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ABSTRACT: Selective oxidation of styrene to desired products is essential
and challenging. In this study, we elucidate a unique pathway for the selective
oxidation of styrene to polystyrene peroxo species, catalyzed by the
cobalt(III) tert-butylperoxo complex, [CoIII(OOtBu)(qpy)(NCCH3)]2+ (1),
under ambient conditions. Mechanistic investigations, including the structural
determination of the diperoxo complex, [CoIII(qpy)(OOCH(Ph)-
CH2OOtBu)(NCCH3)]2+ (2), by X-ray analysis and theoretical calculations
reveal that the reaction begins with the nucleophilic addition of styrene to the
CoIII−OOtBu moiety in 1. This step is followed by an addition with an O2
molecule, forming a diperoxyl radical (PhCOO•(H)CH2OOtBu), which
subsequently rebounds with CoII(qpy) to yield 2. In the presence of excess O2, complex 2 can further react with additional styrene
molecules, leading to the formation of cobalt(III) polystyrene peroxo species.
KEYWORDS: Cobalt catalysis, alkylperoxo complex, styrene oxidation, aerobic peroxidation, mechanism

Selective oxidation of styrene under various conditions to
give products such as ketones, epoxides, diols, and

diperoxides is an important reaction in the chemical laboratory
and industry, as the various oxidized products are important
intermediates for synthesizing various useful chemicals. While
metal-catalyzed selective oxygenation of styrene (Scheme 1) to

carbonyls through C�C cleavage (path a),1−6 epoxides via
epoxidation (path b),7−14 and 1,2-diols through dihydrox-
ylation (path c)15−20 has been extensively studied, the selective
oxidation to diperoxides (path d)21−25 is underexplored.
Peroxo species are potential compounds with diverse
applications. They have been used as fuel substitutes,
biocompatible drug carriers, and coating materials.26 Alkylper-
oxo complexes, particularly of 3d metals, play important roles
in organic molecule transformation.27−31 Recently, we reported
the unique reactivity of the cobalt(III) tert-butylperoxo

complex, [CoIII(qpy)(OOtBu)(NCCH3)]2+ (1) (qpy =
2,2′,6′,6″-quaterpyridine) in activating hydrocarbons (RH)
with weak to mild C−H bonds under an ambient condition.32

For example, 1 catalyzed the aerobic allylic peroxidation of
cyclopentene via an initial C−H activation with the release of
tBuOOH, as a free hydroperoxide (Scheme 2A).

Herein, we report another unique reactivity of 1 toward
styrene that does not contain weak C−H bonds (Scheme 2B).
In the presence of excess O2, 1 facilitates catalytic aerobic
peroxidation of styrene via an initial nucleophilic addition of
styrene to generate polystyrene peroxo species selectively over
other oxygenated products such as carbonyls, epoxides, and
diols.

Treatment of 1 with excess styrene (PhCH�CH2) in
CH3CN for 8 h under a limited supply of air (reaction flask
stoppered) at room temperature afforded the diperoxo
complex, [CoIII(qpy)(OOCH(Ph)CH2OOtBu)(NCCH3)]2+

(2) with 77% isolated yield. The molecular structure of 2
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Scheme 1. Metal-Catalyzed Oxidation of Styrene
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(Figure 1) shows a styrene peroxo moiety inserted into the
Co−OOtBu bond of 1. The Co−O and Co−N bond distances

and the Co−O−O bond angle in 2 are similar to 1 (Table S1
and S2). Mechanistic and theoretical studies below suggest
that the styrene peroxo moiety is formed from “PhCH�CH2
+ exogenous O2”.

The electrospray ionization (ESI) mass spectrum (positive
mode in CH3CN) of 2 displays two prominent peaks at m/z
734 and 693, corresponding to the singly charged parent ion,
{[Co(qpy)(OOCH(Ph)CH2OOtBu)(NCCH3)](ClO4)}+

(M+) and its fragment ion (M+ − CH3CN), respectively
(Figure 1). The 18O2-2 complex (prepared using 98% 18O-
enriched O2) exhibits a 4-mass unit shift of the fragment ion to
m/z 697, indicating that the two oxygen atoms of the styrene
peroxo moiety come from O2 in the air. The 1H NMR
spectrum of 2 shows peaks arising from PhCHCH2, including
five aromatic protons (δ 6.46−7.20 ppm) and two multiplets at
δ 3.5 and 3.7 ppm corresponding to the CH and CH2 protons,
respectively (Figure S1). Notably, the tBu singlet shifts
significantly from δ 0.35 ppm in 1 to δ 0.96 ppm in 2,
indicating decreased magnetic interaction between the tBu
group and the aromatic qpy rings due to their increased
separation.33

The kinetics of the reaction between 0.2 mM 1 and 0.2 M
styrene were investigated in an air-saturated CH3CN solution.
The UV−vis spectral changes reveal a gradual conversion from
1 (red line) to 2 (blue line), with isosbestic points maintained
at 447, 512, and 619 nm throughout the reaction (Figure 2A).
The decay of 1 at 686 nm follows pseudo-first-order kinetics
over three half-lives. The pseudo-first-order rate constant, kobs,
shows a linear correlation with [styrene] and gives a second-
order rate constant, k2, of (4.64 ± 0.10) × 10−3 M−1 s−1 at 25
°C (Figure S2). When 1 (0.2 mM) was mixed with styrene
(0.2 M) under an O2-saturated atmosphere, a similar kobs value
of 1.23 × 10−3 s−1 was determined (Figure S3). The effect of
temperature on the reaction rates was studied between 10−40
°C. A reasonably linear correlation was found in the Eyring
plot of ln(k2/T) versus 1/T (Figures 2B and S2, and Table
S3). Activation parameters, including the enthalpy (ΔH‡) =
(23.4 ± 0.8) kcal mol−1 and the entropy (ΔS‡) = (10 ± 3) cal
mol−1 K−1, were determined from the slope and the y-intercept
of the plot, respectively. At 25 °C, the Gibbs free energy (ΔG‡)
of (20.4 ± 1.0) kcal mol−1 was calculated. The kinetics of the
reaction of 1 with various para-substituted styrenes (p-X-
PhCH�CH2) were also investigated (Table S3 and Figure
S4) and resulted in a linear Hammett correlation between
log(k2X/k2H) and the Hammett constants (σp). The small
negative ρ value of −0.79 was determined from the slope,
indicating a moderate electrophilic reactivity of 1 toward
styrenes (Figure 2C).

The kinetic studies described above for converting 1 to 2
were carried out in limited [O2] (ca. 1.6 mM in CH3CN at 25
°C).34 When the reaction was carried out under continuous
exposure to air, further reaction occurred, the nature of which
was revealed by ESI/MS and 1H NMR. Upon stirring 0.2 mM
1 and 0.2 M styrene in CH3CN under air at 23 °C, the MS
indicates almost complete disappearance of 1 (m/z 557) and
the formation of 2 (m/z 693) as the predominant species after
15 min (Figure 3). The mass difference of 136 amu between 1
and 2 is attributed to incorporating the “PhCHCH2 + O2

”

adduct. Intriguingly, two distinct (PhCHCH2 + O2)n adducts
are also observed at m/z 829 (n = 2) and 965 (n = 3). The
number of adducts (n) increased with time, reaching a
maximum of n = 6 (m/z 1373) after 10 h, suggesting that 1
catalyzed the aerobic peroxidation of styrene to generate
oligomeric styrene peroxo complexes. It is noteworthy that a
minor and unidentified peak at m/z 929 was also formed after
4 h during the oligoperoxidation process, suggesting a possible
side reaction.

Scheme 2. Aerobic Peroxidation of Hydrocarbons by 1. (A)
Cyclopentene. (B) Styrene

Figure 1. X-ray structure (top) and ESI mass spectrum (bottom) of 2.
Insets show the experimental (top) and simulated (bottom) patterns
for the dominant peaks of 2 (left) and 18O2-2 (right).
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If the solution containing 0.2 mM 1 and 1 M styrene was
stirred under an O2-saturated atmosphere, a maximum of n =
13 (m/z 2461) was achieved after 3 h (Figure S5). This
oligoperoxidation process is further supported by 1H NMR
(Figure S6). In the absence of O2, UV−vis analysis indicated a
reduction of Co(III) to Co(II), with no absorption peak
observed between 600 and 700 nm (Figure S2). ESIMS did
not detect any diperoxo or oligoperoxo species; instead,
styrene oxide and tBuOH were identified by NMR and GC-MS
(Figure S7).

To provide further insight into the reaction mechanism of 1
with styrene in the presence of air, we conducted a
computational analysis at the B3LYP/def2-TZVP level of

Figure 2. Kinetic studies by UV−vis. (A) Spectral changes at 300 s
intervals for the reaction of 1 (0.2 mM) and styrene (0.2 M) in
CH3CN in air at 25 °C. Inset shows the decay of 1. (B) Plot of ln(k2/
T) against 1/T. (C) Plot of log(kX/kH) against σp.

Figure 3. Product analysis at different time intervals for the reaction
of 1 (0.2 mM) and styrene (0.2 M) in CH3CN by ESIMS under
ambient conditions. The peaks correspond to the ions with the
general formula {[Co(qpy)(OOCH(Ph)CH2)nOOtBu](ClO4)}+.
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theory (Scheme 3). All calculated structures at different spin
states are compiled in Figures S8−35. The discussion focuses
mainly on the species with the lowest energy in the potential
energy surface. First of all, the ground state of 1 was confirmed
at the singlet state with an energy of 4.6 kcal mol−1 lower than
the low-lying quintet state, which is consistent with the
diamagnetism of 1 in CD3CN. Hence, the sum of the energy of
1 at the singlet state and styrene (I) was used as a reference.
When 1 and styrene were placed together, a reaction complex
(II) was achieved at 6.2 kcal mol−1 at the singlet state. The
PhCH�CH2 of II then undergoes a nucleophilic addition to 1
(via the terminal carbon atom onto the proximal oxygen atom
of CoIII−OOtBu) to generate a weakly polar transition state
(III), collaborated with the small negative ρ value (−0.79)
obtained from the Hammett plot (Figure 2C). The energy of
III at the singlet state is 23.1 kcal mol−1. On the other hand,
the lower energy of 21.7 kcal mol−1 at the quintet state (−1.4
kcal mol−1) suggests a possible spin state crossover from
singlet II to quintet III. Nevertheless, both comparable values
at the singlet and quintet states are consistent with the
experimental ΔG‡ value of (20.4 ± 1.0) kcal mol−1. At the
quintet transition state III, the Co−O bond distance increased
from 1.85 to 2.19 Å, and the spin densities were observed at
the two oxygen atoms (OOtBu moiety) and the internal
carbon atom of styrene (Figure S19). Rearrangement of
electrons afforded the intermediate (IV) results in a C−O
bond formation (via the terminal C atom of styrene and the
proximal O atom of OOtBu) with the energies of all spin states
within ±1 kcal mol−1 (from the lowest 10.2 kcal mol−1 of the
broken-symmetry triplet to the highest 11.2 kcal mol−1 of the
singlet state). The molecular orbital and spin density analyses
suggest the formulation of IV as a CoII(qpy) complex with a
weakly O-bound carbon-centered radical (PhC•(H)-
CH2OOtBu). This reactive alkyl radical captures an O2
molecule at a diffusion-controlled rate,35 leading to the
formation of a diperoxyl radical in V, for which several spin
states are close in energy. Finally, the diperoxyl radical couples
with CoII(qpy) to yield the close-shell cobalt(III) diperoxyl
complex 2 (VI) from the preceding singlet, which is the

second-lowest-energy spin state of V. Overall, the reaction is
thermodynamically favorable by lowering the energy of 4.4 kcal
mol−1. It is noteworthy that the formation of an alternative
carbon-bound intermediate, Co−C(Ph)HCH2O2

tBu, after III,
is also possible. Although the energies of these species in
singlet (6.1 kcal mol−1), triplet (9.7 kcal mol−1), and quintet
states (9.1 kcal mol−1), are slightly lower than that of IV in
10.2 kcal mol−1, this organometallic intermediate is less likely
to occur after considering the experimental results. In the
absence of O2, we detected styrene oxide and tBuOH by NMR
and GCMS. It is proposed that the (PhC•(H)CH2OOtBu)
radical (IV) would undergo homolytic O−O cleavage,
followed by the intramolecular coupling of diradicals to
generate styrene oxide. The highly reactive tBuO• could
abstract a hydrogen atom, giving rise to tBuOH. 2 may further
react with a second styrene molecule via a similar mechanism,
which in the presence of excess O2 would eventually lead to
polymeric styrene peroxo species. In principle, the radical
intermediates in IV and V can also initiate a radical chain
reaction to activate other styrene molecules to form polymeric
styrene peroxo radicals before being scavenged by CoII(qpy).
However, this radical chain reaction is not predominant; both
IV to V and V to VI conversions are downhill reactions. More
significantly, 2 has been isolated with a 77% yield during the
synthesis. Our previous study also demonstrated that
recombining CoII(qpy) species and the alkylperoxo radical is
a fast reaction.32

In summary, we have provided experimental evidence for the
selective aerobic peroxidation of styrene by 1 to generate a
diperoxo complex 2 under ambient conditions. Experimental
studies and theoretical calculations suggest that the mechanism
involves the initial nucleophilic addition of styrene to 1
followed by the addition of O2, resulting in the peroxidation of
styrene, which remains bound to the cobalt center. In the
presence of excess O2, catalytic peroxidation of styrene occurs
to generate polystyrene peroxo species, which are promising
candidates for various applications.

Scheme 3. Energy Profile for the Reaction of 1 and Styrene in the Presence of O2 in CH3CN from DFT Calculation at the
B3LYP/def2-TZVP Levela

aSelected bond distances are given in Å.
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