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ABSTRACT
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Electron-deficient 1-aza-1,3-butadienes containing a 1,2-benzoisothiazole-1,1-dioxide or 1,2,3-benzoxathiazine-2,2-dioxide motif act as regio-
and chemoselective dienophiles in normal-electron-demand Diels—Alder reactions with HOMO-raised trienamines, rather than typical 4s-
participation in inverse-electron-demand versions. The enantioenriched cycloadducts could be efficiently converted to spiro or fused frameworks
with high structural and stereogenic complexity by a sequential aza-benzoin reaction or other transformations.

Electron-deficient 1-aza-1,3-butadienes are versatile
synthetic building blocks which have been widely involved
in many transformations.' They are useful for the prepara-
tion of a variety of nitrogen-containing chiral compounds
via 1,2- and 1,4-addition reactions or as partners for
diverse [4 + 2], [4 + 1], [3 + 2], or [2 + 2] annulations.’
In particular, since the pioneering and seminal studies of
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Boger et al., who established the 4m-participation of
1-sulfonyl-1-aza-1,3-butadienes with electron-rich dieno-
philes in regio- and endo-selective inverse-electron-demand
(IED) aza-Diels—Alder reactions,’ a number of stereose-
lective versions with such 1-azadienes have been developed
for the construction of enantioenriched tetrahydropyri-
dines by either chiral auxiliary induction or asymmetric
catalysis [Scheme 1, eq (a)].** In addition, we also presented
some asymmetric IED aza-Diels—Alder reactions of 1-
sulfonyl-1-aza-1,3-butadienes and enolizable aldehydes via
enamine or dienamine activation. All the reactions exhibited
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the typical 4-participation of 1-azadienes as observed in
other types of cycloadditions.®

However, to the best of our knowledge, there is still no
previous report that 1-sulfonyl-1-azadienes could be uti-
lized as dienophiles in normal-electron-demand Diels—
Alder (NEDDA) reactions with all carbon based dienes,
though they have been identified as good acceptors in
Michael additions.” This reaction pattern would be highly
challenging, probably because of the inherency and ten-
dency of 4z-participation of electron-deficient 1-azadienes
with electron-rich alkenes.’

Inspired by our recent studies on asymmetric NEDDA
cycloadditions with HOMO-raised trienamines from poly-
conjugated carbonyl compounds,® we are fascinated by
the difficult but potential regio- and chemoselective 27-
participation of 1-sulfonyl-1-azadienes in the NEDDA
reactions with trienamine intermediates, as outlined in
Scheme 1, eq (b). This previously unreported reaction
pattern would be extremely attractive and useful since it
could efficiently deliver densely functionalized cyclohexene
derivatives that allow sequential transformations for
the construction of more complex carbo- or heteroring
systems.

The initial reactions of diversely substituted acyclic N-Ts
1-azadienes® 2a—2c¢ with simple 2,4-hexadienal 3a resulted
in no success catalyzed by chiral amine 1a and salicylic
acid, and significant hydrolysis of these relatively unstable
1-azadienes to the corresponding enone compounds was
observed. Similar results were observed for the combina-
tions of 2a or 2b with more reactive 2,4-dienal 3b; however,
we indeed isolated the ketimine product 4 with 2¢ in the de-
sired 27z-participation version but with very poor diastereos-
electivity, and the yield was only modest due to other side re-
actions (Scheme 2). Unfortunately, all attempts to further
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Scheme 1. Alternative Diels—Alder Cycloaddition Patterns
of 1-Sulfonyl-1-aza-1,3-butadienes: Dienes vs Dienophiles
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Scheme 2. 3-Styryl-1,2-benzoisothiazole-1,1-dioxide as Dual
Regio- and Chemoselective Electrophiles in a NEDDA
Reaction and a Sequential Aza-benzoin Reaction
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transformations with 4 produced a complex mixture. En-
couraged by our recent study on the asymmetric [EDDA
reactions of cyclic 3-vinyl-1,2-benzoisothiazole-1,1 -dioxides,’
we envisaged that these 1-azadienes should be used as more
ideal substrates in the above-mentioned reaction, because
they are readily accessible and stable and should be more
electrophilic owing to the strong electron-withdrawing
effect of the 1,2-benzoisothiazole-1,1-dioxide moiety.'’
To our gratification, a styryl-substituted cyclic imine 5a
exhibited much higher reactivity with 2,4-dienal 3b under
the same catalytic conditions, delivering the expected
NEDDA cycloadduct 6a in excellent yield and with ex-
clusive exo-selectivity. Moreover, in contrast to acyclic

(10) (a) Xiong, X.-F.; Zhang, H.; Peng, J.; Chen, Y.-C. Chem.—Eur.
J.2011, 17, 2358. (b) Kravina, A. G.; Mahatthananchai, J.; Bode, J. W.
Angew. Chem., Int. Ed. 2012, 51, 9433.
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imine 4, 6a is a quite stable compound and may allow for
sequential diverse transformations. For example, an in-
tramolecular aza-benzoin condensation'' could proceed
efficiently in DCM in the presence of triazolium salt 7 and
NaOAc, and a complex spirocyclic product 8a with four
chiral centers was obtained in 90% yield and remarkable
diastereo- (>19:1) and enantioselectivity (93% ee).'? It
should be noted that this is also the first time that simple
ketimine groups could successfully participate in carbene-
catalyzed aza-benzoin reactions with aliphatic aldehydes."?

Having established 2m-participation of 3-styryl-1,2-
benzoisothiazole-1,1-dioxide 5a with 2,4-dienal 3b by tri-
enamine activation, we further screened a number of
parameters in order to improve the results. It was found
that a bulky chiral amine 1b gave better enantioselectivity
in the DA reaction in chloroform, and product 8a was
attained in 97% ee and with 86% yield after a sequential
aza-benzoin reaction. It should be addressed that the
cascade catalysis of amine and carbene in a relay ver-
sion was not successful, and a lower yield (59%) was ob-
tained when two reactions were conducted in a one pot
fashion.'?

Consequently, we explored various reactions of 3-vinyl-
1,2-benzoisothiazole-1,1-dioxide 5 and 2,4-dienals 3 in
chloroform catalyzed by amine 1b in combination with
salicylic acid. Then the DA cycloadducts were isolated by
flash chromatography, and an aza-benzoin reaction was
subsequently conducted in DCM. The results are summar-
ized in Table 1. In general, cyclic 1-azadienes bearing a
variety of aryl or heteroaryl groups exhibited similar good
reactivity, and a spectrum of spirocyclic products 8a—8l
were isolated as a single diastereomer in moderate to high
yield and with excellent enantioselectivity (Table 1, entries
1—12). 1-Azadienes bearing branched alkyl groups were
also prepared and smoothly applied in the DA reactions
and aza-benzoin reactions, producing the corresponding
products 8m and 8n with good results (entries 13 and 14).'*
1-Azadienes with either electron-withdrawing or -donating
groups on the 1,2-benzoisothiazole-1,1-dioxide moiety
also gave the desired products 80 and 8p in high yield
and ee values, respectively (entries 15 and 16). On the other
hand, more 2,4-dienals were explored. 4-Phenyl-2,4-hep-
tadienal 3¢ showed high reactivity in the reaction with 5a,
and product 8q with five stereogenic centers was obtained
with remarkable results (entry 17). In addition, lower
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Kim, Y. R.; Miller, S. J. J. Am. Chem. Soc. 2005, 127, 1654. (c) Mattson,
A. E.; Scheidt, K. A. Org. Lett. 2004, 6, 4363. (d) Li, G.-Q.; Dai, L.-X_;
You, S.-L. Chem. Commun. 2007, 852. (e) DiRocco, D. A.; Rovis, T.
Angew. Chem., Int. Ed. 2012, 51, 5904.
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Ye, S. Angew. Chem., Int. Ed. 2013, 52, 5803.
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Table 1. Substrate Scope and Limitations in Reactions of
3-Vinyl-1,2-benzoisothiazole-1,1-dioxides 5 and 2,4-Dienals 3¢

R C\)\/O 1) 1b (20 mol %)
Ny~ 57 R2 SA (20 mol %)
| N Yo\, CHO _ CHCl; 40°C
Z 3 2) 7 (20 mol %)
= NaOAc (20 mol %)
5 R DCM, 40°C, 2 h
t yield ee
entry R R! R? M°  (@F (DY

1 H Ph 4-Ph 17 8a,8 97
2 H 3-FCgH, 4-Ph 19 8b,59 97
3 H 4-CIC¢H4 4-Ph 16 8c,89 96
4 H 4-BrCgH, 4-Ph 22 8d,77 97
5 H 4-CFsC¢Hy 4-Ph 19 8e,61 96
6 H 3,4-Cl;C¢Hs 4-Ph 22 8f, 73 96
7 H 3-MeCgH, 4-Ph 25 8g, 84 96
8 H 4-MeCgHy 4-Ph 18 8h,81 96°
9 H 2-MeOCgH,; 4-Ph 35 8i,79 96
10 H 2-naphthyl  4-Ph 40 8j, 86 97
11 H 2-furyl 4-Ph 24 8k, 81 97
12 H 2-thienyl 4-Ph 72 81,78 97
13 H isopropyl 4-Ph 36 8m,68 96
144 H cyclohexyl  4-Ph 25 8n,72 94
15 6-Br Ph 4-Ph 16 80,88 99
16 5,7-Me; Ph 4-Ph 32 8p,83 95
17 H Ph 4-Ph-6-Me 16 8q,73 96
18 H 4-BrCgH, 5-Me 48 8r,46 94
19 H Ph 5-2'-furyl 36 8s,71 97

“ Reactions were performed with 1-azadiene 5 (0.1 mmol), 2,4-dienal
3 (0.15 mmol), amine 1b (20 mol %), and salicylic acid (20 mol %) in
CHCl; (0.5 mL) at 40 °C. After completion, the DA adduct was isolated
and salt 7 (20 mol %), NaOAc (20 mol %), and DCM (0.5 mL) were
added and stirred at 40 °C for 2 h. ® For DA reaction step. ¢ Yield of
isolated pure product 8 for two steps. ¢ Determined by chiral HPLC
analysis; dr > 19:1 by "H NMR analysis. ¢ The absolute configuration of
8h was determined by X-ray analysis.'”” The other products were
assigned by analogy.”dr (6.7:1) was observed in DA reaction step. ¢ dr
(6.7:1) was observed in DA reaction step.

reactivity was observed for 5-methyl-2,4-hexadienal 3d;
the cycloaddition reaction was conducted at 50 °C for
48 h, and the final product 8r was produced in moderate
yield but with outstanding stereoselectivity still (entry 18).
Nevertheless, 5-(2'-furyl)-2,4-hexadienal 3e showed better
reactivity, and product 8s was obtained with good results
(entry 19). It should be noted that simple 2,4-hexadienal 3a
still failed to produce the expected DA adduct due to lower
reactivity and other side reactions.

Apart from N-sulfonyl-1-azadienes containing a 1,2-
benzoisothiazole-1,1-dioxide motif, it was pleasing that
the analogous 4-styryl-1,2,3-benzoxathiazine-2,2-dioxides'®
9 could be effectively applied in the regio- and chemoselec-
tive NEDDA reaction with 2.4-dienal 3b via trienamine
activation. As summarized in Table 2, the reactions oc-
curred smoothly under the same catalytic conditions, and
multifunctional cycloadducts 10a—10f were produced in

(16) Tripathi, M.; Dhar, D. N. J. Heterocycl. Chem. 1988, 1191.
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excellent enantioselectivity (entries 1—6), though a small
amount of diastercomers were observed in some cases
(entries 3—5). Nevertheless, the imine group of products
10 exhibited inert reactivity in carbene-mediated intramo-
lecular aza-benzoin reaction.

Table 2. NEDDA Reactions of 4-Styryl-1,2,3-benzoxathiazine-
2,2-dioxides 9¢

O.
T\\ O S//~ |\\ S:O
/N CHO 1b( 20moI‘LA> =
= /W SA@OmAl%) )
N s  CHC40°C \O\/\
9 R!
entry R R! t(h) yield(%)?® dr° ee (%)
1 H Ph 18 10a,92 >19:1 97
2 H 4-CF3CgH, 24 10b,86 >19:1 97
3 H 4-MeCgH, 24 10c, 83 10:1 97
4 H 2-thienyl 40 10d, 80 10:1 98
5 7-F Ph 13 10e, 86 10:1 98
6 7-MeO Ph 24 10f, 86 >19:1 90

“Reactions were performed with 1-azadiene 9 (0.1 mmol), 2,4-dienal
3b (0.15 mmol), amine 1b (20 mol %), and salicylic acid (20 mol %) in
CHCI; (0.5 mL) at 40 °C. ?Yield of isolated pure product 10. By 'H
NMR analysis of crude mixture. ¢ Determined by chiral HPLC analysis.

On the other hand, the multifunctionalities of DA
cycloadducts still enable other transformations to con-
struct frameworks with more structural diversity. The
ketimine groups of both 6a and 10a could be reduced to
the corresponding amines with complete diastereoselectiv-
ity with NaBH(OACc)s, along with the simultaneous reac-
tion of the aldehyde group. Moreover, a subsequent
intramolecular Mitsunobu reaction could be conducted
between N-sulfonylamide and alcohol groups, facilely
producing the fused piperidine systems 11 and 12, respec-
tively (Scheme 3). Thus, 27-participation of these electron-
deficient 1-azadienes apparently provides more synthetic
versatility to access diverse nitrogen-containing chiral

Org. Lett,, Vol. 15, No. 24, 2013

Scheme 3. Construction of Other Polycyclic Structures

o)

X S//
©; SO 1) NaBH(OAc)s
;N CHO _DCM,40°C 8h
Phe - 2) DEAD, PhsP
THF, i, 12 h
Ph
6aor 10a

11 60%, 97% ee 12 76%, 97% ee

materials in comparison with that of the 4sz-participation
version reported in early examples.*>

In conclusion, we have developed a previously unre-
ported 2m-participation pattern of electron-deficient
1-azadienes containing a 1,2-benzoisothiazole-1,1-dioxide
or 1,2,3-benzoxathiazine-2,2-dioxide motif in normal-elec-
tron-demand Diels—Alder cycloadditions with HOMO-
raised trienamine species. These l-azadienes could be
utilized as dual regio- and chemoselective electrophiles in
asymmetric Diels—Alder and subsequent transformations,
giving a spectrum of spirocyclic or fused frameworks with
high molecular and stereogenic complexity, which might
be useful in medicinal chemistry. We believe that these
readily accessible and stable 1-azadienes would find more
applications in asymmetric catalysis, and the results will be
reported in due course.
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