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ABSTRACT: This paper reports a direct a-(hetero)arylation of acrylamides through an inverse electron-demand nucleophilic
addition, specifically an anti-Michael-type addition. The introduction of a quinolyl directing group facilitates the nucleophilic
addition of (hetero)arenes to the a-position of acrylamides. The quinolyl directing group effectively suppresses undesired f-
hydrogen elimination and is removable for subsequent derivatization. The presented method provides an atom economical synthesis

of a-(hetero)arylamide with a high degree of functional group tolerance.

ince Arthur Michael reported the conjugated addition of

malonates to a cinnamate (Michael addition reaction) in
1887,"% a,f-unsaturated carbonyl compounds have been
widely employed as z-acceptors, forming carbon—carbon or
carbon—heteroatom bonds at the S-position.’”” In stark
contrast, the anti-Michael-type addition reaction, representing
the a-addition of a nucleophile to an @,f-unsaturated carbonyl
compound, is much less common. The scarcity of cases arises
from the higher electrophilicity of the f-position compared to
that of the a-position, necessitating the overwhelming of this
unfavorable electronic bias for achieving the anti-Michael-type
addition reaction (Scheme 1A). Previous reports on over-
coming the electronic bias can be categorized into two
strategies: (1) restricting the addition position by a substrate
structure, such as an intramolecular reaction,” or (2)
changing the electronic bias by introducing a strong
electron-withdrawing group at the f-position (Scheme
1B).""" Despite these strategies representing significant
advances in anti-Michael-type addition reactions, applying
the methodology to the complex molecule synthesis faces a
crucial restriction; these strategies are significantly constrained
by the structure of the starting materials.*”'> Recently,
transition-metal-catalyzed a-hydroarylations of @, -unsaturated
carbonyl compounds have emerged as a state-of-the-art
methodology for accessing anti-Michael-type adducts."*~"
Although these reactions offer rare solutions to critical
challenges associated with anti-Michael-type addition reac-
tions, certain limitations persist. For instance, the formation of
p-adducts is occasionally observed."”'® In another case, the
versatility of these reactions is limited by the aryl groups,
necessitating the introduction of strong electron-withdrawing
groups.'* Consequently, intermolecular anti-Michael-type
addition reactions with simple a,f-unsaturated carbonyl
compounds, featuring alkyl/aryl groups or no substituent at
the f-position, remain appealing yet challenging. If the anti-
Michael-type addition reaction can proceed with simple a,f-
unsaturated carbonyl compounds, it becomes an attractive and
versatile methodology, providing a-substituted carbonyl
compounds with high atom economy."”™' Therefore, our
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focus was directed toward investigating a general anti-Michael-
type addition reaction using simple acrylamides.

In recent years, transition-metal-catalyzed substrate-directed
hydrofunctionalization of unactivated alkenes has emerged as a
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prominent tool in synthetic organic chemistry.””™>" Partic-
ularly, the use of bldentate directing groups, such as an
aminoquinoline group,”~*' promotes a regioselective nucleo-
metalation process with various carbon and heteroatom
nucleophiles by suppressing undesired f-hydrogen elimina-
tion.””~*” While these reactions established the regioselective
addition of nucleophiles to unactivated alkenes (i.e., electroni-
cally unbiased alkenes) by generating a five-membered
metallacycle, the efficiency of the strategy in an inverse
electron-demand nucleophilic addition is unclear.”” We
envisioned that introducing an appropriate bidentate directing
group would determine the regioselectivity of the addition step
beyond the electronic bias of a,f-unsaturated carbonyl
compounds. If successful, the novel intermolecular anti-
Michael-type addition reaction could proceed without addi-
tional functional groups altering the steric or electronic
properties of alkenes. Herein, we report a palladium-catalyzed
anti-Michael-type (hetero)arylation of acrylamides with
various arene nucleophiles, representing the first example of
an anti-Michael-type addition reaction with simple acrylamides
(Scheme 1C).

We initiated the anti-Michael-type heteroarylation of 1-
methylindole (2a) to N-(quinolin-8-yl)acrylamide (1a) in the
presence of Pd(OAc), and 1-AdCO,H (Ad = adamantyl) in
CH;CN at 120 °C for 18 h, inspired by a previous report on
the regioselective hydroamination of unactivated alkenes
(Table 1).”” Gratifyingly, the desired a-adduct was selectively
formed, albeit with a low yield (entry 2). After extensive
optimization of palladium catalysts, we identified that Pd-
(OCOCFs;), was the optimal catalyst, affording 3a in 80% yield
(entry 1). The use of nickel catalysts, such as Ni(OAc),-4H,0,
was ineffective for this reaction (entry 3). Surprisingly, the
reaction in the absence of acid had a negligible effect on the

Table 1. Optimization of Reaction Conditions®

o Me Pd(OCOCF3),
N (10 mol%)

N * 9
‘ N @ 1-AdCO,H (50 mol%)

_N CH4CN (1.0 M)

120°C, 18 h

1a 2a
(2.0 equiv)

other acrylamides

L3 i
aNeee
_N Me
1a’ 1a”

not observed

entry variation(s) yield (%)”

1 none 80

2 Pd(OAc), instead of PdA(OCOCF,), 14

3 Ni(OAc),-4H,0 instead of Pd(OCOCF;), 8

4 w/o 1-AdCO,H 82

S w/o 1-AdCO,H, 2.0 M, 0.4 mmol scale 97 (90)
6 same as entry S, with H,O (2.0 equiv) 85

7 same as entry S, under air 87

8 1a’ instead of la 0

9 1a” instead of la 0

10 w/o Pd(OCOCE,), 0

“Reaction conditions: 1a (0.2 mmol), 2a (2.0 equiv), Pd(OCOCEF;),
(10 mol %) and 1-AdCO,H (50 mol %) were reacted in CH;CN (1.0
M) at 120 °C for 18 h. “Yield was determined by '"H NMR analysis
using 1,2,4,5-tetramethylbenzene as an internal standard. The value in
parentheses indicates the isolated yield.

yield, unlike previous palladium-catalyzed hydrofunctionaliza-
tions (entry 4).27_37 Increasing the concentration improved
the efficiency of the a-addition, furnishing 3a in 90% isolated
yield (entry S). Several experiments demonstrated the
robustness of the reaction system, with the addition of water
or performing the reaction under air conditions having no
significant impact on the yield (entries 6 and 7). Therefore, the
chemical yield of this reaction was independent of a protic
additive and atmospheric oxygen. Replacing the quinoline ring
with a naphthalene ring (1a’) or blocking the N—H bond
(1a”) prevented the reaction from proceeding, suggesting the
bidentate directing group is essential (entries 8 and 9). The
anti-Michal-type addition reaction necessitates a palladium
complex to proceed (entry 10). Consequently, we identified
the optimized reaction conditions as follows: la, 2a (2.0
equiv), Pd(OCOCEF;), (10 mol %) in CH,CN (2.0 M), 120
°C, 18 h.

With the optimized reaction conditions, we explored the
substrate scope of this anti-Michael-type addition reaction with
indole substrates (Table 2). Introducing alkyl substituents at
the 1-position of an indole substrate did not affect the
reactivity, providing 3a—c in 72—90% yields. A 2 mmol scale
reaction of 1a and 2a also gave 3a in a similar yield compared
to a 0.4 mmol scale. In contrast, 1-phenylindole reduced the
yield dramatically to 24% yield, likely due to the lower
nucleophilicity of the indole 3-position (3d). Interestingly, an
unprotected indole provided the corresponding product 3e
without any side reactions, albeit with slightly diminished
reactivity. A 2-phenylindole substrate reacted with 1a smoothly
to furnish 3g in 91% yield, while a 2-methylindole reduced the
yield of 3f to 48% yield. Next, the effect of a substituent on the
benzenoid moiety was examined. Indoles bearing a methyl
substituent at the 4, 5, 6, and 7 positions rendered 3h—k in
71—94% yields, indicating that the steric effect of the
benzenoid moiety is negligible in this case. Indoles possessing
electron-donating and -withdrawing groups at the 4-7
positions furnished 3l—s in 52—89% yields. Notably, a §-
nitroindole, despite its lower nucleophilicity, produced 3s in
good yield. The reactivity of the anti-Michael-type addition
reaction was dependent on the electronic property of the
substituents, but anti-Michael adducts were still obtained even
with electron-deficient nucleophiles. Various indole substrates
could be employed as appropriate nucleophiles in this anti-
Michael-type addition reaction.

We further explored the scope of f-substituted acrylamides
with the optimized reaction conditions mentioned above.
However, it failed to produce the anti-Michael adduct in an
acceptable yield. Several acid additives were examined based
on the previous report on the directed hydrofunctionalization
of unactivated alkenes,”” > and the addition of a substoichio-
metric amount of 2,6-dichlorobenzoic acid turned cinnama-
mides into viable coupling partners. Cinnamamide gave 3t in
81% yield. A methyl substituent on the benzene ring slightly
affected the reactivity, affording 3u—w in 64—88% yields.
Unexpectedly, an ortho-substituted cinnamamide successfully
transformed into 3w in high yield despite the steric hindrance.
Electron-rich cinnamamides rendered 3x—z in 62—67% yields.
The slight decrease in the reactivity of the electron-rich
cinnamamides would be associated with the lower electro-
philicity of the a-position. Interestingly, a phenolic function-
ality was tolerated in the reaction conditions to afford 3z in
67% yield. Introducing an electron-withdrawing group on the
benzene ring was beneficial in furnishing 3aa and 3ab with
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Table 2. Substrate Scope for Palladium-Catalyzed anti-Michael-Type Addition Reaction of Indoles”

condition C
o
Pd(OCOCFs), (10 mol%) eIl (MO M)
CH4CN (2.0 M) 3-nitrophthalic acid (50 mol%)
S : CH4CN (2.0 M)

Q R R NR2 120 °C, 18 h
i S ' 120°C, 48 h
N + N A _ )
| N R || S-R*  conditions N \
=N , = | H =X condition B
R _N . R4
1 3

condition A

2 Pd(OCOCF3), (10 mol%)
(2.0-3.0 equiv) 2,6-CloCgHaCOZH (50 mol%)
CH5CN (2.0 M)
120 °C, 48 h
scope of 2 (condition A)
Me ,Bn ,aIIyI lPh ,H
o] N o N o) N o N o N
| | | | |
| N \ N \ N | N \ N
_N Me _N Me _N Me _N Me N Me
3a, 90% (89%)" 3b, 90% 3¢, 72% 3d, 24% 3e, 58%
Me
Me Me Me 2 Me
OMe : N o Ph : N o i N fo) ] N o : N
0n N | % U AA A
N Me _N Me =N MeMe z Ve N Me
3f, 48% 39, 91% 3h, 72% 3i, 85% 3j, 71%
Me Me N/Me Me NMe
[ N o N [¢]
% % C@ | i |
N N
N N | H N ‘ H
l NP me | N M Me N Me l N H Me =N Me
e OMe ¢]
3k, 94% 31, 52% 3m, 89% 3n, 66% 30, 89%
Me Me NMe NfMe
[ [ o o
o N o Nl | |
N N
| N ca | N ‘ H LA
N we N we N Me Z ©
F NO,
3p, 87% 3q, 82% 3r, 85% 3s, 65%
scope of 1 (R = aryl, condition B)
Me
o) N
|
O
N
| _n H | _N Z
3t, 81% 3u, 64%
Me
o N
|
\ N Q \ \
_N O _N _N
OAc
3y, 64% 3z, 67%° 3aa, 82% 3ab, 82% 3ac, 53%

scope of 1 (R = alkyl, condition C)

M Me Me Me
e ; N J
i o N o] fo) N
o N [ | [
N
N N
| N | A L | oA
_N H ~ > Me
Me Me
)

Me
3ad, 66% (22%)9 3ae, 42% (22%)7 3af, 45% (26%)7 3ag, 19% (54%)¢

“Reaction conditions A: 1a (0.4 mmol), 2 (2.0 equiv) and Pd(OCOCF;), (10 mol %) were reacted in CH;CN (2.0 M) at 120 °C for 18 h, unless
otherwise noted. Reaction conditions B: 1 (0.4 mmol), 2a (2.0 equiv), 2,6-dichlorobenzoic acid (50 mol %) and Pd(OCOCF,), (10 mol %) were
reacted in CH;CN (2.0 M) at 120 °C for 48 h, Reaction conditions C: 1 (0.4 mmol), 2a (3.0 equiv), 3-nitrophthalic acid (50 mol %) and
Pd(OCOCF;), (10 mol %) were reacted in CH;CN (2.0 M) at 120 °C for 48 h. £2.0 mmol scale. “The reaction was performed in CH;CN/DMF
(3:1). %Yield of recovered starting material.

82% yields, respectively. An arylboronate moiety, which can be case, 3-nitrophthalic acid was used as an additive instead of
transformed into various functional groups by coupling 2,6-dichlorobenzoic acid. An N-(quinolin-8-yl)amide derived
reactions, remained intact (3ac). We then focused on the from crotonic acid reacted with 2a in 66% as a sole product,
addition reaction to pf-alkyl-substituted acrylamides. In this and the isomerized f,y-unsaturated starting material was not

13699 https://doi.org/10.1021/jacs.4c00841
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observed. Introducing a longer or a branched alkyl group at the
p-position decreased the yield (3ae—ag), indicating that this
anti-Michael-addition reaction is sensitive to the bulkiness of a
p-alkyl substituent. Additionally, the amides with p-alkyl
groups produced several byproducts, with the exception of
3ad. However, the formation of f- and y-adducts was not
detected in these reactions. Although the scope of p-alkyl-
substituted acrylamides is slightly limited, various kinds of
indoles and acrylamides are applicable to the anti-Michael-type
addition reaction with good functional group tolerance.

We then focused on exploring an anti-Michael-type addition
to methacrylamide. Our investigations led to the successful
synthesis of the desired amide 3ah with an 80% yield (eq 1).
This finding underscores the effectiveness of this method in
synthesizing carbonyl compounds featuring a quaternary
carbon center at the a-position.

Me
0 N
[0}
N Me v 92 — . ! (1)
| H (3.0 equiv) condition C | N
_N _N  Hwmé ve
1p

3ah, 80%

As indole substrates work as good nucleophiles for the anti-
Michael-type addition reaction, we are next interested in using

electron-rich arenes as nucleophiles (Table 3).*>** Subjecting

Table 3. anti-Michael-Type Addition Reaction of Electron-
rich (Hetero)arenes“

Pd(OCOCF;), (0]
10 mol%
T, (10 mol%) N)S/(Het)Ar
‘ CH3CN (2.0 M) ‘ H
120°C, 18 h Me
(2.0 equw)
5
Bn Me
N o) NH (o] S
g N N ! /—Me \\ OMe
= N
| N | N | H
N e zN Me =N Me
5a, 56% 5b, 43% 5¢, 38%
MeO, NM
o OMe o €2
N N
H
Ln H Me Ome _n Me NMe,

5d, 65% 5e, 73%

“Reaction conditions: la (0.4 mmol), 4 (2.0 equiv), and Pd-
(OCOCEF;), (10 mol %) were reacted in CH;CN (2.0 M) at 120 °C
for 18 h.

pyrrole substrates to the optimized reaction conditions for
acrylamides promoted the desired anti-Michael-type addition
reaction to furnish Sa and Sb in 56% and 43% yields,
respectively. A thiophene substrate reacted with 1a to afford 5¢
in 38% yield. Electron-rich benzene derivatives also worked as
good nucleophiles for the anti-Michael-type addition reaction
(5d and Se). In all cases, f-addition of (hetero)arenes has not
been observed, and the anti-Michael-type addition reaction
selectively proceeded. Consequently, the generality of the
nucleophiles could be broadened to electron-rich benzenes.
As an alkyl palladium intermediate is prone to undergo f-
hydrogen elimination as a side reaction,”~*" deuterium-
labeling experiments were performed to evaluate the possibility
of f-hydrogen elimination in this reaction pathway (Scheme
2). Subjecting 2a-d; to the optimized reaction conditions for

Scheme 2. Deuterium-Labeling Experiments and Removal
of Directing Group

A. deuterium-labeling experiment with deuterated indole

Me
PA(OCOCFy), °°/° PN
10 mol%)
‘CHeCN (20 M)
120°C, 18 h
D g2%D
2a-d, 78%
(2.0 equiv) 3a-d,, 87%
B. deuterium-labeling experiment with a-deuterated cinnamamide
Me
0 82%D Me Pd(OCOCF3), 75% D N
(1 0 mol%) D |
@ 2,6-ClpCqHaCOH
(50 mol%)
CHSCN (2.0M)
1b-d; 120 °C, 48 h 0%
(2.0 equw)
3t-d,, 85%
C. deuterium-labeling experiment with B-deuterated cinnamamide
0%D Me
Pd(OCOCF3), o °“ N
(10 mol%) D |
@ 2,6-ClyCaHaCOLH N
(50 mol%) L
>gg°/ CHSCN (2.0 M) D Ph
° 120 °C, 48 h 86% D
1c-d, (2.0 equw) (78:22)
3t-dy, 74%
D. deprotection of the directing group
NaOH Me
(15 equw) (0] I N
\ reﬂux e HO
N Me
6, 66%
1) Boc,O (8.0 equiv)
Me DMAP (4.0 equiv) Me
N CH3CN, 60 °C, 4 h N
o i (57% yield) o !
N 2) BnNH, (1.5 equiv) P N
L toluene, 60 °C, 18 h H
Z e (87% yield) Me
3a 7

nonsubstituted acrylamides revealed deuterium incorporation
solely at the methyl group of 3a-d; (Scheme 2A). Additionally,
an a-deuterium atom of cinnamamide 1b-d; was not
transferred even after completing the reaction (Scheme 2B).
These results indicated that S-hydrogen elimination did not
proceed, likely suppressed by the use of a rigid bidentate
directing group. To gain more insight into the reaction
mechanism, a cinnamamide with a deuterium atom at the f-
position was subjected to the reaction conditions. The results
revealed a subtle reduction in deuteration, implying that C—H
activation does not represent the predominant pathway in the
anti-Michael-type addition reaction®™>" (Scheme 2C). Next,
the removal of the directing group was examined. Treating 3a
under the basic reaction conditions furnished the correspond-
ing carboxylic acid 6 in 66% yield.”> Furthermore, a two-step
sequence successfully transformed 3a into the secondary amide
7 (Scheme 2D).>’ These transformations of the directing
group demonstrated the utility of this anti-Michael-type
addition reaction.

A plausible reaction mechanism for the anti-Michael-type
heteroarylation of indole la to acrylamide 2a is depicted in
Scheme 3. Initially, PA(OCOCEF;), is trapped by the directing
group, facilitating the subsequent nucleophilic addition of 1a
through 7-Lewis acid activation. Subsequently, nucleopallada-
tion occurs as la attacks palladium complex B to afford
alkylpalladium C, which is reluctant to undergo undesired f-
hydrogen elimination. Finally, protodemetalation by
CF;CO,H gives 3a along with regenerating Pd(OCOCEF;),.
In the case of f-substituted acrylamides, the protodemetalation
step is likely accelerated by a carboxylic acid additive.

https://doi.org/10.1021/jacs.4c00841
J. Am. Chem. Soc. 2024, 146, 13697—13702


https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c00841?fig=sch2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

Scheme 3. Plausible Reaction Mechanism

3a Pd(OCOCFj),
A

CF4CO,H CF4CO,~

CF3CO,H 2a
CF4CO,~

In conclusion, we have successfully developed a novel
palladium-catalyzed anti-Michael-type (hetero)arylation of
acrylamides by employing a bidentate directing group. This
methodology exhibits broad substrate compatibility, accom-
modating various arenes ranging from indoles to electron-rich
arenes, leading to the formation of a-(hetero)arylated amides
with high atom economy. Additionally, we demonstrated the
removal of the quinolyl directing group through two
derivatization processes. Our ongoing efforts in the laboratory
involve more detailed mechanistic investigations and the
expansion of the nucleophile scope.
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