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ABSTRACT: Cleaving inert sp3-sp? carbon-carbon (C-C) bonds selectively remains a major challenge in organic chemistry and
a main bottleneck in the chemical upcycling of recalcitrant polyolefin waste. Here, we present an electrochemical strategy
using redox mediators to activate and break C-C bonds at room temperature and ambient pressure. Specifically, we use N-
hydroxyphthalimide (NHPI) as a redox mediator that undergoes electrochemical oxidation to form the phthalimide-N-oxyl
(PINO) radical to initiate hydrogen atom transfer (HAT) reactions with benzylic C-H bonds. The resulting benzylic carbon
radical is readily captured by molecular oxygen to form a peroxy radical that decomposes into oxygenated C-C bond-scission
fragments. This indirect, mediated approach for Csp3-Csps bond cleavage reduces the oxidation potential by > 1.2 V compared
to the direct oxidation of the substrate, thereby eliminating deleterious side reactions, such as solvent oxidation, that may
occur at high potentials. Studies with a bibenzyl model compound revealed a bifurcated reaction pathway following the initial
HAT step. At a bibenzyl conversion of 61.0%, the C-C bond cleavage pathway generates benzaldehyde and benzoic acid prod-
ucts at 38.4% selectivity, and the C-H bond oxygenation pathway leads to 1,2-diphenylethanone and benzil products at 39.2%
selectivity. Changes in reaction selectivity were investigated with various model compounds, including bibenzyl, 1,3-diphe-
nylpropane, 1,4-diphenylbutane, and their derivatives. Product selectivity is correlated with the C-C bond strength of the
reactant, with weaker C-C bonds favoring the C-C bond cleavage pathway. We also evaluated the mediated oxidation of oligo-
meric styrene (Mn =510 Da, OSs10) which were converted into oxygenated products. Lastly, proof-of-concept depolymeriza-
tion of polystyrene (PS, ~10,000 Da) into oxygenated monomers, dimers, and oligomers was demonstrated using NHPI-
mediated oxidation.

INTRODUCTION The thermodynamic and Kinetic constraints for Csps-

The selective cleavage of sp3-sp? carbon-carbon (C-C)
bonds is a major challenge in organic chemistry, and has re-
cently emerged as a critical step in plastic waste decon-
struction and biomass valorization.-¢ However, the inert-
ness of the Csp3-Csp3 linkages hinders the selective and en-
ergy-efficient bond scission in these substrates.’% Indeed,
Csp3-Csp3 bond activation is difficult due to several thermo-
dynamic and kinetic constraints,'%-4 including high bond
dissociation energies (BDEs) of ~90 kcal mol-1,1° steric in-
accessibility caused by surrounding C-H bonds, and unfa-
vorable orbital directionality towards cleavage which re-
quires the rotation of two carbon sp3 orbitals.!> In some
cases, C-C bond scission is facile, for example, for three- or
four-membered cycloalkanes with high ring strain, for
structures that introduce aromaticity upon cleavage (e.g.,
the elimination of a methyl group of ergosterol converts its
cyclohexadiene ring into a phenyl ring), or for reactants that
coordinate strongly to an active site (e.g., pincer-type com-
pounds chelate to the catalyst metal center to direct the C-C
bond cleavage).1%15 However, the C-C bonds prevalent in
synthetic plastic waste typically do not fall into these special
categories and necessitate aggressive reaction conditions
for activation.

Csp3 bond cleavage have hampered the development of se-
lective plastic depolymerization strategies. For example,
thermochemical pathways used for plastic depolymeriza-
tion, such as pyrolysis and thermal cracking, operate at tem-
peratures > 400°C and suffer from low product selectivity.”
Reductive catalytic depolymerization strategies, such as hy-
drogenolysis and metathesis, improve the energy efficiency
by ameliorating reactions conditions (temperatures
> 200°C), but require reductants such as high-pressure Hz
and/or high-cost noble metal catalysts.®16-19 Oxidative C-C
bond cleavage generates oxygenated products as valuable
chemicals,? but the traditional approach requires bromine
as a co-catalyst,2? impacting on the environment. These
challenges together underscore the need to develop new
strategies to selectively depolymerize plastic waste.
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Figure 1. Schematic illustration of (a) direct and (b) mediated
oxidation to cleave C-C bonds. N-hydroxyphthalimide (NHPI) is
a mediator active for hydrogen atom transfer (HAT) reactions.

To this end, electrochemical oxidation presents a prom-
ising approach to activating and cleaving inert C-C bonds
under mild conditions.?'-26 Such electrochemical ap-
proaches may be classified as direct or mediated. In a direct
electrooxidation setup, the substrate undergoes electron
transfer at the electrode. Similar to the harsh driving condi-
tions of thermochemical processes, however, direct elec-
trooxidation often requires highly anodic potentials in or-
der to overcome the sluggish C-C bond activation kinetics,
which can lead to side reactions such as solvent oxidation
(Figure 1a).2728 Alternatively, in mediated electrooxida-
tion, a redox-active species can be used to mediate the pro-
cess indirectly by first undergoing oxidation at the elec-
trode, then selectively oxidizing the substrate of interest in
solution, and lastly regenerating at the electrode to start the
cycle over (Figure 1b). Importantly, mediators provide an
additional design handle by which to facilitate the kinetics
of electron transfer. Indeed, the mediator can be designed
to undergo rapid electron transfer at the electrode surface,
significantly lowering the oxidation potential necessary to
drive substrate conversion. Furthermore, mediators can be
engineered to react with the substrate selectively, thus
eliminating many side reactions. Thus, in principle, medi-
ated electrooxidation could enable selective C-C bond cleav-
age under mild conditions.

Alarge number of redox mediators have been explored
in electrocatalysis, including organic molecules, transition
metal complexes, and inorganic salts, which exhibit a wide
range of redox potentials and reactivity.2’-?° For example,
2,2,6,6-tetramethylpiperidine N-oxyl (TEMPO) mediates
hydride transfer for alcohol oxidation;!° transition metal
salts mediate oxygen transfer or electron transfer to oxidize

olefins and aromatics;?° and Ni- and Co-salen complexes
mediate electron transfer for the reductive cyclization of
unsaturated aldehydes, ketones, and esters.2? In addition, N-
hydroxyphthalimide (NHPI) is well-known to mediate hy-
drogen atom transfer (HAT), and is readily oxidized at a car-
bon electrode into the phthalimide-N-oxyl (PINO) radical.30-
34In turn, PINO is highly adept at benzylic C-H HAT to return
to its reduced form, NHPI, and complete one catalytic cycle
(Figure 1b).

In view of the efficient redox kinetics of NHPI/PINO and
selective benzylic hydrogen atom abstraction, we hypothe-
size that NHPI/PINO could selectively mediate Csp3-Csp3
bond cleavage with application to plastic waste depolymer-
ization. Here, we employ NHPI to catalyze HAT reactions
that activate benzylic C-C bonds towards bond scission by
converting a C-H bond into a carbon radical (Figure 1b).
The resulting carbon radical is susceptible to further oxida-
tion (e.g.,, in the presence of molecular oxygen) to form a
peroxy species that decomposes into products with cleaved
C-C bonds. We demonstrate the viability of this approach by
performing the NHPI-mediated electrochemical C-C bond
cleavage of bibenzyl, 1,3-diphenylpropane, 1,4-diphenyl-
butane, and their derivatives. We also evaluate the medi-
ated oxidation of oligomeric styrene (Mn =510 Da, OSs10).
Moreover, as a proof-of-concept, we implement our strategy
to depolymerize polystyrene (PS, ~10,000 Da) into oxygen-
ated monomers, dimers, and oligomers.

RESULTS AND DISCUSSION

Cyclic voltammetry (CV) confirms that NHPI
mediates substrate oxidation. Cyclic voltammetry (CV)
was used to study the redox behavior of NHPI. The
voltamograms were recorded at 10mVs?! in 0.1 M
LiBFs/acetonitrile electrolyte consisting of 10 mM NHPI.
The positions of the oxidative and reductive peak potentials
at 1.67 and 0.98 V vs Ag/AgCl, respectively, confirmed the
quasi-reversibility of the PINO/NHPI redox couple (Figure
$1, black trace). The addition of 0.1 M pyridine shifted the
oxidation and reduction potentials negatively to 0.86 and
0.79V vs Ag/AgCl, respectively (Figure S1, red trace),
indicating that the PINO/NHPI redox couple is sensitive to
the electrolyte basicity since protons are a product of NHPI
oxidation (Figure 1b).

Previous studies have suggested that PINO decom-
poses in alkaline media.3%35> To evaluate the stability of
PINO, we gradually dosed acetic acid (HOAc) at 0.02 M in-
crements up to a concentration of 0.10 M. After each dose of
HOACc, we recorded a CV scan (Figure S1, blue trace and Fig-
ure S2a) and measured the potential separation between
the oxidative and reductive peaks (Figure S2b) to assess
the reversibility of a redox couple. We note that a reversible
reaction exhibits a 57 mV separation between the oxidative
and reductive features at room temperature, and this value
increases when the reaction becomes increasingly irre-
versible.3¢ For the PINO/NHPI couple, the oxidative-reduc-
tive peak separation decreased from 93.8 to 76.3 mV with
increasing HOAc concentration from 0 to 0.1 M, indicating
that the redox couple becomes more reversible when the
electrolyte turns more acidic. These results suggest that the
stability of PINO improves in an HOAc-pyridine buffered
electrolyte compared to the pyridine-only electrolyte and
agree with bulk electrolysis data (see below). Therefore, an
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HOACc-pyridine buffered electrolyte was used in all experi-
ments unless otherwise stated.

Bibenzyl was used as a model compound to evaluate
the catalytic efficacy of PINO. After adding 50 mM bibenzyl
to the electrolyte, the PINO reductive feature disappeared
and the oxidative current increased compared to that ob-
tained in the absence of bibenzyl (Figure 2, black and red
traces), confirming that PINO oxidized bibenzyl. Notably,
the potential required to reach a current of 1.0 mA (denoted
here as the onset potential) for the NHPI-mediated bibenzyl
oxidation was 0.80 V, a value 1.26 V less positive than that
for bibenzyl direct oxidation (2.06 V) in the absence of me-
diators (Figure 2, grey trace). The small anodic feature at
~1.5 Vin bibenzyl direct oxidation is a pre-activation of the
substrate.
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Figure 2. Cyclic voltammetry (CV) plots of 10 mM PINO/NHPI
redox couple in the absence (black) and presence of 50 mM
bibenzyl (red). The grey trace denotes bibenzyl direct oxida-
tion in the absence of the NHPI mediator. At 1 mA, the NHPI-
mediated bibenzyl oxidation requires a potential of 1.26 V less
positive than that of direct bibenzyl oxidation. All CVs were rec-
orded at 10 mVs-! in 0.1 M LiBFs/acetonitrile electrolyte
containig 0.1 M pyridine + HOAc.
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Figure 3. Concentration profiles of bibenzyl, C-C bond cleavage
products (benzaldehyde and benzoic acid), and C-H oxygena-
tion products (1,2-diphenylethanone and benzil) during NHPI-
mediated bibenzyl oxidation.

Bulk electrolysis suggests a bifurcated reaction
pathway. Bulk bibenzyl electrolysis studies were per-
formed to gain insights into the oxidation reaction path-
ways. The experiments were carried out in an H-shaped
glass cell with working and counter chambers separated by
a Nafion membrane (Figure S3). A constant current (typi-
cally 2 mA) was applied up to a potential of 1.5 Vvs Ag/AgCl
marking the onset of PINO oxidation. Figure S4 shows a
representative chronopotentiometry trace for these exper-
iments. A steady increase of potential throughout the elec-
trolysis was observed, likely due to the irreversible decom-
position of PINO,2737-39 which reduces the concentration of
the NHPI/PINO mediator in the solution. On average, each
molecule of NHPI carries out 7.5 turnovers before undergo-
ing decomposition based on the charge passed during the
electrolysis (see the Supporting Information for calculation
details). Products for a typical NHPI-mediated bibenzyl oxi-
dation reaction were identified by gas chromatography-
mass spectrometry (GC-MS) and quantified by gas chroma-
tography-flame ionization detector (GC-FID) (Figures S5-
7). Two types of products were observed: 1) C-C bond cleav-
age products (i.e.,, benzaldehyde and benzoic acid) and 2) C-
H oxygenation products (i.e., 1,2-diphenylethanone and
benzil). During the reaction, the electrolyte was sampled
and the reaction progress was monitored at regular inter-
vals. The concentration profiles of the C-C bond cleavage
products (concentrations were divided by two to account
for one molecule of bibenzyl generating two molecules of
benzaldehyde or benzoic acid) (Figure 3, blue open circle)
and C-H bond oxygenation products (Figure 3, red solid tri-
angle) overlap with each other, suggesting that the products
originate from a single intermediate that decomposes into
either product family with equal probability. Based on these
results, we hypothesize that a bifurcated reaction pathway
exists (Scheme 1) wherein: 1) bibenzyl transfers a benzylic
C-H to the electrochemically generated PINO; 2) the result-
ing benzylic carbon radical is captured by O2 to afford a per-
oxy radical; and 3) the peroxy radical decomposes in two
parallel pathways, one involving C-C bond cleavage and the
other C-H bond oxygenation.
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Scheme 1. A bifurcated pathway of C-C bond cleavage and C-H oxygenation follows PINO induced HAT and Oz adduction.

Table 1. Optimization of preparative bibenzyl oxidation conditions

. Conversionc  Selectivity C-C Selectivity C-H
0/)a b
Entry NHPI (mol%) Base (equiv) Electrolyte (%) cleavaged (%)  oxygenatione (%)
Pyridine (Py), .
0,
1 2% HOAC (2.2) LiBF4 163 17.8 19.6
2 10% Py, H%AC 2 LiBF4 39.5 38.7 423
3 20% Py, H%AC @ LiBF4 61.0 38.4 39.2
4 40% Py, H%AC @ LiBF4 823 315 29.4
c o
Cl
5 o nen Py, HOAc (2, LiBF4 64.4 321 35.6
I 2)
(CLNHPI) 20%
(o] o]
6 "N nor - Py, HOAc (2, LiBF4 44.0 23.7 235
é o 2)
(di-NHPI) 20%
7 20% Py (2) LiBF4 61.9 29.7 315
8 20% Py, H%AC (4 LiBF4 60.2 30.6 30.1
9 20% Py, H?(%C (10, LiBF, 58.3 25.7 24.7
10 20% Py, Hoci())“ 2 LiBF, 52.1 25.9 29.6
11 20% Py, H%O“ 2 LiBF, 8.2 34.1 34.1
12 20% 2'6'L(‘;t)‘dme LiBF, 66.5 28.9 29.5
13 20% KHCO3 (2) LiBF4 46.5 38.3 23.0
14 20% Py, H%AC (2 LiClO4 65.4 324 33.5
15 20% Py, H%AC (2 TBAPF 74.0 18.1 20.8

aThe mole percentage of NHPI is relative to bibenzyl concentration, 50 mM.

bThe equivalent of pyridine and acid is relative to bibenzyl concentration, 50 mM.

bibenzyl]ipjtia1—[bibenzyl]g
[ Ylinitial—[ Yllfinal x 100%.

cConversion =
[bibenzyl]initial

[benzaldehyde]+[benzoic acid]

- - X 100%.
2([bibenzyl]injtial—[bibenzyl]final)

dSelectivity C — C cleavage =

[1,2—diphenyleth ]+[benzil]
[bibenzyl]injtial—[bibenzyl]final

eSelectivity C — H oxygenation =

Bulk electrolysis condition optimization. We inves-
tigated the effects of multiple factors on the conversion of
bibenzyl and the product selectivity including NHPI
amount, substituents on the NHPI phenyl ring, media basic-
ity, electrolyte types, solvent, Oz partial pressure, tempera-
ture, and oxidation current to explore optimal conditions
for bulk electrolysis. The results are summarized in Table 1
and Tables S1-5.

X 100%.

Entries 1-4 in Table 1 show the effects of increasing
NHPI amount from 2 to 40 mol% with respect to bibenzyl.
Higher NHPI concentrations improved bibenzyl conversion,
but product selectivity decreased when NHPI was increased
from 10 to 40 mol%. We also tested two NHPI derivatives,
3,4,5,6-tetrachloro-N-hydroxyphthalimide (Cls+NHPI) and
N,N’-dihydroxypyromellitimide (di-NHPI) as alternative re-
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dox mediators (Table 1, Entry 5-6). The thermodynamic re-
dox potential of Cl4sNHPI is 0.88V vs Ag/AgCl (obtained
from CV, Figure $8), which is 60 mV more positive than that
of NHPI (0.82 Vvs Ag/AgCl, Figure 2), making the PINO rad-
ical of ClsNHPI more reactive than that of NHPL40 Although
higher bibenzyl conversions were observed, Cl+NHPI gener-
ated lower product selectivity due to higher rates of delete-
rious side reactions. For di-NHPI, its PINO radical is signifi-
cantly less stable than PINO.3° As a result, the faster decom-
position of di-NHPI led to both lower bibenzyl conversion
and product selectivity. We also tested other types of N-oxyl
radicals including aminoxyls (e.g, TEMPO) and iminoxyls
(e.g., oxime radicals) (Table S1). However, none of them
catalyzed the HAT of bibenzyl. We surmise the lack of reac-
tivity is partly due to a mismatch of BDEs between the C-H
bonds of bibenzyl and the NO-H bond of the radical precur-
sors,*! although steric effects may also play a role.

The effects of electrolyte basicity on NHPI-mediated
bibenzyl oxidation were investigated by using varying
equimolar mixtures of pyridine and HOAc (Table 1, Entries
3, 8, and 9) or only two equivalents of pyridine (Table 1,
Entry 7). The latter featured lower product selectivity likely
due to side reactions of the bibenzyl radical intermediate in
the absence of HOAc. Interestingly, when increasing pyri-
dine and HOAc amounts, both conversion and selectivity de-
creased. These results suggest that a high concentration of
pyridine suppresses bibenzyl conversion even in the pres-
ence of HOAc.

Using perchloric acid (HCIO4) as a stronger acid than
HOACc resulted in drastically reduced conversions (Table 1,
Entry 10 and 11). This is attributed to the positive shift of
the PINO/NHPI redox potential with increasing acidity of
the electrolyte, which resulted in little bibenzyl conversion
at potentials lower than 1.5 V vs Ag/AgCL.

Finally, the effect of basicity was investigated by
switching from pyridine to 2,6-lutidine (Table 1, Entry 12)
or potassium bicarbonate (KHCOs, Table 1, Entry 13). 2,6-
Lutidine (conjugated acid pKa = 6.72) is a stronger base than
pyridine (conjugated acid pKa = 5.25), resulting in a higher
conversion (Entry 12 vs Entry 7). Nevertheless, the methyl
groups of 2,6-lutidine are susceptible to PINO HAT as a side
reaction, which adds difficulties in product analysis. On the
other hand, KHCOs3, generated lower conversion compared
to pyridine - an effect that is partly due to the poor solubil-
ity of KHCOs in acetonitrile, but the selectivity of C-C bond
cleavage was improved. Investigations into why KHCOs pro-
motes C-C bond cleavage are currently underway.

In terms of electrolyte types, we observed that LiBF4
(Table 1, Entry 3) and LiClO4 (Table 1, Entry 14) led to sim-
ilar bibenzyl conversion and product selectivity, while
TBAPFs (Table 1, Entry 15) resulted in a higher bibenzyl
conversion but much lower product selectivity. We hypoth-
esize that Li* may be able to stabilize PINO and/or bibenzyl
oxidation intermediates.*?

To gain insight into the role of solvent on bibenzyl oxi-
dation, we carried out reactions in acetonitrile, acetone, and
N,N-dimethylformamide (DMF) solvents (Table S2). DMF is
susceptible to PINO HAT and thus eliminated bibenzyl ac-
tivity. In acetone, the conversion of bibenzyl was only half
of that in acetonitrile, but product selectivity was improved.
The suppressed conversion in acetone is likely because ac-
etone facilitates the formation of an NHPI-solvent adduct

via hydrogen bonding (e.g., NO-H--solvent), and this adduct
isless prone to electrochemical oxidation.3137 Therefore, we
posit acetone drives the equilibrium further to the NHPI-
solvent adduct and results in a lower conversion of biben-
zyl. Similarly, the solvated NHPI is less prone to deleterious
side reactions with bibenzyl radical intermediates, leading
to higher product selectivity.

The effects of Oz partial pressure were evaluated be-
cause Oz captures the benzylic radical to form the peroxy
radical preluding product formation. Specifically, we per-
formed bulk electrolysis in Nz, 1% 02 balanced by He, air,
and pure Oz (Table S3).In an N2 atmosphere, 8.1% of biben-
zyl was converted, but no products of C-C bond cleavage or
C-H bond oxygenation were detected. This result agrees
with the proposed reaction pathway involving a peroxy rad-
ical intermediate. Increasing the Oz partial pressure from
0.01 to 1 atm, improved bibenzyl conversion slightly (using
10 mol% NHPI), but the product selectivity dramatically.
Similar effects were also observed for 20 mol% NHPI. How-
ever, Oz promotion was less pronounced for 2 mol% NHPI
where product selectivity even decreased slightly when in-
creasing O: partial pressure from 0.21 to 1 atm. We attrib-
ute the 02 promotion effects, especially at high NHPI con-
centrations (10 and 20 mol%), to the improved mass
transport of Oz to the benzylic radical intermediate. At low
NHPI concentration, however, the reaction becomes limited
by the HAT from bibenzyl to PINO or the oxidation of NHPI
to PINO'27,37,38,43

The effects of temperature and oxidation current indi-
cate a compromise between reaction rates and PINO stabil-
ity. While a higher temperature or a larger oxidation current
gives rise to faster reactions, PINO decomposition is also
faster, leading to a lower bibenzyl conversion and product
selectivity. For example, the selectivity at 25 °C was higher
than that at 50 or 2 °C, and the conversion at 25 °C was
higher than 50 °C but slightly lower than 2 °C (Table S4, us-
ing 10 mol% NHPI). Similarly, the conversion and the selec-
tivity firstimproved with increasing oxidation current from
1 to 2 mA, but then dropped from 2 to 5 mA (Table S5).
Consequently, both the reaction rate and PINO stability
should be considered when optimizing reaction tempera-
ture and oxidation current.

Taken together, all these experiments established the
optimal NHPI-mediated oxidation conditions to achieve
high conversion and selectivity: 20 mol% NHPI, 0.1 M pyri-
dine, 0.1 M HOAc, 0.1 M LiBFs/acetonitrile electrolyte,
1 atm Oz, room temperature, and an oxidation current of
2 mA. We then applied these reaction conditions to oxidize
several model compounds and polystyrene samples.

Selectivity of C-C bond cleavage is determined by
the C-C bond strength. We observed identical selectivity
values of C-C bond cleavage and the C-H bond oxygenation
for bibenzyl oxidation (Figure 3, Scheme 1), thus implicat-
ing a bifurcated reaction pathway. To investigate the struc-
tural factors that affect the selectivity of C-C bond cleavage,
a number of model substrates were evaluated, all of which
contain two phenyl rings but differ in the length of alkyl
chains separating the rings and in the substituents on the
alkyl chains. These structural variations are expected to al-
ter the C-C bond strength and the reactivity of the C-H bond,
thus influencing C-C bond cleavage selectivity. Figures $14-
S$15 show the representative chronopotentiometry traces
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of the bulk electrolysis, Table 2 lists the conversion, yields,
and selectivity, and Figure 4, Figure $S16 and Table S6 il-
lustrate the product distribution for these substrates. The

products were characterized by GC-MS, GC-FID, and high-
performance liquid chromatography (HPLC).

Table 2. Results for the NHPI-mediated C-C bond cleavage and C-H bond oxygenation of benzylic substrates.

ey swe ST SemyoC ey o
1 61.0 38.4 392
2 e 100 72 61.3
®
OH
g
3 oYY 80.7 0.4 61.3
3
4 > 26.5 275 43.8
g
5 R 14.8 0.2 0.0
6 42 0.5 1.0
HO O
7 O - 117 6.8 0.0
8 71.9 135 476
OH
9 96.2 7.8 59.9
]
10 411 24.8 15.1
11 g 76.3 8.1 56.1

We altered the number of sp3 carbons between the two
phenyl rings and evaluated the mediated oxidation of biben-
zyl (1), 1,3-diphenylpropane (8) (three sp? carbons) and
1,4-diphenylbutane (11) (four sp3 carbons). While the con-
version of the substrates increased with increasing number
of carbons, the selectivity of C-C bond cleavage decreased.

In turn, the selectivity of C-H bond oxygenation increased
with the number of carbons. Additionally, we detected
products from Cary-Crenzyt bond cleavage for (8) (phenol;
Figures S16, S17 and S19) and (11) (phenol and ben-
zenebutanal; Figures S16 S20, and S21). Furthermore,
products resulting from intramolecular cyclization were
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also observed for (8) (1,2-diphenylcyclopropane; Figures
S$16, S18, and S19) and (11) (1,2,3,4-tetrahydro-1-phe-
nylnaphthalene; Figures S16, S20, and S21). We hypothe-
size that the product distribution is determined by the rela-
tive bond strength of C-C and C-H bonds. Table S7 lists the
calculated BDEs for these bonds in (1), (8) and (11).#44>
Specifically, the weak Chenzyi-Cbenzyt bond of 1 led to its signif-
icantly higher selectivity of C-C bond cleavage compared to
the other two substrates. The reason why (8) had a higher
selectivity of C-C bond cleavage despite its larger C-C BDEs
than (11) could be attributed to the stronger C-H bonds of
(8) compared to those of (11).

100
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Figure 4. Products distribution of NHPI-mediated oxidation.
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Substituents on the benzylic carbon, namely substrates
with one -OH group (1,2-diphenylethanol (2), Table 2, Fig-
ures 4, $16, S22-S24) or two -OH groups (meso-hydroben-
zoin (3), Table 2, Figures 4, $S16, $25-S27), also affected
the rates of NHPI-mediated oxidation. Since the direct oxi-
dation of meso-hydrobenzoin onsets at 1.1V vs Ag/AgCl
(Figure S13a), the bulk electrolysis was terminated when
the potential reached 1.1 V (Figure S14b). The conversions
for these two substrates were higher than that of 1, while
the selectivity to C-C bond cleavage decreased dramatically.
After the electrolysis of (2), we detected a product of N-(1,2-
diphenylethyl)acetamide (Figure $S24) that is formed by ac-
etonitrile solvolysis.*¢ It was unclear, however, whether the
presence of -OH groups promotes HAT of the a C-H or -OH
is oxidized by PINO. Accordingly, we substituted the two
benzylic C-H hydrogen atoms in (3) by two methyl groups
and performed bulk electrolysis on the substrate 2,3-diphe-
nyl-2,3-butanediol (7) (Table 2, Figures 4, $16, S28-S30).
Similar to (3), the direct oxidation of 7 onsets at 1.2V vs
Ag/AgCl, and therefore, requires the threshold potential of
bulk electrolysis to be setat 1.2 V (Figures S13b and S14f).
Notably, minimal products were generated. The results in-
dicate that the alcohol -OH group cannot be oxidized by
PINO due to its large BDE (Table S7),**> which is con-
sistent with previous reports.*” Therefore, the presence of -
OH groups facilitates the HAT of the a C-H by weakening the
o C-H bond (Table S7).4445

Similarly, methyl or carbonyl groups cannot be oxi-
dized by PINO. For benzil (5) (Table 2, Figures 4,516, S31-
$32) and 2,3-dimethyl-2,3-diphenylbutane (6) (Table 2,
Figures 4, S16, S33-S34), no conversion was observed af-
ter NHPI-mediated bulk electrolysis. Further, as shown in
Table 2 and Figure 4, the carbonyl-containing substrate

1,2-diphenylethanone (4) (Figures S16, S35-S36) gener-
ated much lower conversion and product selectivity. Given
that the benzylic C-H BDE of (4) (Table S7) is slightly
smaller than that of bibenzyl (1), we credit the decreased
conversion of (4) to the reduced number of available ben-
zylic C-H bonds.

Similar substituent studies on the family of 1,3-diphe-
nylpropane were also performed. Compared to (8), 1,3-di-
phenyl-1-propanol (9) (Table 2 and Figures 6, S16, S37-
$38) resulted in a significantly higher conversion and dom-
inating product selectivity toward the C-H oxygenation
pathway. Analogous to (2), we also detected the product
formed by acetonitrile solvolysis, N-(1,3-diphenylpro-
pylacetamide. On the other hand, the substrate 1,3-diphe-
nyl-1-propanone (10) (Table 2, Figures 4, $16, S39-540)
resulted in a lower conversion and a lower selectivity of C-
H oxygenation products, while the selectivity of C-C bond
cleavage was much higher than that of (8). We attribute the
improved selectivity to the relatively weak Ccenter-Chenzyl
bond of (10) compared to (8) (Table $7).44*> The results of
1,3-diphenylpropane family substrates agree with the con-
clusions obtained from the bibenzyl family substrates that
1) the -OH group facilitates the benzylic C-H HAT, and 2) the
carbonyl group suppresses the PINO oxidation conversion.

Mediated oxidation of oligomeric styrene. We ex-
plored the NHPI-mediated oxidation of oligomeric styrene
(0S) with a number average molecular weight (Mn) of
510 Da and a narrow dispersity of 1.05. Details of the oligo-
mers preparation and characterizations can be found in the
SI (Figure S41-S43 for GPC and NMR results).

CV studies confirmed that the oligomeric styrene, de-
noted as 0Ss10, underwent NHPI-mediated oxidation, and
the onset potential of the mediated oxidation was 1.01V
less positive than that of the direct oxidation (Figure S44).
Notably, there was a small reductive feature in the cathodic
sweep, suggesting that the PINO formed in the anodic sweep
was not completely consumed by OSsi0. Therefore, in the
bulk electrolysis, we applied a constant current of 1 mA in-
stead of 2 mA to slow down the generation and the accumu-
lation of PINO and to suppress PINO decomposition. All
other standard bulk electrolysis conditions were employed.
A representative chronopotentiometry is shown in Figure
$45. The oxidation progress was monitored by GC-MS (Fig-
ure S46-S48) and GC-FID (Figure S49). Here we defined a
parameter “unit charge q (F mol-1)” to quantify the number
of electrons passed per styrene unit:

9=""m
F(152)

Q (C) is the charge passed in electrolysis, F
(96485 C mol-1) is the Faradaic constant, m (g) is the weight
of OSs10 added to the electrochemical cell, and 104 (g mol-1)
is the molecular weight of one styrene unit. Additional NHPI
and pyridine were added once the potential reached 1.5V
vs Ag/AgCl to continue the oxidation.

Figure 5 and Table S8 present the mass yields of oxi-
dation products consisting of zero to five phenyl rings (Pho-
5). Products with more than five phenyl rings were not de-
tectable by GC-FID due to their high boiling points. The
yields of Pho.1 products increased with increasing unit
charge, from 3.1% (g = 0.57) to 13.6% (q = 2.28), indicating
the oxidative cleavage of C-C bonds. On the other hand, the
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yields of longer chain products (Phs-s) generally decreased
with increasing g due to their further oxidation. The simul-
taneous formation of these products could also lead to an
initial rise in the yields at small q values (Phsz and Phs). The
yields of Phz products only oscillated a little across the oxi-
dation process, suggesting a balance between their for-
mation and further oxidation. The yield of all detected prod-
ucts decreased from 29.4% (q=0.57) to 16.7% (q =2.28)
perhaps because some products were overoxidized, e.g.,
phenol to ring-opened products.

Based on the product distribution, we propose an oxi-
dation pathway (Scheme 2). Taking a tetramer styrene as

a)
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an example, the initial step is HAT from a benzylic C-H, af-
fording a benzylic carbon radical. Upon being captured by
02, a peroxy radical is formed which decomposes into the
products. The HAT can take place at either an ending sty-
rene (red branch) or a center one (blue branch), which leads
to different peroxy decomposition pathways. The products
can undergo further mediated oxidation. Besides, the ben-
zylic radical can couple with a PINO radical or form a C=C
double bond, leading to products other than C-C cleavage or
C-H oxygenation.

100%

Figure 5. For the mediated oxidation of OSs10, (a) the mass yields and (b) the distribution of products consisting of zero to five phenyl
rings (Pho-s) depend on the charge passed to each styrene unit in average (unit charge g). Products were quantified by GC-FID. The

product distribution was based on the results at g = 2.28.
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Scheme 2. Proposed oxidation pathways of oligomeric styrene, taking a tetramer as an example. The red branch depicts the HAT
from an ending styrene unit, and the blue one for the HAT from a center styrene unit.
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Polystyrene depolymerization. We employed the
NHPI-mediated oxidation strategy to depolymerize PS as a
proof-of-concept. The PS substrate used was an analytical
standard for gel permeation chromatography (GPC)
(10,000 Da) with a low dispersity (1.06). Since PS has a low
solubility in acetonitrile, we performed the electrolysis in
acetone. For the bulk electrolysis, a constant current of
1 mA was applied (Figure S50 depicts a representative
chronopotentiometry trace), same as the oxidation of the
0Ss10 oligomeric styrene.

The depolymerization progress was monitored by GPC.
Additional NHPI and pyridine were added once the poten-
tial reached 1.5 V vs Ag/AgCl to continue the depolymeriza-
tion until all of the starting PS was converted. To measure
the molecular weight of the products by GPC, we con-
structed a calibration curve between the molecular weight
of the peak maxima and eluent volume (Figure S43a) using
anumber of standard polymers. The GPC results are shown
in Figure 6a. Prior to electrolysis, the PS substrate had a
peak molecular weight of ~10,000 Da. With increasing
charge passed, the peak at ~10,000 Da decreased and new
peaks at lower molecular weight appeared and grew with
reaction time. When the unit charge exceeded 1.29 F mol-1,
meaning that in average, more than 1.29 electrons were
transferred to one styrene unit, all of the starting PS was
converted into smaller molecules.

Monomeric (one phenyl ring) and dimeric (two phenyl
rings) products of PS depolymerization were identified and
quantified by GC-MS (Figure S51) and GC-FID (Figure
$52). The results are illustrated in Figure 6b. At g = 0.44,
the monomer yield was 2.01% and the dimer yield was
1.91%. When more electrons were transferred, at q = 4.29,
the monomer yield increased to 7.49% and the dimer yield
to 4.75%. Three categories of monomers were detected in
which the phenyl ring has zero (Co), one (C1), or two carbons
(C2) attached to it. Consistent with the small molecule oxi-
dation results, the Csp3-Cspz bond cleavage (C:1 and Cz mono-
mers) had a larger yield than the Caryi-Cbenzyi bond cleavage
(Co). For the dimeric products, three categories of products
were identified that differ in the number of carbon atoms
between the two phenyl rings: two (Cz), three (C3), and four

I

Cyclization ©

= Dimers e 1
= Monomers

0.44 4.29
Charge per polystyrene unit F/mol

OH
e

CHO COOH
o, O
Figure 6. (a) GPC results of NHPI-mediated PS oxidation with increasing unit charge. (b) Monomeric and dimeric products distribu-
tion after the bulk electrolysis of PS.

carbons (C4), plus a fourth category of cyclic structures. C3
molecules were the major dimeric products, in agreement
with the repeating unit of PS where the two phenyl rings are
separated by three sp? carbons.

There remain many challenges to achieve effective de-
polymerization of PS waste. For example, the slow diffusion
and high viscosity of the PS in solution limits the rate of HAT
from PS to PINO.48-50 Strategies to facilitate mass transfer,
such as increasing the operational temperature, using
mixed solvents, and vigorous stirring may improve PS con-
version. Additionally, PS plastic contains a number of addi-
tives such as metals, metal oxides, pigments, dyes, thermal
stabilizers, photo-stabilizers, and other polymers (e.g., acry-
lonitrile butadiene styrene terpolymer, ABS),51-53 which
could significantly impact the electrochemical oxidation re-
activity. Furthermore, systematic characterization tech-
niques need to be established to identify and quantify the
full spectrum of the oxidation products. In particular, the ol-
igomer products cannot be analyzed by GC-FID or GC-MS.
We noted that the mediated oxidation affords oligomer
products spanning the whole range of molecular weights
from 300-5,000 Da according to GPC, which are challenging
to analyze by NMR or LC-MS. Future work will focus on find-
ing solutions to these challenges.

CONCLUSION

Here we established an electrochemical method to
cleave inert Csp3-Cspz bonds at room temperature and ambi-
ent pressure. We showed that NHPI functions as a redox
mediator that upon oxidation is converted into the PINO
radical which initiates HAT reactions with benzylic C-H. The
resulting benzylic carbon radical is readily captured by mo-
lecular oxygen to afford a peroxy radical that decomposes
in a bifurcated pathway which leads to either C-C bond
cleavage or C-H bond oxygenation products. The mediated
oxidation approach successfully cleaved C-C bond of model
compounds such as bibenzyl, 1,3-diphenylpropane, 1,4-di-
phenylbutane, and their derivatives. Additionally, oligo-
meric styrene (Mn=510 Da) were converted into oxygen-
ated products consisting of zero or one phenyl ring ata yield



of 13.6%. As a proof-of-concept, we employed NHPI to me-
diate the oxidative depolymerization of PS (10,000 Da) and
achieved a yield of monomers and dimers of 12%.

The NHPI-mediated oxidation strategy demonstrates
the great potential of electrocatalysis in activating inert
chemical bonds under mild conditions. Given the wide vari-
ety of redox mediators, this study opens the door to employ-
ing renewable electricity and targeted redox mediators to
catalyze challenging chemical transformations. Future stud-
ies will focus on engineering the redox mediator to improve
its stability in order to boost the conversion and product se-
lectivity. Additionally, strategies to immobilize the redox
mediators onto a support or to develop heterogeneous me-
diators will facilitate the product separation and purifica-
tion processes, especially for large-scale applications.
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