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ABSTRACT: Ru(II)-catalyzed regioselective ortho-alkenylation of
primary benzamides with activated olefins has been realized over
the competitive cyclized products. This reaction overall proceeds
via a cross-dehydrogenative coupling (CDC) reaction using a
simple and weakly coordinating primary amide group in the
presence of an inexpensive Ru(II) salt and allows the controlled
introduction of olefin motifs at the ortho-position of benzamides.
The key to the success of this strategy depends on fine-tuning the
reaction conditions. The developed protocol has demonstrated
excellent regio/diastereoselectivity and a good functional group

o o [o)

NH, _ NH, "
R @

activated alkenylation of primary cyclized products
olefins benzamides not observed

* exclusive ortho-alkenylated products * no conjugate addition
* broad substrate scope * less expensive Ru(ll)-catalyst
* regioselective products * gram scale synthesis

tolerance with wide substrate scope and obviates the requirement of external auxiliaries as well as the costly metal catalyst. Detailed
mechanistic studies indicate the involvement of the base-assisted internal electrophilic-type substitution (BIES) step in the reaction

mechanism.

B INTRODUCTION

Carbon—carbon bond formation, viz., transition-metal-cata-
lyzed 2-fold C—H activation (also known as the Fujiwara—
Moritani reaction), using directing groups are one of the most
powerful and alternate synthetic tools to the conventional
organic synthesis and cross-coupling methodologies." There-
fore, the directing group-assisted site-selective C—H bond
functionalization reactions have gained a lot of emphasis from
chemists including the industrial chemists, owing to their
sustainable aspects (atom and step-economical nature).”
However, these strategies, in general, require two extra steps:
preinstallation followed by the removal of the directing group
after the desired operation and eventually generate extra
chemical waste and unsuitable for large-scale syntheses.’
Hence, such approaches are not well accepted in contemporary
science. To render these approaches for the broad audience, in
the recent past, organic chemists have started utilizing a
common functional motif as a desired directing group for
regioselective C—H bond transformation, as they circumvent
the requirements of preinstallation/removal of bulky and costly
auxiliaries and, to some extent, satisfy the parameters of
sustainable chemistry.”

Amides are one of the fundamental functional groups that
frequently present as a key structural unit in many active drugs
such as gilteritinib (anticancer activity), ribavirin (hepatitis C),
and safinamide (Parkinson’s disease), and natural products.’
On the other hand, the presence of the N and O atoms,
respectively, in an amide group, imparts the ability to act as a
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soft ligand and further coordinate with the transition-metal
salts to generate the stable cyclometalated species.

Therefore, N-substituted amides (secondary/tertiary) have
been frequently employed as optimal directing groups for site-
selective C—H bond transformation reactions.” While the
secondary and tertiary amides have found enormous success in
C—H activation reactions, their unsubstituted counterparts
such as primary amides have found limited success by virtue of
their weak-coordination ability toward the metal catalyst.”
Ideally, the usage of a primary amide moiety as a directing
group is more valuable and sustainable from the step-economy
point.

In this context, a major breakthrough was reported by
Glorius et al. in 2011,° where the primary amide group was
employed as a directing group for ortho-alkenylation of
benzamides with unactivated olefins using a costly Rh(III)
catalyst. Interestingly, when activated olefins were employed as
coupling partners, the corresponding E-exocyclized butyrolac-
tams were obtained exclusively (Scheme 1, eq i). Indeed, Laha
and Jeganmohan et al. also reported the formation of cyclic E/
Z-butyrolactams derivatives under Pd(II) or Ru(Il) catalytic
conditions from primary benzamides with activated olefins
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Scheme 1. Transition-Metal-Catalyzed Amide-Directed
Coupling Reactions of Benzamides with Activated Olefins
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(Scheme 1, eq i, left side).” The outcome of these results can
be attributed to the existence of a free —NH, group, which
subsequently undergoes a cyclization process via the aza-
Michael addition reaction in the presence of a metal catalyst.
On the other hand, Chang and Panda et al. disclosed the
generation of Z-enamides from primary benzamides with

activated olefins under Pd(II) catalytic conditions (Scheme 1,
eq i, right side).'” Therefore, the controlled introduction of
olefins at ortho-positions of electron-deficient benzamides,
exclusively, is by no mean a routine transformation as several
other competitive side product formations are possible in these
conditions. Very recently, with a single example, Wang and a
co-worker revealed the controlled formation of ortho-
alkenylated benzamide using primary amide as a d1rect1n§
group using an expensive Ir(IIl) catalyst in an optimal yield."

Indeed, ortho-alkenylated benzamides can be synthesized from
N-methoxy-benzamides using a Ru(Il) salt as a catalyst
(Scheme 1, eq ii)."> However, the major disadvantage of this
method lies with the usage of prefunctionalized directing
groups and the generation of 1.0 equiv of byproducts. Later on,
Ackerman and co-worker disclosed an alternate protocol for
making this class of compounds using hydroximic acid as a
directing group, which eventually circumvent the aforemen-
tioned drawback.'” Whereas, under the reported method, only
selected examples of activated olefins and benzamides were
tested. Therefore, the development of a new synthetic strategy,
which can follow the sustainability concept for the controlled
introduction of an olefin moiety on primary benzamides

Table 1. Optimization of Reaction Conditions®

o Ru salt (5 mol %)
©)\NH2 . U\ Ag salt (40 mol %)
CO,Et Cu(OAc), H,0, additive
solvent, 100 °C, time
1a 2a
entry solvent oxidant
1 DCE Cu(OAc),'H,0
2 DCE Cu(OAc),'H,0
3 ACN Cu(OAc),'H,0
4 benzene Cu(OAc),'H,0
S toluene Cu(OAc),'H,0
6 cholorobenzene Cu(OAc),'H,0
7 DCE Cu(OAc),'H,0
8 DCE Cu(OAc),'H,0
9 DCE Cu(OAc),-H,0
10 DCE Cu(OAc),'H,0
11 DCE CuCl,
12 DCE Cu(TFA),'H,0
13 DCE Cu(OAc),
14 DCE Cu(0Ac),H,0
15 DCE Cu(OAc),"H,0
16 DCE Cu(OAc),-H,0
17 DCE Cu(OAc),-H,0
18 DCE Cu(OAc),-H,0
19 DCE Cu(OAc), H,0
20 DCE Cu(OAc),"H,0
21 DCE Cu(OAc),-H,0
2 DCE Cu(OAc),'H,0
23 DCE Cu(OAc),-H,0
24 DCE Cu(OAc),'H,0
25 DCE Cu(OAc),-H,0
26 DCE

3a

CO,Et
o A o o
NH, NH,
+ + NH
\ CO,Et
CO.Et 3ab “co,Et 3ac 2
yield (%)°
additive silver salt (3a/3ab/3ac)
AcOH AgBF, 60:19:5
AcOH AgBF, 727 trace
AcOH AgBF, nr
AcOH AgBF, 68°:4:trace
AcOH AgBF, 22:trace:trace
AcOH AgBF, 58 10:trace
AcOH AgBF, 75%:7: trace
TFA AgBF, nr
PivOH AgBF, 27¢:trace:trace
MsOH AgBF, nr
AcOH AgBF, nr
AcOH AgBF, 10“:trace:trace
AcOH AgBF, 49°:4:trace
CsOAc AgBF, trace:4:31°
K,CO,4 AgBF, trace:trace:55°
NaOAc-3H,0 AgBF, 26:12:trace
NaOAc AgBF, 55% 10:5
AgBF, 46°: trace:trace
AcOH AgSbFy 26:trace:trace
AcOH AgCO,CH;, 20“:trace:trace
AcOH Ag,CO; 35 trace:trace
AcOH Ag,O 23“:trace:trace
AcOH AgNO;, nr
AcOH AgCO,CF; 14°:trace:trace
AcOH nr
AcOH AgBF, nr

“Reaction conditions: 1a (0.25 mmol), 2a (0.75 mmol), [RuCl,(p-cymene)], (S mol %), oxidant (1.5 equiv), acid addltlve (10.0 equiv), silver salt
(40.0 mol %), and solvent (2.0 mL) at 100 °C for 16 h. “Isolated yield of product. “The reaction was carried out for 8 h. 2.0 equiv of 2a was used.
“Base additive (1.0 equiv); ACN = acetonitrile, DCE = 1,2-dichloroethane; nr = no reaction.
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without affording the cyclized products, would be a valuable
addition to the literature. In continuation of our research
interest in weakly coordinating primary amide-directed C—H
bond functionalization of aromatic compounds,13 herein, we
report the first general ortho-alkenylation of primary
benzamides with activated olefins using a Ru(II) salt as a
catalyst (Scheme 1). Major features of this developed method
include the following: (i) the use of versatile and less expensive
a Ru(II)-salt as a catalyst, (ii) the first general and controlled
ortho-alkenylation of benzamides with activated olefins via a
weakly coordinating primary amide group, (iii) no require-
ments of external and bulky auxiliaries, and (iv) the —NH,
group of amide does not participate in the cyclization process
and remained intact postoperation.

B RESULTS AND DISCUSSION

With this understanding, we initiated our work by selecting
primary benzamide (1a) and highly activated ethyl acrylate
(2a) as benchmark substrates and Ru(II) salt as the optimal
catalyst.'* The detailed results are summarized in Table 1. The
first reaction was carried out using the external oxidant
Cu(OAc),'H,0 and AgBF, as halogen exchangers to make
more reactive cationic Ru(Il) species in DCE solvent at 100
°C for 16 h. The outcome of the reaction was quite impressive
by affording the desired ortho-alkenylated benzamide (3a) in
60% yield along with the formation of dialkenylated benzamide
(3ab) and cyclized product (3ac) in 19% and 5% yields,
respectively (entry 1). Taking the inspiration from this initial
result, we started optimizing the various reaction parameters
such as the nature of the solvents, reaction time, temperature,
additives, and oxidants. For instance, when the reaction was
carried out under similar conditions for 8 h, gratifyingly, the
corresponding ortho-alkenylated primary benzamide (3a) was
isolated in 72% yield (entry 2). In the reaction, dialkenylated
3ab and cyclized (3ac) products were observed only in a very
trace amount. Spectroscopic evidence confirms excellent E-
stereoselectivity in the product (3a). After that, we screened
the reaction solvents such as benzene, toluene, chlorobenzene,
and ACN (entries 2—6), and it was observed that DCE is the
best choice among all other solvents. Moreover, the loading of
ethyl acrylate played a minor role in increasing the yield of the
desired product (3a). For instance, the yield of (3a) increased
slightly (75%, entry 7) when the reaction was performed with
2.0 equiv of acrylate. Similarly, we also tested other acidic
additives such as AcOH, TFA, PivOH, and MsOH (entries 8—
10) for the reaction optimization. Among them, under the
AcOH conditions, the desired product (3a) was obtained in
the best yield (75%, entry 7). After that, reactions were also
tested with other oxidants such as CuCl,, Cu(TFA),-H,O,
Cu(OAc),, and Cu(OAc),-H,O (entries 11—13), and the yield
of the desired product did not improve under these conditions.
Strikingly, when the reactions were carried out in the presence
of base additives (K,CO; and CsOAc, entries 14 and 15), only
a trace amount of desired product (3a) was formed. However,
the cyclized product (3ac) was procured in an optimal yield
(31%, entry 14). It is important to note that, under NaOAc
conditions, alkenylated benzamide 3a was isolated as a major
product, albeit in a lower yield (entries 16 and 17). On the
other side, when the reaction was carried out in the absence of
acetic acid (entry 18), the yield of desired product (3a) was
decreased dramatically (46%) and eventually endorses the
importance of acetic acid in this reaction condition. Further,
screening of other silver salts (AgSbFq, Ag,CO;, Ag,0, AgOAc,
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AgNO;, and AgCO,CF; entries 19—24) afforded the
corresponding product (3a) in a somewhat lower yield.
Importantly, when the reaction was performed in the absence
of copper and silver salts, product (3a) was not formed and
eventually dictates their importance in this transformation
(entries 25 and 26). After careful optimization, the reaction
conditions described in entry 7 (Table 1) were selected as a
standard condition for further exploration.

Having assimilated the optimal reaction conditions, we
sought to explore the substrate generality of this controlled
cross-dehydrogenative coupling reaction. A series of activated
olefins were examined as coupling partners with benzamide
(1a), and the results are summarized in Scheme 2. For

Scheme 2. Scope of Activated Olefins”

o o}
[RuCl,(p-cymene)], (5 mol %) NH
NH, + u X AgBF, (40 mol %) 2
R Cu(OAc), H,0, AcOH ‘
1a 2ak DCE, 100 °C, 8 h 3ak g
o}
co 7P,
3a, 75% COEt 3b, 64% 3c =
crystal structure of 3a
"Bu(:i( ., CO,CH,CH,0Ph SOzMe
3d, 48% 3e,44% O 3f, 29% 39, 43% (E/IZ 4:1)
o
. SO-P PO OEt),
3h, 705 3| 49% (E/IZ 7 1) (3], 38%)M!
L Ll
OCH,CH; CN CO,H
Unsuccessfull substrate

“For reaction conditions, see Table 1, entry 7. 1.0 equiv of NaOAc
instead of AcOH. Isolated yields of products are reported after
column purification

example, when methyl-, ethyl-, propyl-, n-butyl-, and cyclo-
hexyl-substituted acrylates were treated under the optimized
reaction conditions, the corresponding monoselective ortho-
alkenylated benzamides (3a—3e) were obtained in moderate to
good yields (44—75%) with excellent diastereoselectivity (E)
without affording the cyclized product, which was the major
concern. Indeed, all isolated compound structures were
characterized through detailed NMR studies and further
supported by a single X-ray diffraction analysis of the
compound (3a or details, see Supporting Information).
Similarly, other activated olefins such as phenoxyethyl acrylate
(2f), methyl vinyl sulfone (2g), phenyl vinyl sulfone (2h), and
diethyl vinyl phosphate (2i) furnished the corresponding
mono-E-alkenylated products (3f—3i) in the range of 29—70%
yields. Moreover, the developed strategy also extended with
unactivated olefins such as styrene and 4-fluoro-styrene, and
the desired products (3j and 3k) were isolated under the
slightly modified reaction conditions, albeit in low yields, 38%

https://doi.org/10.1021/acs.joc.1c01090
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and 33%, respectively. However, when the reaction was carried
out with ethyl vinyl ether, acrylonitrile, and acrylic acid under
the established reaction conditions, no desired products were
formed.

Next, we explore the scope of this transformation concerning
various substituted benzamides with activated olefins (Scheme
3). Electron-donating groups such as methoxy, methyl, and

Scheme 3. Substrate Scope with Regard to the Arylamides
and Olefins”

[RuCl,(p-cymene)], (5 mol %)
AgBF (40 mol %) NH,
Cu(OAc), H,0, AcOH Tt
DCE, 100°C, 8 h |
4a-r
Ry
CO,Et
4a, 64% CozEt /atgico Et 40 55% 4;:‘(8?;[(;0 Et

o

NH, NH, NH, NH
cl Br ‘ FsC O,N
CO,Et

4e, 57%™ Co,Et . CO,Et CO,Et
4f, 57% 4g, 43%M 4h, 30%M!
o]
NH, NH,
R! ‘
) CO ,CH; . CO,Et CO,CH, S0,Ph
4i, R' = Me, 60% 4k, R' = Me, 55%
’ 4m, 55% 4n, R' = OMe, 63%
j, R = F, 57%[] 41,R' = OMe, 42%
4, RI=F, 57% 40, R' = CF3, 75%, (E/z= 7:1)
SO,Ph S o o
NH,
SO,Ph SO,Ph
4p,67% 4q, 74%, (E/Z= 2:1) 4, 74%, (E1Z= 8:1)

“For reaction conditions, see Table 1, entry 7. b1.0 equiv of NaOAc

was used instead of AcOH

3,4-dioxy at para positions of the aryl ring underwent a smooth
cross-dehydrogenative coupling reaction to give the corre-
sponding mono-E-alkenylated products (4a—4c) in good yields
(55—64%). Importantly, in the case of 3,4-dioxy-benzamide
(1c), the olefin motif was introduced at the sterically crowded
ortho-position of the aryl ring over the least hindered site.
On the other side, when the reaction was performed with
electron-withdrawing substituted benzamides with activated
olefins, the overall reaction was found to be sluggish and
afforded a mixture of ortho-alkenylated and alkylated
benzamides. Interestingly, changing the AcOH additive to
NaOAc afforded the ortho-alkenylated products in good yields
with high diastereoselective. Similarly, when the meta-
substituted benzamides (1k—1m) were reacted with olefins,
ortho-E-alkenylation took place at the sterically least hindered
position of the aryl ring, except in the case of 3,4-dioxy
benzamide, whereas differently substituted benzamides were
coupled with phenyl vinyl sulfone (2h) to afford the desired
alkenylated derivatives via a controlled cross-dehydrogenative
process in good yields. For instance, when p-methoxy
benzamide and 3,4-dioxy benzamide were employed to react
with phenyl vinyl sulfone, products (4n, 4p) were obtained in
good yields with a high E-diastereoselectivity (63—67%). In
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contrast, methyl-, trifluoromethyl-, and 3,4 dimethoxy-sub-
stituted benzamides reacted efficiently with phenyl vinyl
sulfone (2h) and gave the desired products (40, 4q, 4r) in
excellent yields with moderate to good diastereoselectivity (E/
Z = 2:1 to 8:1).

Furthermore, to demonstrate the synthetic practicality of
this established method, a gram-scale synthesis was performed
under standard conditions (Scheme 4, eq i). Fortunately, the

Scheme 4. Scale-up Synthesis and Synthetic Derivatization

©)‘\ standard conditions
COzEt
(3a, 55%) CO Et

(1a, 4.0 mmol)
‘"’@(L @
(6a, 79%)

(5a, 80%)

N“Zzo% 220% H;S0, _
100 °C, 6 h

_PdCI, (10 mol %)

MeCN:H,0

50°C,12h

CO,Et 3a  COEt

ortho-E-alkenylated product (3a) was obtained in 55% yield
with a slight decrease in the overall yield. In addition, the
synthetic utility of the corresponding product was portrayed
through the postsynthetic modification process (Scheme 4, eq
ii). For example, treatment of ortho-alkenylated benzamide
(3a) with a catalytic amount of PdCl, in the mixture of
CH;CN—H,O0 solvent afforded the ortho-alkenylated benzoni-
trile (Sa) in an 80% yield. Also, when ortho-E-alkenylated
benzamide (3a) was treated with 20% H,SO, at 100 °C for 6
h, interestingly, the annulated product (6a) was obtained in
good yield.

To shed some light on the reaction mechanism pathway, we
performed additional control experiments (Scheme 5).
Intermolecular competition experiments with an equimolar
amount of electron-rich (1b) and electron-deficient (1g)
benzamides with ethyl acrylate under the standard reaction
conditions, the desired products were obtained in a ratio of
1.6:1 (4b/4g, Scheme Sa, eq i) and suggest that this
transformation overall proceeds via base-assisted internal
electrophilic-type substitution (BIES) over the concerted
metalation—deprotonation (CMD) pathway Similarly, the
competition reaction between two different activated olefins
(2a and 2h) with la gave an approximately equal ratio of
corresponding products (3a/3h, 1:1.1) and demonstrate a
similar reactivity toward the benzamides (Scheme Sa, eq ii).
Further, the presence of a stoichiometric amount of radical
scavengers such as TEMPO and BHT had a negligible effect
on the reaction outcome under given conditions, which
eventually ruled out the intermediacy of radical species in this
process (Scheme Sb). On the other hand, when a competition
reaction with a primary benzamide and benzoic acid with a
limiting reagent of acrylate was carried out, interestingly, only
ortho-E-alkenylated benzamide (3a) was obtained in a 71%
yield, and the result demonstrates the better coordinating
ability of amide over acid in this reaction conditions (Scheme
5¢).

Notably, when a mass spectrometer was recorded for the
crude reaction mixture (without the addition of acrylate), a m/
z peak was observed at 371.0740 [M + H]*, which ultimately
corresponds to the ruthenacycle intermediate 7 (Scheme 5d).
Indeed, the kinetic isotope effect value (KIE 1.9) was
obtained through the competition experiment and illustrates

~
~
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Scheme 5. Mechanistic Experiments

a) Intermolecular competition experiment
(o]

. NH, standard conditions
@® F3C/H3C ethylacrylate
1b/1g 4b, 55% CO,Et 4g, 34%

(o}
(i) NH_ standard conditions
ethylacrylate
1a phenyl vinyl sulphone
3a, 37% 3h, 43%

(o]
NH, l standard conditions
+ . TEMPO, 40%
b 2aC02Et TEMPO/BHT(1.5 equiv) BHT,69%

b) Radical trapping experiment
COzEt

CO,Et

COzEt SO,Ph

c) Dlrectlng group effect

d @ standard conditions
3a, 71% Trace

CO,Et CO,Et
d) Synthesis of Ruthenacycle intermediate
o OH
©)kNH2 standard conditions @N addition of
/
30 min Ru ethylacrylate
1a 7 _ >
3a, 72% CO2Ft
. .. . expected mass: 371.0818 a,
e) Kinetic isotopic effect observed mass = 371.0740
(o] (o]
NH, 4 | standard conditions NH;
Hs/Ds Hy/D,
CO,Et 2h
1alta-ds (3a:3a-dy = 1.9 : 1) ~CO,Et
f) H/D exchange experiment (45% deuteration)
o H/D O i H/D O
iti ;
NH, standard condltlon?s NH, ! NH,
CD,COOD (10.0 equiv) i
L | H/D
1a with 2b P without 2b ™~

CO,Et !
(50% deuteration)

Scheme 6. Proposed Reaction Mechanism

[Ru(p-cymene)Cl,], [Ru(p-cymene)Cl,l,

[of (OAA)gBI-|F:) 4 i hosh
u(OAc
. 2H2 AgCl NH " Cu(OAc),Hz0 [ agel 3
2
. —_— + . AcOH
AcOH > [L_Ru_oAc] BF,  , AcOH L—Ru—OAc| BF,
A A 0
L = p-cymene \ AcOH L = p-cymene N—R’L':+
H 3 -
BF
N Ru under basic 4
BF,~ under acidic AN N conditions (path B) g |
E | conditions (path A) R
Ru Cu(OAc),, HZO
AcOH

AcOH CU(OAC)z H,0 )/‘ NH BF4
coordination
<N . NH
" \ BF4 migratory N / H
Ru‘; insertion / BU
LV\{ Ru ;

H R c'
] o~ BF
D BF, C R 4
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that the cleavage of the C—H bond is the rate-determining step
(RDS) in this catalytic cycle (Scheme Se). Further, the H/D
exchange reaction was carried out with CD;COOD, in both
cases (absence and presence of acrylate 2a), and significant
deuterium (up to 50%) incorporation was observed at ortho-
positions of the product (3a) and benzamide (la) as
confirmed by 'H NMR analysis (Scheme 5f). This result
eventually endorses the reversible nature of C—H metalation in
the time scale of the reaction.

Based on these supporting pieces of evidence and literature
precedence,’> a probable reaction mechanism for a control
cross-dehydrogenative coupling reaction via a weakly coordi-
nating primary amide group has been depicted in Scheme 6.

First, active cationic Ru(Il) species A is formed via the anion
exchange process in the presence of AgBF, and Cu(OAc),
H,O salt and, subsequently, the coordination of an imidic
nitrogen atom (OH—C=NH) (in situ generated from amide
1 under acidic conditions, path A)"*" to the active Ru(II)-
species A, followed by ortho-metalation via a base-assisted
internal electrophilic-type substitution (BIES) pathway to
generate a five-membered ruthenacycle B. After that, seven-
membered ruthenacycle species D formed via the coordina-
tion/migratory insertion step in the presence of activated olefin
(2a). Concomitantly, #-hydride elimination of intermediate D
in the presence of Cu(OAc),-H,O affords ortho-E-alkenylated
species E. Finally, in the presence of acetic acid, the desired
product (3) formed with the regeneration of active Ru(II)
species A, which further participate in the catalytic cycle.
However, under basic conditions (path B), we believe that
reaction would have initiated with coordination of amide
nitrogen (—NH) of benzamide (1) with species A, followed by
ortho-metalation to generate a five-membered ruthenacycle B’.
After that, seven-membered ruthenacycle species D’ formed
via the coordination/migratory insertion step. Finally,
reductive elimination affords the corresponding ortho-E-
alkenylated benzamide (3)

In summary, we have developed an efficient and controlled
strategy for ortho-alkenylation of electron-deficient benzamides
with activated olefins using a weakly coordinating primary
amide group in the presence of an inexpensive Ru(II) salt.
Under the reported conditions, exclusive ortho-alkenylated
benzamide derivatives were obtained with high mono and
diastereoselectivity without affording the annulated products,
which was the major concern. Free-form amides were further
manipulated under the appropriate reaction conditions to
make the value-added derivatives. The developed strategy
overall circumvents the prerequirement of external auxiliaries
and the need for expensive catalysts and provides the direct
route to make the alkenylated benzamides in one step. Detailed
mechanistic experiments suggest the involvement of the
reversible C—H bond metalation step and base-assisted
internal electrophilic-type substitution (BIES) pathway and
that the fine-tuning of reaction conditions is a key to the
success of the controlled introduction of olefins.

B EXPERIMENTAL SECTION

General Consideration. Unless otherwise noted, all reagents
were purchased from a commercial supplier and used without further
purification. All of the benzamides were prepared by following the
reported procedure in literature,'® and acrylates were purchased from
Sigma-Aldrich and Alfa Aesar. All reactions were run in sealed tubes,
and the indicated temperature was that of an oil bath. 1,2-
Dichloroethane was dried prior to use. 'H NMR spectra were
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recorded at 400 MHz, *C{'H} NMR spectra were recorded at 100
MHz, and CDCl; and DMSO-dg were used as a solvent. Chemical
shifts are reported in § ppm referenced to CDCl, (8 7.26), DMSO-dg
(8 2.50) for 'H NMR, and CDCI; (6 77.0) and DMSO-dg (5 39.5)
for ®*C NMR. The following abbreviations were used to explain
multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; m, multiple;
br, broad singlet and coupling constant (hertz). Infrared spectra were
recorded by an FT-IR apparatus. High-resolution mass spectra
(HRMS) spectra were obtained on an ESI-TOF (electron spray
ionization-time-of-flight) spectrometer, and acetonitrile was used to
dissolve the sample. Melting points were recorded with an automated
melting point apparatus without correction. Column chromatography
was performed on silica gel (100—200) mesh using ethyl acetate and
hexanes as eluents in different ratios.

General Procedure for the Synthesis of ortho-Alkenylated
Benzamide Derivatives (GP-A). To a clean oven-dried 15 mL
sealed tube equipped with a magnetic stir bar were sequentially added
benzamide (0.25 mmol, 1.0 equiv), [RuCl,(p-cymene], (5 mol %, 7.6
mg), acrylate derivatives (0.5 mmol, 2.0 equiv), and Cu(OAc),-H,0
(0.375 mmol, 1.5 equiv). Then DCE (2.0 mL) was added, followed
by acetic acid (150 uL), into the reaction mixture. Subsequently,
AgBF, (0.1 mmol, 0.4 equiv) was added under a nitrogen atmosphere,
and the reaction tube flushed with nitrogen. The tube was tightly
closed and placed in a preheated oil bath with stirring for 8 h. The
reaction was monitored by TLC, and after completion, the reaction
mixture was cooled to room temperature, diluted with ethyl acetate,
and neutralized with NaHCO;. After extraction with ethyl acetate (20
mL X 3), the organic layer was dried over sodium sulfate. The
combined organic layer was concentrated under a vacuum, and the
crude mixture was purified by column chromatography silica gel using
ethyl acetate/hexanes as an eluent.

(E)-Ethyl 3-(2-Carbamoylphenyl)acrylate (3a). Following GP-A,
the title compound was isolated as a white solid (40.5 mg, 75% yield).
Mp: 161-163 °C. R; (6:4 hexane/ethyl acetate) = 0.4. IR (ATR):
3373, 3177, 2921, 1715,1636, 1315, 1181 cm™'. 'H NMR (400 MHz,
DMSO): § 8.00-7.95 (m, 2H), 7.91-7.82 (m, 1H), 7.61 (s, 1H),
7.47 (m, 3H), 6.58 (d, ] = 16.0 Hz, 1H), 4.18 (t, ] = 7.1 Hz, 2H), 1.25
(t, J = 7.1 Hz, 3H). BC{'H} NMR (100 MHz, DMSO) § 170.1,
1662, 142.1, 138.1, 131.5, 129.9, 129.8, 127.6, 126.8, 119.3, 60.1,
14.2. HRMS (ESI-TOF): m/z caled for C,H;,NO; [M+ H]*,
220.0968; found, 220.0975.

(E)-Methyl 3-(2-Carbamoylphenyl)acrylate (3b). Following GP-A,
the title compound was isolated as a white solid (33 mg, 64% yield).
Mp: 141-143 °C. R; (6:4 hexane/ethyl acetate) = 0.4. IR (ATR):
3365, 3182, 1695, 1634, 1271, 1195, 1167, 979 cm™. 'H NMR (400
MHz, DMSO): § 7.98 (d, J = 16.0 Hz, 2H), 7.91—7.82 (m, 1H), 7.59
(s, 1H), 7.48 (dd, J = 4.3, 3.2 Hz, 3H), 6.59 (d, ] = 16.0 Hz, 1H), 3.72
(s, 3H). *C{'H} NMR (100 MHz, DMSO): § 170.1, 166.6, 142.3,
138.1, 131.5, 129.9, 129.8, 127.6, 126.8, 119.0, 51.6. HRMS (ESI-
TOF): m/z caled for C;;H;,NO; [M + HJ*, 206.0812; found,
206.0816.

(E)-Propyl 3-(2-Carbamoylphenyl)acrylate (3c). Following GP-A,
the title compound was isolated as a white solid (35.3 mg, 60% yield).
Mp: 143—145 °C. R; (6:4 hexane/ethyl acetate) = 0.5. IR (ATR):
3406, 3297, 2978, 1703, 1639, 1320, 1186, 769, 622 cm™'. '"H NMR
(400 MHz, DMSO): 5 7.99 (d, J = 16.0 Hz, 2H), 7.89 (dd, J = 6.8,
2.6 Hz, 1H), 7.62 (s, 1H), 7.47 (dd, J = 5.0, 3.4 Hz, 3H), 6.59 (d, ] =
16.0 Hz, 1H), 4.10 (t, J = 6.7 Hz, 2H), 1.65 (dd, ] = 14.2, 7.0 Hz,
2H), 0.93 (t, ] = 7.4 Hz, 3H). C{'H} NMR (100 MHz, DMSO): §
170.1, 1662, 142.2, 138.0, 131.5, 129.9, 129.8, 127.6, 126.8, 119.3,
65.5,21.6, 10.3. HRMS (ESI-TOF): m/z calcd for C;3H;(NO; [M +
HJ*, 234.1125; found, 234.1116.

(E)-Butyl 3-(2-Carbamoylphenyl)acrylate (3d). Following GP-A,
the title compound was isolated as a white solid (30 mg, 48% yield).
Mp: 140—141 °C. Ry (6:4 hexane/ethyl acetate) = 0.5. IR (ATR):
3364, 3182, 1712, 1643, 1275, 1169, 977, 761 cm™". '"H NMR (400
MHz, CDCL): § 8.09 (d, ] = 16.0 Hz, 1H), 7.63 (d, ] = 7.7 Hz, 1H),
7.57 (d,] = 7.4 Hz, 1H), 7.43 (dd, ] = 154, 7.3 Hz, 2H), 6.39 (d, ] =
15.9 Hz, 1H), 628 (s, 1H), 5.99 (s, 1H), 4.18 (t, J = 6.7 Hz, 2H),
1.74—1.57 (m, 2H), 1.41 (dd, J = 15.0, 7.5 Hz, 2H), 0.95 (t, ] = 7.4
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Hz, 3H). *C{'H} NMR (100 MHz, CDCL,): § 170.7, 166.6, 141.9,
135.8, 133.1, 130.7, 129.7, 127.7, 127.3, 121.0, 64.6, 30.7, 19.1, 13.7.
HRMS (ESI-TOF): m/z caled for C,,H;iNO; [M + H]*, 248.1281;
found, 248.1285.

(E)-Cyclohexyl 3-(2-Carbamoylphenyl)acrylate (3e). Following
GP-A, the title compound was isolated as a white solid (30 mg, 44%
yield). Mp: 132—134 °C. R; (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3402, 3201, 2930, 2860 1702, 1640, 1167, 1016 cm™. 'H
NMR (400 MHz, CDCl,): § 8.07 (d, ] = 15.9 Hz, 1H), 7.63 (d, ] =
7.7 Hz, 1H), 7.56 (d, ] = 7.3 Hz, 1H), 7.42 (dd, ] = 15.0, 7.5 Hz, 2H),
6.37 (d, ] = 15.9 Hz, 1H), 6.31 (s, 1H), 6.03 (s, 1H), 4.90—4.80 (m,
1H), 1.88 (d, ] = 8.9 Hz, 2H), 1.75 (dd, ] = 8.8, 3.7 Hz, 2H), 1.53—
1.22 (m, 6H). *C{'"H} NMR (100 MHz, CDCl,): § 170.7, 165.9,
141.6, 135.8, 133.1, 130.7, 129.6, 127.8, 127.3, 121.6, 72.9, 31.6, 25.4,
23.7. HRMS (ESI-TOF): m/z caled for C;sH,,NO; [M + HJ",
274.1438; found, 274.1433.

(E)-2-Phenoxyethyl 3-(2-Carbamoylphenyl)acrylate (3f). Follow-
ing GP-A, the title compound was isolated as a white solid (23 mg,
29% yield). Mp: 156—158 °C. Ry (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3368, 3176, 1709, 1643, 1503 1238, 1208, 979, 750 cm™ . 'H
NMR (400 MHz, DMSO): § 8.09—7.85 (m, 3H), 7.61 (s, 1H), 7.52—
7.42 (m, 3H), 7.36—7.23 (m, 2H), 6.96 (dd, J = 13.9, 7.6 Hz, 3H),
6.65 (d, ] = 16.0 Hz, 1H), 4.53—4.46 (m, 2H), 4.28—4.20 (m, 2H).
BC{'H} NMR (100 MHz, DMSO): § 170.1, 166.2, 1582, 142.7,
138.1, 131.5, 129.9, 129.8, 129.6, 127.6, 126.9, 120.9, 118.9, 114.5,
65.7, 62.8. HRMS (ESI-TOF): m/z caled for C;sH;;NO, [M + H]",
312.1230; found, 312.1225.

2-(2-(Methylsulfonyl)vinyl)lbenzamide (E/Z = 4:1) (3g). Following
GP-A, the title compound was isolated as a white solid (24 mg, 43%
yield). Mp: 170—172 °C. R; (5:5 hexane/ethyl acetate) = 04 IR
(ATR): 3374, 3179, 1648, 1620 1398, 1285, 1122, 970, 746 cm™". E-
Isomer 'H NMR (400 MHz, DMSO): 6 8.02 (s, 1H), 7.88 (d, ] =
15.6 Hz, 2H), 7.64 (s, 1H), 7.57—-7.45 (m, 4H), 3.09 (s, 3H). Z-
Isomer '"H NMR (400 MHz, DMSO): § 7.40 (dt, J = 10.3, 7.0 Hz,
1H), 7.31 (t, ] = 7.1 Hz, 0.35H), 3.00 (s, 0.78H). *C{*H} NMR (100
MHz, DMSO): § 170.8, 169.7, 139.0, 138.0, 136.8, 135.9, 130.5,
1302, 130.0, 129.9, 129.7, 129.2, 127.9, 127.4, 127.2, 126.6, 54.9,
42.6. HRMS (ESI-TOF): m/z caled for C,,H,NO;S [M + HJ*,
226.0532; found, 226.0528.

(E)-2-(2-(Phenylsulfonyl)vinyl)benzamide (3h). Following GP-A,
the title compound was isolated as a white solid (62 mg, 70% yield).
Mp: 203—-204 °C. R, (5:5 hexane/ethyl acetate) = 0.4. IR (ATR):
1694, 1424, 1378. 1H NMR (400 MHz, DMSO): § 8.10~7.98 (m,
1H), 7.89 (m, 4H), 7.81-7.63 (m, SH), 7.62—7.56 (d, ] = 15.6 Hz,
1H), 7.55—7.48 (m, 2H). *C{'H} NMR (100 MHz, DMSO): &
169.7, 140.6, 139.9, 138.1, 133.7, 130.6, 130.0, 129.9, 129.7, 129.5,
128.9, 127.9, 127.7, 127.5, 127.1. HRMS (ESI-TOF): m/z calcd for
CsH,NO,S [M + HJ, 288.0689; found, 288.0686.

Diethyl 2-Carbamoylstyrylphosphonate (E/Z = 7:1) (3i). Follow-
ing GP-A, the title compound was isolated as a white solid (32.6 mg,
49% yield). Mp: 126—128 °C. R, (ethyl acetate) = 0.4. IR (ATR):
3368, 3190 2984, 2924, 1665, 1380, 1225, 1021, 958, 856 cm™. E-
Isomer 'H NMR (400 MHz, CDCL;): § 7.96 (s, 1H), 7.89—7.85 (m,
1H), 7.74 (d, J = 17.6 Hz, 1H), 7.71-7.58 (m, 1H), 7.52—7.41 (m,
3H), 6.54 (dd, J = 18.3, 17.7 Hz, 1H), 4.06—3.97 (m, 4H), 1.28—1.23
(m, 6H). Z-Isomer '"H NMR (400 MHz, DMSO): § 7.38—7.22 (m,
0.88H). C{’H} NMR (100 MHz, CDCl,): § 171.1, 170.1, 145.1,
137.7, 132.4,132.1, 129.7, 127.5, 126.5, 117.1, 115.3, 61.4, 61.3, 61.0,
16.2, 16.2. HRMS (ESI-TOF): m/z calcd for C;;H;,NO,P [M + H]",
284.1046; found, 284.1045.

(E)-2-Styrylbenzamide (3j). Following GP-A, the title compound
was isolated as a white solid (21 mg, 38% yield). Mp: 189—191 °C.
(6:4 hexane/ethyl acetate) = 0.5. IR (ATR): 3398, 3173, 1642, 1620,
1493, 1395, 962, 757,630 cm™’. 'H NMR (400 MHz, DMSO): §
7.90—7.81 (m, 2H), 7.55—7.26 (m, 10H), 7.22 (d, ] = 16.4 Hz, 1H).
BC{'H} NMR (100 MHz, DMSO): § 170.8, 137.1, 136.5, 134.5,
129.7, 129.5, 128.8, 127.8, 127.5, 127.2, 126.5, 126.1, 125.4. HRMS
(ESI-TOF): m/z calcd for C;sH;,NO [M + H]*, 224.1070; found,
224.1068.
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(E)-2-(4-Fluorostyryl)benzamide (3k). Following GP-A, the title
compound was isolated as a white solid (20 mg, 33% yield). Mp:
176—178 °C. Ry (6:4 hexane/ethyl acetate) = 0.5. IR (ATR): 3375,
3180, 1637, 1622 1508, 1400, 1231, 959, 816, 748, 633 cm™'. 'H
NMR (400 MHz, DMSO): 5 7.88 (s, 1H), 7.82 (d, ] = 7.7 Hz, 1H),
7.56 (dd, J = 8.1, 5.8 Hz, 2H), 7.45 (dd, ] = 16.0, 5.5 Hz, 4H), 7.32 (4,
J = 7.4 Hz, 1H), 7.27-7.18 (m, 3H). *C{'H} NMR (100 MHz,
DMSO): § 170.7, 162.9, 160.5, 136.5, 134.5, 133.7, 129.6, 128.6,
128.4, 128.3, 127.6, 127.3, 126.1, 1254, 115.8, 115.6. HRMS (ESI-
TOE): m/z caled for C;sH;NOF [M + H]*, 242.0976; found,
242.0973.

(E)-Ethyl 3-(2-Carbamoyl-5-methoxyphenyl)acrylate (4a). Fol-
lowing GP-A, the title compound was isolated as a white solid (38.5
mg, 64% yield). Mp: 167—169 °C. R; (6:4 hexane/ethyl acetate) =
0.3. IR (ATR): 3355, 3181, 1713, 1640, 1614, 1563, 1398, 1296,
1232, 1032, 810, 678, cm—1 1H NMR (400 MHz, CDCl,): 6 8.15 (d,
J =159 Hz, 1H), 7.56 (d, J = 8.5 Hz, 1H), 7.09 (d, J = 2.5 Hz, 1H),
6.92 (dd, J = 8.5,2.5 Hz, 1H), 6.36 (d, ] = 15.9 Hz, 1H), 5.88 (s, 2H),
4.26 (q, ] = 7.1 Hz, 2H), 3.86 (s, 3H), 1.33 (t, J = 7.1 Hz, 3H). 13C
{'H} NMR (100 MHz, CDCl,): § 170.1, 166.4, 161.3, 142.4, 135.5,
129.8, 127.9, 121.3, 1152, 112.4, 60.7, 55.5, 14.3. HRMS (ESI-
TOF): m/z caled for C;;H;(NO, [M + HJ*, 250.1074; found,
250.1080.

(E)-Ethyl 3-(2-Carbamoyl-5-methylphenyl)acrylate (4b). Follow-
ing GP-A, the title compound was isolated as a white solid (35 mg,
61% yleld) Mp: 172—174 °C. R; (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3363, 3181, 1709, 1636, 1312 1275, 1176, 977, 667 cm™ . 'H
NMR (400 MHz, CDCly): § 8.11 (d, J = 16.0 Hz, 1H), 7.54—7.39
(m, 2H), 7.22 (d, J = 7.8 Hz, 1H), 6.38 (d, J = 16.0 Hz, 1H), 5.92 (s,
1H), 5.83 (s, 1H),4.25 (q, J = 7.1 Hz, 2H), 2.40 (s, 3H), 1.32 (t, ] =
7.1 Hz, 3H). ®C{'H} NMR (100 MHz, CDCL;): § 170.5, 166.5,
1422, 141.1, 133.3, 132.9, 130.55, 128.0, 127.9, 120.9, 60.6, 21.4,
14.3. HRMS (ESI-TOF): m/z caled for C;3H;(NO; [M + HJ],
234.1125; found, 234.1117.

(E)-Ethyl 3-(5-Carbamoylbenzo[d][1,3]dioxol-4-yl)acrylate (4c).
Following GP-A, the title compound was isolated as a white solid (36
mg, 55% yield). Mp: 207—209 °C. R; (6:4 hexane/ethyl acetate) =
0.3. IR (ATR): 3374, 3194, 1705, 1640, 1607, 1455,1385, 1248,
1189,1071, 1054, 914, 675 cm™'. '"H NMR (400 MHz, DMSO): §
7.90 (d, J = 16.3 Hz, 2H), 7.49 (s, 1H), 7.03—701 (m, 2H), 6.67 (d, ]
=162 Hz, 1H), 6.20 (s, 2H), 4.17 (q, ] = 7.1 Hz, 2H), 1.24 (, J = 7.1
Hz, 3H). BC{'H} NMR (100 MHz, DMSO): § 169.4, 166.3, 148.4,
146.9, 137.6, 131.5, 121.9, 121.9, 114.7, 108.8, 102.2, 60.2, 14.1.
HRMS (ESI-TOF): m/z caled for C;3H,,NOg [M + H]*, 264.0866;
found, 264.0874.

(E)-Ethyl 3-(2-Carbamoyl-5-fluorophenyl)acrylate (4d). Follow-
ing GP-A, the title compound was isolated as a white solid (41 mg,
68% yield). Mp: 164—166 °C. R, (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3321, 3144, 1669, 1622, 1587,1414, 1396, 1226, 1158, 852
cm™!, '"H NMR (400 MHz, DMSO): § 7.95—7.91 (m, 2H), 7.79 (dd,
J = 10.5, 2.4 Hz, 1H), 7.63 (s, 1H), 7.54 (dd, ] = 8.5, 5.9 Hz, 1H),
7.31 (td, ] = 8.5, 2.5 Hz, 1H), 6.69 (d, J = 16.0 Hz, 1H), 4.19 (q,] =
7.1 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). *C{'H} NMR (100 MHz,
DMSO): §169.3,165.9, 162.5 (d, Je_ = 247.2 Hz) 140.9 (d, ¥Jc_p =
2.0 Hz), 134.5 (d, 3Jo_r = 8.2 Hz), 130.2 (d, ¥Jc_r = 8.7 Hz), 120.8,
116.7 (d, ¥Jo_p = 22.3 Hz) 1134 (d, ¥Jc_r = 22.7 Hz), 60.2, 14.2.
HRMS (ESI-TOF): m/z calcd for C;,H;;FNO; [M + H]*, 238.0874;
reported, 238.0876.'>*

(E)-Ethyl 3-(2-Carbamoyl-5-chlorophenyl)acrylate (4e). Follow-
ing GP-A, the title compound was isolated as a white solid (37 mg,
57% yield). Mp: 196—198 °C. R, (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3378, 3202, 1691, 1656, 1371, 1281, 1245, 1038, 645, cm™".
'"H NMR (400 MHz, DMSO): § 8.05—7.97 (m, 2H), 7.89 (d, ] = 16.0
Hz, 1H), 7.68 (s, 1H), 7.54—7.47 (m, 2H), 6.71 (d, ] = 16.0 Hz, 1H),
4.19 (q, J = 7.1 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). BC{'H} NMR
(100 MHz, DMSO): & 169.2, 165.9, 140.5, 136.5, 134.6, 133.8, 129.5,
126.6, 120.9, 60.2, 14.2. HRMS (ESI-TOF): m/z calcd for
C,H3CINO; [M + HJY, 254.0578; found, 254.0570.

(E)-Ethyl 3-(5-Bromo-2-carbamoylphenyl)acrylate (4f). Following
GP-A, the title compound was isolated as a white solid (40 mg, 57%
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yield). Mp: 198—200 °C. R; (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3373, 3203, 16942, 1652 1384, 1370,1290, 1243, 1198, 1039,
979, 872 cm—1 '"H NMR (400 MHz, DMSO): 6 8.11 (d, ] = 1.7 Hz,
1H), 8.02 (s, 1H), 7.88 (d, J = 16.0 Hz, 1H), 7.66 (dd, ] = 8.3, 1.8 Hz,
2H), 7.42 (d, J = 8.2 Hz, 1H), 6.70 (d, ] = 16.0 Hz, 1H), 4.19 (q,] =
7.1 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). *C{'H} NMR (100 MHz,
DMSO): § 169.2, 165.9, 140.4, 136.9, 133.9, 132.4, 129.6, 1294,
1232, 1209, 602, 14.2. HRMS (ESI-TOF): m/z calcd for
C1,H,BrNNaO; [M + Na]*, 319.9893; found, 319.9889.

(E)-Ethyl 3-(2-Carbamoyl-5-(trifluoromethyl)phenyl)acrylate
(4g). Following GP-A, the title compound was isolated as a white
solid (31 mg, 43% yield). Mp: 188—190 °C. R, (6:4 hexane/ethyl
acetate) = 0.5. IR (ATR): 3374, 3203, 1694, 1657 1321, 1276, 1177,
1133, 1040 cm™'. '"H NMR (400 MHz, DMSO): § 8.19—8.17 (m,
2H), 7.85—7.81 (m, 3H), 7.67 (d, ] = 8.0 Hz, 1H), 6.84 (d, ] = 16.0
Hz, 1H), 420 (q, J = 7.1 Hz, 2H), 1.26 (t, ] = 7.1 Hz, 3H). BC{'H}
NMR (100 MHz, DMSO): § 169.1, 165.0, 141.6, 140.1, 139.6, 131.0
(9, Ye—r =271 Hz), 130.2 (q, YJc_r = 32 Hz), 128.5, 126.3 (q, ]Jc_r =
3.8 Hz), 125.0, 124.8, 123.8 (q, *Jo_r = 3.8 Hz), 121.6, 60.3, 14.1.
HRMS (ESI-TOF): m/z caled for C;3H;3;F;NO; [M + HJ,
288.0848; found, 288.0851.

(E)-Ethyl 3-(2-Carbamoyl-5-nitrophenyl)acrylate (4h). Following
GP-A, the title compound was isolated as a white solid (20 mg, 30%
yield). Mp: 189—191 °C. R; (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3351, 3210, 1679, 1518 1353, 1285, 1212, 1178, 1040 cm ™.
'"H NMR (400 MHz, DMSO): § 8.64 (d, ] = 2.0 Hz, 1H), 8.30—8.20
(m, 2H), 7.93—7.84 (m, 2H), 7.72 (d, ] = 8.4 Hz, 1H), 6.85 (d, ] =
16.0 Hz, 1H), 4.21 (q, ] = 7.1 Hz, 2H), 1.26 (t, ] = 7.1 Hz, 3H). *C
NMR (100 MHz, DMSO): § 168.6, 166.2, 165.7, 149.1, 148.2, 143.3,
140.0, 139.63, 133.1, 129.1, 128.9, 124.2, 123.5, 122.4, 121.8, 604,
14.2. HRMS (ESI-TOF): m/z caled for C;,H;3N,O5 [M + HJ,
265.0819; found, 265.0827.

(E)-Methyl 3-(2-Carbamoyl-5-methylphenyl)acrylate (4i). Fol-
lowing GP-A, the title compound was isolated as a white solid (33
mg, 60% yield). Mp: 206—208 °C. R; (6:4 hexane/ethyl acetate) =
0.5. IR (ATR): 3373, 3194, 1695, 1655, 1389, 1301, 1226, 1034, 871
cm™'. 'H NMR (400 MHz, CDCL,): 6 8.13 (d, J = 16.0 Hz, 1H),
7.51-7.43 (m, 2H), 7.23 (d, J = 7.8 Hz, 1H), 6.39 (d, ] = 16.0 Hg,
1H), 5.82 (s, 2H), 3.80 (s, 3H), 2.40 (s, 3H). C{'H} NMR (100
MHz, DMSO): § 170.0, 166.6, 142.5, 139.5, 135.0, 131.7, 1304,
127.7, 127.2, 118.6, 51.5, 20.7. HRMS (ESI-TOF): m/z calcd for
C,,H,NO, [M + H]*, 220.0968; found, 220.0976.

(E)-Methyl 3-(2-Carbamoyl-5-fluorophenyl)acrylate (4j). Follow-
ing GP-A, the title compound was isolated as a white solid (31 mg,
57% yield). Mp: 189—191 °C. R (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3389, 3204, 1697, 1652 1392, 1304, 1217, 1034, 976 cm™".
'"H NMR (400 MHz, DMSO): § 8.03—7.90 (m, 2H), 7.79 (dd, J =
104, 2.5 Hz, 1H), 7.65—7.50 (m, 2H), 7.31 (td, ] = 8.5, 2.5 Hz, 1H),
6.70 (d, J = 16.0 Hz, 1H), 3.73 (s, 3H). “C{'H} NMR (100 MHz,
DMSO): § 169.2, 166.4, 162.5(d, 'Jo_g = 245.0 Hz), 141.0(d, ¥Jc_f =
2.0 Hz), 134.43, 130.2(d, *Jc_g = 9 Hz), 120.5, 116.7(d, ¥Jc_g = 21.7
Hz), 113.4(d, *Jc_p = 22.7 Hz), 51.65. HRMS (ESI-TOF): m/z calcd
for C;;H,;;FNO; [M + H]*, 224.0717; found, 224.0712.

(E)-Ethyl 3-(2-Carbamoyl-4-methylphenyl)acrylate (4k). Follow-
ing GP-A, the title compound was isolated as a white solid (32 mg,
55% yield). Mp: 177—179 °C. R; (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR) 3380, 3209, 1688, 1652 1385, 1301, 1278, 1043, 978, 832

m~'. '"H NMR (400 MHz, DMSO): § 7.93 (d, J = 16.0 Hz, 2H),
7.78 (d, J = 8.1 Hz, 1H), 7.56 (s, 1H), 7.28 (d, ] = 7.6 Hz, 2H), 6.53
(d, J = 16.0 Hz, 1H), 4.18 (q, ] = 7.1 Hz, 2H), 2.35 (s, 3H), 1.24 (t,]
= 7.1 Hz, 3H). ®C{'H} NMR (100 MHz, DMSO): § 170.2, 166.3,
142.0, 139.9, 138.1, 130.4, 128.7, 128.1, 126.8, 118.3, 60.0, 20.8, 14.2.
HRMS (ESI-TOF): m/z caled for C;3H;(NO; [M + H], 234.1125;
found, 234.1129.

(E)-Ethyl 3-(2-Carbamoyl-4-methoxyphenyl)acrylate (4l). Follow-
ing GP-A, the title compound was isolated as a white solid (26 mg,

42% yield). Mp: 178—180 °C. R, (6:4 hexane/ethyl acetate) = 0.3. IR
(ATR): 3380, 3209, 1688, 1652 1385, 1301, 1278, 1043, 978, 832
cm™. '"H NMR (400 MHz, CDCL,): § 8.01 (d, ] = 15.9 Hz, 1H), 7.60
(d, J = 8.7 Hz, 1H), 7.11-6.92 (m, 2H), 6.31 (d, ] = 15.9 Hz, 1H),
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6.04 (s, 1H), 5.87 (s, 1H), 4.24 (q, ] = 7.1 Hz, 2H), 3.85 (s, 3H), 1.31
(t, J = 7.1 Hz, 3H). *C{'H} NMR (100 MHz, CDCL,): § 166.8,
160.7, 141.2, 137.5, 128.8, 125.1, 118.9, 116.7, 112.8, 60.5, 55.6, 14.3.
HRMS (ESI-TOF): m/z caled for C;3H;{NO, [M + H]*, 250.1074;
found, 250.1082.

(E)-Methyl 3-(2-Carbamoyl-4-methylphenyl)acrylate (4m). Fol-
lowing GP-A, the title compound was isolated as a white solid (30 mg,
55% yield). Mp: 195—197 °C. R, (6:4 hexane/ethyl acetate) = 0.5. IR
(ATR): 3399, 3192, 1702, 1643, 1393, 1273, 1242, 11175, 1018, 832
cm™!, 'H NMR (400 MHz, DMSO): 6 7.94 (d, ] = 16.1 Hz, 2H),
7.78 (d, ] = 8.4 Hz, 1H), 7.56 (s, 1H), 7.29 (d, ] = 7.5 Hz, 2H), 6.54
(d, ] = 16.0 Hz, 1H), 3.71 (s, 3H), 2.35 (s, 3H). *C{’"H} NMR (100
MHz, DMSO): § 170.2, 166.7, 143.0, 142.2, 139.9, 138.1, 130.4,
128.7, 128.1, 126.7, 117.9, 51.5, 20.8. HRMS (ESI-TOF): m/z calcd
for C,H,,NO, [M + H]", 220.0968; found, 220.0960.

(E)-4-Methoxy-2-(2-(phenylsulfonyl)vinyl)benzamide (4n). Fol-
lowing GP-A, the title compound was isolated as a white solid (48
mg, 63% yield). Mp: 175—177 °C. R, (5:S hexane/ethyl acetate) =
0.3. IR (ATR): 3450, 3159, 1668, 1597, 1392, 1296, 1246, 1139,
1083, 1027, 833 cm ™. 'H NMR (400 MHz, DMSO): 6 8.12 (d, J =
15.4 Hz, 1H), 7.93 (d, ] = 7.5 Hz, 3H), 7.78—7.59 (m, SH), 7.55—
7.51 (m, 1H), 7.36 (d, ] = 2.2 Hz, 1H), 7.07—7.03 (m, 1H), 3.82 (s,
3H). BC{'H} NMR (100 MHz, DMSO): § 169.4, 160.3, 140.6,
140.3, 133.7, 132.3, 130.2, 129.8, 129.6, 129.0, 127.7, 127.2, 116.6,
111.9, 55.7. HRMS (ESI-TOF): m/z calcd for C,¢H;(NO,S [M +
HJ*, 318.0795; found, 318.0793.

2-(2-(Phenylsulfonyl)vinyl)-4-(trifluoromethyl)benzamide (E/Z =
7:1) (40). Following GP-A, the title compound was isolated as a white
solid (69 mg, 75% yield). Mp: 215—217 °C. Ry (5:5 hexane/ethyl
acetate) = 0.4. IR (ATR) 3367, 3168 1661, 1609 1330, 1308, 1280,
1124, 1080, 850 cm-'. E isomer- 'H NMR (400 MHz, DMSO): §
825 (d, ] = 18.1 Hz, 2H), 7.97-7.84 (m, 7H), 7.73 (m, 6H). Z
isomer- '"H NMR (400 MHz, DMSO) 8.15 (d, ] = 14.5 Hz, 0.27 H),
7.63—7.52 (m, 0.48). ®C{’H} NMR (100 MHz, DMSO): § 168.7,
141.8, 140.1, 137.6, 132.5 (q, 'J c_r = 271 Hz), 130.8, 130.3 (q, YJc_r
=32 Hz), 129.6 (q, JJo_r = 26 Hz), 128.9, 127.7, 127.1 (q, ¥Jc_p = 2.8
Hz), 124.9, 124.4 (q, *Jc_r = 3.4 Hz). HRMS (ESI-TOF): m/z calcd
for C;¢H,,F;NNaO;S [M + Na]*, 378.0382; found, 378.0391.

(E)-4-(2-(Phenylsulfonyl)vinyl)benzo[d][1,3]dioxole-5-carboxa-
mide (4p). Following GP-A, the title compound was isolated as a
white solid (55 mg, 67% yield). Mp: 201-203 °C. Ry (5:5 hexane/
ethyl acetate) = 0.4. IR (ATR): 3401, 3204, 2887, 1656, 1454, 1445,
1296, 1254, 1142, 1067, 923, 830 cm™. 'H NMR (400 MHz,
DMSO): 6§ 8.01 (d, ] = 15.6 Hz, 1H), 7.97—7.88 (m, 2H), 7.73 (d, ] =
7.3 Hz, 1H), 7.66 (t, ] = 7.5 Hz, 2H), 7.52 (s, 2H), 7.25 (d, ] = 15.6
Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 7.03 (d, ] = 8.0 Hz, 1H), 6.17 (s,
2H). ®C{'H} NMR (101 MHz, DMSO): § 169.1, 148.7, 147.2,
140.4, 135.3, 133.8, 130.9, 130.7, 129.8, 127.2, 122.3, 112.8, 109.4,
102.5. HRMS (ESI-TOF): m/z calcd for C,¢H;3NNaO;S [M + Na]*,
354.0407; found, 354.0411.

3,5-Dimethoxy-2-(2-(phenylsulfonyl)vinyl)benzamide (E/Z = 2:1)
(4q). Following GP-A, the title compound was isolated as a white
solid (56 mg, 74% yield). Mp: 215—217 °C. R; (5:5 hexane/ethyl
acetate) = 0.4. IR (ATR) 3395, 3206, 1652, 1600 1388, 1300, 1282,
1140, 1081, 973,861 cm ™. E-Isomer 'H NMR (400 MHz, DMSO): §
8.02 (s, IH), 7.95—7.62 (m, 13H),7.27 (d, ] = 15.4 Hz, 1H), 6.70
(br.s, 1H), 6.64 (br.s, 1H), 3.90 (s, 3H), 3.86 (s, 3H). Z-Isomer 'H
NMR (400 MHz, DMSO): § 7.43 (s, 0.51H), 6.55 (s, 0.65H), 6.50
(s, 0.57H), 3.75 (s, 1.91H), 3.66 (s, 1.87H). *C{'H} NMR (100
MHz, DMSO): § 170.4, 169., 162.1, 161.0, 158.9, 158.2, 142.9, 141.3,
138.9, 138.7, 136.0, 133.8, 133.3, 129.6, 129.4, 127.7, 127.2, 126.9,
115.0, 110.1, 105.1, 103.7, 99.3, 99.1, 56.2, 55.8, 55.8, 55.3, 54.6, 20.5.
HRMS (ESI-TOF): m/z caled for C;;H;{NOS [M + H]*, 348.0900;
found, 348.0901.

5-Methyl-2-(2-(phenylsulfonyl)vinyl)benzamide (E/Z = 8:1) (4r).
Following GP-A, the title compound was isolated as a white solid (56
mg, 74% yield). Mp: 215—217 °C. Ry (5:5 hexane/ethyl acetate) =
0.4. IR (ATR): 3395, 3206, 1652, 1600 1388, 1300, 1282,, 1140,
1081, 973,861 cm™'. E-Isomer 'H NMR (400 MHz, DMSO): &
8.02—7.93 (m, 2H), 7.90 (d, ] = 7.4 Hz, 2H), 7.69 (m, SH), 7.51 (d, ]
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= 15.4 Hz, 1H), 7.35 (s, 1H), 7.30 (d, ] = 8.0 Hz, 1H), 2.72 (s, 3H).
Z-Isomer 'H NMR (400 MHz, DMSO) 7.18 (s, 0.13H), 7.11 (t, J =
6.0 Hz, 0.23H) 2.26 (s, 0.36H). C{*H} NMR (100 MHz, DMSO):
5 169.8, 140.8, 140.7, 139.7, 138.2, 133.6, 130.5, 129.6, 128.3, 127.9,
127.4, 1272, 127.1, 20.8. HRMS (ESI-TOF): m/z caled for
C1cH,sNO,S [M + HJY, 302.0845; found, 302.0852.

Procedure for Scale-up Synthesis. To a clean oven-dried 100
mL sealed tube equipped with a magnetic stir bar were sequentially
added benzamide 1a (4.0 mmol, 1 equiv), [RuCl,(p-cymene], (S mol
%, 122.4 mg), ethyl acrylate (8.0 mmol, 2.0 equiv), and Cu(OAc),-
H,0 (6 mmol, 1.5 equiv). Then DCE (25.0 mL) was added, followed
by acetic acid (2.2 mL), into the reaction mixture. Subsequently,
AgBF, (1.6 mmol, 0.4 equiv) was added under a nitrogen atmosphere,
and the reaction tube was flushed with nitrogen three times. The tube
was tightly closed and placed in a preheated oil bath with stirring for 8
h. The reaction was monitored by TLC, and after completion, the
reaction mixture was cooled to room temperature, diluted with ethyl
acetate, and neutralized with NaHCO;. After extraction with ethyl
acetate (20 mL X 3), the organic layer was dried over sodium sulfate.
The combined organic layer was concentrated under a vacuum, and
the crude mixture was purified by column chromatography silica gel
using ethyl acetate/hexanes as an eluent. The desired product was
isolated in $5% yield (482 mg).

Procedure for the Synthesis of (E)-Ethyl 3-(2-Cyanophenyl)-
acrylate (5a). By following a reported procedure,'” 3a (0.2 mmol, 43
mg) in CH;CN/H,O (1:1) was treated with PdCl, (10 mol %, 3.5
mg) at SO °C for 12 h. After completion, the reaction mixture was
quenched with water and extracted with ethyl acetate (10 mL X 3).
The solvent was removed in a vacuum, and the crude product was
purified by column chromatography as a white solid (32 mg, 80%
yield). R; (9:1 hexane/ethyl acetate) = 0.5. Mp: 69—71 °C. IR (ATR):
2999, 2907, 2298, 1715, 1639, 1473, 1358, 1311, 1272, 1178, 976
cm™". 'H NMR (400 MHz, DMSO): 6 8.12 (d, ] = 8.0 Hz, 1H), 7.93
(dd, J = 7.7, 1.0 Hz, 1H), 7.84—7.73 (m, 2H), 7.63 (dd, ] = 7.7, 0.9
Hz, 1H), 6.90 (d, ] = 15.9 Hz, 1H), 4.23 (q, ] = 7.1 Hz, 2H), 1.27 (t, ]
= 7.1 Hz, 3H). ®C{'H} NMR (100 MHz, DMSO): § 165.5, 138.9,
136.4, 133.7, 133.5, 130.8, 127.5, 122.9, 117.2, 111.7, 60.6, 14.1.
HRMS (ESI-TOF): m/z caled for C,H;;NNaO, [M + Nal,
224.0682; found, 224.0686.

Procedure for the Synthesis of 2-(3-Oxoisoindolin-1-yl)acetic
Acid (6a). By following a reported procedure,"® a mixture of 3a (0.2
mmol, 46 mg) was prepared in 20% (v/v) H,SO, (2.5 mL) and
heated at 100 °C for 6 h. After completion of the reaction, the mixture
was cooled to room temperature, diluted with water and then
extracted with ethyl acetate (15 mL X 3). The organic layer was dried
in a vacuum. Recrystallization with dichloromethane and hexane
produced a white solid (30 mg, 79% yield). Mp: 146—148 °C. IR
(ATR): 3106, 1746, 1704, 1288, 1215,1077, 1063, 1007, 923, 740
cm™'. '"H NMR (400 MHz, DMSO): § 7.85—7.70 (m, 3H), 7.60 (dd,
J=9.2,5.6 Hz, 1H), 5.88 (dd, ] = 8.1, 4.2 Hz, 1H), 3.16 (dd, ] = 16.8,
4.3 Hz, 1H), 2.73 (dd, J = 16.8, 8.2 Hz, 1H). *C{*H} NMR (100
MHz, DMSO): § 171.0, 169.9, 149.5, 134.5, 129.5, 125.7, 125.1,
122.9, 77.7. HRMS (ESI-TOE): m/z caled for C,oH,,NO; [M+ HJ*,
192.0655, found, 192.0654.

Procedure for Intermolecular Competition Experiment
between 1b and 1g. A suspension of [RuCl,(p-cymene], (7.6
mg, 5.0 mol %), 1b (0.25 mmol, 1.0 equiv), 1g (0.25 mmol, 1.0
equiv), 2b (0.5 mmol, 2.0 equiv), AgBF, (20 mg 40 mol %),
Cu(OAc),'H,0 (75 mg, 1.5 equiv), and AcOH (150 uL, 10.0 equiv)
was stirred in DCE (2.0 mL) for 8 h at 100 °C. After cooling to room
temperature, the reaction mixture was diluted with ethyl acetate and
neutralized with NaHCO;. After extraction with ethyl acetate (20 mL
X 3), the organic layer was dried over sodium sulfate. The combined
organic layer was concentrated under a vacuum, and the crude
mixture was purified by column chromatography silica gel using ethyl
acetate/hexanes as an eluent. Compounds (4b and 4g) were obtained
in 56% and 34% yields, respectively, in a ratio of 1.6:1.

Procedure for Intermolecular competition experiment
between 2a and 2h. A suspension of [RuCl(p-cymene], (7.6
mg, 5.0 mol %), 1a (0.25 mmol, 1.0 equiv), 2a (0.5 mmol, 2.0 equiv),
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2h (0.5 mmol, 2.0 equiv), AgBF, (20 mg, 40 mol %), Cu(OAc),-H,0
(75 mg, 1.5 equiv), and AcOH (150 uL, 10.0 equiv) was stirred in
DCE (2.0 mL) for 8 h at 100 °C. After cooling to room temperature,
the reaction mixture was diluted with ethyl acetate and neutralized
with NaHCOj;. After extraction with ethyl acetate (20 mL X 3), the
organic layer was dried over sodium sulfate. The combined organic
layer was concentrated under a vacuum, and the crude mixture was
purified by column chromatography silica gel using ethyl acetate/
hexanes as an eluent. Compounds 3a and 3h were obtained in 37%
and 43% yields, respectively, in a ratio of 1:1.6 (3a/3h).

Kinetic Isotope Effect Experiment: Procedure for Intermo-
lecular Competition Experiment between 1a and 1a-Ds. To a
oven-dried sealed tube, following the general procedure, benzamide
(1a) (30 mg, 0.25 mmol), deuterated benzamide (la-Ds) (32 mg,
0.25 mmol), [RuCl,(p-cymene], (S mol %, 7.6 mg), (2b, 0.75S mmol,
2.0 equiv), AgBF, (0.4 equiv, 20 mg), Cu(OAc),-H,0 (1.5 equiv, 75
mg), and DCE (2.0 mL) were added. The mixture was stirred at 100
°C for 2 h. The reaction mixture was cooled to room temperature,
diluted with ethyl acetate, and neutralized with NaHCO;. After
extraction with ethyl acetate (20 mL X 3), the organic layer was dried
over sodium sulfate. The combined organic layer was concentrated
under a vacuum, and the crude mixture was purified by column
chromatography silica gel and ethyl acetate/hexanes as an eluent to
give 37% of the product in a combined yield. The ratio of (3b) and
(3b-D,) was determined by "H NMR analysis and found to be ky/kp
~r 1.98:1
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