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Depolymerization by transition metal complexes:
strategic approaches to convert polymeric waste
into feedstocks
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At present, plastic pollution is a global environmental catastrophe and a major threat to mankind.

Moreover, the increasing manufacture of various plastic products is causing rapid depletion of precious

resources. Thus, transforming plastic waste into feedstock, which can maintain a circular economy, has

emerged as a significant technique for waste management and carbon resource conservation.

Furthermore, the urgent development of effective depolymerization methods is vital to save our planet

from man-made plastic pollution. Among various chemical depolymerization techniques developed thus

far, cleavage of the polymeric skeleton by transition metal complexes is a highly emerging, effective and

exciting strategy. In this context, herein, we have summarized mechanistic approaches for cleaving

various polymeric bonds using organometallic catalysts. The recently developed strategies, catalyst design

and mechanisms for depolymerization of synthetic and natural polymers with polar (C–N, C–O, C–Cl,

and Si–O) and non-polar (C–C) skeletal bonds are systematically discussed in detail.

1. Introduction

The twentieth century was a revolutionary period that offered
us plastics, which soon became our daily requirement.
Although plastics were initially a boon, they have presently
become an environmental threat. Since the last decade,
approximately 6.3 billion tonnes of plastic waste has been gen-

erated in ecosystems, which is a constant menace to society.1

Furthermore, despite many commitments from different
countries regarding the mitigation of plastic wastes, Rochman
and coworkers estimated that annual plastic waste may reach
53 million metric tons by 2030.2 Alternatively, highly devel-
oped industries aim to supply plastics according to the global
demand. The use of single-use plastics is one of the main
reasons for the accumulation of plastic waste. Thus, consider-
ing the current scenario, industries need to develop efficient
protocols to achieve a circular economy by managing this
plastic waste.3 Governments of different countries have already
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set a number of ambitious commitments to control this current
concern of plastic hazard.4,5 Urgent attention to effective depo-
lymerization is crucial to save our planet from this global crisis.
Hence, this topic is highly significant to convey the importance
of its research to scientific communities.

Besides environmental pollution, another serious concern
related to the excessive usage of plastic materials is the
depletion of precious carbon resources. Transforming plastic
waste into feedstock will align with the circular economy,
which should be the most effective protocol for waste manage-
ment and carbon resource conservation. Thus, used plastic
materials may be considered valuable waste, offering an in-
expensive source of raw materials or value-added products in
the chemical and pharmaceutical sectors.6–8 Multiple method-
ologies have been explored since 2000 and continue to be
developed. As illustrated in the flowchart given in Fig. 1,

mainly three methodologies are followed to recycle or reuse
polymeric materials. Generally, recycling centers use primary
recycling methods, which are based on melting and re-mould-
ing clean and pure used-plastic materials. Although it is the
least expensive method, it is limited to specific types of poly-
mers and requires clean, often singly used and well-separated
plastic materials.9,10 Alternatively, mechanical recycling, invol-
ving pre-treatment and palletization of contaminated poly-
mers, compromises product quality and durability with each
recycling step. In contrast, chemical recycling, specifically the
depolymerization method involves bond cleavage to generate
monomers or low molecular weight oligomers. However, the
depolymerization process faces inherent challenges due to
robust skeletal bonds in the entangled polymeric structure.
The resulting monomers after successful depolymerization can
be reused to produce polymers with improved quality and
durability. Chemical depolymerization surpasses mechanical
processes, offering a cost-effective recycling method by appro-
priate catalytic reactions, notably with transition metal and
organometallic catalysts.

Depolymerization by catalysts is one of the subways to
cleave the robust polymeric bonds, and also an effective
method to convert waste to reusable resources. Judiciously
designed organometallic catalysts and metal-free organo-
catalysts are efficient in activating and breaking the polar and
non-polar bonds of small molecules. Inspired by this exciting
chemistry, in recent times, multiple research groups have
attempted to cleave the robust bonds in the polymeric skel-
eton. Catalysts, especially transition metal- and organo-
metallic-based catalysts, have emerged as effective tools in
breaking polymeric skeletal bonds. These catalysts not only
contribute to breaking polymers efficiently but also offer
“closing the loop of polymer making and breaking”. Some
recent reviews covered the depolymerization catalysts focusing
on specific methodologies11,12 and discrete information13–16

about the circular economy. However, although organometallic
catalysts demonstrate superior efficiency and selectivity in
depolymerization, achieving the highest depolymerization
efficiency is still the goal to date. Also, despite its drawbacks
such as catalyst deactivation and contamination barriers, cata-
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Fig. 1 Classifications of conventional depolymerization methodologies.
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lytic depolymerization represents a promising avenue for sus-
tainable recycling under mild conditions.

Herein, in this review, we focus our discussion on the stra-
tegic development of well-defined organometallic catalysts,
emphasizing the design and mechanism for cleaving robust
nonpolar and polar bonds in diverse polymeric structures. The
bond-breaking processes are categorized and the role of
ligands, catalyst design and probable mechanisms are system-
atically discussed and presented. The coordination spheres of
these catalysts exert a multifaceted influence, enhancing their
catalytic properties. Coordinated ligands govern their elec-
tronic and steric effects, fine-tuning catalytic reactions for
better control and selectivity. Ongoing research aims to trans-
form these catalytic processes into recycling technologies to
mitigate existing barriers. Thus, this review comprehensively
addresses the catalyst design, recent developments, strategies
and mechanisms in depolymerization reactions of robust poly-
mers, with classification of the skeletal bond polarity. Also,
detailed strategies for the cleavage of the non-polar and polar
polymeric bonds of synthetic polymers and cleavage of the C–
C and C–O bonds in biopolymers are systematically discussed.

2. Strategies for cleavage of
polymeric bonds by organometallic
complexes

To realize effective depolymerization through the cleavage of
polymeric skeletal bonds by catalysts, one must understand
the nature of the bonds to be cleaved. Thus, Tong and co-
workers calculated the bond dissociation enthalpies (BDE) for
model compounds corresponding to six commonly used poly-
mers (M1–M6) using density functional theory, as shown in

Fig. 2.17 According to the results, the thermal stability of the
four types of polyolefins follows the trend of PVC < PS < PP <
PE. The cleavage of polymeric bonds is thermodynamically
more challenging compared to other small molecules because
of the possible existence of various intramolecular and inter-
molecular noncovalent interactions such as hydrogen
bonding, π–π interaction, van der Waals interaction and ionic
interaction.18 Therefore, the strategically induced non-covalent
interaction in functional polymers, which modulates their
mechanical, physiochemical and biochemical properties,
creates further complexity in breaking the polymeric chain.
Hence, to cleave the highly stable bonds in diverse polymeric
systems, defining specific strategies are crucial. Our discussion
categorizes and emphasizes the designed organometallic cata-
lysts to break the polar and non-polar polymeric bonds.

2.1 Strategies to break down non-polar polymers

Polyolefins are hydrocarbon polymers having non-polar bonds
(such as C–C and C–H), which are chemically robust given that
there is no site for nucleophilic or electrophilic attack, making
them resistant to degradation (Fig. 3). Examples include PE
(polyethylene), PB (polybutadiene), PS (polystyrene), PTFE
(polytetrafluoroethylene) and related hydrocarbon homo and
copolymers. Notably, PE became commercially significant very
quickly after its discovery by Fawcett and Gibson in 1933 at
Imperial Chemical Industries (ICI).19 The production of poly-
olefins is the highest among the categories of polymers. For
example, 65% of the total 278 million tons of polymers pro-
duced in 2018 was only polyolefins, which included
47.3 million tons of HDPE, 33.4 million tons of LDPE,
22.2 million tons of LLDPE, and 76 million tons of PP.20,21 The
production of polyolefins continues to increase each year.
Thus, this exponential accumulation of polyolefins waste
needs serious attention. The degradation of this type of chemi-
cally stable polymeric waste to monomers, oligomers or value-
added useful chemicals is highly challenging but essential for
maintaining a circular economy and waste management. In
the following subsections, we discuss the ground-breaking
strategies for activating non-polar skeletal bonds (C–C and C–
H) to produce valuable feedstock.

2.1.1. Depolymerization of polyolefins by tandem dehydro-
genation and olefin metathesis. Herein, we discuss the recent
progress in cleaving hydrocarbon-based polymeric skeletal
bonds via the strategic development of transition metal-based
catalysis. We restrict our discussion to the advancement of
homogeneous and well-defined heterogeneous transition
metal catalytic systems in this perspective. In general, catalytic
methods for the depolymerization of polyolefins begin with C–
H bond activation and can proceed through a number of
chemical intermediates. These methods include a carbocation
intermediate for catalytic cracking by mesoporous materials
and nanozeolite catalysts.22 Other cracking methods have also
been reported, involving oxidation by HNO3 for the conversion
of LDPE to various dicarboxylic acids, HOOC(CH2)xCOOH (x =
1–5), or by a mixture of NO and O2 gases for the degradation
of polystyrene to useful small molecules such as benzoic acid

Fig. 2 Bond dissociation enthalpies (BDE, kJ mol−1) of homonuclear
and heteronuclear bonds in model compounds of commonly used
polymers.17
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and nitrobenzoic acid.23,24 These cracking processes can also
proceed through adsorbed alkyne intermediates for hydrogenoly-
sis by using well-dispersed Pt nanoparticles supported on SrTiO3

perovskite nanocuboid metal surfaces.25–27 However, these non-
transition metal or nanoparticle-based catalytic systems will not
be included for further discussion in our perspective.

Tandem dehydrogenation and olefin cross metathesis
(TDOCM) is one of the most effective protocols to recently
emerge for the depolymerization of polyethylene, as first pio-
neered by the group of Goldman and Brookhart.28 TDOCM
proceeds via a olefin-intermediate process (OIP) through the
dehydrogenation of alkanes, as proposed by Beckham and co-
workers (Fig. 4).29 The dehydrogenated olefin intermediate
again is involved in the olefin metathesis reaction to form
different hydrocarbons with reduced chain lengths. Thereby,
dehydrogenation and cross metathesis work in a tandem
manner in the TDOCM method to activate the non-polar C–C
bonds, and finally degrade into useful resources.

TDOCM starts with the very widely used dehydrogenation
strategy of polyolefin as the first step by a suitable dehydro-
genation catalyst. Various groups reported the use of Ir(I)-

based homogenous catalysts for alkane dehydrogenation,
which was essentially the alkane activation step.30 In this case,
several groups successfully obtained the dehydrogenated pro-
ducts by Ir(III) complexes in presence of a hydrogen acceptor or
sacrificial acceptor (alkenes such as norbornene, tert-butyl-
ethylene and 1-decene) to produce alkanes.31–39 This strategy
was used by Goldman, where they first introduced an iPrPCP-Ir
(III)(H)2 (iPrPCP = 2,6-bis[di(isopropyl)-phosphinomethyl]
phenyl)-based pincer catalyst (1) for the selective dehydrogena-
tion of n-alkanes (with a TON value of 97) in the presence of a
hydrogen acceptor (alkene), as illustrated in Scheme 1.40 This
catalyst produced α-olefins as the major product from the
linear alkanes. However, α-olefins are the thermodynamically
least stable among the corresponding regioisomers and any
method for their formation must likely begin with the acti-
vation of a strong C–H bond. The mechanism consists of two
consecutive catalytic cycles, as follows (i) transfer dehydrogena-
tion and (ii) isomerization. Additionally, the transfer dehydro-
genation cycle consists of two microscopic reversal steps,
namely (i) oxidative addition of C–H bond of alkane and (ii)
β-hydrogen elimination. They observed that the isomer distri-
bution of the products was only dependent on the concen-
tration and nature of the hydrogen acceptor. Moreover, they
also proposed that the competition between the hydrogen
acceptor alkene and 1-octene towards the insertion reaction in
the Ir–H bond of catalyst 1 is a major factor in determining
the isomer distribution and fraction of 1-octene product.
Additionally, they also demonstrated that the bulkiness of the
ligand played a significant role in controlling the rate of the
reaction and regioselectivity of the alkene products by varying
the pincer ligand to tBuPCP (2,6-bis[di(tert-butyl)-phosphino-
methyl]phenyl) from iPrPCP. Many experimental and theore-
tical works have been reported for the further modification of
this family of dehydrogenation catalysts to investigate the
effect of the steric bulk of PCP-based pincer ligands on the
catalytic efficiency in the transfer dehydrogenation reaction of
alkanes.41–43

Fig. 3 Chemical structure of commonly used polymers containing non-polar bonds. PS: polystyrene, PB: polybutadiene, PTFE: polytetrafluoro-
ethylene, SBR: styrene butadiene rubber, HDPE: high density polyethylene, LDPE: low-density polyethylene, and LLDPE: linear low-density
polyethylene.

Fig. 4 Schematic free energy diagram of olefin-intermediate process
(OIP) for activating non-polar C–C bonds: strategy for TDOCM.28,29
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The development of highly active and exciting category of
dehydrogenation catalysts to obtain regioselective isomeric
products of α-olefins motivated researchers to utilize these
catalytic systems for the depolymerization of hydrocarbon
polymers. One of the first pioneering works in this field of
depolymerization was reported in 2006 by the Goldman and
Brookhart group utilizing the TDOCM strategy.44 They success-
fully demonstrated the inter-conversion of alkanes to new
hydrocarbon products with a lower molecular weight by homo-
geneous and heterogeneous catalysts at moderate tempera-
tures via a tandem combination of two independent catalytic
process, where one is dehydrogenation and other is alkene
metathesis. They judiciously designed homogeneous
RPOCOP-Ir(I/III) (2) and RPCP-Ir(III) (3a and 3b) catalysts, with
bis(phosphinite) and bis(phosphine) pincer ligands respect-
ively, for the dehydrogenation of hexanes, as shown in Fig. 5.45

It was obvious that tert-butylethylene (TBE) was necessary as a
sacrificial hydrogen acceptor for the Ir(III) catalyst precursors
for converting into the active form of Ir(I) dehydrogenating cat-
alysts. As an alkene-metathesis catalyst, they used a Schrock-
type imido-alkylidene complex of Mo(VI) (4a).46 The Schrock-
type catalyst was preferred over the widely used Grubbs catalyst
given that the latter reacts with the Ir(III/I) catalyst and de-
activates the dehydrogenating ability.44 In the TDOCM process,
the hydrogen atoms are eliminated during dehydrogenation,
and then undergo re-addition into the olefinic intermediates,

yielding a rearranged mixture of alkanes via metathesis fol-
lowed by hydrogenation. After the formation of 1-hexene
through dehydrogenation at the terminal position of n-hexane,
there are two possible pathways for the next steps (direct iso-
merization or metathesis followed by isomerization) to form a
new pair of alkenes, as shown in Scheme 2. Lastly, alkene
cross-metathesis and subsequent hydrogenation by [Ir(III)(H)2]
species yielded a new pair of hydrocarbons, n-pentane and
n-heptane, completing the catalytic cycle. With the help of
NMR spectroscopic studies (31P NMR and 1H NMR) they tried
to gain insight into the mechanism by detecting the resting
states as well as the extent of alkane metathesis by this combi-
nation of catalysts. It was revealed that although the initial
major resting states were either Ir–H2 or Ir–(C2H4), at the later
stage of the reaction (4 days) they identified Ir-(1-hexene)
species as the major resting state in solution. This was
because of the instability and degradation of the alkene meta-
thesis catalyst under the reaction conditions (125 °C), resulting
in an increase in the concentration of 1-hexene, and the dehy-
drogenating catalysts were still active. This problem of catalyst
deactivation at high temperature was solved to some extent by
using a stable and heterogeneous catalyst for metathesis. The
highest activity and greater stability were observed by replacing
the Mo(VI) catalyst (4a) with a supported Re2O7/γ-Al2O3 meta-
thesis catalyst (4b) at 175 °C for 4 to 5 days. In their study, cat-
alysts 3b in combination with 4b showed the best result while

Scheme 1 Concurrent cycle of isomerisation and transfer dehydrogenation of n-octane with the PCP-Ir(III) Brookhart catalyst.40
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attempting the metathesis of n-decane using tert-butylethylene
as the acceptor, yielding alkane products ranging from C2–C28
over the course of 3 h, as monitored by GC. In addition to
alkane disproportionation (self-metathesis), comproportiona-
tion (cross-metathesis) of low and high molecular weight
alkanes was also observed, leading to the production of
alkanes with intermediate molecular weights.

Furthermore, the same group also developed a hetero-
geneous dehydrogenating system of homogenous analogues of
PNP-Ir(I) or POCOP-Ir(I) catalysts, exhibiting higher productiv-
ities and longer catalytic lifetimes compared to its corres-
ponding homogeneous system.47 The idea was to install basic
groups such as –OMe, –NMe2, –OK, and –OP(tBu)2 at the para-
position of the POCOP and PCP ligand moiety, which can be
strongly adsorbed on γ-alumina through a Lewis acid-Lewis

base interaction to get the modified catalysts 5 and 6a–6c,
respectively, as shown in Fig. 6. In the case of the alkene meta-
thesis reaction, they screened two long-lived heterogeneous
catalysts, which were Re2O7/γ-Al2O3 and MoO3/CoO/γ-Al2O3.
Using this combination of heterogeneous catalytic systems
and following TDOCM approach, they optimized the alkane
metathesis reaction using a two-pot reaction device operating
at two different temperatures for the two different catalysts
(220 °C for dehydrogenation and 50 °C for alkene metathesis
catalyst) considering the thermal stability of the individual
catalytic systems. These two separate catalysts could be phys-
ically recovered and were partially recyclable for multiple
cycles to achieve a better turnover number as high as 6900.

In 2016, TDOCM was employed to depolymerize a real poly-
ethylene sample to produce fuel and waxes under mild con-

Fig. 5 Ir(I/III)-based catalysts for the selective dehydrogenation of saturated C–C bonds, along with Mo(VI)- and Re(VII)-based metathesis catalysts.44

Scheme 2 Two possible pathways for alkane metathesis via dehydrogenation and cross alkene-metathesis to reduce the chain length.44
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ditions in a regulated manner.48 Guan, Huang and co-workers
used Ir(I/III) catalysts (2, 3a and 3b) for dehydrogenation in
combination with the well-known heterogeneous olefin meta-
thesis catalyst 4b (Re2O7/γ-Al2O3) to depolymerize PE to liquid
alkanes and waxy solids, utilizing n-octane or n-hexane as both
the solvent and co-reactant. As shown in Scheme 3, the PCP-Ir
(I) catalyst first converts PE and the light alkane (n-hexane) to
unsaturated species (alkenes). Subsequently, the alkenes are
modified to smaller alkenes through cross metathesis reaction
of a long alkene and a small alkene (hexene) by the olefin
metathesis catalyst. Through the repetition of this process, the
chain length of PE gradually decreases, ultimately leading to
the depolymerization of PE. Finally, saturated alkanes are pro-
duced by hydrogenating the generated alkenes by the hydroge-
nating catalyst, Ir(III)–H2. Numerous types of plastic samples,
including HDPE, LDPE, and LLDPE of high molecular weights
of up to millions, could be degraded to low molecular weight
oils and waxes within a day at 175 °C in the presence of excess
low-cost light alkanes such as petroleum ether. According to
the mechanism, it was understood that the efficiency of short-
ening the PE chain depends on the position of the double
bond of the alkene generated from PE. Degradation is faster
when the internal double bond is in the middle of the polymer

chain. The POCOP-Ir(I) catalyst (2) was found to be more
effective due to its higher regioselectivity for the generation of
internal alkenes in comparison to the PCP-Ir(I) catalysts (3a
and 3b), which mainly produced terminal alkenes.

Following the successful dehydrogenation of poly(α-olefins)
using catalysts 3a and 3b by Goldman and Coates in 2005,49

the deconstruction of post-consumer HDPE into telechelic
macro-monomers with possible upcycling opportunity has
been reported recently in 2022 by Delferro, Coates and co-
workers.50 By utilizing a POCOP-Ir(I) catalyst (6C), unsaturation
was induced in HDPE by catalytic dehydrogenation without an
alkene acceptor. The partly unsaturated HDPE was converted
into telechelic macro-monomers by cross metathesis with
2-hydroxyethyl acrylate by a Hoveyda–Grubbs 2nd generation
(HG2) catalyst. Moreover, further functionalization and chemi-
cal modification of the macro-monomers are possible for repo-
lymerization to access new polymers. In this way, the waste
polyethylene materials can enter the loop of the chemical re-
cycling process.

Recently, Hartwig and co-workers introduced a modified
TDOCM process to produce propene in up to 80%, yield as
shown in Scheme 4.51 In this modified method, a tandem
process involving the partial dehydrogenation of polyethylene
and isomerizing ethenolysis of the desaturated chain was
employed strategically. Waste polyethylene was first dehydroge-
nated by the tBuPOCOP-Ir(I) dehydrogenation catalyst (which is
formed from 7 in situ) in the presence of tert-butylethylene as a
sacrificial hydrogen acceptor to produce predominantly
internal alkenes, which can then undergo ethenolysis through
olefin metathesis by HG-2 catalyst (8) to form a wide range of
alkene fragments.51 Furthermore, the combination of a dinuc-
lear Pd(II) isomerization catalyst (9), furnishing exclusively
internal alkenes, and a Ru(II) metathesis catalyst (8) converts
the unsaturated fragmented PE to propylene (up to 87% yield)
via cross olefin metathesis with ethylene. This strategy, desig-
nated as a dehydrogenation and isomerizing ethenolysis (DIE)
process, is an exciting and very promising approach to convert
waste PE to industrially important monomer feedstock. Scott,
Guironnet, and co-workers independently developed another
method involving TDOCM by incorporating a tandem catalytic
pathway involving ethenolysis, dehydrogenation and isomeri-
zation processes.52 This approach utilizes distinct homo-
geneous catalysts tailored for each process based on Ru(II) (10),
Ir(I/III) (5) and Pd(II) (9) catalysts, respectively. Additionally,
methyltrioxorhenium (MTO) supported on activated chlori-
nated alumina (Cl–Al2O3) (11) acted as both an ethenolysis and
isomerization catalyst, as shown in Fig. 7. The compatibility of
these catalysts was screened with low molecular weight PE (Mn

= 3000 Da), achieving an impressive 94% yield of propylene.
This method demonstrates a potential approach by combining
multiple catalytic processes to efficiently convert polymeric
substrates into valuable olefins. Very recently, Hartwig and co-
workers reported an elegant approach for converting PE and
PP to propylene and isobutylene using tungsten oxide sup-
ported on silica (WO3/SiO2) and sodium supported on
γ-alumina (Na/γ-Al2O3).

53 This approach was found to be

Fig. 6 Chemical structures of Ir(I) catalysts of POCOP and PCP pincer
ligands functionalized with para-substituted basic groups for investi-
gation as alumina-supported dehydrogenating catalysts.47

Scheme 3 General mechanism of tandem dehydrogenation and olefin
cross metathesis (TDOCM) for degradation of the PE sample to produce
liquid alkanes and waxes.48
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remarkably efficient with a conversion yield of more than 90%
at 320 °C, and without the dehydrogenation of the starting
polyolefins.

Thus, TDOCM catalyst systems can play a vital role in
deconstructing waste hydrocarbon polymers, with future
enhancements in efficiency and selectivity. The challenges in
catalyst recovery suggest a potential shift to heterogeneous cat-
alysis and industrial applicability. This strategy, coupled with
well-designed transition metal-based catalysts, is expected to
shape the future of depolymerization processes.

2.1.2. Depolymerization by C–C bond cleavage applying
the principle of microscopic reversibility. The principle of
microscopic reversibility suggests that any forward and reverse
molecular process occur at the same rate at equilibrium.
Applying this principle to the mechanistic aspect, polymeriz-
ation catalysts can also act as depolymerization catalysts. In

Ziegler–Natta-type polymerization, the key step involves the
insertion of an olefinic bond into a metal–alkyl bond. This
step can be considered the microscopic opposite of β-alkyl
transfer, unveiling the interconnection between polymeriz-
ation and depolymerization processes, as illustrated in
Fig. 8.54 Although this step is theoretically reversible from a
mechanistic perspective, it is thermodynamically difficult at
moderate temperature, stimulating researchers to find solu-
tions to overcome this limitation. In this line of work, Dufaud
and Basset successfully activated and cleaved the C–C bonds of
chemically stable PE using a highly electrophilic zirconium
monohydride catalyst supported to silica-alumina,
[(uSiO)3ZrH] (12a and 12b) using H2 (105 Pa) at 150 °C
(Fig. 9).55 The heterogeneous catalyst was synthesized by the
condensation of ZrNp4 (Np = neopentyl) with the surface
silanol groups of a partially dehydroxylated silica-alumina gel,

Scheme 4 Formation of propene of up to 80% yield from waste PE via a modified TDOCM process developed by Hartwig’s group.51

Fig. 7 Chemical structures of the catalysts used by Scott, Guironnet, and co-workers for degradation of PE to propylene through the TDOCM
approach.52
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followed by hydrogenolysis with H2, with the simultaneous
generation of silicon dihydride (12a) and aluminium hydride
(12b), as proposed by them. As illustrated in Scheme 5, the
proposed mechanism involves the facile electrophilic acti-
vation of C–H bonds of alkanes through σ-bond metathesis at
the d0 metal center of a highly electrophilic catalyst
[(uSiO)3ZrH] (12a), followed by β-alkyl migration to form alkyl-
olefin-Zr(IV) species (12a1), which upon hydrogenation releases
degraded alkanes and forms an alkene-ZrH species (12a3).

Insertion of the coordinated alkene in the Zr–H bond again
generates an alkyl–Zr(IV) species (12a4), which subsequently
undergoes hydrogenolysis, liberating another alkane fragment
with regeneration of the original catalyst.

Schwartz’s reagent, [Cp2ZrHCl] (13a), has also been widely
employed for depolymerization following the same approach
of microreversibility.56 The Schwartz hydrozirconation is a
well-known reaction in modern synthetic chemistry for the
functionalization of terminal or single internal alkenes or
alkyne bonds, and converting to terminal organozirconium
species by alkyl rearrangement of internal hydrozirconation.
Internal alkene bonds have been shown to be less reactive to
Schwartz’s reagent than the terminal double bonds given that
the internal hydrozirconated complexes are typically unstable
due to possible retro-hydrozirconation or β-H elimination. In
2013, for the first time, Tang and co-workers thoughtfully
applied Schwartz’s reagent for chain-scission reaction in poly-
mers with alkene bonds such as 1,4-polybutadiene (PB),
styrene–butadiene and polyisoprene.57 The key step is C–C
bond activation, leading to cleavage through β-alkyl elimin-
ation of the metal–alkyl complex.58 Very recently, Veige and co-
workers also followed the same strategy to degrade PB using
ansa-metallocene complexes (vide infra).59 In Tang’s strategy,
involving the carboalumination of olefin, the
Cp2ZrCl2(13a)/

iBu3Al catalyst combination was preferred. The
in situ generation of the catalytically active species “Zr(IV)–H”

followed by hydrozirconation and transmetalation was pro-
posed for the chain-scission reaction of PB, as shown in
Scheme 6. After the hydrozirconation of the PB backbone,
β-alkyl removal causes chain cleavage, which then releases the
hydrocarbon chain as well as a Zr(IV)-end capped chain. Lastly,
the chain-transfer reaction leads to the formation organo-alu-
minium end groups, which can be further functionalized to
achieve valuable telechelic polymers. It should also be noted
that the performance critically depends on activation or trans-
metalation steps, as is evidenced by the trend obtained by
varying the [Al]/[Zr] ratio. A high excess of iBu3Al inhibits the
Zr(IV) catalyst by forming an undesirable Al–Zr bimetallic
complex.

The very recent work of Veige and co-workers59 involving
the systematic high-throughput experimentation (HTE) screen-
ing of twenty-eight polymerization catalyst precursors belong-
ing to the families of unbridged-metallocenes, ansa-metallo-
cenes, and hemi-and post-metallocenes of group 4 metals (Ti,
Zr, Hf) for the degradation of cis-1,4-polybutadiene (PB), fol-
lowing reaction conditions similar to Tang and co-workers,
revealed important structure–activity correlations. The HTE
setup consisted of a 96-well high-pressure reactor fitted with
glass vials and individual magnetic stirrers mounted in a
Freeslate Extended Core Module robotic platform. The acceler-
ating accumulation of plastics in the environment requires
rapid screening methods, and thus the HTE protocol may be
more useful than the much slower one-at-a-time catalyst
design approach. The efficiency of a catalyst was quantified by
the number of chain scissoring events (ηCSE). The most
remarkable observation in their work is the degradation

Fig. 8 Insertion of olefin and microscopic reverse of the β-alkyl transfer
reaction in Ziegler–Natta-type polymerization.54

Fig. 9 Predicted chemical structure of the immobilised Zr–H catalyst in
the partially dehydroxylated silica–alumina surface.55

Scheme 5 Plausible mechanism of the hydrogenolysis of polyethylene
by the immobilized Zr(IV)–H catalyst (12a).55
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activity at least to some extent by all the molecular catalysts.
This implies that C–C bond cleavage, through β-alkyl elimin-
ation, is a fundamentally accessible reaction for degradation
from a microreversibility viewpoint. Some of the representative
non-bridged metallocene (13a and b), ansa-metallocene
(14–16), and hemi-metallocene (17a–b)-based catalysts of
group 4 metals (Fig. 10) show promising chain cleaving
efficiency. The simplest catalyst in this family, Cp2ZrCl2 (13a),
displayed moderate but highly promising degradation
efficiency with an ηCSE value of 4.1. A subtle balance between

electronic and steric effects dictates the degradation perform-
ance. For example, catalyst 13b with indenyl carbocyclic
ligands, which are bulkier but less electron donating than Cp,
improved the ηCSE to 8.5. The 16-electron ansa-metallocene cat-
alysts such as 14–16 also showed an improved degradation
efficiency. In general, Zr(IV) complexes showed superiority over
Ti/Hf analogues having the same ligand moieties, as also
observed while comparing the ηCSE values of 21.0 and 8.7
imparted by 15b and 16, respectively. The Ti(IV) hemi-metallo-
cene catalyst 17a with pentamethylcyclopentadienyl and amidi-

Scheme 6 Degradation mechanism of PB using [Cp2ZrClH]. For clarity only one of two β-alkyl elimination events is depicted.56,57

Fig. 10 Non-bridged metallocene (13a–b), ansa-metallocene (14–16) and hemi-metallocene (17a–b) Zr(IV)/Ti(IV)/Hf(IV)-based catalysts showing
promising efficiency in PB degradation.59
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nate ligands showed a poor performance in PB degradation
(ηCSE = 2.0), but to a great surprise, the other hemi-metallocene
catalyst 17b having a combination of phosphinimide and less
bulky and less electron-donating substituted cyclopentadienyl
ligand (Cp-C6F5) showed the highest ηCSE of 35.7. This study
certainly sets a platform to use the already developed libraries
of catalysts for olefin polymerization as future and efficient cat-
alysts for depolymerization to convert waste hydrocarbon poly-
mers to fuel or reusable monomers.

2.1.3. Other recent emerging strategies of depolymeriza-
tion. In parallel to TDOCM and reverse polymerization strat-
egies, many groups also explored late transition metal com-
plexes for the cleavage of non-polar polymers. In 2020, Ryzhov,
O’Hair and co-workers reported that the cationic complexes
[(phen)M(R)]+ (phen = 1,10-phenanthroline; M = Ni, Pd, Pt; R
= –H, –Et) could catalyze the deoxygenation reaction of fatty
acids60 and acceptorless dehydrogenation of ethane.61

Logically, this category of catalysts should also have potential
to depolymerize polyolefins through C–H bond activation. In
the following year, the same group demonstrated the degra-
dation of n-hexane as a model linear alkyl chain system using
[(phen)Pd(R)]+ catalysts (18a, R = H; 18b, R = CH3) by means of
multistage mass spectrometry (MSn) experiments in a linear
ion trap mass spectrometer and DFT studies.62 The formation
of the Pd(II)-alkyl α-complex [(phen)Pd(C6H13)]

+ (18a1) through
C–H activation at the α-position of n-hexane, and then frag-
mentation of coordinated hexyl to the step-wise extrusion of
ethylene through collision-induced dissociation (CID) via the
formation of Pd(II) species (18a1–18a3) were proposed, as
shown in Scheme 7. Gas phase experiments and DFT calcu-

lations also supported C–H activation at the β- and γ-sites
together with the α-position of n-hexane. DFT studies also
revealed the possibility of interconversion to other isomers by
the “chain-walking” mechanism from α- to β- and β- to γ-hexyl
complexes of Pd(II) associated with low energy barriers, and
subsequent degradation of hexyl group.

Jones and co-workers developed an unorthodox approach
for the in situ degradation of crosslinked polybutadiene net-
works embedded with a metathesis catalyst by applying a ther-
mally induced alkene metathesis reaction to get liquid hydro-
carbon fargments.63 The well-known Hoveyda–Grubbs alkene
metathesis catalyst HG2 (19a) and an analogous but less
efficient Schiff base Ru(II) catalyst, commercially known as
HeatMet (19b), bearing a chelating ester moiety developed by
Grela and coworkers64 were compared for the metathetic depo-
lymerization of crosslinked PB materials. As shown in
Scheme 8, the uniformly distributed Ru(II) catalyst (19a or 19b)
was directly incorporated into the hydroxyl-terminated polybu-
tadiene (HTPB) and PB, followed by crosslinking by utilizing
chain-end urethane formed via alcohol-isocyanate or main-
chain thiol–ene chemistry, using a triphenyl bismuth (TPBi)
catalyst and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO) photoinitiator, respectively. It was noticed that with a
low catalyst loading (0.08% relative to the moles of alkene
bond in polymers), HG2 facilitated rapid in situ depolymeriza-
tion under ambient conditions (25 °C), whether HeatMet was
able to depolymerize only after increasing the temperature to
100 °C, but to a relatively lower extent compared to the per-
formance of HG2 (at 25 °C). There is no doubt that this innova-
tive approach through the crosslinking and incorporation of a

Scheme 7 Proposed mechanism for fragmentation of n-hexane by the Pd(II)–H catalyst.62
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latent metathesis catalyst may open a new gateway to develop
smart and green PB rubbers, which can be easily upcycled.

2.2. Hydrogenation methods for depolymerizing polar
skeletal bonds

Various commercial polymers, having polar skeletal bonds of
heteroatoms, such as polycarbonate (PC), polylactide (PLA),
polyethylene terephthalate (PET), polycaprolactone (PCL), poly-
dioxanone (PDO), polyethylene glycol (PEG) and polydimethyl-
siloxanes (PDMS) have widespread applications in daily life
(Fig. 11). However, their high global consumption and exten-
sive use have led to substantial waste generation, necessitating
the development of efficient methods for depolymerization to
maintain a circular economy and for greener waste manage-
ment. The catalytic cleavage of polar bonds by transition metal
complexes offers a promising avenue for developing efficient
depolymerization chemistry. Among the various depolymeriza-
tion methods, metal complex-catalyzed cleavage provides dis-
tinct advantages such as mild conditions, higher catalytic
efficiency, and better product selectivity. The discussion in
this section will elucidate the depolymerization strategy and
its mechanism for different polar polymeric structures though
cleavage of C–O, C–N, C–Cl and Si–O bonds by transition
metal-based catalysts. Strategies such as direct hydrogenation,
transfer hydrogenation and hydrosilylation reactions have
been explored, yielding valuable depolymerized products by
various research groups worldwide. The strategies of breaking
polymeric bonds will be systematically discussed in the follow-

ing sections by categorizing the catalysts based on the position
of the metals in the periodic table. From a commercial per-
spective, hydrogenation plays a crucial role in producing fine
chemicals and pharmaceuticals, showcasing its significance in
organic synthesis.65–68 The hydrogenation process mostly
involves the use of H2 gas under high-pressure conditions.
Hence, the transfer hydrogen (TH) strategy involving hydrogen
donors is always advantageous due its easy accessibility, afford-
ability, and simpler and safer reaction setup.

2.2.1 Group 9 metal complexes. Group 9 metal complexes
of Ir(I/III) or Rh(I/III) are very effective catalysts for the transfer
hydrogenation of unsaturated substrates by hydrogen donors
(such as cyclohexene and 2-propanol).69 In addition, these
metal complexes are also active catalysts towards direct hydro-
genation and hydrosilylation reactions.

The depolymerization of PVC is challenging due to the pres-
ence of the C–Cl bond. One of the trending approaches to
address the challenges of PVC depolymerization is plasticizer-
mediated electro-dechlorination, enabling the conversion of
PVC into valuable chloro-arene compounds.70 Alternatively,
hydrodechlorination has also emerged as a promising tech-
nique to remove chlorine atoms from PVC, transforming it
into polyethylene, which then can be depolymerized by the
established methods (vide supra). Notably, Fieser and co-
workers developed an Rh(I) complex (20) based on the xant-
phos ligand as a selective hydrochlorinating catalyst, which in
presence of hydride donors, activated the C(sp3)–Cl bond by
transfer hydrogenation to form polyethylene, as shown in

Scheme 8 Latent Ru(II)-based metathesis catalysts for depolymerization of smart PB based polymers.63
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Scheme 9.71,72 Hydrodechlorination serves as an indirect
method for depolymerizing PVC, offering a cleaner, potentially
less hazardous approach for recycling and repurposing PVC
waste.71–74

Classical aminolysis, transesterification or hydrolysis reac-
tions have been widely used in the catalytic depolymerization
of polyesters75 and polycarbonates.76 Brookhart and other
research groups successfully demonstrated the functionali-
zation of various functional groups such as carbonyl and car-
boxyl groups as well as ethers by utilization of hydrosilylation
reaction catalysed by Ir(III) complexes.77–81 In 2015, Cantat and
co-worker successfully used the commercially available
B(C6F5)3 and [Ph3C

+B(C6F5)4
−] as Lewis acid catalysts and

hydrosilanes as reductants for the metal-free reductive depoly-
merization of waste polyesters, polycarbonates and poly-
ethers.82 Later, they explored the cationic pincer complex, [Ir
(POCOP)H(THF)][B(C6F5)4] (POCOP = 1,3-(tBu2PO)2C6H3) (21),
also known as Brookhart’s Ir(III) catalyst (Scheme 10), to over-
come the limitations associated with the above-mentioned
Lewis acid catalysts such as solubility, high loading amount
and poor selectivity.83 The Ir(III) catalyst was utilised to crack
PCL, PDO, PLA, PES, PET and PPC in the presence of silane
through the hydrosilylation protocol. Although the sequence

of reactivity for the reduction of carbonyl groups typically
follows the order of ketones > esters > carbonates,84

Brookhart’s Ir(III) catalyst exhibits distinct reactivity, prioritiz-
ing the reduction of monofunctional carbonate (such as PPC)
over lactide monomer (such as PLA) when catalyzed with
1 mol% of catalyst 21 and excess Et3SiH. This selective hydro-
silylation of PPC over PLA indicates a specific reactivity trend.
Oestreich and co-workers proposed a modified mechanism
with the small molecule acetophenone, involving two catalytic
cycles with an Si(IV) center (Scheme 11).81 The reversible
coordination of silane to the cationic Brookhart’s catalyst [Ir
(III)–H] followed by nucleophilic substitution with the carbonyl
oxygen form the silyl carboxonium product (21b) and the dihy-
dride-Ir(III) species (21c) through a transition state (21a) via Si–
H bond activation. The trihydride-Ir(V) species (21e) species is
believed to be the most likely hydride transfer agent to form
21f as a silane-mediated hydrosilylated product. Repetition of
the whole process with another oxygen atom of the carbonyl
carbon produces the depolymerized product, as shown in
Scheme 11. By analyzing the mechanism critically, they con-
firmed the formation of Ir(V) species, which was stabilized by
the judiciously designed ligand moiety with σ-donor ligands,
enhancing the hydride donor ability. Thus, regulating the
hydricity on the Ir-centre plays a crucial role in successfully
cleaving the C–O bond in the PET polymer to form various
silyl derivatives.81,85,86

The development of methods for the successful depolymeri-
zation of various polar polymers by the (POCOP)-Ir(III) catalyst
prompted researchers to explore the catalytic efficiency of Ir(III)
catalysts for the depolymerization of chemically resistant poly-
urethane (PU). PU is a highly valued polymer, which is widely
utilized in many common products, including insulation
materials, shoe bottoms, mattresses, and sophisticated sec-
tions of medical devices, aircraft, spacecraft, etc. In recent
years, Skrydstrup and co-workers successfully attempted to

Fig. 11 Widely used polymeric skeletons with polar skeletal bonds. PC: polycarbonate, PC-BPA: polycarbonate-bisphenol-A, PET: polyethylene
terephthalate, PCL: polycaprolactone, PDO: polydioxanone, PA: polylactic acid, PES: (polyethylene succinate), PEG: polyethylene glycol, PVC: poly-
vinylchloride, PU: polyurethane, and PDMS: polydimethylsiloxanes.

Scheme 9 Hydrodechlorination of PVC by the Rh(I) complex based on
the xantphos ligand.71,72
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Scheme 10 Cleavage of C–O bonds in polymers by the cationic pincer Ir(III) complex.83

Scheme 11 Proposed mechanism using the POCOP-Ir(III) catalyst and Et3SiH for cleaving C–O bond in acetophenone (as a model carbonyl
compound).81
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deconstruct PU with an Ir(III) catalyst, as shown in
Scheme 12.87 In the work by this group, [Ir(H)2(Cl)-[HN
(C2H4P

iPr2)2]] (22), named (iPrMACHO)-Ir(III), was utilized. Not
only (MACHO)-Ir(III) but also the Fe(II), Mn(I) and Ru(II) metal
centers with MACHO ligand were used for the efficient hydro-
genation of PU. Flexible solid, flexible foamed, rigid solid, and
rigid foamed samples based on PU were examined. Aromatic
amines and a polyol fraction were isolated in a high yield. The
reaction condition was applied using 2 wt% (iPrMACHO)-Ir(III)
catalyst, 2 equiv. of KtOBu per catalyst at 150–180 °C under 30
bar H2. They could isolate different types of formanilides with
the aniline fractions. Their finding suggested that formani-
lides may serve as intermediates in the hydrogenation of PU,
where the breakage of the carbon–nitrogen bond is preceded
by the initial reduction of the carbon–oxygen bond. MeOH,
formed through the formanilide intermediate, was identified
and quantified by GC-mass spectrometry from the depolymer-
ized crude product mixtures of PU samples. The plausible
mechanism of the MACHO-based metal complexes for the
hydrogenation of polar bonds is presented in the next sub-
section for the ease of discussion (vide infra). From the view-
point of sustainable chemistry, the authors also mentioned
that green solvents such as isopropyl alcohol and less expensive
(iPrMACHO)-Mn(I) complex can also be utilized with slightly
increased temperature and base loading for some selected PU
samples. It is noteworthy to mention that hydrogen gas at high
pressure is efficient for large-scale depolymerization but
involves higher energy cost, safety risks, and moderate selecti-
vity. Alternatively, silanes offer better selectivity and milder
reaction conditions, though they are more expensive and gene-
rate silicon-based byproducts.

It is always desirable to replace the expensive 4d and 5d-
transition metal catalysts by the more economic 3d-transition
metal congeners. In this direction, Sundararaju and co-
workers successfully demonstrated phosphine-free, air- and
moisture-stable, high valent Co(III) complexes with appropriate
ligands, showing catalytic activity towards hydrogenative bond
cleavage of carbonates into the corresponding diols/alcohols.88

However, it is challenging to functionalize the least reactive
substrates such as carbonate and carbamate/urea of the carbo-
nyl family due to the low electrophilicity of the carbonyl
bonds.89,90 Thus, to overcome this problem, they developed a
novel [Cp*Co-(pyridine-2-carboxylate)I] catalyst (23b) and its
analogues (23c–23e) by varying the anionic N,O-chelating
ligands from [Cp*Co(CO)(I)2] (23a), as shown in Scheme 13. A

wide variety of carbonates, including symmetrical, unsymme-
trical acyclic carbonates and cyclic carbonates, were hydro-
genated under a low-catalyst loading. Monomeric compounds
were obtained efficiently via the hydrogenative depolymeriza-
tion of carbonate-based polymers, showing its practical utility
sustainable chemistry. They examined cobalt complexes (23a–
23e) and observed that complex 23c was the most effective,
providing the highest yield of the corresponding diols. The
catalysts were also effective in the presence of isopropanol as
a transfer hydrogenating agent, replacing the harsh condition
of high-pressure hydrogen gas, making this process more
economically viable. It is noteworthy to mention that using
Co(II) complexes with triphos-based ligands, similar types of
hydrogenation products were obtained from small molecular
organic cyclic and acyclic carbonates, as reported by Beller
and co-workers.91 A recent development was reported by
Fieser and co-workers using air-stable Co(II) catalysts (24a–
24c) with pyridine diimine-based ligands, demonstrating an
effective route for the catalytic cyclodepolymerization (CDP)
of polypropylene carbonates (PPC), producing cyclic carbon-
ates as valuable feedstocks, as shown in Scheme 14.92

Moreover, this study successfully demonstrated a proof of
concept of mixed recycling stream for a mixture of PPC and
PBPAC (poly(bisphenol A carbonate)), leading to the full con-
version of the respective monomers through CDP and solvoly-
tic depolymerization, respectively, while the solvolysis con-
dition was strictly followed. However, when the CDP con-

Scheme 12 Degradation of polyurethane by the (iPrMACHO)-Ir(III) catalyst in the presence of high-pressure H2.
87

Scheme 13 Phosphine-free Co(III) catalysts for conversion of acyclic
carbonates to useful diols.88
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dition (without base or iPrOH) was followed, only selective
CDP for PPC was observed, ensuring that the other polymer
PBPAC remained undisturbed.

2.2.2 Group 8 metal complexes. The ground-breaking
development of depolymerization began with group 8 metal
complexes. In this subsection, we account for the continuous
evolution of hydrogenative bond cleavage of polar polymeric
bonds. It is crucial to note that the initial impetus for bond
cleavage reactions in polymeric carbonates emerged from the
activation chemistry of the CO2 molecule for utilization as a
valuable C1 feedstock. However, the functionalization of the
chemically stable CO2 poses a significant challenge, prompting
the exploration for innovative catalytic processes in both acade-
mia and industry.93–95 In this line of research, it is essential to
highlight the work by Milstein and co-workers, which was the
first report on an indirect method for converting CO2 into
methanol by hydrogenating carbonates or carbamates employ-
ing a pincer-type [(PNN)RuII(CO)(H)(Cl)] catalyst (PNN = 2-(di-
tert-butylphosphinomethyl)-6-(diethylaminomethyl)pyridine).96

This idea greatly inspired to many research groups working
in this field. Notably, Ding and co-workers developed a highly
efficient method for the catalytic hydrogenation of cyclic car-
bonates to generate methanol and the corresponding diols by
using the [(PNP)RuII(CO)(H)(Cl)] (PNP = HN(CH2CH2PPh2)2)
pincer complex (25) as the catalyst under relatively mild con-
ditions, as depicted in Scheme 15.97 Ru(II) complexes with
different PNP-based ligands and varying substituents at the
phosphorus center as isopropyl, tert-butyl, cyclohexyl, ada-
mantyl were screened; however, the best catalytic efficiency
was observed for the phenyl-substituted PNP ligand. This
process provides a facile approach for the simultaneous pro-
duction of two important bulk chemicals, namely methanol

and ethylene glycol from ethylene carbonate, which is indust-
rially produced by reacting ethylene oxide with CO2.
Moreover, this catalytic system also provides a potential
process for the utilization of waste poly(propylene carbonate)
as a resource of 1,2-propyleneglycol and methanol through
hydrogenative depolymerization. A possible mechanism was
proposed, as shown in Scheme 16, in which the N⋯H inter-
action between the ligand and the substrate plays a crucial
role in facilitating the reduction of the CvO bond in carbon-
ate through secondary coordination sphere interaction. The
catalytic cycle starts with the activation of the Ru(II) catalyst
(25), resulting in the formation of Ru(II)-amido complex
25INT1 with 16-valence electrons (step 1). Interaction with H2

forms Ru(II)-dihydride (25INT2) through a four-membered
transition state (25TS1), followed by heterolytic cleavage of
the H–H bond (step 2). The regeneration of 25INT1 (step 3)
occurs via the nucleophilic addition of 25INT2 to the carbo-
nyl group in the substrate. This strategy involves the utiliz-
ation of the N–H proton of the ligand moiety, which plays a
key role in all the transfer hydrogenation steps. Three inde-
pendent cycles may produce different hydrogenated products
(steps 3a–3c), demonstrating the stepwise hydrogenation by
the Ru(II) catalyst. Ethylene carbonate is first converted into
1,3-dioxolan-2-ol, which is in equilibrium with 2-hydroxy-
ethylformate (step 3a). Further reduction of 2-hydroxyethyl-
formate produces 2-(hydroxymethoxy)ethanol, in equilibrium
with formaldehyde and glycol (step 3b). The final step (3c)
generates formaldehyde to methanol, completing the
reduction process. This comprehensive mechanism show-
cases the intricate steps involved in hydrogenation and offers
insights into selective bond cleavage in polymeric scaffolds
using suitably designed Ru(II) complexes.

Scheme 14 Cyclodepolymerization and solvolytic depolymerization of polycarbonates and polyesters by CoII catalysts.92

Scheme 15 Depolymerization of poly(propylene carbonate) by the (PNP)-Ru(II) pincer complex.97
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Following the promising approach by Milstein’s group
using [(PNN)Ru(CO)(H)(Cl)],96 Robertson and co-workers uti-
lized PNN-Ru(II)-based catalysts (PNN = (2-(di-tert-butylpho-
sphinomethyl)-6-(diethylaminomethyl)pyridine) or 6-di-tert-
butylphosphinomethyl-2,2′-bipyridine) (26a and b) for the
hydrogenative depolymerization of polyesters and polycarbo-
nates into diols, glycols, and methanol, offering an effective
approach for recycling waste plastics (Scheme 17).98 This

method offers great efficiency for various polymers of the poly-
ester and polycarbonate families. The proposed mechanism is
similar to that of Milstein’s system,96 where metal–ligand
cooperation and aromatization–dearomatization (through
26c2–26c3 intermediates) of the heteroaromatic PNN pincer
ligands play a crucial role in activating robust substrates (such
as dimethyl carbonate as the model skeletal fragment of poly-
ester and polycarbonate), as presented in Scheme 18.96

Although the hemilability of PNN ligands brings additional
catalytic activities towards robust polar bonds, the use of high-
pressure H2 makes these hydrogenation processes harsh on
the bulk scale, which is considered a limitation.

In 2015, Clarke and co-workers reported several chiral and
achiral phosphine-diamine, phosphine-amino-alcohol, phos-
phine-amino-amide-based Ru(II) catalysts for the hydrogen-
ation of a range of esters. The meridional geometry imposed
by the tridentate ligands with labile amide/amino/alcohol
donor sites, together with weakly coordinated DMSO is ben-
eficial for activating the H–H bond and concomitantly C–O
bond cleavage in the depolymerization of polyester samples.
Notably, the Ru(II) complex of N′-(2-(diphenylphosphino)
benzyl)ethane-1,2-diamine as a PNN pincer ligand with N–H
substituent in the P^NH^NH2 tridentate ligand (27) was found
to be substantially more efficient than the other catalysts
(Scheme 19).99 The optimal catalytic conditions included
1–2 mol% of 27, a suitable base (tBuOK), and 50 bar of H2 at
110 °C in toluene-anisole solvent. The continuous proton
transfer process in the presence of molecular hydrogen is
crucial for breaking C–O bonds. This study emphasizes the
importance of ligand selection and labile ancillary ligands
around the metal center for effective depolymerization.100 As
evidenced by the kinetic studies, the ligand N–H group in

Scheme 16 (a) Mechanism of activation of the catalyst and degradation of the C–O bond in cyclic and acyclic polymers. (b) Stepwise degradation
the cyclic carbonate to methanol.97

Scheme 17 (a) In situ generation of catalytically active complexes (26c
and 26d) with a de-aromatized ligand from the precatalysts PNN-Ru(II)
(26a and 26b). (b) Hydrogenative cleavage of robust C–O bonds in poly-
esters (producing diols) and polycarbonates (producing glycols and
methanol).98
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their catalysts dramatically enhances H–H activation, as also
observed for Noyori’s catalyst in asymmetric hydrogenation.101

Contemporary to Clarke’s report, Klankermayer and co-
workers developed Ru(II) complexes, [Ru(triphos)(tmm)]
(triphos = (1,1,1-tri(diphenylphosphinomethyl)ethane), tmm =
trimethylenemethane) (28a) and [Ru(triphos-xyl)tmm]
(triphos-xyl = 1,1,1-tri(bis(3,5-dimethylphenyl)phosphino-
methyl)ethane) (28b), for the transformation of polyester and
polycarbonate scaffolds (Scheme 20).102,103 Scrutinizing the
design of the catalyst, it can be claimed that the labile nature
of the tmm and π-acceptor triphos ligands plays a crucial role
in the formation of dihydride Ru(II) active catalytic species.
The tmm ligand can be eliminated either by molecular hydro-
gen or a catalytic amount of acid to form the catalytically active
species. The dihydride Ru(II) species (28a1) was proposed to be
the active species for hydrogenation, as also supported by DFT
calculation, together with two neutral dihydride of Ru(II) dimer
complexes, while treating 28a with H2.

104 The presence, and
also an optimum quantity of the acid additive, HNTf2, signifi-
cantly influences catalyst activation and reactivity. However,

excessive HNTf2 can lead to reduced conversion and noticeable
side reactions.104 The proposed mechanism from DFT calcu-
lation considering the neutral dihydride Ru(II) active species
(28a1) is illustrated in Scheme 21.104 Coordination of the car-
bonyl group (28a2) of methyl benzoate, followed by migratory
insertion in the Ru–H bond forms the mono-hydride complex
(28a3). The neutral mixed classical/non-classical hydride
complex 28a4 was proposed as a result of the coordination of
an H2 molecule with 28a3, which is necessary for the hydroge-
nolysis of the Ru–O bond. The conventional dihydride Ru(II)
species (28a5) is produced as a result of proton transfer to the
coordinated oxygen, with the consequent formation of hemia-
cetal of benzyl alcohol as the primary product, which is then
converted to benzaldehyde and methanol. The catalytic cycle
involves the repeated hydrogenation of benzaldehyde to form
benzyl alcohol as the final product. This proposed mechanism
is applicable for converting polyester and polycarbonate into
polyol and methanol.

Given that it is one of the strongest bonds to cleave, if the
C–N bond of amide is present in the polymer backbone, the

Scheme 18 Hydrogenation of dimethyl carbonate through methyl formate to methanol by the PNN-Ru(II) pincer complex.96

Scheme 19 Cleavage of robust C–O bonds in polyesters with the Ru(II)-PNN pincer complex.99
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level of difficulty is multiplied by several folds. The robust-
ness associated with polymeric bonds and poor solubility of
nylon samples in common organic solvents make depolymer-
ization highly challenging through homogenous catalysis.
Recently, Milstein and co-workers successfully cleaved the
chemically robust C–N bonds in nylons by various Ru(II) cata-
lysts (29a–29g) having PNN or PNP pincer ligands, as pre-
sented in Scheme 22.105 The “metal–ligand cooperation”
(MLC) with the polymer substrates serves as an operating tool
to cleave the strong polyamide bonds through catalytic hydro-
genation in the presence of high-pressure condition, and
more importantly using low toxic aprotic solvents such as
DMSO, avoiding acid medium,106 given that the PNN-Ru(II)
pincer catalysts undergo deactivation in acid medium. As pro-
posed, hydrogenation occurs through concerted steps
(Scheme 23), as supported by DFT calculations. The step
involving H–H bond activation is achieved by the deproto-
nated and dearomatized form of the coordinated pincer
ligand (29a1) through deprotonation of the benzylic position

of the P-arm. Subsequent formation of the energetically
favoured ruthenium dihydride species 29a2 was proposed.
Amide hydrogenation happens by proton transfer from the
N–H group of 29a2 through a key transition state involving
interaction with the –NH group of a ligand similar to Noyori’s
mechanism.107 Thereafter, thermodynamically favoured C–N
bond dissociation was predicted from the hemiaminal
(hydrogenated product of amide).108–110

Inspired by the successful hydrogenation of organic carbon-
ates, carbamates and formates, Enthaler and co-workers
explored the MACHO-Ru(II)-BH (30) and Milstein’s versatile
PNN-Ru(II) catalysts (29e) for the hydrogenative depoly-
merization of poly(bisphenol carbonate), as illustrated in
Scheme 24.111,112 Catalyst 30 was synthesized from bis[(2-
diphenylphosphino)-ethyl]ammonium chloride and [Ru(II)(CO)
Cl(H)(PPh3)3] in refluxing toluene in basic medium, followed
by reduction by NaBH4.

113 They successfully converted the poly
(bisphenol A carbonate) samples to methanol and bisphenol
using both catalysts.

Scheme 20 Hydrogenolysis of the selected polyester and polycarbonate materials using [Ru(triphos)tmm] or [Ru(triphos-xyl)tmm] and HNTf2 in the
presence of H2 gas.

102,103

Scheme 21 Catalytic pathway by the in situ-synthesized PPP-Ru(II) dihydride complex to cleave a small ester molecule (methyl benzoate) as a
proof of principle to degrade the polyester.104
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Milstein’s group successfully realized the depolymerization
of robust polyamides using DMSO as the solvent at elevated
temperature (vide supra),97 but this reaction condition limits

the turnover number due to the deactivation of the Ru(II) cata-
lyst and possible unwanted decomposition of the solvent.
Schaub and group114 addressed this problem by switching to
THF as the solvent and replacing the tert-butyl group (in 29d)
by cyclohexyl group at the P-arm of the pincer ligand in the
PNN-Ru(II) complex (31), as shown in Scheme 25. This simple
but effective modification increased the yield of hydrogenated
products of polyamides, showcasing an improved system for
the hydrogenative depolymerization of polyamide 66 and poly-
urethane samples.

Although noble metal complexes have been used owing to
their efficient selectivity and efficiency, earth abundant metals
are the obvious choice for bulk scale conversion owing to their
affordability. To date, the successful use of Fe(II)-based cata-
lysts for cleaving polar bonds by transfer hydrogenation in
polymeric scaffolds is limited. It is important to emphasize
that transfer hydrogenation utilizing easily accessible and non-
toxic hydrogen donors such as isopropanol is an appealing
alternative to traditional hydrogenation processes.68,115

Notably, the transfer hydrogenation of molecular cyclic carbon-
ates and ketones using ruthenium(II) catalysts was successfully
demonstrated by Hong’s116 and Vries’s117 groups. An exciting
and pioneering work was reported by Werner and co-workers
on the transfer hydrogenation of organic carbonates using the
MACHO-Fe(II) catalyst (32) for converting polycarbonates into
value-added products, as shown in Scheme 26.118 Several cyclic
carbonates as well as polycarbonates were transformed into
their corresponding diols and MeOH by catalyst 32 using iso-
propanol as the hydrogen donor and solvent. Most impor-
tantly, this process can also be used for conversion of CO2 to
methanol through the formation of carbonates from diol com-
pounds. They proposed a catalytic cycle, where the catalytically
active 16e amido-complex 32a is formed by the deprotonation
of Fe(II) complex 32 (Scheme 27). Following the deprotonation,

Scheme 22 PNN/PNP-Ru(II) catalysts (29a–29g) for breaking the robust C–N bonds in polyamides reported by Milstein and co-workers.105

Scheme 23 Proposed mechanism of C–N bond cleavage in a model
compound (N-ethylpropionamide) by PNP-Ru(II) complex 29a, as sup-
ported by DFT calculations (other high energy dearomatized canonical
species of 29a1 are omitted for simplification).105
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dehydrogenation of iPrOH results in the formation of 18e
complex 32b and acetone via the 32TS1 transition state. In the
last step, 32a is regenerated by the transfer of hydrogen from
complex 32b to the CvO group of a carbonyl substrate
through 32TS2.

At the same time, Vries and co-workers reported the Fe(II)-
MACHO-BH (33)-catalysed base-free transfer hydrogenation of
esters, as shown in Scheme 28, to achieve the depolymeriza-
tion of aromatic esters, aliphatic esters and lactones, includ-
ing important renewable substrates such as methyl oleate
and α-Angelica lactone.119 Instead of isopropanol, they used
ethanol as a hydrogen donor, which is more environmentally
acceptable and renewable. They suggested a mechanism

involving transfer hydrogenation, similar to that reported
before by the same group,117 and also by Beller and co-
workers.120,121 The key feature of Vries’s strategy is the mild
activation step through the outer sphere mechanism, elimi-
nating the coordinated BH3 from complex 33, as illustrated in
Scheme 29. Unlike the other activation steps (using strong
base), the coordinated BH3 easily reacts with alcohol to form
the corresponding borates and the active catalytic species
33a. They postulated a low energy barrier, allowing equili-
brium between the Fe(II) amine (33a) and amido-complexes
(33b), which is responsible for the hydrogenation of the car-
bonyl substrates and polymeric samples to produce the depo-
lymerised fragments.

Scheme 24 Cleavage of polymeric bonds in poly(bisphenol A carbonate) by PNP- and MACHO-based Ru(II) complexes to produce methanol as
primary feedstock.111,112

Scheme 25 Depolymerization of polyamides via cleavage of C–N bonds by PNN-Ru(II) complex (31) in the THF medium developed by Schaub.114

Scheme 26 Conversion of polycarbonates into methanol and polyols by the Fe(II) catalyst using isopropanol as a hydrogen donor.118
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2.2.3 Group 6 transition metal complexes. Fernandes and
co-workers reported the reductive depolymerization of plastic
waste (such as PCL, PLA, PDO, PET and PBT samples) into
value-added compounds and fuels using silanes as reducing

agents catalysed by MoO2Cl2(H2O)2 (34), as shown in
Scheme 30.122 This catalyst is air-stable, easy to synthesize and
economic compared to other noble metal catalysts. It can be
easily obtained by extraction from a hydrochloric acid solution

Scheme 27 Proposed mechanism of the base-promoted transfer hydrogenation of carbonates by the PNP-Fe(II) catalyst.116

Scheme 28 PNP-Fe(II) complex for depolymerization of acyclic and cyclic polycarbonates (conversion yield in parentheses).119

Scheme 29 Transfer hydrogenation of carbonyl compounds by the MACHO-Fe(II)-BH complex under base-free conditions.120

Perspective Dalton Transactions

3998 | Dalton Trans., 2025, 54, 3977–4012 This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 3
0 

D
ec

em
be

r 
20

24
. D

ow
nl

oa
de

d 
on

 5
/2

1/
20

25
 1

1:
56

:2
5 

A
M

. 
View Article Online

https://doi.org/10.1039/d4dt02555e


of Na2MoO4 with diethyl ether. The choice of silanes was
found to be crucial for achieving the best efficiency. The reduc-
tive depolymerization of various samples of PCL, PDO, PET
and PBT yielded the corresponding diols. However, in the case
of PLA, the highly demanding propane as fuel was isolated
instead of 1,2-propanediol.

Around the same time, Tobin J. Marks and co-workers
developed an earth-abundant, air- and moisture-stable single-
site Mo-dioxo complex grafted on carbon (MoO2/C; 35), which
could act as an efficient and reusable catalyst for the depoly-
merization of PET samples under 1 atmospheric pressure of
H2. The conversion afforded terephthalic acid and ethylene
selectively in high yield, as shown in Scheme 31.123

Mechanistic insight was established with a model compound
of 1,2-ethanediol dibenzoate. As proposed, 35 forms a hexa-
coordinated Mo-dioxo complex (35a) with 1,2-ethanediol
dibenzoate (Scheme 32). As a result of β-scission, benzoic
acid and vinyl benzoate are formed together with the Mo-
dioxo species of 35b. The addition of H–H across the MovO
bond forms a species with both Mo–H and Mo–OH (35c),
which can react as a nucleophile to vinyl benzoate to generate
35d and benzoic acid. The β-extrusion of 35d yields ethylene
and completes the catalytic cycle. Another reaction pathway
was predicted considering CvC insertion into Mo–H of 35c,
forming Mo–alkyl species 35e followed by β-oxygen elimin-
ation to form ethylene and Mo–benzoate species 35f.

Liberation of benzoic acid through elimination reaction ends
the catalytic cycle.

Although 3d transition metal complexes have great poten-
tial for versatile catalytic applications, in the field of depoly-
merization, their application is limited to date. Darensbourg
and co-workers investigated the depolymerization of poly
(cyclopentene carbonate) by (salen)Cr(III)Cl (salen = (R,R′)-(N,
N′-bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexenediimine)) in
the presence of n-Bu4NN3 (Scheme 33).124 While monitoring
the depolymerization of polycarbonates by the [(salen)Cr(III)Cl]
catalyst (36) by 1H NMR, it was realized that N3

− played a
pivotal role in making this depolymerization efficient by mini-
mizing the time of the reaction and favouring the acid–base
reaction between [Cr]–N3

− and HO-P (P = polymer chain),
forming [Cr]–OP + HN3. The formation of cis-cyclopentene
oxide together with CO2 as the major recycled monomer over
cis-cyclopentene carbonate was explained as a result of the low
energy barrier of intramolecular nucleophilic displacement of
carbonate-terminated polymer chain to the epoxide monomer.

2.2.4. Group 7 and 12 transition metal complexes. Modern
industrial chemistry relies heavily on the hydrogenation of
polar bonds, which is catalyzed by various transition metal-
based catalysts, most of which are based on precious noble
metals, as already been discussed vide supra.83 However, there
is high interest and demand to replace noble metal catalysts
with earth abundant metals to make the process sustainable.

Scheme 30 Reductive depolymerization by the Mo(IV) catalyst reported by Fernandes and co-workers.122

Scheme 31 Controlled and efficient catalysis shown by MoO2/C to degrade PET.123
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In this direction, Rueping and co-workers developed an Mn(I)
catalyst (37) with a PyCH2NH(CH2)2PPh2 (PNN) ligand to
hydrogenate poly(propylene carbonate).125

This group reported that 1 mol% of catalyst 37 could hydro-
genate poly(propylene carbonate), producing methanol with
almost full conversion (Scheme 34). According to the proposed
mechanism, the amine proton (N–H) of the ligand plays a vital
role in H–H and substrate activation through ligand metal
cooperation, as discussed for Milstein’s PNP-Ru(II) catalyst
(vide supra).105

Considering economic and sustainability aspects, consider-
able efforts have been devoted to developing Zn(II) catalysts for
depolymerizing different polar polymers. Recently, Enthaler
and co-workers explored the use of Zn(II) catalysts in the depo-
lymerization of chemically stable polyethers including polysi-
loxanes to produce compounds as potential precursor
materials in polymer chemistry.126–129 Explicitly, due to the

intrinsic properties of the Si–O skeletal bond, the reduction of
polysiloxanes is extremely difficult, and only a few processes
involving high-temperature (>200 °C) or less environmentally
friendly conditions have been reported to date.130–137 As
shown by Enthaler, the Lewis acidic Zn(OTf)2 (38) can cleave
the Si–O bond of inorganic silicone polymers in the presence
of benzoyl fluoride under mild conditions to form a stable Si–
F bond, as shown in Scheme 35.126 They proposed that the
activation of stable Si–O occurs by a significant decrease in the
bond-dissociation energy through the coordination of an
oxygen atom to the Lewis acidic Zn(II) centre, as supported by
theoretical calculations, which then facilitates reaction with
benzoyl fluoride and consequent cleavage of Si–O to form the
Si–F bond. Through a repetitive bond cleaving process, the
polymer can be gradually converted into low-molecular-weight
fragments such as R2SiF2 and FR2Si-O-SiR2F. These com-
pounds can be reused after appropriate functionalization to

Scheme 32 Proposed catalytic pathway for PET degradation by the heterogeneous C/MoO2 catalyst.
123

Scheme 33 Depolymerization of polycarbonates by the [(salen)Cr(III)Cl] catalyst in the presence of azide.124
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produce new polymers. Thus, their successful investigation
with simple and affordable Zn(II) catalysts in combination with
benzoyl fluoride for the depolymerization of end-of-life polysi-
loxanes can be a breakthrough finding.

Wood, Jones and co-workers reported the use of an imino-
monophenolate Zn(II) complex (39) for the degradation of end-
of-life PLA through methanolysis reaction to obtain methyl
lactate, as illustrated in Scheme 36.138,139 These complexes
have the advantage of easy synthetic method and straight-
forward large-scale production. Calhorda, Dagorne, Avilés and
co-workers also demonstrated Zn(II) complexes with
N-heterocyclic carbene ligand, which was capable of the pro-
duction and degradation of PLA.140 Sobota’s group showed the
degradation of PLA through alcoholysis under solvothermal
condition by Ca(II)- and Mg(II)-alkoxides synthesised in situ.141

Very recently, Williams and co-workers designed an exciting
category of homo- and hetero-bimetallic complexes (40a–40c)
with macrocyclic ligand based on earth abundant metal ions
for taking the advantage of the metal–metal cooperative effect
for successful application in the depolymerization of poly
(cyclohexene carbonate) under relatively milder reaction con-
ditions with the highest TOF value of 8100 h−1 for the Mg(II)–
Co(II) system (40b) (Scheme 37).142–144

2.3 Deconstructing biopolymers: cleaving C–O and C–C
bonds

In the previous sections, we discussed several depolymeriza-
tion strategies for synthetic polymers with polar and non-polar
bonds. However, modified approaches are required to break
the similar types of bonds present in the complex interlinked
network of biopolymers. Biopolymers such as lignin have huge
potential as a renewable feedstock and may serve as a sustain-
able source of aromatic compounds that can advantageously
replace petrochemicals in the long run.145 However, it remains
a challenge to depolymerize lignin, given that the C–C and C–
O bonds are distributed in a complex network. Lignin, derived
from aromatic monolignols, is mainly comprised of aromatic
subunits such as p-hydroxyphenyl (H), guaiacyl (G), and syrin-
gyl (S) linked via C–O or C–C bonds (Fig. 12). The diversity in
lignin structures arises due to the difference in the ratio of
monolignols and the way in which these monolignols are co-
valently linked with each other. For example, hardwood lignin
is rich in G and S units with trace H units, while softwood
lignin is predominantly G with minimal H. Grass-based lignin
exhibits nearly equal proportions of G and S units and
minimal H units but greater than the hard and softwood
lignins.146 Attempts to isolate native lignin from plant tissues

Scheme 34 Depolymerization of poly(propylene carbonate) by the PNN-Mn(I) catalyst.125

Scheme 35 Cleavage of Si–O bonds in silicones by Zn(OTf)2 in the presence of benzoyl fluoride.126

Scheme 36 Zn(II) Lewis acid catalyst for methanolysis of polylactic acid.138,139
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following the developed delignification process often lead to
structural changes due to condensation reactions. Thus, to
overcome this challenge, technical lignin is preferred for depo-
lymerization and functionalization. Technical lignins are
byproducts of conventional pulping processes such as kraft,
soda, organosolv, hydrolysis, and sulfite processes.147

Research on technical lignin has become an important area
for developing sustainable processes to produce high-value
chemicals and fuels.16 However, during the delignification
process, it creates structurally accessible and non-accessible
parts, which often generate complexity in the depolymeriza-
tion process, even in technical lignin. The major types of lin-

Scheme 37 Depolymerization of polycarbonates by homo- and hetero-binuclear catalysts reported by Williams’ group.142–144

Fig. 12 (a) Representative interlinked network chemical structures of lignin and (b) aromatic subunits of ‘true lignin’.146
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kages in lignin includes β-O-4, α-O-4, 4-O-5, β-1, α-1 and 5–5,
as shown in Fig. 13. The bond dissociation energies (BDE) of
the C–O and C–C bonds in lignin model compounds for the
six prevalent linkages were theoretically calculated using
density functional theory by Huang’s and Beckham
groups.148,149 In these complex systems, the relationship
between the bond length and BDE is not always straight-
forward like that in small molecules. In these various types of
linkages in lignin, the average BDE follows the order of Cα–O <
Cβ–O < Cα–Cβ (β-1) < Cα–Cβ (β-O-4) < C4–O < O–C5 < Cα–C1 < C5–

C5. Among them, the average BDE values of Cα–O for the α-O-4
linkage and Cβ–O for the β-O-4 linkage are the lowest in
energy. A good correlation between the bond length and BDE
for the C–C linkage exists, but in the case of C–O linkages, this
correlation is not observed. Certainly, the depolymerization of
lignin is an intriguing process that is complicated by the struc-
tural intricacy and recalcitrance present in these aromatic bio-
polymers having a random network through strong C–C and

C–O bonds. The most recurring type is the β-O-4 linkage,
which typically makes up about 50% of all the linkages, and
therefore it has been the focus of most depolymerization strat-
egies. According to the above discussion, it is very clear that
the depolymerization of lignin is a challenging task, which
needs careful design of catalysts.

In 2010, one of the pioneering works by Ellman and co-
workers was to successfully cleave C–O bonds (β-O-4) by an Ru
(II) catalyst (Scheme 38).150 They used [RuH2(CO)(PPh3)3] and
9,9-dimethyl-bis(diphenylphosphino)xanthene (Xantphos)
with the in situ formation of the catalyst, [RuH2(CO)(PPh3)
(Xantphos)] (41), to perform tandem catalysis for the essential
hydrogen shuttling and C–O bond activation. The catalytic
system was successfully applied to a polyether resembling iso-
lated lignin of similar molecular weight with almost 99% con-
version. The mechanism involves Ru(II)-catalyzed dehydrogena-
tive equilibrium between a benzylic alcohol and the corres-
ponding aryl ketone.151 Reductive elimination of the Ru(II)

Fig. 13 (a) Six prevalent linkages in technical lignin related model compounds. (b) Structural accessibility of technical lignin for the catalyst.148
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catalyst (41) to Ru(0) complex (41a), followed by C–O bond acti-
vation of the coordinated aryl ketone moiety through oxidative
addition reaction results in the formation of the Ru(II)-enolate
(41b). Hydrogenation of 41b to Ru(II)-alkoxide species (41c)
and subsequent reductive elimination lead to the formation of
phenol, thus completing the catalytic cycle, as shown in
Scheme 39.

Klankermayer and coworkers reported a series of slightly
modified Ru(II) catalysts with TRIPHOS chelating phosphine
(42) and trimethylenemethane (TMM) ligands (28a), showing
comparable C–O and C–C cleavage in a 1,3-diol lignin model
substrate with β-O-4 linkage, forming guaiacol and other alco-
holic products, as shown in Scheme 40.152 Catalysts 42b and
42c were found to be efficient catalysts for C–O cleavage,104

whereas the other catalysts (28a, 42a and 42d) were selective
for catalyzing redox-neutral C–C cleavage through a dehydro-
genation-initiated retro-aldol and intramolecular hydrogen
transfer mechanism. Although both the C–C and C–O bond
cleavage pathways require the presence of a secondary hydroxyl
group, the presence of a primary alcohol is essential to access
the C–C bond cleavage, as proposed by Klankermayer and co-

workers. Thus, the selection of the catalyst plays a crucial role
in determining the cleavage pathway and the fragmented
yields from a particular lignin substrate.

The catalytic C–O bond cleavage of aromatic compounds by
NiCl2(PPh3)2 in the presence of Grignard reagents was first
reported by Wenkert and coworkers, forming biaryl com-
pounds through the cross-coupling of aryl ethers.153 Extending
this reactivity to the hydrogenolysis of the C–O bond is a
difficult task, given that hydrogen is less reactive than the
carbon nucleophile R−M+, where M is a main group metal.
However, in 2011, Hartwig and co-workers developed the Ni
(0)–NHC catalyst (43), generated in situ from Ni(COD)2 and
SIPr·HCl ligand, enabling the selective hydrogenation and clea-
vage of C–O bonds by H2 in α-O-4 and 4-O-5 lignin model
systems, as illustrated in Scheme 41.154 The Ni(0) catalyst
system could efficiently catalyze the reductive cleavage of aro-
matic C–O bonds in non-activated aryl–aryl or aryl–alkyl
ethers.

In this direction, Kühn and co-workers reported an efficient
and selective approach to cleave C–O bonds of several
β-hydroxy ethers with catalytic amounts of MeReO3 (MTO) (44),

Scheme 38 Ru(II)-catalyzed C–O bond cleavage in lignin-related polymers reported by Ellman and co-workers.150

Scheme 39 Proposed mechanism of Ru(II)-catalyzed C–O bond cleavage in a model lignin.151
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as shown in Scheme 42.155 They further revealed that MeReO2

(MDO), spectroscopically detected as its hexyne adduct, was
the catalytically active species formed via the reduction of
MTO by the secondary alcohols present in the model lignin.
The catalyst efficiently cleaves the model lignin of β-O-4
linkage to guaiacol (as major product) and various other mul-
tiple fragments. However, the range of lignin model com-
pounds that can be cleaved by this protocol is limited to
having a β-hydroxy ether moiety, restricting its wider
applicability.

Further, Stephenson and co-workers developed a two-step
photo-catalytic lignin degradation strategy involving milder
conditions that overcomes the limitations of traditional
methods.156 In contrast to the conventional approaches requir-
ing elevated temperatures, which cannot tolerate functional

groups such as phenols and γ-alcohols, this novel method is
efficient even at ambient temperatures and compatible with
the functional groups present in native and processed lignins.
The photocatalytic cleavage involves the use of [4-
AcNH-TEMPO][BF4] (Bobbitt’s salt), which acts as a mediator
for benzylic oxidation, followed by chemoselective visible-light-
mediated reductive C−O bond cleavage using the photocatalyst
[Ir(ppy)2(dtbbpy)][PF6] (ppy = 2-phenylpyridine, dtbbpy = 4,4′-
di-tert-butyl-2,2′-bipyridine) (45), as shown in Scheme 43.157

The mechanism of the reductive Cα–O bond cleavage is based
on the well-established reductive quenching process of 45, as
previously established by this group for reductive dehalogena-
tion. When visible light is absorbed by the photocatalyst, it
generates an excited state, [Ir]3+*, via metal-to-ligand charge
transfer. This excited state accepts an electron from the amine

Scheme 40 Cleaving of C–O and C–C bonds by Ru(II)-Triphos/TMM catalysts.152

Scheme 41 Ni(0)-NHC-catalyzed selective hydrogenolysis of aryl ethers resembling 4-O-5 and β-O-4 lignin linkages.154

Scheme 42 MeReO3-mediated C–O cleavage of a model lignin compound.155
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or amine-formate complex and generates reactive [Ir]2+ species.
Being a strong reductant with a reduction potential of −1.51 V
(vs. SCE), it generates a radical anion through single electron
transfer to the benzylic ketone or aliphatic aldehyde, which
then undergoes fragmentation to generate an alkoxy anion and
the corresponding Cα-radical. Subsequent protonation of the
alkoxy anion and H-atom abstraction by Cα-radical yields the
degraded products of the model lignin.

In 2013, Toste and co-workers demonstrated the exceptional
performance of a vanadyl(V)-based complex of a Schiff base
ligand (46) as a catalyst for C(sp3)–O cleavage in nonphenolic
β-O-4 dimeric/trimeric lignin models and organosolv lignins
derived from Miscanthus giganteus (Scheme 44).158 From the
organosolv lignins, several useful degraded products such as
vanillin, syringic acid, syringaldehyde, 4-hydroxybenzaldehyde

and vanillic acid were detected. The same group also reported
that a bis-(8-oxyquinolate) vanadium(V) complex (47) enabled
selective Ar–C(sp3) cleavage in phenolic substrates of a dimeric
lignin model system. Later, in 2016, Fu and co-workers pro-
posed two possible mechanistic cycles for the cleavage of
C(sp3)–OAr and Ar–C(sp3) bonds by theoretical and experi-
mental studies, as illustrated in Scheme 45.159 The catalytic
cycle involves stepwise oxidation and reduction of the vanadyl
species switching between the various accessible common oxi-
dation states as VV–VIV–VIII–VIV–VV. The cycle of C(sp3)–O clea-
vage by catalyst 46 starts with ligand exchange in the VV-OR
catalyst with the benzylic hydroxyl group of the lignin model
compound, followed by intramolecular hydrogen transfer to
generate the VIV intermediate, which then isomerizes to the
VIII intermediate through a minimum energy spin crossover
point (MECP). Successively, C(sp3)–OAr cleavage occurs at the
γ-position (with respect to the vanadium center), generating
the VIV intermediate, which then undergoes oxidation via
second spin crossover, forming VV species. Finally, hydroxyl
group elimination and ligand exchange regenerate the active
VV catalyst to complete the catalytic cycle. Interestingly, the bis
(8-oxyquinolate)vanadium complex (47) selectively cleaves the
Ar–C(sp3) of the phenolic β-O-4 lignin model compounds.
Here, unlike C(sp3)–OAr cleavage, the catalytic cycle starts with
a spin-crossover-involved intermolecular hydrogen transfer,
generating a phenoxyl radical and VIV–OH from VVvO. The VIV

intermediate undergoes proton transfer (via a proton shuttle
mechanism) to generate an alcohol-ligated VIVvO intermedi-
ate, and then reacts with O2 and releases the alcohol and the
phenoxyl radical to form a superoxo-VVvO intermediate.
Stepwise O–O (of superoxo) and Ar–C(sp3) cleavage, followed
radical coupling generates a gem-diolate VV intermediate and
2,6-dimethoxy-1,4-benzoquinone. Subsequently, the VV inter-

Scheme 43 Two-step catalytic degradation of model lignin using an Ir
(III) photocatalyst.157

Scheme 44 Vanadium-catalyzed degradation of dimeric and trimeric lignin model systems.158
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mediate undergoes intramolecular proton transfer and ligand
exchange to regenerate the active VV catalyst. Dehydration of
β-hydroxyaldehyde, as produced in this cycle, could also be
accomplished by the same catalytic system. The energetic span
model suggests that the selectivity of the two catalysts towards
C(sp3)–OAr and Ar–C(sp3) cleavage by changing the ligand
systems arises due to the difference in T1-HOMO separation/
charge dispersion effects and the turnover frequency (TOF)-
determining transition state (TDTS) involving the vanadyl
species of variable oxidation states.

In recent times, Riisager and coworkers systematically
screened various transition metal-based catalysts for the oxi-
dative depolymerization of technical lignin from softwood for
converting to bio-oil as renewable stock and value-added aro-
matic monomers under mild conditions in alkaline aqueous
medium using molecular oxygen as the primary oxidant.160

The best-performing system was the VO(acac)2–Cu(OAc)2 (V–
Cu) catalyst, resulting a bio-oil yield of ca. 50% and a total
increase in aromatic monomers of 27% by weight. The
mechanistic details of the depolymerization process for the
lignin system by this category of catalyst systems have not been
clearly reported. However, the combined effect of V–Cu cata-
lysts, as also observed in lignin model compounds and lignin

in previous reports,161–163 is responsible for depolymerization
via the combination of C–C and C–O bond cleavage processes.

Following a different but efficient strategy, Cantat and co-
workers successfully extended the application of Brookhart’s
cationic Ir(III) catalyst, 21 (vide supra), for the depolymerization
of softwood and hardwood lignin under hydrosilylation con-
ditions, as shown in Scheme 46.164 Notably, the same group
reported that the [B(C6F5)3] Lewis acid in the presence of
hydrosilanes could act as an efficient catalyst system for the
reductive depolymerization of softwood and hardwood lignin
through C–O cleavage.147 However, the instability associated
with [B(C6F5)3] under the reaction condition limits its applica-
bility in the direct reductive polymerization of lignin sub-
strates, stimulating the development of stable but efficient
catalyst systems. The pioneering work by Brookhart showed
that the cationic Ir(III) complex (21) could be an efficient cata-
lyst to cleave the C(sp3)–O bond in alkylethers under hydro-
silylation conditions to yield silylether and alkane.77 The
similar chemical behavior of the Lewis acid B(C6F5)3 and the Ir
(III) complex (21) led Cantat and co-workers to compare the
stabilities and activities for the reduction of C(sp3)–O linkages
for both model molecules and lignin matrices.164 Although
less active than B(C6F5)3, complex 21, being more stable, was

Scheme 45 Plausible mechanism for vanadium(V)-catalyzed degradation of a dimeric lignin model substrate.159

Scheme 46 Depolymerization of true lignin using the Brookhart catalyst.164
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found to be an effective catalyst in presence of Et3SiH for the
reductive depolymerization of various softwood and hardwood
lignin to monoaromatics. For example, catalyst 21 with a
loading of 10 wt% (ca. 1.3 mol% per aromatic unit) and
300 wt% of Et3SiH at 70 °C successfully depolymerized indus-
trial pine lignin to the tris-silylated primary alcohol with
120 wt% yield. However, a minimum quantity of catalyst is
required (≥5 wt% of 21) for depolymerization given that
common impurities (such as residual carbohydrates and lipids
present in lignin) deactivate and poison the catalyst system.
Brookhart and co-workers elucidated the mechanism in full
detail for the cleavage of C(sp3)–O by Ir(III) catalyst 21 (vide
supra).77

In this section, we only highlighted the most efficient cata-
lytic systems employing transition metal complexes for the
depolymerization of lignin through C–O and C–C cleavage of
less BDE motifs (β-O-4, α-O-4 and 4-O-5). However, the same
strategy can be translated to the real bio-derived lignin by
further modification of the catalysts. For further reading on
the valorization of lignin by catalysts, readers can refer to the
reviews published by Stephenson165 and Ragauskas.166

3. Conclusion

This comprehensive summary highlights the recent develop-
ment and strategies for the depolymerization of polymeric
waste by transition metal-based catalysts. The judicious design
of organometallic catalysts directed by the reactivity of the
metal centre and suitable ligand selection for breaking the
nonpolar and polar skeletal bonds was strategically discussed.
In this context, we provide a compilation of organometallic cat-
alysts that exhibit notable efficacy in depolymerizing polymeric
waste by elucidating the ligand and coordination effects in the
catalytic reactions and the mechanistic approach facilitating
the cleavage of chemical bonds. Organometallic catalysts offer
high efficiency, milder condition, selectivity, reduced catalyst-
loading and reusability, offering a sustainable solution to the
challenge of reusing plastic waste, specifically the chemically
robust hydrocarbon polymers with non-polar skeletal bonds.
This perspective highlights that Ir(III) and Ru(II) organometallic
catalysts demonstrate significant potential for depolymerizing
both polar and nonpolar polymers through different mecha-
nisms. However, it is desirable that cost-effective and more
affordable transition metal complexes, particularly based on
Fe(II), Co(II), and Zn(II), are the future for catalyzing bulk depo-
lymerization processes. Hence, there is no doubt that depoly-
merization using transition metal-based catalysts holds prom-
ising future prospect for converting plastic waste to its mono-
meric form, valuable materials, fragmented hydrocarbons as
fuels and other feedstock, not only for reducing its environ-
mental impact but also promoting chemical upcycling.
However, understanding the mechanism of depolymerization
the catalysis reaction is crucial for designing next-generation
catalysts that are both efficient and economically feasible.
Ongoing research aims to fully unlock the potential of tran-

sition metal complexes as depolymerization catalysts, paving
the way for a more sustainable and circular approach to
polymer waste management.
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