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ABSTRACT: A mononuclear Cu(II) chlorodiketonate
complex was prepared, characterized, and found to
undergo oxidative aliphatic carbon−carbon bond cleavage
within the diketonate unit upon exposure to O2 at ambient
temperature. Mechanistic studies provide evidence for a
dioxygenase-type C−C bond cleavage reaction pathway
involving trione and hypochlorite intermediates. Signifi-
cantly, the presence of a catalytic amount of chloride ion
accelerates the oxygen activation step via the formation of
a Cu−Cl species, which facilitates monodentate diketonate
formation and lowers the barrier for O2 activation. The
observed reactivity and chloride catalysis is relevant to
Cu(II) halide-catalyzed reactions in which diketonates are
oxidatively cleaved using O2 as the terminal oxidant. The
results of this study suggest that anion coordination can
play a significant role in influencing copper-mediated
oxygen activation in such systems.

One of the most important challenges for chemists in the
21st century is to develop new ways for converting

chemical feed stocks (including biomass) into useful products,
including pharmaceuticals, polymers, and fuels, in an environ-
mentally benign and cost-efficient manner.1 Still under-
developed and of relevance to this goal are methods for the
selective oxidative cleavage of carbon−carbon bonds.2 Of
particular current interest in this area are reactions catalyzed by
earth-abundant metals where O2 is used as the terminal
oxidant.3 In this regard, a few reports have appeared
demonstrating aliphatic C−C bond cleavage mediated by
copper and O2 at room temperature and above.4 For example,
oxidative cleavage reactions involving cyclic ketones (Scheme
1a) and cyclic 1,3-diones (Scheme 1b) catalyzed by simple
Cu(II) salts and O2 have been reported.5 The reaction pathway
proposed in these systems involves the generation of a Cu(I)−
ketonyl radical pair which intercepts dioxygen. A very recent
report outlines the copper-catalyzed oxidative cleavage of
acyclic β-diketones (Scheme 1c) in a dioxygenase-type
pathway.6 This reaction proceeds in moderate to high yield
by combining a catalytic amount of CuBr or CuBr2 salt,
pyridine, the diketone substrate, and oxygen in toluene/
methanol at 90 °C.

Almost no mechanistic details are currently known for the
reactions shown in Scheme 1. Of particular note is the
complete lack of understanding of the role of counterion or
coligands in allowing the reaction to proceed in a facile manner.
In fact, mechanistic studies of oxidative C−C bond cleavage
reactions using copper and O2 have been limited to model
complexes for copper-containing quercetin dioxygenase
(QDO).7 Herein we report our discovery of dioxygenase-type
aliphatic C−C bond cleavage reactivity involving a Cu(II)
chlorodiketonate complex upon reaction with O2 at ambient
temperature. Importantly, initial mechanistic and computa-
tional studies of this reaction indicate that chloride ion can
serve as a catalyst to lower the barrier of the rate-determining
oxygen activation step in the reaction pathway. This is an
intriguing result that suggests that simple anions can play a key
role in Cu(II)/O2 systems that promote oxidative C−C bond
cleavage reactivity.
The Cu(II) chlorodiketonate complex [(6-Ph2TPA)Cu-

(PhC(O)CClC(O)Ph)]ClO4 (1)
8 was assembled as shown in

Figure 1 (top). X-ray crystallographic studies revealed a five-
coordinate copper center in which one of the phenyl-appended
pyridyl arms of the chelate ligand is dissociated from the metal
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Scheme 1. Examples of Oxidative Aliphatic Carbon−Carbon
Bond Cleavage Catalyzed by Cu(II) Salts and O2
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center (Figure 1, bottom), and the second phenyl-appended
pyridyl arm is elongated relative to the other nitrogen donors.
The geometry of the center is a distorted square-based pyramid
(τ = 0.40).9 Bond distances within the six-membered
diketonate chelate ring are consistent with a fully delocalized
monoanion, and the C−Cl bond distance (1.747(2) Å) is in the
range typically found for other chlorodiketonates (1.739−1.755
Å).10

Complex 1 has a prominent absorption feature at 363 nm (ε
= 10 200 M−1 cm−1) that is likely due to a π−π* transition
within the diketonate, but also may include some LMCT
character. The X-band EPR spectrum of 1 at 20 K (Figures S1
and S2) is consistent with retention of the distorted square
pyramidal geometry in solution.11

Exposure of a wet CH3CN solution of 1 to O2 leads to the
decay of the 363 nm absorption band (Figure S3) within 1 h at
ambient temperature, which is consistent with destruction of
the diketonate unit.12 Vapor diffusion of Et2O into a
concentrated CH2Cl2 solution of the product mixture
generated crystals of [(6-Ph2TPA)CuCl]ClO4 (2). Complex
2 contains a five-coordinate Cu(II) center in a distorted
trigonal bipyramidal geometry (τ = 0.61, Figure S4).9 The Cu−
Cl bond distance in 2 (2.1989(7) Å) is the shortest reported for
a mononuclear Cu(II)−Cl complex ligated by a tris(2-
methylpyridyl)amine-based ligand.13 A comparison of the
EPR spectra of the crude product mixture and independently
synthesized 2 (Figure S5) indicated that complex 2 was the
only Cu(II)-containing product generated in the reaction.
The fate of the diketonate ligand was determined by GC-MS

analysis of the products.14 In the presence of water, analysis
revealed the formation of benzoic acid, benzil and diphenyl-
propanetrione (Figure 2). Under dry conditions, an additional
product, benzoic anhydride, was identified. GC analysis of the
headspace of the reaction mixture revealed the formation of
CO2 (0.80 equiv) and CO (0.05 equiv). 18O2-labeling studies
revealed the incorporation of at least one labeled oxygen atom
into 60% of the benzoic acid, while an 16O2/H2

18O experiment
shows incorporation of labeled oxygen into 30% of the benzoic
acid (Figure S6). Combined, these results strongly suggest a
reaction pathway in which an α-substituted diketonate reacts

with dioxygen to produce a trione intermediate, as has been
observed in model systems for Ni(II)- and Fe(II)-containing
acireductone dioxygenases.17 Importantly, under dry condi-
tions, quantitative 18O incorporation was found in the
diphenylpropanetrione intermediate. Additionally, we have
found that admixture of equimolar amounts 6-Ph2TPA,
Cu(ClO4)2, diphenylpropanetrione, and sodium hypochlorite
gave the same product mixture and CO2:CO ratio as the
reaction starting from 1 and O2.
Based on the observed CO2:CO ratio, the quantitative

incorporation of a labeled oxygen into the trione intermediate,
the observation of benzoic anhydride under dry conditions, and
the congruence of products from the reaction of 1 with O2 and
the independent 6-Ph2TPA/Cu(II)/diphenylpropanetrione/
hypochlorite reaction, we propose that aliphatic C−C bond
cleavage in this system results primarily from the reaction of
hypochlorite ion with diphenylpropantrione, with these
reagents being formed via O−O cleavage and O−Cl bond
formation, respectively, within a Cu(II)−peroxo intermediate
(A, Scheme 2). Notably, this hypochlorite pathway differs from
the hydroperoxide pathway previously identified for aliphatic
C−C bond cleavage involving a coordinated diketonate having
a hydroxyl group in place of the chloride substituent.17

UV−vis kinetic studies of the reaction of 1 with O2 under
pseudo-first-order conditions with respect to oxygen revealed a
slow induction phase (kobs ≈ 3.0 × 10−5 s−1, 21 °C) followed by
a first-order decay process (Figure 3, left; kobs ≈ 3.5 × 10−3 s−1,
21 °C). This behavior suggested that a product formed in the
reaction could serve as a catalyst for the reaction. With that in
mind, we found that the induction period is not observed in the
presence of a catalytic amount of chloride ion (Figure 3, right).
A linear dependence of the observed rate constant on chloride
concentration was found (Figure S7). Overall, these initial
kinetic studies suggest that chloride ion lowers the activation
barrier for reaction of the Cu(II) diketonate complex with O2.
This is significant in terms of Cu(II) halide-mediated C−C
bond cleavage reactions (Scheme 1) involving O2 in that, while

Figure 1. (Top) Synthetic route for the preparation of 1. (Bottom) A
thermal ellipsoid representation of the cationic portion of 1. Ellipsoids
are plotted at the 50% probability level. Hydrogen atoms are omitted
for clarity.

Figure 2. Reaction of 1 with O2 in CH3CN at 25 °C. Benzil
(PhC(O)C(O)Ph) is generated via Lewis acid-promoted migration
chemistry of diphenylpropanetrione.15,16 The formation of this
byproduct provides evidence for the involvement of the trione in
the reaction. Previous studies have shown that divalent metal
complexes of the 6-Ph2TPA ligand promote this type of migration
chemistry.17
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bulky carboxylate anions have been shown to accelerate model
reactions for Fe(III)-containing QDOs, a similar anion effect
has not been reported involving halides or in reactions
involving a non-flavonol substrate.18

We have performed preliminary DFT studies to probe the
reaction pathway leading to formation of the proposed bridging
peroxo species A (Scheme 2) and to evaluate the effect of
chloride ion on the oxygen activation chemistry. Using a
truncated model wherein the phenyl appendages of the 6-
Ph2TPA ligand were replaced by hydrogen atoms,19 several
different scenarios for O2 activation were probed both in the
absence and in the presence of chloride ion, including (1)
electronic excitation to a Cu(I)−enolate radical charge-transfer
state followed by reaction with O2 and (2) direct attack of O2
on the central carbon of the enolate ligand. Additionally, we
investigated whether dissociation of one of the pyridyl donors
would lower the energy. The reaction pathway that was found

to be most feasible for the initial steps of the reaction involves
the copper center exclusively in the Cu(II) oxidation state and
parallels the mechanism proposed for Cu(II)-containing
quercetin dioxygenase.20 Thus, first the enolate ligand changes
its coordination mode from bidentate to monodentate, which
opens up a coordination site on the copper center for
interaction with O2. As shown in Scheme 3, opening the

coordination site and binding of O2 in the second coordination
sphere is less unfavorable for the chloride-binding complex 1-
Cl. This can be attributed, at least in part, to the different
orientation of the Jahn−Teller axes in 1 and 1-Cl. From the
analysis of spin density plots (Figures S8 and S12), it follows
that in 1 the doubly occupied dz2 orbital is perpendicular to the
O1−Cu−O2 plane, whereas in 1-Cl it points along the Cu−O2
bond vector, and hence cleavage of the Cu−O2 bond is
promoted by the Jahn−Teller effect. Once the coordination site
is open, O2 attacks the copper center and C2 in an
asynchronous manner, first forming a bond to copper and
partially oxidizing the enolate to enolate radical, and then
developing a bond between C(2) and O(4). The computed
Gibbs free energy of activation amounts to 25.8 and 22.8 kcal/
mol for TS and TS-Cl, respectively, which through transition
state theory corresponds to rate constants of 7.8 × 10−7 and 1.3
× 10−4 s−1 (25 °C), suggesting an expected >150-fold rate
enhancement in the presence of Cl−. The experimentally
observed ∼120-fold rate enhancement observed for the
reaction of 1 with O2 following the slow induction phase is
consistent with this proposal.
Overall, the studies reported herein provide evidence for an

intriguing role for chloride ion in Cu(II)/O2-promoted
oxidative carbon−carbon bond cleavage reactions involving a
diketonate substrate. The well-defined nature of 1 bodes well
for further systematic kinetic and mechanistic investigations of
analogues that will provide additional insight into the reaction
pathways involved in Cu(II)/O2-promoted oxidative cleavage
chemistry.
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Details of experimental procedures; crystallographic files in CIF
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Scheme 2. Hypochlorite versus Hydroperoxide Pathways for
Aliphatic Carbon−Carbon Bond Cleavage

Figure 3. Absorbance (363 nm) versus time plots for reaction of 1
with O2 in the absence (left) and presence (right) of a catalytic
amount of chloride ion. Insets: ln (Absorbance) vs time plots. Data
were collected using O2-purged solutions.

Scheme 3. Comparison of the Lowest Energy O2 Activation
Pathways for 1 and 1-Cl
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