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Abstract: Upcycling polystyrene (PS) into economically-viable, industrially-relevant single- and multi-substituted
oxygenated aromatic compounds is an attractive option to address the current unsustainable end-of-life of this
high-volume waste plastic. However, 1,2-disubstituted aromatics (e.g. phthalic anhydride), possessing a multi-
billion dollar annual market, have thus far been inaccessible from PS. This is due to unsurmountable steric
constraints conferred by the polymer backbone hindering ortho-functionalisation of its pendant phenyl groups.
Herein, to overcome this challenge, we report a versatile strategy to convert PS directly into 1,2-disubstituted
aromatics, first by PS backbone rearrangement into polyindanes, followed by organocatalyzed aerobic oxidations.
Our approach is applicable to mixed real-life PS waste on multi-gram scales, allowing convenient access to ortho-
substituted aromatics used as catalysts, dyes and drug precursors with different structural complexities previously
inaccessible from PS. Furthermore, this versatile strategy was also applicable on PS-like polymers such as poly(4-
methylstyrene), producing trimellitic, terephthalic and isophthalic acids. This approach significantly expands the
range of high-value substituted aromatic products accessible from PS, further enhancing its utility as a feedstock
in a circular economy.

The upcycling of polystyrene (PS) into value-added, industrially-relevant chemicals is of great recent interest.l'-!
With an estimated global demand of 15 million tons in 2023 that is expected to further increase by ~2 million tons
by 2028, PS is one of the most-produced plastics in the world, yet amongst the least recycled (<1% in the US).[l
With recycled PS being more expensive than the virgin petroleum-derived polymer, PS upcycling into products of
higher economic value repositions this high-volume waste material as feedstock in the chemical value chain, and
has the potential to create an economically-viable post-use plastics economy.34 71 PS is especially attractive for
chemical upcycling as its electron-rich phenyl groups are amenable to electrophilic substitutions (e.g. bromination
and Friedel-crafts alkylation),’®-12 and can stabilize propagating reactive species during chain scission reactions to
produce industrially-relevant oxygenated aromatics such as phenol, acetophenone and benzoic acid (BA).['3-24

Although these mono-substituted aromatics are of industrial importance, strategies to synthesize multi-substituted
aromatics directly from PS greatly expands the range of products accessible. For example, in-situ nitration during
PS oxidative upcycling affords 4-nitrobenzoic acid (4-NBA),['® 251 useful as a precursor in the dye and
pharmaceutical industries. However, product selectivity is largely constrained by reagent accessibility during
electrophilic substitution of the phenyl rings on PS. Despite both 2- and 4-positions of the phenyl groups on PS
being electronically favored for electrophilic substitution reactions, para-substitution is almost exclusively achieved
(Figure 1A): Friedel-Crafts alkylation of PS, followed by oxidation affords mainly terephthalic acid (TPA), with the
conspicuous absence of phthalic acid (1,2-benzenedicarboxylic acid, PAc) reflecting the inability to alkylate the 2-
position of the phenyl group on the polymer (Figure 1A-i).! Similarly, AuCls-catalysed PS bromination affords 4-
bromo-polystyrene exclusively (Figure 1A-ii).l'% The steric inaccessibility of the 2-aromatic position resulting from
the proximal PS backbone has thus far posed unsurmountable challenges for ortho-functionalization. Even under
extremely forcing nitration-oxidation conditions, electronically-disfavored 3-nitrobenzoic acid and 3,5-dinitrobenzoic
acid were preferentially formed over 2-nitrobenzoic acid (Figure 1A-iii).[?%! This constraint has prevented access to
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1,2-disubstituted aromatics such as phthalic anhydride (PAn) from PS, which is an important precursor for industrial
production of plasticisers (e.g. phthalate esters), dyes (e.g. fluorescein, phthalocyanines), drugs (e.g. thalidomide),
energy storage (e.g. lithium phthalates) and functional polymers.26-291 With an annual production exceeding 5.5
million metric tons, % conversion of PS to PAn potentially allows direct access to its existing USD 4.5-billion market
(2023) with projected unabated growth at nearly 4% compounded annual growth rate till 2030,13" far exceeding that
of BA, the most common oxidation product from PS (Figure 1B). Considering that PAn and PAc have thus far
predominantly produced by oxidation of petroleum-based o-xylene and naphthalene,[32-33 their alternative
production from post-use PS not only reduces dependency on these non-renewable resources, but also contributes
towards addressing escalating plastic pollution.

To bypass the steric constraints of the PS backbone that has prevented access to 1,2-disubstituted C8 aromatics,
we devised an alternative two-stepped strategy: First, acid-mediated backbone rearrangement of PS can form
polyindanes (Pls),?4 possessing aromatic rings linked to the polymer backbone at the 1,2-position, which can be
subsequently liberated via catalytic oxidation reactions to produce PAc or PAn (Figure 1B). Unlike C8 diacids (e.g.
TPA) produced from PS through Friedel-Craft alkylation,!®! which incorporates an additional carbon atom from
external alkylating agents, this approach utilizes PS as the sole carbon source, with all 8 carbon atoms of the 1,2-
disubstituted aromatics derived entirely from the polymer itself. Herein, we demonstrate the viability of this approach
to produce PAc or PAnN directly from PS for the first time, including a non-chromatographic process to access PAn
in high purity directly from various types of waste PS.
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Figure 1. (A) Electrophilic substitution of PS favoring para-substituted products in (i) Friedel-Crafts alkylation; (ii) aromatic bromination and (iii)
nitration; (B) Converting PS to 1,2-substituted aromatic oxygenates through sequential polymer rearrangement followed by oxidation. Colored
circles indicate the source of carbon atoms on COOH groups of the final products.
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To achieve backbone rearrangement of PS, we employed strong Brensted acidic conditions at ambient temperature,
using 1.0 weight equivalent of AlCIsrelative to PS in the presence of trace amounts of water, which forms the strong
Bransted acid [AICIsOH-][H*] in-situ.l?4 Under these conditions, the pendant phenyl groups of PS can be protonated,
followed by elimination of benzene to form a carbenium cationic site on the hydrocarbon backbone, which can then
undergo intrachain rearrangement with a neighbouring phenyl groups to form the 1,2-substituted indane moiety
(Figure 1B)B3%. We successfully achieved high extents of PS indanization, evident from '"H NMR analysis (DCM-
d>) of the resulting isolated solids: In the aromatic region, the two characteristic PS aromatic signals centered at
6.50 and 7.10 ppm coalesced to form a single broad peak at ~7.20 ppm (Figure 2A-B). In the aliphatic region, the
PS’s methylene and methine proton signals were changed to a broad signal from ~1.00 - ~3.70 ppm. Additionally,
the relative integrations of the aromatic and aliphatic signals changed from 5:3 expected for PS, closer to the 2:3
expected for fully-converted polyindane (Figure S2). Significant reduction of PS molecular weight resulted during
the rearrangement reaction (Figure S11), indicating that chain scission reactions were competing with indane
formation. Optimisation experiments (Table S1) showed that the presence of water that allows [AICI3OH-][H*]
formation was essential for achieving high extents of indanization, exemplifying the necessity of Brgnsted acidity
in driving the PS intrachain rearrangement, while lower loadings of AICI3 or excess water reduced the extent of
indanization. Interesting, other strong Brgnsted acids such as H2SO4, HCI and Amberlyst-15 failed to elicit
significant PS rearrangement. Using our optimized conditions, multi-gram indanization of PS resins could also be
achieved to afford a polymer (Pl-resin) with 73% conversion of styrene to indan units. Although this also resulted
in unavoidable mass loss (~32%, Section S2) from benzene detachment, the benzene may be recovered and
recirculated as feedstock back into the petrochemical industry(36-371,

Thereafter, Pl-resin oxidation was first investigated using N,N’,N’-trihydroxyisocyanuric acid (THICA) with HNO3
(ag.) under aerobic conditions. 'TH NMR analysis of the crude reaction mixture revealed that PAc was the major
product (Figure 2C), which was further corroborated with ESI mass spectrometry (expected [M+H]* m/z= 167.0344;
obtained 167.0338; 0.0006 ppm). No PAn was observed under these conditions, possibly due to the usage of
aqueous HNOs that promoted hydrolysis of any PAn formed. Other than PAc, BA and 4-NBA were observed as
minor products, likely arising from oxidation of the unreacted styrene units present on the polymer. The possibility
that the PAc could have originated from phthalate-containing additives/ plasticisers in the PS starting material could
be ruled out, as '"H NMR characterization of the PS resin showed no detectable presence of these compounds
(Figure S1). Control experiments (Table 1 entries 2 and 3) indicated the necessity of an aerobic atmosphere for
PAc to be obtained, though a pure Oz atmosphere did not substantially enhance PAc yields. The presence of light
was not essential for the reaction (entry 4), achieving comparable yields of PAc and BA in the dark as under
ambient lighting.

Under oxidative conditions, the N-oxyl radical intermediates generated from N-hydroxyl compounds are susceptible
to degradation reactions such as radical disproportionation, ring-opening and oligomerization,[38-39 thus often
necessitating high catalyst loadings to maintain reactivity.[*% Despite so, archetypical N-hydroxyl catalysts such as
N-hydroxyphthalimide (NHPI) find applications in industrial-scale oxidation processes (e.g. production of
adamantanol from adamantane, cyclohexane oxidation to adipic acid, alkylaromatic oxidation)“!, although
ineffective catalyst recovery is still a key challenge. These degradation products are also often not recovered for
catalyst regeneration, causing significant wastage and contributing to process costs. Motivated by the possibility of
reducing wastage, we investigated replacing THICA with NHPI, an N-hydroxyl catalyst with similar 1,2-substitution
as PAn/PAc, which was previously shown to exhibit similar catalytic efficiency for PS-to-BA conversion as
THICA.['8] Moreover, the products of NHPI degradation during the reaction can be converted to PAc/PAn,[38 which
can be isolated together with the same products from polyindane oxidation for NHPI catalyst regeneration (vide
infra). Indeed, Pl-resin oxidation with NHPI (0.1 mmol) afforded both PAc and PAn (Table 1, entry 5). Although
NHPI degradation performed under identical reaction conditions was found to also produce PAc and PAn as the
main decomposition products (Figure $18), the cumulative quantity of PAc and PAn from the reaction (0.32 mmol)
exceeded the NHPI catalyst loading (0.1 mmol), clearly indicating that the majority of these products were obtained
from the Pl-resin instead of the catalyst.

To identify possible side products and intermediates formed during the reaction, GC-MS analysis of the NHPI-
catalysed reaction was performed. Other than the expected products (BA, PAc and PAn), we observed a nhumber
of partially-oxidized intermediates and indane derivatives (e.g. 2-indanone and 1,3-indandione) from partial
oxidation of the indan segments of the Pl-resin, together with several nitrated aromatics (Table S3). These findings
suggested that multiple hydrogen abstraction reactions[*?l need to occur at different sites on the polymer-bound
indane fragments, before subsequent B-scission reactions and/or combinations with oxygen or nitrogen oxides can
occur to propagate oxidative degradation to PAc/PAn as the terminal aromatic oxidation products (see proposed
mechanism in Figure $19). In all cases (Table 1), higher conversions of the styrene units to BA were observed
compared to PAc/PAn from the indan moieties. This could be attributed to the greater number of elementary steps



WILEY . vcH

needed to produce PAc/PAn from the indan units, as well as differences in electronic susceptibility and steric
accessibility that affect both the thermodynamics and kinetics of hydrogen abstraction.

E j {A) Polystyrene (DCM-d2)
Polystyrene I

AICI3 H0 | @@ — = - - 4 i IS — 5 - - y -
toluene, R.T. 24 h 4.0 3.5 3.0 2.5 2.0 1.5 1.0
Chem:cal shift

) (B) Polyindane (DGM-d2)

Pl resm

T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
Chemical Shift (ppm)

N-hydroxyl catalyst (0.1 mmol)
AcOH, HNQs3, air

120 °C, 24h
l (C) THICA-catalysed

oxidation (DMSO-ds)

B M A

b
780 775 770 765 76
PAc Chemical Shift (ppm}

Figure 2. Conversion of PS resins to 1,2-aromatics with assigned partial '"H NMR spectra (DMSO-d;) of (A) PS and (B) Pl-resin in DCM-d, and
(C) post-oxidised unpurified reaction mixture in DMSO-ds (see Figure S12 for full NMR spectrum).

Table 1. Oxidation of Pl-resin through thermal catalysis

S/IN Catalyst Deviation from std Conditions ! Conversion from indan/styrene
segment on Pl-resin (%) [

PAc PAn BA
1 THICA - 39 - 60
2 THICA Ar instead of air - - 18
3 THICA Oz instead of air 35 - 51
4 THICA Dark 38 - 49
5 NHPI - 38(29) 14 (8)HM 50

8l All reactions were performed using Pl-resin (104 mg), N-hydroxyl catalyst (0.1 mmol; i.e. 17.7 mg THICA, 16.3 mg NHPI)
AcOH: 70% HNOs3 10:1 v/, air, 24 h, under ambient lighting conditions, unless stated otherwise. 'l Determined by 'H NMR
analysis of the crude reaction mixture based on the quantity of each unit from Pl-resin (i.e. PAc and PAn from 73% indan units,
and BA from the 27% styrene units) (Sections $2-3). [ Yields in parentheses exclude PAc and PAn produced via NHPI
degradation (Section S3).

The success of photoredox catalysis in upcycling PS to BAI"4-15.17-19, 21, 23] prompted us to study the possibility of PI
photocatalyzed oxidations under near-ambient conditions. Using indane as a model small-molecule substrate in
ethyl acetate as a green solvent, N-bromosuccinimide (NBS) (10 mol%) was found to be the only catalyst that
elicited significant oxidation under 390 nm irradiation, whilst other known catalytic systems for converting PS to BA
(i.e. H2SO4, TsOH-H20, FeCls) did notl'4-1% (see Section S4 for full screening details). Addition of aqueous HBr (20
mol%) to NBS resulted in nearly 3-fold increase in product yields from indane, though an equivalent amount of
CF3SO2Na, previously shown to enhance PS-to-BA conversionl'®l was ineffective. Unlike the THICA-catalysed
thermal oxidations, unexpected selectivity for PAn over PAc was observed, even in the presence of aqueous HBr.
While mechanistic details remain to be clarified, the photodehydration of PAc to PAn was likely brought catalysed
by succinimide, formed from debromination of NBS during the photoredox oxidation,!'8 with irradiation and Oz
shown to be necessary conditions for PAn formation (discussed in Section S4). Despite this success on indane,
applying the NBS-HBr (20 mol%) catalytic system on the Pl-resin was largely unsuccessful, affording BA and only
trace amounts of PAn after 24 h under 390 nm irradiation (Figure S47). The stark contrast in susceptibility of PS
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and polyindane towards photocatalytic oxidation is significant and unexpected, and may again result from
differences in electronics between both polymers and their intermediates towards oxidative scissions.

Considering the ineffectiveness of photocatalytic reactions for polyindane oxidation, we then probed the practicality
of converting multi-gram real-life PS waste into 1,2-disubstituted aromatic molecules under thermal batch
conditions (Figure 3). 10 g of mixed PS waste, containing different dyes and additives ('"H NMR revealed absence
of significant detectable phthalate-based compounds, Figure S1), underwent facile rearrangement with AICIs to
afford 70% indanization after 24 hours. Subsequently, NHPI-catalysed oxidation of the resulting isolated polymer
(Section S5) afforded PAc as the major product alongside PAn. To isolate the 1,2-aromatics from these insoluble
oligomeric byproducts of polyindane oxidation, the reaction mixture was then further subjected to an aqueous
Soxhlet extraction, which also simultaneously hydrolysed any PAn and NHPI degradation products into PAc. After
removal of the water through evaporation, sublimation of the extracted products led to in-situ PAc dehydration,
forming PAnR in high purity as white crystals. The use of only water for PAn isolation from the crude reaction mixture,
coupled with scalable industrially-relevant processes (i.e. Soxhlet extraction, evaporation and sublimation)
positions it for potential scale-up and industrial translation.

Next, the as-obtained PAn was then converted into several products of varying structural complexity to showcase
its synthetic versatility (Figure 3). First, to recover the NHPI catalyst used for polyindane oxidation, PAn was
subjected to dehydrative condensation with hydroxylamine hydrochloride to obtain the target product in 60% yield.
A similar reaction with urea allowed direct conversion to phthalimide, an essential precursor for synthesis of various
products of significant market demand, such as saccharin, insecticides (e.g. Phosmet) and drugs (e.g. (R)-
thalidomide). Additionally, reaction of PAn with phenol, which could itself be obtained from PS using the Hock
process,['3 allowed convenient access to the pH indicator phenolphthalein. The analogous reaction with resorcinol
afforded the biomedically-versatile dye, fluorescein. These proof-of-concept transformations allow synthesis of
diverse 1,2-aromatics previously inaccessible from PS.
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Figure 3. Conversion of mixed PS waste into PAn, and subsequent further upcycling into different products of varying structural
complexity containing 1,2-substituted aromatics that were previously inaccessible from PS. Full '"H NMR spectra of the PAc
intermediate, PAn product and functionalized derivatives are shown in Sections S5 and S7.

Finally, we extended our process to other commercial PS derivatives such as poly(4-methylstyrene) (P4MS,
commonly used as coatings and engineering plastics (Figure 4). Indanization of P4MS (to form P4MS-I) was
followed by THICA-catalysed oxidation to form trimellitic acid as the major product (Section S6), which is a
precursor to plasticisersi#3 and MOFs.#4451 Other than the expected TPA by-product from unreacted 4-
methylstyrene units, isophthalic acid (IPA) was also observed in significant yields. Time-course experiments
(Figures S61 and S62) show that very small quantities of TPA, IPA, or TMA (total yield < 5%) were produced in
the first 3 hours, indicating that P4MS-I backbone activation and chain cleavage scission reactions dominated
during this period.['®] Thereafter, the yields of all three compounds increased continually throughout the 24 h
reaction. The unexpected IPA product suggested the possibility of reversibility during indanization: like the 4-
methylstyrene units, the asymmetric methyl-substituted indan moieties may also be protonated under strong
Bregnsted acidic conditions, which can undergo scission of either bond attaching the aromatic ring to the polymer
backbone (Figure 4). This forms pendant phenyl moieties substituted at both 1,3- and 1,4-positions, which are in
turn precursors for IPA and TPA respectively. By extension, this also offers a potential route for production of TMA,
TPA and IPA directly from PS, via successive para-selective Friedel-Crafts alkylation, indanization and oxidation.
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Figure 4. Conversion of P4MS into trimellitic, terephthalic and isophthalic acids, with stacked 'H NMR spectra (DMSO-ds) of
the reaction mixture with spectra of the pure, commercially-available products.

In conclusion, we disclose a novel strategy for converting PS into previously-inaccessible 1,2-aromatic oxygenates
through polymer backbone rearrangement, followed by aerobic oxidation. Although N-hydroxyl thermal catalysis
proved effective in polyindane oxidation to PAc, the unexpectedly poor outcomes of photoredox catalysis highlights
the inherent differences in susceptibility of polyindanes and PS towards oxidations. We also demonstrated effective
gram-scale conversion of mixed PS waste into PAn, which was further transformed into 1,2-substituted dyes,
phthalimide, and even the NHPI catalyst previously inaccessible from PS. Our method’s success on substituted
PS derivatives also allows convenient access to highly-functionalised aromatic oxygenates (i.e TMA) and even 1,3-
substituted IPA from P4MS. By providing convenient access to a new class of products previously inaccessible
from PS, our strategy greatly expands its utility as a feedstock for upcycling into high-value aromatics of high
industrial demand.

Acknowledgements

The authors are grateful to the A*STAR Central Research Fund (UIBR), and the NRF Fellowship (Award number:
NRF-NRFF15-2023-0007) for funding of this work. The authors acknowledge Mdm Wong Lai Kwai (National
University of Singapore) for assistance with high-resolution ESI-MS analyses.

Conflicts of interest

A patent application has been filed by the authors based on the contents of this manuscript.

Keywords: Waste plastics * polyindane « organocatalysis ¢ phthalic anhydride « circularity

References

[1 S. Oh, E. E. Stache, Recent advances in oxidative degradation of plastics, Chem. Soc. Rev. 2024, 53, 7309-7327.

[2] J. Sun, J. Dong, L. Gao, Y.-Q. Zhao, H. Moon, S. L. Scott, Catalytic Upcycling of Polyolefins, Chem. Rev. 2024, 124, 9457-9579.

[3] J. Y. C. Lim, Low-Temperature Catalytic Approaches for Upcycling Plastics into Oxygenated Aromatic Compounds, ChemCatChem
2025, 17, €202401626.

[4] Z. Xu, D. Sun, J. Xu, R. Yang, J. D. Russell, G. Liu, Progress and Challenges in Polystyrene Recycling and Upcycling,
ChemSusChem 2024, 17, e202400474.

[5] B.-N. T. Nguyen, J. Y. C. Lim, Emerging green approaches for valorization of plastics with saturated carbon backbones, Trends in
Chemistry 2024, 6, 100-114.

[6] Production capacity of expandable polystyrene worldwide from 2018 to 2021, Vol. 2025, 2024

https://www.statista.com/statistics/1063653/expandable-polystyrene-production-capacity-
globally/#:~:text=The%20global%20production%20capacity%200of,million%20metric%20tons %20in%202019

[7] B. Gautam, T.-H. Tsai, J.-T. Chen, Towards sustainable solutions: A review of polystyrene upcycling and degradation techniques,
Polym. Degrad. Stab. 2024, 225, 110779.

[8] M. E. Coustet, M. S. Cortizo, Functionalization of styrenic polymer through acylation and grafting under microwave energy, Polym.
J. 2011, 43, 265-271.

[9] N. S. Giakoumakis, C. Marquez, R. de Oliveira-Silva, D. Sakellariou, D. E. De Vos, Upcycling of Polystyrene to Aromatic Polyacids
by Tandem Friedel-Crafts and Oxidation Reactions, J. Am. Chem. Soc. 2024, 146, 34753-34762.

[10] B. Dou, Y. Xu, J. Wang, Gold-Catalyzed Precise Bromination of Polystyrene, J. Am. Chem. Soc. 2023, 145, 10422-10430.


https://www.statista.com/statistics/1063653/expandable-polystyrene-production-capacity-globally/#:~:text=The%20global%20production%20capacity%20of,million%20metric%20tons%20in%202019
https://www.statista.com/statistics/1063653/expandable-polystyrene-production-capacity-globally/#:~:text=The%20global%20production%20capacity%20of,million%20metric%20tons%20in%202019

(1]
[12]
[13]

[14]

(18]
[16]
[17]

(18]
[19]
[20]
[21]

[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[33]
[36]
[37]
[38]

[39]

[40]
[41]
[42]
[43]
[44]

[49]

WILEY . vcH

B. Xue, P.-P. Huang, M.-Z. Zhu, S.-Q. Fu, J.-H. Ge, X. Li, P.-N. Liu, Highly Efficient and para-Selective C—H Functionalization of
Polystyrene Providing a Versatile Platform for Diverse Applications, ACS Macro Lett. 2022, 11, 1252-1257.

J. Y. Jeon, Z. Umstead, G. N. Kangovi, S. Lee, C. Bae, Functionalization of Syndiotactic Polystyrene via Superacid-Catalyzed
Friedel-Crafts Alkylation, Top. Catal. 2018, 61, 610-615.

D. Baek, A. J. Al Abdulghani, D. J. Walsh, D. T. Hofsommer, J. B. Gerken, C. Shi, E. Y. X. Chen, |. Hermans, S. S. Stahl, Can the
Hock Process Be Used to Produce Phenol from Polystyrene?, J. Am. Chem. Soc. 2025, 147, 8687-8694.

Z. Huang, M. Shanmugam, Z. Liu, A. Brookfield, E. L. Bennett, R. Guan, D. E. Vega Herrera, J. A. Lopez-Sanchez, A. G. Slater, E.
J. L. Mclnnes, X. Qi, J. Xiao, Chemical Recycling of Polystyrene to Valuable Chemicals via Selective Acid-Catalyzed Aerobic
Oxidation under Visible Light, J. Am. Chem. Soc. 2022, 144, 6532-6542.

S. Oh, E. E. Stache, Chemical Upcycling of Commercial Polystyrene via Catalyst-Controlled Photooxidation, J. Am. Chem. Soc.
2022, 144, 5745-5749.

A.Ong, J. Y. Q. Teo, Z. Feng, T. T. Y. Tan, J. Y. C. Lim, Organocatalytic Aerobic Oxidative Degradation of Polystyrene to Aromatic
Acids, ACS Sustain. Chem. Eng. 2023, 11, 12514-12522.

A. Ong, Z. C. Wong, K. L. O. Chin, W. W. Loh, M. H. Chua, S. J. Ang, J. Y. C. Lim, Enhancing the photocatalytic upcycling of
polystyrene to benzoic acid: a combined computational-experimental approach for acridinium catalyst design, Chem. Sci. 2024, 15,
1061-1067.

Y. Qin, T. Zhang, H. Y. V. Ching, G. S. Raman, S. Das, Integrated strategy for the synthesis of aromatic building blocks via
upcycling of real-life plastic wastes, Chem 2022, 8, 2472-2484.

T. Li, A. Vijeta, C. Casadevall, A. S. Gentleman, T. Euser, E. Reisner, Bridging Plastic Recycling and Organic Catalysis:
Photocatalytic Deconstruction of Polystyrene via a C—H Oxidation Pathway, ACS Catal. 2022, 12, 8155-8163.

R. Cao, M.-Q. Zhang, C. Hu, D. Xiao, M. Wang, D. Ma, Catalytic oxidation of polystyrene to aromatic oxygenates over a graphitic
carbon nitride catalyst, Nat Commun. 2022, 13, 4809.

N. F. Nikitas, E. Skolia, P. L. Gkizis, I. Triandafillidi, C. G. Kokotos, Photochemical aerobic upcycling of polystyrene plastics to
commodity chemicals using anthraquinone as the photocatalyst, Green Chem. 2023, 25, 4750-4759.

K. P. Sullivan, A. Z. Werner, K. J. Ramirez, L. D. Ellis, J. R. Bussard, B. A. Black, D. G. Brandner, F. Bratti, B. L. Buss, X. Dong, S.
J. Haugen, M. A. Ingraham, M. O. Konev, W. E. Michener, J. Miscall, I. Pardo, S. P. Woodworth, A. M. Guss, Y. Roman-Leshkov,
S. S. Stahl, G. T. Beckham, Mixed plastics waste valorization through tandem chemical oxidation and biological funneling, Science
2022, 378, 207-211.

C. Li, X. Y. Kong, M. Lyu, X. T. Tay, M. Boki¢, K. F. Chin, C. T. Yang, E. K. X. Lee, J. Zhang, C. Y. Tham, W. X. Chan, W. J. Lee, T.
T. Lim, A. Goto, M. B. Sullivan, H. S. Soo, Upcycling of non-biodegradable plastics by base metal photocatalysis, Chem 2023, 9,
2683-2700.

G. Zeng, Y. Su, J. Jiang, Z. Huang, Nitrogenative Degradation of Polystyrene Waste, J. Am. Chem. Soc. 2025, 147, 2737-2746.

A. Pifer, A. Sen, Chemical Recycling of Plastics to Useful Organic Compounds by Oxidative Degradation, Angew. Chem. Int. Ed.
1998, 37, 3306-3308.

B. Moon, T. R. Hoye, C. W. Macosko, Synthesis of end- and mid-Phthalic Anhydride Functional Polymers by Atom Transfer Radical
Polymerization, Macromol. 2001, 34, 7941-7951.

S. A. Pooley, G. S. Canessa, B. L. Rivas, Spontaneous copolymerization of phthalic anhydride with aziridine or 2-methylaziridine,
Eur. Polym. J. 1995, 31, 547-553.

F. Santulli, I. D’Auria, L. Boggioni, S. Losio, M. Proverbio, C. Costabile, M. Mazzeo, Bimetallic Aluminum Complexes Bearing
Binaphthyl-Based Iminophenolate Ligands as Catalysts for the Synthesis of Polyesters, Org. Met. 2020, 39, 1213-1220.

M. S. Shaw, M. R. Bates, M. D. Jones, B. D. Ward, Metallocene catalysts for the ring-opening co-polymerisation of epoxides and
cyclic anhydrides, Polym. Chem. 2022, 13, 3315-3324.

Production capacity of phthalic anhydride worldwide in 2018 and 2023, Vol. 2025, 2023
https://www.statista.com/statistics/1063138/phthalic-anhydride-production-capacity-globally/

Phthalic Anhydride Market Size & Trends, Vol. 2025 https://www.grandviewresearch.com/industry-analysis/phthalic-anhydride-
market#:~:text=The%20global%20phthalic%20anhydride%20marketsize,3.8%25%20from%202024%20t0%202030

C. R. Dias, P. M. Farinha, G. C. and Bond, Synthesis of Phthalic Anhydride: Catalysts, Kinetics, and Reaction Modeling, Catal. Rev.
1997, 39, 169-207.

V. Nikolov, K. D., A. and Anastasov, Phthalic Anhydride from o-Xylene Catalysis: Science and Engineering, Catal. Rev. 1991, 33,
319-374.

H. Nanbu, Y. Sakuma, Y. Ishihara, T. Takesue, T. Ikemura, Catalytic degradation of polystyrene in the presence of aluminum
chloride catalyst, Polym. Degrad. Stab. 1987, 19, 61-76.

A. Thigale, C. Trant, J. Ahn, M. Nelson, C. Y. Ryu, C. Bae, S. Lee, Superacid-Assisted Degradation of Polystyrene, Macromol.
2023, 56, 5117-5126.

Z. Xu, F. Pan, M. Sun, J. Xu, N. E. Munyaneza, Z. L. Croft, G. Cai, G. Liu, Cascade degradation and upcycling of polystyrene waste
to high-value chemicals, Proc. Natl. Acad. Sci. 2022, 119, e2203346119.

N. E. Munyaneza, C. Posada, Z. Xu, V. De Altin Popiolek, G. Paddock, C. McKee, G. Liu, A Generic Platform for Upcycling
Polystyrene to Aryl Ketones and Organosulfur Compounds, Angew. Chem. Int. Ed. 2023, 62, €202307042.

O. Kushch, I. Hordieieva, K. Novikova, Y. Litvinov, M. Kompanets, A. Shendrik, |. Opeida, Kinetics of N-oxyl Radicals' Decay, J.
Org. Chem. 2020, 85, 7112-7124.

E. R. Lopat'eva, I. B. Krylov, I. R. Subbotina, G. I. Nikishin, A. O. Terent'ev, Re-Examination of Self-Decay Chemistry of
Phthalimide-N-oxyl Redox-Organocatalyst for Free-Radical CH-Functionalization — Puzzle Begins to Come Together,
ChemCatChem 2024, 16, e202400793.

Y. Ishii, S. Sakaguchi, T. lwahama, Innovation of Hydrocarbon Oxidation with Molecular Oxygen and Related Reactions, Adv.
Synth. Catal. 2001, 343, 393-427.

S. S. Stahl, P. L. Alsters, N-Hydroxyphthalimide (NHPI)-Organocatalyzed Aerobic Oxidations: Advantages, Limits, and Industrial
Perspectives, 2016 https://onlinelibrary.wiley.com/doi/10.1002/9783527690121.ch16

J. Liu, K.-F. Hu, J.-P. Qu, Y.-B. Kang, Organopromoted Selectivity-Switchable Synthesis of Polyketones, Org Lett 2017, 19, 5593-
5596.

M. Rahman, C. S. Brazel, The plasticizer market: an assessment of traditional plasticizers and research trends to meet new
challenges, Prog. Polym. Sci. 2004, 29, 1223-1248.

D. Huang, W. Yang, D. Di, J. Liu, J. Wei, B. Liu, One-step preparation of hydrophilic metal-organic framework materials with
bimetallic linkers and polycarboxylic acid ligands and their adsorption properties, Coll Surf A 2021, 611, 125843.

C. Shan, X. Zhang, S. Ma, X. Xia, Y. Shi, J. Yang, Preparation and application of bimetallic mixed ligand MOF photocatalytic
materials, Coll Surf A 2022, 636, 128108.



https://www.statista.com/statistics/1063138/phthalic-anhydride-production-capacity-globally/
https://www.grandviewresearch.com/industry-analysis/phthalic-anhydride-market#:~:text=The%20global%20phthalic%20anhydride%20marketsize,3.8%25%20from%202024%20to%202030
https://www.grandviewresearch.com/industry-analysis/phthalic-anhydride-market#:~:text=The%20global%20phthalic%20anhydride%20marketsize,3.8%25%20from%202024%20to%202030
https://onlinelibrary.wiley.com/doi/10.1002/9783527690121.ch16

WILEY . vcH

Entry for the Table of Contents

Polyimer 00 o
n bacljflbone Organocatalysed on @ 0
rearrangement x | _oxdation | N
Air

' ~ Phthalic acid Phthalic anhydride
+ Previously inaccessible from PS§
. - ‘ « Muftti-bilifon dolfar anstual markets
« Important precursors for dyes, plasticisers,
Polystyrene drugs, polymers

Industrially-important 1,2-disubstituted oxygenated aromatics (e.g. phthalic acid and anhydride) have been
inaccessible from polystyrene due to sterics conferred by the polymer backbone. Herein, we overcome this
constraint through acid-mediated polymer backbone rearrangement, followed by aerobic oxidation. These
aromatics were further converted into economically- and industrially-relevant products previously-inaccessible from
polystyrene.



