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Abstract: Trivalent group-9 metal catalysts with a cyclopentadienyl-
type ligand (CpM"; M = Co, Rh, Ir, Cp = cyclopentadienyl) have been
widely used for directed C—H functionalizations, albeit that their
application to challenging C(sp®)-H functionalizations suffers from the
limitations of the available directing groups. In this report, we describe
directed C(sp®)-H amidation reactions of simple amide substrates
with a variety of substituents. The combination of an electron-deficient
CpERh catalyst (CpF = 1,3-bis(ethoxycarbonyl)-substituted Cp) and an
electron-deficient 2-pyridone ligand is essential for high reactivity.

Direct functionalization reactions of inert C—H bonds of organic
compounds have emerged as attractive methods for organic
synthesis.['l To achieve selective and predictable functionalization
at the desired site in the presence of many other C—H bonds,
transition-metal-catalyzed C—H activation under the assistance of
directing groups is a powerful strategy.'® Among the various
transition metals used for catalytic directed C—H activation
reactions, trivalent group-9 metals with a cyclopentadienyl-type
ligand (CpM"; M = Co, Rh, Ir, Cp = cyclopentadienyl) are
prominent due to their high reactivity and functional group
tolerance.? Since the seminal reports by Satoh and Miura in
2007,B! these catalysts have found numerous synthetic
applications. However, the directed functionalization of C(sp®)-H
bonds using CpM'" catalysts is less explored and relatively
immature compared to C(sp?)-H functionalization.“®! Particularly,
the narrow scope of available directing groups is a major
roadblock to further progress in this area (Scheme 1a); besides
the functionalization of active allylic C-H bondsl”! and outer-
sphere C—H amidations via nitrene insertion,!® only strongly
coordinating nitrogen- or sulfur-based® directing groups have
been successfully utilized for C(sp®)-H functionalization under
CpM" catalysis.

Amides are common, fundamental functional groups in organic
chemistry, and C(sp®)-H functionalization reactions directed by
the carbonyl oxygen atom of native amides are important for
streamlined organic synthesis.®'"l However, the insufficient
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Scheme 1. CpM"-catalyzed directed C(sp®)-H functionalization.



directing ability of non-anionic carbonyl oxygens of native amides
renders such reactions challenging. Although Thioamides!®adel
and acylimidazoles®! have been employed as amide surrogates
that undergo efficient directed C(sp®)-H functionalization
reactions using Cp*M!! catalysts (Cp* =
pentamethylcyclopentadienyl), the installation and transformation
of the directing groups decrease the overall synthetic efficiency.
So far, carbonyl-oxygen-directed C(sp®)-H functionalization
reactions using CpM" catalysts have not been realized. We
subjected a simple amide to a variety of reaction conditions using
a Cp*M" catalyst reported for C(sp®)-H functionalization
reactions; unfortunately, none of the applied conditions delivered
the desired products (Scheme 1b; for details, see the Supporting
Information), indicating that much more efficient catalytic systems
are required to enable native amide-directed C(sp®)-H
functionalizations. It should also be noted here that while C(sp3)—
H functionalizations directed by non-anionic native amide
functionalities have been achieved using Pd(I1)®'% or Ir(I)I'"
catalysts, such studies have focused on the formation of C—C,!
C-0,"and C-Bl'" bonds, while examples of the formation of C—
N bonds remain scarce.'213]

Here we report C(sp®)—-H amidation reactions using an electron-
deficient CpERh"' catalyst (CpE = 1,3-bis(ethoxycarbonyl)-
substituted Cp)l'¥ in combination with an electron-deficient 2-
pyridone ligand (Scheme 1c).l'5%1 The judiciously chosen
CpERN"/2-pyridone combination is essential for high reactivity,
and the optimized catalytic system enabled the B-selective
amidation of a wide range of substrates with various substituents.

The introduction of electron-withdrawing groups into CpM"
catalysts can render them electron-deficient and thus alter their
reactivity and selectivity.[?4417.18] Previous studies, including our
own, revealed that such electron-deficient catalysts often exhibit
much higher reactivity than conventional Cp*M'"" catalysts, which
prompted us to examine the use of electron-deficient catalysts for
challenging  carbonyl-directed  C(sp®)-H  functionalization
reactions. After extensive screening of the reaction conditions and
catalytic additives to promote a C-H activation step via a
concerted—metalation—deprotonation (CMD) or base-assisted—
internal—electrophilic—substitution (BIES) mechanism,['>16.19 we
found that the B-selective C(sp®)—H amidation of a propionamide
derivative (1a) with a 2-furyl-substituted dioxazolone (2a)®%
proceeded in 88% vyield under the optimized conditions using
[CpERNCI,]2 and 3-trifluoromethyl-2-pyridone L1 (for temperature
and solvent effects, see Table S2 in the Supporting Information).
The results under the optimal conditions and control experiments
using other metal catalysts, ligands to assist C—H activation, and
dioxazolones are summarized in Scheme 2. A highly electron-
deficient [CpERNhCIy]; catalyst exhibited the highest reactivity
(88% vyield), and [Cp*°TRhCl,], afforded a moderate yield (57%),
while the standard [Cp*RhCl,], catalyst was the least reactive
(5%) among the screened rhodium catalysts. The reactivity of the
rhodium catalysts was related to their electron-deficiency. We
also examined standard [Cp*IrCl.]; and [Cp*Col.], catalysts,
which failed to provide the desired product. We examined various
2-pyridone derivatives (L1-L10) as well as carboxylic acids (L11,
L12) and carboxylate salts (L13, L14), as the ligand for C—H
activation. While the 2-pyridones afforded the product in varying
yields depending on their electronic and steric properties, the
carboxylic acids and carboxylates scarcely promoted the reaction,
indicating the superior reactivity of 2-pyridones over carboxylic
acids for this challenging C(sp®)-H activation. Generally, electron-
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deficient 2-pyridones (L1-L3, L8) were more effective than non-
substituted (L6) or electron-rich derivatives (L9, L10),[' albeit
that the introduction of a nitro group (L5, L7) resulted in somewhat
poorer performance, possibly due to the coordination of the nitro
group to the rhodium catalyst. 6-Trifluoromethyl-2-pyridone (L4)
was unreactive, which might be attributed to steric effects. The

Scheme 2. Effects of varying metal catalysts, ligands that assist C—H activation,
and dioxazolone 2 on the C(sp®)-H amidation of propionamide (1a). Reaction
conditions: 1a (0.05 mmol), 2 (0.05 mmol), metal catalyst (1.25 umol, 2.5 mol%),
ligand (2.5 umol, 5 mol%), and AgSbFs (5.0 umol, 10 mol%) in DCE (0.1 mL) at
60 °C for 16 h. Yields of 3a were determined by 'H NMR analysis of the crude
mixture using 1,1,2,2-tetrachroloethane as the internal standard. N.D. = not
detected. DCE = 1,2-dichloroethane.

results of these control experiments demonstrate that the
combination of an electron-deficient rhodium catalyst and an
electron-deficient 2-pyridone is key to the successful C(sp®)-H
amidation reaction directed by a simple amide functionality. We
also confirmed that the desired reaction did not proceed without



any ligands. The structure of dioxazolone 2 also showed
significant effects on the reactivity. While 2a was the most reactive
and 2-thienyl-substituted derivative 2b exhibited moderate
reactivity, phenyl- (2c) or alkyl-substituted dioxazolones (2d, 2e)
resulted in low yields.?"]

Subsequently, we investigated the substrate scope under the
optimal conditions using [CpERNCI;]» and L1 (Scheme 3). First,
substrates bearing various substituents at the a-position were

[CPERNCLy], (2.5 mol%) 0
L1 (5.0 mol%) o
O H  AgSbFg (10 mol%) O HN P
N 2a (1.0 equiv. N
S (foequv) . A ]
AN DCE (0.5 M) AN
1 60 °C, 16 h 3
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Scheme 3. Substrate scope of amide-directed C(sp®)-H amidation reactions.
Reaction conditions: 1 (0.20 mmol), 2 (0.20 mmol), [CpERNCI2]2 (5 pumol, 2.5
mol%), L1 (10 umol, 5 mol%), and AgSbFe (20 umol, 10 mol%) in DCE (0.4 mL)
at 60 °C for 16 h. Isolated yields of 3 are given. Phth = phthaloyl. [a] [CpERhCl2]2
(10 pmol, 5 mol%), L1 (20 pmol, 10 mol%), and AgSbFs (40 umol, 20 mol%).
[b] Enantiopure (>99%) 1aa was used; ee determined by chiral HPLC analysis.

examined. Non-substituted (3a), mono-substituted (3b, 3e, 3f,
3h-3l), and fully-substituted (3c, 3d, 3g, 3m-3p) amides all
underwent the C—H amidation at the B-position in good-to-high
yield. It is noteworthy that the current protocol successfully
afforded the desired product from a simple linear propionamide
derivative (3a), which is unreactive in the previously reported
Co(lll)-catalyzed thioamide-directed C(sp®—-H amidation!6al
probably due to the lack of Thorpe-Ingold effects to facilitate the
formation of metallacycles via C—H activation. Next, we examined
the effects of substituents on the nitrogen atom. Both cyclic (3q,
3r) and acyclic (3s—3w) tertiary amides were tolerated under the
optimized conditions to give the corresponding products. A
Weinreb-amide (3v) and an N-methyl anilide (3w) exhibited
somewhat diminished reactivity; nevertheless, the corresponding
products were obtained in 39% and 36% yield, respectively. In
addition to tertiary amides, a secondary amide underwent the C—
H amidation in good yield (3x). Six-membered lactams were also
applicable substrates (3y, 3z). Finally, to further demonstrate the
synthetic utility, we used an N-phthaloyl L-alanine derivative as a
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substrate, and the desired C(sp®)—H amidation proceeded in 61%
yield without racemization (3aa).l??

The feasibility of the more challenging methylene C(sp®)-H
activation was examined using butylamide derivative 1ab as a
substrate (eq. 1). While the standard conditions using [CpERhCl,],
provided only a trace amount of the product, the combination of
[Cp*“FRhCly], and L1 afforded 3ab in 31% yield. Although
additional modifications and optimization of the catalyst and
ligand would be required to achieve satisfactory reactivity, this
preliminary result indicated the possibility of further expansion of
the applicable substrates in future studies.

[CP*CF3RNCIy], (5 mol%) 2
L1 (10 mol%) O HN 0
AgSbFs (20 mol%) M |

2a (1.0 iv. N M
a (1.0 equiv.) Q e ™)

DCE (0.5 M)
3ab: 31%

1ab 60 °C, 16 h

The reaction using amide 1m as the substrate was carried out
at the 1-mmol scale with a low catalyst loading (1 mol% based on
Rh), and 3m was isolated in 81% yield (Scheme 4a),
demonstrating that the developed catalytic system is useful for a
preparative-scale reaction. The 2-furoyl protecting group of 3a
can be easily removed by a two-step sequence of Boc-protection
and hydrolysis under basic conditions (Scheme 4b).

We also investigated the kinetic isotope effect (KIE) in this
reaction by comparing the initial reaction rates using 1a or 1a-ds
as the substrate. We observed a very large KIE (kuw/kp = 6.0),
which indicates that the C-H activation step is the rate-
determining step of this reaction (Scheme 4c).

Finally, we checked whether the optimized catalytic system was
applicable for C(sp?)~-H amidation. Interestingly, neither
benzamide 6 nor 2-furoyl amide 7 afforded the corresponding
products under the optimized conditions (Scheme 4d), suggesting
that the developed catalytic system is selective for C(sp®)-H
amidations. This result is consistent with our observation that
C(sp?)—H amidation of the 2-furyl moiety of the amidated product
3 did not compete in any of the investigated cases. However, the
reason for this selectivity is unclear at this point, and further
mechanistic studies are necessary.

A plausible reaction mechanism, based on previous
reports,’2201 js shown in Figure 1. A [CpERh] species with an L1
in its anionic form would be generated from the Rh precursor,
AgSbFs, and L1 to work as the catalytically active species (I). After
the coordination of substrate 1 (II), C—H activation would proceed
via a concerted mechanism to afford lll. The observed large KIE
clearly indicates that this step is the rate-determining step in the
catalytic cycle. As suggested in previous studies of Pd-catalyzed
reactions by Yul'® and Rh(lll)-catalyzed reactions by Lu,["® 2-
pyridone ligand L1 might assist the C—H activation with its oxygen
working as a base to facilitate the deprotonative C—H activation.
The subsequent coordination of dioxazolone 2a (IV) followed by
formation of nitrene and its insertion into the Rh—C bond
generates V. Finally, product 3 is liberated by protonation,
accompanied by the regeneration of .

In summary, we have demonstrated that the combination of an
electron-deficient CpERh'" catalyst and an electron-deficient 2-
pyridone ligand (L1) enables amide-directed C(sp®)-H amidation
reactions using dioxazolone 2a. Native amide substrates with
various substituents at the a-position as well as on the nitrogen
atom provided the corresponding products in moderate-to-high

O H
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yield. These findings may facilitate the further exploration of
efficient catalytic systems for challenging but synthetically useful
C(sp®)-H functionalization reactions based on CpM"' catalysts in
future studies.

(a) Preparative-scale reaction with a low catalyst loading

[CPERNCIy], (0.5 mol%) 1)
L1 (1.0 mol%)
H AgSbFg (2.0 mol%) O HN O
2a (1.0 equiv.) )Sg W
N
O Me Ph DCE (1.0 M) O Me Ph
60 °C, 24 h
(1.0 mmol) 3m: 81%
(b) Removal of 2-furoyl group of the product
Boc,0 o NCONHRioH-H,0 O NHBoc
e PN A
THF N THF/H,0 N
-78°Ctort R =2-furyl 50°C,16 h
22h 4: 94% 5:97%
(c) ParallelKIE experiments
[CPERNCL,], (2.5 mol%)
0 L1 (5.0 mol%) O NHCOR
CHyCD,  AgSbFg (10 mol%) H/D
N CHICDs 2a (1.0 equiv.) NM/D
1a or 1a-ds DCE (0.1 M), 60 °C 3a or 3a-d,
Kkulkp =6.0 R = 2-furyl
(d) C(sp?)-H amidation under the same conditions
o NHCOR
N [CPERNCL,], (2.5 mol%)
L1 (5.0 mol%)
6 AgSbFg (10 mol%
2a (1.0 equiv.)
0 DCE (0.5 M) NHCOR
60 °C, 16 h
N =
SRY Q
7

Scheme 4. Preparative-scale reaction; product transformation; KIE

experiments; reactivity of aromatic amides 6 and 7.
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Figure 1. Plausible mechanism and L1-assisted C(sp®)-H activation.
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Direct C(sp®—H functionalization reactions of native amides can facilitate streamlined synthesis of valuable molecules, but their
insufficient directing ability is one of the current severe challenges of the field. Here we report that the combination of an electron-
deficient Rh(lIll) catalyst and an electron-deficient 2-pyridone ligand shows high catalytic activity for C(sp®)-H amidation of various

native amides.
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