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The extremely broad scope of both the dienes and dienophiles Table 1. D—A Reaction with Cinchona Alkaloids?
renders the DielsAlder (D—A) reaction one of the most versatile
reactions in organic synthesis. This in combination with the ability 7o | ° catalyst Smol%)w
of asymmetric Diels-Alder reactions to directly transform achiral Qo PR CHC O o
starting materials to stereochemically complex cyclic structures in °5’: @M  6A
a diastereoselective and enantioselective manner underscores the

. . . - acid temp (°C), conv.  dr®  ee (%)° DAIMAP
importance anql necessity to continue the de:velopment 01_‘ efficient gupy catalyst (0.2 equiv) ime () (%) (TABA) of7A (7 89)
cataly_tlc enantlose_lectlve variants of th_e DieMder reactl_ons, W o1 - 24 92 111 -3 1000
especially those being promoted by practical catalysts and involving 2¢ Q-2  — t,24 98 1.4:1 53  59:1
readily accessible yet synthetically valuable dienes and dienophiles. 3!  quinine — 24 95 115 2 100:0
Herei ish to describe the development of a highly general & P - 24 59 231 34 100:0
erein, we wish to describ P! ghly g 5 Q4 - 24 96 1211 -3 125
and efficient asymmetric DielsAlder reaction ofo,5-unsaturated 6 Q4 pTSA rt, 24 5 129 - -
ketones6 and 2-pyroness with a readily accessible cinchona 7 Sj gFﬁSCOSO';'H iy gj ég %‘113 :z:i 102}33
alkaloid catalyst 4) that had not been previously explored for g 34  N-Boc-Phenyl gycine 24 74 141 14 21
asymmetric Diels-Alder reactions. ﬂ) 83 #ll-:l?AOC-Phenyl glycine: 2 gj ;i 3%{1—1 8‘;0 16-61:1
Althqugh a,ﬁ-unsatL_Jrated ketoné‘sar_wd 2-pyrone$ have peen_ 12 04 TFA 096 95 481 -97 111
extensively used as dienophiles and dienes, respectively, inDiels 13 QD4 TFA 0,96 99 4.1:1 98 101
Alder reactions, both prove to be challenging classes of substratest4 Q2  TFA 24 <5 - - -
to be incorporated into asymmetric Diel8lder reactiong: In aUnless noted, reactions were run with 0.15 mmobaf0.30 mmol of

fact, the first efficient asymmetric DietsAlder reaction of a general 6in 75uL of CH,Cly; see Supporting Information for detaifsDetermined

scope with respect ta,S-unsaturated ketondswas reported only by 'H NMR analysis.© Determined by HPLC analysi4 Reaction was run
. . . . . with 10 mol % catalyst.

recently by MacMillan using chiral imminium catalysis? Our

group recently disclosed the first highly enantioselective Biels

Alder reaction with 2-pyrones, which was realized with cinchona

alkaloid-derived bifunctional catalysts suchland2.> Although

1 and 2 afforded high diastereoselectivity and enantioselectivity

for D—A reactions of 2-pyroneS and active dienophiles with the

Ar\
N S OMe

N

double bond substituted with two strongly electron-withdrawing R PHN
functionalities, they were found to be ineffective for reactions of 35 b'SCFaph' =35 b'SCFgf\’Ah‘;
and simplea,-unsaturated ketones (entries 1 and 2, Table 1). @ OH NH2

Additional cinchona alkaloids containing hydrogen bond donors

and acceptors, such as quinine &@)dvere examined and were H QD4 u

Quinine

found to provide similarly low diastereoselectivity and enantio- Figure 1. The structures of cinchona alkaloids.

selectivity (entries 3 and 4, Table 1).

In I!ght of the_ poor efficiency afforded by various cinchona reaction with Q4 readily proceeded to near completion but provided
alkaloids containing hydrogen bond donors and acceptors, we begar}he Michael adduc® as the major product. The-BA adduct was

to search for an alternative strategy to achieve efficient asymmetric . .
formed not only as a minor product but also in very poor

catalysis for the B-A reaction of5 and6 (Figure 1). MacMillan . g ) o
demonstrated that chiral secondary amines could serve as effectived'aStereose'eCt'V'ty and enantioselectivity (entry 5, Table 1). The
—A adduct/Michael adduct ratio could be improved significantly

catalysts to activate,-unsaturated ketones for asymmetrie B - .
reactions through imminium catalyg&Recent studies by Ishihdra ~ When thed-catalyzed reaction was performed in the presence of
established that chiral primary amines could activgfeunsaturated ~ Certain acids. We were particularly pleased to find that, with 20
aldehydes for highly enantioselective-B reactions. Although only Mol % of trifluoroacetic acid (TFA), the reaction with Qafforded
electron-rich dienes were employed in these chiral primary and theexoD—A adduct7A as the major product in good enantiomeric
secondary amine-catalyzed— reactions of o,f-unsaturated ~ €xcess (entry 11, Table 1). Tleoselectivity and the enantiose-
ketones and aldehydes, we envisaged that the readily availablelectivity could be further enhanced by lowering the reaction
9-NH, cinchona alkaloid4”-8 might be able to promote an efficient ~ temperature to 0C, at which the B-A adduct/Michael adduct ratio
asymmetric D-A reaction via its ability to simultaneously activate ~ as well as theexoselectivity reached a synthetically useful level,
5 and6 with its primary amine and quinuclidine motifs, respectively. ~while theexcadduct7A was produced in 97% ee (entry 12, Table
Accordingly, we began an investigation of the-B reaction of 1). Under the optimized condition, Q®furnished comparable
5 and6 at room temperature in dichloromethane with 5 mol % of diastereoselectivity and enantioselectivity (entry 13, Table 1).
the 9-NH cinchona alkaloid @t In the absence of any acid, the Importantly, the primary amine functionality in catalysis critical
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Table 2. D—A Reaction with 2-Pyrones?
20 o0 QD-4(Q-4)(5mol%) o O of R?
@ + A TFA (20 mol %) o/
O R R 1, 20M, 96h S7—~4,;R! HO
OH 2012, 2.0 M, HO R2 o7 R!
5a 6 7 8
QR= ; - O R'=Me, 6J;
/@/\)‘\R gi, gé Er gg R"/\)K n-Pen, 6K;
CF3, 6E; Me, 6F; (CHy),Ph, 6L,
R o OMe, 6G. (CH,);0Bn, 6M;
o (CH2)sCl,  6N.
Q! ~ x=5.6H.0,6. A, R =,E_‘¢,en’%%."'” 6P}
entry dienophile temp (°C) dre (7:8) yield % 7+8/7¢ ee® (%)
6A 0 80:20 87/69 98
0 (82:18) (91)/(74) (98)
6B 0 81:19 92/74 98
3 6C 0 79:21 89/69 98
0 (79:21) (95)/(74) (96)
29 6D 0 81:19 96/76 o7
0 (81:19) (95)/(76) 9oP)
5 6E -20 84:16 99/81 97
6 6F 0 80:20 81/63 97
7 6G 0 84:16 68/57 97
8 6H 0 80:20 85/67 99
9 6l 0 80:20 71/56 99
10 6J —30 84:16 92/77 99
11 6K -30 75:25 95/70 99
12 6L -20 94:6 99/93 99
13 6M -20 76:24 92/70 99
14 6N -20 76:24 83/63 96
159 60 —20 97:3 99/96 99
169 6P -20 92:8 90/82 99
17m 6Q —20 93:7 98/91 96

aUnless noted, reactions were run with 0.25 mmaobaf0.50 mmol of
6 in 125 uL of CHyCly. P The results in parentheses were obtained with
Q-4; see Supporting Information for detaifsDetermined by'H NMR
analysisd Isolated yields of pureexo7. € Enantiomeric excess of as
determined by HPLC analysi§The absolute configuration was established
by X-ray crystallographic analysis (see Supporting Informati®Reaction
was run for 72 h"Reaction was run for 120 h.

Table 3. D—A Reaction with Substituted Pyrones?

/Ci o dr® yield% eed
entry g \OH ) RNAR @8 T (%)
1 5b: R=Ph 6A 83:17 83/63 96
2 5c: R=Me 6A 80:20 60/48 96
3 5b 6J 80:20 81/63 9%
4 5c 6J 73:27 80/57 96
5  5d:R=Cl 6D 67:33 63/42 90°

aUnless noted, reactions were run with 0.15 mmob500.30 mmol of
6in 75uL of CH.Cl; with 5 mol % of QD4 and 20 mol % of TFA for 96
h. b Determined byH NMR analysis ¢ Isolated yields of pureexo7.
d Enantiomeric excess Gfas determined by HPLC analysisThe absolute
configuration of the B-A adduct was established by X-ray crystallographic
analysis (see Supporting Information).

to its activity, as replacing the amine with a thiourea group abolishes
the catalytic activity (entry 14 vs 11, Table 1). Moreover, the
presence of TFA is essential to the selectivityddentry 11 vs 5,
Table 1), although TFA itself does not promote the ®reaction?
These results suggest théatactivates6A for the D—A reaction
through imminium catalysis. We also found that, in contragiao

electron-rich dienes bearing neither a hydrogen bond acceptor nor
donor such as cyclopentadiene and cyclohexadiene were inactive (7)

for the D—A reaction with6A in the presence afand TFA? These
results indicate that the activationsdi by catalys# is also required
for the D—A reaction to occur.

Significantly, the high enantioselectivity afforded by catalst
could be readily extended {6-aryl (6A-l), s-alkyl (6J-N), and
p-unsubstituted §0-Q) o,(-unsaturated ketones (Table 2). As
illustrated in Table 3, the catalyst also tolerates substituted

Scheme 1. Decarboxylation of 7A4c
o2 o OH 0O
7 200°C, 1h
| Toluene
HO  Ph ouer
7A 98% ee 93%yield 10 (95% ee)

2-pyrones. Notably, the diastereoselectivity and enantioselectivity
of the reaction did not fluctuate significantly when the aromatic
substituent was changed to an aliphatic substituent. The diastereo-
selectivity and enantioselectivity decreased with a 2-pyrone bearing
an electron-withdrawing grougbd), although the corresponding
exoD—A adduct was still formed in 90% ee.

In summary, we have discovered a readily available cinchona
alkaloid-derived catalyst for asymmetric Diel8lder reactions.
Notably, this catalyst proved to be highly effective for the
asymmetric D-A reaction of simplex,f-unsaturated ketonéswith
2-pyrones5, an unprecedented enantioselective- reaction
involving two readily available but challenging classes of®
reactants. This reaction should provide a useful asymmetric route
to a wide range of bicyclic chiral building blocks amenable for
further synthetic elaborations (Scheme*d).
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