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ABSTRACT: Aldehyde deformylation reactions by metal dioxygen
adducts have been proposed to involve peroxyhemiacetal species as key
intermediates. However, direct evidence of such intermediates has not
been obtained to date. We report the spectroscopic characterization of
a mononuclear cobalt(III)-peroxyhemiacetal complex, [Co(Me3-
TPADP)(O2CH(O)CH(CH3)C6H5)]

+ (2), in the reaction of a
cobalt(III)-peroxo complex (1) with 2-phenylpropionaldehyde (2-
PPA). The formation of 2 is also investigated by isotope labeling
experiments and kinetic studies. The conclusion that the peroxyhemiacetalcobalt(III) intermediate is responsible for the aldehyde
deformylation is supported by the product analyses. Furthermore, isotopic labeling suggests that the reactivity of the cobalt(III)-
peroxo complex depends on the second reactant. The aldehyde inserts between the oxygen atoms of 1, whereas the reaction with
acyl chlorides proceeds by a nucleophilic attack. The observation of the peroxyhemiacetal intermediate provides significant insight
into the initial step of aldehyde deformylation by metalloenzymes.
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The aldehyde deformylation reaction catalyzed by metal-
loenzymes plays a crucial role in the biosynthesis of many

molecules and has potential applications in developing
sustainable biofuels.1−3 As a well-known example, cytochrome
P-450 aromatase catalyzes the three oxidative steps for
biotransformation of androgens to estrogens.4−6 Among the
steps, the deformylation process has been suggested to include
the nucleophilic attack of a ferric peroxo species to the
carbonyl carbon of androstenedione to form a putative
peroxyhemiacetal adduct, producing the estrone.7−10

To understand the mechanism of aldehyde deformylation,
numerous biomimetic heme/nonheme mononuclear metal-
dioxygen adducts have been synthesized and investigated in
substrate oxidation reactions.11−22 Valentine and co-workers
demonstrated that the ferric peroxo porphyrin species reacts
with the substrate of aromatase, which was proposed to
proceed through direct nucleophilic attack by the peroxo
ligand (Scheme 1, NA pathway).13 Since then, much research
has been focused on controlling the nucleophilic reactivity on
the basis of the peroxyhemiacetal proposal. The ring size of the
supporting macrocyclic ligands has been shown to regulate the
nucleophilic reactivity of the mononuclear side-on cobalt(III)-
peroxo complexes.14 The axial ligand effect has been
highlighted in manganese(III)-peroxo complexes; it was
suggested that the axial anionic ligand changed the MnO2
core from a side-on to an end-on mode, resulting in a higher
nucleophilic character on the peroxo moiety.17 In addition, an
alternative mechanism involving a hydrogen atom abstraction

pathway has been reported recently, in which the α-hydrogen
atom of aldehyde substrates was abstracted by manganese(III)-
peroxo species with a kinetic isotope effect (Scheme 1, HAA
pathway).18−20 McDonald and co-workers reported the
nucleophilic reactivity of a Cu(II)-superoxo complex,
[LCuO2]

− (L = N,N-bis(2,6-diisopropylphenyl)-2,6-pyridine-
dicarboxamide), based on the peroxyhemiacetal route.21
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Scheme 1. Proposed Pathways for Nucleophilic Attack (NA)
vs Hydrogen Atom Abstract (HAA) in Aldehyde
Deformylation
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However, the very same complex reacted with 2-phenyl-
propionaldehyde (2-PPA) by deprotonating the benzylic
position to form a copper(II)-enolate complex, [LCu-
(OC(Me)Ph)]−, suggesting the enolate pathway for the
deformylation reaction.22 Next to these mechanistic pathways
lies an alternative pathway of the insertion of the carbonyl
function between the oxygen atoms of the peroxo reactant in
analogy with the reactivity proposed for nitrile and
naphthalene activation.23,24 Thus, there is still substantial
debate on the initial step in the aldehyde deformylation.
Although the peroxyhemiacetal pathway has been well
accepted over the past several decades, the reactive
intermediates have not yet been observed and characterized
in biological and model systems.
Herein, we report the isolation of a peroxyhemiacetal

intermediate in the reaction of a Co(III)-peroxo complex,
[Co(Me3-TPADP)(O2)]

+ (1; Me3-TPADP = 3,6,9-trimethyl-
3,6,9-triaza-1(2,6)-pyridinacyclodecaphane), and 2-PPA. The
Co(III)-peroxyhemiacetal complex [Co(Me3-TPADP)(O2CH-
(O)CH(CH3)C6H5)]

+ (2) has been characterized by various
physicochemical methods such as UV−vis, CSI-MS, and 1H
NMR. Kinetic studies and isotope labeling experiments
support the formation of 2, and the thermal decomposition
of 2 clearly shows deformylated products. Such peroxyhemia-
cetal chemistry has been extended to other aldehydes; the
reaction of 1 and the aldehydes produces the corresponding
peroxyhemiacetal intermediates, which are active for the
aldehyde deformylation as well.
The Co(III)-peroxo complex 1 was prepared by the addition

of H2O2 and triethylamine (TEA) into a CH3CN solution of a
Co(II) complex, [Co(Me3-TPADP)(CH3CN)2]

2+, as previ-
ously reported.25 Single crystals of 1-ClO4·CH3CN were grown
by diffusion of diethyl ether into a CH3CN solution of 1 at
−40 °C (see Tables S1 and S2 in the Supporting Information
for crystallographic data for 1). The X-ray crystal structure of 1
clearly revealed the mononuclear side-on cobalt-peroxo core in
a distorted-octahedral geometry (Figure 1a). The O−O bond

length of 1.4611(19) Å is characteristic of a peroxide ligand, as
supported by the resonance Raman data (ν(O−O) = 888
cm−1).25 The O−O vibrational frequency of 1 was further
confirmed using helium-tagging infrared photodissociation
(IRPD) spectroscopy.26,27 The IRPD spectrum of 1 showed
an isotope-sensitive band at 921 cm−1 that shifted to 869 cm−1

when H2
18O2 was used (Figure 2a and Figure S2). The isotopic

shift is fully in agreement with the shift expected on the basis
of Hooke’s law.

Complex 2 was generated by adding excess amounts of 2-
PPA to a solution of 1. Upon addition of 2-PPA to 1 in
CH3CN at 0 °C, the solution turned from blue to green, where
the absorption bands of 2 increased at 400 (ε = 616 M−1

cm−1) and 680 nm (ε = 174 M−1 cm−1) (Figure 3a). Cold
spray ionization mass spectrometry (CSI-MS) of the green
solution of 2 suggested the formation of the 2-PPA adduct of 1
with a signal at a mass to charge ratio (m/z) of 473.3,
[Co(Me3-TPADP)(O2CH(O)CH(CH3)C6H5)]

+ (2-16O)
(calculated m/z 473.2) (Figure 3b), together with 1 due to
an equilibrium between 1 and 2 (vide inf ra). When the
reaction was performed with isotopically labeled [Co(Me3-
TPADP)(18O2)]

+ (1-18O), a mass peak corresponding to
[Co(Me3-TPADP)(

18O2CH(O)CH(CH3)C6H5)]
+ (2-18O)

appeared at m/z 477.3 (calculated m/z 477.2) (Figure S4).
The observation of the shift of 4 mass units indicated that 2
contains an O2 unit. Collision-induced dissociation of mass-
selected 2 leads to the elimination of 2-PPA and re-formation
of 1 (Figure S1).
Helium tagging IRPD spectra of mass-selected 2-16O and

2-18O revealed an isotopically sensitive band at 1084 cm−1 that
shifts upon 18O labeling to 1045 cm−1 (Figure 2b). A
comparison with DFT calculations suggests that this band

Figure 1. Structures of complexes. Hydrogen atoms are omitted for
clarity. (a) ORTEP diagram of 1 with thermal ellipsoids drawn at the
30% probability level. (b) DFT-optimized structure of 2. Color code:
pink, Co; red, O; blue, N; gray, C.

Figure 2. Helium tagging infrared photodissociation spectra of mass-
selected (a) 1-16O (m/z 339, black line) and 1-18O (m/z 443, red
line), (b) 2-16O (m/z 473, black line) and 2-18O (m/z 477, red line),
and (c) 3-16O (m/z 222, black line) and 3-18O (m/z 224, red line).
See Figures S2, S3, and S29 for further details.
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corresponds to the C−O(Co) stretching vibration of the
peroxyhemiacetal complex, consistent with a carbonyl insertion
between the oxygen atoms of 1 (Figure S3). These results are
similar to the carbonyl insertion of a bis(triphenylphosphine)-
platinum-oxygen complex.28 The O−O vibration is predicted
to be at 870 cm−1 with extremely small intensity. Hence, it
cannot be detected with the available instrumentation.
The 1H NMR spectrum of 2 in acetonitrile-d3 at −40 °C

showed complicated signals because 2 is in equilibrium with 1
and 2-PPA (vide inf ra). By comparison with the NMR spectra
of 1 and 2-PPA (Figures S5−S7), the characteristic peaks of 2
were distinguished and assigned by 1H NMR, 13C NMR,
1H−13C heteronuclear single quantum coherence (HSQC),
and 1H−1H homonuclear correlation spectroscopy (COSY)
(Figure 4b and Figures S8−S11). Interestingly, single C−H
resonances associated with the peroxyhemiacetal moiety in 2
were observed in 1H−13C HSQC, where 1H signals at 5.51 and
5.30 ppm are correlated with 13C chemical shifts at 107.88 and
108.91 ppm, respectively, due to the formation of diaster-
eomers by the two possible insertion sides of the carbonyl
carbon of 2-PPA. The X-band EPR silence (Figure S12) and
the NMR spectral features clearly indicate that 2 is a low-spin S
= 0 peroxyhemiacetalcobalt(III) complex.
Density functional theory calculations were carried out as

implemented in the Gaussian 09 computational package.
Geometry optimization and frequency calculations for 1 and 2
were performed with the unrestricted B3LYP/6-31g* theory
level for all atoms. The calculated O−O bond distance of 1
(1.441 Å) is similar to that of the crystal structure of 1 (1.461
Å) (Table S3). The electronic structures of intermediate 2 are
described as a peroxyhemiacetalcobalt(III) complex form that
has three possible energetically stable spin states (S = 0, 1, 2).

The low-spin state of 2 showed the lowest energy in the
calculations (Figure 1b and Tables S4−S6), which corresponds
with the spectroscopic results. The O−O bond length of 2 is
calculated to be 1.463 Å (Figure 1b), which is comparable to
those of the acylperoxonickel(II) complex of the Hikichi group
(1.443 Å).29

To understand the formation process of 2, we performed
kinetic studies of 1 with an excess amount of 2-PPA. During
the reaction, the absorption band at 340 nm due to 1
disappeared, obeying first-order kinetics. The pseudo-first-
order rate constant increased proportionally with an increase of
2-PPA concentration, giving a second-order rate constant of
3.4(2) × 10−2 M−1 s−1. The temperature dependence of the
reaction rates was examined in the range of 253−283 K. A
linear Eyring plot was obtained with activation parameters of
ΔH⧧ = 11(1) kcal mol−1 and ΔS⧧ = −23(2) cal mol−1 K−1

Figure 3. (a) UV−vis spectral changes observed in the reaction of 1
(0.5 mM) with 2-PPA (0.1 M) in CH3CN at 0 °C. The inset shows
the time course of the absorbance at 350 nm and its first-order fitting
(red line). (b) CSI-MS spectrum of the reaction solution obtained in
the reaction of 1 (0.5 mM) with 2-PPA (0.1 M). The peaks at m/z
339.2 and 473.3 are assigned to [Co(Me3-TPADP)(O)2]

+ (1) and
[Co(Me3-TPADP)(O2CH(O)CH(CH3)C6H5)]

+ (2), respectively.

Figure 4. (a) UV−vis spectral change during the incubation of 2
(black line) in CH3CN at 0 °C, affording 1 (red line). The inset
shows the time course of the absorbance at 340 nm and its first-order
fitting (red line). (b) 1H NMR spectrum of the isolated 2 (8 mM) in
CD3CN at −40 °C (purple circles, 1; green circles, 2; cyan circles, 2-
PPA). The multiplet signals (m) in the region at 2.0−3.0 ppm were
derived from the NCH2CH2 moiety in 1 and 2. (c) Time-dependent
1H NMR spectra of incubation of the isolated 2 (8 mM) in CD3CN at
0 °C.
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(Figure S13). The observed negative entropy value and the
second-order kinetics suggest that the formation of 2 occurs via
a bimolecular mechanism.
Upon incubation of the isolated sample of 2 (0.5 mM),

which does not contain extra 2-PPA in CH3CN at 0 °C, the
intermediate readily reverted back to 1, whose characteristic
absorption bands were regenerated with isosbestic points at
326, 372, 501, and 600 nm (Figure 4a). The observed spectral
change indicates the release of 2-PPA from 2, which is found to
be in equilibrium with 1 (Scheme 2). The equilibrium was
further confirmed by using 1H NMR measurements, where the
characteristic single peroxyhemiacetal C−H resonances at 5.51
and 5.30 ppm disappear with the concomitant appearance of
the aldehyde resonance at 9.65 ppm corresponding to 2-PPA
(Figure 4c). A product analysis of the solution showed that 2-
PPA was recovered intact. The equilibrium constant (Keq)
from optical titrations was determined to be 288 M−1 at 273 K
(Figure S14).30,31 These results demonstrated that the
equilibrium lies to the left (Scheme 2).32,33 The addition of
an excess amount of 2-PPA shifts the equilibrium between 1
and 2 to the 2 side. The UV−vis spectrum of 2 could be
obtained in the presence of a large excess of 2-PPA while the
resulting green solution was maintained at 0 °C. The solution
turned purple upon heating to 70 °C. The observed rate
constant (kobs = 2.0(1) × 10−3 s−1) for the thermal
decomposition with excess 2-PPA was independent of the 2-
PPA concentration and led predominantly to the formation of
acetophenone (83(3)%) as a deformylation product. After
completion of the reaction, the ESI-MS spectrum revealed the
formation of a Co(II)-formato complex together with the
starting Co(II) species (Figures S15 and S16).
Then, we expanded the scope of substrates to cyclo-

hexanecarboxaldehyde (CCA) and pivalaldehyde. 1 reacts with
both CCA and pivalaldehyde in CH3CN at 0 °C, affording the
corresponding Co(III)-peroxyhemiacetal complexes, which
were confirmed by UV−vis, ESI-MS, and 1H NMR (Figures
S17−S24). The k2 values for the formation of Co(III)-
peroxyhemiacetal adducts were determined to be 2.7(1) ×
10−2 M−1 s−1 for CCA and 2.8(1) × 10−2 M−1 s−1 for
pivalaldehyde (Figure S25). The thermal decomposition of the
Co(III)-peroxyhemiacetal complexes in the presence of
additional substrates was also examined at 70 °C. Product
analyses of the final solution show oxidized organic products
(Table S7 in the Supporting Information). These results
suggest that the formation of the peroxyhemiacetal inter-
mediate occurs in the oxidation of aldehydes as well as in
aldehyde deformylation by 1.
We have further explored the nucleophilic type of reactivity

of 1 in a reaction with benzoyl chloride (Scheme 3a). The
peroxide ligand simply displaces the chloride, which is a good
leaving group, and the subsequent hydrolysis yields benzoic
acid quantitatively, as determined by a product analysis of the

final reaction mixture by GC-MS. UV−vis and ESI-MS show
that the reaction is irreversible (no equilibrium; Figures S27
and S28).
The Co(III)-perbenzoato intermediate [Co(Me3-TPADP)-

(O2C(O)C6H5)]
2+ (3) has been detected by CSI-MS (Figure

S26). The structure was characterized by the IRPD spectrum
of 3 (Figure 2c). In agreement with the nucleophilic pathway
scenario (Scheme 3a and Scheme S1), the 18O labeling of 1
results in a band shift of the C−O(O) vibration of 3 (note the
difference between 3 and 2). We have further modified the
electrophilicity of the benzoyl chloride reactants by electron-
withdrawing and -donating substituents at the para position of
the phenyl group, p-X-PhC(O)Cl (X = Me, F, H, Cl, Br)
(Figure 5a). The Hammett plot shows a ρ value of 3.2(1)
(Figure 5b), fully consistent with the nucleophilic reaction
pathway of the peroxo group of 1 in this reaction.
Our results show that cobalt(III)-peroxo complexes can

have dichotomic reactivity; they can either insert between the
oxygen atoms or react as nucleophiles. In order to understand
these pathways, we have performed exploratory calculations
using acetaldehyde as a model. Species 1 converts to Co(III)-
dioxyl with a barrier of 31.1 kcal mol−1 (Figure 6a). Aldehyde
insertion occurs with the C−O bond forming prior to the O−
O bond. The reaction pathway leads across the singlet, triplet,
and quintet potential energy surfaces, suggesting a strong
multireference character of this reaction. Alternatively,
coordination of the acetaldehyde to 1 can induce the formation
of a cobalt(II)-superoxo complex via an energy barrier of 18.6
kcal mol−1 associated with a spin flip from the singlet to the
triplet state (Figure 6b). The subsequent addition of the
superoxo unit to the aldehyde carbonyl proceeds with a low
energy barrier and a spin flip to the singlet state cobalt(III)-
peroxyhemiacetal product.
Our spectroscopic data unambiguously show the insertion of

2-PPA into the O−O bond, which is the energy-disfavored
pathway according to the DFT calculations. This discrepancy
is most likely associated with the inaccuracy of DFT for energy
and structure predictions for multireference systems. In

Scheme 2. Equilibrium between 1 and 2

Scheme 3. Proposed Mechanisms for Nucleophilic Attack
(NA) vs O−O Insertion in Reactions of Co(III)-Peroxo
Species
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addition, the alternative [2 + 2] pathway suggested for the
insertion mechanism (see Scheme 3b) could have not been
localized at all at the DFT level. Again, the significant role of

the multireference electronic structure of the probable
transition structure could be a key in understanding the
observed reactivity.34−37

In conclusion, we have shown that 2 is the first example of
an isolable cobalt(III)-peroxyhemiacetal intermediate in
aldehyde deformylation. Complex 2 has been trapped in the
reaction of cobalt(III)-peroxo complex 1 with 2-PPA and was
characterized by spectroscopic and spectrometric methods.
Labeling experiments reveal that 2-PPA inserts between the
oxygen atoms of the peroxo moiety in 1. Species 1 and 2 are in
equilibrium in solution, with a small equilibrium constant. In
the presence of excess 2-PPA, 2 readily decomposed to
cobalt(II) species and deformylated products. The formation
of a peroxyhemiacetal species for the reaction of 1 with other
aldehyde substrates was also observed. The nucleophilic
addition pathway prevails for the reaction of 1 with acyl
chlorides, and it is supported by the positive ρ value in the
Hammett plot using para-substituted acyl chlorides. The
present work provides spectroscopic evidence for and deeper
insight into the metal-bound peroxyhemiacetal species invoked
in the mechanisms for aldehyde deformylase and related
biomimetic reactions.
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