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Danishefsky’s diene (1) is a versatile reagent in chemical
synthesis.1 A set of transformations that involve the use of1 is the
Diels-Alder cycloaddition with imines (eq 1);2 these reactions
deliver chiral N-containing heterocycles that can be converted to
functionalized piperidines. Several catalytic enantioselective variants
of the above process have been reported.3 These protocols often
require up to 20-40 mol % catalyst and only afford appreciable
selectivities (usually<90% ee) when specific structural require-
ments are met.3a,bCycloadditions promoted by low catalyst loadings
(1 mol %) are available when strongly electrophilic imines and
fully functionalized derivatives of1 are utilized (Me groups at C2
and C4).3c

Herein we disclose an efficient Ag-catalyzed asymmetric addition
of 1 to aryl imines to afford cycloadducts in>77% yield and>89%
ee. Reactions are effected in the presence ofe1 mol % catalyst (4
°C). The chiral ligand is a phosphine prepared from an inexpensive
amino acid and other commercially available materials.4 Catalytic
transformations can be carried out neat or with undistilled THF in
air. A recyclable supported chiral catalyst is also described.

To identify optimal conditions, we probed the transformations
of different imines derived from 2-naphthaldehyde (e.g.,2c, Table
1). After it was established that the derivedo-anisidyl imine
undergoes Diels-Alder reactions most efficiently, parallel libraries5

of amino acid-based ligands, metal salts, and additives were
examined. These investigations led us to establish that treatment
of 2awith 1.5 equiv of diene1, 1 mol %3a, 1 mol % AgOAc, and
1 equiv of i-PrOH (THF, 4°C) followed by HCl workup affords
cycloadduct4a in 93% ee and 94% isolated yield. As the data in
entry 2 of Table 1 indicate, the catalytic cycloaddition can be
effected in 92% ee and yield with only 0.5 mol % loading. The
reaction proceeds to>98% conv with 0.1 mol % of the chiral Ag
complex (entry 3), albeit with diminished enantioselectivity (88%
ee). Moreover, a range of arylimines, including sterically hindered
(e.g.,2b, entry 4) substrates or those that bear electron-donating
(e.g.,2d and2f) or electron-withdrawing substituents (e.g.,2g and
2h), can be employed to access the desired piperidines ing89%
ee andg86% isolated yield.

Several additional points are noteworthy: (1) The presence of
the o-OMe group in imine substrates is required for high enanti-
oselectivity but not reactivity. For example, reaction of phenyl and
o-tolyl derivatives of4c proceed to>90% conv under conditions
shown in Table 1 but afford the cycloaddition product in only 35-
40% ee. (2) In contrast to the previously reported catalytic
asymmetric additions to imines,6 dipeptide phosphines give sig-
nificantly lower selectivity and efficiency levels. (3) In the absence

of i-PrOH, significantly lower conversions and enantioselectivities
are obtained. As an example, even with 10 mol % catalyst loading,
addition of1 to 2c proceeds to only 30% conv after 24 h (4°C) to
provide4c in 43% ee (compare to entry 1, Table 1). Other proton
sources such ast-BuOH, MeOH, or water (see Scheme 1) can be
used as additives or cosolvents; in 1:1 THF:H2O, formation of4c
(91% ee) proceeds to>98% conv (5 mol %3a). (4) As shown in
Scheme 1, cycloadditions can be carried out effectively in the
absence of solvent with minor diminution in selectivity and yield.
Although reactions in Table 1 are effected under N2, as the examples
in Scheme 1 indicate, asymmetric cycloadditions proceed in air
and with undistilled commercial THF with high selectivity and
yield. (5) During screening studies, we established that the steric
and electronic properties of the amide terminus can have a notable
effect on enantioselectivity or conversion. Representative data are
shown in Table 2.

Table 1. Ag-Catalyzed Enantioselective Cycloaddition between
Arylimines and 2a

entry Ar
3a, AgOAc

(mol %) yield (%)b ee (%)e

1 Ph 2a 1.0 94 93
2 Ph 2a 0.5 92 92
3 Ph 2a 0.1 78 88
4 1-naphth 2b 1.0 94 90
5 2-naphth 2c 0.5 >98 95
6 p-OMe 2d 1.0 86 91
7 p-Cl 2e 1.0 98 90
8 o-Br 2f 1.0 91 89
9 m-NO2 2g 1.0 92 91

10 p-NO2 2h 1.0 >98 92
11 2-furyl 2i 1.0 89 92

a Conditions: All reactions run under N2 atm (12 h).b Isolated yields.
c Determined by chiral HPLC (Chiralcel OJ for entries 1-3, 6-8; chiralcel
OD for entries 4, 5, and 11 and chiralcel AD for entries 9 and 10).

Scheme 1. Catalytic Cycloadditions Performed without Solvent
and in Air
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Because of the robustness of these asymmetric catalytic trans-
formations and the significance of piperidines to biological
chemistry, the availability of an effective supported ligand consti-
tutes an important aspect of this research, particularly in relation
to high throughput enantioselective synthesis. The data in eq 2
summarize results of our initial studies; ligand5 can be reused
through at least five cycles.7 It should be noted that cycloadditions
with 5 are performed in air and with undistilled THF (fresh AgOAc
added for each cycle), and lower enantioselectivities are consistent
with the data shown in entry 5 of Table 2 (3e, NHBn vs NAr
terminus).

As the examples in eqs 3 and 4 illustrate, enantioenriched cyclic
amines8 can be functionalized diastereoselectively. Noteworthy is
the rupture of the piperidine ring that occurs upon treatment of4a
with the alkylcuprate9 to afford the derived acyclicâ-amino ketone
(Mannich addition product). Subsequent stereoselective reduction10

(10:1, syn:anti) and removal of theo-anisidyl group11 delivers amino
alcohol7 (93% ee).

Future research will involve the development of catalytic
asymmetric cycloadditions with aliphatic imines, processes which
will likely involve in situ imine formation/cycloaddition6e and might
require a different chiral ligand.5c Upcoming detailed mechanistic

studies will include investigating the role ofi-PrOH additive and
whether it is involved in shuttling Me3Si from O to N (or vice
versa) and/or the release of Ag from product. These studies will
explore the coordination geometry of the Ag center(s) by establish-
ing the kinetic details of the catalytic cycle and the exact structure
(stoichiometry) of the reactive substrate-catalyst complex.
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Table 2. Effect of Amide Moiety on Ag-Catalyzed Enantioselective
Cycloadditionsa

entry R conv (%) ee (%)

1 p-OMeC6H4 a >98 92
2 p-CF3C6H4 b 75 88
3 2,6-Me2C6H3 c 53 28
4 NHBu d >98 80
5 Bn e >98 80
6 NH(OMe) f 52 20

a See Table 1 for reaction conditions.
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