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The hetero-Diels—Alder reaction is one of the most powerful trans-
formations in the chemistry toolbox for the synthesis of aza- and oxa-
heterocycles embodying multiple stereogenic centers. However, as
compared to other cycloadditions, in particular the dipolar cyclo-
additions and the Diels—Alder reaction, the hetero-Diels—Alder reac-
tion has been much less explored and exploited in organic synthesis.
Nevertheless, this powerful transformation has opened up efficient and
creative routes to biologically relevant small molecules and different
natural products which contain six-membered oxygen or nitrogen ring
systems. Recent developments in this field, in particular in the estab-
lishment of enantioselectively catalyzed hetero-Diels—Alder cyclo-
additions steered by a plethora of different catalysts and the applica-
tion of the resulting small molecules in chemical biology and medicinal
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chemistry research, are highlighted in this Minireview.

1. Introduction

The hetero-Diels—Alder (HDA) reaction, that is, the
[442] cycloaddition in which the diene or the dienophile
contains at least one heteroatom (Figure 1), is among the
most efficient methods for the synthesis of oxa- and aza-
heterocycles. However, despite its efficiency, in comparison to
the all-carbon Diels—Alder (DA) cycloaddition, it has been
far less exploited and explored in organic synthesis. For
instance, while major strides have been made in the develop-
ment of enantioselectively catalyzed DA reactions, efforts to
develop asymmetric HDA reactions are relatively few.
Interestingly, for several natural products it has been hy-
pothesized that their biosynthesis includes an HDA step.

However, contrary to the recent discovery of Diels—
Alderases, enzymes catalyzing DA reactions in vivo for the
synthesis of secondary metabolites,"! there is only little
information available about hetero-Diels—Alderases.” Never-
theless, this powerful transformation, which constructs six-
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Figure 1. Nomenclature of hetero-Diels—Alder reactions. In the case of
an oxygen atom as a heteroatom, the reaction is called an oxa-Diels—
Alder reaction and when it is a nitrogen atom, the term aza-Diels—
Alder is used. A nitroso-Diels—Alder reaction is a variant where vicinal
N and O atoms are implied in the cycloaddition

membered heterocycles in one step, has found its logical use
in synthetic strategies designed to yield biologically active
small molecules. In many cases, an enantioselective synthesis
of a desired heterocycle is the key step in targeting
a compound with known biological activity, like natural
products. Alternatively the goal of the synthesis may be to get
access to a hit or lead structure from a compound collection
based on biologically relevant molecular frameworks. By
employing either chiral catalysts or chiral auxiliaries embed-
ded in the substrates, diastereo- and enantioselective HDA
reactions have successfully enabled the synthesis of small
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bioactive molecules. Also, different modes of activation that
were initially developed for the DA reaction proved efficient
for the HDA reaction. For instance, the relative HOMO-
LUMO orbital energies of substrates can be modulated by
means of the right choice of catalysts, such as a Lewis acid or
a nucleophilic organocatalyst, and by varying reaction
conditions such as temperature.”!

In this Minireview, we focus on the applications of
asymmetric HDA reactions in the syntheses of biologically
relevant molecules reported since 2005, including the syn-
thesis of natural products and natural-product-inspired com-
pound libraries. For more comprehensive discussions about
the subject and the application of hetero-Diels—Alder reac-
tions in industrial syntheses of active ingredients, the reader is
referred elsewhere.*%! Furthermore, the synthesis of biolog-
ical building blocks, such as sugars, using HDA reactions is
analyzed. Finally, asymmetric HDA reactions which make use
of biomimetic synthesis and employ biocatalysts are de-
scribed.

2. Asymmetric Hetero-Diels—Alder Reactions in the
Total Syntheses of Natural Products

Hetero-Diels—Alder reactions with aza- or oxa-substitut-
ed dienes or dienophiles are powerful methods to assemble
heterocycles, in a regio- and stereoselective manner, for the
synthesis of natural products. There are many advantages
which make HDA transformations an especially useful
method in the synthesis of complex molecules. Mild reaction
conditions for organocatalyzed or Lewis acid catalyzed
reactions, high atom economy, and tolerance of non-interact-
ing functional groups makes the HDA reaction a preferred
transformation.”!

The polyketide natural products anguinomycins, lepto-
mycin B, and their derivatives have been synthesized by using
an oxa-Diels—Alder reaction at an early stage.’! The total
synthesis begins with an asymmetric HDA reaction between

catalyst 3 (2.3 mol%)

o
molecular sieves (4A)
HOINSL 7\ oy Mo Seres (A
1 TES 2

Scheme 1. Synthesis of leptomycin B (5) using an oxa-Diels—Alder
reaction as a key step for heterocycle formation. TES =triethylsilyl.

Angew. Chem. Int. Ed. 2014, 53, 1114611157

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

Herbert Waldmann was born in Neuwied,
Germany and received his PhD in 1985
under the guidance of Prof. H. Kunz. After
a postdoctoral appointment with Prof.

G. Whitesides at Harvard University, he
completed his habilitation at the University
of Mainz in 1991. In 1999 he was
appointed Director at the Max Planck
Institute of Molecular Physiology Dortmund
and Professor of Organic Chemistry at the
University of Dortmund. His research in-
cludes the syntheses of signal transduction
modulators and natural-product-derived
compound libraries and their biological
evaluation.

Kamal Kumar was born in Amritsar, India.
He studied Pharm. Sciences at Guru Nanak
Dev Univ. Amritsar and later completed his
PhD in 2000 under the supervision of Prof.
M. P. S. Ishar. Since 2006 he has led

a group in the department of Chemical
Biology at the MPI for Molecular Physiol-
ogy, Dortmund. His research interests in-
clude the development of natural-product-
based libraries, cascade reactions, organo-
and coinage metal catalyzed annulations,
and probing biological functions with small
molecules.

Vincent Eschenbrenner-Lux was born in
Strasbourg, France where he received his
MSc in Chemistry and Biology in 2010 from
the University of Strasbourg. He is currently
a graduate student in the group of Prof.

H. Waldmann and his studies focus on
natural-product-inspired compound collec-
tion synthesis using hetero-Diels—Alder and
cascade reactions.

the aldehyde 1 and diene 2, and was catalyzed by the Jacobsen
chromium(III) catalyst® 3 to yield the tetrahydropyran 4 in
86 % yield and with 96 % ee (Scheme 1). The building block 4
is then further processed through functionalization of the
alkyne to build the polyketide chain. The stereochemistry
introduced by the enantioselective oxa-Diels—Alder reaction
of 4 further directs the synthesis of polyketides like leptomy-
cin B (5).

These polyketides were evaluated for the inhibition of
nucleocytoplasmic transport by Gademann et al® Both
anguinomycins C and D strongly inhibited Crm1l-mediated
nucleocytoplasmic transport and may therefore be potential
anticancer agents. The truncated d-lactone 6 (Scheme 1),
obtained after two steps from the oxa-Diels—Alder adduct
completely blocked Crm1-mediated nuclear export at 50 nM,
and led to the accumulation of the Rio2 protein in the nucleus
at 25 nM. Structural simplification of complex natural prod-
ucts may retain the desired biological activity of the parent
compound and is a promising approach for the development
of novel bioactive compounds inspired by natural prod-
ucts."®"l The HDA reaction proved its potential in the
synthesis of leptomycin analogues, since it was the key
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Scheme 2. Synthesis of (+)-gonotriol and analogues by a hetero-Diels—
Alder reaction between oxadiene (7) and a dienophile (8). Pin=pina-
col, TBDPS =tert-butyldiphenylsilyl.

reaction in providing the functionalized core which was used
later for the preparation of natural product analogues.

Another example of an oxa-Diels—Alder reaction cata-
lyzed by a chromium(III) catalyst was reported by Carboni
et al."” An inverse-electron-demand HDA reaction between
the oxadiene 7 and vinyl ether 8 as the dienophile proceeded
smoothly and set the stereochemistry at an early stage of the
synthesis (Scheme 2). The HDA reaction yielded the allyl-
borane 9 which reacted with the aldehyde 10 to provide
a common building block (11), which in a few steps gave
access to (+)-gonotriol (12), (4+)-gonodiol (13), (+)-altholac-
tone (14), and (—)-gonifupyrone (15). The compounds 12-15
were isolated from Goniothalamus sp. and have anticancer
activity. Annexin staining of HL-60 cells treated with 14 in
a flow cytometry experiment indicated a concentration-
dependent increase of apoptosis. Pre-treatment of cells with
the antioxidant N-acetylcysteine (1 mm) led to complete
abrogation of apoptosis induced by 14 and indicated involve-
ment of oxidative stress.!'*'¥

In a synthesis of (4)-neopeltolide (20),"” the pyrane ring
within the macrocycle was synthesized through an oxa-Diels—
Alder reaction between the silyloxydiene 16 and aldehyde 17
in the presence of the catalyst 3 to form the intermediate 18 in
83% yield and with good diastereoselectivity (d.r. 97:3;
Scheme 3). Additional macrocyclization, reduction, and
esterification afforded the potent antiproliferative and cyto-
toxic agent!'®!'"l (4)-neopeltolide (20) in 14 % yield over five
steps.

Indolizidine, quinolizidine, and piperidine alkaloids en-
compass a large group of natural products which display
a broad range of biological activities. Lasubines I (26) and II
(27) are two quinolizidine alkaloids isolated from plants of the
Lythraceae family, and differ only in the configuration at C10
(Scheme 4).81 An elegant application of the asymmetric
HDA reaction was reported in the total synthesis of the
lasubines by exploiting a chiral ferrocene catalyst in the key
HDA reaction.™ Thus, the core heterocycle was generated by
an imino-Diels—Alder reaction between Danishefsky’s diene
21 and the tosylimine 22 in the presence of the Cu/Fesulphos
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Scheme 3. Synthesis of (+)-neopeltolide (20) by an oxa-Diels—Alder
reaction catalyzed by the Jacobsen chromium catalyst 3. TFA=tri-
fluoroacetic acid, Ts =4-toluenesulfonyl.
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(+)-lasubine | (26)  (+)-lasubine Il (27)

Scheme 4. Synthesis of the lasubines 26 and 27 using an enantioselec-
tive imino-Diels—Alder reaction as a key step. THF =tetrahydrofuran,
TMS =trimethylsilyl.

bromo dimer complex 23 as the catalyst and AgClO, in
CH,(l,, thus leading to the piperidinone 24 in 71 % yield and
94 % ee. Additional functionalization of 24 yielded 26 and 27
from the common building block 25.

Diospongins, a new family of diarylheptanoid natural
products isolated from Dioscorea spongiosa display promising
inhibitory activities on bone resorption and are therefore
potential therapeutic agents for treating osteoporosis.” In an
enantioselective total synthesis of diospongins, an oxa-Diels—
Alder reaction, catalyzed by a binol/titanium complex,?!!
introduced the furyl group enantioselectively (Scheme 5).
The stereochemistry established thereby subsequently direct-
ed a diastereoselective rhodium-catalyzed arylation.??! Both
enantiomers of the adduct 31 were obtained using S- and R-
binol and subsequently yielded the corresponding trans-
diastereoisomers 32. The synthesis of diospongin B (30) was
then achieved in five additional steps with an overall yield of
59% from 32. The stereoselective reduction of the ketone to
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Scheme 5. Enantioselective synthesis of diospongin (30) by means of
a key oxa-Diels—Alder reaction. binol =2,2'-dihydroxy-1,1"-binaphthyl,
cod =1,5-cyclooctadiene.

a secondary alcohol was achieved by employing Noyori’s
catalyst. The HDA reaction also facilitated the formation of
analogues of the natural product having the desired biological
activity.

The infamous azaspiracid poisoning incident happened in
1995 when at least eight people in the Netherlands fell ill after
consuming blue mussels (Mytilus edulis).” In 1998, the
Yasumoto group isolated the causative toxin for this poison-
ing as azaspiracid-1 (33).** Since then, 11 azaspiracid
analogues have been described. Biological evaluation of
azaspiracids has revealed a number of toxic effects such as
cytotoxicity in mammalian cell lines,™ teratogenic effects in
finfish,! perturbation of cell adhesion,?”’ modulation of the
actin cytoskeleton,[zg] and inhibitory effects on neuronal
transmission.” The availability of only minute amounts of
azaspiracids from natural sources remains a major hurdle for
deeper biological investigations to better understand the
cause of their toxicity.”*] Therefore, the total synthesis of
these natural products was a logical goal so as to gain access to
these complex molecules and their analogues.

The E and I rings of azaspiracid-1 (33; Figure 2) embody
two syn-1,3-dimethyl fragments of the same configuration and
can be constructed from a common precursor (38;
Scheme 6).°% To this end, an enantioselective oxa-Diels—
Alder reaction was used to generate the dihydropyran 37.
Diethyl ether was the best solvent for this particular HDA
reaction (97% ee, d.r. 94:6) and it was scaled up to 10-
20 grams to provide 37 in 84 % yield as a single isomer. The
cycloaddition between the oxadiene 35 and vinyl ether 34
proceeded readily in the presence of the copper complex 36
(2mol%). A subsequent hydrogenation of the double bond
with Pd/C yielded 38 with very high diastereoisomeric ratio

N (-)-azaspiracid-1
COOH (33)

Figure 2. Structure of (—)-azaspiracid-1 (33).
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Scheme 6. Enantioselective oxa-Diels—Alder synthesis of the common
building block 37 for the synthesis of the azaspiracid rings E and .
Tf=trifluoromethanesulfonyl.
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40 OMe
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MeOH, H,0
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OH
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< ¥ OH -

NH

OH O
dihydronarciclasine (45)

Scheme 7. Synthesis of dihydronarciclasine (45) with an enantioselec-
tive and regioselective nitroso-Diels—Alder reaction as a key step.®"
Py = pyridine, TBS = tert-butyldimethylsilyl.

(98:2). The fragment 38 was further used to generate the
desired E and I ring systems in the total synthesis of 33.

An interesting application of an enantioselective nitroso-
Diels—Alder reaction was reported in the total synthesis of
trans-dihydronarciclasine (45; Scheme 7).**] The desired
stereochemistry in the target molecule was induced by the
key HDA reaction between a decorated cyclohexadiene (39)
and 2-nitrosopyridine (40), thus yielding the regioisomeric
bicyclic compounds 42 and 43 with ee values of up to 99 % .5
The HDA reaction was catalyzed with the chiral Walphos
catalyst 41 in the presence of copper(I). Ring opening of the
bicycle in 42 leads to the intermediate 44 which was
converted, in nine steps with an overall yield of 19 %, into 45.

(4)-trans-Dihydronarciclasine (45) is derived from narci-
clasine, a naturally occurring Amaryllidaceae alkaloid, iso-
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lated from Narcissus pseudonarcissus, which modulates cell
cycle progression. While narciclasine potently inhibits human
cytochrome CYP3AA4, its dihydro analogue was inactive.

Carbo- or hetero-DA reactions can generate multiple new
stereogenic centers, and if the two cycloadditions can be used
in tandem or in a cascade, molecular complexity can be
rapidly built up. In a total synthesis of bolivianine (49) a DA
and an intramolecular hetero-Diels—-Alder (IMHDA) reac-
tion proceeded as a cascade reaction. This heptacyclic
sesquiterpene contains nine stereogenic centers, and was
isolated from Hedyosmum angustifolium.” The DA reaction
of onoseriolide (46) with (-E-ocimene (47) led to the
intermediate 48 which concomitantly underwent an intra-
molecular oxa-Diels—Alder reaction between the o,f-unsatu-
rated aldehyde moiety of onoseriolide and the remaining
double bond of 47 (Scheme 8).1**l By means of this elegant and
ambitious DA/IMHDA cascade, the EFG tricycle of bolivia-
nine (49) was formed in one step.

o 47

_ toluene, 150 °C
o sealed tube, 5h

onoseriolide (46)

L.

Diels-Alder

Scheme 8. Synthesis of bolivianine (49) through a Diels—Alder/intra-
molecular hetero-Diels—Alder cascade reaction.

Rubicordifolin (51) was isolated from Rubia cordifolia.*"!
It displayed significant cytotoxicity both in vitro and in vivo,
thus inhibiting the growth of sarcoma ascites in mice at low
concentrations. In a biomimetic total synthesis of this natural
product, Trauner etal. employed a key oxa-Diels—Alder
reaction.®® The diastereoselective dimerization of naphtha-
lenedione (50) led to 51 in a single step in 45% yield
(Scheme 9). The mechanism of this reaction was thoroughly
investigated using theoretical calculations of the energies and
geometry of the intermediates.’” The monomer 50 cyclizes
divergently to give the oxadiene 54 and dienophile 53 which
undergo an oxa-Diels—Alder reaction to provide the inter-
mediate 55 which undergoes loss of methanol to yield the
desired product 51. The concise, biomimetic synthesis of
rubicordifolin not only fully established the structure but also
provided hundreds of milligrams of the biologically active
natural product which could be easily modified to produce
analogues for biological investigations.

(—)-epi-Bissetone (59) is an antimicrobial pyranone
extracted from Briareum polyanthes.™” For its total synthesis,
a binol/titanium complex-catalyzed oxa-Diels—Alder cyclo-
addition reaction was employed as a key step.“!! Under Lewis
acid catalysis, the diene 56 and aldehyde 57 reacted in toluene
to form the dihydropyran 58 in 71 % yield and with 98 %
enantiomeric excess (Scheme 10). Further modifications of
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Scheme 9. Diastereoselective oxa-Diels—Alder reaction as the key step
in a cascade synthesis of rubicordifolin (51).

OTBS R-binol (1 mol%) oTBS
Ao o
. OACOZEt Ti(OiPr)4 (1 mol%) =
| toluene, 0 °C, 15h ||
56 57 07 NCO,Et

8 (71%, 98% ee)

P ;

0>\HO Q
O,
OH

(-)-bissetone (60)

overall yield: 57% over six steps
dr. 1:1

oHO i
T +
o
OH

(-)-epi-bissetone (59)

Scheme 10. A diastereoselective oxa-Diels—Alder reaction as the key
step in the synthesis of (—)-bissetone (60).

this precursor led to a 1:1 mixture of the diasteroisomers (—)-
bissetone (60) and epi-bissetone (59) in 57 % overall.

An asymmetric rhodium-catalyzed HDA reaction was
employed in the total synthesis of the (—)-cis-aerangis lactone
(66).“”! The methyl-substituted diene 61 underwent an oxa-
Diels—Alder reaction with the aldehyde 62 in the presence of
a dirhodium catalyst (67) in CH,Cl, to form the dihydropyran
63 (Scheme 11). The reaction mixture was subsequently
treated with dimethylacetylene dicarboxylate (DMAD) and
acetyl chloride for combined elimination of dimethylamine
and fert-butyldimethylsilyl chloride to yield the dihydropyr-
anone 65 in excellent yield and with high enantioselectivity.
DMAD was used to trap the excess 61 which would otherwise
react with an oxacarbenium ion generated from 64 and
thereby decreased the yield of 65. Aerangis lactones are
fragrances extracted from the white orchid Aerangis confusa,
and their enantioselective synthesis is of high relevance as
different enantiomers smell differently.
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Scheme 11. Rhodium-catalyzed synthesis of (—)-cis-aerangis lactone
(66).

3. Hetero-Diels—Alder Reactions in the Development
of Small-Molecule Tools for Chemical Biology

The HDA reaction plays a significant role in the synthesis
of complex natural products and the synthesis of small-
molecule libraries. Importantly, HDA cycloadditions can
provide different heterocyclic scaffolds using suitably sub-
stituted heterodienes and dienophiles. However, only in
relatively few cases were asymmetric HDA reactions applied

centrocountin-1 (68)

Angewandte
itermationalediion. CHEIMIIE

in compound-collection synthesis to identify biologically
active small molecules.

Waldmann et al. discovered modulators of centrosome
integrity, termed centrocountins, which caused fragmented
and supernumerary centrosomes, chromosome congression
defects, multipolar mitotic spindles, acentrosomal spindle
poles, and multipolar cell division by targeting the centro-
some-associated proteins nucleophosmin and Crm1.*l The
core molecular framework of the centrocountins, that is, the
tetrahydro[2,3-b]indoloquinolizine was synthesized by means
of a cascade reaction sequence which generates a stereogenic
center carrying an ester moiety (Scheme 12a).[*4]

To vary the ester group and to replace the indole moiety
with other carbo- and heterocycles (ring A; Scheme 12a),
which might provide more potent molecules than centro-
countin-1 (68), a new synthesis strategy was developed. An
enantioselective inverse-electron-demand imino-Diels—Alder
(IEDIDA) reaction between various electron-rich cyclic
imines (69 and 70) and electron-poor chromone dienes (71)
was developed, thus leading to centrocountin analogues
(Scheme 12b). The IEDIDA reaction was catalyzed by
a preformed chiral binol/zinc catalyst to yield intermediary
cycloadducts which open up to yield either indoloquinolizines
(72) or benzoquinolizines (73). The synthesis provided
a compound collection with yields of up to 97 % and ee values
of up to 94%. Subsequently, this compound collection was
screened against HeLa cell lines to investigate modulation of
the cell cycle. The compound (S)-73a emerged as a highly
potent molecule which blocked mitosis in selected cancer cell
lines by inducing chromosome misalignments and formation
of tri- and multipolar spindles, thus ultimately leading to
apoptotic cell death.

| — NI
O OH R? O OH

A = hetero- or carbocyles

R O OH

b)
o)
RS R
P! |
N
R® N r R? o
R7 R3
B 14
5
R ZnEt, (20 mol%), R- or S-
N binol, (40 mol%), toluene,
R® = _78°C, 12h

R* O OH

MeO,C” X

(¢]
(S)-73a

benzoquinolizines 73

Scheme 12. a) Centrocountin-1 (68) and retrosynthetic analysis for analogue synthesis by means of IEDIDA reaction. b) Synthesis of a ring-fused

quinolizine compound collection.
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Natural products embodying the tetracyclic indole core
(74; Scheme 13 a), such as (+)-melonine (75), are used in the
treatment of various disorders, including obesity, anxiety,
depression, non-alcoholic fatty liver disease, and psychiatric
disorders.”*¥] The tetracyclic scaffold of these bioactive
molecules has inspired the synthesis of compound collections
by means of asymmetric aza-Diels—Alder reactions.*! For
instance, in the synthesis of tetracyclic indoles (82), the imines
81 were generated from the aldehydes 77 and aniline 78, and
underwent an aza-Diels-Alder reaction with indole (79) in
the presence of (R)-80 (Scheme 13b). Introduction of direct-
ing ether groups in 77 allowed the installation of three
stereogenic centers in 82 with high diastereoselectivity (95:5),
however enantioselectivity was low. If the aldehyde was
equipped with an oxetane ring as a directing group (see 83)
the reaction proceeded with remarkable diastereo- and
enantioselectivity (Scheme 13¢). The secondary amine of
the cycloadducts induced oxetane ring-opening and thereby
the formation of the tetrahydroisoquinoline ring in 84.

a)
H
74 AW
common core
(0]
Bno\d
N HCl
/
(+)-melonine (75) MCH-I receptor antagonist (76)
b)

m (CHy),OMe
©ifH2)"OMe HZN\Q/OMe 79 H @[;N ; _OMe

+ >
_0

(R)-80 (2.5 mol%) 81
77 7(;'\"3 Et,0, 0.1m, RT

(n=1.2)

W S
(0]
O

(R)-80
Ar = 2,4,6-(1Pr)3CeH2

up to 70% yield
d.r.> 955
ee up to 5%

©) OH

R*/~0 (R)-80 (2.5 mol%)  R2
+78  E0, 0., RT
_ >
@ _o *719
83 R
84
21 examples

up to 97% vyield, up to 98% ee
d.r. 80:20 to 99:1

Scheme 13. a) Three-component one-pot hetero-Diels—Alder reaction.
b and c) Synthesis of a melonine-inspired compound library consisting
of 82 and 84.
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The o,B-unsaturated d-lactone is a frequently occurring
scaffold in natural products® which often are antiprolifer-
atives, immunosuppressives, and enzyme inhibitors. For the
synthesis of a compound library based on the &-lactone
scaffold, an enantioselective oxa-Diels—Alder reaction on
solid support was developed by the group of Waldmann
(Scheme 14).%2 The resin-bound diene 87 reacted with ethyl

fostriecin (86)
(phosphatase inhibitor)

goniothalamin (85)
(cytotoxic)

Cca,
8,T\(O|Pr)z
SO &7

o
0
k[(o\/ 89 |
T CH,Cly, -30° C, 6h COLEt

R? / R!

87 88 0 four steps 20
B CrO3, HpSO4,
A R3 step steps acetone/water,

93 o RT,5h
| (0] o
91-93 R" O
loverall yields up CO,Et

to 40%, 92 R

ee up to 99%

X=0,NH 91

Scheme 14. Solid-phase synthesis of natural-product inspired dehydro-
lactones (91-93) through an enantioselective oxa-Diels—Alder reaction.

glyoxylate (88) in an oxa-Diels—-Alder reaction which was
catalyzed by the chiral binol/titanium complex 89. The resin-
bound cycloadducts 90, upon release under oxidative con-
ditions, led to the d-lactones 91. The cyloadducts 90 were also
transformed into differently substituted d-lactones (92 and
93). Forty compounds were synthesized by this method with
up to 40% overall yield and ee values of up to 99%. The
resulting 8-lactones were evaluated in two phenotype-based
screens monitoring cell cycle inhibition and viral entry into
cells, and new modulators of both biological events were
discovered.

Tetrahydroquinoline (THQ) is a frequently occurring
scaffold in natural products and small synthetic molecules
endowed with biological activity (Scheme 15a). Highly sub-
stituted THQs can be synthesized by means of the Povarov
reaction which can simultaneously generate up to three
contiguous stereocenters. Different asymmetric versions of
this reaction have been developed.®*®! A library of THQs
was synthesized by cooperative catalysis using chiral ureas
and in a combination of solution- and solid-phase chemistry.
Thus, the aniline 97 and aldehyde 98 formed the imine 99,
which underwent Povarov reaction with the dienophile 100
catalyzed by 101 (Scheme 15b). The THQ 102 was formed
with high diastereo- and enantioselectivity. The stereochem-
ically enriched THQ scaffold was further elaborated on solid
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Br H toluene, 0°C /©/
s Myom Zoomn |
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catalys
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d.r. up to > 90:10,
erllupto >93:7

Scheme 15. Synthesis of the THQ 102 by an enantioselective Povarov
reaction. a) Biologically active natural and synthetic molecules with

a THQ scaffold. b) Enantioselective synthesis of a THQ compound
library. [a] The enantiomeric excess was measured for the major
diastereoisomer 102.

phase to build a library of THQs.® The resin-bound THQ
103, derived from 102, was exposed to derivatization by
Suzuki coupling and nitrogen capping (N-acylation and N-
sulfonylation, amide synthesis, reductive amination, etc.) to
introduce diversity into the library (Scheme 16). After
removal from the solid phase, 2328 THQ compounds (106)
were isolated. In silico library design guided the choice of
building blocks employed in the production phase and
allowed adjustment of the molecular properties of the library
members.

R1
HN N
Br. 2 ,\ Br. 2 /\
\©\/j_ N-capping m
R R
103 104
Suzuki
coupling
R1 5 R1
> removal from ‘N
I\"\ the solid phase 2 R /\

N~ O N O
R
106 105
2328 compounds
Scheme 16. Solid-phase elaboration of the THQ scaffold for compound

library synthesis.
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4. Asymmetric HDA Reactions in the Synthesis and
Elaboration of Carbohydrates

Carbohydrates play important roles in numerous biolog-
ical processes such as angiogenesis® cancer develop-
ment, %2 immune-system function,® and microbial and
viral pathogenesis,®™ and increasingly attract attention in
pharmaceutical research. Therefore, innovative preparative
procedures for carbohydrate synthesis are in high demand.

Chirality plays a crucial role in carbohydrate uptake and
function in vivo. Even a single change in a stereocenter can
render a carbohydrate biologically inactive.® The asymmet-
ric oxa-Diels—Alder reaction can give access to functionalized
sugars either by cycloaddition reactions between 1,3-dienes
(107) and heterodienophiles, like the aldehyde 108, thus
yielding dihydropyrans (109) or by reaction between oxa-1,3-
dienes (110) and vinyl ethers, like 111, as dienophiles, thus
leading to dihydropyrans (112; Scheme 17).°°!

OR?
OR?
7 COOR Lewis acid “ sugar
o gar
N o HDA R7>D07COR elaboration
R1
107 108 109
R2 s R2
1 R ] s
Rf o [ tewsads Rf\/ER sugar
No OR* HDA 0 oR¢ elaboration
110 111 12

Scheme 17. The HDA approach to synthesize and elaborate sugars.

The synthesis of f-D-mannohexopyranoside (118) was
achieved with an inverse-electron-demand oxa-Diels—Alder
(IEDODA) reaction (Scheme 18). The copper complex 115

o /wl‘\\tBu
=N

o }{:Nj(:u(omz
EtO

115 Et00C
0 ort NANg, 0
f — 74
N OEt
O o 96k ¢
BnO 60%, 96% ee BnO OAc
113 114 116

92% | 1) LiAIH4
overall | 2) Ac,O/pyridine
1) BH3-SMe, then
H,0,, NaOH AcO o
2) Ac,O/pyridine
£t < 2c2pyndine 4

35% overall yield

BnO OAc
117

Scheme 18. [3-D-Mannohexopyranoside (118) by HDA of the ketoester
113 and vinyl ether 114.
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catalyzed the IEDODA reaction between the oxadiene 113
and dienophile 114 to yield the dihydropyran 116 in 60 %
yield and 96 % ee.[ Reduction of the ethyl ester with lithium
aluminium hydride, and hydroboration with an oxidative
workup was followed by O-acetylation, thus leading to 118.

Jurczak et al. employed an alternative oxa-Diels—Alder
strategy and used 1-methoxybuta-1,3-diene (120) with the
glyoxylate 119 in the presence of Jacobsen’s chromium(III)
catalyst (Scheme 19). While the salen-type complex (1R,2R)-
122 led to the predominant formation of the cycloadduct
(28,6R)-121 in good yield (83%) and with acceptable
enantioselectivity (70% ee), the tridentate Cr'™Cl complex
(18,2R)-123 provided the adduct (2R,65)-121 in high yield
(96 %) and with high enantiomeric excess (88 %).

H H
nBuOC 1_4 y MBuOL 3 o
catalyst 122/123 oH
OMe (2 mol%), —/ "OMe —/YoMe
o) _ molecular sieves
nBuO *<; +i
=0 |

“4A
119 120

toluene, 20°C
=N._ .N=
/Cr\
tBu o (0] tBu
Cl

(25,6R)-121 (2R,65)-121

+

(2R,6R)-121 (25,65)-121

— (2S,6R)-121

major isomer-
tBu tBu
(IR, 2R)-122
Me
| —> (2R,6S)-121
w-N_ 0O major isomer
/Cr\
ey Cl
(1S, 2R)-123

Scheme 19. Asymmetric HDA reaction of 120 with 119 catalyzed by
the chromium(l11) catalysts 122 and 123.

Differently ring-fused pyranopyran scaffolds often form
the core structures of various natural products. For instance,
biscopyran,® a phytotoxic hexasubstituted pyranopyran
isolated from Vitex rotundifolia, suppresses the inflammatory
responses related to asthma.’” Synthetic access to its core
scaffold is demanding and often rerquires multistep synthesis
sequences. An interesting domino synthesis strategy including
an oxa-Diels—Alder reaction was employed to access related
carbohydrate analogues. The O-propagyl derivative 125
underwent Knoevenagel condensation with the 1,3-diketone
124, thus leading to the intermediate 126 which embodies an
oxadiene in proximity to an acetylenic moiety (Scheme 20). In
the presence of copper iodide, a HDA reaction ensued to
form the tetrahydrofuro-pyranopyran 127 in 80% yield!"l.

Carbohydrates may also serve as stereodirecting chiral
auxiliaries in HDA reactions as shown in a synthesis of
pyranopyrimidines (Scheme 21).7 Knoevenagel condensa-
tion of sugars, for instance, D-(+)-glucose (128a) or D-
(4+)-galactose (128b) with N,N-dimethylbarbituric acid in
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Scheme 20. Stereoselective domino Knoevenagel/HDA reaction to
yield annulated furo[3,2-b]pyrano[4,3-d]pyrans (127).
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WV\W”\
1290

D-(+)-galactose
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1) NaCO3,H,0, 80°C

2) Ac,0
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07 N0 g
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ZnCl,
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OEt O R? "
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0" N O Yokt
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Scheme 21. Sugar-dependent diastereoselective domino Knoevenagel/
hetero-Diels—Alder reaction to give the pyranopyrimidines 132.

water in the presence of a base yielded sodium salts of 5-
glycopyranosyl-1,3-dimethylbarbiturates, which after O-ace-
tylation yielded the required oxadienes 130. The sugar-
functionalized barbituric acids 130 reacted with the vinyl
ether 131 in an oxa Diels—Alder reaction catalyzed by zinc
chloride to yield the pyrano[2,3-d]pyrimidines 132. The sugar
moiety influences the diastereoselectivity, that is, D-glucose-
derived oxadiene (130a) predominantly yielded the cis-
adduct 132a, whereas the D-galactose-derived oxadiene
130b yielded the trans-adduct 132b as a major product.

Iminosugars, like the glycosidase inhibitor™ L-fuco-
nojirimycin (136), can be synthesized by a nitroso Diels—
Alder reaction in which the carbohydrate-derived chiral
auxiliary steers the stereochemistry (Scheme 22).1Y1 Thus,
HDA reaction between the diene 133 and nitroso-function-
alized sugar 134 (synthesized from D-ribose) followed by
N acylation delivered the adduct L-135 with an enantiomeric
excess of 99%.

5. Biological Catalysts for Asymmetric HDA
Reactions

Although a hetero-Diels—Alderase is yet to be discovered,
the example set by the Diels—Alderase enzyme has inspired

exploration of biomolecules like antibodies and other pro-

Angew. Chem. Int. Ed. 2014, 53, 11146 —11157


http://www.angewandte.org

Natural Products

MO _OMe ¢ o PIF MeO __OMe
o0=N" “ a) HC(OMe);, MeOH s
= . -10°C, 16 -24 h | (ID

b) ag. Na,COs3, N-c0,8n

CICO,Bn, 0°C, 16 h

~ 07<o

133 134 L-135 ( ca. 50%, 99% ee)

| f

from p-ribose

HO,
O A~ NH

HO"
OH
L-fuco-nojirimycin (136)

Scheme 22. Synthesis of L-fuco-nojirimycin (136) employing an enantio-
selective nitroso-Diels—Alder reaction. Tr=CPh,.

teins as catalysts for asymmetric HDA cycloadditions.>”!
Guan et al. described the use of hen egg white lysozyme in
a diastereoselective formal aza-Diels—Alder reaction to yield
the azabicyclooctanones exo-140 and endo-141 (Scheme 23).

o ) o Ar! (o) H
Ar'-CHO hen egg white
138 lysozyme H N Ar'
+ —_— N +

\ ‘A2
) MeCN/H,0 Ar2 Ar
Aré-NH °
137 139 2 35°C exo-140 endo-141

yields up to 98%
d.r. up to 10:90

Scheme 23. Diastereoselective aza-Diels—Alder reaction catalyzed with
hen egg white lysozyme.

The products were formed with yields of up to 98% and
diastereomer ratios up to 90:10. The transformation has broad
scope and tolerates different amines and aldehydes."®! The
stereoselectivity of the reaction can be modulated by
variation of temperature and solvent. For instance, complete
diastereoselectivity in favor of the exo-product 140 was
observed if the reaction was carried out at 25°C in pure
water. The authors assume that product formation occurs in
a Mannich/Michael process which only formally represents an
aza-Diels—Alder reaction. Aspartate 52 and glutamate 35 in
the enzyme may play significant roles in catalysis. Glu-35 may
protonate the carboxy group of the cyclohexenone while Asp-
52 may abstract the acidic proton to direct enol addition to an
in situ generated imine in a nonconcerted process.

Catalysis of the imino-Diels—Alder reaction was also
attempted with polyclonal antibodies. To this end, the
azabicyclic hapten 146 was designed to mimic the exo transi-
tion state of the intended HDA reaction, and used to generate
antibodies.””! Antibody Aza-BSA-3 (Anti-hapten 146) cata-
lyzed the imino-Diels—Alder reaction between the diene 142
and iminoester 143 in PBS-buffer at 37°C and pH 7 to yield
a mixture of adducts, 144 and 145 (Scheme 24). The exo-
adduct was formed predominantly and thus validated the
design of 146.

In a related report, polyclonal antibodies raised to the
hapten 150" catalyzed the oxa-Diels-Alder reaction be-

Angew. Chem. Int. Ed. 2014, 53, 11146 —11157

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Z H.__COOEt
S g
. Ph N
OH H
S P O.._... ,
143 :
142 NH-linker
PBS-buffer | ) "\-caoooooo 1
Aza-BSA-3
z8 37°C, pH 6.5

SO OB S B
N"YCOOEt  “w"SN“NcooEt
+ )

Ph™ S
1:13 Ph

endo-144 exo-145

Scheme 24. Antibody-catalyzed diastereoselective aza-Diels—Alder
reaction.
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Scheme 25. Antibody-catalyzed diastereoselective oxa-Diels—Alder
reaction.

tween the diene 147 and ethyl glyoxylate 148, thus leading to
the adduct 149 as a single diastereoisomer (Scheme 25)."”!

6. Outlook

Six-membered aza- and oxa-heterocycles frequently occur
in both natural products and small bioactive molecules,
including drugs endowed with a multitude of biological
activities. Although hetero-Diels—Alder reactions provide
efficient access to these scaffolds, application of this method-
ology has not gained as much attention as, for instance, the
use of dipolar cycloadditions for heterocycle synthesis and the
application of Diels—Alder reactions in carbocycle synthesis.
The strategic incorporation of an HDA reaction in the
synthesis of complex molecules, for example, natural prod-
ucts, may be complicated on the one hand by the often
multistep and tedious synthesis of the required substrates, in
particular the heterodienes. On the other hand,™ reactivity
and selectivity problems may frequently be encountered and
reaction conditions optimized with model substrates may not
be transferable to reactions with more complex starting
materials. In general, the development of asymmetric, in
particular enantioselectively catalyzed, hetero-Diels—Alder
reactions remains highly challenging, and frequently stoichio-
metric amounts of chiral mediators are required to reach
preparatively viable levels of stereoselection.®? In addition,
the substrates for the HDA reactions may be prone to
undesired side reactions such as hydrolysis, nucleophilic
additions, and/or other cycloadditions,’® thereby demanding
stringent optimization and application of reaction conditions.
Recent advances in asymmetric HDA reaction methodology
notwithstanding, there remains ample room for further
development. In particular, catalytic methods, which employ
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readily accessible chiral ligands and catalysts, provide effi-
cient control of diastereo- and enantioselectivity, and tolerate
a broad range of substrates are in high demand. Notably, only
few inverse electron-demand asymmetric hetero-Diels—Alder
reactions have been successfully developed so far. Recently,
synthesis methods and pathways employing cascade and
domino reactions have found widespread and increasing
attention.[® These reaction sequences could be designed to
include asymmetric hetero-Diels—Alder reactions as key steps
for the synthesis of complex heterocycles incorporating
multiple stereogenic centers.
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