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ABSTRACT: The Ni-catalyzed reaction of ortho-fluoro-substituted aromatic amides with alkynes results in C-F/N-H annu-
lation to give 1(2H)-isoquinolinones. A key to the success of the reaction is the use of KOBu' or even weak base, such as
Cs,CO;. The reaction proceeds in the absence of a ligand and under mild reaction conditions (40-60 °C). Competition
experiments and DFT calculations suggest that the pathway for this Ni-catalyzed C-F/N-H annulation involves NH depro-
tonation, oxidative addition of C-F bond, migratory insertion of an alkyne, and reductive elimination pathway to form

1(2H)-isoquinolinone derivatives.

The use of reactive chemical bonds has long been the pri-
mary focus of organic synthesis. However, various unreac-
tive chemical bonds, such as C-H,' C-C,> and C-O3 bonds
are now beginning to be used in organic transformations,
thus providing new possibilities for developing new syn-
thetic methodologies. C-F bonds are an example of such
unreactive chemical bonds that have great potential.4 In
fact, a variety of Ni-catalyzed cross-coupling reactions of
aryl fluorides with nucleophiles have been reported thus
far,5 however the reaction patterns including C-F bond ac-
tivation as a key step are still limited mainly to cross-cou-
pling reactions. In this context, C-F bond activation still re-
mains a relatively undeveloped area of research and there
is considerable room for the subject to continue to evolve.

Scheme 1. Ni-Catalyzed C-F/N-H Annulation of Aromatic
Amides with Alkynes
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In various pharmaceuticals, natural products and biologi-
cally active molecules, isoquinolin-1(2H)-one serves as a
key structural unit that is crucial to their bioactivities and
their derivatives are also widely used as key intermediates
in various organic transformations.® A number of synthetic
methods for the construction of an isoquinolin-1(2H)-one
core have been developed over the past few decades.” One
straightforward method includes Ni-catalyzed C-I/N-H an-
nulation with alkynes.® More atom-economical methods
involving C-H/N-H annulation with alkynes including C-H
bond activation have also been extensively studied.o*

Herein, we report the Ni-catalyzed C-F/N-H annulation of
ortho-fluoro-substituted aromatic amides with alkynes,
leading to the production of isoquinolin-1(2H)-ones, the
formation of which involves the activation of a C-F bond
(Scheme 1)."

Table 1. Ni-Catalyzed C-F/N-H Annulation of Aromatic
Amide 1a with Diphenylacetylene (2a)

entry | base solvent devia't ions ﬁ_f)l.n the | NMRyields
reaction conditions? 3aa /1a (%)

1 NaO‘Bu dioxane | dtbbpy 0.05 mmol 97 / trace

2 NaO‘Bu dioxane | PPh;o0.05 mmol 97/3

3 NaO‘Bu dioxane 88 / trace

4 NaO‘Bu toulene 41/63

5 NaO‘Bu xylene 70 /22

6 NaOBu DMF 99 / trace

7 KOMe dioxane 87 / trace

8 KOBu dioxane 99/ trace

9 K.CO; dioxane no reaction

10 no base dioxane no reaction

1 NaOBu dioxane | Ni(OAc). 68 /22

12 KO®Bu dioxane | 60 °C 89/7

13 KO®Bu DMF 99 / trace

14 KO‘Bu DMF 40°C,6h 99 / trace

15 KOBu DMF no catalyst no reaction

16 Cs.CO; DMF 60°C,14h 97 /3%

aReaction conditions: 1a (0.25 mmol), 2a (0.3 mmol),
Ni(cod), (0.025 mmol), base (0.25 mmol), solvent (0.25 mL),
100 °C for 14 h.

The reaction of 2-fluoro-N-(4-methoxyphenyl)benzamide
(1a) with diphenylacetylene (2a) in the presence of

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

Ni(cod), and 4,4'-di-tert-butyl-2,2'-dipyridyl (dtbbpy) in
1,4-dioxane at 100 °C gave 2-(4-methoxyphenyl)-3,4-diphe-
nylisoquinolin-1(2H)-one (3aa) in 97% NMR yield (entry 1
in Table 1). Curiously, 3aa was obtained in high yield, even
when the reaction was carried out in the absence of a lig-
and (entry 3). Among the solvents examined, 1,4-dioxane
and DMF gave 3aa in high yield (entires 3 and 6). No reac-
tion took place when the reaction was carried out in the
presence of K,COj; or in the absence of a base (entries g and
10). It was found that Ni(OAc), also shows a catalytic activ-
ity (entry m). Interestingly, the reaction in 1,4-dioxane,
even at 60 °C gave 3aa in 89% yield, along with 7% of 1a
being recovered (entry 12). Because the amide was only
sparingly soluble in dioxane, DMF was used as a solvent
(entry 13). Gratifyingly, it was found that the reaction pro-
ceeds smoothly, even at 40 °C in DMF for 6 h (entry 14).
Interestingly, the use of 1 equiv of a weak base, such as
Cs,CO,;, also gave 3aa in 97% NMR yield (entry 16).” Finally,
we determined the reaction conditions shown in entries 14
and 16 as standard reaction conditions. We previously re-
ported the Ni-catalyzed oxidative C-H/N-H annulation of
aromatic amides with alkynes.® However, such a reaction
was not observed in all cases. If the ortho C-H bond in 1a
could be activated, the product would be 3ia (see Scheme
3). However, only 3aa was produced in all cases.

Scheme 2. Effect of N-substituents
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The effect of substituents on the amide nitrogen was ex-
amined under the optimized conditions (entry 14 in Table
1). The scope of N-substituents was wide and aryl groups
containing both electron-donating (OMe) and electron-
withdrawing (CF;) groups gave the corresponding isoquin-
olinones, 3aa and 3ca in high yields. The presence of an
alkyl group, such as benzyl, hexyl, and tert-butyl groups
also gave the corresponding products, 3da, 3ea, and 3fa.

The scope of this annulation reaction was investigated with
respect to the 2-fluoro-N-(4-methoxyphenyl)benzamide
derivatives (Scheme 3). It was found that the reaction of
ortho-substituted substrates required a slightly higher re-
action temperature, i.e. 60 °C. While nickel complexes are
known to activate C-O,3 C-F,45 and CN bonds,?® these
bonds did not react, as in 3ga, 3ia, 3la, 3na, 3ta, 3va, 3wa,
and 3xa because the present reaction proceeds smoothly,
even at a low temperature. The reaction shows a high func-
tional group compatibility. Even free NH, and OH groups

were tolerated in the reaction. Remarkably, a boryl group
was also tolerated in the reaction, which allowed further
elaboration to produce useful and complex molecules by
cross-coupling reactions. Even sterically hindered sub-
strates, such as 1t and 1u reacted with 2a to give 3ta and
3ua in high yields. These types of products cannot be ob-
tained through C-H/N-H oxidative annulation because the
less hindered C-H bonds are selectively activated in most
cases.

Scheme 3. Scope of Amides in the Ni-Catalyzed C-F/N-H
Annulation of Aromatic Amides 1 (Ar = 4-MeOCsH;) with
Diphenylacetylene (2a)?
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aReaction conditions: amide 1 (0.25 mmol), diphenylacety-
lene (2a) (0.3 mmol), Ni(cod), (0.025 mmol), KOBu (0.25
mmol), and DMF (0.25 mL) at 40 °C for 6 h. PThe reaction was
carried out at 60 °C for 14 h. <Cs,CO; (2 equiv), DMF (0.5 mL)
at 100 °C for 24 h.4At 100 °C for 14 h. ¢<KO*Bu (2 equiv).fAt 80 °C
for 24 h.
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The scope of alkynes was also investigated (Scheme 4).
Various diarylacetylenes, including diarylacetylenes and
1,2-di(thiophen-2-yl)ethyne reacted readily to give the cor-
responding isoquinolinones, 3ab-3ae. Alkyl-substituted al-
kynes, such as 3-hexyne also participated in the reaction to
give 3af in high yield. The reaction with unsymmetrical al-
kynes, such as 1-phenylpropyne gives the corresponding
1(2H)-isoquinolinones in a regioselective manner.

Scheme 4. Scope of Alkynes in Ni-Catalyzed C-F/N-H An-
nulation of Aromatic Amide 1a with Alkynes?

CF;

3ae 74% 3af 92%

3ag 80% (16.6:1)

aReaction conditions: amide 1a (0.25 mmol), alkyne (0.3
mmol), Ni(cod), (0.025 mmol), KO'Bu (0.25 mmol), and DMF
(0.25 mL) at 40 °C for 6 h. Isolated yield. PThe reaction was
carried out at 60 °C for 14 h.

To gain mechanistic insights into the reaction, competi-
tion experiments using 1a, 1k and 1m were examined
(Scheme 5). An electron-withdrawing group dramatically
decelerates the reaction, suggesting that C-F bond activa-
tion appears not to be a rate-determining step.

Scheme 5. Electronic Effects: Aromatic Amides
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We next examined the electronic effects of a substituent
on alkynes in the reaction of 1a. In the case of the methoxy-
substituted alkyne 2b, the reaction was very fast and
reached completion within 20 min under the standard
conditions. the reaction was then carried out using a lower
catalyst loading (5 mol % Ni(cod).). It was found that the
presence of an electron-rich methoxy group resulted in a
significant acceleration in the reaction (Scheme 6).

Scheme 6. Electronic Effects: Alkynes
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A proposed mechanism for the above reaction is shown in
Scheme 7, based on the results of competition experiments.
The base abstracts the NH proton of the amide 1 to gener-
ate the amidate anion A, which reacts with Ni(o) followed
by C-F activation to give the nickelacycle C through the
nickel ate complex B.°“3 The insertion of an alkyne into
the C-Ni bond in C gives the seven-membered nickalacycle
D. Reductive elimination gives the isoquinolinone 3 with
the regeneration of Ni(0). As shown in Scheme 5, the pres-
ence of an electron-donating group on an aromatic ring ac-
celerates the reaction, suggesting that C-F bond cleavage is
not involved in the rate-determining step, instead the in-
sertion of the alkyne appear to be the rate-determining
step.
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Scheme 7. Proposed Reaction Mechanism
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A detailed computational study was performed to investi-
gate the mechanism for this Ni-catalyzed C-F/N-H annula-
tion of aromatic amides with alkynes. The calculated Gibbs
energy profiles for oxidation addition, migratory insertion
and reductive elimination pathway are shown in Figure 1,
where the Ni(o) species CP1 was set as the relative zero
point.*# Ligand exchange of the deprotonated substrate 1a’
with the cyclooctadiene moiety in CP1 gives the amido-
Ni(o) complex CP2 with an endothermal energy of 5.9
kcal/mol. The C-F bond in 1a is then activated by coordi-
nation with the Ni(o) center in CP3. The subsequent oxi-
dative addition of the C-F bond onto Ni(o) occurs via the
transition state TS1 with an energy barrier of 18.7 kcal/mol,
in which the five-membered nickelacycle CP4 is generated

ool

OMe

} AG(Mo6 DMF)

NI\
kcal/mol / //
[5DMF]K TS;h Ph

Ph TS1
29.6

o /©/0Me
LY
F--K5DMF]

1a' 10.9
1a,cod 59
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In TS1, the lengths of the breaking C-F bond and the form-
ing C-Ni bond are 1.59 and 2.02 A, respectively. KF is then
released from the Ni(II) center in CP4 to yield CP5 with an
endothermal energy of 6.5 kcal/mol. The subsequent mi-
gratory insertion of the C-C triple bond into Ni-C(aryl)
bond with the coordination of the diphenylacetylene 2a to
the Ni(II) center gives the alkenyl-Ni(II) intermediate CP6
via the transition state TS2 with an energy barrier of 19.9
kecal/mol. Structural information regarding TSz shows that
the lengths of the forming C-C bond and the breaking the
C-Ni bond are 2.05 and 1.95A, respectively. The calcula-
tions indicate that the migratory insertion step is the rate-
determining step in the catalytic cycle, which is consistent
with the results of competition experiments shown in
Scheme 5, and the overall activation free energy for this re-
action is 30.4 kcal/mol. It should also be noted that the free
energy difference between TS1 and TSz is small, which
would result in the rate-determining step of this reaction
being changed depending on the effect of the substituent
on 1a and the alkyne being used. The calculations indicate
that the migratory insertion step without the coordination
of an extra diphenylacetylene to the Ni(II) center occurs
via the transition state TS4 with an overall free energy of
activation of 37.6 kcal/mol, which is 7.2 kcal/mol higher
than that of TS2. The vinyl-Ni(II) intermediate CP6 would
isomerize into the seven-membered vinyl-Ni(II) interme-
diate CP7. The C(vinyl)-N reductive elimination takes
place via the transition state TS3 with an energy barrier of
only 10.9 kcal/mol to give the n3-coordinated Ni(o) species
CP8. In TS3, the length of the forming C-N bond is 1.95 A.
The ligand exchange of 1a’ with the isoquinoline product
3aa gives the active catalytic intermediate CP2, thus com-
pleting the catalytic cycle.

_OMe
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Figure 1. Free energy profiles for oxidation addition, migratory insertion and reductive elimination pathway of the Ni-

catalyzed C-F/N-H annulation of aromatic amides with alkynes.

In summary, we report herein on the Ni-catalyzed C-F/N-
H annulation of ortho-fluoro-substituted aromatic amides
with alkynes, leading to the production of 1(2H)-isoquino-
linones, in which activation of C-F bond is a key step.’s The
reaction proceeds in the absence of a ligand and under
mild reaction conditions (40-60 °C). The new methodology
reported herein, such as the amidate-promoted activation
of C-F bonds is applicable to the activation of other unre-
active bonds. Studies of the use of this methodology are
currently underway and will be reported in due course.
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annulation (1(2H)-isoquinolinones) products were formed.

Only when an electron-deficient alkynes are used, 1(2H)-
isoquinolinones were selective obtained.

ACS Paragon Plus Environment



Page 7 of 7 Journal of the American Chemical Society

Nickel-Catalyzed C-F/N-H Annulation of Aromatic Amides with Alkynes: Activation of C-F Bonds

oNOYTULT D WN =

' Ni(cod), '
9 N-R KO'Bu or Cs,CO4 N

10 : DMF _
40-100 °C

C-F activation

mild reaction conditions
ligandless

high functional group tolerance

N
H B ENR

ACS Paragon Plus Environment



