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o,B-Unsaturated Amides as Dipolarophiles: Catalytic Asymmetric
Exo-selective 1,3-Dipolar Cycloaddition with Nitron

Ming Zhang,? Naoya Kumagai,*® and Masakatsu Shibasaki*?

Dedication ((optional))

Abstract: 1,3-Dipolar cycloaddition is a commonly exploited method
to access 5-membered chemical entities with a variety of peripheral
functionalities and their stereochemical arrangements. Nitrones are
isolable 1,3-dipoles that exhibit sufficient reactivity toward electron-
deficient olefins in the presence of Lewis acids to deliver highly
substituted isoxazolidines. Herein we document that a,f-unsaturated
amides, generally regarded as barely reactive in a 1,3-dipolar
reaction manifold, were effectively activated using the designed 7-
azaindoline auxiliary in an In(OTf)s/bishydroxamic acid catalytic
system. The broad substrate scope and clean removal of the 7-
azaindoline auxiliary from the product highlight the synthetic utility of
the present catalysis.

Introduction

Given the inherent nature of cycloaddition reactions to forge two
bonds in one event, they are extensively utilized to cons
molecular  architectures of interest" The 1,3-
cycloaddition (1,3-DC) reaction is a cycloaddition reaction
variant that couples 1,3-dipoles and dipolarophiles to p,
membered ring systems.l'? Nitrones are an arch
dipole commonly used in 1,3-DC reactions with dj
having multiple bonds, allowing for expeditious a
substituted isoxazolidines. The 1,3-DC rea
rendered catalytic and asymmetric by Jgrgensen e
a Ti(IV)/TADDOL complex promoted the reactio
oxazolidinone-based electron-deficient olefin as a dipolarop
in an exo-selective manner.”®? This discovery triggere
development of catalytic asymmetrig 1,3-DC reaction
alkenoyl oxazolidinones,” including
enantioselective examples.”! Palo
reported that different  dipolarophi
characteristics, e.g., a‘-hydroxy enone
imidazoles,” are potential s
bidentate dipolarophiles rev

iles exhibiting endo-selectivity,
work, Sibi et al. reported that
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imides!"® preferentia
enantioselectivity u
malonates'¥  an
revealed to exhi
monodentate ena

ducts with high
line catalysis. Alkylidene
thiones!" were later
Ithough more reactive
rated in the catalytic
old with a variety of
talytic systems, the majority
ctive reactions,® with some exceptions in
employed.""®"'®! While organocatalytic
ide exo-cycloadducts,"'” the number
of examples 1,3-DC reactions remains limited
despite extensive research spanning more than two decades.''”
181 19 Herein we document our exploration of exo-selective 1,3-

reactioising a,B-unsaturated 7-azaindoline amides 1.

Unsatur¥ed amides are generally less electrophilic than
classes of a,p-unsaturated carbonyl compounds and
fins, and thus barely act as dipolarophiles except for
amides"” and imides.?®" q,B-Unsaturated 7-
ides engaged in 1,3-DC reactions with both
aliphatic nitrones 2 by the actions of a catalyst
comprising "In(OTf); and modified Yamamoto’s bishydroxamic
acid (BHA) ligands,” affording exo-cycloadducts in a highly
engntioselective manner. Divergent conversion of the amide
fun@@enal group highlights the synthetic utility of the present
cajii¥sis.

Cu(ll)/biso.
1,3-thiazolidin
exo-selectivity.
re also inc

O,

\: (o]
Ph N\ N Ph
— HO OH =

Ph BHAligands M
(0] 5—-10 mol% o R!

NJ\/\R‘ ‘O\’*:‘,R3 In(OTf)3

. J\ 6-12 mol%
N R2"OH THF, rt =
67-95% yield N\ /
exolendo 3/1 to >20/1
79-99% ee

1 2

23 examples
divergent transformation

Scheme 1. Exo-selective catalytic asymmetric 1,3-DC reaction of 7-
azaindoline amides 1 and nitrones 2.

Results and Discussion

In the course of our ongoing research, we reasoned that a,f-
unsaturated 7-azaindoline amides 1 are viable dipolarophiles in
catalytic asymmetric 1,3-DC reactions. The 7-azaindoline
amides are characterized by their intrinsic stability and acquired
reactivity in the presence of suitable Lewis acids, which is
ascribed to a conformational change in the amide

This article is protected by copyright. All rights reserved.
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f]\ LA: Lewis acid Table 1. Optimization of catalytic asymmetric 1,3-DC reaction of a,-unsaturated
N” "R BB: Bronsted base 7-azaindoline amide 1a and nitrone 2a.”
_ Nu: Nucleophile 1) o
N
N\ E-1 N)J\/\ 7O\KI/BH )ll"‘éo
+ h
jLa = Ph)KH N
N N Ph Bn

electrophilic L A N\
activation 1a 2a

nucleophilic
activation

LA
= N = N
)l\ )J\/(\\Nu = [°] o ee
u\ BB Entry Catalyst ’ Solvenﬁ exolendo™ [%]
r 4 A

= —CH2R1 e 1 cuoth 1 flff 10 ch B 26 71 17

2 IN(OTH/L1 10 cHc, W 18 2/1 26

Figure 1. Utility of 7-azaindoline amides 1 as pronucleophiles and 3 In(OTf)S/BH‘ 10 CH2C|2. 39 7 36
electrophiles. 4 inotyeHAE10 cHollf o4 >20/1 95
5 noTiA: el 2 4/1 65

6 CcuOTHh A2 10 ™emicl, 99 2/1 19

7 Ni©OTH/BHNEA 10 CH.Cl, 12 10/1 19

geometry; the stable E-conformer is switched to a Z-conformer 8  mEaOTh, ‘0 CH,Cl, 7 — 0
via bidentate coordination (Figure 1). The activated Z-conformer 9 CHCl, 86 >20/1 96
elicits masked reactivity to allow for catalytic enolization 10 In(OTf)y/BHA2 S toluene 12 2/1 _
(nucleophilic activation)?” and also serves as a Michael 11 In(OTHy/BHA2 10 THF 95 >20/1 97
acceptor when conjugated with a double bond (electrophilic |n(omHA_2 5  THF 60 >20/1 97
activation).”” Given the electrophilic activation mode of the a,p- ndlfBHA2 5 THF 93 >20/1 98

unsaturated amide by Lewis acids, we began screening chirally
decorated Lewis acidic catalysts for a 1,3-DC reaction of amide
1a and nitrone 2a (Table 1). A Cu(ll) and In(lll) complex of tBu-
PyBox ligand L1 preferentially delivered exo-cycloadduct
albeit in low yield and W|th low enantioselectivity (Entries,
BHA-type ligands with In(OTf); exhibited generally hlgher

catalytic activity, and BHA-2 with 3,3-diphenyl ioni o | NP0 S N EN °
hydroxamic acid units significantly outperfor other %‘N r\L) O HO OH O
structurally similar BHA ligands, e.g., BHA-1 and B Bu L1 Bu Q O

0.1 mmol, 2a: 0.12 mmol, 0.2 M. 1.2 equiv of ligand was used relative
alts. [b] Determined by 'H NMR analysis. [c] Determined by HPL
d] Run on 0.5 M with 2 equiv of 2a (0.2 mmol).

3-5). BHA-2 was uniquely effective with In(OTf); BHA-3
other metal salts, e.g., Cu(OTf), and Ni(OTf),, g
lower stereoseleotlwt.y (Entr'les 4,6,7). The lig ; O o Q o Q
accelerated the reaction, which barely proceeded in th NN
of the ligand (Entry 8). A brief survey of solvents identified Ph HO OH HO OH
as optimal and the reaction reached completion with 5 mol% o O BHA-1 BHA-2 O
catalyst at a higher concentration (Entries 9—-13).
The electrophilic activation modegoposed in Figure 1
supported by NMR analysis of 1a in @
of the In(OTf)s/BHA-2 complex (Figure H. He O Hp )
. ) . ¢ E-conformation

1a was abnormally downfielded close to N)H/\Me Me
. . . . _H. Hc THF
indicative of E-conformation “ =\ ’ TrluF
bonding with the pyridyl nitro N Ll N m I 1 1
Addition of the In(OTfg/BHA-2 1a resulted in a o 80 70 &0 50 40 po 20
significant upfield shij sting that the ® n* }aé'gr:formaﬁon
hydrogen bonding wa der bidentate o
coordination to the In(lll) cS@aplex in a Z-corformation (Figure )H/K ™F THE
2b). The observed NOE bet the a-proton (H.) and Hc on Hp Me ]

: : 3 o (23] H, H, ,\5 ﬁ
the azaindoline ppo'rt fo'r V4 conformatlon.” o HJU' i NOE J _,JLL “ B
The downfield sh ) implied that electrophilic VEaE A e T RRARRRER 2
activation was man equent 1,3-DC reaction " InOT)«/BHA-2 complex tper

with |ncom|ng nitrone contrast to explicit peaks of 1a, NMR . ; ) ) )

s Tf)/BHA-2 were very broad, givin Figure 2. 'H NMR analysis of amide 1a in the absence and presence of the
signal o/ BHA- y broad, giving y,)yBHA-2 complex. (a) 1a in THF-d. (b) 1a : In(OTf)y/BHA-2 = 1:1 in THF-
little i ation is assumed to indicate that g,

the mixture O HA-2 did not form a discrete
complex and gave the oligomeric species in equilibrium.?? The
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Table 2. Catalytic asymmetric 1,3-DC reaction of 1a and 2a with BHA-2 and
its derivatives.”
o

o}
~ - InOTfz 10 mol% P
< NM O-%-B"  BHAligands 12 mol% N o
+ . N
Y Ph)J\H THF, RT, 24 h Ao N
Y/ N Ph Bn
1a 2a 3a

AW

N OH‘L: :_);neo OHAQ:
BHA- BHA-2A

95%, 97% ee 60%, 38% ee
exolendo >20/1 exolendo 1.5/

:_heo ON;L: :j ‘&:
BHA-2B BHA-2C

69%, 0% ee 63%, 0% ee
exolendo 1.711 exolendo 1/2

[a] 1a: 0.1 mmoI 2a: 0.12 mmol, 0.2 M. Yield and exo/endo ratio were
determined by H NMR analysis of the crude mixture. Enantioselectivity of the
major diastereomers is shown.

bishydroxamic acid units proved essential for both efficient
reaction progress and high stereoselectivity (Table 2). In the
identical substrate set in Table 1, the reactions with modifigd
ligands mono-O-methylated BHA-2A and di-O-methylated
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WILEY-VCH

Table 3. Substrate generality of nitrones in catalytic asymmetric 1,3-DC
reaction of a,p-unsaturated 7-azaindoline Wa.[al

(0] (e}
N .
N o
— N
N AF \R
Y/

i
N
0"
3d: 5 mol%

88%, 92% ee
exolendo >20/1

(o)
J,
o N0
N R N\
\ Bn

F Cl

39: 5 mol% 3h: 5 mol%
89%, 98% ee 93%, 99% ee
exolendo >20/1 exolendo >20/1

0
.VNHJ": (lo
~N

i
nNn)"' (lo
L
O

3a: 5 mol%
93%, 98% ee
exolendo >20/1

F;C

3e: 5 mol% 3f: 10 mol%
) e 88%, 98% ee
exolendo >20/1

0 j
..Nu)":.(LO uNu)/'ng\o
Br, ~N N

NG

2B gave product 3a in lower yield and substantially decr
stereoselectivity; and the latter gave a virtually racemic . Br
Together with the lack of enantiodiscrimination observ
bisamide analog BHA-2C, bishydroxamic acid units i
spatial arrangement were critical for the present
1,3-DC reaction, although the three-dimensional

87%, 99% ee
exolendo >20/1

complex remained elusive. o]
The optimized conditions using the N\Bn

catalyst could be generalized for the reactions of @

nitrones 2 derived from aromatic aldehydes and 7-azaindo 3m: 5 mol%

85%, 95% ee

(E)-crotonoylamide 1a (Table 3).%°! Only exo-adducts 3
exolendo >20/1

67%, 94% ee
exolendo >20/1

i
N N’\
— Bn
Ny />

3n: 5 mol%

85%, 96% ee
exolendo >20/1

89%, 97% ee
exolendo >20/1

0
e
) N’\
Bn

S
"
30: 10 mol%

75%, 95% ee
exolendo >20/1

\ \Bn = \Bn = \Bn
N/, W/,
NC MeO
3i: 5 mol% 3j: 10 mol% 3k: 10 mol% 3l: 5 mol%

90%, 91% ee
exolendo >20/1

i
.VNV.)"‘,CLO
L
\ Me

3p: 5 mol%
82%, 83% ee
exolendo >20/1

room temperature.”® High yield a
observed, irrespective of the substit

substituted nitrone proceeded
catalyst loading, likely due to
a potentially Lewis b
applicable (3n,0), al
substituted product (30).
a marginal loss of enantiose

Unexpectedly, nitrones
gave poor resu
BHA-type ligands

of the 2-furyl
mmodated with

pting us to further screen

2q, derive m hexanal, BHA-type
eening set were re-evaluated; BHA-2,
es, exhibited inferior performance
ydroxamic acid units are 1

3-DC reactions (Table 4).

[a] 1a: 0.1 mmol, 2a: 0.12 mmol, 0.2 M. 1.2 equiv of BHA-2 was used relative
to In(OTf),. Isolated yield and ee of exo-adducts are shown.

methylene shorter. A similar tendency was observed for 3,5-xylyl
analogs BHA-4 and BHA-5. Based on BHA-2, a bulkier
mesitylene analog (BHA-6), linked analog (BHA-7), and
aliphatic analog (BHA-8) were synthesized, but none of them
afforded better stereoselectivity than BHA-2. Gratifyingly, the
rigidified analog BHA-9 afforded 3q with reasonably high
exolendo selectivity (8/1) and enantioselectivity (75% ee for exo-
isomer). Less demanding cinnamoyl analog BHA-10 exhibited
inferior selectivity.

BHA-9 was useful for exo-selective 1,3-DC reactions of
aliphatic nitrones 2g—s and «,f-unsaturated amides 1b—e with
other B-substituents (Table 5).?”! Nitrones with an a-branched
structure afforded slightly better enantioselectivity, reaching 90%
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Table 4. Screening of BHA ligands for aliphatic nitrone 2q.”!

o)
o -0_+.Bn In(OThs 10 mol%
N . /v\)l]l\ BHA ligands 12 mol%
=N H THF, RT, 48 h
N\
1a 2q
. . . .
Q3D Qate D
Ph HO OH Ph HO OH HO OH
BHA-1 BHA-2 BHA-3

82%, 8% ee
exolendo 2/1

°~9~°
) ¥ _ O

91%, 27% ee 75%, 38% ee
exolendo 5/1 exolendo 4/1

85%, 51% ee
exolendo 5/1

shown. [b] ent-3q was obtained as major enantiomer.

e (3r). Amide 1b without any substituent at the p-position had
lower enantioselectivity, and moderate exo selectivity
enantioselectivity were observed even with BHA-9. Amid :
with longer alkyl chains benefited from the use of BHA-9,
delivering the desired products 3u,v in decent yield
moderate stereoselectivity. In the specific case of
possessing an ether-type substituent, BHA-2 wa
BHA-9 and 3w was obtained with excellent stereo

unsaturated 7-azaindoline amide as a competent
the present catalytic system. In the reaction of ni

indicating that the nitrogen atom at t
supports the the activation mode

dipolarophiles, and si
remained unchanged

It is important to
azaindoline unit; it not only
activation of 1,3-DC reactlons
divergent trans
is bench-stable a
treatment with 2M

abled the exo-selective catalytic
t also served as a handle for
). The 7-azaindoline amide
ut readily hydrolyzed by
eOH at give the corresponding
itative yield. Upon nucleophilic addition
r hydride, the transient tetrahedral
to prevent over-alkylation or over-

reduction, affordin d aldehyde 11 in high yield.

92%, 65% ee
exolendo 5/1

BHA-8
63%, 7% ee

exolendo 1

[a] 1a: 0.1 mmol, 2a: 0.12 mmol, 0.2 M. Yield and exo/endo ratio were determinge!

y 4

90%, 75% ee
exolendo 8/1
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BHA-5
93%, 65% ee
exolendo 6/1

- HO OH

BHA-10
85%, —38% eelbl
exolendo 6/1

H NMF\!naIysis of the crude mixture. Enantioselectivity of exo-3q is

tility of BHA-9 in catalytic asymmetric 1,3-DC reaction of aliphatic
ifferently substituted a,B-unsaturated 7-azaindoline amides 1.4

1
cat. c|) B
-O_+.Bn In(OTH),
, N BHA-2 or 9 N 0
RZJ\H THF, RT, 48 h = SN
N| g2 Bn
N/
N
=Me 2a: R2 = Ph 3
= 2q: R2 = nPen
1= Et 2r: R2 = cHex
R! = nPr 2s: R2 = (CH,),Ph
= CH,0Bn
i i i
UNu)/" (lo uN..)"».(LO lvNu)/" (lo
R N\ R N\ R N\
/_/_ Bn <:> Bn Bn
Y/
[1a + 2q] [1a + 2r] [1a + 2s]
39: 5 mol% 3r: 5 mol% 3s: 5 mol%
BHA- BHA-9 BHA-9

91%, 79% ee
exolendo 81

(|3 HH
"N") ' "N" (( "N" ((\

83%, 90% ee
exolendo 13/1

OO O

[1b + 2a] [1c + 2a] [1d + 2a]
3t: 5 mol% 3u: 10 mol% 3v: 10 mol%
BHA-9 BHA-9 BHA-9

95%, 80% ee
exolendo 31

91%, 90% ee
exolendo 16/1

89%, 90% ee
exolendo >20/1

85%, 81% ee
exolendo 5/1

o ((9
N

N

o7
[1e + 2a]
3w: 5 mol%
BHA-2
91%, 98% ee
exolendo >20/1

[a] 1: 0.1 mmol, 2: 0.12 mmol, 0.2 M. 1.2 equiv of BHA ligand was used
relative to In(OTf),. Isolated yield and enantioselectivity of exo-adducts are

shown.
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o}
_ |
o O_+.Bn  In(OThg 10 mol% .
N “N BHA-2 12 mol% X 0
X PR NH CH,Cl,, RT, 24 h SN
Ph Bn
dipolarophiles 2a 1,3-DC products
X = H/ H/ H/ H/
N/ N/ N/ \N/
=\, _ PN \,l\l/H \O/H
N/ N\ )/ s )
1a 4 5 6 7 8
94%
exolendo >20/1  ND ND ND ND ND
95% ee 1

Figure 3. Exclusive reactivity of 7-azaindoline amide 1a in the present 1,3-DC
reaction.

(21

1 0
MeO)I"’ o} P (L,O

N

N \ < \

Ph Bn Ph Bn
9 10
quant. 2M HCI/MeOH PhCH,MgCl 88%

THF,0°C, 1 h
LIAIH(OBu),

THF, 0°Cto RT | qu
12h

b
80°C, 12h N "(L,o
LN

LiAIH, NPE o gn

91% | THF,—-40°C,3h N\
3a

DC adduct 3a.

One-step conversion to primary alcohol 12 was attained
LiAIH(OtBu); at room temperature.

Conclusion (6]
We developed an exo-sele 71
unsaturated amides and/ali [8]

azaindoline amide wasgcrucial t [0l
[10]

11
catalytic system. Although ()

was unclear, the activatio
azaindoline am

structure of tle In(lll) complex
ode of «,B-unsaturated 7-
d by 'H NMR analysis. The
substrate generality was
a 7-azaindoline moiety.
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[a]

Ming Zhang, agai, ™ and

Masakatsu Shibas,

Q 5-10 mol% o R!
_ 3 I,

NAANA 0L R o Q o N)"'éo

¥ —A N M. N
l N RZJ]\H )J_HO OH_<:< — - Ri. \Rg

N\ _/ Ph + Ph / ; - . .
In(0Tf)3 \ ic Asymmetric

23 examples 67-95% yield, 79-99% ee

exo/endo 3/1to >20/1

Text for Table of Contents 1,3-Dipolar cycloaddition is a commonly exploited
method to access 5-membered chemical entities with a variety of peripher
functionalities and their stereochemical arrangements. Nitrones are isolable 1,3-
dipoles that exhibit sufficient reactivity toward electron-deficient olefins in the
presence of Lewis acids to deliver highly substituted isoxazolidines. Herein we
document that a,p-unsaturated amides, generally regarded as barely rea
1,3-dipolar reaction manifold, were effectively activated using the designed
azaindoline auxiliary in an In(OTf)s/bishydroxamic acid catalytic system. The broad
substrate scope and clean removal of the 7-azaindoline auxiliary from the produ

highlight the synthetic utility of the present catalysis. i
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