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Abstract: L-Proline amides derived from various chiral S-amino alcohols that bear substituents with various
electron natures at their stereogenic centers are prepared and evaluated for catalyzing the direct Aldol
reaction of 4-nitrobenzaldehyde with acetone. Catalysts with strong electron-withdrawing groups are found
to exhibit higher catalytic activity and enantioselectivity than their analogues with electron-donating groups.
The presence of 2 mol % catalyst 4g significantly catalyzes the direct Aldol reactions of a wide range of
aldehydes with acetone and butanone, to give the -hydroxy ketones with very high enantioselectivities
ranging from 96% to >99% ee. High diastereoselectivity of 95/5 was observed for the anti Aldol product
from the reaction of cyclohexanone, and excellent enantioselectivity of 93% ee was provided for anti Aldol

product from the reaction of cyclopentanone.

Introduction

The Aldol reaction is considered one of the most important
carbon-carbon bond-forming reactions in organic synthesis. Its
great usefulness for building up natural products, in particular
those with polyoxygenated subunithias promoted the rapid
evolution of efficient chiral catalys&The direct Aldol reaction
is highly atom efficien compared with well-established

processes using enol or enolate derivatives as the Aldol donor.

Recently, the highly enantioselective direct Aldol reaction of

work by List and Barbas and their co-woké&fs¢ Since then,

L-proline® and its structural analogued® have been evaluated

for use in asymmetric catalytic direct intermolecular Aldol

reactions. Although impressive results were observed for
o-branched aliphatic aldehydes, only fair enantioselectivities

were observed for the reactions of aromatic aldehydes with

acetone either by-proline©d or its derivatives and structural
analogueg;? with the exception of arlN-substituted proline
amide derived from (%29-1,2-diphenylaminoetharbhnd a

proline-derived N-sulfonylcarboxaminé% which gave high

enantioselectivity for the para-substituted benzaldehydes. Thus
far, the organocatalysts that have been used for the direct Aldol
reaction of aldehydes with ketones are highly enantioselective
for a comparably narrow range of substrates. Nonetheless,

aldehydes with ketones in the presence of a catalytic amount
of bifunctional transition metal complexes has been repdrted.
Although proline-catalyzed Robinson annulation appeared in the
early 1970$2bthe real breakthrough came from the pioneering
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Figure 1. L-Proline amides used for direct Aldol reactions previo§8ly.

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

o 16} OH O
nt )J\ 20 mol% 1-3 2
rt 5a
O,N O,N

organo- yield ee organo- yield ee
entry catalyst (%)? (%)° entry catalyst (%)> (%)°
1 la 80 30 5 2b 88 37
2 1b 82 21 6 2c 88 45
3 1c 55 15 7 3a 78 33
4 2a 78 31 8 3b 63 61

aThe reaction was carried out in neat acetone with a concentration of
0.5 M.PIsolated yield based on the aldehy@&@he ee values were
determined by HPLC, and the configuration was assignedRaBy
comparison of retention times.

to achieve a good isolated yield of the Aldol prodefce8-10
Therefore, highly efficient chiral organocatalysts, which not only
show generally high enantioselectivity for a broad scope of
substrates but also allow for the use of low catalyst loading
(less than 5 mol %), are still limited, and further development
is required.

Previously, we discovered that secondary amides Migttky!
groups such asa—c (Figure 1) show lower enantioselectivities
than their analogues witN-aryl groups2a—c (Table 1, entries
1-6). In particular, the enantioselectivity increases as the aryl
substituent of2a—c varies from an electron-donating to an
electron-withdrawing group (entries). It is also interesting
to compare the results obtained with cataly3ssnd3b, which
only differ in the electronic properties of the substituent bonding
to their a-carbon on the amino alcohol moiet§b containing

Results and Discussion

Preparation of New Organocatalysts.The synthetic route
to approach.-proline amidestb—c, 4f, 4i, and4l, which are
derived from optically pure 1,2-diphenyl-2-aminoethanols, was
reported previously.

The preparation of-proline amides substituted with cyclo-
hexyl groups (organocatalysis, 4e, 4h, and4k) started with
commercially available optically pure 1,2-diphenyl-2-aminoet-
hanols6a—d. Hydrogenation oba—d catalyzed by Ru/AiOs!!
under 100 atm of hydrogen afforded 1,2-dicyclohexyl-2-
aminoethanolsfa—d in 87—89% yields without loss of the
enantiomeric purity, which reacted with Cbz-proline in the
presence of stoichiometric amounts of CICOOEt and triethy-
lamine to give corresponding amid@a—d. Hydrogenolysis of
the crude amide8a—d in the presence of 5% PdC deprotected
the N-Cbz group to provideta, 4e 4h, and4k in high yields
(77—87%, two steps fronTa—d) (Scheme 1).

The synthesis ofiL-proline amides4d, 4g, 4j and 4m
commenced with optically purélaand11b, respectively de-
rived from diethyl tartrate®a and9b (Scheme 2}2 Respective
treatment of diethyl epoxysuccinaté$aand11b with sodium
azide in the presence of ammonium chloride in DMF provided
diastereomeric mixtures df2a,band12c,din high yields with
a diastereomeric ratio of 1:1. A crude diastereomeric mixture
of eitherl2aand12bor 12cand12dwas directly hydrogenated
under 1 atm of hydrogen in the presence of 5%-Edo furnish
the diastereometric mixture of diethyl 2-amino-3-hydroxysuc-
cinatesl3aand 13b or 13cand 13d. Each pure diastereomer
of diethyl 2-amino-3-hydroxysuccinate was obtained by careful
column chromatography. The optically pure diethyl 2-amino-
3-hydroxysuccinated 3a—d were respectively coupled with
Cbz-proline by action of EDCI, HOBt, and NMM in dichlo-
romethane to generalela—d. After a hydrogenolysis of crude
14a—d catalyzed by 5% PdC, the desired organocatalydtd,
4g, 4j, and4m were obtained with 4553% yields (two steps
from 13).

The Direct Aldol Reaction of p-Nitrobenzaldehyde with
Acetone Catalyzed by Organocatalysts 4: Demonstration

an ester function catalyzes the reaction much more enantio-0f the Electronic Effect of Side Chain on the Catalytic

selectively tharBa, which bears an isopropyl group (entries 7
and 8)%

Performance. The L-proline amidegta—g were first screened
for their ability to catalyze the model direct Aldol reaction of

On the basis of the above-mentioned observations, we P-nitrobenzaldehyde with acetone. As shown in Table 2, the

speculated that the positive effect of the ester group on the €l€ctron nature of the substituent strongly affects the enanti-
catalytic performance of the organocatalyst might be due to the 0S€lectivity of the reaction. The enantioselectivity tends to

electron-withdrawing property of the ester, which makes the
N—H more acidic, resulting in the formation of a stronger
hydrogen bond. If this speculation is generally correct, we
further hypothesize that new organocatalysts with improved
catalytic performance over those reported previdusn be
reasonably obtained by tuning the electron property of the
substituent bonded to either the or S-carbon (R or R?) in
organic molecules of typel (Figure 2). To address this

increase as the substituent varies from an electron-donating
group to an electron-withdrawing group. For example, the use
of 4a as a catalyst leads to the formation of Aldol prodGat

in good yield but low enantioselectivity (entry 1). Cataly®

with two phenyl groups, which are more electron-withdrawing
than cyclohexyl groups, is more enantioselective #hatentry

2). The presence of a stronger electron-withdrawing substituent
such as an ester group at thecarbon or both thex- and

hypothesis, in this study we examined the electron effect of the #-carbons, as seen with catalydtsand4d, results in consider-

substituent attached to either the or -carbon on the amino
alcohol part of organocatalystd (Figure 2) on catalytic
performance; as a result, we discovered a new highly efficient
organocatalyst for the direct Aldol reaction, which promotes
the direct Aldol reactions of a broad range of aldehydes with
ketones to generaig-hydroxy ketones with excellent enanti-
oselectivities by using<5 mol % catalyst loading.
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ably enhanced results (entries 3 and 4). More significant cases
are the reactions catalyzed Bg—g, among whichdg shows a
much higher level of stereocontrol thde and4f ° (entries 5
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Lett. 1985 26, 5309. (b) Tong, P.-E.; Li, P.; Chan, A. S. Tetrahedron:
Asymmetry2001, 12, 2301.
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4b, R'= R?= Ph 4f, R'=R%= Ph 4i, R'=R*=Ph 41, R'= R%= Ph
4c,R'= CO%Et, R%= Me 48, Ry=R,= CO,Et 45, R=Rz= COoE 4m, Ry=R,= CO,Et
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Figure 2. L-Proline amides evaluated for catalyzing direct Aldol reactions of ketones with aldehydes in this study.

Scheme 1. Preparation of L-Proline Amides Substituted with Cyclohexyl Groups?

O ¢
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H2N 6a OH H,N  OH Cbz g, HO 7\ 4a, 87%
7a, 87%
: 0
V< OH N/S.‘\\Cy N N ey
HN o OF HN  OH N N H H HO
-2 . 7b, 88% Cbz Cbz HO c 4e, 82%
8b >_.

Ph. Ph Cy., Oy b 0 ¢ o ¢
N OH H,N  OH O//LN/SACy Wﬂ#“’y
¢ 7c, 89% NoH H HO

Ph, N Cy Oy Cbz g HO 4h, 84%
[ on” N o 2
H,N  OH wN M w gy NN =
6d 7d, 89% N m/\-nCv N H/w ucy
|
Cbz HO

ak, 77%

aReagents and conditions: (a) Ru@k, H» (100 atm), 95% EtOH, 60C, 12 h, 87-89%; (b) CICOOEYEN; (c) Hz (1 atm), Pd/C, MeOH, 7#87%
(two steps).

Scheme 2. Preparation of L-Proline Amides Substituted with Ester Groups?
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OH A Aobe 1.
9a . 10a b c 12a+ 12b, 80% yield, 12a:12b= 1:1
= OH
OH “_CO,Et :
z OH 0 Et0,C7 Y £10,0~ - CO2E
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OH 11b C 12d
9 10b ° 12¢+ 12d, 78% yield, 12c:12d= 1:1
0
‘ \ \
N COZEt N H/\(
H H
Cbz 4d, 45%
) P
COEt COLEt COgEt 9 COEt
EtO,C z + ElOZCJ\r 2 N M /% WCO,Et EMN&-\“COZE(
NH2 NHZ o N H L
f H
d 132, 26% 13b, 29 % Coz Che 14b P
e CO,Et O coLEt
9 co o w /k(COzEt OAN&/COZEt
Et = E N
EOCT YO | 0,0y 00 Cbz oo ou
NH 5 14° 4j, 53%
2 NH, CO,Et o
13c, 24% 13d, 30% w : ‘\COZEt w COEt
N—~_CO2Et
N H/\
Cbz 14d H OH
am, 51%

aReagents and conditions: (a) (1) HBr, HOAc; (2) EtOH, HCI; (b) NaOEt, EtOH; (c) INBIN.CI, DMF; (d) Pd/C (5%), H, MeOH; (e) EDCI, HOB,
NMM; (f) Pd/C (5%), H, MeOH, 45-53% (two steps).

and 6), to give rise t®da with 85% isolated yield and 87% ee once again resulting in that organocatalysts with a strongly
(entry 7). Then, the diastereomdiis—m of organocatalystda,b electron-withdrawing substituent show much higher catalytic
and 4d—g were examined for catalyzing the model reaction, efficacy than those with electron-donating substituent (entries

J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005 9287
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Table 2. Organocatalysts 4 Catalyzed the Direct Aldol Reaction of Table 3. Study on the Scope and Limitation of Aldehydes?
4-Nitrobenzaldehyde with Acetone? o o
0 OH O CO,Et
o) o) OH O M, 2mothdg, 3 N (CO,Et
+ )k 20 mol% 4 z R! H )J\ 25°C R1/\)J\ N ” WwCO,
H T 5 H 4g OH
nt 5a
O,N O2N yield ee
organo- yield ee organo- yield ee entry product R (8)° (%)°
entry catalyst (%)b (%)° entry catalyst (%)° (%)° 1 5a 4-NO,CgHg4 62 99
1 4a 51 15 9 4 76 64 g gb 2‘(‘3:[06:4 gi gg
2 4b 77 44 10 4 81 7% s o , CIC6H4 5 e
3 4 76 67 11 4k 75 17 . 2 e CE 4 o .
4 4d 81 72 12 41 63 49 o g oh CeHa 68 08
5 de 53 15 13 am 80 67 f 7 59 a-naphthyl 63 97
6 4f 89 69 14 49 60 95 8 5h 4-MeGH 65 97
7 4 8 8P 15 4 62 0w o 8 avBuCHs s o
10 5j 2,6-ChCgH3 60 96
aUnless otherwise specified, the reaction was carried out in the presence E g:( igg%':"‘ ?g gg
of 20 mol % catalyst® Isolated yield.c Determined by HPLC (see Sup- 13 5 35.(C 6.4 H 60 08
porting Information)d The result was reported in ref 9In the presence 14 m ‘B_( R)2CeHs 71 > oo
of 2 mol % catalyst! The reaction was performed at’Q. 9 The reaction on tBu ggd
was performed at-25 °C. 15 50 i-Pr 75 >9
16 5p c-CsH11 80 9¢g!

8_13.)' These results cpnflrm that the electron-nature of the aThe reaction was carried out in neat acetone with a concentration of
substituent bonded to either the or f-carbon of organocata- 0.5 M at—25°C for 24-48 h (see Supporting Informatiorlsolated yields.
lysts 4 is crucial to the catalytic performance. Comparison of ¢Determined by HPLC? In the presence of 5 mol %g.

resu_lts ob_served withd, 4g, 4j, and4m indicated th_at theR)- Table 4. Direct Aldol Reactions of Aldehydes with Butanone?
configurationt® of a- andS-carbons of catalysts with the ester
group matched the-proline to enhance the stereochemical i o 2 mol% 4g OH O o
control. /©)\“ s N —ee /O/\)\/+ M

Further optimization of the reaction conditions for the best R R s R .
catalyst4g revealed that the enantioselectivity increases sig-
nificantly to 99% ee with a decrease in the reaction temperature product - yield - ee ~product yield - drf et
to —25 °C (entry 15). Interestingly, as little as 2 mol % 44 ey R B O O 6 0 oainm &
is enough to promote the reaction with high conversion and
enantioselectivity (entries 14 and 15).

Scope and Limitation. The scope and limitations of the direct
Aldol reaction catalyzed bylg were also examined. A wide 0 5"" “Tﬂhgtfeggti%]f\g:ﬁé Xazréeg glliéérlla?:dat %féé;rgogggmnae goglc?_'nl:t)rfgon of
range of aldehydes mclung both aromatic .and allp.h.atlc din the presence of 5 mol %g. eDetem%ined'by analysis Om}’i NMR
aldehydes react smoothly with acetone under optimal conditions, spectra of the crude products.
to give the Aldol adducts with excellent enantioselectivities
ranging from 96% to>99% ee (Table 3). Significantly, the
reactions of aromatic aldehydes bearing either an electron-15 in the majority and16 in the minority. Although the
withdrawing or electron-donating group with acetone lead to regioselectivity is not significant (up to 3/1), remarkably high
the formation of Aldol products5a—5m with very high enantioselectivities of up t& 99% ee are provided withg for
enantioselectivities ranging from 96% to 99% ee (entrie$3). the major productd5a—c generated from reactions of 4-ni-
However, the previously developed organocatadfsirovides trobenzaldehyde, 4-chlorobenzaldehyde, and 4-cyanobenzalde-
excellent enantioselectivity (up to 93% ee) only for special hyde with 2-butanone. It is noteworthy that the minor Aldol
aromatic aldehydes with electron-withdrawing substituénts. adductsléa—c were obtained with extremely high diastereo-
Remarkably, the benzaldehydes substituted with an electron-Selectivities of over 99:1 in favor of anti-diastereomers. Enan-
donating group such ag-methylbenzaldehyde ang-tert- tioselectivities of 98-99% ees were observed for the anti Aldol
butylbenzaldehyde also react smoothly with acetone to generateddductsléa—c.

Aldol adducts5h and5i with respective ee values of 97% and Cyclohexanone and cyclopentanone were finally explored as
96% (entries 8 and 9). Extremely high enantioselectiviti®9% Aldol donors. Cyclohexanone reacted witnitrobenzaldehyde

ee are also observed farbranched aliphatic aldehydes (entries to generate Aldol addudt7ain a high yield. The diasteomeric
14—16). Particularly, an improved enantioselectivity of 99% ratio of anti/syn is 95/5 according fé4 NMR analysis of the

ee for cyclohexylformaldehyde (entry 16) was observed with crude product, which is much higher than those observed with
4g relative to its analogudf.® the organocatalysts reported previolufsty°° However, lower

Reactions of butanone with various para-substituted aromaticenantioselectivity of 79% relative toproline was induced for
aldehydes were investigated (Table 4). The reaction preferen-the anti-product (eq 1). The reaction of cyclopentanone went
tially occurred at the methyl group to generate Aldol adducts smoothly to givel8ain 85% yield. The diasteomeric ratio of

: —— —— anti/syn is almost 1/1. High enantioselectivity of 93% ee was
e o ) om0 o ODSEIVed forant-18a, but syn18a was produced with low
rule of the CahrrIngold—Prelog convention. enantioselectivity (eq 2).

1 NGO 15a 56 98 16a 42 >99:1 99
2 Cl 15b 43 98 16b 36 >99:1 98
3 CN 15¢c 62 >99 16¢ 219 >99:1 99

9288 J. AM. CHEM. SOC. = VOL. 127, NO. 25, 2005
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OH relative to that in TS1 might be formed because of the strong

0
/©)k é 2 mol% 4g electron-withdrawing nature of the ester groups, which is a
(1) . . .
CH,Cly, -25 °C [ ]17a[ :L NO, highly possu?lg reason that qrganocgtgl%gs!shows much higher
63% vicld catalytic activity and enantioselectivity thaf.
anti/s{zn= 95: 5, Conclusion
76% ee (ant) In summary, a family ofL-proline amides derived from
0 o} O OH various chiraj3-amino alcohols substituted with either electron-
/©)J\H . é 2 mol% 4g é/'\@\ @ donating or -withdrawing groups at their stereogenic centers
ON CH,Cl,, -25 °C 182 NO, was evaluated for their ability to catalyze the direct Aldol
reaction of 4-nitrobenzaldehyde with acetone. We found that
catalysts with strongly electron-withdrawing groups show much
higher catalytic activity and enantioselectivity than their ana-
logues with electron-donating groups. The presence of 2 mol
% catalystdg significantly catalyzes the direct Aldol reactions
of a wide range of aldehydes with acetone and butanone, to
give thef-hydroxy ketones with very high enantioselectivities

Anti, 43% yield, 93% ee
Syn, 42% yield, 3% ee

Transition State Consideration. The organocatalys#f
shows much better ability at controlling the stereochemical
outcome of the direct Aldol reaction than its structural analogues

4b, 4i, gnd4|. Af ca_talyzes the reaction viq the transition st_ate ranging from 96% to>99% ee. The catalytic Aldol reaction of
TS1 (Figure 3), which was proposed previously on the basis of ¢y cjohexanone led to the formation of anti Aldol product in

the DFT cglculatiolrz.CatalysMg, which has the same relative g diastereoselectivity. Cyclopentanone reacted with 4-ni-
configuration asH,™ also provides much higher enantioselec- {rohenzaldehyde to give excellent enantioselectivity for anti-
tivity than its diastereomerdd, 4j, and 4m. Therefore, we  yroquct. In addition to these results, our finding may provide

believe that the4g catalyzed direct Aldol reaction via the  some insight for the further modification of related organocata-
transition state TS2. The stronger double hydrogen bond in TS2}ysts.
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Figure 3. Proposed transition states to account for the stereochemical
outcome. JA0510156
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