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Abstract Sugar-based primary amines have been employed as or-
ganocatalysts for the direct asymmetric Mannich reaction. By catalyst-
screening experiments, we observed that catalysts bearing a hydroxy
function at C-3 actively participated in the reaction, possibly through
hydrogen bonding with the imine generated in situ, to provide B-amino
carbonyl compounds with better diastereoselectivity and enantioselec-
tivity. All the products were obtained in good to excellent enantiomeric
excess.
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Carbohydrates are naturally abundant molecules that
play significant roles as energy sources, biosynthetic re-
sources, and energy-storage devices. Furthermore, these
molecules have been used as key structural elements to ac-
cess a plethora of natural products and molecules with po-
tential biological activities, and they have been modified by
organic chemists in several ways to obtain many useful
skeletons. The complex structures and biological activity of
aryl O-glycosides make them very attractive subjects.!

Owing to their ready availability and the presence of
contiguous stereocenters in their structures, glucosamines
are attractive entities in the field of asymmetric synthesis
as catalysts, ligands, or chiral auxiliaries.? In recent decades,
novel asymmetric organocatalysts have been developed by
combining carbohydrate scaffolds with chiral molecules
such as cinchona alkaloids, chiral cyclohexane-1,2-di-
amines, or proline for use in asymmetric transformations,
including aldol reactions,® Michael additions,* Reformatsky
reactions,” Henry reactions,® arylations,” allylations,® and
other reactions.® The best-known carbohydrate-derived
catalysts are synthesized from glucosamine. The amine
functional group present in glucosamine can be functional-

ee: up to 98%
12 examples, 69-94% yield

ized to form various groups, thereby changing the mode of
activation of the catalyst in a desired manner ' Although
many asymmetric transformations catalyzed by carbohy-
drates and derivatives have been described, to the best of
our knowledge there are no reports regarding Mannich re-
actions catalyzed by the free sugar amine. We therefore ex-
amined the use of sugar-based amine catalysts in the direct
enantioselective Mannich reaction.

Generally, for the synthesis of such nitrogen-containing
compounds, use of an imine as an electrophile is the most
promising and convenient approach.'! Furthermore, a-ami-
no carbonyl compounds are valuable intermediates for the
synthesis of many natural products with useful biological
properties.!?

In this report, we disclose a protocol that involves an en-
antioselective Mannich reaction catalyzed by a sugar-based
primary amine. Initially, by following a procedure devel-
oped in our laboratory, we synthesized four sugar amine
catalysts 1-4 from commercially available N-acetyl-D-glu-
cosamine hydrochloride (Figure 1).13
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Figure 1 Sugar amine catalysts

For our initial studies, we chose cyclohexanone (5), ani-
line (7a), and 4-nitrobenzaldehyde (6a) as model substrates
to optimize the reaction conditions. In a typical experimen-
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tal procedure, a mixture of 4-nitrobenzaldehyde (6a) and
aniline (7a) in dichloromethane was stirred at room tem-
perature for ten minutes and then cyclohexanone (5), cata-
lyst 1 (10 mol%), and benzoic acid (10 mol%) were added se-
quentially. The resulting reaction mixture was stirred at
room temperature for 48 hours to afford the corresponding
Mannich products 8a and 8a’ in 78% yield as a 6:1 syn/anti
diastereomeric mixture with a 59% enantiomeric excess of
the major syn-diastereomer 8a (Table 1, entry 1). The use of
catalyst 2 under the same conditions gave a 36% yield of 8a
and 8a’ in a 3:1 dr and with a 47% enantiomeric excess of
the syn-isomer. Catalyst 3 afforded 8a and 8a' in 79% yield, a
slightly higher dr, and a 54% enantiomeric excess of major
isomer 8a (entry 3). When sugar amine 4 was used, the re-
action was complete in 48 hours with a 64% combined yield
of the diastereomers in 2.7:1 dr and a 34% ee of the syn-iso-
mer (entry 4). We then examined the reaction under neat

Table 1 : Evaluation of Conditions for the Asymmetric Mannich Reaction?

0 CHO NH, i
sugar amine
additive
+ + —_—
solvent, r.t.
NO,

conditions with 10 mol% of catalysts 1-4; however, no sig-
nificant improvement in the yield or dr was observed, but a
76% enantiomeric excess was achieved with catalyst 1 (en-
tries 5-8). In the hope that the use of a chiral additive might
be helpful in improving the chiral induction in the asym-
metric transformation, we carried out the reaction in the
presence of a 20 mol% loading of camphor-10-sulfonic acid
as an additive. In this case, the reaction proceeded smooth-
ly and was complete within 24 hours, giving a 4:1 dr and an
84% yield, but with moderate enantioselectivity (entry 9).
This might be explained on the basis of a mismatch be-
tween the camphor-10-sulfonic acid and the sugar amine
in relation to the stereochemical outcome. In an attempt to
improve the selectivity of the reaction, we screened 2,4-di-
nitrobenzoic acid and 4-bromobenzoic acid as additives
(entries 10 and 11). Surprisingly, the use of simple benzoic
acid as an additive along with 20 mol% catalyst 1 afforded

O HN’ :
i‘\/f anti-isomer
. \@\ +
s = NO,
8

5 6a 7a a 8a'

Entry Catalyst mol% Solvent Additive (mol%) Time (h) Yield® (%) dr< (synjanti) eed % (syn)
1 1 10 CH,Cl, BZOH (10) 48 78 6:1 59
2 2 10 CH,Cl, BZOH (10) 48 36 31 47
3 3 10 CH,Cl, BZOH (10) 48 79 3.4:1 54
4 4 10 CH,Cl, BzOH (10) 48 64 2.7:1 34
5 1 10 neat BzOH (10) 48 55 3:1 76
6 2 10 neat BzOH (10) 32 48 4:1 70
7 3 10 neat BzOH (10) 48 51 3.3:1 69
8 4 10 neat BZOH (10) 48 62 5:1 74
9 1 20 CH,Cl, CSA (20) 24 84 41 39

10 1 20 CH,Cl, 2,4-(0,N),CeH5CO,H (20) 24 79 5:1 45
11 1 20 CH,Cl, 4-BrC;H,CO,H (20) 48 57 6.5:1 68
12 1 20 CH,Cl, BzOH (20) 48 77¢ 12:1 98
13 1 20 MeOH BzOH (20) 30 69 5:1 72
14 1 20 toluene BzOH (20) 120 64 4:1 76
15 1 20 DCE BzOH (20) 48 77 7:1 57
16 1 20 MeCN BzOH (20) 48 71 8:1 73
17f 1 20 CH,Cl, BZOH (20) 120 59 9:1 92
189 1 20 MeCN BzOH (20) 120 66 71 93

2 Reaction conditions: cyclohexanone (5, 0.4 mmol), aldehyde 6a (0.2 mmol), aniline (7a, 0.22 mmol), catalyst, additive, solvent (0.5 mL), r.t.

b Combined yield of isolated diastereomers.

¢ Determined by "H NMR analysis of the crude product.

4 Determined by HPLC analysis on a ChiralPAK AD(-H) column.

¢ The product was obtained with a negative specific rotation (see Supporting Information).

fAtO°C.
IAt-10°C.
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the product in 77% yield in 12:1 dr and 98% ee of the syn-
product. The additive loading had a marked effect on the
yield of this reaction (entry 12).

The reaction was then investigated with a range of polar
and nonpolar solvents, including methanol, toluene, aceto-
nitrile, and dichloroethane, at various temperatures (Table
1, entries 13-18), but no improvement in the yield, dr, or ee
was observed. Of all the reaction conditions studied, the
optimum results were obtained with 20 mol% of catalyst 1
and benzoic acid (20 mol%) in CH,Cl, at room temperature.

The relative stereochemistries of the stereogenic centers
were determined on the basis of the mutual coupling con-
stants between the two adjacent protons attached to the
stereogenic centers. These protons can be syn or anti to
each other. An analysis of the 'TH NMR spectra of the prod-
ucts revealed that the major isomer of the product had a
coupling constant J = 4.0-4.5 Hz, whereas that of the minor
isomer was in the range J = 5.0-6.0 Hz. It is well known that
in this system, anti protons show higher coupling constants
than do syn diastereomeric protons. This was supported by
a comparison of the HPLC analyses with previous reports
that the major product exhibits syn-stereochemistry.*

Table 2 Substrate Scope of the Reaction?

Having determined the optimal reaction conditions, we
applied the method to a variety of aldehydes 6a-k with an-
iline or p-anisidine to examine the scope of the reaction
(Table 2).1> We observed that aldehydes 6a and 6¢ bearing
electron-withdrawing substituents at the para-position af-
forded the corresponding Mannich products 8c and 8d
smoothly in 48 hours with good to excellent diastereo- and
enantioselectivity (Table 2, entries 1 and 3). 3-Nitrobenzal-
dehyde (6b) afforded product 8b in 83% yield with an ac-
ceptable diastereoselectivity of 8.5:1 and an excellent 95%
ee for the syn-isomer. Similarly, 4-bromo- and 4-chloro-
benzaldehyde derivatives furnished products 8d and 8e, re-
spectively, in high yields, good diastereoselectivities, and
excellent enantiomeric excesses (entries 4 and 5). The ste-
reochemical outcome significantly depended on the elec-
tronic nature of the substituents on both the benzaldehyde
and the aniline. 4-Methoxy- and 4-methylbenzaldehyde
derivatives were less effective in terms of optical induction
and the corresponding products 8f and 8g were obtained
with 20% and 60% enantioselectivity, respectively, for the
syn-diastereomer, whereas the anti-isomer was almost ra-
cemic (entries 6 and 7). Similar trends have also been re-
ported for Mannich-type reactions that involve imines
bearing electron-donating groups.'® Benzaldehydes 6i and

N,
S R
1 (20 mol%) NH
_PhCOOH (20mot%) : -
x> *  anti-isomer
1+
é G C e M
=
8 8'

Entry R’ R? Time (h) Product Yield® (%) dr< (syn|anti) eede (% syn)
1 4-NO, (6a) H 48 8a 77 12:1 98
2 3-NO, (6b) H 48 8b 83 8.5:1 95
3 4-CF, (6¢) H 48 8¢ 76 12:1 %6
4 4-Br (6d) H 48 8d 84 12:1 98
5 4-Cl (6e) H 48 8e 83 12:1 94
6 4-OMe (6f) H 48 8f 91 1:4 20
7 4-Me (6g) H 48 8g 81 1:1.8 60
8 4F (6h) H 48 8h 83 1.5:1 76
9 3-Br (6i) H 48 8i 88 8:1 93

10 3-F (6)) H 48 8j 69 6:1 nd
11 3-OMe (6k) H 48 8k 72 20:1 98
12 4-NO, (6a) 4-OMe 48 8l 83 20:1 80
13 4-CF, (6¢) 4-OMe 48 8m 77 1.5:1 60
14 3-NO, (6b) 4-OMe 48 8n 94 2.2:1 99

2 Reaction conditions: cyclohexanone (5, 0.4 mmol), aldehyde 6 (0.2 mmol), aniline (7, 0.22 mmol), catalyst 1 (20 mol%), BzOH (20 mol%), CH,Cl, (0.5 mL), r.t.

b Combined yield of isolated diastereomeric products.
¢ Determined by "H NMR spectroscopic analysis of a crude sample.
4 Determined by HPLC analysis on a chiral stationary phase.

e All products were obtained with a negative specific rotation (see Supporting Information).
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Scheme 1 Plausible reaction mechanism

6k with substituents at the meta-position produced the
corresponding Mannich product with good diastereoselec-
tivity and excellent ee (entries 9 and 11).

The use of p-anisidine instead of aniline had a signifi-
cant influence on both the dr and enantioselectivity. Under
the optimized conditions, benzaldehyde derivatives 6b and
6¢ gave products 8m and 8n, respectively, with moderate
diastereoselectivity and enantioselectivities of 60 and 99%,
respectively (Table 2, entries 13 and 14). In the reaction of
4-nitrobenzaldehyde (6a) with p-anisidine, the corre-
sponding Mannich adduct 81 was obtained in an excellent
dr of 20:1 and 80% ee (entry 12). Unfortunately, reactions of
p-anisidine with other benzaldehydes 6 bearing electron-
donating groups or halogen substituents were slow and af-
forded the Mannich products with poor dr. Furthermore,
the isolated products were unstable in air, undergoing oxi-
dation. It was therefore difficult to isolate the pure com-
pounds for further analysis. The configurations of the prod-
ucts were assigned as (2S,1'S) by comparing the retention
times in HPLC analysis with reported data'* (see Supporting
Information).

We propose that this asymmetric Mannich reaction
proceeds through an enamine pathway, as nucleophilic ad-
dition of the enamine generated in situ would be faster on
an imine than on an aldehyde. As shown in Scheme 1, the
sequence commences with formation of an enamine I from
cyclohexanone and the sugar amine 1; this reacts with an
imine to form III via the transition state II. The last step is

hydrolysis to afford product 8. The catalyst 1 is regenerated
in a subsequent step. The stereochemical outcome can be
explained by the plausible transition state II. The hydroxy
group of the sugar moiety activates the imine by hydrogen
bonding and also allows the Re face of the enamine to at-
tack on the Si face of the imine, leading to a syn-stereo-
chemistry between the two stereogenic centers.

In summary, we have accomplished the first sugar
amine-catalyzed direct asymmetric Mannich reaction using
cyclohexanone, an aniline derivative, and a benzaldehyde
derivative, through generation of an imine in situ.
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