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Some Challenges in Asymmetric Catalysis
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o Selectivity: There is no given catalyst that is universal for all
substrates. ) Catalyst diversity

« Reactivity and Efficiency : 1-10 mol% catalyst loading is not
practical. mm) 0.1-0.01% or less.

« Process chemistry: speed up the rate for catalyst discovery in
customer synthesis.

« Catalyst recovery and reuse.

 Cost, energy, solvent, safety, and others.......



Combinatorial Approach to Asymmetric Catalysis

Chiral Ligand Library A § .+) 4+ |Ligand Library B with n Members
with m Members M (chiral, achiral or racemic)
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Exceptionally Efficient Catalysts for
Enantioselective Hetero-Diels-Alder Reaction

OMe 0.1-0.005 mol%

(1) . . %
L5/L5/Ti or 0O
RCHO . z L5/L6/Ti Q
\ o o R

—Si- (2) CF,COOH

/
Highly efficient: 0.1% - 0.005% of cat. loading!

Very high yield and enantioselectivity
Room temperature and solvent free

up to >99% yield
99.8% ee

J. Long, K. Ding, et al., J. Am. Chem. Soc. 2002, 124, 10-11.



Asymmetric HDA Reaction: A Facile Approach to

Lactone Sub-unit of Chiral Drugs
)\(O

R, WO
H

lactone sub-unit lactone sub-unit

R = H, compactin
R = Me, Mevacor Lipitor, $13.6 billion (2006)

j’\)ﬁ
R “'OH

OMe

=z (1) Catalyst o
RcHo + | /< - 1 —-
—/Si—O (2) CF;COOH R o




Exceptionally Efficient Catalysts for Quasi Solvent-Free
Enantioselective Carbonyl-Ene Reaction

0.1-0.01% Cat

@)
L1/L1/Ti orL1/L2/Ti OH
JL + HJ\[(OEt > OEt
Ar Me solvent-free Ar *

O 76-99% yield O
1 2 3
la: Ar = C6H5 3a: Ar = C6H5 (982% ee)
1b: Ar = 4-CICgH, 3b: Ar = 4-CICgH, (99.4% ee)
1c: Ar = 4-FCgH, 3c: Ar = 4-FCgH,4 (98.4% ee)
1d: Ar = 4-CH3CgH, 3d: Ar = 4-CH3CgH, (97.1% ee)

F;C
(I ) o
T
F3C

L1 L2

Y. Yuan & K. Ding, Angew. Chem. Int. Ed. 2003, 42, 5478.



Exceptionally Efficient Catalysts for Quasi Solvent-Free
Enantioselective Carbonyl-Ene Reaction

H
0O L1/L1/Ti orL1/L2/Ti OH
OEt (0.1-0.01mol %)
oy - OEt
)n solvent-free n *
@] 94-99% vyield @)

n=0,1 n=0 (91% ee)

n=1(92% ee)

Lo

Trocade

Y. Yuan & K. Ding, Angew. Chem. Int. Ed. 2003, 42, 5478.



General Strategy for Chiral Catalyst Immobilization

Bonding Patterns
M M

L™ L L m
L L. L
M 4 o
z’ 7 7z ¢
| _Kl__/\‘
Covalent Physisorption ~ Electrostatic Entrapment
interactions

bonding

Supports or Media

% Organic Polymers and Dendrimers;

% Inorganic Supports;
% Non-Conventional Media (such as water, fluorous inated liquids, ionic

liquids, and Sc CO,,...)
Fan, Q.; Li, Y.-M.; Chan, A. S. C. Chem. Rev. 2002, 102, 3385.

D. E. De Vos, I. F. J. Van Kelecom, P. A. Jacobs, Eds. Chiral Catalyst Immobilization and
Recycling, Wiley-VCH, Weinheim, 2000.



Microporous Metal-Organic Frameworks

O. M. Yahqi, et al. Nature, 2003, 423, 705;
Science, 2003, 300, 1127.



Coordination Network Material as A Zeolite-Like
Heterogeneous Catalyst

— — i I I
N N
(4’4I-bpy) = =
+ g X X
P o
Cd(NO3), N — — N
5
(Counter ions are omitted for clarity)
@) : :
J\ _ 5 (0.2 equiv.) OSiMe,
R™ OH + MesSICN >
CH,Cl,, 40 °C R™ "CN
R = 2-MeCgH,, 3-MeCgH,, 24h 19-84% yields

1-naphthyl, 2-naphthyl.

M. Fujita & K. Ogura, et al., J. Am. Chem. Soc. 1994, 116, 1151-1152.



Microporous Homochiral Metal-Organic Frameworks

0" o
/ Zn(N03)2 N
HO 7—NH H,O/MeOH
@)
7\
—N
1 2
O,N O,N
OAcC
AcO—<E :>— —,
3 5, 8% ee 6

K. Kim et al., Nature, 2000, 404, 982.



Self-Supported Chiral Catalysts for
Heterogeneous Enantioselective Catalysis

Joa

I:Iqu .“‘
-~ - -

substrates

A
:>—<: ' ‘ AA
chiral ligand metallic ion A

product
A bottom-up strategy | X X

chiral metal-organic framworks
or chiral metal-organic coordination polymer

K. Ding et al. Chem. Eur. J. 2006, 12, 5188-5197.



Self-Supported BINOL-Ti Catalysts for
Carbonyl-Ene Reaction

) CO N I
N
Ti(oiPr)i
9P} ‘b 9@
o ST
o

— n
H catalysts for carbonyl-ene reaction:
OO O 1 mol% of catalyst loading
up to >99% yield and 96.5% ee

O OH
0,
JL + HJ\"/OEt Catalyst 1 mol% - PhMOEt
Ph”™ "Me

@) O
up to 99% vyield
96.5% ee

H. Sasai et al., Angew. Chem. Int. Ed. 2003, 42, 5711-5714.
H. Guo, X. Wang et al, Tetrahedron Lett. 2004, 45, 2009-2012.
X. Wang, H. Guo et al. Chem. Eur. J. 2005, 11, 4078-4088.



Highly Stable and Enantioselective Heterogeneous Titanium
Catalysts for Asymmetric Oxidation of Sulfides

\ Kagan, Modena,
Uemura, Bolm

1) 1 eq. Ti(O'Pr),, rt,12 h
»

2) 40 eqg. H,O, rt,12 h

0@ o 5 |

L|nker ¢ single bond

m=5o0r6

:/

B8oBB . 15KV _Sn

2a-c

X. Wang, H. Guo, et al., Chem. Eur. J. 2005, 11, 4078-4088.



Highly Stable and Enantioselective Heterogeneous Titanium
Catalysts for Asymmetric Oxidation of Sulfides

,,:S}. “ 'O 3 .
Ny~ R 2a-c,5mol% X S‘R' aRTILK S Me
R_+' . o R__E_ 3b: R =4-Me, R' = Me

Z Ox'dgg'él( 2 ed.) Y 3c: R = 4-Br, R' = Me
3a-g 3-4 da‘;,s sa-g 3d: R = 4-F, R'= Me
3e: R=3-Br, R'= Me
Reused for 8 times, up to >99.9% ee 3R = Noz,'R' = Me

Life time > 1 month 35-45% yield 30: R=H,R' =Et

98.2->99.9% ee

Run 1 2 3 4 S 6 / 8
Y (%) 39 34 42 39 30 38 32 34
Ee (%) 98.2 99.1 99.2 99.2 99.0 99.1 >09.9 991

X. Wang, H. Guo et al., Chem. Eur. J. 2005, 11, 4078-4088.



Heterogeneous Titanium Catalysts for Asymmetric
Ring Opening of Expoide

>( polymeric BINOL/Ti O>(O
o Q (12 mol%)
+  BnNH, > S_)
o BnHN  OH
— -1 recycled 12 times
linker >90% vyield
OO OO
O SPh O%,
ce o/ IN" -Lﬁ
N "N !
polymeric BINOL/Ti :
linker = 1,4-phenylene : 4 unit
i =- - ' uni
linker = -CH,CH,CH,CH, Nelfinavir
Cf.
Sagawa, S.; Inaba, T. J. Org. Chem. 1999, 64, 4962.

H. Bao, Z. Wang & K. Ding et al., J. Am. Chem. Soc. 2008, in the press.



The Impact of Bridging Spacers on the
Self-Supported Catalysts

\J

-0 OO

(J ®
(J . e
5 & 2 5) & o Q)
+ O . 8 s O
& ) & * & )
O . e

-1 Q

chiral unit metallic ion . &



The Impact of Bridging Spacers on the
Self-Supported Catalysts

chiral unit metallic ion




Multitopic Ligands Containing BINOL Units with
Various Bridging Spacers

} spacer

la-g




Self-Supported BINOL-La Catalysts with
Various Bridging Spacers

ot

850104 z.lﬂ” B74*1NM

Self-supported
BINOL/La catalyst

L O

(S)-BINOL La(lll)

Cf.
M. Bougauchi, S. Watanabe, T. Arai, H. Sasai, M. Shibasaki, J. Am. Chem. Soc. 1997, 119, 2329.
K. Daikai, M. Kamaura, ]. Inanaga, Tetrahedron Lett. 1998, 39, 7321-7322



Self-Supported BINOL-La Catalysts for
Epoxidation of Enones

O o O

\)J\ 2a-i (5.0 mol%) M
Ph"""ph + CHMP oo THE. RT Ph™g "~ Ph
3a Ph3PO (15 m0|%) 4da

%

97.6 (R,S) L
|

single bond  83.7 (R,S)

|
91.5 (R,S
82.9 (R,S) B (R.S)
I
95.5 (R,S)
1h

als

93.3 (R,S) -
|
= gj 95.0 (R,S)
95.1 (RS) g 84.2 (R.9) {
2 Y ™ N I



Self-Supported BINOL-La Catalysts for
Epoxidation of Enones

O 2a (5 mol%) o O
= 0 JZ
R/\)J\R' Ph3;P=0 (15 mol%) _ RMR-
MS 4A, THF, RT 5 1
CMHP (1.5 equiv.) _
0.5-1 h 91-99% vyield
da: R =Ph, R'=Ph 97.6% ee (R,S)
4b: R = 4-F-Ph, R' = Ph 96.2% ee (R,S)
4c: R = 4-Cl-Ph, R' = Ph 96.0% ee (R,S)
4d: R = 4-Br-Ph, R' = Ph 95.6% ee (R,S)
4e: R = 4-NO,-Ph, R' = Ph 95.7% ee (R,S)
4f: R = 4-NC-Ph, R' = Ph 94.3% ee (R,S)
4g: R = Ph, R' = 4-MeO-Ph 95.0% ee (R,S)
4h: R =i-Pr, R' = Ph 84.9% ee (R,S)

X. Wang, L. Shi, et al. Angew. Chem. Int. Ed. 2005, 44, 6362-6366.



Recovery and Reuse of Self-Supported BINOL-
La Catalysts

w 2a (5.0 mol% ?C*z i
phMph + oxidant MS ;A’ THE. R)’T > PhMPh
3a 4a

RuN [F::SIF;/?] T[iﬂ"]e Yield [%]) ((I:Ec?ﬁig%))% |

1 15 0.5 >99 96.5 (R,S)

2 10 0.5 >99 96.3 (R,S) La leaching:

3 10 05 >99 95.8 (R,S) <0.4 ppm

4 10 0.5 >99 94.9 (R,S)

° 10 0.5 95 94.5 (R,S)

0 10 1 83 93.2 (R,S)

X. Wang, L. Shi, et al. Angew. Chem. Int. Ed. 2005, 44, 6362-6366.



Modular Monodentate Phosphorous Ligands
for Rh(l)-Catalyzed Asymmetric Hydrogenation

Rl

“Spon

. s \
’ ;O =

O~
e e
la X =0OR 2a X =0R 3, DpenPhos
1b X = alkyl or aryl 2b X = NR,, SpiroPhos

1c X = NR,, MonoPhos

M. Reetz (2000) Q. Zhou (2002) K. Ding (2005)
B. L. Feringa (2000)
P. Pringle (2000)



MonoPhos/Rh Catalyst:
from Homogeneous to Heterogeneous

O‘p—N/ + (Rh*+ \N—P(O
SO G &
\ J—
(oA

Excellent catalyst for asymmetric hydrogenation A I
O ~ oI
c4Z =T Rh

Llnker =

—Q— @— c: single bond
B. L. Feringa, et al, J. Am. Chem. Soc. 2000, 122, 11539

Y. Liu & K. Ding, J. Am. Chem. Soc. 2005, 127, 10488-10499




Self-Supported Catalysts for Heterogeneous
Enantioselective Hydrogenation

. R'
R 1 mol% of catalyst N
R/\r 0 y» R H
NHAG H, NHAC

R = H, Ph, Me; R' = COOMe, H 94-97% ee

linker

self-supported catalyst

X. Wang et al. J. Am. Chem. Soc. 2004, 126, 10524.




Catalyst Recycling

O
2¢ 1mol%, 40 atm H CO,CHs
VLOCHB 0 L \:/
NHAC toluene, rt, 10h NHAC
3a da

Conv.(%)° >99 >99 >99 >99 >99 >99 >99 >99 >99 >99

E.e. (%) 95.0 935 90.2 90.9 905 90.0 89.5 87.7 87.3 87.3




Use of Hydrogen Bonds as the Bridging Linker: From
Dimeric Supramolecules to Polymeric Chiral Catalyst

chiral Ilgand unit
solvent D/'

hydrogen bonding unit dimeric supramolecules

() metaliic ions » o [ @

polymeric chiral catalyst

L. Shi & K. Ding, Angew. Chem. Int. Ed. 2006, 45, 4108-4112



Self-Supported MonoPhos/Rh(l) Catalyst

07 >N” N7 ONT Y
H H o [Rh(cod),]BF,

CH,CI, or Toluene

SupraMonoPhos (1a)

A OO /%\N/H//O
N OO B

Seralses SN
NTN _N_0

[Rh] = Rh(cod)BF, 0, N_~
L _1n

2

L. Shi & K. Ding, Angew. Chem. Int. Ed. 2006, 45, 4108-4112



Self-Supported MonoPhos/Rh(l) Catalyst
for Enantioselective Hydrogenation

CO,CH5 2. 1 mol%
R ™3 -
/Y H,, 40 atm,
NHAC

toluene
3a-d

R =H (a), CHs (b), Et (c), iPr (d)

J\ 2 1 mol%

NHAC H,, 40 atm,
toluene

Ph

Je

- /\r0020H3

NHAC
4a-d

>99% conv.
93-96% ee

“l‘NHAc

4e

>99% conv.
91% ee

Ph



High Enantioselectivity and Facile Recovery

@)
2, 1 mol%
H3c/§HLOCH3 -
H,, 40 atm,
NHAC toluene

Rh leaching <1 ppm

Table 2. Recycling and reuse of the self-supported catalysts 2b in enantioselective hydrogenation of 3b.2

Run 1 2 3 4 5 6 7 8 9 10 11
conv. >9  >99  >99  >99  >99  >99  >99  >99  >99  >99 96
[%]°

Ee 95.7 957 952 947 943 945 946 945 929 920 915
[%0]°

L. Shi & K. Ding, Angew. Chem. Int. Ed. 2006, 45, 4108-4112




Schematic Representation of Continuous Flow
Reaction System for Chiral Catalysis

H, flow control

P . / check valve
: : -—

l R ICIC) eek tube
1 s % o
m

_____________

H, Cylinder [ R ‘

| E; ‘ """ column =~
—_—— y 5 ; =) » product

Stainless Steel Cross 1 ! GC analysis
R R T >100 hr
= | with >99% yield
‘ Y x X‘ X 96-97% ee
A C ® O -
. a . — 0 ®
PUMP
- -
® O @
Xoa (Oa
® 6 00O

self-supported catalyst



Schematic Representation of the Strategy

>_< + QO . _ROHOHT]

homo-ligand polymer

>_< v Q + . _KQ Q)%
Y Q hetero-ligand polymer

Multitopic Ligands  Metallic lon Programmed Assembly

Ar HZ
I e 2 e
\Fl{ 7

oy,

U Cf. R. Noyori, et al.

N ]. Am. Chem. Soc. 1995, 117, 2675

| T\, Cl N7 Ph A $ 206 20, L4, 2075
IAAT




Self-Supported Noyori-Type Catalyst

AI’2P N\
H,N
Ar,P la Ar = CgHsg o

1b Ar = 3,5-(CH3)2C6H3

QO
[(CoHe)RuCl; N/
1 + 2 > P/l \N 11y

soriiael
)i OMe

AW/,

3a Ar = CgHg
3b Ar = 3,5'(CH3)2C6H3

Liang, Y. et al. J. Am. Chem. Soc. 2005, 127, 7694-7695.



Self-Supported Noyori-Type Catalyst for Asymmetric
Hydrogenation of Ketones

O OH
0 =
)j\ + H, 0.1 mol% of Catalyst 3 A~
AT KO'Bu, i-PrOH r
4a-h 5a-h
O O O” i /@)CJ)\
C /©)J\ o cl/E))k Br
97.4% ee 97.5% ee 96.2% ee 96.9% ee 97.2% ee
O O o) @)
OA OO ®
96.2% ee 0 0
98.1% ee 94.5% ee 94.2% ee (0.01 mol % of cat)
Run 1 2 3 4 S 6 /
Y (%) >99 >99 >99 >99 >99 >99 97

Ee (%) 97.4 97.6 97.3 96.5 95.6 96.1 95.4




8aL-L = (R,R)-DPEN 8b L-L = (R,R)-DPEN

9a L = DMF 9b L = DMF
0.1-0.005mol%
@)
8a or 8b OH
)k t R t g PN
Ar R KO'Bu, i-PrOH Ar R
10 11

up to >99% vyield; 99% ee, 8 recycles

0 0 1 mol%

OH O
9a or 9b
/RZ + H > R2
RlMO 2 MeOH RlMO/
12 13

up to >99% yield, 95% ee, 5 recycles

Lin, W. etal. J. Am. Chem. Soc. 2003, 125, 11490:
Lin, W. et al. Anew. Chem. Int. Ed. 2003, 42, 6000.




Summary and Outlook

Edited by Kuiling Ding #WILEY-VCH
and Yasuhiro Uozumi

Handbook of Asymmetric
Heterogeneous Catalysis

substrates

Self
Assembling
) @ + :
~ Catalytically Linker-bridged

active metal ion  chiral ligan

Self-Supported o
Catalyst l

A Concept Article, see:
K. Ding, et al. Chem. Eur. J. 2006, 12, 5188-5197.
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