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ABSTRACT: Mechanistic investigations on the Cp*Rh(III)-
catalyzed direct C—H amination reaction led us to reveal the
new utility of 1,4,2-dioxazol-S-one and its derivatives as highly
efficient amino sources. Stepwise analysis on the C—N bond-
forming process showed that competitive binding of rhodium
metal center to amidating reagent or substrate is closely related
to the reaction efficiency. In this line, 1,4,2-dioxazol-5-ones
were observed to have a strong affinity to the cationic Rh(III)
giving rise to dramatically improved amidation efficiency when
compared to azides. Kinetics and computational studies
suggested that the high amidating reactivity of 1,4,2-dioxazol-
S-one can also be attributed to the low activation energy of an
imido-insertion process in addition to the high coordination
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ability. While the characterization of a cationic Cp*Rh(III) complex bearing an amidating reagent was achieved, its facile
conversion to an amido-inserted rhodacycle allowed for a clear picture on the C—H amidation process. The newly developed
amidating reagent of 1,4,2-dioxazol-S-ones was applicable to a broad range of substrates with high functional group tolerance,
releasing carbon dioxide as a single byproduct. Additional attractive features of this amino source, such as they are more
convenient to prepare, store, and use when compared to the corresponding azides, take a step closer toward an ideal C—H

amination protocol.

B INTRODUCTION

Construction of a carbon—nitrogen bond is one of the most
fundamental operations in nature and organic synthesis. The
resulting amino compounds are widely present in natural
products, pharmaceutical drugs, and functional materials. Thus,
the development of efficient C—N bond-forming methods has
been extensively explored." While conventional synthetic
approaches employ functionalized compounds such as alkenyl
or aryl (pseudo)halides to react with nitrogen sources,” direct
catalytic amination on carbon—hydrogen bonds has drawn
significant attention based on a recent notable advance achieved
in the C—H activation procedures.> With a better under-
standing of C—H activation process dealing with high activation
barriers and selectivity issues, the direct use of abundant
carbon—hydrogen connections would eliminate prefunctional-
ization steps.* In this regard, transition-metal-mediated C—H
functionalization offers great promise to chemo-, regio-, and
stereoselective synthetic procedures operating under mild
conditions.

In case of C—H amination reactions, a seminal work by
Breslow et al. using iminoiodinane with Fe- and Rh-based
catalysts blazed a trail for the significant catalytic C—H
amination procedures.” Currently, major research efforts are
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en route for an ideal catalytic C—H amidation system: coupling
of unactivated hydrocarbons with aminating reagents which are
readily available and convenient to use under mild conditions
while producing minimal amounts of waste.> We recently
answered to those demands by utilizing organic azides as the
unique amino source which also work as internal oxidants, thus
not necessitating any external oxidants enabling an environ-
mentally benign catalytic process.”” Our original development
and detailed mechanistic studies on the Cp*Rh(IIl)-catalyzed
direct C—H amination using azides® have been a stepping stone
for the expansion to more efficient and selective catalytic
systems showing broader synthetic applications.”®

In our continuing mechanistic investigations on the C—H
amination reactions, we were able to draw a more
comprehensive picture on the C—N bond-forming process.
Kinetics and coordination studies including the isolation of a
key intermediate revealed that a competitive binding of a metal
center to substrate or nitrogen source is directly related to the
reaction efficiency. This breakdown study allowed us to
introduce a robust catalytic system for the efficient C—H
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Scheme 1. Development of Highly Reactive C—H Amidation Driven by Mechanistic Studies
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Scheme 2. Mechanistic Proposal on the Rh(III)-Catalyzed C—H Amination Using an Organic Azides
1/2[RhCp*Cly],

AgCI/{/

Me Me
Z
l Me:@‘
\N Me
= N--Rh *
NH 7 N X
|
R 1
2-PhePy
6
Me Me
Me:‘é—Me
Me
_-RhT X
//N er
N N-R
4
Y

AgX + 2-PhePy

6

Ph

amidation reactions using 1,4,2-dioxazol-5-ones as the con-
venient amino source (Scheme 1). This new catalytic system
allowed low catalyst loading, broad synthetic scope, and
external oxidant-free mild reaction conditions releasing CO,
as a single byproduct, altogether directing an ideal C—H
amination protocol, which is described herein as follows.

B RESULTS AND DISCUSSIONS

Identification of a Rate-limiting Factor in the C—H
Amidation using Azides. We previously reported the
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Rh(III)-catalyzed direct amidation of arene, alkene, and alkane
C—H bonds using organic azides as the nitrogen source.®”’
Extensive experimental and computational studies allowed us to
propose a preliminary mechanistic depiction (Scheme 2).
During our subsequent investigations, one interesting observa-
tion especially caught our attention: while each of stoichio-
metric C—N bond formation of a rhodacycle (1a) with benzoyl
azide (5a) (Scheme 3a) and protodemetalation of the
consequent amido rhodium complex (4a) by using 2-
phenylpyridine substrate (6) are facile at room temperature
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Scheme 3. Analyses of Individual Stage
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Figure 1. NMR study of C—N bond formation with a resting species
2a (see the Supporting Information for details).

(Scheme 3b), its catalytic conversion using a rhodacycle species
(1a) did not take place (Scheme 3c).

We decided to initiate a detailed analysis on whole C—N
bond-forming processes to find a clue to this nonreactivity
under the catalytic conditions. We hypothesized that the C—H
amination pathway can be divided into four individual stages
(Scheme 2): (i) generation of a cationic rhodacycle 1 from the
resting state species 2; (ii) coordination of an azide to a metal
center to form an intermediate 3; (iii) insertion of an imido
moiety into the rhodium—carbon bond to form the C—N bond,
thus generating a metal—amido complex 4; and (iv)
protodemetalation with concomitant C—H bond activation of
a second substrate to release product 7 with the regeneration of
an active species 1. The successful conversion from a
rthodacycle la to a product 7a (Scheme 3ab) led us to
postulate that the above presupposed three stages (ii—iv) are
facile under the applied conditions. Consequently, this
reasoning warranted a further study especially with regard to
the stage (i).

Ellman and co-workers observed the inhibitory effects of
substrates in the Cp*Rh(IIl)-catalyzed addition of 2-phenyl-
pyridines to imines.” We also figured out the analogous
behavior of substrates in the Rh-catalyzed C—H amination
reactions ® As was revealed by our previous mechanistic
studies,® a substrate will occupy the vacant site of a cationic
rhodacycle 1 to generate a resting species 2, which accounts for
an inverse first-order kinetics on 2-phenylpyridine (Scheme 2).
Consistent with this reasoning, when 2a was allowed to react
with benzoyl azide Sa, the amidation proceeded almost
negligibly even after prolonged time (Figure 1). Again, this
reactivity of 2a is totally opposite when compared to a cationic
rhodacycle 1a having one vacant site that reacts promptly with
benzoyl azide 6a at room temperature (Scheme 3a).

The observed poor conversion of 2a to a metal—amido
complex 4a implies that an organic azide is not capable of
binding effectively to a metal center in the presence of 2-
phenylpyridine. Under this circumstance, the effective concen-
tration of a rhodium complex entering into an operating
catalytic cycle can be regarded to be very low, while most of the
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metal complex is present in the resting state 2. This result led
us to reason that one factor directly related to the reactivity is a
coordination competition between substrate and azide to a
metal center, and the facile generation of an azide-bound
rhodacycle 3 becomes crucial for the efficient C—H amination
(Scheme 4).

Finding a New Amino Source with Higher Affinity:
1,4,2-Dioxazol-5-one. We started to search for a different
type of amino source with strong coordination ability, thus
eventually leading to an efficient catalytic C—H amination
reaction. In this research program, one class of dioxazole
compounds especially caught our attention. In 1960s, Sauer and
Meyer showed that N-acyl nitrenes can be generated from
1,4,2-dioxazol-5-one, 1,4,2-dioxazol-5-thione, and 1,3,2,4-dioxa-
thiazole-2-oxide.'* Similar to acyl azides, those compounds
undergo thermal or photo-initiated decomposition leading to
N-acyl nitrenes (Scheme 5).'%""

Recently, Bolm and co-workers elegantly demonstrated the
synthetic utility of 1,4,2-dioxazol-5-ones for the synthesis of N-
acyl sulfimides and sulfoximides via a light-induced catalytic
method, in which a ruthenium N-acyl nitrene was proposed as a
key intermediate.'> Dubé also employed 1,4,2-dioxazol-5-ones
as a safe alternative to acyl azides for the synthesis of
isocyanates."> On the basis of our previous development of the
Rh(III)-catalyzed C—H amination using organic azides,® we
envisioned that dioxazoles could also be a good candidate as
another type of efficient nitrene sources. Considering the
observation by Ellman® and Shi'* that imines displayed
comparable binding ability with 2-phenylpyridine, we antici-
pated that dioxazoles would have stronger affinity than acyl
azides, again contributing to the increase of amination
efficiency.

To validate our working hypothesis, three different types of
dioxazoles were examined along with benzoyl azide (Table 1).
Initial tests were conducted with a cationic Rh(IIl) catalytic
system generated in situ from [Cp*RhCl,], and AgNTH%,.
Benzoyl azide (5a) and 3-phenyl-5,5-dimethyl-1,4,2-dioxazole
(8a) gave no detectable product at room temperature (entries
1-2). The latter, however, started to display reasonable
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Scheme 4. Coordination Equilibrium of Cp*Rh(III) with 2-Phenylpyridine and Azide
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reactivity upon heating (14% at 80 °C and 75% at 100 °C)
(entries 3—4). We were pleased to observe that while 3-phenyl-
1,4,2-dioxazol-S-thione (8b) exhibited satisfactory reactivity at
ambient temperatures (entries S—6), an amidation with its
carbonyl analogue 3-phenyl-1,4,2-dioxazol-S-one (8c) was
quantitative even at room temperature (entry 7).

As a result, this amidating reagent 8c was chosen for further
optimization studies. It should be mentioned that 1,4,2-
dioxazol-5-ones can easily be prepared from the corresponding
hydroxamic acids, and they can be stable to store and
convenient to use without a special precaution.'”" A

replacement of a counteranion of NTf,” by SbF,~ or the use
of a pregenerated cationic rhodium catalyst did not deteriorate
the catalytic efficiency (entries 8—9). Significantly, the product
yield was still well maintained at 40 °C even with 0.5 mol % of
catalyst loading (entries 10—12). In a stark contrast, other
catalytic systems such as [Ru(p-cymene)Cl, ], and [Cp*IrCL,],,
previously shown to be effective on the direct C—H amidation
in our studies,” were not effective for the present amidation
using 3-phenyl-1,4,2-dioxazol-S-one (8c) as an amidating
reagent (entries 13—16).

Origin of High Reactivity. To understand the origin of
high reactivity of 1,4,2-dioxazol-5-ones, we conducted a series
of experimental and computational studies. At first, the
stoichiometric reactions of cationic Cp*Rh(III) complexes
(1a and 2a) with 3-phenyl-1,4,2-dioxazol-S-one (8c) were
examined (Scheme 6). Both of 1a and its resting species 2a
underwent instant conversion to the amido product 4a. We also
monitored the reaction of 1a with 8c using a time-resolved IR
spectrometer (Figure 2). A new peak appeared at 2342 cm™
upon the addition of dioxazolone into a solution of 1a, and it
was assigned to be an asymmetric stretching C=O bond of

Table 1. Optimization of Direct C—H Amidation with Dioxazoles”

7 v »
- | . (e Catalyst / Additive
N N 1,2-DCE 0.5 mL
T(°C),12h
6 8
entry N source catalyst (mol %)
1 Sa [Cp*RhCL], (5)
2 8a [Cp*RhCL], (S)
3 8a [Cp*RhCL], (5)
4 8a [Cp*RhCL], (S)
S 8b [Cp*RhCL,], (5)
6 8b [Cp*RhCL ], (5)
7 8c [Cp*RhCL], (5)
8 8c [Cp*RhCL], (5)
9 8c [Cp*Rh(MeCN);][SbF], (10)
10 8c [Cp*RhCL ], (1)
11 8c [Cp*RhCL ], (1)
12 8c [Cp*RhCL], (0.5)
13 8c [Ru(p-cymene)CL], (5)
14 8c [Ru(p-cymene)CL], (5)
15 8c [Cp*IxCL], (5)
16 8c [Cp*IrCL], (5)

S T ST PO

X, | I :

N . .S, :

N2 o Q><° Q9 O\)J\o ‘

NH !N N= N= N=

oAen ; Ph Ph Ph GO

72 s 82 8 8 |
additive (mol %) temp (°C) yield (%)

AgNTT, (20) rt <1
AgNTTf, (20) rt <1
AgNTE, (20) 80 14
AgNTE, (20) 100 74
AgNTTY, (20) rt 75
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Scheme 6. Stoichiometric Reactions of 1,4,2-Dioxazol-5-one
with Cp*Rh(III) Complexes
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Figure 2. Time-resolved IR monitoring of a reaction of 1a with 8c.

released CO, in accordance with the precedent reports.'>'®

The observed fast conversion of a resting species 2a to an
amido-inserted rhodacycle 4a was in a stark contrast to the
reaction of 2a with benzoyl azide (Sa) as shown in Figure 1,
where much slower conversion was monitored. This result
clearly showed that 1,4,2-dioxazol-5-one readily displaces
bound 2-phenylpyridine from the resting species 2a with
much higher efficiency than benzoyl azide.

Interestingly, as benzoyl azide can react with la to form 4a
via N, release (Scheme 3a), the same product can also be
obtained from a reaction with 1,4,2-dioxazol-5-one upon release
of CO,. To measure the reactivity difference between
dioxazolone and azide in the reaction with la, we performed

a direct competition reaction (Scheme 7). A cationic rhodium
complex la (1.0 equiv) was allowed to react with an equal
mixture of dioxazolone 8c (2.0 equiv) and deuterium-labeled
ds-benzoyl azide Sa-d; (2.0 equiv) with the anticipation of
tracing the origin of obtained product(s). After protonolysis,
'"H NMR analysis of the isolated product clearly showed no
noticeable deuterium incorporation (7a:7a-d;, >19:1). This
result strongly suggests that the reactivity of 1,4,2-dioxazol-S-
one excelled acyl azide under identical conditions.

For a better understanding of the reactivity difference among
amino sources, we conducted density functional theory (DFT)
calculations to obtain thermodynamic parameters including
Gibbs free energy for the equilibrium between a rhodacycle
complex 2 (resting species bound to a substrate) and 3
(replaced by an amino precursor) employing various nitrogen
sources (Table 2).'”'® It was seen that the replacement of 2-

Table 2. Calculated Coordination Equilibrium between 2-
Phenylpyridine and Nitrogen Sources

Me
Me X
Me:ﬁé*Me :Nf’ :‘Ié—
Me Y o
\/ N--RhiN ~ ———— ¢ = N- Rh N AG
% N| A )’('
Ph _
2 Ph 3
entry 1 2 3 4
0 o]
/X N\z O )j\ _S. ><
S R =
N= N=
M Me Me Me Me
AG 10.1 5.2 2.8 -1.2
(keal/mol)
Keated® 3.7x10% 14x10* 82x10°3 8.1

phenylpyridine with acetyl azide was thermodynamically least
favorable among examined amino sources (entry 1). It was
calculated to require 10.1 kcal/mol for this process, which will
consequently yield low concentration of 3 where Y-N=X is
acetyl azide (K g = 3.7 X 107®). Change of amino precursors
from azide to dioxazolone or dioxathiazole resulted in
significantly higher coordination propensity by the magnitude
of 10 to 10° scales (entries 2 and 3, respectively), which is in a
good agreement with our working hypothesis. Interestingly, in
case of dioxazole (entry 4), the equilibrium lies favorably
toward the replaced complex 3 (AG® = —1.2 kcal/mol). Since
the subsequent migratory imido insertion of an isolated

Scheme 7. Competitive C—N Bond Formation between 1,4,2-Dioxazol-5-one and Acyl Azide
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Figure 3. Potential energy surfaces for the formation of Rh-nitrenoid from a resting species 2 with azide or 1,4,2-dioxazol-S-one (see Supporting

Information for details).

complex 3 (Y-N=X: 3-phenyl-S,5-dimethyl-1,4,2-dioxazole)
did not occur at room temperature, we were able to obtain
experimentally the equilibrium constant with 3-phenyl-5,5-
dimethyl-1,4,2-dioxazole (8¢) (K., = 6.3), which is within the
range of the calculated number (K° = 8.1, entry 4)."

Extended calculations on the postulated subsequent metal-
nitrenoid formation were also performed using acyl azide and
1,4,2-dioxzol-5-one as the amino sources (Figure 3). It revealed
that AG* in the formation of a rhodacyclic nitrene species (9)
by a reaction of 2 with 1,4,2-dioxzol-5-one (CO, release) was
lower by 12.7 kcal/mol than that with acyl azide (N, release):
20.3 and 33.0 kcal/mol, respectively. We reasoned this
difference may be reflected in the reaction efficiency observed
experimentally (Scheme 3 and Scheme 6). As a result, the high
reactivity of 1,4,2-dioxazol-5-one as an amino source can be
attributed to two synergistic effects: facilitation of the nitrenoid
formation as well as more favorable replacement of a substrate
in a resting species (shown in Table 2).

Isolation and Characterization of a Rhodacycle Bound
to an Amino Source (3). Whereas mechanistic details on the
C—H bond activation process have been well studied,
experimental investigations on the C—N bond-forming step
are still less explored mainly due to the highly labile nature of
plausible intermediates.?® In this line, while we recently cleared
the mist in the direct C—H amidation reactions utilizing
organic azides as the amino source,6b there are still some issues
remained unanswered, representatively the characterization of
key intermediates. In fact, while several catalytic systems have
been developed for the C—H amination, only a few examples
are known reporting the isolation or identification of nitrogen-
containing critical intermediates in the amido transfer
process.m’22 In our case of using azide precursors, the
immediate conversion of substrates to amido products under
the developed amination conditions hampered an intermediate
study.

Hinted by the favorable equilibrium shift toward the
dioxazole-bound rhodacycle (Table 2, entry 4), we tried to
obtain the anticipated intermediate. We were delighted to
isolate indeed the desired intermediate 3c, an adduct of a
rhodacycle 1a and 3-phenyl-S,5-dimethyl-1,4,2-dioxazole 8a. As
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expected, an X-ray crystallographic analysis clearly showed the
coordination of a nitrogen atom to the rhodium center (Figure
4). The bond length of rhodium-dioxazole (Rh1—-N2, 2.122 A)

Selected bond lengths, bond
angles, and dihedral angles

Rh1-N1 2102 A

Rh1-N2 2122 A

ci8 Rh1-C11 2.032 A
N2-O1 1.431A

C15-N2 1.285A
Rh1-N2-O1 11530

c19  Rh1-N2-C15 137.6°
01-N2-C15 106.1°
N2-01-C12-02 24.0°

C20

Figure 4. ORTEP of 3c with selected bond lengths and angles.
Thermal ellipsoid depicted at the 50% probability level. Hydrogen
atoms and SbF, anion are omitted for clarity.

is similar to that of rhodium-pyridyl nitrogen (Rh1-N1, 2.102
A). Again, this result proved our working hypothesis that
dioxazole derivatives would have a strong binding affinity. More
pleasingly, this isolated species was observed to undergo an
imido insertion smoothly at 100 °C to furnish the
corresponding amido rhodacycle 4a in 54% after 2 h. In this
transformation, not surprisingly, acetone was observed to
discharge by a NMR analysis (Scheme 8).

Synthetic Scope. With the optimized amidation condition
in hand (Table 1 and also see the Supporting Information for
screening additional reaction parameters), the scope of
substrates was finally scrutinized (Scheme 9). The reaction
occurred smoothly under mild conditions at 40 °C within 12 h
by employing the dimeric rhodium catalyst in 1 mol % together
with 4 mol % of AgNTY, in most cases. With 2-phenylpyridine
derivatives, regardless of electronic and/or steric variations,
excellent amidation efficiency was obtained (7a—g). Alteration
on either phenyl or pyridyl ring did not degrade the catalytic
activity. However, a substrate bearing an ortho-ester substituent
in phenyl side was ineffective under the present conditions
(7d). Functional group tolerance was found to be excellent, and

DOI: 10.1021/jacs.5b01324
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Scheme 8. Stepwise C—N Bond Formation
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cl 98% (7ib) s N
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0% Me 07 Me
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NH
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“Substrate (0.20 mmol) and 7 (0.22 mmol) in 1,2-dichloroethane (0.5 mL), otherwise indicated: isolated yields. bC—C amidation product (10%)
was formed. “[Cp*RhCL], (5.0 mol %) and AgNTf, (20 mol %) were applied.

a wide range of potentially chelating groups such as ester (7bf
and 7c), ketone (7ec), and aldehyde (7be) did not affect the
reaction progress. The amidation of benzo[h]quinoline was
almost quantitative (7g) and that on a heterocycle was also
facile (7h and 7k). A variation on the amidating reagent, 1,4,2-
dioxazol-5-one, was subsequently examined. Whereas substitu-
ents at the phenyl moiety with electronically neutral or deficient
property did not affect the excellent amidation efficiency (7ia—
ic), a reaction with 1,42-dioxazol-S-one having 4-methox-
yphenyl substituent was sluggish (7id, 49%) with a
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contaminant C—C amidated side product (10%).”® The
introduction of alkyl N-acyl amide group is of special interest
considering the fact that alkyl acyl azides, an alternative
amidating reagent for giving rise to the same products by our
previously developed procedures,” are less convenient to
employ in that they are prone to rearrange into the
corresponding isocyanates.”® In addition, alkyl acyl azides of
low molecular weight often cause a safety issue.'>** In this
regard, we envisioned that 1,4,2-dioxazol-5-one derivatives
could be viewed as a more convenient and safer alternative to
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the acyl azides. We were pleased to observe that a number of
1,4,2-dioxazol-5-ones having alkyl substituents at the 3-position
were highly facile to afford alkyl amidated products in excellent
yields (7j—1). An additional array of modified directing groups
was also investigated to find out that amide (7m—n), ketoxime
(70), and N-oxide (7p) worked well albeit under slightly more
demanding conditions. However, ketone, a weakly coordinating
directing group, was not effective (7q).

The present arene C—H amidation with 1,4,2-dioxazol-S-
ones was highly efficient under mild conditions to allow for a
facile performance even in a large scale (eq 1). For instance, the

=
@ [CP*RhCly], (0.50 mol %) o
N N-O AgNTf, (2.0 mol %) N
N+ )|\ o] 1
g~ O 1,2-DCE NH
40°C, 12 h
. 0O~ R
gram scale 1.1 equiv
(5 mmol) R= Ph 88% (1.2g)

Me 93% (0.98 g)

installation of acetamido and benzamido into 2-phenylpyridine
could be conducted in a gram scale with excellent product
yields (7a and 7j, respectively) with low catalyst loading (0.5
mol %).

Bl CONCLUSIONS

We have described herein the development of a robust direct
C—H amidation using a new type of amidating reagent.
Stepwise analysis on the Cp*Rh(IIl)-catalyzed C—H amidation
showed that competitive binding of rhodium metal center to
amidating reagent or substrate is closely related to the reaction
efficiency. In this line, 1,4,2-dioxazol-S-ones with a strong
affinity could be employed as a new amidating reagent, thus
resulting in excellent amidation efficiency. Experimental and
computational works proved that the combination of the strong
coordination ability of 1,4,2-dioxazol-5-ones and low activation
energy of an imido insertion process is attributed to the origin
of high reactivity. In addition, isolation and characterization of a
cationic Cp*Rh(III) complex bearing an amino source were
realized. The understanding of coordination propensity of
metal center and nitrogen sources and the observation of its
turnover to an amido inserted rhodacycle allowed a clear
picture on the C—H amination process. The newly developed
Cp*Rh(III)-catalyzed reaction with 1,4,2-dioxazol-S-ones was
found to be highly efficient over a broad range of substrates
with high functional group tolerance releasing carbon dioxide as
a single byproduct. Additional attractive features of this amino
source such that they are more convenient to prepare, store,
and use when compared to the corresponding azides will make
a step closer toward an ideal C—H amination protocol.
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