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ABSTRACT: We have developed Cp*Co(lll)-

catalyzed reverse regioselective [4+2] annulation
of N-chlorobenzamides/acrylamides with vinyl
silanes for the synthesis of 4-silylated
isoquinolones. The reaction was performed at
ambient temperature under redox-neutral
conditions. The reaction utilizes the N-Cl bond as
an internal oxidant and furnished the required
products with excellent regioselectivities and | inexp
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Moreover, 4-silylated isoquinolone derivatives

were readily converted into 3,4-dihydroisoquinolones via protodesilylation thus making vinyl silane an ethylene surrogate.

Isoquinolone and its derivatives represents an important organic
framework that is ubiquitous in many bio-active natural
products, medicinally important compounds, pharmaceuticals,
and agrochemicals.* Among the various methods known for the
synthesis of isoquinolones,? transition metal-catalyzed redox-
neutral [4+2] C—H activation/annulation strategy provides rapid
access to these scaffolds.® This is attributed to the step-economy
and atom efficiency of this strategy. Various transition metals
like Pd, Rh, Ru, and Co were utilized for performing these
transformations. Especially, due to the advent of first-row
transition metals for C-H functionalizations,* Cp*Co(lll)-
catalysis has provided a viable alternative for expensive
catalysts based on precious metals like Pd, Rh, and Ru to
synthesize  isoquinolone  scaffolds via [4+2] C-H
activation/annulation under redox-neutral conditions.® Initially,
N-methoxybenzamide has been used as a choice of directing
group for the synthesis of isoquinolone derivatives under redox-
neutral conditions.® In 2017, Zhu et el. reported Cp*Co(lll)-
catalyzed [4+2] annulation using N-chlorobenzamide as a novel
oxidizing directing group for the synthesis of isoquinolones
using alkynes and olefins as coupling partners.” Following these
reports, Jeganmohan’s group reported various elegant protocols
for [4+2] annulation of N-chlorobenzamides with different
substituted olefins under Cp*Co(lll)-catalysis.® However, in all
these reports, the utilization of the terminal alkynes and olefins
often led to the formation of 3-substituted isoquinolone
derivatives, and a-C of the olefins/alkynes gets attached to the

N-atom of the isoquinolnes (Scheme 1, eq. a). Moreover, Zhu et
al. reported that the use of TMS acetylene furnished the mixture
of 3- and 4-substituted isoquinolones, 3-substituted being the
major one.™

Scheme 1. Cp*Co(lll)-Catalyzed [4+2] Annulation of N-
Chloroamides with Terminal Olefins and Alkynes

Previous reports

(a) Cp*Co(lll)-catalyzed C-H annulation of N-Cl amides with terminal olefins and alkynes

0
‘@6\/0 Cp*Co(lll) Cp Co(lll) NH
R
o
B

3-Substituted 3-Substituted

/
u SlMe3 p
s.Me3
a-Carbon of the terminal olefin and alkyne is attached to the nitrogen atom of the isoquinolone

3- Substltuted 46 5% 24.5%

This work
(b) Cp*Co(lll): lyzed reverse regioselectit lation of N-chlor ides and vinyl silanes
o o o
‘@LN,CI Cp*Co(lll) NH Protodesilylation @H
R H —— > R EE——}
o o . :
H 2 NSiR, Vinyl silane as

B SiRy
v 4-Substituted
V Excellent regioselectivity

ethylene surrogate 12 Examples

B-Carbon of the olefin is attached to the nitrogen atom of the isoquinolone



Therefore, synthesis of 4-substituted isoquinolones using
terminal olefins/alkynes under Cp*Co(lll)-catalysis is rather
challenging. In 2012, Cramer et al. reported an enantioselective
chiral Cp*Rh(lll)-catalyzed [4+2] annulation of various
hydroxamic acid derivatives with olefins; with a sole example
using vinyl silane to furnish 4-substituted isoquinolones.® In
2013, Molander et al. reported Cp*Rh(lll)-catalyzed reverse
regioselective [4+2] annulation of pivaloyloxyamides with
potassium  vinyltrifluoroborate to  furnish  4-borylated
isoquinolone derivatives.'® Inspired by these reports, along with
our continuous interest in Cp*Co(lll)-catalysis** and due to the
scarcity of any generalized methods to obtain 4-substituted
isoquinolnes using Cp*Co(lll)-catalysis, herein we report our
studies for the synthesis of 4-silylated isoquinolones via reverse
regioselective [4+2] annulation of N-chloroamides and vinyl
silanes (Scheme 1, eq. b). The reaction was carried out at
ambient temperature under redox-neutral conditions and
furnished the 4-silylated isoquinolones with excellent
regioselectivities. Moreover, to the best of our knowledge,
Cp*Co(lll)-catalyzed [4+2] annulation between hydroxamic
acid derivatives and ethylene for the synthesis of 3,4-
dihydroisoquinolones is not reported so far. In this context, we
carried out base-catalyzed protodesilylation of 4-silylated
isogquinolones to furnish 3,4-dihydroisoquinolones, hence
making vinyl silane as an ethylene surrogate (Scheme 1, eq. b).
We have also performed the consecutive annulation using
pendant olefin for the synthesis of bis-isoquinolone with a
silicon linker.

We have started our optimization studies using N-
chlorobenzamide (1a) and vinyltrimethylsilane (2a) as model
substrates. After performing several reactions, we found that the
treatment of N-chlorobenzamide (1a, 0.1 mmol) with
vinyltrimethylsilane (2a, 0.3 mmol) in the presence of
[Cp*Co(CO)I;] (10 mol %), AgOAc (20 mol %), and NaOAc
(1.2 equiv.) at 30 °C for 12 h in 2,2,2-trifluoroethanol (TFE)

Table 1. Optimization Study?

i al [Cp*Co(CO)l,] (10 mol %) 7
@6(” + %\SiMe3 AgOAc (20 mol %) NH
H NaOAc (1.2 equiv.)

TFE, 12 h, 30 °C SiMe;
1a (0.1 mmol) 2a (0.3 mmol) standard conditions 3aa
Entry Variation from standard conditions Yield (%)°

1 none 76
2 Without AgOAc 65
3 KOAc instead of NaOAc 64
4 CsOAc instead of NaOAc 48
5 PivOH instead of NaOAc trace
6 AdCO:2H instead of NaOAc trace
7 1,2-DCE as a solvent instead of TFE 56
8 MeOH as a solvent instead of TFE trace
9 0.2 mmol of trimethylvinyl silane 60
10 without [Cp*Co(CO)l,] n.d.
11 without NaOAc trace

Reaction conditions: 1a (0.10 mmol), 2a (0.30 mmol, 3.0 equiv.) in
TFE (0.6 mL). Yields are based on crude *H NMR (internal standard:
1,1,2,2 tetrachloroethane). n.d. = not detected. TFE = 2,2,2-
Trifluoroethanol. AdCOzH = 1-Adamantanecarboxylic acid.

furnished the desired 4-silylated isoquinolone derivative 3aa in
75% yield (Table 1, entry 1) with excellent regioselectivity (<
20:1).12 The regioselectivity of vinyl silane insertion was
assigned based on the chemical shift values in *H NMR. When
the reaction was performed in the absence of AgOAc, it
furnished the desired product 3aa in 65% yield which indicates
that the addition of NaOAc is promoting the reaction (Table 1,
entry 2). Other acetate additives such as KOAc and CsOAc
were found to be ineffective as compared to the NaOAc (Table
1, entries 3-4). The reaction furnished only a trace amount of
the product when acid additives such as PivOH, and AdCO,H
(1-Admantanecarboxylic acid) were used instead of NaOAc
(Table 1, entries 5-6). The yield was dropped down when the
reaction was carried out in a solvent other than TFE, Such as
1,2-DCE, and MeOH (Table 1, entries 7-8). When amount of
vinyltrimethylsilane is decreased (2.0 equiv.), it resulted in the
formation of the product in 45% yield (Table 1, entry 9). The
reaction did not furnish any product of in the absence of a cobalt
catalyst (Table 1, entry 10). Moreover, only a trace amount of
the product was formed when the reaction was performed in the
absence of NaOAc (Table 1, entry 11).

After successfully optimizing the reaction parameters for the
current [4+2] annulation of N-chloroamides with vinyl silane,
we initially investigated the scope of this reaction using various
N-chlorobenzamides/acrylamides (Scheme 2). The N-
chlorobenzamides having electron-donating groups like Me,
OMe, ‘Bu, and Ph at para-position furnished the required
annulated products in good yields (3aa—3ea). Moreover, the
reverse regioselectivity of the vinyl insertion was further
confirmed from the X-ray crystal structures of 3aa and 3ba. The
reaction tolerated all the halides (F, Cl, Br, and I) present at the
para-position (3fa—3ia), thus providing a handle for further
synthetic elaboration via cross-coupling reactions. The reaction
was found to be compatible with electron-withdrawing groups
such as CN, NO,, and CF; furnishing the corresponding 4-
silylated isoquinolones in 69%, 42%, and 66% yields (3ja—3la).
Moreover, N-chlorobenzamide having electrophilic functional
groups like ester, ketone, and aldehyde reacted smoothly
reaction to furnish the desired products in 62%, 61%, and 62%
yields respectively (3ma—3oa). The reaction was highly
regioselective in the case of N-chlorobenzamides having meta-
substituents like Me, NO,, Cl, and Br, in which the C-H
activation occurred at the less hindered position furnishing a
single regioisomer of the product (3pa—3sa). The
regioselectivity of the C—H activation was confirmed further by
X-ray crystallographic analysis of 3ea. However, in the case of
3-OMe and 3-CN substituted N-chlorobenzamides, the reaction
furnished a mixture of the regioisomers (3ta—3ua). The reaction
proceeded with good yields for the N-chlorobenazmides having
ortho-substituents (3va—3xa). The scope of the reaction was
further extended using di-substituted N-chlorobenzamides, in
which the corresponding products were obtained in good yields
(3ya—3a’a). In the case of 2-naphthyl derived N-chloroamide,
the regioselective C—H activation at a less-hindered position
was observed furnishing the desired product in 36% yield
(3b’a). The reaction was found to be compatible with N-
chloroamide having a thiophene ring (3¢'a). Apart from arene
C-H functionalization, the reaction is also applicable to the
vinylic C-H functionalization. The N-chloroacrylamide
derivatives furnished the corresponding cyclized products with
low to moderate yields (3d'a—3e’a).



Scheme 2. Scope of N-Chlorobenzamides/acrylamides®
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@Reaction conditions: 1 (0.40 mmol), 2a (3.0 equiv.), [Cp*Co(CO)I2] (10 mol %), AgOAc (20 mol %), and NaOAc (1.2 equiv.) in TFE (2.4 mL) at
30 °C for 12 h. Isolated yields are given. PInseparable regioisomers in 1.0:0.11 ratio. ®Inseparable regioisomers in 1.0:0.05 ratio. “Reaction was

performed at 0.20 mmol scale.

Finally, the reaction was tested on the N-chlorobenzamide
derivative possessing a menthol moiety, which resulted in the
formation of the desired products in 68% yield as a 1:1 mixture
of inseparable diastereomers (3f'a).

Next, we tested the scope of this reaction with various vinyl
silanes (Scheme 3). The reaction proceeded smoothly with
triethylvinylsilane (2b) and dimethylphenylvinylsilane (2c)
furnishing the annulated products with 56% and 58% vyields
respectively (Scheme 2) (3ab—3ac). The triehtylvinylsilane was
also successfully coupled with an acrylamide derivative also.

The vinyl silanes having two alkene units such as
dimethyldivinylsilane (2d) and 1,4-
bis(dimethyl(vinyl)silyl)benzene (2e) furnished the

corresponding mono-annulated isoquinolones in good yields
(3ad—3ae). The compound 3ad has a pendant vinyl silane
moiety which was further utilized for the synthesis of bis-
isoquinolone derivative (3af), which is obtained as an
inseparable mixture of syn-anti diastereomers. Amongst them,
the syn compound is a “meso” isomer, whereas the anti-
compound is C, symmetric. However, the reaction failed to
produce any desired product with triphenylvinylsilane (2g).

Scheme 3. Scope of Vinyl Silanes?
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“Reaction conditions: 1a (0.30 mmol), 2 (3.0 equiv), [Cp*Co(CO)I2]
(10 mol %), AgOAc (20 mol %), and NaOAc (1.2 equiv.) in TFE (2.4
mL) at 30 °C for 12 h. Isolated yields are given. *See ESI for details.



After synthesizing various 4-silylated isoquinolone
derivatives, next, we were interested in utilizing 4-silylated
isoquinolones for the synthesis of 3,4-dihydroisoquinolones. In
2011, Fagnou and Glorius groups reported a single example of
[4+2] annulation of O-pivaloylhydroxamic acid with ethylene
for the synthesis of 3,4-dihydroisoquinolones using
Cp*Rh(l1l)-catalyst.*>'* In 2021, Patman et al. reported [4+2]
annulation of O-pivaloylhydroxamic acid with feedstock gases
such as ethylene and propyne.'®> However, to the best of our
knowledge such a reaction for the synthesis of 3,4-
dihydroisoquinolones is not reported yet using Cp*Co(IIl)-
catalysis. Therefore, we envisioned that the protodesilylation of
the 4-silylated isoquinolones would furnish the required 3,4-
dihydroisoquinolones. Hence, this 2 steps protocol can be
visualized as [4+2] annulation of N-chlorobenzamides with
ethylene utilizing vinyl silane as an ethylene surrogate.

Scheme 4. [4+2] Annulation of Pivaloyloxyamides with
Ethylene and Our Approach for the Synthesis of 3,4-
Dihydroisoquinolones
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Our approach

To perform protodesilylation we have used a reported
protocol developed by Han et al.!¢ The treatment of 4-silylated
isoquinolnes with ‘BuOK (20 mol %) in wet DMSO at 60 °C
furnished the required 3,4-dihydroisoquinolnes in good to
excellent yields. The reaction tolerated various functional
groups such as chloro, bromo, fluoro, and ester (3ba—3da).

Scheme 5. Protodesilylation of 4-Silylated Isoquinolones?
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3Reaction conditions: 3 (0.20 mmol), ‘BUOK (20 mol %), in Wet
DMSO (2.4 mL) at 110 °C for 6 h. Isolated yields are given.

Using this protocol, we synthesized naturally occurring alkaloid
corydaldine (4za) with a good yield. The substrate having a
thiophene ring was also compatible with the reaction
conditions, furnishing the required product in a good yield.
Gratifyingly, protodesilylation worked efficiently on the

isoquinolone having a menthol ester moiety furnishing the
corresponding product in 77% yield.

After testing the scope of this reaction and synthesizing
various 3,4-dihydroisoquinolones, we performed preliminary
mechanistic studies to elucidate the mechanism of this [4+2]
annulation reaction. The H/D exchange experiments were
carried out with and without the coupling partner i.e., vinyl
silane. The result from these experiments reveals that the C—H
activation is reversible (Scheme 6, a). Later, the competitive
reaction between 4-Me and 4-F substituted N-
chlorobenzamides was performed, and it was observed that the
substrate having the 4-F group reacts preferentially over the
substrate having the 4-Me substituent (Scheme 6, b). This
reactivity preference can be rationalized for carboxylate-
assisted C—H activation. Finally, the KIE values has been
determined for the parallel reactions and which come out to be
1.85. This indicates that the C—H bond breaking may not be the
rate-determining step.

Scheme 6. Mechanistic Findings
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Based on preceding literature™® and preliminary mechanistic
studies, a plausible mechanism for the current redox-neutral C-
H annulation of N-chloroamides and vinyl silanes is depicted in
Scheme 7. At first, [Cp*Co(CO)l;] reacts with AgOAc to form
catalytically active Co(lll)-species A. The catalytically active
species A reacts with the deprotonated N-chloroamide to
generate a five-membered cobaltacyclic intermediate B. Then,
cobaltacyclic intermediate undergoes the oxidation of the cobalt
from +3 to +5 oxidation state forming an intermediate species
C. Later, migratory insertion of the vinyl silane into the C-Co
bond leads to the formation of 7-membered cobaltacyclic
species D, in which cobalt is present in +5 oxidation state. The
intermediate D upon reductive elimination generates an
intermediate E in which cobalt is converted back into a +3-
oxidation state. Finally, protodemetalation of intermediate E
results in the formation of the 4-silylated isoquinolone



derivative (3) and regeneration of catalytically active species A,
i.e., [Cp*Co(CO)(OAC),].

Scheme 7. Plausible Mechanism
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In conclusion, Cp*Co(Ill)-catalyzed reverse regioselective
[4+2] C-H annulation between N-chloroamides and vinyl
silanes has been developed for the synthesis of 4-silylated
isoquinolones. The reserve regioselectivity was unambiguously
confirmed for the X-ray crystal structure analysis. The reaction
was carried out at an ambient temperature and displayed an
excellent functional group tolerance. Moreover, 4-silylated
isoquinolnes were further utilized for the synthesis of 3.,4-
dihydroisoquinolones via protodesilylation and hence making
vinyl silane an ethylene surrogate.
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