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The rhodium()-catalysed reaction of aromatic amides that contain a 2-(methylthio)aniline directing group
with maleimides gives isoindolone spirosuccinimides as products under aerobic, metal oxidant-free, and
solvent-free conditions. In sharp contrast to our previous study on the C—H alkylation of aromatic amides
in which an 8-aminoquinoline directing group was used, the use of a (2-methylthio)aniline directing
group resulted in C—H oxidative alkenylation/cyclization. The maleimide has dual functions, i.e., serving as
both a coupling partner and a hydrogen acceptor. Several possible reaction paths were examined by
density functional theory (DFT) calculations to clarify the mechanism responsible for the formation of the
isoindolone spirosuccinimide products. The results of an in-depth computational study indicate that the
reaction proceeds via the following main steps: (I) oxidative addition of the ortho C—H bond and the
migratory insertion of the maleimide, (Il) the insertion of a second molecule of maleimide into a Rh—C
bond in a rhodacycle with the formation of a C-C bond and subsequent ligand-ligand hydrogen transfer
(LLHT), () C—N bond formation between the amide and the maleimide, and (IV) PivOH protonation. The
use of an energetic span model along with the determination of the kinetic isotopic effect showed that
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Introduction

Over the past several decades, the transition-metal-catalysed
functionalization of C-H bonds has become one of the most
straightforward and ideal strategies for preparing complex
molecules from structurally simple compounds.' Because of
this, the direct functionalization of C-H bonds has now
become a reliable tool for the synthesis of a wide variety of
natural products, pharmaceuticals, and functional organic
materials.” Our group previously reported a series of Rh(1)-cata-
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the determining transition state step for the reaction is the oxidative addition/migratory insertion step.

lysed C-H alkylation reactions of aromatic amides with various
alkenes with the aid of an 8-aminoquinoline directing
group.®* When maleimides were used as the alkene coupling
partner,” C-H alkylation products were selectively formed
(Scheme 1a).**” In addition, it was found that a Ru(n) complex
also gave the C-H alkylation product.**® In sharp contrast, the
majority of C-H functionalization reactions of aromatic
amides with maleimides reported thus far resulted in the pro-
duction of isoindolone spirosuccinimide derivatives,”*> which
are of potential interest in medicinal chemistry.'® The pro-
duction of isoindolone spirosuccinimide derivatives was pro-
posed to proceed through an oxidative C-H alkenylation
sequence, followed by an intramolecular aza-Michael addition.
In 2015, Hirano and Miura reported the copper-mediated reac-
tion of aromatic amides that contain an 8-aminoquinoline
directing group with maleimides, leading to the production of
isoindolone spirosuccinimides.® A similar transformation
using Co(OAc), as a catalyst was subsequently reported by
Jeganmohan.® Shi then applied this reaction to enantio-
selective reactions using Co(u) as a catalyst and spiro phospho-
ric acid as a chiral ligand."* In 2018, Zhai reported Co(m)-
catalyzed reactions of aromatic amides using a 2-(1-methyl-
hydrazinyl)pyridine group as the directing group.'
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Scheme 1 Previous studies of the Rh(i)-catalyzed reaction of aromatic
amides with maleimides and the present work.

Jeganmohan also reported on the Rh(m)-catalyzed synthesis of
isoindolone spirosuccinimide derivatives through C-H/
N-H/N-O activation using N-methoxy benzamides.> Ghosh
recently reported the room-temperature synthesis of isoindolone
spirosuccinimide derivatives from aromatic amides and male-
imides using an 8-aminoquinoline directing group in conjunc-
tion with a visible-light photocatalyst and a cobalt(m) catalyst."?
These previously reported reactions required the use of a stoichio-
metric amount of a Cu salt as a promoter,® or an external*>'*'4>
or internal oxidant' to regenerate a key catalytic species. We
herein report the Rh(i)-catalysed reaction of aromatic amides
that contain a (2-methylthio)aniline directing group with male-
imides, leading to the production of isoindolone spirosuccin-
imides. In contrast to previous reports, the present reaction
system does not require a metal oxidant and the maleimide group
functions as both a coupling partner and a hydrogen acceptor. In
addition, the difference in the reaction path between our previous

work*®” and this work was evaluated by DFT calculations.

Results and discussion

We began our studies by investigating suitable directing
groups for using in reactions of various aromatic amides 1
with N-methylmaleimide (2a) (Scheme 2). Only an amide con-
taining a (2-methylthio)aniline directing group,'”” as in 1a,
gave 3aa in 65% yield, but no alkylation products were formed.
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Scheme 2 Screening of directing groups.

We next screened various rhodium catalysts and oxidants in
the reaction of 1a with 2a (see Tables S1 and S2 in the ESI} for
details). Among the rhodium complexes that were examined,
[Rh(COD)Cl], gave the best results, with 3aa being produced in
84% NMR yield, along with 12% of the unreacted starting
amide 1a being recovered. Surprisingly, no C-H alkylation
product formed in any of these reactions. Among the oxidants
examined, MnO, gave a higher product yield than other Cu
and Ag oxidants (Table S2}). Based on the results obtained in
the preliminary screenings, we decided to use [Rh(COD)Cl], as
the catalyst and MnO, as the oxidant. We then continued to
optimize the reaction conditions in attempts at increasing the
yield of the desired product 3aa (Table S37). In initial experi-
ments, we examined the amount of MnO, that is used in the
reaction. An inverse relationship was found, i.e., the product
yields decreased with increasing amounts of MnO,. In the case
of carboxylic acid additives, a higher loading gave higher
product yields. Among carboxylic acids that were examined,
pivalic acid was found to be the additive of choice and the use
of 3 equivalents of 2a gave the best results. Interestingly, the
efficiency of the reaction increased with decreasing amounts
of the solvent. We ultimately concluded that the conditions
shown in entry 18 in Table S31 were the optimal reaction con-
ditions: 1a (0.1 mmol), 2a (0.3 mmol), [Rh(COD)Cl],
(0.005 mmol), pivalic acid (0.3 mmol), no solvent under an
atmosphere of air at 160 °C for 24 h. Under these optimal reac-
tion conditions, 3aa was obtained in 91% isolated yield.

With the optimized conditions in hand, the scope of malei-
mides for the reaction was then examined (Scheme 3). The
reaction of 1a with N-alkyl maleimides 2a-2d gave high yields
of the corresponding products 3aa-3ad. The structure of 3aa
was confirmed by an X-ray crystallographic analysis. The reac-
tion of N-phenyl maleimide (2e) also gave the desired spiro
product 3ae in 65% yield. The reaction of 1a with 2c was suc-
cessfully carried out on a 2-gram scale with only a slightly
diminished yield of 3ac.

We next examined the scope of the reaction with respect to
the amide being used (Scheme 4). Halogen atoms, such as Cl,
Br, and F were tolerated, with the corresponding halogenated
spirosuccinimides 3ba, 3bd, 3da, 3ea, 3ia, and 3ja being pro-

This journal is © the Partner Organisations 2023
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Scheme 3 Screening of maleimide derivatives. Reaction conditions: 1a
(0.1 mmol), 2 (0.3 mmol), [Rh(COD)Cl], (0.005 mmol), PivOH
(0.3 mmol) under air at 160 °C for 24 h. ? The reaction was carried out
on a 2 g scale (7.77 mmol of 1a).
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Scheme 4 Substrate scope. Reaction conditions: 1 (0.1 mmol), 2
(0.3 mmol), [Rh(COD)Cl], (0.05 mmol), PivOH (0.3 mmol) under air at
160 °C for 24 h.

duced, which could be further elaborated to produce a variety
of useful compounds by cross-coupling reactions. In the reac-
tion of the meta-methyl substrate 1g, only the less hindered
C-H bond was selectively functionalized to give 3ga in 94%

This journal is © the Partner Organisations 2023
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yield. The reaction was also applicable to naphthalene-
1-carboxamide (1k) and benzothiophene-1-carboxamide (11),
affording the corresponding spiro products.

Deuterium labelling experiments using 1f-ds were carried
out to gain insights into the reaction mechanism (Scheme 5a).
The reaction of 1f-d; with 2c gave 3fc-d, in 42% yield, with
58% of the starting amide being recovered. A significant
amount of H/D exchange was observed at the ortho-position in
both the recovered amide (0.52D) and the product (0.70D).
Deuterium incorporation was also observed in the recovered
maleimide 2c. In contrast, in the reaction of 1a with the deute-
rated maleimide 2c-d, (Scheme 5b), negligible D-incorporation
was observed in both the product and in the recovered amide.
H/D exchange also took place at the ortho-position when 1a
was treated with CD3CO,D instead of PivOH in the absence of
a maleimide (Scheme 5c). We next examined the difference in
reactivity between 1f and 1fds in parallel experiments
(Scheme 5d). A KIE value ky/kp of 2.5 was obtained, suggesting
that the cleavage of the C-H bond is the rate-determining step.

It was found that a maleimide functions as both a coupling
partner and a hydrogen acceptor in this reaction. In fact, the
formation of a succinimide was observed, but the mass
balance was not high (Scheme 6).

A proposed mechanism for the reaction is shown in
Scheme 7. The sulfur atom in 1f coordinates to Rh(1)X and a
subsequent ligand exchange gives A along with the generation
of HX. The oxidative addition of the ortho C-H bond to the Rh

2c
[Rh(COD)CI], 5mol%
PivOH 3 equiv.

160 °C, 12h

a) i /©
Z N

D5 @H S\

1f-ds

[Rh(COD)CI], 5mol%
CD3CO,D 2 equiv.

100 °C, 24 h
1a a+b= -0.320
O N o -~
Q KIE=ky/kp= 2.5
N or ©)J\N —
H Dsc | H
1 1f-d Bn 2

Scheme 5 Deuterium labelling studies.
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center in A gives a five-membered rhodacycle B. The migratory
insertion of a maleimide into an H-Rh bond in B generates C,
which is followed by the insertion of a second molecule of a
maleimide into the C-Rh bond in C to give D, along with dis-
sociation of a sulfur atom. f-Hydride elimination from D gives
E, which undergoes reductive elimination followed by protona-
tion to give F with the concomitant generation of a succin-
imide and the regeneration of the Rh(i) species. Compound F
then undergoes intramolecular aza-Michael-type addition to
give spiro-succinimide 3fa. The results shown in Scheme 5a-c
indicate that the steps involving the cleavage of the ortho C-H
bond and the insertion of a maleimide are both reversible.
Alternatively, one step directly from complex D gives F and a
succinimide could occur without passing through complex E.
A possible alternative mechanism (Scheme 7, bottom),
which could involve the initial coordination of a sulfur atom

1620 | Org. Chem. Front, 2023,10, 1617-1625
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in 1f to Rh()X followed by the oxidative addition of a N-H
bond to a Rh(1) center giving hydride Rh(ur) complex G, cannot
be excluded.'® The insertion of a maleimide in the resulting
H-Rh bond in G gives complex H and the subsequent acti-
vation of the ortho C-H bond via o-bond metathesis gives
a five-membered rhodacycle I with the generation of
N-methylsuccinimide. The insertion of a second maleimide
molecule in a C-Rh bond in I gives J, which affords F through
B-hydride elimination.

To clarify the reaction mechanism, we carried out DFT cal-
culations for the reaction mechanisms at the MO06'°/def2-
TZVP*°/SMD*'+W?>>?3+cc level (Computational details can be
found in the ESI}). The reaction is initiated by the coordi-
nation of Rh'(COD)(OPiv) to N-(2-(methylthio)phenyl)benz-
amide (Fig. 1, INT-0) to form the Rh(i) complex (INT-1). The S
atom coordinates to the Rh center (Rh-S = 2.40 A), while one
of the O atoms of pivalate interacts with the H of the amide
group via hydrogen bonding, and the bond between the other
O atom and Rh(i) (Rh-O = 2.08 A) is maintained. Catalyst
coordination is followed by the deprotonation of N-H (TS-1)
with an activation energy of 120 k] mol™* and the dissociation
of pivalic acid (PivOH) from the Rh(r) complex (INT-2).

Two possible reaction paths were considered for the C-H
activation steps after N-H deprotonation, namely oxidative
addition/migratory insertion (OA/MI) and ligand-ligand hydro-
gen transfer (LLHT). The C-H bond activation step at the
LLHT path occurred after the maleimide coordinated to the
complex (INT-3B) and through an LLHT between the phenyl
group and maleimide with an activation energy of 172
k] mol™" (TS-2B). The bonding between the S atom of the
methylsulfanyl group and Rh (Rh-S = 2.50 A) in intermediate
INT-4B with a sp®-C,-Rh is maintained and the oxidation state
of Rh changes from (1) to (m). A possible alternative path for
the C-H activation through oxidative addition/migratory inser-
tion in the absence of maleimide (TS-2A) with 191 kJ mol™*
activation energy was also considered. In this scenario, Rh(1) is
bonded to hydrogen from the phenyl group of the aromatic
amide (INT-3A), and the oxidation state of Rh changes from (1)
to (m) as evidenced by oxidative addition. After the oxidative
addition, the maleimide coordinates to the Rh(ur)-complex
(INT-4A), and the S atom simultaneously dissociates from
Rh(m). The migratory insertion (TS-3A) is the next transition
step with an activation energy of 39 k] mol™" and the formation
of the INT-5A complex, which is very similar to that of INT-4B,
except that the S atom of the methylsulfanyl group dissociates.

The formation of a C-C bond between the second male-
imide and the phenyl group of an aromatic amide with the
insertion of the second maleimide and LLHT steps were con-
sidered. However, these steps were evaluated with and without
the formation of bonds between COD (cyclooctadiene) and
Rh(m). The second maleimide coordinates with the Rh(ui)
complex after migratory insertion or ligand-ligand hydrogen
transfer. This could occur either in the presence or absence of
COD as a ligand substituent between the maleimide and COD.
If the bonding between COD and Rh(m) is maintained, the S
atom would remain dissociated from Rh(m) (INT-6C), but, if

This journal is © the Partner Organisations 2023
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Fig. 1 The Gibbs free energy profile (kd mol™, T = 433.15 K) of rhodium()-catalyzed alkylation of the C—H bond in a (2-methylthio)aniline directing

group with maleimide computed at the M06/def2-TZVP/SMD+W+cc level.

COD is dissociated from the Rh(m)-complex, the S atom would
form a bond with Rh(m) and one of the O atoms of the male-
imide would also coordinate to the transition metal. Through
the TS-4A/TS-AC transition state steps, C-C bond formation
occurs between the maleimide and phenyl group of the aro-
matic amide with 72 k] mol™" (TS-4A, absence of COD) and

This journal is © the Partner Organisations 2023

13 kJ mol™" (TS-4C, presence of COD), respectively. The C-C
bond formation step is followed by LLHT, whereas the Rh-
bonded maleimide dissociates from the complex, as it
becomes protonated, while COD re-coordinates to the Rh(i)-
complex between TS-5A and INT-8. Thus, the reaction is pro-
posed to proceed through an anomalous type of LLHT process

Org. Chem. Front., 2023, 10, 1617-1625 | 1621
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involving Rh catalysis which is rare compared to other catalysis
such as that of Ni,>*">” Mn,?® Mo,?° or Pd.*°

Several alternative paths were also considered for the for-
mation of the final products (isoindolone spirosuccinimides)
from  N-(2-(methylthio)phenyl)benzamides. Thus, three
alternative paths were considered and examined after the re-
coordination of COD to the Rh complex (INT-8). Two possible
steps were investigated, one of which involves C-N bond for-
mation through TS-6A and the other involves the re-coordi-
nation of PivOH to the Rh complex (INT-9C). The re-coordi-
nation of PivOH is followed by the protonation of the amide
group (TS-6C), and C-N bond formation occurs through the
C/D paths. In these cases, bond formation was investigated for
both the presence and absence of a Rh-complex (TS-7C/TS-7D).
Overall, we can conclude that the presence of a Rh-COD cata-
lyst without coordinated PivOH is the most preferable for the
C-N bond formation (TS-6A, 78 kJ mol™"). The presence of
both the catalyst and re-coordinated PivOH greatly increases
the activation energy for the C-N bond formation (TS-7C,
229 k] mol™"), while the absence of both of them slightly
decreases this activation energy (TS-7D, 144 k] mol™).

The C-N bond formation (TS-6A) step was followed by the
re-coordination of PivOH (INT-10A) and the protonation of
Cp of the maleimide (TS-7A) with an activation energy of
98 k] mol™".

Utilization of the energetic span model”” showed a different
TOF-determined intermediate (TDI) and a TOF-determining
transition state (TDTS) for the different scenarios. There are
two possible TDIs; the preference for which depends on
whether C-C bond formation occurs with (INT-6A — TS-5A
path) or without (INT-6C — TS-5C path) the presence of COD.
Therefore, if the INT-6C alternative path is considered, then
INT-2 is the TDI, but, if the INT-6A path is considered, then
INT-7A is the TDI. Since the INT-6C path is not preferable over
the INT-6A path, we did not consider it further. In the first
part of the reaction, where C-H bond activation paths were
considered (OA/MI and LLHT), the calculated TDTS was the
TS-2B step for LLHT and TS-3A for OA/MI. The calculated ener-
getic span for the TDTS TS-2B was 207 k] mol™" (Grs.p —
Gint.7a), while that for TDTS TS-3A was 165 k] mol ™" (Grssa —
Gint-7a)- Therefore, the OA/MI path is preferred over the LLHT
path. In the end, if we consider the TS-6A — TS-7A path, TS-3A
is the TDTS; however, for the C and D paths TS-7C and TS-7D
are the TDTSs of the entire reaction, which is not consistent
with the experimental observations.

An energy decomposition analysis®® (EDA) was also per-
formed on the key intermediate and transition state structures
(OA/MI, LLHT and C-C bond formation) of the reaction paths
to clarify the differences. These structures were divided into
two fragments, ie., (2-methylthio)aniline aromatic amide [A]
and Rh-COD or Rh-COD-mal complexes [B] (Fig. S1f). More
details regarding the determination and explanation of the
different parts (AEin., AEom, AEgseric and AEg,) of energy
decomposition analysis can be found in the ESI.f The calcu-
lated interaction energies (Table S81) show a reasonable simi-
larity with the determined Gibbs free energies of the reaction
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paths. In the OA/MI and LLHT section of the reaction paths,
INT-2 have the lowest (AEj,, = —1228 k] mol™") interaction
energy, where the orbital term (AE,, = —1473 kJ mol™?) greatly
stabilizes the complex. In contrast, the steric term does not
cause significant destabilization (AEger. = 245 kJ mol™).
Furthermore, the calculated dispersion energy was the lowest
compared to that of the other structures; thus non-covalent
interactions are also less significant in INT-2. The OA/MI paths
for TS-2A (AEj,, = -719 k] mol™") and INT-3A (AEj, =
-778 kJ mol™') already showed a larger interaction energy
compared to those for INT-2 and INT-3B (but smaller com-
pared to that for TS-3B), due the formation of a bond between
H and Rh. The orbital term decreases, while the steric term
increases as the sign of destabilization effect on TS-2A and
INT-3A complexes. However, non-covalent interactions and the
dispersion energy do not significantly increase compared to
INT-2. Furthermore, TS-2B of the LLHT path showed a higher
interaction energy (AEjn = —633 k] mol™") compared to TS-2A
of the OA/MI path (AE;, = —719 k] mol™") suggesting that the
LLHT path is less preferred not just energetically, but is also
the less stable structure because of a significant steric term
(AEgteric = 886 KJ mol_l] destabilization of TS-2B. Interestingly
INT-4A (AEjy,: = =597 k] mol™) and TS-3A (AEj, =
—-605 kJ mol™") showed a slightly higher interaction energy
compared to TS-2B; however the Gibbs free energies of these
structures were slightly lower. Overall, the coordination of the
maleimide greatly destabilizes the Rh-complex, thus also
increasing the steric term and dispersion energy. During the
C-C bond formation, the absence of COD (INT-6A, TS-4A) was
preferable over the presence of COD (INT-6C, TS-4C). The
difference in the interaction energy can also be discovered, as
the absence of COD gave a stable Rh-complex compared to the
presence of COD.

Intermediates TS-2A, TS-2B, TS-3A, TS-7C and TS-7D were
considered for the theoretical determination of the kinetic iso-
topic effect (KIE) to further clarify the alternative reaction
paths and as a comparison with the experimentally deter-
mined values. The value for the TS-2A, TS-2B and TS-3A steps
were 2.89, 3.39, and 2.95, quite similar to the experimental
value of 2.5. The KIE values for TS-7C and TS-7D (1.02 and
0.97) were much lower compared to the experimentally deter-
mined values. If we consider the tunnelling correction, the
theoretical values of TS-2A and TS-3A slightly increase (3.36
and 3.12), while that of TS-2B drastically increased (9.31).

Conclusions

We report some solvent-free, Rh(i)-catalyzed reactions of aro-
matic amides with maleimides with the aid of a (2-methylthio)
aniline directing group, leading to the production of isoindo-
lone spirosuccinimide derivatives under aerobic conditions,
without the need for toxic metallic oxidants or expensive addi-
tives. Maleimides have dual roles in the reaction; in which
they function as both a coupling partner and hydrogen accep-
tor. In sharp contrast to the findings reported in our previous
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study,* the use of a (2-methylthio)aniline directing group did
not result in the formation of C-H alkylation products. DFT
computations predicted that the reaction proceeds via an oxi-
dative addition/migratory insertion (OA/MI) step rather than
ligand-ligand hydrogen transfer after N-H deprotonation by a
pivalate ion bonded to the Rh center. The OA/MI step is the
TOF-determining transition state (TDTS) of the catalytic reac-
tion. PivOH participates in the last step after C-N bond
formation, leading to the formation of an isoindolone
spirosuccinimide.
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