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A highly enantioselective [2+2] cycloaddition reaction of alkylidene
malonates with the internal C—=C bond of N-allenamides was
developed with a Mg'"/N,N’-dioxide complex as a catalyst. Various
polysubstituted methylenecyclobutanes were afforded in good
yields (up to 99%) and excellent enantioselectivities (up to 96% ee)
under mild conditions. The utility of the donor—acceptor cyclobutane
product was demonstrated as a masked 1,4-dipole in the formal [4+2]
annulation reaction with a silyl enol ether.

Cyclobutanes are not only important structural motifs in numerous
biologically significant molecules, but also used as key inter-
mediates for the synthesis of many bioactive compounds and
drugs.! Among them, heteroatom-substituted cyclobutanes, and
in particular the N-substituted ones, have received much attention.
The introduction of aminocyclobutanes into peptides resulted in
foldamers with interesting properties ranging from cell-penetrating
agents to low-molecular-weight gelators.> On the other hand,
heteroatom-substituted cyclobutanes bearing electron-donating
and withdrawing groups could serve as masked 1,4-dipoles in
cycloaddition reactions.’ Regarding the methods for the construc-
tion of heteroatom-substituted cyclobutanes, the most efficient one
is the [2+2] cycloaddition reaction (Scheme 1a). In the past several
decades, the synthesis of heteroatom-substituted cyclobutanes via
[2+2] cycloaddition were achieved successfully using photocatalysts,
Lewis acids, amine-catalysts or transition metal catalysts.* However,
compared with the well-established chiral alkoxy® and alkyl
sulphanyl® substituted cyclobutanes, the synthetic strategies of
enantioenriched amino-cyclobutanes were mainly focused on
photocatalysis,” and other routes are rare.”®

Due to the presence of the electron-withdrawing group
on nitrogen, N-allenamides show higher stability than the
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corresponding allenamines. In the past two decades,
N-allenamides have been employed as versatile reagents in
organic synthesis.’ In N-allenamides, the delocalization of the
nitrogen lone pair toward the allenic moiety creates an electro-
nic bias, leading to consecutive addition of electrophiles and
nucleophiles in a highly regioselective manner. The impressive
examples of such elegant transformations are cycloaddition
reactions, in which either the terminal C—C or internal C—C
bond could participate, leading to a diverse array of carbo- and
heterocyclic structures. Highly enantioselective cycloaddition
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Scheme 1 The synthesis of heteroatom-substituted cyclobutanes and
cycloaddition reactions of internal C—C of N-allenamides.
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reactions involving the terminal C—=C bond were well studied."’
In contrast, only a few of the reactions occurring at the internal
C—C bond have been established in the asymmetric version to
date. In 2015, Zhang and co-workers described the asymmetric
formal [3+2] cycloaddition reaction of 2-(1-alkynyl)-2-alken-
1-ones with the internal C=C bond of N-allenamides using
Au'-chiral phosphoramidite as the catalyst.''® Last year, an
asymmetric [2+2] reaction of ketimines with the internal
C—C bond of N-allenamides was realized by Jia et al. in the
presence of Ni'-chiral bisoxazoline (Scheme 1b)."*? Recently,
the group of Kang developed the internal C—=C bond involved
asymmetric dimerization of N-allenamides in the presence of
Rh'-BINAP."" In addition, an elegant intramolecular [2+2]
cycloaddition reaction of alkenes with the internal C—C bond
of N-allenamide was disclosed by Arisawa in 2016."> Herein, we
disclose a highly enantioselective intermolecular [2+2] cyclo-
addition reaction, providing a direct access to amino-substituted
methylenecyclobutanes™® with a Mg(OTf),/N,N'-dioxide complex
as the catalyst.'* Diverse ranges of functionalized aminocyclo-
butanes were obtained in moderate to good yields with excellent
diastereo- and enantioselectivities (Scheme 1c).

The optimization of the reaction conditions was carried out
by taking the reaction of alkylidene malonate (1a) and
N-allenamide (2a) as the model reaction. Initially, identification
of the metal salts indicated that Mg(OTf), exhibited higher
activity than other metal salts in the presence of chiral N,N'-
dioxide L-PrPr, (for details, see the ESIt). The desired product
3a was obtained in 18% yield with a moderate ee value (46% ee).
Subsequently, various chiral N,N'-dioxide ligands complexing with
Mg(OTf), were evaluated, suggesting that L-PiPr, was superior to
L-PrPr, and L-RaPr, in terms of enantioselectivities (Table 1,
entries 1-3). Changing the 2,6-diisopropylaniline moiety to
2,4,6-trimethylaniline provided better results (65% yield, 75% ee;
Table 1, entry 4). After careful screening of the solvents,
CH,CICH,Cl was proved to be the best choice, and the cyclo-
addition product can be obtained 63% yield with 77% ee
(Table 1, entry 5). To our delight, the reactivity and enantio-
selectivity of the reaction increased with the addition of NaBAr",
as an additive, which was proposed to be used for exchanging
the counterion (80% yield and 79% ee; Table 1, entry 6)."
Lowering the temperature to 20 °C and switching the alkylidene
malonate 1a to 1d gained further improvement (86% yield and
90% ee; Table 1, entries 7 and 8). Finally, 99% yield was afforded
when 2.0 equivalents of 2a were used (Table 1, entry 9).

With the optimized reaction conditions in hand (Table 1,
entry 9), the scope of alkylidene malonates 1 was investigated
by reacting with N-allenamide 2a (Table 2). Both reactivities and
enantioselectivities gradually reduced with the increase of
steric hindrance of the ester group (Table 2, entries 1-3). The
positions of substituents on the phenyl ring in alkylidene
malonates 1 showed a significant influence on the results (Table 2,
entries 4-15). Generally, alkylidene malonates 1le—j bearing
para-substituents regardless of electron-donating and electron-
withdrawing groups are all tolerated well, providing the desired
products in high yields and ee values (92-99% yield, 92-95% ee;
Table 2, entries 4-9). The reaction with 1g was performed on a
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Table 1 Optimization of the reaction conditions?

Ts Ts\
COR i) Mg(OTf), (10 mol%) N—Ph
< °
Ph ligand (10 mol%
PhJ\co R* H/ g ! ﬁco R
2 \.\ solvent, 35 °C R 2
1a: R = Me 2
1d: R=Bn a
n( )n
o\\lw . . o}
N i\/\\\"‘ N
Ar” N\ _..O O.. s TArO
H - - H

L-PrPry: Ar = 2,6-Pr,CgHz, n =1
L-PiPr,: Ar = 2,6-Pr,CgHg, n = 2
L-PiMe,: Ar = 2,6-Me,CgH3, n =2
L-PiMe;: Ar = 2,4,6-Me;CgH,, n =2

L-RaPr,: Ar = 2,6-Pr,CgH,

Entry Ligand Solvent Yield? (%) ee’ (%)
1 L-PrPr, CH,Cl, 18 46
2 L-RaPr, CH,Cl, 53 23
3 L-PiPr, CH,Cl, 29 47
4 L-PiMe; CH,Cl, 65 75
5 L-PiMe;, CH,CICH,CI 63 77
6¢ L-PiMe, CH,CICH,CI 80 79
79 L-PiMe; CH,CICH,CI 80 85
8f L-PiMe, CH,CICH,CI 86 90
9defE L-PiMe, CH,CICH,CI 99 90

¢ Unless otherwise noted, all reactions were performed with ligand
(10 mol%), Mg(OTf), (10 mol%), 1a (0.10 mmol) and 2a (0.10 mmol) in
solvent (1.0 mL) at 35 °C under N, for 48 h. The dr values (>95: 5) were
determined via '"H NMR of the crude mixture. ? Yield of the isolated
product. ¢ Determined by HPLC analysis on a chiral stationary phase.
4 NaBAr", {NaB[3,5-(F5C),CsH;]s} (20 mol%) was added as an additive.
¢ At 20 °C for 48 h./ 1d (0.10 mmol) was used instead of 1a. ¢ 0.20 mmol
of 2a was used.

gram scale and obtained comparable results (1.02 g, 92% yield and
95% ee, Table 2, entry 6). The meta-substituted ones displayed
similar reactivities but the ee values of the products 3k-3m decreased
slightly (70-99% yield, 85-89% ee; Table 2, entries 10-12), and the
3,4-disubstituted alkylidene malonate afforded comparable results
(Table 2, entry 13). In contrast, a sharp decrease in both reactivities
and enantioselectivities was observed for ortho-substituted substrates
(Table 2, entries 14 and 15). Pleasingly, the reaction of fused-ring-
substituted alkylidene malonate proceeded well, and the adduct 3q
was isolated in 99% yield with 88% ee (Table 2, entry 16). Moreover,
the heteroaromatic cycle derived ones also performed the reaction
with moderate ee values (58-98% yield, 51-84% ee, Table 2, entries
17-20). It should be noted that only one of the diastereomers was
detected in all of these cases. To our delight, the catalyst system
was also effective for aliphatic substrates, affording excellent
enantioselectivities (93-96% ee) and high diastereoselectivities
(85:15-92: 8 dr; Table 2, entries 21-24). Interestingly, cinnamyl-
substituted alkylidene malonate was also suitable with high
regioselectivity (Table 2, entry 25).

Then, various substituted N-allenamides were examined. As
shown in Table 3, N-allenamides with different substituents
were applicable, giving the corresponding products in 85-99%
yield and 88-91% ee (Table 3, entries 1-6). The absolute con-
figuration of compound 4d was determined to be (2R, 4R) by
X-ray single crystallographic analysis."®

This journal is © The Royal Society of Chemistry 2018
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Table 2 Substrate scope of the alkylidene malonates 1°

Ts,
Ts N—Ph

) N__ L-PiMe; (10 mol%)
RZ/\(COZR . ‘T Ph  Mg(OTf), (10 mol%) COR!
H NaBArF, (20 mol%) 2

;
COR CH,CICH,CI, 20 °C  R2 COR'
1 2a 3a-3z
Entry R'/R? Yield (%) dr ee (%)
1 Me/Ph (3a) 99 >95:5 87
2 Et/Ph (3b) 95 >95:5 87
3 'Pr/Ph (3¢) 31 >95:5 67
4 Bn/4-FC¢H, (3e€) 94 >95:5 93
5 Bn/4-CICH, (3f) 99 >95:5 95
6° Bn/4-BrCeH, (3g) 99 (92) >95:5 95 (95)
7 Bn/4-MeCeH, (3h) 93 >95:5 93
8 Bn/4-'PrCeH, (3i) 92 >95:5 92
9 Bn/4-PhCeH, (3j) 98 >95:5 92
10 Bn/3-CIC¢H, (3k) 99 >95:5 87
11 Bn/3-BrC¢H, (31) 99 >95:5 89
12 Bn/3-MeCgH, (3m) 70 >95:5 85
13 Bn/3,4-Me,CcHj; (3n) 91 >95:5 84
14 Bn/2-CICgH, (30) 52 >95:5 39
15 Bn/2-MeCgH, (3p) 32 >95:5 48
16 Bn/2-naphthyl (3q) 99 >95:5 88
17 Bn/2-thienyl (31) 86 >95:5 74
18 Bn/2-benzothienyl (3s) 98 >95:5 84
19 Bn/2-furanyl (3t) 58 >95:5 51
20 Bn/2-benzofuranyl (3u) 92 >95:5 67
21° Bn/'Pr (3v) 95 89:11 96
22° Bn/cyclohexyl (3w) 83 85:15 96
23°¢ Bn/'Bu (3x) 86 92:8 92
24° Bn/"Bu (3y) 57 92:8 93
25° Bn/Pi N (37) 49 91:9 88

“ Reaction conditions are identical to those in entry 9 of Table 1. * The
value in parentheses was obtained when conducted on a gram scale
(1.5 mmol of 1g). ¢ Carried out with L-PiEt,Me (10 mol%) in CHCI,CHCl,
(1.0 mL) for 48 h.

Table 3 Substrate scope of the N-allenamides 2°

/sozR“
standard 3_
R*-N CO,Bn

CO,Bn \\0 SO,R* conditions 2
PNy + .y ——— ) ~£-cosn
CO,Bn ‘R3 =

Ph
1d 2 4a-4g

Entry R*/R* Yield (%) ee (%)

1 Ph/Ph (4a) 95 90

2 Ph/4-MeOC4H, (4b) 99 90

3 Ph/4-"BuC¢H, (4c) 99 90

4 Ph/Me (4d) 85 91 (2R, 4R)
5 Ph/1-naphthyl (4e) 98 88

6 4-MeCgH,/4-MeCgH, (4f) 99 91

¢ Reaction conditions are identical to those in entry 9 of Table 1.

To evaluate the practicality of this catalytic system, the
reduction of 3a with LiAlH, generated the 1,3-diol derivative 5,
which can be reduced continuously to the compound 6 in
excellent yield with high diastereoselectivity (Scheme 2a). In
addition, the product 3a was successfully used as a masked
1,4-dipole in the [4+2] annulation reaction with silyl enol ether 7
in the presence of SnCl, (Scheme 2b), and the products 8a and

This journal is © The Royal Society of Chemistry 2018
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Ts
(a) Ts \

HsC, N—
N— Ph
3a LiAlH, Ph Ha, PdIC m
.
THF, 25 °C . MeOH, 25 °C CH,OH
(87% ee) o CH,OH PH SH.o0n
CH,OH 2
6
5 N
90% yield, 889
74% yield, 86% ee % yie, 88% ee
(b) Ph\ R
N~1s SnCl, (20 mol%) | ~J..otes
\\:(Mg + )k 4 AMS (10 mg) NCOZMe
_ 4AMS(10mg) _ g
o coMe R OTBS T o ioee H CO,Me
Co,Me 15 Vph
3a 7aR=Ph 8a 44% yield, 88% ee, 90:10 dr,
(87% ee) 7b R = 4-MeCgH,

8b 36% yield, 87% ee, 94:6 dr

Scheme 2 Transformation of the products.
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ko/ 0

N

Fig. 1 Proposed transition state model.

8b were obtained in moderate yields and high diastereoselec-
tivities along with a maintained ee value (for the proposed
mechanism, see the ESIt). The relative configuration of compound
8a was assigned via X-ray single crystallographic analysis."®

Based on the previous work'* and the absolute configuration of
the product 4d, a possible transition state model was proposed to
elucidate the origin of chiral induction in the [2+2] cycloaddition
reaction. As shown in Fig. 1, chiral N,N'-dioxide and alkylidene
malonate 1d coordinated to Mg" in tetradentate and bidentate
fashions respectively to form a slightly distorted hexahedral
complex. The Re-face of the substrate 1d was shielded by
the substituted aniline group on the ligand. Consequently,
N-allenamide 2e approached from the Si-face of the substrate to
form the zwitterionic intermediate, which subsequently under-
went cyclization from the Re-face of the imine moiety to afford 4d.

In summary, we have developed a chiral Mg"/N,N’-dioxide cata-
lyst system to realize the asymmetric [2+2] cycloaddition of alkyl-
idene malonates with the proximal C—C bond of N-allenamides.
A wide range of aminocyclobutanes was obtained in moderate to
excellent yields (up to 99%) with excellent ee values (up to 96% ee).
The utility of the product was demonstrated as a masked 1,4-dipole
in highly diastereoselective cycloaddition with silyl enol ether 7.
Furthermore, a possible transition state mode was proposed to
explain the origin of the chiral induction.
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