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Introduction - Proline as a Universal Asymmetric Catalyst??
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* Proline is an abundant chiral molecule
a) nontoxic and inexpensive
b) readily available in both enantiomeric forms
c) comfortable reaction conditions and recyclable
* A bifunctional, with a carboxylic acid and an amine functional groups
« Aligand in asymmetric transition-metal catalysis
* A chiral modifier
* An effective organocatalyst, such as the aldol, Mannich, and Michael reactions
 Anideal compromise between small rigid organocatalysts and enzymes



Discovery of Proline as an Organocatalyst for Asymmetric Reactions
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leads to numerous asymmetric synthesis of steriods and terpenoids
Eg. Baccatin Ill and Taxol

4 Danishefsky, S. J. JACS 1996, 118, 2843.



Proposed Mechanism of Proline Catalyzed Intramolecular
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Figure 1. Proposed enamine intermediates in {a) proline catalyzed inira-
nv lecular aldol and (b)) Type 1 aldolase.
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» Proposed mechanism of the proline catalyzed intramolecular aldol reaction involved
an enamine intermediate

» Both the secondary amine and the carboxylic acid moieties were involved in the
catalysis

» Proton transfer is facilitated by a bifurcated H-bond between the enamine, the
ketone and the amine of a second molecule of the proline

» This mechanism is analogous to the mode of action of Type | aldolase by activating
the ketone by enamine formation

Agami, C. TL 1986, 27, 1501. Agami, C. Bull. Soc. Chim. Fr. 1988, 3, 499. Wong, C. —H. Enzymes in Synthetic
Organic Chemistry; Elsevier: Oxford, UK, 1994.
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First Example of Proline-Catalyzed Direct Asymmetric
Intermolecular Aldol Reactions
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Primary amino acids and acyclic amino acids
failed to afford desired product

Both the pyrrolidine ring and the carboxylate
are crucial for efficient catalysis

List, B. JACS 2000, 122, 2395.



First Example of Proline-Catalyzed Direct Asymmetric

Intermolecular Aldol Reactions
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Proposed Mechanism for the Directed Intermolecular Aldol Reaction

'HEG +
AN—H = Arqal i \r,"EiH = Y"Q—u RCHO
0 o _ =0
o 0 HO O

HO HO Lg

Carbinoclamine Iminium lon Enamine

H T
w o H + ¢ N -1
HW HWN H +Hz0 R ..--"N aH  —e R ;MST;IQH
OH OH 47O OH | -0 Y

OH ©
re-facial attack

* Proline as a “micro-aldolase” which provides both the nucleophilic
amino group and an acid/base cocatalysis in the form of the
carboxylate

 Enamine intermediate is involved

 Enantiofacial selectivity is determined by Zimmerman-Traxler type
TS

List, B. JACS 2000, 122, 2395.



Proline Analogues Used in
Asymmetric Catalytic Direct Aldol Reactions
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(1) Gong, L,-Z. JACS 2003, 125, 5262. (30 mol %, 31-76% ee) (2) Pro-Phe-Phe-Phe-OMe
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(5) Gong, L,-Z. JACS 2005, ASAP
(2 mol %, 96-99% ee)




The Directed Intermolecular Aldol Reaction:
Scope and Applications

Table 2. Direct Aldol Reactions of Acetone with Aldehydes by

ﬁx..-f %H o fH 0 Chiral Organic Catalyst 3d=
Ly i [~ [- N o 0 OH ©
H ty N H | ‘N HESL L P 20 mol3% 3d HEp!
H OH H HO F™ "H s 25 G R
1a, R= Ph 2a, R= Ph - 4
1b, R="Pr 2b, R='Pr
o ph o I::j. h entry product R yield (%)* e [H)F
Tl T P Syl 1 1a 4 NO:Ph 56 93
me‘ N Ph | }"“M-{_pr | N RoyePh 2 4b 4-BrPh 77 90
H HO H o Mud H 3 dc 4-CIPh 75 03
3b 3e P 4 1d 2-CIPh 83 85
5 4e Fh 31 83
6 af (-naphthyl 76 g1
7 iz S-naphthyl o3 B4
8 4h 4-hePh 43 84
a 4i 3-NO-Ph 63 87
10 4j c-CeHny g3 a7
11 1k i-Pr 43 Qg
12 41 +-Bu 31 =00
13 4m n-Pr 17 g7
14 4n n-Bu 12 il
15 4j e-CeHn 77 oge
14 4j c-CeHn 43 og’

* (S)-configurations of C-a and C-3
enhanced the enantioselectivity

Figure 2. The calculated transition structure of the aldol reaction of De_crease of the react|_0 " temp_e_rature
benzaldehyde with acetone catalyzed by 3d. The gecmetries were optimized also increased the enantioselectivity
with the HF/6-31G* method. The relative energies (keal/mol) are with HF/
6-31G* m () and B3ALYP/6-31G** mn [ ].

TS1 (0.0) [0.0] TS2 (24) (3]

Gong, L.-Z. JACS 2003, 125, 5262.
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A Highly Efficient Organocatalyst for Direct Aldol Reactions of

Ketones and Aldehydes
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Figure 1. 1-Proline amides used for direct Aldol reactions previously ™

Table 1. The Direct Aldol Reaction of p-Nitrobenzaldehyde with
Acetone Catalyzed by Organocatalysts 1-3%

0 0 OH O
/C/LH + HJ,‘H 20 #ﬁl% 1-3 - /@/\/J\
5a
QN = O,N
OIgano- yield e OG- yield e
eniry catalyst (%P (%a)E entry catalyst (%8 (%a)e
1 1a &0 30 5 2b 28 37
2 1b &2 21 | B c 28 45 |
3 lc 33 13 7 ia 78 33
4 2a 783 i 3h 62 61|

? The reaction was carried out in neat acetone with a concentration of
0.5 M ®Isclated vield based on the aldehyde. © The ee values were
determuned by HPLC, and the confizwation was assigned as R by
comparison of retention times.
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e  Catalysts with strong electron

withdrawing groups enhanced
the enantioselectivity

 The enhancement is likely due to

the electron-withdrawing nature
that makes the N-H more acidic
for the hydrogen bond in the
transition state

Gong, L.-Z. JACS 2003, 125, 5262.
Gong, L.-Z. JACS 2005, ASAP.



A Highly Efficient Organocatalyst for Direct Aldol Reactions of
Ketones and Aldehydes
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? Unless otherwise specified, the reachion was carmed ouf i the presence
of 20 mol %o n:al'alwt 9 Isclated yield. © Determuned by HPLC (see Sup-
4 The resulf was reported in ref 9. 9 In the presence
S The reaction was performed at 0 °C. £ The reaction

porting Information).
of 2 mol % catalyst. /
was performed at —25 °C.
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* The electron nature of the catalyst
substituent affects the
enantioselectivity of the reactions

* The enantioselectivity is
significantly increased by lowering
the reaction temperature (rt vs 0 °C
vs —25 °C, entries 7, 14, and 15,
respectively)

Gong, L.-Z. JACS 2005, ASAP.



A Highly Efficient Organocatalyst for Direct Aldol Reactions of
Ketones and Aldehydes

O O OH O
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2590 R’ o
5 CO,Et
EHN WwCOLEt
yield £e H H
enry praduct Ri (%P (%) 4g OH
1 Sa 4-NO2CsHs 62 a9
2 Sh 4-BrCsHy 41 a6
3 =l 4-C1CsH 84 99
4 Sd 2-ClCsH: o0 96
3 Se 4-FCsH4 60 a7
6 sf Ph 68 98 e Aldol products were formed
7 Sg (L-naphtiyl 63 a7 with very high
8 Sh 4-MeCgH. 63 97 enantioselectivities ranging
lg 51 ié%‘ﬁﬁz& 23['] ggd from 96% to 99% ee under the
1 i -1'-CN{551-L; 3 56 99 optimal condition
12 s1 4-CF:CsH, 10 Qg
13 Sm 3,5-(CF3)2CeHs 60 a8
14 Sn -Bu 71 =004 Gong, L.-Z. JACS 2005, ASAP.
13 S0 i-Pr 13 = 0gd
16 Sp c-CsHi 80 god

T The reaction was carried out 1n neat acetone with a concentration of
0.5 Mat —25 °C for 24—48 h (see Supporting Information). ? Isolated yields.
¢ Determined by HPLC. ?In the presence of 5 mol % *g



Plausible Transition State

* According to the DFT calculation, the double hydrogen bond of the TS2 is stronger than the
one in TS1 might from due to the strong electron-withdrawing nature of the esters

Gong, L.-Z. JACS 2005, ASAP.
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Summary

——> A family of L-proline amides was screened for their ability to catalyze the
direct aldol reactions

—> Catalysts with strong electron withdrawing groups showed enhanced
catalytic activity and enantioselectivity

—> The direct aldol reactions of a wide range of aldehydes with acetone resulted
excellent enantioselectivities (96-99% ee) in the presence of 2 mol % of optimized

catalyst
O
m CO,Et
/%J\\COZEt

OH

Relevent reviews
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