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ABSTRACT: Here we report that cyclic 2,5-dienones can act
as bisvinylogous precursors through in situ generation of linear
trienamine species with a cinchona-derived primary amine, and
exclusively remote e-regioselective 1,4-additions to nitro-
alkenes were accomplished in moderate to high enantiose-
lectivity. Moreover, a diversity of complex spirocyclic frame-
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works could be efficiently constructed in an enantioenriched manner from these multifunctional 1,4-adducts via subsequent
vinylogous iminium and even cascade iminium catalysis of the same amine.

In 1935, Fuson established the principle of vinylogy; he

pointed out that electron density and reactivity could be

Scheme 1. Diverse Catalytic Modes of Linear Trienamine
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transmitted along conjugated C=C bonds." While previous
asymmetric examples focused malnly on the vinylogous
reactions with masked dienolates,” recently, significant progress
has been made in the direct vinylogous versions with diverse
unsaturated substances catalyzed by chiral metal complexes or
organic molecules, usually in high y-regioselectivity.” Never-
theless, the application of @,f,y,0-unsaturated systems in the &-
regioselective bisvinylogous additions seems to be much more
challenging, and very limited attempts were reported in
bisvinylogous Mukaiyama aldol or Mannich reactions with
previously formed trienol silyl ethers.* To the best of our
knowledge, direct asymmetric bisvinylogous addition reactions
have not been developed yet.

Dienamine catalysis has been demonstrated to be a powerful
protocol for the activation of unmodified a,f-unsaturated
carbonyl compounds in various asymmetric vinylogous
reactions.” Recently, we and the Jorgensen group succeeded
in the transmission of HOMO-raising effect to the remoter &-
position of a,f,y,0-unsaturated aldehydes or ketones via in situ
generation of trienamine intermediates. However, this catalytic
mode was dominantly explored in f,e-regioselective normal-
electron-demand Diels—Alder reactions [Scheme 1, (a)].5 We
further developed an inducing strategy with interrupted cyclic
a,p,0,e-unsaturated ketones and realized a J,e-regioselective
inverse-electron-demand cycloaddition mode [Scheme 1, (b)].”
On the basis of the above results, it was envisaged that the latter
type of linear trienamine species from cyclic 2,5-dienones
would not likely act as electron-rich diene partners in normal-
electron-demand Diels—Alder reactions with activated alkenes,
probably because of the requisite formation of a sterically
hindered spirocyclic chiral center [Scheme 1, (c)]. Therefore,
the potential e-regioselective Michael reaction might be
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Table 1. Screening Conditions of Asymmetric Bisvinylogous
1,4-Addition of 2,5-Dienone 1la to Nitroalkene 2a“
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CURI N Ne UGS
+ —_— I~ ~_NO,
AN NO;  solvent, 35 °C
1a 2a 3a
R /ZJ OMe M Ph s Ohe
Hi. N \ NI Phj)”’w)kN ° OAc
“H N, HOH OAc
2 AcO
Z ] NH, NH, c4
Nx s ATR?2=R}=R*=H
G1R! = CHy0 c2 R e A2 R; = OH,3R3 =4R4 =H
A3R2=F, R3=R%=H
C3R'=0OH Ji:[ A4R?=R*=H,R®=0OH
R* COH A5R2=SH,R3=R*=H
A6 R2=H, R®=R*=CF,4
entry cat. acid solvent time (h) yieldb (%)  ee (%)
1 C1 Al toluene 67 56 84
2 C2 Al toluene 65 54 —83
3 C3 Al toluene 64 53 70
4 C1 Al o-xylene 62 65 79
S C1 Al m-xylene 60 67 81
6 C1 Al DCM 58
7 c1 Al PhCF, 62 80 85
8 C1 A2 PhCF, 64 62 86
9 C1 A3 PhCF, 58 71 83
10 c1 A4 PhCF, 65 45 73
11 c1 AS PhCF, 56 65 86
12 c1 A6 PhCF, 64 68 84
134 Cc4 Al PhCF, 67 63 84
14° c1 Al PhCF, 72 75 84
15 c1 Al PhCF, 72 78 82

“Unless noted otherwise, reactions were performed with 2,5-dienone
1a (0.15 mmol), nitroalkene 2a (0.1 mmol), amine C (20 mol %), and
acid (40 mol %) in solvent (1.0 mL) at 35 °C. “Isolated yield.
“Determined by HPLC analysis on a chiral column. “With 20 mol % of
acid. “With 10 mol % of C1 and 20 mol % of Al.#At 1.0 mmol scale.

favored, furnishing the unprecedented direct bisvinylogous
conjugate addition via trienamine catalysis [Scheme 1, (d)].
This asymmetric catalytic mode might be extremely challenging
because not only would the HOMO-raising power of amine
catalyst be diminished, leading to reduced reactivity, but also
the reactive &-site is quite remote from the chiral center of the
catalyst, rendering the stereocontrol much more difficult than
that of concerted Be- or J,e-regioselective cycloaddition
reactions.®

The initial screenings with 2,5-dienone la and diverse
Michael acceptors revealed that fS-nitrostyrene 2a is a suitable
electrophilic partner under the catalysis of 9-amino-9-
deoxyepiquinine C1 and benzoic acid A1.” To our gratification,
the reaction proceeded smoothly in toluene at 35 °C,
successfully furnishing the bisvinylogous 1,4-addition product
3a with a moderate yield and a good ee value (Table 1, entry
1). It should be noted that this reaction exhibited remarkable
chemo- and remote &-regioselectivity, and a f,e-regioselective
cycloaddition product as that observed in early trienamine
catalysis'® has not been detected. 9-Amino-9-deoxyepiquinidine
C2 afforded the product with an opposite configuration in
similar enantioselectivity (entry 2), but amine C3 with a free 6’-
OH group gave poorer results (entry 3). A few solvents were
tested (entries 4—7), and better data were produced in PhCF,
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Table 2. Substrate Scope in Direct Asymmetric
Bisvinylogous 1,4-Additions of 2,5-Dienones 1 to
Nitroalkenes 2

€1 (20 mol %)
A1 (40 mol %)

—_—

R2
+ \
NO.

R

2
T A PhCF3, 35 °C R NG,
1aR=R'=H;1bR=H,R'=CH3 1cR=CH; R"=H :
entry 1 R? time (h) yield® (%) ee (%)
1 la Ph 62 (68) 3a, 80 (71) 85 (—83)
2 la 3-FC¢H, 60 3b, 77 86
3 la  2-BrC¢H, 52 (48) 3¢, 76 (70) 86 (—84)
4 la 4-BrC4H, S0 3d, 79 85
S 1a 4-Br-2-FC4H,4 60 3e, 82 85
6 la 34-Cl,C¢H, S0 3f, 81 85
7 la 4-CF;C4H, 56 (50) 3g, 81 (72) 85 (—86)
8 la 3-MeC4H, 62 3h, 80 81
9 la 4-MeC¢H, 48 3i, 76 80
10 la 4-MeOC4H, 58 (56) 3j, 84 (68) 81 (—81)
11 la 1-naphthyl 54 3k, 78 79
12 la 2-furyl 65 3], 80 81
13 la 2-thienyl S8 3m, 85 82
14 la n-propyl 85 3n, 56 60
15 la isopropyl 80 30, 60 67
16 1b Ph 100 3p, 62 84
17 1c Ph 110 3q, 60 83

“Unless noted otherwise, reactions were performed with 2,5-dienone 1
(0.15 mmol), nitroalkene 2 (0.1 mmol), amine C1 (20 mol %), and
acid A1 (40 mol %) in PhCF, il.O mL) at 35 °C. Data in parentheses
were obtained with amine C2. “Isolated yield. “Determined by HPLC
analysis on a chiral column.

(entry 7). Then an array of acid additives were explored in
combination with amine C1 in PhCF; (entires 8—12), while
inferior results were generally obtained in regard to reaction
time, yield, and enantiocontrol. After extensively studying more
catalytic parameters,'" it was found that bifunctional primary
amine—thiourea'” C4 in combination with acid Al also could
promote the Michael addition in PhCF;, but with similar
enantioselectivity and lower yield (entry 13). The reaction still
proceeded smoothly with lower catalyst loadings (entry 14). In
addition, comparable data were also produced at a larger scale
(1 mmol) catalyzed by amine C1 and benzoic acid Al (entry
15).

Subsequently, a number of nitroalkenes were used in the
reactions with 2,5-dienone 1la catalyzed by amine C1 and
benzoic acid Al. As summarized in Table 2, nitroalkenes
bearing diversely substituted aryl or heteroaryl groups could be
well tolerated, and the corresponding bisvinylogous Michael
addition adducts were generally obtained in good yield and
enantioselectivity (Table 2, entries 1—13). Alkyl-substituted
nitroalkenes showed lower reactivity, and moderate data were
attained after longer times (entries 14 and 15). In addition, 2,5-
dienones 1b and 1c also smoothly produced the bisvinylogous
adducts (entries 16 and 17), and the sole isomer was observed
in the case of 1b with a y-methyl group. Unfortunately, more
sluggish reactions were observed for e-substituted 2,5-dienones,
and both diastereo- and enantioselectivity were disappointing.
We also tested more examples with amine C2, and the products
with an opposite configuration were attained in similar
enantiocontrol (data in parentheses).
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Scheme 2. Sequential Trienamine—Vinylogous Iminium or
Even Iminium Catalysis To Access Complex Spirocyclic
Products
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Although enantioselectivity in direct bisvinylogous 1,4-
additions with nitroalkenes is not excellent, it was pleasing
that a highly stereoselective 1,6-thiol addition reaction with 2,4-
dienone 3a could be achieved via vinylogous iminium catalysis
of the same chiral amine.”® In fact, as outlined in Scheme 2,
even the sequential trienamine—vinylogous iminium catalysis
with amine C1 or C2 and acid Al could proceed smoothly in a
one-pot pathway, directly furnishing the major separable sulfide
product 4 in excellent diastereo- and enantioselectivity, albeit
with moderate yields. Furthermore, an intramolecular nitro-
Michael addition was efliciently promoted by adding TMG
(tetramethylguanidine), giving densely adorned spirocyclic
product § as a single diastercomer.'* Encouraged by the
above results, Michael acceptors 6 and 9 were further tested.
Although the early bisvinylogous Michael adducts 7 and 10
were obtained in low to modest ee values, the subsequent
cascade vinylogous iminium—iminium catalysis proceeded
effectively, directly delivering separable spirocycle 8 and a
highly complicated bisspirocyclic substance 11, respectively, in
excellent stereocontrol.'® Thus, such a [4 + 2] annulation
process also accomplished the f,e-functionalization of cyclic
2,5-dienone substrates, as proposed in Scheme 1, (c).

In conclusion, we have developed the first direct asymmetric
bisvinylogous 1,4-additions of cyclic 2,5-dienones to electron-
deficient alkenes via induced trienamine catalysis. These
reactions exhibited exclusive remote e-regioselectivity, and
moderate to high enantioselectivity was obtained by employing
readily available chiral primary amines derived from cinchona
alkaloids. Moreover, the sequential vinylogous iminium—
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iminium catalysis could be further conducted with the obtained
bisvinylogous 1,4-adducts by using the same amine catalyst,
efficiently furnishing enantioenriched spirocyclic or even
bisspirocyclic architectures with highly structural and stereo-
chemical complexity. These procedures efliciently provide an
alternative synthetic protocol for f,e-functionalizations of cyclic
2,5-dienone substrates in a [4 + 2] cycloaddition manner. We
believe that the current work would help develop more reaction
versions in the field of asymmetric trienamine catalysis. More
results will be reported in due course.
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Complete experimental procedures and characterization of new
products, CIF files of enantiopure products § and 11, NMR
spectra, and HPLC chromatograms. This material is available
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