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A series of primary-tertiary diamine catalysts were designed
and synthesized from primary natural amino acids. Applica-
tion of these new chiral catalysts in direct aldol reactions of
o-hydroxyketones showed very good catalytic activity (up

to 97% yield) and high syn selectivity (up to syn/ anti =
30:1, 99% ee).

The aldol reaction has long been recognized as a useful
strategy to construct various C—C bonds in organic synthesis.'
The past decade has witnessed the extraordinary success of chiral
amines, particularly chiral pyrrolidines, as efficient enamine-
based asymmetric direct aldol catalysts.” In this context, the
identification of chiral primary amine catalysts represents one
of the recent prominent progresses. Barbas, Gong, and this group
have independently reported a number of chiral primary amine
catalysts that enabled syn-aldol reactions of ketones.® Despite
these notable achievements, development of simple and new
catalysts for efficient syn-aldol reactions is still highly desired.?

Natural amino acids provide a versatile chiral pool for
evolution of organocatalysts as evidenced by the rapid ac-
cumulation of various L-proline-based chiral pyrrolidine cata-
lysts.* However, primary amino acids (the other 20 amino acids)
seem to be almost overlooked for this kind of catalysts, due
partially to the initial findings of their ineffectiveness in catalyst
screening processes and also to the assumed unfavorable
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imine—enamine isomerization.”* In recent years, the application
of primary amino acid derivatives in organocatalysis has
received rapidly growing attention because of the increasing
recognition of their relationship to biogenesis,® their rediscovered
effectiveness in aldol catalysis,” and their unprecedented syn
stereoselectivity in some direct aldol reactions.® In the latter
cases, primary amino acids conjugated with additional chiral
building blocks were proven to be promising catalysts.>® Simple
primary amino acid derivatives, such as chiral vicinal diamines,
remain much less explored, however, though they have been
applied as chiral ligands in asymmetric catalysis® or used as
iminium-type organocatalysts previously.’ In only one case was
the primary—tertiary diamine—Brgnsted acid conjugate exam-
ined for asymmetric catalysis of direct aldol reactions. Unfor-
tunately, poor yield and stereoselectivity were obtained.'® Here,
we report a class of primary diamine catalysts derived from
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SCHEME 1. Catalysts Examined in This Study

NERN @/Y\’\Q )Y\ ©/\‘/\H,R
NH, L NH, n T, "D NH,

! 1b: n=1 1e: R=Me;
a Te: n=3 1f: R=cyclohex
r|1—Pr

1d
(o] (¢]
O,N\n_Pr WD WN/ @/Y\OH
. H NH
'NH, NH, NH, 2
1g 1h 1i 1j

natural amino acids to give highly efficient and enantioselective
syn-aldol reactions of a-hydroxyketones (Scheme 1).

Chiral primary vicinal diamines were easily synthesized
according to the typical procedure in the literature.”'" After
trial and error, we were delighted to find that the simple
diamine—Brgnsted acid conjugate could promote the direct aldol
reaction of a-hydroxyketone. As is well-known, aldol reaction
of hydroxyacetone is a versatile route to construct the 1,2-diol
building blocks for the synthesis of various natural and
biological active molecules.'! In this work, we selected the aldol
reaction of hydroxyacetone and p-nitrobenzaldehyde as a model
reaction to evaluate the diamine catalysts. Interestingly, syn
diastereoselectivity was observed in the catalysis of 1b+TfOH,

TABLE 1. Screening of Catalysts in Aldol Reaction of
Hydroxyacetone

Amine (10moi%) O OH

o}
)H . /©/CHO TFOH (10 mol%)
OH O,N solvent, r.t., 24 h OH

2a NO:

entry”  amine solvent yield” (%) syn/anti® ee? (%)
1b toluene 90 9:1 83
2 1b n-hexane 94 8:1 81
3 1b DMF 34 8:1 94
4 1b MeOH 16 10:1 94
5 1b NMP 41 10:1 96
6 1b neat 82 4:1 86
7 1b NMP-n-hexane 81 7:1 94
8 la NMP-n-hexane 66 6:1 85
9 1c NMP-n-hexane 71 6:1 89
10 1d NMP-n-hexane 82 7:1 91
11 le NMP-n-hexane 48 3:1 90
12 1f NMP-n-hexane 55 4:1 91
13 1g NMP-n-hexane 83 12:1 93

14 1h NMP-n-hexane 55 2:3 76/62°¢

15 1i NMP-n-hexane 52 1:1 46/76¢
16 1j NMP-n-hexane 97 2:1 25

“Unless otherwise stated, 0.25 mmol of aldehyde with 0.5 mmol of
hydroxyacetone in 0.2 mL of solvent. ” Isolated yield. < Determined by
'H NMR. ¢ Determined by HPLC. © ee for anti product.
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and the related reactions were found to be highly solvent-
dependent. In nonpolar solvents such as n-hexane and toluene,
the reactions proceeded quite smoothly, giving high product
yield but moderate enantioselectivity (Table 1, entries 1 and
2). In polar solvents such as DMF, NMP, and methanol, though
the reactions were much slower than those in less polar solvents,
higher enantioselectivity was observed (Table 1, entries 3—5).
Further examination indicated that a mixed solvent such as
NMP—n-hexane (1:1, v/v) gave optimal results in terms of both
the yield and selectivity (Table 1, entry 7). Consequently,
NMP—hexane (1:1, v/v) was selected for subsequent optimiza-
tion. Other acidic additives were also examined, and TfOH was
found to give optimal results.

The reactions were further optimized using different chiral
amines. As shown in Table 1, the primary—tertiary diamine
catalysts 1a—d (derived from either L-phenylalanine or L-valine)
all worked well under the present conditions, among which 1b
gave the optimal results (Table 1, entry 7). Other primary amine
catalysts such as primary—secondary diamines 1e and 1f, amino
alcohol 1j, and the amide-type catalysts 1h and 1i have also
been tested in the present reaction. They generally exhibited
inferior selectivity and activity (Table 1, entries 11—15). These
results highlighted the importance of the primary—tertiary
diamine skeleton for effective aldol catalysis. Under the optimal
conditions, the reaction catalyzed by 1b+TfOH gave 81% yield,
7:1 syn/anti, and 94% ee, which is comparable to those of the
reaction with 1g<TfOH (Table 1, entry 13).

The application of catalyst 1b+TfOH in the aldol reaction of
hydroxyacetone was next examined. The reaction worked well
with aromatic aldehydes bearing either electron-withdrawing or
electron-donating groups to give highly syn-selective aldol
adducts and good enantioselectivity (91—97% ee) at room
temperature. Slightly higher diastereoselectivity was generally
observed with ortho-substituted aromatic aldehydes (Table 2,
entries 3 and 7). Notably, aliphatic aldehydes were also applied
in the present reactions offering syn-selective aldol adducts with
high enantioselectivity. For example, the reaction of cyclohex-



TABLE 2. 1b-TfOH-Catalyzed Aldol Reaction of Hydroxyacetone
0 O OH
)H 1beTfOH (10 mol%) )H)\
+ R-CHO » R
OH NMP-hexane, r.t. OH
time yield”  syn/ ee’
entry” R (h) (%) anti (%)
1 4-NO,Ph 24 2a/81 7:1 94
2 3-NO,Ph 48 2b/94 6:1 94
3 2-NO,Ph 48 2¢/87 10:1 96
4 4-CF;Ph 48 2d/97 8:1 93
5 4-CNPh 48 2e/92 6:1 93
6 4-CIPh 72 2f/78 8:1 91
7 2-BrPh 72 2g/82 10:1 95
8 cyclohexane 72 2h/54 7:1 93
9 2-phenylpropanal 48 2i/56 10:1¢ 93
10 2, 2'-dimethoxyacetaldehyde 48 2j/55 3:1 80

“ Unless otherwise stated, 0.25 mmol of aldehyde with 0.5 mmol of
hydroxyacetone in 0.2 mL of solvent. ” Isolated yield. ¢ Determined by
'H NMR. ¢ Determined by HPLC. ¢ For -Me, dr = 3.5:1.

anecarbaldehyde gave the desired product with 7:1 syn/anti, 93%
ee, and 54% yield (Table 2, entry 9).

In light of the above results, we further examined one other
important o-functionalized ketone, dihydroxyacetone (DHA).
DHA and its derivatives are versatile building blocks in the
chemical and enzymatic synthesis of carbohydrate.'? Though
DHA derivatives as aldol donors have been achieved via
organocatalysis,'® direct aldol reaction of free DHA remained
unsolved until Barbas’s finding that primary amino acid could
catalyze the syn-aldol reaction of DHA. ***'* To our delight,
we found that 1b+TfOH could also catalyze the aldol reaction
of DHA in NMP with high yield and selectivity (Table 3, entry
1). Other acidic additives were also examined, and the use of
polyoxometalate H;PW,04, a promising solid acid support for
chiral amine catalysts,"> provided the best results in terms of
both the yield and selectivity (Table 3, entry 3). Significantly,
the 1b—POM hybrid catalyst can precipitate out from the
reaction mixture and be easily recycled.'® The recovered catalyst
could be reused up to four times while maintaining high
enantioselectivity with a decrease of product yield in the third
and fourth run (Table 3, entries 4—6). The reactions using other
primary—tertiary diamine catalysts including diamine 1g de-
veloped earlier from this laboratory® gave inferior results under
the present conditions (Table 3, entries 7—10).
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Int. Ed. 2005, 44, 1304-1325. (b) Gijsen, H. J. M.; Qiao, L.; Fitz, W.; Wong,
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Barbas, C. F., II. J. Org. Chem. 2006, 71, 3822-3828. (f) Cérdova, A.; Zou,
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348, 211-222. (h) Grondal, C.; Enders, D. Adv. Catal. Synth. 2007, 349, 694—
702. For other organocatalytic de novo syntheses of sugars, see: (k) Chowdar,
N. S.; Ramachary, D. B.; Cérdova, A.; Barbas, C. F., lIl. Tetrahedron Lett.
2002, 43, 9591-9595. (1) Northrup, A. B.; MacMillan, D. W. C. Science 2004,
305, 1752-1755. (m) Casas, J.; Engqvist, M.; Ibrahem, I.; Kaynak, B.; Cérdova,
A. Angew. Chem., Int. Ed. 2005, 44, 1343—1345.
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and: (a) Cérdova, A.; Notz, W.; Barbas, C. F., IIl. Chem. Commun. 2002, 3024—
3025. (b) Market, M.; Mulzer, M.; Schetter, B.; Mahrwald, R. J. Am. Chem.
Soc. 2007, 129, 7258-7259. (c) Kofoed, J.; Darbre, T.; Reymond, J.-L. Chem.
Commun. 2006, 1482-1484.

(15) (a) Luo, S.; Li, J.; Xu, H.; Zhang, L.; Cheng, J.-P. Org. Lett. 2007, 9,
3675-3678. (b) Li, J.; Hu, S.; Luo, S.; Cheng, J.-P. Eur. J. Org. Chem. 2009,
132-140.
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TABLE 3. Screening of Catalysts in the Aldol Reaction of DHA
Q cHo Amine 20mois)  § §H NO2
HH X ©: Acid (20 moi%)
OH OH NO, NMP,rt,24h OH OH
3¢
entry” amine acid yield” (%) syn/anti€ ee? (%)

1 1b TfOH 94 30:1 99

2 1b TFA 57 24:1 98
3 1b H;PW,04 97 30:1 99
4¢ 1b H;PW,04 92 19:1 98
5¢ 1b H3PW 5049 82 24:1 95
6¢ 1b H3PW 5,049 78 13:1 95

7 la H3;PW 5049 83 19:1 96

8 1c H3;PW 5049 94 16:1 92
9 ld H3PW12040 87 16 1 93
10 lg H3PW12040 95 24:1 27

“ Unless otherwise stated, 0.25 mmol of aldehyde with 0.5 mmol of
dihydroxyacetone in 0.2 mL of NMP, 6.67 mol % of H;PW,04 was
used in entries 3—10. “Isolated yield. ©Determined by HPLC.
4 Determined by HPLC. ¢ Second, third, and fourth reuse.

TABLE 4. 1b—POM Hybrid Catalyzed Aldol Reaction of DHA
0 1b (20 moi%) o OH
H3PW12040 (667 mOI‘V)
+ R-CHO - R
OH OH NMP, r.t OH OH
entry” R time (h)  yield” (%)  syn/anti  ee? (%)

1 4-NO,Ph 24 3a/95 30:1 95

2 3-NO,Ph 24 3b/90 13:1 94

3 2-NO,Ph 24 3¢/97 30:1 99

4 4-CF;Ph 36 3d/92 24:1 96

5 4-CNPh 36 3e/86 16:1 91

6 4-CIPh 72 3f/59 8:1 91

7 3-BrPh 72 3g/86 19:1 84

8 1-Naph 72 3h/61 24:1 95

“Unless otherwise stated, 0.25 mmol of aldehyde with 0.5 mmol of
dihydroxyacetone in 0.2 mL of NMP. ?Isolated yield. ¢ Determined by
HPLC. “ Determined by HPLC.

With the identified catalyst 1b, we next explored the scope
of aldol reaction of DHA. As shown in Table 4, the reaction
could be applied to a range of aromatic aldehydes to afford
mainly the syn selective aldol adducts with high yields and
excellent enantioselectivities at room temperature (Table 4).
Unfortunately, the reaction with aliphatic aldehydes gave poor
results due likely to the self-condensation reactions.

Other linear ketones, such as acetone, butanone, and benzy-
loxyacetone, were also tested with the optimal catalyst
1b- TfOH. While both acetone and butanone provided only poor
selectivity, the reaction of benzyloxyacetone exhibited high syn
selectivity with up to 98% ee (Scheme 2).

The absolute configurations of the syn-aldol products were
determined by comparison of the optical rotation value and
HPLC traces with the known compounds.®® Consistent with
previous reports, the high syn selectivity could be explained
by a Z-enamine transition state (Scheme 3).*™** In this model,
the N—H-+++O hydrogen bond was assumed to play a critical
role for stabilizing the Z-enamine, consequently leading to high
syn selectivity.*® The observed lower selectivity with acetone
and butanone, wherein the intramolecular N—H+++O hydrogen
bonds are absent, is clearly in line with this hypothesis.

In conclusion, we have developed a class of primary—tertiary
diamine catalysts derived from natural amino acids that work
effectively with o-hydroxyketones as syn-selective aldol cata-
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SCHEME 2. 1b-Catalyzed Aldol Reaction of Linear
Aliphatic Ketones

G OH

1bs TfOH )K/k@
EEEE—
neat, rt., 63 h 4 NO

86% yield, 47% ee

2

o OH o OH
/©/CH0 1baTFOH ru\/'\©\ + )H)\©\
S ————— e
ON neat, r.t, 63 h 52 NO, 5b NO,

43% yield, 64% ee 43% yield, syn: anti=3:2
36% ee for syn

O OH
1be TfOH
EE—
DMF, rt., 48 h
OBnG NO,

93% yield, syn:anti=9:1, 98% ee

SCHEME 3. Transition State of syn-Aldol Reaction

Bn
O OH
H-N N
’/O'____H Q — R
O
H \@/\\\Me OH
R | H syn-aldol
H

lysts. Simple primary—tertiary diamine—Brgnsted acids conju-
gates 1b*TfOH and 1b—POM were found to be the optimal
catalysts that render syn-aldol reactions of hydroxyketone with
up to 97% yield, 30:1 syn/anti, and 99% ee. Taking advantage
of biphasic properties of POM (H;PW,04), the 1b—POM
hybrid catalyst can be easily recycled and reused four times.

Experimental Section

Procedure for the Aldol Reaction of Hydroxyacetone. Catalyst
1b-TfOH (8.9 mg, 0.025 mmol), hydroxyacetone (37 mg, 0.5
mmol), and 4-nitrobenzaldehyde (0.25 mmol) were mixed together
in 0.2 mL of n-hexane—NMP (1:1, v/v) at room temperature. The
mixture was stirred for 24 h and directly purified by flash
chromatography carefully to afford the aldol adducts 2a (46 mg)
as white solid. Yield: 81%. '"H NMR (300 MHz, CDCl5): 6 2.36
(3 H,s),2.69 (1 H,d),3.70 (1 H, d), 441 (1 H, d), 5.20 (1 H, d),
7.60—7.63 (2 H, d), 8.23—8.26 (2 H, d). *C NMR (75 MHz,
CDCl,): 6 26.0, 73.0, 80.0, 123.8, 127.2, 147.3, 157.8, 208.3. The
enantiomeric excess was determined by HPLC (AD-H column, 254
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nm, 2-propanol/n-hexane = 1:4 as eluent, 25 °C, 0.8 mL/min), fx
= 12.74 min (minor syn isomer), fx = 16.72 min (major syn
isomer), 94% ee (absolutely configuration: 3R,4S). Aldol products
2a—h**%¢ and 4—6 *&>™' have been reported; 2i,j were new
compounds, and their detailed characterization data are provided
in the Supporting Information.

Procedure for the Aldol Reaction of Free DHA. To 0.2 mL
of NMP were added 1b (8.2 mg, 0.050 mmol) and H;PW,04 (48
mg, 0.0167 mmol). After the mixture was stirred for 10 min, DHA
(45 mg, 0.5 mmol) and 2-nitrobenzaldehyde (0.25 mmol) were
added. The homogeneous mixture was stirred for 24 h at room
temperature. Ethyl ether was then added to precipitate the catalyst.
The catalyst was washed three times with ethyl ether and then
directly used for the next run. The combined organics were
concentrated and purified by flash chromatography carefully to
afford 3c and then peracetylated with pyridine/Ac,O to afford 89
mg of colorless product. Yield: 97%.'"°'"H NMR (300 MHz, CDCls):
0197 3 H,s),2.07 (3H,s), 2123 H,s), 478—4.93 (2 H, m),
5.85(1 H, d), 6.87 (1 H, d), 7.44—7.46 (1 H, m), 7.48—7.60 (2 H,
m), 8.03—8.06 (1 H, d). '*C NMR (75 MHz, CDCl5): 6 20.2, 20.3,
20.6, 66.4, 69.5, 76.4, 125.2, 128.9, 129.5, 131.9, 133.5, 1474,
169.2, 169.9, 196.8. The enantiomeric excess was determined by
HPLC (AD-H column, 254 nm, 2-propanol/n-hexane = 1:9 as
eluent, 0.8 mL/min) with free aldol adduct, rr = 32.59 (major anti
isomer), fr = 36.23 (minor anti isomer), fr = 38.89 (major syn
isomer), fr = 44.78 (minor syn isomer), 99% ee (absolutely
configuration: 3R,4S). Free aldol adducts 3a—h have been reported
by our group,# peracetylated 3a—e,g,h were known compounds,***
and peracetylated 3f was a new compound.
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(16) In many cases, the free DHA is difficult to separate completely from
the products.





