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ABSTRACT: An asymmetric dearomatic Diels—Alder proto-
col for various heteroarenes, such as benzofuran, benzothio-
phene, or even furan, has been developed via 7-system
activation. This method involves in situ generation of formal
trienamine species embedding a heteroaromatic moiety, and
an array of chiral fused frameworks with high molecular
complexity and skeletal diversity were efficiently constructed in
good to excellent stereoselectivity by the catalysis of a
cinchona-based primary amine.
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Figure 1. Representative benzofuran- or furan-based natural products.

polycyclic benzofuan- or furan-based architectures have
attracted great attention in synthetic organic chemistry.
Although there are many methods concerning the synthesis
of such fused heterocycles, most of them are generally related
to nonasymmetric examples.” One of the most common and
straightforward ways to construct these frameworks is the
dearomatic Diels—Alder reaction between vinylbenzofurans or
vinylfurans and olefinic dienophiles, which was first reported by
Kamthong and Robertson in 1939.> However, most of the
previous presentations suffer from harsh conditions due to the
relatively low reactivity of the diene moiety and high energy
barrier encountered in the dearomatization process (Scheme
1).* In contrast to the extensive research in stereoselective
cycloadditions of the analogous vinylindoles to access chiral
hydrocarbazoles,” to the best of our knowledge, only a single
example was reported with more reactive 3-siloxyvinylbenzo-
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Scheme 1. 7-System Activation of Hetero Ring via Formal
Trienamine Catalysis
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furan as the diene partner by the catalysis of a chiral Holmium
complex to date.® Therefore, a general and efficient asymmetric
protocol to construct these privileged structures is in high
demand.

Recently, a number of reactions have been developed
through the HOMO-activation of the remote C=C bond of
unsaturated carbonyl compounds via either dienamine’ or
trienamine catalysis.® Such a strategy has been utilized to
activate aromatic compounds. Melchiorre reported an asym-
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metric Diels—Alder reaction of f-indolyl enals through in situ
dearomatic formation of indole-2,3-quinodimethanes.”
Jorgensen et al. disclosed that the polycyclic core of
anthracenes could be activated by a conjugated enamine
intermediate, and highly stereoselective dearomatic Diels—
Alder reactions have been developed with electron-deficient
dienophiles.'® Inspired by our recent studies on the asymmetric
Friedel—Crafts reaction of furans'' and diverse asymmetric
cycloadditions via HOMO-activation of amine catalysts,'> we
envisaged that the relatively inert 2- or 3-vinyl heteroarenes
could be HOMO-raised through generating formal trienamine
species as outlined in Scheme 1; thus, the subsequent
dearomatic Diels—Alder reaction for the synthesis of diverse
chiral fused heterocycles, including benzofuran or furan-based
frameworks, could be facilitated under mild and metal-free
catalytic conditions (Scheme 1).

Initially, we designed substrate (E)-4-(benzofuran-2-yl)-1-
phenylbut-2-en-1-one 2a (Table 1, X = O, R! = H, Ar = Ph),

Table 1. Asymmetric Diels—Alder Reactions of Enones 2 and
Maleimides 3¢

1) 1a (20 mol %)

SA@Omol%) N.__O
N— R N toluene 70°C
P 2) TSOH, CHCly 1t CHCI3
X i N Ar
3aR= p-BrCGH4 2X=0,8 P~y 3
3b R = 3,5-(CF3),CoHs OCH3 OCN 4
3¢R=Ph = TN
3d R = p-MeCgHy WH
3eR=Bn .,
NH;
entry Ar R! 3 yieldb (%) ee (%)
1 Ph H 3a 4a, 82 (60) 92 (—82)
2 Ph H 3b 4b, 85 91
3 Ph H 3c 4c, 76 90
4 Ph H 3d 4d, 73 (70) 89 (—80)
S Ph H 3e 4e, 68 73
6 p-MeOCGH, H 3a 4f, 81 86
7 p-CIOC¢H, H 3a 4g, 80 88
8 2-naphthyl H 3a 4h, 76 (74) 83 (—97)
9 2-thienyl H 3a 4i, 68 80
10 Ph 5-Me 3a 4j, 84 82
11 Ph 7-Me 3a 4k, 73 84
12 Ph S-F 3a 41, 81 85
134 Ph H 3a 4m, 72 92

“Unless noted otherwise, the reaction was conducted with enone 2 (X
= O, 0.12 mmol), maleimide 3 (0.1 mmol), catalyst 1a (20 mol %),
and salicylic acid (40 mol %) in toluene (1.0 mL) at 70 °C for 36 h.
Then the cycloadduct was treated with p-TsOH in CHCI, at rt for 2 h.

bIsolated yield for two steps. “By chiral HPLC analysis; dr >19:1 by 'H
NMR analysis. X = §.

which could be considered as a 2,5-dienone-type substance,*
and tested the potential Diels—Alder reaction with maleimide
3a under the catalysis of 9-amino-9-deoxyepiquinine la and
salicylic acid (SA) in toluene."* Encouragingly, the desired
regioselective dearomatic cycloaddition occurred smoothly at
70 °C, and a more stable aromatic product 4a was obtained in
good yield with high stereoselectivity after treatment with p-
TsOH in chloroform (Table 1, entry 1, >19:1 dr, 92% ee)."®
Subsequently, we explored the scope of both types of
substrates. The more stable fused heteroarenes were generated
and analyzed after the asymmetric cycloaddition reactions. For
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other maleimides with an N-aryl group, good yields and high
enantioselectivity were generally obtained (entries 2—4).
Nevertheless, maleimide 3e with an N-benzyl group gave a
decreased yield and enantiocontrol (entry S). On the other
hand, f-(2-benzofuryl)methyl enones 2 bearing diverse a’-aryl
groups could be well tolerated (entries 6—8), while a 2-thienyl-
substituted substrate produced a slightly lower yield and ee
value (entry 9). In addition, similar good results were obtained
for enone partners with various substituents on the benzofuran
ring (entries 10—12). Importantly, the enone substrate
containing a 2-benzothiophenyl moiety was also compatible
with this type of asymmetric Diels—Alder reaction, and a chiral
tetrahydrodibenzo[b,d]thiophene framework was efficiently
constructed with high enantioselectivity (entry 13). Moreover,
the highly enantioenriched cycloadducts with an opposite
configuration could be produced by the catalysis of 9-amino-9-
deoxyepiquinidine 1b under similar catalytic conditions (Table
1, data in parentheses).

It was pleasing that both enones Sa and Sb substituted by the
3-benzofuryl and 3-benzothiophenyl group, respectively,
exhibited comparable reactivity with maleimide 3a under the
same catalytic conditions, and dearomatic cycloadducts 6a and
6b were obtained as stable substances in good yields and with
high enantioselectivity. A tetrahydrocarbazole 6c was directly
formed in a moderate yield through a 1,3-H shift of the
cycloadduct, but only a moderate ee value was obtained
(Scheme 2).'¢

Scheme 2. Asymmetric Diels—Alder Reactions of 3-
Heteroaryl Enones
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Unfortunately, 2,5-dienone-type substrate 2b bearing an o’-
enolizable methyl group exhibited no reactivity with dienophile
3a catalyzed by amine la, probably due to the preferable
generation of an undesired dienamine intermediate as outlined
in Scheme 3. As a result, we envisioned that deconjugated
formal 3,5-dienone-type substrate 7 might be more likely to

Scheme 3. A Deconjugation Strategy To Realize the Formal
Trienamine Catalysis for Enones with Enolizable a’-Alkyl
Group
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generate the requlred formal trienamine intermediate with the
amine catalyst."”

Thus, ketone 7a was prepared and tested, but it was unstable
under the catalytic conditions, and the desired cycloadduct 8a
was not detected. Gratifyingly, the analogous 7b with a
benzothiophene skeleton successfully participated in the Diels—
Alder cycloaddition with dienophile 3a, and product 8b was
isolated in a moderate yield and with excellent stereoselectivity.
Ketone 7c with an a’-ethyl group smoothly afforded the
cycloadduct 8¢, albeit in a lower yield and enantioselectivity. It
is interesting that 3-benzofuryl enones 9 with a’-enolizable
alkyl groups showed better stability and reactivity and efficiently
produced the expected cycloadducts 6d—6f even at rt, though
only a modest ee value could be attained for 9c with a branched

cyclohexyl group (Scheme 4).

Scheme 4. Asymmetric Diels—Alder Cycloadditions of
Deconjugated Enones

ol

7aX=0,R=Me
7b X=S,R=Me

1a (20 mol %)
SA (40 mol %)

toluene 45 °C
24 h

>19:1dr

8a not detected

7c X=8,R=Et 8b 71%, 90% ee
8¢ 65%, 80% ee
R! R’
o=
0 O  1a(20mol %) 2
= SA (40 mol %) 3 0
r2f N + | N-Ar toluene, rt N ""(
i I .,
Z~J 24 h L Y ,h/N\Ar
9aR'=Me, R’ =H 3, >19:1 dr 0
9b R’ = Me, R% = 5-Cl 6d 88%, 92% ee

6e 80%, 92% ee

1= 2 _
9¢ R’ = cHexyl, R“=H 6 78% 60% ee

To further explore the generality of this method, more
dienophiles were investigated w1th substrate 9a. As illustrated in
Scheme 5, 3-olefinic oxmdoles 10 could smoothly react with
9a to deliver the spirocyclic'® cycloaddition products 11a and
11b with high molecular complexity in excellent yields and ee’s.
Besides, benzylidenecyanoacetate 12 also showed good
reactivity with enone 9a. The diastereoselectivity was poor,
while the major cycloadduct 13 could be isolated in a low yield
but with excellent enantioselectivity. Nevertheless, S-nitro-
styrene did not react in a cycloaddition manner but gave an a-
regioselective Mlchael addition product (see the Supporting
Information (SI)).% Importantly, even enone 14 derived from
3-furaldehyde could be utilized in the asymmetric dearomatic
Diels—Alder reactions with dienophiles 10 at rt, and chiral
tetrahydrobenzofurans 15a and 15b incorporating a spiroox-
indole skeleton were constructed in high yields and with
excellent stereoselectivity. The absolute configuration of
cycloadduct 15b was determined by X-ray analysis after
conversion to furan derivative 16, as outlined in Scheme 5.2
It should be noted that the analogous enones derived from 2-
furaldehyde, thiophene-2- or 3-aldehydes have not been
successfully used through the same dearomatic cycloaddition
strategy (see the SI).

Finally, the Diels—Alder cycloadduct 6d was submitted to
further transformation. The multifunctional hexahydrodibenzo-
furan 17 with five continuous stereogenic centers was smoothly
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Scheme 5. More Exploration of Dearomatic Diels—Alder
Reactions
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and chemoselectively obtained under the mild catalytic
hydrogenation with Raney Ni (Scheme 6).

Scheme 6. Hydrogenation of Diels—Alder Product 6d

O  Raney Ni (10%) H Io)
/( H (1 atm) 4
, R ° o, N«
o H r MeOH, 35°C,6 h AT Ir R
>19:1 dr [e}

6dR = p-BrC5H4 17 71%, 92% ee

In summary, a simple and highly stereoselective dearomatic
Diels—Alder cycloaddition reaction with diverse five-membered
heteroarenes has been developed. This method relies on in situ
generation of formal trienamine species from a variety of enone
substrates properly tethered to a benzofuran, benzothiophene,
or even furan ring, which raises the HOMO-energy of the
relatively inert heteroaromatic diene moiety and promotes the
subsequent pericyclic reactions with electron-deficient dien-
ophiles. A spectrum of fused or spiro hydrodibenzofuran,
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hydrodibenzothiophene, and tetrahydrobenzofurans with highly
structural complexity were efficiently constructed in good yields
and with moderate to excellent enantioselectivity, which might
find further application in medicinal chemistry and biological
studies. We also hope that the HOMO-activation strategy
presented in this work would provide more opportunities to
develop new asymmetric reactions with diverse heteroarenes.
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Complete experimental procedures and characterization of new
products, CIF file of enantiopure product 16, NMR spectra,
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