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ABSTRACT: The merger of strain—release of 1,2-oxazetidines with
carboxylic acid directed C—H activation in catalytic synthesis of
isoindolinones is reported for the first time. This reaction opens a new
and sustainable avenue to prepare a range of structurally diverse
isoindolinone skeletons from readily available benzoic acids. The success
of late-stage functionalization of some bioactive acids, and concise synthesis
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of biologically important skeletons demonstrated its great synthetic
potential in drug discovery. Mechanistic studies indicated a plausible C—H activation/f$-carbon elimination/intramolecular

cyclization cascade pathway.

mall (typically three- and four-membered) ring systems are

important and versatile building blocks for rapidly
accessing complex molecular architectures in organic chem-
istry." The strain energies of cyclopropane and cyclobutane are
27.5 and 26.5 kcal/mol, respectively, which are much larger
than those of cyclohexane (0.0 kcal/mol) and cyclopentane
(7.4 kcal/mol).” The selective strain—release of small rings
offers a unique opportunity and thermodynamic driving force
for the transformation of these reactive feedstocks into value-
added chemicals and functional materials.? In this context, the
synergistic combination of transition-metal-catalyzed C(sp*)—
H activation and strained ring cleavage has been widely
exp101ted for the reconstruction of small rings over the past
decades.”™* While these reactions can be efficient and useful,
their applications are often hampered by the inevitable
requirement of strong N-directing groups, expensive metal
catalyst (Rh, Pd, etc.), or high loading of Ag or Cu
additives.”™ Therefore, the practicality and cost issues in
this field have spurred ongoing efforts to explore novel catalytic
technologies that rely upon readily available substrates, an
inexpensive metal catalyst, and simple operation.

Benzoic acids are among the most widely occurring and
easily available feedstock chemicals in metal-catalyzed cross-
coupling reactions. In recent years, the merger of benzoic
acids with ring opening of strained rings has emerged as an
attractive strategy to invent valuable cross-coupling reactions,
which are currently elusive with the use of other strong N-
directing groups. In 2015, Yu et al. reported the first example
of Pd(Il)-catalyzed C—H alkylation of benzoic acids with
epoxides, delivering a range of dihydroisocoumarins in high
efficiency (Scheme la).” By employing aliphatic aziridines as
efficient coupling partners, the group of Zhao achieved a Pd-
catalyzed carboxylic acid directed C(sp*)—H alkylation of
benzoic acids for the synthesis of B-arylethylamine skeletons.”
Very recently, Yang and Huang et al. disclosed a novel C—H
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Scheme 1. Cross-Coupling Reactions between Benzoic
Acids and Small Ring Systems
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activation/cyclization cascade of carboxylic acids with cyclo-
propanols enabled by a cooperative [Cp*RhCl,],/AgOAc

catalytic system.” Moreover, Goossen and we demonstrated a
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Ru-catalyzed C—H allylation of benzoic acids with vinyl-
cyclopropanes.'® Despite the success in benzoic acid-mediated
ring-opening reactions of three-membered rings, there is still
no example of strain-enabled cross-coupling reaction between
benzoic acids and four-membered rings to date.

1,2-Oxazetidines are highly strained four-membered rings,
which perform a higher ring strain energy even than
oxaziridines (caled 25.2 kcal/mol vs 22.9 kcal/mol)."" The
first synthesis of 1,2-oxazetidines date back to 1970, but the
development of catalytic systems for their transformation is a
recent achievement.'” To the best of our knowledge, onlzr four
examples have been reported to date. Orentas'” and Hu'" et al.
independently employed 1,2-oxazetidines as an efficient source
of electrophilic oxygen to react with nucleophilic organo-
metallic agents and fB-keto esters. The groups of Loh'” and
Hu'® applied 1,2-oxazetidines in Co- and Ru-catalyzed C—H
aminomethylation of heteroarenes and enamides, respectively.
Among these protocols, the addition of expensive silver salts is
inevitably required. Based on the insight gained from these
important works, we recently questioned if the strain—release
of 1,2-oxazetidines and carboxylic acid directed C—H
activation can be successfully combined to create a convenient
access to bioactive isoindolinone skeletons (Scheme 1b). The
proposed reaction is quite challenging due to the weakly
coordinated carboxylate group for C—H activation step.
Moreover, the carboxylate group is a strong nucleophile,
which may directly attack 1,2-oxazetidine to deliver the
undesired ring-opening byproducts. According to our ongoing
efforts in catalytic transformation of benzoic acids and
heterocycle synthesis,'” we believe that the rational combina-
tion of metal catalyst and solvent may provide a solution to the
aforementioned problems. In should be noted that isoindoli-
nones are widely found in natural products and bioactive
molecules (Scheme 1c).'"® The established methods mainly
rely on the use of stoichiometric oxidants, high temperatures
(>200 °C), and specialized N-directing groups.'” The success
of this reaction opens a new and sustainable avenue to prepare
isoindolinones.

To test the possibility of proposed reaction, we commence
the study with the reaction of 2-methylbenzoic acid 1a and N-
tosyl-1,2-oxazetidine 2a. To our delight, the desired
isoindolinone product 3aa can be obtained in 17% yield by
employing [{Ru(p-cymene)Cl,}], as the catalyst and K,CO,
as the base in toluene at 110 °C (Table 1, entry 1). The
screening of solvents demonstrated that toluene was the
optimal solvent, while other solvents such as CH;CN and
dioxane were ineffective. To further improve the reaction
efficiency, the effect of bases has been systematically
investigated. By using Na,CO; and K;PO,, the yields of 3aa
can be slightly increased to 20% and 24% yields, respectively
(entries S and 6). KOPiv significantly improved the reaction
efficiency to give 3aa in 30% yield. Other commonly used
metal catalysts such as [RhCp*Cl,], and [IrCp*Cl,], delivered
inferior results (entries 9 and 10). It was found that this
reaction was sensitive to the amount of 2a and reaction
temperature. Increasing the loading of 2a and reaction
temperature (120 °C) dramatically improved the outcome of
3aa (entry 11, 55% yield). Fortunately, the yield of 3aa can be
further improved to 88% (entry 13), when the reaction was
conducted at 140 °C.

With the optimal conditions in hand, we next explored the
generality of this cascade reaction. As shown in Scheme 2, this
reaction exhibited a broad scope with good functional group

Table 1. Optimization of Reaction Conditions”

[o]
N—-Ts

[{Ru(p-cymene)Cl,}], (4 mol %)
base (50 mol %)

solvent (0.05 M), T °C

1a 2a 3aa

entry solvent base T (°C) yield (%)”
1 toluene K,CO; 110 17

2 CH;CN K,CO; 110 trace
3 dioxane K,CO, 110 trace
4 mesitylene K,CO;y 110 15

S toluene Na,CO, 110 20

6 toluene K;PO, 110 24

7 toluene Cs,CO, 110 15

8 toluene KOPiv 110 30
9° toluene KOPiv 110 26
107 toluene KOPiv 110 0
11°¢ toluene KOPiv 120 SS
12°¢ toluene KOPiv 130 62
13°¢ toluene KOPiv 140 88

“Reaction conditions: la (0.1 mmol), 2a (0.12 mmol), [{Ru(p-
cymene)ClL}], (4 mol %), base (50 mol %), solvent (2.0 mL) at 110
°C for 16 h. “Isolated yields. [RhCp*Cl,], (4 mol %) was used.
[1rCp*Cl,], (4 mol %) was used. “2a (0.25 mmol) was used.

tolerance, furnishing the expected isoindolinone products in
useful to good yields (38—96% yield). Aromatic acids bearing
different alkyl groups such as methyl, ethyl, benzyl, and
phenylethyl smoothly reacted with 2a. Leaving groups such as
Cl (3fa, 3ja, 3na, 3ra, and 3va), Br (3ia and 3ma), and I (30a
and 3pa) were well-tolerated in this catalytic system. It should
be mentioned that benzoic acid bearing a 3-Br or 3-Cl at the
aromatic ring resulted in a mixture of C2- and Cé6-
functionalized products with moderate regioselectivity. Im-
portantly, sensitive groups such as ester (3sa), nitro (3ta), and
N,N-dimethyl groups (3ha) were retained after the reaction,
which are ineffective in our previous protocol.'”® In addition,
simple benzoic acid was also compatible in this reaction (3wa).
Both tetrahedro-1-naphthoic acid and 2-naphthoic acid were
successfully coupled with N-tosyl-1,2-oxazetidine 2a, affording
structurally complex isoindolinones 3ya and 3za in 87% and
96% yields, respectively. Moreover, this catalytic system can be
further applied to the late-stage modification of some bioactive
benzoic acids such as adapalene (4aa), probenecid (4ba),
flufenamic acid (4ca), and bexarotene (4da), which strongly
demonstrated its synthetic potential in medicinal chemistry.
However, heteroaromatic carboxylic acids such as thiophene-2-
carboxylic acid and 1H-indole-3-carboxylic acid were not
suitable for this reaction at the current stage (see SI for more
information). Of note, this reaction can be successfully scaled
up to 1 mmol without the loss of efficiency (3aa, 86% yield).

Furthermore, the effect of the N-protecting group of 1,2-
oxazetidine 2 has also been investigated. As outlined in Scheme
2b, aromatic rings of 1,2-oxazetidines bearing electron-
donating groups (methoxyl and trimethyl) and electron-
withdrawing groups (CF;, Br, Cl, and F) were well-tolerated
in this catalytic system, delivering the desired isoindolinone
products (3ab—3ag) in generally good yields (40—95% yield).
However, the substituents on the oxazetidine ring were not
compatible in this catalytic system (see SI for more
information).

To further demonstrate the synthetic utility of this
methodology, we first removed the Ts protecting group from
isoindolinone product 3wa under the Na/naphthalene
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Scheme 2. Scope of Benzoic Acids and 1,2-Oxazetidines™”
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“Conditions: 1 (0.1 mmol), 2a (0.25 mmol), [{Ru(p-cymene)CL,}],
(4 mol %), KOPiv (0.05 mmol), toluene (2.0 mL), 140 °C, 10 h.
PIsolated yields after flash chromatography. 1 mmol scale.

reductive system at —78 °C. In the presence of Cul catalyst,
the resulting N-free isoindolinone § smoothly coupled with 4-
bromoiodobenzene to give product 6 in a useful yield, which
shows good antiviral activity (Scheme 3a, left).”’ Moreover,
exposure of product § to 6 M HCI easily offers the ring-
opening product 7 in 80% yield (Scheme 3a, right).
Significantly, the reaction of 3aa with PhMgBr efficiently
gives rise to aminomethylbenzophenone 8. It should be
mentioned that product 8 is the core skeleton of a important
anti-inflammatory compound 9 (Scheme 3b).*"

To investigate the reaction mechanism, first, a series of
control experiments were conducted. As shown in Scheme 4a,

Scheme 3. Synthetic Application of This Methodology

a) o
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Scheme 4. Mechanistic Study

a) control experiments
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the reaction did not occur in the absence of KOPiv. In
addition, the mixture of potassium 2-methylbenzoate 10 and
1a delivered the desired product 3aa in 53% yield. These two
reactions demonstrated the importance of base, which may
promote the initial generation of potassium 2-methylbenzoate
from benzoic acid. Bis(tosylamido)methane 11 is a precursor
of the reactive formaldimine compound.”” The reaction of 1a
with 11 proceeded well under the standard conditions,
suggesting the intermediacy of a formaldimine species in this
transformation. In the absence of 2a, 90% deuterium of 1a was
observed when 10 equiv of D,O were added to the reaction
system. This result confirmed that the formation of the five-
membered ruthenacycle was a reversible step (Scheme 4b).
Moreover, no significant kinetic isotope effects (KIEs) were
observed in competitive (ky/kp = 1.40:1) and parallel (ky/kp
= 1.12:1) experiments at the early stage of this reaction (20
min), which indicated the C—H bond activation might not be
the rate-determining step for this reaction (Scheme 4c and 4d).
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Based on these observations and literature precedents, a

plausible Ru-catalyzed C—H activation/f-carbon elimination/
intramolecular cyclization cascade mechanism was proposed in
Scheme S. In the presence of KOPiv, the rapidly deprotonation

Scheme S. Plausible Catalytic Cycle
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of benzoic acid offers potassium 2-methylbenzoate 1-A,
following by a Ru-catalyzed C—H activation to form a five-
membered ruthenacycle intermediate 1-B. Then, the coordi-
nation of 1,2-oxazetidine 2 to 1-B generates intermediate 2-A,
which performs a f-carbon elimination to afford Ru-imine
complex 2-B along with the formation of formaldehyde as the
byproduct. The formaldehyde byproduct can be detected by
GC-MS (see SI for more information). Subsequently, the
migratory insertion of 2-B results in a Ru-complex 2-C, which
then proceeds in an intramolecular cyclization to give
intermediate 2-D. The resulting 2-D delivers the final
isoindolinone product by release of H,O with the regeneration
of the Ru catalyst for the next catalytic cycle.

In summary, we successfully combined the strain—release of
1,2-oxazetidines with carboxylic acid directed C—H activation
in Ru-mediated isoindolinone synthesis for the first time,
furnishing a range of structurally diverse isoindolinone
skeletons. The attractive advantages of this reaction include
simple operation, broad scope, and highly functional group
tolerance, which obviates the use of external oxidants.
Importantly, this methodology can be successfully applied to
the late-stage modification of some bioactive acids and concise
synthesis of biologically important skeletons, demonstrating its
great synthetic potential in drug discovery.
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