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Hetero-Diels— Alder Reactions of Ketones — A Challenge for Chemists

Karl Anker Jorgensen!?!
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The recent developments of mainly catalytic and enantiose-
lective hetero-Diels—Alder reactions of ketones are pre-
sented. First, direct reactions of unactivated ketones are pre-
sented, focusing on the recent hydrogen bond-promoted het-
ero-Diels—Alder reactions with activated conjugated dienes.
Then, direct catalytic enantioselective hetero-Diels—Alder re-
actions of activated ketones with conjugated dienes are out-
lined. The use of different chiral copper(i) and zinc(i1) cata-
lysts are shown and the use of the hetero-Diels—Alder ad-
ducts in organic synthesis presented. Finally, the inverse-
electron demand hetero-Diels—Alder reactions of «,f-unsat-

urated ketone functionalities are discussed. The different
chiral Lewis-acid complexes and chiral amines used for cata-
lytic asymmetric hetero-Diels—Alder reactions are presented
and the scope of these reactions in the synthesis of optically
active a-hydroxy lactones, formyl esters and carbohydrates
are demonstrated. The mechanistic aspects of the catalytic
enantioselective hetero-Diels—Alder reactions are also dis-
cussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Carbonyl compounds can undergo various cycload-
ditions, such as the hetero-Diels—Alder reaction. This class
of reaction provides one of the most direct methods for the
formation of six-membered oxygen-containing heterocycles
and has been studied very intensivelyl'! because of the im-
portance of the oxygen-heterocycle adducts formed. How-
ever, the scope of these reactions has some limitations:
nearly all the hetero-Diels—Alder reactions of carbonyl
compounds reported use aldehydes as the dienophile and
even then special reaction conditions such as Lewis acid
activation is required.l-? Ketones are much less reactive
than aldehydes in hetero-Diels— Alder reactions due to both
steric and electronic reasons, and until recently only a very
few examples of hetero-Diels—Alder reactions of ketones
had been reported. An important aspect of hetero-

[al Danish National Research Foundation: Center for Catalysis,
Department of Chemistry, Aarhus University,
8000 Aarhus C, Denmark
Fax: (internat.) +45-8619-6199
E-mail: kaj@chem.au.dk

Diels—Alder reactions of ketones is the construction of
oxygen heterocycles having a quaternary carbon atom
center and a challenge is to have stereocontrol over the for-
mation of these quaternary carbon atom centers."!

In this microreview the recent developments of hetero-
Diels— Alder reactions of ketones will be presented with the
focus on catalysis. There are two main types of hetero-
Diels—Alder reactions which ketones can undergo: the di-
rect normal-electron and the inverse-electron demand
cycloaddition reactions, and both reaction types will be co-
vered. The starting point will be the “simplest” catalyst of
them all — the proton — by presenting the hydrogen bond-
promoted hetero-Diels—Alder reactions and finishing with
chiral Lewis acid complexes as catalysts for hetero-
Diels—Alder reactions with both normal- and inverse-elec-
tron demand.

The two concepts for hetero-Diels— Alder reactions of ke-
tones are outlined in Figure 1. For the direct-electron de-
mand hetero-Diels—Alder reaction, a ketone reacts with a
conjugated diene and in order to promote the reaction
either pressurel® or catalysis is required. The frontier molec-
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ular orbital responsible for this type of reaction is the ke-
tone LUMO interacting with the diene HOMO. Activation
of the ketone by coordination of a Lewis acid to the ketone
oxygen atom will lower the energy of the ketone LUMO
and thus a more favourable interaction with the diene
HOMO will be possible. Another approach for activating
the hetero-Diels— Alder reaction of ketones with conjugated
dienes is to use ketones having electron-withdrawing groups
(R! and/or R?) such as esters, as these substituents will also
lower the LUMO energy leading to a more reactive sub-
strate. A further activation of these activated ketones is to
apply Lewis-acid catalysis as this will lower the LUMO en-
ergy even more.

Direct-electron O X 0" 3
+ SR —R
demand R‘)J\Rz / R")\)
RZ
Ri__O RZ__O
Inverse-electron R1Z/ + g R1\-E D—-R
demand \ i '

Figure 1. The direct- and inverse-electron demand hetero-
Diels—Alder principle for reactions of ketones

For the inverse-electron demand hetero-Diels—Alder re-
actions, the ketone functionality is now a part of an a,f-
unsaturated system that reacts in a cycloaddition reaction
with electron-rich alkenes (Figure 1). The reaction is con-
trolled by the LUMO of the a,B-unsaturated ketone inter-
acting with the HOMO of the alkene. This reaction can also
be catalyzed by Lewis acids which coordinate to the ketone
functionality of the o,B-unsaturated acyl system, thereby
lowering the LUMO energy of the enophile. For these in-
verse-electron demand hetero-Diels—Alder reactions, the
ketone carbon atom is converted into a prochiral sp>-hy-
bridized carbon atom where the chiral center(s) in the mol-
ecule is introduced in the reaction.

Direct Hetero-Diels— Alder Reactions of Unactivated
Ketones

A simple and elegant process for accelerating hetero-
Diels— Alder reactions of ketones was presented recently by
Rawal et al.’] During an investigation of solvent effects on
the hetero-Diels—Alder reaction of aldehydes with 1-di-
methylamino-3-silyloxybutadiene a significantly higher re-
action rate was found in CHCI; than in other aprotic or-
ganic solvents. It was concluded that this increased reactiv-
ity was due to a C—H-+-O=C hydrogen bond interaction
between CHCI; and the carbonyl oxygen atom, making the
carbonyl group a stronger hetero-dienophile (Figure 2).

’,H—Solvent
o

A

R "R?

Figure 2. Activation of a ketone by hydrogen bonding with a sol-
vent
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Solvent studies showed that unactivated ketones, which
generally are considered to be unreactive,l'! could be acti-
vated by hydrogen-bonding solvents and underwent hetero-
Diels—Alder reactions with activated dienes. An investi-
gation of various solvents revealed that a smooth [2+4]
cycloaddition of ketones 1 with 1-dimethylamino-3-silylox-
ybutadiene 2a took place in 2-butanol at room temperature,
giving the hetero-Diels—Alder product 3 after hydrolysis
[Equation (1)].%

NMeZ
0 X X
)J\ * ;\ 1;& o
R1 R2 z OTMS 2-BuOH R R2 o
1 2a 3

R = R2 = (CH,)s: 78%
R'=R?=(CHy)s: 41%
R!=R? = Me: 40%

It was found that solvents with less-shielded hydroxy
groups were more effective in accelerating the reaction. The
reaction proceeded well, with ketones such as cyclohexa-
none, cyclopentanone and acetone giving a variety of spiro-
dihydropyrones in moderate to good yields [Equation (1)].
The hetero-Diels—Alder reactions promoted by hydrogen
bonding are sensitive to steric and electronic variations in
the ketone; for example the reaction of cyclohexanone was
completed in 5 h, while the reaction of 2-methylcyclohexa-
none was only 50% complete after four days.>

To understand these solvent-assisted reactions, a compu-
tational investigation was performed to assess how hydro-
gen-bond interactions with CHCl; influence the chemical
reactivity of the ketone in the hetero-Diels—Alder reaction
of acetone with 1-dimethylamino-3-silyloxybutadiene.[!
These calculations showed that in the gas phase, the hydro-
gen-bond activation of acetone by one and two CHCI; mol-
ecules reduces the activation energy for the hetero-
Diels—Alder reaction from 19.3 to 13.6 and 8.5 kcal/mol,
respectively.

Rawal et al. contributed with an important extension of
the hydrogen-bonding-promoted hetero-Diels—Alder reac-
tions as they showed that chiral diols, such as TADDOL
a,0,0,0'-tetraaryl-2,2-dimethyl-1,3-dioxolane-4,5-dimethanol),
could catalyze the [2+4] cycloaddition of aromatic alde-
hydes with 1-dimethylamino-3-silyloxybutadiene to give di-
hydropyrones with excellent enantioselectivity.l”? This result
showed that hydrogen bonding activation of a simple chiral
alcohol to a carbonyl compound can be compared to en-
zymes.

The number of other hetero-Diels—Alder reactions of
unactivated ketones with dienes is limited. Strong Lewis ac-
ids such as Me,AlICl used in equimolar amounts were found
to promote the hetero-Diels—Alder reaction of a Danishef-
sky-type diene grafted onto a modified Merrifield resin with
different ketones in moderate yields.®] The reaction of, for
example, cyclohexanone, acetophenone and benzophenone
gave the hetero-Diels—Alder adducts in moderate yields
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(55%, 24% and 39%, respectively) after removing the resin
by standard procedures. Similar dienes, not attached to a
solid phase, have previously been reacted with the same ke-
tones, catalyzed by ZnCl,, and good yields of the corre-
sponding dihydropyrones were obtained.!

Direct Hetero-Diels— Alder Reactions of Activated Ketones

Prior to the development of the hydrogen-bonding-cata-
lyzed hetero-Diels—Alder reaction of unactivated ketones,
based upon a C—H-+-O=C hydrogen-bond interaction be-
tween CHCI; and the carbonyl oxygen atom, Rawal et al.
showed that the activated ketone, methyl pyruvate 4a, re-
acted with 1-dimethylamino-3-silyloxybutadiene 2a in
CHCI; at —40 °C. After acetyl chloride workup (removal
of the TMS and NMe, groups) the carboxylated dihydropy-
ranone 5a was isolated in 77% yield [Equation (2)].11%

NM82
~
0 oD . /‘))\/:\L @
CHC|
Me COZMG = OTMS —40 0% MZ'SZC (0]
4a 2a 5a
77% yield

The majority of the recent work dealing with hetero-
Diels—Alder reactions of activated ketones has been con-
centrated on asymmetric catalysis. The substrate in these
reactions, such as an o-keto ester, is set up for bidentate
coordination to a chiral Lewis acid as outlined in Figure 3.
The bidentate coordination of the a-keto ester to the chiral
Lewis acid has two purposes: (i) to activate the keto func-
tionality for reaction, and (i) for the chiral ligand to dis-
criminate one of the faces of the ketone functionality. In
Figure 3 the Re-face of the ketone is shielded by a C,-sym-

metric chiral ligand.
[egn

M 3
\\\‘//o/ Y%
e

OR!

Figure 3. Coordination of a an o-keto ester to a chiral C,-sym-
metric metal complex

a-Keto esters 4 and a-diketones 4 react with activated
dienes of the Danishefsky type 2b in the presence of chiral
copper(11) complexes. The first catalytic highly enantioselec-
tive version of the hetero-Diels—Alder reactions was cata-
lyzed by C,-symmetric bis(oxazoline)!' -copper(i1) com-
plexes [Equation (3)].112

The tBu-(bisoxazoline)(BOX)-Cu(OTf), complex turned
out to be a general catalyst for the catalytic enantioselective
hetero-Diels— Alder reaction of different a-keto esters 4 and
a-diketones 4 with the Danishefsky-type of dienes 2b. The
hetero-Diels—Alder adducts 5 were obtained after hydroly-
sis with TFA and the most remarkable feature of the cata-
lytic system is that the reactions proceed with excellent en-
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antioselectivities and yields using only 0.05 mol % of the
catalyst. The yield and enantiomeric excess of the hetero-
Diels—Alder adducts obtained for reaction with Danishef-
sky’s diene (R?> = R* = H) were, for example, 90% yield
and 98.4% ee for methyl pyruvate, 88% yield and 93.9%
ee for 2,3-butadione, and 76% yield and 97.8% ee for 2,3-
pentadione. The absolute configuration of 5 using the (.S)-
enantiomer of the tBu-BOX ligand was consistent with an
intermediate of the type shown in Figure 3 in which the
tert-butyl group of the chiral ligand shields the Re-face of
the ketone allowing the diene to approach the Si-face of the
ketone. The catalytic enantioselective hetero-Diels—Alder
reaction of a-keto esters and o-diketones is a simple pro-
cedure for the synthesis of optically active dihydropyrones
having a chiral quaternary carbon atom, as well as several
chemical handles/functionalities which can easily be ma-
nipulated using standard chemical techniques. Methyl py-
ruvate has also been reacted with Danishefsky’s diene in the
presence of a chiral catalyst prepared from chiral diamines,
carbonyl compounds and copper(m).['3] The chiral catalysts
were formed by reaction of, for example, (15,25)-diphenyl-
ethylene diamine with ketones and Cu'! salts; the highest
enantiomeric excess obtained of the hetero-Diels—Alder
adduct 5a, isolated in 85% yield, was 94% ee using the cata-
lyst obtained from cyclobutanone.

Simple dienes, such as cyclohexadiene and cyclopen-
tadiene, do not react with a-keto esters and a-diketones in
the presence of C,-symmetric BOX-Lewis-acid complexes
as catalysts. In order for these less-activated dienes to react
with ketones the carbonyl function has to be even more
activated. It has been found that, for example, ketomalon-
ate 6 reacts with cyclohexadiene 7 using chiral Lewis-acid
catalysis [Equation (4)].l'l Screening investigations revealed
that the chiral Ph-BOX-Zn'" complex was a convenient
catalyst for the reaction of 6 with 7 and the hetero-

o]
J .+ O
Et0,C”7 “CO,Et

J\O )

BOX-Zn(ll)

CO,Et
10 mol% CO,Et
6 7 8
94% yield and 91% ee
Me Me
o~
SIS
S ozn
Ph (D) Ph
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Diels—Alder adduct 8 could be obtained in high yields and
with up to 91% ee.

The Ph-BOX-Zn!"' complex can also catalyze the hetero-
Diels—Alder reaction of ketomalonate 6 with other conju-
gated dienes.'*! Cyclopentadiene reacts smoothly with 6,
however, the hetero-Diels—Alder adduct is unstable above
—30 °C, while the Danishefsky-type dienes reacted with 6
catalyzed by Ph-BOX-Zn'! to give the corresponding het-
ero-Diels—Alder adducts in good yields and enantioselec-
tivity. The reaction course of 6 with Danishefsky’s diene is
metal-ion dependent: the use of zinc(i1) gives the desired
hetero-Diels—Alder adduct, while the copper(ir)-catalyzed
reaction gives a mixture of the hetero-Diels—Alder and
Mukaiyama aldol adducts.

The hetero-Diels—Alder adduct 8 obtained from the
catalytic enantioselective reaction of ketomalonate 6 with
cyclohexadiene 7 is equivalent to the adduct obtained from
an enantioselective addition of cyclohexadiene to CO, as
outlined at the top of Scheme 1. Indeed, saponification of
the hetero-Diels—Alder diester 8 followed by addition of
acid results in the dicarboxylic acid, which by treatment
with CAN gives the chiral CO, synthon — lactone 9 — in
42% overall yield from 8. Reduction of 9 with LiAIH, gives
the diol 10 in 94% yield and 83% ee (Scheme 1). The out-
come (10) of the catalytic enantioselective hetero-
Diels—Alder reaction of the ketomalonate 6 with cyclo-
hexadiene 7 as shown in Scheme 1 is, in principle, a stereo-
selective 1,4-addition of a hydroxy group and a hydroxy-
methyl group to 1,3-cyclohexadiene.['4]

Bolm et al. have successfully applied a chiral bis(sulfoxi-
mine) (BiSOX)-Cu(OTf), as catalyst for the hetero-
Diels—Alder reaction of ketomalonate 6 with cyclohexadi-
ene (7) [Equation (5)].I' The reaction afforded the hetero-
Diels—Alder adduct 8 in excellent yield and enantioselectiv-

< >

\_ 0 o)
—C= —_— — /

P CO,Et

I:\ R

1) KOH
710 2HC 419 CAN
CO,Et COH —=
CO,Et CO,H
8
OH
LiAIH,
Lﬁo ()
o H
CH,OH
9 10

Scheme 1. Top: The principle for the formation of a chiral CO,
synthon; bottom: synthesis of the chiral CO, synthon 9 and the
formation of the optically active 1,4-disubstituted 2-cyclohexene 10
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ity and thus afforded an improved synthetic procedure
towards anticapsine. The absolute configuration of 8 was
determined to be (1S5,4R) when using the (S,S)-BiSOX-Cu-
(OTY), catalyst. Later developments by the same group led
to the introduction of a new class of quinoline-based C;-
symmetric monosulfoximine ligands [Equation (5)].1'®! The
use of these new ligands in combination with Cu(OTf), as
the Lewis acid also afforded the enantioselective hetero-
Diels—Alder reaction of 6 with 7. Based on an X-ray struc-
ture of one of the chiral quinoline-based C;-symmetric
monosulfoximine ligands and CuCl,, in which the two ni-
trogen atoms of the chiral ligand coordinate to the cop-
per(1) center, an intermediate was proposed in which the
ketone oxygen atom and one ester carbonyl atom coordi-
nate to the copper(ir) center in a bidentate fashion with a
distorted tetrahedral geometry.['®]

0O
I O R e w
EtO,C CO,Et Chiral CO,Et
catalyst CO,Et
6 7 8
} Q e i )
Mea'a= =c=0 1 Qe —
S=N N=8= R'—S=N N
herl k2 ¢l R
{n (n
BiSOX up to 86% yield

92% yield and 98% ee and 89% ee

Only a few other examples of catalytic enantioselective
hetero-Diels— Alder reactions of activated ketones with di-
enes have been published over the last couple of years. A
chiral 1,1’-binaphthyl-2,2’-diyl phosphonate-Yb!"' complex
proved to be an excellent catalyst for the hetero-
Diels—Alder reaction of phenylglyoxylate 4b with Danish-
efsky’s diene 2b as up to 99% yield and >99% ee of the
hetero-Diels—Alder adduct 5b was isolated after treatment
with TFA [Equation (6)].1'7) It would be very interesting to
follow the application of this catalyst for the hetero-
Diels—Alder reaction of other ketones as it has also been
shown to be an effective catalyst for the hetero-Diels— Alder
reaction of aldehydes.!'”]

Inverse Hetero-Diels— Alder Reactions of a,f-Unsaturated
Ketones

Compared to the hetero-Diels—Alder reactions of ke-
tones with dienes discussed above, where only a limited
number catalytic and enantioselective reactions have been
reported, the number of hetero-Diels—Alder reactions in
which the ketone functionality is part of a heterodiene is

WWW.eurjoc.org Eur. J. Org. Chem. 2004, 2093—2102
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much higher. The first catalytic inverse-electron demand
enantioselective hetero-Diels—Alder reactions were pub-
lished about 10 years ago. The first version was an intra-
molecular cycloaddition of a heterodiene catalyzed by a di-
acetoneglucose-derived titanium(1v) complex.['®!

In a series of papers Wada et al. initiated the first inter-
molecular catalytic enantioselective hetero-Diels—Alder re-
actions of ketones.'” The reaction proceeds well for enones
9 having both alkyl and aryl substituents (R!), which react
with various vinyl ethers 10 to give only one diastereomer
of the hetero-Diels— Alder adduct 11 in very high yields and
enantiomeric excesses [Equation (7)]. The enantioselectivity
of the reaction was dependent on the bulkiness of the al-
koxy substituent of the vinyl ether, with zerz-butyl vinyl
ether giving the best enantioselectivity. Various synthetic
transformations of 11 were also presented.['*]

O._OAK
Phsoy N° (OA"‘ ] . PhSOz/\@“\
N | Chiral 0

e Ti(lV)-catalyst ﬁ 4
1
10
9 up 90% yield
ph Ph and 97% ee
0O
Me p.
TiX
Me><o ;rol 2
Ph ph

In a series of papers staring in 1998, the use of chiral
BOX-copper(i1) complexes as catalysts for the synthesis of
optically active dihydropyrans by the hetero-Diels— Alder
methodology of a,B-unsaturated ketone derivatives was pre-
sented, as well as the development and scope of these reac-
tions. The use of activated o,B-unsaturated acyl phosphon-
ates 12 was introduced by Evans et al.?”! and, indepen-
dently, our group introduced the activated o,B-unsaturated
a-keto esters 13.1*!1 The underlying premise for the use of
12 and 13 was that good levels of diastereo- and enantioind-
uction might be anticipated by coordination of the sub-
strate to the chiral rBu-BOX-copper(ll) catalyst giving the
activated chiral complex 14 (Scheme 2).

Eur. J. Org. Chem. 2004, 2093—2102 wWWww.eurjoc.org
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Scheme 2. Bidentate coordination of activated o,B-unsaturated acyl
phosphonates and esters, 12 and 13, respectively, to the chiral /Bu-
BOX-copper(1) catalyst 14

The hetero-Diels— Alder reaction of o,B-unsaturated acyl
phosphonates 12 with electron-rich hetero-dienophiles 15
catalyzed by chiral rBu-BOX-Cu'" complexes was inten-
sively investigated and the cycloaddition reaction with enols
gave the optically active dihydropyrans 16 in high yields and
with excellent stereoselectivities; some results are provided
in Equation (8).12°4 Other hetero-dienophiles were also in-
vestigated, and for silyl enol ethers the stereochemical out-
come of the reaction was dependent on the silyl group. The
hetero-Diels—Alder reactions proceeded with excellent en-
antioselectivity, however the diastereoselectivity was found
to be dependent on the silyl groups and it was postulated
that these cycloaddition reactions proceed in a non-con-
certed manner.!20°!

R R
oz X A X
N [ BOX-Cu(ll) J\/j ®
MeQ),P” 0 -Cu i
( )2” Y 10 mol% (MeO)zlg oY
12 15 Me, Me 16
0~
8y,
N\ /N Y
Cu z

9
O

Y 0 0]
91% yield upto 100% yield  up to 95% yield
95% ee up 10 92% ee up to 86% ee

The scope of the hetero-Diels—Alder reaction of the a,f-
unsaturated acyl phosphonates was assessed by a series of
product syntheses of which two are presented in Scheme 3.
Oxidation of the hetero-Diels—Alder adduct 16 using
standard dihydroxylation conditions gave the o-hydroxy
lactone 17 in 53% yield [Scheme 3, Equation (9)]. Treatment
of the optically active dihydropyran 16 with dry HCI in
MeOH afforded the corresponding acetal ester by cleavage
of the acetal bond and solvolysis of the enol phosphonate,
followed by treatment with a catalytic amount of pyridin-
ium p-toluenesulfonate to give the formyl ester 18
(Scheme 3, Equation (10)].120d]
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Me
: NMO, BUOH We
0s0, (10 mol%)
(MeO),p” 0" “OEt 0" okt
16 17
53%
Me
: 1) HCI Me
2)PPTS
L J (10)
(MeO),p” 0" "OEt MeO,C  CHO
° 16 18
73%

Scheme 3. Synthetic transformation of hetero-Diels—Alder adduct
16; the formation of the optically active a-hydroxy lactone 17 is
presented in Equation (9) and Equation (10) shows the synthesis
of an optically active formyl ester 18

The same catalytic system was applied to hetero-
Diels—Alder reactions of o,B-unsaturated acyl esters 13
with different electron-rich hetero-dienophiles 15.1200-20d.21]
The chiral /Bu-BOX-Cu' complex was found to be an effec-
tive catalyst for this reaction, and gave the corresponding
dihydropyrans 19 in high yields and with excellent stereo-

selectivity [Equation (11)].[20b-20d.21]
R1 R1
= X | 2 X
+ (11)
RPO Mg EY BOX-Cu(ll) RZO\“/CJ‘/,Y
10 mol%
(@] (0]
13 15 Me, Me 19
o4y
N
N7 ?
Cu EY
Bu {in Bu
X
[ - O L
Y (0] OR'
up to 96% yield up to 95% yield
up to >99.5% ee up to >99.5% ee

The utility of the optically active dihydropyrans 19 ob-
tained in these hetero-Diels—Alder reactions was demon-
strated by their transformation into various optically active
carbohydrates (Scheme 4).1??l The formation of the optically
active spiro-carbohydrate 20 was achieved by the catalytic
enantioselective cycloaddition reaction of the correspond-
ing a,B-unsaturated acyl esters with a-methylenetetrahydro-
furan; the hetero-Diels—Alder adduct 19a was obtained as
the major diastereomer in up to 76% ee [Scheme 4, Equa-
tion (12)]. Standard chemical manipulations afforded 20,
which is related to compounds found in a variety of natural
products such as pheromones, steroid derivatives, antipara-
sitic agents or polyether antibiotics.[>3! In Scheme 4, Equa-
tion (13), the formation of an ethyl B-pD-mannoside tetra-
acetate 21 from the hetero-Diels—Alder adduct 19b is pre-

2098 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sented also using standard procedures. This synthesis, using
the hetero-Diels—Alder approach, is an alternative to the
use of carbohydrates for the synthesis of these types of com-
pounds.

The hetero-Diels— Alder reaction of a,B-unsaturated acyl
esters with electron-rich alkenes catalyzed by the chiral /Bu-
BOX-Cu'" complex has also been used for the formation of
optically active amino carbohydrates.** The reaction of y-
amino-protected B,y-unsaturated a-keto esters 13 with al-
kenes 15 afforded the hetero-Diels—Alder adducts 22 in
good yield and high diastereo- and enantioselectivity, and
with full control of the stereocenter at the amino carbon
atom [Equation (14)]. These carbohydrate precursors con-
taining nitrogen atoms are interesting compounds in re-
lation to the synthesis of carbohydrates as inhibitors of glu-
cosidases for treatment of diabetes and drugs against influ-
enza !>

NPg
= X aX
Rlo. A * [ reo ! (4
BOX-Cu(ll) oy

° Y 10 mol%
o] ° o)

13 15 Me Me 22
o\’)\ro up to 95% vield
S/ | |\> diastereo control
N_ N

up to >99% ee

Bu

C
Bu (||ljI

The mechanism of the hetero-Diels—Alder reactions of
o,B-unsaturated acyl phosphonates 12 and esters 13 with
electron-rich  hetero-dienophiles  has  also  been
investigated.?°~ 22 The diastereoselective preference for the
cis-2,4-disubstituted dihydropyrans products is in agree-
ment with an endo transition state. This is consistent with
a secondary orbital interaction between the LUMO at the
carbonyl atom of the a,B-unsaturated acyl system and the
HOMO of the dienophile, as outlined in Figure 4.[20d]

The face selection of the reaction is determined by the
absolute configuration of the chiral ligand. As outlined in
Figure 3 and 4, the substrate in these reactions coordinates
in a bidentate fashion to the copper(ir) center. For this chi-
ral tBuBOX-Cu''-catalyzed reaction there is evidence sup-
porting a substrate-chiral catalyst complex in which the an-
gle of the plane of the coordinated 2-keto ester and the
plane of the copper-bis(oxazoline) ligand is about 45°.[2¢]
The use of the (S,S)-1Bu-BOX-Cu'! complex as catalyst will
thus lead to a new complex in which the zerz-butyl substitu-
ent shields the a-Si-face of the coordinated o,B-unsaturated
acyl system similar to the face-shielding shown in Figure 3.
The electron-rich hetero-dienophiles will thus approach the
o,B-unsaturated acyl system from the a-Re-face, as outlined
in Figure 4.

A change from vinyl ethers to ketene acetals, for example,
in these hetero-Diels—Alder reactions catalyzed by chiral
BOX-Cu'" complexes led to a different reaction course.?”!
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1) LiAIH,

2) BH,-SMe,
3) NaOH, H,0,

(12)

40% yield
100% de
OBn OAc OAc
AWOAC oo ACO A OAC OAc
| ] h \(j = AcO OEt (13)
Eto 0~ "OEt o7 oet A
o} OAc
19b 21
a) LiAIH,, b) Ac,0, ¢) BH,-SMe,, d) NaOH, H,0,,

e) Ac,0, f) H,-Pd(OAc),, g) Ac,O

Scheme 4. Synthetic transformations of hetero-Diels—Alder adduct

19; the formation of an optically active spiro-carbohydrate 20 is

presented in Equation (12) and Equation (13) shows the synthesis of an optically active ethyl f-pD-mannoside 21

7N

N _N
Cu

o

X

Y
U—r

Figure 4. Secondary orbital interaction of the HOMO of the dieno-
phile with the LUMO of the o,p-unsaturated acyl system

/

_____o\

R?

Under these reaction conditions two ketene acetal mol-
ecules added to o,B-unsaturated acyl esters, for example,
and gave functionalized optically active d-lactone acetals in
good yields and with up to 95% ee.

Wada et al. have also developed a novel catalytic asym-
metric tandem-transesterification-intramolecular hetero-
Diels—Alder reaction.[?! Their concept is outlined in
Scheme 5. The process involves first the conjugate addition

Me
MeO. CO,Me PPN
ST Me TS OH
o}
13 23
BOX-Cu(l!) (15)
10 mol%
Me, Me
o 0 up to 90% yield
| |\) up to 98% ee
N, N
Cu %
Bu ) Bu

Eur. J. Org. Chem. 2004, 2093—2102 wWWww.eurjoc.org

of unsaturated alcohols to B-alkoxy-substituted o,B-unsatu-
rated esters and then a reversible elimination of alcohols,

followed by the catalytic enantioselective hetero-
Diels—Alder reaction.
w 4
R 1
Ro\)YCOZMe N >=/\'LRR2 2
R® OH

0]

R w
R3>=/R>’——OWCOZMe
2
R" orR 0

W
R o CO,Me
R *»/K”/ Me 4 RoH
o)
R3
R4

R1
¢ o O A\ -CO:Me
o}
R R®

a) transesterification, b) alcohol elimination
c¢) catalytic asymmetric hetero-Diels-Alder reaction

Scheme 5. Catalytic asymmetric tandem transesterification-intra-
molecular hetero-Diels—Alder reaction

The catalytic asymmetric tandem transesterification-in-
tramolecular hetero-Diels—Alder reaction was investigated
for a series of catalysts such as the chiral TADDOL-Ti"V
and BOX-Cu'' complexes.[’*"! Careful optimization re-
vealed that the chiral BOX-Cu(OTf), complex, in the pres-
ence of molecular sieves to avoid an acid-catalyzed reaction,
afforded the trans-fused hydropyranopyran derivative 24 in
high yield and excellent enantioselectivity [Equation (15)].

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2099
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In relation to the reactions above for ketones, one ex-
ample of a closely related catalytic enantioselective inverse-
electron demand hetero-Diels—Alder reaction of ao,B-un-
saturated aldehydes should be mentioned briefly [Equa-
tion (16)].2°1 Jacobsen et al. have shown that the chiral
Schiff base-Cr™" complex is a highly diastereo- and enanti-
oselective catalyst for the hetero-Diels—Alder reaction of
different substituted a,B-unsaturated aldehydes 25 with
ethyl vinyl ether 26 in particular. The scope of the reaction
was demonstrated, and the use of the hetero-Diels—Alder
adducts obtained was documented by various synthetic
substitution reactions of one of the dihydropyran deriva-
tives formed.

R? R?
1 1
R - R
o * m —— | (16)
25 26 27
70-95% yield
Me >95% de
89-98% ee
N0
we
X
0 cCl
The concept of inverse-electron demand hetero-

Diels—Alder reactions has been extended to organocata-
lytic asymmetric hetero-Diels— Alder reactions.*®! This con-
cept is based on the consideration that the enamine 30
formed by reaction of a chiral amine 28 with an aldehyde
29 can be considered as an electron-rich alkene, which will
react in a cycloaddition reaction with o,B-unsaturated acyl
esters 13 to give the hetero-Diels—Alder adduct 31, which,
after cleavage of the aminal group in 31 by silica, gives the

hemiacetal 32, obtained as a mixture of the two anomers
(Scheme 6).

XR
~ == Elctron-rich
R alkene
Hzo [;_)‘Rtt
3
/l Oy -COR
o] R “
2 30 R?
R! Ré 13
: a
N._O._CO,R?

28 silica R?
3
HO. _O._COR® M0
Iy
RN
R?
32

Scheme 6. Catalytic principle of the organocatalytic hetero-
Diels—Alder reaction

Chiral amines based on (2S)-pyrrolidines can catalyze the
hetero-Diels—Alder reaction of aldehydes 29 with ao,B-un-
saturated acyl esters 13 giving the two anomers of 32, which
can also exist as the open form 33 (Scheme 7). Oxidation
of 32 affords lactone 34 as a single diastereomer.*% (S)-2-
Bis(3,5-dimethylphenyl)pyrrolidine was found to be a useful
catalyst for this organocatalytic hetero-Diels—Alder reac-

HO. _O.__.CO,R® Os_O.__CO,R®
R TR
_'.2 ﬁz
Os__CO.R® R
? . A 2™ Catalyst 12 2
7 Silica up to 83% yield
R R2 up to 94% ee
29 13 o| R o
CO,R3
Me i\Ra\)J\ A
33
Q Me
N
H
Q Me
Me

Scheme 7. The organocatalytic hetero-Diels—Alder reaction of aldehydes 29 with a,B-unsaturated acyl esters 13 catalyzed by a chiral

pyrrolidine catalyst

2100 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion and it was demonstrated that different aldehydes 29
reacted with 13 to give the optically active lactone 34 in
good yield and enantiomeric excess.

The absolute configuration of the hetero-Diels—Alder
adduct obtained by this organocatalytic reaction was used
to determine the stereochemical outcome of the reaction.
The proposed transition-state model is shown in Figure 5.
The electronic properties of the enamine intermediate (30
in Scheme 6) govern the regioselectivity, while the 2-diaryl-
methyl substituent on the pyrrolidine ring shields the Si-
face of the enamine. Thus, the 2-diarylmethyl substituent of
the enamine intermediate controls the endo addition of the
a,B-unsaturated acyl ester to the Re-face of the alkene frag-
ment.

Figure 5. Proposed transition-state model for the diastereo- and
enantioselective organocatalytic hetero-Diels—Alder reaction

The hetero-Diels—Alder approach to ketones has also
been used more directly for the synthesis of pharmaceut-
ically interesting compounds, such as the optically active
anticoagulant warfarin.?'l The synthesis of optically active
warfarin was based on a diastereoselective, one-pot, three-
component Knoevenagel-hetero-Diels—Alder reaction be-
tween in situ generated 3-arylidene-3,4-chromandiones 35
and isopropenyl ether 36 derived from (—)-menthol as the
chiral auxiliary, as outlined in Scheme 8.1321 Both warfarin
38 and other interesting compounds were prepared in high
yields by the approach in Scheme 8 and among the different
vinyl ethers used as dienophiles, the isopropyl ether derived

- R*OH

R* = (~)-menthol

38

Scheme 8. Knoevenagel-hetero-Diels—Alder reaction for the for-
mation of optically active warfarin

Eur. J. Org. Chem. 2004, 2093—2102 wWWww.eurjoc.org

from (—)-(1R,2S,5R)-menthol gave the best results.>!1 After
removal of the chiral auxiliary from 37 and recrystalliza-
tion, enriched warfarin was obtained with a 95% ee.

Finally, one more example of a diastereoselective inverse-
electron demand hetero-Diels—Alder reaction should be
mentioned. Chiral allenamides, based on, for example, chi-
ral oxazolidinones, have been reacted with heterodynes,
such as aryl vinyl ketones, to give highly functionalized 2-
aryl-pyranyl heterocycles in moderate to high yields and
with diastereomeric ratios >96:<4.53]

Conclusion

The hetero-Diels—Alder reaction of ketones is a chal-
lenge to chemists as ketones are less reactive than aldehydes
and therefore require special reaction conditions in order
to undergo cycloaddition reactions. The oxygen-containing
heterocycles obtained from hetero-Diels—Alder reactions of
ketones are important compounds in chemistry as they, for
example, contain a quaternary carbon atom, which might
also be chiral.

Recent developments have shown that hydrogen-bonding
solvents can activate ketones for hetero-Diels—Alder reac-
tions with activated dienes. A chiral Lewis acid can catalyze
the direct-electron demand hetero-Diels— Alder reactions of
activated ketones and chiral copper(il) complexes are es-
pecially useful catalysts for these reactions. For the inverse-
electron demand hetero-Diels—Alder reactions, chiral cop-
per(11) complexes can catalyze the cycloaddition of a,B-un-
saturated acyl compounds with electron-rich alkenes in high
yield and excellent diastereo- and enantioselectivity. These
reactions have also found use in the total synthesis of valu-
able compounds. Chiral amines can be used as catalysts as
they generate an enamine, which can be considered as an
electron-rich alkene, upon reaction with an aldehyde and
therefore undergoes hetero-Diels—Alder reactions with a,p-
unsaturated acyl compounds giving the hetero-Diels— Alder
adduct with high stereoinduction.

The catalytic asymmetric hetero-Diels— Alder reaction of
ketones is just beginning, and one of the challenges for
chemists in the coming years is, for example, to develop
a catalytic enantioselective reaction of simple unactivated
ketones and a,B-unsaturated ketones.
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