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An efficient method for the synthesis of multi-substituted pyridines from B-aryl-substituted «,B-unsaturated
oxime ethers and alkenes via Pd-catalyzed C—-H activation has been developed. The method, using
Pd(OAc), and a sterically hindered pyridine ligand, provides access to various multi-substituted pyridines
with complete regioselectivity. Mechanistic studies suggest that the pyridine products are formed by Pd-
catalyzed electrophilic C-H alkenylation of
electrocyclization. The utility of this method is showcased by the synthesis of 4-aryl-substituted pyridine

o,B-unsaturated oxime followed by aza-6m-

derivatives, which are difficult to synthesize efficiently using previously reported Rh-catalyzed strategies

rsc.li/rsc-advances with alkenes.

Introduction

Substituted pyridine scaffolds are ubiquitous in medicinal
chemistry. A recent analysis of the ring systems in all FDA-
approved pharmaceutical drugs revealed the pyridine ring to be
the most prevalent nitrogen-containing heteroaromatic motif."
In particular, appropriately substituted pyridines exhibit a wide
range of biological activities.” In this context, the development
of a versatile approach to build substituted pyridines from
readily accessible building blocks is a topic of continuing
interest for synthetic chemists. Classical methods to access
substituted pyridines generally involve either carbonyl
condensation® or [2 + 2 + 2] cycloaddition.” However, these
methods require harsh reaction conditions and only limited
pyridine substitution patterns can be synthesized. Recently,
remarkable progress has been reported, with the assembly of
the pyridine core via [4 + 2] cycloaddition from 1-azadienes and
two-carbon m-components.® Rh-catalyzed [4 + 2] cycloaddition
approaches are particularly useful, and can provide access to
multi-substituted pyridines from a,B-unsaturated oximes with
alkynes or alkenes.® For example, the Rovis group reported that
the Rh(m)-catalyzed coupling of a,B-unsaturated oximes with
activated alkenes was a useful approach to build substituted
pyridines with good regioselectivity (Scheme 1a).* Interestingly,
this reaction involves a 7-membered rhodacycle intermediate,
which undergoes C-N bond formation/N-O bond cleavage to
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furnish the pyridine product. Unfortunately, high yields are
obtained only with B-unsubstituted o,B-unsaturated oximes.
Therefore, efficient strategies to construct 4-substituted pyri-
dines from readily accessible B-substituted o,B-unsaturated
oximes with high regioselectivity are still needed.

Umpolung reactivity (polarity inversion) is an effective
strategy for organic synthesis, as demonstrated by the wealth of
examples that have contributed to the development of synthetic
chemistry.” Especially, carbonyl Umpolung using oximes and
hydrazones, which have an electron-donating hetero atom in an
imine functionality, has been developed to invert the electro-
philic reactivity of carbonyl compounds to a nucleophilic
character.>® However, with regard to o,B-unsaturated oximes,
there are only a few reports on extension of this electron-
donating ability to conjugated olefins.'® Because of the electron-
donating effect of an electron lone pair, conjugated systems of

a. Rh-catalyzed pyridine synthesis from a,B-unsaturated oxime ester with alkenes
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b. Pd-catalyzed pyridine synthesis from a,8-unsaturated oxime ether with alkenes
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Scheme 1 Synthesis of substituted pyridines from o,B-unsaturated
oximes.
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Fig. 1 Umpolung reactivity of a,f-unsaturated oximes.

a,B-unsaturated oximes, especially at the pB-position, can
potentially exhibit nucleophilic reactivity (Fig. 1).

With this unique Umpolung reactivity in mind, we have
developed a C-H functionalization of the B-position of «o,f-
unsaturated oximes using cationic Pd(u) catalysts." In this
reaction, a,B-unsaturated oximes react with highly electrophilic
cationic Pd(u) species, such as PA(OCOCF;)", at the nucleophilic
B-position via electrophilic C-H activation. Based on this work,
we have recently communicated a new method for the synthesis
of multi-substituted pyridines from «,B-unsaturated oxime
ethers via a two-step process: cationic Pd(u)-catalyzed electro-
philic C-H alkenylation of a,B-unsaturated oximes followed by
aza-6m-electrocyclization (Scheme 1b)."> The key features of our
method are its operational simplicity, broad substrate scope,
and the use of a general Pd(OAc), catalyst to obtain 4-
substituted pyridine derivatives with complete regioselectivity.
This work complements previously reported pyridine synthetic
methods, since 4-unsubstituted pyridines can already be easily
prepared with alkenes by using Rh-catalyzed strategies (Scheme
1a vs. b). In this article, we present a full account of this work,
together with additional experimental data to provide insights
into the mechanism of the cationic palladium(u)-catalyzed
electrophilic C-H activation of a,B-unsaturated oximes.

Results and discussion
Optimization of pyridine ligand

For the examination of this pyridine synthesis, we first chose
a symmetrical oxime 1a as a model substrate (Scheme 2). Based
on our experience in the development of oxime chemistry,"
oxime ethers of B-substituted o,B-unsaturated ketones readily
undergo E/Z isomerism, which might interfere with optimiza-
tion of the reaction. Thus, our studies began with examination
of the reaction of symmetrical o,B-unsaturated O-methyl oxime
1la and methyl acrylate (2a) in the presence of Pd(OAc), as
a catalyst (Scheme 2). With silver trifluoroacetate (AgTFA) as an
oxidant and dioxane as a solvent, the desired pyridine 3 was
obtained in 17% yield. It should be noted here that no B-

CO,Me
Z 2a CO,Me COyMe
n-OMe  Pd(OAc), (10 mol%) o ome
W AgTFA (2.5 equiv) ~ "N N
e i i L )
Ph Ph dioxane PR X ~pp B NS
90°C, 24 h :
1a 3 ! 4
17% 0%
Scheme 2 Initial experiment.
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alkenylation product 4 was observed, suggesting that aza-6m-
electrocyclization of 4 and subsequent aromatization proceed
rapidly to furnish the pyridine 3. Although other solvents such
as toluene, 1,2-dichloroethane, DMF, and HFIP were examined,
the product yield was not improved. Unfortunately, the high
temperature (over 100 °C) reaction caused substrate
decomposition.

Our experience in the development of Pd-catalyzed B-selec-
tive C-H functionalization of a,B-unsaturated oximes showed
that the identification of a suitable catalyst ligand would be the
key to establish the optimal protocol.* Recently, Ji and co-
workers have reported that the addition of pyridine promoted
the Pd-catalyzed C(sp*)-H alkenylation of O-methyl ketoximes.*?
With Ji's results in mind, we explored the effect of pyridine
derivatives as ligands (Scheme 3). Although the addition of
pyridine (L1) and 2,6-lutidine (L2) unexpectedly inhibited the
reaction, sterically hindered 2,6-di-tert-butyl pyridine (L3) and
2,6-di-tert-butyl 4-methyl pyridine (L4) significantly increased
the reactivity and the desired pyridine 3 was obtained in 47%
and 44% yields, respectively. The use of 2,6-dialkoxypyridines
L5 and L6, which are more electron-rich ligands than pyridine
(L1), afforded the pyridine 3 in 29% and 32% yields, respec-
tively. Unfortunately, the reactions employing pyridines L7 and
L8, containing a stronger electron-donating dialkylamino
group, decreased the product yield. This was presumably
because pyridine with a strong coordination ability deactivates
the Pd catalyst. Next, we tested a series of 2-alkoxylquinoline
derivatives (L9-L12). Despite the ineffectiveness of 2-methox-
yquinoline (L9), the product yield was improved when a quino-
line ligand bearing a bulkier side chain, such as tert-butoxy

CO,Me
“ 2a
Pd(OAc), (10 mol%)
N ligand (30 mol%)
AgTFA (2.5 equiv)
S i e i N

dioxane

90°C,24 h
a
ligand
N
N N N N
S S S \
| | | Z
= = =
L1 L2 L3 L4
0% 0% 47% 44%
MeO. N OMe 0. N O. MeO. N N 0. N N
DAL IROAEADR
U TUr U ol
L5 L6 L7 L8
29% 32% 14% 25%
N OMe N 0. N, O.
S il j< B
= = =
L9 L10 L1
21% 32% 40%
N 0.
| = N\ 0. N\ 0.
e 158
=
L12 L13 L14
23% 26% 50%

Scheme 3 Optimization of pyridine ligand. “Reaction conditions: 1a
(0.2 mmol, 1.0 equiv.), 2a (3.0 equiv.), Pd(OAc), (10 mol%), ligand (30
mol%), AGTFA (2.5 equiv.), dioxane (2.0 mL), 90 °C, 24 h. Isolated yield.
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(L10) or 1-adamantyloxy (L11), was used. This substituent effect
suggested that the steric hindrance around the nitrogen atom of
the quinoline ligand is crucial for high reactivity. Unexpectedly,
tricyclic quinoline-derived ligand L12, developed by Yu and co-
workers," and acridine (L13) led to loss of reactivity. Antici-
pating a positive effect of a bulkier ligand, we prepared 2,6-
diadamantyloxypyridine (L14) in one step from 2,6-difluor-
opyridine and 1-adamantanol. To our delight, the use of L14
improved the reactivity and afforded 3 in 50% yield.

Effect of Pd catalyst and oxidant

Next, the effects of palladium catalyst and oxidizing agent were
investigated (Table 1). Without AgTFA, the desired product 3
was not formed (entry 2). When we employed PdCl, instead of
Pd(OAc),, the reaction proceeded, albeit at the expense of
a significantly decreased yield (entry 3). The use of Pd(TFA),
slightly increased the reactivity and afforded 3 in 53% yield
(entry 4). When AgOAc was used as an oxidant, the reaction
efficiency was significantly decreased, indicating that the
addition of AgTFA is necessary for the C-H alkenylation reac-
tion to proceed (entry 5). These results are consistent with the
hypothesis that Pd(OCOCF;)" generated in situ from Pd(OAc),
and AgTFA is the reactive species in this transformation
(Scheme 1b).*

Optimization of oxime ether and its influence on reactivity

To improve the reaction efficiency, we next focused on modifi-
cation of the oxime ether moiety (Scheme 4). Tuning the
structure of the oxime ether moiety makes it possible to change
the electronic state and nucleophilic reactivity of a,B-unsatu-
rated oxime." Among the oxime ethers surveyed, O-isopropyl
oxime 1b improved the reactivity and the product yield
increased to 69%. In the case of the highly sterically hindered O-
tert-butyl oxime 1c, the starting material was completely recov-
ered. The parent oxime 1d afforded none of the desired pyri-
dine, instead undergoing intramolecular cyclization to give
isoxazole 5 in 39% yield (Scheme 5). Isoxazole 5 was similarly

Table 1 Effect of Pd catalyst and oxidant®

CO,Me
7 2a

Pd cat. (10 mol%)
L3 (30 mol%)
oxidant (2.5 equiv)
S i b
dioxane
90°C,24h

_OMe
N

Entry Pd cat. Oxidant Yield
1 Pd(OAc), AgTFA 47%
2 Pd(OAc), None 0%

3 PdCl, AgTFA 10%
4 Pd(TFA), AgTFA 53%
5 Pd(TFA), AgOAc Trace

¢ Reaction conditions: 1a (0.2 mmol, 1.0 equiv.), 2a (3.0 equiv.), Pd cat.
(10 mol%), L3 (30 mol%), oxidant (2.5 equiv.), dioxane (2.0 mL), 90 °C,
24 h. Isolated yield.
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Scheme 4 Optimization of oxime ether. Reaction conditions: 1 (0.2
mmol, 1.0 equiv.), 2a (3.0 equiv.), Pd(OAc), (10 mol%), L3 (30 mol%),
AgTFA (2.5 equiv.), dioxane (2.0 mL), 90 °C, 24 h. Isolated yield.

CO,Me
“ 2

OH Pd(OAG), (10 mol%)
N” L3 (30 mol%)

L AgTFA (2.5 equiv) !

dioxane
90°C,24 h
1d 5, 39%

Scheme 5 Formation of isoxazole 5.

observed with the O-acetyl oxime 1e and O-silyl oximes (1f-1h).
Formation of 5 may proceed via deprotection of oxime ester 1e
or silyl oximes (1f-1h) to release the parent oxime 1d, followed
by intramolecular cyclization.®® Although various oximes
bearing O-pivaloyl (1i), O-pentafluorophenyl (1j), O-penta-
fluorobenzyl (1k), and O-pyridylmethyl (11) groups were exam-
ined, none of them underwent pyridine formation. Heteroatom-
containing alkyl oxime ethers such as O-methyl trimethylsilyl
oxime 1m, O-methoxymethyl oxime 1n, or O-SEM oxime 10
afforded the desired pyridine, but the product yield was
significantly decreased.

With the optimal oxime ether moiety (isopropyl) in hand, the
reaction conditions were further screened (Table 2). Introduc-
tion of ligand L14 in place of L3 improved the yield from 69% to
76% (entry 2). After a brief investigation of the amount of
oxidant, we found the use of 5.0 equiv. of AgTFA to be optimal,
providing the pyridine 3 in 85% yield (entries 3 and 4).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of the reaction conditions®

CO,Me
7 2a
0 Pd(OAC), (10 mol%)
N ligand (30 mol%)
A _— AgTFA (x equiv)
O O dioxane
90°C,24h
1b
AgTFA
Entry Ligand (x equiv.) Yield
1 L3 2.5 69%
2 L14 2.5 76%
3 L14 4.0 77%
4 L14 5.0 85%

% Reaction conditions: 1b (0.2 mmol, 1.0 equiv.), 2a (3.0 equiv.),
Pd(OAc), (10 mol%), ligand (30 mol%), AgTFA (x equiv.), dioxane (2.0
mL), 90 °C, 24 h. Isolated yield.

Substrate scope

With the optimal oxime moiety and reaction conditions in
hand, we surveyed the generality of this multi-substituted
pyridine synthesis by examining the reaction of various ao,p-

unsaturated oximes with methyl acrylate (Scheme 6).
Y Pd(OAc), (10 mol%) CO,Me
_0 L14 (30 mol%)
N, )Cone AgTFA (5.0 equiv) 7N
_Agrrabblequy) |
\)J 7 dioxane RS
5 90°C, 24 h ;
6-20 2a 21-35

R =Me: 21, 91%
R = OMe: 22, 85%
R =F:23,65%

R =Cl: 24, 70%

R = CF3: 25, 66%

CO,Me
SN R=H:26,68% SN
| R = Me: 27, 80%
NS R = OMe: 28, 75% A
R = Cl: 29, 64%
R Cl 30, 64%
CO,Me CO,Me

31, 48% 32, 55%
CO,Me CO,Me CO,Me
ZiY ZiY Z N
NS l NS ! NS !
MeO cl
33, 83% 34, 70% 35,91%

Scheme 6 Scope of a,B-unsaturated oxime ethers. “Reaction condi-
tions: 1 (0.2 mmol, 1.0 equiv.), 2a (3.0 equiv.), Pd(OAc), (10 mol%), L14
(30 mol%), AgTFA (5.0 equiv.), dioxane (2.0 mL), 90 °C, 24 h. Isolated
yield.
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Symmetrical oximes bearing an electron-donating group (Me,
OMe), halogens (F, Cl) and an electron-withdrawing CF; group
at the para-position of the phenyl ring afforded the expected 2-
allyl pyridines (21-25) in good yields (65-91%). Notably,
unsymmetrical ketoximes were tolerated, affording the corre-
sponding pyridines (26-30) in good yields (64-80%). Oximes
with heteroaromatics such as dibenzothiophene and carbazole
were also acceptable, and furnished the desired pyridines 31
and 32 in 48% and 55% yields, respectively. This reaction also
worked well with cyclized oximes derived from benzylidene
cyclopentanone derivatives, giving the desired 2,3,4,6-tetra-
substituted pyridines (33-35) in good yields.

Although the 5-membered cyclized oximes (18-20), giving
pyridines 33-35, were found to be suitable substrates for this
pyridine synthesis, oximes with 6-membered (36) and 7-
membered ring (37) were not tolerated, resulting only in
complex mixtures or no reaction (Scheme 7). With a-methyl-
substituted acyclic oxime 38, the reaction did not proceed at all
and the raw material was completely recovered. Unfortunately,
neither a B-alkyl substituent (39 and 40) nor a B-allyl substituent
(41) was tolerated, indicating that the substrate scope of this
reaction is limited to B-aryl-substituted o,B-unsaturated oximes.

The high reactivities of 2-benzylidenecyclopentenone oximes
(18-20) probably originate from the planarity of the conjugated
system arising from the 5-membered ring structure, which
enables efficient conjugation from oxime-oxygen to carbon-
carbon double bond, imparting electron-donating character. As
shown in Fig. 2, X-ray crystallographic analysis of a,B-unsatu-
rated oxime 18 confirmed that the conjugated system of 18 is
almost planar and the dihedral angle (N=C-C=C) is 6°.' On
the other hand, computational studies with density functional
theory (DFT)"*® revealed that the conjugated systems of 6-
membered and 7-membered a,B-unsaturated oximes 36 and 37
are quasi-planar, and the dihedral angles are 31° and 52°,
respectively. These results clearly indicate that highly planar

Y Pd(OAC), (10 mol%) CO,Me
o) L14 (30 mol%)
N jOZMe AgTFA (5.0 equiv) AN
A AREAR it b VNG
%)] Z dioxane R
: 90°C, 24 h 5
36-41 2a
.0 .0 .0
N N N
MeO MeO
36 37 38

complex mixture no reaction no reaction

.0
N N SN
Ph O X
MeO
39 40 M
no reaction no reaction complex mixture

Scheme 7 Unsuccessful substrates.
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B
Dihedral angle: 31°

Fig.2 (A) ORTEP representation of oxime 18. (B) Calculated structures
and N=C-C=C dihedral angle (highlighted in light green) of oximes
36 and 3718

L Dihedral angle: 52°
&

o
37

]

conformation of o,B-unsaturated oxime is favorable for the
progress of this Pd-catalyzed C-H activation reaction. This also
explains the lack of reactivity of 38.
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Next, we examined the scope with respect to the partner
olefins (Scheme 8). Acrylates bearing ethyl, benzyl, and methoxy
ethyl substituents were found to react smoothly, giving the ex-
pected 2-phenylethenyl pyridines (42-44) in 86%, 79%, and 93%
yields, respectively. Unsymmetrical ketoximes with various
acrylates were also compatible and the corresponding pyridines
(45-47) were obtained in good yields. Notably, acrylates bearing
sterically bulky alkyl groups, such as isopropyl, cyclohexyl, and
1-adamantyl groups worked well, affording the desired products
(48-50) in excellent yields. Unexpectedly, the use of phenyl
acrylate as a partner olefin gave not pyridine 51 but pyridine,
with isopropyl ester 48 as the major product. This product was
probably formed by ester exchange reaction between the cor-
responding pyridine 51 and in situ-generated isopropanol (see
below, Mechanistic studies section, Scheme 10). Other acrylate
derivatives such as acrylamides were also tolerated and
provided the corresponding pyridines 52 and 53 in moderate
yields. To our surprise, 5-membered cyclized oximes (19 and 20)
reacted efficiently with N,N-dimethyl acrylamide, giving the
desired tetra-substituted pyridines 54 and 55 in excellent yields.

~ Pd(OAC); (10 mol%) R
0 L14 (30 mol%)
N R AgTFA (5.0 equiv) Z N
+: _— |
%)l / dioxane Ny
90°C,24h :
6,12,19,20 2b-2z 42-73

EtO. .0 BnO.__O O 20
MeO/\/ RO._O
o Z N 7N NN
OO0 \l/ OO0 ~

42, 86%"° 43,79%

(o)

| | N
_N_0O _N_oO B
Z\| Z\| =8 IN
X l X ] X
R R MeO

R = Me: 52, 43% R = OMe: 54, 88% 56, 58%
R =Cl: 53, 62% R = Cl: 55, 94%
R
R = H: 60, 33%°
Z N R = NOy: 61, 46%"

R = CO,Me: 62, 56%"
R = CF3: 63, 89%"

foge

Unsuccessful substrates

Me

F3C 0. (0] O. (0]
2 G s Ne OO
CFs 2 N Z N 2SN
NS ! NS ! X !
68, 0% 69, 0% 70, 0%

R = Et: 45, 80%"

R =Bn: 46, 70%

R = CH,CH,0Me: 47, 66%
R =Pr: 48, 95%

R = cyclohexyl: 49, 94%

R = 1-adamantyl: 50, 83%
R = Ph: 51, 0% (48, 48%)

44, 93%
0 |
H
N (0] O
\/\/N O K/ MeO
N @) ~
) X X
MeO MeO MeO
57, 84% 58, 90% 59, 48%
\ (0]
CO,Me N
MeO,C. |N 0=\ A |N
N X
MeO MeO
65, 93%° 66, 36% 67, 52%
o) (0] (0]
Zi\l ~ N ~ "N
) ) N !
71, 0% 72, 0% 73, 0%

Scheme 8 Scope of olefins. “Reaction conditions: oxime (0.1-0.2 mmol, 1.0 equiv.), alkene (1.5 equiv.), Pd(OAc), (10 mol%), L14 (30 mol%),
AgTFA (5.0 equiv.), dioxane (2.0 mL), 90 °C, 24 h. Isolated yield. ?3.0 equiv. of alkene was used.
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To demonstrate the generality and utility of this multi-
substituted pyridine synthesis, the reactions of 5-membered
cyclized oximes with other unsaturated olefins were also tested.
Various acrylamide derivatives such as phenyl acrylamide, n-
butyl acrylamide, and 4-acryloylmorpholine were found to be
suitable coupling partners, giving the desired products (56-58)
in 58%, 84% and 90% yields, respectively. Weinreb amide-
derived acrylamide was also tolerated, giving the corresponding
pyridine 59 in moderate yield. Various styrene derivatives con-
taining electron-withdrawing groups such as nitro and ester
were also tolerated and afforded the expected pyridines (60-62)
in moderate yields. Notably, 4-trifluoromethyl styrene and
pentafluorostyrene reacted smoothly with cyclized oximes,
providing the corresponding pyridines 63, 64 and 65 in excel-
lent yields. Furthermore, this pyridine synthesis is effective not
only for mono-substituted olefins, but also for di-substituted
olefins. With dimethyl maleate and N-methyl maleimide, the
corresponding penta-substituted pyridines 66 and 67 were ob-
tained in 36% and 52% yields, respectively. Unfortunately,
acrylates bearing hexafluoroisopropyl, 2-chloroethyl, 2-cya-
noethyl, and 2-dimethylaminoethyl substituents were not
tolerated (68-71). With methyl vinyl ketone or acrylonitrile, the
reaction did not proceed at all (72 and 73) and the starting
material was recovered.

Effect of catalyst loading and the amount of AgTFA

Next, the effect of catalyst loading on the product yield was
investigated (Table 3). With decreasing amounts of Pd(OAc), to
1 mol% and L14 to 3 mol%, the reaction was clearly slowed
down. However, when the reaction time was extended to 80 h,
the desired pyridine 74 was obtained in 77% yield (entry 2).
Next, the effect of the amount of AgTFA on the product yield was
investigated. The use of 1.2 and 2.5 equiv. of AgTFA led to loss of
reactivity, and the product yields were decreased to 27% and
44% yields, respectively (entries 3 and 4). However, the use of 10

Table 3 Effect of catalyst loading and the amount of AgTFA®

Pd(OAc), (x mol%)
L14 (y mol%)
AgTFA (z equiv)
___ addive

dloxane

m&j?

90 °C, time

Pd(OAc), L14 AgTFA
Entry (x mol%) (y mol%) (z equiv.) Time Yield
1 10 30 5.0 24 h 83%
2 1 3 5.0 80 h 77%
3 10 30 1.2 24 h 27%
4 10 30 2.5 24 h 44%
5 10 30 10 24 h 91%

% Reaction conditions: 18 (0.2 mmol, 1.0 equiv.), 2r (3.0 equiv.),
Pd(OAc), (x mol%), L14 (y mol%), AgTFA (z equiv.), dioxane (2.0 mL),
90 °C, 24 h. Isolated yield.
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equiv. of AgTFA improved the reactivity and afforded pyridine
74 in 91% yield (entry 5). These results indicated that the
amount of AgTFA is of critical importance to the reaction
efficiency.

Mechanistic studies

(i) Control experiments with specific substrates and
conditions. To gain insight into the reaction mechanism, some
competitive reactions were conducted (Table 4). Competitive
reaction of methyl acrylate (2a) with o,B-unsaturated oximes,
bearing a methyl and a chloro group at the para-position of the
phenyl ring, gave the corresponding pyridines in 53% and 27%
yields, respectively (entry 1). Similarly, the reactivities of
compounds with other substituents (OMe, Me, H, and Cl) were
investigated (entries 2-4). The relative reactivity was found to be
in order of OMe > Me > H > Cl-substituted a,B-unsaturated
oximes, indicating that the reaction could proceed in an elec-
trophilic manner. The results of these competitive experiments
were consistent with a mechanism that involves a cationic
Pd(u)-catalyzed electrophilic C-H activation"
a standard concerted metalation-deprotonation
mechanism.*

The structure of the oxime ether moiety clearly affected the
reactivity, and the O-isopropyl oxime was found to be optimal
(Scheme 4). The increased reactivity of O-isopropyl oxime
compared to other oxime ethers may be due to the dual role in
the C-H alkenylation reaction: (1) the more nucleophilic char-
acter of a,B-unsaturated O-isopropyl oxime arising from the
strong electron-donating effect of the isopropyloxy group in the
imino functionality promotes the electrophilic C-H activation
step; (2) in situ-generated 2-propanol, which is generated in the
pyridine ring formation step, may have a less adverse effect on
the catalytic reactivity. Indeed, with oxime 18 and penta-
fluorostyrene (2r) as model substrates, the addition of a stoi-
chiometric amount of either methanol or isopropanol to the
reaction mixture under standard reaction conditions had
a detrimental effect on the reaction efficiency, and the product
yields dropped from 83% to 54%, and 66%, respectively (Table
5).2° This result indicates that the in situ-generated alcohol
decreases the reaction efficiency, presumably due to deactiva-
tion of the Pd catalyst. It should also be noted here that the
product yield with the addition of isopropanol was better than
that with methanol (entry 2 vs. 3).

(i) Deuterium labelling experiments. To probe the nature
of this C-H activation reaction, we performed isotope labelling
experiments (Scheme 9a). Treatment of o,B-unsaturated oxime
18 with excess amount of acetic acid-d, in the presence of
Pd(OAc),, L14, and AgTFA resulted in significant deuterium
incorporation at the B-position of oxime 18 (Scheme 9, eqn (1)).
This result implies that the Pd-C bond formation is reversible.
In the same reaction, nearly complete deuterium incorporation
at the a-methylene group of oxime 18 occurred, indicating
reversible deprotonation at this position under these reaction
conditions. In general, deuteration at the a-position of oximes
likely takes place with imine-enamine tautomerization. Inter-
estingly, in the absence of catalysts and AgTFA, very little

rather than
(CMD)
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Table 4 Competitive experiments®

Y MeO.__O
e CO,Me Z N
|
< Z X
Pd(OAC), (10 mol%)
R A L14 (30 mol%) R’ c
AgTFA (5.0 equiv)
+ \l/ - > +
dioxane
N° 90°C, 60 h MeO 0
X Z N
- |
R? B
R? .
Substrates Product yield
R R?
Entry . %)! (B, D) C D C/D
1 Me Cl 53% 27% 1.9
2 OMe Me 52% 29% 1.8
3 Me H 75% 44% 1.7
4 H Cl 34% 26% 1.3

“ Reactions were conducted with 0.2 mmol of oxime A and 0.2 mmol of
oxime B. Product yield and the ratio of C and D (C/D) were determined
by "H NMR analysis of the isolated products.

Table 5 Control experiments®

Y F Pd(OAG), (10 mol%)
o F F L1430 mol%)
N~ . AgTFA (5.0 equiv)
additive
[ D/ \\E > F E ;
dioxane
=z 90°C, 24 h
18 2r
Entry Additive Yield
1 None 83%
2 MeOH (1.0 equiv.) 54%
3 'PrOH (1.0 equiv.) 66%

% Reaction conditions: 18 (0.2 mmol, 1.0 equiv.), 2r (3.0 equiv.),
Pd(OAc), (10 mol%), L14 (30 mol%), AgTFA (5.0 equiv.), additive (1.0
equiv.), dioxane (2.0 mL), 90 °C, 24 h. Isolated yield.

deuterium incorporation at the corresponding sites in oxime 18
was observed (Scheme 9, eqn (2)). A kinetic isotope effect study
provided further insight regarding this C-H activation mecha-
nism. A significant isotope effect was observed (ky/kp = 2.6/1),
indicating that the C-H activation at the B-position of the a,3-
unsaturated oxime could be the rate-limiting step, although
further kinetic studies might be needed to confirm this (Scheme
9, eqn (3)).

(iii) Mechanistic studies on pyridine ring formation. Next,
we carried out mechanistic studies on pyridine ring formation.
The formation of pyridines from a,B-unsaturated oximes would
involve aza-6m-electrocyclization. Thus, Pd-catalyzed electro-
philic C-H alkenylation of a,B-unsaturated oxime generates the

21554 | RSC Adv, 2022, 12, 21548-21557
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a. Deuterium labelling experiments
\o( Pd(OAC), (10 mol%) 61% D Y
- L14 (30 mol%)
N AgTFA (5.0 equiv) HID N
©/\i§ dioxane/CD4CO,D (10:1) ©)\d§<
90°C,36h 88% D
18
cf.
h¢ 10%0
N~ o N°
X
dioxane/CD3CO,D (10:1) H/D
90°C, 36 h
23%D
18
b. Kinetic isotope effect .
Y F. F
.0
N F F
AN - 2r
Pd(OAc), (10 mol%)
18 L14 (30 mol%)
AgTFA (5.0 equiv)
+ Y —_— 3)
o dioxane
D D N~ 90°C,24h
ku/kp = 2.6
D. X H/Kp
74 and 74-d5
D D
D
18-dg
Scheme 9 Deuterium labelling experiments.
R2 R?
il
A NOPT pa(oAc), L14 [N
1/\) AgTFA - A
R ' dioxane H
i A
: [Pd'] { /ProH
2 RZ

aza-6z-electrocyclization

Scheme 10 Pyridine formation via aza-6m-electrocyclization.

1-azatriene intermediate, which undergoes electrocyclization
and aromatization with release of isopropanol to furnish the
pyridine product (Scheme 10). Such aza-6m-electrocyclization
has been demonstrated with various substrates, including
oxime ethers.”* However, the expected 1-azatriene intermediate
could not be detected in our study, probably because 67-elec-
trocyclization of the azatriene proceeds very rapidly.

To gain insight into the mechanism of pyridine ring
formation, additional experiments were conducted (Table 6).
When the reaction was performed with B-unsubstituted oxime
75 and ethyl acrylate (2b) under the same reaction conditions
for 4 h, 1-azatriene 77 was obtained in 36% yield as a 1.3:1
mixture of E/Z isomers, but the expected pyridine 76 was not
detected (entry 1). However, when the reaction time was
extended to 36 h, the pyridine 76 was obtained in 28% yield
along with 1-azatriene 77 in 11% yield (entry 2). It should be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Reaction of B-unsubstituted a,B-unsaturated oxime with
alkene”

Y COzEt COuEt
_0 / 2b
N Pd(OAC); (10 mol%)
L14 30 mol%)
AgTFA (5.0 equiv) Et0,C7 "X
dloxane
90 °C, time
cl
75
Entry Time 76 77
1 4h 0% 36% (E/Z = 1.3/1)
2 36 h 28% 11% (E-isomer only)

“ Conditions: see Scheme 6. Isolated yield. The wavy bond of 1-azatriene
77 indicates a mixture of cis and trans configurations of C3-C4 olefins.

CO,Et CO,Et
= N
Et0,07 X"
dloxane
90 °C, 36 h
(2-17 76, 84% 77, 10% (E/Z = 3/1)
CO,Et
= N
NN
EtO,C 73% recovery  (2)
dloxane
90 °C,36 h
(E)y77 76, 18%

Scheme 11 Pyridine formation from 1-azatriene via aza-6-
electrocyclization.

noted that only (E)-77 was recovered, suggesting that (Z)-77
undergoes much faster electrocyclization than (E)-77.

To confirm this, (Z)-77 was stirred in dioxane at 90 °C for 36
h. As expected, the corresponding pyridine 76 was obtained in
84% yield and a small amount of E/Z mixture of 77 was recov-
ered (Scheme 11, eqn (1)). In contrast, similar treatment of (E)-
77 gave 76 in only 18% yield and most of the (E)-77 was recov-
ered (Scheme 11, eqn (2)). These results clearly indicate that the
pyridine product was formed from 1-azatriene intermediates via
aza-6m-electrocyclization. Considering both recovery of E/Z
mixture of 77 from (Z)-77 (eqn (1)) and formation of a small
amount of 76 from (E)-77 (eqn (2)), E/Z isomerization of 1-aza-
triene appears to proceed to some extent under these reaction
conditions.

Proposed mechanism

Based on the observations described above, a plausible reaction
mechanism is shown in Scheme 12. First, Pd(OCOCF;)"

© 2022 The Author(s). Published by the Royal Society of Chemistry
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N,O’Pr
Pd(OAC), Rr\)\
! L L
AgTFA u TFA-pg " Ol TRA-pg " p-OPT
Pd(OCOCF,)* L» R1J\/\ -~ R1J\+/U
AgTFA : E :

5 fl

L )
O’Pr ! O’Pr / TFA‘Pc/j---»N’O’Pr
A
R2 R? R2
Ji)‘ro'm 6 Q,O’Pr @
- | — |
e T RN “PrOH LN

Scheme 12 Plausible reaction mechanism.

formed by the reaction of Pd(OAc), and AgTFA.* Then, the a,p-
unsaturated oxime reacts with the electropositive Pd(OCOCF;)"
species at the B-position to generate resonance-stabilized
cationic intermediate E, which kinetically releases the B-proton
to give vinyl palladium F. The results of the competitive exper-
iments are consistent with this process of electrophilic metal-
ation followed by deprotonation. Moreover, the deuterium
labelling experiments indicate that the electrophilic C-H acti-
vation process could be reversible. The subsequent Heck-type
reaction of complex F with a partner alkene provides interme-
diate G, which undergoes B-hydride elimination and reductive
elimination to afford the 1-azatriene with liberation of Pd(0).
The formed Pd(0) can be reoxidized to Pd(OCOCF;)" by AgTFA
to complete the catalytic cycle. The resulting 1-azatriene is
immediately converted to a pyridine product via aza-6m-elec-
trocyclization followed by aromatization. An excess amount of
AgTFA would promote the formation of the cationic
Pd(OCOCF;)" species.

Conclusion

We have developed a highly efficient and regioselective
synthesis of 4-aryl substituted pyridines from B-aryl-substituted
a,B-unsaturated oxime ethers. In the course of reaction opti-
mization, we found that the catalyst ligand significantly affected
the reactivity, with a sterically hindered pyridine ligand being
optimal. The key features of our approach are broad substrate
scope, complete regioselectivity, and high efficiency in
producing 4-aryl-substituted pyridines. Mechanistic studies
indicated that the Pd(u)-catalyzed C-H activation proceeded in
an electrophilic manner, and the pyridine formation proceeded
via aza-6m-electrocyclization of B-alkenylated o,B-unsaturated
oximes followed by aromatization. Considering the inherent
difficulties associated with the synthesis of 4-aryl-substituted
pyridines using previously developed Rh-catalyzed approaches
with alkenes, we believe this transformation will be useful to
enable medicinal chemists to incorporate highly complex pyri-
dines efficiently into bioactive molecules.
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Experimental section

General procedure for the synthesis of substituted pyridine
derivatives

To a solution of a,B-unsaturated oxime (0.2 mmol, 1.0 equiv.),
alkene (0.6 mmol, 3.0 equiv.), AgTFA (1.0 mmol, 5.0 equiv.), and
L14 (0.06 mmol, 30 mol%) in dioxane (2.0 mL) was added
Pd(OAc), (0.02 mmol, 10 mol%). The reaction mixture was
stirred at 90 °C (silicone oil bath) for 24 h, then diluted with
AcOEt and filtered through a Celite® pad (rinsed with AcOEt).
The filtrate was concentrated in vacuo, and the crude product
was purified by flash column chromatography on NH, silica gel
to afford the pure product.

Procedure for the synthesis of pyridine 74

To a solution of a,B-unsaturated oxime 18 (46 mg, 0.2 mmol, 1.0
equiv.), pentafluorostyrene (2r, 116 mg, 0.6 mmol, 3.0 equiv.),
AgTFA (221 mg, 1.0 mmol, 5.0 equiv.), and L14 (22 mg, 0.06
mmol, 30 mol%) in dioxane (2.0 mL) was added Pd(OAc), (4.5
mg, 0.02 mmol, 10 mol%). The reaction mixture was stirred at
90 °C (silicone oil bath) for 24 h, then diluted with AcOEt and
filtered through a Celite® pad (rinsed with AcOEt). The filtrate
was concentrated in vacuo, and the crude product was purified
by flash column chromatography on NH, silica gel (hex-
ane : AcOEt = 3: 1) to afford the desired pyridine 74 (60 mg,
83% yield) as a white solid. mp 102-103 °C; IR (KBr) 1522, 1501,
1219, 990, 772 cm ™ '; *H NMR (CDCl;, 300 MHz) § 7.60-7.30 (m,
5H), 7.26 (s, 1H), 3.25-3.09 (m, 4H), 2.30-2.15 (m, 2H). "*C{'H}
NMR (CDCl,;, 75 MHz) 6 167.4, 146.3 (m), 146.0, 144.7, 143.0
(m), 139.4 (m), 138.0, 136.1 (m), 135.3, 128.7, 128.6, 128.2,
123.0, 115.8 (m), 34.6, 30.8, 23.4; HRMS (EI-quadrupole) m/z:
[M]" caled for C,oH;,F5N, 361.0890; found, 361.0888.
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