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In 1986 we reported a new class of,chiral ligands for
asymmetric catalysis, the C,-symmetric semicorrins 2
(Scheme 1) [1]. We assumed that these ligands, which are
readily prepared from pyroglutamic acid 1, should allow
effective enantiocontrol of metal-catalyzed reactions since
they possess a conformationally rigid scaffold with the
two substituents at the stereogenic centers in close prox-
imity of the coordination site. Indeed, the semicorrins
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were found to induce high enantioselectivities in the
copper-catalyzed cyclopropanation of olefins and the
cobalt-catalyzed conjugate reduction of o,B-unsaturated
carboxylic esters and amides (Scheme 2) [2].

The success we had with the semicorrins prompted us
and a number of other research groups to develop addi-
tional, structurally related ligands (Scheme 3) [2,3]. The
aza-semicorrins in complexes 3 and 5 and the bi- and
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bisoxazolines in 6, 4 and 7 all provide a steric environ-
ment around the metal center which is similar to the semi-
corrins. Compounds 2-4 contain anionic ligands with an
electron-rich m-system, whereas compounds 5-7 incorpo-
rate neutral, less electron-donating ligands. Depending on
the metal center, its oxidation state and the electronic
requirements of a specific metal-catalyzed process, either
anionic semicorrin type ligands or their neutral conter-
parts are better suited.

As illustrated in Schemes 4-7, these ligands are all read-
ily prepared in high enantiomeric purity from inexpensive
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chiral precursors. Starting from different precursors, or by
modification of the substituents at the stereogenic centers
after building the ligand skeleton, a wide variety of differ-
ent ligands can be prepared [2-4]. Since the first reports
on C,-symmetric bisoxazolines [5,6], the number of
applications of bisoxazoline-metal complexes has rapidly
grown and today spans an impressive range of enantiose-
lective metal-catalyzed processes, such as cyclopropana-
tion, aziridination, Lewis acid catalyzed cycloadditions
and Mukaiyama aldol reactions, conjugate addition,
allylic alkylation, as well as oxidation and reduction [2-3].
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In addition, many other bi- and tridentate bisoxazoline
ligands have been developed and some of them have
found interesting applications [3]. For example, Nishiyama's
group has developed a versatile class of tridentate C,-sym-
metric bisoxazolines derived from pyridine-2,6-bis(car-
boxylate) [7]. We have recently added to this list a num-
ber of tetradentate bisoxazoline ligands (Scheme 8) [8].
These ligands adopt a helical conformation when bound
to metal ions such as Cu(Il) or Ni(II) (Scheme 9). As
shown in Scheme 10, ligands of this type can induce sub-
stantial ee's in ruthenium-catalyzed epoxidation reactions
and cobalt-mediated Michael additions, although the cat-
alytic efficiencies still need to be improved.
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Scheme 10
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Oxazolines are also useful structural units for the con-
struction of chiral binucleating ligands (Scheme 11) [9].
Starting from such ligands, a variety of binuclear metal

complexes can be prepared (Schemes 12 and 13).
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Scheme 12
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One area we became particularly interested in during
the last few years is enantioselective allylic substitution.
Using aza-semicorrin or bisoxazoline ligands, we
obtained high enantiomeric excesses in several cases,
such as the reaction of racemic 1,3-diaryl-2-propenyl
acetates with dimethyl malonate (Scheme 14) [2]. In addi-
tion, structural studies led to detailed insights into the role
of the chiral ligand in the enantioselection step [10,11].
However, the range of substrates and nucleophiles for
these catalysts proved to be limited; with less reactive
allyl derivatives, reactions were sluggish, and with nucle-

M =Zn(ID), R = i-Pr

Scheme 14
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ophiles that are good ligands for Pd(II), displacement of
the chiral ligand seemed to be a problem. Therefore, we
decided to search for other types of ligands which would
overcome these limitations.

One idea was to keep one oxazoline ring as a chiral unit
and replace the other by a phosphine group, which we
hoped would enhance the stability as well as the reactivity
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and selectivity of the catalyst (Scheme 15) [11]. More-
over, by giving up the concept of C,-symmetry, we hoped
to gain an additional means of controlling the regioselec-
tivity of nucleophilic attack, based on electronic effects.
In contrast to allyl complexes with C,-symmetric ligands,
complexation of the metal by P,N-ligands should result in
effective electronic discrimination of the two allylic ter-
mini, due to the different trans influences of the coordi-
nating phosphorus and nitrogen atoms (cf. the different
Pd-C bond lengths in the crystal structure shown in
Scheme 15). Two other research groups, those of
Helmchen [12] and Williams [13], also reported the same
ligands and their application in the allylic substitution of
dimethyl malonate with racemic 1,3-diphenyl-2-propenyl
acetate, independently and at the same time. We found
that these ligands give very high ee's not only with 1,3-diaryl-
2-propenyl acetates using a range of C- and N-nucle-
ophiles, but also with rather unreactive 1,3-dialkyl-substi-
tuted allyl derivatives such as 1,3-diisopropyl-2-propenyl
acetate (Scheme 16) [14].

Scheme 15
OM 0
S/N\f’d/ "~ T} P\Pd/ N\>
H r
N PR Al
P Ny P ey
—|+
Q
Ph-;-P\ 'NI\> PFe
PH obdlo %
'\/'\,' ‘\")}?/ :
z 3> \:5’5 ]
Bond Lengths in [A] ( 0.01 A) X-ray

Scheme 16

€0,C COMe

M
X R [PAGHICIL /LA o X N

*

R'=Ph R=Ph 99% ee

Rl'=i-Pr R=Ph 98% ee

I\O> R!'=¢Bu R=Ph 95% ee

Ph,P N R'=rBu R=iPr 96% ee
L* "--R1 R'=t-Bu R=n-Alk  70-80% ee

Vol. 36

Enantiopure phosphinooxazoline ligands can be readily
prepared by various efficient routes (Schemes 17 and 18)
[15]. Furthermore, their modular structure allows exten-
sive and independent variation of the backbone, the oxa-
zoline ring, and the phosphine group. This makes it possi-
ble to optimize the steric and electronic properties of the
ligand for a specific application.
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Most palladium catalysts react with monosubstituted
allyl derivatives 10 or 11 predominantly at the unsubsti-
tuted terminus to give the achiral linear product 14
(Scheme 19). However, by structural variation of the ligand
structure, it was possible to revert the regioselectivity in
favor of the chiral branched products.
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Our search for a suitable ligand was based on the fol-
lowing concepts (Scheme 20). An increase of the cationic
character of the allyl system should facilitate nucleophilic
attack at the substituted terminus. Therefore, we decided
to introduce electronegative substituents at the P atom that
render the Pd center more electrophilic. At the same time
we wanted to increase the steric hindrance at the P atom.
Bulky groups at the P atom are expected to destabilize
isomer B as well as the transition states of the reaction
pathways leading from B to the corresponding substitu-
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tion products. Therefore, a pathway via A should be pre-
ferred and, assuming that nucleophilic attack at the allyl
terminus trans to the Pd-P bond is electronically favored
[16,17], reaction at the substituted allyl end should be
facilitated.

Replacement of the phenyl groups at the P atom by
electron-withdrawing pentafluorophenyl groups shifted
the regioselectivity in the desired direction from 4:96 to
52:48 (Scheme 21) [18]. A similar effect was observed
using a ligand with a biphenyl phosphite group in place of
the diphenylphosphino substituent. The regio- and enan-

Scheme 20 . .. . : .
_ _ _ tioselectivity could be further improved by introduction of
F m /‘\ a second stereogenic unit derived from binaphthol. The
L /L L\ /L best results were obtained with the (S,5)-ligand whereas
Pd! Pd the (R,S)-diastereomer gave lower regio- and enantiose-
@ 4 lectivity. Apparently, the enantioselectivity is determined
\/TR /’\/\R largely by the chiral oxazoline ring while chiral binaphthol
v A unit has a minor, but still significant effect. Replacement
L Nuo L - of the fert-butyl group at the oxazoline ring by other alkyl
substituents or phenyl resulted in lower regio- or enantio-
0 . selectivity. Under optimized conditions in benzene at 23°,
« |\> y |\> 90% ee and a branched/linear ratio of 76:24 could be
\/P\+ /N / . \/P\ + /N / achieved [18-20]. Even higher regio- and enantioselectivi-
@ PT g ¥ P"i o ties were obtained with the analogous naphthyl-allyl
derivatives (Scheme 22).
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Scheme

OAc

Cr s
T <

2.5 mole %

1 mole % [Pd(C3H5)Cl],
CH,(CO;Me),, BSA
KOAc, CH,Cl,

OAc

(rac)

A comparison of the two crystal structures depicted in
Scheme 23 shows the difference between the diphenyl-
phosphino-oxazoline and the analogous binaphthyl phos-
phite ligand. The diphenylphosphine group leaves suffi-
cient space to accomodate a substituent at the allyl termi-
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22
M302C\/C02Me
N
O + N CO,Me
O O CO'_)MC
25° 95% ee 90:10 (93% yield)
-13° 96% ee 95:5 (91% yield)
M802C\/COZMC
NG
O + ™ CO,Me
Q) ™
25° 94% ee 89:11 (97% yield)
-13¢ 96% ee 94:6 (87% yield)

nus cis to the P atom, whereas the naphthyl ring system
blocks this side of the allyl ligand. Therefore, a monosub-
stituted allyl ligand would be expected to coordinate with
the substituted end located next to the oxazoline ring (see
Scheme 20, complex A).

Scheme 23
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Predominant formation of the branched product with ~ Recently, Trost and Hachiya have reported very high
moderate to high ee's is also observed with other transi- regio- and enantioselectivities in the reaction of 1- and
tion metal catalysts such as tungsten (Scheme 24) [19,21] 3-arylallyl carbonates using a molybdenum complex
and iridium [22] phosphinooxazoline complexes. derived from the dipyridine ligand 14 (cf. Scheme 25)

Scheme 24
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[23]. Since we had prepared related ligands of type 15 and
16 in the course of our work on bisoxazolines (cf. Scheme 8),
we tested these ligands in molybdenum-catalyzed allylic
substituions (Scheme 25) {24]. We found that the bipyri-
dine 14 and the bisoxazolines 15 and 16 all gave excellent
enantioselectivities with 1-alkylallyl carbonates. The
results with ligands 14 and 16 were very similar, demon-
strating that the main chiral control element is the diami-
nocyclohexane ring. In the case of crotyl methyl carbon-
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ate, the bisoxazoline 16 gave somewhat higher regio- and
enantioselectvity. The synthesis of ligands of type 15 and
16 is shown in Scheme 26.

Although the phosphinooxazolines and related phos-
phite-oxazolines were originally developed for palladium-
catalyzed allylic substitutions, they proved to be remark-
ably efficient controller ligands for other metal-catalyzed
processes such as Diels-Alder reactions [25], transfer
hydrogenation of ketones [26], Heck reactions (Scheme 27)

Scheme 26
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—_— k.

2) NazCOg, Hzo

3) 0]
MeOJI".
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N —_—
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pr” O
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Scheme 27
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[27], conjugate addition of organozinc reagents to enones
(Schemes 28 and 29) [28] and iridium-catalyzed hydro-

genation of C=C and C=N double bonds [29,30].
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K
X,

Scheme 28
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Phosphinooxazoline-iridium complexes (Scheme 30)
are readily prepared and because they are air-stable, crys-

talline compounds, they are easy to handle. They are very

xylene
reflux

[o]

®

Scheme 29
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reactive catalysts for the hydrogenation of imines [29].
The best results are obatined with N-aryl imines derived
from aryl alky!l ketones (Scheme 31). At pressures
between 10-100 bar, high turnover numbers and turnover
frequencies are observed, with ee's in the range of 70-90%.
These cationic iridium complexes are also remarkably
efficient catalysts for the enantioselective hydrogenation
of unfunctionalized olefins (Scheme 32) [30]. The highest
enantioselectivities in the hydrogenation of trisubstituted
1,2-diarylalkenes were obtained with the bis(o-tolylphos-
phino)-(tert-butyloxazoline) ligand.
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A difficult problem which had to be solved was catalyst
deactivation during the reaction (Scheme 33). After a long
and often frustrating period of extensive experimentation,
the use of tetrakis[2,6-bis(trifluoromethyl)phenyl}borate
(BARF) as the counter ion instead of more common non-
coordinating anions, such as hexafluorophosphate or tetra-
fluoroborate, finally brought the solution (Scheme 34). The
BARF complexes display a much longer lifetime and
exhibit high catalytic activity. Full conversion and virtu-
ally identical ee's can be achieved in less than 2 hours
using only 0.3 mole% of catalyst. Until now, unfunction-

Scheme 31
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Scheme 33
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X =BARF 0.3 mole % catalyst > 99% conversion 98% ee TOF 70-140 min-!

alized olefins of this type could not be hydrogenated with
high enantioselectivity at such low catalyst loadings
(Scheme 35). Obviously, iridium complexes with chiral

P,N-ligands are a promising new class of catalysts which
enhance the scope of enantioselective hydrogenation.
Interestinelv. for more nolar substrates such as o B-nn<at-
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urated carboxylic esters or allylic alcohols, the PFg com-
plexes are more efficient catalysts than the corresponding
BARF complexes (Scheme 35).

The remarkable levels of selectivity achieved with
phosphinooxazolines in various metal-catalyzed reactions
demonstrate the considerable potential of P,N-ligands of
this type in asymmetric catalysis. Phosphinooxazolines
are very attractive ligands because they are readily syn-
thesized in high enantiomeric purity from simple precur-
sors. Furthermore, their modular strucure allows extensive
structural variation of the backbone, the oxazoline ring
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and the phosphine part. In this way it should be possible
to tailor the ligand structure for many other classes of
metal-catalyzed reactions.

Acknowledgements.

The work described herein has been carried out at the
Max-Planck-Institut fiir Kohlenforschung in Miilheim an
der Ruhr and at University of Basel by a dedicated group
of graduate students and postdocs whose names are listed
in the references. I would like to thank them all for the
fruitful collaboration and their enthusiasm and perserver-

Scheme 35

o,

O
OMe

0.1 mole % catalyst

97% ee, >99% conversion

0.5 mole % catalyst

95% ee, 98% conversion

0.3 mole % catalyst

95% ee, 97% conversion

MeO MeO.

Z
@\)\/OAC

0.3 mole % catalyst

61% ee, >99% conversion

2 mole % catalyst

81% ee, >99% conversion

0.5 mole % catalyst

91% ee, >99% conversion

Z 7 CO,E

4 mole % catalyst

84% ee, 96% conversion

X = BARF

X = PFq

@/O H

1 mole % catalyst

96% ee, 95% conversion




Nov-Dec 1999

ance. Financial support by the Max Planck Society, the
Max-Planck-Institut fiir Kohlenforschung, the Swiss
National Science Foundation and F. Hoffmann-La Roche
AG, Basel, is gratefully acknowledged.

REFERENCES AND NOTES

[11 H. Fritschi, U. Leutenegger and A. Pfaltz, Angew. Chem., 98,
1028 (1986); Angew. Chem. Int. Ed. Engl., 25, 1005 (1986).

[2] A. Pfaltz, Acc. Chem. Res., 26, 339 (1993); A. Pfaltz,
Advances in Catalytic Processes, Vol 1, M. P. Doyle, ed, JAI Press,
1995, p 61.

[3] Review: A. K. Gosh, P. Mathivanan and J. Capiello,
Tetrahedron: Asymmetry, 9, 1 (1998).

[4] Scheme 6: A. Ebinger, Dissertation, University of Basel, 1998.

[5] R. E. Lowenthal, A. Abiko and S. Masamune, Tetrahedron
Letters, 31, 6005 (1990); D. A. Evans, K. A. Woerpel, M. M. Hinman
and M. Faul, J. Am. Chem. Soc., 113, 726 (1991); E. J. Corey, N. Imai
and H.-Y. Zhang, J. Am. Chem. Soc., 113, 728 (1991); J. Hall, J.-M.
Lehn, A. DeCian and J. Fischer, Helv. Chim. Acta, 74, 1 (1991); G.
Helmchen, A. Krotz, K. T. Ganz and D. Hansen, Synlett, 257 (1991); M.
Onishi and K. Isagawa, Inorg. Chim. Acta, 179, 155 (1991); R.-Y. Yang,
Y.-H. Chen and L.-X. Dai, Acta Chimica Sinica, 49, 1038 (1991); Chem.
Abstr., 116, 41342y (1992).

[6] D. Miiller, G. Umbricht, B. Weber and A. Pfaltz, Helv. Chim.
Acta, 74, 232 (1991).

[7] H. Nishiyama, H. Sakaguchi, T. Nakamura, M. Horihata, M.
Kondo and K. Itoh, Organometallics, 8, 846 (1989) and ref. [3].

[8] N. End and A. Pfaltz, Chem. Eur. J., 4, 818 (1998); Chem.
Commun., 589 (1998).

[9]1 C.J. Fahrni and A. Pfaltz, Helv. Chim. Acta, 81, 491 (1998);
Helv. Chim. Acta, 81, 507 (1998). For a catalytic application, see: C. J.
Fahrni, Tetraredron, 54, 5465 (1998).

[10] P. von Matt, G. C. Lloyd-Jones, A. B. E. Minidis, A. Pfaltz,
L. Macko, M. Neuburger, M. Zehnder, H. Riiegger and P. S. Pregosin,
Helv. Chim. Acta, 78, 265 (1995).

[11]  A.Pfaltz, Acta. Chem. Scand. B, 50, 189 (1996).

[12) ). Sprinz and G. Helmchen, Tetrahedron Letters, 34, 1769
(1993); G. Helmchen, S. Kudis, P. Sennhenn and H. Steinhagen, Pure
Appl. Chem., 69, 513 (1997).

1451

[13] G.J. Dawson, C. G. Frost, J. M. J. Williams and S. J. Coote,
Tetrahedron Letters, 34, 3149 (1993); J. M. J. Williams, Synlett, 705 (1996).

[14] P. von Matt and A. Pfaltz, Angew. Chem., 105, 614 (1993),
Angew. Chem. Int. Ed. Engl., 32, 566 (1993); P. von Matt, O. Loiseleur,
G. Koch, A. Pfaltz, C. Lefeber, T. Feucht and G. Helmchen,
Tetrahedron: Asymmetry, 5, 573 (1994).

[15) See, e.g: G. Koch, G. C. Lloyd-Jones, O. Loiseleur, R. Prétét,
A. Pfaltz, S. Schaffner, P. Schnider and P. von Matt, Rec. Trav. Chim.
Pays-Bas, 114, 206 (1995); M. Peer,J. C. de Jong,M. Kiefer, M. T.
Langer, H. Rieck, H. Schell, P. Sennhenn, J. Sprinz, H. Steinhagen, B.
Wiese and G. Helmchen, Tetrahedron, 52, 7547 (1996); J. V. Allen, G.
J. Dawson, C. G. Frost and J. M. J. Williams, Tetrahedron, 50, 799 (1994).

[16] H. Steinhagen, M. Reggelin and G. Helmchen, Angew.
Chem., 109, 2199 (1997); Angew. Chem. Int. Ed. Engl., 36, 2108 (1997).

[17]1 P. E. Bléchl and A. Togni, Organometallics, 15, 4125
(1996); T. R. Ward, Organometallics, 15, 2836 (1996).

[18] R. Prét6t and A. Pfaltz, Angew. Chem., 110, 337 (1998);
Angew. Chem. Int. Ed. Engl., 37, 323 (1998).

[19]1 R. Prétét, G. C. Lloyd-Jones and A. Pfaltz, Pure Appl.
Chem., 70, 1035 (1998).

[20] Similar regio- and enantioselectivities have been reported by
Hayashi et al. using a monodentate phosphine ligand: T. Hayashi, M.
Kawatsura and Y. Uozumi, J. Chem. Soc., Chem. Commun., 561 (1997).

211 G.cC. Lloyd-Jones and A. Pfaltz, Angew. Chem., 107, 534
(1995); Angew. Chem. Int. Ed. Engl., 34, 462 (1995).

[22] J. P. Janssen and G. Helmchen, Tetrahedron Letters, 38,
8025 (1997); See also: B. Bartels and G. Helmchen, Chem. Commun.,
741 (1999).

[23] B.M. Trost and I. Hachiya, J. Am. Chem. Soc., 120, 1104 (1998).

[24] F. Glorius and A. Pfaltz, Org. Letters., 1, 141 (1998).

[25] 1. Sagasser and G. Helmchen, Tetrahedron Letters, 39, 261
(1998).

[26] T. Langer and G. Helmchen, Tetrahedron Letters, 37, 1381
(1996).

[27) O. Loiseleur, M. Hayashi, N. Schmees and A. Pfaltz,
Synthesis, 1338 (1997).

[28] A.K.H.Knébel, I. H. Escher and A. Pfaltz, Synlett, 1429 (1997).

[29] P. Schnider, G. Koch, R. Prétot, G. Wang, F.M. Bohnen, C.
Kriiger and A. Pfaltz, Chem. Eur. J., 3, 887 (1997).

[30] A. Lightfoot, P. Schnider and A. Pfaltz, Angew. Chem., 110,
3047 (1998); Angew. Chem. Int. Ed., 37,2897 (1998).



