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ABSTRACT: A visible-light-promoted regioselective denitro-
genative insertion of terminal alkynes into 1,2,3-benzotriazi-
nones is reported. This mechanistically novel process allows
the synthesis of substituted isoquinolones in satisfactory
isolated yields (24 examples, 46—84% yield) at room
temperature under visible-light irradiation with the assistance

.Ph fac-Ir(ppy)a o
N visible light o _Ph
.Ph N
N —_— )
. @ & SAr

N — D

—Ar

.

H—

of a photocatalyst. The proposed single-electron-transfer pathway was supported by TEMPO trapping, radical clock experiments,

and Stern—Volmer analysis.

Isoquinolones, an important class of heterocycles, exist in many
natural products and biologically active molecules,' such as the
natural product antinoplanone A” and the anticancer polyketide
(—)-kibdelone C.* Therefore, the development of efficient
methods for the synthesis of isoquinolones has attracted intense
interest from synthetic chemists.””” One of the most popular
strategies recently developed for the construction of these
heterocycles is the transition-metal-catalyzed annulation of
benzamides with alkynes (Figure 1a).> Mechanistically,
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b) Mi-catalyzed denitrogenative coupling of 1,2, 3-benzotriazinones with alkynes: ref 6
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c) Visible-light-promoted denitrogenative alkyne insertion of 1,2 3-benzotriazinones: this work
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Figure 1. Syntheses of isoquinolones.

oxidative annulation of benzamides with a transition metal-
based catalyst through C—H/N—H bond cleavage gives
metallocycles A as the key intermediates, followed by alkyne
insertion and reductive elimination. Elevated temperature and
oxidants (internal or external) are normally necessary for these
transformations. When unsymmetrical internal alkynes or
terminal alkynes are employed, a mixture of regioisomers is
frequently produced.”>#P1

In 2008, a nickel-catalyzed alkyne insertion reaction of 1,2,3-
benzotriazin-4(3H)-ones to synthesize substituted isoquino-
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lones was reported (Figure 1b).”® Nickelacyles B generated
from the denitrogenative annulation of 1,2,3-benzotriazin-
4(3H)-ones with the nickel catalyst were proposed as the key
intermediates. A mixture of regioisomers was also produced
with unsymmetrical alkynes, especially terminal alkynes.

Our group is currently engaged in the de novo synthesis of
(hetero)arenes using visible-light-promoted radical alkyne or
isocyanide insertions.” These sustainable and eco-friendly
transformations are enabled by photoredox catalysis, which
takes advantage of the redox potential of photocatalysts under
visible-light irradiation.'® The cyclic voltammogram of 1,2,3-
benzotriazone la contains a reversible reduction wave at
—0.812 V vs SCE (for details, see the Supporting Information),
which indicates that la is easily reduced by an excited-state
photocatalyst, such as fac-Ir(ppy)s* (E,,"V*M = —1.73 V vs
SCE)."” On the basis of these observations, a mechanistically
novel strategy was proposed for the construction of
isoquinolones (Figure 1c). The reduced 1,2,3-benzotriazinone
1a could prompt the extrusion of molecular dinitrogen, giving
the key radical anion intermediate C, which can then undergo
radical alkyne insertion followed by cyclization and oxidation to
give isoquinolone 3. As we previously observed,” these visible-
light-promoted radical alkyne insertions are regioselective even
when terminal alkynes are employed. Herein we report our
efforts on the regioselective synthesis of isoquinolones using
the denitrogenative alkyne insertion of 1,2,3-benzotriazinones
under visible-light photoredox catalysis.

Our rationale was evaluated by selecting 1,2,3-benzotriazi-
none la and p-methoxyphenylacetylene (2a) as the reaction
partners. When a solution of 1a (1.0 equiv) and 2a (1.5 equiv)
in DMSO was irradiated using blue LEDs in the presence of the
photocatalyst fac-Ir(ppy); for 15 h, the desired product 3a was
obtained in 53% isolated yield, together with a 32% yield of the
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denitrogenation product 3a’ as a major byproduct (Table 1,
entry 1). Control experiments verified the necessity of the

Table 1. Optimization of the Reaction Conditions”
o}
I pn photocatalyst o
g\iﬁ =) ome Soent o e
N* N N blue LEDs PN H
1a 2a OMe 3a’
entry photocatalyst solvent 3a/%"  3a'/%"
1 Ir(ppy); DMSO 53 32
2 none DMSO 0 0
3° Ir(ppy); DMSO 0 0
4 Ru(bpy);(PFq), DMSO 0 0
s Ru(Phen) (PF,), DMSO 0 0
6 Ir(dFCF;ppy),(dtbbpy)PF, DMSO 0 0
7 Ir(ppy),dtbbpy)PF4 DMSO 0 0
8 Ir(ppy); DMF 12 sSS
9 Ir(ppy); THF 0 0
10 Ir(ppy); acetone 0 0
11 Ir(ppy); DCM 0 0
12 Ir(ppy); CH,CN 0 0
13 Ir(ppy)s MeOH 0 0
144 Ir(ppy)s DMSO 63 20
15¢ Ir(ppy); DMSO 83 13

“Reaction conditions: A solution of 1a (0.2 mmol), 2a (0.3 mmol),
and catalyst (0.002 mmol, 1.0 mol %) in the indicated solvent (2.0
mL) was irradiated using blue LED strips at rt for 15 h. bIsolated
yields. “In the dark. #2.0 equiv of 2a (0.4 mmol) was used. °3.0 equiv
2a (0.6 mmol) was used.

photocatalyst and visible-light irradiation, as there was no
reaction and the starting materials la and 2a were fully
recovered without visible light irradiation or fac-Ir(ppy),
(entries 2 and 3). The reaction could not proceed when fac-
Ir(ppy); was replaced by other photocatalysts such as
Ru(bpy)s(PFy),, Ru(Phen) (PE),, Ir(dFCE;ppy);(dtbbpy)PFq,
and Ir(ppy)z(dtbbpy)PFé (entries 4—7) because of their lower
reduction potentials in their excited states compared with fac-
Ir(ppy);. The solvent effect was then investigated. When DMF
was used as the solvent, less of the desired product 3a (12%)
and more of the denitrogenation product 3a’ (55%) were
produced (entry 8). Other solvents such as THF, acetone,
DCM, CH;CN, and MeOH could not promote this reaction
(entries 9—13). Finally, the dosage of alkyne 2a was examined.
When 2.0 equiv of 2a was used, more of the desired product 3a
(63%) and less of the denitrogenation product 3a’ (20%) were
produced (entry 14). The yield of 3a further increased to 83%
with as little as 13% yield of 3a’ when 3.0 equiv of 2a was used
(entry 15).

With the optimized reaction conditions in hand, the
synthetic potential of this visible-light-promoted denitrogena-
tive alkyne insertion was then investigated, and the results are
summarized in Scheme 1. First, different terminal alkynes were
tested using 1,2,3-benzotriazinone la as the reaction partner.
Steric effects did not affect this transformation significantly, as
p-y m-, and o-methoxyphenylacetylenes gave similar yields of
isoquinolones 3a—c (76—83%). The electronic properties of
the phenylacetylene were then investigated. Substituted
phenylacetylenes with electron-donating and electron-neutral
groups on the benzene ring worked smoothly to produce the
corresponding isoquinolones 3d—I in good yields (46—84%).
Naphthalene-, pyridine-, and thiophene-derived terminal
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Scheme 1. Substrate Scope of the Reaction”
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“Reaction conditions: A mixture of 1 (0.2 mmol), 2 (0.6 mmol), and
fac-Ir(ppy); (0.002 mmol, 1.0 mol %) in dry DMSO (2.0 mL) was
irradiated using blue LED strips. Yields of isolated products are shown.

alkynes could also frequently undergo this transformation to
provide isoquinolones 3j—1 in 50—78% yield. The nonterminal
alkynes and aliphatic terminal alkynes we tested thus far could
not undergo this transformation; the starting material was
recovered. The substituent on the nitrogen atom of the 1,2,3-
benzotriazinone was then examined. Different substituted
phenyl groups on the nitrogen atom could be employed,
providing N-arylisoquinolones 3m—u in 61-81% yield.
Isoquinolones 3v—x with different substituents on the benzene
ring could also be prepared in 46—67% yield.

To gain insight into the mechanism of this reaction, a series
of control reactions were conducted, as shown in Scheme 2.
Addition of the radical trap 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) to the model reaction terminated the desired
reaction completely. Instead, the radical-trapped products 4 and
S could be observed by high-resolution mass spectrometry.
These results suggested that this reaction involves a single-
electron-transfer (SET) pathway. The radical nature of this
transformation was further supported by a radical clock
experiment.'’ When 1,2,3-benzotriazinone 6 was subjected to
the standard conditions without addition of an alkyne, 2,3-
dihydrobenzofuran derivative 7 was isolated in 17% yield. This
experiment also suggested that the reduction of a 1,2,3-
benzotriazinone gave a carbon-centered radical instead of a
nitrogen-centered radical.

Furthermore, the luminescence of fac-Ir(ppy); with
excitation at 350 nm could be readily quenched by 1a following
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Scheme 2. TEMPO Trapping and Radical Clock
Experiments
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Stern—Volmer kinetics (Figure 2). This luminescence quench-
ing is most likely due to photoinduced electron transfer.
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Figure 2. (left) Luminescence quenching of fac-Ir(ppy); with
excitation at 350 nm by la. (right) The Stern—Volmer plot.

On the basis of these experimental observations and
literature precedents,”'® a plausible mechanism is proposed
(Figure 3). First, the I’ photocatalyst is irradiated to the
excited state Ir'™™ (E, /zw/ #Ml = —1.73 V vs SCE) using blue
LEDs, and this excited state is then oxidatively quenched by 1a

(E,'*%*" = —0.812 V vs SCE) with concomitant generation of
Ir'" and radical anion 10. Radical anion 10 adds to alkyne 2a to
produce radical anion 11, followed by intramolecular addition
to form radical anion 13. Finally, radical anion 13 is oxidized by
Ir'V to yield isoquinolone 3a with regeneration of the
photocatalyst. Radical anion 10 can also abstract a hydrogen
atom following protonation, which can give the side product N-
phenylbenzamide (3a").

In summary, we have described a visible-light-promoted
regioselective denitrogenative insertion of terminal alkynes into
1,2,3-benzotriazinones. This mechanistically novel process can
provide substituted isoquinolones in satisfactory isolated yields
(24 examples, up to 84% yield) at room temperature under
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Figure 3. Proposed mechanism.

visible-light irradiation with the assistance of a photocatalyst.
Control experiments supported the proposed SET pathway.
Further explorations of the mechanistic details and additional
visible-light-promoted denitrogenative insertions are underway
in our laboratory.
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