bis(oxazoline) 1-tBu (Fig. 5, right) is large
57], orienting the water molecules away from the tert-butyl
roups into the open quadrants of the box-ligands. In contrast,
istortion of the analogous complex with 1-Ph is small (Fig. 5,
eft), and quite unexpectedly, the water molecules are even ori-
nted towards the phenyl groups [58].

The same trend can also be seen in the X-ray structures of the
henylbenzylidene complexes depicted in Fig. 6, representing
milestone in the analysis of copper-bis(oxazoline) complexes

ince for the first time a substrate being relevant for subsequent
ransformations could be characterized in the solid state while
eing coordinated to a metal-box-complex [62,63]. Notably, the
istortion away from a square-planar geometry is much smaller
ith 1-Ph than with 1-tBu, but also the phenyl group of phenyl-
enzylidene is oriented towards the proximal phenyl group of
-Ph while it is bent away in 1-tBu. Keeping in mind that extrap-
lation from solid state structures to reactions proceeding in
olution is problematic, the X-ray structures shown nevertheless

rovide a rational as to why 1-Ph gives rise to opposite enan-
ioselection with this substrate in nucleophilic additions: The
pward bend of the malonate seen with 1-Ph causes the prox-

r
b
p

Fig. 7. X-ray structures of bis(oxazoline) and -a
istry Reviews 252 (2008) 702–714

mal phenyl group to tower on top of the malonate making the
i face inaccessible, while the downward bend in combination
ith the tilt by approximately 10–15◦ out of the coordination
lane (Table 2) of the metal-bis(oxazoline) causes shielding of
he re face by the tert-butyl group pointing down in 1-tBu.

The solid state structures of the palladium(II) complexes
dMeCl·(S)-1-iPr and PdMeCl·(S)-19-iPr, being catalyst pre-
ursors for alkene/CO copolymerization reactions, have been
eported [64]. In both complexes palladium is coordinated in a
quare-planar environment, however, the metal-bis(oxazoline)
helate ring adopts a boat conformation, while the palladium-
zabis(oxazoline) chelate is almost perfectly flat due to the cen-
ral sp2 hybridized nitrogen. Therefore, the azabis(oxazoline)
igand is more electron rich, which is reflected by a shorter
xazoline–N palladium bond. In turn, the palladium methyl–C
ond was found to be longer for the azabis(oxazoline) system.

As a consequence, PdMeCl·(S)-19-iPr was found not only to
e more stable (as judged by slower palladium black formation
n the course of the reaction) in CO/styrene copolymerizations
ut also more active, reflected in higher turnover frequencies
ith respect to PdMeCl·(S)-1-iPr, since dissociation of alkyl
roups from palladium is necessary for the catalysis to proceed.

The determination of X-ray structures of palladium(II)-
is(oxazoline) ligands with allyl substituents [65], being
ecisive intermediates in allylic substitution reactions [66,67],
as been another landmark in deducing rules for the function
f bis(oxazolines) as asymmetric promoters (Fig. 8) [68,69]. It
s quite apparent that, the bis(oxazoline) ligand is even more
trongly bent in this complex, caused by the six-membered pal-
adacycle residing in a boat conformation. This is most likely
consequence of minimizing steric interactions of the phenyl

roup in the allyl ligand with the proximal benzyl group of
he bis(oxazoline) ligand. The palladium is coordinated in a
istorted square-planar geometry by the allyl termini and the
otated out of the plane on the side where the phenyl and
enzyl groups are close. This is also reflected in the larger
alladium–carbon bond to further reduce steric strain between

zabis(oxazoline) palladium(II) complexes.
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thioalkyl and one oxazoline nitrogen in axial positions, with dif-
ig. 8. X-ray structure of palladium(II)-bis(oxazoline) complex with 1,3-
iphenylallyl ligand.

hese groups, and as a consequence a nucleophile will attack
referentially that weaker bond, which explains the excellent
electivities for nucleophilic allylic substitutions.

.2.2. Pentacoordinated complexes with bis(oxazoline)
igands

The two principle possibilities for pentacoordinated com-
lexes with bis(oxazolines) are trigonal-bipyramidal and
quare-pyramidal (Fig. 9), and indeed both types of geometries
ave been observed. If in such complexes a bidentate sub-
trate coordinates orthogonal to the metal-bis(oxazoline) plane
Fig. 9a), the prediction for stereochemical induction is similar
s discussed for tetrahedral complexes (cf. Fig. 2). However, due
o the additional ligand X, one of the groups Y in the substrate
s rotated backward in comparison to the tetrahedral geometry

aking the front-side accessible as well. Consequently, switch-
ng from a tetrahedral to a trigonal-bipyramidal geometry by
oordination of an additional ligand such as a solvent molecule
ight lead to an erosion of stereochemistry in the products. How-

ver, no catalytically active intermediates with such coordination
eometry have been encountered so far.

In contrast, square-pyramidal coordinated metal-bis(oxa-
oline) complexes as catalytically active intermediates have
een discussed for a number of processes. If coordination of
bidentate substrate occurs with both groups equatorial (in the
lane of the metal-bis(oxazoline) chelate) the situation is the
ame as discussed for square-planar coordination with respect

o the stereochemical outcome of a reaction. However, the
identate substrate might be coordinated in the metal-box plane
equatorial) with the first, and orthogonal to it (apical) with the
econd group Y. The most well-known of this type of coordi-

f
U
c
r

ig. 9. (a) Trigonal-bipyramidal versus (b–d) square-pyramidal complexes with
is(oxazoline) and bis(oxazolinyl)pyridine ligands.

ation is for bis(oxazolinyl)pyridine ligands (Fig. 9b) [12], but
xamples for bis(oxazoline) ligands have also been disclosed
43,49,58,61]. In such cases the equatorial positions are not
dentical, and it can be argued that coordination of a biden-
ate substrate occurs in a way that best avoids steric interactions
ith the groups R (Fig. 9c). However, there is also evidence that

oordination might occur as shown in Fig. 9d, and the proximity
f the group Y with the adjacent group R might benefit for elec-
ronic reasons, e.g. �-stacking effects. Importantly, it should be
oted that attack of a reagent from the same trajectory either to
n equatorial or to an axial coordinated group Y leads to opposite
electivity, suggesting that only if one group is activated prefer-
ntially over the other a productive reaction will be possible.

.2.2.1. Trigonal-bipyramidal complexes with bis(oxazoline
igands). Very few examples for trigonal-bipyramidal com-
lexes with bis(oxazoline) ligands are known. Hanessian and
o-workers have described bis(oxazoline) ligands to which
hioalkyl side chains are attached [70]. Some promising results
ere obtained with these ligands in the addition of organo-

ithium reagents to aldimines, however, it appears likely that
hese reactions proceeded through tetracoordinated lithium-
is(oxazoline) complexes [71,72]. X-ray structure analysis of
he corresponding copper complexes (Fig. 10), nevertheless,
evealed the ability of the side chains to coordinate with the metal
enter to form trigonal-bipyramidal complexes, having one
erent degrees of distortion toward a square-pyramidal geometry.
nfortunately, despite their unique structures these complexes

ould not be utilized as catalysts in many representative model
eactions.
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It should be noted that here as well as in the X-ray structure
of the analogous square-pyramidal complex of Cu(OTf)2·1-
tBu and 2,4-dioxobutanoic acid ethyl ester (not shown) [78]
ig. 10. X-ray structures of CuCl2·(R)-1-(CH2)2SMe (left) and CuOTf2·(R)-1-
CMe2)SMe (right; fluorides and non-coordinating triflate omitted for clarity).

.2.2.2. Square-pyramidal complexes with bis(oxazoline lig-
nds). Square-pyramidal metal complexes play an important
ole as intermediates in catalysis with pyridine-bis(oxazoline
igands), and were therefore thoroughly studied. Although this
igand class is beyond the scope of this review, a short sum-

ary on the principles for inducing stereoselectivity for this
ystem will be given, which is also meaningful for corresponding
is(oxazoline) complexes.

As already discussed above (Fig. 9b), the selective acti-
ation of either an equatorial or axial group coordinated to
quare-planar metal-box complex appears to be a prerequisite
or achieving a selective process. Comparing X-ray structures
f various copper(II)-bis(oxazolinyl)pyridine complexes, it was
evealed that equatorially coordinated ligands are bound more
ightly, judged by the shorter bond lengths, than the corre-
ponding axial ligands [73]. Consequently, from the former, e.g.
arbonyl oxygens, electron density should be withdrawn more
ffectively, resulting in their greater activation for reactions with
ucleophiles. Responsible for this effect could be the electronic
roperties exhibited by the pyridine moiety, being transmitted
specially strongly to the trans positioned ligand (so called trans
nfluence) in the complex. Furthermore, an X-ray structure of
copper(II)pybox complex having 2-(benzyloxy)acetaldehyde

oordinated [73], a substrate that is applied in aldol reactions,
as obtained with equatorial position of the carbonyl group and

pical position of the benzyloxy group (Fig. 11, right). Even if
his preference is not observed in solution but rather a dynamic
quilibrium of equatorial/apical coordinated species, only equa-
orial carbonyl coordination might lead to a productive substrate
urnover.

Two structurally very different types of square-pyramidal
omplexes with bis(oxazoline) ligands have been reported
Fig. 12). The nickel complex Ni(OTf)2(H2O)2·(S)-1tBu was
ound to contain one triflate group in addition to the box ligand
nd two water molecules [44], resulting in a square-pyramidal
omplex with one oxazoline unit as the apical ligand. No
ignificant difference in nickel–oxygen bond length between
he water molecule being bound in the metal-bis(oxazoline)
lane or orthogonal to it is observed. In comparison, in the
quare-pyramidal complex [Cu(ClO4)2(CH3CN)2·(S)-15-iPr]n
he equatorially bound acetonitrile ligand shows a distinctively
horter copper–nitrogen bond than the axially bound one, prob-
bly benefiting again from the trans-influence of one of the
xazoline moieties [49].

F
t
[
t

ig. 11. X-ray structures of copper(II)-pyridine(bisoxazoline) complexes.

Square-pyramidal copper(II) complexes could also be char-
cterized for tris(oxazoline) ligand 20 [74]. Interestingly, it was
ound that in [Cu(MeCOC(Me)CO2Et)·(S)-20]+(BF4

−) only
wo oxazoline moieties participate in the coordination of the

etal (Fig. 13), while it was also shown for related zinc [75]
nd scandium [76] complexes that all three oxazolines are inter-
cting with the metal center. These findings are very significant
ince they provide a rational for the high efficiency of copper-
ris(oxazoline) complexes as Lewis acid catalysts observed in
ome processes [49,77]. While a catalytically active species most
ikely involves copper(II) coordinated by two oxazolines, the
hird oxazoline might act as a hemilabile ligand that can stabi-
ize the resting state of the catalyst by additional coordination.
ig. 12. X-ray structures of Ni(OTf)2(H2O)2·(S)-1-tBu (left, non-coordinating
riflate omitted for clarity) and of one unit of the coordination polymer
Cu(ClO4)2(CH3CN)2·(S)-15-iPr]n (right, benzyl groups and perchlorates omit-
ed for clarity).
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acryloyl group is most effectively activated when coordinated
in the metal-bis(oxazoline) plane rather than orthogonal to it:
consequently, in the following discussion octahedral transition

Table 3
Metal-bis(oxazoline) catalyzed Diels–Alder reaction between cyclopentadiene
(20) and 3-acryloyloxazolidin-2-one (21)
Fig. 13. X-ray structure of [Cu(MeCOC(Me)CO2Et)·(S)-20]+(BF4
−).

he stronger coordinating carbonyl groups obviously take the
quatorial positions in the metal bis(oxazoline) plane, while the
eaker coordinating triflate anion is found in the apical position.

.2.3. Hexacoordinated complexes with bis(oxazoline)
igands

The principle geometry for hexacoordination, also found in
is(oxazoline) complexes, is octahedral. If such intermediates
re involved in a catalytic process, the stereochemical models
re analogous as discussed already for square-planar (cf. Section
.2.2.1) and square-pyramidal (cf. Section 2.2.2.2) complexes.

Based on the assumption that the group being placed in the
lane of the metal-bis(oxazoline) chelate will preferably be acti-
ated for a reaction, Fig. 14 depicts the preferred trajectories for
n incoming substrate for the three possible octahedral com-
lexes having a bidentate reagent coordinated.

Octahedral complexes with bis(oxazoline) ligands of copper
70], tungsten [79] and ruthenium [80] have been charac-
erized, the two last have found applications as catalysts.

otably, in W(CO)4·(S)-2-iPr (Fig. 15, left) the bonds to

arbonyl groups being coordinated in the plane of the metal-
is(oxazoline) chelate are again significantly elongated with
espect to those that are orthogonally bound. Along these lines,

ig. 14. Preferred trajectory (solid arrow) of a substrate S for the attack
f a prochiral group Y forming an octahedral environment with a metal-
is(oxazoline) complex.

E

1
1
1
1
1
1

w
h
s

ig. 15. X-ray structures of W(CO)4·(S)-2-iPr and RuCl2(COD)·(S)-2-Bn.

n the RuCl2(COD)·(S)-2-Bn the �-ligand COD was found to
e coordinated in the metal-bis(oxazoline) plane.

.2.4. Selected applications in catalysis: the interplay
etween tetra-, penta- and hexacoordinated complexes with
is(oxazoline) ligands

A great number of organic reactions can be catalyzed by
etal-bis(oxazoline) complexes. The most broadly investigated

re Diels–Alder and Aldol reactions, which can be used to clearly
llustrate and compare the concepts discussed in Section 2.2.

For the Diels–Alder reaction between cyclopentadiene and
he dienophile 21 (Table 3 and Fig. 16) a wide variety of metal-
is(oxazolines) under different reaction conditions have been
ested. Based on the discussion above it is assumed that the
ntry Box (S)a Metal M Anion X Additive ee (%) cgb Ref.

1 1-Ph Cu(II) OTf 30(S) B [61]
2 1-Ph Cu(II) ClO4 6H2O 41(S) B/E [83]
3 1-tBu Cu(II) OTf 98(S) B [61]
4 1-tBu Cu(II)c OTf 58(S) B/D [61]
5 1-tBu Cu(II) ClO4 6H2O 6(S) B/E [83]
6 1-Ph Mg(II) ClO4 73(R) A [84]
7 1-Ph Mg(II) ClO4 2H2O 73(S) E [84]
8 1-Ph Mg(II) OTf 88(S) C [85]
9 1-Ph Mg(II) OTfc 2H2O 86(S) C [85]
0 1-tBu Ni(II) OTf 40(S) A/C [61]
1 1-tBu Zn(II) OTf 38(S) A/C [61]
2 1-Ph Zn(II) ClO4 6H2O 20(S) A/E [86]
3 1-Ph Zn(II) ClO4

d 73(R) A [86]
4 1-Ph Zn(II) SbF6 92(R) A [61]
5 1-Ph Fe(III) I I2 82(R) E [87]

a For clarity, all results are given as if the (S)-configured bis(oxazoline) ligand
as used, even though in the original paper the enantiomeric (R)-ligand might
ave been employed; reactions were carried out in CH2Cl2 unless otherwise
tated.
b cg: coordination geometry, see Fig. 16.
c In CH3CN.
d Addition of molecular sieves 4 Å.
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(Table 4; Fig. 17).

Based on the complex geometries found in various X-ray
structures (cf. Section 2.2.1) and reflected in the outcome of
Diels–Alder reactions (cf. Table 3; Fig. 16) tetracoordinated

Table 4
Metal-bis(oxazoline) catalyzed Mukaiyama aldol reaction between silylketene
acetal (23) and (benzyloxy)acetaldehyde (24)

Entry Box (S) Metal M Anion X ee (%) cga Ref.

1 1-Ph Zn(II) SbF6 85(S) G(?) [91]
2 1-tBu Cu(II) SbF6 64(S) G [73]
2 1-Ph Cu(II) OTf 9(R) H/I [73]
ig. 16. Possible transition states for the Diels–Alder reaction between
yclopentadiene and 3-acryloyloxazolidin-2-one (21) catalyzed by metal-
is(oxazoline) complexes.

tates are only considered that fulfill this requirement. Moreover,
he s-cis conformation of the vinyl group in 21 should be strongly
referred over the trans-conformation based on 1,3-allylic strain
rguments [81]. High endo selectivity is observed in all cases,
herefore, the minor exo diastereomers are not being discussed.

Employing Cu(OTf)2 in the non-coordinating solvent
ichloromethane, the reaction is likely to proceed via a square-
lanar intermediate B (cf. Section 2.2.1.2), hence, the sterically
ore bulky ligand 1-tBu gives superior results with respect to

-Ph (entries 1 and 3) [61,82]. Performing the reaction in ace-
onitrile (entry 4) or using CuClO4·6H2O (entry 2) [83], thus
aving a coordinating solvent or water molecules present, led
o an erosion of stereochemistry. A possible explanation could
e a competing reaction pathway via the transition state D,
hich could be preferred over E due to avoiding steric inter-

ctions of the downward pointing acroylo group of 21 and the R
roup in the box-ligand. In contrast, the selectivity upon switch-
ng from Cu(OTf)2 to CuClO4·6H2O improves when 1-Ph is
mployed as the ligand (entries 1 and 2). A (competing) reac-
ion pathway via the octahedral transition state E would be in
ine with these results, which indeed might be favored over

due to a favorable �-stacking effect between the acryloyl
roup of 21 and the proximal phenyl group of the box ligand
-Ph.

A very insightful analysis of the above reaction was provided
or different magnesium(II)-box catalysts [84,85,88]. Using
agnesium perchlorate, the reaction should proceed via the

etrahedral transition state A, which is in agreement with the

ense of asymmetric induction obtained (entry 6). Addition of
wo molecules of water per catalyst molecule caused a com-
lete reversal of enantioselectivity (entry 7), obviously calling
or a change of the coordination geometry in the catalyst. The

3
4
5

istry Reviews 252 (2008) 702–714

bserved results are in agreement with the octahedral complex
f type E, and indeed experimental evidence by NMR studies
or such a species could be obtained. Moreover, the formation of
n octahedral complex of type D could be ruled out as unlikely
ince use of ethylene glycol as an additive instead of water, for
hich a species A would not be possible, gave the same sense
f optical induction. However, using Mg(OTf)2 as catalyst pre-
ursor also gave rise to (S)-22, but based on reactivity data a
omplex E was argued to be unlikely in favor of A. A simi-
ar competition between tetrahedral and octahedral species also
eems to operate for nickel and zinc complexes (entries 10–14)
61,86,89,90], and good results could only be obtained for the
atter when potentially coordinating molecules other than the
igand or the oxazolidinone were excluded. Following this line
f argument the beneficial effects of adding molecular sieves
entries 12 and 13) for the selectivity of a metal catalyzed reac-
ion becomes evident, an effect that has been noted for other
ransition metal catalyzed processes as well. Last but not least,
ron(III)-bis(oxazoline) complexes have been found early on
o be excellent promoters for the process discussed (entry 15)
87]. An octahedral iron(III)-complex of type E seems to be
ost likely the decisive intermediate. Many more examples

or Diels–Alder and Hetero-Diels–Alder reactions have been
uccessfully developed that follow the principles applied here
2].

While for Diels–Alder reactions tetra- and hexacoordinated
etal-bis(oxazoline) are discussed as intermediates, the devel-

pment of enantioselective Mukaiyama aldol reactions revealed
he importance of pentacoordinated complexes as well.

(Benzyloxy)acetaldehyde (24) was one of the first sub-
trates being recognized as suitable for a Mukaiyama aldol
eaction due to its ability to undergo a bidentate coordination
ith a metal complexes. While metal-bis(oxazolinyl)pyridine

omplexes have proved to be even more effective than
etal-bis(oxazoline) complexes, the latter nevertheless showed

ood selectivities with silyketene acetal (23) and more-
ver provided valuable insights into the reaction mechanism
1-iPr Cu(II) OTf 9(S) H/I [73]
1-Bn Cu(II) OTf 88(R) H [73]
1-tBu Cu(II) OTf 91(R) H [73]

a cg: coordination geometry, cf. Fig. 17.
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Cu(OTf)2·1-tBu has been also found to be a most efficient
catalyst in nitroaldol reactions between nitromethane and vari-
ous �-ketoesters [95,96]. Based on the stereochemical outcome

Table 5
Mukaiyama aldol reaction between silylketene acetals 26 and methyl pyruvate
(27)

Entry Box (S) Metal M Anion X R2 28a (ee, %) Ref.

1 1-tBu Cu(II) SbF6 H 75 [93]
2 1-tBu Cu(II) OTf H 99 [93]
ig. 17. Possible transition states for the Mukaiyama aldol reaction between
ilylketene acetal 23 and (benzyloxy)acetaldehyde (24).

inc(II) and copper(II) intermediates should show complemen-
ary results to each other also in the reaction between 23 and 24.
herefore, the formation of (S)-25 using Zn(SbF6)2 in combi-
ation with 1-Ph, calling for a square-planar transition state, is
urprising (Table 4, entry 1) [91]. Using Cu(SbF6)2 as precursor,
S)-25 is predominantly formed (entry 2), being consistent with
square-planar intermediate. However, the relatively low selec-

ivity observed might reflect the considerable distortion towards
tetrahedral geometry of Cu(II)-bis(oxazoline) complexes that

s observed in certain cases (cf. Section 2.2.1.2). With Cu(OTf)2
t was concluded that the metal anion must also be involved
n the transition state of the reaction, leading to the proposal
f square-pyramidal intermediates with an equatorially coor-
inated triflate [73]. With the further assumption that only a
arbonyl group coordinated in equatorial rather than in apical
osition (cf. Section 2.2.1.2) will undergo the reaction, interme-
iates H and I (Fig. 17) must be considered. Very notably, the
uccess of the reaction is highly dependant on the group R in
he bis(oxazoline) ligand: Both the phenyl and iso-propyl sub-
tituted ligand gave virtually racemic product, suggesting that
oth H and I both are accessible. With the sterically more bulky
ert-butyl and benzyl substituted ligands high enantioselectivity
n agreement with transition state H is observed, which might
e preferred to I by avoiding sterical interactions between the
ownward-pointing 24 and the likewise oriented R-group.

Mukaiyama aldol reactions with substrates having two coor-
inating carbonyl groups such as �-keto-esters that are catalyzed
y copper(II)-bis(oxazoline) complexes give results consistent

ith (distorted) square-planar intermediates of type J (Fig. 18),

ndependent of which copper salt is used as precursor [92,93].
ost likely the greater nucleophilicity of carbonyl with respect

o ether groups is responsible for this observation. If an anion like

3
4
5

ig. 18. Possible transition states for the Mukaiyama aldol reaction between
ilylketene acetals and �-carbonyl esters.

riflate is also coordinating to the copper(II) complex, it conse-
uently might occupy the apical position giving rise to K, being
n perfect agreement with the X-ray structure reported for the
opper(II)tris(oxazoline) complex with ethyl 3-oxobutanoate
epicted in Fig. 13.

In agreement with this model, Cu(OTf)2·1-tBu was found to
e an excellent catalyst for aldol reactions, giving high enantios-
lectivities in the reaction of silylketene acetals and pyruvates
Table 5, entries 2–4). Using Cu(SbF6) instead (entry 1) gave a
ore reactive, but less selective complex, reflecting most likely
square-planar coordinated complex J (Fig. 18) in comparison

o a square-pyramidal intermediate K with an apical coordi-
ated triflate anion attenuating the Lewis acidity of the complex.
he copper(II) complexes were found to be highly syn-selective,
hich can be explained by pointing the group R2 in the transi-

ion state away from the metal coordinated ester group (Fig. 18,
eft) rather than toward it (Fig. 18, right).

Complementary to Cu(OTf)2·1-tBu, the analogous tin(II)
omplex Sn(OTf)2·1 was found to be anti-selective in such aldol
eactions with both pyruvates (Table 5, entry 5) and glyoxylates
Table 6), following again the models put forward in Fig. 18 with
espect to the newly formed stereocenter bearing the hydroxy
roup. However, the pronounced anti-selectivity of this catalyst
emains unclear at this time.
1-tBu Cu(II) OTf Me (E) 98 (syn) [93]
1-tBu Cu(II) OTf Me (Z) 96 (syn) [93]
1-Bn Sn(II) OTf Me (Z) 94 (anti) [94]

a Diastereomeric ratio > 90:10 as indicated.
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Table 6
Mukaiyama aldol reaction between silylketene acetals (29) and ethyl glyoxylate
(30)

Entry Box (S) Metal M Anion X R2 (anti)-31a (ee, %) Ref.

1 1-Bn Sn(II) OTf H 98 [94]
2 1-Ph Sn(II) OTf H 91 [94]
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Fig. 20. Possible transition state in the nitroaldol reaction between aldehydes
and nitromethane catalyzed by Cu(OAc)2·36.

Table 8
Nitroaldol reaction between aldehydes and nitromethane catalyzed by
Cu(OAc)2·35 [97]

Entry R1 37 (ee %)

1 Ph 94
2 p-NO2Ph 81
3 o-MeOPh 93
4 1-Naphthyl 87
5 iPr 94
6 nBu 93
7

1-iPr Sn(II) OTf iBu 96 [94]
1-Bn Sn(II) OTf Me 95 [94]

Anti/syn ratio ≥ 90:10.

f the reaction, transition states in analogy to those depicted
n Fig. 18, having the ketoester coordinated in plane with the

etal-bis(oxazoline) chelate, can be ruled out. A valid pro-
osal can be made however with the reacting carbonyl group
nd nitromethane being coordinated to copper(II) in equatorial
ositions, while the ester carbonyl oxygen adopts the apical posi-
ion. Following this line of argument it can be assumed that in
ontrast to the triflate anion (cf. Fig. 18) the more nucleophilic
itronate anion can successfully compete with a carbonyl group
or an equatorial position being decisive in the product formation
Fig. 19; Table 7).

The investigation of nitroaldol reactions using simple alde-
ydes with copper(II)-bis(oxazoline) complexes [97] brought,
esides the significant achievement of successfully carrying out

uch a reaction enantioselectively with monodentate substrates,
et another mechanistic proposal into the picture: The outcome
f the reaction is again consistent with a square-pyramidal cop-
er intermediate, having the aldehyde in equatorial position

ig. 19. Possible transition states in the nitroaldol reaction between �-ketoesters
nd nitromethane catalyzed by Cu(OTf)2·1-tBu.

able 7
nantioselective nitroaldol reaction between �-ketoesters and nitromethane cat-
lyzed by Cu(OTf)2·1-tBu [95,96]

ntry R1 34 (ee, %)

Me 92
Et 87
PhCH2CH2 77
CH2 CHCH2CH2 94
CH3CH CH 60
Ph 86
p-NO2Ph 93

p
b
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s
l
C
e
n

f
b
m
m
s
r
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A

s
N
c

tBu 94

lacing its group R away and the hydrogen adjacent to the neigh-
oring acetate group (Fig. 20; Table 8). The nitronate however
s coordinated in the apical position pointing away from the ster-
cally blocking indane groups of the bis(oxazoline) ligand 36.
igands 1-tBu or 1-Ph have proven to be by far less effective,
uggesting the necessity of sterically especially demanding box
igands when using monodentate substrates. Equally important,
u(OAc)2 instead of Cu(OTf)2 as the copper source has to be
mployed, since only acetate is basic enough to deprotonate
itromethane.

In conclusion, this review has shown only a very small
raction of reactions than can be successfully catalyzed by
is(oxazoline) ligands in order to illustrate the stereochemical
odels involving their tri-, tetra-, penta- and hexacoordinated
etal complexes. Although not understood in all details, a con-

istent mechanistic edifice is emerging that should allow the
ational design of many more asymmetric transformations with
his ligand class in the future.
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