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ABSTRACT: A copper-mediated terminal position-selective C-
(sp3)−H acetoxylation using a bidentate directing group and
AgOAc as an oxidant was achieved. This reaction has high functional
group tolerance and is not affected by steric hindrance. The reaction
proceeds in excellent yield, even in gram scale, and the directing
group can be removed after the reaction. Aromatic C(sp2)−H
acetoxylation also proceeded under similar reaction conditions.

Direct C−H bond transformations are highly efficient and
ideal methods for synthesizing organic molecules.

Second- and third-row transition metal complexes or salts are
often used as catalysts or mediators to promote direct C−H
transformation. The abundance and low cost of first-row
transition metals compared with second- and third-row
transition metals, and the few examples of first-row
transition-metal-catalyzed or -mediated C−H transformations,
have recently prompted researchers to concentrate their effort
on developing direct C−H (especially C(sp2)−H) trans-
formations using first-row transition metals,1 including
copper-catalyzed or -mediated reactions.2 To date, however,
there are still only a few examples of first-row transition-metal-
catalyzed or -mediated unactivated C(sp3)−H transformations:
for examples of catalytic reactions, Nakamura and co-workers
reported iron-catalyzed arylation, alkenylation, and alkylation at
C(sp3)−H bonds;3 the Chatani4 and Ge5 groups independently
reported nickel-catalyzed C(sp3)−H arylation and alkylation;
we reported copper-catalyzed intramolecular C(sp3)−H
amidation;6 and Ge’s group subsequently reported a similar
C(sp3)−H amidation.7

Organic molecules bearing acetoxy group(s) are important as
natural products, drugs, and agricultural chemicals. For
example, cytochalasin D8 is a cell-permeable and potent
inhibitor of actin polymerization, and decazolin9 is a herbicide
(Figure 1).
To introduce acetoxy groups into the desired C(sp3)-site(s)

of organic molecules, C(sp3)−H acetoxylation is the most

direct and efficient method, and acetoxylated products can be
synthesized from simple substrates. Among them are the
recently reported palladium-catalyzed oxidative C(sp3)−H
acetoxylations,10−13 but there has been no report on C(sp3)−
H acetoxylation promoted by a first-row transition metal
complex or salt.14,15 The first example of copper-catalyzed
C(sp2)−H acetoxylation was previously reported by Yu and co-
workers.16 Here we report copper-mediated unactivated
C(sp3)−H acetoxylation using a chelating directing group and
AgOAc as an oxidant.17−19 In this reaction system, C(sp2)−H
acetoxylation also proceeded.20

Treatment of amide 1a with a mixture of CuCl, AgOAc, and
NaOAc in hexamethylphosphoric triamide (HMPA) at 145 °C
for 24 h gave mono- and diacetoxylated products 2a and 3a in
30% and 14% yield, respectively (Table 1, entry 1). In this
reaction, acetoxylation occurred only at the terminal C(sp3)−H
bond, and internal C(sp3)−H acetoxylation of the ethyl group,
C(sp2)−H acetoxylation of the quinolyl group,21 and intra-
molecular C(sp3)−H amidation6,7 did not proceed at all. Based
on the screening of several copper salts (entries 2−8),
Cu(OAc)2 was the best catalyst, and 2a and 3a were obtained
in 48% and 33% yield, respectively (entry 8). In this reaction,
sodium acetate was not indispensable; however, the yields of 2a
and 3a decreased slightly when sodium acetate was not used
(entry 9). Because HMPA is a carcinogen, it was replaced with
another solvent (entries 10−13), N-methylpyrrolidone (NMP),
which exhibited similar reactivity as HMPA (entry 13).
Unfortunately, the yields of 2a and 3a were decreased by
decreasing the amount of Cu(OAc)2 (entry 14). Only a trace
amount of 2a was formed without adding AgOAc. In addition,
the desired reaction did not proceed in the absence of
Cu(OAc)2.
We then investigated the substrate scope of the acetoxylation

(Table 2). Amides with a tertiary alkyl group gave the
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Figure 1. Bioactive compounds containing an acetate group.
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corresponding mono- and diacetoxylated products 2b−2e, 2g,
and 3b−3e, 3g, respectively (entries 1−4 and 6).22 In the case
of substrates 1d and 1e, acetoxylation did not occur at the
benzylic C(sp3)−H bonds (entries 3 and 4). In the case of
tertiary alkyl amides 1f and 1h−1n bearing a trifluoromethyl or
benzylic group, only monoacetoxylated products 2f and 2h−2n
were obtained in 62%−83% yield with high functional group
tolerance (entries 5 and 7−13). The yields of the acetoxylated
products increased with an increase in the electron-withdrawing
ability of the functional group. The results of substrates 1o−1r
revealed that the reaction occurred preferentially at the methyl
groups, and acetoxylation did not proceed at the terminal
position of the ethyl groups, methylene moieties (internal
position), or benzylic C(sp3)−H bonds (entries 14−17). The
corresponding acetoxylated product 2s was obtained in 68%
yield when an amide bearing a methoxy group on the quinolyl
group was used as a substrate (entry 18).
The proposed mechanism for the C(sp3)−H acetoxylation is

as follows (Scheme 1): (1) formation of a metallacyclic
intermediate by the reaction of amide 1 with Cu(OAc)2 and
AgOAc via the elimination of 2 equiv of acetic acid via a
concerted metalation−deprotonation pathway (including C-
(sp3)−H bond activation); (2) reductive elimination; and (3)
protonation of the formed amide-copper intermediate to give
the acetoxylated product.
We then performed kinetic isotope experiments to elucidate

the rate-determining step of the C(sp3)−H acetoxylation (for
details, see the Supporting Information, Figures S1 and S2).
The kinetic isotope effect value was calculated to be 1.3,
suggesting that the C(sp3)−H bond activation should not be
the rate-determining step of the acetoxylation.23

The acetoxylation also proceeded in excellent yield without
the formation of regioisomers and loss of the functional groups
when a more complex molecule 4 was used as a substrate
(Scheme 2). This finding suggests that the C(sp3)−H

acetoxylation is applicable to late-stage functionalization of
complex molecules. The acetoxylation also proceeded in
excellent yield without decreasing the yield of the product

Table 1. Optimization of Reaction Conditions

yield (%)

entry catalyst solvent Mono-OAc (2a) Di-OAc (3a)

1 CuCl HMPA 30 14
2 CuCl2 HMPA 22 15
3 CuBr HMPA 35 32
4 CuBr2 HMPA 26 27
5 CuCN HMPA 21 5
6 Cu(OH)2 HMPA 10 5
7 Cu2(OH)2(CO3) HMPA 37 3
8 Cu(OAc)2 HMPA 48 33
9a Cu(OAc)2 HMPA 36 18
10 Cu(OAc)2 DMSO 28 trace
11 Cu(OAc)2 DMA 34 22
12 Cu(OAc)2 DMF 34 32
13 Cu(OAc)2 NMP 46 32
14 Cu(OAc)2

b NMP 31 18
aNaOAc was not added. b0.50 equiv.

Table 2. Investigation of Substrate Scope
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even in gram scale (Scheme 2). By the reaction of amide 4 with
a mixture of Cu(OAc)2, AgOAc, and NaOAc, 1.10 g of
acetoxylated product 5 was obtained in 53% yield. The yield of
5 on a large scale was comparable to that of 5 (42.9 mg, 58%)
on a small scale.
When a 5-methoxyquinolyl group was used as the directing

group, the directing group could be removed by oxidation
(Scheme 3).24 Treatment of the acetoxylated product 2s with
ceric ammonium nitrate afforded the deprotected compound 6
in 63% yield without the loss of an acetoxy group.

Acetoxylation also proceeded at an aromatic C(sp2)−H
bond. Treatment of aromatic amide 1t with a mixture of
Cu(OAc)2, AgOAc, and NaOAc in NMP at 145 °C for 24 h
gave an ortho-acetoxylated product 7 and amide 8 in 40% and
32% yield, respectively (Scheme 4).25−27

In summary, we successfully developed an intermolecular
C(sp3)−H acetoxylation by using a combination of stoichio-
metric amounts of Cu(OAc)2 and AgOAc. This reaction has
high functional group tolerance, and the reaction proceeded in
excellent yield, even in gram scale. The directing group can be
removed by oxidation using a 5-methoxyquinolyl group as a
directing group. This acetoxylation can be applied to a complex
molecule, which will lead to late-stage functionalization.
Deuterium labeling experiments suggested that the C(sp3)−H
bond activation step is not the rate-determining step. Aromatic

C(sp2)−H acetoxylation also proceeded under similar reaction
conditions. We believe that this reaction will provide useful
insights into C−H bond transformations.
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