Asymmetric catalysis with chiral metal complexes:
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Asymmetric catalysis: early results

AKABORI et al. (1956)
Catalytic hydrogenation
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Enantioselective hydrogenation: early developments
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Rh-diphosphine catalysts: substrates

"Classical" substrates: dehydro-x-amino acid derivatives, itaconic acid or ester
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Chiral ligands: design concepts

Asymmetric hydrogenation .
v ol ' Henri Kagan
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- Bidentate chelate ligand

- Stereogenic centers in the backbone
(not at the P atom)

- C, symmetry

- Easy synthesis



Structure of Rh-CHIRAPHOS
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Mechanism of enantioselective hydrogenation with Rh-diphosphine catalysts
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R. Landis, S. Feldgus, Angew. Chem. Int. Ed. 2000, 39, 2863; J. Am. Chem. Soc. 2000, 122, 12727. R. Giernoth, H. Heinrich,
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Achiwa's "Respective Control Concept"
Synlett 1992, 169
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Josiphos ligands (Ciba-Geigy central research, SOLVIAS)

Technical synthesis of the herbicide metolachlor
HNJ\/O C|\)L J\/O

S/ C — 10° 80% ee metolachlor

H.-U. Blaser, Adv. Synth. Catal. 2002, 344,17-31

5.

Fe PPh,

catalyst system:
Ir(l) /L*/ 1"/ HySO4

Synthesis of biotin on an industrial scale

PPhy pigy,

= ]

Me O Fe  Me Me )J\
/’\NJ\NH @ 0.2 mol-% [Rh]

Ph Ph
d H,

99% ds

J. McGarrity, F. Spindler, R. Fuchs, M. Eyer (Lonza AG), EP-A 624 587 A2, 1995
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Synthesis of Ru-diphosphine complexes
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Ru(BINAP)-catalyzed asymmetric hydrogenation of C=C bonds

(0.2-1 mol%) Ru[(R)-BINAP](OAc),
= R 91% ee

H,, CH30H, 15-30°C (100% conversion) COOH

COOH
R. Noyori, H. Takaya, Acc. Chem. Res. 1990, 23, 345
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TON up to 50’000
)\/\/K/\/ OH )\/\/K/\/\
OH
—> 92% ee no reaction

R. Noyori, H. Takaya, Acc. Chem. Res. 1990, 23, 345. R. Noyori, Angew. Chem. Int. Ed. 2002, 41, 2008 (Nobel lecture)
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Enantioselective reduction of ketones with Ru(BINAP) catalyts

OH O OH
Ho Ho =
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R. Noyori, H. Takaya, Acc. Chem. Res. 1990, 23, 345. R. Noyori, Angew. Chem. Int. Ed. 2002, 41, 2008 (Nobel lecture) 14



C,-Symmetric Semicorrin Ligands

COOH



Applications of semicorrin ligands

Ph CICH,CH,CI, 25° Ph H H H
1-2 mol% of Cu(l)L*
\“ + NQCHCOOR1 > >A< + >A<
(60 - 70 % yield) H COOR! Ph COOR!

R' = ethyl 92%ee (3:1) 80%ee
R'= tertbutyl 93%ee (4:1) 92%ee
R' =d-menthyl 97 %ee (4:1) 95%ee

H. Fritschi, U. Leutenegger, A. P., Angew. Chem. Int. Ed. 1986, 25, 1005

NaBH, (1-2 equiv.)

0.1-1 mol% CoCl, / L*
)%/COX EtOH/diglyme, 23 ° C J\/COX
R - R *

(>95% vyield)

94-99% ee

U. Leutenegger, A. Madin, A. P, Angew. Chem. Int. Ed. 1989, 28, 60



Enantioselective cyclopropanation: transition-state model

H. Fritschi, U. Leutenegger, A. Pfaltz,
Helv. Chim. Acta 1993, 26, 339.
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Isolation of a Cu-carbene intermediate: F. Straub, P. Hofmann, Angew. Chem. Int. Ed. 2001, 40, 1288.
DFT calculations: J. M. Fraile, J. L. Garcia, V. Martinez-Merino, J. A. Mayoral, L. Salvatella, J. Am. Chem. Soc. 2001, 123, 7616



C,-Symmetric aza-semicorrins and bisoxazoline ligands
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A. P., Acc. Chem. Res. 1993, 26, 339.



Applications of C,-Symmetric Bisoxazolines
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Rh, Os, Ir

Cyclopropanation

Masamune et al. (Tetrahedron Lett. 1990, 31, 6005)
Evans et al. (J. Am. Chem. Soc. 1991, 113, 726)
Pfaltz et al. (Helv. Chim. Acta 1991, 74, 232)

Diels-Alder reaction
Corey et al. (J. Am. Chem. Soc. 1991, 113, 728)
Evans et al. (J. Am. Chem. Soc. 1993, 115, 6460)

Hydrosilylation
Helmchen et al. (Synlett 1991, 257)

Transfer hydrogenation
Pfaltz et al. (Helv. Chim. Acta 1991, 74, 232)

Dihydroxylation of olefins
Lixin Dai et al. (Acta Chim. Sinica 1991, 49, 1038)

Pd-catalyzed allylic substitution

Pfaltz et al. (Tetrahedron 1992, 48, 2143)
Larock and Zenner (J. Org. Chem. 1995, 60, 482)

Aziridination
Evans et al. (J. Am. Chem. Soc. 1993, 115, 5328)

Cyanohydrin formation
Corey and Wang (Tetrahedron Lett. 1993, 34, 4001)

Addition of RLi to imines
Denmark et al. (J. Am. Chem. Soc. 1994, 116, 8797)

Co-polymerization
Brookhart et al. (J. Am. Chem. Soc. 1994, 116, 3642)
Musco et al. (Macromol. Rapid Commun. 1995, 16, 9)

Carbometalation
Nakamura et al. (J. Am. Chem. Soc. 1995, 117, 1179)

Allylic oxidation of olefins

Pfaltz et al. (Tetrahedron Lett. 1995, 36, 1831)
Andrus et al. (Tetrahedron Lett. 1995, 36, 2945)



Pd-catalyzed allylic substitution
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Pd-catalyzed allylic substitution: mechanism of enantioselection




Phosphinooxazolines (PHOX ligands)

P. von Matt, A. Pfaltz
Angew. Chem. Int. Ed. 1993, 32, 566

J. Sprinz, G. Helmchen
Tetrahedron. Lett. 1993, 34, 1769

G. J. Dawson, C. G. Frost, J. M. J. Williams,
S. J. Coote, Tetrahedron. Lett. 1993, 34, 3149
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X-ray analysis:

M. Zehnder, M. Neuburger,
L. Macko

University of Basel



~CH(COOMe), /\I
[PACsHs)CIL /L* NN

(R' = Ph) R = Ph 99% ee
(R = i-Pr) R =Ph 98% ee
(R! = t-Bu) R =Ph 95% ee
(R1 = t-Bu) R=i-Pr  96%ee
(R! = t-Bu) R=n-Alk 70-80% ee

Qo O O T

Peter von Matt




Enantioselective Tsuji allylation with B-keto allyl esters

6.25 mol% L*

R o/\( 2.5 mol%[Pd,(dba)s]
R THF or Et,0
25-35 °C

o~

- CO,
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:l I: !\\\\\\( :l I: ’\\\\
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foﬂ

89% yield
88% ee

J. T. Mohr, B. M. Stoltz, Chem. Asian J. 2007, 2, 1476
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Asymmetric hydrogenation of olefins lacking coordinating groups

Crabtree catalyst [ J \ Il O/ >_<
N Cy4H
Cy3P\ /N — PF6 \/ 4119

1) [I(COD)Cl]p, CH,Cly, reflux
O 2) NH,PFg, Ho,O / CH,Cl, o PF,

5 LSS
PhyP N / 3) crystallization (CH,Cl, / Et,0) PhoP( N /

X-Ray analysis:
L. Macko & M. Zehnder
(University of Basel)




Initial Experiments - Influence of the Counterion

¢I ~§

F3C CF,
| ©) C) S)
(O-TO|)2P~. ,.N\) X X = IPFGI or QB

Cat.
O _ > O §
O 50 bar H, O
CH,Cl,, 23°C

X=PFg: 4 mol% catalyst 57% conversion  97%ee TOF 2400 h-1
X =BArg: 0.02 mol% catalyst > 99% conversion 98% ee TOF > 5000 h-1

Andrew Lightfoot



Hydrogenation vs. catalyst deactivation: influence of the anion




Variation of the Catalyst Structure
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Furans, Benzofurans, Indoles

—| +
Ph Ph BAE
U 1 mol% cat., 100 bar H, . <—§ 99% conv. Cl) =z |
0 PhCI, 60 °C, 24 h 0 98% ee (t-Bu)P N
I
. . . . . cod Ph
Larissa Pauli, René Tannert, Robin Scheil, A. P.,, Chem. Eur. J. 2015, 21, 1482
CO,Et
o o / \E [ \2 - s
0 ) O O
96% conv. 15% conv. >999% conv. >99% conv. 93% conv. 99% conv.
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> 98% ee cod
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Alex Baeza, A. P., Chem. Eur. J. 2010, 16, 2036
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Proposed catalytic cycles

23S

P. Brandt, P. G. Andersson et al, Chem. Eur. J. 2003, 9, 339.

K. Burgess, M. B. Hall et al., JACS 2004, 126, 16688.
K. H. Hopmann, A. Bayer, Organometallics 2011, 30, 2483.




3 bar H,
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233 K
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bound alkene-H ~ <

Stefan Gruber
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Rapid enantioface exchange of Ir dihydride alkene complexes

M-8'

Stefan Gruber, A. P., Angew. Chem.
Int. Ed. 2014, 53, 1896.

2l 5.4

5.4 5.2 5.0 4.8 4.6 4.4 ppm

Section of the 2D NOESY spectrum showing
the exchange cross-peaks (253 K, 500 MHz,
CD,Cl,).



Rapid enantioface exchange of Ir dihydride alkene complexes

minor

%7 weiho T
-@ "\Y

m-8'

8b
(R)-product (S)-product
minor enantiomer major enantiomer

Stefan Gruber



Mechanistic Model

Computational studies: Pher Andersson (Uppsala University)
Kevin Burgess (Texas A&M)

Kathrin Hopmann (University of Tromsg)
Markus Meuwly (University of Basel))



(R,R,R)-Tocopherol (Vitamin E)

50 bar 1 mol% 72
100% conversion  CH,Cl, (l) | BArg
23 °C (0'T0|)2P\Ir/N N
|
cop ©n

99% RRR; <0.3%RRS; <0.3% RSR; <0.4% RSS
GC analysis: Vecchi et al. Helv. Chim. Acta 1990,73, 782.

S. Bell, B. Wustenberg, S. Kaiser, F. Menges, T. Netscher, A. P. Science 2006, 311, 642.



SOME PRIVILEGED LIGAND STRUCTURES
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