Can the Hock Process Be Used to Produce Phenol from Polystyrene?
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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 in into value-added products. Oxidation methods have been widely studied,
but they typically generate benzoic acid, a product with relatively low market demand. Phenol is a higher volume chemical that would
be an appealing target, but no methods currently exist for 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 autooxidation of benzylic C—H bonds followed by 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 (HAT) 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.
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has a much larger market volume than benzoic acid, but
methods for conversion of PS to phenol have not yet been
reported. Phenol is currently produced in the multi-step Hock
process, which involves autoxidation of cumene and subsequent
acid-promoted rearrangement of cumene hydroperoxide to
yield phenol and acetone (Figure 1¢).* 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 rearrangement reactivity
changes 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 oxidized polymeric byproduct
(PS®%, 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 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%.** 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 unreacted material. Consequently, we
considered alternative conditions for cumene autoxidation that
use organic solvents and radical initiators, which enable higher
conversion to cumene hydroperoxide.** Ishii and coworkers
used acetonitrile as the solvent, with NHPI (M-
hydroxyphthalimide) and AIBN (azobisisobutyronitrile) as
radical initiators, to convert cumene to cumene hydroperoxide
in 76% conversion and 75% yield.*® This method has been the
focus of industrial interest and further development.
Validation of these results in our own lab (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
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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 (azobisisobutyronitrile),
O, (1 or 10 atm), 1 mL valeronitrile ("BuCN) at 70 °C or 100 °C. *Conversion of 2 or 3. ®Yield of ROOH products 2a, 3a, or 3b, analyzed
by UPLC as alcohols obtained by reduction with PMes. °Yield of ROOH products re-calculated based on peroxides per the number of phenyl
rings. (b) Inhibitory effect of a-methylstyrene in the autoxidation reaction of 2. (c) Proposed mechanisms for O»-dependent formation of 2
(Path I) and formation of acetophenone 4 and a-methylstyrene 5 (Path II).



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, tBuOOtBu) and radical initiators (e.g., AIBN,
Co(OAc),). 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 the
Supporting Information for details). The dimeric compound 2
undergoes selective conversion to the bis-hydroperoxide 2a (as
a mixture of diastereomers), with the mono-hydroperoxide
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
the Supporting Information). PS is not soluble in acetonitrile,
while NHPI has poor solubility in non-polar solvents.
Valeronitrile ("BuCN) 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 o-
methylstyrene (5, 0.5 mol%) are observed as side products in
these reactions (Figure 2a). Control experiments show that a-
methylstyrene inhibits autoxidation of the dimeric substrate
trans-2 (Figure 2b), likely by trapping reactive radical
intermediates (see section 3e in the Supporting Information for
additional details). This observation prompted us to consider
the mechanistic origin of o-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 O, (Path I, Figure 2¢) or
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undergo the O»-independent O—O/C—C cleavage step to afford
a-methylstyrene and acetophenone (Path II, Figure 2¢). This
hypothesis suggested that improved conversion to the bis-
hydroperoxide should be accessible at higher O, pressure. With
10 atm O,,*' a 56% yield of bis-hydroperoxide 2a was obtained
without o-methylstyrene generation (entry 3). The
acetophenone formed under these conditions can arise from
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
mono-hydroperoxide 3a in 23% yield and bis-hydroperoxide 3b
in 24% yield (Figure 2a, entry 5). A small amount of ketone 6
and acetophenone were observed as side products. Overall,
these observations indicate that the trimer has 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-mediated
HAT from the tertiary benzylic radical and (b) intramolecular
HAT from the intermediate peroxyl radical (see section 5 of the
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 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
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Figure 3. Computational data for the oxidation pathways of 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 the (2R,4R,65)-trimer 3 were selected for the calculation among the diastereomers.



the other from the 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 for form Int-1'
has a higher energy barrier of 33.3 kcal/mol (TS-1'). Each of
these radicals undergoes barrierless reaction with O, to afford
peroxyl radical species (Figure S16 in the 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 reaction of the trimer has a
2.2 kcal/mol higher energy barrier that reaction of the dimer
(TS-2’ versus TS-B). The trimer, however, can also undergo
1,7-HAT through 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 intramolecular HAT
energetics rationalizes that 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-
Rearrangement. Subsequent efforts focused on 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 yields were recorded
with respect to the hydroperoxide content. Initial tests probed
reaction of 2a with various Brensted and Lewis acids (Figure 4
and Figure S15). Lewis acids generally led to lower phenol
yields compared to reactions with Brensted acids, and the
highest phenol yields were obtained with the strong acids,
sulfuric acid (H2SOs, 53% yield) and perchloric acid (HCIOs,
58% vyield) (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 (HCIO4) in
MeCN, affording phenol in 72% yield with respect to the
hydroperoxide 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 analysis of PS under the same
sequential oxidation/acid-promoted rearrangement conditions.
Subjecting PS (M, ~ 73 kDa) to the optimized autoxidation
conditions led to incorporation of hydroperoxides at
approximately 25 mol% of the benzylic position in the PS
backbone (PS®°", Figure 5a). The hydroperoxide content was
estimated by reducing the hydroperoxides  with
triphenylphosphine (PPhs) and quantifying the resulting
triphenylphosphine oxide (Ph;P=0) 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 the Supporting Information for
details). '"H NMR spectroscopic analysis of PS®°H does not
reveal the presence of alkene or carbonyl groups, similar to the
formation of a-methylstyrene and acetophenone with the
dimeric model compound (cf. Figure 2a and Figure S18);
however, a small C=O stretching peak at 1716 cm™ is evident
in an IR spectrum, suggesting small quantities of terminal
benzoyl group may be present (Figure 5c).

Subjecting the PS-hydroperoxide material to the optimized
acid treatment conditions led to a 52% yield of phenol with
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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 parenthesis is the two-step yield from 2 or 3.
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Figure S. (a) Application of 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 (azobisisobutyronitrile), O,
(10 atm), 2 mL valeronitrile ("BuCN) at 70 °C. (b) Gel permeation
chromatographic time-course analysis of polystyrene during the
oxidation, [O], and acid-promoted Hock rearrangement, [H*]. (¢)
IR spectra of starting polystyrene and oxidized polystyrene
before/after acid treatment.



respect to the hydroperoxide content (Figure 5a),
corresponding 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 treating PS under Hock process conditions. The
same reaction sequence performed with various sources of post-
consumer 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 kDa 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 46 in Figure 2). A further decrease in molecular
weight is observed upon treating the oxidized polymer with
acid, as would be expected from 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™!, consistent
with the introduction of carbonyl groups into the polymer
backbone (Figure Sc).

Further Conversion of Oxidized PS to Oxygenated
Aromatic Monomers. The above data indicate that treatment
of PS under Hock process conditions leads to partial conversion
to phenol, together with a partially oxidized, low-molecular-
weight polymeric byproduct (PS°X). 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).'% To test this hypothesis, the PS°X
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 the
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 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).*> These
results show that the PS®X byproduct retains aromatic subunits
that may be converted to benzoic acid and, further, shows 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
Transformations 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 implications
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 dispersity (P = 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
analogs. 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,
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Figure 6. Sequential Hock and MC process. Hock process
conditions: 1.0 mmol of PS, 10 mol% TPNHPI (tetraphenyl-N-
hydroxyphthalimide), 10 mol% AIBN (azobisisobutyronitrile), O,
(10 atm), 2 mL valeronitrile ("BuCN) at 70 °C. MC process
conditions: 1.0 mmol of virgin PS or PSX after Hock process, 8
mol% of Co(OAc),, 8 mol% of Mn(OAc),, 10 mol% of NHPI (V-
hydroxyphthalimide), 80 bar of 6% O, in N>, 5 mL of AcOH at 180
°C.
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Figure 7. Effectiveness of 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
(azobisisobutyronitrile), O, (10 atm), 2 mL valeronitrile ("BuCN)
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("BuCN) at 70 °C.
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Figure 8. (a) Substrate conversion experiments under the reaction
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trimer during dihedral angle scans. (d) Benzylic radical
stabilization by phenyl group.

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 the
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 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 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 will 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. The present study introduces a strategy to achieve this
goal by subjecting PS to Hock process conditions. 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
intermediates and comparison of reaction performance between
cumene with 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 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, and/or reaction conditions. The partially
oxidized PS polymer obtained following treatment of PS under
Hock process conditions is an effective substrate for treatment
under MC autoxidation condition 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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1. General Experimental Considerations

1a. Materials and reagents

All reagents were purchased and used as received unless otherwise noted. Cumene was vacuum-distilled
and stored under an N, atmosphere before use. Tetrahydrofuran (THF) was distilled from sodium
benzophenone ketyl and stored under an N> atmosphere before use. Valeronitrile ("BuCN) was purchased
from Sigma-Aldrich. Raney nickel was purchased from Sigma-Aldrich (Raney 2800, slurry in H,O, active
catalyst) and thoroughly washed with deionized water before use. Among the low molecular weight
oligomers (pentamer and decamer), pentamer was synthesized following a previously reported method.'
Decamer was synthesized by following the procedure from Section 2¢ in this Supporting Information. For
decamer synthesis, initiator sec-butyl lithium solution (~1.4 M in cyclohexane) was purchased from Sigma-
Aldrich and used as received. Monomer styrene and solvent cyclohexane were purchased from TCI
America and VWR Chemicals BDH, respectively. Both the monomer and solvent were dried over CaH,
while stirring overnight (~12 h) at ambient temperature and freshly distilled under vacuum (CaH, was
removed via filtration before distillation) prior to performing the styrene oligomerization reactions.
Polystyrene was purchased from Sigma Aldrich (My ~ 192 kDa). Tetraphenyl-N-hydroxyphthalimide
(TPNHPI) was synthesized by following a previously reported method.> Other N-hydroxyphthalimide
(NHPI) derivatives were purchased from Sigma Aldrich. 2,2°-Azobis(2-methylpropionitrile) (AIBN), 1,1"-
Azobis(cyclohexanecarbonitrile) (ACHN), tert-Butyl hydroperoxide (tBuOOH), fert-Butyl peroxide
(tBuOOtBu) were purchased from Sigma Aldrich. 2,2'-Azobis(2,4-dimethylvaleronitrile) (ADVN) was
purchased from Fujifilm Wako chemicals.

Commercially available NHPI derivatives Synthesized NHPI derivatives
Ph o o
Ph
=z
N—OH HO—N N—OH [ N—oH
N
Ph N
ph O o
NHPI TCNHPI NHNI DNHPI TPNHPI NHaQl
Sigma-Aldrich ! TCIl America

Figure S1. Chemical structures of the commercially available and synthesized N-hydroxyphthalimide
(NHPT) derivatives.

1b.  Equipment and instrumentation

Column chromatography was performed using an automated Combi-Flash with reusable 12 g, 25 g, or
40 g Silicycle cartridges or standard silica cartridges purchased from Teledyne Isco. Thin layer
chromatographic (TLC) analysis was performed on Kieselgel 60 F254 aluminum backed silica plates,
visualizing with UV light and/or staining with phosphomolybdic Acid (PMA) solution (10% in EtOH).
NMR spectra ('H and "*C) were obtained with either a Bruker Avance I11 400 MHz spectrometer or a Bruker
Avance III 500 MHz spectrometer referenced against the residual solvent peaks: CDCIl; peaks at 7.26 ppm
(‘H) and 77.16 ppm (**C); multiplicities are described using the following abbreviations: s = singlet, d =
doublet, dd = doublet of doublet, m = multiplet. High-resolution mass spectra were obtained using a Thermo
Q Exactive™ Plus via (ASAP-MS) by the mass spectrometry facility at the University of Wisconsin-
Madison. Low pressure oxidation reactions were performed in a custom-built shaker equipped with a heater
and gas manifold (Figure S6). High pressure oxidation reactions were performed with a Hastelloy Parr
reactor from a Series 5000 Multiple Reaction System. GPC analysis was performed using a Viscotek
GPCmax/VE 2001 instrument fitted with set of two PolyPore columns (molecular weight range: 500-
400,000). Polymer samples were prepared with THF (concentration: 2.5 mg/mL) then injected at a flow
rate of 1 mL/min at 40 °C. Polymers were characterized by their refractive index (RI) using a Viscotek
model 302-050 tetra detector array. Omnisec software (Viscotek, Inc.) was used for initial data processing
such as baseline correction and applying molecular weight calibrations. Molecular weight calibrations were
determined using polystyrene standards (MW 580-364000 Da). In the case of the PS oligomers (pentamer
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and decamer), GPC analysis was performed by the GPC instrument consisted of an Agilent HPLC system
equipped with one guard column and two PLgel 5 pm mixed-C gel permeation columns and coupled with
a Wyatt DAWN HELEOS II multi (18)-angle light scattering detector and a Wyatt Optilab TrEX dRI
detector. The analysis was performed at 40 °C using chloroform as the eluent at a flow rate of 1.0 mL/min,
using Wyatt ASTRA 7.1.2 molecular weight characterization software. The refractive index increment
(dn/dc) of 0.1608 was used for polystyrene (PS) in chloroform.
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UHPLC/UYV analysis was obtained on a Waters Acquity UPLC equipped with a diode array detector and
a Waters Acquity UPLC BEH C18 column (50 mm x 2.3 mm ID) at 45 °C. Solvent A was 0.1% formic
acid in type 1 water and solvent B was HPLC grade acetonitrile with 0.1% formic acid (flow rate 0.75
mlL/min). Calibration curves are shown in Figure S2. The reaction mixtures containing hydroperoxides
(ROOH) were analyzed by UPLC after treatment with PMes;, which converts hydroperoxides to the
corresponding alcohols (ROH), forming Me3;P=0 as a byproduct. This treatment avoids complications in
quantifying the hydroperoxides due to their instability and safety hazards associated with their handling —
both of which limit the ability to generate calibration curves. A sample UPLC trace before/after adding
PMes in Figure S3. The products were identified by GC/MS and synthesized independently to make
calibration curves if the products were not commercially available (compounds 7, 8, 9, 10). Otherwise,
yields were quantified by the calibration curve using a 1,4-dimethoxybenzene as an internal standard with
commercially available products without further purification.
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Figure S2. Calibration curves using the different analytes measured in this study by UPLC.
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Figure S3. Sample UPLC traces obtained from analysis of the autoxidation reaction of dimer 2, before ‘
(top) and after (bottom) PMes treatment. The PMes treatment avoid the instability and safety hazards
associated with handling hydroperoxides, while still allowing quantitation.

lc. Safety considerations

I. Reactions in this paper form benzylic hydroperoxides which could be highly explosive when
concentrated.* The reactions should never be concentrated to dryness without ensuring that all remaining
peroxides have been removed or quenched with appropriate reagents (e.g. PPhs, PMes or Na,S,03).

II. Several oxidation conditions in this study (e.g., the 10 atm O condition) exceed the experimental
limiting oxygen concentration for aerobic oxidation. To our knowledge, the limiting oxygen concentration
of valeronitrile has not be measured, but the limiting oxygen concentration for acetonitrile has been
reported.”® The limiting oxygen concentration of acetonitrile is 12.1 vol% at 10 bar and 100 °C. We
exceeded these limits in our small-scale experiments reported herein, with safety precautions including use
of <2 mL of solvent, double blast shields. For larger scale experiments, a diluted O, gas mixture, 6% O, in
N, was used to stay below the limiting oxygen concentration.

II1. For the synthesis of PS model compounds, care should be taken when handling Raney nickel, which is
a highly pyrophoric solid when dried. It can ignite spontaneously in air.

IV. Perchloric acid is a strong and corrosive inorganic acid that can become explosive at concentrations
greater than 85 wt%. It is a powerful oxidizer, especially at elevated temperatures, and may react violently
with organic materials, metals, and reducing reagents. When handling perchloric acid, appropriate
protective equipment, including gloves, goggles, and a fume hood should be used.
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2. Synthesis of polystyrene model compounds
2a.  Dimer synthesis

Scheme S1. Synthesis of polystyrene model dimer 2.

JL PhMgBr (2.1 equiv.) Me Me Raney Ni Me Me
)]\ > - Y\/

Me THF, I, (cat), rt, 14 h HO Ph Ph OH iPrOH, reflux, 1 h Ph ;h
trans DI 2
Isopropenyl acetate ~ 46-53% yield compound 7 (major) 90-92% yield trans-Dimer (2)
(compound 7) . .
+ + Single diastereomer
6-10% yield

(compound 8) Me Me

HO Ph HO Ph
cis
compound 8 (minor)
Compounds 7 and 8 were synthesized according to a literature procedure.® To a flame-dried Schlenk

flask charged with stir bar and isopropenyl acetate (2.50 g, 25.0 mmol, 1 equiv.) in THF (31 mL), was
added phenyl magnesium bromide (1.0 M in THF, 52.5 mL, 52.5 mmol, 2.1 equiv.) at -78 °C. The mixture

was warmed to 23 °C under vigorous stirring for 12 h. The reaction was quenched with a saturated aqueous
NH4Cl solution and extracted with ethyl acetate. The combined organic layers were dried over MgSO4 and
concentrated under reduced pressure. Crude product was purified by flash chromatography (the product can
be detected by phosphomolybdic acid (PMA) staining on TLC). Compound 7 was obtained as white solid
(3.12 g, 49% yield). Compound 8 was obtained as white solid (510 mg, 8% yield).

(trans)-2,4-diphenylpentane-2,4-diol (Compound 7)

e " "H-NMR (500 MHz, CDCl;) &: 7.48 (dd, J = 8.4, 1.3 Hz, 2H), 7.39 — 7.33 (m, 2H),
w 7.28 —7.22 (m, 1H), 3.62 (s, 1H), 2.41 (s, 1H), 1.27 (s, 3H).
HO ph ph OH |"C-NMR (126 MHz, CDCl;) 5: 149.30, 128.39, 126.70, 124.63, 76.16, 53.94, 32.05.
HRMS (ESI) calc’d for Ci7H,7 [M-2(H,0)+H]": 221.1325, found: 221.1322.

w

T
>

(cis)-2,4-diphenylpentane-2,4-diol (Compound 8)
'H-NMR (500 MHz, CDCl;) § 7.02 (dd, J = 8.2, 1.7 Hz, 4H), 7.00 — 6.92 (m, 6H),
Me ~Me (322 (s, 2H), 2.62 (d, ] = 14.8 Hz, 1H), 2.45 (d, ] = 14.8 Hz, 1H), 1.56 (s, 6H).

Hd B wd Ph |PC-NMR (126 MHz, CDCl3) § 147.15, 127.64, 125.82, 124.64, 75.92, 54.05, 33.96.
HRMS (ESI) calc’d for Ci7H,7 [M-2(H,0)+H]": 221.1325, found: 221.1322.

The NMR spectra matched with previously reported literature.*

(trans)-pentane-2,4-diyl)dibenzene (¢trans-dimer, 2)

The following deoxygenation step was adapted from literature procedures.’ To a flame-dried Schlenk flask
charged with stir bar, 5 g of Raney Ni (Raney 2800, slurry in water, active catalyst) was added under inert
atmosphere. The Raney Ni slurry was washed with distilled H>O (7 times) and iPrOH (5 times). After
washing, 30 mL of iPrOH and compound 7 (2.56 g, 10 mmol) were added to the flask attached with a
condenser. The reaction was refluxed with vigorous stirring for 2 hours. The crude reaction mixture was
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filtered through Celite and purified by column chromatography using hexane as an eluent (2.01 g, 93%
yield).

"H-NMR (500 MHz, CDCls) & 7.31 (m, 2H), 7.24 — 7.17 (m, 1H), 7.16 — 7.10 (m,
'\"e\/\r“"e 2H), 2.51 (h, J = 6.9 Hz, 1H), 1.89 (t, J = 7.5 Hz, 1H), 1.18 (d, ] = 6.9 Hz, 3H).

BC-NMR (126 MHz, CDCL) & 146.88, 127.88, 126.79, 125.45, 46.37, 37.24,
22.88.

o

h Ph

The NMR spectra matched with previously reported literature.®

2b.  Trimer synthesis

Scheme S2. Trimer synthesis.

Me Me
O Ph O MeMgBr (4.0 equiv) Me OH PhMe OH  Raney Ni m
—_——— —_—
w ; 1 Ph Ph Ph
Ph Ph  THF,-78°C,3h Ph Ph /PrOH, 1h
Trimer (3)
1,3,5-triphenylpentane-1,5-dione  76-83% yield Compound 10 92-95% yield Mixed diastereomer

2,4,6-triphenylheptane-2,6-diol (Compound 10)

1,3,5-triphenylpentane-1,5-dione was synthesized by following previous literature.”* To a flame-dried
Schlenk flask charged with stir bar and 1,3,5-triphenylpentane-1,5-dione (2.4 g, 7.3 mmol, 1 equiv.) in THF
(24 mL), methyl magnesium bromide (3.0 M in THF, 9.7 mL, 29.2 mmol, 4.0 equiv.) were added at -78 °C
and stirred for 2 h at -78 °C. The reaction was quenched with a saturated aqueous NH4Cl solution and
extracted with ethyl acetate. The combined organic layers were dried over MgSOs4 and concentrated under
reduced pressure. Crude product was purified by flash chromatography (the product can be detected by
phosphomolybdic acid (PMA) staining on TLC). Compound 10 was obtained as a colorless oil (2.1 g, 81%
yield).

"H-NMR (500 MHz, CDCl3) § 7.36 — 7.11 (m, 13H), 6.98 — 6.81 (m, 2H), 2.75
Me  OH PhMe OH | _ 264 (m, 1H),2.47 (dd, = 14.6,4.3 Hz, 1H), 2.31 — 2.12 (m, SH), 1.46 — 1.35
PhWPh (m, 6H).
BC-NMR (101 MHz, CDCL) § 147.80, 147.39, 147.23, 146.86, 145.72,
128.70, 128.31, 127.65, 127.62, 127.54, 127.12, 126.40, 125.97, 125.94,
125.90, 125.70, 124.49, 124.30, 124.26, 75.28, 75.25, 75.14, 51.62, 51.03, 50.90, 37.35, 37.05, 30.84,
30.22.
HRMS (ESI) calc’d for CosHas [M-2(H,O)+H]"™: 325.1951, found: 325.1945.

heptane-2,4,6-triyltribenzene (trimer, 3; mixed diastereomers)
The following deoxygenation step was adapted from literature procedures.’ To a flame-dried Schlenk flask

charged with stir bar, 5 g of Raney Ni (Raney 2800, slurry in water, active catalyst) was added under inert
atmosphere. The Raney Ni slurry was washed with distilled H,O (7 times) and /PrOH (5 times). After
washing, 30 mL of iPrOH and compound 10 (1.80 g, 5.1 mmol) were added to the flask attached with a
condenser. The reaction was refluxed with vigorous stirring for 2 hours. The crude reaction mixture was
filtered through Celite and purified by column chromatography using hexane as an eluent (1.57 g, 94%
yield).
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"H-NMR (500 MHz, CDCl:3) § 7.36 — 7.07 (m, 10H), 7.01 (m, 5H), 2.67 —2.14
Me Me| (m,3H), 2.07 — 1.67 (m, 4H), 1.30 — 1.02 (m, 6H).
BC-NMR (101 MHz, CDCL) & 148.15, 147.91, 147.24, 146.99, 145.99,
Ph Ph Ph 145.62, 145.54, 128.59, 128.46, 128.41, 128.38, 128.36, 128.34, 128.12,
127.95, 127.68, 127.38, 127.20, 126.95, 126.93, 126.18, 126.11, 126.08,
125.97, 125.92, 125.81, 46.53, 45.82, 45.55, 45.23, 41.33, 41.12, 37.63, 37.61, 37.03, 29.86, 23.96, 23.37,
21.36,21.18.

The NMR spectra matched with previously reported literature.®

2c¢. PS oligomer synthesis (pentamer and decamer)

The synthesis of decamer follows the previous procedures reported for the synthesis of pentamer (M, =
510 Da, ® = 1.05)." Inside an inert glovebox (typically <1.0 ppm oxygen and moisture), an oven and
vacuum dried 1 L round-bottom flask was equipped with a stir bar and charged with 600 mL dry
cyclohexane and 55 mL styrene (0.48 mol). Initiator sec-BuLi (34 mL, 48 mmol) was placed in a 100 mL
beaker first, then poured into the round-bottom flask in seconds to initiate the polymerization. The reaction
mixture turned deep red immediately. After 15 min, the polymerization was quenched by addition of 5 mL
argon-purged methanol. The flask was removed out of the glovebox, and the quenched solution was filtered
through a pad of celite to remove the lithium salt. The filtrate was concentrated under reduced pressure, and
the residue was redissolved in a small amount dichloromethane. The resulting solution was precipitated
into 2 L cold methanol, filtered, and washed with cold methanol. This procedure was repeated twice, and
the resulting product was dried in a vacuum oven at 30 °C for 3 days to a constant weight to give 41 grams
of average decamer (76% yield; M, = 1,010 Da; D = 1.02).

HsC H M, = 1,010 g/mol
n
p=1.02
HyC

system
peak

0 5 10 15 20 25 30
Elution (Time)
Figure S4. GPC trace of decamer (n=10, M, = 1,010 Da, P = 1.02) from the RI detector.
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3. General experimental procedure with polystyrene model compounds

3a. Benchmarking autoxidation reactions with cumene as the substrate.

Reaction setup: The autoxidation of cumene (1) to cumene hydroperoxide (1a) has been reported by Ishii
and coworkers to proceed in acetonitrile. Before initiating reactions with PS model compounds and PS, we
benchmarked the previously reported conditions using a ‘“shaker reactor” (see Section 3b) and a high-
pressure Parr reactor (see Section 3c). The results, illustrated in Figure S5 validate the previous report
provided a foundation for further testing of autoxidation reactions with PS model compounds and PS.

(a) Autoxidation reaction of cumene previously reported by Ishii

OOH
NHPI (10 mol%) OH
AIBN (3 mol%) H,SOy4
O, (1 atm) (0.15 M in MeCN)
MeCN, 75 °C, 8 h
76% conversion 75% yield 91% yield

(68% two-step yield for phenol)

(b) Autoxidation reaction of cumene in the shaker reactor

OOH
NHPI (10 mol%) OH
AIBN (3 mol%) H,S0,
O, (1 atm) (0.15 M in MeCN)
—_— —_—
MeCN, 75 °C, 8 h
80% conversion 75% yield 86% yield

(65% two-step yield for phenol)
(c) Autoxidation reaction of cumene in the High-pressure Parr reactor

OOH
NHPI (10 mol%) OH
AIBN (3 mol%) H,S0O,
O, (1 atm) (0.15 M in MeCN)
MeCN, 75 °C, 8 h
85% conversion 77% yield 90% yield

(70% two-step yield for phenol)

Figure S5. Autoxidation reaction of cumene (a) previously reported by Ishii and coworkers and (b) under
the same conditions but using reaction vessels employed in this study.

3b.  Reaction optimization at 1 atm O;

Suba-seal septa
0O, inlet/outlet for Headspace

Cooling by chiller

Heavy wall 133mm x 100mm
Culture tubes x 48

Plate for culture tubes

Shaking plate

Controlling rpm

Figure S6. Custom shaker reactor.
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Reaction setup: A custom 48 tube shaker equipped with a gas manifold capable of maintaining an O»
atmosphere was used. Reagents were added sequentially to disposable heavy wall 13 mm x 100 mm culture
tubes. First, PS model compound is added (0.5 mmol based on repeating unit: 2, 56 mg; 3, 55 mg) to the
tubes. TPNHPI (23.4 mg, 0.05 mmol), AIBN (4.1 mg, 0.025 mmol) and C4HoCN (1.0 mL) were added
sequentially. The test tube was loaded onto the preheated custom parallel shaker reactor. The reactor was
purged with O, (1 atm) for 3 minutes. The mixture was allowed to shake (60 rpm) at the indicated
temperature and time. Then, the reaction mixtures were removed from the parallel reactor and allowed to
cool to 23 °C. The resulting mixture was quenched as below.

Quench 1. Phosphine quench to quantify hydroperoxides and other products

Workup with PMes: 1 mL of PMe;s solution (1 mmol, 1.0 M in THF) was added to the reaction mixture
under inert atmosphere. The reaction mixture was shaken for 30 minutes to fully reduce the generated
hydroperoxides to the corresponding alcohols. To the culture tubes was added 10 mg of 14-
dimethoxybenzene as an internal standard. The reaction mixture was diluted by adding 4 mL C4HoCN and
a 50 pL aliquot was removed for UPLC analysis to measure the corresponding alcohols resulting from
reduction of the hydroperoxides. Unreacted polystyrene model compounds, benzoic acid, a-methylstyrene,
acetophenone, and alcohol products were quantified by comparison to a calibration curve using
commercially available compounds or compounds synthesized in section 2.

Quench 2. Acid treatment to quantify phenol and other products

1 mL of HCIOj4 solution (3.6 M in MeCN) was added to the culture tubes and the mixture was allowed to
shake (60 rpm) for 4 h at 23 °C. The tubes were removed from the reactor, and 10 mg of 1,4-
dimethoxybenzene was added as an internal standard. The reaction mixture was diluted by adding 4 mL
MeCN and 50 pL aliquot was removed for UPLC analysis to measure the products. Unreacted model
compounds, phenol, a-methylstyrene, and acetophenone were quantified by comparison to a calibration
curve using commercially available compounds.

3c. High pressure oxidation using a Parr reactor
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Reaction setup: High pressure reaction conditions were screened using a stainless steel Parr reactor from
Series 5000 Multiple Reaction System. To the reactor vessels were added sequentially: a magnetic stir bar,
PS model compounds (1.0 mmol based on repeat unit), TPNHPI (46.8 mg, 0.1 mmol), AIBN (8.2 mg, 0.05
mmol), and C4sHoCN (2.0 mL). The vessel was pressurized to the desired pressure and loaded onto an oil
bath preheated to a set temperature using a hotplate. The mixture was stirred at the indicated temperature
and time. Then, the reaction mixture was allowed to cool to 23 °C, the solution was transferred to a 10 mL
Schlenk flask, and the Parr reactor was rinsed into the Schlenk flask with 2 mL of C4HoCN.

Quench 1. Phosphine quench to quantify hydroperoxides and other products

Workup with PMes: To the reaction mixture in a 10 mL Schlenk flask is added 2 mL of PMes solution (2
mmol, 1.0 M in THF) under inert atmosphere to reduce the generated hydroperoxides to the corresponding
alcohols. To the reaction mixture was added 10 mg of 1,4-dimethoxybenzene as internal standard. The
reaction mixture was diluted by adding 6 mL. C4HoCN, and a 50 pL aliquot was removed for UPLC analysis
to measure the corresponding alcohols produced from reduction of hydroperoxides. Unreacted PS model
compounds, a-methylstyrene, acetophenone, and alcohol products were quantified by comparison to a
calibration curve using compounds synthesized in section 2.

Quench 2. Acid treatment to quantify phenol and other products

2 mL of HCIO4 solution (3.6 M in MeCN) was added to the flask and the mixture was stirred for 4 h at
23 °C. 10 mg of 1,4-dimethoxybenzene was added into the flask. The reaction mixture was diluted by
adding 8 mL MeCN and 50 pL aliquot was removed for UPLC analysis to measure the products. Unreacted
polystyrene model compounds, phenol, a-methylstyrene, and acetophenone, were quantified by comparison
to a calibration curve using commercially available compounds.
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3d. Major products identified after phosphine quench (Hock process step 1)

Model compounds for PS Identified ROOH Products Corresponding alcohols
TPNHPI (10 mol%) From cumene: PMe3 From cumene: OH
AIBN (5 mol%), O, (x atm) OOH @ ;;uiv )
Ph > —
cumene (1) C4H9CN (0.5 M), T °C, 20 h Ph Ph
1a 2-phenyl-2-propanol
Ph o From dimer: From dimer:
Y\_/ Ph Ph 2 Ph 2 $
Ph Ph N—OH PhW Ph—:l/\l‘-— + Ph-j/\l—Ph
, Ph OOH OOH OH OH OH OH
trans-dimer (2) pp O 22 compound 7 compound 8
TPNHPI (Separable diastereomers)
W From trimer: From trimer:
Ph  Ph Ph . J<CN Ph Ph
trimer (3 >r N m m compound 9
) NC HoO Ph _ Ph HO Ph  Ph
0.5 mmol scale AIBN + %a Ph ¥ Ph
(based on repeating units) thPh m compound 10
HOO P, / OOH HO Ph * OH
3b (Unseparable diastereomers)

Analyzed by UPLC

1. ROOH Products were identified by analyzing the corresponding alcohols.
2. Yields were identifed by UPLC analysis of the corresponding alcohols.

Figure S8. Identified major products after 1*' step.

UPLC trace of compound 7 and 8: Compounds 7 and 8 were separable diastereomers by UPLC and flash
chromatography. They were Independently synthesized and used to make calibration curve using UPLC.
This step is same as compound 7 and 8 synthesis during dimer preparation (Section 2a in this Supporting
Information).

trans-2,4-diphenylpentane-2,4-diol (Compound 7)

'H-NMR (500 MHz, CDCls) § 7.48 (dd, J = 8.4, 1.3 Hz, 2H), 7.39 — 7.33 (m, 2H), 7.28
—7.22 (m, 1H), 3.62 (s, 1H), 2.41 (s, 1H), 1.27 (s, 3H).

3C-NMR (126 MHz, CDCL) & 149.30, 128.39, 126.70, 124.63, 76.16, 53.94, 32.05.
HRMS (ESI) calc’d for Ci7H,7 [M-2(H,0)+H]": 221.1325, found: 221.1322.

The NMR spectra matched with previously reported literature.*
cis-2,4-diphenylpentane-2,4-diol (Compound 8)

'H-NMR (500 MHz, CDCls) & 7.02 (dd, J = 8.2, 1.7 Hz, 4H), 7.00 — 6.92 (m, 6H),
3.22 (s, 2H), 2.62 (d, ] = 14.8 Hz, 1H), 2.45 (d, J = 14.8 Hz, 1H), 1.56 (s, 6H).
BC.NMR (126 MHz, CDCl3) § 147.15, 127.64, 125.82, 124.64, 75.92, 54.05, 33.96.
HRMS (ESI) calc’d for C7Hy7 [M-2(HO)+H]": 221.1325, found: 221.1322.

The NMR spectra matched with previously reported literature.*
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UPLC trace of compound 9: Compound 9 was independently synthesized and used to make calibration
curve using UPLC by following synthetic procedure.

Scheme S3. Compound 9 synthesis.

0] Ph  Ph PhMgBr (1.5 equiv.) Me OH Ph Ph
Me Me THF,78°C,1h Ph Me
4,6-diphenylheptan-2-one 61% yield Compound 9

4,6-diphenylheptan-2-one was prepared by following previous literature.”” To a flame-dried Schlenk
flask charged with stir bar and 4,6-diphenylheptan-2-one (521 mg, 2.0 mmol, 1 equiv.) in THF (10 mL),
phenyl magnesium bromide (1.0 M in THF, 2.9 mL, 2.9 mmol, 1.5 equiv.) were added at -78 °C. The
mixture was stirred for 1 h at -78 °C. The reaction was quenched with a saturated aqueous NH4Cl solution
and extracted with ethyl acetate. The combined organic layers were dried over MgSOs and concentrated
under reduced pressure. Crude product was purified by flash chromatography (the product can be detected
by phosphomolybdic acid (PMA) staining on TLC). Compound 9 was obtained as a colorless oil (411 mg,
61% yield).

2,4,6-triphenylheptan-2-ol (Compound 9)

o o) "H-NMR (500 MHz, CDCL) § 7.42 — 7.30 (m, 2H), 7.30 — 7.17 (m, 9H), 7.10 -
m 6.97 (m, 4H), 2.75 — 2.26 (m, 2H), 2.26 — 1.60 (m, 4H), 1.57 (s, 1H), 1.45 (d, ] =

HO N pn 7 H | 264Hz 3H), 1.15 (dd, J = 29.6, 6.9 Hz, 3H).

13C-NMR (126 MHz, CDCl;) § 148.19, 147.93, 147.88, 146.77, 146.25, 146.09,

129.04, 128.88, 128.76, 128.60, 128.44, 128.16, 128.08, 128.03, 127.75, 127.40, 127.23, 126.94, 126.80,

126.64, 126.51, 126.42, 126.28, 126.20, 126.00, 125.96, 124.98, 124.94, 124.86, 75.75, 75.38, 75.24, 51.66,

50.98, 49.84, 47.17, 47.06, 46.51, 39.67, 39.45, 37.60, 36.96, 36.80, 32.39, 30.03, 29.92, 23.91, 21.43,

21.12. 33.96.

HRMS (ESI) calc’d for CasHy,O [M-H]: 343.2056, found: 343.2060.

UPLC trace of compound 10: Compound 10 was independently synthesized and used to make calibration
curve using UPLC. This step is same as compound 10 synthesis during trimer preparation (Section 2b in
this Supporting Information).

Scheme S4. Compound 10 synthesis.

O Ph O MeMgBr (4.0 equiv.) MWH
Ph/u\)\/u\Ph THF, 78°C, 3 h Ph Ph
1,3,5-triphenylpentane-1,5-dione 76-83% yield Compound 10

2,4,6-triphenylheptane-2,6-diol (compound 10)

[Ph on] 'H-NMR (500 MHz, CDCl3) § 7.36 — 7.11 (m, 13H), 6.98 — 6.81 (m, 2H), 2.75 —
m 2.64 (m, 1H), 2.47 (dd, J = 14.6, 4.3 Hz, 1H), 2.31 —2.12 (m, 5H), 1.46 — 1.35 (m,
HO Ph OH 6H).

BC-NMR (126 MHz, CDCl;) § 147.80, 147.39, 147.23, 146.86, 145.72, 128.70,
128.31, 127.65, 127.62, 127.54, 127.12, 126.40, 125.97, 125.94, 125.90, 125.70, 124.49, 124.30, 124.26,
75.28,75.25,75.14, 51.62, 51.03, 50.90, 37.35, 37.05, 30.84, 30.22.
HRMS (ESI) calc’d for CosHas [M-2(H,OY+H]": 325.1951, found: 325.1945.
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3e. Inhibitory effect of a-methylstyrene in the autoxidation reaction of dimer

Isolated

side product:
NHPI (10 mol%) bis-hydroperoxide (2a) P o
AIBN (5 mol%) a-methylstyrene
Me Me +
- O, (1 atm) (15 mol%) -
H > > acetophenone (4) + N—0, Me
Ph  Ph  "BUCN (0.5 M) + \_QOH
. 70°C,24 h
trans-dimer (2) ’ a-methylstyrene (AMS, 5) o Ph

(0.5 mmol) NHPI adduct with a-methylstyrene (12)

5.1% isolated yield

--@-- Conversion of 2
45 I _.@- - Conversion of 2 after AMS addition (15 mol%)
40
......... P
i o
:: o
c .
2
025
g . .
3 d @
520 £ R
o
15 |
.
b
5t ’
06 . . . |
° 5 10 15 " -

Time (h)
Figure S9. Inhibitory effect of a-methylstyrene in the autoxidation reaction of dimer (2).

A custom 48-tube shaker equipped with a gas manifold capable of maintaining an O- atmosphere was
used. Two disposable heavy-wall 13 mm x 100 mm culture tubes were prepared. Reagents were added
sequentially to each of the culture tubes: first, dimer (112 mg, 0.5 mmol; 1.0 mmol based on the repeating
unit) was added to the tubes. Then, NHPI (16.4 mg, 0.10 mmol), AIBN (8.2 mg, 0.050 mmol), and
valeronitrile (nBuCN, 2.0 mL) were added. The test tubes were loaded onto the preheated custom parallel
shaker reactor. The reactor was purged with O: (1 atm) for 3 minutes. The mixture was allowed to shake
(60 rpm). After 5 hours, 15 mol% of a-methylstyrene (9.7 pL, 0.075 mmol) was added to one of the test
tubes. For each time point, a 20 pL aliquot was removed from the test tubes and mixed with 20 pL of a
stock solution (691 mg of 1,4-dimethoxybenzene in 10 mL of MeCN) of the internal standard for UPLC
analysis. Conversion was calculated based on the consumed starting substrates. After the reaction, TLC
analysis (hexane:ethyl acetate 4:1) with phosphomolybdic acid (PMA) staining showed a clear spot that
could be isolated. The crude residue was purified by flash chromatography, and compound 12 was isolated
(7.6 mg, 5.1% yield).

The observation of compound 12 suggests that the inhibitory effect of a-methylstyrene (5) is attributed to

its reactivity with the PINO radical, ultimately terminating the radical chain reaction by trapping the PINO
radical.
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Figure S10. '"H NMR spectrum of the PINO/a-methylstyrene adduct 12, isolated from the reaction of
trans-2 under NHPI-initiated autoxidation conditions.

2-(2-hydroxy-2-phenylpropoxy)isoindoline-1,3-dione (compound 12)

5 'H-NMR (500 MHz, CDCl;) § 9.85 (s, 1H), 7.90 — 7.76 (m, 4H), 7.50 (d, J = 7.1
Hz, 2H), 7.38 (t, J = 7.7 Hz, 2H), 7.30 (t, J = 7.3 Hz, 1H), 4.74 — 4.63 (m, 2H),
N-0  Me | 1.66(s, 3H)
OH

0 12 P The NMR spectra matched the previously reported literature.”
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4. Reaction optimization
4a.  Peroxidation step (1% step) optimization

Hydrogen
Me Me abstractor (10 mol%) Me, Ph Me 0
Y 0O, (1 atm) _ Ph Me ,
Ph  Ph  MeCN,T°C,20h  OOH OOH Ph
trans-dimer (2) bis-hydroperoxide (2a) ACP (4)
(0.25 mmol)
Entry ;'gdmge” Solvent T[C] Conv.[%] 2a[%] 4 [%]
stractor
1 - MeCN 120 6 1.0 4.2
2 - MeCN 100 4 0.6 1.3
3 AIBN MeCN 100 7 0.5 3.1
4 ACHN MeCN 100 6 0.6 2.8
5 ADVN MeCN 100 9 0.8 3.5
6 tBuOOH MeCN 100 2 - 0.8
7 tBuOOtBu MeCN 100 3 - 0.5
8 NHPI MeCN 100 21 10 5.8
9 NHPI MeCN 70 17 13 2.0

Hydrogen abstractors

CN
NC CN
N//N N/,N N//N\K)\
CN CN

CN
........ AIBN L ACHN L ADVN
O
o <
(0]
tBuOOH tBuOOtBu NHPI

Figure S11. Hydrogen abstractor screening for autoxidation reaction of trans-2.
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NHPI (10 mol%)

o .
Me Me Initiator (5 mol%) Me Ph Me 0
; 0, (1 atm) Ph Me | \f
: —_—
Ph  Ph  MeCN,70°C,20h  OOH OOH Ph
trans-dimer (2) bis-hydroperoxide (2a) ACP (4)

(0.25 mmol)

Hydrogen Initiator

Entry Abstractor  for NHPI Solvent  Conv. [%] 2a [%] 4 [%]
1 NHPI - MeCN 17 13 -
2 NHPI Co(OAc), MeCN 35 - 16
3 NHPI AIBN MeCN 31 20 1.5
4 NHQI AIBN MeCN 11 4.1 0.2
5 DNHPI AIBN MeCN 6 3.5 0.5
6 NHNI AIBN MeCN 3 - -
7 TCNHPI AIBN MeCN 28 15 1.2
8 TPNHPI AIBN MeCN 39 31 1.6

NHPI derivatives
o) o) o) 0
g W,
HO—N N—OH || N—oH N—OH
NS
N W
o)

(0] (0] (0]
DNHPI NHQI NHNI
R 0
R NHPI (R=H)
N=OH  TCNHPI (R=Cl)
R TPNHPI (R=Ph)
R 0

Figure S12. N-hydroxyphthalimide (NHPI) and NHPI derivatives screening with radical initiators for
autoxidation reaction of trans-2.

S18



TPNHPI (10 mol%)
AIBN (5 mol%) Me Ph

Me Me Me O
= O, (1 atm) PhWMe + Y
Ph  Ph Solvent (1 M) OOH OOH Ph
) 70°C,20h ) )
trans-dimer (2) bis-hydroperoxide (2a) ACP (4)
(0.25 mmol)
Entry Solvent Conv. [%] 2a[%] 4[%]
1 MeCN 39 31 1.6
2 "PrCN 36 27 1.8

"BuCN 45 40 2.0

Figure S13. Nitrile solvent screening for autoxidation reaction of trans-2. n-Alkyl nitrile solvents
were favored because the nitrile solvent is known to provide the lowest rate of phthalimide-N-oxyl
(PINO) radical decay.®

Figure S14. Polystyrene dissolved in "BuCN (left) and polystyrene + TPNHPI in "BuCN (right).
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4b.  Optimization of the Hock rearrangement (2" step)

OH
i Acid
" OOH OOH MeCN, 23 °C
2a (0.2 mmol) Phenol
Entry Acid Phenol Yielq [%]
treatment (two-step yield)
1 B,03 (30 mol%) N.D.
2 B(OTf)3 (30 mol%) N.D.
3 B(OH);3 (30 mol%) N.D.
4 TiCls (30 mol%) N.D.
5 InCl3 (30 mol%) 23 (9)
6 AICl3 (30 mol%) 25 (10)
8 MsOH 0.30 M 48 (19)
9 PhSO3H 0.30 M 50 (20)
10 H,SO,4 0.30 M 53 (21)
11 HCIO4 0.30 M 58 (24)
12H280436M62(25)
13 HCIO, 3.6 M 72 (30)
14 HCIO, 3.6 M 71 (17)
15 TfOH 3.6 M 13 (5)

Figure S15. Hock rearrangement step (2™ step) screening with various Lewis/Brensted acids.
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S. DFT calculation studies

Density functional theory (DFT) calculations were performed using the B3LYP exchange-correlation
functional as implemented in Gaussian 16.”"* The 6-311++G(df,pd) basis set was utilized unless otherwise
noted. Frequency calculations were performed to estimate zero-point vibrational energy (ZPE) corrections
and verify the number of imaginary frequencies to be zero for local minima and one for transition states.
Multiple possible conformers were sampled by means of dihedral angle scans. The energies of all identified
conformers of transition states were thermally averaged in the reported reaction activation barriers.'* Gibbs
free energies were computed at 70 °C using the ideal gas approximation, as implemented in the Python
Multiscale Thermochemistry Toolbox (pMuTT)." As a reference of potential computational errors, single
point energies of the dimer pathway were computed using the domain-based local pair natural orbital
coupled cluster method (DLPNO-CCSD(T)) and the aug-cc-pVDZ basis set as implemented in ORCA
5.0.3."%!" The trans-dimer and the (2R, AR,6S5)-trimer were selected for the calculation among the
diastereomers. For dihedral angle scans of terminal phenyl rings of trimer, two dihedral scans were
performed for each terminal phenyl rings and the two energy profiles were arithmetically averaged.

A _O.. E:
Dimer ¢ }?
30
24.9 Ph  Ph
3 ;OTSA N 19.9 TS-B (1,5-HAT) 196
£ 204 : TreB . 181 kealimol S Tsc
g PiINO A S NHPI
5 10 : ; 02~y g N
& 0, ; | S NHPI - PINO™ N
= . . S .
5 o] ETEN T 2 T
N pp— Int-A - N N
g — n — Int-C Int-D 2a
H N HoO" leloy ’Ph HOO}l/ﬁﬁF’h
Y Ph  Ph  pn”E ’Ph Ph  Ph Ph  0O. Ph  OOH
Ph  Ph 00- H
0. 1 __O-. t o
Trimer 4 o 59 K
= H 5 1
333 2 E
e Ph  Ph Ph Ph  Ph Ph
30 _j' 1;%—1 -\} TS-2' (1,5-HAT) TS-2 (1,7-HAT)
PINO =~ - BNHPI TS-2'  20.3 kcal/mol 18.0 kcal/mol
- e 22.0
° TS O g * ~OH
£ 204 W L Q 17.7
3 % Ph Ph Ph S0Ts2 Y Y STS3 Y
=3 ) Int-1" " Ph Ph Ph ‘
2 104 # PINO  NHPI %% oo o 80 o .
5 ; Ve 02 - ey 2 + "NHPI PINO
0 oo / 26 N 17 g oH |3i3 A28 o7
2 *7 orarosrs ! o2 7 ~ " 3
i 4R,6S)- . : 8 OH 0*
W \(\E/Y -om m o o O/OH O/OH
\l/\_/Y Ph  Ph Ph Ph  Ph Ph Ph  Ph Ph NN \_(\/\:(
Ph Bh Ph Ph Ph  Ph Ph Ph  Ph

Figure S16. Full energy diagram for the oxidation pathways of dimer and trimer. Density functional theory
(DFT) calculations were performed using the B3LYP exchange-correlation functional as implemented in
Gaussian 16. The 6-311++G(df,pd) basis set was utilized. The trans-dimer and the (2R,4R,6S5)-trimer were
selected for the calculation among the diastereomers.
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Sa. Evaluation of the calculated energy barrier

I. Estimation of the experimental free energy barrier using Eyring equation

The Eyring equation [AG* = —RT In(kh/ksT); R = 8.314 J/mol K, T = 343 K, h = 6.63x10°** J-s, k; =
1.38x10% J/K] was used to estimate the experimental free energy barriers and compare them to the
calculated barrier (k is the rate constant in s™'). The rate constant k was estimated using the reaction time-
course data shown in Figure 2b. The initial rate data (first two data points) were used to obtain the pseudo
first-order rate constant &’, based on the assumption of a bimolecular rate law: Rate = £ [dimer][PINO] =
k’[dimer], where Rate = 4.23 x10° M-s™, [dimer] = 0.25 M, and [PINO] = 0.05 M). This analysis results
in a standard-state adjusted pseudo first-order rate constant k> of 3.4 x 10 s™', which corresponds AG* =
25.6 kcal/mol. This value is quite close to that estimated by DFT calculations (AG* = 24.9 kcal/mol, shown
in Figure 3a).

I1. Benchmarking calculations with reported experimental values

For a quantitative experimental benchmarking, we computed the activation energy barrier (TScumeneHAT)
for cumene autoxidation (R-H + R-OO¢ — Re + R-OOH) since it is relevant to the HAT reactions reported
in our study and the experimental value for this reaction is available in the literature. We calculate this value
to be 14.1 kcal/mol at 0 K using our computational method. This value is in close agreement with the
reported experimental values of 13.3 kcal/mol'® and 14.8 kcal/mol."
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Sh.

Cumene (1)

hd

Ph

E=-350.301131 Eh
ZPVE = 0.184268 Eh
G =-350.1573029847871 Eh

arficsllesl@Reslicollcsl@ResR@Rerlieslicsliclc- RO RO RO RO RO R

0.40186100
1.77701200
2.64703500
2.12736100
0.74902600

-0.13658200

-0.25813500
2.17109000
3.71844400
2.79331100
0.35395800

-1.63858700

-1.79040200

-2.30639800

-1.85621700

-3.37299900

-2.20789100

-2.30640100

-3.37300700

-1.85623800

-2.20787500

Cartesian coordinates

1.09727700
1.30073400
0.21385000
-1.07528700
-1.27242000
-0.19349700
1.95689000
2.31001000
0.37191000
-1.92987200
-2.28240800
-0.42634600
-1.51073000
0.13145400
-0.28927800
-0.10622000
1.21835000
0.13095900
-0.10669600
-0.29013600
1.21783200

Cumyl peroxyl radical (1a)

o’O

A

Ph

E =-500.061547 Eh
ZPVE =0.179753 Eh
G =-499.9259123743523 Eh

TTaonnnan0

-0.93260700

-2.30806500
-3.14690600
-2.59657400
-1.21698100
-0.36715100
-0.29170900
-2.72537600

-1.16465000

-1.33875400
-0.23725900
1.03662800
1.20941900
0.11304200
-2.03041200
-2.33714100

0.00020700
0.00025000
0.00004800
-0.00019600
-0.00024000
-0.00003800
0.00036700
0.00044100
0.00008000
-0.00035500
-0.00043300
-0.00008600
-0.00030000

-1.26733700
-2.16839800
-1.27593200

-1.32152300
1.26737700

1.27587000
2.16827700
1.32199900

0.11192100
0.02897500
-0.11216800
-0.17636500
-0.10414500
0.04383700
0.21433000
0.07453800
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TScumeneHAT

-4.21958300
-3.23860500
-0.81226400
1.13806800
1.61771600
1.27379300
2.70626800
1.21459200
1.69092600
2.77919200
1.34064100
1.39258900
1.67881500
2.98492300

Ph—éOO.\

-0.37238600
1.90168600
2.21056200
0.27703500

-0.02252800

-1.00295400
0.00628700
0.72701400
1.59878200
1.55055100
1.80616400
2.41980100

-0.80584500

-0.90783800

H

hd

E =-850.335307 Eh
ZPVE =0.359022 Eh
G =-850.0399550394591 Eh

NAoOoOIIITIIAOINTOQNTT I IO aNnO

3.02573900
2.74214200
1.94449700
1.43474300
1.72504100
2.53336100
3.65238400
3.14847200
1.72061200
0.80170600
1.29694500
2.81374400
3.66091700
3.66596400
3.29359600
3.15861800
3.16025000
2.45943800
4.15924800
1.62850800
0.59452800

-0.47132000

-1.27467800

-1.80288000

Ph

1.17184200
2.51920500
3.20201500
2.52042200
1.17765200
0.46788900
0.66825600
3.03823300
4.25143200
3.03606100
0.66487100

-0.97468400

-1.68068100

-2.75587200

-1.52105900

-1.39788700

-2.48545800

-1.00764300

-1.03639600

-1.54929800

-2.23043800

-1.35906800

-1.15363300

-2.51177600

-0.17381500
-0.28815100
-0.16322000
0.17606800
1.59572000
1.92521000
1.64020800
2.27805200
-0.34040900
-0.34730400
-1.35175200
0.31204200
-0.72942200
-0.70317100

0.87650100
1.06087300
0.14788900

-0.95439500

-1.14417700

-0.23604900
1.59953000
1.92073300
0.29406300

-1.66606700

-1.99426000

-0.44253900
0.59975100
0.41377500
1.61407700

-1.86355100

-1.95011200

-2.60128600

-2.12977400

-0.29853700

-0.25730600
-0.48013400
0.73597800
1.21497400
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sl @RaNol-NoNoNoNeRuNaslal@Rusfasfar

Dimer (2)

-0.97270300
-2.46037600
-2.37006900
-0.41500500
-0.05207400
-0.97877900

0.43997300
-2.41899200
-3.06087600
-2.87909700
-4.12714400
-2.71194100
-3.95379400
-2.40367700
-4.58120700
-4.60557200
-4.29593600
-5.41484100

4.70243500

Ph  Ph

E =-660.064950 Eh
ZPVE = 0.322092 Eh
G =-659.7979521055805 Eh

TONENITOQOENIQOTQOTZTITZEDTOO0aan®

2.77947300
3.87807000
4.73731700
4.48617100
3.38432000
2.51319100
2.12350400
4.06421100
5.59355200
5.14761300
3.19834500
1.30897400
1.37677900
0.00000800
0.07689000

-0.07686700
1.34544100
0.55423500
2.30008000
1.21847100

-1.30896800

-1.37670500

-3.15576800
-2.37184400
-3.00499100
-0.49600100
0.47962200
-0.37874200
-1.13607500
-0.27936700
-0.61095700
0.82829200
0.14495800
-1.45925400
1.58155200
1.11711300
1.24444400
-0.12629000
2.43551500
1.83209100
-1.33817600

-0.70936100

-1.55856300
-1.50637100
-0.59745900
0.25016900
0.21047800
-0.76666400
-2.26296500
-2.16731700
-0.54569400
0.95622900
1.13713800
1.78738400
0.32204700
-0.33651600
-0.33679100
2.03552100
2.78703400
2.56002600
1.45202400
1.13716100
1.78721800

1.50499200
2.07457200
0.42560100
1.81113800
1.49002200
2.73747900
2.02433500
0.22919400
-0.96923000
0.94150600
-1.43977800
-1.54234000
0.47558900
1.86870900
-0.71705200
-2.37314200
1.04765200
-1.08150200
0.56126600

-1.06904200
-0.99951200
0.09444400
1.11578000
1.04048400
-0.04976400
-1.92961700
-1.80143800
0.14848600
1.97231300
1.84248400
-0.10885100
0.76821300
0.00008400
0.87086600
-0.87049200
-1.35613500
-1.33003000
-1.42554300
-2.27124300
0.10873800
-0.76847200
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TS-A

-1.34555700
-2.30023100
-1.21860800
-0.55439500
-2.51317600
-3.38420500
-2.77955100
-4.48604700
-3.19815800
-3.87813900
-2.12366100
-4.73728600
-5.14741000
-4.06435400
-5.59351300

E =-1247.844554 Eh
ZPVE = 0.424363 Eh
G =-1247.495630336596 Eh

allcollcoN@Yesl @ RuslicolizsReReslic-NoN@R=2Re=leslc -l No No RO RO RO A

-0.57085900
-1.22667100
-1.22471700
-0.55957100

0.10116900
0.12201600
-0.58973600
-1.74174600
-1.73864800
-0.56025900
0.59027200
0.81216800
2.08556000
2.45561500
1.83573200
0.79910000
1.26876500
-0.21864900
1.34415100
3.24474600
2.84784000
3.78276700
4.64425800
4.10089600
3.02738300

2.03581400
2.56027800
1.45252300
2.78736700
0.21048400
0.24993200
-0.70913000
-0.59771600
0.95581400
-1.55834900
-0.76624000
-1.50640100
-0.54614300
-2.26257300
-2.16736200

2.57765300
2.75074900
1.73696200
0.54375500
0.37139400
1.38834100
3.38076100
3.68244500
1.87244700

-0.25801200

-0.57269800
1.18134500
0.32721700
0.25702700

-0.69528500
2.33678400
2.03088900
2.65075200
3.20867000
0.80035800
0.84578200
2.19714000
2.43506500
2.26444100
2.96449000

1.35582600
1.42506300
2.27106900
1.32960400
0.04974500
-1.04059200
1.06920300
-1.11580200
-1.84273200
0.99976000
1.92985100
-0.09428800
-1.97240800
1.80182500
-0.14826200

0.78440600
1.99588700
2.94928500
2.67530500
1.46884300
0.49268200
0.06135800
2.19597100
3.89279200
3.40357900
1.27002600
-0.80440400
-0.79069100
-1.81669300
-0.49938200
-1.79494000
-2.73012900
-2.02959200
-1.42144800
0.13443900
1.15212800
-0.20972400
0.41696700
-1.25257100
-0.03856200
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=
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4.34947000
4.60171400
5.13297600
5.60416400
4.00690100
6.13513500
4.96328400
6.37520200
5.78164900
6.72991300
7.15568100
0.00740200
-3.55199500
-4.07338300
-5.37771000
-6.15919400
-5.63790300
-4.31841800
-2.13493300
-3.02007800
-5.77309700
-7.18602300
-6.26793700
-3.90528700
-1.33381600
-3.05660400
-1.89392000
-0.76776100

Ph Ph

E =-659.421545 Eh
ZPVE =0.308541 Eh
G =-659.1685504964211 Eh

all@Weslicslicslics - NoNo RO RO O

-3.06776100
-4.02682000
-3.90173400
-2.81015100
-1.85298100
-1.96354500
-3.18536800
-4.87487200
-4.64949900
-2.70196900
-1.00470500
-0.90385400
-0.23340700

-0.24353200
-1.00187400
-0.48290200
-1.96747500
-0.83226900
-1.44630700

0.08840000
-2.19356400
-2.54184100
-1.61468100
-2.94429700

0.36119900
-1.47674100
-0.33928800

0.06397700
-0.71119900
-1.84962700
-2.24883900
-1.65164100

0.27584900

0.94804300
-0.42650000
-2.43161800
-3.13049000
-2.49332400

1.26552100
-0.57179900
-0.41861300

0.35851500
-0.64294000
-1.63938600
-1.62228100
-0.61679300
0.38872500
1.12525400
-0.64474100
-2.41874900
-2.39057800
-0.61312200
1.47173800
1.34521600

0.13731700
1.28206800
-0.99588800
1.30055300
2.17282700
-0.98336500
-1.90093600
0.16620600
2.20183800
-1.87311400
0.17617600
-1.40064600
-0.06552800
-0.68177100
-0.46398500
0.39560900
1.01141900
0.78754400
-0.48726000
-1.53507600
-0.94686100
0.58768600
1.67224200
1.25990800
-0.17686000
-2.21800200
-1.37548700
-2.04748300

0.50886300
0.40850800
-0.55560100
-1.41611600
-1.31075300
-0.34870900
1.26581500
1.08289900
-0.63561000
-2.17231100
-1.98578200
-0.24350000
-1.09801200
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-0.03281300
-0.69335000
0.63074500
-1.50148100
-0.70930800
-2.10490000
-2.14016300
0.75911500
0.18617000
-0.00598600
0.86580000
-0.75942000
2.00875100
2.59612600
2.74009800
3.81001500
2.09096100
3.95340400
2.34223900
4.50333800
4.22501300
4.47992900
5.45298100

Ph” 50. H

E =-809.822490 Eh
ZPVE =0.317554 Eh
G =-809.5635251714355 Eh

TONTOTQOT TSI TN

2.66661800
3.71004500
4.58553500
4.40936700
3.36299900
2.47044300
2.00258700
3.84088900
5.39728200
5.08524700
3.23479800
1.36610100
1.32703000

-0.04326100
0.00239200

-0.65923500
1.72302100
1.00119100

\/Ph

1.32554000
1.40257600
2.19442800
2.88418700
3.63649900
3.00254900
3.10058800
0.05190600
-1.08497200
-1.96716500
-1.40564500
-0.80524700
-0.09537600
0.95471200
-1.31452100
0.79429700
1.90731300
-1.46446100
-2.14884600
-0.41463200
1.61910000
-2.40916700
-0.53581700

1.07294600
1.88651000
1.44302000
0.17744100
-0.63135900
-0.19766600
1.43795400
2.86821800
2.07657200
-0.18179900
-1.61636900
-1.12194800
-1.97672500
-0.48824200
0.51853900
-1.06982700
-1.66782000
-2.42445200

1.04359200
1.91206600
1.08814900
-0.32301300
-0.34235600
-1.22481500
0.53640000
1.13242900
1.92799500
1.30699400
2.72644100
2.38963200
0.46085400
-0.29859700
0.51739200
-0.94175000
-0.37869100
-0.12975200
1.07820000
-0.86627200
-1.50903900
-0.06171600
-1.37166900

0.91055700
0.48186600
-0.50473800
-1.05308400
-0.62020800
0.36232600
1.68553700
0.92118600
-0.83997700
-1.81973600
-1.05574600
0.85439500
0.17445400
0.89684000
1.31773600
1.58724100
2.25138300
2.56690800
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2.71527800

1.72515900
-0.83661700
-0.10196000
-0.74526400

0.21113300

0.79351100
-2.21915200
-3.20553200
-2.51122500
-4.44899200
-3.00791200
-3.75458100
-1.77263300
-4.72885200
-5.20227100
-3.96007600
-5.69823200
-1.00548400
-1.61384400

0.
07 H

M""
5
S
<

Ph Ph

E =-809.790275 Eh
ZPVE =0.312147 Eh
G =-809.5345601107173 Eh

TmTQOITIQQN TSI ITOC00n0

-2.79941900

-4.09488900
-5.10713200
-4.81038500
-3.51410000
-2.49135300
-2.02571700
-4.31232300
-6.11653700
-5.59005500
-3.29541500
-1.07332800

0.00061200
-0.49601100

0.30264800
-0.82955800

0.16105900
-1.57034300
-0.93215800

-2.12168400
-0.86923900
-0.39669600
0.28460900
0.34666300
1.28759300
-0.27458400
0.18591000
-0.60149400
1.52319500
-0.06782700
-1.64491600
2.06083200
2.16017100
1.26765200
-0.69883000
3.10109300
1.68378700
-1.84236500
-2.02970300

-1.28899000

-1.50323900
-0.60506600
0.50306700
0.71592400
-0.17666200
-1.99993700
-2.37225600
-0.76890500
1.20927300
1.58032000
0.01080600
-0.17376600
0.03407100
-1.22012900
-0.92994300
-0.78150400
-0.73787200
-1.96665000

2.24793300
2.99748400
-0.42152800
-1.56894100
-2.44490500
-1.28220500
-1.83095300
-0.13949400
0.46187700
-0.41011600
0.77630600
0.66923100
-0.08899700
-0.87736800
0.50393700
1.23189800
-0.30998000
0.74848100
-0.79101400
-1.93917500

-0.70707500
-1.16252700
-0.83926100
-0.05493400

0.40627500
0.08121500
-0.97075700
-1.77147700
-1.19560100
0.20350100
1.01673600
0.60869900

-0.53058200
-1.47930100
-0.54898700

1.79593000
2.22096000
2.57286600
1.47308300
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1.22733200
0.99509600
1.10598300
1.84123100
1.23042000
0.11614000
2.56667900
3.70970000
2.74838200
4.96336300
3.62169400
4.00053300
1.89996600
5.11855700
5.82263000
4.10574900
6.09622400
-0.99998400
0.22746400

e
Ph

Ph

E =-809.819122 Eh
ZPVE =0.315693 Eh
G =-809.5622249728759 Eh

TTZOQNTDITITZQNITOQAT I I I IO

3.85907900
4.97033500
4.85214800
3.59157900
2.47409200
2.55886200
3.98860000
5.94190000
5.72386100
3.48315500
1.51845500
1.42597400
0.04114000
0.05898300
-0.45773300
1.59814100
0.64907500
1.99588500
2.29965700
-0.92997700
-0.29884100
-1.01118200
0.02773400

0.74560900
1.26649700
1.96608900
2.73412500
1.68977400
2.40892600
0.11188500
0.68537000
-1.06793800
0.10408600
1.58977500
-1.64475000
-1.53671600
-1.06318600
0.56643200
-2.55126100
-1.51420600
1.38806300
1.61624700

0.61832000
-0.14347100
-1.51320700
-2.10608800
-1.35281800
0.04572900
1.67660500
0.33257300
-2.10692700
-3.16946700
-1.85427700
0.85004100
0.28291800
-0.79208000
0.72305600
2.31319300
2.77286000
2.86441100
2.47603400
0.50595300
0.10192100
0.22805400
-0.93673300

-0.43391700
0.72556600
-1.33395300
-1.09432200
-2.38750500
-1.22081500
-0.31026100
-0.89274900
0.43428600
-0.74844600
-1.47775600
0.58382600
0.91409800
-0.00886000
-1.21890500
1.16740400
0.10552000
1.04227000
1.66269300

-0.29599800
0.01690400
0.25336700
0.16971600

-0.14003700
-0.38765800
-0.47352900
0.07714300
0.49709400
0.34754700
-0.19693000
-0.71569300
-0.83256900
-1.00635200
-1.70131000
-1.01132200
-1.27693900
-0.15159700
-1.83785900
0.38010900
1.71178500
2.52575500
1.69944600
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0.58078100
-2.24481400
-3.23977600
-2.45824700
-4.41487100
-3.09709700
-3.63271700
-1.71047000
-4.61684100
-5.17710200
-3.77762700
-5.53292400
-1.12574100
-2.03251500
-1.44949500

0.71728300
-0.21522700
0.42335100
-1.53753700
-0.23951800
1.45247700
-2.20382100
-2.06300100
-1.55716900
0.27789500
-3.22871500
-2.07314800
1.93645800
2.33396600
2.90426900

Ph (elol}

E =-960.217768 Eh
ZPVE =0.324612 Eh
G =-959.9551745913187 Eh

-1.36588100
-0.01472900
-0.01550400
-0.01642000
-1.50364800
-1.28213300
-0.79711300
-2.51428700

1.35110200
1.48640200
2.50543200
1.24484600
0.79918700
2.43759000
2.94806000
2.89104500
3.89117900
2.61703300
3.83207200
2.51432300
4.33725200
4.28119600
4.17101200
5.07258900
1.38576200
2.64771900
2.33394100

-0.83347800

-0.08463600
0.61712200
0.52865900

-2.00472900

-1.68610400

-2.79117400

-2.40643000

-0.82636700

-1.86137100

-2.24372600

-1.42834400

-2.69072200
0.25609400
0.81533800
0.75040300
1.83568700
0.43501900
1.77414600
0.34191500

2.32072600
2.24943300
2.14126000
3.11483600

-1.47780000

-2.18018400

-3.09193400

1.90244400
0.08077600
-0.66299900
0.47597900
-0.99757400
-0.96249500
0.13867900
1.05540500
-0.59969600
-1.56758100
0.45831000
-0.85943700
0.34452400
1.41037900
1.92904900

0.03129500
-0.00361500
0.83250800
-0.90658500
-0.93469200
-1.95132300
-0.68160700
-0.89239500
0.03407700
1.15382000
1.18655400
2.12236100
0.99489200
0.10261200
-1.07019700
1.32730300
-1.01944900
-2.02656000
1.37937600
2.25589800
0.20535200
-1.94152500
2.34050000
0.24451300
-1.25653300
-1.41666400
-1.48503700
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-2.48043400
-2.88735200
-3.06461300
-3.85863200
-2.45695300
-4.03358600
-2.77110000
-4.43593100
-4.16640900
-4.47558700
-5.19322000
-1.42361200
-2.48864600

HOO Ph O

E =-1548.648971 Eh
ZPVE = 0.439574 Eh
G =-1548.291177860369 Eh

eoliaslics o No N2 Re=R-RoN=-R=-NoRoR==R:=R:N:=R=:Ro o N o RO RO L

-4.10291500
-5.17229900
-5.37350000
-4.49720700
-3.43088900
-3.21792000
-3.96469600
-5.84588700
-6.20271400
-4.63905500
-2.75099000
-2.06604300
-2.68506300
-3.54652000
-3.07300600
-1.24383700
-0.36303600
-0.92952100
-1.84754100
-1.81352800
-1.68848800
-1.10864200
-2.69169400
-1.23221800

0.20462100
0.96646300
0.46259700
1.95072200
0.77984600
1.45167400
-0.10629100
2.19872600
2.52278400
1.63294000
2.96528200
-1.37733700
-2.10768900

-2.31552100

-3.20418000
-4.01788700
-3.93058200
-3.03679300
-2.21885400
-1.69621900
-3.26214500
-4.71421300
-4.56367400
-2.98009300
-1.20360500
0.21981500
0.13543300
0.51443800
-1.33623400
-0.70067400
-2.36829900
-1.04518400
1.38175100
1.35153400
2.20010000
1.42429200
0.42667300

-0.11374500
0.98488000
-1.35468600
0.84694000
1.95957000
-1.49428400
-2.22641000
-0.39395400
1.71358900
-2.46633300
-0.50111300
1.42595000
1.66503400

-1.31449800
-1.28353400
-0.17358300

0.90223700
0.87353800
-0.23664200
-2.19195400
-2.13007500
-0.14966700
1.76992800
1.71138200
-0.25727400

-0.07636500
0.58610700
-1.05153600
-1.54566500
-1.51815600
-1.68484900
-2.40526800
0.49376000
2.01765800
2.37399300
2.43847800
2.35899600
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-2.39140200
-1.59198900
-3.74187500
-2.13124100
-0.54560600
-4.27816000
-4.38661700
-3.47413200
-1.49380100
-5.32617500
-3.89185800
-0.51172500
0.56550400
-1.24134700
-0.39501800
0.47533300
1.10619600
5.24593300
4.83064700
5.73304500
7.07802000
7.49334000
6.57692600
4.06567700
3.35863900
5.40166500
7.81254000
8.54363400
6.88921700
3.98529800
2.61038900
2.96531700
1.73231500

HOO™”
Ph

E =-960.859119 Eh
ZPVE = 0.336545 Eh
G =-960.5832277561693 Eh

TTOomT a0

-1.34921000
0.01319700
0.01648000
0.01952000

-1.47652000
-1.22497200
-0.78780100

2.73230700
3.70881000
3.01852900
4.93983900
3.51145500
4.24800700
2.28344800
5.21520100
5.68417600
4.44985000
6.17285500
1.22890900
1.50836000
-1.35371700
-2.52215000
-2.08309600
0.52700300
-0.13393900
-0.48410500
-0.59985000
-0.35393100
-0.00398300
0.11119000
-0.08679800
-0.68295100
-0.87159400
-0.43522900
0.18050200
0.38171400
0.17218400
-0.99048700
-0.42975700
-0.55183000

“uPh

OOH

-0.82588900

-0.08260500
0.64073000
0.50342100

-1.98479500
-1.66606500
-2.78004500

0.04772600
-0.54689000
0.27125400
-0.91123200
-0.72960900
-0.09156500
0.73620000
-0.68697500
-1.37266400
0.09323300
-0.97152800
-0.16843500
0.62541700
0.91055700
0.80826600
0.78737900
0.75989200
0.47480600
-0.81157000
-1.85347300
-1.57290200
-0.28662700
0.75992200
1.37743900
-0.81367300
-2.84703700
-2.36401500
-0.09995700
1.75998900
2.54557300
-1.70150000
0.53299900
0.96443900

0.03012100
-0.02111200
0.79575500
-0.94230400
-0.95813900
-1.96851300
-0.68525300
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-2.48942600
1.37418500
1.49321900
2.51041600
1.24164300
0.79764900
2.46587400
2.98214500
2.91946900
3.92975900
2.65172200
3.86505400
2.53915700
4.37538800
4.32388900
4.20404000
5.11442900
1.42104400
2.68070000
2.36577100

-2.44719800

-2.75984300

-3.12925600

-3.73092700

-2.23490300

-4.09674000

-2.91338900

-4.40383900

-3.95850400

-4.61295300

-5.15919100

-1.39887200

-2.61951500

-3.21897400

(2R,AR,6S)-trimer (3)

T
=2

Ph

E =-969.830802 Eh
ZPVE = 0.459896 Eh
G =-969.4400555464813 Eh

= NoNoRelo ol

0.55239700
1.03052200
1.76710000
2.01831600
1.53802200
0.79889200

-0.02173100

-2.38308500
-0.83139500
-1.84214700
-2.22781100
-1.38564300
-2.66587100
0.24736300
0.78507500
0.75989100
1.80187400
0.38973200
1.78020200
0.36741300
2.30531000
2.19834400
2.16117700
3.09653200
-1.51003100
-2.22176100
-3.13547400
0.23479000
1.08335700
0.41177100
2.07010700
0.96890000
1.40401400
-0.22501000
2.23537900
2.71285200
1.52278400
3.00431000
-1.32534700
-2.07148100
-1.38204300

Ph

2.90036300
4.19490900
4.52716500
3.55254800
2.25792300
1.90787600
2.66518400

-0.94728700
0.04532300
1.18825400
1.24127800
2.14343200
1.04161100
0.09935500
-1.08111700
1.31646900
-1.04528600
-2.03162400
1.35391500
2.25045400
0.17232200
-1.97326100
2.30971200
0.20006000
-1.23136100
-1.36307200
-1.38202200
-0.14644300
0.92108200
-1.35073600
0.79218500
1.86186800
-1.48471200
-2.19764000
-0.41420700
1.63400300
-2.42958100
-0.51811800
1.39090400
1.59986300
1.92310700

0.86942900
0.69886500
-0.43448400
-1.39354700
-1.21655200
-0.08468000
1.75788000
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0.82599400
2.13942400
2.58959500
1.74287900
0.25769400
0.66170000
-1.28513500
-1.54705500
-1.70679300
0.72238900
0.24781800
0.36105100
-1.98378800
-1.71189100
-1.54555100
-2.09407100
-1.73375800
-0.48091500
-3.49368700
-4.22288800
-4.19340000
-5.60428100
-3.70182200
-5.57283100
-3.65857500
-6.28533900
-6.14674000
-6.09332900
-7.35999000
2.24803400
2.70952300
2.59995600
2.14444900
3.67956300
2.24205100
2.84002800
3.83499500
2.42658100
4.39934700
4.17065200
2.98536600
1.66089000
3.97543000
5.17069600
2.64939900
4.41198300

4.94676800
5.53539600
3.79793800
1.50442000
0.49458400
-0.09035400
0.50991100
1.11156300
1.03574800
-0.16865300
-1.14898700
0.42219300
-0.86413000
-1.46820200
-1.63670800
-2.57668000
-1.05911900
-1.87371700
-0.69177500
-1.18294200
-0.03392300
-1.02586100
-1.69779600
0.12628100
0.35908000
-0.36952500
-1.41790700
0.63922100
-0.24552400
-0.34484300
0.63762500
-0.82791300
-1.79777500
-0.93410000
-0.11719600
-1.26334400
-0.80240400
-2.59358400
-1.63671500
0.22524300
-3.43131100
-2.98615200
-2.95561800
-1.25456400
-4.45846100
-3.60770200

1.45177100
-0.56793800
-2.28091500
-1.96861400

0.07573800
-0.75447100
-0.05402100
-0.92966600

0.80846700

1.38765000

1.48316100

2.23572700
-0.17996100

0.69040900
-1.43506900
-1.51909800
-2.34336700
-1.40660500
-0.12423600

0.96025900
-1.14086200

1.03271900

1.76011700
-1.07418200
-1.99733200

0.01405700

1.88472100
-1.87412300

0.06571000

1.53329900

1.39891300

2.95077100

3.16572500

3.07149200

3.69961400

0.47568200
-0.38856600

0.34879700
-1.34988000
-0.30850500
-0.60993800

1.00789700
-1.46517800
-2.00788100
-0.68810900
-2.21163700
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E =-1557.610658 Eh
ZPVE = 0.562084 Eh
G =-1557.1370322797136 Eh

@R ol -No =R oY clic-l--No¥--Nol--NoNoRo R J==H-N--NoNoN::J::Nole-fe-No Y- NoN-N.-N.-N.-§--NoNoRo N o o BB

3.27172900
4.23324800
5.31563700
5.42515100
4.45969800
3.36865800
2.43848300
4.13727100
6.06511000
6.26316800
4.55725500
2.30792500
2.67886500
1.00619000
1.27902200
0.61698500
2.08646600
1.26783700
1.74900700
-0.11502900
0.34106500
-0.48003700
0.76721900
1.10953900
-1.32628900
-1.84201900
-2.01457500
-2.96848000
-1.37177100
-3.13809400
-1.66046900
-3.62215700
-3.34106200
-3.63641400
-4.49988200
3.32176900
4.14678900
3.04870600
2.20839900
3.92131100
2.80485800
3.77729600

2.56415300
3.53149000
3.70437900
2.90130100
1.93419800
1.74752200
2.44571800
4.15166800
4.45720000
3.02494300
1.30974600
0.70336700
0.14550200
1.42945800
2.21146900
1.96198100

-0.29438300

-0.96955100
0.25014700
0.61216400

-0.41164000

-1.04930900
0.08174000

-1.06388600
1.40641200
2.36518700
1.22229400
3.11129500
2.51209800
1.97563600
0.49513200
2.92527400
3.83730700
1.82036800
3.51044100

-1.13581800

-0.44793900

-1.92994600

-2.61625900

-2.51876500

-1.25409900

-2.05246200

1.41710700
1.68802300
0.83020900

-0.29935000

-0.56507500
0.28599000
2.09970100
2.57126300
1.04124500

-0.97490600

-1.44596100

-0.03862600

-0.90149300

-0.45510200

-1.17643600
0.41465700
1.11443900
0.86097600
2.00150600

-1.11246100

-2.13570600
-2.46067400

-3.01810000

-1.72516400

-1.45782000

-0.56312700

-2.67096600

-0.87443200
0.39931200

-2.98447500

-3.38725300

-2.09013700

-0.16229000

-3.93369600

-2.33484800
1.49542400
1.70272400
2.78456300
2.65754600
3.07357700
3.60762200
0.37073000
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5.06977000
2.92963400
5.50586900
5.74369200
3.35944600
1.92165800
4.65088400
6.51437100
2.68472100
4.98638500
-0.60466900
-4.56079400
-4.62067200
-5.82992500
-6.99432400
-6.93448100
-5.70835800
-3.13395700
-3.23522400
-5.86601500
-7.95930500
-7.85393500
-5.65181000
-2.65540300
-2.85077700
-2.40475200
-1.08280500

E =-1557.600924 Eh
ZPVE = 0.562383 Eh
G =-1557.1254371743626 Eh

Az aoacaann®

-0.95421600

-2.06346300
-2.81358200
-2.43637000
-1.32577400
-0.54180900
-0.40583600
-2.34188300
-3.67863400
-3.00979800
-1.06562100
0.64711100

-1.95335300
-3.03013800
-2.79793700
-1.20330700
-3.87559500
-3.13812800
-3.76277300
-2.70131900
-4.62557200
-4.42199100
-0.16176300
-0.39084900
-1.30561600
-1.76964500
-1.29046100
-0.37614000

0.08877000
-0.08225300
-1.63551600
-2.47991600
-1.63376500
-0.02326100

0.79705900

0.65240700
-2.37286300
-0.86632000
-0.95575500

-1.97665700

-2.49701000
-1.70346100
-0.37856900

0.14121700
-0.64246500
-2.62309400
-3.53019000
-2.11059200

0.25511600

1.17306100
-0.07064200

-0.14821500
-0.16164700
-1.16582500
0.25011100
-1.17850100
0.22160900
-1.68619200
-1.55023200
-1.57382700
-2.47743200
-0.15556500
1.31179100
0.26066800
-0.22242600
0.38199000
1.43419100
1.91511600
1.60596300
-0.17361100
-1.03807700
0.03087500
1.88410800
2.73134800
2.42975100
-1.04352500
0.67784900
0.68224500

1.63319300
2.28488400
3.14719700
3.34717800
2.69931900
1.82837200
0.96490100
2.11665900
3.65565600
4.01271100
2.87943200
1.12970700
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1.67476300
1.16789700
2.04108200
1.24015800
2.30551400
1.16858900
2.90786700
3.44776500
2.54916700
3.45821700
1.94556400
1.98236200
3.86319100
5.08588300
3.54508100
5.96639500
5.35499800
4.42036600
2.60684300
5.63588800
6.91068400
4.15369100
6.31833200
0.62781000
-0.42372600
0.69357800
1.72478600
0.27598600
0.13275400
1.29165100
0.52710400
2.66216000
1.11413700
-0.53405400
3.25255200
3.28237400
2.47889800
0.50200900
4.31671400
2.93706500
0.05823800
-3.66032800
-4.07637400
-5.41478200
-6.33984000
-5.92379500
-4.56926900
-2.17563800
-2.88074500
-5.72795200
-7.39689400

-1.11462400
-1.87821300
-1.62596500
1.19609200
1.23240600
1.07044300
-0.65945500
0.10057800
-0.05133400
0.17867600
-0.73658300
0.87201000
-1.83667600
-1.84135600
-2.94456400
-2.91424000
-0.99116900
-4.01908600
-2.96959500
-4.00897200
-2.89201700
-4.86581300
-4.84525700
2.58195400
2.44414300
3.53015100
3.68301400
4.50657000
3.12720200
3.23550800
3.62837400
3.51377200
4.27164900
3.41361000
4.15521500
3.23280700
4.53668300
4.56256800
4.35916000
5.03482500
0.29110400
-1.18727900
0.04854700
0.33125800
-0.66714600
-1.90324200
-2.18071100
-1.19077300
0.90427400
1.29380000
-0.48021000

0.66292300
0.07226900
1.56365100
1.76883400
1.55117200
2.85407600
-0.15352700
0.41686400
-1.51754700
-2.07600800
-2.11447400
-1.40741400
-0.29515800
0.37839600
-1.08722400
0.26935900
0.99584500
-1.19942500
-1.62862200
-0.52103000
0.80017500
-1.82065300
-0.61020000
1.39904500
1.14176900
2.61115000
2.93883900
2.36086700
3.45868900
0.19431800
-0.90530800
0.17916000
-1.99137600
-0.91357600
-0.90369500
1.02310600
-1.99614200
-2.83671200
-0.89409300
-2.84185100
-0.00720200
-1.37936700
-0.88422900
-0.68504400
-0.99847000
-1.49413700
-1.69203000
-1.48718100
-0.65453700
-0.30231800
-0.85700800
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-6.66417500
-4.23726300
-1.42896600
-2.80456400
-1.78336100
-0.53756400

-2.65709600
-3.13549200
-2.05376400
2.03728600
0.09139700
0.53545300

Ph  Ph

E =-969.187677 Eh
ZPVE = 0.446282 Eh
G =-968.8110554641595 Eh

TN TOTOTIQQCQQN T IQOQT IO IQOTQAS ST TI IO n

1.70065900
2.77645100
3.85814900
3.85110300
2.77121900
1.67913500
0.86930000
2.77017400
4.69652200
4.68678300
2.77754700
0.49655100
0.76454900
-0.75168200
-0.41608300
-1.07006500
0.17307600
-0.75285700
-0.03518100
-1.87929300
-1.65284500
-1.68530200
-2.41263900
-0.68101700
-3.11083900
-3.38672800
-4.14743800
-4.59181400
-2.64238300
-5.34903600
-3.99790800
-5.58768900
-4.76168300
-6.11157000
-6.52947400

Ph

2.82257700
3.70333400
3.50893700
2.42715300
1.54886700
1.72834200
2.99353900
4.54388600
4.19434600
2.26435400
0.70619400
0.77614000

-0.02854700
1.50130300
2.02166700
2.27966200
0.13508900
-0.43856900
0.92260900
0.58461900

-0.27730800
-1.34676300

-0.10303000

-0.07415000
0.51346600
1.30329300

-0.37151900
1.21301100
1.99409200

-0.45420800

-0.99838000
0.33537400
1.83320200

-1.14065600
0.26864400

-1.73050100
-2.07841000
-1.86862200
-0.25298900
-1.02611900
-1.08219600

0.60905000
0.62916400
-0.22495200
-1.09818800
-1.11367700
-0.26185000
1.28286300
1.31280600
-0.20935600
-1.76829700
-1.79578000
-0.31597900
-1.00635900
-0.91567100
-1.82025700
-0.22190100
1.04562800
0.95171400
1.77697600
-1.29104100
-2.50146500
-2.26558900
-3.27174400
-2.95132700
-0.57756600
0.57395400
-0.99144500
1.24562200
0.94303100
-0.31170200
-1.85944900
0.81364700
2.11787800
-0.66054100
1.34319700
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1.27741400
2.20201000
0.93203200
-0.00281000
1.71735200
0.81655800
1.55538900
2.83291800
0.55412800
3.10670400
3.62423500
0.82130300
-0.44775900
2.10037900
4.10705200
0.02991300
2.30925400

-0.77630300
-0.19284400
-1.19776700
-1.76229500
-1.82694100
-0.32029500
-1.98767100
-2.21307200
-2.91800800
-3.32757900
-1.50481600
-4.03232300
-2.77546400
-4.24210900
-3.48013400
-4.74046000
-5.11067200

1.61837300
1.66118300
3.05709000
3.09217000
3.48003400
3.69796400
0.74211000
0.22598800
0.44428900
-0.56262200
0.44414700
-0.34307200
0.83216400
-0.85126100
-0.94998800
-0.55839600
-1.46366700
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e

Ph  Ph

E =-969.183041 Eh
ZPVE =0.446971 Eh
G =-968.8042550652932 Eh

@Y =:f=:f-Nof=:RoY==l-N--No¥.-Nol--NoNoRo R --N-N--NoN:-No¥::Je:loY-H--NoNoR-N.-N--N.-J--NoNo NoNo No i

Ph

3.62337800 0.90566900 0.58029000

4.73330200
4.59045800
3.30602200
2.19076000
2.29842300
3.77993900
5.72330000
5.46100300
3.17618300
1.21464600
1.15271900
-0.22766100
-0.18007900
-0.67969800
1.31696600
0.37466600
2.04104900
-1.21929900
-1.19942500
-0.80594800
-1.48344800
-0.83314700
0.20523800
-2.63923100
-3.61146500
-3.01469400
-4.91593400
-3.34272600
-4.31551700
-2.28618300
-5.27319800
-5.65268700
-4.58291000
-6.28695300
1.79241500
2.58416800
2.39737000
1.67380400
2.72461800
3.26060800
0.69986000

1.56552800
2.69260100
3.15066000
2.50049600
1.34340600
0.04755400
1.20196300
3.20494600
4.02545700
2.88182700
0.66588300
1.26460800
2.34192600
1.13738100
-0.60603500
-0.83939000
-0.42560000
0.64347200
-0.43923400
0.92903200
0.42979400
1.99848500
0.56994200
1.10248200
0.18284100
2.44475000
0.58492000
-0.86339100
2.85249900
3.18482200
1.92313300
-0.14878000
3.89800000
2.24003300
-1.88077500
-1.57885200
-2.89250100
-3.18896600
-3.79603700
-2.46200100
-2.51985400

0.08395300
-0.72516900
-1.02060400
-0.52481000

0.29616200

1.21809900

0.33303000
-1.11439300
-1.64677000
-0.78539700

0.81944200

0.76773400

0.59970700

1.75779400

1.61622100

2.11756200

242121700
-0.26556000
-0.12574400
-1.71579100
-2.41060600
-1.93800800
-1.91132400

0.01919700

0.41788800
-0.09733200

0.69142400

0.50994200

0.17619800
-0.40715100

0.57220600

0.99623100

0.07901500

0.78402400

0.85172600

0.16314200

1.83989100

2.60297000

1.32265400

2.35330200

0.01224700

S41



TTTOZDOQOTZO0O0

Int-2

0.81064100
-0.42763100
-0.17129400

1.67839200
-1.41041300
-0.54252200
-1.28685300
-0.06213500
-2.27307200
-2.05168200

maed
Ph

Ph

E =-1119.588243 Eh
ZPVE = 0.455305 Eh
G =-1119.2057002731933 Eh

TOTQOQOQNQI I ITIQOQTIIQOIITIQOTQAI T T T TION0n

0.70673400
1.12023700
1.74321700
1.94644200
1.53010000
0.90531100
0.22413400
0.95525500
2.06609100
2.43071300
1.69770100
0.43164700
0.78079900

-1.11848500

-1.46084400

-1.49881700
1.04179900
0.59439600
0.76110900

-1.85914400

-1.27392300

-1.88290200

-1.22491600

-0.26285800

-3.35363600

-4.11899100

-3.97423700

-5.46704800

-3.66331400

-5.32354200

-3.41288900

-2.56818600
-3.10216200
-3.17152900
-2.12790700
-3.70737200
-3.08702100
-3.74360300
-3.19432600
-4.15502300
-4.21539400

Ph

3.02049400
4.32932500
4.67441600
3.69870500
2.39003800
2.02757000
2.77429100
5.08175000
5.69350400
3.95399300
1.63589100
0.59615800
0.02061000
0.57665200
1.23762000
1.01397000

-0.03252700

-1.01233400
0.57295100

-0.75957100

-1.60300500

-2.48866000

-1.02341500

-1.92111600

-0.47874000

-0.16971000

-0.45850300
0.14411000

-0.19257900

-0.13799200

-0.69458000

-1.37816100

0.60131300
-2.15971300
-1.85621100
-0.17329900

1.67902400
-1.55984300
-3.23733200

0.30580000
-2.16424400

0.90157700
0.67905300
-0.51677700
-1.48596700
-1.25770400
-0.06286300
1.84009200
1.44092600
-0.69013300
-2.42092100
-2.01834700
0.15656700
-0.70381700
0.14934400
-0.65022900
1.07693500
1.42611300
1.59562100
2.29380300
-0.07868500
-1.20527600
-1.37577400
-2.12731300
-0.95608500
-0.22245800
0.90581000
-1.47163400
0.78734700
1.88696700
-1.59224200
-2.36543100
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-6.07561300
-6.04385200
-5.78544700
-7.12649500
2.57733600
3.00390200
3.09318600
2.67910700
4.18111600
2.80936000
3.06289400
3.95253900
2.65287800
4.41819900
4.28507100
3.11381400
1.96848600
3.99900800
5.10957300
2.78349200
4.35945000
-1.66128800
-2.17768000

—O..
:C) ~
N
>

0.16334000

0.37078100
-0.13032700

0.40763100
-0.17436200

0.80991800
-0.60830500
-1.57603200
-0.69672400

0.12096100
-1.11806700
-0.67437000
-2.45508000
-1.53164700
0.35742000
-3.31548700
-2.83484700
-2.85672700
-1.16279000
-4.34735300
-3.52691000
-1.51632200
-2.72416800

H

MGWY

Ph Ph Ph

E=-1119.557217 Eh
ZPVE = 0.449330 Eh
G =-1119.1770970560133 Eh

oY-N--RoNoR==l=:}::-}::-J--NoNoNoNoRo k&

3.49470800
4.24660800
4.03857400
3.07622900
2.32522200
2.51977500
3.68292800
4.99599700
4.62125900
2.90414400
1.57888800
1.73551900
1.10455400
0.56234600
1.92576100
2.64390600

-1.43893300

-2.40944700
-3.75674500
-4.11889200
-3.14703600
-1.79230000
-0.39694500
-2.11002400
-4.51472300
-5.16473700
-3.44499300
-0.70800300
0.29911600
-0.27461200
0.78753700

-0.04005700

-0.46372300
1.67564300
-2.57190900
-0.55651800
1.40446700
1.18996200
2.78734300
3.08015400
2.78927900
3.54990200
0.31504800
-0.66536200
0.27190000
-1.65902500
-0.65018900
-0.71843200
1.02160400
-1.69017000
-2.40735900
-0.72958000
-2.46086600
1.20120000
1.18355700

-0.91210300

-1.56531000
-1.29111900
-0.35585600
0.29854200
0.02573800
-1.13927800
-2.28806500
-1.79992200
-0.13172100
1.02003800
0.77405200
-0.21302300
-0.96578600
-0.73547200
1.81342600
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2.11149400
3.01228800
3.50095200
-1.31456300
-1.36453000
-1.86220000
0.59305300
0.80625200
0.74351700
1.16153000
0.69504700
1.09556800
0.58668200
1.30726000
1.32620100
1.20631300
1.58431300
0.70281900
-0.31469100
-2.02425500
0.17705600
0.25561200
-1.16485000
-3.21022500
-3.76076700
-3.81126000
-4.85908500
-3.30194400
-4.92064000
-3.42967700
-5.44927800
-5.25339500
-5.37335800
-6.30897600
-2.19540500
-2.83134000
-2.66851300
-1.23958900

E=-1119.553106 Eh
ZPVE = 0.449663 Eh
G =-1119.1743106143683 Eh

C

0.72929300
-0.78722600
0.41714300
1.16339500
1.03363500
2.08748000
2.79221100
3.77187900
3.15373800
5.07110300
3.51550500
4.45020500
2.41559200
5.41542200
5.81217400
4.70755100
6.42467700
-1.30425500
-1.86788700
0.01107800
1.38514100
1.33510400
-0.98333100
-0.57647100
-1.78300200
0.01896700
-2.36194500
-2.28526500
-0.55521500
0.95268700
-1.74850800
-3.29818900
-0.06472800
-2.19801000
0.21377400
1.08818300
-0.64400000
0.38052100

4.01315500 -0.61432000

2.37265800
2.51673600
1.31947100
0.02868600
-1.05408500
0.25555400
0.00553000
0.97651800
-1.33740500
0.62397900
2.02436400
-1.69530800
-2.11570400
-0.71479800
1.39686400
-2.74188700
-0.99294400
1.60264800
0.82600900
0.72965400
0.40611500
1.49254300
0.71374600
0.03913900
0.50691200
-1.08015100
-0.11029900
1.34915500
-1.69126200
-1.46957300
-1.21288700
0.26556000
-2.54453800
-1.69399300
2.22991600
2.41334300
2.70489200
2.72668300

-1.21133200
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4.99402200
5.51063700
5.03672900
4.05314400
3.52786800
3.62858900
5.35572500
6.27577900
5.43298600
3.69385300
2.45709900
1.16460000
1.02539100
1.38508000
3.00732600
2.25590600
3.85571600
3.35288100
-0.10175000
0.34030800
-1.25737100
-1.88824500
-0.84154600
-0.51082500
-1.48292200
0.03091600
-1.89442900
-1.90752700
-0.38628000
0.77979700
-1.35004700
-2.63763300
0.04529300
-1.67077400
2.07387800
1.17943800
-2.19012200
-1.47484100
-1.01301800
-2.18573500
-0.69419000
-2.57234800
-3.38944900
-4.66579000
-3.25369800
-5.77446100
-4.79395200
-4.35726100
-2.27679900
-5.62373500
-6.75508000

-1.47981800
-2.46761300
-2.57750200
-1.71140800
-0.71844700
0.14979100
-1.38042400
-3.14249000
-3.34043200
-1.80666000
0.25161000
0.12086000
-0.94451200
0.57195500
1.67931200
2.38257100
1.70526800
1.99642800
0.69398200
0.77543400
-0.30153300
0.01333700
-1.27029700
2.09816200
2.72467700
2.84726800
4.02619400
2.18879800
4.14991100
2.41358900
4.74809300
4.48215100
4.69765000
5.76407300
-0.21562900
0.68658700
-0.47868300
-1.02760700
-1.99852800
-1.15604100
-0.34715700
0.51423800
-1.33073500
-0.76780900
-2.68701000
-1.53109400
0.28221100
-3.45368500
-3.15483400
-2.87841000
-1.07186400

-1.68024300
-0.84763500
0.45386200
0.92430700
0.09558800
-1.87590600
-2.69642200
-1.21073300
1.11291900
1.93860400
0.58418600
-0.30375000
-0.47753900
-1.27221500
0.65548300
1.00545800
1.34043200
-0.32854300
0.32843700
1.54743700
0.49835900
1.33214400
0.78589000
0.01689700
0.81779500
-1.03707200
0.57381700
1.65733400
-1.28844800
-1.68512600
-0.48555600
1.21650700
-2.11749900
-0.67867000
1.89556600
2.47347500
-0.73366100
-1.97700000
-1.78420000
-2.79528500
-2.31959300
-0.98699700
-0.35265900
-0.29451200
-0.04016700
0.06063400
-0.53333500
0.31652900
-0.07508600
0.36817500
0.09590400
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Int-3

-4.22846000 -4.50269800 0.55470400
-6.48362200 -3.47561200 0.64529000

=-1119.584435 Eh
ZPVE = 0.453629 Eh
G =-1119.2035066061185 Eh

QCOD T CTOTIQOIO0OQQQ I T IOQI T QI TOIQI T I T TN

-0.54372700 3.17168400 -0.62248100

-1.04970200
-1.92569900
-2.28760700
-1.77691600
-0.89832900
0.13672600
-0.75969900
-2.31975200
-2.96750000
-2.06754800
-0.36045600
-0.66394500
1.18784800
1.59160700
1.48984200
-1.00275400
-0.49123500
-0.77347400
1.93596300
1.67231600
2.26706800
1.90612600
0.62272300
3.42476800
3.84798500
4.38069400
5.18462000
3.11990100
5.71899200
4.09177000
6.12737500
5.48921300
6.44289200
7.16895700
-2.48898000
-3.38653800

4.44691100
4.67740100
3.62150500
2.34650700
2.09935200
3.01295000
5.26280800
5.67074400
3.78789800
1.52941300
0.69962400
0.09062700
0.69185300
1.57302800
0.77483200
0.05214000
-0.89547700
0.69480900
-0.51486300
-0.63949800
-1.44124600
0.29253200
-0.86856400
-0.40004500
-0.70767000
0.03352200
-0.59441200
-1.03880800
0.15682100
0.27823600
-0.15886800
-0.84286900
0.49662000
-0.06739500
-0.15210100
0.87551000

-0.39832300
0.65896100
1.48745100
1.25887100
0.20282900

-1.45144200

-1.04961300
0.83477200
2.31440400
1.90926800

-0.04109900
0.81070500

-0.13815500
0.36435000

-1.18511200

-1.31140600
-1.48581500

-2.16659100
0.48622700
1.98803300
2.42115900
2.50318600
2.16379600
0.13749700

-1.16051600
1.05649700

-1.52483400

-1.89130600
0.69154100
2.06940400

-0.59849100

-2.53432800
1.42217700

-0.88017200

-1.22670700

-1.85330400
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-4.06516500
-4.01755500
-2.80843800
-3.04322200
-4.45014000
-2.22944800
-4.99382600
-5.11649800
-2.78564800
-1.15242500
-4.17039300
-6.07088000
-2.13289800
-4.59952900

1.37385600

1.93535600
2.68295900

_OH

Ph  Ph

E=-1119.579486 Eh
ZPVE =0.453938 Eh
G =-1119.195741832245 Eh

T TmOQZNITQODIIQOQN T I I Ioannn®

2.64787000
3.33788200
2.81709600
1.57915300
0.87817100
1.38857700
3.06673500
4.28820100
3.36187000
1.15943700

-0.07106900
0.66498100

-0.84002100

-1.21158800

-1.22941100
1.32974100
0.59229500
1.61807500

-1.57308000

-0.96311700

-1.49400200

-0.99685400
0.07874000

0.42806800

1.38053100

1.64627600
-1.27772800
-1.44512500
-2.28923600
-2.53431700
-0.70589600
-3.37396100
-2.22432200
-3.51059900
-2.62706200
-4.12574900
-4.36205800
-1.65877800
-2.88322800
-3.03031400

Ph

2.47547000
3.54460300
4.24937800
3.87059200
2.81098500
2.05999400
1.97547100
3.83920500
5.08095800
4.40733900
2.53776700
0.95969900
0.93326300
1.86807900
0.89469100
-0.00532100
-0.74243200
0.54178800
-0.20725300
-0.45201000
-1.24499000
0.45211800
-0.74463600

-2.58897600
-1.11284000
-2.36095200
-0.54770200
-0.41916100
0.03581000
0.23805700
-0.84201900
0.69001400
-0.03407100
0.80022900
0.31500700
1.11774200
1.31323800
-0.20446100
0.32436600
-0.27424600

0.78075300
0.23527700
-0.84894200
-1.36763500
-0.81933500
0.27218600
1.64238300
0.66466800
-1.27747200
-2.21013000
-1.25866600
0.84694300
0.76640600
0.34842800
1.79164400
1.79834100
2.11767800
2.70984800
-0.01202500
-1.38759500
-1.91111000
-1.99584000
-1.27746400
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Int-4

-3.07092300
-3.81982700
-3.72289700
-5.17536200
-3.33372800
-5.07904000
-3.17928000
-5.81142600
-5.73425000
-5.56307300
-6.86680900
2.59833200
3.22568200
2.53494400
4.12957700
3.49256000
2.35851700
2.99125700
1.54264900
2.81852100
3.62701300
1.36654400
1.02062300
2.00566800
3.32020900
0.72010600
1.86823900
-1.36457500
-1.96502500
-2.85903900
3.32757800

E =-1269.985063 Eh
ZPVE = 0.462515 Eh
G =-1269.5975353182957 Eh

TTaonnnan0

0.70613600
1.16520300
1.76187300
1.89173600
1.42879400
0.83349300
0.25080800
1.06036300

0.11681600
-0.00618200

0.56199800

0.30186200
-0.34964600

0.87727100

0.66204800

0.74775700

0.19606500

1.21989600

0.98978900
-0.76320200
-1.52129900
-2.26103900
-2.04748600
-0.83220200
-1.68588100
-1.43642500
-2.81602400
-2.28659800
-0.56378500
-3.66823200
-3.02813000
-3.40864600
-2.07127800
-4.53146400
-4.07357600
-1.36017200
-2.53479000
-2.50653500
-0.02400200

3.03848600
4.31351600
4.56557000
3.53101200
2.25644400
1.98798400
2.86420300
5.11201100

-0.04068100
1.13560900
-1.19144500
1.15931900
2.04068700
-1.16900900
-2.12074000
0.00490700
2.08133000
-2.07552300
0.02069200
1.31208000
2.49429200
2.90552100
2.18281200
3.29976700
0.12890000
-1.09109200
0.22808000
-2.17997300
-1.19033200
-0.85540800
1.15220600
-2.06448600
-3.11593100
-0.75664000
-2.90852800
0.84213700
0.24885600
0.62210100
0.97787100

0.67097600
0.36313000
-0.86882300
-1.78786000
-1.47429700
-0.24136500
1.63889200
1.08780600
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2.12378700
2.35678600
1.54075500
0.29388100
0.58249100
-1.25755100
-1.58821700
-1.58057100
0.86436200
0.25569100
0.76088500
-2.07693100
-1.65030800
-2.32138800
-1.64295900
-0.64684500
-3.56597800
-4.18973700
-4.32391700
-5.53099900
-3.61612200
-5.66494900
-3.87541100
-6.27501800
-5.99372100
-6.23319300
-7.31914200
2.32577000
2.67575500
2.07918700
3.72899100
2.46484400
2.63271500
3.50848600
1.99183100
3.74410100
4.01661300
2.22613400
1.29456600
3.10722000
4.43280300
1.71837900
3.29434500
-1.78335500
-2.44271400
-3.29258600
3.12193900
4.40616000

5.55802500
3.71328300
1.45492200
0.59610200
-0.04035300
0.66265100
1.38498600
1.06417700
-0.02927100
-0.89618000
0.67419100
-0.62504400
-1.31014900
-2.13100500
-0.60212400
-1.71748500
-0.25763200
-0.04318000
-0.09155900
0.31591000
-0.15869300
0.27640700
-0.24925400
0.47874700
0.47267600
0.40041900
0.76075200
-0.51777000
-1.18532100
-2.08676500
-1.45671800
-0.50584500
-1.42263500
-1.05616300
-2.66346600
-1.91305000
-0.10390300
-3.51675300
-2.97102700
-3.14552700
-1.61059400
-4.47256200
-3.81047200
-1.48832200
-2.76556500
-2.60678100
0.73602200
0.57889800

-1.10731700
-2.74928900
-2.19573600
0.06148700
-0.77600400
0.10367600
-0.64537000
1.06801700
1.35366400
1.60663000
2.18428600
-0.18268100
-1.48141100
-1.72638000
-2.31103900
-1.37267200
-0.14791800
1.08603200
-1.30755500
1.15840900
1.99776000
-1.23812800
-2.27897500
-0.00594000
2.12530200
-2.15192600
0.04741300
1.33811200
2.66926500
2.80198900
2.69311600
3.49686600
0.14641600
-0.87631400
0.06075900
-1.94859900
-0.84315100
-1.01078700
0.82986300
-2.02146900
-2.72812300
-1.05305600
-2.85552600
0.94586300
0.78025800
1.21847400
1.23754200
1.47202100
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TS-3

E =-1858.419633 Eh
ZPVE =0.577902 Eh
G =-1857.9355251660809 Eh

TCOQOCN T IOCTQOITOQQNQNT I IO TQOITQOTAST T I T TIONNnn

-3.59355600
-4.16953400
-3.47868100
-2.21013700
-1.64037900
-2.31993100
-4.15414400
-5.15977900
-3.92528600
-1.66217600
-0.65619100
-1.68411900
-0.66459700
-1.61544000
-2.55430200
-1.51913700
-2.40734100
-1.90162100
-3.42978200
-0.47962100
-0.31765600

0.42632900
-1.26384400
-0.00444700
-0.64444600
-0.20016400
-1.30190200
-0.40177800

0.32189000

-1.50909600
-1.65795700
-1.05861500
-0.04081800
-2.01903700
-1.21456600
-2.46887400
-3.47592600
-4.47533700
-3.48457300

1.20736700
1.45753800
1.14717700
0.58334600
0.33358700
0.64126300
1.45151600
1.89388500
1.34210200
0.33546500

-0.11577300
0.34835000
0.00919000
1.60295800
2.15765500
1.27747400

-0.76251000

-0.83206500

-0.43633400
2.62623000
3.10569300
3.89861900
3.48031500
2.28338500
3.77018300
3.62677600
4.94869400
4.63746300
2.72629900
5.95901300
5.09210800
5.80835800
4.50980600
6.86686500
6.59636800

-2.19941900
-2.37163400
-2.11543900
-3.41281400

1.86232400
3.10329800
4.27091200
4.18268600
2.93832800
1.75788600
0.96696600
3.15860000
5.23811800
5.08379600
2.87907300
0.40636400
0.58839600
-0.50653000
-0.45483300
-1.54491800
-0.40167000
-1.36532200
-0.60989200
-0.27902500
1.16179600
1.21689600
1.54856100
1.80055400
-1.28262000
-2.59931400
-0.92704200
-3.53173400
-2.89345800
-1.86166700
0.08428000
-3.16760600
-4.54501400
-1.56321200
-3.89386800
0.17895200
1.32945700
0.97696400
1.65221900
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-3.22918200
-2.82474700
-2.25376600
-3.77513600
-2.61562400
-1.51235700
-4.14103700
-4.24605900
-3.56112600
-2.15415400
-4.88094900
-3.84252000
-1.23007100
-0.15412700
0.51282000
0.71419600
1.87471500
2.42852500
3.02072300
3.64221000
5.01791600
3.04018000
5.27769000
5.73618900
4.10918700
1.89088000
6.43969400
4.06406300
6.40282600
7.34033900
5.23431000
3.15342500
7.29399800
5.23657600

E =-1270.624904 Eh
ZPVE =0.474155 Eh
G =-1270.225440122063 Eh

naonnn®

-0.67775300
-1.08077200
-1.60341600
-1.71538800
-1.30925900
-0.78941900

-1.73976300
-3.21657300
-4.49072600
-2.92923400
-5.44459300
-4.72661900
-3.88397500
-1.95559400
-5.14682800
-6.42464600
-3.63702800
-5.89017900
-2.55748900
-2.50538500
-2.01300100

1.84022500

2.55035000

2.09822500

1.58277800

0.51663100
0.50453400
-0.75930900
-0.91369800

1.46241300
-1.65666300
-0.99513900
-1.50394800
-3.01236400
-2.87240400
-0.92116900
-3.61406100
-3.58008700
-3.36799100
-4.67274500

3.08550500
4.38394100
4.69194200
3.68903000
2.39202200
2.06654300

2.17845100
-0.91719300
-0.90330300
-1.89963200
-1.84778000
-0.15319800
-2.84417600
-1.93823300
-2.82381000
-1.82149800
-3.59612000
-3.55960900

0.81251900
-0.16937600

0.34124900
-0.64548300
-0.49365400
0.40393200

1.35067000
0.91225800
0.50524200
0.82695000
0.14433600
0.48489100
0.32898400

1.11395300
-0.31656600
0.05653000
-0.59195300
-0.45792100
-0.40924900

0.19638900
-0.95547400
-0.63488400

-0.71786400
-0.42692900
0.82549900
1.78205400
1.48466000
0.23133400
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-0.27737200
-0.98677600
-1.91961100
-2.12249500
-1.40850500
-0.30468100
-0.59327100
1.24669300
1.60527500
1.56387000
-0.92468700
-0.33400500
-0.85154600
2.04303900
1.56653500
2.22020500
1.54008600
0.56248100
3.53586300
4.19998000
4.25863400
5.54566400
3.65443200
5.60408700
3.77835600
6.25413700
6.03966800
6.14450700
7.30166600
-2.39415400
-2.80723200
-2.16248700
-3.83521200
-2.71754400
-2.58270400
-3.25599800
-2.04420800
-3.39448700
-3.68261900
-2.17915100
-1.50247700
-2.85830000
-3.92812100
-1.75085600
-2.96830600
1.78229500
2.42840000
3.29237500
-3.12780400
-4.56259900
-4.82218100

2.86866700
5.15736600
5.70269500
3.91452800
1.61599100
0.65030100
0.04234400
0.67699200
1.35058000
1.12377700
0.01771700
-0.85575900
0.71628500
-0.64182400
-1.43689500
-2.28600700
-0.80760700
-1.81774200
-0.29032700
0.03548400
-0.24597300
0.38550300
0.01409300
0.11205500
-0.49238500
0.42665200
0.63021600
0.14016100
0.70105000
-0.46821800
-1.04338600
-1.87511200
-1.39963100
-0.27090200
-1.48386500
-1.14708800
-2.76953400
-2.07261500
-0.16008800
-3.69368500
-3.05982600
-3.34945600
-1.79221900
-4.68269700
-4.06905300
-1.39437200
-2.68730300
-2.49622200
0.74305500
0.47947800
1.13572200

-1.70128000
-1.18002400
1.05236100
2.76051800
2.23516000
-0.05288900
0.80584300
-0.12166200
0.65961000
-1.06807800
-1.31716100
-1.58866900
-2.15469500
0.07604500
1.29134100
1.48114300
2.18199100
1.11405800
0.12233800
-1.06528100
1.31504400
-1.06156500
-2.00093700
1.32259000
2.25222500
0.13513700
-1.99415500
2.26097200
0.14133100
-1.23572000
-2.59722800
-2.87866500
-2.56965200
-3.36374300
-0.10484100
1.07051300
-0.21550600
2.10094300
1.17359200
0.81484000
-1.10685300
1.97892500
3.00130900
0.70574600
2.78095500
-1.13719900
-1.06826800
-1.46372100
-0.97424200
-1.02740900
-1.68708300
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Sc. Dihedral angle scans

Table S1. Dihedral angle scans of cumene, dimer, and trimer.

cumene dimer trimer (internal Ph) trimer (terminal Ph)

dihedral | ReAVE | yinegral | REBIVe 1 ginegra | ROIEIVE | gheqrg | Relative

angle energy angle energy angle energy angle energy

(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
0.0 25 0.0 3.5 0.1 4.5 0.0 6.7
5.0 24 5.0 3.3 5.1 4.4 5.0 6.6
10.0 2.3 10.0 29 10.1 4.2 10.0 6.3
15.0 2.0 15.0 2.6 15.1 3.9 15.0 59
20.0 1.8 20.0 2.3 20.1 3.5 20.0 54
25.0 1.5 25.0 2.0 25.1 3.2 25.0 4.6
30.0 1.3 30.0 1.7 301 29 30.0 3.8
35.0 1.1 35.0 14 35.1 24 35.0 3.2
40.0 0.9 40.0 1.2 40.1 2.0 40.0 2.6
45.0 0.8 45.0 1.0 45.1 1.7 45.0 2.1
50.0 0.7 50.0 0.9 50.1 1.4 50.0 1.6
55.0 0.5 55.0 0.7 55.1 1.1 55.0 1.2
60.0 0.5 60.0 0.6 60.1 0.9 60.0 0.9
65.0 0.4 65.0 0.5 65.1 0.6 65.0 0.6
70.0 0.3 70.0 0.3 701 0.4 70.0 0.3
75.0 0.2 75.0 0.2 751 0.3 75.0 0.1
80.0 0.1 80.0 0.1 80.1 0.1 80.0 0.0
85.0 0.0 85.0 0.0 85.1 0.0 85.0 0.0
90.0 0.0 90.0 0.0 901 0.0 90.0 0.1
95.0 0.0 95.0 0.0 95.1 0.0 95.0 0.2
100.0 0.1 100.0 0.1 100.1 0.1 100.0 0.4
105.0 0.2 105.0 0.2 105.1 0.3 105.0 0.6
110.0 0.3 110.0 0.2 110.1 0.4 110.0 0.8
115.0 0.4 115.0 0.4 115.1 0.6 115.0 1.1
120.0 0.5 120.0 0.5 120.1 0.8 120.0 1.5
125.0 0.5 125.0 0.6 125.1 1.0 125.0 1.8
130.0 0.7 130.0 0.8 130.1 1.3 130.0 2.2
135.0 0.8 135.0 1.0 135.1 1.6 135.0 2.6
140.0 0.9 140.0 1.3 140.1 1.9 140.0 3.1
145.0 1.1 145.0 1.5 145.1 2.2 145.0 3.6
150.0 1.3 150.0 1.9 150.1 2.7 150.0 4.1
155.0 1.5 155.0 2.3 155.1 3.1 155.0 4.7
160.0 1.8 160.0 2.6 160.1 3.5 160.0 5.3
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165.0 2.0 165.0 3.0 165.1 3.9 165.0 5.8
170.0 2.3 170.0 3.3 170.1 4.3 170.0 6.3
175.0 24 175.0 3.5 175.1 4.5 175.0 6.6
180.0 2.5 180.0 3.5 180.1 4.6 180.0 6.7
185.0 2.5 185.0 3.4 185.1 4.5 185.0 6.6
190.0 2.4 190.0 3.1 190.1 4.3 190.0 6.3
195.0 2.1 195.0 2.8 195.1 4.0 195.0 5.9
200.0 1.9 200.0 24 200.1 3.7 200.0 5.4
205.0 1.6 205.0 2.0 205.1 3.4 205.0 4.6
210.0 1.3 210.0 1.7 210.1 2.9 210.0 3.8
215.0 1.1 215.0 1.4 2151 2.5 215.0 3.1
220.0 0.9 220.0 1.2 220.1 2.0 220.0 2.5
225.0 0.8 225.0 1.0 2251 1.7 225.0 20
230.0 0.6 230.0 0.8 230.1 1.3 230.0 1.5
235.0 0.5 235.0 0.7 235.1 1.0 235.0 1.1
240.0 0.4 240.0 0.5 240.1 0.8 240.0 0.8
245.0 0.3 245.0 0.4 2451 0.6 245.0 0.5
250.0 0.2 250.0 0.3 250.1 0.4 250.0 0.3
255.0 0.1 255.0 0.2 255.1 0.2 255.0 0.1
260.0 0.1 260.0 0.1 260.1 0.1 260.0 0.0
265.0 0.0 265.0 0.0 265.1 0.0 265.0 0.0
270.0 0.0 269.2 0.0 268.8 0.0 2711 0.0
275.0 0.0 2742 0.0 273.8 0.0 276.1 0.1
280.0 0.0 279.2 0.1 278.8 0.1 281.1 0.3
285.0 0.1 284.2 0.1 283.8 0.2 286.1 0.5
290.0 0.1 289.2 0.2 288.8 0.3 2911 0.7
295.0 0.2 2042 0.3 293.8 0.5 296.1 1.0
300.0 0.3 299.2 0.4 298.8 0.7 301.1 1.3
305.0 0.4 304.2 0.6 303.8 0.9 306.1 1.7
310.0 0.5 309.2 0.7 308.8 1.2 311.1 2.1
315.0 0.6 314.2 1.0 313.8 1.5 316.1 26
320.0 0.8 319.2 1.3 318.8 1.8 321.1 3.2
325.0 0.9 324.2 1.6 323.8 2.2 326.1 3.7
330.0 1.1 329.2 2.0 328.8 2.7 331.1 4.3
335.0 1.3 334.2 24 333.8 3.2 336.1 5.0
340.0 1.6 339.2 2.8 338.8 3.7 341.1 5.6
345.0 1.9 344.2 3.0 343.8 41 346.1 5.9
350.0 2.1 349.2 3.2 348.8 4.2 351.1 6.3
355.0 24 354.2 3.4 353.8 4.4 356.1 6.5
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6. Polystyrene autoxidation and characterization
6a. General experimental procedure of polystyrene autoxidation

Scheme S5. Two different quenches after polystyrene autoxidation.

TPNHPI (10 mol%) Quench 1:
\[\(\]\ AIBN (10 mol%) OOH Ph OH Ph
n 0, (10 atm) PPhs (1 equiv.)
e "BUCN, 70 °C, 24 - : > o, tO=PPhs
PS (1.0 mmol) =~ ’ Ph- " "BuCN,23°C, 30 min = Ph 24.5 mol%
(M,, ~ 73 kDa) (M, ~5kDa)  (0.245 mmol)

Quench 2: OH COOH COMe
HCIO,4 (3.6 M)

e VL OO0

PS°X Phenol ACP

(Mn~2kDa)  12.7 mol%1.6 mol% 1.3 mol%
Reaction setup: To the Parr reactor vessels were added sequentlally: a magnetic stir bar, PS (104 mg, 1.0
mmol based on repeat unit) and "BuCN (2.0 mL). After PS completely dissolved into "BuCN, TPNHPI
(46.8 mg, 0.10 mmol), AIBN (8.2 mg, 0.10 mmol) were added into the vessels. The vessel was pressurized
to the 10 atm with oxygen gas and loaded onto an oil bath preheated to a set temperature using a hotplate.
The mixture was stirred for 24 h. Then, the reaction mixture was allowed to cool to 23 °C, the solution was
transferred to a 10 mL Schlenk flask, and the Parr reactor was rinsed into the Schlenk flask with 3 mL of
C4HoCN.

Quench 1. Phosphine quench to quantify hydroperoxides and other products

Workup with PPhs: To the reaction mixture in a 10 mL Schlenk flask is added 1 mL of PPh; solution (1
mmol, 1.0 M in THF) and stirred for 30 min under inert atmosphere to reduce the generated hydroperoxides
to the corresponding alcohols. To the reaction mixture was added 10 mg of 1,4-dimethoxybenzene as
internal standard. The reaction mixture was diluted by adding 4 mL. C4HoCN, and a 50 pL aliquot was
removed for UPLC analysis to measure the corresponding triphenylphosphine oxide. 24.5 mol% of
triphenylphosphine oxide were quantified by comparison to a calibration curve using commercially
available triphenylphosphine oxide.

Quench 2. Acid treatment to quantify phenol and other products

1 mL of HCIOj4 solution (3.6 M in MeCN) was added to the flask and the mixture was stirred for 4 h at
23 °C. 10 mg of 1,4-dimethoxybenzene was added into the flask. The reaction mixture was diluted by
adding 4 mL MeCN and 50 pL aliquot was removed for UPLC analysis to measure the products. 12.7 mol%
of phenol, 1.6 mol% of benzoic acid, and 1.3 mol% of acetophenone were quantified by comparison to a
calibration curve using commercially available compounds. The remaining crude mixture was precipitated
in 100 mL of pentane, filtered, and washed with MeOH, yielding PS®* as a brown solid. The PS®* was
dried under reduced pressure for overnight and 71 mg of PS°* was obtained.
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6b.  Assessment of the triphenylphosphine quenching method

To evaluate the accuracy of the triphenylphosphine quenching method (Quench 1 in Section 6a) for
quantifying hydroperoxides on the polystyrene backbone, the method was applied to dimer (2) and
compared with the hydroperoxide concentration of bis-hydroperoxide (2a). The yield detected with
triphenylphosphine oxide (Ph;P=0) showed good agreement with the hydroperoxide content.

TPNHPI (10 mol%)
AIBN (10 mol%) OOH OOH PPh; O=PPhj OH OH

0O, (10 atm)

.

Ph

U
=

C4HgCN, 70 °C, x h Ph  Ph 23 °C, 30 min Ph  Ph

Dimer (2) bis-hydroperoxide (2a) corresponding alcohol

920

—@— yield of Ph;P=0
80 |—@— yield of hydropeoxide content

70
60
50 |

40 |

Yield (mol%)

30 |

20

10

0

0 5 10 15 20 25
Time (h)

Figure S17. The detected yield of triphenylphosphine oxide (PhsP=0, black) and the hydroperoxide
content (red) by triphenylphosphine quenching method after autoxidation reaction of 2.
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6c¢. NMR spectra of oxidatively degraded polystyrene

a-methylstyrene

L

© p

N—O Me
HH OH
O H Ph
compound 12
|
I\ Ufu
Me O
Ph Ph

H H
compound 6

l
' lq ” LY

I

a1

80 75 70 65 60 55

T T T T T T T T

50 45 40 35 30 25 20 15 10 05 00
ppm

Figure S18. Stacked NMR spectra of (a) PS°°" after 1 step and potential side products such as (b) o-
methylstyrene, (¢) compound 12 and (d) compound 6.

Based on the generation of a small amount of a-methylstyrene during the dimer autoxidation step, we
investigated whether similar side products are generated during the oxidation of PS. The 'H NMR spectrum
of oxidized PS after the first step (PS®°™) was compared with potential side products detected during the
autoxidation of the dimeric PS model compound 2. We searched for proton peaks corresponding to potential
side products, including a-methylstyrene-like alkene moieties, benzoyl terminal group of the compound 6
observed in Figure 2, and the methylene peak of the PINO radical adduct (12) observed in Figure S9.
However, no proton peaks for such species were detected in the spectrum (Figure S19). While this analysis
does not completely rule out the presence of alkene-like products, it suggests that their concentration is too

low to be detected.
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Figure S19. NMR spectra of oxidatively degraded polystyrene after Hock process.

The NMR spectra showed small a-hydrogen peaks around 3.05 ppm that are matched with previously
reported NMR of polystyrene after oxidative degradation.?
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6d. IR spectra of oxidatively degraded polymers

-Stag(t_)i:g PS C=0 stretch
-igox (1716 cm™)

2450 2250 2050 1850 1650 1450 1250 1050 850 650
Figure S20. IR spectra of oxidatively degraded polystyrene after Hock process

After the autoxidation step (1 step), the precipitated PS®°" exhibited a small C=O stretching peak,
indicating the presence of a small amount of carbonyl groups. This feature could be attributed to the
formation of terminal benzoyl groups, similar to the formation of acetophenone (4) and compound 6 in the
reactions of the PS model compounds 2 and 3 (cf. Figure 2a of the manuscript). The benzoyl group could
arise from O—O bond cleavage of hydroperoxide and chain scission, evident in GPC the time-course (Figure
5b). After acid treatment, the precipitated PS®* showed clear C=0 stretch at 1716 cm™.

6e. GPC analysis of oxidatively degraded polymers
Molecular Weight (kDa)

392.1 91.2 21.2 4.9 11
E 1.[0]: 0h 3h 24h=2. [H*]
R=2
7]
[
]
[+}]
N
©
E
™
S
z
16 18 20 22 24 26 28
Time (min)
Reaction Peak
time (h) position (min) M (kDa) My (kDa)  PDI (Mu/M,)
0 19.53 73 192 2.76
20.74 19 65 3.42
8 22.44 9.3 26 2.79
24 24.29 5.3 8.0 1.58
After 2" step 24.72 2.1 3.1 1.51

Figure S21. Time-course of polystyrene oxidation monitored by gel-phase chromatography.
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6f. GPC Calibration curve
6
e
— .
Qs e y =-0.3167x + 11.294
= R2 = 0.9984
=)
=4 e
5
O @ .
% ..
=
D3 .
- .y
17 18 19 20 21 22 23 24 25 26 27 28

Retention time (min)
Figure S22. GPC Calibration curve.

Table S2. Molecular weight of polystyrene (PS) standard and their retention time.

Retention My of PS
Time standard
(min) (Da)
18.2 364000
19.0 202100
19.8 110500
21.0 45120
22.0 19920
23.0 9590
23.9 4730
24.5 2970
26.1 1150
271 580
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6g. Experimental procedure of sequential Hock and MC process

Sequential Hock and MC Process:

1. TPNHPI (10 mol%) Co(OAc), (8 mol%) fo) OH
AIBN (10 mol%) Mn(OAc), (8 mol%)

0O, (10 atm) NHPI (1_0 mol%)
n "BuCN, 70 °C, 24 h M O, (6% in Ny, 80 bar)
Ph >

2.HCIO4,23°C, 4 h AcOH, 180 °C, 5.5 h

Aromatic
OX - -
PS Hock Process oxygenates PS MC Process Benzoic acid
Phenol = 12.7 mol% 46.6 mol%
Acetophenone = 1.3 mol%
Benzoic acid = 1.6 mol%
Carbon recovery MC Process for virgin PS:
Il Phenol Co(OAc), (8 mol%) o OH

Hock Il Acetophenone Mn(OAc), (8 mol%)

Il Benzoic acid NHPI (10 mol%)
0O, (6% in N5, 80 bar)
Hock n >

+MC Ph AcOH, 180 °C, 5.5 h

MC virgin PS MC Process Benzoic acid
only (1.0 mmol)
60.5 mol%
Figure S23. Sequential Hock and Mid-Century (MC) process of polystyrene (PS) for better carbon

recovery.

1. Hock process

Reaction setup: To the Parr reactor vessels were added sequentially: a magnetic stir bar, PS (104 mg, 1.0
mmol based on repeat unit) and "BuCN (2.0 mL). After PS completely dissolved into "BuCN, TPNHPI
(46.8 mg, 0.10 mmol), AIBN (8.2 mg, 0.10 mmol) were added into the vessels. The vessel was pressurized
to the 10 atm with oxygen gas and loaded onto an oil bath preheated to a set temperature using a hotplate.
The mixture was stirred for 24 h. Then, the reaction mixture was allowed to cool to 23 °C, the solution was
transferred to a 10 mL Schlenk flask, and the Parr reactor was rinsed into the Schlenk flask with 3 mL of
C4HoCN.

Acid treatment to quantify phenol and other products: 1 mL of HCIO4 solution (3.6 M in MeCN) was
added to the flask and the mixture was stirred for 4 h at 23 °C. 10 mg of 1,4-dimethoxybenzene was added
into the flask. The reaction mixture was diluted by adding 4 mL MeCN and 50 pL aliquot was removed for
UPLC analysis to measure the products (12.7 mol% of phenol, 1.6 mol% of benzoic acid, and 1.3 mol% of
acetophenone). The remaining crude mixture was precipitated in 100 mL of pentane, filtered, and washed
with MeOH, yielding PS®* as a brown solid.

2. MC process

Reaction setup: The following MC oxidation reaction condition was adapted from the previous literature
procedure.”! To the Parr reactor vessels were added sequentially: a magnetic stir bar, PS®* from Hock
process or virgin PS (104 mg, 1.0 mmol based on repeat unit), Co(OAc), (14.1 mg, 0.080 mmol, 8 mol%
of starting PS), Mn(OAc); (13.8 mg, 0.080 mmol, 8 mol% of starting PS), 10 mol% of NHPI (16.3 mg,
0.10 mmol of starting PS) and AcOH (5.0 mL). The vessel was placed into Series 5000 Multiple Reaction
System and pressurized to the 80 atm of 6% O in N,. The mixture was stirred at 500 rpm and heated to
180 °C. After 5.5 h, 10 mg of 1,4-dimethoxybenzene was added into the crude mixture. 50 pL aliquot was
removed for UPLC analysis to measure the product.46.6 mol% of benzoic acid (yield based on 1.0 mmol
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of starting PS). From the virgin PS substrate (1.0 mmol), 60.5 mol% of benzoic acid was obtained under
the same MC oxidation reaction condition.

6h.  Application to post-consumer polystyrene wastes

TPNHPI (10 mol%)

AIBN (10 mol%) HCIO, oH
0O, (10 atm) (3.6 M in ACN)
n = =
Ph "BuCN (0.5 M),
1.0 mmol 70°C, 24 h
Post-consumer phenol
PS Waste (analyzed by UPLC)

Styrofoam Clear disposable cup
12.3% phenol yield 9.8% phenol yield
Figure S24. Autoxidation of post-consumer polystyrene (PS) to produce phenol.
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