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Liquid organic hydrogen carriers (LOHCs) offer a promising solution for safe, efficient, and reversible
hydrogen storage and transport. While heterogeneous catalysts have traditionally dominated LOHC
hydrogenation and dehydrogenation, homogeneous catalysts present distinct advantages, including high
selectivity, tunable active sites, and operation under milder conditions. This review systematically examines
recent advances in the design and application of homogeneous catalysts for the hydrogenation and
dehydrogenation of both homocyclic LOHCs, such as benzene, toluene, and naphthalene derivatives, and
N-heterocyclic LOHCs, including quinolines, carbazoles, and indoles. Emphasis is placed on structure-
activity relationships, mechanistic insights, and emerging trends, with a focus on catalysts based on both
noble and earth-abundant metals. Beyond catalyst performance, we address key challenges in
homogeneous catalyst recovery, recycling, and process integration, all of which are critical for industrial
scalability. By identifying current gaps in the literature and outlining future research priorities, this work aims
to guide the development of efficient, reversible, and economically viable homogeneous catalytic systems
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for next-generation hydrogen storage technologies.

1. Introduction

Hydrogen is valued for its high gravimetric energy density
and is a promising candidate for clean and sustainable
energy. It can be generated from water using renewable
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energy sources such as solar or wind power in regions with
abundant energy and then transported to areas lacking
sufficient energy generation. However, hydrogen's low energy
density by volume in the gaseous state remains a major
challenge regarding its storage and transportation.*

Researchers have been investigating various hydrogen
storage options to overcome these challenges.”” Options
include the use of inorganic chemical hydrides, metal-
organic frameworks, and metal hydrides to develop efficient
and safe storage solutions that facilitate the transportation of
hydrogen from energy-rich areas to places where it can be
used effectively, thereby promoting a sustainable hydrogen
economy.®

Due to their numerous advantages, liquid organic
hydrogen carriers (LOHCs) have gained attention as a highly
promising solution for hydrogen storage/release and
transportation technology.”"> LOHC systems consist of
organic compounds that ideally allow for the bidirectional
storage/release  of hydrogen through catalytic (de)
hydrogenation approaches while retaining their molecular
integrity across numerous storage cycles. To be technically
viable, LOHCs should also possess a viable range of chemical
and physical characteristics, which include low melting
points, thermal stability, advantageous (de)hydrogenation
kinetics and thermodynamics, broad large-scale accessibility,
and low toxicity."?

Since their conceptual introduction in the 1970s, with
systems such as the toluene-methylcyclohexane pair, LOHCs
have demonstrated practical applications, including large-
scale demonstrations like Chiyoda Corporation's SPERA
Hydrogen™ technology."® Benzyltoluene (BT), developed
through collaboration between FAU Erlangen-Niirnberg and
adopted by Hydrogenious Technologies, also exemplifies a
commercially viable LOHC owing to its high hydrogen
storage capacity (HSC) and stability.”® Such successes
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highlight their potential for facilitating hydrogen transport
long distances."**'® However, challenges remain,
including concerns about toxicity, high energy demand for
dehydrogenation, and the need for further advancements in
catalyst efficiency.'® This review provides an overview of
recent progress in homogeneous catalysis for the (de)
hydrogenation of LOHCs, with particular emphasis on
homocyclic and N-heterocyclic systems. Homogeneous
catalysts, particularly those based on platinum group metals
(PGMs) like Ru, Ir, and Rh, and earth-abundant metals like
Co and Ni, offer high selectivity and activity under mild
conditions for the (de)hydrogenation of certain LOHCs. Even
though challenges such as catalyst separation, high costs,
and limited scalability hinder industrial adoption, their high
selectivity and low temperature requirements make them
suitable for systems that operate at low temperatures.
Homogeneous catalysts often remain dissolved in the LOHC,
requiring  energy-intensive  separation methods like
distillation. However, advanced techniques such as biphasic
systems and nanofiltration, discussed in section 6, provide
less energy-demanding alternatives. While several reviews
have covered heterogeneous catalysts in LOHC systems,'”'®
fewer have explored the of homogeneous
catalysis.’®>' This review uniquely examines the role of
ligand design, metal-ligand cooperativity, and precious and
non-precious metal catalysts in improving catalytic efficiency
for LOHC applications. Rather than presenting a full techno-
economic analysis, this review also discusses key techno-
economic descriptors that govern the practical deployment of
aromatic and heteroaromatic LOHC systems, with emphasis
on catalyst performance, operating conditions, and system-
level constraints. In addition, some major industrial
applications of homogeneous catalysis and various strategies
for homogeneous catalyst recovery and reuse are discussed
briefly. By analyzing the advances in catalyst design,
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mechanistic insights, and the sustainability of LOHC
systems, we aim to provide an overview that is

comprehensive in the field while identifying challenges and
future directions for research.

2. Overview of LOHC systems

While LOHCs have proven effective for hydrogen storage,
understanding the differences between the various systems is
critical for optimizing their performance. Several organic
compounds have the potential to be used as LOHCs. These
include simple compounds such as formic acid (FA),
methanol, liquefied ammonia, and amino alcohols.”” In
addition, LOHC media based on functional groups such as
amides and imides, often operating via metal-ligand
cooperative pincer catalysts, have been reported and are
discussed extensively in the literature.>*>* These systems
generally operate under comparatively mild temperature
conditions.

Other LOHC candidates are based on homocyclic and

heterocyclic aromatic compounds, such as
methylcyclohexane,  decalin,  perhydrocarbazole, and
indoline, which typically require higher operating
temperatures for hydrogen release. For LOHC-based

hydrogen storage systems intended for mobile or vehicle-
integrated applications, the operating temperature of the
hydrogen release step represents a critical design
constraint. Many vehicular platforms cannot accommodate
the high temperatures (>250-300 °C) required for the
dehydrogenation of several established aromatic LOHCs
due to limitations associated with heat management,
system complexity, start-up time, and catalyst durability.
Examples include perhydrobenzyltoluene, employed by
Hydrogenious Technologies,> which operates under high
dehydrogenation temperatures. Consequently, non-aromatic
LOHC media that enable hydrogen release at lower
temperatures (<200 °C) have attracted increasing attention
for temperature-sensitive applications.>*%® These
considerations highlight the importance of matching LOHC
thermodynamics and kinetics with application-specific
temperature constraints, particularly for mobile systems
where high-temperature operation is impractical.

Table 1
state)
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However, the present review focuses specifically on
aromatic homocyclic and heterocyclic LOHC systems, which
constitute a distinct class of hydrogen carriers with unique
hydrogenation-dehydrogenation mechanisms,
thermodynamic profiles, and catalyst requirements. The
following sections, therefore, examines these aromatic
systems and their key properties.

2.1. Homocyclic LOHCS

Homocyclic hydrocarbons are considered the simplest
prospects for LOHCs due to the smooth transformation
between hydrogenated alicyclic and dehydrogenated aromatic
compounds.””*® Systems such as cyclohexane-benzene,>* '
methylcyclohexane-toluene,**** and decalin-
naphthalene®® pairs have been studied as examples
because of their wide industrial prevalence, commercial
accessibility, and relatively low toxicity. In recent times,
systems utilizing diphenylmethane,***° BT,
dibenzyltoluene (DBT),'*'"***> and biphenyl***® have been
examined as well. The primary benefit of using cyclic
hydrocarbons as LOHCs is their ability to supply CO,-free
hydrogen. Another notable feature is their high hydrogen
weight-specific energy density, ranging from 6-8 wt%.
Additionally, due to their low melting and high boiling
points, they are well-suited for the storage and transport of
hydrogen from centralized production sites to refuelling
facilities. A low melting point and a high boiling point are
essential for a potential LOHC to ensure the substance
retains its liquid state across a broad temperature range. This
facilitates convenient hydrogen storage and transport by
preventing solidification at low temperatures and excessive
vaporization at high temperatures, ensuring both practicality
and safety.”” Table 1 illustrates the properties of various
homocyclic compounds as potential LOHCs, while Fig. 1
shows the structures of selected homocyclic LOHCs.

2.2. Heterocyclic LOHCs

The dehydrogenation of cyclic hydrocarbons to form
homocyclic aromatics is an attractive process for hydrogen
release but faces limitations due to its inherent endothermic
nature. This reaction typically requires high dehydrogenation
enthalpies (~64-69 k] mol™" of H,) compared to the

Important physicochemical properties to consider in the (de)hydrogenation of selected homocyclic LOHC pairs (L = liquid state; S = solid

Properties of selected homocyclic LOHC pairs

Melting point Boiling point Enthalpy Hydrogen storage
Homocyclic aromatic LOHC system State (°C) (°C) (k] mol™ H,) capacity (wt%) References
Benzene/cyclohexane L/L 5.5/ 80 54.0 7.2 16, 41, 52
Toluene/methylcyclohexane L/L -95/-127 111/101 57.5 6.2 16, 31, 41, 52
Naphthalene/decalin S/L 80 218 61.9 7.3 16, 41, 20
Dibenzyltoluene/perhydrodibenzyltoluene L/L -39/-34 390 61.5 6.2 20, 53
Benzyltoluene/perhydrobenzyltoluene L/L -30 280 64 6.25 20
Diphenylmethane/dicyclohexylmethane L/L 26/-19 265/248-250 — 6.7 31
Biphenyl/bicyclohexyl S/L 69-71/3-4 254-255/238 — 7.3 31, 52
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naphthalene decalin biphenyl bicyclohexane diphenylmethane  dicyclohexylmethane benzene cyclohexane
A A A
benzyltoluene perhydrobenzyltoluene toluene methylcyclohexane dibenzyltoluene perhydrodibenzyltoluene
Fig. 1 Structures of selected homocyclic LOHC pairs.
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Fig. 2 Structures of selected heterocyclic LOHCs.
exothermic and readily achievable hydrogenation of aromatic =~ N-heterocycles was focused on molecules such as

hydrocarbons.”® This difference in energy requirements
significantly impacts the feasibility of using homogeneous
catalysts, as they can operate at relatively low temperatures
while overcoming the high energy barrier.>® Meanwhile,
introducing heteroatoms into the aromatic ring system offers
a potential avenue for overcoming the limitations of
dehydrogenation.

Studies by Pez and suggest that
incorporating heteroatoms results in a considerable loss of
aromaticity upon dehydrogenation, thereby lowering the
enthalpy of dehydrogenation. This opens doors for
exploring dehydrogenation reactions with heterocyclic
substrates using homogeneous catalysts. Following this,
research interest in the catalyzed (de)hydrogenation of

coworkers®!

carbazoles, quinolines, and indoles.”® Their advantages
include the ease of reversibility, easier H, release than from
alicyclics, favorable kinetic and thermodynamic properties,
and low vapor pressure. Furthermore, they contain only the
widely available elements C, H, and N. Fig. 2 shows the
structures of selected heterocyclic LOHCs, and Table 2
presents the properties of various heterocyclic compounds
useful as potential LOHCs.

Both homocyclic and heterocyclic LOHC systems rely
heavily on efficient catalysis to facilitate reversible
hydrogen storage. Homogeneous catalysis is an emerging
and powerful approach for enhancing the performance
of these systems, as discussed in the sections that
follow.

Table 2 Important physicochemical properties to consider in the (de)hydrogenation of selected N-heterocycle LOHC pairs (L = liquid state; S = solid
state)
Properties

Melting  Boiling Hydrogen

point point Enthalpy storage capacity
N-Heterocyclic LOHC system State (°C) (°C) (k] mol™ H,)  (wt%) References
Perhydro-N-ethylcarbazole/N-ethylcarbazole L/S  -85/69 261/355 54.0 5.80 16, 52, 54
N-Phenylcarbazole 91-93 57.5 6.94 20
Decahydroquinoline/quinoline L/L  37/-15 214/252  61.9 7.18 54
Tetrahydroquinoline/quinoline L/L  9-14/-15 249/252 61.9 3 18
Decahydroquinaldine/quinaldine L/L  -23/-2 232/271 64 6.58 54
1-Methylperhydroindole/1-methylindole L/S  -25/-20  230/239 51.9 5.76 54, 61
2,6-Dimethyldecahydro-1,5-naphthyridine/2,6-Dimethyl-1,5-naphthyridine S/S  — — — 5.94 52
Pyrazine/piperazine S/S  52/106 115/146 — 5.3 144

This journal is © The Royal Society of Chemistry 2026
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3. Advances in homogenously
catalyzed de(hydrogenation) of
homocyclic LOHCs

Aromatic hydrogenation typically requires more stringent
conditions than in the case of nonaromatic unsaturated bonds.
While heterogeneous catalysts have proven effective for LOHC-
relevant aromatic hydrogenation systems, homogeneous metal
complex catalysts remain relatively less studied, specifically in
the field of LOHC technology for hydrogen storage.
Heterogeneous catalysts benefit from increased surface area and
support properties, such as Lewis acidity or Brensted basicity.
Additionally, heterogeneous catalysis is advantageous due to its
ease of separation, which reduces operating costs and makes it
widely used in industry. However, its drawbacks include limited
activity and selectivity.>® In contrast, homogeneous catalysts can
be optimized through careful ligand design to enhance their
catalytic activity.*'*® Homogeneous catalysis, though less
common in industrial applications due to the challenging and
costly catalyst separation, offers superior selectivity and higher
activity and eliminates mass transfer limitations, potentially
enabling lower operating temperatures.>

3.1. Hydrogenation of homocyclic aromatics with catalysts

based on platinum group metals

Boxwell et al.*® in 2002 designed a system using catalyst 1
([Ru( p-cymene)(n>-TRIPHOS)CI|[PF,]), where TRIPHOS =

2
P fpphz
th
1

SO;Na

7 “RU\P/\

ci N
/J LN2N>

NaO,S SO;Na \/

a4
Q ,C'/m
2 —Ru \ u—
\\‘_Ru P@ " \H/RE"@
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e

P/ \ cl
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1,1,1-tris(diphenylphosphinomethyl)ethane illustrated in
Fig. 3, for hydrogenating arenes in dichloromethane (DCM)
and ionic liquid. The system is effective in catalyzing the
hydrogenation of toluene and benzene (90 °C, 61 bar H,
pressure, 1 h) to afford the corresponding cyclohexane, with
turnover frequency (TOF) values of 205 h™ and 476 h™,
respectively. The catalyst showed high activity in both ionic
liquids and DCM, with significantly higher activity in ionic
liquids. Unlike in DCM, where it decomposes, no
considerable activity loss was observed after five runs in ionic
liquids. Several allylbenzenes were also hydrogenated with
this system. Particularly, the availability of a free phosphine
is relevant for selectivity towards arene hydrogenation;
otherwise, the hydrogenation does not occur.

Rojas' group®® devised the hydrogenation of various
aromatics with a homogeneous Ru-based catalyst. The
catalyst  [Ru(n’-CsH;)CI(TPPDS),] (2) (TPPDS: P(C¢Hs)
(C¢H4S03),) reduced toluene, benzene, and m-xylene in a
biphasic (n-heptane/water) medium to the corresponding
cyclohexane analogues. Toluene, m-xylene, and benzene,
generated products in yields of 80%, 25%, and 43%,
respectively, after 4 h reaction time (105 °C, 96 bar H,, and
substrate/catalyst ratio 600: 1). The activity increased with H,
pressure, temperature, pH, and ionic strength. Furthermore,
the aqueous catalytic system can undergo several cycles with
little reduction in activity.® Water-soluble Ru complexes 3-5
were analyzed in the hydrogenation of arenes. Complexes 3
and 5 exhibited similar TOF values, with 3 being more active

SO;Na

i,

3

Fig. 3 Examples of molecular catalysts based on PGMs for (de)hydrogenating aromatic LOHCs.
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than 5 while complex 4 was significantly more active than
complexes 3 and 5. The presence of mercury had little impact
on the activity of 3 and 5. However, adding mercury to the
reaction medium with 4 resulted in a considerable reduction
in turnover number, indicating the decomposition of 4 to
form catalytically active colloidal species.”” Arun et al.*® used
3-hydroxyquinoline-2-carboxalidene-4-aminoantipyrine ~ (L)-
coordinated Ru complex (6) in the hydrogenation of benzene
to produce a mixture of cyclohexadiene and cyclohexane in
18% and 82% yields, respectively (Scheme 1). A TOF of 5372
h™ was recorded in reducing benzene (80 °C, 50 bar H,
pressure, 3.64 x 10°® mol catalyst, and 0.34 mol benzene).
Mercury drop tests confirmed a homogeneously catalyzed
process. Under identical reaction conditions, the Ru complex
(6) gave a superior conversion with a TOF of 5372 h™", while
the nickel catalyst (7) gave a lower conversion with a TOF of
1718 h™".

In 2010, Vangelis et al®' showed that the Rh/TPPTS-
catalyzed (TPPTS: triphenylphosphine  trisulfonate)
hydrogenation of benzene exhibits remarkably high catalytic
performance (TOF > 204000 h™), producing cyclohexane
quantitatively in an organic/aqueous biphasic system (130
°C, 80 bar H, pressure, 5 min). The catalyst was readily
recycled by employing phase separation techniques.
Recycling experiments showed consistently high catalytic
activities over five consecutive runs. Borowski et al’®
successfully partially hydrogenated anthracene under mild
conditions (3 bar H, pressure, 80 ©°C) using the
homogeneous bis(dihydrogen) Ru complex 8. The reaction
selectively hydrogenated the terminal aromatic rings,
yielding a mixture of 4H-anthracene and 8H-anthracene.
Hydrogenation of the first ring was significantly faster than
the second. However, prolonged reaction times resulted in
catalyst decomposition and metal precipitation, preventing
complete conversion to the 8H-anthracene. Chatterjee
et al® utilized a dinuclear monohydrido-bridged ligand
complexed to  Ru[{(n®p-cymene)RuCl},(u-H-u-Cl)]  (9),
demonstrating exceptional efficiency and selectivity in the
hydrogenation of diverse arenes and heteroarenes. The
complete hydrogenation of various arenes (including
benzene, toluene, naphthalene, and anthracene) to the
generated cycloalkanes was achieved in high yields using 1
mol% catalyst loading (90 °C, 50 bar H,, 40 h). However,
further analysis revealed that the arenes are hydrogenated
by in situ-generated Ru NPs.

View Article Online

Review
3.2. Catalysts based on earth-abundant metals

Muetterties and Hirsekorn® in 1974, developed the
tris(phosphite) cobalt allyl complex 11 (Fig. 4), employed in
homogeneous arene hydrogenation. Under mild conditions,
hydrogenation of arenes was observed, tolerating mesitylene,
xylene, and naphthalene, and resulting in cis-cycloalkanes in
all instances. At 25 °C, benzene hydrogenation to cyclohexane
occurred at a slow rate, with approximately 20 catalyst cycles
completed in 48 h. A comprehensive mechanistic analysis
suggested that the cis selectivity stemmed from consecutive
syn additions of a Co-allyl hydride over the arene's C-C
bonds, followed by the reduction of the diene and olefin
products, thus indicating homogeneous catalysis.®*
Rothwell®® has shown that Nb and Ta complexes with
sterically shielded alkoxide ligands are efficient precatalysts
in the all-cis arene hydrogenations.

The tantalum trihydride complex 12 could be separated
and utilized directly, whereas the phosphine-free niobium
counterpart was generally produced in situ through
hydrogenolysis of the tribenzyl-ligated precursor.®>

A Mo-catalyzed arene hydrogenation method was
developed by Joannou et al.®® in 2018. The pyridine(diimine)
Mo catalyst [(4-‘Bu-""PDI)Mo(CH,SiMe;),] (*"PDI: 2,6-(2,6-
(C(CH3),H),CcH3N=CMe),CsH3;N) 13  was able to
hydrogenate benzene and substituted arenes,
employing a 5 mol% catalyst loading at 60 °C, 4 bar of H,,
and 24 h, demonstrating that the barrier to hydrogenating
arenes can be greatly reduced by transition metal complexes.
Then Hierlmeier et al®® investigated Mo cyclohexadienyl
complexes [(PIP)Mo(COD)] (PIP: phosphino(imino)pyridine,
COD: 1,5-cyclooctadiene) 14-16 in the hydrogenation of
benzene. Cyclohexane was produced using 0.18 mol%
catalyst loading (at 23 °C, and 6.89 bar H, pressure).
Scheme 2 illustrates the suggested catalytic cycle. When
using the iso-propyl-substituted variant 16, a turnover
number (TON) of 56 was obtained. This was a significant
improvement over the previously reported system [(4-‘Bu--
PrPDI)Mo(CH,SiMe;),],** which had a TON of 19 at 23 °C.
The system also catalyzed the hydrogenation of toluene to
form methylcyclohexane at 4 bar H, pressure. The
development of the above Mo catalysts demonstrates that, in
homogeneous arene hydrogenation, an arene incorporation
into the metal-hydride bond proceeds with a relatively
minimal kinetic barrier when using Mo phosphino(imino)

several

1 Me
Ru (3.64x10-* mmol) : ! /@
! N
H, (5.0 MPa) ; Me N
140 °C : \ H.0
S4Giminpl Conversion 20.7% 82% 18% : e ’
H ~ \ l 7/
Ni (3.95x104 mmol) ! N o/'\]n ~¢i
H, (5.0 MPa) : / H,0
I 2
100 °C ! =N 6:M=Ru
340 mmol Conversion 4.6% 29% 71% =1

Scheme 1 Benzene hydrogenation catalyzed by Schiff base-coordinated Ru and Ni complexes.
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Fig. 4 Selected earth-abundant metal catalysts for hydrogenating homocyclic LOHCS.
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the Mo-catalysed arene

pyridine complexes.®® The first step begins with the n°

binding of the arene, after which the dihydrogen undergoes
oxidative addition to the metal. Then, inserting the arene's
C(sp®)-C(sp?) bond into a metal hydride bond results in the
formation of a cyclohexadiene complex, followed by reductive
elimination. Subsequent hydrogenations proceed similarly
through oxidative addition, insertion, and reductive
elimination steps to afford the cycloalkane. Furthermore, a
similar approach, commencing with the dihydride Mo
complex, is conceivable.®® Viereck et al.®® also demonstrated
the hydrogenation of naphthalene derivatives using
enantioenriched Mo complex 17, [4-‘Bu-(*"OIP)Mo(COD)]
(OIP: oxazoline imino(pyridine)). Results indicated that
hydrogenating the various substrates (eight examples)
produced the corresponding decalin in yields ranging
between 45 and 95% with enantioselectivities up to 95% ee.
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Klabunde et al.®® reported that the n°nickel(n) catalyst 18
reduces toluene to methylcyclohexane under high H,
pressure (101 bar) at 25 °C. However, the complex showed
signs of decomposition, forming C¢FsH and inactive Ni(0)
species; hence, the observed TONs were limited to <10. A
Ti(wv)-guanidine complex (19) was used in the hydrogenation
of various poly and monocyclic aromatics. The substrates
(toluene-d8, benzene-d6, anthracene, and naphthalene) were
reduced to afford the corresponding cyclohexanes at 80 °C
under very low H, pressure. NMR data (*H, *H, and “C
NMR) suggested that the Ti catalyst 19a was converted Ti
catalyst 19b, which is the active species when H, is
introduced, as illustrated in Scheme 3.%”

In 2019, Zeng and coworkers® reported the
regiocontrolled polycyclic hydrocarbons hydrogenation with
Cr and Co catalysts at ambient temperature for the first time.
Using CrCl; and MeMgBr with diamino ligands in THF, only
one terminal benzene ring of anthracene was selectively
hydrogenated at 50 bar H, pressure. In contrast, when
Co(acac); was used, both terminal benzene rings in the
anthracene framework were hydrogenated when using
isopropanol and MeMgBr at ambient temperature (RT) in
THF, under 80 bar H,. The proposed mechanism involves
low-valent metal species as active catalysts that undergo
migratory insertion into the C—C bond of anthracene,
forming an intermediate that is subsequently hydrogenated,
and the active species is regenerated.

Johnson et al.®® in 2025 reported benzene hydrogenation
utilizing early transition metal catalyst precursors. Diverse
precursors, including transition metal complexes of groups 4
and 5, were investigated for benzene hydrogenation. For
group 4, homoleptic -CH,Bu complexes, [M(CH,'Bu),] (M =
Ti, Zr, Hf), were selected, while group 5 catalysts were based
on -CH,SiMe; ligands, specifically [V(CH,SiMes);(THF)] and

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Interconversion between titanium catalysts 19a and 19b.%”

[M,(u1,-CSiMe,),(CH,SiMe;),] (M = Nb, Ta). In all cases, 'H
NMR spectroscopy confirmed cyclohexane as the sole product
after catalysis. The results illustrated that employing milder
reaction conditions (120 °C, ca. 27 bar H,), groups 4 and 5
transition metal complexes are catalysts in
hydrogenating benzene. The most active catalysts were Nb-
and Hf-based, achieving initial TOF values of 1055 and 1155
mol C¢He mol M h™' respectively. Remarkably, under
identical reaction conditions, these TOFs exceed those
achieved with conventional heterogeneous catalysts, such as
RANEY® Ni and 5 wt% Pd/C, thus highlighting the potential
of group 4 and 5 metal complexes as effective alternatives for
use in benzene hydrogenation.

active

3.3. Reversible hydrogenation of aromatic LOHCs using
homogeneous catalysts

Ir pincer complex 10 was demonstrated in homogeneous
catalysis by Jensen for hydrogen storage/release in aromatic
hydrocarbons.”””" Complex 10 showed activity for the
reversible hydrogenation of the methylcyclohexane/toluene
pair (Scheme 4). The oxidation reaction proceeded inside a
reaction chamber fitted with a tubular membrane enabling

[ir); > 190 °C

[Ir]; > 100 °C
10 bar H,

selective H, gas permeation at 190 °C. The hydrogenation
also proceeded in the same flask at 10 bar H, pressure and
>100 °C. Table 3 provides a summary of catalysts discussed
for the homogeneous hydrogenation of homocyclic LOHCs.

4. Advances in homogenously
catalyzed (de)hydrogenation of
N-heterocyclic compounds

4.1. Quinolines

The quinoline moiety (Fig. 5) is an attractive candidate for
LOHCs. Quinolines are liquid at ambient conditions, with
high boiling and melting points as outlined in Table 4.>%7>
Quinolines are primarily derived from fossil oil processing,
wood preservation, or can be synthetically produced from
anilines.”® Quinoline derivatives are also found in many
natural products, particularly quinoline-based alkaloids.”?
Although the HSC of quinolines is very high, the high
dehydrogenation enthalpy of 61.9 kJ mol",”* moderate
toxicity (LD50 = 460 mg kg™), and potential adverse effects
on organisms across various trophic levels and food chains”
limit their widespread application in LOHC technology.”®

H\ ‘\H

Ir —P(Bu,)
W H
: 10

D=
; ('Bu)P

Scheme 4 Reversible hydrogenation of toluene/methylcyclohexane with Ir complex 10.

This journal is © The Royal Society of Chemistry 2026
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of homocyclic LOHCs (as discussed above) and key metrics

Conv. Selectivity TOF
Catalyst Substrate/product (%) (%) TON (h™)
[Ru( p-cymene)(n*-TRIPHOS)CI][PF,] Benzene/cyclohexane 476
Toluene/methylcyclohexane 205
[Ru(n>-C5H;)CI(TPPDS),] Benzene/cyclohexane 43
Toluene/methylcyclohexane 80
[Ru(m®-C1oH14)(pta)Cly] Benzene/cyclohexane 170
Toluene/methylcyclohexane 130
[Ru(n®-C1oH14)(TPPTS)Cl,] Benzene/cyclohexane 488
Toluene/methylcyclohexane 365
[Ru(m®-C1oH14)(pta),Cl]" Benzene/cyclohexane 150
Toluene/methylcyclohexane 129
[Ru"(3-hydroxyquinoxaline-2-carboxalidene-4-aminoantipyrine)(Cl) Benzene/cyclohexane 20.7 82 — 5372
(H,0),]H,0
[RuH,(n*-H,),{P(CeH11)3}2] Anthracene 100 4Hanth = 0.3
99.3
8H anth =0.7 50
[{(n®-p-Cymene)RuCl},(u-H-p-Cl)] Benzene/cyclohexane 90 150
Toluene/methylcyclohexane 90
Naphthalene/decalin >99
Anthracene/tetradecahydroanthracene 40
RhCl;-3H,0/TPPTS Benzene/cyclohexane 57 100 204
400
[Ni"(3-hydroxyquinoxaline-2-carboxalidene-4-aminoantipyrine)(CI) Benzene/cyclohexane 5.5 31 1718
(H0),]-H,0
(4-'Bu-"""PDI)Mo(CH,SiMe;), Benzene/cyclohexane 98 19
[(PIP)Mo(COD)] Benzene/cyclohexane 56
4-"Bu-("*"01P)Mo(COD) Naphthalenes/decalins 45-95%
[n°®-Toluenebis-(pentafluorophenyl)nickel(i)] Toluene/methylcyclohexane <10
[(n°*-ImPPPN) (¥ touan)Ti] Benzene-d6/cyclohexane-d6 1 0.05
Toluene-d8/methylcyclohexane-d8 1.8 0.09
Naphthalene/tetralin 4.4  0.22
Anthracene/octahydroanthacene 4.6 0.23
[Ti(CH,'Bu),] Benzene 23 173
[Zr(CH,'Bu),] Benzene 97 691
[Hf(CH, Bu),] Benzene 96 1155
[V(CH,SiMe;);(THF)] Benzene 0 0
[Nb2(u,-CSiMe;),(CH,SiMe3), | Benzene 98 1055
[Tay(u,-CSiMes),(CH,SiMe3), | Benzene 44 177

bz ~ l: :[ N
N N Z
quinoline 2-methylquinoline isoquinoline

Fig. 5 Structures of selected quinolines used as LOHCs.

Table 4 Properties of selected quinoline derivatives®®”?

Quinoline Melting point  Boiling point HSC
derivative State (°C) (°C) (Wt%)
Quinoline Liquid -40 238 7.2
2-Methylquinoline  Liquid -9 247.6 6.6
Isoquinoline Liquid 27 243.3 7.2

4.1.1. Catalysts for hydrogenation of quinolines. A range
of homogeneous catalysts has been investigated for quinoline
hydrogenation, utilizing earth-abundant and precious metal
complexes. Methods such as direct and transfer
hydrogenation (TH) have been applied to quinolines. The
subsequent sections describe the catalysts implemented in
these methods.

570 | React. Chem. Eng., 2026, 11, 562-595

4.1.1.1. Direct hydrogenation. Pressurized H, gas is
required for direct hydrogenation, necessitating complex
high-pressure equipment. Despite this, direct hydrogenation
offers benefits such as high efficiency, yielding products of
high purity, and easy scalability for industrial use.”® Various
earth-abundant metal complexes have been employed to
hydrogenate quinolines and other N-heterocycles directly
(Fig. 6). For instance, an efficient cobalt catalyst for
hydrogenating a diverse group of compounds was designed
by Duan et al.”® utilizing the moisture and air-stable, scalable
complex (20), which is easily activated by potassium
hydroxide. Quinolines bearing different groups were
quantitatively hydrogenated effortlessly using 0.1 mol%
catalyst loading and 10 mol% KOH in ‘PrOH under 30 bar H,
at 100 °C for 48 h. The half-sandwich [WCI(n’>-Cp)(CO);]
complex (21) was explored for the homogeneous reduction of
quinolines using pressurized H, gas.”” Applying 2 mol%
catalyst loading in ‘PrOH, under high H, pressure (50 bar),
afforded 94% tetrahydroquinoline (THQ) in 14 h. Bench-
stable nickel complexes with metallated tripodal ligands (22)
efficiently hydrogenated quinoline quantitatively to THQ with

This journal is © The Royal Society of Chemistry 2026
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23 24

Fig. 6 Catalysts reported for the direct hydrogenation of quinolines.

a catalyst loading of 2.5 mol% in toluene under 10 bar H, at
30 °C for 15 h.”® Papa et al”® reported room temperature
N-heterocycle hydrogenation catalysis using NNP-Mn(i)
pincer complex (23).

At 20 bar H, pressure, catalyst loading of 2.5 mol%, and
10 mol% of KO‘Bu in THF, hydrogenating various quinolines
resulted in excellent conversions. Relative to the earlier
results reported by employing MnCOsBr as a catalyst, it was
revealed that complex 23 was superior in hydrogenating
quinolines with substituents at positions 5 and 8.”° Kumar
et al.®® designed a bis-NHC-armed CN"C-Mn pincer catalyst
(24), hydrogenating heteroarenes efficiently. In particular,
quinoline was hydrogenated to 1,2,3,4-THQ in 97% yield
using 2 mol% catalyst loading, 20 mol% KO'Bu under 60 bar
H, pressure, and 120 °C for 12 h. The group also reported a
mesoionic carbene-Mn(1) complex (25) in N-heteroarene
hydrogenation. However, only 20% product yield was
achieved when quinoline was reduced under the optimum
reaction conditions.®

4.1.1.2. Mechanistic studies. In efforts to further
understand the mechanism, Michaliszyn et al”® employed
DFT methods (B3LYP/6-31g*) with a focus on the heterolytic
activation route of H, as illustrated in Scheme 5. The initial
intermediate, Ni-quinoline adduct (19), is 15.1 kcal-mol™
more stable than the decoordinated complex (17).
Coordination of H, to 17 forms 1™* (AG = 19.1 kcal mol™
from 1Q) through a low-energy transition state, yielding a
highly labile n*H, complex. Notably, n*H, coordination
elongates the trans Ni-C bond by 0.037 A, similar to the effect
of quinoline coordination (0.045 A). The oxidative addition of
H, to Ni(u) was ruled out due to a high activation barrier
(AG* = 33.4 kecal mol ™). Instead, heterolytic H, activation is
facilitated by quinoline. The formation of the 17*™** adduct
stabilizes 1™ (AG = -3.1 kecal mol ™), followed by a low-energy
transition state (AG* = 0.7 kcal mol ™), resembling frustrated

This journal is © The Royal Society of Chemistry 2026
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Lewis pair behavior, where Ni acts as a Lewis acid and
quinoline as a base. This results in exergonic H-H bond
cleavage, weakening the Ni-C bond via trans effect
(elongation 0.076 A). Molecular orbital analysis reveals that
H, destabilizes the Ni-C bond in 1%, with its LUMO (Ni d,)
resembling that of 1NTf,, where NTf, is weakly coordinating.
The 17> adduct stabilizes the Ni-C bond through C-Ni-H
interaction, showcasing the electronic flexibility of Ni.
Following heterolytic cleavage, the protonated quinoline
(4aq) undergoes nucleophilic attack by Ni(u)-H at position
4 (AG* = 5.6 kcal mol™; overall barrier = 19.6 kcal mol™),
yielding 4anp,am). A rapid isomerization equilibrium with
431,41 [AG*t = 5.5 kecal'‘mol™) aligns with previous reports
and deuteration experiments.82 Finally, 4ag;y 4 undergoes
heterolytic H, activation to form 4awpsm,am), followed by a
barrierless Ni(u)-H attack at position 2, yielding the final
product (5a).”*

4.1.1.3. Transfer hydrogenation. Transfer hydrogenation
(TH) refers to the process of adding hydrogen to a molecule
using an alternative source of hydrogen instead of molecular
hydrogen, as it offers a practical and efficient way to produce
various hydrogenated substances. This method serves as a
useful alternative to DH. TH has recently attracted significant
attention in hydrogenation research. The advantages of TH
include (i) the absence of hazardous pressurized H, gas and
complex experimental setups, (ii) its availability and low cost,
and the ease of handling the hydrogen donors, (iii)
recyclability of the main byproduct, and (iv) ease of access to
and the stability of the catalysts used.®®> TH offers a
straightforward and viable substitute for traditional
hydrogenation methods and eliminates the need for high-
pressure apparatus or gas handling.®*

4.1.1.3.1. Using silanes as a hydrogen source. Bi and
coworkers®® reported an effective silver catalyst in reducing
electron-deficient N-heteroarenes and quinolines in aqueous

React. Chem. Eng., 2026, 11, 562-595 | 571
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Scheme 5 Proposed catalytic cycle. Red values show initial quinoline hydrogenation yielding 4an,4n) and isomerizing to 4agy 44). Green values
relate to the reduction of 4agy 4y to 5a’® (image reproduced with permission from John Wiley & Sons, Inc., all rights reserved).

medium with hydrosilanes, as illustrated in Scheme 6. They
reported that in just 10 min, 2-methylquinoline was reduced
to the 1,2,3,4-THQ derivative in 98% yield at RT. The system
enhances quinoline reduction in the absence of both a base

O oy

Scheme 6 Transfer hydrogenation of quinolines using silane as the
hydrogen source.

AgOTf (5 mol%)
PHSlH3 (4 equiv)

572 | React. Chem. Eng., 2026, 11, 562-595

and a ligand and performs under modest conditions.
Similarly, in 2022, the [Ir(COD)Cl],-catalyzed TH of various
quinolines was performed using hydrosilane as the hydrogen
source in methanol without any external ligand or base. The
system allowed for the scalable synthesis of the 1,2,3,4-THQ
core moiety under mild conditions.®®

4.1.1.3.2. Using FA as a source of hydrogen. In 1984,
Watanabe et al® reported the TH of quinolines using
dichlorotris(triphenylphosphine) Ru complex with FA acting
as a hydrogen transfer agent. The reactions were achieved
using stoichiometric amounts of FA at 180 °C. Quinoline and

This journal is © The Royal Society of Chemistry 2026
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2-methylquinoline were transformed to the respective THQ
derivatives in yields of 95% and 93%, respectively. In 2022,
Sun's group used in situ-generated Ir catalysts with chiral
2-pyridyl imidazoline ligands in an asymmetric TH of
quinolines and other N-heteroaryl compounds. When a
catalyst loading of 0.2 mol% with 2.5 equiv FA was utilized in
water at RT, the hydrogenation of 2-methylquinoline resulted
in 92% yield with 62% ee in 6 h.*®* Maji and Choudhury,*
achieved the TH of quinolines with a Cp*Ir half-sandwich
complex bearing an uracil-based bifunctional abnormal
N-heterocyclic carbene (NHC) ligand soluble in water.
Employing a catalyst loading of 0.06 mol% and the hydrogen
source as HCOOH/HCOONa buffer solution, they achieved
99% product yield (45 °C, 1 h). Cabrero-Antonino et al.’®
reported the first homogeneous earth-abundant metal
catalyst for the TH of quinolines in 2017. The active species
was generated in situ by combining (CoBF,),-6H,O with
tris(2-(-(diphenylphosphino)phenyl) phosphine ligand to
hydrogenate quinolines, giving up to 99% conversion. Similar
results were obtained with the analogous well-defined
complex of Co under the same reaction conditions.

4.1.1.3.3. Using ammonia borane as a hydrogen source.
Vermaak et al.®’ developed the first Ni(m)-catalyzed TH of
quinolines, where ammonia borane (AB) was utilized as the
source of hydrogen. They discovered that the precatalysts, an
in  situ-generated  Ni(u)-bis(pyrazolyl)pyridine  complex,
effectively hydrogenated quinoline derivatives, achieving
yields as high as 90% after 30 min at 25 °C. NMR analysis
indicated that the presence of a hydride Ni(u) complex
accounts for the TH of quinoline to 1,2,3,4-THQ, proceeding
through the 1,4-dihydroquinoline intermediate. Jia et al.°>
described the efficient TH of quinolines to form 1,2,3,4-THQ
with complexes based on Pd(u) containing NHC and bridged
phenylene bis(thione) ligands, where AB was employed as the
source of hydrogen under gentle reaction conditions.
Notably, higher activities were observed with binuclear
Pd(NHC) complexes relative to the Pd(NHC) mononuclear
complexes under identical reaction conditions. Wu's group
also reported TH of indoles and quinolines catalyzed by
zirconium hydride, with AB being the source of hydrogen.”
The yields of the hydrogenated products reached up to 94%,
with good tolerance toward diverse functionalities.
Preliminary mechanistic investigations suggest a concerted
activation pathway involving both N-H and B-H bonds.”

Maji et al.®® reported the hemilabile Mn complex with
amine, benzimidazole, and sulfur-containing ligands for the
TH of various quinoline derivatives, sourcing hydrogen from
AB. The well-defined complex could hydrogenate quinolines
to the corresponding THQ in up to 85% yield at 35 °C in
THF. Bhatt and Natte®® developed a no-ligand TH of various
heteroarenes employing a commercial homogeneous
RuCl;-xH,O precatalyst with AB as a hydrogen source. This
method is simple, user-friendly, and accommodates a diverse
range of functionalities, enabling even challenging
heterocycle substrates to be reduced. Under optimal reaction
conditions of 120 °C, 5-10 mol% catalyst loading, and 24 h

This journal is © The Royal Society of Chemistry 2026
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reaction time, quinoline and 2-methylquinoline were
hydrogenated to their THQ derivatives in isopropanol in
yields of 91% and 87%, respectively. Mao et al’®
demonstrated Mn-catalyzed asymmetric TH of quinolines
using AB hydrogen source in aqueous media. They reported
the reduction of an array of quinoline substituted at position
2, to their THQ derivatives, yielding up to 97% and ee's as
high as 99%. Furthermore, Chu et al®’ also demonstrated
the catalytic TH of quinolines to 1,2,3,4-THQs using Mn(i)
PNP pincer complex 26 (Fig. 7) with AB in the presence of
KO'Bu.

4.1.1.3.4. Other hydrogenating agents. Fujita et al.’® in
2004 developed an efficient approach to the TH of quinolines
using a Cp*Ir complex as the catalyst. This approach enabled
the chemo- and regioselective TH of quinolines with
isopropanol serving as the source of hydrogen, yielding a
range of 1,2,3,4-THQs. They discovered that adding
perchloric or triflic acid or other Brensted acids was
necessary to achieve protonation and activate the substrate
for effective hydrogenation (Scheme 7). In 2017, He et al.*’
developed a highly efficient TH of quinolines employing
Hantzsch ester as the hydrogen transfer agent using mild
reaction conditions. Utilizing 2.5 equiv Hantzsch ester and 1
mol% load of Fe(OTf), at 40 °C, quinoline was converted to
THQ in 96% yield. Various methyl-substituted quinolines
were also dehydrogenated with yields ranging 86-96%.
Recently, methyl formate was employed as a hydrogen source
in the TH of quinoline derivatives with an Ir(m) complex.
Using 0.2 mol% catalyst loading and 10 equiv. methyl
formate, quinoline was converted to THQ in 92% yield."*
Gong et al'™ also reported the Mn-catalyzed TH of
quinolines and other N-heteroarenes. The molecular Mn
complex catalyst system they developed employed 2-propanol
or ethanol as the hydrogen source. This straightforward
transformation demonstrates an efficient catalyst system and
high tolerance for various functional groups. Overall, this
advancement presents an effective and practical synthetic
approach for producing useful heterocycles. Employing DFT
studies revealed an outer-sphere mechanism, where the
3,4-dihydroquinoline pathway is preferred to either the 1,2-
or 1,4-dihydroquinoline routes in the TH of quinoline to
THQ. Additionally, the rate-limiting step involves
transporting a hydride to the Mn center from propan-2-olate,
which regenerates the catalyst.'*"

4.1.1.3.5. Mechanistic considerations of TH reactions.
Maji et al.”* proposed the mechanism illustrated in Scheme 8
for the Mn-catalyzed TH of quinolines with AB as the
hydrogen donor. Initially, the reaction of Mn complex with

Fig. 7 Structure of Mn() PNP pincer complex 26, R = ‘Bu.
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Scheme 7 TH of quinolines with isopropanol as the hydrogen
source.?®

AB afforded the pentacoordinate intermediate (Int-A) when
HBr and CO are eliminated via dehydrohalogenation
promoted by AB.?”*® Next, Int-B (Mn(1) hydride) was produced
via dehydrogenating AB by Int-A, releasing H,N-BH,.
Subsequently, the thiomethoxy side arm of the ligand is
dissociated, and quinoline is bonded to the metal center,
resulting in Int-C. Interestingly, adding an external source of
ligand dramatically decreased the yield of 1,2,3,4-THQ, and
the Mn(1) complex with a lightly bound hemilabile sulfur side
arm displayed better activity relative to the other complexes
with strongly bound ligands. Thereafter, the quinoline's C-N
bond is incorporated into the Mn-H bond, affording an
intermediate (Int-D). Afterwards, 1,2-dihydroquinoline is
produced through proton migration from the N-H ligand
backbone, regenerating Int-A, the active catalyst.
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4.1.1.4. Regioselective hydrogenation of carbocycles in
quinolines. In compounds with several aromatic components,
the ring with the minimal resonance energy preferentially
undergoes hydrogenation. For instance, it is well established
that the hydrogenation of quinolines and related compounds
occurs at the heteroaromatic ring, being the least
aromatic.'®> However, Borowski et al.'* hydrogenated certain
polynuclear N-heteroaromatic compounds with
bis(dihydrogen) Ru complex [RuH,(PCys),(H,),], 27 (Fig. 8),
and found the conversion of isoquinoline and quinoline to
their corresponding 5,6,7,8-tetrahydro carbocycle-
hydrogenated products under gentle conditions (Scheme 9).
Their findings indicated that RuH,(PCys), complexes engage
in n*coordination with the carbocycle, leading to
regioselective reduction under mild conditions.

Later, Urban et al.’® in 2011 reportedly employed a chiral
Ru complex with NHC ligands (28) in quinoxaline
asymmetric hydrogenation, affording the corresponding
carbocycle-hydrogenated products with good
enantioselectivity. Notably, the NHC ligand greatly influences
the regioselectivity, highlighting the impact of electronic
tuning in catalyst design. Kuwano et al.'®® also researched

Br
H
‘ |
| s
@ o
oc” | ™
ob O
Mn
+NHzBH
7 e
-co
H
|
N
N~ NHyBH, \ﬂAN
H N‘Mn// NHy BH,
ocI\CO NH,"BH,
Int-A
H
/ N ”\U;)
N
H\—N \
\ i T\]/\ l/5
N o
NN s | Neo
~Mn \ ocC
20N Int-B
oc
ob cO
Int-D

Scheme 8 Mechanism for the TH of quinoline using AB as hydrogen source.®*
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Fig. 8 Examples of Ru catalysts for the regioselective hydrogenation of carbocycles in quinolines.

the hydrogenation of isoquinolines and quinolines utilizing
the Ru/PhTRAP (29) in asymmetric catalysis. Again,
hydrogenating the carbocycle was preferred to the heterocycle
in isoquinolines and quinolines. In a different analysis by
Kuwano and colleagues, where the selective hydrogenation of
isoquinoline carbocycles was accomplished using Ru(n-
methallyl),(COD) together with the trans-chelate -chiral
PhTRAP (30) ligand, it was suggested that the diphosphine
ligand's huge bite angle could be essential for the remarkable
chemoselectivity.'’® Scheme 10 illustrates the plausible
pathways suggested for the hydrogenation of quinoline
carbocycles using Ru-based catalysts.'*>'%

Recently, Luo et al'® reported a highly selective
homogeneous Ru-catalyzed hydrogenation of the carbocyclic
ring in fused heteroarenes such as quinolines, isoquinolines,
and quinoxalines. The catalyst system consists of a Ru
complex with a chiral spiroketal-based diphosphine (SKP)
ligand 31. The method gives excellent chemoselectivity,
favoring 5,6,7,8-tetrahydro products over the conventional
1,2,3,4-tetrahydro counterparts. They also investigated
various ligands in Ru-catalyzed quinoline hydrogenation
using similar conditions as the SKP system.

The ligands (32-36 and 38, Fig. 9) gave inferior reactivity
and selectivity, while 37 and 39 resulted in poor conversion.
On the contrary, 40, an N-heterocyclic carbene, was highly
reactive but lacked selectivity. Interestingly, the 2,2"-
bipyridine ligand 41 favored the heterocycle-reduced product,
indicating  that the  competing  carbo/heterocycle
hydrogenation pathways are influenced by ligand electronics
and steric effects. Using [Ru(p-cymene)Cl,], instead of
Ru(methallyl),(COD) with 31 gave almost identical results,
suggesting a common active Ru species in both cases. The
mechanism involves an inner-sphere hydrogen transfer
pathway, where an initial n*-coordination of the carbocycle to
Ru facilitates metal-to-ligand hydride transfer, followed by
sequential oxidative addition of H, and reductive elimination
of C-H.

4.1.1.5. Full hydrogenation of  quinoline to
decahydroquinoline. Homogeneously catalyzed hydrogenation
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Scheme 9 Carbocyclic regioselective reduction of quinolines.
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of quinoline typically produces the THQ derivatives, whereas
the decahydroquinoline (DHQ) derivatives require more
stringent reaction conditions with heterogeneous catalyst
systems.?® In 2020, Chatterjee et al.”>® reported a one-pot dual
catalysis for hydrogenating arenes and heteroarenes using
the Ru complex [{(n°p-cymene)RuCll,(u-H-p-Cl)]. They
demonstrated that adding mercury or phenanthroline had
little or no impact on reducing quinoline to THQ. Indications
were that a molecular complex facilitates this transformation.
On the contrary, fully hydrogenating THQ or quinoline was
effectively halted when these poisons were present, implying
that Ru nanoparticles account for the carbocyclic ring
reduction. Considering their findings, they proposed that the
full reduction of quinoline is achieved via “dual catalysis”,
where an organometallic complex aids in the heterocycle
hydrogenation, and NPs produced in situ facilitate the
homocycle conversion.

Viereck et al.®® recently introduced an innovative catalyst
system for the diastereoselective and enantioselective
complete reduction of naphthalenes and quinolines. Utilizing
the earth-abundant Mo as a more sustainable transition
metal, they strategically identified an  oxazoline
imino(pyridine) ligand framework. Using a large tert-butyl
substituent on the pyridine ring proved essential for
achieving high enantioselectivity, even though it is positioned
further from the metal center. This extra steric hindrance
likely prevents hydrogenation of the pyridine, thereby
avoiding catalyst degradation and minimizing racemic
background reactions that could lower the enantiomeric

s
w2 | H,
R
J ThanB
N
R

R

Scheme 10 Suggested routes for isoquinoline

carbocycles, 105106

hydrogenating

React. Chem. Eng., 2026, 11, 562-595 | 575


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5re00486a

Open Access Article. Published on 16 February 2026. Downloaded on 4/6/2026 7:18:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

PPh,

30 32

= 1
: PPh,

Fe PPh,

36 37

View Article Online
Reaction Chemistry & Engineering

PPh,

PPh,
33 &
PPh,

PPh,
PPh,
34

PPh,

Cy
99 O
o . N
> P—N/ [ \> P
N \ N
CO e
Cy “ |

38 39 40

Fig. 9 Scope of ligands screened for the Ru-catalyzed hydrogenation of the carbocyclic ring in quinoline using the Ru(methallyl),(COD)

precursor.

excess. A series of quinolines with 2,6-disubstitution is
exposed to standard hydrogenation conditions. Remarkably,
every 2,6-disubstituted quinoline was converted to a DHQ
single diastereomeric product, establishing four stereocenters
in one process.

Hydrogenating 2,6-dimethylquinoline gave a 40% yield
with DHQ having over 98% ee. Furthermore, the
hydrogenation of 2-methylquinoline led to a 17% yield, with
its DHQ counterpart having 91% ee. As the position 6's
substituent surged in size, specifically in 6-isopropyl-2-
methylquinoline, the DHQ was obtained in 8% yield with a
77% ee. Altering the substituent at position 2 to a phenyl
group substantially slowed the reaction, resulting in a mix of
phenyl, heterocycle, and carbocycle reduction products, likely
resulting from the greater steric hindrance. The varied
product mix underscores the Mo catalyst's distinctive
reactivity, as it facilitates arene ring hydrogenation while
promoting enantioselective heterocycle hydrogenation. The
full reduction of the two rings in quinoline was peculiar to
the 2,6-substitution and moving away to different
substitution sites resulted in mixed products. Changing the
heteroarene substitution hindered full reduction yielding a
mixture with 18% carbocycle-reduced and 81% heterocycle-
reduced products (98% ee). This suggests that the full
hydrogenation of quinolines depends on their steric
environment. Furthermore, quinolines without substitution
next to a heteroatom did not get fully hydrogenated to DHQ;
instead, a mix of heterocycle and carbocycle-reduced
derivatives was detected.

4.1.2. Reversible quinoline hydrogenation catalyst systems.
The quinoline/DHQ pair has shown promise as an LOHC
system. However, research on the complete reduction of
quinoline and the corresponding dehydrogenation of DHQ
remains limited. Most studies have instead concentrated on
the quinoline/THQ pair, which has a lower HSC of 2.3
wt%.'%® In 2009, Yamaguchi et al'® reported the first
homogeneous catalyst system capable of effective and
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reversible hydrogenation of quinolines with the same
catalyst. The 5-trifluoromethylpyridonate Cp*Ir complex 42
(Fig. 10) allowed nearly quantitative dehydrogenation of
2-methyl-1,2,3,4-THQ to 2-methylquinoline under reflux in
p-xylene (20 h). The reaction was performed with 2 mol% 42
and repeated five times, with minimal efficiency loss. For
hydrogenation, similar conditions were used, but in an H,
atmosphere. At 110 °C and 1 bar H,, quinoline and
2-methylquinoline were converted to their hydrogenated
counterparts in almost quantitative yield, and the reaction
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Fig. 10 Examples of Ir complexes used for dehydrogenating THQ.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5re00486a

Open Access Article. Published on 16 February 2026. Downloaded on 4/6/2026 7:18:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Reaction Chemistry & Engineering

time decreased significantly upon increasing the H, pressure
to about 3 bar at 80 °C or 10 bar at 110 °C. The system
allowed for reversible transformations between quinolines,
repeated five times without a considerable drop in
performance. The mechanism was reported later in
2011‘110,111

Manas et al."** in 2015 reported on two Ir catalysts 43 and
44 for the reversible hydrogenation of quinaldine. Although
neither system surpassed 42 in terms of dehydrogenation
efficiency, both 43 and 44 are much more efficient for the
hydrogenation of quinaldine. Vivancos et al.'™ developed an
effective ~ approach  for reversibly (de)hydrogenating
derivatives of quinoline with a triazolylidene-based Ir
complex, operating in water without additives under mild
conditions. Complexes 45 and 46 were effective catalysts in
both reactions, with the reaction greatly influenced by the
partial pressure of hydrogen in the medium. Impressively,
when using 0.5 mol% 47 at 90 °C, the hydrogenation of
quinoline in water resulted in 100% conversion. Meanwhile,
the reverse dehydrogenation at 100 °C with 2 mol% catalyst
achieved 90% conversion.

These reversible catalytic transformations are highly
efficient in aqueous media, with the shift between
hydrogenation and dehydrogenation governed solely by the
presence or absence of hydrogen gas.

Similarly, Wang et al.'™ in 2019 successfully performed
both hydrogenation and dehydrogenation of the quinoline/
THQ pair using the electron-rich Ir catalyst 48 in aqueous
solution under mild conditions. However, the catalyst was
not recycled in multiple hydrogenation-dehydrogenation
cycles.

Choudhury's group successfully developed reusable,
bifunctional Ir-based catalysts for (de)hydrogenation of
N-heteroarenes in aqueous solution."*>''® These catalysts,
when used in aqueous media, were effective for (de)
hydrogenation reactions. The key design features included
the incorporation of an abnormal/normal N-heterocyclic
carbene (a/nNHC)-Ir(m) to enhance the stability and
robustness of the complex while facilitating efficient hydride
transfer due to the strong sigma-donor properties of the a/
nNHC ligand. In addition, a bifunctional metal-ligand unit
to promote cleavage of H-H (or N-H) bonds through
cooperative  mechanisms was employed, and the
incorporation of uracil nucleobase in the ligand structure
provided solubility in water through hydrogen bonding in the
complex's second coordination sphere. This design led to the
development of Ir catalyst 48 with long-term durability;
furthermore, it was capable of operating under mild
conditions, and high product yields could be achieved. Ru
complexes bearing multimodal proton-responsive CNN(H)
pincer ligands were also found to demonstrate considerable
activity in  both  quinoline dehydrogenation and
hydrogenation.""” Besides the platinum group metals (PGMs),
a few earth-abundant metal complexes have been employed
for the reversible hydrogenation of quinolines. In 2014,
Chakraborty et al.'*® used a molecular Fe complex bearing a

This journal is © The Royal Society of Chemistry 2026
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pincer bis(phosphino) amine ligand for the hydrogenation
and acceptorless dehydrogenation of N-heterocycles. Iron is
appealing, owing to its low toxicity, cost, abundance, and
having similar properties to Ir catalysts. The full conversion
of 1,2,3,4-tetrahydroquinaldine requires a reaction in xylene
at 140 °C for 30 h, using a catalyst loading of 3 mol%,
whereas the reverse hydrogenation involves a reaction for 24
h in THF at 80 °C, at high pressure (5-10 bar H,), using 10
mol% of KO'Bu. Furthermore, the acceptorless, reversible
hydrogenation reactions involving quinolines have been
reported to proceed with a molecular Co complex and pincer
aminobis(phosphine) [PN(H)P] ligand.''® Dahiya et al'**
reported a stable molecular Cp*Co(m)-catalyst for the TH of
quinoline  derivatives and cyclic amines oxidative
dehydrogenation in aqueous media. They reported that the
hydrogenation is facilitated by FA as a hydrogen donor,
whereas the dehydrogenation utilizes O, gas as the oxidant.
These methods open new opportunities to explore air-stable
Co catalysts for eco-friendly (de)hydrogenation processes.
4.1.3. Dehydrogenation of tetrahydroquinolines. In 2013,
Wu et al.'*' reported an oxidant-free, flexible catalyst system
for the acceptorless catalytic dehydrogenation of diverse
N-heterocycles. They performed catalytic dehydrogenation of
various 1,2,3,4-THQs under reflux (20 h) using 2,2,2-
trifluoroethanol as solvent and 0.1 mol% of Ir complex 49
(Fig. 11) and obtained the corresponding quinolines in very
high yields (up to 97%). Yao et al.’**> demonstrated the use of
the pincer Ir complex (50) in transfer dehydrogenation of
heterocycles and alkanes. For the hydrogen
tert-butylethylene was employed, and upon activation with
NaOBu at 120 ©°C in pw=xylene, 1,2,3,4THQ was
dehydrogenated to quinoline (76% yield). The transfer
dehydrogenation of N-heterocycles was satisfactorily
achieved, despite the substrates requiring a large loading of
~1-5 mol% of the Ir catalyst. In 2019, Jeong et al'*
examined the effect of substituents in a cyclopentadienyl
ligand on the acceptorless dehydrogenation of 2-methyl-
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Fig. 11 Examples of Ir complexes used dehydrogenating THQ.
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1,2,3,4-THQ catalyzed by Ir. The reactions proceeded in
toluene at reflux for 20 h. The best-performing catalyst
bearing bulky tert-butyl substituents exhibited excellent
activity, affording the dehydrogenated product
2-methylquinoline. The activity of a series of Ir complexes,
including 51, with diverse substituents on the cyclopenta-
dienyl follows the order ‘Bu > Me > Et > Pr > H.'*?

NCP-type pincer Ir complex (52) bearing a robust
benzoquinoline framework demonstrated efficient quinoline
dehydrogenation. Quantitative product yields were obtained
when THQ and tetrahydroisoquinoline were dehydrogenated
at 150 °C with a catalyst load of 1 mol%."**

Muthaiah and Hong'®® reported the Ru-catalyzed
dehydrogenation  of THQ derivatives  with
commercially available Ru-H complexes. Using 2.5 mol%
catalyst loading, Shvo's catalyst quantitatively
dehydrogenated tetrahydroisoquinoline at 165 °C in
mesitylene (24 h). The 1,10-phenanthroline-5,6-dione Ru
complex with Co(salophen) cocatalyst system was utilized in
dehydrogenating several THQs. The system exhibited efficient
activities, with various substrates, when 2.5 mol%
[Ru(phd);]," catalyst and 5 mol% Co(salophen) cocatalyst
loadings were used under ambient conditions."*® Their initial
studies compared the previously optimized phd/Znl, catalyst
with simple octahedral [Fe(phd);]," and [Ru(phd)s],"
complexes for THQ dehydrogenation. The phd/Znl, system
exhibited low activity, and the activity was lost after ~6-7 h,
resulting in <20% conversion. The [Fe(phd);]," had a
comparable rate on the onset but improved stability, while
[Ru(phd);]," exhibited significantly higher activity with 93%
quinoline yield achieved within 24 h. Adding Bu,NI (1 mol%)
confirmed that the redox couple (I/1*7) facilitates aerobic
oxidation of the hydrogenated catalyst. Noteworthy is that
THQ was dehydrogenated under optimized conditions to
afford 89% isolated product yield."*® Wang et al'*’
dehydrogenated THQ  derivatives utilizing  pyrazoyl-
indolylpyridine Ru(u) organometallics in good yields (up to
93%). With a monohydrido-bridged dinuclear Ru catalyst in
the acceptorless dehydrogenation of heterocycles, THQ was
converted to quinoline in 85% yield with 1 mol% catalyst
loading at 135 °C in toluene."®

Homogeneous Pd catalysts have also been utilized in the
dehydrogenation of THQs. For example, Wang et al'*

various

53

Fig. 12 Structure of Cu() complex for indoline dehydrogenation.
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achieved 92% yield when THQ was dehydrogenated using
Pd(MeCN),Cl, in dichloroethane at 120 °C in the presence of
O,. Similarly, when using 5 mol% Pd(OAc), with a
neocuproine catalyst system in DMF, THQ afforded quinoline
in 83% isolated yield in 1 h."** An inexpensive Cul catalyst
was used by Jung and coworkers™' for the dehydrogenation
of 1,2,3,4-THQ at RT under mild conditions. Notably, using
10 mol% each of Cul and di-tert-butyl azodiformate and 20
mol% 4-dimethylaminopyridine additives enhanced the
dehydrogenation to afford up to 92% quinoline yield."*" Shen
et al'® used 2 mol% Cu(l) complex 53 (Fig. 12) to
dehydrogenate THQs in utilizing 1,2-dichlorobenzene and O,
(120 °C, 3 h) to afford a high yield. This method is
advantageous as it is carried out in the absence of additives.
Zumbrigel et al."** used oxovanadium(v) complex with gentle
reaction conditions under O, to dehydrogenate THQs.

When using 10 mol% of the complex in water (60 °C, 1
bar O,, 48 h), 91% quinaldine was obtained from
tetrahydroquinaldine. In 2020, Bera et al'* reported
dehydrogenating N-heterocycles using a Ni catalyst and
molecular oxygen. Impressively, the system converted THQ to
quinoline in excellent yield.

4.2. Carbazoles

Carbazole is an alternative LOHC with a high HSC (6.7 wt%)
and stability under favourable conditions, hence ideal for
prolonged storage. Nonetheless, with a 68-70 °C melting
point, it becomes solid at RT following oxidation."*® The
structures of selected carbazoles used as LOHCs are
illustrated in Fig. 13.

Wang et al® studied dehydrogenating
N-ethylperhydrocarbazole using Ir pincer complexes 54-56
(Fig. 14). They tested the three catalysts at 200 °C and found that
they produced varied, partially dehydrogenated products:
N-ethyloctahydrocarbazole, — N-ethyltetrahydrocarbazole, and
N-ethylcarbazole (NEC). Catalyst 56 showed the highest activity,
where NEC was converted within 9 h to yield 70%
N-ethyloctahydrocarbazole and 30% N-ethyltetrahydrocarbazole.
Extending the reaction time led to further dehydrogenation,
resulting in 82% N-ethyltetrahydrocarbazole and 18% NEC, with
a TON that reached 436. Lowering the temperature to 150 °C,
the efficiency dropped significantly, producing only 23%
N-ethyloctahydrocarbazole and 2% N-ethyltetrahydrocarbazole.”
No evidence of dehydrogenation was observed in experiments
performed at 100 °C. This likely indicates that the high enthalpy
of the substrate imposes thermodynamic limitations at lower
temperatures.” According to later reports, the selective

Fig. 13 Structures of selected carbazole derivatives used as LOHCs.
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Fig. 15 Structures of indole derivatives.

dehydrogenations of perhydroindoles and perhydrocarbazoles
specifically occur at the five-membered rings."*®

4.3. Indoles

Indoles (Fig. 15), structurally akin to carbazoles, have
attracted interest as potential LOHC systems. These
compounds are readily accessible and exhibit favorable
LOHC characteristics, including positive kinetic and
thermodynamic profiles for hydrogen
perhydroindoles using relatively mild temperatures.
Table 5 details the properties of some commonly studied
indole derivatives as LOHCs.

The (de)hydrogenation of indoles and their derivatives,
such as 1-methylindole (1-MID), 2-methylindole (2-MID),
N-ethylindole (NEID), and 7-ethylindole (7-EID), among
others, has been primarily explored using heterogeneous
catalyst systems.’>"*? For example, Li et al.'*° demonstrated
the hydrogenation of 2-MID using a catalyst composed of 5
wt% Ru/Al,O; at temperatures between 120 and 170 °C,
with a rapid conversion rate. The subsequent
dehydrogenation of its hydrogenated form, 8H-2-
methylindole, was achieved with a 5 wt% Pd/Al,O; catalyst
at temperatures ranging from 160 to 200 °C, resulting in
complete dehydrogenation within 4 h at 190 °C, without
any side reactions. Compared to heterogeneous catalysts,
the use of homogeneous catalysts in these transformations
for applications in LOHCs is rather limited. The

from
137,138

release

Table 5 Properties of some commonly studied indole derivatives as LOHCs'
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homogeneously catalyzed (de)hydrogenation of indole
derivatives is discussed in the sections that follow.

4.3.1. Homogeneously catalyzed hydrogenation of indoles.
Asymmetric hydrogenation of indoles is among the direct
and atom-economical approaches for synthesizing chiral
indolines, as it directly converts the starting material without
requiring additional functionalization steps.'*' A highly
effective process in the hydrogenation of various N-protected
indoles was developed using Ru and Rh complexes.'*>"*
Baeza and Pfaltz'*® further advanced the field by developing
an Ir/N,P-catalyzed hydrogenation system that gave high
enantioselectivity but suffered from low reactivity. Despite
these advances, hydrogenating simple, unprotected indoles
efficiently using asymmetric synthesis is a persistent hurdle
for organic chemists.

Wang et al.'*' in 2010, reported the first example of a
highly enantioselective hydrogenation of simple indoles
using  Pd(OCOCF;),/(R)-H8-BINAP  (BINAP = 22
bis(diphenylphosphino)-1,1’-binaphthyl, 57), activated using a
Bronsted acid (Scheme 11). Notably, 2-methyl-1H-indole was
readily hydrogenated. Up to 95% conversion and 91% ee were
achieved when using 2.4 mol% (R)-H8-BINAP and 2 mol%
Pd(OCOCFs;), for 24 h at room temperature. The researchers
proposed that the reaction's enantioselectivity results from
the reversible protonation of the substrate, which allows
selective hydrogenation of only the targeted enantiomer of
the activated indole.

Nufiez-Rico et al'*® subsequently demonstrated the
asymmetric hydrogenation of unprotected indoles employing
in situ-generated Ir complexes obtained as a single
enantiomer from phosphine-phosphite (P-OP) ligand 58
(Fig. 16). The hydrogenation of 2-methyl-1H-indole with 1
mol% Ir precatalyst in THF (rt, 80 bar H,), using
stoichiometric quantities of sulfonic acid additives, resulted
in 2-methylindoline. Interestingly, the conversion was
dependent on the acid strength, where organic acids gave
conversions of up to 20% while the stronger sulfonic acid
derivatives elevated the conversions up to ~80%. Several
reaction conditions were investigated, encompassing the
reaction time, solvent type, and catalyst loading. Using the
optimal reaction conditions, various indole derivatives were
successfully hydrogenated to achieve high conversions (up to
92%) and 91% ee.'*®

20,53,54

Indole/carbazole derivative mp (°C) bp (°C) HSC (Wt%) AH (k] mol™ H,) Ref.
Indole/8H-indole 6.4 53.6 20
1-MID/8H-1-MID -20/-25 239/230 5.76 51.9 20
2-MID/8H-2-MID 57 273 5.76 51.7 20
NEID/8H-NEID -17.8 253.5 5.23

7-EID/8H-7-EID -14/-20 230/230 5.23

H-Carbazole 246.3 6.7 48.1 54
N-Methylcarbazole 89 6.2 49.1 54
N-Ethylcarbazole 70 363 5.7 47.8 53, 54

1-Methylindole (1-MID), 2-methylindole (2-MID), N-ethylindole (NEID), 7-ethylindole (7-EID), 8-ethylindole (8-EID).

This journal is © The Royal Society of Chemistry 2026
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Scheme 11 Enantioselective reduction of unprotected indoles.***

Wen et al."*” demonstrated that an effective catalyst system
using a Rh/ZhaoPhos complex performs remarkably in acidic
media. Various substituted indoles were reduced, resulting in
appreciable enantioselectivities. Impressively, 2-methylindole
was hydrogenated to afford 2-methylindoline in 98% yield and
98% ee with a substrate/[Rh(COD)Cl],/ligand ratio = 100/0.50/
1.0 (rt, 40.53 bar H,, 48 h)."*” In another study, the conversion
of indole to indoline was accomplished in quantitative yield
when using a catalytic system derived from [{(n°p-cymene)
RuCl},(u-H-p-Cl)] (90 °C, 50 bar H,, 40 h). After combing
various approaches comprising kinetic studies, in situ reaction
monitoring, electron microscopy, and poisoning evaluations,
the suggestion was made that the initial Ru complex functions
as a precatalyst, and the heteroarene reductions are rather
facilitated by a monomeric Ru complex.”® Table 6 provides a
summary of the catalysts for homogeneous hydrogenation of
the various N-heterocyclic LOHCs discussed above.

4.3.2. Dehydrogenation of indolines. Complex 56 acts as
an active catalyst for dehydrogenating perhydroindole, but
only releases one equivalent of H, after heating at 200 °C for
3 h. Further heating for 3 days does not lead to additional
dehydrogenation, which indicates that dehydrogenation
proceeds only over the C-N bond, not the C-C bond. The
catalytic dehydrogenation of N-methylperhydroindole, a
tertiary amine, was explored in an effort to avoid the
formation of imines. At 150 °C, 2.9 wt% H, was discharged
after a week. Nearly complete dehydrogenation to the
N-methyltetrahydroindole intermediate was realised, but
dehydrogenation to N-methyl indole could not proceed
further. Within an enclosed reactor charged with a hydrogen
acceptor, about 92% N-methyltetrahydroindole and 7%
N-methylindole were observed after 6 days at 150 °C. At 200
°C, the reaction mixture reached a 3:1 equilibrium between
N-methyltetrahydroindole and N-methylindole, eliminating

Ph,|

Fig. 16 Structure of the P-OP ligand.
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(R)-H8-BINAP (57)
over 4 wt% hydrogen. Thus, the kinetic barrier to

dehydrogenation is overcome at higher temperatures, leading
to thermodynamic control."*®

Later, Brayton and Jensen,"*® explored the solvent-free
dehydrogenation of various perhydroindolic substrates,
including N-methylperhydroindole (MePHI), using Ir complex
56. The dehydrogenation of the heterocyclic ring in all
indolic molecules commenced at 170 ©°C, while the
cyclohexane ring remained unaffected until 200 °C.
Consequently, the reactions were conducted at 195 °C to
achieve an optimal dehydrogenation rate, without affecting
the cyclohexane ring. To recover the products, filtration
through an alumina plug or distillation was employed.
MePHI gave a quantitative yield with 1 mol% of complex 56
after 48 h. However, benzoyl perhydroindole, perhydro-2-
methylindole, perhydroindole, and perhydroskatole exhibited
low dehydrogenation yields of 6%, 1.5%, 3%, and 2.5%,
respectively, with only slight improvements achieved when
both catalyst loading and reaction time were increased.

Wang et al.'™ achieved a 97% conversion when indole
was hydrogenated at 120 °C with an electron-rich Ir complex
bearing a dipyridyl amine ligand, using just 0.2 mol%
catalyst loading. Additionally, the rare-earth praseodymium
catalyst was developed to efficiently dehydrogenate indoline
in high yield. Utilizing 7.5 mol% catalyst loading and
15 mol% 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
additive, indoline was dehydrogenated to 98% (1 bar O,,
12 h). This approach showed excellent compatibility with
various functional groups, such as quinoline, under mild
conditions (Scheme 12).**°

In 2020, Kawauchi et a used Grubb's catalyst to
perform the aerobic dehydrogenation of N-heterocycles.
Using 0.1 mol% catalyst in EtOAc for 46 h, indoline was
dehydrogenated in 90% yield at 70 °C.**° Ru hydride
complexes with a pyrazolyl-(2-indol-1-yl)-pyridine ligand
effectively catalyzed the acceptorless dehydrogenation of N-
heterocycles, showcasing high catalytic efficiency across a
wide range of substrates. Notably, indoline was converted
into 82% yield of indole. Substrates of indoline featuring a
2-Ph, 2-Me, or 3-Me groups were also dehydrogenated
efficiently, resulting in indoles with yields ranging from 78%
to 91%."” Osmium polyhydride was also identified as an
efficient catalyst precursor for dehydrogenating cyclic amines
to aromatic heterocycles. With 10 mol% catalyst loading and
a temperature of 140 ©°C, excellent conversion of
2-methylindoline to 2-methylindole was achieved.”” Liu's
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Table 6 Summary of catalysts for homogeneous hydrogenation of N-heterocyclic LOHCs
Catalyst Substrate/product Conv./yield(%) Selectivity (%) Ref.
Co-Tetraphosphine Quinoline/1,2,3,4-1,2,3,4-THQ >99 — 76
[WCl(n®-Cp)(CO)s] Quinoline/1,2,3,4-THQ 94 — 77
[Ni(TIM(PAr),);](NTE,) Quinoline/1,2,3,4-THQ 99 — 78
NNP-Mn(1) Quinoline/1,2,3,4-THQ >99 — 79
CN"C-Mn Quinoline/1,2,3,4-THQ 97 — 80
Imidazolylidene-Mn(1) Quinoline/1,2,3,4-THQ 20 — 81
AgOTf 2-Methylquinoline/1,2,3,4-THmQ 98 —_ 85
[Ir(cod)Cl],/hydrosilanes Quinoline/1,2,3,4-THQ 94 — 86
Ru(PPh;);Cl, Quinoline/1,2,3,4-THQ 95 80 87
2-Methylquinoline/1,2,3,4-THMQ 93 100
Ir/imidazoline 2-Methylquinoline/1,2,3,4-THmQ 92 62 (ee) 88
Cp*Ir/uracil-NHC Quinoline/1,2,3,4-THQ 99 — 89
(CoBF,),-6H,0/phosphine Quinoline/1,2,3,4-THQ 99 — 90
Ni(u)-bis(pyrazolyl)pyridine Quinoline/1,2,3,4-THQ 97 — 91
NHC-Pd(u)-SCS Quinoline/1,2,3,4-THQ 95 — 92
Cp,ZrH, Quinoline/1,2,3,4-THQ 94 — 93
Mn-benzimidazole Quinoline/1,2,3,4-THQ 85 — 94
RuCl;-xH,O Quinoline/1,2,3,4-THQ 91 — 95
2-Methylquinoline/1,2,3,4-THMQ 87
Mn(i) PNP Quinoline/1,2,3,4-THQ 97 99 (ee) 96, 97
Cp*Ir Quinoline/1,2,3,4-THQ 93 — 98
Fe(OTf), Quinoline/1,2,3,4-THQ 96 — 99
Ir(m) NAN Quinoline/1,2,3,4-THQ 92 — 100
Mn-PNP Quinoline/1,2,3,4-THQ 99 —_ 101
Mn(i) PNP Quinoline/1,2,3,4-THQ 94 — 102
[RuH,(PCy;),(Hs),] Quinoline/5,6,7,8-THQ 100 99 103
Isoquinoline/5,6,7,8-THiQ 88.5 100
Ru/PhTRAP 2-Phenylquinoline/5,6,7,8-THpQ 97 97 104
Ru-Ph-SKP Quinoline/5,6,7,8-THQ >99 >99 105
[{(n®-p-Cymene)RuCl},(u-H-p-Cl)] Quinoline/DHQ >99 98 (ee) 65
Mo/oxazoline imino(pyridine) 2,6-Dimethylquinoline/2,6-dimethyl DHQ 100 98 (ee) 64
2-Methylquinoline/2-methylDHQ 100 91 (ee)
Pd(OCOCFs;),/(R)-H8-BINAP 2-MID/2-Methylindoline 95 91 (ee) 141
Ir/P-OP 2-MID/2-Methylindoline 80 91 (ee) 146
Rh/ZhaoPhos 2-MID/2-Methylindoline 99 98 (ee) 147
group also developed a technique involving 2 mol% of copper ~ where Crabtree's catalyst ([Irf(COD)(py)(PCys)]PFs) was

complex 46, with 10 mol% of TEMPO additive and oxygen as
an oxidant, at RT in THF, to afford high yields of indoles."**
4.3.3. Reversible hydrogenation of indoles. Chakraborty
et al'™® demonstrated the reversible N-heterocycles (de)
hydrogenation using molecular Fe catalysts. Using 3 mol%
catalyst loading and refluxing in xylene for 30 h,
2-methylindoline was dehydrogenated in 86% yield. Similarly,
2-MID was hydrogenated up to 69% yield in 24 h, using 3
mol% catalyst loading and 10 mol% of KO'Bu in THF at 80
°C. Interestingly, using a Co catalyst,"'® 2-methylindoline was
quantitatively converted at 150 °C in xylene, whereas the
reverse hydrogenation produced only 19% yield at 120 °C.
Sogaard et al.'*® developed a biphasic catalytic system for
hydrogen storage using the 2-MID/2-methylindoline pair,

7.5 mol% PrCl,.7H,0 R1—Ar/\/Ht\'—R3
15 mol% DDQ \/\GJ
0, (1 bar), 60 °C l?‘
R2 R2

Scheme 12 Aerobic dehydrogenation of N-heterocycles using rare-
earth metal catalysts.**”

This journal is © The Royal Society of Chemistry 2026

immobilized in [PPh,][NTf,] with PPh; as a stabilizing ligand.
The system demonstrated efficient dehydrogenation at 130
°C and was recyclable with minimal loss in activity. However,
complete hydrogenation was not achieved at 30 bar H,
pressure. The dehydrogenation rate did show good Arrhenius
behavior, exhibiting an apparent activation energy of 127.3 kJ
mol ™. While the catalyst's activity decreased slightly during
recycling, it remained effective for both dehydrogenation and
hydrogenation. The hydrogenation rate was slower than the
dehydrogenation rate, indicating the need for further
optimization. Overall, this biphasic system offers the
potential for reversible hydrogen storage and release at
reduced temperatures.

Zubar et al.'®® reported an efficient method for the
chemoselective hydrogenation and acceptorless
dehydrogenation of N-heterocycles using a molecular Mn
complex (Scheme 13). Indole was hydrogenated using 2
mol% of the Mn complex at 100 °C and 50 bar H, for 36 h
and 5 mol% of the base, affording 92% indoline yield. This
catalytic system is compatible with various functional groups,
producing the reduced heterocycle derivatives with high
yields. Further analysis indicated a mechanism involving

React. Chem. Eng., 2026, 11, 562-595 | 581
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Scheme 13 Mechanism for the Mn-complex-mediated reversible hydrogenation of indole.

metal-ligand cooperativity. Various substituted indoles were
also analyzed under the established reaction conditions,
resulting in the respective indoline derivatives in appreciable
yields. The dehydrogenation of indoline under oxidant-free
conditions using 1 mol% Mn complex (120 °C, 24 h) led to
89% indole. Notably, hydrogenation commences with the
activation of the complex by KO‘Bu, forming active species A,
which then reacts with H, to generate H-N-Mn-H species B,
facilitating indole indoline. In the
dehydrogenation, species A converts indoline to indole,
forming species B, which subsequently releases H,.

conversion  to

4.4. Other potential LOHC candidates based on N-
heterocycles

4.4.1. Naphthyridines. Naphthyridine (Fig. 17) has recently
been proposed as a potential LOHC. Fujita et al.'>® studied
the  homogeneously catalyzed  dehydrogenation  of
2,6-dimethyldecahydro-1,5-naphthyridine and hydrogenation
of 2,6-dimethyl-1,5-naphthyridine using Cp*Ir catalysts
(Fig. 18).

The naphthyridine structure, with two distanced nitrogen
atoms, prevents bidentate coordination to the metal center.
Using 5 mol% catalyst loading, Cp*Ir complex (59) bearing a
bipyridonate ligand selectively dehydrogenated
2,6-dimethyldecahydro-1,5-naphthyridine to 2,6-dimethyl-1,5-
naphthyridine in quantitative yield at 138 °C in p-xylene.
Similarly, the reverse hydrogenation reaction afforded a
stereoisomeric mixture in 92% yield; however, the catalyst
showed possible deactivation at 100 °C under H, (61 bar).
Shifting to a Cp*Ir complex (60) bearing a robust
phenanthroline-2,9-dione ligand led to a nearly quantitative
hydrogenation yield and a 98% dehydrogenation yield,
confirming high catalytic activity. Successive hydrogenation
and dehydrogenation reactions gave yields that reached
100% and 92%, respectively.

4.4.2. Pyrazines. Pyrazines (Fig. 19) have also emerged as
promising candidates for LOHCs. In 2017, Fujita et al'®*
reported a novel technique for the reversible transformation
between 2,5-dimethylpiperazine and 2,5-dimethylpyrazine
using Ir-catalyzed (de)hydrogenation. Although its hydrogen
gravimetric capacity is modest (5.3 wt%) compared to other

Fig. 17 Structure of naphthyridine.
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nitrogen-containing hydrogen storage systems, its solvent-
free dehydrogenation is commendable.
2,5-Dimethylpiperazine was obtained quantitatively when
using 0.50 mol% 61 (Fig. 20) and 1.0 mol% 6,6-dihydroxy-
2,2"-bipyridine, and a hydrogen/solvent (H/S) ratio of 60 (30
mmol hydrogen uptake in 0.50 mL solvent) was achieved.

Under  optimal catalytic  conditions, reversible
hydrogenation was achieved in one vessel, in which the
reaction was repeated four times without catalytic loss, as
illustrated in Scheme 14. This system demonstrates an
efficient hydrogen storage method with a high H/S ratio of 30
(30 mmol hydrogen in 1.0 mL solvent).

Solvent-free interconversion between a and b was also
investigated with 78% hydrogenation efficiency recorded.
Employing this approach resulted in the storage of 1144 mL
(46.8 mmol) of hydrogen using 2.18 mL of
2,5-dimethylpyrazine.

5. Techno-economic considerations
for aromatic and heteroaromatic
LOHCs

The techno-economic  viability of aromatic and
heteroaromatic LOHC systems is governed by a set of
interrelated descriptors that link molecular structure and
catalytic performance to system-level feasibility. Key
parameters include operating temperature and heat demand,
hydrogen release kinetics, catalyst cost and lifetime,
hydrogen purity, and long-term carrier stability. Together,
these factors determine capital expenditure (CAPEX),
operating costs (OPEX), and application suitability.

A dominant techno-economic constraint for both aromatic
and heteroaromatic LOHCs is the high endothermicity of the
dehydrogenation step, which typically requires operating
temperatures in the range of 200-350 °C. Such elevated
temperatures impose significant penalties in terms of heat
management, reactor materials, start-up energy demand, and

*Cp\ L

o /r\ [¢]
N N
N\ 7/ N\ /

59: L = Pyridine

60: L = H,0

Fig. 18 Structures of Ir complexes 59 and 60.
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Fig. 19 Structure of pyrazine.

*Cp OH
\Ir ’
o / [}
N N
\ \ 7/
61

Fig. 20 Structure of Cp*Ir complex 61.

*3H, Hs (15 bar)

110°C,20 h
catalyst 42
6,6'-dihydroxy-2,2"-bipyridine
p-xylene/H,O
reflux, 20 h

ZI

T

Scheme 14 Method for interconverting compounds a and b through
reversible hydrogenation catalyzed by 61.1%%

T

a

o IZ

-3H,

system integration, particularly for mobile or on-board
applications. While heteroaromatic LOHCs may benefit from
heteroatom-induced electronic effects that lower activation
barriers and improve kinetics, these systems generally remain
within a temperature regime best suited to stationary or
hybrid energy storage concepts, where waste heat integration
can partially offset the thermal demand.'>*™*”

Beyond thermodynamics, hydrogen release kinetics
directly influence reactor size and hydrogen throughput.
Slow dehydrogenation rates necessitate larger reactors and
longer residence times, increasing system footprint and
capital cost. Aromatic LOHCs often exhibit sluggish kinetics
in the absence of high temperatures or highly active
catalysts, whereas heteroaromatic LOHCs can show
enhanced rates due to polar functionalities or metal-ligand
cooperative activation pathways. However, these kinetic
advantages must be balanced against catalyst stability and
selectivity under prolonged operation, underscoring the
importance of catalyst robustness from a techno-economic
perspective,'>®*°8

Catalyst cost, lifetime, and recyclability represent another
critical techno-economic descriptor, particularly for systems
relying on homogeneous catalysis. Both aromatic and
heteroaromatic LOHCs frequently employ precious-metal
catalysts (e.g., Ru, Ir, Pd), making high turnover numbers,
long operational lifetimes, and efficient catalyst recovery
essential for economic viability. Catalyst degradation or
difficult separation can substantially increase operating costs
and limit scalability."*®**° In parallel, the purity of the
released hydrogen plays a decisive role in downstream
processing costs; even trace contaminants can necessitate

This journal is © The Royal Society of Chemistry 2026
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additional fuel-cell
applications.

Finally, the availability, synthesis cost, and long-term
chemical stability of the LOHC medium itself significantly
impact system lifetime and operating expenditure. Carriers
that exhibit high robustness over repeated hydrogenation-
dehydrogenation cycles offer clear economic advantages,
whereas degradation or side-product formation reduces
effective hydrogen capacity and necessitates carrier
replacement.’®>"*” Overall, these considerations highlight
that the techno-economic performance of aromatic and
heteroaromatic LOHCs is dictated by trade-offs between
hydrogen capacity, operating conditions, catalytic efficiency,
and carrier durability, rather than by any single parameter in
isolation.

purification
160

steps, particularly for

6. Gaps in the literature

We have established that the following appear to be current
gaps in the literature pertaining to the homogeneously
catalyzed (de)hydrogenation of LOHCs (addressed further
below).

e Limited literature on the dehydrogenation of homocyclic
compounds using homogeneous catalysis (as far as we are
aware, only one homogeneous catalytic system has been
described for reversible hydrogen storage/release, and it
utilizes an Ir pincer complex).

e A paucity of literature on homogeneous catalysts for the
(de)hydrogenation of benzyltoluene (BT) and dibenzyltoluene
(DBT).

e A paucity of literature on
hydrogenation of N-heterocyclic LOHCs.

e Apparently, no information is available on large-scale
demonstrations with homogeneous systems.

In addressing the homogeneous (de)hydrogenation of
potential homocyclic LOHCs, efforts to date have focused on
the hydrogenation of toluene and benzene to produce the
corresponding cyclohexane, with limited literature on other
potential homocyclic LOHCs. Furthermore, to our knowledge,
only one homogeneous catalyst system has been described
for the reversible hydrogen storage employing an Ir pincer
complex for homocyclic LOHCs. The paucity of studies on
the (de)hydrogenation of homocyclic systems, such as DBT
and BT, also represents a significant gap in the field. With
their potential for high hydrogen storage capacities and
stability, these systems warrant further investigation,
particularly using homogeneous catalysts with tunable ligand
environments. Furthermore, there is very little information
on the complete/full (de)hydrogenation of critical heterocyclic
LOHC candidates such as quinolines, indoles, and
carbazoles. It appears that most of the catalytic systems
reported to date for the (de)hydrogenation often result in
partially (de)hydrogenated products. For instance, the
quinoline/DHQ pair with HSC 7.2 is a promising LOHC
candidate. However, research on hydrogenating quinoline
completely and the corresponding dehydrogenation of DHQ

the complete/full
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remains limited. Most studies have instead concentrated on
the quinoline/THQ pair, which has a lower HSC of 2.3 wt%.
It is recommended that future research be focused on the
development of efficient homogeneous catalyst systems for
the complete (de)hydrogenation of LOHC pairs that have
shown promise to date. Studies should also be directed at
developing dual-functional catalysts capable of both
hydrogenation and dehydrogenation with high efficiency.

7. The role of homogeneous catalysts
in industrial processes

For many years, homogeneous catalysts have been important
components of the chemical and material industries. It is
impossible to overstate their importance in the efficient
production of fine chemicals and materials with high levels
of product selectivity, low temperature requirements, and
other moderate reaction conditions. In addition to
contributing to minimizing the costs to businesses,
homogeneous catalysts can be fine-tuned to enhance their
reactivity, selectivity, and robustness.’®*'®> Homogeneous
catalysts are relatively easily studied during their reactions
because of their molecular nature. Unquestionably, these are
the reasons why many of them are still used by industries
decades after they first appeared.

For example, the Cativa process used to produce acetic
acid efficiently vie methanol carbonylation, using an Ir
catalyst [Ir(CO),I,] , has been in use for almost three decades
now after its development by BP Chemicals.'®®'®” The Cativa
process is an improved version of the Monsanto process,
which makes use of Rh instead of Ir, and requires the
presence of excess water and several drying columns for
product drying.'®® Although the Cativa process is promoted
by the presence of Ru as a cocatalyst, the formation of
propanoic acid as a byproduct is reduced.'®®

It is considered relevant to include mention here of the
synthesis of pharmaceuticals and other important complex
molecules on commercial scales via the widely known
Suzuki-Miyaura  carbon-carbon = bond  cross-coupling
reactions.’®™”" The Pd-based catalysts reported since 1979
by Suzuki and coworkers consist of molecular complexes of
Pd(n) with acetates and phosphine as ligands. The precatalyst
initially undergoes reductive elimination to generate the
active catalyst in the form of Pd(0) and neutral ligands."”*'”*
Despite the numerous challenges associated with the
utilization of the Suzuki-Miyaura cross-coupling catalyst,
such as potential deactivation by certain reagents and limited
reactivity with a few aryl halides, it has paved the way for
further research into related catalysts.'”**"*

Yet another industrially important homogeneous catalysis
process that has retained its significance for almost 90 years
is the hydroformylation reaction, popularly known as the Oxo
process.””>'7® The Oxo process, discovered in 1938 by Otto
Roelen, is the main route to long-chain aldehydes and
alcohols from terminal alkenes.'”® The original catalyst used
is the monohydridotetracarbonyl cobalt() complex,
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HCo(CO),."”” Later complexes bearing other ligand systems,
such as phosphines anchored on Co and Rh metals, have
been found to offer excellent performance, achieving high
selectivity.'”*"77 The track records of these industrially
important homogeneous catalysts that turned the fortunes of
many industries have presented hope for the current
generation to search for new homogeneous catalysts that
would also address energy and climate sustainability issues.

8. Recovery and recycling of
homogeneous catalysts

The main challenge associated with the use of homogeneous
catalysts to date has been the recovery of the catalyst from
the final reaction mixture. Generally, the catalyst, the
reactant, and the product are all present in one phase.
Obviously, industries would want to recover high-value
catalysts in each cycle of production and reuse them to
contain costs. Homogeneous catalyst recovery is not entirely
impossible; a few recovery strategies do exist, while others
are emerging, depending on the nature of the catalyst, the
properties of the product, and the solvent systems used.
Recovery approaches include distillation, extraction,
chromatography, heterogenization, membrane separation,
and biphasic system technology. These methods are
situation-specific; some are applicable in industry, while
others are potential remedies to a challenge. Three different
catalyst recovery approaches are now described in sections
7.1-7.3.

8.1. Catalyst recovery by distillation

Catalyst recovery via distillation is suitable for volatile
products and thermally stable catalysts.'”®®> This method is
efficient and is employed in industry for the removal of
certain products, leaving the catalyst behind for reuse. A
typical example of an industrial process that uses the
distillation approach to recover catalysts successfully is the
Takasago International Corporation's (-)-menthol synthesis
from myrcene.'®® The homogeneous Ru-BINAP catalyst used
by Takasago International Corporation (Japan) is usually
recovered as a precipitate after the distillation of (-)-menthol
from the final reaction mixture.'®® Another example of
product distillation from the catalyst is in the Cativa process,
where the product and the residual gases are distilled from
the catalyst, and the residual gases are recycled back into the
reactor.”® On a laboratory scale, several instances of catalyst
recovery by distillation have been reported.®* % As
mentioned earlier, a challenge sometimes encountered is the
volatility of the product. High-boiling-point products require
high-temperature conditions, which must be balanced by the
thermal stability of the catalyst. Horvath's group
demonstrated the complete distillation of y-valerolactone
from Shvo's catalyst, then enabling the recycling of the
catalyst four times.'® y-Valerolactone has a high boiling
point of approximately 207 °C.'®® The practicality of catalyst

This journal is © The Royal Society of Chemistry 2026
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recovery from y-valerolactone was further studied by
Amenuvor et al.'® who successfully distilled the product
completely from a Ru”Zn cluster catalyst six times, after each
cycle, without any significant loss of catalyst activity. These
works have demonstrated the industrial applicability of the
recovery and reuse of robust catalysts in the biorefinery
industry.

To improve energy efficiency and minimize waste, reactive
distillation (RD) technology is currently employed in some
industries for catalyst recovery."®®'®® 1In this case, the
catalytic reaction and distillation processes are designed as a
single unit, and as the product is formed, it is quickly
removed by distillation. This technique also enhances
product yield and selectivity by decreasing the concentration
of the product in the reaction mixture. Thus, RD is very
useful here for those reactions that require certain reactants
in excess or in rate-limiting reactions.'®***° Although the RD
technology requires improvement in terms of its relatively
intricate design and operation,' it has been successfully
used in several processes, including the production of methyl
acetate, methyl tert-butyl ether, and tert-amyl methyl ether,
which are used as additives."®

8.2. Catalyst recovery using biphasic systems

The biphasic system offers another ingenious approach to
homogeneous catalyst recovery from the final reaction
mixture. This technique takes advantage of the distribution
of the catalyst and product between two immiscible solvents
(generally water and an organic solvent). Biphasic catalysis
has found industrial application over the past three decades,

SO;Na
i ~p” i ~S0;Na
NaO,S
TPPTS
SO;Na
NaO,S
SO,Na
0
o 9=
Qe
DN
NaO,S
BINAS SO,;Na
SO,Na

Fig. 21 Examples of ligands used in biphasic catalysis.*®?
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with the first appearance being the hydroformylation of
propylene to n-butyraldehyde by Ruhrchemie AG,
Germany."’®'! One of the basic requirements that makes
the biphasic system efficient is the ability of the catalyst to
be water-soluble, achieved by making use of water-soluble
ligands. The ligand used by Ruhrchemie AG was TPPTS in
the form of a Rh catalyst [HRh(CO)(TPPTS);], developed by
Rhone-Poulenc, France.'”® TPPTS was further extended to
catalyzing the telomerization of dienes and hydrocyanation
of olefins using Pd and Ni, respectively.'”® Following this was
the introduction of a series of sulfonated phosphine ligands
such as BINAS, NAPHOS, NORBOS, and BISBIS, as shown in
Flg 21'192,193

The main challenge encountered with water-soluble
phosphine ligands is the complexity of their syntheses and
the required purification. For instance, attempts to
synthesize trisulfonated phosphine ligands usually result in
byproducts such as monosulfonated and disulfonated
analogues. Some of these impurities remain in the desired
ligand even after purification.'’® These earlier works
stimulated the expansion of research in the area, focusing on
other water-soluble ligands and a special group of ionic
liquids that are immiscible with some organic solvents.***™*%”
Because of the difficulties in obtaining water-soluble metal
catalysts, researchers have been considering immiscible
organic solvents that discriminate the solubilities of both the
catalyst and the product.’®®>° This eliminates the special
design of catalysts for the sake of solubility, since most metal
catalysts dissolve in polar organic solvents. The catalyst
preferably remains in the polar organic phase while the
product moves into the nonpolar organic phase. The Shell

SOzNa

NaO,S
Q|
SO;Na

P,
NaO,S SO;Na

NaO,S
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higher olefin process (SHOP) for the commercial production
of high a-olefins (C¢-C,o) is the oldest successful biphasic
catalysis carried out using a transition metal complex
[Ni(COD)Ph,PCH,CO0]."8>19%2% The catalyst, generated in
situ  from NiCl,, Ph,PCH,COOH, COD, and sodium
borohydride as a reducing agent, is soluble in 1,4-butanediol,
while the olefin products are not.'*>>°° This creates a perfect
organic-organic biphasic system where the product serves as
one phase and 1,4-butanediol as the other phase.

8.3. Catalyst recovery by membrane filtration

A new technique for the separation of homogeneous catalysts
and products is organic solvent nanofiltration (OSN). In OSN,
use is made of organic solvent-stable membranes that allow
separation based on molecular weight differences and
branching or bulkiness of side groups.”*'°* Generally, the
membrane allows small molecular products to pass through
while retaining the catalyst, which is recycled back into the
reactor.

This favors catalysts with large molecular weight ligands,
such as triphenylphosphine and its derivatives.>"*** Ideally,
one would prefer to make use of OSN rather than traditional
methods of distillation because OSN is more selective and
the energy demand is lower, leading to cost savings and the
preservation of catalyst stability.>*>*°® However, research is
still ongoing in efforts to overcome its complexity, including
the prediction of membrane-solvent behavior, modulation of
membrane pore size relative to the sizes of components in
mixtures to be separated, feed concentration, temperature
considerations, and transmembrane pressure.>’>?%7 >

Notwithstanding these challenges, the OSN technique still
has the potential to improve homogeneous catalysis. OSN
has been used industrially by Exxon Mobil Corporation (USA)
and W.R. Grace (USA) in solvent lube dewaxing with an
energy cost saving of ~20%.>"?

Interesting work has been carried out by Janssen et a
to develop an in-house engineered continuous flow
nanofiltration reactor for the hydroformylation of 1-octene.
Using a robust Rh catalyst based on a sterically bulky and
rigid phosphine ligand, the system was able to retain >99%
of the Rh catalyst after 13 days of operation, whilst
maintaining very high conversions. There are several more
reports of other laboratory-scale investigations involving the
use of the OSN strategy for the separation of products from
homogeneous catalysts.>’”?"*>"> Looking ahead, OSN could
become the future most preferred method for homogeneous
catalyst recovery once the main challenges associated with it
are resolved.

l 203

9. Conclusion - remaining challenges
and recommendations

The homogeneously catalyzed (de)hydrogenation of LOHCs,
particularly homocyclic and heterocyclic systems, has seen
remarkable advancements in recent years. The development
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of transition metal-based catalysts with tailored ligands has
enhanced the efficiency, selectivity, and sustainability of
LOHC (de)hydrogenation processes. Moreover, the
exploration of heteroaromatic LOHCs has expanded the
potential of LOHC technologies, offering improved hydrogen
storage capacity and favorable thermodynamics.

This review highlights the recent advances in the
homogeneously catalyzed (de)hydrogenation of LOHCs, as
well as challenges related to the industrial application of
homogeneous catalysis, including catalyst recovery and reuse.
LOHCs present a promising pathway for efficient energy
storage and safe hydrogen transportation, which is very
critical in the transition to a sustainable hydrogen economy.
However, despite rapid progress, several key challenges must
be addressed to facilitate the practical deployment of the
LOHC technology.

One of the primary challenges lies in the compatibility of
heteroaromatic LOHCs with existing energy infrastructure.
Many heteroaromatic LOHCs are solid at ambient conditions,
posing logistical challenges for storage and transportation.
To meet the ideal LOHC criteria, both hydrogen-rich and
hydrogen-lean states should exist in the liquid phase. Among
the examined N-heterocyclic compounds, some quinoline
and indole derivatives meet this requirement, coupled with a
high hydrogen storage capacity ranging between 5.2 and 7.2
wt%. However, their widespread adoption is hindered by
high dehydrogenation enthalpies and toxicity concerns,
which limit their practicality in the LOHC technology.

Another major limitation is the efficiency of homogeneous
catalytic systems for industrial applications, which is
constrained by catalyst stability, cost, and recyclability.
Homogeneous hydrogenation processes frequently yield
partially  hydrogenated  products, and when full
hydrogenation is achieved, the product selectivity often
remains suboptimal, reducing the overall hydrogen storage
capacity. Furthermore, the recovery and reuse of
homogeneous catalysts in large-scale industrial applications
remain challenging, adding to operational costs and
sustainability concerns.

Furthermore, in homogeneous catalysis LOHCs, the
hydrogen-to-substrate (H/S) ratio is a fundamental metric
that integrates both the theoretical storage capacity of the
carrier, and the practical demands placed on the catalytic
cycle. The H/S ratio describes the number of hydrogen
equivalents that can be chemically bound per molecule of the
substrate during complete hydrogenation; this directly
defines the gravimetric hydrogen storage capacity (wt% H,), a
primary target for LOHC technologies. For example,
N-ethylcarbazole (NEC), one of the most studied LOHC
candidates, can be fully hydrogenated to dodecahydro-NEC
by uptake of six equivalents of H,, corresponding to an ideal
capacity of ~5.8 wt% H,, a level that approaches practical
benchmarks for hydrogen carriers. Achieving and sustaining
a high effective H/S ratio in practice hinges on catalyst
performance across multiple sequential hydrogenation steps.
Homogeneous catalysts, with their tunable ligand

This journal is © The Royal Society of Chemistry 2026
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environments and capability to mediate H-H activation
under milder conditions than many heterogeneous systems,
offer a route to drive hydrogenation efficiently toward fully
saturated LOHC states. However, this same requirement
underscores a key challenge: catalysts must maintain activity
and selectivity through the entire sequence of hydrogen
additions, not only in early steps—otherwise the system stalls
at partial hydrogenation and the realized H/S ratio falls below
theoretical values. Moreover, the H/S ratio is tightly coupled
to operational and system considerations. High H/S ratios
necessitate catalysts capable of handling elevated hydrogen
pressures and multiple turnovers without degradation, and
they influence reactor design, mass transfer, and
thermodynamics; incomplete attainment of the target H/S
ratio decreases the effective hydrogen density and
compromises  cyclic reversibility. In  this  context,
homogeneous catalyst designs that can sustain high
conversion and selectivity across full hydrogenation-
dehydrogenation cycles are critical for translating LOHC
chemistry into practical hydrogen storage media.

Additionally, rational catalyst design has yet to fully
integrate computational methodologies. Advanced
computational modelling and mechanistic studies could
significantly enhance catalyst development, enabling the
targeted design of more stable, efficient, and selective
catalytic systems. The synergy between experimental and
theoretical approaches can accelerate breakthroughs in
LOHC technology.

In conclusion, recommendations for future research
should include the following. Looking ahead, research
should focus on developing new LOHC systems that can meet
the US DOE's requirements. Additionally, priority should be
placed on rational catalyst design, incorporating
computational methods, and bridging the gap between
laboratory-scale innovations and large-scale implementations.
Further, advancing the understanding of structure-activity
relationships in catalysis, along with innovations in green
chemistry, can also promote the sustainable and widespread
adoption of LOHC technologies.

Research advancements have revealed that in some
homogeneous (de)hydrogenation reactions, the true active
species are in situ-generated soluble metal nanoclusters or
colloidal nanoparticles (NPs). These species often exhibit
high catalytic activity, even for challenging substrates. For
instance, the full hydrogenation of quinoline to DHQ has
been challenging with homogeneous catalysts alone.
However, recent studies indicate that dual catalysis, where a
molecular complex facilitates heteroarene hydrogenation
while in situ-generated Ru NPs promote arene hydrogenation,
can achieve this transformation. The stabilization of such
NPs and clusters by ligands, additives, and/or solvents leads
to hybrid catalytic systems that integrate features of both
homogeneous and heterogeneous catalysis. The rational
design of these hybrid catalysts represents a promising
avenue for enhancing LOHC technology and improving its
industrial viability.

This journal is © The Royal Society of Chemistry 2026
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By addressing these challenges, the future of LOHC
systems holds immense promise for advancing the hydrogen
economy and achieving sustainable energy solutions.
Continued research efforts in catalyst innovation, process
optimization, and computational modelling will be critical in
realizing the full potential of LOHCs as a cornerstone of next-
generation energy storage and hydrogen transport
technologies.
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