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Diels-Alder Reactions

The First Organocatalytic Enantioselective
Inverse-Electron-Demand Hetero-Diels—Alder
Reaction**

Karsten Juhl and Karl Anker Jprgensen*

The use of chiral amines as catalysts for organic reactions has
emerged as a new and important field in chemistry and
several new reactions have been developed.'! Among the
amines studied, L-proline and (§)-2-(1-pyrrolidinylmethyl)-
pyrrolidine have been successfully applied as chiral catalysts
for reactions of aldehydes or ketones in aldol,” Mannich,!
Michael,[¥ and a-amination reactions.’! The mechanisms for
these reactions are presumed to go via the enamine inter-
mediate, that is, the aldehyde or ketone reacts with the amine
to form an enamine, which then adds as a nucleophile to the
C=0-, C=N-, C=C-, or N=N-moiety, respectively. Simulta-
neously, MacMillan and co-workers have developed organo-
catalytic cycloaddition reactions of electron-poor alkenes
with dienes!® or 1,3 dipoles!”! and 1,4-addition of aromatic
compounds.®!

Herein we present the development of a new organo-
catalytic reaction. We envisioned that chiral enamines,
generated from aldehydes and chiral pyrrolidines, could act
as electron-rich alkenes and undergo an enantioselective
hetero-Diels-Alder (HDA) reaction with enones via the
catalytic cycle outlined in Scheme 1:%!9 In situ generation of
a chiral enamine 2 from a chiral pyrrolidine 1 and an aldehyde
3 followed by a stereoselective HDA reaction with enone 4
would give the aminal 5. Hydrolysis of aminal § would then
give hemiacetal 6 and release the chiral catalyst 1 to complete
the catalytic cycle.

A key step in the catalytic cycle is the hydrolysis of the
aminal 5. We have found that the reaction of a stoichiometric
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Scheme 1. Catalytic cycle for the organocatalytic hetero-Diels—Alder
reaction.

amount of a chiral enamine 2 with enone 4 gives only one
diastereomer of 5 and in attempts to purify § we found that
the cycloaddition adduct was easily hydrolyzed by silica gel to
give a mixture of the two anomers of hemiacetal 6 and
aldehyde 7 (e.g. see Scheme 2).M Thus, the presence of silica
would facilitate the hydrolysis step in the catalytic cycle.

Indeed, the enamine of isovaleraldehyde 3b generated
in situ reacted with the electron-poor enone 4a in a HDA
reaction eventually yielding a mixture of the two anomers of
hemiacetal 6ba and aldehyde 7ba (Scheme 2). Oxidation of
this mixture with pyridine chlorochromate (PCC) yielded
lactone 8ba as a single diastereomer.
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Scheme 2. The HDA reaction of aldehyde 3b and enones 4a in the presence of a
chiral pyrrolidine catalyst yields the two anomers of hemiacetal 6ba and aldehyde

7ba.

Catalytic turnover was accomplished by the addition of
silica (50 mg on a 0.5 mmol scale) to the reaction mixture.
Table 1 shows representative results from the optimization of
this reaction using different substituted (25)-pyrrolidines
la—e as catalysts.

(8)-2-(1-Pyrrolidinylmethyl)pyrrolidine (1a) worked well
as a catalyst yielding the HDA adduct in 69 % with 51 % ee
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Table 1: Optimization of the organocatalytic hetero-Diels—Alder reaction
of isovaleraldehyde 3 b with enone 4a with various catalysts 1.

Me
N N N Ph N N
H H OH H OH H PhH

s

Me
1a b 1c 1d 1e
Entry Catalyst Enone  Solventt ! Yieldd eeld
(mol%)  [equiv] (%] [%]
1 Ta (20) 1.1 CH,Cl, RT 69 51
2 b (20) 1.1 CH,Cl, RT 54 56
3 c(200 11 CH,Cl, RT 6 97
4 1d(20) 1.1 CH,Cl, RT 46 88
5 Te (10) 2 CH,Cl, RT 71 87
6 1e(10) 15 CH,Cl, _15°C—RT 70 91
7 1e(10) 2 CH,Cl, _15°C—RT 93 89
8 Te (10) 2 toluene —15°C—RT 77 90
9 Te (10) 2 CDCl, —15°C—RT 69 92
10 1e(10) 2 CICH,CH,Cl —15°C—RT 74 90
1 Te (10) 2 MeCN —15°C—RT 59 90

[a] Solvent (0.5 mL). [b] RT=room temperature. [c] Combined yield of
6ba and 7ba. [d] The ee values were determined by HPLC.

(Table 1, entry 1). Use of the chiral prolinol (1b) resulted in a
similar yield and selectivity (Table 1, entry 2), whereas the
diphenylprolinol (1¢) promoted a highly enantioselective
HDA reaction, providing 8 ba with 97 % ee (Table 1, entry 3).
Unfortunately, the increased steric bulk of the substituent at
C2 led to a low yield. However, the two phenyl groups of 1¢
were required to obtain the high enantioselectivity. We
therefore anticipated that the dehydroxylated catalyst 1d
would maintain high enantioinduction, whereas the smaller
size of the substituent at C2 would lead to higher
yield. Application of catalyst 1d did, indeed, lead to
a higher yield but also to a slight decrease in
enantioselectivity (Table 1, entry 4). Catalyst 1e
was also applied and similar enantioselectivity was
observed. The catalytic turnover was even more
efficient, and the catalyst loading could be
decreased to 10 mol% (Table 1, entry 5). Mixing
the reagents and the catalyst at —15°C and allowing
the reaction mixture to warm to room temperature
resulted in a cleaner reaction and higher yield.
Under these reaction conditions, different solvents
were tested (Table 1, entries 7-11). The highest
yield (93 %) was obtained with CH,Cl, as solvent,
and up to 92 % ee could be reached in CHCl,.
The scope of the enantioselective organocata-
lytic HDA reaction was demonstrated by the
reaction of various aldehydes (3a—¢) and enones
4a-c and the results are presented in Table 2. The p,y-
unsaturated-o-ketoesters with aromatic substituents in the y-
position, 4a,b, and the f,y-unsaturated-a-ketoesters with an
aliphatic substituent such as methyl in the y-position, 4c, all
underwent the HDA reaction smoothly with both very high
diastereo-['” and enantioselectivity. The aliphatic aldehydes
were also varied and different substitution patterns were

CO,Me
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Table 2: Scope of the organocatalytic hetero-Diels—Alder reaction cata-
lyzed by 1e.l?

o 0 COR? Os_O.__COR?
~
Do g
R R? R
3aR'=Et  4a R®=Ph R®=Me 8
3b R'=iPr  4b R?=4-CICqHs R®=Me
3¢ R'=Bn  4c R?=Me, R®=Et
Entry 3 4 8 Yield [96]®! ee [%]
1 a a aa 69 84
2 b a ba 93 89
30 b a ba 69 92
4le] c a ca 65 86
51l a b ab 79 85
6l b b bb 70 90
7tef] c b cb 62 80
8 a c ac 81 86
9 b c bc 75 94
108 c c cc 72 89

[a] Reaction conditions (0.5 mmol scale): 1) Te (10 mol %), silica

(50 mg), —15—RT, CH,Cl, (0.5 mL), 17 h; 2) PCC, CH,Cl,. [b] Combined
yield of 6 and 7. [c] The ee values were determined by HPLC or GC
(entries 8 and 9) of 8. [d] CDCl; used as solvent. [e] Reaction time =40 h.
[f] Solvent (2 mL).

allowed. In general, good yields were observed (62-93 %) and
the enantioselectivities were as high as 94 % ee.

The absolute and relative stereochemistry of the outcome
of the organocatalytic HDA reaction was determined on the
basis of the X-ray crystal structure of the HDA adduct 8bb.['*]
The configuration of the HDA adduct was assigned to be
4S8,5R. The observed absolute and relative
stereochemistry is consistent with the
proposed transition state model 9. The

d ] electronic properties of the enamine
X R . .. .

r' govern the regioselectivity, while the 2,2-
Py diarylmethyl substituent on the pyrroli-

dine ring shields the Si face of the
enamine. Thus, the 2,2-diarylmethyl substituent of the enam-
ine intermediate controls the addition of the enone to the Re
face of the alkene fragment in an endo-selective fashion. At
the present stage of investigations we have no direct evidence
for a concerted versus a stepwise cycloaddition reaction; the
latter reaction path would take place by an initial Michael
addition followed by a ring-closure reaction.

In conclusion, we have developed a new concept in
organocatalysis—the use of a chiral enamine intermediate as
an alkene in catalytic asymmetric cycloaddition reactions. The
present work presents the catalytic asymmetric hetero-Diels—
Alder reaction of aldehydes with enones to give highly
functionalized, optically active molecules with excellent
diastereo- and enantioselectivity.
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