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ABSTRACT: The reaction of Ni(II) acetate with diacyl peroxides
produces high-valence Ni-species capable of catalytic oxidative
acyloxylation of C(sp3)−H bonds in ethers, ketones, and alkanes.
The desired esters were obtained in 20−82% yields. Computa-
tional analysis suggests that activation of the peroxide moiety
produces a dynamically interconverting mixture of catalytic Ni-
species in the formal Ni(III) state. Remarkably, in these species,
coordination of the RCO2 group at Ni preserves radical character
at the carboxylate moiety (i.e., carboxylate radical acts as an “L-
ligand”), so the latter can induce fast C−H abstraction. The
spirocyclopropyl moiety prevents premature radical decarboxyla-
tion via a combination of hybridization factors and stereoelectronic
effects. A variety of viable C−H activation patterns were identified experimentally and computationally.

■ INTRODUCTION
Nickel-catalyzed functionalization of C−H bonds is gaining
popularity as a powerful approach to forming new carbon−
carbon and carbon−heteroatom bonds.1−3 Nickel is a low-cost
alternative to precious metals with the ability to participate in
both one- and two-electron redox processes. As a result, Ni can
enable functionalization pathways complementary to the Pd-
based catalytic systems.4−6 In particular, a number of recent
studies illustrate that high-valent Ni(III) and Ni(IV) species
open access to novel cross-coupling processes and unprece-
dented transformations.7−15

Traditionally, oxidative functionalization involving peroxide
oxidants are mediated by copper, iron, cobalt, or manganese
compounds.16 Historically, the first example of such trans-
formation was the Kharasch-Sosnovsky reaction.17 In this
approach a transition metal/peroxide combination was used
for the acyloxylation via C−H activation (Scheme 1A).
The potential of Ni-catalyzed oxidative C−H functionaliza-

tion18,19 is underexplored in comparison to both precious
metals (Pd, Au, Ru, Ir) and other earth-abundant metals (Cu,
Fe, Co). In general, high-valent nickel complexes are
considerably unstable so the Ni(II)/Ni(III) cycle in oxidative
processes with peroxides is more difficult to achieve than the
corresponding cycles of Cu(I)/Cu(II), Fe(II)/Fe(III), and
Mn(II)/Mn(III).
Until recently, nickel/peroxide systems have been only used

in a few oxygen transfer processes.20−24 In 2016, the Chatani
group reported dicumyl peroxide as a methyl source for the Ni-
catalyzed aryl C(sp2)−H methylation (Scheme 1B).25 Later,

several Ni-catalyzed alkylations of C(sp2)−H and N−H bonds
with organic peroxides as the alkyl source were discovered
(Scheme 1B).26−29 However, there is only one known example
of Ni-catalysts that allows methylation at C(sp3)−H groups
with dialkyl peroxides but with the additional assistance of Ir
photoredox catalysis (Scheme 1C).30

Importantly, although these transformations start by
generating O-centered radicals, such species undergo fast
fragmentation with the formation of alkyl radicals. Not only do
these fragmentations waste the potential for forming a C−O
bond but they are also undesirable for the activation of
electron-rich C(sp3)−H bonds where electrophilic O-centered
radicals would be preferred over C-centered radicals.31

Considering all of the above, one can ask what type of Ni-
catalyst/peroxide system would enable oxidative C(sp3)-H
functionalization? The present study answers this question,
expands the catalytic potential of nickel in oxidative C−H
functionalization with peroxides, and discloses a new reactivity
pattern, i.e., oxidative ester formation (Scheme 1D).
A suitable partner for such reactions could be diacyl

peroxides, a readily available class of molecules used as radical
initiators,32 oxidants, and sources of O- and C-functional
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groups.33−35 Recently, cyclic diacyl peroxides36−41 have
emerged as O-electrophilic reagents for the introduction of
oxygen functionalities into alkenes,42−44 arenes,45−48 hetero-
cycles,49 and dicarbonyl compounds.50 However, despite this
popularity, organic peroxides have not been documented as
acyloxylation agents in Ni-catalyzed processes (Scheme
2A).12,25−30,51 The main problem is that in Ni-catalyzed
processes, the initially formed O-centered acyloxy radicals
undergo fast elimination of CO2, leading to C-centered
radicals.12,51,52 Since CO2 formation is fast,53 selective
processes involving the acyloxy radical are challenging.

Hence, the key question that we had to address is how to
prevent decarboxylation of carboxy radicals. Only once this
problem is solved, one can redirect these species for productive
oxidative C−H functionalization.
Recently, we communicated how to create metal-bound

carboxylate radicals via the reaction of diacyl peroxides with
Ni(OAc)2.

54 An interesting mechanistic feature of the Ni
insertion in the O−O bond is the transformation of a soft
unreactive metal-centered radical at Ni(II) into a highly
electrophilic O-centered carboxy radical that is capable of
efficient C−H activation but also relatively stable toward the
loss of CO2. We have also identified structural features that
allowed us to leverage this process for Ni-catalyzed C(sp3)-H
acyloxylation of ethers (Scheme 2B). This reaction took dual
advantage of diacyl peroxides as both an oxidant capable of
generating high-valent Ni species and as a source of an acyloxy
fragment.
Herein, we explore the organic chemistry aspects of this

potentially rich chemistry including structural effects that
prevent decarboxylation, a previously undisclosed stereo-
electronic effect at the intersection of organic and coordination
chemistry, as well as analysis of activating and deactivating
stereoelectronic factors in the C−H activation step. We also
show that the combination of stabilized carboxylate radicals
with an unusual Ni(II)/Ni(III) catalytic cycle expands the
scope of the new Csp3-H acyloxylation to ketones and alkanes
(Scheme 1D and Scheme 2B).

■ RESULTS AND DISCUSSION
The initial focus was on the most active catalyst, [Ni(OAc)2]
in the model reaction of 1,4-dioxane (1a) with cyclopropyl
malonoyl peroxide (P1) (Scheme 3). In a number of studies α-

acyloxy-ethers were synthesized with peroxides by using Cu or
Fe-catalysis.17,55−67 There is no reaction between 1,4-dioxane
and peroxide P1 without a catalyst (Scheme 3). The reactions
with [Cu(OAc)2] and [Mn(OAc)2] led to acyloxylated ether
2a in 32% and 75% yields, respectively. The highest yield of 2a
was achieved using [Ni(OAc)2] (82% isolated yield).
The other Ni salts provided lower yields of 2a (Table S1), so

the carboxylate moiety is also important. The structures of the
obtained [Ni(OAc)2] catalyst was analyzed by scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) (see the Supporting Information). A
hot filtration test demonstrated that the catalytically active
species are transported from the solid into the solution (see the
Supporting Information).

Scheme 1. Background of Metal/Peroxide Systems for
Oxidative Functionalization

Scheme 2. Use of Peroxides As Alkylation and Acyloxylation
Reagents

Scheme 3. [Ni(OAc)2] as a Leading Catalyst of Dioxane
Acyloxylation
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On the Formation and Electronic Structure of Ni (III)
Species. An interesting feature of this system is the oxidative
addition of the peroxide to the metal.54 Computational analysis
suggests that the catalyst exists in several forms (“a cocktail of
catalysts”),68,69 which result from the exchange of coordinating
ligands and a variety of bonding modes and spin states. Here
and below, more information on the results of the calculations
and more details on some of the figures and schemes are
included in the Supporting Information. In its monomeric
form, Ni(II)-acetate is a triplet diradical. The most favorable
oxidative addition of the metal catalyst to the peroxide occurs
in the triplet state leading to one of two interconverting Ni-
species, intermediates C and D (Figure 1A). Similar

interconversion was observed for Fe(V)/Fe(IV) catalytic
species with carboxylate ligands.70 The spin density of both
of these triplet diradicals clearly identifies a radical carboxylate
moiety (Figure 1B). The Ni-assisted O−O bond activation
transition state is readily accessible at the reaction conditions
as it is ∼29 kcal/mol above the most stable of the Ni-species in
the catalytic cocktail.
A fascinating conclusion is that carboxylate can act as a

noninnocent ligand in intermediate D that, like a chameleon,
adopts several patterns when bonding to redox-active
transition metals (Scheme 4A). If both carboxyl radicals,
formed from O−O scission of the malonoyl peroxide, were to
act as one-electron X-ligands toward Ni(II), the metal would
have a formal +4 charge and the intermediate would have no
radical character (Scheme 4B). On the other hand, if both
carboxyl radicals were to act as two-electron L-ligands through
the lone pairs on oxygen, the metal will not be oxidized further
and the peroxide ligand will maintain its diradical character.
Alternatively, a combination of the two ligand types could
occur, where one carboxyl radical would act as an X-ligand and
the other would act as a L-ligand. The combination of an X-
and a L-ligand would result in an oxidized +3 metal, and
significant radical character would remain on the peroxide
ligand.

How would a metal “decide” between L- over X-ligand
behavior? When a radical behaves as an X-ligand, the metal
provides one electron for the M−O bond and, hence, is
formally oxidized (Scheme 4A). On the other hand, if a metal
is reluctant to be oxidized further then the payoff of forming a
covalent M−O bond may not be enough to compensate for the
cost of going from Mn to Mn+1. Instead, an empty orbital of the
metal may form a dative M−O bond with a lone pair of the
oxygen (an L-ligand). Hence, whether the carboxyl radical will
serve as an X- or L-ligand depends on the redox potential of
the metal. Our analysis of the X/L ligand dichotomy identified
several catalytically relevant transition metal complexes that
retain significant radical character at the carboxylate ligands
(Scheme 4C).
We suggest that the metal catalyst plays two major roles in

the reaction: (1) assisting in O−O bond opening in the
malonoyl peroxide through attack of the metal at one of the
peroxide oxygens and (2) capturing the carboxyl radicals
formed as a result of the O−O scission (Scheme 4A). These
two roles define conflicting requirements from the metal. The
metal needs to be electron rich in order to assist in opening the
peroxide O−O bond but it also has to be able to resist
oxidation by the carboxyl radical (i.e., carboxyl radical needs to
serve as an L-ligand rather than an X-ligand). In our previous
work, it was determined that Ni is the best choice out of the
first-row transition metals for balancing the two requirements.
The key mechanistic details of the activation step were
disclosed in our recent communication54 and will not be

Figure 1. (A) Oxidative addition pathway resulting in the formation
of the key Ni-intermediates. (B) Spin density of the two key Ni-
intermediates C and D.

Scheme 4. (A) Two Ways to Use Carboxylate As a Ligand
for the Formation of M−O Bonds, (B) Potential Oxidation
States of the Intermediate Derived from M(OAc)2 after
Oxidative Insertion into the Peroxide, and (C) Spin Density
(In Selected Spin States) Of the Catalytic Metal Complexes
Accessible at the Reaction Conditions Shows the Carboxyl
Radical Behaving as a L-Liganda

aFigure adapted from ref 54. Copyright 2022 American Chemical
Society.
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repeated here. Instead, we will concentrate on electronic and
stereoelectronic effects that control stability, reactivity, and
selectivity of the metal-coordinated carboxyl radicals.
Importance of the Cyclopropyl Linker. An unusual feature

of the C−H activation cascade reported herein is that the
RCO2 radical species do not undergo decarboxylation with the
formation of a less reactive radical R but instead participate in
H-abstraction from a suitable C−H bond. Considering that the
decarboxylation process is known to be general,53 direct C−H
activation by the O-centered radical can only be efficient if H-
abstraction is faster than decarboxylation.
Figure 2A illustrates that cyclopropyl malonoyl peroxide is

the only cycloalkyl malonoyl peroxide that can efficiently

acyloxylate dioxane.54 A mixture of di- and monocarboxylic
acids was also observed in the reaction mixtures in the case of
cyclobutyl- and cyclopentyl malonoyl peroxides. We suggest
that this is a consequence of different decarboxylation rates
that originate from the differences in the stability of the
forming carbon-centered radicals (Figure 2B−D). Indeed, the
thermodynamic comparison in Figure 2C reveals that the
cyclopropyl radical is destabilized by 18 kcal/mol relative to
the cyclopentane radical.
The difference between cyclopropane and the larger cycles

stems from frustrated hybridization (Figure 2D). It is well-
known that exocyclic C−R bonds in cyclopropanes have
greatly increased s-character. For example, the C−H bonds are
approximately sp2-hybridized and, hence, are ∼10 kcal/mol

stronger than the ∼sp3-hybridized C−H bonds of cyclo-
pentane.71 Apparently, the effect is even larger for the C−CO2
bond scission in 1,1-dicarboxy-substituted cycles (∼18 kcal/
mol, Figure 2C).
The origin of these effects is that the radical-bearing carbon

atom in cyclopropane is unable to direct p-character toward
the radical orbital because a large amount of p-character has
already been used in making the endocyclic banana C−C
bonds (Figure 2D). In the absence of structural or electronic
constraints, breaking a covalent C−X bond at a “sp3-carbon”
converts this bond into a p-rich radical orbital. Because the
total p-character at carbon is conserved, rehybridization at the
radical center leads to rehybridization of the remaining C−R
bonds at the radical carbon (i.e., ∼ sp2 hybridization for an
acyclic radical). Such rehybridization increases the R−C−R
angle in the radical relative to the tetravalent precursor72 and,
hence, is difficult to attain in small strained cycles. In particular,
the cyclopropyl carbon already directs increased p-character
toward the endocyclic “banana” C−C bonds in order to
narrow the C−C−C angles. If the p-character is redirected
toward the radical center in the cyclopropyl radical, there is
less p-character available for the ring bonds. Such suboptimal
hybridization increases ring strain in the product.
As a result, the cyclopropyl linker partially protects the

RCO2-radicals from undergoing decarboxylation. This effect is
visible in the calculated thermodynamics of decarboxylation of
malonoyl peroxides, both without the Ni-catalyst and
coordinated at the Ni(III)-center for intermediates C and D
(Figure 3). However, the story is more complex, in addition to
hybridization of the cyclic linkers, another, previously
unknown, layer of protection exists for the Ni-coordinated
radicals. The barriers for decarboxylation from the malonoyl
peroxide derivatives show the protecting effect of the
cyclopropyl spiro-cycle (Figure 3A). The cyclopropyl linker
has the highest barrier for decarboxylation, with a barrier 2.5−
4.4 kcal/mol higher than for the other cycles. Interestingly, the
relationship with the ring size is not simple as the cyclopentane
group has a larger barrier for decarboxylation than the
cyclobutane group (4.1 vs 2.2 kcal/mol, respectively).
Intrigued by these observations, we analyzed the reactant
and transition state geometries and found large differences in
the orbital alignments.
An additional layer of stereoelectronic protection is found in

the orbital alignments of the reactants and transition states. For
both free carboxyl radical examples (i.e., the catalyst-free
system and the Ni-bound monodentate intermediate C), the
alignment of the carboxyl radical groups with the C−C bonds
of the ring is noticeably different for the different ring sizes
(Figure 3B). In particular, the two carboxyl groups connected
by the cyclopropyl linker remained in the same plane, likely to
maximize the donor−acceptor interactions between the banana
bonds of the ring and the carbonyl group. On the other hand,
the two carboxyl groups at the 4- and 5-membered cyclic
linkers aligned perpendicularly to each other, with each
carboxyl group in-plane with a different cyclic σC−C bond.
In contrast, the simultaneous coordination of both carboxyl

groups with the Ni(III) center in the bidentate intermediate D
enforces the same conformation for the different ring sizes
(Figure 3E). The enforced conformation is the same one as the
preferred geometry for the cyclopropyl case but corresponds to
a higher energy conformation for the cyclobutane and
cyclopentane systems. The loss of σ-conjugation interactions
for the cyclobutane and cyclopentane groups raises the energy

Figure 2. (A) Experimental yields for various sizes of cyclic linkers on
the malonoyl peroxide. (B) Exocyclic C−H bonds on cyclopropane
have a much higher BDE than for other cycles. Values are from ref 73.
(C) Forming a radical on the cyclopropyl carbon is 18 kcal/mol
higher in energy than forming a radical on the cyclopentane carbon.
(D) Unusual properties of the exocyclic cyclopropane bonds originate
from the hybridization required to form the small cycle.
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of the reacting radicals and lowers the activation barriers for
their decarboxylation while the barrier for the loss of CO2 in
the cyclopropyl system is slightly increased (Figure 3D). In
summary, the same coordination effects that deactivate and
“protect” the cyclopropyl system appear to have the opposite
effect on the larger cycles, making the loss of CO2 nearly
barrierless for cyclobutane and cyclopentane spiro-cycles.
Scope of the Oxidative Acyloxylation. In an attempt to

explore the scope of oxidative acyloxylation of ethers, we
investigated the possibility of oxidation of various ethers with
malonoyl peroxides (P1 and P2) using the palette of catalysts,
[Cu(OAc)2], [Mn(OAc)2], and [Ni(OAc)2] (Scheme 5).
Indeed, the Mn(OAc)2 and Ni(OAc)2 catalyzed reaction of

ethers 1b−e with peroxide P1 transformed them into acyloxy
derivatives 2b−e in 23−69% isolated yields (Scheme 5). There
is a steady tendency of increasing the yield of the oxidative
acyloxylation product when switching from the traditional
copper catalysis to catalysis with manganese and nickel
compounds. Cyclobutyl malonoyl peroxide P2 and phthaloyl
peroxide P3 provided lower yields of acyloxylated products 2f
and 3a. The main byproducts (Scheme 5) were cyclopropane-
1,1-dicarboxylic acid, cyclobutanecarboxylic acid, and benzoic
acid from peroxides P1, P2, and P3, respectively.
The regioselectivity of oxidative acyloxylation of ethers is

noteworthy. Substrates 1b and 1c, which have primary and
secondary C−H bonds, reacted only through the primary C−
H bond at the α-position to the oxygen atom. This fact
suggests that coordination assists the acyloxylation. On the
other hand, tetrahydropyran 1d formed acyloxylated products
2d and 2d′ which correspond to the β-C−H bond and the γ-
C−H bond activation. The potential stereoelectronic inter-
actions contributing to the selectivity are discussed later.
Dibenzoyl peroxide P4 reacted with 1,4-dioxane provided

the product of oxidative acyloxylation 3a in 20 and 57% yields
in the case of [Mn(OAc)2] and [Ni(OAc)2] catalysts,
respectively (Scheme 6).
Within the explored scope of diaryl peroxides P4a-c, the

observed reactivity depended on the metal and the aryl group
in a complex way. However, on average, one can conclude that
the reactivity of [Cu(OAc)2] in synthesis of 3a−c was higher

Figure 3. (A) Impact of hybridization on the activation barrier for
decarboxylation without the Ni-catalyst. (B) Difference in carboxyl
group orientation for cyclopropyl and cyclopentane carboxylates. (C)
In intermediate C, the free carboxyl radical retains conformational
mobility resulting in comparable barriers to decarboxylation as part A.
(D) Carboxyl groups are forced into the same plane when
coordinated to Ni(III) in intermediate D. The bond distances show
that decarboxylation from the cyclopropyl group has a much later
transition state than for the other cycles. (E) Carboxyl group
orientation in intermediate D for cyclopropyl and cyclopentane
systems.

Scheme 5. Cu-, Mn-, or Ni-Catalyzed Oxidation of Ethers by
Cyclic Diacyl Peroxides
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than [Mn(OAc)2] but still lower than [Ni(OAc)2]. The halo-
substituents in the aryl ring of the peroxides lowered yields of
acyloxylation products 3b and 3c compared to 3a.
We also explored the catalytic activity of Cu-, Mn-, or Ni-

catalysts in the reaction of dibenzoyl peroxide P4 with a broad
selection of ethers 1d−h (Scheme 7). Products 3d−h were
obtained in 8−64% yields with the [Ni(OAc)2] catalyst. It
should be noted that application of [Cu(OAc)2] led to lower
3d−h yields. The regioselectivity patterns are similar to those
with cyclic diacyl peroxides (Scheme 5). The main byproduct
(Scheme 6 and 7) was benzoic acid.

Substrates 1b and 1c were acyloxylated only through the
primary α-C−H bond with the formation of products 3d and
3e. For substrates that had α-C−H bonds surrounded by either
one or two oxygen atoms, only the acyloxylation products
through the former one (products 3f′, 3f″, and 3g) were
isolated, possibly due to the instability of the ortho ester
fragment. The α-C−H bond near the acetal fragment did not
contribute to the acyloxylation process, and the regio isomer
3h was the only one isolated and detected by GC-MS analysis.
After successfully achieving good yields in C(sp3)-H

acyloxylation of ethers with cyclic diacyl peroxides, we applied
this protocol further for acyloxylation of ketones (Scheme 8).

In a few studies, α-acyloxylation of ketones were performed
using Cu-catalysis,74−77 hypervalent iodine compounds,78−83

N-methyl-O-benzoylhydroxylamine hydrochloride,84 or
[Hal]−/electric current systems.85,86 Apart from these reports,
α-acyloxy ketones were prepared by oxidative functionalization
of enol derivatives.87,88

We probed the reaction on simple ketones 4a−d, the
corresponding derivatives 5a−d were obtained in 27−51%
yields, demonstrating the generality of the carboxylate radical
creation protocol. When there was a choice between primary
and secondary C−H bonds in the α-position to the carbonyl
group, only the secondary C−H bonds reacted (products 5c
and 5d). Decarboxylation of the products was not observed;
the main byproduct was cyclopropane-1,1-dicarboxylic acid.

Stereoelectronic Assistance in Ni(III)-Mediated C−H
Activation. We have explored computationally the reaction
of 1,4-dioxane with [Ni(OAc)2], the most promising catalyst,
in detail. Considering the products 2d and 2d′ (Scheme 5), we
investigated the possibility of β-hydrogen atom transfer (HAT)
in 1,4-dioxane coordinated at the nickel. Remarkably, the
calculated barrier of 8.5 kcal/mol would make the β-HAT
nearly 105 times faster than α-HAT (Figure 4).
Hence, the anomeric stereoelectronic assistance is much

more efficient in the absence of metal coordination at the
adjacent oxygen. Such modulation of anomeric effect opens the
possibility of remote activation. In the β-HAT process, both
the 1,4-dioxane substrate and the bis-carboxy ligand at the
catalyst serve as bifunctional reagents. Each of them uses one
oxygen to coordinate at the metal, whereas the second ether
oxygen (dioxane) or carboxy radical (malonate) are directly
involved in a chemical transformation at a remote position.
Such architecturally precise matching of the two functionalities
suggests interesting design opportunities for future selective

Scheme 6. Cu-, Mn-, or Ni-Catalyzed Oxidative
Acyloxylation of 1,4-Dioxane by Non-Cyclic Diacyl
Peroxides

Scheme 7. Cu-, Mn-, or Ni-Catalyzed Oxidation of Ethers by
Dibenzoyl Peroxide

Scheme 8. Ni-Catalyzed Acyloxylation of Ketones by
Cyclopropyl Malonoyl Peroxide
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C−H activation reactions. Computations were performed in
order to explore the impact of stereoelectronic assistance on
the β-HAT barrier. In particular, we removed stereoelectronic
assistance at the β-position by replacing the noncoordinating
oxygen with carbon (i.e., using tetrahydropyran (THP) in
place of 1,4-dioxane) (Figure 5). When stereoelectronic

assistance is turned off, the barrier for β-HAT increases from
9.3 to 13.3 kcal/mol, indicating that the noncoordinating
oxygen greatly contributes to the lower activation barrier at the
β-position.
In addition, comparison of THP and 1,4-dioxane revealed an

interesting remote stereoelectronic interaction between the β-
oxygen and the α-C−H bond. In particular, the α-HAT in
THP has a barrier of 14.5 kcal/mol, ∼1.3 kcal/mol lower in
comparison with the α-HAT in dioxane (15.8 kcal/mol).
These findings illustrate that the noncoordinating β-oxygen

activates one C−H bond (the β-CH) but deactivates another

C−H bond (the α-CH). The ability to use the same structural
element for two complementary purposes is perfect for
achieving high selectivity, in agreement with the experimental
data.
How can the same atom impose such contrasting effects at

the adjacent C−H bonds? Oxygen is able to be both activating
and deactivating because oxygen is a stereoelectronic
chameleon capable of being either a strong donor or a strong
acceptor, depending on its relative position to the affected C−
H bond.89,90 For β-HAT in 1,4-dioxane coordinated with the
metal at the α-oxygen (Figure 5, top), the noncoordinated β-
oxygen acts as a strong donor via a nO → σ*CH interaction,
assisting in breaking the C−H bond. However, for α-HAT, the
β-oxygen acts as a strong acceptor via a σCH → σ*CO
interaction that pulls electron density out of the α-CH bond
making hydrogen less reactive toward the electron-deficient
oxygen radical. Similar deactivating effects of the β-alkoxy
substituent on C−H bonds were observed earlier in the Rh-
catalyzed insertion into C−H bonds of ethers,91 a variety of
transition metal-catalyzed C−H functionalizations of carbohy-
drates92 and radical C−H activation in diols.93

The potential for the “closed” intermediate D to also
perform HAT was explored due to the significant radical
character on the carboxyl ligand in the intermediate (Figure 6).
Unlike the “open” intermediate C where the HAT donor is
bound to the HAT acceptor through the simultaneous metal
coordination, in D the two species are not forced into close
proximity by coordination to the metal. Despite dioxane not
being directly bound to the metal-carboxyl intermediate,
calculations located an enthalpically favorable complex which
brings dioxane into close proximity of the carboxyl-ligand
radical (Figure 6). The entropic penalty for bringing two
molecules together takes most of the enthalpic stabilization
away, so the overall free energy for the complex formation is
close to zero. Nevertheless, the complex of intermediate D and
dioxane is clearly accessible under the reaction conditions. The
HAT from the complex is predicted to be very fast, the
activation barrier is only 1 kcal/mol (1.5 kcal/mol relative to
the two uncomplexed species). Interestingly, all attempts to
locate a transition state for the complex of intermediate D with
1,4-dioxane in the boat conformer prior to HAT optimized
directly to the H-abstraction product, E (Figure 6). The
absence of a barrier can be attributed to several factors. Not
only is the O-radical very electrophilic due to its close
proximity to a Lewis acid but the target σC−H bond is electron-
rich due to the anomeric nO → σ*C−H donation. Literature
precedents suggest the boat conformer of 1,4-dioxane will be a
favorable reaction partner due to the better array of
stereoelectronic interactions involved in the “radical homo-
anomeric effect”.94,95 The calculations agree with the literature
precedents, where once the boat is formed from the chair
conformer (a process that costs 6.4 kcal/mol) the HAT from
the boat is barrierless. The spin density evolution in the
reaction is consistent with radical H-transfer. In reactant D, the
noncoordinated oxygen has substantial spin density, while in E
there is no spin density on the oxygen after the O−H bond is
formed, suggesting a HAT mechanism (Figure 6).

Mechanism. On the basis of the computational and
experimental results, we propose that the reaction starts with
metal-mediated O−O ring opening of malonyl peroxide P1
with Ni(II) acetate to give the Ni-bound monodentate
intermediate C (Scheme 9). This intermediate can inter-
convert with a nearly isoenergetic Ni-complex D.

Figure 4. Reaction barriers for both α- and β-hydrogen abstraction
using the malonyl peroxide ligand.

Figure 5. Investigating the role of stereoelectronic assistance in α- and
β-HAT by removing the noncoordinating oxygen.
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Both Ni-intermediates maintain radical character on the
peroxide ligand, therefore either one of these two reactive Ni-
species can activate the C−H bond in 1,4-dioxane. HAT from
the coordinated and non-coordinated dioxane molecule is
assisted by stereoelectronic interactions (anomeric effect,
deactivated anomeric effect, and radical anomeric effect). H-
abstraction from intermediate C appears to be followed by
barrierless C−O coupling, potentially facilitated by the metal-
center. On the other hand, a stepwise process is likely to occur
for the L-ligand Ni-species, intermediate D-complex. H-
abstraction from dioxane forms the carbon radical, inter-
mediate E. At this point the two mechanistic pathways
converge, giving intermediate F and regenerating the starting
catalyst A. Decarboxylation of F affords product 2a.
C−H Activation in Alkanes. The above prediction of fast

HAT from dioxane to the Ni(III) intermediate D is intringing
because it suggests that the C−H containing molecule does
not need to be coordinated to the metal for HAT to occur.
Our calculations with dioxane suggest that the Ni(III) species
retains enough radical character to be sufficiently reactive,
perhaps even toward unactivated substrates (Figure 6).

Motivated by these findings, we decided to explore if the
catalytic system can activate alkanes, the ultimate target of C−
H activation. The direct C−H functionalization of non-
activated alkanes is still relatively scarce due to their intrinsic
low reactivity. Acyloxylation of C(sp3)−H bonds in alkanes
was achieved with [Au]/PIDA,96 Co(OAc)2/I2/NHPI/O2/
HNO3,

97 H2O2/TFA,
98 Selectfluor/CuBr2/pentanenitrile,

99

TFAN/TFA,100 RuCl3/AcOOH/TFA,101 Fe(III)/O2/TFA/
hv,102 and [Mn]/H2O2.

103,104 In some cases, it was difficult
to avoid overoxidation of the product, which led to allyl esters
(CuTPP/DTBP,105 Cu(OAc)2/ TBHP,106 [(BPI)CuCl]/
DTBP,107 and CuO/DTBP108).
The possibility of acyloxylation of nonactivated Csp3-H

bonds was investigated using a selection of alkanes. Cyclo-
hexane reacted with cyclic diacyl peroxides P1 and P3 to afford
the corresponding products 7a and 7b in good yields using the
Ni(OAc)2-catalyst (Scheme 10). Dibenzoyl peroxide P4 gave
product 7b in low yields.

We have also evaluated energy profiles for the key H-atom
abstraction computationally. The activation barrier for HAT
from cyclohexane is approximately 7 kcal/mol larger than for
1,4-dioxane (Figure 7). The low barrier for HAT from 1,4-
dioxane is not surprising due to the stereoelectronic assistance
activating the C−H bond in this O-containing molecule.

Figure 6. HAT from noncoordinated 1,4-dioxane in both the chair and boat conformer using the carboxyl radical of intermediate D.

Scheme 9. Proposed Mechanism for the Oxidative
Acyloxlation of Ethers Using Two Ni(III)-Complexes

Scheme 10. Cu-, Mn-, or Ni-Catalyzed Oxidation of
Cyclohexane by Diacyl Peroxides
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Cyclohexane has no intramolecular stereoelectronic assistance
to lower the activation barrier.
A selection of alkane substrates were examined to evaluate

this process (Scheme 11). First, cycloalkanes were explored
with malonoyl peroxide P1, phthaloyl peroxide P3, and
dibenzoyl peroxide P4. Generally, cyclopropyl malonoyl
peroxide P1 worked the best to give the esters 8a, 8c, and
8e in 57−76% yield. The yields of the products with phthaloyl
peroxide P3 and dibenzoyl peroxide P4 (8b, 8d, 8f) were
lower. Several other alkanes like 2,3-dimethylbutane, methyl-
cyclopentane, 3-methylpentane, and n-hexane gave the desired
products 8g−k in moderate to good yields. However, for the
last three substrates, the reaction produced a relatively complex
mixture of regioisomers with only slight preference for the
functionalization product of the most substituted carbon atom.
The low regioselectivity is consistent with the very low
calculated barrier for the C−H abstraction step. Comparing
the reactivity of C−H bonds in substrates 6i−k, it becomes
clear that the tertiary C−H bonds are 60−90 times more
reactive than primary C−H bonds. The reactivity of the
secondary C−H bonds is 8−23 times higher than that of the 1°
C−H bonds. It is necessary to use a cosolvent to achieve good
yields probably because of the insolubility of peroxides in
alkanes. Interestingly, EtOAc was inert under the reaction
conditions and can serve as a suitable reaction media. It should
be noted that no other alkane oxidation products were
observed (Scheme 11).
We also tested if our Ni-catalyzed acyloxylation strategy can

be extended to various aromatic compounds with benzylic
C(sp3)−H bonds (Scheme S2). For these cases, complex
mixtures of oxidation products were formed, according to GC-
MS. Unfortunately, selective C(sp3)−H acyloxylation was not
observed.
In order to better understand the importance of coordina-

tion between the active catalyst and substrate (intermediate C
vs D in the computational pathway), we carried out the
reaction with an equimolar mixture of 1,4-dioxane and
cyclohexane (Scheme 12). Surprisingly, the yield of the
dioxane- and cyclohexane-derived products 2a (29%) and 7a
(34%) were comparable, which means the coordination is not
obligatory for the target acyloxylation. Taking into account the
number of C−H bonds in 1,4-dioxane (8) and cyclohexane

(12), one can conclude that the C−H bond in 1,4-dioxane is
only ≈1.3 times more reactive than the C−H bond in
cyclohexane.
In order to investigate the nature of the rate-determining

step (RDS), we carried out kinetic isotope studies with
deuterated cyclohexane (Scheme 13). The deuterium isotope
effect of 7.3 was observed, which leaves two possibilities: either
(1) C−H activation is the RDS or (2) C−H activation (i.e.,
the “Product-Determining Step”) occurs after the RDS.109

Computational results (Figure 8) suggest that peroxide
activation by the catalyst (which must occur before C−H
activation) is the RDS, in general agreement with the
experimental results. So where is the rate-determining step?
The experimental results suggest that is either before C−H
activation or C−H activation itself while computational results
suggest that it is peroxide activation by the catalyst.

■ CONCLUSION
Reaction with cyclic diacyl peroxides can transform a soft
unreactive metal-centered radical at Ni(II) into a highly
electrophilic metal-bound O-centered carboxy radical that is
capable of efficient C−H activation. We show that such
radicals can be used for nickel-catalyzed C(sp3)-H oxidative
functionalization as long as their decarboxylation is prevented
by combining two levels of protection, i.e., hybridization and
stereoelectronics.
In particular, the cyclopropyl linker plays a special role in

stabilization of carboxylate radicals because it provides dual
stereoelectric protection from decarboxylation on the order of
6−7 kcal/mol relative to the larger rings. At the first
“hybridization” level of protection, as the cyclopropyl carbon
directs increased p-character toward the endocyclic “banana”
C−C bonds, the C−CO2 bond-forming hybrid has greater s-
character, with concomitant bond shortening and strengthen-
ing, in comparison to the other systems. At the second
“stereoelectronic” level, the enforced planar conformation of
both carboxyl groups with the Ni(III) center in the bidentate
intermediate D is the same one as the intrinsic preferred
geometry for the cyclopropyl case but corresponds to a higher
energy conformation for the cyclobutane and cyclopentane
systems. This is a new stereoelectronic effect originating from a
combination of organic and coordination chemistry.

Figure 7. Comparison of the barriers of H-abstraction from 1,4-dioxane vs cyclohexane. The TS is nearly energy neutral for 1,4-dioxane starting
from the separate reactants. The activation barrier for cyclohexane is approximately 7 kcal/mol.
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In addition, coordination to the metal center provides a
supplementary way to control stability and reactivity of
carboxylate radicals. The transition metals can interact with
the RCO2-moiety in two ways, i.e., by accepting either one or
two electrons from the oxygen for M−O bond formation. In
other words, in the presence of the right metal partner, the
carboxylate ligand becomes “non-innocent”. In the high-valent
radical Ni-species, produced in the reaction of Ni(II) and

diacyl peroxides, one or both carboxylate fragments derived
from diacyl peroxide can serve as an X-ligand which retains
significant radical character on the carboxylate oxygens (Figure
8). It is the presence of spin density on the carboxylate
fragment (the O-radical) that allows the following C−H
activation via radical H-atom transfer from the substrate.
Computations proved that the HAT step can be realized both
from the “open” intermediate C where the HAT donor is

Scheme 11. Ni-Catalyzed Oxidation of Alkanes by Diacyl Peroxides

Scheme 12. Ether/Alkane Competition in Ni-Catalyzed Acyloxylation by Cyclopropyl Malonoyl Peroxide
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bound to the HAT acceptor through the simultaneous metal
coordination and from “closed” intermediate D (D-complex)
where the two species are not forced into close proximity. This
finding explains the observed alkane functionalization as well as
the selectivity of ether and ketone acyloxylation.
The main mechanistic features of the new transformation are

(1) the rate-determining oxidative addition of the O−O bond
to the nickel center, resulting in a dynamically interconverting
mixture of catalytic Ni-species in the formal Ni(III) state
(intermediate C and D-complex) and (2) the possibility of
HAT with or without substrate coordination to the metal
center.

The scope of the new oxidative acyloxylation with diacyl
peroxides spans activated electron-rich (ethers), activated
electron-deficient (ketones), and nonactivated substrates
(alkanes). These reactions open a direct synthetic connection
between hydrocarbons and esters. The selectivity of the
oxidation among various C−H substrates was higher with
nickel acetate than with copper and manganese salts, the
traditional catalysts for the Kharasch reaction.
The ability of diacyl peroxides to unlock high valent Ni

chemistry is another illustration of the underutilized potential
of this still often misunderstood organic functionality110,111 for
the design of new reactions. Combining organic peroxides with

Scheme 13. (Top) Kinetic Isotope Effect Experiment and (Bottom) (A) No D-Effect on Rate and Product Ratio; (B) Primary
D-Effect on Rate and Product Ratio; and (C) No Effect on Rate, Primary D-Effect on Ratio

Figure 8. Total potential energy surface for the oxidative acyloxylation of 1,4-dioxane using a Ni(III)-complex.
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transition metal catalysis should provide new contributions to
the renaissance of organic peroxide chemistry.112−115
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