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Azaarenes are privileged structures that appear in numer-
ous biologically active compounds such as natural products,
pharmaceuticals, and agrochemicals. Therefore, the develop-
ment of new methods for the incorporation of azaarenes
into compounds, or to functionalize preexisting azaarenes,
are of high value. Our laboratory has recently developed
two reactions that utilize alkenylazaarenes as electrophiles
for enantioselective addition reactions: copper-catalyzed
1,4-reductions,’ and rhodium-catalyzed 1,4-arylations.!"
These processes rely upon a suitably positioned C=N group
in an azaarene to activate an adjacent alkene toward a nucle-
ophilic addition (Figure 1 A).>* These studies led us to con-
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Figure 1. Azaarenes as activating groups for enantioselective catalysis.
E =electrophile, EWG =electron-withdrawing group, Nu=nucleophile.

sider whether the C=N group of an azaarene could provide
a complementary mode of substrate activation through
acidification of the protons of an adjacent methylene
carbon. Under suitable reaction conditions, deprotonation
of this methylene carbon could occur to generate a nucleo-
phile that, under the influence of a chiral catalyst, could un-
dergo enantioselective addition to a carbon electrophile
(Figure 1B).
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In this context, the Trost group has reported enantioselec-
tive palladium-catalyzed allylic alkylations of alkylazaarenes
with cyclic allylic carbonates.!! Although this protocol was
effective, stoichiometric quantities of a strong lithium amide
base, lithium hexamethyldisilazide (LIHMDS), are required
for the reactions to proceed.l!! The development of process-
es that operate under milder reaction conditions without
stoichiometric preactivation of the alkylazaarene® is there-
fore highly desirable, and recent reports have documented
initial progress toward this goal.l) The research groups of
Huang,*! Rueping,’®? and Matsunaga and Kanai’®! have
reported non-asymmetric metal-catalyzed additions of alky-
lazaarenes to imines,® % enones,*! and an o,B-unsaturated
N-acylpyrrole.® A catalyst-free addition of alkylazaarenes
to imines was also recently described.[” Furthermore, there
is a body of related work on transition-metal catalyzed
cross-coupling reactions involving C—H functionalization of
alkylazaarenes.”! However, because of the relatively low
acidity of alkylazarenes, high temperatures and long reac-
tion times are often required to achieve acceptable yields in
these reactions, and to our knowledge, no enantioselective
variants have been reported.

One strategy for increasing the reactivity of alkylazaar-
enes is to place an additional acidifying group at the o car-
bon, which may also serve as a functional handle for further
manipulation. Although there are numerous examples of ad-
ditions of azaarylcarbonyl compounds or azaarylacetonitriles
to carbon electrophiles, enantioselective variants are virtual-
ly nonexistent. The research group of Melchiorre recently
described a secondary-amine-catalyzed asymmetric addition
of nitrobenzyl pyridines to enals,”’! a reaction that is concep-
tually related to work by Cid, Ruano, and co-workers on the
use of nitrophenylacetonitriles as pronucleophiles.”! Given
the paucity of such processes, the development of new cata-
lytic enantioselective carbon—carbon bond-forming reactions
of alkylazaarene derivatives represents an attractive goal.!'!]
Herein, we describe catalytic enantioselective Michael addi-
tions of azaarylacetates and acetamides to nitroalkenes.['”

Azaarylacetates 1a-h were examined first (Table 1). A
brief evaluation of selected catalysts employed for the enan-
tioselective addition of 1,3-dicarbonyl compounds to nitroal-
kenes!'>!¥ revealed that the nickel(II)-bis(diamine) complex
2 developed by the research group of Evans**' exhibited
good activity. Stirring a 1:1 mixture of the azaarylacetate
and the nitroalkene with 5 mol% of 2 in dioxane at room
temperature in the presence of 3 A molecular sieves provid-
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Table 1. Addition of azaarylacetates to nitroalkenes."!
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[a] Reactions were conducted using 0.30 mmol of 1a-h. [b] Yields of in-
separable isolated mixtures of diastereomers. [c] Unless stated otherwise,
diastereomeric ratios of isolated product mixtures as determined by
"HNMR analysis. [d] Enantiomeric excess of the major diasterecomer as
determined by HPLC analysis on a chiral stationary phase. Numbers in
parentheses refer to the ee value of the minor diastereomer. [e] Yield of
isolated pure major diastereomer. [f] Diastereomeric ratio of the unpuri-
fied reaction mixture as determined by 'H NMR analysis. [g] Reaction
conducted at 50°C. [h] Product 3e slowly epimerized to a 1:1 mixture of
diastereomers upon standing. [i] A 1:1 mixture of diastereomers of 3g
was also isolated in 28 % yield. [j] Yield of isolated pure major and minor
diastereomers. Bn =benzyl, MS =molecular sieves, Tol =tolyl.

ed the Michael products with high enantioselectivities."*!”]

Unsurprisingly, the stereocenter o to the ester carbonyl
group in many of the Michael adducts was prone to epimeri-
zation, and these products were isolated as inseparable mix-
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tures of diastereomers. Ethyl 2-pyridylacetate (1a) under-
went addition to a variety of p-(hetero)aryl-substituted ni-
troalkenes™ with reasonable to high enantioselectivities
(80-91 % ee, entries 1-3). Substrates containing other azines
are also effective partners for (E)-4-methyl-B-nitrostyrene as
demonstrated by the successful reaction of substrates bear-
ing chloropyrazine (Table 1, entry4), dimethoxytriazine
(Table 1, entry 5), isoquinoline (Table 1, entry 6), and quina-
zoline (Table 1, entry 7) moieties, providing products in 88—
99% ee. Dimethoxytriazine le¢ was poorly reactive, and
a slightly elevated temperature of 50°C was required to pro-
vide 3e in 50% yield, but in 90% ee (Table 1, entryS5).
Azoles such as benzothiazole (Table 1, entries 8 and 9) and
benzisoxazole (Table 1, entry 10) are also tolerated. In con-
trast to the other examples, the diastereomers of products
3d, 3f, 3g, and 3j were configurationally stable and separa-
ble. Furthermore, decarboxylation of 3d and 3i was readily
achieved with no loss of enantiopurity upon heating with
catalytic p-TsOH-H,O in toluene (Scheme 1).

(\ N p-Tol
p-TsOH (cat.) | H
—— > N

‘/\ N p-Tol
N I A N
toluene, A

Cl CO,tBu |
3d 2! C
94% ee
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SJ\(\/ NO, p-TsOH (cat.)

O, NO,

4a
90%, 94% ee

Q\IN p-Tol
s J\/\/ NO,

3i  CO,tBu 4b
3.5:1dr. 80%, 93% ee
94% ee, 92% ee

toluene, A

Scheme 1. Decarboxylation of Michael products. Ts =toluenesulfonyl.

The process is not limited to azaarylacetates; azaaryl terti-
ary acetamides are also viable substrates (Table 2).'") In
these cases, the products are configurationally stable, an ob-
servation that can be rationalized by the well-known resist-
ance of tertiary amides containing an acidic stereocenter at
the o position to undergo enolization, because of the signifi-
cant A, ; strain that would develop.!'”) Therefore, the indicat-
ed diastereomeric ratios likely reflect the inherent kinetic
diastereoselectivities of these reactions. Under reaction con-
ditions identical to those employed in Table 1, azaaryl N,N-
dimethylacetamides containing chloropyrazine (Table 2,
entry 1), dimethoxytriazine (Table 2, entry 2), benzothiazole
(Table 2, entries 3-10), benzisoxazole (Table 2, entries 11
and 12), or 5-phenylisoxazole (Table 2, entry 13) groups un-
derwent Michael additions to give the corresponding prod-
ucts in generally good yields and reasonable to high ee val-
ues. With substrate 5S¢, the (3 substituent of the nitroalkene
may be varied from p-tolyl (Table 2, entry 3) to p-methoxy-
phenyl (Table 2, entry 5), p-fluorophenyl (Table 2, entry 6),
p-bromophenyl (Table2, entry7), or 2-furyl (Table?2,
entry 8) without a major impact on diastereo- or enantiose-
lectivities. However, a sterically more demanding o-tolyl
group led to 6d in somewhat diminished selectivities
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Table 2. Addition of azaarylacetamides to nitroalkenes. !
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Table 2. (Continued)

Product Yield d.r. ee
[%][b] [%][d]
on O‘lN p-Tol
\ : NO, 49 . 99
13 6ma, 6mb (49)M 1:1 (99)

CONMe,

[a] Reactions were conducted using 0.30 mmol of 5a-h. [b] Unless stated
otherwise, yields are of isolated pure major diastereomers. [c] Diastereo-
meric ratio of the unpurified reaction mixtures as determined by
'"H NMR analysis. [d] Enantiomeric excess of the major diastereomer as
determined by HPLC analysis on a chiral stationary phase. Numbers in
parentheses refer to the ee value of the second diastereomer. [e] Yield of
an isolated inseparable mixture of diastereomers. [f] Reaction conducted
using 2.5 mmol each of 5¢ and nitroalkene. [g] Product 6k was isolated
as a 1.3:1 mixture of diastereomers. [h] Yields of isolated pure separated
diastereomers.

(Table 2, entry 4). The reactions are equally effective at
larger scales; for example, reaction of Sc¢ with a 2-furyl-sub-
stituted nitroalkene on a 2.5 mmol scale provided 6h in
95 % yield, greater than 19:1 d.r., and greater than 99 % ee
after a single recrystallization of the crude product (Table 2,
entry 8). Other amide groups such as Weinreb amides 5d
(Table 2, entry 9) and 5g (Table 2, entry 12), and morpholine
amide Se (Table 2, entry 10) are tolerated. In contrast to the
majority of examples in Table 2, substrates 5 f-h underwent
reactions with low diastereoselectivities (Table 2, entries 11—
13).

Using substrate 5S¢ for illustrative purposes, Figure 2 de-
picts plausible transition state models that lead to the four
possible stereoisomers of the products. These models are
based upon the following assumptions:*! 1) catalyst 2 re-
leases one diamine ligand that deprotonates the azaarene
substrate to form the reactive enolate; 2) binding of the eno-

disfavored disfavored

(e
‘s&::(‘o ;‘/D

M /S NO,—benzyl O\-EN_(')NMez
interaction iN-O interaction 3@
S@ D
&
R
R™ 151 1S2
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D, i ONMe,
' 0'N=o NO,—azaarene : O'N=O
S=/® interaction RN ®
R
TS3 TS4

_____ open space here
: " reduces d.r.

Figure 2. Model for stereochemical induction.
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late to the nickel(II) center occurs through the amide
oxygen and azaarene nitrogen atoms, and 3) the nitroalkene
is bound to the nickel(IT) center to stabilize the incipient ni-
tronate anion. The facial selectivity with respect to the nitro-
alkene may be explained by unfavorable nonbonding inter-
actions of the nitro group with a benzyl group of the ligand
that are present in TS 1 and TS 2 but are absent in TS 3 and
TS 4. In turn, the high diastereoselectivities observed with
5c¢ (Table 2, entries 3 and 5-8) may be rationalized by an un-
favorable interaction of the nitro group with the benzene
ring of the benzothiazole present in TS 3, an interaction that
is absent in the favored transition state TS 4. Similar consid-
erations may be invoked to explain the high diastereoselec-
tivities observed with substrates 5a, 5b, 5d, and 5e (Table 2,
entries 1, 2, 9, and 10). Finally, the low to nonexistent diaste-
reoselectivities observed with substrates 5f-h (Table 2, en-
tries 11-13) may be accounted for by the relatively open
space in the vicinity of the oxygen atom of the (benz)isoxa-
zole rings; this open space diminishes the unfavorable NO,—
azaarene interaction in TS 3 and thus reduces the energy
difference between TS 3 and TS 4.

In conclusion, we have demonstrated that azaarylacetates
and acetamides, which, to our knowledge, have not been uti-
lized previously in catalytic asymmetric synthesis, undergo
highly enantioselective Michael additions to nitroalkenes in
the presence of a chiral nickel(II)-bis(diamine) complex 2.
A wide variety of azaarenes that includes pyridines, pyra-
zines, triazines, isoquinolines, quinazolines, benzothiazoles,
and benz(isoxazoles) are compatible with this process, sug-
gesting it could be a useful method for the preparation of
enantioenriched chiral azaarene-containing building blocks.
As well as serving as a further demonstration of the versatil-
ity of nickel complex 2 in stereoselective carbon—carbon
bond construction,” this study suggests that the analogy be-
tween the carbonyl group and the C=N moiety in azaarenes
may serve as a rich platform for the development of addi-
tional catalytic enantioselective reactions. Studies in this
area are ongoing in our laboratories, and will be reported in
due course.

Experimental Section

General procedure for nickel-catalyzed Michael additions: A mixture of
the azaarylacetate or azaarylacetamide (0.30 mmol), 3 A MS (60 mg),
and nickel catalyst 2 (12 mg, 0.015 mmol) in 1,4-dioxane (5mL) was
stirred at room temperature for 5 min before addition of the nitroalkene
(0.30 mmol) in dioxane (1 mL) dropwise over 5 min. The mixture was
stirred for 18 h at room temperature, filtered through a short plug of
silica using EtOAc (30 mL) as eluent, and the solvent was removed in va-
cuo. Purification of the residue by column chromatography using silica
gel afforded the Michael adduct.
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Enantioselective Nickel-Catalyzed

Michael Additions of Azaarylacetates
and Acetamides to Nitroalkenes

Bn

|
Bn

Bn

Bn

== 23 examples

Put a nickel in it: Azaarylacetates and
acetamides, which have been neglected
as substrates in catalytic asymmetric
synthesis, undergo highly enantioselec-
tive Michael additions to nitroalkenes

>

~N_Br N
QlN o (I
H/ I \H.» /—5
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NMe, o (cat.) Q\N [P~
] NO

3 AMS, dioxane, RT S : 2

CONMe,

95%
>19:1d.r,, 99% ee
in the presence of a chiral nickel(II)-
bis(diamine) complex (see scheme;
Bn=benzyl, MS =molecular sieves).
This process is tolerant of a wide vari-
ety of azaarenes in the pronucleophile.

www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

SR These are not the final page numbers!

Chem. Eur. J. 0000, 00, 0-0


www.chemeurj.org

