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Inspired by the exquisite stereocontrol in the enzymatic enamine
processes, chemists have long been pursuing a simple chemical Q+/Prn Q+/Pr,,
mimic for asymmetric enamine catalysis, and this aim has now been HN H.N~prn HN g NP
partially fulfilled with the renaissance of organocatalysBince R IR H
the pioneering work of List, Barbas, and co-workers in 20@&re “H i R® R3
has been dramatic advance in developing enamine-based asym- (A) (B)

metric organocatalystsHowever, unlike the natural enzymes such  rigure 1. Proposed transition state for the reaction of acyclic ketone (A)
as type | aldolases and decarboxylases that normally employand cyclohexanone (B).

primary amine of a lysine moiety to form the enamine intermediate, ¢ re. Worthy of noting also is that we obtained herewith
most of the presently successful enamine organocatalysts Ut”izeunprecedentedyndiastereoselectivity for ethyl ketonés.
secondary amines instead (e.g., chiral pyrrolidine derivatiVesy. Some screening results are listed in Table 1. As can be seen,
example, in the enamine-based organocatalysis of asymmetric direcktrong acidic additive such as TfOH was shown to be essential for
aldol reactions;® a large portion of the previous research efforts catalysis. The reaction became very sluggish, affording only trace
has been devoted to the modifications of chiral pyrrolidines, and product if TFOH was absent (Table 1, entry 3 vs 2). Both catalysts
many synthetically important ketone donors, such as linear aliphatic 1 gnd 2 jointly with TfOH could catalyze the reaction, whetel
ketones, still remain as difficult substrafel.is therefore of great gave the optimal results (Table 1, entry 5). The poor catalytic
demand to develop primary amine catalysts to expand the utility performances observed fia, 1g, and2 highlight the importance

of the enamine-based organocatalysis. In this context, explorationof the N,N-dialkylated diaminocyclohexane structure. The catalysis
of efficient and stereoselective primary amine catalysts has becomeof 1d could be further improved by adding another less acidic
a much-attempted research endedvbyt unfortunately, it has  additive (entry 11). Under the latter conditions, the loading of
turned out to be an elusive goal despite of the success of the currentatalyst could be reduced to as low as 2 mol % while still
organocatalystsRecently, Jacobsen and Tsogoeva independently maintaining the same enantioselectivity and a quite significant
reported primary aminethiourea conjugates as enantioselective activity (entry 12). The role of the second acidic additive is probably
organocatalysts for Michael addition to nitroolefiSimple primary related to its possible function in facilitating the enamine catalytic
amino acids were found to act as stereoselective catalysts for directcycle?”

aldol reactions.Upon the completion of this paper, Barbas reported ~ Application scope of the catalytic system was then examined,

that a primary amino acid,-threonine, could catalyze theyn and the results are summarized in Table 2. It showsltiatorked
selective aldol reaction ofi-hydroxyketonedd Those primary very well with acetone. A range of aromatic aldehydes bearing either
amino acids demonstrated low efficiency 280 mol % loading), electron-rich or electron-deficient substitutes all underwent reaction

however, and only worked for the few selected substrates. with acetone in high yields and enantioselectivity at room temper-
Therefore, new strategies regarding the design of primary amine ature (Table 2, entries-17). Unfortunately, the reaction with
catalysts with high efficiency, high stereoselectivity, as well as broad aliphatic aldehydes gave poor yields probably due to the self-
substrate scope become increasingly desirable. condensation of aliphatic aldehydes. With regard to other aldol
Although chiral diamines have been frequently explored in donors, a range of small aliphatic ketones was also found to be
organocatalysigprimary—tertiary diamines were mostly overlooked — applicable under the present conditions. Significantly, the reaction
in catalyst development, and in one earlier investigation, they of ethyl ketones occurred preferentially at the methylene carbon
exhibited very low catalytic activit§>°We report herein a simple ~ With good regioselectivity (4> 20:1 b:l), favoring the branched
chiral primary-tertiary diamine catalyst for asymmetric aldol ~aldol products with high enantioselectivity (886% ee, Table 2,
reactions. We found that simple primartertiary diamines such ~ entries 8-13). More interestingly, the branched products were
as chiraltrans-N,N-dialkylated diaminocyclohexands(Figure 1) obtained with unexpected diastereoselectivity, favoring sie
would nicely address the challenges mentioned above. Direct aldoliSomers (up to 12:1). To the best of our knowledge, no other publi-
reaction of acetone was selected first as a benchmark for catalystcations have reported direct asymmetric aldol reactions of small
screening and evaluation. To our delight, catalydtallowed for aliphatic ketones wittsyn selectivity® In contrast, the reactions
high enantioselectivity, high diastereoselectivity, as well as high With secondary amine catalysts generated either lineanselec-
regioselectivity for a broad range of substrates including the once tive products with small aliphatic ketones, such as 2-butaftme.

challenging linear aliphatic ketone donors under ambient temper- 1€ reactions of benzyloxyacetone and a variety of aromatic
aldehydes also produced branched products with complete regio-

t Chinese Academy of Sciences. selectivity and goodyn selectivity and enantioselectivity (Table,
* Nankai University. 2, entries 1417). Further substrate exploration indicated that the
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Table 1. Screening Results

R'= MeCO; R?= H

R'=R?= Me

1c: R'=R%= Et

1d : R'=R?= n-Pr

1e: R'=R2= n-Bu

1f : R'=R?= j-Bu

1g:R'=i-Bu; R>=H

1h : R'=R2= n-Decanyl
o] Cat. (10 mol%)

A+ PNOPICHO Toom temperature™,.c, i

1a:
1b:

3a

time

entry? catalyst (h) yield (%)° ee (%)°
1 1a/TfOH 24 trace
2 1b 24 trace
3 1b/TfOH 24 86 70
4 1dTfOH 19 86 82
5 1d/TfOH 19 83 94
6 16 TfOH 19 46 93
7 1f/TfOH 24 12 53
8 1g/TfOH 24 33 39
9 1h/TfOH 24 70 94
10 2/TfOH 24 17 75
11d 1d/TfOH 19 94 95
12 1d/TfOH 48 88 95

aReaction in neat acetone (0.5 Mlsolated yields¢ Determined by
chiral HPLC.9 10 mol % ofm-nitrobenzoic acid was adde#2 mol % of
catalyst systenid/TfOH/m-NO,PhCOOH (1:1:1).

Table 2. Asymmetric Direct Aldol Reactions of Ketones?

o} OH O

1d-TFOH(10 mol%) )\‘/u\
+ RPCHO = "NG,PhCOOH (10 mol%), rt. R
R' R? 20-72 h R' R?

entry RY, R? R3 yield (%)° e bl dre symanti - ee (%)¢

1 HH 3-NO:Ph  3b/96 - - 94

2 HH 4-CNPh 3095 - - 94

3 H,H 1-Napth  3d/93 - - 97

4 HH 2-CIPh 3697 - - 95

5 HH 3-BrPh  3f/92 - - 92

6 H,H Ph 3g/56 - - 94

7 HH 4-MeOPh 3h/21 - — 93

8 Me, H 4-NOPh  4a/95 9:1 10:1 96

9 Me,H 2-NO:Ph  4b/97 8:1 9:1 96
10° Me, H 2-CIPh  4d85  >10:1 12:1 87
11  Me,H 1-Napth  4d/53 4:1 5:1 92
12 Me, Me 4-NQPh 478 - 9:1 >95
13 Me, Et 4-NQPh 4fl75  >20:1 4:1 96
14 BnO,H 4-NQPh 4g98  >20:1 9:1 97
15 BnO,H 4-CIPh  4h91 >201 10:1 92
16 BnO,H 1-Napth ~ 4i/99 >10:1 51  >99
17 BnO,H Ph 4j/76  >20:1 5:1 86
18 H,Et 4-NQPh  4k/92 15 - 88
19  H,Pr 4-NOQ:Ph 4156 1>20 - 85
20 —(CHps— 4-NOPh  4m/99 - 1:9 og

aReaction with 20 equiv of ketones under neat conditidrisolated
yields. ¢ Determined by*H NMR; rr = regioisomer ratiob:| = the ratio of
branched and linear productsDetermined by HPLC? Reactions under 4
°C with 20 mol % of catalyst! Enantiomeric excess of thenti isomer,
reaction with 2.0 equiv of cyclohexanone in @, for 12 h.
reaction of longer ketones, such as methyl propyl ketone and methyl
iso-butyl ketone, produced linear products instead of the branched
ones with good regioselectivity (5 arel20:11:b) and enantiose-
lectivity (Table 2, entries 18 and 19). Similar switch on linear and

as our own experimental observations, a bifunctional enamine
catalysis may be assumed in our cases for the asymmetric direct
aldol reaction catalyzed by chiral primartertiary diamineld/
TfOH. The syn diastereoselectivity could be explained by a
Z-enamine transition state as proposed in Figure”8An this
model, the protonated tertiary amine served as a directing hydrogen-
bonding donor. Consistent with this model, the reaction of cyclo-
hexanone, which is capable only of forming Bienamine (Figure

1B), should rendeanti diastereoselectivity, and this was exactly
what was observed (Table 2, entry 20).

To conclude, the simple chiral primaryertiary diamine catalyst
developed in this work for asymmetric direct aldol reactions not
only demonstrated high enantioselectivity and unprecedesyed
diastereoselectivity but also enlarged the applicable substrate scope
to include the once challenging small aliphatic ketones. Detailed
mechanism study and further exploration of this catalyst in other
important reactions is under our intensive investigations.
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