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ABSTRACT: Polystyrene (PS) is a widely used thermoplastic
polymer, but its very low recycling rate has motivated consideration
of chemical conversion strategies to convert waste PS into value-
added products. Oxidation methods have been widely studied, but
they typically generate benzoic acid, a product with a relatively low
market demand. Phenol is a higher volume chemical that would be
an appealing target, but no methods currently exist for the
conversion of PS into phenol. The repeat unit in PS closely
resembles cumene, the primary feedstock used to produce phenol
through the Hock process. Here, we investigate prospects for
adapting the Hock process to PS, generating hydroperoxides
through the autoxidation of benzylic C−H bonds followed by the
acid-promoted rearrangement of the hydroperoxides to afford phenol and a partially oxygenated polymer. Experimental and
computational studies of dimeric and trimeric PS model compounds show that neighboring phenyl rings impose conformational
constraints that raise the barrier to hydrogen-atom transfer from the tertiary benzylic C−H bond. These effects are also evident with
PS and contribute to lower yields of phenol when PS is subjected to Hock process conditions. These results provide valuable insights
that have important implications for other efforts that seek to adapt small-molecule reactivity to polymeric feedstocks.

■ INTRODUCTION
Polystyrene (PS) is an inexpensive, large-volume commodity
polymer used in applications ranging from packaging to
insulation and consumer goods.1 Most postconsumer PS,
however, ends up in landfills and has a recycling rate of less
than 1%.2−4 Various chemical recycling strategies are being
considered for the conversion of waste PS into valuable
products.5−7 Much of this effort has focused on thermochem-
ical approaches, such as gasification8 and pyrolysis,9 or
reduction methods, such as hydrogenolysis10 and hydro-
cracking.11 Oxidation methods, particularly those using O2 as
the oxidant, represent an alternative strategy. These
thermodynamically favorable reactions require little energy
input and can directly access valuable products that can reenter
the chemical value chain.12

Industrial methods for hydrocarbon oxidation offer a
valuable starting point for consideration of conditions for
waste plastics valorization. For example, the mid-century (MC)
process,13 an industrial Co/Mn/Br-catalyzed autoxidation
method for the conversion of p-xylene into terephthalic acid
(Figure 1a), has been applied to individual and mixed polymer
feedstocks.14−17 These and other thermal18−21 and photo-
chemical22−31 oxidation conditions typically convert PS into
benzoic acid. While these reactions often proceed with high
selectivity, the market demand for benzoic acid31 is relatively
small (Figure 1b). Biological conversion offers a potential
strategy to use benzoic acid as a feedstock for the production

of value-added products,15,16 but chemical methods to convert
PS into products other than benzoic acid merit attention.32

Phenol has a much larger market volume than benzoic acid,
but methods for the conversion of PS to phenol have not yet
been reported. Phenol is currently produced in the multistep
Hock process, which involves autoxidation of cumene and
subsequent acid-promoted rearrangement of cumene hydro-
peroxide to yield phenol and acetone (Figure 1c).33 The
structural similarity between the repeat unit in PS and cumene
raises the prospect that the Hock process could be adapted to
produce phenol from PS. Here, we explore this possibility. The
data show that the autoxidation and acid-promoted rearrange-
ment reactivity change significantly when dimeric and trimeric
PS subunits are used instead of cumene. Experimental and
computational studies reveal that proximal phenyl groups
along the backbone hinder both steps and limit the
hydroperoxide and phenol yields. Higher molecular weight
derivatives, including pentamers and PS itself, closely resemble
the behavior of the trimeric compound. Treatment of PS under
Hock process conditions affords phenol and a partially
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oxidized polymeric byproduct (PSOX, see Figure 1c) that
retains phenyl groups. The latter material can be used to
produce benzoic acid under MC conditions, and the tandem
Hock/MC oxidation sequence provides a means to access both
phenol and benzoic acid from waste PS. More broadly, this
work provides important fundamental insights relevant to the
adaptation of commodity-scale oxidation conditions to waste-
plastic feedstocks.

■ RESULTS AND DISCUSSION
Autoxidation of Dimeric and Trimeric PS Model

Compounds. The industrial autoxidation of cumene (1) to
cumene hydroperoxide (1a) is typically carried out in neat
cumene around 135 °C, achieving a single-pass conversion of
approximately 20−30%.33−35 These conditions are unsuitable
for reactions with PS, as both hydroperoxides and unreacted
C−H sites remain on the same polymer chain, complicating
the recovery and recycling of the unreacted material.
Consequently, we considered alternative conditions for
cumene autoxidation that use organic solvents and radical
initiators, which enable higher conversion to cumene hydro-
peroxide.36−40 Ishii and coworkers used acetonitrile as the
solvent, with NHPI (N-hydroxyphthalimide) and AIBN
(azobis(isobutyronitrile)) as radical initiators, to convert
cumene to cumene hydroperoxide with 76% conversion and
75% yield.36 This method has been the focus of industrial
interest and further development.38−40 Validation of these
results in our own laboratory (see Figure S5) motivated us to
explore conditions of this type for reactions with PS.
We elected to initiate our study by investigating the dimeric

and trimeric PS model compounds trans-2 and 3 (the latter as

a mixture of diastereomers) (Figure 2). These compounds
provide a structural bridge between cumene and PS and enable
more straightforward analysis of autoxidation products relative
to reactions with PS. Reactivity studies began by evaluating the
autoxidation of 2 and 3 in acetonitrile in the presence and
absence of various hydrogen-atom transfer reagents (e.g.,
NHPI, tBuOOH, and tBuOOtBu) and radical initiators (e.g.,
AIBN and Co(OAc)2). These screening studies showed that
conditions similar to those reported by Ishii afforded the
highest yields of hydroperoxides derived from 2 and 3 (see
Section 4a in Supporting Information for details). The dimeric
compound 2 undergoes selective conversion to the bis-
hydroperoxide 2a (as a mixture of diastereomers), with the
monohydroperoxide forming in only trace amounts (<1%).
Most of the remaining mass balance is present as unreacted
dimer 2 (see Supporting Information for analytical details).
TPNHPI (tetraphenyl-N-hydroxyphthalimide) gives better
yields of 2a than NHPI, while both reactions benefit from
the presence of AIBN (31% vs 20% yield, respectively; see
Figure 2a, entry 1 and Figure S12 in Supporting Information).
PS is not soluble in acetonitrile, while NHPI has poor
solubility in nonpolar solvents. Valeronitrile (nBuCN) offers a
suitable compromise and led to an improved yield of bis-
hydroperoxide 2a (40%, Figure 2a, entry 2).

Small amounts of acetophenone (4, 2.0 mol %) and α-
methylstyrene (5, 0.5 mol %) are observed as side products in
these reactions (Figure 2a). Control experiments show that α-
methylstyrene inhibits autoxidation of the dimeric substrate
trans-2 (Figure 2b), likely by trapping reactive radical
intermediates (see Section 3e in Supporting Information for
additional details). This observation prompted us to consider
the mechanistic origin of α-methylstyrene (and acetophenone)
formation during the reaction of 2 (Figure 2c). The bis-
hydroperoxide is proposed to arise from rapid intramolecular
1,5-hydrogen-atom transfer (HAT) from the initial peroxyl
radical intermediate Int-B. The resulting tertiary radical
intermediate can then react with O2 (path I, Figure 2c) or
undergo the O2-independent O−O/C−C cleavage step to
afford α-methylstyrene and acetophenone (path II, Figure 2c).
This hypothesis suggested that improved conversion to the bis-
hydroperoxide should be accessible at higher O2 pressure. With
10 atm O2,

41 a 56% yield of bis-hydroperoxide 2a was obtained
without α-methylstyrene generation (entry 3). The acetophe-
none formed under these conditions can arise from the
decomposition of 2a (i.e., different from path II). When the
reaction temperature is increased from 70 to 100 °C, the
conversion of 2 increased, but the yield of 2a decreased and
the yield of acetophenone increased (Figure 2a, entry 4).

The reactivity of trimeric model compound 3 shows the
influence of an additional monomer unit. Under conditions
optimized with 2, the reaction of 3 generates hydroperoxides
exclusively at the terminal tertiary benzylic positions, yielding
monohydroperoxide 3a in 23% yield and bis-hydroperoxide 3b
in 24% yield (Figure 2a, entry 5). A small amount of ketone 6
and acetophenone was observed as side products. Overall,
these observations indicate that the trimer has a lower
reactivity than the dimer.
Computational Studies. Density functional theory

(DFT) calculations were performed to assess the energetics
of the oxidation pathways of dimer and trimer model
compounds 2 and 3 in order to gain insight into their different
reactivity. Figure 3 highlights the steps that show significant
differences between the two compounds, including (a) PINO-

Figure 1. (a) Mid-century process for production of terephthalic acid
from p-xylene and its extension to polystyrene conversion to benzoic
acid. (b) Market size of relevant chemicals. (c) Cumene oxidation/
rearrangement in the Hock process, with targeted adaptation to
polystyrene as a feedstock for phenol production.
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mediated HAT to form the tertiary benzylic radical and (b)
intramolecular HAT from the intermediate peroxyl radical (see
Section 5 of Supporting Information for the full reaction
pathway). Hydrogen-atom transfer (HAT) from a benzylic
C−H bond in 2 exhibits an energy barrier of 24.9 kcal/mol
(TS-A, Figure 3a) in the formation of benzylic radical
intermediate Int-A. In the reaction of 3, two potential
PINO-mediated HAT pathways were considered: one from a
terminal benzylic C−H bond and the other from an internal
benzylic C−H bond. Reaction of PINO with the terminal
C−H bond forms the benzylic radical intermediate Int-1 with
an energy barrier of 26.4 kcal/mol (TS-1), while reaction with
the internal C−H bond to form Int-1’ has a higher energy
barrier of 33.3 kcal/mol (TS-1’). Each of these radicals
undergoes a barrierless reaction with O2 to afford peroxyl
radical species (Figure S16 in Supporting Information).
Intramolecular HAT by the dimeric and trimeric peroxyl

radical intermediates Int-B and Int-2 (Figure 3b) initiates
stepwise formation of the bis-hydroperoxide products 2a and
3b (cf. Figure 2). Comparison of the 1,5-HAT energy barriers
for these intermediates shows that the reaction of the trimer
has a 2.2 kcal/mol higher energy barrier than the reaction of
the dimer (TS-2’ versus TS-B). The trimer, however, can also

undergo 1,7-HAT through the transition state TS-2. The
results show that 1,7-HAT is favored by 2.3 kcal/mol over the
1,5-HAT step. Together, this analysis of inter- and intra-
molecular HAT energetics rationalizes the lack of C−H
oxidation products arising from HAT at the central benzylic
C−H bond of the trimer (cf. Figure 2).
Optimization of the Acid-Promoted Hock Rearrange-

ment. Subsequent efforts focused on the acid-promoted
reaction of hydroperoxides 2a, 3a, and 3b obtained from the
autoxidation reaction, without purification (the hydroperoxides
present safety hazards and are insufficiently stable to isolate in
pure form). Each reaction was conducted with 0.2 mmol of
total hydroperoxide, and the yields were recorded with respect
to the hydroperoxide content. Initial tests probed the reaction
of 2a with various Brønsted and Lewis acids (Figures 4 and
S15). Lewis acids generally led to lower phenol yields
compared to reactions with Brønsted acids, and the highest
phenol yields were obtained with the strong acids, sulfuric acid
(H2SO4, 53% yield) and perchloric acid (HClO4, 58% yield)
(Figure 4, entries 1 and 2). Increased acid concentration
enhanced the yield (entries 3 and 4), and the best outcome
was observed with 3.6 M perchloric acid (HClO4) in MeCN,
affording phenol in 72% yield with respect to the hydro-

Figure 2. (a) Autoxidation optimization with polystyrene model compounds 2 and 3. Reaction conditions: 0.5 mmol of Ph-containing subunits
(0.25 mmol 2 and 0.167 mmol 3), 10 mol % TPNHPI (tetraphenyl-N-hydroxyphthalimide), 5 mol % AIBN (azobis(isobutyronitrile)), O2 (1 or 10
atm), and 1 mL valeronitrile (nBuCN) at 70 or 100 °C. aConversion of 2 or 3. bYield of ROOH products 2a, 3a, or 3b was analyzed by UPLC as
alcohols obtained by reduction with PMe3. cYield of ROOH products recalculated based on peroxides per the number of phenyl rings. (b)
Inhibitory effect of α-methylstyrene in the autoxidation reaction of 2. (c) Proposed mechanisms for the O2-dependent formation of 2 (path I) and
formation of acetophenone 4 and α-methylstyrene 5 (path II).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c18143
J. Am. Chem. Soc. 2025, 147, 8687−8694

8689

https://pubs.acs.org/doi/suppl/10.1021/jacs.4c18143/suppl_file/ja4c18143_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c18143/suppl_file/ja4c18143_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c18143/suppl_file/ja4c18143_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18143?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18143?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18143?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c18143?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c18143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


peroxide content (Figure 4, entry 4). Similar performance was
observed with the mixture of mono- and bis-hydroperoxide
species, which afforded a 71% yield of phenol (Figure 4, entry
5).
Hock Process Applied to PS. The above studies of model

compounds provided the basis for the analysis of PS under the
same sequential oxidation/acid-promoted rearrangement con-
ditions. Subjecting PS (Mn ∼ 73 kDa) to the optimized
autoxidation conditions led to the incorporation of hydro-
peroxides at approximately 25 mol % of the benzylic positions
in the PS backbone (PSOOH, Figure 5a). The hydroperoxide

content was estimated by reducing the hydroperoxides with
triphenylphosphine (PPh3) and quantifying the resulting
triphenylphosphine oxide (Ph3P=O) by UPLC. This titration
method was validated by performing the same assay with bis-
hydroperoxide 2a, which can be independently quantified by
other methods (see Section 6b of Supporting Information for
details). 1H NMR spectroscopic analysis of PSOOH does not
reveal the presence of alkene or carbonyl groups, similar to the
formation of α-methylstyrene and acetophenone with the
dimeric model compound (cf. Figures 2a and S18); however, a
small C=O stretching peak at 1716 cm−1 is evident in an IR
spectrum, suggesting that small quantities of terminal benzoyl
groups may be present (Figure 5c).

Subjecting the PS-hydroperoxide material to the optimized
acid treatment conditions led to a 52% yield of phenol with
respect to the hydroperoxide content (Figure 5a), correspond-
ing to a 12.7% yield with respect to phenyl rings in the original
PS sample. Other products, including benzoic acid (1.6%
yield) and acetophenone (1.3% yield), were formed in only
small quantities, showing that phenol is the major product
formed upon treatment of PS under Hock process conditions.
The same reaction sequence performed with various sources of
postconsumer PS afforded similar yields of phenol (10−12%,
Figure S24), indicating that this approach could be extended to
waste plastic materials.

Gel permeation chromatographic analysis of the polymer
during the autoxidation step revealed that the molecular weight
of PS progressively decreased from 73 to 2 kDa during the
reaction (Figure 5b). These observations are consistent with
chain scission occurring during the reaction, likely resembling
observations made with the well-defined model compounds
(cf. compounds 4−6 in Figure 2). A further decrease in

Figure 3. Computational data for the oxidation pathways of the dimer and trimer. Density functional theory (DFT) calculations were performed
using the B3LYP exchange-correlation functional as implemented in Gaussian 16 using the 6-311++G(df,pd) basis set. The trans-dimer 2 and
(2R,4R,6S)-trimer 3 were selected for calculation among the diastereomers.

Figure 4. Acid-promoted Hock rearrangement conditions with crude
2a and 3a/3b obtained from autoxidation of 2 and 3 (cf. Figure 2a).
The yield of phenol was analyzed by UPLC. The yield in parentheses
is the two-step yield from 2 or 3.
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molecular weight is observed upon treating the oxidized
polymer with acid, as would be expected from the release of
phenol from the polymer backbone. IR spectroscopic analysis
of the starting PS and solids recovered after acid treatment of
the oxidized PS showed the appearance of a new peak at 1716
cm−1, consistent with the introduction of carbonyl groups into
the polymer backbone (Figure 5c).
Further Conversion of Oxidized PS to Oxygenated

Aromatic Monomers. The above data indicate that treat-
ment of PS under Hock process conditions leads to partial
conversion to phenol, together with a partially oxidized, low-
molecular-weight polymeric byproduct (PSOX). We postulated
that the latter material could be subjected to MC oxidation
conditions (cf. Figure 1a), similar to those used previously to
convert PS to benzoic acid (Figure 6).15 To test this
hypothesis, the PSOX material obtained from the sequential
Hock process conditions described above was separated from
phenol by precipitation in pentane and washed with methanol.
It was then subjected to Co/Mn/NHPI-catalyzed oxidation in

acetic acid, according to the previously reported conditions.
This reaction led to a 48% yield of benzoic acid with respect to
the phenyl ring present in the original PS (i.e., before the Hock
process treatment). This tandem Hock/MC-process sequence
afforded 62% total yield of oxygenated aromatic monomers
from PS, which may be compared to the 61% yield of benzoic
acid obtained when PS is treated directly under the MC
conditions (Figure 6).42 These results show that the PSOX

byproduct retains aromatic subunits that may be converted to
benzoic acid and further show how the Hock process
conditions may be used to divert a significant fraction of the
phenyl rings in PS into phenol.
Implications for Adaptation of Small-Molecule Trans-

formations to Polymers. The significance of this work goes
beyond the possible practical application noted in Figure 6, as
fundamental insights into the relative reactivity of small
molecule and polymeric feedstocks have important implica-
tions for waste plastics remediation. To bridge the gap between
the dimeric/trimeric PS model compounds and PS, we
prepared two PS-like oligomers with an average molecular
weight corresponding to pentamers and decamers. Both
materials have narrow dispersities (Đ = 1.05 and 1.02,
respectively), and they were used as substrates under the
Hock process conditions to produce phenol (Figure 7).
Cumene was also included to establish a benchmark for the
reactivity of PS and the PS analogues. The results show that
the yield of phenol drops significantly for the dimer, relative to
cumene (36% and 70% yield), and another significant decrease
is observed between the trimer and dimer (17% and 36%).
Further increases in the molecular weight, progressing from
trimer to pentamer, decamer, and PS, show relatively modest
changes in phenol yield (17%−13%).

The yield of phenol appears to be influenced most strongly
by the yield of hydroperoxide in the initial autoxidation step.
Although both autoxidation and acid-promoted rearrangement
are influenced by the substrate identity, the major role of the
autoxidation step is supported by the significant drop in
hydroperoxide yield with cumene (77%), dimer (56%), and
trimer (24%) (see above). To probe these differences further,
we performed competition experiments in which cumene and
the dimer or trimer were combined and subjected to

Figure 5. (a) Application of the optimized Hock process conditions
to polystyrene. Reaction conditions: 1.0 mmol of Ph-containing
monomer units in polystyrene, 10 mol % TPNHPI (tetraphenyl-N-
hydroxyphthalimide), 10 mol % AIBN (azobis(isobutyronitrile)), O2
(10 atm), and 2 mL valeronitrile (nBuCN) at 70 °C. (b) Gel
permeation chromatographic time-course analysis of polystyrene
during the oxidation [O] and acid-promoted Hock rearrangement,
[H+]. (c) IR spectra of starting polystyrene and oxidized polystyrene
before/after acid treatment.

Figure 6. Sequential Hock and MC process. Hock process conditions:
1.0 mmol of PS, 10 mol % TPNHPI (tetraphenyl-N-hydroxyph-
thalimide), 10 mol % AIBN (azobis(isobutyronitrile)), O2 (10 atm),
and 2 mL valeronitrile (nBuCN) at 70 °C. MC process conditions: 1.0
mmol of virgin PS or PSOX after Hock process, 8 mol % of Co(OAc)2,
8 mol % of Mn(OAc)2, 10 mol % of NHPI (N-hydroxyphthalimide),
80 bar of 6% O2 in N2, and 5 mL of AcOH at 180 °C.
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autoxidation conditions (Figure 8a). The conversion of each
substrate was monitored, and a plot of the dimer/trimer
conversion with respect to cumene conversion is shown in
Figure 8b. The data confirm that the relative reactivity of the
substrate decreases with increasing chain length, consistent
with the computational data in Figure 3a, which reveal a higher
activation barrier for PINO-mediated HAT from the trimer
relative to the dimer. To explore the origin of these trends,
dihedral scans of the phenyl ring were performed with cumene
and the dimer and trimer model compounds, and both
terminal and internal phenyl rings were evaluated for the
trimer (Figure 8c). The lowest energy conformer for each of
the structures features a 90° (or 270°) dihedral angle between
the plane of the phenyl ring and the plane of the aliphatic
backbone, and the highest energy arises when the phenyl ring
and backbone are coplanar (0° and 180°). The data in Figure
8c reveal that increasing the number of PS subunits restricts
the phenyl ring rotation. The energy of the coplanar
conformation increases progressively in the sequence of
cumene (2.5 kcal/mol), dimer (3.5 kcal/mol), terminal phenyl
rings of the trimer (4.6 kcal/mol), and the internal phenyl ring

of the trimer (6.7 kcal/mol). The coplanar conformation
stabilizes the benzylic radical generated by HAT, and
rotational restrictions contribute to higher HAT barriers
(Figure 8d). These insights show that, in spite of the structural
similarity between cumene and PS subunits, the presence of
adjacent groups in PS has energetic consequences for
autoxidation that are not present in cumene. It is reasonable
to expect that related considerations could impact other efforts
to extend autoxidation reactivity from small molecules to
polymers.

■ CONCLUSION
Phenol represents an ideal chemical target for valorization of
waste PS. This study introduces a strategy to achieve this goal
by subjecting PS to Hock process conditions. The use of well-
defined dimeric and trimeric model compounds provides
valuable insights into the relationship between cumene, the
conventional Hock process substrate, and PS. These
compounds permit direct characterization of reaction inter-
mediates and comparison of reaction performance between
cumene and PS-like structures. The inclusion of pentameric
and decameric PS structures shows progressive reactivity that
links the well-defined model compounds to PS. Experimental
and computational studies reveal that the phenol yield from PS
is limited by the restricted rotation of phenyl rings within the
extended structure. The conditions outlined herein lead to a
13% yield of phenol from PS, establishing a foundation for
future optimization studies that could consider other HAT
mediators, initiators, or reaction conditions. The partially
oxidized PS polymer obtained following the treatment of PS

Figure 7. Effectiveness of the Hock process on PS-like compounds
ranging from cumene to PS. Hock process conditions: for cumene,
dimer, and trimer: 1.0 mmol of substrate, 10 mol % TPNHPI
(tetraphenyl-N-hydroxyphthalimide), 5 mol % AIBN (azobis-
(isobutyronitrile)), O2 (10 atm), and 2 mL valeronitrile (nBuCN)
at 70 °C. For pentamer, decamer, and PS: 1.0 mmol of substrates, 10
mol % TPNHPI, 10 mol % AIBN, O2 (10 atm), and 2 mL
valeronitrile (nBuCN) at 70 °C.

Figure 8. (a) Substrate conversion experiments under the reaction
conditions: 0.5 mmol of substrates based on repeating units, 0.5 mmol
of cumene, 10 mol % NHPI (N-hydroxyphthalimide), 5 mol % AIBN
(azobis(isobutyronitrile)), O2 (1 atm), and 1 mL nBuCN at 70 °C.
(b) The resulting substrate conversion graph under the reaction. (c)
Rotational energy barriers for cumene, dimer, and trimer during
dihedral angle scans. (d) Benzylic radical stabilization by the phenyl
group.
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under Hock process conditions is an effective substrate for
treatment under MC autoxidation conditions to convert the
remaining phenyl rings into benzoic acid. Collectively, this
study has led to important fundamental and practical outcomes
relevant to the chemical recycling of waste plastics.
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