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Preface

Europe remains an important region in the fields of both heterogeneous and homogeneous

catalysis, with work including but not limited to catalysts for chemical synthesis, the biorefinery

process, environmental solutions, and possible future sustainable energy strategies. This Special Issue

includes both reviews and original research articles on aspects of heterogeneous and homogeneous

catalysis, with an emphasis on fundamental and applied research that is being conducted across

Europe. Topics include the following: catalysts and value-added products derived from waste,

catalysts for biodegradable polymer formation, olefin polymerization, catalytic hydrogenation,

catalysts for crosscoupling reactions, improved catalysts for hydrogen peroxide synthesis, molecular

catalysts in Zn–air batteries, and organo-photocatalysis in oxygenation reactions. We hope that the

reader will enjoy these wide-ranging and exciting topics.

Carl Redshaw

Guest Editor
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Editorial

State of the Art in Molecular Catalysis in Europe
Carl Redshaw

Department of Chemistry, University of Hull, Hull HU6 7RX, UK; c.redshaw@hull.ac.uk

In this editorial, I would like to provide an overview of the eleven contributions to
the Special Issue entitled “State of the Art in Molecular Catalysis in Europe”, which is part
of the Organic and Polymer Chemistry Section of Catalysts. The Special Issue requested
contributions involving aspects of heterogeneous and homogeneous catalysis with an
emphasis on fundamental and applied research conducted across Europe. As anticipated,
the contributions to this Issue cover a wide range of topics with two reviews associated with
catalytic aspects of Zn-air batteries and organic dyes. The nine scientific research papers
focus on topics ranging from palladium catalysts for C-H functionalisation/C-N bond
formation as well as for Suzuki–Miyaura cross-coupling at low temperature, to catalytic
acid hydrolysis/dehydration, and to catalysts for polymerization processes (α-olefins and
ROP of cyclic esters). There are also contributions discussing catalysts of relevance to
the hydrogenation of 2,4-dinitrotoluene and how the use of incorporated Cu into AuPd
catalysts can improve H2O2 synthesis.

Contribution 1 is a review by Rebrov and Gao entitled “Molecular Catalysts for
OER/ORR in Zn-Air Batteries”. The review describes types of catalysts employed for
OER/ORR reactions including those based on mixed metal oxides, perovskites, alternative
carbons, monometallic noble metals, inorganic–organic composites, and spinels. The
limitations and advantages of current systems are discussed, and future directions are
proposed. Contribution 2 is a review entitled “Photocatalyzed oxygenation reactions with
organic dyes: State of the art and future perspectives” by Conte, Sabuzi et al., which
describes recent advances in the use of organo-photocatalysis in the area of the selective
oxygenation of organic substrates. The photocatalysts discussed include flavinium salts,
cyano-arenes, Eosin Y, Rose Bengal, acridinium salts, and quinone-based dyes, and their
deployment in transformations such as the oxygenation of amines, phosphines, silanes,
alkanes, alkenes, alkynes, aromatic compounds, and thioethers. Their benefits over metal
counterparts are discussed and future perspectives are highlighted.

Contribution 3 is a research article that reports that the palladium species recovered
from waste catalyst, namely, [NnBu4]2[Pd2I6], can be readily converted into PdI2(dppf)
(dppf = 1,1′-bis(diphenylphosphino)ferrocene). Both palladium catalysts were found to be
active in processes such as Buchwald–Hartwig amination reactions, with the bio-derived
solvent cyclopentyl methyl ether offering a more sustainable approach. It was also re-
ported that the catalyst [NnBu4]2[Pd2I6], in the presence of an oxidant, performed well in
the oxidative functionalization of benzo[h]quinoline to 10-alkoxybenzo[h]quinoline and
8-methylquinoline to 8-(methoxymethyl)quinoline, and could be reused multiple times. In
contribution 4, a new palladium catalyst bearing a five-membered chelating [N,O] ligand,
derived from the condensation of 2,6-diisopropylaniline and maple lactone, is reported.
The catalyst was active in the Suzuki–Miyaura cross-coupling reaction and operated under
mild conditions for a variety of aryl bromides, as well as boronic acids and pinacol esters.
Under slightly more robust conditions, the catalyst was also capable of the cross-coupling of
aryl chlorides and phenylboronic acid. In contribution 5, the conversion of Chlorella vulgaris
biomass into useful materials such as organic acids, sugars, and furanic compounds via
hydrolysis–dehydration–rehydration reactions catalyzed by dilute sulfuric acid is discussed.
The type of product formed was found to be dependent on the conditions employed. The
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use of metallic ruthenium catalysts supported on activated carbons (5%Ru/C) for the
catalytic hydrogenation/hydrogenolysis of this residual carbohydrate biomass is also dis-
cussed. Contributions 6 and 7 describe catalysts based on the bis(imino)pyridine ligand
set for ethylene polymerization. In particular, non-symmetrical [N,N-diaryl-11-phenyl-
1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-4,6-diimine]iron(II) chloride complexes,
upon activation with either MAO or MMAO as a co-catalyst, exhibited exceptional activities
with values as high as 35.92× 106 g (PE) mol−1 (Fe) h−1. β-H elimination and chain transfer
to aluminum were identified by 1H/13C NMR spectroscopy. In contribution 7, a family
of cobalt bis(imino)pyridine catalysts containing at least one N-2,4-bis(dibenzosuberyl)-6-
fluorophenyl group is reported. Again, upon activation with either MAO or MMAO, very
high activities of the order of 1.15 × 107 g PE mol−1 (Co) h−1 were achievable at 70 ◦C.
Contributions 8 and 9 to this Special Issue also involve the use of catalysts for polymer
production. High valent vanadium oxo complexes bearing 6-bis(o-hydroxyaryl)pyridine
derived ligation were found to be capable of the ring opening polymerization (ROP) of
ε-caprolactone (ε-CL), δ-valerolactone (δ-VL), and rac-lactide (r-LA), with the best results
being achieved when the catalysts were deployed in the melt form. These species were
also capable, in the presence of DMAC (co-catalyst)/ETA (reactivator), of ethylene poly-
merization, albeit with moderate activities (≤8600 Kg·mol·V−1bar−1h−1). In contribution
9, the use of H-bonded molybdenum arrays, which are derived from dianilines, amine-
functionalized acids, as catalysts for the ROP of ε-CL and δ-VL is reported. Such systems,
when used as melts under N2 or air, afforded relatively high-molecular-weight polymers
(10,420–56,510 Da) with a variety of end groups. The parent dianilines were also capable
of the ROP of δ-VL, whilst both PCL and PVL were formed when using the parent acids
alone. In contribution 10, the Miskolc Ranking 21 (MIRA21) model was applied to compare
58 catalysts in 2,4-dinitrotoluene catalytic hydrogenation to 2,4-toluenediamine. The results
placed eight catalysts in the high (D1) class, and 80% of the catalysts afforded excellent
conversions with 45% revealing selectivity above 90% n/n%. A comparison of the various
systems revealed that catalysts with oxide and/or magnetic supports performed better than
carbon-based supports when utilized under laboratory conditions. Work in contribution 11
found that catalytic activity for H2O2 synthesis can be improved by the incorporation of
low concentrations of the metals Ni, Cu, or Zn into supported AuPd nanoparticles. The
best results were achieved using Cu versus the use of a Pt promotor, and this was attributed,
based on XPS and CO-DRIFTS experiments, to changes in the surface composition, includ-
ing the formation of mixed Pd2+/Pd0 domains and the electronics of the system. Upon
reuse, some deactivation was noted, and this was attributed to reduction to Pd0 species via
H2 rather than Cl loss.

Finally, we would like to express our sincere thanks to all those who submitted articles
of such high quality to this Special Issue on the “State-of-the-art in Molecular Catalysis in
Europe”. We hope that you, the readership of Catalysts, can also enjoy this Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions:

1. Rebrov, E.V.; Gao, P.-Z. Molecular Catalysts for OER/ORR in Zn–Air Batteries. Catalysts 2023,
13, 1289. https://doi.org/10.3390/catal13091289.

2. Forchetta, M.; Valentini, F.; Conte, V.; Galloni, P.; Sabuzi, F. Photocatalyzed Oxygenation
Reactions with Organic Dyes: State of the Art and Future Perspectives. Catalysts 2023, 13, 220.
https://doi.org/10.3390/catal13020220.

3. Jantan, K.A.; Ekart, G.; McCarthy, S.; White, A.J.P.; Braddock, D.C.; Serpe, A.; Wilton-Ely, J.D.E.T.
Palladium Complexes Derived from Waste as Catalysts for C-H Functionalisation and C-N
Bond Formation. Catalysts 2024, 14, 295. https://doi.org/10.3390/catal14050295.

4. Andrews, M.J.; Brunen, S.; McIntosh, R.D.; Mansell, S.M. Preformed Pd(II) Catalysts Based
on Monoanionic [N,O] Ligands for Suzuki-Miyaura Cross-Coupling at Low Temperature.
Catalysts 2023, 13, 303. https://doi.org/10.3390/catal13020303.

2



Catalysts 2024, 14, 459

5. Margellou, A.G.; Torofias, S.A.; Iakovou, G.; Triantafyllidis, K.S. Valorization of Chlorella
Microalgae Residual Biomass via Catalytic Acid Hydrolysis/Dehydration and Hydrogenoly-
sis/Hydrogenation. Catalysts 2024, 14, 286. https://doi.org/10.3390/catal14050286.

6. Wang, Y.; Wang, Z.; Zhang, Q.; Ma, Y.; Solan, G.A.; Sun, Y.; Sun, W.-H. Non-Symmetrically
Fused Bis(arylimino)pyridines with para-Phenyl Substitution: Exploring their use as N′,N,N′′-
Supports in Iron Ethylene Polymerization Catalysis. Catalysts 2024, 14, 213. https://doi.org/10
.3390/catal14030213.

7. Zada, M.; Sage, D.D.; Zhang, Q.; Ma, Y.; Solan, G.A.; Sun, Y.; Sun, W.-H. Thermally Sta-
ble and Highly Efficient N,N,N-Cobalt Olefin Polymerization Catalysts Affixed with N-2,4-
Bis(Dibenzosuberyl)-6-Fluorophenyl Groups. Catalysts 2022, 12, 1569. https://doi.org/10.3390/
catal12121569.

8. Elsegood, M.R.J.; Clegg, W.; Redshaw, C. Vanadium Complexes Derived from O,N,O-tridentate
6-bis(o-hydroxyalkyl/aryl)pyridines: Structural Studies and Use in the Ring-Opening Poly-
merization of ε-Caprolactone and Ethylene Polymerization. Catalysts 2023, 13, 988. https:
//doi.org/10.3390/catal13060988.

9. Clegg, W.; Elsegood, M.R.J.; Redshaw, C. Extended Hydrogen-Bonded Molybdenum Arrays
Derived from Carboxylic Acids and Dianilines: ROP Capability of the Complexes and Parent
Acids and Dianilines. Catalysts 2024, 14, 214. https://doi.org/10.3390/catal14030214.

10. Jakab-Nácsa, A.; Hajdu, V.H.; Vanyorek, L.; Farkas, L.; Viskolcz, B. Overview of Catalysts with
MIRA21 Model in Heterogeneous Catalytic Hydrogenation of 2,4-Dinitrotoluene. Catalysts 2023,
13, 387. https://doi.org/10.3390/catal13020387.

11. Barnes, A.; Lewis, R.J.; Morgan, D.J.; Davies, T.E.; Hutchings, G.J. Improving Catalytic Ac-
tivity towards the Direct Synthesis of H2O2 through Cu Incorporation into AuPd Catalysts.
Catalysts 2022, 12, 1396. https://doi.org/10.3390/catal12111396.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

3



Citation: Jantan, K.A.; Ekart, G.;

McCarthy, S.; White, A.J.P.; Braddock,

D.C.; Serpe, A.; Wilton-Ely, J.D.E.T.

Palladium Complexes Derived from

Waste as Catalysts for C-H

Functionalisation and C-N Bond

Formation. Catalysts 2024, 14, 295.

https://doi.org/10.3390/

catal14050295

Academic Editor: Jacques Muzart

Received: 25 March 2024

Revised: 22 April 2024

Accepted: 25 April 2024

Published: 29 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Palladium Complexes Derived from Waste as Catalysts for C-H
Functionalisation and C-N Bond Formation
Khairil A. Jantan 1,2 , Gregor Ekart 1 , Sean McCarthy 1, Andrew J. P. White 1 , D. Christopher Braddock 1 ,
Angela Serpe 3 and James D. E. T. Wilton-Ely 1,*

1 Department of Chemistry, Imperial College, Molecular Sciences Research Hub, White City Campus,
London W12 0BZ, UK; khairil0323@uitm.edu.my (K.A.J.); gregor.ekart15@imperial.ac.uk (G.E.);
c.braddock@imperial.ac.uk (D.C.B.)

2 Faculty of Applied Sciences, Universiti Teknologi MARA (UiTM), Shah Alam 40450, Malaysia
3 Department of Civil and Environmental Engineering and Architecture (DICAAR), INSTM Unit, University of

Cagliari, Via Marengo 2, 09123 Cagliari, Italy; serpe@unica.it
* Correspondence: j.wilton-ely@imperial.ac.uk

Abstract: Three-way catalysts (TWCs) are widely used in vehicles to convert the exhaust emissions
from internal combustion engines into less toxic pollutants. After around 8–10 years of use, the declin-
ing catalytic activity of TWCs causes them to need replacing, leading to the generation of substantial
amounts of spent TWC material containing precious metals, including palladium. It has previously
been reported that [NnBu4]2[Pd2I6] is obtained in high yield and purity from model TWC material us-
ing a simple, inexpensive and mild reaction based on tetrabutylammonium iodide in the presence of
iodine. In this contribution, it is shown that, through a simple ligand exchange reaction, this dimeric
recovery complex can be converted into PdI2(dppf) (dppf = 1,1′-bis(diphenylphosphino)ferrocene),
which is a direct analogue of a commonly used catalyst, PdCl2(dppf). [NnBu4]2[Pd2I6] displayed high
catalytic activity in the oxidative functionalisation of benzo[h]quinoline to 10-alkoxybenzo[h]quinoline
and 8-methylquinoline to 8-(methoxymethyl)quinoline in the presence of an oxidant, PhI(OAc)2. Near-
quantitative conversions to the desired product were obtained using a catalyst recovered from waste
under milder conditions (50 ◦C, 1–2 mol% Pd loading) and shorter reaction times (2 h) than those
typically used in the literature. The [NnBu4]2[Pd2I6] catalyst could also be recovered and re-used
multiple times after the reaction, providing additional sustainability benefits. Both [NnBu4]2[Pd2I6]
and PdI2(dppf) were also found to be active in Buchwald–Hartwig amination reactions, and their
performance was optimised through a Design of Experiments (DoE) study. The optimised conditions
for this waste-derived palladium catalyst (1–2 mol% Pd loading, 3–6 mol% of dppf) in a bioderived
solvent, cyclopentyl methyl ether (CPME), offer a more sustainable approach to C-N bond formation
than comparable amination protocols.

Keywords: palladium; recovered metals; C-H functionalisation; C-N amination; sustainability

1. Introduction

Palladium-mediated reactions are among the most frequently employed transforma-
tions in synthetic chemistry and are used widely for C-C, C-N and C-O bond formation [1–6].
However, the extremely low natural abundance of palladium in the Earth’s crust, its limited
distribution and geopolitical factors threaten future supply [7]. This has led to a substantial
palladium deficit due to the high demand and limited supply [8]. The route of this metal
from ore to its application in numerous fields features many acknowledged environmental
repercussions on water and air quality, biodiversity, and population displacement [9–11].
Furthermore, the low palladium content in unrefined ore (<10 g/tonne) requires energy-
intensive treatments (3880 kg CO2e per kg of Pd [9]) in the pyrometallurgical extraction
process [12], which involves smelting in blast and electric furnaces at high temperatures
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(>2000 ◦C) [13] and the use of hazardous chemicals. As a less energy-intensive and more se-
lective alternative, hydrometallurgical processes typically involve acid (aqua regia or HNO3)
or alkaline (cyanide) leaching, followed by separation phases exploiting solid-to-liquid or
solvent extraction processes [14]. However, the well-established processes use toxic and/or
hazardous reagents, producing toxic gaseous emissions (i.e., NOx, Cl2 and NOCl for aqua
regia and HCN for cyanide leaching) and producing significant amounts of contaminated
wastewater [14].

The exceptional performance of palladium as an oxidation catalyst has made it a
critical component in automotive three-way catalytic converters (TWCs) [15]; however,
the relatively short lifetime (around 10 years or 100,000 miles) of TWCs has resulted in
the accumulation of palladium-rich waste, with up to 4 g of Pd in each catalytic converter,
along with smaller amounts of Pt and Rh [16]. The concentrations of palladium in TWCs
(2000 g/tonne) are far higher than those found in natural ore (10 g/tonne), indicating the
huge potential of these waste streams as more sustainable sources of palladium. Attempts
to transform this scrap into a valuable but underutilised source of potentially recoverable
raw materials is often termed ‘urban mining’ [17]. Unfortunately, current recovery methods
rely on the environmentally harmful processes described above for ore treatment [18].
As a result, research has focused on developing milder, more environmentally friendly
palladium recovery methods. Serpe, Deplano and colleagues reported the first selective and
acid-free recovery method of palladium from a model spent catalytic converter, achieving
90–99% palladium recovery. This method employed a combined dithiooxamide-iodide
lixiviant, Me2dazdt·2I2 (Me2dazdt = N,N′-dimethylperhydrodiazepine-2,3-dithione), in
an organic solvent under mild conditions to form [Pd(Me2dazdt)2][I3]2 as the recovery
product [19]. While this approach to palladium is highly effective, it yields a molecular
recovery product that cannot viably be used to prepare new TWCs. In addition, longer times
are needed to achieve palladium dissolution than is required by the conventional acidic
and alkaline leaching mixtures, and the use of Lawesson’s reagent to make Me2dazdt leads
to poor atom economy, which has led to the use of commercially available dithiooxamides
as a less effective but viable alternative [20].

The solution to this was to valorise the recovery complexes in other important ap-
plications, such as catalysts for organic synthesis. Our previous work demonstrated that
the [Pd(Me2dazdt)2][I3]2 recovery product could successfully mediate the regioselective
C-H bond functionalisation of benzo[h]quinoline and 8-methylquinoline (Figure 1) [21],
competing favourably with the results reported by Sanford and co-workers using Pd(OAc)2
sourced from conventional mining [22].
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agents, are also needed to refine and produce marketable materials before transport 
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Figure 1. Oxidative C-H functionalization of benzo[h]quinoline in the presence of different alcohols,
a sacrificial oxidant and a palladium complex.

Commercial (pre)catalysts for palladium-catalysed reactions are typically produced
using damaging mining practices that employ dangerous leaching additives and/or require
high energy pyrometallurgical treatments to extract the very low palladium content from
the mined ore. Further transformations, often involving hazardous and costly agents, are
also needed to refine and produce marketable materials before transport around the world
to its end use. All of these steps require significant energy and use dangerous and envi-
ronmentally harmful chemical treatments. In contrast, the generation of [NnBu4]2[Pd2I6]
(1) requires far fewer steps (deconstruction and milling of the locally sourced TWC mate-
rial followed by treatment with the selective, low-cost and safer polyiodide salt), which
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require much less energy and are based on a feedstock that can contain up to 200 times
more palladium than in mined ore. A recent cost analysis for catalysts based on recov-
ered gold [23] illustrated that even unoptimized, small-scale production of the catalyst
leads to a significantly lower cost than commercial catalysts derived from environmentally
damaging mining.

In this contribution, we present the use of the dimer [NnBu4]2[Pd2I6] (1) as an even
more effective and sustainable catalyst for oxidative functionalisation reactions, such as
those shown in Figure 1. Compound 1 is obtained selectively from mixed-metal model
TWC material in over 70% yield using a low-energy route based on the reaction with
iodine in the presence of organic iodides (such as [NnBu4]I), as shown in Figure 2 [24].
Selective precipitation of 1 from the organic solvent (typically acetone or MIBK) allows
separation from the other metals present in TWCs. The inexpensive reagents and low-
energy conditions are a substantial improvement over the use of Me2dazdt·2I2; however,
the process of returning the Pd content of 1 to its metallic form is still energy-intensive and
thus costly. Therefore, a more effective way of valorising this recovery product is to use it
directly (or with simple modification) in catalysis [16,25,26]. This is a strategy that led to the
first direct application in homogeneous catalysis of gold recovery products sourced from
e-waste [23]. Using simple ligand exchange reactions, PdI2(dppf) (2), the iodide analogue
of the well-known catalyst, PdCl2(dppf), was synthesised from compound 1 to provide a
phosphine-supported derivative. The results obtained for oxidative C-H functionalisation
and Buchwald–Hartwig amination reactions using 1 and 2 are compared both in terms of
catalytic activity and sustainability.
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Figure 2. Palladium recovery process from TWCs to form 1 and the ligand exchange reaction used to
prepare 2.

2. Results and Discussion
2.1. Synthesis of Palladium Complexes

Complex 1 is the main product obtained from the selective Pd leaching and recovery
process carried out on model samples of spent TWC using tetrabutylammonium iodide
in the presence of iodine in an acetone solution [24] (Figure 2). The iodine/iodide system
offers a ‘greener’ approach to Pd recovery compared to traditional pyrometallurgical or
hydrometallurgical processes due to its versatility, mild conditions, minimal environmental
impact, use of inexpensive reagents and easily recyclable solvents. These attributes also
allow it to be employed in low-income regions where there is currently no local recycling
infrastructure for TWCs. Since the use of [NnBu4]I/I2 to recover Pd from model TWC
material is already well established [24], compound 1 was obtained directly by leaching
palladium metal on a small scale using the same reagents. The black crystalline product
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(86% yield) was usually obtained by Et2O diffusion into the acetone leachate over a period
of 3 days. A more rapid crystallisation process was also used to obtain a less crystalline
but analytically identical product through the addition of ethanol and concentration of
the solvent volume until precipitation had been achieved. Compound 1 obtained from
both approaches leads to characteristic features in the UV-vis spectrum at 2960–2869 cm−1,
1457 and 1379 cm−1, with the latter two absorptions attributed to the tetrabutylammonium
units. The presence of the dimeric palladium complex [Pd2I6]2− was indicated by an
absorption at 340 nm. The overall formulation was confirmed by an abundant molecular
ion in the electrospray (negative ion) mass spectrum at m/z 487 (ESI, Section S1.2) and
good agreement of the elemental analysis with calculated values.

Palladium phosphine complexes are the most widely used ligand-supported
(pre)catalysts [4–6,16,27], with PdCl2(dppf) being used in many settings, including for
Buchwald–Hartwig amination reactions [28]. Thus, the recovery complex [NnBu4]2[Pd2I6]
(1) was treated with dppf in acetone to produce the iodide analogue, PdI2(dppf) (2), in 97%
yield. A singlet was observed in the 31P{1H} NMR spectrum at 24.3 ppm, while the presence
of the dppf ligands was clearly observed in the 1H NMR spectrum through ferrocenyl
resonances at 4.14 and 4.35 ppm. In addition, typical aromatic features were observed
in the solid-state FTIR spectrum (1092 and 1480 cm−1) and the overall composition was
confirmed by mass spectrometry (ESI, Section S1.3) and elemental analysis. Crystals suit-
able for single-crystal X-ray diffraction measurements were obtained through the slow
diffusion of ethanol into a chloroform solution of PdI2(dppf) (Figure 3). This revealed a
distorted square planar arrangement at the Pd(II) centre due to the steric requirement of
the bulky dppf ligand. The bond lengths and angles are similar to those reported for the
same complex in a lower-quality structure in 2001 [29]. Further discussion and crystal data
are provided in the ESI (Section S2).
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Figure 3. Molecular structure of 2. Selected bond lengths (Å) and angles (◦): Pd(1)–I(1) 2.6495(5),
Pd(1)–I(2) 2.6454(6), Pd(1)–P(1) 2.3281(13), Pd(1)–P(2) 2.3245(15), P(2)–Pd(1)–I(1) 83.83(3), P(1)–Pd(1)–
I(2) 88.60(4), P(1)–Pd(1)–P(2) 99.77(5).

2.2. Oxidative C-H Functionalisation

Palladium(II) compounds are known to catalyse a variety of oxidative C–H functional-
isation processes, particularly the conversion of benzo[h]quinoline to 10-alkoxybenzo[h]
quinoline [2,3,21,22]. The catalytic potential of recovery product 1 and its derivative 2
was assessed for this class of transformation using the conversion of benzo[h]quinoline to
10-methoxybenzo[h]quinoline as a benchmark reaction (Figure 1). The term ‘conversion’
will be used here rather than yield, as the amount of desired product formed was deter-
mined using 1H NMR spectroscopy, rather than as an isolated yield of each product. NMR
spectroscopy has been shown [21] to allow sufficient accuracy (2–5% error) to determine
the impact of changes in the reaction conditions on the formation of the product. Isolated
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yields have been reported previously and show only a small decrease compared to the
conversion determined spectroscopically [21]. The conditions reported in the literature
for this transformation were used (1.1 mol% catalyst loading, 2 equivalents PhI(OAc)2,
100 ◦C, 22 h). Under these conditions, complexes 1 and 2 provided near-quantitative
conversions to the desired product, as determined by 1H NMR spectroscopy (97 and 96%,
respectively), of 10-methoxybenzo[h]quinoline, competing favourably with the 96% yield
reported in the literature (and confirmed here) using Pd(OAc)2, sourced from conventional
mining (ESI, Section S4). These results also matched those we previously reported for
[Pd(Me2dazdt)2][I3]2 [21]. The proposed mechanism [22,30] for these reactions involves a
Pd(II)-Pd(IV) manifold, though Pd(III) intermediates have also been postulated [31].

Heating methanol at 100 ◦C in a sealed vessel for 22 h leads to both safety and
sustainability concerns and so attempts were made to perform the reaction under milder
conditions. Following the initial screening reactions, the product conversion over time
was investigated for the methoxylation of benzo[h]quinoline at different temperatures,
first using the literature catalyst Pd(OAc)2 at a loading of 1.1 mol% (Figure 4). At high
temperatures (100 ◦C), no induction period was observed, with the fastest rate of reaction
occurring at the start of the reaction. However, heating flammable solvents above their
boiling point in a confined space generates potential danger related to pressure build-up.
At the lower temperature of 50 ◦C, the Pd(OAc)2 reaction proceeds more slowly but then
achieves 86% conversion to 10-methoxybenzo[h]quinoline after 5 h before reaching 95%
after 22 h, a conversion reached in only 2 h at 100 ◦C (ESI, Table S4-1). Perhaps due to
a tendency to use established protocols involving longer reaction times, it appears that
previous investigations did not reveal that high yields were already formed after much
shorter reaction times.
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100 °C after 22 h was noted, and this material was analysed using transmission electron 
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Figure 4. Formation of 10-methoxybenzo[h]quinoline from benzo[h]quinoline over time using
1.1 mol% Pd(OAc)2 in the presence of PhI(OAc)2 in MeOH at 100 ◦C (blue line) and 50 ◦C (or-
ange line). Conversion was determined from an average of three independent experiments by
comparing the integration of H-2 and H-10 resonances in benzo[h]quinoline with the diagnostic
methoxy resonance in the 10-methoxybenzo[h]quinoline product.

The appearance of a black residue at the bottom of the vials used in the reaction
at 100 ◦C after 22 h was noted, and this material was analysed using transmission elec-
tron microscopy (TEM). This ‘palladium black’ was revealed to also contain palladium
nanoparticles (Figure 5A) with an average diameter of 2.6 nm and a relatively broad size
distribution of ±1.1 nm. Though palladium nanoparticles (PdNPs) are well known to
catalyse many Pd(0)-mediated reactions, such as Suzuki–Miyaura couplings [32], they have
also been observed in C-H functionalisation reactions [33,34]. The formation of the PdNPs
was investigated in separate control experiments (ESI, Section S3.2.1), in which Pd(OAc)2
was heated for 22 h at 100 ◦C in a methanol solution with or without PhI(OAc)2 to yield pal-
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ladium nanoparticles with an average diameter of 1.2 nm (±0.3 nm) and 1.5 nm (±0.5 nm),
respectively (Figure 5B,C). The presence of the sacrificial oxidant does not appear to prevent
the reduction of Pd(OAc)2. These results suggest that the Pd(OAc)2 catalyst undergoes (at
least partial) in situ reduction in the alcohol solution to produce PdNPs under the reaction
conditions for C-H functionalisation.
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using Pd(OAc)2 as a catalyst, (B) after Pd(OAc)2 was heated with the sacrificial oxidant PhI(OAc)2

in methanol and (C) after heating Pd(OAc)2 in methanol. All reactions were conducted at 100 ◦C
for 22 h.

Further investigation was carried out to investigate whether the formation of pal-
ladium nanoparticles aided or hindered the methoxylation of benzo[h]quinoline. Palla-
dium acetate was heated in methanol in air for 2 h at 100 ◦C followed by the addition of
benzo[h]quinoline and PhI(OAc)2 to the solution. The reaction mixture was stirred and
heated at 100 ◦C for another 22 h. A 67% conversion to 10-methoxybenzo[h]quinoline
was obtained after 22 h of reaction, which is substantially lower than the 95% obtained
without the initial heating step in methanol. One suggestion is that a fraction of Pd(OAc)2
survives the reduction to Pd nanoparticles and is then able to catalyse the C-H functionali-
sation reaction. Alternatively, as proposed by Fairlamb and co-workers [33,34], the PdNPs
formed could be acting as a ‘reservoir’ of active Pd that performs the transformation but the
larger PdNPs formed are inactive. The palladium black that can be observed by the naked
eye consists of much larger, micrometre-sized particles, which are themselves unlikely to
be catalytically active. Taken together, these results suggest that the use of Pd(OAc)2 at
high temperatures in an alcohol solvent, as reported in the literature [22], actually con-
tributes to the deactivation of the catalyst and that the good conversions obtained after
22 h were actually due to the residual catalytic species that managed to operate under the
conditions employed.

Following this investigation of the literature catalyst, Pd(OAc)2, the catalytic activity
of [NnBu4]2[Pd2I6] (1) was explored in the functionalisation of benzo[h]quinoline using the
conditions that had provided the highest conversions (c.f. Figure 4) over shorter reaction
times (1–2 mol% [Pd] loading, 100 ◦C, 2 h). Near-quantitative conversions to the desired
product were recorded for the selective alkoxybenzo[h]quinoline for two alcohols, ROH
(R = Me, CH2CF3), using 1 mol% Pd loading. However, a two-fold increase in catalyst
loading was required to provide better conversion to 10-ethoxybenzo[h]quinoline (81%) and
10-isopropoxybenzo[h]quinoline (75%) (Figure 6 and ESI, Table S4-2). The lower activity
with ethanol and isopropanol could be due to the differing speciation of the active catalyst
species in solvents of different polarity.

Similarly to the reactions catalysed by Pd(OAc)2, a black residue was observed at the
bottom of the reaction vials after 2 h of the reaction using [NnBu4]2[Pd2I6] (1) at 100 ◦C for
all substrates except for the trifluoroethanol reaction mixture. The black precipitate was
centrifuged, washed with methanol and dried under a vacuum. TEM images (Figure 7)
revealed the formation of small palladium nanoparticles (PdNPs). Average diameters of
2.0 nm (methanol), 1.8 nm (ethanol) and 2.3 nm (mixture of isopropanol/acetic acid) were
recorded, confirming that the formation of PdNPs was not exclusive to the use of Pd(OAc)2.
The lack of formation of nanoparticles in the trifluoroethanol reaction mixture could be
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due to the electron-withdrawing CF3 unit stabilising the palladium(II) complex effectively,
hindering the formation of PdNPs at high temperatures.
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2.0 nm (methanol), 1.8 nm (ethanol) and 2.3 nm (mixture of isopropanol/acetic acid) were 
recorded, confirming that the formation of PdNPs was not exclusive to the use of 
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The same transformations were repeated with [NnBu4]2[Pd2I6] (1) as the catalyst at 50 
°C while modifying the reaction conditions (loading and reaction times) to attain satisfac-
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cantly, in all cases at this lower temperature, there was no visual evidence for the for-
mation of PdNPs. At 1 mol% [Pd] catalyst loading, low to moderate conversions (as 

Figure 6. Results for the formation of alkoxybenzo[h]quinoline using 1 as a catalyst in the alco-
hols shown at 100 ◦C. The conversion to 10-alkoxybenzo[h]quinoline was determined by 1H NMR
spectroscopy using the average of three independent experiments by comparing the integration of
H-2 and H-10 resonances in benzo[h]quinoline with the diagnostic resonances of methoxy, ethoxy,
isopropoxy and trifluoroethoxy groups in the products. 10-isopropoxybenzo[h]quinoline is formed
from a mixture of isopropanol and acetic acid, according to the original literature protocol [22].
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Figure 7. TEM images of Pd nanoparticles formed after heating benzo[h]quinoline and PhI(OAc)2

with 1 at 100 ◦C for 2 h in the presence of (A) MeOH, (B) EtOH, and (C) iPrOH (and acetic acid).

The same transformations were repeated with [NnBu4]2[Pd2I6] (1) as the catalyst
at 50 ◦C while modifying the reaction conditions (loading and reaction times) to attain
satisfactory conversions within an acceptable reaction time (Figure 8 and ESI Table S4-3).
Significantly, in all cases at this lower temperature, there was no visual evidence for the
formation of PdNPs. At 1 mol% [Pd] catalyst loading, low to moderate conversions (as
determined by 1H NMR spectroscopy) were observed (Figure 8A), which improved over
longer reaction times for reactions with MeOH and CF3CH2OH. Doubling the catalyst
loading to 2 mol% [Pd] led to essentially quantitative conversions to the desired product in
2 h for all products, except for 10-isopropoxybenzo[h]quinoline, which showed a steady
increase in the conversion to 82% after 24 h (Figure 8B). A 3 mol% loading of 1 and a
reaction time of 4 h were found to be necessary to achieve a high conversion (92%) to the
isopropoxy-functionalised product (ESI Table S4-3). The standard operating conditions
were thus defined as being 2 mol% [Pd] catalyst loading at 50 ◦C for 2 h. An isolated yield
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of 97% of 10-methoxybenzo[h]quinoline was obtained using these conditions, reflecting the
ease of isolation of these products through flash column chromatography.
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methoxybenzo[h]quinoline was obtained after only 2 h. Increasing the catalyst loading to 
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Figure 8. Alkoxy functionalisation of benzo[h]quinoline in different alcohol solvents at 50 ◦C employing
1 as a catalyst at (A) 1 mol% and (B) 2 mol% [Pd] loading. The conversion to 10-alkoxybenzo[h]quinoline
was determined by 1H NMR spectroscopy using the average of three independent experiments by com-
paring the integration of H-2 and H-10 resonances in benzo[h]quinoline with the diagnostic resonances
of methoxy, ethoxy, isopropoxy and trifluoroethoxy groups in the products.

The same conditions were then employed to investigate the use of PdI2(dppf) (2) as
a catalyst for the same reaction. Using 1 mol% loading (Figure 9A), 98% conversion to
10-methoxybenzo[h]quinoline was obtained after only 2 h. Increasing the catalyst loading to
2 mol% (Figure 9B) improved the conversions of the more challenging reactions to produce
10-trifluoroxybenzo[h]quinoline (94%) and 10-isopropoxybenzo[h]quinoline (95%) after 4 h
and 24 h, respectively (see also ESI Table S4-4).

Encouraged by the successful result for the alkoxylation of benzo[h]quinoline, the
synthesis of 8-(methoxymethyl)quinoline from 8-methylquinoline was briefly investigated.
The data obtained suggest that compound 1 appears to deliver superior catalytic perfor-
mance compared to the other catalysts under investigation (ESI, Table S4-6). An isolated
yield of 94% of 8-(methoxymethyl)quinoline was obtained using 1 mol% of 1 in methanol
at 50 ◦C for 2 h following a flash column (ESI, Section S3.2.2).

11



Catalysts 2024, 14, 295

Catalysts 2024, 14, x FOR PEER REVIEW 9 of 17 
 

 

produce 10-trifluoroxybenzo[h]quinoline (94%) and 10-isopropoxybenzo[h]quinoline 
(95%) after 4 h and 24 h, respectively (see also ESI Table S4-4). 

 

 
Figure 9. Alkoxy functionalisation of benzo[h]quinoline in different alcohol solvents at 50 °C em-
ploying PdI2(dppf) (2) as a catalyst at (A) 1 mol% and (B) 2 mol% [Pd] loading. The conversion to 
10-alkoxybenzo[h]quinoline was determined by 1H NMR spectroscopy using the average of three 
independent experiments by comparing the integration of H-2 and H-10 resonances in 
benzo[h]quinoline with the diagnostic resonances of methoxy, ethoxy, isopropoxy and trifluoroeth-
oxy groups in the products. 

Encouraged by the successful result for the alkoxylation of benzo[h]quinoline, the 
synthesis of 8-(methoxymethyl)quinoline from 8-methylquinoline was briefly investi-
gated. The data obtained suggest that compound 1 appears to deliver superior catalytic 
performance compared to the other catalysts under investigation (ESI, Table S4-6). An iso-
lated yield of 94% of 8-(methoxymethyl)quinoline was obtained using 1 mol% of 1 in 
methanol at 50 °C for 2 h following a flash column (ESI, Section S3.2.2). 

While the use of a recovery product obtained under mild conditions from waste as 
the catalyst enhances the ‘green’ credentials of the approach, recycling of the catalyst 

Figure 9. Alkoxy functionalisation of benzo[h]quinoline in different alcohol solvents at 50 ◦C em-
ploying PdI2(dppf) (2) as a catalyst at (A) 1 mol% and (B) 2 mol% [Pd] loading. The conversion to
10-alkoxybenzo[h]quinoline was determined by 1H NMR spectroscopy using the average of three inde-
pendent experiments by comparing the integration of H-2 and H-10 resonances in benzo[h]quinoline
with the diagnostic resonances of methoxy, ethoxy, isopropoxy and trifluoroethoxy groups in
the products.

While the use of a recovery product obtained under mild conditions from waste as the
catalyst enhances the ‘green’ credentials of the approach, recycling of the catalyst would
further enhance the sustainability of the process. This was investigated briefly in the
reaction to form 10-ethoxybenzo[h]quinoline, shown in Table 1. Conditions were optimised
to produce 10-ethoxybenzo[h]quinoline over a shorter reaction time (2 h). This required
an increase in the reaction temperature to 75 ◦C and the use of 2 mol% catalyst loading. A
near-quantitative conversion to the desired product was obtained in the first run, with a
palladium black precipitate forming within the first 30 min of the reaction. This precipitate
was isolated, washed and converted back to [NnBu4]2[Pd2I6] (1) in 75% yield using the same
procedure for its synthesis from Pd powder using [NnBu4]I/I2. The recovered compound
1 was used for the second run, which led to the same quantitative conversion to the 10-
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ethoxybenzo[h]quinoline product. Following the reaction, after treatment with [NnBu4]I/I2,
compound 1 was recovered for a second time with 72% yield. This approach is being
investigated further to assess the breadth of its application in different catalytic reactions.

Table 1. Use and re-use of [NnBu4]2[Pd2I6] (1) in the synthesis of 10-ethoxybenzo[h]quinoline. The
second run was scaled down so that a loading of 2 mol% of recovered 1 was maintained. Conversion
to the product was determined by 1H NMR spectroscopy by comparing the integration of H-2 and
H-10 resonances in benzo[h]quinoline with the diagnostic ethoxy resonances in the product and also
with an internal standard, 1,3,5-trimethoxybenzene. The recovery (isolated) yield was calculated with
respect to the amount of 1 in the reaction mixture.
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2.3. Amination Reactions

The palladium-catalysed Buchwald–Hartwig amination reaction is an essential tool in
organic synthesis and in the pharmaceutical industry in particular [4,35–39]. Pioneering
work by Hartwig demonstrated that a range of amination reactions could be catalysed
by PdCl2(dppf) in the presence of additional dppf in an inert environment [28]. The
similarities between PdCl2(dppf) and the PdI2(dppf) (2) generated from the [NnBu4]2[Pd2I6]
(1) recovery product provided encouragement to explore the possibility of substituting
current catalysts with more sustainable alternatives derived from waste. In addition, our
aim was also to enhance the sustainability still further by exploring ‘greener’ solvents and
more straightforward conditions that do not require the exclusion of oxygen and moisture.
In order to explore these aspects, complexes 1 and 2 were applied to the benchmark cross-
coupling reaction of p-bromobiphenyl and p-toluidine in a range of solvent systems in
air (Table 2), following literature protocols (5 mol% Pd loading, 15 mol% dppf ancillary
ligand and sodium tert-butoxide as a base for 3 h at 100 ◦C). The methyl resonances in
p-toluidine (2.24 ppm) and the product (2.33 pm) were employed as characteristic 1H NMR
spectroscopic features to monitor the reaction through integration of the respective signals.

The experimental protocol in the original report [28] described heating at 100 ◦C
in tetrahydrofuran for 3 h using 5 mol% Pd loading and 15 mol% dppf as an ancillary
ligand. The runs using these conditions were performed in a high-pressure vial due to the
significantly lower boiling point of the THF solvent (66 ◦C). Compounds 1 and 2 showed
lower catalytic activity compared to the PdCl2(dppf) in this initial set of experiments
(Table 2). However, heating THF above its boiling point poses a safety risk due to increased
pressure. Thus, solvents with higher boiling points were explored, such as toluene (b.p.
111 ◦C) and cyclopentyl methyl ether (CPME, b.p. 106 ◦C). Conducting the reaction in these
solvents led to improved conversions (Table 2) for reactions catalysed by 1 and 2 as well as
high conversions for the commercial palladium catalyst, PdCl2(dppf). This was the first
indication that PdI2(dppf) (2), obtained from a palladium recovery pathway, was able to
deliver comparable catalytic performance to the literature catalyst.
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Table 2. Solvent screening for the benchmark reaction of p-bromobiphenyl and p-toluidine in the pres-
ence of 5 mol% Pd loading and 15 mol% dppf at 100 ◦C for 3 h using different catalysts. The conversion
to the desired product was determined by 1H NMR spectroscopy by comparing the integration of diag-
nostic methyl resonances in p-toluidine and the product, taking into account the excess of p-toluidine
used. Values are the average of three independent experiments. CPME = cyclopentyl methyl ether.
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PdCl2(dppf)
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[NnBu4]2[Pd2I6] (1)

Conversion (%) with
PdI2(dppf) (2)

THF 90 ± 1 55 ± 1 81 ± 1
CPME 98 ± 1 92 ± 2 90 ± 1

Toluene 98 ± 1 80 ± 1 96 ± 2

In addition to its favourable properties, including low toxicity, high boiling point, low
melting point, hydrophobicity and chemical stability, cyclopentyl methyl ether (CPME) can
also be bio-derived from furfural [40]. It is known to broadly mimic the chemical properties
of both THF and toluene, but with a lower environmental and health score [41]. On the
basis of this improved sustainability and the high conversions it delivered for 1 and 2, this
solvent was chosen to be taken forward as a solvent for the remainder of this work. It was
also determined that carrying out the reaction in air did not affect the conversion to the
desired product when compared to an anhydrous CPME solution.

Ancillary ligands, such as electron-rich and bulky dppf ligands, are often required in
amination reactions to increase the rate of the reaction, prevent the formation of palladium
halide dimers after oxidative addition [27,28], and suppress β-hydride elimination by
preventing an open coordination site [36]. Without additional equivalents of the dppf
ligand, no product formation was observed under the conditions described above. Since
PdI2(dppf) (2) is readily obtained from [NnBu4]2[Pd2I6] (1) and dppf, the in situ generation
of 2 was also investigated, as discussed below.

The catalytic performance of 1 and 2 towards the aryl iodide analogue, p-iodobiphenyl,
was explored in CPME. In contrast to the aryl bromides, the catalytic activities of all catalysts
appeared to be adversely affected by the switch to aryl iodide substrates, providing a lower
conversion to the desired product (Table 3). This result agreed with the previously reported
literature [35,37] suggesting that aryl iodides are less effective substrates than their aryl
bromide counterparts in amination reactions. This has been suggested to be connected
to the poisoning of the catalyst through the accumulation of iodide salts in the reaction
medium [38].

Table 3. Reaction of p-iodobiphenyl and p-toluidine in the presence of 15 mol% dppf at 100 ◦C for
3 h using different catalysts at 2 and 5 mol% palladium loadings. The conversion to the desired
product was determined by 1H NMR spectroscopy by comparing the integration of diagnostic methyl
resonances in p-toluidine and the product, taking into account the excess of p-toluidine used. Values
are the average of three independent experiments.

Pd loading
(mol%)

Conversion (%) with
PdCl2(dppf)

Conversion (%) with
[NnBu4]2[Pd2I6] (1)

Conversion (%) with
PdI2(dppf) (2)

5 71 ± 3 59 ± 1 65 ± 3
2 80 ± 1 72 ± 1 57 ± 2

While encouraging, these results suggest that a lower catalyst loading than 5 mol%
could actually be beneficial and that the reaction conditions still had room for improvement.
Accordingly, we sought to optimise the conversion to the desired product for the bench-
mark reaction with catalyst 2 through an investigation of key variables using a ‘Design
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of Experiments’ (DoE) strategy, guided by JMP Statistical Discovery software. Definitive
screening designs considered three factors at three levels, the minimum, centre and maxi-
mum, with a total of 20 test runs (ESI, Table S3-1). The results obtained (ESI, Table S5-1)
were used to build a model to predict the outcome of the reaction and possible variable
combinations of catalyst loading, dppf loading and reaction time. The results of this study
(ESI, Table S3-2) indicate that the individual effect of time is the most significant parameter,
followed by two-factor interactions of catalyst loading with time and dppf loading, in
that order. Only slightly below this were the effects of catalyst loading and dppf amount.
Figure 10A shows the relationships between the experimental and predicted conversions
to the desired product. This graph helps to illustrate the error and the performance of the
model. The data points should be split evenly by the 45-degree line to test the model’s
fit. The quality fit of the model equation was expressed by the coefficient regression (R2)
as 0.97, which is close to unity, signifying a good fit of experimental data to the model,
providing confidence that it can predict the product yield.
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Figure 10. (A) Predicted and actual conversion to the desired product for the DoE model and
(B) predicted optimal conditions (1 mol% 2, 3 mol% dppf, 120 min) for the benchmark reaction
between p-bromobiphenyl and p-toluidine at 100 ◦C in CPME solution, as extracted from definitive
screening design variable profiles.

The DoE analysis shown in Figure 10B indicates that the optimal predicted reaction
yield for the reaction in CPME solution at 100 ◦C will be provided by 1 mol% PdI2(dppf)
(2) loading and 3 mol% dppf in 120 min. This confirmed that, while a 1:3 ratio of [Pd] to
[dppf] was optimal, the palladium loading could be lowered significantly from the 5 mol%
PdCl2(dppf) typically used in the literature.

Kinetic experiments were conducted to investigate the conversion to the desired
product over time and to better understand the behaviour of 2 as a catalyst in the model
reaction (Figure 11 and ESI Table S5-2). This graph shows that no significant induction
period was observed, with the fastest rate of reaction occurring at the start of the experiment.
Extending the reaction time from 120 to 180 min led to only a slight increase in conversion
to the product.

After establishing a set of catalytic conditions optimised for the reaction between
p-toluidine and p-bromobiphenyl (1 mol% [Pd] loading, 3 mol% dppf at 100 ◦C for 3 h
in CPME), the substrate scope was briefly explored with various aryl bromides (Table 4),
keeping the toluidine constant. Both pre-formed PdI2(dppf) (2) and 2 formed in situ from
[NnBu4]2[Pd2I6] (1) and dppf were explored. For the in situ reactions, all reagents were
combined and heating commenced without any catalyst pre-formation period. Overall, it
was clear that the optimised catalytic conditions for the reaction between p-bromobiphenyl
and p-toluidine (1 mol% [Pd]) proved insufficient to provide good conversions for all
the substrates investigated in the subsequent substrate scope study. However, moving
to 2 mol% [Pd] led to improved conversions to the desired product across the substrates
explored both for pre-formed PdI2(dppf) (2) and when 2 was generated in situ.
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Figure 11. Reaction profile for the reaction between p-bromobiphenyl and p-toluidine at 100 ◦C in
CPME in the presence of 1 mol% PdI2(dppf) (2) and 3 mol% dppf. The conversion to the desired
amination product was determined by 1H NMR spectroscopy by comparing the integration of
diagnostic methyl resonances in the product with an internal standard, 1,3,5-trimethoxybenzene.
Values are the average of three independent experiments.

Table 4. Conversion to the products shown for various aromatic amines and aryl bromides after the
reaction at 100 ◦C in CPME for 3 h in the presence of different [Pd] loadings of [NnBu4]2[Pd2I6] (1) or
PdI2(dppf) (2) and the stated amount of dppf. When using 1, sufficient dppf was used to generate
2 in situ with the stated [Pd]:[dppf] ratio. The conversions to the desired products are an average
of three independent experiments and were determined by 1H NMR spectroscopy using relative
integrations and 1,3,5-trimethoxybenzene as an internal standard (see ESI Section S3.3.7).

Conversion to the Product Shown (%)

Catalyst 2 Catalyst 1 Catalyst 2 Catalyst 1 Catalyst 2
1 mol% [Pd]

3 mol% [dppf]
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3 mol% [dppf]
2 mol% [Pd]

6 mol% [dppf]
2 mol% [Pd]

6 mol% [dppf]
2 mol% [Pd]

15 mol% [dppf]
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This higher loading helped to improve the conversion for more sterically hindered
substrates, such as ortho-toluidine. However, para-bromobenzaldehyde proved a challeng-
ing substrate across all conditions employed, though a slightly improved conversion was
obtained upon increasing the [Pd]:[dppf] ratio to 1:7.5 from 1:3. This change in conditions
also benefitted the reaction with para-bromoanisole, resulting in a conversion to the desired
product of 98%.

3. Materials and Methods

Synthesis and catalytic testing details are provided in the Supplementary Materials
along with spectroscopic, crystallographic and analytical characterisation data. Tables are
also included for the catalytic data presented in the plots in the main text.

4. Conclusions

Palladium catalysis continues to play a central role in metal-mediated transforma-
tions in synthetic chemistry, yet its widespread use is currently dependent on palladium
sourced from mining, with all its attendant environmental and geopolitical issues. The low
abundance of the metal and its limited geographical distribution encourages the greater
recovery and re-use of the palladium-containing waste in our society, principally in the
form of three-way catalysts (TWCs). This contribution draws on an effective and mild
route to recover palladium in the form of the dimer [NnBu4]2[Pd2I6] (1) using inexpensive
compounds, [NnBu4]I, I2 and acetone.

In this work, compound 1 has been shown to be an effective oxidative C-H function-
alisation catalyst, providing near-quantitative conversions to the desired product in the
alkoxylation of benzo[h]quinoline and 8-methylquinoline, in most cases under significantly
milder conditions, lower loading and shorter reaction times (50 ◦C, 1–2 mol% Pd loading,
2 h) than those reported in the literature [22]. The sustainability of the reaction was further
enhanced by the demonstration that the palladium black formed after the reaction could be
converted to [NnBu4]2[Pd2I6] (1) using [NnBu4]I/I2 and re-used as a catalyst multiple times.
The higher temperature typically used in previous reports (100 ◦C) was found to lead to
the formation of Pd nanoparticles with both Pd(OAc)2 (the literature catalyst) and 1, which
had a negative impact on the catalyst performance. The addition of dppf to compound
1 led to the formation of PdI2(dppf) (2) in high yield, allowing it to be used as a more
sustainable alternative catalyst to the PdCl2(dppf) often used in Buchwald–Hartwig amina-
tion reactions. Optimisation of the conditions allowed a lower catalyst loading (1–2 mol%
depending on the substrate) to be employed in a greener, bioderived solvent, cyclopentyl
methyl ether (CPME). Catalyst 2 could also be generated in situ through the addition of
dppf to [NnBu4]2[Pd2I6] (1), leading to similar conversions to the desired product.

In addition to sustainability improvements (milder conditions, greener solvents), this
contribution illustrates the potential to replace palladium catalysts derived from mining
with alternatives that can be obtained from waste under mild conditions. The use of 1
and 2 for two important palladium-catalysed transformations (C-H functionalisation and
amination) bodes well for the same approach to be applied to other key Pd-mediated
reactions, thus improving the sustainability of palladium catalysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal14050295/s1. Figure S1-1. Solid-state infrared spectrum
of [NnBu4]2[Pd2I6] (1); Figure S1-2. Mass spectrum of [NnBu4]2[Pd2I6] (1); Figure S1-3. UV-Vis
spectrum of [NnBu4]2[Pd2I6] (1) in MeCN; Figure S1-4; Solid-state infrared spectrum for PdI2(dppf)
(2); Figure S1-5. 1H NMR spectrum of PdI2(dppf) (2) in CDCl3; Figure S1-6. 31P{1H} NMR spec-
trum of PdI2(dppf) (2) in CDCl3; Figure S1-7. Mass spectrum of PdI2(dppf) (2); Figure S2-1. The
crystal structure of 2 (50% probability ellipsoids); Figure S3-1. Reaction setup for catalytic reac-
tions; Figure S3-2. 1H NMR spectrum in CDCl3 of the reaction mixture after the formation of
10-methoxybenzo[h]quinoline from benzo[h]quinoline showing the calculation of conversion using
integration of the proton environments in the starting material and the product; Figure S3-3. 1H
NMR spectrum in CDCl3 of isolated 10-methoxybenzo[h]quinoline; Figure S3-4. 1H NMR spec-
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trum in CDCl3 of isolated 8-(methoxymethyl)quinoline; Figure S3-5. HPLC calibration curve of
product against 1,3,5-trimethoxybenzene internal standard; Figure S3-6. HPLC calibration curve of p-
bromobiphenyl against 1,3,5-trimethoxybenzene internal standard; Table S3-1. Definitive screening de-
sign parameters used in the Design of Experiments (DoE) model for the reaction of p-bromobiphenyl
and p-toluidine at 100 ◦C in CPME solution; Table S3-2. Terms included in the definitive screening
design model and their corresponding LogWorth values with larger values indicate a larger influence
on the model. Terms with a LogWorth < 2 are not statistically significant and are not included;
Table S4-1. Reaction profile for the conversion of benzo[h]quinoline to 10-methoxybenzo[h]quinoline
with Pd(OAc)2 (1.1 mol%) in the presence of 2 equivalents of PhI(OAc)2 in MeOH at 50 ◦C and
100 ◦C; Table S4-2. Transformation of benzo[h]quinoline to 10-alkoxybenzo[h]quinoline catalysed
by 1 in different solvents at 100 ◦C using 2 equivalents of PhI(OAc)2; Table S4-3. Transformation
of benzo[h]quinoline to 10-alkoxybenzo[h]quinoline catalysed by 1 (1–3 mol%) in different solvents
at 50 ◦C using 2 equivalents of PhI(OAc)2; Table S4-4. Transformation of benzo[h]quinoline to
10-alkoxybenzo[h]quinoline catalysed by PdI2(dppf) 2 (1 or 2 mol%) in different solvents at 50
or 75 ◦C using 2 equivalents of PhI(OAc)2; Table S4-5. Transformation of 8-methylquinoline to
8-(methoxymethyl)quinoline using 1 or 2 as catalysts (1 or 2 mol% [Pd]) in different solvents at
50 ◦C using 2 equivalents of PhI(OAc)2; Table S5-1. Reaction conditions for the amination of p-
bromobiphenyl with p-toluidine in CPME in the presence of tBuOK at 100 ◦C used to generate
data for DoE analysis; Table S5-2. Reaction profile for the amination of p-bromobiphenyl with p-
toluidine against time. Conversion to the desired product was determined by 1H NMR spectroscopy.
References [22,24,28,29,42–49] are cited in the Supplementary Materials.
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Abstract: Microalgal biomass can be utilized for the production of value-added chemicals and fuels.
Within this research, Chlorella vulgaris biomass left behind after the extraction of lipids and proteins
was converted to valuable sugars, organic acids and furanic compounds via hydrolysis/dehydration
using dilute aqueous sulfuric acid as a homogeneous catalyst. Under mild conditions, i.e., low
temperature and low sulfuric acid concentration, the main products of hydrolysis/dehydration were
monomeric sugars (glucose and xylose) and furanic compounds (HMF, furfural) while under more
intense conditions (i.e., higher temperature and higher acid concentration), organic acids (propionic,
formic, acetic, succinic, lactic, levulinic) were also produced either directly from sugar conversion
or via intermediate furans. As a second valorization approach, the residual microalgal biomass
was converted to value-added sugar alcohols (sorbitol, glycerol) via hydrogenation/hydrogenolysis
reactions over metallic ruthenium catalysts supported on activated carbons (5%Ru/C). It was also
shown that a low concentration of sulfuric acid facilitated the conversion of biomass to sugar alcohols
by initiating the hydrolysis of carbohydrates to monomeric sugars. Overall, this work aims to propose
valorization pathways for a rarely utilized residual biomass towards useful compounds utilized as
platform chemicals and precursors for the production of a wide variety of solvents, polymers, fuels,
food ingredients, pharmaceuticals and others.

Keywords: Chlorella microalgae; hydrolysis; hydrogenolysis; sugars; furans; sugar alcohols

1. Introduction

The projected depletion of fossil fuels has spurred the development of emerging
technologies for the conversion of renewable energy sources to value-added chemicals and
biofuels. Lignocellulosic and microalgae biomass are recognized as the most promising
renewable feedstocks for the production not only biofuels but also a wide variety of
platform chemicals. Microalgae biomass has gained significant attention due to its fast
growth rate and minimum growth demands without the need for chemicals and energy.
Furthermore, their composition, enriched in lipids, proteins, carbohydrates and pigments,
provides the potential for valorization towards many chemicals.

Lipids, accounting almost the half of microalgae weight, can be extracted via sol-
vent extraction techniques supported by ultrasonication/microwaves and ionic liquids or
solvent free techniques and supercritical carbon dioxide methods [1–3]. Regarding their
composition and amount, the microalgae strains and the cultural conditions can determine
both the fatty acid profile and the lipid content [4,5]. In general, high carbon-to-nitrogen
ratios in cultivation or stress conditions such as nitrogen starvation, high salt concentration,
high temperature and high pH favors lipid formation [4,6]. Microalgae lipids are composed
of fatty acids with carbon numbers in the range C14–C20 and polyunsaturated fatty acids
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with carbon numbers higher than C20 [5]. The former group of fatty acids is mainly utilized
for third-generation biofuel production, as biodiesel or paraffinic hydrocarbons [7,8], while
the latter group of polyunsaturated fatty acids, more specifically, eicosapentanenoic (EPA)
and docosahexanoic acid (DHA), are used as health and nutritional supplements [9,10].
Taking into consideration that the human body cannot synthesize EPA and DHA, but both
are essential fatty acids, oleaginous microalgae could be a good source [10,11].

With regard to sugar composition, the main sugars are glucose, identified in high
concentrations, while rhamnose, fucose, ribose, xylose, arabinose, mannose and galactose
were identified in lower amounts [12]. As in the case of lipids, carbohydrate content and
composition exhibit differences between the microalgae species and can be controlled by
finetuning the cultivation conditions [13]. In order to increase the carbohydrate content, two
stage cultivation has been proposed, comprising a first stage where all the main nutrients are
supplied to increase the production of biomass, and a second stage where specific nutrients
are supplied to increase the formation of carbohydrates [14]. Microalgal carbohydrates
are recognized as promising feedstocks for the production of biofuels and value-added
chemicals [15]. After proper treatment, microalgal oligosaccharides can be utilized as a
source of prebiotics or converted to bioethanol/biobutanol via fermentation and to biogas
via anaerobic digestion [15–18]. Furthermore, microalgae-derived polysaccharides are
widely used in the production of packaging materials [19,20], as animal feed providing
antibiotic and antibacterial properties [13], and as promoters of plant growth and nutrient
uptake [21]. Especially, delipidified microalgal biomass has been utilized in the synthesis
of biopolymers, biomethane, biohydrogen and bioethanol [22].

Another major component of microalgae is proteins. Interestingly, some speciescan
contain up to 80 wt.% proteins [23]. The proteins after extraction, separation and purifica-
tion can be consumed by humans as alternative protein sources with valuable effects on
human health [24–26]. Other value-added compounds which can be isolated from microal-
gae are pigments, such as chlorophylls, carotenoids and phycobilins [9]. Carotenoids are
responsible for the yellow-red color of biomass and can be categorized in two main groups:
xanthophylls and carotenes. Carotenes are linear hydrocarbons with 40 carbon atoms, and
the most common compound is β-carotene, while xanthophylls are oxygenated derivatives
of them [9]. Among the microalgae with the highest carotene production is Dunaliella which
belongs to the Chlorophyta species and can be cultivated in highly saline environments [27].
The isolated β-carotene is used in food and pharmaceutical applications, and the foreseen
global market is expected to be USD 380 billion by 2028 [28].

In addition to the valorization processes based on selective extraction of the various
microalgae fractions, established thermochemical processes, such as pyrolysis, gasification
and liquefaction, have also been studied towards the production of bio-oil/biocrude for
further upgrading towards biofuels or other bio-based products. Pyrolysis is carried
out at relatively high temperatures (400–550 ◦C) in an inert atmosphere towards bio-oil,
char and gases, with typical yields being 50 wt.% bio-oil, 20 wt.% char and 30 wt.%
gases [29,30]. With regard to the composition of bio-oil, complex mixtures are obtained that
are rich in nitrogen-containing compounds, such as pyrroles, amines, amides and indoles,
produced via proteins, carboxylic acids, phenolic compounds, deoxygenated aliphatics
and aromatics [30,31]. Removal of nitrogen compounds can be achieved via downstream
denitrogenation processes while removal of oxygen can be achieved via in-situ or ex-
situ hydrodeoxygenation [31,32]. Heterogeneous catalysts with acid sites induce partial
deoxygenation towards monoaromatics (benzene, toluene, etc.) [30,33]. Hydrothermal
liquefaction is performed at lower temperatures (200–400 ◦C), higher residence times and
higher pressures, using solvents and catalysts [34,35]. The main products are biocrude,
gases and solids.

Within a biorefinery concept, the whole biomass needs to be converted to value-added
chemicals and biofuels. Microalgae biorefining is usually based on the primary extraction
of lipids and the valorization of delipidified biomass via pyrolysis, resulting, however, in
slightly lower yields of bio-oils that do not containing lipid-derived compounds [33,36].
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After lipid extraction and carbohydrate removal via saccharification, the residual biomass
can yield bio-oil rich in phenolic and nitrogen-containing compounds [37]. Alternatively,
after lipid extraction, proteins can be isolated, leaving carbohydrate- and pigment-enriched
biomass [38,39]. Delipidified biomass can also be hydrolyzed towards the production of
monomeric sugars, with potential for the production of biofuels. Usually, the hydrolysis of
the carbohydrates is carried out using inorganic acids, such as sulfuric and hydrochloric
acid, at 25–200 ◦C for between 5 min and 24 h, and the liquid product is rich in monomeric
sugars, mainly glucose and xylose [40–42].

A very novel area of microalgal biomass valorization is the production of bio-based
plastics. Microalgae-derived plastics can be produced via the extraction of lipids and carbo-
hydrates and their downstream conversion to polymers. Alternatively, polyhydroxyalka-
noates can be synthesized in microalgae cells under specified cultivation conditions [43,44].

The aim of this work was the valorization of Chlorella microalgae residual biomass
via catalytic acid hydrolysis/dehydration and hydrogenolysis/hydrogenation. Chlorella
vulgaris was subjected to solvent lipid extraction followed by protein removal and the
remaining carbohydrate-enriched biomass was converted into sugars, organic acids and
furans via hydrolysis/dehydration. Alternatively, hydrogenation/hydrogenolysis using
heterogeneous catalysts was applied in-situ to convert sugars to sugar alcohols.

2. Results
2.1. Characterization of Chlorella vulgaris Strains

The composition of the Chlorella vulgaris biomass used in this study is shown in
Table 1. The high nitrogen concentration in the cultivation of the LL (low lipid) sample led
to higher protein (28.1 wt.%) and carbohydrate content (33.6 wt.%) compared to the ML
(medium lipid) sample (see experimental section). The commercially available biomass
(MF) exhibited the highest protein and lipid content (46.9 wt.% and 30.2 wt.%, respec-
tively). The sample cultivated at pilot scale (AF) exhibited lower protein and lipid content
(22.4 wt.% and 21.3 wt.%, respectively). On the other hand, this sample exhibited the lowest
carbohydrate content (14.5 wt.%). The detailed analysis of the carbohydrate monomers is
shown in Table S1. All the biomass samples contained mainly glucose and xylose, while the
concentration of both sugars gradually increased after the extraction of lipids and proteins.
It can be noted that the two lab-scale cultivated samples (LL and ML) exhibited significantly
higher glucose content (16.8–26.8 wt.%) compared to the commercially available biomass
(MF) and the pilot-scale cultivation (AF), which had glucose content of 8.9 and 5.7 wt.%,
respectively. Furthermore, based on elemental analysis, all biomass samples exhibited high
carbon (43.8–47.6 wt.%), hydrogen (6.6–7.8 wt.%) and nitrogen (6.1–11.7 wt.%) content and
were almost sulfur-free. An exception to this trend is the AF samples, which showed the
lowest carbon concentration (21.3 wt.%).

Table 1. Biochemical composition and elemental analysis of microalgae feedstocks.

Composition a (wt.%) Elemental Analysis a

(wt.%)

Samples Lipids Proteins Carbohydrates Ash C H N S O

LL 15.0 28.1 33.6 19.3 47.6 6.7 11.7 0.0 14.7
ML 22.6 25.7 25.1 17.6 46.7 6.6 6.1 0.1 23.0
MF 30.2 46.9 14.8 6.2 43.8 7.8 9.8 0.0 32.4
AF 21.3 22.4 14.5 21.4 21.3 6.1 4.9 0.0 46.3

a Expressed as wt.% on dry biomass.

2.2. Catalytic Acid Hydrolysis/Dehydration

The hydrothermal hydrolysis of biomass was performed in aqueous solutions with
sulfuric acid as an acidic homogeneous catalyst. Preliminary experiments were performed
without a catalyst to study the effects of reaction temperature and feedstock composition.
The hydrothermal treatment of the LL-Res sample (i.e., the remaining biomass after extrac-
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tion of lipids from microalgae sample LL; see experimental section) at 175 ◦C for 15 min led
to 63.7 wt.% solubilization while the extraction of proteins (sample LL-Re-P) enhanced the
solubilization to 71.9 wt.%, as shown in Figure S1. The Chlorella strain with medium lipid
content after lipid extraction (ML-Res sample) exhibited significantly higher solubilization
(79.1 wt.%) compared to the strain of low lipid (LL) extracted biomass. An increase in
the reaction temperature from 175 ◦C to 250 ◦C led to a slight increase in solubilization
to 81.7 wt.%. The addition of dilute sulfuric acid (0.25% w/v) at 175 ◦C did not affect the
solubilization (79.7 wt.%), as was shown in the case of ML-Res.

Regarding the composition of the hydrolysates, the main compounds identified via
the HPLC analysis appertain to three main categories: sugars, organic acids and furanic
compounds. The solubilization of the LL-Res biomass in neat water yielded a low concentra-
tion of monomeric sugars (5 mg/g) due to the partial depolymerization of carbohydrates,
while the monomeric sugars were directly degraded to organic acids (Figure 1a). At
175 ◦C-15 min, LL-Res saw the formation of cellobiose (1.3 mg/g) and glucose (3.8 mg/g).
The main organic acids formed were lactic acid (27.9 mg/g), acetic acid (4.6 mg/g) and
propionic acid (7.9 mg/g), as can be observed in Figure 1b. A part of the formed organic
acids, especially lactic acid and propionic acid, may also be attributed to protein conversion.
More specifically, proteins can be converted to lactic acid via deamination, which is further
dehydrated towards propionic acid [45]. Based on the analysis of the hydrolysate obtained
via hydrothermal treatment at 190 ◦C-15 min (in neat water) of LL-Res-P (biomass derived
after the extraction of lipids and proteins from the LL sample), it can be seen that the
extraction of proteins led to a higher concentration of propionic acid (27.2 mg/g) but a
significantly lower concentration of lactic acid (2.4 mg/g), proving that part of the lactic
acid is derived from protein conversion but propionic acid is derived from carbohydrate
conversion. Both LL-Res and LL-Res-P yielded low levels of furanic compounds.

The treatment of biomass remaining after the extraction of lipids from a microalgae
sample with increased lipids (i.e., ML-Res) in neat water 175 ◦C-15 min) yielded a higher
sugar concentration (15.5 mg/g), lower organic acids (29.9 mg/g) and an almost similar
concentration of furans (0.9 mg/g). The high sugar content is mainly attributed to glucose,
whose concentration is equal to 11.7 mg/g, and to a lesser extent to galactose, arabinose
and mannose, whose concentrations add up to 3.9 mg/g. Also, more organic acids were
identified, such as succinic acid (6.1 mg/g), formic acid (8.5 mg/g) and propionic acid
(15.2 mg/g) compared to those from LL-Res. Both succinic acid and formic acid are formed
as intermediate products during the dehydration of sugars into furans. Raising the reaction
temperature from 175 ◦C to 250 ◦C induced more severe reaction conditions, which resulted
in a slight increase in biomass solubilization and to a completely different composition of
the hydrolysates. Under the more severe conditions, fewer sugars were obtained (8.4 mg/g)
due to their conversion into organic acids (144 mg/g) and furanic compounds (2.6 mg/g), as
can be observed in Figure 1a. Furthermore, the higher temperature yielded a lower glucose
content (6.3 mg/g) but enhanced depolymerization of xylooligosaccharides towards xylose
monomers (2.2 mg/g). In addition, the more severe conditions increased the concentration
of formic acid to 22.4 mg/g and of propionic acid to 89.3 mg/g and further enhanced the
formation of acetic acid (15.3 mg/g), lactic acid (11.3 mg/g) and levulinic acid (2.6 mg/g),
either via direct conversion of sugars or via rehydration of HMF (i.e., in the case of formic
and levulinic acids). The addition of sulfuric acid as a homogeneous acid catalyst in
the hydrothermal treatment (175 ◦C-15 min, 0.25% w/v) of ML-Res, induced increased
depolymerization of oligosaccharides to monomeric sugars (32.5 mg/g). i.e., containing
glucose (26.3 mg/g) and xylose (6.3 mg/g). The acidic conditions facilitated the dehydration
of sugars to furanic compounds (29.1 mg/g) and their further conversion to organic acids
(98.5 mg/g). The dehydration of glucose led to the formation of HMF (21.3 mg/g), while
the dehydration of xylose yielded furfural (7.9 mg/g), along with the subsequent formation
of succinic acid (8.7 mg/g), lactic acid (7 mg/g), formic acid (23.1 mg/g), acetic acid
(14.1 mg/g) and propionic acid (45.6 mg/g).

24



Catalysts 2024, 14, 286

Catalysts 2024, 14, x FOR PEER REVIEW 5 of 17 
 

 

facilitated the dehydration of sugars to furanic compounds (29.1 mg/g) and their further 

conversion to organic acids (98.5 mg/g). The dehydration of glucose led to the formation 

of HMF (21.3 mg/g), while the dehydration of xylose yielded furfural (7.9 mg/g), along 

with the subsequent formation of succinic acid (8.7 mg/g), lactic acid (7 mg/g), formic acid 

(23.1 mg/g), acetic acid (14.1 mg/g) and propionic acid (45.6 mg/g). 

 
(a) 

 
(b) 

Figure 1. (a) Categories of the compounds and (b) composition of the hydrolysates of LL-Res and 

ML-Res Chlorella vulgaris hydrolysates. 

A more detailed investigation of the effects of the process parameters (reaction tem-

perature, time and acid catalyst concentration) was performed using the MF-Res biomass. 

Under the milder reaction conditions (190 °C, 15 min, 0.25% w/v H2SO4), the solubilization 

of the biomass was 84.0 wt.%, as shown in Figure S2. An increase in the reaction temper-

ature from 190 °C to 230 °C enhanced the solubilization (90.0 wt.%), but a further increase 

to 250 °C led to slightly lower solubilization (87.0 wt.%), probably due to the formation of 

humins. Humins in the recovered solids were indirectly determined via TGA analysis. As 

can be observed in Table S2, the recovered solids exhibited two distinct weight-loss steps. 

The first step was in the range of 25–120 °C and corresponds to the evaporation of the 

remaining water, while the second, most dominant step was in the range 120–550 °C, cor-

responding to the decomposition of the remaining biomass. Above this temperature, the 

residual mass stabilized. An increase in the hydrolysis reaction temperature from 190 to 

250 °C led to an increase in the residual mass from 41.6% to 50.6%, probably due to the 

formation of humins, which are more stable and resilient when heated in an inert 

Figure 1. (a) Categories of the compounds and (b) composition of the hydrolysates of LL-Res and
ML-Res Chlorella vulgaris hydrolysates.

A more detailed investigation of the effects of the process parameters (reaction tem-
perature, time and acid catalyst concentration) was performed using the MF-Res biomass.
Under the milder reaction conditions (190 ◦C, 15 min, 0.25% w/v H2SO4), the solubilization
of the biomass was 84.0 wt.%, as shown in Figure S2. An increase in the reaction tempera-
ture from 190 ◦C to 230 ◦C enhanced the solubilization (90.0 wt.%), but a further increase
to 250 ◦C led to slightly lower solubilization (87.0 wt.%), probably due to the formation
of humins. Humins in the recovered solids were indirectly determined via TGA analysis.
As can be observed in Table S2, the recovered solids exhibited two distinct weight-loss
steps. The first step was in the range of 25–120 ◦C and corresponds to the evaporation of
the remaining water, while the second, most dominant step was in the range 120–550 ◦C,
corresponding to the decomposition of the remaining biomass. Above this temperature,
the residual mass stabilized. An increase in the hydrolysis reaction temperature from 190
to 250 ◦C led to an increase in the residual mass from 41.6% to 50.6%, probably due to the
formation of humins, which are more stable and resilient when heated in an inert atmo-
sphere (TGA) and convert further to char. Unlike the reaction temperature, the reaction
time did not significantly influence the solubilization of biomass. A prolonged reaction
time (60 min) maintained the solubilization at 84.0 wt.%, equal to a shorter reaction time
(15 min). The most profound impact was that of the concentration of sulfuric acid. A higher
concentration (0.5% w/v) improved the solubilization from 84.0 wt.% to 93.0 wt.%. The
sequential extraction of proteins (MF-Res-P) led to a partial decrease in the solubilization
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(81.4 wt.% of the respective biomass sample). All the hydrolysates derived via the hydrol-
ysis/dehydration of the MF-Res biomass are shown in Figure 2. All samples exhibited a
light brown color, and changes in the severity of the treatment conditions did not influence
the color of the product.
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Figure 2. Hydrolysates obtained via the hydrolysis/dehydration of MF-Res Chlorella vulgaris under
different reaction conditions.

Despite the similar levels of solubilization, reaction conditions did tailor the compo-
sition of the hydrolysates, as can be observed in Figure 3a,b. The least severe conditions
(190 ◦C, 15 min, 0.25% w/v H2SO4) yielded the highest concentration of sugars (32.3 mg/g)
and the lowest concentration of organic acids (91.4 mg/g). Surprisingly, these conditions
also enhanced the dehydration of sugars towards furanic compounds, whose concentration
was 27.8 mg/g. An increase in the reaction temperature from 190 ◦C to 230 ◦C yielded
fewer sugars (23.0 mg/g), more organic acids (106.0 mg/g) and significantly lower furanic
compounds (3.0 mg/g). A further increase in the reaction temperature to 250 ◦C proved
to enhance further the formation of organic acids. This hydrolysate exhibited the lowest
concentration of sugars (15.9 mg/g) and furanic compounds (3.1 mg/g), while organic
acids exhibited the highest concentration (121 mg/g). To give more details regarding
the content of individual compounds in the hydrolysates, it was observed that under
the milder conditions, glucose was the main sugar formed (22.4 mg/g), with xylose and
arabinose/galactose/mannose exhibiting lower concentrations (5.5 and 4.4 mg/g, respec-
tively). The most abundant organic acid was propionic acid (46.8 mg/g), while succinic
acid (9.2 mg/g), lactic acid (8.4 mg/g), formic acid (12.8 mg/g) and acetic acid (14.2 mg/g)
were at substantially lower concentrations. The dehydration of glucose led to the formation
of HMF (23.6 mg/g), while the dehydration of C5 sugars led to the formation of furfural
(4.3 mg/g). An increase in the reaction temperature from 190 ◦C to 230 ◦C yielded a lower
glucose concentration (17.3 mg/g) as well as lower concentrations of xylose (3.5 mg/g)
and other sugars (2.3 mg/g). A higher reaction temperature enhanced the formation of
propionic acid, whose concentration increased to 80.5 mg/g, instead of the formation of
other organic acids or furanic compounds. The highest reaction temperature (250 ◦C) in-
duced further conversion of sugars towards organic acids. Glucose and xylose content were
12.3 mg/g and 3.5 mg/g, respectively, while none of the other sugars (arabinose, galactose
and mannose) was identified. An increase in the reaction time from 15 to 60 min had a less
profound effect on the hydrolysis/dehydration of sugars. The total sugar concentration
decreased from 32.3 mg/g to 22.7 mg/g, mainly attributed to glucose, whose concentration
was 18.6 mg/g, and xylose, with concentration 4.1 mg/g. The most profound effect was on
the formation of organic acids, whose concentration increased from 91.4 mg/g to 121 mg/g.
The main organic acid formed was propionic acid (75.4 mg/g). The acetic acid concentra-
tion also increased from 14.2 mg/g to 16.6 mg/g, while all the other acids were formed at
lower concentrations. The concentration of the furanic compounds was low (2.0 mg/g),
due to their subsequent conversion to organic acids as well as their condensation to humins.
Characterization of the recovered solids via TGA showed that an increase in the hydrolysis
reaction time from 15 to 60 min led to an increase in the residual mass from 41.6% to 50.7%,
which may also be considered as indication of humin formation, as discussed above for the
effect of higher hydrolysis temperature. Generally, harsher conditions in terms of reaction
temperature and time are considered to decrease the carbohydrate yield in favor of furans
and/or acids, while mild conditions can enhance the sugar yield [46].
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Regarding the effect of the acidic catalyst, a higher acid concentration, i.e., from 0.25 to
0.5% w/v H2SO4, did not significantly change the products’ distribution (Figure 3a,b). More
specifically, the higher acid concentration yielded slightly lower total sugars, 25.1 mg/g,
compared to 32.3 mg/g formed when using 0.25% w/v H2SO4. Both glucose and xylose
were formed at lower concentrations, 19.6 and 5.5 mg/g, respectively, and none of the
other sugars was identified. Additionally, the total concentration of organic acids decreased
from 91.4 mg/g to 88.9 mg/g. The higher acid concentration enhanced the formation
of formic and acetic acids, whose content increased from 12.8 mg/g to 15.4 mg/g and
from 14.2 mg/g to 16.7 mg/g, respectively. The succinic acid concentration decreased to
7.2 mg/g, while the propionic acid concentration remained almost the same at 48.0 mg/g.
Furfural and HMF were measured at 4.9 and 23.7 mg/g, respectively. The lower formation
of sugars and the higher concentration of acids and furanic compounds when using higher
concentrations of sulfuric acid is in accordance with similar results from the literature for
other microalgae [47].

A similar study was performed using the AF microalgae derived via pilot-scale cultiva-
tion. Regarding the solubilization of microalgae residual biomass (Figure S3), the hydrolysis
of AF-Res (biomass obtained after lipid extraction from AF) at 190 ◦C, 15 min, 0.25% w/v
H2SO4 yielded 91.7 wt.% solubilization, slightly higher than the 84 wt.% obtained dur-
ing the hydrolysis of lab-scale cultivated samples (LL, ML) and the commercially (MF)
available microalgae. Treatment of the AF-Res-P (lipid- and protein-extracted biomass) led
to lower solubilization (83.4 wt.%) under the same hydrolysis conditions. An increase in
the reaction time from 15 to 60 min led to slightly higher solubilization 85.7 wt.%, while
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higher sulfuric acid concentration further improved the solubilization to 90.2 wt.%. The
obtained hydrolysates are shown in Figure 4. All hydrolysates exhibited a brown color,
while increase of reaction time or of the sulfuric acid concentration turned the color to dark
brown, possibly due to the formation of humins.
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Figure 4. Hydrolysates obtained via the hydrolysis/dehydration of AF-Res and AF-Res-P Chlorella
vulgaris under different reaction conditions.

The composition of the hydrolysates is shown in Figure 5a,b. The pilot-scale cultivation
of Chlorella microalgae followed by lipid extraction (sample AF-Res) and hydrolysis at
190 ◦C, 15 min, 0.25% w/v H2SO4 yielded 27.4 mg/g sugars, 74.3 mg/g organic acids and
26.9 mg/g furanic compounds, which were slightly lower compared to the composition
of the MF-Res hydrolysate under the same treatment conditions. Glucose (21.9 mg/g)
and xylose (5.5 mg/g) were the only sugars formed. As can be observed in Figure 5b,
propionic acid was the main organic acid formed (35.7 mg/g). Formic acid (17.8 mg/g),
acetic acid (11.9 mg/g) and succinic acid (8.8 mg/g) were formed at lower concentrations,
while appreciable amounts of furfural and HMF were also determined (ca. 7.6 mg/g and
19.4 mg/g, respectively). The subsequent extraction of proteins and the hydrothermal
treatment of the respective sample (AF-Res-P) under the same conditions yielded a slightly
lower concentration of sugars (18.7 mg/g) and organic acids (69.4 mg/g) but facilitated
the in-situ dehydration of sugars to furanic compounds, whose concentrations amounted
to 35.1 mg/g (HMF and furfural concentrations were 25.2 and 9.9 mg/g, respectively).
Furthermore, the extraction of proteins did not affect the propionic acid and succinic acid
concentrations but slightly reduced the concentrations of formic acid and acetic acid to 14.6
and 8.9 mg/g, respectively.

A higher residence time (60 min) at 190 ◦C for the AF-Res-P treatment enhanced the
dehydration of sugars to furanic compounds as well as the conversion to organic acids.
The concentration of sugars was found to be 13.4 mg/g, organic acids 85.9 mg/g and
furanic compounds 39.5 mg/g. The prolonged reaction time yielded lower concentrations
of glucose (9.4 mg/g) and xylose (6.7 mg/g). On the other hand, formic acid concentration
increased from 14.6 to 17.4 mg/g, and acetic and propionic acid concentrations increased
from 8.9 to 10.2 mg/g and from 37.0 to 55.5 mg/g, respectively. The main difference
between the two reaction times is that levulinic acid (2.8 mg/g) was formed at 60 min,
while succinic was not detected at all. Additionally, ethanol was produced at 60 min with a
concentration of 35.7 mg/g.

On the other hand, higher sulfuric acid concentration facilitated the depolymerization
of carbohydrates towards monomeric sugars, whose concentration increased to 23.5 mg/g
(from 18.7 mg/g). Both glucose and xylose concentrations increased to 14.2 and 9.3 mg/g,
respectively. Furthermore, furanic compounds increased to 42.0 mg/g while organic acid
concentration decreased to 58.9 mg/g. Based on the above results, the higher sulfuric
acid concentration enhanced the in-situ dehydration of sugars to furanic compounds
without subsequent conversion to organic acids. Indeed, formic, acetic and succinic acid
concentrations decreased to 6.7, 7.3 and 2.3 mg/g, respectively. On the other hand, HMF
concentration increased from 25.2 to 29.8 mg/g and furfural concentration from 9.9 to
12.3 mg/g.
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Based on the above results, it is shown that the careful selection of hydrolysis condi-
tions (temperature, time and sulfuric acid concentration), which may also induce further/in
situ conversion of the initially formed sugars to furans and organic acids, can finetune
the composition of the final liquid hydrolysates. Usually, the boundaries between the
initial hydrolysis of carbohydrates to monomer sugars, and their consequent conversion
to furans and/or acids, are not distinct according to the different types of homogeneous
or heterogeneous acid catalysts. As a result, it may be preferable to adjust and increase
slightly the severity of the hydrolysis conditions towards the direct/in situ production
of furans and/or organic acids. An additional benefit of doing this is that the tedious
separation of sugars from the above mixture is avoided. As a general rule, relatively mild
hydrolysis/reaction conditions select for sugars and some organic acids, while more severe
conditions can shift the selectivity towards furanic compounds and other organic acids
(from HMF hydrolysis). Humin formation under more intense conditions should also be
taken into consideration. Another important outcome of the present results is the versatile
character of the approach with respect to the type of feedstock used, i.e., lipid-extracted
microalgae biomass or lipid-protein-extracted biomass. In addition, it is shown that similar
results in terms of hydrolysis reactivity and product composition can be obtained from
experimental/lab- and pilot-scale biomass cultivation and processing.
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Another important point relates to the yields of the above-discussed targeted prod-
ucts (sugars, furans, acids) that are in the range of 7–20 wt.% of biomass. These yields
are relatively low, mainly due to the relatively mild reaction conditions applied, which,
however, restrict the formation of humins to low levels. Still, the initial sugar content of the
biomass feedstocks (shown in Table S1) in the present work are not far from these product
yields, i.e., they range from 5 to 40 wt.%, thus showing a relatively moderate/high yield of
products when estimated on the basis of initial sugar content rather than the whole residual
biomass. This further indicates that the residual biomass samples contain leftover lipids,
proteins and ash.

2.3. Catalytic Hydrogenation/Hydrogenolysis

The catalytic hydrogenation/hydrogenolysis of microalgae residual biomass was per-
formed using ethanol–water mixtures as solvents under increased hydrogen pressure, a
sulfuric acid catalyst to induce the hydrolysis of carbohydrates towards sugar monomers, and
ruthenium supported on activated carbon as the hydrogenation catalyst. The physicochemical
characteristics of the 5%Ru/C catalyst are shown in Table 2 and Figure S4. The ruthenium
was in its metallic phase; its crystallite size was calculated via Scherrer equation and found
to be 8 nm. Regarding its porous properties, the catalyst exhibits mainly microporous char-
acteristics, owing to the activated carbon support, alongside significant mesoporosity. The
specific surface area, determined via the BET equation, was 1047 m2/g, while the surface area
corresponding to the micropores was 690 m2/g, the rest being attributed to meso/macropores
and external area. Taking into consideration the total pore volume, almost 37% corresponds
to the micropore volume and 63% to the meso/macropore volume.

Table 2. Physicochemical characteristics of metallic catalysts supported on activated carbon (AC).

Catalyst DXRD
(nm)

SBET
(m2/g)

Smicro
(m2/g)

Vtotal
(cm3/g)

Vmicro
(cm3/g)

Vmeso/macro
(cm3/g)

5%Ru/AC 8 1047 690 0.806 0.306 0.500

The biomass used as feed for the hydrogenation/hydrogenolysis experiments was the
AF-Res-P, i.e., that derived from the pilot-scale microalgae AF after sequential extraction
of lipids and proteins. The liquid products obtained via hydrogenation/hydrogenolysis
exhibited a dark brown color, as can be observed in Figure 6.
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Figure 6. Liquid products obtained via the hydrogenation/hydrogenolysis of AF-Res-P Chlorella
vulgaris under different reaction conditions.

At 190 ◦C for 60 min, the solubilization of the AF-Res-P biomass was 80.9 wt.%, and
by increasing the reaction temperature to 220 ◦C, the solubilization was raised to 87.6 wt.%,
as shown in Figure S5. For purposes of comparison, the utilization of only the 5%Ru/AC as
the catalyst, without the addition of H2SO4, resulted in almost the same solubilization, ca.
86.4 wt.%. Furthermore, a higher concentration of sulfuric acid, 0.25% w/v instead of 0.10%
w/v, but under milder reaction conditions (170 ◦C), resulted in slightly lower solubilization,
74.3 wt.%, possibly due to humin formation.
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The composition of the liquid products is shown in Figure 7a,b. Using 0.1% w/v H2SO4
+ 5%Ru/AC at 190 ◦C, the concentration of sugars was 20.4 mg/g, organic acids 23.9 mg/g
and furanic compounds 6.1 mg/g. Furthermore, under the hydrogenation/hydrogenolysis
conditions applied, the in-situ production of sugar alcohols was achieved (21.9 mg/g), with
sorbitol (13.6 mg/g) and glycerol (8.3 mg/g) being the main products. Via a generalized
mechanism, the hydrogenation of glucose leads to the formation of sorbitol, which can then
be converted to glycerol via hydrogenolysis [48,49]. An increase in the reaction temperature
from 190 ◦C to 220 ◦C resulted in lower sugar concentration (11.1 mg/g), lower furans
(5.4 mg/g) and significantly lower sugar alcohols (2.2 mg/g). On the other hand, the more
intense conditions induced the conversion of sugars to organic acids, whose concentration
increased to 32.2 mg/g, with the most abundant acids being propionic acid (21.5 mg/g),
formic acid (3.6 mg/g) and levulinic acid (1.9 mg/g). This shift towards organic acid
formation maybe attributed to the increased dehydration of sugars to furans (and their
subsequent rehydration to organic acids) and/or the direct conversion of sugars to organic
acids catalyzed by H2SO4 at higher temperatures, being faster than the hydrogenation
reactivity of sugars towards sugar alcohols. Apart from the combination of sulfuric acid
with 5%Ru/AC, the activity of neat 5%Ru/AC was examined at 220 ◦C for 60 min. As can
be observed in Figure 7a, 5%Ru/AC enhanced the depolymerization of carbohydrates to
monomeric sugars (13.8 mg/g), their dehydration to furanic compounds (4.7 mg/g), their
conversion to organic acids (35.7 mg/g) and their hydrogenation/hydrogenolysis to sugar
alcohols (18.9 mg/g). Regarding the sugars’ composition, the presence of 5%Ru/AC en-
hanced the formation of glucose (5.6 mg/g) and galactose/arabinose/mannose (6.5 mg/g),
while less xylose was produced (0.8 mg/g). Also, a narrower distribution of organic acids
was observed with the formation of acetic acid (6.9 mg/g) and propionic acid (28.8 mg/g).
The ruthenium-based catalyst enhanced the hydrogenolysis of the formed sorbitol to glyc-
erol, whose concentration increased to 18.9 mg/g. Finally, aiming to achieve milder reaction
conditions (mainly a lower temperature), a slightly higher concentration of sulfuric acid
was used (0.25% w/v) at a lower reaction temperature (170 ◦C). Under these conditions,
the selectivity towards sugars increased and their concentration amounted to 57.8 mg/g,
along with increased concentrations of furanic compounds (11.8 mg/g) and sugar alcohols
(40.6 mg/g). The higher concentration of sugars is attributed to the higher concentration of
xylose (11.6 mg/g) and galactose/arabinose/mannose (39.1 mg/g). Interestingly, the only
organic acids formed were succinic acid (8.1 mg/g) and acetic acid (5.1 mg/g). Regarding
the sugar alcohols, sorbitol and glycerol were formed at concentrations of 13.5 mg/g and
27.1 mg/g, respectively.

The aim of this study was to provide a first proof of concept of the possible valorization
of microalgae residual carbohydrates to sugar alcohols via hydrogenation/hydrogenolysis.
The leaching of Ru was not detected in the liquid products, as the use of sulfuric acid
was kept to very low levels, just to initiate the hydrolysis of carbohydrates to monomeric
sugars that could then be hydrogenated using Ru. Certainly, an in-depth characterization
of the spent catalysts and reuse/regeneration studies are needed to further investigate the
exploitation potential of the proposed approach.
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3. Materials and Methods
3.1. Feedstocks

The microalgae samples used in this study are shown in Table 3. Two lab-scale
cultures of Chlorella vulgaris were produced under different cultivation conditions, mainly
nitrogen abundance, according to previously published procedures [33]. The high nitrogen
concentration in the cultivation medium led to the Chlorella vulgaris LL (i.e., low lipid)
sample, while the lower nitrogen concentration led to the production of the ML (i.e.,
moderate lipid) sample. Larger-scale amounts of Chlorella vulgaris biomass were produced
by the Faculty of Agriculture, Aristotle University of Thessaloniki (photobioreactor, 2000L);
this sample was named AF. For comparison purposes, a commercially available Chlorella
vulgaris was also used (MF).

Table 3. Chlorella vulgaris residual biomass used in the hydrolysis/dehydration and hydrogena-
tion/hydrogenolysis experiments.

Sample Pretreatment

LL-Res Lab-scale cultivation sample after lipid extraction of low lipid content strain
ML-Res Lab-scale cultivation sample after lipid extraction of medium lipid content strain
MF-Res Commercially available biomass after lipid extraction
AF-Res Upscale cultivation sample after lipid extraction
LL-Res-P Sample after protein extraction of LL-Res
ML-Res-P Sample after protein extraction of ML-Res
MF-Res-P Sample after protein extraction of MF-Res
AF-Res-P Sample after protein extraction of AF-Res
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3.2. Fractionation of Chlorella vulgaris Microalgae

The fractionation of the parent microalgae biomass was based on the extraction of
lipids in the first step, followed by protein extraction in the second step. Thus, in the first
step, 5 g of dry biomass was placed in a cellulose thimble. The extraction was performed
in a Soxhlet apparatus, using a mixture of chloroform and methanol (2:1 v/v) as solvents,
at 80 ◦C for 18 h. After the extraction, the solvent was recovered in a rotary evaporator
(HB10, IKA) and the remaining lipid fraction was dried at 40 ◦C for 6 h. The remaining
solid fraction, after lipid extraction, containing proteins and carbohydrates, was dried at
room temperature overnight and at 40 ◦C for 6 h. The obtained samples were denoted as
LL-Res, ML-Res, MF-Res and AF-Res.

In the second step, proteins were isolated according to the procedure described by
Safi et al. [50]. Briefly, 0.5 g of dry biomass (after lipid extraction) was added to 25 mL
2 N NaOH solution (pH = 12) and left under stirring for 2 h at 40 ◦C. The supernatant was
separated from the solid via centrifugation at 10,000× g, 40 ◦C, 10 min. The solid residue
enriched in carbohydrates was washed several times with deionized water and centrifuged
until pH = 6, dried at room temperature and at 40 ◦C for 6 h. Proteins were isolated after
precipitation at pH = 3, with 0.1 M HCl and centrifugation at 10.000× g, 20 ◦C, 10 min. The
obtained samples after protein extraction were denoted as LL-Res-P, ML-Res-P, MF-Res-P
and AF-Res-P.

3.3. Characterization of Biomass Feedstocks

The characterization of the microalgae biomass feedstocks was performed according
to NREL protocols. Moisture content and total solids were based on NREL/TP-5100-60956
protocol, according to which 100 mg of pulverized biomass was placed at 40 ◦C under
vacuum for at least 18 h [51]. Afterwards, the ash content was determined after ignition
at 575 ◦C for 3 h, according to the same protocol. The elemental composition (C/H/N/S)
was determined in an elemental analyzer EA 3100 (EuroVector, Pavia, Italy). The samples
were heated at 980 ◦C, under constant helium flow. Oxygen was determined via the
equation O (wt.%) = 100 − C (wt.%) − H (wt.%) − N (wt.%) − S (wt.%) − Ash (wt.%). The
carbohydrate content was determined via two-step sulfuric acid hydrolysis, according to
NREL/TP-5100-60957 protocol [52].

3.4. Catalytic Hydrolysis/Dehydration

The hydrothermal hydrolysis/dehydration experiments were carried out in a batch
stirred autoclave reactor. In each experiment, microalgal biomass was mixed with distilled
water at liquid-to-solid ratio L/S = 32 and placed in the reactor, along with 0.25 or 0.50% w/v
H2SO4 as an acid catalyst. After closing the reactor, 10 bar of nitrogen gas was purged into
the reactor. The experiments were performed in the temperature range of 175–250 ◦C for
15–60 min, with a 400 rpm stirring rate to eliminate any mass transfer phenomena. The
average heating rate to the targeted temperature was ~14 ◦C/min, thus limiting the conver-
sion of biomass taking place during the heat-up of the experiment. After the reaction, the
reactor was cooled to room temperature and vacuum filtration was applied to separate the
liquid fraction from the biomass. The solid fraction, corresponding to the non-solubilized
biomass, was dried at 80 ◦C for 6 h under vacuum, while the liquid fraction containing the
solubilized biomass was analyzed by high-performance liquid chromatography (HPLC).
Analysis was performed on an HPLC (LC-20AD, HPLC, Shimadzu, Tokyo, Japan) equipped
with a refractive index detector (RID-10A, Shimadzu) and an oven (CTO-20A, Shimadzu).
The identification and quantification of sugars, organic acids and furanic compounds was
carried out in an SH-1011 column, at 45 ◦C and 0.01 N H2SO4 as the mobile phase with
a flow of 0.7 mL/min. The recovered solids were characterized via thermogravimetric
analysis (TGA). The measurements were performed in the Netzsch (Selb, Germany) STA
449 F5 Jupiter, at a temperature range of 25–950 ◦C, under N2 atmosphere and a 10 ◦C/min
heating rate. The experiments were performed in triplicate and the standard error was <5%.
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3.5. Catalytic Hydrogenolysis/Hydrogenation

The hydrogenation/hydrogenolysis experiments were carried out in a batch autoclave
reactor, using 0.4 g of biomass and a solvent mixture of 20 mL ethanol–water at a ratio of
90–10%. Dilute H2SO4 0.1 or 0.25% w/v was used as an acid catalyst, combined with
the solid hydrogenation catalyst 5%Ru/AC. All experiments were performed with 30 bar
hydrogen gas pressure (measured at room temperature), in the temperature range of
190–220 ◦C for 60 min and with a 400 rpm stirring rate to eliminate any mass transfer
phenomena. The average heating rate to the targeted temperature was ~14 ◦C/min. Af-
terwards, the reactor was cooled to room temperature and vacuum filtration was applied
to separate the liquid fraction from the biomass. The solid fraction was dried at 80 ◦C for
6 h under vacuum, while the liquid fraction was analyzed by high-performance liquid
chromatography (HPLC), similarly to Section 3.4. The experiments were performed in
triplicate and the standard error was <5%.

The catalyst 5%Ru/AC was synthesized via a wet impregnation method. Norit SX-
Plus carbon was used as support. Prior to the impregnation, the support was thermally
treated at 500 ◦C, 3 h under N2 flow. Briefly, an appropriate amount of RuCl3 was dissolved
in 20 mL H2O and then added dropwise and under stirring to the suspension of 10 g
support which was suspended in 100 mL H2O. Stirring continued for 1 h before the water
was removed using a rotary evaporator. The final solid was dried overnight at 100 ◦C,
calcined at 500 ◦C, 3 h under He (50 mL/min) and reduced under H2 flow 50 mL/min. The
catalyst was characterized via X-ray powder diffraction. The pattern was recorded using
CuKa X-ray radiation, at 2θ = 5–85◦, with 0.02◦/step and 2 s/step. The porous properties
were determined via nitrogen physisorption at −196 ◦C using an automatic volumetric
sorption analyzer (Autosorb-1 MP, Quantachrome, Boynton Beac, FL, USA). Prior to taking
the measurements, the sample was outgassed at 250 ◦C, 19 h under 5 × 10−9 Torr vacuum.
Surface areas were determined via the multipoint BET method; the total pore volume
was determined at P/Po = 0.99 while the microporous surface areas and volumes were
determined via t-plot method.

4. Conclusions

This work focused on the potential valorization of various types of microalgal residual
biomass towards the production of platform chemicals. The residual carbohydrate biomass
that remained after the extraction of lipids and proteins can be converted to monomeric
sugars, which can serve as precursors of a wide range of chemicals. The intensity of
the mild acid-hydrothermal treatment of this residual biomass determined the extent of
hydrolysis–dehydration–rehydration reactions that led to sugar monomers being produced
at concentrations of 4.6–32.5 mg/g, furans at up to 42 mg/g and organic acids between 30
and 144 mg/g, respectively. Under more intense conditions, i.e., higher acid concentration
and/or temperature, all the above products were suppressed due to further condensation
reactions that lead to humin formation.

Each one of the above group of products, e.g., monomeric sugars, organic acids and
furanic compounds, has its value in an integrated biorefinery scheme. Monomeric sugars
can be used to produce bioethanol/butanol, a wide range of acids (succinic, lactic, etc.)
as well as furans (furfural, HMF), all of them being high-added-value platform chemicals
towards the production of fuels or biobased polymers. With regard to the furan/acid
mixtures, these may be more easily separated, compared to when monomer sugars are also
present, and utilized; for example, furfural can make furfuryl alcohol resins or HMF to
produce furan dicarboxylic acid (FDCA) and then polyethylene furanoate (PEF), a potential
replacement for PET. On the other hand, organic acids such as lactic and succinic are being
used to produce valuable green plastics based on polylactic acid (PLA) or polybutylene
succinates (PBS). Alternatively, the whole mixture of organic acids may find application
in the production of phenol–formaldehyde resins (P–F) where a commercial/petroleum-
derived, usually acetic acid-based, acidification medium is used to control/regulate the pH
of the process.
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A promising alternative pathway is the catalytic hydrogenation/hydrogenolysis of
this residual carbohydrate biomass, with the assistance of homogeneous mild acid catalysts,
towards the in-situ production of sugar alcohols, such as sorbitol and glycerol, whose
concentrations add up to 2–41 mg/g. These products are also of high value and can be
used as food ingredients, in polymer synthesis, in pharmaceuticals, etc., thus increasing the
exploitation potential of microalgae residual biomass.
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Abstract: Through the implementation of a one-pot strategy, five examples of non-symmetrical
[N,N-diaryl-11-phenyl-1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-4,6-diimine]iron(II) chloride
complexes (aryl = 2,6-Me2Ph Fe1, 2,6-Et2Ph Fe2, 2,6-i-Pr2Ph Fe3, 2,4,6-Me3Ph Fe4, and 2,6-Et2-4-
MePh Fe5), incorporating fused six- and seven-membered carbocyclic rings and appended with a
remote para-phenyl group, were readily prepared. The molecular structures of Fe2 and Fe3 emphasize
the variation in fused ring size and the skewed disposition of the para-phenyl group present in the
N′,N,N′′-ligand support. Upon activation with MAO or MMAO, Fe1–Fe5 all showed high catalytic
activity for ethylene polymerization, with an exceptional level of 35.92 × 106 g (PE) mol−1 (Fe) h−1

seen for mesityl-substituted Fe4/MMAO operating at 60 ◦C. All catalysts generated highly linear
polyethylene with good control of the polymer molecular weight achievable via straightforward
manipulation of run temperature. Typically, low molecular weight polymers with narrow dispersity
(Mw/Mn = 1.5) were produced at 80 ◦C (MMAO: 3.7 kg mol−1 and MAO: 4.9 kg mol−1), while at
temperatures between 40 ◦C and 50 ◦C, moderate molecular weight polymers were obtained (MMAO:
35.6–51.6 kg mol−1 and MAO: 72.4–95.5 kg mol−1). Moreover, analysis of these polyethylenes by 1H
and 13C NMR spectroscopy highlighted the role played by both β-H elimination and chain transfer
to aluminum during chain termination, with the highest rate of β-H elimination seen at 60 ◦C for the
MMAO-activated system and 70 ◦C for the MAO system.

Keywords: linear polyethylenes; high activity; molecular weight control; temperature effects; chain
termination pathways

1. Introduction

Remarkable advances have been made in the design of iron and cobalt catalysts for
olefin oligomerization and polymerization ever since the first disclosures in the
late 1990s [1–4], which reflect the vital function played by the metal–ligand complex. With
particular regard to the ligand, N,N,N-chelating 2,6-bis(arylimino)pyridines (A, Figure 1)
have paved the way with a host of structural modifications reported over the last two and
a half decades or so, culminating in notable effects on polymer structure and catalytic
activity [5–11]. From an industrial perspective, 2-imino-1,10-phenanthroline complexes
(B, Figure 1) have shown the greatest promise with a successful pilot-scale process for mak-
ing linear α-olefins using iron derivatives now being scaled up into a 200,000-ton process in
China (in construction since November 2021) [12–14].

Catalysts 2024, 14, 213. https://doi.org/10.3390/catal14030213 https://www.mdpi.com/journal/catalysts38
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Figure 1. Bis(arylimino)pyridine iron(II)/cobalt(II) chlorides, A, and some key variations made to
the N,N,N-ligand skeleton in B–G.

Elsewhere, the fusion of carbocyclic groups to the central pyridine in A has provided
an effective means to not only enhance the thermostability and activity of the iron or
cobalt catalyst [15–24] but also impart significant effects on the polymer products and
catalytic activity. For example, cobalt-containing Cn=1 (R = Me, Figure 1) incorporating a
single six-membered fused ring [17] exhibited high activity for ethylene polymerization
and, indeed, superior thermal stability to the prototypical cobalt catalyst A [1,2]. Sim-
ilarly, iron and cobalt complexes containing a larger fused seven-membered ring, Cn=2
(R = Ph, Figure 1) [18], showed improved thermal stability as well as a good catalytic
lifetime. By contrast, doubly fused D2(n=1)-type iron and cobalt complexes (Figure 1) [15],
bearing two six-membered carbocyclic rings, have a tendency towards generating mixtures
of oligomers and polyethylenes that limit their usefulness. However, this limitation can
be overcome by increasing the ring size of the two fused rings, with the seven-membered
ring-containing iron complex D2(n=2) (Figure 1) [20], affording uniquely polyethylene. Fur-
thermore, the bis(eight-membered) iron examples of D2(n=3) (Figure 1) afford higher molecular
weight polymer with very high activity (up to 1.2× 107 g (PE) mol−1 (Fe) h−1) [17,22].

As a result of this fused ring strategy, bis(imino)pyridine complexes integrated with
carbocyclic rings of different ring sizes have also started to emerge. For instance, En=1/n=2-type
cobalt complexes (Figure 1) [23], containing both six- and seven-membered carbocycles, allow
access to low molecular-weight vinyl-terminated polyethylenes (Mw range: 1.5–22.8 kg mol−1)
with extremely narrow dispersity (Mw/Mn range: 1.5–2.1), materials that have received
some attention as functional polymers for use in copolymerization [25–27]. In pursuit of
better catalytic performance, iron examples of En=1/n=2 have been shown to exhibit very
high activity with levels reaching up to 1.6 × 107 g (PE) mol−1 (Fe) h−1 at 40 ◦C forming
bimodal polyethylenes [24].

As an alternative direction in N,N,N ligand design, the introduction of hydrocarbyl
groups (e.g., CH2CH2Ph, CH2Ph, and CH2CH=CH2) to the para-position of the central
pyridine in A has seen reports of iron and cobalt catalysts (F, Figure 1) that can influence
molecular weight as well as the dispersity of the resulting polyethylene [28]. More recently,
the introduction of a para-phenyl group to the central pyridine in cobalt-containing En=1/n=2
to form G (Figure 1) has also seen unexpected enhancement effects on catalytic activity and
molecular weight [29].

Given the superior catalytic performance generally seen for iron over cobalt in ethylene
polymerization, we now target a series of para-phenyl-substituted ferrous examples of
type G (Figure 1). In particular, five examples are disclosed that differ in the steric and
electronic properties of the two N-aryl groups. To explore their use as catalysts in ethylene
polymerization, a comprehensive evaluation has been undertaken that probes the type of
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aluminum alkyl activator as well as the effect of run temperature, Al:Fe molar ratio, reaction
time, and ethylene pressure. To shed some light on any effects imparted by the para-phenyl
group in the polymerizations, comparisons are made throughout with structurally related
doubly fused iron catalysts such as D and E (Figure 1). Besides this polymerization study,
the synthetic details and characterization of all five iron(II) complexes are also presented.

2. Results and Discussion
2.1. Synthesis and Characterization of Fe1–Fe5

To access the [N,N-diaryl-11-phenyl-1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-4,6-
diimine]iron(II) chloride complexes (aryl = 2,6-Me2Ph Fe1, 2,6-Et2Ph Fe2, 2,6-i-Pr2Ph Fe3,
2,4,6-Me3Ph Fe4, and 2,6-Et2-4-MePh Fe5), a straightforward one-pot approach proved effec-
tive. Specifically, by reacting 11-phenyl-1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-4,6-
dione [24,29,30], the corresponding aniline and iron(II) chloride tetrahydrate in n-butanol at
reflux under an atmosphere of nitrogen, in the presence of acetic acid as catalyst, Fe1–Fe5
could be prepared as blue solids in yields of between 37% and 87% (Scheme 1). Attempts
to make these complexes in a stepwise manner via the free ligand were hampered by diffi-
culties in the purification of the diimine ligand due, in part, to the enamine tautomerism
observed [15,24,31]. All five iron complexes proved stable when left to stand in the open
air, but in solution, some evidence for oxidation could be detected. The characterization
of these complexes was achieved using FT-IR spectroscopy, ESI mass spectrometry, and
elemental analysis, while the crystals of Fe2 and Fe3 have been the subject of single X-ray
diffraction studies.

Scheme 1. One-pot route to Fe1–Fe5 from 11-phenyl-1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-
4,6-dione.

Single crystals of Fe2 and Fe3 suitable for the X-ray determinations were grown in
the glovebox under a nitrogen atmosphere by the slow diffusion of diethyl ether into a
dichloromethane solution of the corresponding complex at ambient temperature. Perspec-
tive views of Fe2 and Fe3 are displayed in Figures 2 and 3; selected bond lengths and
bond angles are presented in Table 1. For Fe3, the six- and seven-membered fused rings
were disordered across both carbocyclic positions, an observation that has been noted
previously [29]. Each structure consists of a single iron center coordinated by a tridentate
N,N-diaryl-11-phenyl-1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-4,6-diimine ligand
(aryl = 2,6-diethylphenyl Fe2, 2,6-diisopropylphenyl Fe3) and two chlorides to form a
five-coordinate geometry, which can be best regarded as a distorted square pyramidal with
Cl2 occupying the apex and the three nitrogen atoms and Cl1 the base. Some level of quan-
tification of the degree of distortion can be demonstrated by using the tau value (τ), where
τ = 0 represents an ideal square pyramidal and τ = 1 is an ideal trigonal bipyramid [32]. For
Fe2 and Fe3, τ = 0.11 and 0.21, respectively, which points towards modest distortions from
an ideal square pyramidal, with the more sterically hindered 2,6-diisopropyl-containing
Fe3 causing a slightly larger distortion than in Fe2. The iron atom itself in each structure
sits at a distance of 0.576 Å above the N1–N2–N3–Cl1 basal plane in Fe2 and 0.536 Å in Fe3.
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Figure 2. ORTEP representation of Fe2 with the thermal ellipsoids shown at the 50% probability level;
all the hydrogen atoms and solvents have been omitted for clarity.

Figure 3. ORTEP representation of Fe3 with the thermal ellipsoids shown at the 50% probability level;
all the hydrogen atoms have been omitted for clarity.

Table 1. Selected bond lengths and angles for Fe2 and Fe3.

Fe2 Fe3

Bond lengths (Å)

Fe(1)–N(2) 2.142(5) 2.076(3)
Fe(1)–N(1) 2.241(5) 2.228(2)
Fe(1)–N(3) 2.240(5) 2.169(3)
Fe(1)–Cl(1) 2.2824(18) 2.2537(10)
Fe(1)–Cl(2) 2.3023(19) 2.3177(9)
N(1)–C(2) 1.277(8) 1.208(15)
N(1)–C(21) 1.441(7) 1.443(4)
N(3)–C(13) 1.286(9) 1.281(15)
N(3)–C(33) 1.436(8) 1.447(4)

Bond angles (◦)

Cl(1)–Fe(1)–Cl(2) 107.94(9) 116.77(4)
N(2)–Fe(1)–Cl(1) 137.74(15) 152.59(9)
N(2)–Fe(1)–Cl(2) 114.30(15) 90.63(8)
N(1)–Fe(1)–Cl(1) 103.03(14) 98.63(7)
N(1)–Fe(1)–Cl(2) 98.74(15) 102.38(7)
N(3)–Fe(1)–Cl(1) 99.50(15) 100.58(8)
N(3)–Fe(1)–Cl(2) 99.99(16) 99.99(8)
N(3)–Fe(1)–N(1) 144.49(19) 139.70(11)
N(2)–Fe(1)–N(1) 72.52(18) 73.13(9)
N(2)–Fe(1)–N(3) 72.32(18) 73.54(10)
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With regard to N′,N,N′′–Fe chelation, the Fe–N distance involving the central Fe-
Npyridine bond is the shortest (Fe1–N2: 2.142(5) Å Fe2, 2.076(3) Å Fe3), as is typical of
previous analogs and reflects the binding properties of the tridentate ligand [20,22,24]. For
the longer exterior Fe–Nimino bonds, some variation is evident between structure and those
in Fe2 comparable (2.241(5) and 2.240(5) Å), while in Fe3 the Fe1–N1 distance (2.228(2) Å)
is noticeably longer than the Fe1–N3 one (2.169(3) Å), likely reflecting the steric properties
of the larger 7-membered carbocycle and the bulky ortho-isopropyl groups. Notably, in
the non-phenyl substituted iron(II) counterpart of Fe3, E (M = Fe, Ar = diisopropylphenyl,
Figure 1), the exterior Fe–Nimine distances are equivalent (2.216(1) Å) [24], which suggests
the para-phenyl group in Fe3 exerts some long-range influence on the binding properties of
this particular N′,N,N′′-ligand. On the other hand, a similar comparison of the Fe–Npyridine
bond distance in Fe3 with that in E (M = Fe, Ar = diisopropylphenyl, Figure 1) shows
only a modest lengthening in the former (2.076(3) vs. 2.060(1) Å). For both Fe2 and Fe3,
some deviation from coplanarity between the exterior imine groups and pyridine ring
is seen, as is evidenced by the N2–C1–C2–N1 torsion angles (11.82◦ Fe2, 11.40◦ Fe3) and
N2–C14–C13–N3 (8.12◦ Fe2, 10.90◦ Fe3), which can be credited to the strain imparted by
the carbocyclic groups on the N′,N,N′′-ligand framework.

As is common to many bis(arylimino)pyridine-iron complexes, the two N-aryl groups
are inclined essentially perpendicularly to the N′,N,N′′-coordination plane in both Fe2
and Fe3, thereby positioning the ortho-substituents above and below this plane. The
six- and seven-membered carbocycles in the chelating ligand adopt puckered arrange-
ments, with the latter showing the most flexibility. The para-phenyl groups themselves in
Fe2 and Fe3 adopt skewed dispositions with respect to the neighboring pyridine plane
(tors. C9–C8–C15–C20 84.66◦ Fe2, 56.16◦ Fe3) due to the rotary flexibility of the para-
phenyl group; similar flexibility has been noted in their cobalt analogs [29]. There are no
intermolecular contacts of note.

In the FT-IR spectra of Fe1–Fe5 (Figures S14–S18), characteristic peaks were identifiable
for the imine double bonds between 1604 and 1617 cm−1, a range that is quite typical for
coordinated imine groups in related iron(II) complexes [20,22,24,33,34]. In addition, the micro-
analytical data for each iron complex lend good support for compositions of the type LFeCl2.

2.2. Ethylene Polymerization Investigations Using Fe1–Fe5

As has been noted previously, methylaluminoxane (MAO) and modified methylaluminox-
ane (MMAO) are among the most effective activators for iron-based ethylene polymerization
catalysis [20,22,24]. Accordingly, these two aluminoxanes were taken forward as part of paral-
lel studies with the purpose of exploring not only structure–activity/polymer correlations in
Fe1–Fe5 but also the impact of the type of activator on these correlations. All polymerizations
were conducted in toluene, with the ethylene pressure initially set at 10 atm.

2.2.1. Polymerization Studies Using Fe1–Fe5 under Activation with MMAO

To allow a workable set of polymerization conditions using MMAO, Fe4 was initially
employed as the test precatalyst, and the most effective conditions identified were then
extended to evaluate Fe1–Fe3 and Fe5; the complete set of results is shown in Table 2.

To examine the effect of run temperature, the polymerizations using Fe4/MMAO were
initially carried out at temperatures between 40 ◦C and 80 ◦C with the Al:Fe molar ratio fixed
at 2500:1 (Fe4: 1 µmol) and a run time of 30 min (entries 1–5, Table 2). Inspection of the
results reveals the catalytic activity reached a maximum of 19.14× 106 g (PE) mol−1 (Fe) h−1

at 60 ◦C and still remained high with the temperature at 80 ◦C, with a level of 7.32 × 106 g
(PE) mol−1 (Fe) h−1 noted (Figure 4). These performance characteristics reflect the appreciable
thermal stability of Fe4. With regard to the polymer generated, the GPC traces indicate that the
molecular weight rapidly decreased from 51.6 kg mol−1 to 3.7 kg mol−1 as the temperature
was increased from 40 ◦C to 80 ◦C, respectively, in line with the higher rate of chain termination
at higher temperatures [24]. Furthermore, the dispersity of the polymer generated significantly
narrowed as the temperature was increased (Mw/Mn: from 14.2 to 1.5), with an initially
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bimodal distribution becoming unimodal at temperatures in excess of 60 ◦C. This evidence of
bimodality at lower temperatures could be attributed to the different chain transfer pathways
operational, namely β-H elimination and chain transfer to aluminum alkyl species (e.g., AlMe3)
in MMAO [4,10,24]. Alternatively, the bimodality could be caused by the presence of oxidized
iron complexes, leading to additional active centers [22]. On the other hand, at higher run
temperatures, it would seem plausible that either a single active center predominates or a
single chain transfer pathway becomes prevalent [22].

Table 2. Ethylene polymerization screening using Fe1–Fe5 with MMAO as activator a.

Entry Precat. Al:Fe T (◦C) t (min) Mass of PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 Fe4 2500 40 30 5.14 10.28 51.6 14.2 131.1
2 Fe4 2500 50 30 8.69 17.38 35.6 10.7 129.8
3 Fe4 2500 60 30 9.57 19.14 9.8 3.1 130.0
4 Fe4 2500 70 30 8.91 17.82 4.8 1.5 127.7
5 Fe4 2500 80 30 3.66 7.32 3.7 1.5 128.8
6 Fe4 1500 60 30 2.57 5.14 46.0 2.8 132.4
7 Fe4 1750 60 30 9.75 19.50 36.2 2.7 133.1
8 Fe4 2000 60 30 17.05 34.10 81.3 9.6 131.8
9 Fe4 2250 60 30 12.50 25.00 85.1 7.0 132.8
10 Fe4 2000 60 5 8.12 97.44 13.7 3.5 128.8
11 Fe4 2000 60 15 11.27 45.08 23.0 3.9 131.2
12 Fe4 2000 60 45 18.01 24.01 90.6 9.1 135.3
13 Fe4 2000 60 60 18.24 18.24 94.3 9.2 132.6

14 e Fe4 2000 60 30 0.61 1.22 0.8 1.3 120.2
15 f Fe4 2000 60 30 8.98 17.96 79.0 7.4 132.0
16 Fe1 2000 60 30 12.89 25.78 26.4 6.4 129.5
17 Fe2 2000 60 30 14.67 29.34 70.0 6.9 131.9
18 Fe3 2000 60 30 5.33 10.66 51.6 8.1 131.1
19 Fe5 2000 60 30 3.82 7.64 69.4 13.6 130.1

a Conditions: MMAO as an activator, 1.0 µmol of the iron precatalyst, 100 mL of toluene, and 10 atm of ethylene;
b Values in units of 106 g (PE) mol−1 (Fe) h−1; c Mw and Mn in units of kg mol−1, determined by GPC; d Determined
by DSC; e 1 atm of ethylene; f 5 atm of ethylene.

Figure 4. (a) GPC traces of the polyethylenes generated using Fe4/MMAO at different temperatures
and (b) plots of catalytic activity and polymer molecular weight as a function of run temperature.

Thereafter, the polymerizations using Fe4/MMAO were undertaken at Al:Fe molar
ratios between 1500:1 and 2500:1, with the temperature kept at 60 ◦C (entries 3 and 6–9,
Table 2). As can be seen from the tabulated results, the highest activity of
34.10 × 106 g (PE) mol−1 (Fe) h−1 was recorded with the ratio at 2000:1, which was extremely
high when compared with previously reported N,N,N-iron catalysts under comparable reaction
conditions [20,22,24]. With the Al:Fe molar ratio gradually increasing from 1500:1 to 2500:1, the
highest molecular weight polymer of 85.1 kg mol−1 was recorded at 2250:1, while the lowest
of 9.8 kg mol−1 was obtained at 2500:1 (Figure 5). This dramatic decline in molecular weight
with ratios exceeding 2250:1 reflects the critical value of aluminoxane necessary before chain
transfer from the active species to aluminum in MMAO becomes significant [22,24].
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Figure 5. (a) GPC traces of the polyethylenes generated using Fe4/MMAO at various Al:Fe molar ratios
and (b) plots of catalytic activity and polymer molecular weight as a function of Al:Fe molar ratio.

To explore the effect of the run time using Fe4/MMAO, five separate polymerizations were
conducted over 5, 15, 30, 45, and 60 min with the Al:Fe molar ratio kept at 2000:1 and the tem-
perature at 60 ◦C (entries 8 and 10–13, Table 2). As time elapsed, the activity rapidly decreased
from 97.44× 106 g (PE) mol−1 (Fe) h−1 after 5 min to 18.24× 106 g (PE) mol−1 (Fe) h−1 by the
one-hour mark (Figure 6), suggesting a short induction period for this catalyst and a rela-
tively long lifetime for the active species [20,22,24]. With respect to the molecular weight
data, a gradual increase was observed in the first 15 min, followed by a rapid increase
between 15 and 30 min, and then assuming a more constant level of molecular weight as
the run reached 60 min. In terms of the dispersity, a steady increase was noted over the
first 15 min (Mw/Mn: from 3.5 to 3.9) before a significant broadening and the onset of some bi-
modality were seen between 30 and 60 min (Mw/Mn: from 9.1 to 9.6), suggesting the formation
of another active species [22] or an additional chain transfer pathway becoming operative.

Figure 6. (a) GPC traces of the polyethylenes generated using Fe4/MMAO as the run time was
varied, and (b) plots of catalytic activity and polymer molecular weight as a function of reaction time.

To investigate the effect of the ethylene pressure on the polymerizations using
Fe4/MMAO, the runs were additionally conducted at pressures of 1 and 5 atm with
the Al:Fe molar ratio fixed at 2000:1 and the temperature kept at 60 ◦C (entries 8, 14,
and 15, Table 2). At 1 atm, the lowest activity of 1.22 × 106 g (PE) mol−1 (Fe) h−1 was
observed, which can be credited to the relatively low solubility of ethylene in toluene
at this pressure [24]. On the other hand, at 10 atm, the activity attained its highest
value (34.10 × 106 g (PE) mol−1 (Fe) h−1) and indeed was around twice that seen at 5 atm
(17.96 × 106 g (PE) mol−1 (Fe) h−1), underscoring the beneficial effect of ethylene pressure
on productivity.

On the strength of the most effective set of conditions identified using Fe4/MMAO (run
temperature = 60 ◦C, Al:Fe = 2000:1, run time = 30 min, PC2H4 = 10 atm), the remaining iron
precatalysts, Fe1, Fe2, Fe3, and Fe5, were then studied accordingly (entries 16–19, Table 2).
All catalysts displayed high activity (range: 7.64–34.10 × 106 g (PE) mol−1 (Fe) h−1), with
the relative order being: Fe4 (2,4,6-trimethyl) > Fe2 (2,6-diethyl) > Fe1 (2,6-dimethyl) > Fe3
(2,6-diisopropyl) > Fe5 (2,6-diethyl-4-methyl) (Figure 7). These results suggest that less
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bulky ortho-R1 groups are, in general, beneficial to the process of ethylene coordina-
tion/migratory insertion [24,30,35]. Nevertheless, it is evident that there are some anoma-
lies in this structure/activity correlation, which could be attributable to the long-range
effect of the para-phenyl group on carbocyclic ring flexibility and, in turn, N-aryl group
binding/inclination [29].

Figure 7. (a) GPC traces of the polyethylenes generated using Fe1–Fe5 with MMAO as an activator
and (b) a bar chart showing catalytic activity and polymer molecular weight with respect to the iron
precatalyst employed.

As for the GPC traces, moderate molecular weight polymer (Mw: 26.4–81.3 kg mol−1)
was obtained for all precatalysts, while the dispersities were in all cases broad (Mw/Mn:
6.4–13.6). Indeed, the least hindered Fe4-formed polymer exhibited a higher molecular
weight than that seen for diisopropyl-containing Fe3, which was quite different from
previous studies where larger ortho-substituents tend to promote higher molecular weight
material [20,22,24]. The reason for this observation remains uncertain but may conceivably
be attributed to the para-phenyl group somehow influencing chain propagation, which
is most apparent in the more sterically hindered Fe3. By contrast, the less bulky Fe1
(2,6-dimethyl) and Fe2 (2,6-diethyl) are less affected by the para-phenyl group, resulting
in the molecular weight of the polymer formed by Fe2 being greater than that of Fe1, an
observation that can be credited to the bulkier ortho-ethyl groups better protecting the
active center [20,22,24].

To understand the performance characteristics of the current catalysts in terms of
activity and polymer molecular weight and dispersity, data for mesityl-containing Fe4
(denoted in G as in Figure 1) are collected in Figure 8 alongside that for some previously
reported iron systems incorporating doubly fused carbocycles. From this bar chart, it is
evident that the highest activity of these iron complexes follows the order: G (Fe4: this
work) >> En=1/n=2 > D2(n=3) ≈D2(n=2) (Figure 1) [20,22,24]. Evidently, the para-phenyl group
in G exerts a positive effect on catalytic activity, which is most striking when compared to its
non-phenyl substituted comparator En=1/n=2, a finding that mirrors that seen with the cobalt
counterparts [29]. While the origin of the effect remains uncertain, we consider the para-
phenyl group to have a limited effect on the binding properties of this mesityl-substituted
N′,N,N′′-ligand. Indeed, analysis of the X-ray structure of the 2,6-diethylphenyl-containing
Fe2 showed no evidence of uneven binding of the chelating ligand, a feature that was
notably apparent in the bulkier derivative Fe3 (see above). One plausible explanation for
G (Fe4) being more active than En=1/n=2 stems from the electron-withdrawing properties
of the phenyl group and the impact this has on the ethylene coordination and insertion at
the active iron center. Furthermore, the molecular weight of the polyethylene decreases
in the following order: D2(n=3) > G (Fe4: this work) > E n=1/n=2 > D2(n=2). This finding
shows that the presence of both the large eight-membered fused structure (D2(n=3)) and
the para-phenyl group in G (Fe4) can have a favorable effect on the molecular weight of
the polymer, observations that are similar to those observed for their cobalt analogs. In
short, the introduction of the para-phenyl group to the N′,N,N′′-ligand periphery in G has
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the effect of promoting the catalytic activity and increasing the molecular weight of the
polymer for both iron and cobalt complexes. In terms of the optimal run temperature,
G (Fe4: this work) proved the most effective by operating effectively at 60 ◦C, which
compares to 40 ◦C for the non-para-phenyl substituted analog En=1/n=2 [24], a result that
suggests the para-phenyl group can also help provide a more stable active species at higher
operating temperatures. As a final point, it can be seen from the figure that the dispersity is
broad for all of these iron complexes, in line with the different chain transfer pathways that
are operational.

Figure 8. Comparison of the catalytic activity, polymer molecular weight, and dispersity obtained
using G (Fe4, this work) with that for carbocyclic-fused iron precatalysts, D2(n=2), D2(n=3), and
E n=1/n=2; all polymerizations were conducted using MMAO at 10 atm of ethylene and under optimal
reaction conditions.

2.2.2. Polymerization Studies Using Fe1–Fe5 under Activation with MAO

To enable a comparison with the polymerization runs performed with MMAO, MAO
was also employed in the activation of Fe1–Fe5. As before, Fe4 was initially employed as
the test precatalyst so as to identify an effective set of reaction conditions that could be
used to screen the other iron precatalysts (Table 3).

In the first instance, the polymerization runs were performed using Fe4/MAO at run
temperatures of between 40 and 80 ◦C (entries 1–5, Table 3) with the Al:Fe molar ratio fixed
at 2500:1 and the run time at 30 min (entries 1–5, Table 3). The highest catalytic activity of
30.58× 106 g (PE) mol−1 (Fe) h−1 was achieved at 60 ◦C, reflecting the outstanding thermal
stability of this iron catalyst. Moreover, the molecular weight of the polymer dropped rapidly
from 95.5 kg mol−1 at 40 ◦C to 4.9 kg mol−1 at 80 ◦C (Figure S1), which can be attributed to
the higher rate of chain transfer at high temperatures [24]. As for the polymer dispersity, this
decreased from 18.5 (40 ◦C) to 1.5 (80 ◦C) as the temperature increased, which manifests itself
in the initially bimodal distribution becoming unimodal, findings that likely stem from the
two chain transfer pathways becoming less competitive at higher temperatures [9,10,36].

Following this, the polymerizations were evaluated with Al:Fe molar ratios of 1000:1,
1500:1, 2000:1, 2500:1, and 3000:1 with the temperature fixed at 60 ◦C (entries 3 and 6–9,
Table 3). As a result, the highest activity of 35.92 × 106 g (PE) mol−1 (Fe) h−1 was noted
with the ratio of 2000:1 (Figure S2), which was marginally higher than the optimal activity
for the MMAO runs (34.10 × 106 g (PE) mol−1 (Fe) h−1). As for the molecular weight of
the polymer, this was found to markedly decrease from 161.2 to 32.3 kg mol−1 as the Al:Fe
molar ratio was increased, in line with a higher rate of chain transfer [24].

To shed light on the catalytic lifetime of the active center in Fe4/MAO, the polymer-
izations were carried out at different run times with the temperature and Al:Fe molar
ratio kept at 60 ◦C and 2000:1, respectively. As expected, an exceptionally high activity of

46



Catalysts 2024, 14, 213

84.96 × 106 g (PE) mol−1 (Fe) h−1 was observed after 5 min (entry 10, Table 3), which then
progressively decreased to 18.65 × 106 g (PE) mol−1 (Fe) h−1 at 60 min (entry 13, Table 3),
suggesting a short induction period and an excellent lifetime for the active center [20].
Meanwhile, the molecular weight of the polyethylene increased from 16.8 to 168.0 kg mol−1

over time (Figure S3), while the dispersity (Mw/Mn) increased from 3.8 to 16.6 in a similar
manner to that seen for Fe4/MMAO.

Table 3. Ethylene polymerization screening using Fe1–Fe5 with MAO as activator a.

Entry Precat. Al:Fe T (◦C) t (min) Mass of PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 Fe4 2500 40 30 6.04 12.08 95.5 18.5 130.2
2 Fe4 2500 50 30 10.03 20.06 72.4 11.7 130.7
3 Fe4 2500 60 30 15.29 30.58 65.0 8.8 131.7
4 Fe4 2500 70 30 9.85 19.70 18.4 3.0 130.3
5 Fe4 2500 80 30 5.05 10.10 4.9 1.5 132.7
6 Fe4 1000 60 30 10.54 21.08 161.2 8.4 132.1
7 Fe4 1500 60 30 12.52 25.04 152.5 13.8 132.3
8 Fe4 2000 60 30 17.96 35.92 129.0 11.4 132.3
9 Fe4 3000 60 30 14.80 29.60 32.3 4.3 130.7
10 Fe4 2000 60 5 7.08 84.96 16.8 3.8 129.4
11 Fe4 2000 60 15 11.05 44.20 29.7 6.1 130.0
12 Fe4 2000 60 45 18.13 24.17 142.1 15.4 131.5
13 Fe4 2000 60 60 18.65 18.65 168.0 16.6 133.0

14 e Fe4 2000 60 30 0.84 1.68 3.4 4.0 124.8
15 f Fe4 2000 60 30 7.04 14.08 130.7 13.0 132.7
16 Fe1 2000 60 30 14.10 28.20 48.9 8.8 131.1
17 Fe2 2000 60 30 10.18 20.36 59.2 8.5 131.4
18 Fe3 2000 60 30 6.52 13.04 35.2 7.0 131.4
19 Fe5 2000 60 30 8.73 17.46 50.2 8.8 132.2

a Conditions: MAO as an activator, 1.0 µmol of the iron precatalyst, 100 mL of toluene, 10 atm of ethylene; b Values
in units of 106 g (PE) mol−1 (Fe) h−1; c Mw and Mn in units of kg mol−1, determined by GPC; d Determined by
DSC; e 1 atm of ethylene; f 5 atm of ethylene.

On lowering the ethylene pressure from 10 atm to 1 atm using Fe4/MAO, a sharp de-
cline in activity was observed from 35.92 × 106 g (PE) mol−1 (Fe) h−1 to
0.84 × 106 g (PE) mol−1 (Fe) h−1 (entries 8, 14, and 15, Table 3), which most likely derives
from the lower solubility of ethylene in toluene at lower pressure [23,29]. Furthermore, the
molecular weight of the polyethylene decreased noticeably from 129.0 to 3.4 kg mol−1 by
dropping the pressure from 10 atm to 1 atm, an observation that supports the lower rates
of chain propagation that are operational at lower pressure [24]. In addition, the molecular
weight of the polyethylene formed during the Fe4/MAO runs was higher than that seen
using Fe4/MMAO, reflecting the lower rate of chain transfer with MAO.

To gain further insight into the role of the N-aryl variations in Fe1–Fe5, the optimal condi-
tions identified using Fe4/MAO (namely reaction temperature of 60 ◦C, Al:Fe molar ratio of
2000:1, ethylene pressure of 10 atm, and run time of 30 min) were deployed to evaluate the
other iron precatalysts, Fe1–Fe3 and Fe5 (entries 16–19, Table 3). All iron complexes exhibited
high activity (range: 13.04–35.92 × 106 g (PE) mol−1 (Fe) h−1) and produced highly linear
polyethylenes (Tm: 131–133 ◦C) with broad dispersities. On analysis of their relative perfor-
mance, the catalytic activity decreased in the following order: Fe4 (aryl = 2,4,6-trimethylphenyl)
> Fe1 (aryl = 2,6-dimethylphenyl) > Fe2 (aryl = 2,6-diethylphenyl) > Fe5 (aryl = 2,6-diethyl-
4-methylphenyl) > Fe3 (aryl = 2,6-diisopropylphenyl) (Figure S4). As is evident, the precat-
alysts bearing the least bulky substituents in the ortho positions of the N-aryl groups, Fe4
and Fe1, exhibited higher activity due to the faster rates of ethylene insertion and chain
propagation [24,30,35]. Moreover, mesityl-containing Fe4 produced the highest molecular
weight polyethylene of the series, which was also seen for the MMAO runs, but nonetheless
unexpected when compared with previous work in which the most sterically hindered complex
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usually affords the highest molecular weight polymer. This unusual finding plausibly arose
from the very high activity seen for Fe4, thereby inhibiting chain transfer.

2.3. Structural Analysis of the Polyethylene

The microstructural characteristics of polymers are of great significance to their mechanical
properties and, in turn, their processing ability. As has already been highlighted, the DSC
thermograms for the polyethylenes produced in this work typically display Tm values of
>130 ◦C in accordance with highly linear polymers (see Tables 2 and 3) [16,18,20,23,24]. To
obtain more information, selected polyethylene samples were further analyzed by 1H and
13C NMR spectroscopy with a view to understanding how run temperature and the type of
aluminum activator impact the microstructure.

To begin with, we looked at the polymers generated using Fe4/MMAO at run tem-
peratures of 40, 50, 60, 70, and 80 ◦C, where variations in molecular weight and dispersity
were observed. To engender suitable solubility, these polymer samples were dissolved in
the 1,1,2,2-tetrachloroethane-d2 at 100 ◦C, and their 1H NMR spectra were recorded at a
similar temperature (entries 1–5, Table 2). For the 1H NMR spectrum of the polyethylene
obtained using Fe4/MMAO at 80 ◦C (entry 5, Table 2: Mw = 3.7 kg mol−1, Mw/Mn = 1.5),
a high-intensity resonance at δ 1.32 ppm for the –(CH2)n– repeat unit confirms the strictly
linear nature of the polyethylene (Figure 9). Either side of this signal shows lower intensity
peaks, which correspond to an n-propyl group (Hf, He, and Hd), while the more downfield
region reveals multiplet peaks at δ 5.00 and 5.85 ppm, which can be assigned to a vinyl
end-group (Ha and Hb). Evidently, the latter observation highlights the involvement of β-H
elimination to metal or monomer during chain termination [24]. Moreover, by considering
the integral ratio of vinyl Hb to methyl chain-end Hf (1/18.82) [29,37,38], the molar ratio
of the unsaturated polymer chain to the saturated polymer chain can be determined as
0.379 (see SI), a value that implies the additional presence of a fully saturated polymer
in line with chain transfer to aluminum being also operational [4,5]. Further support for
these assignments was provided by the 13C NMR spectrum, which reveals a high-intensity
peak around δ 29.43 ppm, which corresponds to the –(CH2)n– repeat unit, along with lower
intensity peaks at δ 13.72, 22.38, and 31.66 ppm for an n-propyl end-group and weaker
downfield peaks at δ 113.85 and 138.78 ppm for a terminal vinyl group (Figure 10) [24].
The absence of resonances corresponding to an isobutyl end-group rules out any chain
transfer to aluminum-isobutyl species present within MMAO [30], which suggests that
chain transfer to aluminum occurs solely with aluminum-methyl species.

Figure 9. 1H NMR spectrum of the polyethylene produced using Fe4/MMAO operating at 80 ◦C
(entry 5, Table 2); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2.

48



Catalysts 2024, 14, 213

Figure 10. 13C NMR spectrum of the polyethylene produced using Fe4/MMAO operating at 80 ◦C
(entry 5, Table 2); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2.

The 1H NMR spectra for the polymers produced using Fe4/MMAO at the lower
run temperatures (40–70 ◦C, entries 1–4, Table 2) revealed similar features, with sig-
nals characteristic of the -(CH2)n- repeat unit and weaker peaks for the n-propyl and
vinyl chain-ends (Figures S5–S8). However, the molar ratio of unsaturated to saturated
polymer chains showed some notable variations, with the value reaching a maximum
of 1.98 at 60 ◦C (Figure 11), which implies that β-H elimination assumes the main chain
termination pathway at this point. However, at temperatures below 60 ◦C, the ratio
drops to 0.394 (50 ◦C) and then 0.108 (40 ◦C), reflecting the importance of chain trans-
fer to aluminum-methyl species in MMAO at these temperatures. Evidently, the chain
transfer pathways are affected by the run temperature, with the highest rate of β-H
elimination occurring at 60 ◦C, which also corresponds to the optimal temperature in
terms of catalytic activity.

Figure 11. Bar chart showing the ratio of unsaturated to saturated chains for the polymer obtained as
a function of run temperature using Fe4/MMAO as catalyst (entries 1–5, Table 2).
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To appreciate the effect of the aluminum activator on these chain transfer path-
ways, the polyethylenes produced using Fe4/MAO over the same run temperature range
(40–80 ◦C) as that used for Fe4/MMAO were similarly investigated by 1H NMR spec-
troscopy. Once again, the 1H NMR spectra of all five polymer samples revealed peaks
characteristic of a highly linear polymer backbone along with varying amounts of chain
end vinyl and n-propyl groups (Figures S9–S13). Interestingly, the highest rate of β-H elim-
ination using Fe4/MAO was found at 70 ◦C (Figure 12), as evidenced by the highest molar
ratio of unsaturated to saturated polymer chains in the polymer (1.05: Hb:Hf = 1/8.71).
Nevertheless, this value was lower than that seen with the MMAO-activated system, an
observation that reflects the differences in the type of aluminoxane and their impact on the
competing chain transfer pathways.

Figure 12. Bar chart showing the ratio of unsaturated to saturated chains for the polymer obtained as
a function of run temperature using Fe4/MAO as catalyst (entries 1–5, Table 3).

3. Materials and Methods
3.1. General Considerations

All operations making use of moisture and/or air-sensitive compounds were con-
ducted under a nitrogen atmosphere by using standard Schlenk techniques or in a nitrogen-
filled glovebox. Toluene, the solvent used for the polymerization studies, was heated
to reflux for more than 12 h over sodium benzophenone and distilled under nitrogen
prior to use. The aluminum reagents, methylaluminoxane (MAO, 1.5 M in toluene) and
modified methylaluminoxane (MMAO, 2.5 M in n-heptane, containing 20–25%Al(i-Bu)3),
were purchased from Anhui Botai Electronic Materials Co. (Chuzhou, China), while high-
purity ethylene was procured from Beijing Yanshan Petrochemical Co. (Beijing, China)
and used as received. Other chemical reagents were purchased from Concord Technology
Co., Ltd. (Tianjin, China), Macklin Biochemical Technology Co., Ltd. (Shanghai, China),
and Innochem Technology Co., Ltd. (Beijing, China) and used as received: diethyl ether
(GR., Concord, Tianjin, China), n-hexane (GR., Concord, Tianjin, China), glacial acetic
acid (AR., Concord, Tianjin, China), n-butanol (AR., Concord, Tianjin, China), ferrous
chloride tetrahydrate (98% purity, Macklin, Shanghai, China), anilines (99% purity, In-
nochem, Beijing, China). The samples for FT-IR analysis were placed directly on the ATR
attachment plane and pressed with a flat nut, and the FT-IR spectra were recorded on a
PerkinElmer System 2000 FT-IR spectrometer (PerkinElmer Scientific, Waltham, MA, USA).
The elemental analyses were conducted using a Flash EA 1112 microanalyzer (Thermo
Fisher Scientific, Waltham, MA, USA). The ESI mass spectra were recorded using a Bruker
solariX instrument (Bruker Corporation, Billerica, MA, USA) (Acquisition Mode: Single
MS; Polarity: Positive; Broadband Low Mass: 57.7 m/z; Acquired Scans: 20; Broadband
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High Mass: 1000.0 m/z). The melting points of the polyethylenes were determined on a
PerkinElmer TA-Q2000 DSC analyzer (PerkinElmer Scientific, Waltham, MA, USA) under a
nitrogen atmosphere according to the following procedure: around 5.0 mg of the polymer
was heated to 160 ◦C at a rate of 20 ◦C min−1 and then maintained for 3 min at 160 ◦C
to remove the thermal history. After cooling to −20 ◦C at a rate of 20 ◦C min−1, the sam-
ple was then heated to 160 ◦C again at the rate of 10 ◦C min−1. The polymer molecular
weight (Mw) and dispersity (Mw/Mn) were measured using an Agilent PLGPC 220GPC
system running (Agilent Technologies Inc., Santa Clara, CA, USA) at 150 ◦C using 1,2,4-
trichlorobenzene as the mobile phase; sample preparation involved agitation of ca. 10 mg
of the polyethylene sample in 1,2,4-trichlorobenzene (5 mL) at 170 ◦C for more than 8 h
to allow dissolution. The 1H NMR and 13C NMR spectra of the polymers were measured
at 100 ◦C using a Bruker AVANVE 500 MHz instrument (Bruker Corporation, Billerica,
MA, USA); sample preparation involved dissolving the selected polyethylene (ca. 50 mg) in
1,1,2,2-tetrachloroethane-d2 (0.6 mL), containing TMS as the internal standard, at 110 ◦C for
more than 2 h. The 11-phenyl-1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-4,6-dione
was prepared according to procedures reported elsewhere [29,39–41].

3.2. Synthesis of [N,N-diaryl-11-phenyl-1,2,3,7,8,9,10-heptahydrocyclohepta[b]quinoline-4,6-diimine]
iron(II) Chloride (Fe1–Fe5)
3.2.1. Aryl = 2,6-Dimethylphenyl (Fe1)

Under an atmosphere of nitrogen, a mixture of 11-phenyl-1,2,3,7,8,9,10-heptahydrocy-
clohepta[b]quinoline-4,6-dione (0.153 g, 0.50 mmol), 2,6-dimethylaniline (0.242 g, 2.0 mmol),
and ferrous chloride tetrahydrate (0.080 g, 0.40 mmol) was dissolved in n-butanol (2.0 mL),
containing a catalytic amount of acetic acid (0.5 mL), and then stirred and heated to reflux
for 2 h to give a blue-green solution. After cooling to room temperature, diethyl ether and
n-hexane (32 mL, v:v = 1:1) were added to induce precipitation. This precipitate was then
left to settle, and the supernatant solution was discarded. This process of adding diethyl
ether/n-hexane (32 mL, v:v = 1:1) and discarding the supernatant solution was repeated
two more times. Finally, the mixture was filtered and washed three times with diethyl ether
and n-hexane (24 mL, v:v = 2:1), affording Fe1 as a blue powder (0.217, 85%). FT-IR (cm−1):
2950 (m), 1678 (m), 1617 (m, νC = N), 1570 (m), 1441 (s), 1376 (m), 1218 (s), 1073 (s), 920 (m),
844 (m), 770 (s), 704 (s). ESI-MS (m/z): Calculated for [C36H37ClFeN3]+ (602.20254). Found:
602.20232 (Figure S19). Elemental analysis: Calculated for C36H37Cl2N3Fe (638.46) C,
67.73, H, 5.84, N, 6.58. Found: C, 67.31, H, 6.25, N, 6.68%.

3.2.2. Aryl = 2,6-Diethylphenyl (Fe2)

By using a similar procedure to that outlined for Fe1, but with 2,6-diethylaniline as
the arylamine, Fe2 was isolated as a blue powder (0.171 g, 66%). FT-IR (cm−1): 2965 (m),
2932 (m), 2870 (m), 1678 (m), 1613 (m, νC = N), 1567 (m), 1492 (m), 1447 (s), 1330 (m),
1216 (m), 1189 (m), 1106 (m), 1071 (m), 1030 (m), 951 (m), 848 (m), 809 (m), 776 (s), 703 (s).
ESI-MS (m/z): Calculated for [C40H45ClFeN3]+ (658.26514). Found: 658.26496 (Figure S20).
Elemental analysis: Calculated for C40H45Cl2N3Fe (694.57) C, 69.17, H, 6.53, N, 6.05. Found:
C, 68.80, H, 6.71, N, 6.25%.

3.2.3. Aryl = 2,6-Diisopropylphenyl (Fe3)

By using a similar procedure to that outlined for Fe1, but with 2,6-diisopropylaniline
as the arylamine, Fe3 was isolated as a blue powder (0.196 g, 65%). FT-IR (cm−1): 2962 (m),
2866 (m), 2361 (w), 1688 (w), 1611 (w, νC = N), 1568 (m), 1458 (s), 1383 (m), 1360 (m),
1324 (m), 1245 (m), 1214 (m), 1183 (m), 1124 (m), 1103 (m), 1051 (m), 943 (m), 848 (m),
804 (s), 774 (s), 709 (s). ESI-MS (m/z): Calculated for [C44H53ClFeN3]+ (714.32774). Found:
714.32762 (Figure S21). Elemental analysis: Calculated for C44H53Cl2N3Fe (750.67) C,
70.40, H, 7.12, N, 5.60. Found: C, 70.19, H, 7.42, N, 5.73%.
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3.2.4. Aryl = 2,4,6-Trimethylphenyl (Fe4)

By using a similar procedure to that outlined for Fe1, but with 2,4,6-trimethylaniline as
the arylamine, Fe4 was isolated as a blue powder (0.232 g, 87%). ESI-MS (m/z): Calculated
for [C38H41ClFeN3]+ (630.23384). Found: 630.23370 (Figure S22). FT-IR (cm−1): 3336 (m),
2912 (s), 2108 (w), 1984 (w), 1683 (w), 1604 (w, νC = N), 1561 (m), 1472 (s), 1440 (s), 1376 (m),
1325 (m), 1215 (s), 1148 (m), 1071 (m), 1033 (m), 952 (w), 853 (s), 780 (w), 757 (w), 702 (s).
Elemental analysis: Calculated for C38H41Cl2N3Fe (666.51) C, 68.84, H, 6.20, N, 6.30. Found:
C, 68.71, H, 6.55, N, 6.17%.

3.2.5. Aryl = 2,6-Diethyl-4-methylphenyl (Fe5)

By using a similar procedure to that outlined for Fe1, but with 2,6-diethyl-4-methylaniline
as the arylamine, Fe5 was isolated as a blue powder (0.106 g, 37%). ESI-MS (m/z): Cal-
culated for [C42H49ClFeN3]+ (686.29644). Found: 686.29592 (Figure S23). FT-IR (cm−1):
3363 (m), 2964 (m), 2930 (m), 2870 (m), 1676 (w), 1612 (m, νC = N), 1566 (m), 1456 (s),
1373 (m), 1335 (m), 1257 (m), 1215 (m), 1150 (m), 1070 (m), 950 (m), 857 (s), 774 (m), 704 (s).
Elemental analysis: Calculated for C42H49Cl2N3Fe (722.62) C, 69.81, H, 6.84, N, 5.82. Found:
C, 69.57, H, 7.03, N, 5.61%.

3.3. Polymerization Studies
3.3.1. Ethylene Polymerization at 1 Atm Ethylene Pressure

A 250 mL Schlenk vessel, equipped with a stirrer bar, was loaded with Fe4 (0.7 mg,
1.0 µmol), and the vessel was subjected to three cycles of evacuation and back-filling with
nitrogen before the atmosphere was replaced with ethylene (1 atm). Freshly distilled
toluene (30 mL) was then injected to dissolve the iron complex, and the mixture was stirred
and heated to 60 ◦C. The activator (MAO or MMAO) was immediately injected via a
syringe, and the run commenced. After 30 min, the supply of ethylene was stopped and
the pressure within the Schlenk flask vented. The reaction mixture was then quenched
with 10% hydrochloric acid in ethanol (30 mL). The polymer was washed with ethanol and
dried under reduced pressure at 100 ◦C until it reached a constant weight.

3.3.2. Ethylene Polymerization at 5 Atm or 10 Atm Ethylene Pressure

A 250 mL stainless steel autoclave, fitted with a mechanical stirrer, an ethylene pressure
control device, and a temperature controller, was employed for the higher-pressure (5 atm
or 10 atm) ethylene polymerization evaluations. The autoclave was evacuated and back-
filled with high-purity nitrogen (2 cycles) and then pressurized with 5 atm of ethylene to
check the gas tightness. With the ethylene pressure returning to 1 atm, the iron precatalyst
(1.0 µmol), pre-mixed with toluene (25 mL) in a Schlenk tube, was immediately injected
into the autoclave. Any remaining iron complex was washed into the autoclave with
more toluene (25 mL), and then a further volume of toluene (25 mL) was added. The
required amount of activator (MAO or MMAO) and additional toluene (25 mL) were
injected successively into the autoclave to take the total volume of solvent to 100 mL. The
ethylene pressure was then set at either 5 atm or 10 atm, and the stirring immediately
commenced. After the requisite reaction time, the ethylene gas supplying the reactor was
stopped, and the autoclave was allowed to cool to room temperature by surrounding it with
an ice/water bath. The reactor was then slowly vented, and the contents of the autoclave
were quenched with a 5% hydrochloric ethanol solution (50 mL). Finally, the polymer was
filtered, washed three times with ethanol (30 mL), and dried under reduced pressure at
100 ◦C until it reached a constant weight.

3.4. Single Crystal X-ray Diffraction Studies

X-ray diffraction studies were conducted on Fe2 and Fe3, using single crystals of each
iron complex that had been grown in the glove box by the slow diffusion of diethyl ether
into a dichloromethane solution at ambient temperature. A crystal of each was selected and
mounted on an XtaLAB Synergy R HyPix diffractometer (Rigaku Corporation, Tokyo, Japan)
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incorporating graphite-monochromated Cu-Kα radiation (λ = 1.54184 Å) at 170(2) K for Fe2
and 169.99(10) K for Fe3, and data collection commenced. Using Olex2, the structures were
solved by employing the ShelXT structure solution program using intrinsic phasing and refined
with the ShelXL refinement package using least squares minimization [42,43].

4. Conclusions

In summary, a straightforward one-pot strategy has been successfully implemented to
prepare five examples of iron(II) chloride complexes, Fe1–Fe5, bearing bis(imino)pyridines
fused with six- and seven-membered carbocyclic rings and further appended with a para-
phenyl group. All these iron complexes have been characterized via FT-IR spectroscopy, ESI
mass spectrometry, elemental analysis, and, in the cases of Fe2 and Fe3, by single crystal
X-ray diffraction. On activation with MMAO or MAO, Fe1–Fe5 exhibited extremely high
activity, with a maximum of 35.92× 106 g (PE) mol−1 (Fe) h−1 seen for Fe4/MAO operating
at 60 ◦C. All catalysts generated highly linear polymers with varying levels of vinyl end-
groups that were dependent on run temperature. Interestingly, analysis of 1H NMR spectra
of the polymers revealed higher rates of β-H elimination at 60 ◦C for the MMAO-activated
system and 70 ◦C for the MAO-activated system, highlighting the key role played by
temperature in influencing the competition between β-H elimination and chain transfer
to aluminum. Moreover, considerable control of the polymer molecular weight could be
achieved with Fe4 found to form low molecular weight polymer with narrow dispersity at
high temperatures (70 or 80 ◦C), while higher molecular weight material was formed at
lower run temperatures.

Perhaps more importantly, Fe4/MMAO exhibited outstanding thermal stabil-
ity and was indeed superior to the non-phenyl substituted iron analog E/MMAO
(Ar = 2,4,6-trimethlyphenyl, M = Fe, Scheme 1), which is evidenced by the optimal run
temperature of Fe4/MMAO being 60 ◦C (cf. 40 ◦C for E/MMAO) and activity of
34.10 × 106 g (PE) mol−1 (Fe) h−1 (cf. 15.15 × 106 g (PE) mol−1 (Fe) h−1 for E/MMAO).
Given the remoteness of the para-phenyl group from the active iron center, it would seem
unlikely that it has a direct steric influence on the active site, though an indirect effect
by impacting on the flexibility/steric properties of the neighboring fused carbocycles
and, in turn, the binding properties of the N′ ,N,N′′-ligand may be at play; an electronic
effect cannot, however, be ruled out. More generally, these para-phenyl substituted
carbocyclic-fused bis(imino)pyridine iron complexes exhibit excellent performance for
ethylene polymerization when compared with a series of fused ring iron counterparts,
including D2(n=2) and D2(n=3) (Figure 1), especially with respect to catalytic activity.
As a similar effect on catalytic activity and molecular weight has been seen with their
para-phenyl substituted cobalt counterparts (G, Figure 1), we aim in future work to
further probe the generality of this structural variation in catalyst design.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal14030213/s1. Figure S1: (a) GPC traces for the
polyethylenes generated using Fe4/MAO at different run temperatures and (b) plots of catalytic
activity and polymer molecular weight as a function of run temperature; Figure S2: (a) GPC traces for
the polyethylenes generated using Fe4/MAO at various Al:Fe molar ratios and (b) plots of catalytic
activity and polymer molecular weight as a function of Al:Fe molar ratio; Figure S3: (a) GPC traces
for the polyethylenes generated using Fe4/MAO over reaction time and (b) plots of catalytic activity
and polymer molecular weight as a function of reaction time; Figure S4: (a) GPC traces for the
polyethylenes generated using Fe1–Fe5 under MAO activation and (b) a bar chart showing the effects
of variation in N-aryl group in Fe1–Fe5 on catalytic activity and polymer molecular weight; Figure S5:
1H NMR spectrum of the polyethylene produced using Fe4/MMAO operating at 70 ◦C (entry 4,
Table 2); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2; Figure S6: 1H NMR spectrum of the
polyethylene produced using Fe4/MMAO operating at 60 ◦C (entry 3, Table 2); recorded at 100 ◦C
in 1,1,2,2-tetrachloroethane-d2; Figure S7: 1H NMR spectrum of the polyethylene produced using
Fe4/MMAO operating at 50 ◦C (entry 2, Table 2); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2;
Figure S8: 1H NMR spectrum of the polyethylene produced using Fe4/MMAO operating at 40 ◦C
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(entry 1, Table 2); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2; Figure S9: 1H NMR spectrum of
the polyethylene produced using Fe4/MAO operating at 40 ◦C (entry 1, Table 3); recorded at 100 ◦C
in 1,1,2,2-tetrachloroethane-d2; Figure S10: 1H NMR spectrum of the polyethylene produced using
Fe4/MAO operating at 50 ◦C (entry 2, Table 3); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2;
Figure S11: 1H NMR spectrum of the polyethylene produced using Fe4/MAO operating at 60 ◦C
(entry 3, Table 3); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2; Figure S12: 1H NMR spectrum of
the polyethylene produced using Fe4/MAO operating at 70 ◦C (entry 4, Table 3); recorded at 100 ◦C
in 1,1,2,2-tetrachloroethane-d2; Figure S13: 1H NMR spectrum of the polyethylene produced using
Fe4/MAO operating at 80 ◦C (entry 5, Table 3); recorded at 100 ◦C in 1,1,2,2-tetrachloroethane-d2;
Table S1: Determining the molar ratios of a (chain A, unsaturated) to b (chain B, fully saturated) for
the PE’s produced using Fe4/MMAO at various temperatures; Table S2: Determining the molar
ratios of a (chain A, unsaturated) to b (chain B, fully saturated) for the PE’s produced using Fe4/MAO
at various temperatures; Table S3: Crystal data and structure refinement for Fe2 and Fe3. Figure S14:
FT-IR spectrum of Fe1. Figure S15: FT-IR spectrum of Fe2. Figure S16: FT-IR spectrum of Fe3.
Figure S17: FT-IR spectrum of Fe4. Figure S18: FT-IR spectrum of Fe5. Figure S19: ESI-MS spectrum
of Fe1. Figure S20: ESI-MS spectrum of Fe2. Figure S21: ESI-MS spectrum of Fe3. Figure S22:
ESI-MS spectrum of Fe4. Figure S23: ESI-MS spectrum of Fe5. References [24,29,38,44] are cited in
the Supplementary Materials.
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Abstract: From reactions involving sodium molybdate and dianilines [2,2′-(NH2)C6H4]2(CH2)n (n =
0, 1, 2) and amino-functionalized carboxylic acids 1,2-(NH2)(CO2H)C6H4 or 2-H2NC6H3-1,4-(CO2H)2,
in the presence of Et3N and Me3SiCl, products adopting H-bonded networks have been characterized.
In particular, the reaction of 2,2′-diaminobiphenyl, [2,2′-NH2(C6H4)]2, and 2-aminoterephthalic
acid, H2NC6H3-1,4-(CO2H)2, led to the isolation of [(MoCl3[2,2′-N(C6H4)]2}{HNC6H3-1-(CO2),4-
(CO2H)]·2[2,2′-NH2(C6H4)]2·3.5MeCN (1·3.5MeCN), which contains intra-molecular N–H···Cl H-
bonds and slipped π···π interactions. Similar use of 2,2′-methylenedianiline, [2,2′-(NH2)C6H4]2CH2,
in combination with 2-aminoterephthalic acid led to the isolation of [MoCl2(O2CC6H3NHCO2SiMe3)
(NC6H4CH2C6H4NH2)]·3MeCN(2·3MeCN). Complex 2 contains extensive H-bonds between pairs of
centrosymmetrically-related molecules. In the case of 2,2′ethylenedianiline, [2,2′-(NH2)C6H4]2CH2CH2,
and anthranilic acid, 1,2-(NH2)(CO2H)C6H4, reaction with Na2MoO4 in the presence of Et3N and
Me3SiCl in refluxing 1,2-dimethoxyethane afforded the complex [MoCl3{1,2-(NH)(CO2)C6H4}{NC6H4

CH2CH2C6H4NH3}]·MeCN (3·MeCN). In 3, there are intra-molecular bifurcated H-bonds between
NH3 H atoms and chlorides, whilst pairs of molecules H-bond further via the NH3 groups to the
non-coordinated carboxylate oxygen, resulting in H-bonded chains. Complexes 1 to 3 have been
screened for the ring opening polymerization (ROP) of both ε-caprolactone (ε-CL) and δ-valerolactone
(δ-VL) using solvent-free conditions under N2 and air. The products were of moderate to high
molecular weight, with wide Ð values, and comprised several types of polymer families, including
OH-terminated, OBn-terminated (for PCL only), and cyclic polymers. The results of metal-free ROP
using the dianilines [2,2′-(NH2)C6H4]2(CH2)n (n = 0, 1, 2) and the amino-functionalized carboxylic
acids 1,2-(NH2)(CO2H)C6H4 or 2-H2NC6H3-1,4-(CO2H)2 under similar conditions (no BnOH) are
also reported. The dianilines were found to be capable of the ROP of δ-VL (but not ε-CL), whilst
anthranilic acid outperformed 2-aminoterephthalic acid for both ε-Cl and δ-VL.

Keywords: hydrogen-bonded network; amino-functionalized carboxylic acids; dianilines; molybdenum
complexes; solid-state structures; ring opening polymerization (ROP); metal-free ROP; cyclic esters

1. Introduction

Despite the intensive research on imido compounds over the last few decades, driven
partly by their presence in metathesis catalysts [1], examples of complexes bearing highly
functionalized imido ligation remain somewhat limited [2]. With this in mind, we have
been interested in exploiting amino-functionalized carboxylic acids, and our early work
focused on the use of anthranilic acid [3–5], and in separate studies we have reported the
use of potentially chelating dianilines, to access new structural motifs [6,7]. Our entry
into such chemistry is via sodium molybdate, which is combined with anilines in the
presence of triethylamine and trimethylsilyl chloride, using refluxing dimethoxyethane
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as the solvent [8–11]. The use of dianilines or amino-functionalized carboxylic acids in
combination with molybdate under such conditions has the potential to afford products
with extensive intra- and/or inter-molecular hydrogen bonding. For example, use of
[(2-NH2C6H4)2O] led to the salt [Et3NH][MoCl4[(2-NH2C6H4)(2-NC6H4)O] comprising
discrete units of two anions and two cations linked by a series of H-bonds [11]. We also note
that chiral diimido complexes (of Mo and W) have been reported by Sundermeyer et al. [12].
Herein, we combine the two sets of ‘ligands’ in one pot, i.e., an amino-functionalized
carboxylic acid and a chelating dianiline, with the aim of further increasing the degree of
hydrogen bonding present. In particular, use of the dianilines [2,2′-(NH2)C6H4]2(CH2)n
(n = 0, 1, 2), in combination with either anthranilic acid or 2-aminoterephthalic acid, in
the ‘molybdate’ preparation led to products (Scheme 1) with extensive intra- and inter-
molecular interactions resulting in the formation of H-bonded pairs, chains, or a 3D network.
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Given the interest in alternatives to petroleum-derived plastics [13], there is currently
much research devoted to seeking catalysts that are capable of producing greener poly-
mers via ring opening polymerization (ROP) of cyclic esters. Both transition metal and
metal-free ROP systems are attracting interest [14–24]. Ideally, such catalysts should be
highly active, inexpensive, and non-toxic. In the case of metals, the use of earth-abundant
metals is now attracting attention [25]. In terms of molybdenum-based systems, the limited
number that have thus far been reported tend to exhibit activity only at elevated temper-
atures, with early examples based on ammonium decamolybdate (melt at 150 ◦C) [26]
or bis-(salicylaldhydato)dioxomolybdenum (110 ◦C in mesitylene) [27]. More recent ex-
amples include oxo and imido complexes derived from chelating phenols [28,29], or the
oxydianiline [(2-NH2C6H4)2O] [11], or a family of iodoanilines [30]. For many of these
molybdenum-based systems, trans-esterification is evident. Given the somewhat limited ar-
senal of molybdenum-based ROP catalysts, we have investigated the three complexes herein
(shown in Scheme 1) for their potential in the ROP of ε-caprolactone and δ-valerolactone.
Moreover, given the aforementioned interest in metal-free catalysts for ROP, we have also
examined the use of the precursor anilines and acids (Scheme 2) employed in the synthesis
of 1–3 as ROP catalysts. We also note that there is growing interest in the ability of hy-
drogen bonding to promote ROP, particularly in carboxylic acid-based systems [31] and
amine/amide-containing systems [32–39].
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2. Results and Discussion
2.1. Synthesis and Characterization of Hydrogen-Bonded 2,2′-Diaminobiphenyl-Derived
Molybdenum Complex

Use of the established sodium molybdate/aniline/Et3N/Me3SiCl preparation [8–11] but
employing a combination of 2,2′-diaminobiphenyl [2,2′-NH2(C6H4)]2 and 2-aminoterephthalic
acid H2NC6H3-1,4-(CO2H)2 as the amine sources, following work-up (MeCN), led to the
isolation of small orange/red prisms in moderate yield. In the IR spectrum, a broad peak at
3444 cm−1 is assigned to vNH (Figure S1, SI). Single crystals suitable for X-ray diffraction
were obtained from a saturated acetonitrile solution at 0 ◦C. The molecular structure is
shown in Figure 1, with selected bond lengths and angles given in the caption; alterna-
tive views are given in Figure S2, SI. The asymmetric unit comprises one molybdenum-
containing complex, two 2,2′-diaminobiphenyl molecules, and three and a half acetoni-
trile solvent molecules of crystallization, i.e., [(MoCl3[2,2′-N(C6H4)]2}{HNC6H3-1-(CO2),4-
(CO2H)]·2[2,2′-NH2(C6H4)]2·3.5MeCN 1·2[2,2′-NH2(C6H4)]2·3.5MeCN. The metal complex
ligand conformations are supported by intra-molecular N–H···Cl H-bonds (Table 1) and
the two amino-terephthalate ligands adopt a slipped π···π interaction with C(16) and C(23)
overlaying the centroid of the aromatic ring of the opposite ligand at a distance of ca. 3.5 Å.
The closest atom···atom contacts are: C(15)···C(22) = 3.334 Å; C(20)···C(26) = 3.487 Å; and
C(17)···C(24) = 3.535 Å. Thus, the rings are closer at the N end.
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Figure 1. Molecular structure of 1·2[2,2′-NH2(C6H4)]2·3.5MeCN. Selected bond lengths (Å) and
angles (o): Mo(1)–N(1) 1.715(9), Mo(1)–N(3) 1.977(8), Mo(1)–O(1) 2.092(6), Mo(1)–Cl(1) 2.386(3),
Mo(1)–Cl(2) 2.455(2), Mo(1)–Cl(3) 2.421(2); O(1)–Mo(1)–N(3) 81.7(3), Cl(2)–Mo(1)–N(3) 167.5(2), N(1)–
Mo(1)–O(1) 170.9(3). Elements are shown in different representations (C black, H pale green, N blue,
O red, Cl green, Mo brown) and hydrogen bonds are shown as dashed lines (in all structural figures).
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Table 1. Hydrogen-bond geometry (Å, ◦) for 1·2[2,2′-NH2(C6H4)]2·3.5MeCN.

D—H···A D—H H···A D···A D—H···A
N3—H3A···Cl6 0.88 2.42 3.278 (8) 164

O3—H3···O2 i 0.84 1.73 2.564 (9) 170

N4—H4···Cl3 0.88 2.32 3.190 (8) 172

O7—H7···O6 ii 0.84 1.89 2.707 (10) 165

N5—H5A···N10 0.88 2.53 3.37 (2) 159

N5—H5B···Cl4 iii 0.88 2.74 3.413 (11) 135

N6—H6A···O2 0.88 2.56 3.319 (12) 145

N6—H6A···N5 0.88 2.28 2.736 (13) 112

N6—H6B···Cl2 0.88 2.44 3.307 (9) 170

N7—H7A···O5 0.88 2.13 2.990 (10) 165

N7—H7B···N11 0.88 2.34 3.02 (2) 135

N8—H8A···Cl5 0.88 2.95 3.432 (11) 116
Symmetry codes: (i) x + 1/2, −y + 3/2, z + 1/2; (ii) x − 1/2, −y + 3/2, z − 1/2; (iii) x − 1, y, z.

The Mo2 complex is capped at each end with a neutral, co-crystallized C12H12N2
molecule via 2 or 3 N–H···Cl or N–H···O H-bonds. The NH2 H atoms also H-bond to
MeCN molecules of crystallization or symmetry-related Mo2 complexes. The carboxylic
acid OH groups H-bond to the carboxylate oxygen atoms of neighboring Mo2 complexes
via charge-assisted H-bonds, so they do not form the often-observed carboxylic acid head-
to-tail R2

2(8) motif (Figure 2) [40,41].
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Figure 2. View of H-bonded chains running parallel to c.

The only NH hydrogen atom that does not act as an H-bond donor is H(8B), presum-
ably due to the lack of a suitably positioned acceptor. The structure adopts a 3D H-bonded
network overall (Figure 3).
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The MALDI-ToF spectrum of 1·2[2,2′-NH2(C6H4)]2·3.5MeCN is given in Figure S3, SI;
for assignments see experimental Section 4.1. Complex 1 (and 2 and 3 below) despite being
recrystallized from MeCN proved to be insoluble in common organic solvents, which not
only hampered characterization in solution (e.g., only a weak 1H NMR spectrum of 1 was
obtained, Figure S4, SI for the aromatic region), but also restricted our ROP studies to the
melt phase, vide infra.

2.2. Synthesis and Characterization of the Methylene-Bridged Dianiline-Derived
Molybdenum Complex

We then investigated the use of the methylene-bridged dianiline [2,2′-(NH2)C6H4]2CH2
in combination with 2-aminoterephthalic acid H2NC6H3-1,4-(CO2H)2. Following work-up
(extraction into MeCN), orange crystals were isolated, which were subjected to a single-
crystal X-ray determination. The molecular structure is shown in Figure 4, with selected
bond lengths and angles given in the caption. The asymmetric unit comprises one molybde-
num complex and three molecules of non-coordinated acetonitrile. The dianiline-derived
ligand binds in imido/amine fashion about the octahedral metal center, whilst the 2-
aminoterephthalic acid binds in carboxylate/amide fashion. In the IR spectrum (Figure S5,
SI), there are peaks at 3501, 3446, and 3385 cm−1, which are assigned to vNH. Interestingly, a
trimethylsilylation has occurred at the 2-aminoterephthalic acid, as has been observed previ-
ously in the system [Et3NH][MoCl3{2-(HN)C6H4CO2}{2-Me3SiO2CC6H4N}] [2]. Moreover,
a search of the Cambridge Structural Database (CSD) reveals four other occurrences of this
type of PhCO2SiMe3 motif [42–45]. The coordination around molybdenum is completed
by two chloride ligands, which are trans to the amine and amide functions. The formula
can thus be written as [MoCl2(O2CC6H3NHCO2SiMe3)(NC6H4CH2C6H4NH2)]·3MeCN
(2·3MeCN).

61



Catalysts 2024, 14, 214Catalysts 2024, 14, x FOR PEER REVIEW 6 of 18 
 

 

 

Figure 4. Molecular structure of [MoCl2(O2CC6H3NHCO2SiMe3)(NC6H4CH2C6H4NH2)]·3MeCN 

(2·3MeCN). Selected bond lengths (Å) and angles (o): Mo(1)–O(1) 2.0644(9), Mo(1)–N(1) 1.9428(11), 

Mo(1)–N(2) 2.2375(11), Mo(1)–N(3) 1.7370(11), Mo(1)–Cl(1) 2.3643(3), Mo(1)–Cl(2) 2.4267(3); N(1)–

Mo(1)–O(1) 82.81(4), N(2)–Mo(1)–N(3) 90.85(4). 

Pairs of centrosymmetrically-related molecules are connected via H-bonds utilizing 

both NH2 hydrogen atoms as donors and a chloride and non-coordinated carboxylate ox-

ygen as acceptors (Figure 5 and Table 2); alternative views are given in Figure S6, SI. The 

angle between the two aromatic rings in the imido ligand is 75.99 (4)°. The N–H group 

forms an H-bond to one of the three molecules of crystallization. The MALDI-ToF spec-

trum of [MoCl2(O2CC6H3NHCO2SiMe3)(NC6H4CH2C6H4NH2)]·3MeCN (2·3MeCN) is 

given in Figure S7, SI; for assignments see experimental Section 4.2. 

 

Figure 5. H-bonds between pairs of centrosymmetrically-related molecules in 2·3MeCN. 

  

Figure 4. Molecular structure of [MoCl2(O2CC6H3NHCO2SiMe3)(NC6H4CH2C6H4NH2)]·3MeCN
(2·3MeCN). Selected bond lengths (Å) and angles (o): Mo(1)–O(1) 2.0644(9), Mo(1)–N(1) 1.9428(11),
Mo(1)–N(2) 2.2375(11), Mo(1)–N(3) 1.7370(11), Mo(1)–Cl(1) 2.3643(3), Mo(1)–Cl(2) 2.4267(3); N(1)–
Mo(1)–O(1) 82.81(4), N(2)–Mo(1)–N(3) 90.85(4).

Pairs of centrosymmetrically-related molecules are connected via H-bonds utilizing
both NH2 hydrogen atoms as donors and a chloride and non-coordinated carboxylate
oxygen as acceptors (Figure 5 and Table 2); alternative views are given in Figure S6, SI. The
angle between the two aromatic rings in the imido ligand is 75.99 (4)◦. The N–H group
forms an H-bond to one of the three molecules of crystallization. The MALDI-ToF spectrum
of [MoCl2(O2CC6H3NHCO2SiMe3)(NC6H4CH2C6H4NH2)]·3MeCN (2·3MeCN) is given in
Figure S7, SI; for assignments see experimental Section 4.2.
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Table 2. Hydrogen-bond geometry (Å, ◦) for 2·3MeCN.

D—H···A D—H H···A D···A D—H···A
N1—H1···N4 0.82 (1) 2.13 (1) 2.9518 (17) 176 (2)

N2—H2A···O1 i 0.81 (1) 2.47 (2) 2.9215 (14) 116 (2)

N2—H2A···O2 i 0.81 (1) 2.28 (1) 3.0736 (15) 168 (2)

N2—H2B···Cl2 i 0.84 (1) 2.68 (1) 3.5139 (11) 174 (2)
Symmetry codes: (i) −x + 1, −y, −z + 1.

2.3. Synthesis and Characterization of the Ethylene-Bridged Dianiline-Derived
Molybdenum Complex

The length of the bridge in the dianiline was then extended to an ethylene linkage,
namely [2,2′-(NH2)C6H4]2CH2CH2, and, to avoid the previous silylation issue, anthranilic
acid 1,2-(NH2)(CO2H)C6H4 was employed rather than 2-aminoterephthalic acid. Work-
up as before led to the isolation of purple crystals of X-ray diffraction quality. In the
IR spectrum (Figure S8, SI), there are peaks at 3452/3348 cm−1, which are assigned to
vNH. The molecular structure is shown in Figure 6, with selected bond lengths and angles
given in the caption; alternative views are given in Figure S9, SI. This purple complex was
identified as [MoCl3{1,2-(NH)(CO2)C6H4}{NC6H4CH2CH2C6H4NH3}]·MeCN (3·MeCN)
and formed in good yield (ca. 65%). Single crystals suitable for X-ray diffraction were
obtained from a saturated acetonitrile solution at 0 ◦C. In the asymmetric unit, there are
two independent Mo complexes and two MeCN molecules of crystallization. The two
molybdenum-containing zwitterionic molecules differ slightly in their conformations in
the solid state. For example, the two rings in the N—N groups are twisted relative to each
other by different amounts: C(8) > C(13) vs. C(16) > C(21) = 49.81 (13)◦ and C(29) > C(34) vs.
C(37) > C(42) = 30.87 (13)◦. In both unique complexes, there are intra-molecular bifurcated
H-bonds between one of the NH3 H atoms and the coordinated chlorides Cl(1) and Cl(2) or
Cl(5) and Cl(6). The two MeCN solvent molecules of crystallization both act as H-bond
acceptors from the N–H groups at N(1) and N(4) (Table 3).
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Table 3. Hydrogen-bond geometry (Å, ◦) for 3·MeCN.

D—H···A D—H H···A D···A D—H···A
N1—H1···N7 0.81 (2) 2.19 (2) 2.995 (4) 172 (3)

N3—H3A···O2 i 0.87 (2) 1.96 (2) 2.828 (3) 172 (3)
N3—H3B···Cl1 0.87 (2) 2.54 (2) 3.323 (3) 151 (3)
N3—H3B···Cl2 0.87 (2) 2.85 (3) 3.502 (3) 133 (3)
N3—H3C···O3 0.88 (2) 1.93 (2) 2.803 (3) 174 (3)
N3—H3C···O4 0.88 (2) 2.55 (3) 3.054 (3) 117 (2)
N4—H4···N8 0.81 (2) 2.21 (2) 3.010 (4) 170 (3)

N6—H6A···O4 ii 0.88 (2) 1.98 (2) 2.847 (3) 171 (3)
N6—H6B···Cl1 0.87 (2) 2.99 (3) 3.446 (3) 115 (2)
N6—H6B···O1 0.87 (2) 2.00 (2) 2.858 (3) 171 (3)
N6—H6B···O2 0.87 (2) 2.59 (3) 3.059 (3) 115 (2)
N6—H6C···Cl5 0.87 (2) 2.70 (2) 3.416 (3) 141 (3)
N6—H6C···Cl6 0.87 (2) 2.59 (2) 3.326 (3) 143 (3)

Symmetry codes: (i) x, −y + 1/2, z + 1/2; (ii) x, −y + 1/2, z − 1/2.

In the packing of 3·MeCN, the two unique Mo complexes H-bond in a head-to-tail
fashion via the NH3 groups to a coordinated carboxylate oxygen atom in the case of H(3C)
to O(3), or via a bifurcated pair of interactions between H(6B) and O(1) and Cl(1); this is
not over a crystallographic inversion center. These pairs of molecules then H-bond further
to other molecules via the NH3 groups to the non-coordinated carboxylate, resulting in
H-bonded chains running parallel to c (Figure 7). These diamond-shaped interactions again
occur in head-to-tail pairs not dictated by crystallographic inversion symmetry, involving
O(2) and O(4).
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The MALDI-ToF spectrum of [MoCl3{1,2-(NH)(CO2)C6H4}{NC6H4CH2CH2C6H4NH3}]·
MeCN (3·MeCN) is given in Figure S10, SI; for assignments see experimental Section 4.3.

3. Ring Opening Polymerization (ROP)
3.1. Ring Opening Polymerization of ε-Caprolactone (ε-CL)

Complexes 1–3 have been screened for their ability to act as catalysts in the presence
of benzyl alcohol (BnOH) for the ROP of ε-caprolactone, and the results are presented in
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Table 4. Results for 1–3 are compared with the related molybdenum-containing complexes I and
II [11] (see Figure 8). Based on previous molybdenum ROP studies in our group [11,28–30], we
selected the conditions of 130 ◦C with a ratio of ε-CL to complex of 500:1 in the presence
of one (for 2 and 3) or two (for 1) equivalents of benzyl alcohol per metal over 24 h, i.e.,
a [CL]:[catalyst]:[BnOH] ratio of 500:1:1 or 500:1:2. However, given the aforementioned
problematic issues with solubility, the complexes herein were only screened as melts under
either N2 or air (see Table 4). All complexes were found to be active under these poly-
merization conditions with similar monomer conversions (>95%, e.g., Figures S11–S14, SI),
affording relatively high molecular weight polymers, with 3 under N2 (Entry 5, Table 4)
affording the highest at ca. 31,650 Da, albeit with poor control (Ð = 3.66); selected gpc
traces are given in Figures S15–S21. End group analysis by 1H NMR spectroscopy reveals
signals at 3.63, 5.09, and 7.34 ppm consistent with the presence of a BnO end group, which
indicates that the polymerization proceeds through a coordination-insertion mechanism,
whereby the monomer coordinates to the metal followed by the acyl oxygen bond cleavage
of the monomer and chain propagation. Interestingly, consistent with the wide Ð values,
the MALDI-TOF spectra revealed several families of products including OH terminated
polymers, OBn terminated polymers, and cyclic polymers (e.g., Figures 9 and 10; expan-
sions are given in the SI, Figures S22–S25). There was evidence of trans-esterification, and
all observed Mn values were significantly lower than the calculated values.

Table 4. The ROP of ε-CL catalyzed by 1–3 and I, II.

Entry Catalyst [CL]:[Cat]:BnOH Conversion
a (%) b

Mn (obsd)
b

Mn
Corrected c Mncalc d Ð b

1 1 500:1:2 100 14,820 8300 57,180 2.78

2 e 1 500:1:2 100 16,590 9290 57,180 3.00
3.00

3 2 500:1:1 100 10,430 5840 57,180 1.12
4 e 2 500:1:1 99 22,880 12,810 56,610 1.85
5 3 500:1:1 86 56,520 31,650 49,190 3.66

6 e 3 500:1:1 99 34,200 19,150 56,610 2.84
7 I 500:1:1 100 64,160 35,930 57,180 3.83

8 e I 500:1:1 100 34,110 19,100 57,180 3.61
9 II 500:1:1 100 21,040 11,780 57,180 2.26

10 e II 500:1:1 97 15,620 8750 55,460 3.69
11 e [2,2′-NH2(C6H4)]2 500:1 - - - -
12 e [2,2′-(NH2)C6H4]2CH2 500:1 - - - -
13 e [2,2′-(NH2)C6H4]2CH2CH2 500:1 - - - -
14 e 1,2-(NH2)(CO2H)C6H4 500:1 98 14,090 7890 56,070 1.37
15 e H2NC6H3-1,4-(CO2H)2 500:1 28 - - -

a Determined by 1H NMR spectroscopy; b Measured by GPC in THF relative to polystyrene standards;
c Mn calculated after Mark–Houwink correction [44,45]; Mn corrected = 0.56 × Mn obsd; d Calculated from
([monomer]0/[cat]0) × conv (%) ×monomer molecular weight (MCL = 114.14) + end groups (OBn/OH used in
this case); e Conducted in air.
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Figure 8. Known complexes I and II.
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Figure 9. MALDI-ToF spectrum of PCL using 1 left: (Entry 1, Table 4); right (Entry 2, Table 4). For
Entry 1, Table 4: The main families are (i) chain polymer (terminated by 2 OH) as sodium adducts
[M = 17 (OH) + 1(H) + n × 114.14 (CL) + 22.99 (Na+)] (e.g., for n = 23, calc. 2666.2 obsv. 2668.4;
n = 25 calc. 2894.5 obsv. 2895.9 with peaks offset by about 1.2 Da; (ii) with BnO end groups [M = n
× 114.14 (CL) + 108.05 (BnOH) + 22.99 (Na+)] (e.g., for n = 50 calc. 5838, obsv. 5836.4; for n = 55,
calc. 6408.7 obsv. 6406.9) with peaks offset by about 1.7 Da; (iii) cyclic polymers as the potassium
adducts, e.g., n = 50 calc. 5746.1 obsv. 5745.7. For Entry 2, Table 4: The main families are (i) chain
polymer (terminated by 2 OH) as sodium adducts [M = 17 (OH) + 1(H) + n × 114.14 (CL) + 22.99
(Na+)], e.g., for n = 30, calc. 3465.2 obsv. 3465.6; n = 40 calc. 4606.6 obsv. 4605.2; (ii) cyclic polymers
as the potassium adducts, e.g., n = 50 calc. 5746.1 obsv. 5745.7, n = 60 calc. 6887.5 obsv. 6886.4.
Expansions of all the peaks highlighted above can be found in SI (Figures S37 and S38).
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Figure 10. MALDI-ToF spectrum of PCL left using 2 (Entry 3, Table 4); right using 3 (Entry 5, Table 4).
For Entry 3, Table 4: The main families are (i) chain polymer (terminated by 2 OH) as sodium adducts
[M = 17 (OH) + 1(H) + n × 114.14 (CL) + 22.99 (Na+)] (e.g., for n = 30, calc. 3465.2 obsv. 3466.3; n = 40
calc. 4606.6 obsv. 4606.2; (ii) cyclic polymers as the potassium adducts e.g., n = 40 calc. 4604.7 obsv.
4606.0; n = 50 calc. 5746.1 obsv. 5747.1. For Entry 5, Table 4: The main family are polymers with BnO
end groups as the potassium adducts [M = n × 114.14 (CL) + 108.05 (BnOH) + 39.1 (K+)] (e.g., for
n = 50 calc. 5854.2, obsv. 5854.0). Expansions of all the peaks highlighted above can be found in the SI
(Figures S39 and S40).

Given that metal-free catalysts are known [19], the dianilines [2,2′-(NH2)C6H4]2(CH2)n
(n = 0, 1, 2) and the amino-functionalized carboxylic acids 1,2-(NH2)(CO2H)C6H4 or 2-
H2NC6H3-1,4-(CO2H)2 employed in this work (Scheme 2) to prepare 1–3 were screened
under similar conditions, albeit in the absence on BnOH for the ROP of ε-CL. In the case of
the dianilines, little or no conversion was observed. However, both amino-functionalized
carboxylic acids exhibited conversion, with 1,2-(NH2)(CO2H)C6H4 achieving 98%; the
MALDI-ToF spectrum (Figure S26, SI) indicated the presence of anthranilic acid-derived
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end groups; the 1H NMR spectrum is given in Figure S27, SI. We note that benzoic acid has
been shown to be an efficient ROP catalyst for ε-Cl [32].

3.2. Ring Opening Polymerization of δ-Valerolactone (δ-VL)

As in the case of ε-CL, the complexes herein were only screened for the ROP of δ-
VL as melts under either N2 or air (see Table 5) using a ratio of [VL]:[catalyst]:[BnOH]
of 500:1:2 (for 1) or 500:1:1 (for 2, 3, and I, II). All complexes were found to be active
under these polymerization conditions with monomer conversions (>75%, Figures S28–S35,
SI), affording relatively high molecular weight polymers; selected gpc traces are given in
Figures S36–S42, SI. As for CL, the conversions observed for 3 were somewhat lower than
for the other systems. The highest molecular weights were afforded by 2 under air (Entry
4, Table 5) and II under N2 (Entry 9, Table 5), although in each case there was evidence
of bimodal behavior. 1H NMR spectra of the PVL again indicated that the products were
catenulate. The MALDI-TOF spectra revealed several families of products including OH-
terminated polymers and cyclic polymers (e.g., Figures 11 and 12; expansions are given in
Figures S43–S46, SI). As for PCL, there was evidence of trans-esterification, and all observed
PVL Mn values were significantly lower than the calculated values.

Table 5. The ROP of δ-VL catalyzed by 1–3 and I, II.

Entry Catalyst [VL]:[Cat]:BnOH Conversion
a (%) a

Mn (obsd)
b

Mn
Corrected c

Mn
calc d Ð b

1 1 500:1:2 93 22,160 12,630 46,570 2.38
2 e 1 500:1:2 98 29,320 16,710 49,080 1.38
3 2 500:1:1 83 24,390/10,910 13,900/6220 41,570 1.24/1.06

4 e 2 500:1:1 96 27,470 15,660 48,080 2.71
5 3 500:1:1 76 23,460 13,370 38,060 2.75

6 e 3 500:1:1 86 16,770 9560 43,070 1.90
7 I 500:1:1 94 10,560 6020 47,070 1.69
8e I 500:1:1 94 24,460 13,940 47,070 2.06
9 II 500:1:1 98 29,400/5930 16,760/3380 49,080 1.69/1.47

10 e II 500:1:1 97 20,440/4720 11,650/2690 48,580 1.39/1.23
11 e [2,2′-NH2(C6H4)]2 500:1 95 15,910 9070 47,580 2.29
12 e [2,2′-(NH2)C6H4]2CH2 500:1 94 29,490 16,810 47,070 1.21
13 e [2,2′-(NH2)C6H4]2CH2CH2 500:1 94 29,860 17,020 47,070 1.32
14 e 1,2-(NH2)(CO2H)C6H4 500:1 99 8140 4640 49,580 2.69
15 e H2NC6H3-1,4-(CO2H)2 500:1 13 - - -

a Determined by 1H NMR spectroscopy. b Measured by GPC in THF relative to polystyrene standards;
c Mn calculated after Mark–Houwink correction [44,45]: Mn corrected = 0.57 × Mn obsd; d Calculated from
([monomer]0/[cat]0) × conv (%) ×monomer molecular weight (MVL = 100.12) + end groups (OH used in this
case). e Conducted in air.
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Figure 11. MALDI-ToF spectrum of PVL left using 1: (Entry 1, Table 5); right using 2 (Entry 4, Table 5).
For Entry 1, Table 5: The main families are (i) chain polymer (terminated by 2 OH) as sodium adducts
[M = 17 (OH) + 1(H) + n × 100.12 (VL) + 22.99 (Na+)], e.g., for n = 23, calc. 2343.8, obsv. 2345.8; n = 25
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calc. 2544.0, obsv. 2545.9 with peaks offset by about 2 Da; (ii) cyclic polymers as the potassium
adducts e.g., n = 50 calc. 5045.1, obsv. 5045.2; n = 60 calc 6046.3, obsv. 6045.2. For Entry 4, Table 5: The
main families are (i) chain polymer (terminated by 2 OH) as sodium adducts [M = 17 (OH) + 1(H) +
n × 100.12 (VL) + 22.99 (Na+)] (e.g., for n = 23, calc. 2343.8, obsv. 2345.7; n = 25 calc. 2544.0, obsv.
2545.5 with peaks offset by 1.5–1.9 Da; (ii) cyclic polymers as the potassium adducts, e.g., n = 50 calc.
5045.1, obsv. 5045.2; n = 60 calc. 6046.3, obsv. 6045.5. Expansions of all the peaks highlighted above
can be found in SI (Figures S41 and S42).
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Figure 12. MALDI-ToF spectrum of PVL left using 3: (Entry 5, Table 5); right using II (Entry 9,
Table 5). For Entry 5, Table 5: The main families are (i) chain polymer (terminated by 2 OH) as sodium
adducts [M = 17 (OH) + 1(H) + n × 100.12 (VL) + 22.99 (Na+)], e.g., for n = 23, calc. 2343.8, obsv.
2346.4; n = 25 calc. 2544.0, obsv. 2546.1 with peaks offset by 1.6 to 2.1 Da; (ii) cyclic polymers as the
potassium adducts, e.g., n = 50 calc. 5045.1, obsv. 5045.9; n = 60 calc. 6046.3, obsv. 6046.5. For Entry 9,
Table 5: The main family is chain polymers (terminated by 2 OH) as sodium adducts [M = 17 (OH) +
1(H) + n × 100.12 (VL) + 22.99 (Na+)], e.g., for n = 23, calc. 2343.8, obsv. 2345.0; n = 25 calc. 2544.0,
obsv. 2544.8 with peaks offset by 0.8–1.2 Da. Expansions of all the peaks highlighted above can be
found in SI (Figures S43 and S44).

Interestingly, in contrast to the ε-CL screening, when employing the dianilines for
the ROP of δ-VL, high conversions were noted (see entries 11 to 13, Table 5). MALDI-ToF
spectra (Figures S47–S49, SI) revealed the presence of families with OH end groups or
cyclic polymers. This behavior contrasts with previous ROP studies where more robust
conditions are usually needed for the ROP of δ-VL versus ε-Cl [46–50] and is inconsistent
with the thermodynamic parameters for these lactones [48]. As for ε-CL, the use of 1,2-
(NH2)(CO2H)C6H4 afforded a higher conversion than 2-H2NC6H3-1,4-(CO2H)2 (99% vs.
13%), and in this case, anthranilic acid-derived end groups (Figure S50, SI) were assigned
to a family of peaks offset by ca. 3Da; the 1H NMR spectrum is given in Figure S51, SI.

TGA and DSC results (Figures S52–S55, SI) for the molybdenum catalysts employed
herein indicate that at the temperature utilized for the ROP procedure, there is no degrada-
tion to other by-products.

4. Materials and Methods

All manipulations were carried out under an atmosphere of nitrogen using stan-
dard Schlenk line and cannula techniques or a conventional N2-filled glovebox. Solvents
were refluxed over the appropriate drying agents and distilled and degassed prior to
use, i.e., dimethoxyethane was refluxed over Na-benzophenone/ketyl, and acetonitrile
and triethylamine were refluxed over calcium hydride. Trimethylsilylchloride (TCI, Ox-
ford, UK), 2-aminoterephthalic acid H2NC6H3-1,4-(CO2H)2 (Thermo Fisher Scientific, Al-
trincham, UK), 2,2′-methylenedianiline [2,2′-(NH2)C6H4]2CH2 (Enamine, Kyiv, Ukraine),
2,2′-ethylenedianiline [2,2′-(NH2)C6H4]2CH2CH2 (ChemCruz, Huissen, The Netherlands),
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and anthranilic acid 1,2-(NH2)(CO2H)C6H4 (Sigma Aldrich, UK) were purchased from
commercial sources and used directly. 2,2′-Diaminobiphenyl was prepared via reduction
of the dinitro precursors using NaBH4 (Sigma Aldrich, Gillingham, UK) [51]. Elemental
analyses were performed at the University of Hull. FTIR spectra (nujol mulls, KBr win-
dows) were recorded on a Nicolet Avatar 360 FT-IR spectrometer (Thermo Fisher Scientific,
Altrincham, UK). 1H NMR spectra were recorded at 400.2 MHz on a JEOL ECZ 400S
spectrometer (JEOL, Welwyn Garden City, UK), with TMS δH = 0 as the internal standard
or residual protic solvent; chemical shifts are given in ppm (δ). Matrix Assisted Laser
Desorption/Ionization-Time of Flight (MALDI-TOF) mass spectrometry was performed
on a Bruker III smart beam in linear mode. MALDI-TOF mass spectra were acquired by
averaging at least 100 laser shots. Molecular weight analyses were performed on a Viscotek
gel permeation chromatograph (Malvern, Worcestershire, UK) equipped with two Agilent
PL gel columns (5 µM mixedD, 300 × 7.5 mm; Polymer laboratories, Church Stratton, UK)
and a Viscotek refractive index detector at 35 ◦C (Malvern Panalytical, Worcestershire, UK).
Extra dry stabilized THF (Acros Organics, Loughborough, UK) was used as the eluent at a
flow rate of 1.0 mL min−1 and polystyrene standards (Malvern Panalytical, Worcestershire,
UK); 1.5 mg mL−1, prepared and filtered (0.2.0 mmol L−1) directly prior to injection were
used for calibration. Obtained molecular weights were corrected by a Mark−Houwink
factor of 0.56 (PCL) and 0.57 (PVL) [44,45]. Molecular weights were calculated from the
experimental traces using the OmniSEC software (Malvern Panalytical Ltd., Malvern, UK,
v11.35). For the TGA runs, data were collected on a PerkinElmer TGA 400 (Shelton, CT,
USA) using PyrisTM software and a rate of 10 ◦C per min over the 30 ◦C to 800 ◦C under N2.
Sample weights were typically between 3 and 5 mg. For DSC runs, data were collected on a
PerkinElmer DSC 4000 (Shelton, CT, USA) using 5 mg of sample encapsulated with tin foil.

4.1. Synthesis of
[(MoCl3[2,2′-N(C6H4)]2}{HNC6H3-1-(CO2),4-(CO2H)]·2[2,2′-NH2(C6H4)]2·3.5MeCN
(1·3.5MeCN)

To Na2MoO4 (3.00 g, 14.6 mmol), H2NC6H3-1,4-(CO2H)2 (2.64 g, 14.6 mmol), and [2,2′-
NH2(C6H4)]2 (1.34 g, 7.30 mmol) in DME (150 mL) were added Et3N (8.1 mL, 58 mmol)
and Me3SiCl (14.8 mL, 117 mmol), and the system was heated at reflux for 12 h. On
cooling, the purple suspension was filtered, and the solvent was removed from the filtrate.
Crystallization of the residue from MeCN (50 mL) afforded 1·3.5MeCN as orange/red
prisms. Yield 4.36 g, 41%. C28H18Cl6Mo2N4O8·2(C12H12N2)·1.5(C2H3N) (sample dried
in-vacuo for 2 h) requires C 48.11, H 3.41, N 9.69%. Found: C 47.78, H 3.36, N 9.43%. IR:
3444bw, 2622w, 2603w, 2497w, 1715w, 1592w, 1581m, 1557m, 1397m, 1301m, 1260s, 1208w,
1171m, 1092s, 1035s, 903w, 850m, 801s, 760m, 739w, 723m, 685w, 619w, 471w, 463w, 434w.
M.S. (MALDI-ToF): 1188 (M+–2MeCN–C12H12N2), 1111 (M+–3MeCN–Cl–C12H12N2), 1004
(M+–2MeCN–2C12H12N2), 953 (M+–1.5MeCN–2C12H12N2).

4.2. Synthesis of [MoCl2(O2CC6H3NHCO2SiMe3)(NC6H4CH2C6H4NH2)]·3(C2H3N)
(2·3MeCN)

As for 1, but using Na2MoO4 (3.00 g, 14.6 mmol), H2NC6H3-1,4-(CO2H)2 (2.64 g,
14.6 mmol), [2,2′-(NH2)C6H4]2CH2 (1.45 g, 7.31 mmol), Et3N (8.1 mL, 58 mmol), and
Me3SiCl (14.8 mL, 117 mmol) in DME (150 mL) affording 2·3MeCN as red crystals. Yield
3.88 g, 36%. C24H25Cl2MoN3O4Si·2(C2H3N) (sample dried in vacuo for 1 h) requires C
48.28, H 4.49, N 10.06%. Found: C 47.79, H 4.31, N 9.91%. IR: 3501w, 3446w, 3385w, 1692m,
1624m, 1591m, 1552m, 1309s, 1260s, 1239s, 1170m, 1155m, 1089m, 1020m, 918m, 891m, 850m,
796m, 752s, 722s, 679w, 657w, 623w. M.S. (MALDI-ToF): 499 (MH+–MeCN–C13H14N2).

4.3. Synthesis of [MoCl3{1,2-(NH)(CO2)C6H4}{NC6H4CH2CH2C6H4NH3}]·MeCN (3·MeCN)

To Na2MoO4 (3.00 g, 14.6 mmol), 1,2-(NH2)(CO2H)C6H4 (2.00 g, 14.6 mmol), and
[2,2′-(NH2)C6H4]2CH2CH2 (1.55 g, 7.30 mmol) in DME (150 mL) were added Et3N (8.1 mL,
58 mmol) and Me3SiCl (14.8 mL, 117 mmol), and the system was heated at reflux for 12 h.
On cooling, the purple suspension was filtered, and the solvent was removed from the
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filtrate. Crystallization of the residue from MeCN (50 mL) afforded 3·MeCN as purple
crystals. Yield 2.32 g, 27%. C21H20Cl3MoN3O2 (sample dried in vacuo for 1 h) requires
C 45.97, H 3.67, N 7.66%. Found: C 45.33, H 3.52, N 7.37%. IR: 3452w, 3348w, 2358w,
2250w, 2139w, 1939w, 1914w, 1667w, 1614m, 1585m, 1562m, 1536m, 1397s, 1331m, 1260m,
1171s, 1072m, 1036s, 941m, 906m, 851m, 807s, 763m, 723m, 663w. M.S. (MALDI-ToF): 452
(M+–anthranilic acid).

4.4. ROP of ε-Caprolactone (ε-CL)

The pre-catalyst (0.010 mmol) was added to a Schlenk tube in the glovebox at room
temperature. The appropriate equivalent of BnOH (from a pre-prepared stock solution of
1 mmol BnOH in 100 mL toluene) was added, and the system was stirred for 5 min and
then the solvent was removed in vacuo. The appropriate amount of ε-CL was added, and
the reaction mixture was then placed into a sand bath pre-heated at 130 ◦C and heated
for the prescribed time (24 h) under either N2 or air. The polymerization mixture was
quenched on addition of an excess of glacial acetic acid (0.2 mL) in methanol (50 mL). The
resultant polymer was then collected on filter paper and was dried in vacuo. GPC (in THF)
was used to determine molecular weights (Mn and PDI) of the polymer products.

4.5. X-ray Crystallography

In all cases, crystals suitable for an X-ray diffraction study were grown from a sat-
urated MeCN solution at 0 ◦C. Diffraction data for 1·2[2,2′-NH2(C6H4)]2·3.5MeCN and
2·3MeCN were collected on pixel array detector-equipped Rigaku diffractometers using a
rotating anode X-ray source, while that for 3·MeCN was collected on a Bruker SMART 1K
CCD (Bruker AXS, Madison, WI, USA) diffractometer equipped with a sealed-tube X-ray
source [52]. Data were corrected for absorption, polarization, and Lp effects. All of the
structures were solved and refined routinely [53–56]. H atoms were included in a riding
model except the NH hydrogens in 2·3MeCN and 3·MeCN, where the coordinates were
refined with mild distance restraints. Uiso(H) was set to 120% of that of the carrier atoms
except for OH, NH3, and CH3 (150%). Further details are presented in Table 6. CCDC
2,286,024–2,286,026 contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures (accessed 20 March 2024).

Table 6. Crystallographic data for 1·2C12H12N2·3.5MeCN, 2·3MeCN, and 3·MeCN.

Compound 1·2C12H12N2·3.5MeCN 2·3MeCN 3·MeCN

CCDC No. 2,286,024 2,286,025 2,286,026

Formula C28H18Cl6Mo2N4O8·
2(C12H12N2)·3.5(C2H3N)

C24H25Cl2MoN3O4Si·
3(C2H3N)

C21H20Cl3MoN3O2·
(C2H3N)

Formula weight 1455.20 737.56 589.74
Crystal system Monoclinic Monoclinic Monoclinic

Space group Cc P21/n P21/c
Unit cell dimensions

a (Å) 12.2500(2) 15.57139(19) 17.9901(13)
b (Å) 31.4061(7) 13.33765(14) 16.5331(12)
c (Å) 16.2619(2) 17.8684(2) 18.5902(13)
β (º) 97.3910(13) 110.7234(14) 114.058(2)

V (Å3) 6204.37(19) 3470.91(7) 5049.0(6)
Z 4 4 8

Temperature (K) 100(2) 100(2) 160(2)
Wavelength (Å) 1.54178 0.71073 0.71073

Calculated density
(g.cm−3) 1.558 1.411 1.552

Absorption coefficient
(mm−1) 6.22 0.61 0.87
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Table 6. Cont.

Compound 1·2C12H12N2·3.5MeCN 2·3MeCN 3·MeCN

Transmission factors
(min./max.) 0.045 and 0.143 0.761 and 1.000 0.674 and 0.862

Crystal size (mm3) 0.04 × 0.04 × 0.02 0.20 × 0.14 × 0.01 0.20 × 0.20 × 0.14
θ(max) (◦) 75.7 33.6 28.5

Reflections measured 20,721 143,190 30,725
Unique reflections 8359 12,893 11,549

Rint 0.052 0.035 0.046
Reflections with F2 > 2σ(F2) 7358 11,128 7877

Number of parameters 798 412 621
R1 [F2 > 2σ(F2)] 0.058 0.031 0.041
wR2 (all data) 0.144 0.072 0.094

GOOF, S 1.03 1.05 0.99
Largest difference

peak and hole (e Å−3) 1.67 and −0.36 0.87 and −0.80 0.51 and −0.96

5. Conclusions

In conclusion, the use of dianilines with (CH2)n bridges where n = 0 to 2, when
reacted with sodium molybdate in the presence of Et3N/Me3SiCL in 1,2-dimethoxyethane
in combination with the acid-functionalized acids anthranilic acid or 2-aminoterephthalic
acid, leads to the isolation of unusual H-bonded arrays. Relatively few molybdenum-based
ROP catalysts have been reported in the literature. The systems reported herein are active
as catalysts for the ROP of ε-caprolactone when employed as melts under either air or N2.
The products are of relatively high molecular weight (10,420–56,510 Da) and generally with
broad Ð (1.12–3.08). A number of families were evident in the MALDI-ToF mass spectra
with polymers present assigned to those terminated with OH, BnO (PCL only), as well as
cyclic polymers. The parent dianilines were found to be capable of the ROP of δ-VL, but not
ε-CL. The acids anthranilic acid or 2-aminoterephthalic acid were capable of the ROP of both
cyclic esters; in terms of conversion, anthranilic acid outperformed 2-aminoterephthalic
acid the best. All of these systems are thought to benefit from the presence of H-bonding,
which has been shown in other studies to boost ROP performance [31–36].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal14030214/s1, Figure S1. IR spectrum of 1; Figure S2.
Different views of the molecular structures of 1; Figure S3. MALDI-ToF spectrum of 1; Figure S4.
1H NMR spectrum of aromatic region of 1; Figure S5. IR spectrum of 2; Figure S6. Different views
of the molecular structures of 2; Figure S7. MALDI-ToF spectrum of 2; Figure S8. IR spectrum of
3; Figure S9. Different views of the molecular structures of 3; Figure S10. MALDI-ToF spectrum
of 3; Figures S11–S14. Selected 1H NMR spectra for %conversion measurements; Figures S15–S21.
Selected gpc traces; Figures S22–S25. Expansions of MALDI-ToF spectra of PCL obtained from 1–3;
Figure S26. MALDI-ToF spectrum of PCL obtained using anthranilic acid; Figure S27. 1H spectrum
of PCL obtained using anthranilic acid; Figures S28–S35. Selected 1H NMR spectra for %conversion
measurements; Figures S36–S42. Selected gpc traces; Figures S43–S46. Expansions of MALDI-ToF
spectra of PCL obtained from 1–3; Figure S47. MALDI-ToF of PVL using [2,2′-NH2(C6H4)]2 (run 11,
Table 5); Figure S48. MALDI-ToF of PVL using [2,2′-(NH2)C6H4]2CH2 (run 12, Table 5); Figure S49.
MALDI-ToF of PVL using [2,2′-(NH2)C6H4]2CH2CH2 (run 13, Table 5); Figure S50. MALDI-ToF
spectrum of PVL obtained using anthranilic acid; Figure S51. 1H NMR spectrum for PVL using
anthranilic acid; Figure S52. TGA for 2·3MeCN; Figure S53. DSC for 2·3MeCN; Figure S54. TGA for
II; Figure S55. DSC for II.
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Abstract: Zn–air batteries are becoming the promising power source for small electronic devices
and electric vehicles. They provide a relatively high specific energy density at relatively low cost.
This review presents exciting advances and challenges related to the development of molecular
catalysts for cathode reactions in Zn–air batteries. Bifunctional electrocatalysts for oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) play the main role in improving performance of
reversible fuel cell and metal–air batteries. The catalyst development strategies are reviewed, along
with strategies to enhance catalyst performance by application of magnetic field. Proper design of
bifunctional molecular ORR/OER catalysts allows the prolongment of the battery reversibility to a
few thousand cycles and reach of energy efficiencies of over 70%.

Keywords: Zn–air battery; bifunctional electrocatalyst; ORR; OER; ferromagnetic electrocatalysts;
AC magnetic field

1. Introduction

In many areas, technologies are changing from fossil fuel technology to electrified
technologies that are driven by renewable electrons. Currently these transformations are
taking place very rapidly, enabled by novel materials that reduce the cost of renewable
electrons and their storage, and extend the range of these novel applications. The increasing
role of electricity as an energy carrier in decarbonizing the economy results in a higher
demand for electrical energy storage in the form of rechargeable batteries. It remains a
great challenge to achieve next-generation rechargeable batteries with high energy density,
excellent cycling stability, good rate capability, efficient active material utilization, and high
Coulombic efficiency. Two battery applications driving demand growth are: (i) electric
vehicles and (ii) stationary forms of energy storage. As renewable electrons become readily
available and more cost competitive with conventional energy sources, the breadth of their
potential application significantly increases. The solar industry has already achieved the US
Department of Energy’s original SunShot 2020 cost target of USD 0.06 per kWh for utility-
scale photovoltaic solar power [1]. The most recent 700 MW PV facility in Portugal has a bid
power cost of USD 0.013 per kWh, which makes this one of the lowest costs of electricity [2].
Yet, the amount of energy storage required in the future is significant. It requires 1.0 TWh
of storage to mitigate the intermittency issue and to achieve 90% renewables by 2035
worldwide [3]. Europe is set to host around 280 gigafactories (6000 GWh) by 2030 and the
growth is currently driven by automotive demand which is linked to the decarbonization
of road transport.

Rechargeable batteries are considered as the primary energy source for future trans-
portation and stationary applications. The growth observed in electric vehicle (EV) adoption
is expected to continue due to government incentives for consumers in many markets of
the world. Analysts project mobility storage demands in 2030 of 0.8 to 3.0 TWh, with
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the demand for light-duty EVs dominating near-term markets [4]. In today’s EV market,
lithium-ion batteries (LIBs) are extensively employed [5]. The specific energy of lithium-air
batteries is 5928 Wh kg−1 and a nominal cell voltage is 2.96 V [6]. LIBs gain a competitive
advantage in terms of stability and energy density and their rather high safety plays a cru-
cial role in empowering the EV industry. However, they suffer from low ionic conductivity
at room temperature and advanced functional electrolytes are still in the research stage.
The leading manufacturers of LIBs are listed in Table 1.

Owing to its high reactivity, lithium is present only in compounds in nature: either
in brines or hard rock minerals. The rarity of lithium in nature results in a rather high
price of LIBs. Lithium demand will rise further from approximately 500,000 tons of lithium
carbonate equivalent (LCE) in 2021 to some 3 to 4 million tons in 2030 [7]. However,
satisfying the demand for lithium is not a trivial problem. Electric vehicle (EV) sales
doubled to approximately 7 million units in 2021. At the same time, the Li price increased
by 550% in a year [8]. In 2022, the lithium carbonate and lithium hydroxide price passed
USD 75,000 and USD 65,000 per ton, respectively (compared with a five-year average of
around USD 14,500 per ton) [8].

Table 1. Leading producers of rechargeable batteries [9,10].

Top 5 Countries/Regions, Share of
Commissioned Capacity, 2020
(747 GWh)

Leading Producers
Main Countries in Which Leading
Producers Own Battery
Manufacturing Plants

China 76% (568 GWh)
U.S.A. 8% (60 GWh)
Europe 7% (52 GWh)
Republic of Korea 5% (37 GWh)
Japan 4% (30 GWh)

CATL (Ningde, China) China (Shenyang) JV “BBA” with BMW
Group, Germany (Erfurt)

BYD (Shenzhen, China) China (Pingshan in Shenzhen)
France, Hungary

Panasonic (Osaka, Japan) Japan, China, USA (Nevada)

LG (Seoul, Republic of Korea)

Republic of Korea (Ochang), China
(Nanjing),
USA (Holland, Michigan), Poland
(Wroclaw)

Samsung (Suwon, Republic of Korea)

Republic of Korea (Ulsan; Pohang), USA
(Auburn Hill), China (Tianjin, Xi’an),
Europe (Hungary, Austria), India,
Malaysia, Vietnam

SK Innovation (Seoul, Republic of Korea)
Gotion High-Tech (Hefei, China),
Envision (Shanghai, China), AESC
(Yokohama, Japan)

Republic of Korea (Seosan), China
(Changzhou, Jiangsu), USA (Commerce,
Georgia; two locations in JV with Ford),
Hungary (Komaron, Ivancsá)
Japan (Kanagawa); USA (Tennessee), UK
(Sunderland) and China (Jiangyin)
China (Hefei), Germany (Salzgitter)

Therefore, much research is devoted to alternative batteries based on zinc (Zn) cath-
odes. They show a large potential for further development as energy storage devices. As
competitive electrochemical technologies for energy storage and conversion, rechargeable
zinc-based batteries have attracted increasing attention including the zinc-ion battery and
zinc–air battery (ZAB) [11]. Compared with the zinc-ion battery, the rechargeable zinc–air
battery (ZAB) shows high energy density because of the employment of O2 as the active
material, low negative potential (−0.762 V vs. SHE), abundance, low toxicity, and intrinsic
safety advantages. Rechargeable ZABs are also considered as one of the most economically
feasible battery solutions for grid-scale applications [12]. Currently, several companies
have already started deploying ZABs for utility scale energy storage, including NantEnergy,
who installed 3000 systems in nine countries at a manufacturing cost as low as USD 100 per
kWh in 2019 [11]. Large ZABs with a total charge of 500–2000 Ah can be used in railway
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and maritime devices, while small scale batteries with a charge of 200–400 mAh are used
for small hearing-aid devices [12].

The average Zn price in 2021 was USD 2950 per ton [13], indicating that this material
is ca six times cheaper than lithium carbonate. The volumetric energy density of ZABs
is relatively high (6136 Wh L−1). Moreover, the currently achievable battery lifetime in
practical conditions is around 150 cycles, and the energy efficiency is below 60%, which is
still far from the operational requirements of EVs [14]. This is due to excessive dendrite
formation on the electrode and electrolyte carbonation. Therefore, further improvements
are required to increase energy density, safety, and to decrease costs.

A typical ZAB consists of a porous air cathode and a Zn metal anode, separated by an
alkaline electrolyte. During discharge, O2 from the air permeates the porous cathode and is
reduced on the catalyst surface (Figure 1a).

O2 + 2 H2O + 4e− → 4 OH− (E0 = 0.40 V) (1)

Here E0 represents the standard electrode potential with respect to the standard
hydrogen electrode. At the same time, the Zn anode reacts with hydroxide ions to produce
soluble zincate ions as well as insoluble ZnO.

Zn + 4 OH− → Zn(OH)4
2− + 2e− (2)

Zn(OH)4
2− ↔ ZnO + H2O + 2 OH− (3)

Total: Zn + 2 OH− → ZnO + H2O + 2e− (E0 = −1.25 V) (4)

Overall reaction at the Zn anode is 2 Zn + O2 → 2 ZnO (E0 = 1.65 V) (5)

However, the practical working voltages are usually lower than 1.20 V, much less than
the theoretical potential (1.65 V) in consideration of the internal loss of battery, resulting
from the overpotential over the catalysts, ohmic loss and concentration loss. In addition to
these factors, Zn is thermodynamically unstable in alkaline solution as zinc has a higher
negative reduction potential than hydrogen, resulting in hydrogen gas evolution at the
solid/liquid interface gas:

Zn + H2O→ ZnO + H2 (6)

This reaction deteriorates the efficiency of the Zn anode and accelerates self-discharge. CO2
from the air also reacts with the alkaline electrolyte to form carbonates (Equations (7) and (8)),
that could block the gas diffusion layer to prevent the flow of oxygen.

CO2 + OH− → HCO3
− (7)

HCO3
− + OH− → CO3

2− + H2O (8)

The mobility of carbonate/bicarbonate anions is lower than that of OH− [15], and
hence, the carbonation process causes a decline in the ionic conductivity of the alkaline
electrolyte.

The charge process is fulfilled by reversing the reactions (Figure 1b). The oxygen-
evolution reaction (OER) at the air electrode generates oxygen. Zincate ions are reduced
to the Zn(0) at the anode surface. Electrocatalysis plays an important role in nearly all
rechargeable battery technologies. Electrocatalysis is one of the main technologies to
directly use renewable electrical energy to drive reactions. A SciFinder search on the terms
“electrocatalyst” and “rechargeable battery” returned >3700 items for the period 2020–2022,
mainly related to the development of novel catalysts for oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR), with about 50% of all research papers coming from
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China. Developing an exceptional catalyst capable of accelerating both oxygen reduction
reaction (ORR) and OER remains challenging.
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Figure 1. The schematic discharging (a) and charging (b) mechanisms of rechargeable zinc-air
batteries [16]. During discharge, O2 from the air permeates the porous catalyst layer (shown with
blue arrows) and is reduced on the catalyst surface with water molecules (Equation (1). The hydroxide
ions diffuse via the separator to the zinc electrode (shown with green arrows). During charging, the
OER at the air electrode generates oxygen (shown with blue arrows).

Among reported catalysts, single-atom catalysts (SACs) have attracted extensive at-
tention due to their maximum atom utilization efficiency, homogenous active centers, and
unique reaction mechanisms. The novel electrocatalysts also encompass metal clusters
and bimetallic nanoparticles, and metal catalysts derived from metal organic frameworks
(MOFs). Due to the environmental effects of metal usage, many research groups develop
metal-free carbon-based catalysts [17]. The use of relatively cheap and electrically conduc-
tive carbon supports improves the catalyst dispersion and active area while decreasing the
costs. However, despite the advanced methods such as defect engineering (heteroatom
doping) to create favorable metal-free carbon-based catalysts, their catalytic activity is insuf-
ficient and not yet comparable to metal-based catalysts [17]. As a result, it is impractical to
entirely abandon the use of metal materials in building bifunctional catalysts at the current
state, highlighting the significance of integrating the advantages of different elements to
construct high-performance catalysts to improve the ORR and OER. Several strategies,
including structural engineering, defect engineering, and single atom engineering, have
been used to develop effective catalysts to improve the electrochemical performance of
ZABs. A great deal of research has been devoted to the development of novel air cathodes
loaded with bifunctional catalysts, and they can be sorted by their constituents, such as
metal oxides and carbon-based materials.

Electrocatalytic reactions may further be improved by employing magnetic heating
of composite magnetic catalysts. Local heating of the electrodes was already employed to
improve cell performance. However, conventional heating systems cannot avoid global
heating of the whole electrochemical cell, and, therefore, inductive heating is often applied.
It allows the localization of heating in the immediate vicinity of magnetic nanoparticles
(MNPs) when these are positioned in an external AC magnetic field [18]. Magnetic hyper-
thermia requires the application of magnetic nanoparticles compatible with heterogeneous
catalysts, when placed in an alternative magnetic field, to convert the energy into heat. The
power generated by the magnetic nanoparticles is governed by their specific absorption
rate (SAR). A SAR of above 1 kW g−1 is required for applications in catalysis, in the range
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of frequencies (100–500 kHz) and magnetic fields (20–100 mT) already used in industry.
This is a relatively new research area and SciFinder search on the terms “magnetic catalyst”
and “inductive heating” returns less than 50 items for the period 2019–2023, mainly related
to the development of composite magnetic catalysts.

In this review, we discuss recent advances in the development of nanostructured cata-
lysts, including single atom catalysts on carbon supports, mono and bi-metallic catalysts,
mixed metal oxides and layered double hydroxides for ORR and/or OER electrocatalysis,
with a focus towards improving their performance in ZABs. Structure–activity relationships
in oxygen electrocatalysis are highlighted. Further enhancement of catalytic activity by
application of an external magnetic field is also discussed. Finally, the remaining challenges
for the application of nanostructured catalysts in ZABs are highlighted. The overall aim is
to provide a snapshot over development for ORR and OER electrocatalysis.

2. Air Electrode Catalysts

The air cathode has a considerable effect on electrochemical behavior of rechargeable
batteries. It is commonly composed of three components: (i) the current collector, (ii) the
gas diffusion layer (GDL) and (iii) the catalyst. A binder-free air electrode was formed by
deposition of cobalt oxide nanoparticles on a carbon nanofiber mat by thermally treating
electrospun Co(II)-containing polyacrylonitrile fibers [19]. The battery exhibited better
stability and cycling performance compared with a conventional ZAB assembled with a
Pt/C catalyst. Aerosol printing is an emerging additive manufacturing technology which
can deposit a catalytic coating on the electrode with high precision, so that the catalyst
layer has excellent adhesion with a carbon cloth surface, and interface resistance has little
influence on the electrochemical characteristics of the electrode and is suitable for a flexible
battery. The technology for preparing the conformal catalytic layer based on the aerosol
method was reported to form a catalytic coating on the cathode of the battery [20].

2.1. Activated Carbon Materials

Activated carbons (ACs), typically derived from biomass, have gained great interest
due to their low price, reproducibility and environmentally friendly nature. Numerous
biomass wastes (coconut shells, vegetable wastes, etc.) were used as precursors to prepare
ACs with large effective specific surface area. Another considerable advantage of biomass
precursors is that they contain rich sources of heteroatoms (e.g., N, P, O, S), which are natural
dopants for porous carbon materials. Different oxygen-containing functional groups on
the surface of ACs provide active sites for catalytic processes. These electron-withdrawal
groups create a positive charge density on adjacent carbon atoms which can facilitate the
adsorption of OH- ions, promote transportation of electrons and assure easy and rapid
recombination of two adsorbed oxygen atoms for OER. The oxygen-containing groups can
favor the adsorption of water via hydrogen bonding [21]. The construction of hierarchically
porous materials (HPAC) achieves fast ion transportation and provides a larger effective
surface area for applications for the OER.

The use of templates makes it easy to create porous catalysts with different morpholo-
gies. Nanocasting involves the preparation of templates and the transfer of morphological
information from the templates to the ACs. Montmorillonite, copper, halloysite, SiO2,
and block copolymers are often used as templates. For example, using a block polymer,
poly(styrene)-block-poly(ethylene oxide), mesoporous carbon spheres with a large specific
surface area of 356 m2 g−1 were fabricated [22]. The activation methods of carbon materials
are divided into chemical, physical, and combined (chemical–physical) methods. Among
them, physical activation has the advantages of low cost and low environmental impact.
Usually, the ACs activated by water vapor have a wide pore size distribution (PSD) due to
the faster evaporation rate and the smaller diameter of water molecules. The ACs activated
by CO2 have a relatively narrow PSD due to the slower diffusion rate and large diameter of
CO2 molecules [23].
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The heteroatom incorporated into ACs is advantageous to regulate their electron
donor performance and, thus, adjust the electrical and chemical performance of their
surface. Nitrogen (N), sulfur (S), oxygen (O), boron (B), and phosphorus (P) -doped ACs
were investigated [24]. The synergistic effect of multiple-heteroatoms-doped ACs on the
electrochemical properties was reported. Various N- and S-doped ACs with a low S content
were obtained by pyrolysis of protic ionic liquids (PILs) of [R-NHx][HSO4] (R means carbon
chain) [25].

The N-doped HPACs enhance both electronic conductivity and surface wettability
and, therefore, they are considered as ideal electrode materials. The presence of nitrogen
heteroatoms in hexagonal carbon rings raises the basicity, electrical conductivity, and
oxidation resistance of ACs. The N-doped HPACs are typically produced by pyrolysis
of polyacrylonitrile, polyaniline, phenolic resin, and biomass derivatives [20]. Nitrogen-
doped carbon nanotube supported metal catalysts (M-N-C, M=Fe, Co) decrease the binding
energies of the surface-adsorbed *OOH and *OH species, thus boosting the catalytic activity
in the ORR reaction. Yet many carbon supports suffer from serious degradation under
high potentials of OER process [26]. The potential above 0.207 V may already result in the
oxidation of ACs to CO2. This process is accelerated when a noticeable amount of oxygen
is generated at a potential of 1.5 V [27]. The electrochemical stability of ACs is highly
dependent on their morphology, structure, and dopants. For instance, amorphous carbon
black is highly unstable, whereas highly graphitized carbon nanotubes can significantly
improve their stability under OER conditions. However, N-doped graphene remains
expensive, complex to set up, and difficult to scale up for practical applications. Chemical
vapor deposition (CVD) for graphene synthesis requires metal substrates such as nickel or
copper as the growth catalyst.

Extremely rapid heating for the synthesis of highly open structured N-doped graphene
sheets (N-ex-G) was demonstrated [28]. The N-ex-G were produced by fast heating
(>150 K s−1) to 1100 ◦C under an Ar/NH3 flow. The materials exhibited hexagonal sym-
metry with the existence of symmetrical three-fold sp2-bonding of carbon atoms with
pyridinic N, pyrrolic N, and quaternary N atoms. The N-ex-G nanosheets showed very
comparable ORR activity to that of a commercial Pt/C catalyst. The respective ZAB with
N-ex-G demonstrated a current density of 47.6 mA cm−2 at 0.8 V and a power density of
42.4 mW cm−2.

The graphene/metal oxide composites combine the excellent conductivity of graphene
and the high energy density of transition metal oxide [29]. Graphene oxide (GO) is mostly
used as a precursor for preparing graphene/metal oxide composites, and it is mixed
with a transition metal compound, then the transition metal oxide is generated in-situ on
the surface of the graphene oxide by methods such as coprecipitation, hydrothermal or
solvothermal synthesis.

Metal organic frameworks (MOFs), wherein transition metals are coordinated by
organic ligands in a 3D network, are excellent precursors for the synthesis of porous carbon-
or nitrogen-doped carbon architectures and modified porous carbon materials. MOFs are
also an important platform material in the area of bifunctional ORR/OER electrocatalysts.
For example, zeolitic imidazole framework-67 (ZIF-67) has been extensively employed
for the synthesis of porous Co4N/Co-Nx-C composites. Upon carbonization under N2
atmosphere, Co-Nx-C nanocomposites that partially inherited the porous framework were
formed (Figure 2).
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A MOF-derived synthesis method was recently patented for an Fe-Eu-MOF/GO
bimetallic cathode catalyst [31]. The prepared catalyst demonstrated a higher activity
in both ORR and OER reactions and very high stability as compared with respective
monometallic catalysts due to a large number of oxygen vacancies that enhance the in-
teraction between metal nanoparticles and their support; in addition, they enhance the
adsorption of oxygen on the surface of the catalyst and enable electrons to be rapidly
transferred in an electrochemical reaction.

2.2. Monometallic Catalysts

The rates of ORR and OER in rechargeable batteries are relatively slow and they
require different catalysts because of their different mechanisms onto the catalyst surface.
Therefore, bifunctional electrocatalysts are needed for the best performances. The noble
metal catalysts have high conductivity, high catalytic performance and good stability. The
Pt-based nanocomposites are used for ORR [32]. However, the formation of irreversible
Pt=O decreases its catalytic activity toward OER. On the contrary, IrO2 and RuO2 are
effective for OER but not as active for ORR [33,34]. Yet, noble metal catalysts are costly,
which limits their large-scale application. Therefore, the goal of catalyst development,
including for Pt and other precious metal-based catalysts, is to increase the total number
and/or the intrinsic activity of active sites [35]. This goal can be achieved by several
strategies, which are summarized in Figure 3.

Nonprecious bifunctional electrocatalysts with low cost and efficient catalytic activities
in ORR and OER are highly desired to promote the commercialization of ZABs. From
the perspective of elemental composition, Fe and Ni have been paid much attention as
the promising earth-abundant transition metals for the design of OER catalysts, especially
Ni/Fe-based micro/nanostructures as a new generation of catalytical materials (such as
metal hydroxide and mixed-metal oxides) which were developed over the last few years.
They have attracted extensive attention because of their facile synthesis [36]. A gram of
IrO2 (99 wt %)) and RuO2 (99.5 wt %) costs ca USD 43 and USD 95, respectively. The price
of iron oxide and nickel oxide with a 99 wt % purity is 50–100 times lower. Therefore, these
transition metal-based compounds are appealing candidates, especially for bifunctional
catalysts [37,38]. In comparison with precious metals, they offer advantages of low prices
and greater availability. Cobalt oxides, and Co-perovskites exhibit high intrinsic catalytic
activity for OER in alkaline media (Table 2). However, their apparent activity is limited
by either poor electronic conductivity or low surface area. Their durability is also limited
by their tendency of sintering and/or aggregation. In alkaline solutions, corrosion limits
the effective lifetime of Fe- and Ni-based OER electrocatalysts. Typically, monometallic
Fe-based compounds on various substrates in a 1 M KOH aqueous solution with a constant
overpotential were active for less than 180 h due to corrosion. Although the initial decay of
a catalyst sometimes could increase the active surface area and catalytic activity, catalyst
activity always reduces in the long-term.
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Table 2. Recent advances in bifunctional MOF-derived catalysts.

Catalyst OCV (V) PPD
(mW cm−2)

Discharge-Charge
Voltage Gap (V) at
Current Density

Cycling Stability Ref

HCo@FeCo/N/C 1.45 125 0.84 (10 mA cm−2) 200 h (10 mA cm−2) [39]
Co@N-CNT hollow nitrogen-doped
carbon nanotubes 1.45 149 0.85 (5 mA cm−2) 500 h (5 mA cm−2) [30]

Co/N-doped CNT/graphene
hybrid 1.48 253 0.76 (5 mA cm−2) 9000 cycles, 3000 h (5 mA cm−2) [40]

ZIF-derived Co9S8/GN graphene
nanosheet 186 0.52 (2 mA cm−2) 2000 cycles, 147 h (2 mA cm−2) [41]

CoP/(N,P) codoped porous carbon 1.4 186 1.00 (2 mA cm−2) 80 h (2 mA cm−2) [42]
Ni–Co–S/(N,S) codoped porous
carbon 1.43 137 0.73 (10 mA cm−2) 180 cycles (10 mA cm−2) [43]

Co@SiOx/N-doped carbon 138 0.82 (5 mA cm−2) 400 h (5 mA cm−2) [44]
Co/Co9S8@CNT 1.44 185 0.75 (5 mA cm−2) 50 cycles, 2000 h (5 mA cm−2) [45]
Ba0.5Sr0.5Co0.8Fe0.2O3 0.83 (5 mA cm−2) 1800 cycles, 300 h (5 mA cm−2) [46]
Co-MOF/LaCoO3-δ hybrid 1.44 126 0.67 (5 mA cm−2) 120 h (5 mA cm−2) [47]
Ni3Fe/Co–N–C 1.39 68 0.75 (10 mA cm−2) 65 h (10 mA cm−2) [48]
Co-NCS@nCNT 1.42 90 0.89 (5 mA cm−2) 480 cycles, 80 h (5 mA cm−2) [49]
Co3O4/Co@NC 1.5 124 0.94 (10 mA cm−2) 3600 cycles, 600 h (10 mA cm−2) [50]

These challenges are resolved by anchoring transition metal oxide/nitride nanopar-
ticles into a porous substrate. Anchoring provides sufficient electronic conductivity to
enhance charge transfer and greatly increase the dispersion of metal oxides in order to
increase the number of active sites and to suppress the sintering of the individual nanopar-
ticles. Furthermore, the doping of N heteroatoms in the carbon lattice enhances the ORR
activity. The presence of transition metals (Fe, Co, Ni, Mn) or their alloys can also sig-
nificantly improve the stability of the nitrogen-doped graphene nanotubes. Different
bifunctional electrocatalysts with high activity and durability for both ORR and OER have
been developed. Some of them are listed in Table 2.

Transition metals contain partially filled d-orbitals, conferring their compounds with
a high electrochemical activity. However, most of them have good OER activity but weak
ORR activity. Manganese or mixed cobalt oxides (Mn3O4, NiCo2O4) effectively catalyze the
ORR because of the variable valence states and coordination structures [51–53]. Co spinel
catalysts are the most used among those potential bifunctional electrocatalysts. NiCo2O4
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was synthesized with various structures such as nanosphere, nanosheet and nanorods [54].
These hollow porous structures provide a larger specific surface area as compared with
bulk samples of the same materials. The main synthetic methods for nanotube structures
are template and electrospinning. The materials prepared by electrospinning have greater
brittleness, while the catalysts prepared by the template method have surfactants residues,
which reduce the rate of electrocatalytic reactions. In a relatively new approach, a Co3O4
catalyst was immobilized on a Ni foam by a spray pyrolysis method [55]. The respective
ZAB showed an excellent cycling stability of more than 500 charge–discharge cycles at a
current density of 5 mA cm–2.

Manganese oxides are a specific example of the particularly active catalysts for use
with the air electrode for commercialization of primary ZABs due to their rich oxidation
states, chemical compositions and crystal structures. The electrochemical activity of MnO2-
based catalysts depends on their shape and crystallinity and crystallographic properties
(phase composition and crystal size), which can be controlled via synthesis parameters [56].
Many theoretical investigations indicated the roles of oxygen vacancies on MnO2 during the
ORR in terms of electronic properties. The large variation in the structural disorder of MnO2
and, therefore, in internal resistance at the electrode–electrolyte interface limits large-scale
applications of this material. Various methods were studied for the preparation of MnO2-
based catalysts, such as sol-gel, rheological phase reaction, microemulsion, coprecipitation,
solid-state template, microwave and hydrothermal synthesis. Often the density functional
theory (DFT) was employed to investigate the effect of oxygen vacancies (OV) on the
electrocatalytic performance of MnO2. Defect-engineering of α-MnO2 (211) and β-MnO2
(110) by oxygen vacancy was studied to enhance its catalytic performance [57]. For example,
Li et al. studied the electronic properties of OV β-MnO2 (110), in which the oxygen vacancy
in the sub-lattice of the surface structure was purposed [58]. Other DFT results involving
the effects of OV on the electronic conductivity of MnO2 were systematically examined in
the bulk structure and discussed based on the density of states [59,60]. It was shown that
the α-MnO2 exhibits superior catalytic performance for OER (overpotential of 0.45 V at
50 mA cm−2).

Doping of various quantities of metals into the MnO2 lattice often improves the OER
catalytic activity. The doping of 0.2 mol% of Ni to α-MnO2 reduces overpotential in a
0.1 M KOH to 0.44 V at a 10 mA cm−2 current density [61]. The surface of the bare MnO2
materials has inactive Mn4+ centers. After doping with Ni, a major part of surface Mn ions
reduces to lower oxidation states. The presence of Ni ions results in an electron transfer
to the Mn4+ ions, which creates a distortion in the Mn–O octahedral units and increases
OER activity. The incorporation of Ag into α-MnO2 improves electrical conductivity and
increases the number of oxygen vacancies that also create a considerable distortion in the
Mn–O octahedra [62]. As a result, the Ag/α-MnO2 catalyst shows a threefold enhancement
in current density in OER as compared with the undoped α-MnO2 catalyst. The Ag/MnO2
demonstrates a power density of 273 mW cm−2 and maintains a stable performance over
3200 cycles. It can be said that doping transition metal ions into less-active oxide surfaces
could create a new avenue for OER mixed metal oxide research.

On the other side, isolated single atom catalysts (SACs) coordinated with nitrogen
on a carbon support such as graphene, porous carbon (M-N-C) or om metal oxides have
promising perspectives for replacement of precious metal catalysts. In particular, graphitic
and diamond carbons show improved resistance to corrosion [63]. Their thermal stability,
electronic properties, and catalytic activities can be controlled via interactions between the
single atom center and neighboring heteroatoms such as nitrogen, oxygen, and sulfur [64].
The preparation of SACs requires a smaller amount of metal precursors, which relieves the
metal availability issues. In general, SACs show higher specific catalytic activity (turnover
frequency) as compared with conventional catalysts due to their high dispersion, which is
close to 100%, as well as their increased stability. While SACs are still in the early stages
of commercialization, their potential for improving catalytic activity and selectivity make
them an exciting area of research and development. The market for SACs is fast developing,
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as the technology is relatively new and there are still many challenges that need to be
addressed before these catalysts can be widely adopted. However, there is growing interest
in SACs due to their high catalytic activity, selectivity, and stability. According to a recent
report by Markets and Markets, the global market for SACs is expected to grow from USD
334.2 million in 2020 to USD 1.1 billion by 2025, at an annual growth rate of 26% [65].

Currently, Fe-N-C catalysts are considered to be among the most important ORR cata-
lysts due to their hierarchical pores, oriented mesopores and high conductivity (Table 3) [66].
Their ORR catalytic activity is above that of non-noble-metal catalysts and is similar to
that of a commercial Pt/C catalyst (Figure 4). In addition, Fe-N-C catalysts have a high
stability. The intrinsic ORR activity of the Fe-N4 sites relates to the electronic structure of
carbon supports. However, the origin of ORR activity on Fe-N-C catalysts remains unclear,
which hinders the further improvement of their catalytic properties. Several authors have
reported that the electronic structure of carbon supports (electron-withdrawing or donating
property) affects the d-band center or d-orbital level of the Fe site [67,68]. In their density
functional theory (DFT) calculations, Liu et al. studied 42 types of divacancy defects around
the Fe-N4 active site by selectively removing C–C bonds or by rotating the different C–C
bonds [69]. They established a relationship between the geometric, electronic structure, and
ORR activity of the Fe-N4 site. The first electron transfer step (*O2 + H+ + e→ *OOH) was
found to be the potential-determining step (PDS) on all Fe-N4 configurations. The Fe-O
bond length is an important descriptor, which influences the ORR activity. At larger dis-
tance between atoms in the Fe–O bond, hybridization between Fe 3dz2 and O2 2pz orbitals
results in the activation of O2. However, at shorter interatomic distance, the activation of
O2 occurs by the hybridization of Fe 3dyz and 2py orbitals. Thus, the hybridization between
Fe 3dz2, 3dyz and O2 π* orbitals is considered to be the origin of high activity of Fe-N4 sites
embedded in the graphene framework [69].

Further improvements are expected through the better understanding of the chemical
origin of active sites on Fe-N-C catalysts [70].
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Figure 4. Comparison of ORR performance and ZAB performance (voltage gap, V) over different
Fe-N-C electrocatalysts. Adopted from [71].

Despite the obvious advantages of Fe-N-C catalysts, their fabrication involves multi-
step synthesis and lengthy post-processing procedures which make it difficult to scale
up to industrial level. Moreover, the process requires the introduction of metal oxide
nanoparticles which may also introduce some impurities decreasing the atom utilization
efficiency and reducing catalyst performance. Therefore, developing cost-effective methods
for preparation of high-purity Fe-N-C catalysts remains an important task to facilitate
their large-scale application. Recently a one-pot synthesis was proposed, which provided
a high density of the ORR active site and also facilitated the kinetics [71]. Fe-N-doped
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carbon (Fe-NC) was prepared via a pyrolysis of a mixture of glucose and dicyandiamide
as carbon source and nitrogen source, respectively, with addition of FeCl2 and FeCl3. The
pyrolysis was initially performed in a flow of Ar at 550 ◦C for 6 h and then at 900 ◦C for 3 h.
The homogenous ink of as-prepared catalyst was used for preparing a ZAB cathode. The
ZAB delivered a maximum power density of 181 mW cm−2 and a voltage gap between
discharging and charging of 0.7 V at 10 mA cm−2. The ZAB of Fe-N-C runs stably for
more than 8 h at 1 mA cm−2, and a 0.7 V voltage gap. No changes were observed in the
structural, morphological and compositional properties after the reaction, suggesting that
the Fe-N-C electrocatalyst is stable in alkaline solutions.

Table 3. Performance of ZABs using carbon-based single atom catalysts.

Air Electrode
Catalyst Active Material

Max Power
Density
(mW cm−2)

Specific
Capacity
(mAh g−1)

Duration of
Tests (h) Ref

Fe/N–C FeN4 embedded in N-doped carbon. 225 636 260 [72]
Fe–NCCs Atomic Fe-Nx dispersed in carbon. 66 705 67 [73]
FeNx–PNC FeNx on 2D N-doped carbon. 278 n/a 40 [74]

SA–Fe/NG Fe-pyrrolic-N species on N-doped
carbon. 91 n/a 20 [75]

Co/GO Atomically dispersed Co on GO. 225 795 50 [76]

Zn/CoN–C Zn and Co atoms coordinated via N
on carbon. 230 n/a 28 [77]

n/a = not availble.

Long-term catalyst stability remains a key factor hindering SACs in ZAB applica-
tions. Single metal atom centers may be dissolved or they can aggregate to form larger
nanoparticles in the course of electrocatalytic reactions, resulting in a significant activity
loss due to the sharp reduction in the number of active sites. The undesirable Fenton
reaction (Equation (9)) occurs over Fe–N–C catalysts during ORR resulting in hydroxyl
radical formation that is detrimental to both the metal sites and the carbon support.

Fe2+ +H2O2 → Fe3+ + OH* + OH− (9)

The coordination of S, Se, or P metal atoms is a possible strategy to prevent unwanted
side reactions, thus enhancing the stability of SACs without major loss of catalytic activity.
Advanced support materials with high conductivity, corrosion resistance, and ability to
support SACs at high metal loadings are highly desired. The scale-up process for the
synthesis of SACs remains a challenge which limits their adoption by the market of low
metal loading, leading to restrictions on a broader range of applications.

Overall, monometallic catalysts demonstrate unsatisfactory bifunctional performance.
As discussed above, one of the well-known spinel materials, Co3O4, has also been studied
for decades as a highly efficient and corrosion resistant OER catalyst, but its ORR activity
is generally poor. Precise control of catalytic activity by varying the composition of these
single metal catalysts remains a difficult task. Therefore, bi- and multi-metallic oxides
attract a large interest. Many recent efforts have been made to design and prepare low-cost
bifunctional catalysts to catalyze both the ORR and OER with high efficiency and long-term
durability.

2.3. Mixed Metal Oxide Catalysts

Multicomponent spinel metal oxide nanocomposites demonstrate higher activity in
OER as compared with their individual oxides [78]. The improved catalytic performance
of spinel oxides is attributed to the presence of both tetrahedral (Td) and octahedral (Oh)
transition metal cation sites in these catalysts. Yet this complex structure with multiple
sites also presents a significant challenge in identifying the precise OER active sites. For
example, NiFe-, CoFe-, and NiCoFe-mixed metal oxides such as spinel NiFe2O4 and
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CoFe2O4 are highly active for the OER. Incorporating other metals, such as W into the CoFe-
mixed oxides, further enhances the OER activity [79]. It is also known that manganese,
cobalt and nickel mixed oxides such as Mn3O4, Co3O4, NiCo2O4 and MnCo2O4 could
effectively catalyze the ORR in alkaline solutions because of the variable valence states
and coordination structures [80]. Liang et al. reported that the oxygen reduction strongly
coupled with CoIII/CoII redox reaction [81]. Other elements such as V, Cr, and Ni, were
also studied to enhance the stabilization energy of high-entropy oxides and to tune the
subtle relationship between surface electronic properties and catalytic activities. In general,
the synthesis temperature, annealing time and temperature, as well as support type, have
significant effects on the ORR performance.

Xu et al. obtained novel hybrid materials composed of La2O3 and Co3O4 supported
on carbon-supported MnO2 nanotubes (La2O3/Co3O4/MnO2-CNTs) to assemble the air
electrode for ZABs [82]. The hybrid catalyst was prepared by dissolving La nitrate and
Co nitrate in an ammonia solution with an addition of MnO2 nanotubes and CNTs. The
mixture was sealed and maintained at 150 ◦C for 6 h in an autoclave, then washed and
calcined in air at 300 ◦C for 1 h. The authors suggested that the high catalytic activity was
due to formation of new active phases from inorganic materials and their intimacy with the
underlying CNT network. The ZAB exhibits a small voltage gap, high reversibility and
high stability, suggesting this battery can be used as a power source for portable electronics
and in electrical vehicles. The voltage gap of charge/discharge increased by 0.1 V after
543 cycles at 10 mA cm−2.

Morphological alterations and structural engineering can further boost catalytic per-
formance by enriching the active sites and improving conductivity. A bifunctional catalyst
with a narrow half-wave potential of 0.80 V for ORR and a potential of 1.58 V at 10 mA
cm−2 for OER, was obtained by embedding of NiCo2O4 nanowhiskers (NCO) into a 3D
honeycombed hierarchical porous N, O-codoped carbon (HHPC) [83] (Figure 5). The sup-
port was derived from gelatin biomass via a hard template-activator assisted pyrolysis. The
large surface area provided enough space for dispersing NiCo2O4 evenly to expose abun-
dant ORR and OER active sites. Grain-boundary strength between HHPC and NiCo2O4
nanowhiskers helped to stabilize the porous carbon network and protect it from corrosion.
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Figure 5. Schematic synthesis process of NiCo2O4 nanowhiskers (NCO) into biomass-derived
honeycombed hierarchical porous N, O-codoped carbon. Adopted from [83].

CoFe/CoFe2O4 embedded in N-doped hollow carbon spheres (CoFe/CoFe2O4@NC)
with a high degree of oxygen vacancies was synthesized through pyrolysis, carbonization
and partial reduction [84]. The catalyst exhibited high ORR activity (half-wave potential:
0.86 V) and a low overpotential of 0.36 V at 10 mA cm−2 for the OER. The excellent per-
formance was ascribed to the enhanced intrinsic activity of CoFe2O4 spinel and improved
electrical conductivity due to the strong coupling effect CoFe and CoFe2O4.

2.4. Bi- and Multi-Metallic Catalysts

The design of bimetallic alloys with atomically precise noble metal loading attracts
great interest in the field of ZABs. Unlike disordered perovskites, structurally ordered
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intermetallic phases provide much better control over electronic effects, resulting in compo-
sitional and positional order and, therefore, more uniform active sites.

Bimetallic CoFe clusters were dispersed onto hollow carbon nanospheres (designated
as FeCo-SA/CS) to produce a bifunctional catalyst with a cyclability of over 100 h at a
current density of 5 mA cm−2 [85]. The catalyst showed an ORR onset potential of 0.96 V.
For OER, the catalyst attained a current density of 10 mA cm–2 at an overpotential of 0.36 V.
Mesoporous FeCo-N-C nanofibers with embedding FeCo nanoparticles were prepared from
electrospun FeCo-N coordination compounds with bicomponent polymers consisting of
polyvinylpyrrolidone (PVP) and polyacrylonitrile (PAN). The hybrid nanofibers exhibited
1D mesoporous structure with a large surface area and uniformly distributed active sites.
The co-existence of FeCo nanoparticles and FeCo-N active sites promoted the catalytic
activity of ORR and OER simultaneously [86]. Ni3Fe-N nanoparticles derived from ultrathin
Ni3Fe-LDHs were used by thermal ammonolysis and demonstrated a high OER activity [87].
The excellent performance of the Ni3Fe-N catalyst derives from the intrinsic metallic
character and unique electronic structure of this compound, which improves the electrical
conductivity and adsorption of H2O. In such intermetallic clusters, strong interaction
between the two metals provides long-term stability and avoids deactivation.

Several Pt alloys with a transient metal possess superior ORR activities in which the
origin of this higher activity is based on the modification of the electronic structure of Pt,
which can affect the adsorption strength of oxygen-containing species on active sites. Here,
a volcano relationship was demonstrated by Nørskov (Figure 6) [88]. For the best catalyst
performance, the adsorption energy should be neither too small nor too big to balance
reactant adsorption enthalpy and product desorption enthalpy. Similar relationships
were established for PtM bimetallic catalysts with different metals and Pt/M molar ratios.
For example, the TOF of the CuPt catalyst was increased by 60-fold over that of the Pt
catalyst [89]. In addition, Pt-skin-like surfaces in bimetallic catalysts provide more active
sites and higher ORR activities [90]. However, Pt alloyed with transition metals also tends
to suffer from leaching and dissolution, which leads to insufficient stability and undermines
the advantages of Pt alloy catalysts [91]. Therefore, core–shell bimetallic catalysts with
Pt shell were developed to protect the transition metal core [92]. In these catalysts, the
dissolution of core is mitigated and the interaction between Pt and the transition metal
changes the electronic structure of Pt in a desirable direction. In addition, maximum Pt
dispersion is achieved. In this way, a bifunctional Fe3Pt nanoalloy supported onto Ni3FeN
was developed [93]. In this catalyst, the Ni3FeN clusters considerably enhanced the activity
of OER, whereas Fe3Pt enhanced the activity of ORR as compared with commercial Pt/C
and Ir/C catalysts at the same current density of 10 mA cm−2.

Recent studies have indicated that the interaction between PtM catalysts and M-N-
C supports demonstrates a synergistic effect to promote the ORR performance of these
composite catalysts. For example, a highly active ternary PtZnCu catalyst within an N-
doped carbon substrate was reported [94]. The catalyst was synthesized by pyrolysis of
Pt, Zn and Cu precursors on the surface of the carbon support under a 5% H2/Ar flow at
750 ◦C for 2 h. The synthesis method proposed by the authors provides a straightforward
way for large-scale synthesis of bifunctional electrocatalysts reducing catalyst costs and
improving atom efficiency. The half-wave potential was 0.93 V for the ORR in an acidic
solution.

A magnetic field strategy was introduced in obtaining graphene-supported bimetallic
Pt-Ni catalysts with predominant (111) facets as efficient ORR catalysts. In this way, a set
of porous PtNi catalysts on graphene (G) with Pt/Ni molar ratios of 0.1, 0.5, 0.6, 1.8 and
2.4 was developed by Lyu et al. under high magnetic field in the range of 0.5–2 T [95]. The
interaction between the nanoparticles produces microscopic Lorentz forces and improves
interaction between Pt and Ni precursors, thus controlling the composition. The Pt2.4Ni/G
catalyst synthesized under 2 T showed a 5.1 times higher ORR rate than that of a commercial
Pt/C catalyst.
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energy (∆E0) for Pt alloy electrocatalysts in acidic electrolytes. The dashed lines are the theoretical
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Ordered intermetallic compounds such as PdZn3 were reported to possess excellent
catalytic selectivity and stability for the selective semihydrogenation of acetylene alco-
hols [97]. However, so far, the studies on bimetallic PdM catalysts for ZABs remain very
limited. This is mainly due to the lack of effective synthetic methods to control particle
sizes during the high temperature annealing [98]. This requires answering two important
questions: what annealing temperature is suitable for the formation of structurally ordered
phases, and what factors control the ordering kinetics. Therefore, these factors should
be studied and then a suitable synthetic route can be adopted. A successful synthesis of
ordered Pd3Pb intermetallic phase with small particle size was reported [99]. Potassium
triethylborohydride (KEt3BH) or lithium triethylborohydride (LiEt3BH) were used as re-
ducing agents in THF because they both have fast reduction kinetics and can provide the
coreduction of Pd and Pb precursors. The obtained sample was annealed for 12 h. The
rate of formation of the intermetallic phase was dominated by solid-state diffusion that
increases exponentially with annealing temperature. Above 400 ◦C, there were superlattice
peaks in XRD spectra (so-called “ordering peaks”), indicating that the intermetallic phases
were formed. It was reported that a high annealing temperature promotes the formation
of the ordered phase, but also leads to particle size growth of Pd3Pb nanoparticles. For
the samples annealed at 600 and 800 ◦C, the particle size increased from 4 nm to 7 and
12 nm, respectively. Therefore, a lower temperature of 400 ◦C was chosen to prepare the
bimetallic Pd3Pb/C catalyst. This catalyst demonstrated a significant enhancement in
catalytic activity and durability for the ORR when compared with a Pd/C commercial
catalyst.

Ag-based bimetallic formulations were found to have adequate ORR activity. The
high reactivity for ORR over the PdAg9 bimetallic catalysts was reported by the Stevenson
group [100]. These authors produced bimetallic nanoalloys via coreduction of Ag and
Pd carboxylic acid complex precursors in the presence of stabilizing ligands. In these
catalysts, the Pd atoms facilitate the binding of the oxygen and subsequently the Ag atoms
facilitate the desorption of the reaction products such as OH. The 9:1 Ag:Pd molar ratio
exhibits a suitable geometric arrangement allowing to work by an ensemble effect. The full
four-electron process takes place by combining the fast kinetics of Pd for the adsorption
with rapid disproportionation on Ag for the desorption step. The data suggest a correlation
between the bimetallic interaction developed at the nanoscale and the observed high
catalytic activity.
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Cu is a suitable sacrificial agent to be galvanically displaced by Pd for preparation
of bimetallic alloys. In this way, Lüsi et al. showed the use of galvanic displacement
on a Cu film to prepare PdCu catalysts for the ORR reaction in alkaline media [101]. A
two-step method was employed by Betancourt et al. to obtain an active bimetallic catalyst.
First, they reduced a Cu precursor onto a commercial Ag/C catalyst to form AgCu/C
nanoparticles and then performed galvanic displacement of Cu to deposit an atomically
dispersed loading of Pd [102]. The PdAg/C catalyst outperformed conventional Pd/C and
Ag/C commercial catalysts in the ORR reaction. The synergistic effect of Pd and Ag plays
a key role in electrode reactions. A similar method for preparation of a supported AuCu
bimetallic catalyst for the air electrode was recently patented [103]. The method did not
require the addition of a surfactant, is suitable for large-scale production, and the catalyst
has large open porosity which provided a high diffusion rate to the catalytic sites.

2.5. Layered Double Hydroxides

The layered double hydroxides (LDH), [M2+
1−xM3+

x(OH)2][An−]x/n·zH2O, have
unique structural properties due to incorporated anions and water between the large
interlayer spaces. They belong to multi-metal clay materials which consist of charged
balancing anions, An−, intercalated within brucite-like sheets of divalent, M2+, and triva-
lent, M3+, metal cations [104]. LDHs are able to combine electrochemically active elements
such as Co, Ni, Fe, and many others. NiFe-LDH nanostructures are regarded as the most
promising of OER catalysts due to their special electronic configuration as discussed in
previous sections. The composition of LDHs can be easily tuned, resulting in the unique
redox characteristics and notable catalytic activity during the OER [105]. Ni–O and Fe–O
bond distances are comparable, thus, these two metals can replace each other and form
edge-sharing FeO6 and NiO6 octahedra. Due to their semiconductor characteristics, a Schot-
tky barrier may be formed when contacting the conductive substrate, which greatly hinders
the charge transfer. Therefore, various strategies including size modulation, heteroatom
doping, and surface and defect engineering were developed to improve the electrocatalytic
performance of LDHs towards OER [106].

The physical and chemical properties of LDHs vary greatly when the dimensions of
nanostructures are down to 1-nm scale, thus, the controllable and convenient fabrication of
ultrathin nanocrystals is highly desirable for potential applications in ZABs. The exfoliation
of LDH structure into a few layers and single sheets can expose more surface sites because
of the large interlayer spacing between individual layers in the LDH structure. How-
ever, developing an effective strategy to exfoliate bulk NiFe-LDHs into stable single-layer
nanosheets with more exposed active sites remains challenging. The synthesis requires a
complex multistep process (i.e., hydrothermal process, anion exchange, and exfoliation)
which takes several days to obtain the final product. Additionally, the refined morphology
of as-synthesized LDH nanosheets obtained by exfoliation cannot be controlled precisely,
as the high charge density of LDHs makes it harder to be exfoliated into monolayers.

In the bottom-up synthesis method, a surfactant (e.g., sodium dodecyl sulfonate)
is introduced to form micelles in which LDH nanostructures are grown in a confined
space. Recently two dimensional NiFe-LDHs nanosheets (1.3 nm) were obtained with
a synthesis time of only 5 min [107]. They demonstrated enhanced OER performance
compared with bulk NiFe-LDHs catalysts obtained via the coprecipitation method. In the
bottom-up method modulating the crystallinity to fabricate a partially amorphous structure
is a promising strategy in enhancing the electro-oxidation performances, which could
achieve an optimal balance between active sites and conductivity. NiFe-LDH nanosheet
arrays were in-situ grown on a NiFe alloy foam, which formed a self-supported anode with
partially amorphous nanosheets providing reactive sites for the electrochemical generation
of high-valence species. This also resulted in rich crystalline–amorphous interfaces to form
and stabilize Ni3+ ions. Furthermore, the highly porous and conductive framework around
the nanosheets further improved the electrocatalytic rate [108].
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The higher intrinsic OER performance of NiFe-LDHs is further confirmed by other
studies of NiFe-LDHs grown on different carbon materials (carbon quantum dots, graphi-
tized carbon, 3D macro/mesoporous carbon, and graphene). A facile strategy to create
ultrathin NiFe-LDHs nanosheets grown on carbon nanotubes (CNTs) was proposed [109].
Unlike bulk NiFe-LDH nanomaterials, the CNTs-supported catalysts demonstrated differ-
ent 1D/3D layered structures, and electron transfer properties, thereby improving the OER
performance.

The nature of active sites of NiFe-LDHs remain unclear, and thus, further mechanistic
studies are helpful to understand the structure–activity correlation. Currently trial-and-
error iterative design of bifunctional catalysts remains the main approach in this area.
However, a more systematic approach is needed to achieve a major breakthrough. To
this end, MOFs and single atom engineering are promising research directions that could
pave the way for the systematic optimization of catalysts. Therefore, future studies should
expand the limited understanding of the precise formation mechanisms behind MOFs to
enable a more methodical tuning of catalyst materials. Upcoming research efforts should
also focus on the stabilization of high-loading SACs, which is the main obstacle hindering
their practical applications.

Other LDHs, such as CoMn, NiMn, and CoNi are still in the early stages of devel-
opment of a bifunctional catalysts. They are typically anchored to porous conductive
supports, such as N-doped graphene or carbon [110,111]. Such materials have large surface
area and unique porous structure. Although the simple deposition method does not fully
protect from corrosion in the alkaline electrolyte, excellent OER activity of NiMn LDH
and NiCo2O4@NiMn composites was reported. It can be concluded that layered double
hydroxides is one of the most effective OER catalysts due to their excellent activity and
high stability in alkaline conditions.

3. Effect of an External Magnetic Field

Recent studies have shown that applying an external magnetic field is a simple and
effective strategy to improve the electrocatalytic performance of non-precious metal cat-
alysts. Electrocatalysis enhanced by the alternating magnetic field (AMF) may include
the spin-polarization effect, magnetothermal effect, magnetohydrodynamic effect, and
Néel relaxation. For example, magnetohydrodynamic effect occurs when a magnetic field
interacts with charged ions, causing a macroscopic and microscopic convection which can
change mass transfer rates of active species, reduce polarization resistance, and decrease
bubble resistance caused by ohmic drop. The oxygen bubble escape rate increases sig-
nificantly under AMF. The magnetothermal effect can increase the local temperature of
magnetic catalysts resulting in enhancing the kinetics of OER [112]. In addition, composite
magnetic catalysts can generate heat locally under AC magnetic field due to the internal
flip of spins relative to the crystalline lattice (Néel relaxation) thereby increasing catalyst
temperature [113–116]. Recent studies have revealed that structurally stable catalysts can
undergo spin-state flipping changes by applying magneto-thermal perturbations using
AMF, without altering their structure. Strain may also be the mechanism of magnetic
field enhancement. Liu et al. [117] explored the change of the electrocatalytic performance
of an FeCo catalyst in the OER under a magnetic field and proposed that strain would
occur in the FeCo alloy, reducing OER overpotential. In general, magnetic field-enhanced
electrocatalysis has multiple mechanisms acting together. In many cases, the stronger the
magnetic properties of catalysts, the more significant the promoting effect is. However,
most electrocatalysts undergo surface reconstruction in the alkaline OER process, and
paramagnetic oxyhydroxide species can be formed on their surface reducing the magnitude
of this effect.

3.1. Spin Polarization Effect

Research on magnetic spin-selective catalytic reactions and spin polarization dynamics
is limited for OER in alkaline solutions. To quantify this effect, the exploration of promoting
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parallel spins to improve the OER activity was extensively studied. The formation of
O–O bonds in the production of O2 requires spin conservation of the paramagnetic triplet,
making the catalyst’s activity on the oxygen surface during spin polarization critical for
achieving a parallel spin arrangement. The alternating magnetic field (AMF) was reported
to reduce the energy barrier in transition metal oxide catalysts required for electron tran-
sition during the OER process [118]. Many transition metal oxide catalysts show that the
magnetic susceptibility and AMF field enhances the spin energy states of electrons [119].
The formation of paramagnetic triplet oxygen molecules (↑O=O↑) during the OER is related
to the spin of electrocatalysts [120–122].

Current research on the mechanism of electron spin interaction mainly involves cat-
alysts with ferromagnetic properties. Ferromagnetic catalysts have an ordered magnetic
moment structure and spin polarization, which makes them a good model system in un-
derstanding how spin polarization affects the OER mechanism and kinetics under AMF.
For example, the OER overpotential over a Co0.4Ni0.6-MOF-74 catalyst reduced by 36%
under a 150 kHz, 5.5 mT AMF at a current density of 10 mA cm−2, as compared with
that without magnetic field [123]. The promoting effect on OER often has a maximum at
a specific intensity of AMF. For example, a maximum was observed at a magnetic field
of 4.3 mT over ZIF-67-supported cobalt-based electrocatalysts with different magnetic
properties (Co, CoO and Co3O4) (Figure 7a). At optimal conditions, the overpotential over
ZIF-67-supported Co, CoO and Co3O4 catalysts was reduced by 140, 119, and 142 mV,
respectively, relative to those in experiments without AMF. Further increase in the magnetic
field intensity increased the overpotential due to electromagnetic induction [122]. The Co
catalyst demonstrated the largest current density of 15.6 mA cm–2 (Figure 7b). Due to
the thermal insulation of individual Co clusters, magnetic heating was strictly confined
to magnetic ions. In the course of reaction, the adsorbed hydroxyl groups deprotonated
on the surface to form O radicals, where a Co dπ-orbital electron and an pπ-orbital elec-
tron of oxygen showed the same spin configuration due to exchange interaction effects
(Figure 7c) [124]. In the subsequent process of adsorption of OH-groups and deprotonation,
electrons with specific spin directions were selectively removed through ferromagnetic
exchange effects, thereby promoting the generation of triplet oxygen (Figure 7d) [125]. The
formation of paramagnetic triplet oxygen occurs by similar mechanisms under DC and AC
magnetic field. This can effectively reduce overpotential and increase the rate of electro-
chemical reaction. A similar behavior was reported over a NiFe2O4@MOF-74 catalyst. The
overpotential in hydrogen evolution reaction was reduced by 30 mV at 10 mA cm–2 under
an AMF of 2.3 mT [126]. It should be mentioned that this effect was not observed with CoO
and other magnetic catalysts with weak exchange interaction.

A similar promoting effect was observed over core–shell NiFe2O4@(Ni, Fe)S/P cata-
lysts when the overpotential in OER reduced from 323 to 176 mV at a 4.3 mT [127]. The
authors noted hindering of the ion diffusion under AMF which could indicate that there
is an optimum magnetic field at which the reaction rate has a maximum value. The OER
process is a mass transfer limited reaction under higher reaction rates and, therefore, is
influenced by the slow diffusion of reactants under AMF. In a catalytic reactor in which
both electric and magnetic fields are present, moving ions are affected by the Lorentz forces
of the electric and magnetic fields and change their original path, resulting in a slower mass
transfer rate.
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As was discussed in Section 2.5, Ni, Co, and Fe metal layered double hydroxides
(LDHs) are commonly used as catalysts for the OER in alkaline electrolytes. The iron group
transition metals, including Fe3+ (t2g

3eg
2), Co2+ (t2g

6eg
1), and Ni2+ (t2g

6eg
2), have a spin

single electron, therefore, these catalysts are often seen as a model system for studying the
spin-magnetic effect. The effective bonding p-orbitals of oxygen intermediates are crucial
to enhancing OER reaction. Based on symmetry conservation and LDH planar structures,
orbitals perpendicular to the plane orientation (out-of-plane orbitals including dz2, dxz,
and dyz) favor reactant adsorption, while orbitals parallel to the LDH planes (in-plane
orbitals including dx2−y2 and dxy) favor electron transport [128]. The introduction of an
external magnetic field enhances the spin-electron exchange between LDH catalysts and
oxygen-containing intermediates, thereby enhancing the OER rate.

In addition to direct application of ferromagnetic catalysts, doping specific ions into
LDH is another strategy to create active OER catalysts. Sun et al. used this strategy to
introduce Cu2+ ions into NiFe-LDH catalyst. The Cu2+ orbital can induce spin splitting
at Fe(III) sites and excite electrons near the Fermi level, which facilitates adsorption of
O− containing species [129]. The Cu1Ni6Fe2-LDHs demonstrated a low overpotential of
210 mV at 10 mA cm–2, which is one of the best OER activities reported. In general, the
composite structure formed from two different magnetic materials can lead to magnetic
inversion, thus triggering the catalytic activity. This strategy provides a new approach
for catalyst design: doping magnetic materials to non-magnetic electrocatalysts and using
magnetic field to enhance their performance [130]. Alternatively, composites of non-
magnetic and magnetic catalysts can be designed using rational structural design by
changing the electron configuration and breaking the symmetry, making the whole catalyst
magnetic and, therefore, triggered by magnetic field.
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3.2. Magnetothermal Effect

The spin polarization inversion of ferromagnetic materials under alternating magnetic
fields induces a local magnetic heating effect to improve charge transfer efficiency, and
the heated active site accelerates the adsorption/desorption process, resulting in faster
catalytic reaction kinetics. This effect of local catalyst heating under AMF seems to be more
important as compared with the spin-polarization effect. Gong et al. [131] showed that a
Co@MoS2 SAC demonstrated the appearance of in-plane ferromagnetic properties, that
facilitated the parallel spin arrangement of oxygen atoms under 300 kHz, 4.55 mT AMF.
As a result, the overpotential in OER reduced from 317 to 250 mV at a current density of
10 mA cm–2, compared with when AMF was not applied. AMF is a promising methodology
for further improving magnetic single-atom catalyst (SAC) activity. This approach is also
applicable to other magnetic SACs, which provides a new avenue for improving the OER
activity by application of a weak AMF.

A ferromagnetic Co/ZIF-67 catalyst showed the highest specific heating rate among
ZIF-67-supported Co, CoO and Co3O4 catalysts and, therefore, the Co/ZIF-67 catalyst
demonstrated the best performance in OER under AMF [122]. Magneto-thermal effect
enhanced the catalytic performance of nickel-coated iron carbide nanoparticles (FeC–Ni)
in the OER under AMF [132]. Local heating of the catalyst reduced the overpotential
required for oxygen release in an alkaline electrolyte by 0.2 V. Using the same approach,
Peng et al. developed a superparamagnetic NiFe@NiFeOOH core–shell catalyst [133]. The
OER overpotential reduced to 209 mV at 10 mA cm−2 over this catalyst under AMF. The
catalyst possesses a remarkable catalytic stability: no detachment of FeOOH or NiOOH
was observed during the long-term operation.

Magnetic Cr2Ge2Te6 nanosheet catalyst was demonstrated to improve the OER per-
formance by the application of an external magnetic field [134]. The improvement was
a combined effect of the Lorentz force generated by magnetic field and local magnetic
heating. Furthermore, Cr2Ge2Te6 with fewer layers has intrinsic spin and charge density
dual bipolar tunable properties, which makes it a potential application in the field of spin
electrocatalysis. Yuan synthesized 3D screw pyramid MoS2 catalyst with abundant edge
active sites [135]. Eddy current inside the nanosheets contributed to magnetic heating and
the rate of HER over the screw pyramid MoS2 catalysts are greatly improved compared
with step pyramid MoS2 under AMF. This example provides a promising guideline for eddy
current assisted electrocatalytic enhancement of multilayered transition metal disulfides.

4. Conclusions and Outlook

Several categories of catalytic materials ranging from monometallic noble metal cata-
lysts to alternative carbons, mixed metal oxides, spinels, perovskites and inorganic–organic
composites have been discussed as catalysts for OER/ORR reactions as well as susceptor
materials under alternating magnetic field with demonstrated influential factors to their
performance and/or catalytic properties. Some basic synthetic strategies have also been
presented. A few fundamental aspects including the OER/ORR reaction mechanisms
over novel catalysts, should be studied to guide the design of high-efficiency air electrode
catalysts. The large overpotential and slow kinetics at the cathode appear to be the major
challenges that limit the practical electrochemical performances.

The single metal catalysts exhibit better ORR catalytic activity than the nanoparticles.
The Pt-based noble metal family generally possesses virtues of both high activity and
favorable stability but disadvantages of high cost. Making bimetallic catalysts with cheap
transition metals and using Pt as a shell in core–shell catalysts are effective routes to lower
the noble metal loading and further enhance the stability of the transition metals. Carbon-
based materials, transition-metal oxides, and composite catalysts derived from polymers are
promising abundant and cheap catalysts applicable for OER/ORR reactions. In particular,
graphene and N-doped carbon nanotubes are attractive candidates for future research due
to their high activity, high electrical conductivity and chemical stability. Layered double
hydroxides (LDHs) are considered as cost-effective OER catalysts due to their excellent
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activity and stability in an OER in alkaline electrolytes. Their synthesis does not require
lengthy, complicated steps, which opens good perspectives for scale-up. The combination
of nitrogen-doped carbon materials with SAC or metal nanoparticles produces very active
and stable bifunctional catalysts.

Proposed future research directions in these non-precious metal catalytic materials
include: (i) exploiting the effect of physiochemical parameters (composition, morphology,
oxidation state, defects, surface area, conductivity, etc.) on the intrinsic catalytic activity,
(ii) increasing the density of active sites and their utilization through innovative design of
materials and structures including single atom stabilization, and (iii) optimizing catalyst
synthesis strategies (cheaper precursors, low temperature, shorter duration) to scale up
their synthesis to industrial scale without decreasing their activity and stability.

The dissolution and irreversible oxidation of active metals are among the main reasons
for ZAB failure and large overpotential in the charge–discharge process.

The application of an external magnetic field is an elegant strategy to enhance elec-
trocatalytic rates and to reduce the overpotential. Studies performed help to understand
the effect of the external magnetic field on the performance of ferromagnetic composite
electrocatalysts employed in ZABs. Many studies were performed under a DC magnetic
field, and there is still a lack of systematic understanding of the role of AC magnetic field in
OER electrocatalysis. The capacity of inductive heating to drive heat directly to the catalytic
sites turned out to be an enabling technology capable of increasing the rate of OER by an
order of magnitude under AC magnetic field. The removal of mass transfer limitation over
the reactor wall has reduced the concentration gradients in ZABs, largely contributing to
the improvement of energy efficiency as well as the reduction in overpotential. Several
studies showed that the magnetic field enhances the catalytic performance in a volcanic
pattern, where high magnetic field intensity inhibits the reaction rate. This effect was
explained as a counterplay between spin polarization and magnetohydrodynamic effect.

Although there have been several studies on the electron spin selectivity mechanism,
related to changes in the electron spin structure of the catalyst, there is a need for in situ
characterization of spintronic structures to better understand the theory and mechanism of
spin catalysis.
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Abstract: Interaction of [VO(OiPr)3] with 6-bis(o-hydroxyaryl)pyridine, 2,6-{HOC(Ph)2CH2}2(NC5H3),
LH2, afforded [VO(OiPr)L] (1) in good yield. The reaction of LNa2, generated in-situ from LH2 and
NaH, with [VCl3(THF)3] led to the isolation of [VL2] (2) in which the pyridyl nitrogen atoms are
cis; a regioisomer 3·2THF, in which the pyridyl nitrogen atoms are trans, was isolated when using
[VCl2(TMEDA)2]. The reaction of the 2,6-bis(o-hydroxyalkyl)pyridine {HOC(iPr)2CH2}2(NC5H3),
L1H2, with [VO(OR)3] (R = nPr, iPr) led, following work-up, to [VO(OR)L1] (R = nPr (4), iPr (5)). Use
of the bis(methylpyridine)-substituted alcohol (tBu)C(OH)[CH2(C5H3Me-5)]2, L2H, with [VO(OR)3]
(R = Et, iPr) led to the isolation of [VO(µ-O)(L2)]2 (6). Complexes 1 to 6 have been screened for their
ability to act as pre-catalysts for the ring opening polymerization (ROP) of ε-caprolactone (ε-CL),
δ-valerolactone (δ-VL), and rac-lactide (r-LA) and compared against the known catalyst [Ti(OiPr)2L]
(I). Complexes 1, 4–6 were also screened as catalysts for the polymerization of ethylene (in the pres-
ence of dimethylaluminium chloride/ethyltrichloroacetate). For the ROP of ε-CL, in toluene solution,
conversions were low to moderate, affording low molecular weight products, whilst as melts, the
systems were more active and afforded higher molecular weight polymers. For δ-VL, the systems
run as melts afforded good conversions, but in the case of r-LA, all systems as melts exhibited low
conversions (<10%) except for 6 (<54%) and I (<39%). In the case of ethylene polymerization, the
highest activity (8600 Kg·mol·V−1bar−1h−1) was exhibited by 1 in dichloromethane, affording high
molecular weight, linear polyethylene at 70 ◦C. In the case of 4 and 5, which contain the propyl-
bearing chelates, the activities were somewhat lower (≤1500 Kg·mol·V−1bar−1h−1), whilst 6 was
found to be inactive.

Keywords: vanadium complexes; 6-bis(o-hydroxyaryl)pyridine; 2,6-bis(o-hydroxyalkyl)pyridine;
molecular structures; ring-opening polymerization; ε-CL; r-LA; δ-VL; ethylene polymerization

1. Introduction

Plastics play a central role in society, and the recent COVID-19 pandemic has high-
lighted their continued importance [1]. Given this, there is still interest in the design of
new post-metallocene systems for accessing new polyolefins, particularly as more than
60% of global plastic production is polyolefin-based [2], and partly driven by the need to
generate new IP in developing countries [3]. However, petroleum-derived plastics and their
subsequent disposal are problematic, and COVID-19 has only added to these problems [4].
There is, thus, also an urgent need to develop materials with greener characteristics, which
can be applied to the needs of modern-day life. For example, biodegradable polymers
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have seen increased use in biomedical applications [5,6], although it should be noted, too,
that polyolefins have medical applications [7]. To access such polymers via either olefin
polymerization or ring opening polymerization (ROP), the choice of metal employed as the
catalytic centre is important, and cheap and earth-abundant metals are favourable [8–10].
We note that organic catalysts can also be used for ROP [11]. For metal-catalyzed polymer-
izations, including both ethylene polymerization and ROP, the ligation at the metal not only
plays a significant role in determining the catalytic activity of the system but also impacts
the properties of the resultant products. This versatility stems from the ability to vary the
electronic and/or steric properties of the ligands, as well as improving other properties such
as solubility [12–16]. With this in mind, we have been exploring the use of bulky chelating
phenolates/macrocycles as ancillary ligands in both α-olefin polymerization and for the
ROP of cyclic esters [17,18]. Some promising results have been achieved by combining
such chelates with the metal vanadium, which is the 20th most abundant metal in the
Earth’s crust. In particular, we and others have found that very high catalytic activities
and thermally robust systems are accessible for α-olefin polymerization when conducted
in the presence of co-catalysts such as dimethylaluminium chloride and the re-activator
ethyl trichloroacetate [19–31], as well as ethylene copolymerization with the likes of propy-
lene, 1-hexene or norbonene [32–41]. Moreover, a number of vanadyl-containing systems
have shown promise in the ROP of cyclic esters [42,43], whilst other systems have been
shown to be promising for both ROP and α-olefin polymerization [44–49]. We also note the
favourable toxicity of vanadyl complexes; for example, vanadyl sulfate is not only used as a
supplement but has shown promising behaviour against Type 2 diabetes [50]. We have also
shown that vanadyl calixarenes exhibit low toxicity [51]. Given this, we were interested
in reports concerning the use of O,N,O-tridentate 6-bis(o-hydroxyaryl)pyridine ligation
at titanium, and the use of such complexes for ethylene polymerization [52], and more
recently for the ROP of ε-caprolactone (ε-CL) and L-lactide (L-LA) [53]. These titanium
species exhibited only low to modest catalytic activities for ethylene polymerization (using
MAO as co-catalyst), whilst, for ROP, conversions of 93 and 98% were achievable at 60 ◦C
for ε-CL and L-LA, respectively. We also note that this ligand set, bound to tungsten(VI),
has been employed in the cis-specific polymerization of norbornene [54]. Herein, we report
the use of such ligation extended to vanadium-based systems (see 1–5, Scheme 1), as well as
structural studies, and their ability to act as catalysts for both ethylene polymerization and
the ring-opening polymerization (ROP) of ε-caprolactone (ε-CL), δ-valerolactone (δ-VL),
and rac-lactide (r-LA). The bis(pyridine)alkoxide (tBu)C(OH)[CH2(C5H3Me-5)]2, whose
reported coordination chemistry is somewhat limited [55,56], is also investigated (see 6,
Scheme 1).
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2. Results and Discussion
2.1. Synthesis and Characterization of V Complexes
2.1.1. Use of 2,6-bis(o-hydroxyaryl)pyridine, 2,6-{HOC(Ph)2CH2}2(NC5H3), LH2

The reaction of 6-bis(o-hydroxyaryl)pyridine, 2,6-{HOC(Ph)2CH2}2(NC5H3), LH2 [57],
with one equivalent of [VO(OiPr)3] in refluxing toluene afforded, after workup (MeCN),
yellow crystalline [VO(OiPr)L] (1) in good yield. In the IR spectrum, the band at 1024 cm−1
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is assigned to vV=O, whilst the 51V NMR spectrum (C6D6, 298 K) contains a single peak
at δ −572.81 with ∆ω1/2 3.8 Hz. Single crystals of 1 were grown from a saturated solution
in acetonitrile at ambient temperature. The molecular structure is shown in Figure 1, and
selected bond lengths and angles are given in the caption. There is one molecule in the
asymmetric unit. The trigonal bipyramidal vanadyl centre (τ = 0.97) [58] is chelated by
the pyridine diolate ligand with the pyridyl N being axial, an oxo ligand equatorial, and
an axial OiPr ligand. The two diolate oxygen atoms complete the equatorial donor set.
There is an intramolecular C(3)–H(3)···π{C(27)} interaction at 2.83 Å, between two Ph
groups at opposite ends of the pyridine diolate ligand. In the packing, there are some weak
C–H···O/π interactions.
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Figure 1. Molecular structure of [VO(OiPr)L] (1). Selected bond lengths (Å) and bond angles (◦):
V(1)–O(1) 1.7919(15), V(1)–O(2) 1.8019(15), V(1)–O(3) 1.6089(14), V(1)–O(4) 1.7841(15), V(1)–N(1)
2.3422(18); O(1)–V(1)–O(2) 119.61(7), N(1)–V(1)–O(4) 177.51(6).

Treatment of LH2 with two equivalents of NaH in refluxing THF and subsequent
reaction with 0.5 equiv. of [VCl3(THF)3] afforded the red complex [VL2] (2) in moderate
yield. The molecular structure is shown in Figure 2 (left), with selected bond lengths and
angles given in the caption. There is one molecule in the asymmetric unit. The complex
contains a central distorted octahedral vanadium(IV) centre, and the L ligands are bound
such that the pyridyl N atoms are positioned cis. Interestingly, the use of the vanadium(II)
complex [VCl2(TMEDA)2] as starting material led, after work-up, to red crystals of 3·2THF
which were found to be a regioisomer of 2, with the V centre on a two-fold axis and in
which the pyridyl N atoms are positioned trans (see Figure 2, right; for an alternative view,
see Figure S3, ESI).

2.1.2. Use of 2,6-bis(o-hydroxy-i-propyl)pyridine L1H2

Use of the related potential O,N,O-donor 2,6-bis(o-hydroxy-i-propyl)pyridine L1H2 [52]
with [VO(OnPr)3] led, following work-up (MeCN), to the yellow complex [VO(OnPr)L1]
(4). In the IR spectrum, the band at 1018 cm−1 is assigned to vV=O, whilst the 51V NMR
spectrum (C6D6, 298 K) contains a single peak at δ−544.70 with ∆ω1/2 2.8 Hz (see Figure S4
left, ESI). Crystals suitable for an X-ray diffraction study were grown from acetonitrile
at 0 ◦C. The molecular structure is shown in Figure 3, with selected bond lengths and
angles given in the caption. There is one molecule in the asymmetric unit. The geometry of
vanadium is best described as trigonal bipyramidal, with τ 0.94 [58]. The V(1) centre lies
0.2155(6) Å out of the trigonal plane O(1)/O(2)/O(3).

Similar use of [V(O)(OiPr)3] with L1H2 afforded the complex [VO(OiPr)L1] (5). In the
IR spectrum, the band at 1017 cm−1 is assigned to vV=O, whilst the 51V NMR spectrum
(C6D6, 298 K) contains a single peak at δ –572.81 with ∆ω1/2 3.8 Hz. Again, the use of
acetonitrile provided crystals suitable for an X-ray diffraction study (see Figure 4). There
are two very similar molecules in the asymmetric unit. The geometry exhibited at both V
atoms is trigonal bipyramidal. The V(1) centre lies 0.2086(11) Å away from the equatorial

102



Catalysts 2023, 13, 988

plane towards O(4), while V(2) lies 0.2228(11) Å away from the equatorial plane towards
O(8). The τ value is close to 1 for both molecules [58]. Similar molecules pack in spirals
along a with those involving V(1) in the central part of the unit cell and those involving
V(2) along the a/c face (Figure 4, right).

Catalysts 2023, 13, x  4 of 17 
 

 

 
Figure 2. Left: Molecular structure of [V({OC(Ph)2CH2}2(cis-NC5H3))2] (2). Selected bond lengths (Å) 
and angles (°): V(1)–O(1) 1.8565(11), V(1)–O(2) 1.8340(10), V(1)–O(3) 1.8547(11), V(1)–O(4) 
1.8230(10), V(1)–N(1) 2.2876(13), V(1)–N(2) 2.2692(13); O(2)–V(1)–O(4) 158.99(5), N(1)–V(1)–N(2) 
105.87(5). Right: Molecular structure of [V({OC(Ph)2CH2}2(trans-NC5H3))2]∙2THF (3∙2THF). Selected 
bond lengths (Å) and angles (°): V(1)–O(1) 1.8819(13), V(1)–O(2) 1.8702(13), V(1)–N(1) 2.1720(16); 
O(1)–V(1)–O(2) 169.83(6), N(1)–V(1)–N(2) 179.68(9). 

2.1.2. Use of 2,6-bis(o-hydroxy-i-propyl)pyridine L1H2 
Use of the related potential O,N,O-donor 2,6-bis(o-hydroxy-i-propyl)pyridine L1H2 

[52] with [VO(OnPr)3] led, following work-up (MeCN), to the yellow complex 
[VO(OnPr)L1] (4). In the IR spectrum, the band at 1018 cm–1 is assigned to vV=O, whilst 
the 51V NMR spectrum (C6D6, 298 K) contains a single peak at δ –544.70 with Δω½ 2.8 Hz 
(see Figure S4 left, ESI). Crystals suitable for an X-ray diffraction study were grown from 
acetonitrile at 0 °C. The molecular structure is shown in Figure 3, with selected bond 
lengths and angles given in the caption. There is one molecule in the asymmetric unit. The 
geometry of vanadium is best described as trigonal bipyramidal, with τ 0.94 [58]. The V(1) 
centre lies 0.2155(6) Å out of the trigonal plane O(1)/O(2)/O(3). 

 
Figure 3. Molecular structure of [VO(OnPr)L1] (4). Selected bond lengths (Å) and angles (°): V(1)–
O(1) 1.7985(9), V(1)–O(2) 1.7999(9), V(1)–O(3) 1.5984(9), V(1)–O(4) 1.8209(9), V(1)–N(1) 2.3045(11); 
O(1)–V(1)–O(2) 118.72(4), O(4)–V(1)–N(1) 175.13(4). 

Similar use of [V(O)(OiPr)3] with L1H2 afforded the complex [VO(OiPr)L1] (5). In the 
IR spectrum, the band at 1017 cm–1 is assigned to vV=O, whilst the 51V NMR spectrum 

Figure 2. Left: Molecular structure of [V({OC(Ph)2CH2}2(cis-NC5H3))2] (2). Selected bond lengths (Å)
and angles (◦): V(1)–O(1) 1.8565(11), V(1)–O(2) 1.8340(10), V(1)–O(3) 1.8547(11), V(1)–O(4) 1.8230(10),
V(1)–N(1) 2.2876(13), V(1)–N(2) 2.2692(13); O(2)–V(1)–O(4) 158.99(5), N(1)–V(1)–N(2) 105.87(5). Right:
Molecular structure of [V({OC(Ph)2CH2}2(trans-NC5H3))2]·2THF (3·2THF). Selected bond lengths
(Å) and angles (◦): V(1)–O(1) 1.8819(13), V(1)–O(2) 1.8702(13), V(1)–N(1) 2.1720(16); O(1)–V(1)–O(2)
169.83(6), N(1)–V(1)–N(2) 179.68(9).

Catalysts 2023, 13, x  4 of 17 
 

 

 
Figure 2. Left: Molecular structure of [V({OC(Ph)2CH2}2(cis-NC5H3))2] (2). Selected bond lengths (Å) 
and angles (°): V(1)–O(1) 1.8565(11), V(1)–O(2) 1.8340(10), V(1)–O(3) 1.8547(11), V(1)–O(4) 
1.8230(10), V(1)–N(1) 2.2876(13), V(1)–N(2) 2.2692(13); O(2)–V(1)–O(4) 158.99(5), N(1)–V(1)–N(2) 
105.87(5). Right: Molecular structure of [V({OC(Ph)2CH2}2(trans-NC5H3))2]∙2THF (3∙2THF). Selected 
bond lengths (Å) and angles (°): V(1)–O(1) 1.8819(13), V(1)–O(2) 1.8702(13), V(1)–N(1) 2.1720(16); 
O(1)–V(1)–O(2) 169.83(6), N(1)–V(1)–N(2) 179.68(9). 

2.1.2. Use of 2,6-bis(o-hydroxy-i-propyl)pyridine L1H2 
Use of the related potential O,N,O-donor 2,6-bis(o-hydroxy-i-propyl)pyridine L1H2 

[52] with [VO(OnPr)3] led, following work-up (MeCN), to the yellow complex 
[VO(OnPr)L1] (4). In the IR spectrum, the band at 1018 cm–1 is assigned to vV=O, whilst 
the 51V NMR spectrum (C6D6, 298 K) contains a single peak at δ –544.70 with Δω½ 2.8 Hz 
(see Figure S4 left, ESI). Crystals suitable for an X-ray diffraction study were grown from 
acetonitrile at 0 °C. The molecular structure is shown in Figure 3, with selected bond 
lengths and angles given in the caption. There is one molecule in the asymmetric unit. The 
geometry of vanadium is best described as trigonal bipyramidal, with τ 0.94 [58]. The V(1) 
centre lies 0.2155(6) Å out of the trigonal plane O(1)/O(2)/O(3). 

 
Figure 3. Molecular structure of [VO(OnPr)L1] (4). Selected bond lengths (Å) and angles (°): V(1)–
O(1) 1.7985(9), V(1)–O(2) 1.7999(9), V(1)–O(3) 1.5984(9), V(1)–O(4) 1.8209(9), V(1)–N(1) 2.3045(11); 
O(1)–V(1)–O(2) 118.72(4), O(4)–V(1)–N(1) 175.13(4). 

Similar use of [V(O)(OiPr)3] with L1H2 afforded the complex [VO(OiPr)L1] (5). In the 
IR spectrum, the band at 1017 cm–1 is assigned to vV=O, whilst the 51V NMR spectrum 

Figure 3. Molecular structure of [VO(OnPr)L1] (4). Selected bond lengths (Å) and angles (◦): V(1)–
O(1) 1.7985(9), V(1)–O(2) 1.7999(9), V(1)–O(3) 1.5984(9), V(1)–O(4) 1.8209(9), V(1)–N(1) 2.3045(11);
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Note we have also re-determined the structure of L1H2 to higher precision with an
R-factor of 0.052. It has previously been reported [52], though with a higher R-factor of
0.065 with CCDC refcode BAJSOX. The molecular structure is shown in Figures S1 and S2,
ESI, together with details of the structure.

2.1.3. Use of the Bis(Methylpyridine)-Substituted Alcohol (tBu)C(OH)[CH2(C5H3Me-5)]2

The reaction of (tBu)C(OH)[CH2(C5H3Me-5)]2 [55] with one equivalent of either
[VO(OEt)3] or [VO(OiPr)3] in refluxing toluene afforded, after workup (MeCN), yellow
crystalline [VO(µ-O)(L2)]2 (6) in moderate yield (ca. 40%). In the IR spectrum, the band at
1019 cm−1 is assigned to vV=O, and the 51V NMR spectrum (C6D6, 298 K) contains a broad
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peak at δ –539.3 with ∆ω1/2 3520 Hz (see Figure S4 right, ESI). Small single crystals of 6
were grown from a saturated MeCN solution on standing for 24 h at 20 ◦C. The molecular
structure is shown in Figure 5, with selected bond lengths and angles given in the caption.
There is half a molecule in the asymmetric unit, and the molecule lies on an inversion
centre. Only one of the two pyridyl nitrogen atoms binds to the metal ion from each
ligand. There is approximate square-based pyramidal geometry at the V centre. The V2O2
diamond is fairly symmetrical, with very similar V–O bonds on each side. Pyridyl rings
are not quite parallel, with a dihedral angle of 17.6◦ between them. This is illustrated by
looking at a comparison of the distances C(5) . . . C(14) = 3.078 and C(2) . . . C(17) = 4.023 Å.
The anti-arrangement of the Me groups on the pyridine rings is undoubtedly to minimize
steric interaction. Molecules of 6 are arranged in layers with nothing unusual in terms of
intermolecular interactions (see Figure S5, ESI).
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2.2. Ring Opening Polymerization (ROP) Studies

Complexes 1–6 were screened for their potential to act as catalysts for the ring-opening
polymerization (ROP) of cyclic esters. Results are presented in Tables 1 and 2 (for ε-CL),
Table 3 (for δ-VL), and Table 4 (for r-LA) and are compared against the known active
catalyst [Ti(OiPr)2L] (I) [53].
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Table 1. Results for ROP of ε-CL over 24 h using 1–6 and I.

Entry Cat. (CL):(Cat) T/◦C Conv a (%) Mn
b Mn,Cal

c D d

1 1 500:1 15 0 - - -
2 1 500:1 60 20 270 11,430 1.63
3 1 500:1 90 23 380 26,270 2.10
4 1 500:1 130 >99 6760 56,520 2.00

5 e 1 500:1 130 >99 7610 56,520 1.67
6 1 100:1 130 50 550 5720 1.67
7 1 1000:1 130 7 250 8010 1.31
8 1 250:1 130 47 880 13,430 1.81

9 2 500:1 130 22 440 12,560 2.86
10 3 500:1 130 19 - - -
11 4 500:1 70 2 1275 1160 2.23
12 4 500:1 130 92 2510 52,520 1.35
13 4 100:1 130 64 270 7320 1.55
14 5 500:1 70 58 500 33,120 1.45
15 5 100:1 130 98 440 11,200 2.42

16 e 5 500:1 130 >99 4410 56,520 1.59
17 6 500:1 130 63 28,890/2260 35,970 1.22/1.17

18 e 6 500:1 90 49 620 27,980 1.62
19 I 500:1 130 >99 13,770 56,520 1.67

20 e I 500:1 130 >99 2070 56,520 1.18
a Determined by 1H NMR spectroscopy. b Mn/w, GPC values corrected considering Mark–Houwink method from
polystyrene standards in THF, Mn/w measured = 0.56 ×Mn/w GPC × 103. c Calculated from ([monomer]0/[cat]0)
× conv (%) ×monomer molecular weight (MCL = 114.14) + end groups. d From GPC. e Conducted in air.

Table 2. Synthesis of polycaprolactone using complexes 1–6 (and I) as melts (130 ◦C, 24 h).

Entry Cat. (CL):(Cat) Conv a (%) Mn
b Mn,Cal

c D d

1 1 500:1 81 5280 46,240 2.14
2 e 1 500:1 85 3090 48,530 2.06
3 2 500:1 83 2990 47,390 1.24
4 3 500:1 84 2350 47,960 1.43
5 4 500:1 86 2460 49,100 2.02

6 e 4 500:1 98 2080 55,950 2.92
7 5 500:1 >99 5960 56,520 1.17

8 e 5 500:1 >99 3460 56,520 1.09
9 6 500:1 >99 2270/200 56,520 1.47

10 e 6 500:1 49 3580/280 27,980 1.04
11 I 500:1 74 6100 42,250 2.26

12 e I 500:1 >99 8720 56,520 1.94
a Determined by 1H NMR spectroscopy. b Mn/w, GPC values corrected considering Mark–Houwink method from
polystyrene standards in THF, Mn/w measured = 0.56 ×Mn/w GPC × 103. c Calculated from ([monomer]0/[cat]0)
× conv (%) ×monomer molecular weight (MCL = 114.14) + end groups. d From GPC. e Conducted in air.

Table 3. Synthesis of polyvalerolactone using complexes 1–6 (and I) as melts (130 ◦C, 24 h).

Entry Cat. [VL]:[Cat] Conv a (%) Mn
b Mn,Cal

c D d

1 1 500:1 87 3100 43,570 1.35
2 e 1 500:1 91 920 45,570 2.00
3 2 500:1 77 500 38,580 1.49

4 e 2 500:1 83 330 41,570 1.27
5 3 500:1 75 500 49,580 1.55
6 4 500:1 97 3420 48,580 1.46

7 e 4 500:1 99 1550 49,580 1.87
8 5 500:1 89 2900 44,570 1.49
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Table 3. Cont.

Entry Cat. [VL]:[Cat] Conv a (%) Mn
b Mn,Cal

c D d

9 e 5 500:1 90 3990 45,070 1.18
10 6 500:1 75 380 37,560 1.60

11 e 6 500:1 54 390 27,050 2.16
12 I 500:1 72 500 36,060 1.76

13 e I 500:1 46 360 23,050 1.85
a Determined by 1H NMR spectroscopy. b Mn/w, GPC values corrected considering Mark–Houwink method from
polystyrene standards in THF, Mn/w measured = 0.57 ×Mn/w GPC × 103. c Calculated from ([monomer]0/[cat]0)
× conv (%) ×monomer molecular weight (MVL = 100.16). d From GPC. e Run in air.

Table 4. Synthesis of polylactide using complexes 1–6 (and I) as melts (130 ◦C, 24 h).

Entry Cat. (rLA):(Cat) Conv a (%)

1 1 500:1 3
2 b 1 500:1 2
3 2 500:1 3
4 3 500:1 1
5 4 500:1 10

6 b 4 500:1 8
7 5 500:1 8

8 b 5 500:1 1
9 6 500:1 43

10 b 6 500:1 54
11 I 500:1 29

12 b I 500:1 39
a Determined by 1H NMR spectroscopy. b Run in air.

2.2.1. ROP of ε-Caprolactone (ε-CL)

In the case of the ε-CL, for runs conducted in toluene, the products tended to be oils
of low molecular weight terminated by OH groups (e.g., see Figure S6, ESI for MALDI-ToF
spectra from entry 14, Table 1). Runs conducted at temperatures below 100 ◦C (entries
1–3) resulted in poor conversion, whilst (ε-CL):(Cat) ratios either high or lower than 500:1
(entries 6–8) also led to poor to moderate conversion. However, systems employing 1
under either N2 or air at 130 ◦C employing the ratio 500:1 for (ε-CL:Cat) (entries 4 and
5, respectively) and I under N2 (entry 19) afforded somewhat higher molecular weight
products. A typical 1H NMR spectrum of the obtained PCL is given in Figure S7, ESI.
In all cases, the molecular weights of the products were still significantly lower than the
theoretical values calculated via the NMR spectra. Such low molecular weights suggest that
transesterification side reactions had occurred. In the case of 1 under air, the MALDI-ToF
spectrum (Figure S8, ESI) revealed families of peaks terminated by either OH groups or by
pyridine phenol/phenolate and OH. GPC results for dinuclear 6 under N2 at 130 ◦C (entry
17) indicated a bimodal distribution. D values range from 1.17/1.18 (for I and 6), indicating
good control to less controlled systems with larger D values. e.g., 2.86 (for 2, entry 9).
Conversions were low to moderate for runs conducted at ≤90 ◦C or, in the case of 1, when
using a (ε-CL):(Cat) ratio other than 500:1; use of 100:1 for 5 (entry 15) afforded a conversion
of 98%. However, at 130 ◦C over 24 h with a ratio of 500:1, the systems employing 1, 5, or
I under N2 or air afforded > 98% conversion. Catalyst 4 also exhibited a high conversion
(92%) at 130 ◦C under N2 (entry 12, Table 1). Results for coordinatively saturated 2 and 3
were similarly low, suggesting that either the cis/trans arrangement had little influence
on behaviour or that, in the solution, the same regioisomer was present. Interestingly,
the use of 1 (entry 5) and 5 (entry 16) under air led to improved performance in terms
of %conversion and increased Mn, whereas the titanium catalyst I, whilst maintaining its
%conversion, afforded a polymer of much lower molecular weight (Mn), albeit with better
control (entry 20). Kinetic studies were conducted on the structurally related complexes
1, 4, and 5 (see Figure 6). The results indicated the rate order was 5 > 4 > 1, with the
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logarithmic dependence appearing nonlinear, which indicates deviation from the first
order in ε-CL, particularly for 1 and, to a lesser extent, 4. This is thought to be due to
these systems exhibiting induction periods. The slower performance of 1 was thought
to be due to restricted access to the metal centre caused by the increased steric bulk of
the phenyl groups of the pyridinediolate ligand set. We note that the use of [Ti(OiPr)2L]
in the ROP of ε-CLin toluene at 60 ◦C over 20 h resulted in a conversion of 94% and a
product with Mn 900 (by gpc). Use of the related complex [Ti(OiPr)2LMe] (where LMeH2
= 2,2′-(4-methylpyridine-2,6-diyl)bis(1,1-diphenylethan-1-ol) afforded a similar result in
toluene, but when employed as a melt at 100 ◦C over 8 h achieved a conversion of 99% and
afforded a higher molecular weight product with Mn 5800 (by gpc) [53]. In the next section,
we also employ melt conditions using 1–6 (and I).
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Given the varied activity, control, and generally low molecular weights achieved in
the above results, the runs were also conducted in the absence of solvent, i.e., as melts,
using a 500:1 ratio for (ε-CL):(Cat), see Table 2. In general, the conversions were higher,
with 4, 5, and I exhibiting the highest conversions. In all cases, the molecular weights of the
products were higher versus solution studies. The majority of the systems were relatively
well controlled (Ds < 1.47), though the Ds for 1, 4, and I were somewhat higher (1.94–2.92).
Again, the use of 6 led to bimodal behaviour (entries 9 and 10, Table 2). End-group analysis
by 1H NMR spectroscopy and MALDI-ToF mass spectrometry indicated the presence of
multiple products. For example, in the case of 5 under N2 (Table 2, entry 7), the MALDI-ToF
spectrum contained families of peaks associated with chain polymers terminated by 2 OH
or terminated by OH/OiPr as well as cyclic products (Figure S9, ESI).

2.2.2. ROP of δ-Valerolactone (δ-VL)

In the case of δ-VL, runs were conducted as melts only (Table 3), and conversions were
generally high; the lowest conversions were observed for 2 (≤83%), 3, and 6 (≤75%), and
the titanium complex I under air (46%, run 13, Table 3). A typical 1H NMR spectrum of the
obtained PCL is given in Figure S10, ESI. As for PCL, molecular weights were far lower than
calculated values, which was assumed to be due to transesterification; D values ranged
from 1.18 to 2.16. The higher molecular weight products were afforded using complexes
of the type [L/L1VO(OR)], namely 1 under N2, as well as 4 and 5 under either N2 or air.
MALDI-ToF spectra (e.g., Figures S11 and S12, ESI) of the products revealed the presence
of a number of families of peaks assigned to chain polymers terminated by 2 OH groups
and a smaller series assigned to cyclic polymers when using 5 as a melt under air (Table 3,
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entry 6). In the case of 5 as a melt under N2 (Table 3, entry 7), there were chain polymers
present, terminated by OH/OiPr and cyclic polymers.

2.2.3. Ring Opening Polymerization Studies of Rac-Lactide (r-LA)

In the case of the ROP of r-LA, runs were, again, conducted in the absence of solvent,
and the results (Table 4) revealed poor conversions (<40%), except for in the case of 6
(for entry 10, Mn = 1260 (correction factor 0.58), D 2.94). From 6, the resulting PLA was
found to be atactic (Figures S13 and S14, ESI) [59]. Given these disappointing results, the
ROP of r-LA was not further investigated. We note that the complexes [Ti(OiPr)2L] and
[Ti(OiPr)2LMe] in the ROP of L-LA in toluene at 60 ◦C over 6 or 3.5 h, respectively, resulted
in a conversion of 96 or 98% and afforded a product with Mn 1100 (by gpc). The use of melts
with the [Ti(OiPr)2LMe] system led to increased Mn values (>8100) with good control [53].

2.3. Ethylene Polymerization Studies

The complexes 1, 4, 5, and 6 were tested, in the presence of the co-catalyst dimethy-
laluminium chloride (DMAC) and the re-activator trichloroethylacetate (ETA), for their
ability to act as pre-catalysts for the polymerization of ethylene. The results are presented
in Table 5 and reveal that the observed activities are best described as moderate in terms
of vanadium-based systems [19–41]. For example, under the same conditions, the imido
complexes {[V(Np-RC6H4)]2L1} (L1 = p-tert-butyltetrahomodioxacalix [6]arene; R = CF3, Cl,
F) afforded higher activities in the range 9.0–14.8 × 103 Kg·molV−1bar−1h−1 [48].

Table 5. Ethylene polymerization data for homogeneous catalysts (V complex + Me2AlCl + ETA) a.

Complex PE Yield, g
Average Activity

Kg PE/mol V
Bar h

Mη
× 10−3

CH3/
1000C

Double Bonds/
1000C

888 cm−1 909 cm−1 965 cm−1

1 b 1.4 2800 450 4.9 - 0.16 -

1 4.3 8600 300 0.6 - 0.10 -

4 0.6 1200 380 1.8 0.09 0.90 0.04

5 0.74 1500 360 1.1 0.11 0.13 -

6 0 0 - - - - -
a Polymerization conditions: V-complex (0.5 µmol) was used as a solution in 0.5 mL of CH2Cl2; co-catalyst
(Me2AlCl 0.5 mmol+ ETA 0.5 mmol, molar ratio V: Me2AlCl:ETA = 1:1000:1000), dissolved in 100 mL of toluene,
100 mL of heptane; T pol 70 ◦C, P C2H4 2 bar, for 30 min. b 1 in 0.5 mL of toluene.

Given the poor yields, it was decided to measure Mv rather than Mw or Mn, whilst IR
spectroscopy was employed to measure the methyl and C=C content; the high molecular
weight and hence poor solubility of the polymers prevented the use of 13C NMR spec-
troscopy. In all cases, the systems afforded high molecular weight linear polyethylene with
a methyl branch content ≤4.9 per 1000 carbons.

In the case of complex 1, the best results were obtained upon its introduction into
the reactor as the solution in CH2Cl2 rather than in toluene, presumably as a result of
increased solubility. If the groups bound to the carbon atoms adjacent to oxygen in
the chelate are changed to a less bulky propyl group, then the activity is reduced from
8600 Kg·molV−1bar−1h−1 in 1 (bearing phenyl substituents) to 1200 Kg·molV−1bar−1h−1

for 4 (bearing n-propyl substituents) and to 1500 Kg·molV−1bar−1h−1 for 5 (bearing n-
propyl substituents). Surprisingly, similar use of 6 led to inactivity, and this is tentatively
assigned to the unfavourable flexibility of the free methylpyridine-containing arm, which
has the potential to block access to the metal. The active species in these systems is thought
to be a paramagnetic species formed on the reduction of the metal centre by the excess
co-catalyst. We and others have investigated such species in related systems [60–63].
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3. Materials and Methods
3.1. General

All reactions were conducted under an inert atmosphere using standard Schlenk
techniques. Toluene was dried from sodium, acetonitrile was distilled from calcium hydride,
and all solvents were degassed prior to use. IR spectra (nujol mulls, KBr windows) were
recorded on a Nicolet Avatar 360 FTIR spectrometer, NMR spectrometer 400.2 MHz on
a JEOL ECZ 400S spectrometer, with TMS δH = 0 as the internal standard or residual
protic solvent [CD3CN, δH = 1.94]. 51V NMR spectra were recorded from C6D6 solutions
at 105.1 MHz, 51V chemical shifts were referenced to external VOCl3 sample. Chemical
shifts are given in ppm (δ), and coupling constants (J) are given in Hertz (Hz). Elemental
analyses were performed by the elemental analysis service at the Department of Chemistry,
the University of Hull, or London Metropolitan University. FTIR spectra (nujol mulls, KBr
windows) were recorded on a Nicolet Avatar 360 FT-IR spectrometer. Matrix-Assisted Laser
Desorption/Ionization Time of Flight (MALDI-TOF) mass spectrometry was performed in a
Bruker autoflex III smart beam in linear mode, and the spectra were acquired by averaging
at least 100 laser shots. 2,5-Dihydroxybenzoic acid was used as the matrix, and THF was
used as a solvent. Sodium chloride was dissolved in methanol and used as the ionizing
agent. Samples were prepared by mixing 20 µL of matrix solution in THF (2 mg·mL−1) with
20 µL of matrix solution (10 mg·mL−1) and 1 µL of a solution of ionizing agent (1 mg·mL−1).
Then, 1 mL of these mixtures was deposited on a target plate and allowed to dry in air
at ambient temperature. The known compounds LH2, L1H2, L2H, [VCl3(THF)3] and
[VCl2(TMEDA)2] were prepared by the literature methods [52,55,57,64,65]. The reagents
[VO(OR)3] (R = nPr, iPr) were purchased from Sigma Aldrich and were used as received.
Molecular weights were calculated from the experimental traces using the OmniSEC
software.

Crystal structures were determined from data collected at the UK National Crystallog-
raphy Service (1, 2, 4–6) and in the home laboratory for 3. Full details are given in the ESI.
Crystal data are summarized in Tables S1 and S2.

3.2. Preparation of [VO(OiPr)L] (1)

To [VO(OiPr)3] (0.50 mL, 2.12 mmol) and LH2 (1.00 g, 2.12 mmol) was added toluene
(30 mL), and then the system was refluxed for 12 h. On cooling, the volatiles were removed
in a vacuo, and the residue was extracted into warm MeCN (30 mL). Yield: 1.09 g, 87%.
C36H34NO4V requires C 72.59, H 5.75, and N 2.35%. Found: C 72.50, H 5.84, N 2.06%. IR:
1599 m, 1576 m, 1319 m, 1259 s, 1239 m, 1209 w, 1175 w, 1110 s, 1091 s, 1057 s, 1024 s, 956 s,
914 m, 892 m, 854 m, 813 m, 790 m, 765 w, 736 w, 704 s, 694 s, 669 w, 650 m, 620 w, 600 m,
532 w, 507 m, 486 m, 454 w. 1H NMR (C6D6) δ: 7.69 (d, J = 7.6 Hz, 4 H, arylH), 7.19 (m, 8 H,
arylH), 7.06 (m, 2 H, arylH), 6.87 (overlapping m, 6 H, arylH), 6.42 (t, J = 7.6 Hz,1 H, arylH),
6.12 (d, J = 7.6 Hz, 2 H, arylH), 6.02 (sept, J = 6.0 Hz, 1 H, CHMe2), 4.22 (d, J = 14.4 Hz,
2 H, CH2), 3.47 (d, J = 14.4 Hz, 2 H, CH2), 1.36 (d, J = 6.0 Hz, 6 H, CHMe2). 51V (C6D6) δ:
−572.09 (∆ω1/2 = 4 Hz).

3.3. Preparation of [V({OC(Ph)2CH2}2(cis-NC5H3))2] (2)

To LH2 (1.00 g, 2.12 mmol) in THF (30 mL) was added NaH (0.10 g, 4.17 mmol), and
the system was refluxed for 12 h. On cooling (to −78 ◦C), [VCl3(THF)3] (0.40 g, 1.07 mmol)
was added, and the system was stirred for 12 h. The system was filtered, concentrated
to about 20 mL, and left to stand at 0 ◦C to afford red crystals of 2. Yield: 0.58 g, 55%.
C66H54N2O4V requires C 80.06, H 5.50, and N 2.83%. Found: C 80.51, H 5.55, N 2.80%. IR:
1975 w, 1886 w, 1815 w, 1667, 1601 m, 1579 w, 1317 m, 1261 s, 1151 m, 1097 s, 1021 s, 940 m,
918 w, 800 s, 722 m, 700 s, 639 w, 594 w, 547 w, 522 w, 492 w, 467 w. M.S. (MALDI): 836
(M—2Ph).
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3.4. Preparation of [V({OC(Ph)2CH2}2(trans-NC5H3))2] (3·2THF)

As for 2, but using [VCl2(TMEDA)2] (0.38 g, 1.07 mmol), LH2 (1.00 g, 2.12 mmol) and
NaH (0.10 g, 4.17 mmol) afforded 3·2THF as red prisms. Yield: 0.45 g, 37%. C74H70N2O6V—
THF (sample dried in vacuo for 1 h) requires C 79.15, H 5.88, N 2.63%. Found: C 79.46, H
6.02, N 2.33%. IR: 1667 w, 1631 w, 1601 w, 1551 w, 1413 m, 1304 m, 1261 s, 1094 bs, 1020 bs,
940 w, 918 w, 865 w, 800 s, 722 m, 700 m, 639 w, 598 w, 466 w.

3.5. Preparation of [VO(OnPr)L1] (4)

To [VO(OnPr)3] (0.68 mL, 3.00 mmol) and L1H2 (1.00 g, 2.98 mmol) was added toluene
(30 mL), and then the system was refluxed for 12 h. On cooling, the volatiles were removed
in vacuo, and the residue was extracted into warm MeCN (30 mL). On cooling to −20 ◦C,
golden brown crystals of 4 formed. Yield: 0.89 g, 65%. C24H42NO4V requires C 62.73, H
9.21, and N 3.05%. Found: C 62.37, H 9.61, N 3.29%. IR: 2008 w, 1599 m, 1575 m, 1331 m,
1261 s, 1234 w, 1177 m, 1138 m, 1094 s, 1063 s, 1018 s, 981 s, 964 s, 913 w, 901 m, 863 w, 800 s,
772 m, 723 w, 708 m, 684 w, 658 m, 640 s, 628 s, 559 s, 494 w, 450 s, 410 s. 1H NMR (C6D6) δ:
7.10 (1 H, arylH), 6.82 (1 H, arylH), 6.42 (1 H, arylH), 5.20 (t, J = 6.4 Hz, 2 H, OCH2), 3.62
(d, J = 14.0 Hz, 2 H, CH2), 2.61 (d, J = 14.4 Hz, 2 H, CH2), 2.05 (sept, J = 6.8 Hz, CHMe2),
1.83 (m, J = 7.2 Hz, 2 H, OCH2CH2CH3), 1.71 (sept, J = 6.8 Hz, CHMe2), 1.25 (d, J = 6.8 Hz,
6 H, CHMe2), 1.16 (d, J = 6.8 Hz, 6 H, CHMe2), 1.05 (t, J = 7.2 Hz, 3 H, OCH2CH2CH3),
0.76 (d, J = 6.8 Hz, 6 H, CHMe2), 0.62 (d, J = 6.8 Hz, 6 H, CHMe2). 51V (C6D6) δ: −544.70
(∆ω1/2 = 2.8 Hz).

3.6. Preparation of [VO(OiPr)L1] (5)

To [VO(OiPr)3] (0.71 mL, 3.01 mmol) and L1H2 (1.00 g, 2.98 mmol) was added toluene
(30 mL), and then the system was refluxed for 12 h. On cooling, the volatiles were removed
in vacuo, and the residue was extracted into warm MeCN (30 mL). On cooling to −20 ◦C,
yellow crystals of 5 formed. Yield: 1.17 g, 85%. C24H42NO4V requires C 62.73, H 9.21, and
N 3.05%. Found: C 61.92, H 9.55, N 3.16%.* IR: 1993 w, 1599 m, 1574 m, 1317 m, 1261 m,
1231 w, 1203 w, 1165 m, 1137 m, 1105 s, 1017 s, 972 s, 943 s, 905 m, 866 w, 838 m, 815 m,
770 m, 721 m, 705 m, 645 s. 1H NMR (C6D6) δ: 6.93 (bm, 1 H, arylH), 6.51 (bd, 2 H, arylH),
5.73 (sept, J = 6.8 Hz, 1 H, CHMe2), 3.61 (d, J = 14.4 Hz, 2 H, CH2), 2.62 (d, J = 14.4 Hz, 2 H,
CH2), 2.06 (br sept, J = 6.0 Hz, 2 H, CHMe2), 1.68 (sept, J = 6.8 Hz, 2 H, CHMe2), 1.44 (d,
J = 6.8 Hz, 6 H, CHMe2), 1.26 (d, J = 6.8 Hz, 6 H, CHMe2), 1.13 (d, J = 6.8 Hz, 6 H, CHMe2),
0.74 (d, J = 6.8 Hz, 6 H, CHMe2), 0.62 (d, J = 6.8 Hz, 6 H, CHMe2). 51V (C6D6) δ: −572.81
(∆ω1/2 = 3.8 Hz). *Despite repeated attempts, this was the best fit for elemental analysis.

3.7. Preparation of [VO(µ-O)(L2)]2 (6)

To [VO(OiPr)3] (0.79 mL, 3.35 mmol) and L2H (1.00 g, 3.35 mmol) was added toluene
(30 mL), and then the system was refluxed for 12 h. On cooling, the volatiles were removed
in vacuo, and the residue was extracted into warm MeCN (30 mL). On cooling to −20 ◦C,
small yellow crystals of 6 formed. Yield: 0.52 g, 41%. C38H50N4O6V2 requires C 59.99, H
6.63, and N 7.37%. Found: C 60.70, H 7.07, N 7.45%. IR: 1639 w, 1593 s, 1578 s, 1304 m,
1261 s, 1203 w, 1155 m, 1097 s, 1019 s, 862 w, 794 s, 765 m, 666 w, 614 w, 581 w, 504 w. 1H
NMR (CD3CN) δ: 7.47 (t, 4 H, J = 7.6 Hz, arylH), 7.03 (d, 4 H, J = 7.6 Hz, arylH), 6.91 (d,
4 H, J = 7.4 Hz, arylH), 3.00 (s, 8 H, CH2), 2.33 (s, 12 H, CH3), 0.97 (s, 18 H, C(CH3)3). 51V
(C6D6) δ: −539.3 (∆ω1/2 = 3520 Hz). Complex 5 is also available via the use of [VO(OEt)3].

3.8. Procedure for ROP of ε-Caprolactone

A toluene solution of pre-catalyst (0.010 mmol, 1.0 mL toluene) was introduced into a
Schlenk tube in the glove box at room temperature. The solution was stirred for 2 min, and
then the appropriate equivalent of BnOH (from a pre-prepared stock solution of 1 mmol
BnOH in 100 mL toluene) and the appropriate amount of ε-CL along with 1.5 mL toluene
were added to the solution. For example, for Table 2, entry 1, a toluene solution of pre-
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catalyst 1 (0.010 mmol, 1.0 mL toluene) was introduced into a Schlenk tube, then 2 mL
BnOH solution (1 mmol BnOH/100 mL toluene) and 20 mmol ε-CL along with 1.5 mL
toluene was added to the solution. The reaction mixture was then placed into an oil/sand
bath pre-heated at 130 ◦C, and the solution was stirred for the prescribed time (8 or 24 h).
The polymerization mixture was quenched with the addition of an excess of glacial acetic
acid (0.2 mL) to the solution, and the resultant solution was then poured into methanol
(200 mL). The resultant polymer was then collected on filter paper and dried in vacuo.

3.9. Kinetic Studies

The polymerizations were carried out at 130 ◦C in toluene (2 mL) using 0.010 mmol of
the complex. The molar ratio of monomer to initiator was fixed at 500:1, and at appropriate
time intervals, 0.5 µL aliquots were removed (under N2) and were quenched with wet
CDCl3. The percentage conversion of monomer to polymer was determined using 1H NMR
spectroscopy.

3.10. Procedure for Ethylene Polymerization

Ethylene polymerization experiments were performed in a steel 500 mL autoclave. The
reactor was evacuated at 80 ◦C, cooled to 20 ◦C, and then charged with the freshly prepared
solution of the co-catalyst in heptane/toluene. Pre-catalysts were introduced into the reactor
in sealed glass ampoules containing 0.5 or 1.0 µmol of appropriate V-complex in 0.5 mL of
solvent. After setting up the desired temperature and ethylene pressure, the reaction was
started by breaking the ampoule with the pre-catalyst. During the polymerization, ethylene
pressure (2 bar), temperature (70 ◦C), and stirring speed (2000 rpm) were maintained
constant. After 30 min (during which time the ethylene consumption rate declined to
nearly zero level), the reactor was opened to the atmosphere, and the polymeric product
was dried in a fume-hood to a constant weight.

Polymerization conditions. For entry 1 of Table 5: V loading 1.0 µmol (dissolved in
CH2Cl2), co-catalyst Et2AlCl + ETA (molar ratio V: Et2AlCl:ETA = 1:1000:500) in 50 mL
of toluene + 100 mL of heptane, T pol 70 ◦C, P C2H4 = 2 bar, for 30 min. For entries 2–8
of Table 5: V complex was dissolved in toluene, co-catalyst Me2AlCl + ETA (molar ratio
V:Me2AlCl:ETA = 1:1000:1000) in 100 mL of toluene + 100 mL of heptane; T pol 70 ◦C, P
C2H4 = 2 bar, for 30 min.

4. Conclusions

The products resulting from the interaction of the potentially O,N,O-tridentate 6-
bis(o-hydroxyaryl)pyridines 2,6-{HOC(X)2CH2}2(NC5H3) (X = Ph, LH2; iPr, L1H2) with
the vanadyl trisalkoxides [VO(OR)3] (R = n-Pr, i-Pr) have been isolated in good yield and
characterized as [VO(Oi/n-Pr)L/L1]. The use of LNa2 with [VCl3(THF)3] afforded [VL2]
in which the pyridyl N atoms are positioned cis, whereas the use of [VCl2(TMEDA)2]
afforded the regioisomer with trans pyridine rings. The related potentially N,O,N-tridentate
bis(methylpyridine)-substituted alcohol (tBu)C(OH)[CH2(C5H3Me-5)]2, L2H, on treatment
with [VO(OR)3] (R = Et, i-Pr) afforded [VO(µ-O)(L2)]2, in which L2 binds in N,O-bidentate
fashion. These products were screened for their ability to act as catalysts for the ring-
opening polymerization of ε-caprolactone (ε-CL), δ-valerolactone (δ-VL), and rac-lactide
(r-LA). In the case of ε-CL, products formed in solution were both linear and cyclic and
of low molecular weight. Higher molecular weight products were formed when melt
conditions were employed. In the case of δ-VL, linear and cyclic products were also
formed, with the higher molecular weight products accessed when using systems employ-
ing [L/L1VO(OR)], i.e., 1, 4, and 5. For both PCL and PVL, the low molecular weights
(versus the theoretical values) suggested transesterifaction side reactions had occurred.
For r-LA, only the bis(methylpyridine)-substituted alcohol-derived complex 6 exhibited
any appreciable activity. Complexes 1, 4, and 5 displayed moderate activities in ethylene
polymerization in the presence of dimethylaluminium chloride (DMAC) activator and the
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re-activator trichloroethylacetate (ETA), affording linear high-MW polyethylene, whilst 6
was inactive under the conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13060988/s1, Figure S1: Molecular structure of L1H2; Figure S2:
Intermolecular interaction and packing of L1H2; Figure S3: Alternative view of the molecular structure
of V({OC(Ph)2CH2}2(trans-NC5H3))2]·2THF (3·2THF); Packing of 6; Table S1: Crystallographic data
for 1, 2 and 3·2THF; Table S2: Crystallographic data for 4–6 and L1H2; Figure S4: 51V NMR spectra of
4 and 6; Figure S5: Packing of 6; Figure S6: MALDI-ToF of PCL using 5 under N2 at 70 ◦C (entry 14,
Table 1); Figure S7: 1H NMR spectrum of PCL (using 1 in air, entry 5, Table 1); Figure S8: MALDI-ToF
of PCL using 1 under air (entry 5, Table 1); Figure S9: MALDI-ToF of PCL using 5 as a melt under
N2 (entry 7, Table 2); Figure S10: 1H NMR spectrum of PVL (using 4 under N2, entry 6, Table 3);
Figure S11: MALDI-ToF of PVL using 5 as a melt under air (entry 8, Table 3); Figure S12: MALDI-ToF
of PVL using 5 as a melt under N2 (entry 9,Table 3); Figure S13: 13C NMR spectrum of the methine
region of the PLA using 6 under N2 (entry 9, Table 4); Figure S14: 13C NMR spectrum of the methine
region of the PLA using 6 under air (entry 10, Table 4) [66,67].
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Abstract: Although 2,4-dinitrotoluene (DNT) hydrogenation to 2,4-toluenediamine (TDA) has become
less significant in basic and applied research, its industrial importance in polyurethane production
is indisputable. The aim of this work is to characterize, rank, and compare the catalysts of 2,4-
dinitrotoluene catalytic hydrogenation to 2,4-toluenediamine by applying the Miskolc Ranking 21
(MIRA21) model. This ranking model enables the characterization and comparison of catalysts with
a mathematical model that is based on 15 essential parameters, such as catalyst performance, reaction
conditions, catalyst conditions, and sustainability parameters. This systematic overview provides
a comprehensive picture of the reaction, technological process, and the previous and new research
results. In total, 58 catalysts from 15 research articles were selected and studied with the MIRA21
model, which covers the entire scope of DNT hydrogenation catalysts. Eight catalysts achieved the
highest ranking (D1), whereas the transition metal oxide-supported platinum or palladium catalysts
led the MIRA21 catalyst ranking list.

Keywords: hydrogenation; catalyst ranking; catalyst comparison; 2,4-dinitrotoluene; 2,4-toluenediamine

1. Introduction

Polyurethanes, referred to as urethanes, PUs, or PUR, are characterized by the urethane
linking –NH–C (= O)–O–, which is established by the reaction of the organic isocyanate
(NCO) groups and hydroxyl (OH) groups [1]. Due to their versatility and excellent mechan-
ical, chemical, physical, and biological properties, they have a wide range of applications
and a variety of uses, such as in appliances, automotive, construction, furniture, clothing,
and the wood industries. Although the impact of COVID-19 has been startling, the global
polyurethane market size was USD 56.45 billion in 2020 and it is projected to grow [2]. The
rising demand for foams in furniture and in the construction industry has been driving the
toluene diisocyanate (TDI) market growth.

TDI is one of the main materials of polyurethane production. TDI is produced in three
different steps: the nitration of toluene, the dinitrotoluene hydrogenation to toluenediamine
(TDA), and in the phosgenation of diaminotoluene. The general industrial process of TDA
formation is the catalytic hydrogenation of dinitrotoluene in the liquid phase in the presence
of a catalyst. Six isomers of TDA can be generated, but the major intermediate of TDI
production is 2,4-toluenediamine (2,4-TDA).

In addition to the production volume and the versatility of its application, the in-
dustrial importance of TDA production is also shown by its patent history. A search on
the Google Patents website using the keywords ‘dinitrotoluene’, ‘hydrogenation’, and
‘toluenediamine’ yields 400 patents that have been published since 1953 [3]. While the
first patents in the 1950s described some general reaction conditions and some catalyst
components, the newest patents provide much more detailed descriptions of multicompo-
nent catalysts, their composition, and their preparation [4–10]. Although the latest patents
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describe the high performance catalysts comprising activated metal, one or more auxiliary
metals, and a special support material such as oxide [11], the most commonly used catalyst
in the industry is the nickel catalyst [12]. Despite the fewer number of published scientific
research papers [13], a high conversion and selectivity were achieved with the catalysts
of many different formulations of nickel, platinum, or palladium on carbon, oxide, or
zeolite supports [14–19]. However, in addition to the catalytic performance, sustainability
parameters also play an increasingly important role in the chemical industry, such as re-
versibility and stability [20–22]. There are many steps between the fundamental research on
catalysts to their industrial application. Nevertheless, new scientific findings are essential
for the development of applied technological innovations if the new knowledge is to be
used effectively [23].

The Miskolc Ranking 21 (MIRA21) model is a new, multi-step, functional mathematical
method to extract the knowledge from the heterogeneous catalyst data through the catalyst
characterization, comparison, and ranking of a series of catalysts [24]. In our previous work
we discussed the method and application possibilities through the reaction of nitrobenzene
hydrogenation to aniline. The ranking model applies a fifteen-parameter descriptor system
to facilitate the comparison of the experimental and scientific publication results of a
determined reaction to support catalyst development. The parameters of the descriptor
system can be divided into four groups: catalyst performance, reaction conditions, catalyst
conditions, and sustainability parameters. The model qualifies and ranks the catalysts
based on these parameters.

This overview summarized the advances in the selective hydrogenation of dinitro-
toluene to form toluenediamine, based on the catalysts used to carry out this process in the
last 50 years. As the focus point of this work, we characterized and ranked 58 catalysts from
15 articles according to the MIRA21 model to make the systematic comparison of them.

Figure 1 describes the technological process:
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Figure 1. TDI production process from toluene [25].

The production of TDI is carried out in a three-step continuous process (Figure 1).
Dinitrotoluene is produced in the first step by the nitration of toluene. The second and key
step is the catalytic hydrogenation of dinitrotoluene to toluene diamine. In the last step,
toluene diamine is phosgenated to form TDI.

The formation of DNT by the mixed acid nitration of toluene occurred at atmospheric
pressure and between 40 ◦C and 70 ◦C. The main product of the process is a mixture of the
2,4- and 2,6-dinitrotoluene isomer mixture (Figure 2) [26]. These are the starting reagents
for hydrogenation. The side products of the reaction are 2,3- and 3,4-DNT isomers, whereas
the 2,5- and 3,5- isomers and other byproducts can also be found in smaller quantities.
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Figure 2. Raw material of hydrogenation process [26].

The second step of the industrial process is the catalytic hydrogenation to dinitro-
toluene to toluenediamine using a solid catalyst at a high pressure and high temperature
(100–150 ◦C, 5–8 bar). This step was previously carried out in the presence of iron filings
and aqueous hydrochloric acid [27], but today it is hydrogenated using a Ra-Ni or Pd/C
catalyst. In strong industrial conditions (high pressure and temperature), an extremely
high-quality product is produced with a high yield. Furthermore, Figure 3 shows the
general reaction equation with the main product of dinitrotoluene hydrogenation.
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The process occurred in a continuously stirred tank reactor where the DNT isomer
mixture usually reacts with hydrogen gas in the presence of the supported precious metal
catalyst in a TDA/water medium. In order to achieve a high conversion, the correct catalyst
composition and reaction conditions (temperature, pressure, etc.) are crucial [28]. The
spent catalyst is removed from the system through a catalyst filter and the new catalyst is
added. It is important that the catalyst can be easily removed and regenerated. Westerwerp
et al. made a pilot installation of a 2,4-DNT synthesis plant and studied the reactor design
and operation process [29–31]. The experiments took place in a continuously stirred, three-
phase slurry reactor with an evaporating solvent. They mentioned that, in addition to a
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good catalyst, it is important to choose the ideal hydrogenation reactor unit and optimal
reaction parameters, and to solve the deactivation problem of the catalyst.

2. Reaction Mechanism and Kinetics

The kinetics and reaction mechanism of the catalytic hydrogenation of 2,4-dinitrotoluene
to 2,4-toluenediamine was investigated by several research groups [15,16,32–34]. In the
1990s, Janssen et al. studied the reaction scheme and modelled the reaction rates and cat-
alyst activity to evaluate the performance of a batch slurry reactor at 308–357 K and
over the pressure range of 0–4 MPa [35,36]. The reaction rates are described by the
Langmuir-Hinshelwood model. They found that 2,4-dinitrotoluene can be converted to 2,4-
toluenediamine through two parallel pathways with consecutive reaction steps. They found
that 4-hydroxyamino-2-nitrotoluene, 4-amino-2-nitrotoluene, and 2-amino-4-nitrotoluene
are the most stable intermediates, but the presence of 2-amino-4-hydroxyaminotoluene and
another azoxy compound were also observed. One of the reaction pathways is the direct
conversion of an o-nitro group to an amino group. The other one is the conversion of the
p-nitro group to an amino group in a two-step reaction.

While Janssen et al. was the first to describe the two reaction pathways, Neri et al.
wrote a more complex reaction mechanism [37,38]. Neri et al. investigated this hydro-
genation reaction over a supported Pd/C catalyst and found that 4-hydroxyamino-2-
nitrotoluene, 2-amino-4-nitrotoluene, and 4-amino-2-nitrotoluene can form directly from
2,4-dinitrotoluene. Figure 4 compares the Janssen et al. and Neri et al. reaction schemes.
The latter found that the hydrogenation of the hydroxylamine intermediate occurred
via a triangular reaction pathway. Their further studies focused on 2-hydroxyamino-4-
nitrotoluene as a reaction intermediate, which accumulates in the reaction mixture instead
of 2-hydroxiamino-4-nitrotoluene [37,39,40]. It was shown that the formation of the nitro
group depends on the presence of electron-donating substituents and steric effects [41].Catalysts 2023, 13, x FOR PEER REVIEW 5 of 20 
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Electronic structure computational studies can be a great help in studying the reaction
mechanism of three-phase catalytic hydrogenation reactions. In such a study, Barone

119



Catalysts 2023, 13, 387

et al. applied the Monte Carlo algorithm to simulate the batch hydrogenation of 2,4-
dinitrotoluene on a carbon-supported palladium catalyst [31,42,43]. They investigated the
influence of the molecular adsorption modes, the steric hindrance, and the metal dispersion
on the reaction mechanism. They found that the steric hindrance of the different surface
species had the largest influence on the mechanism.

Hajdu et al. worked on a new catalyst that contains precious metal on chromium-oxide
nanowires for 2,4-toluenediamine synthesis [44]. In our previous work, we examined and
described a possible reaction mechanism based on the GC-MS results. Our study confirms
the mechanism by Neri et.al., as we detected the presence of nitroso and hydroxylamine
compounds (Figure 5).
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According to our results, 2,2-dinitro-4,4-azoxytoluene was found in the system (Figure 6),
which could form through the reaction between the nitroso and hydroxylamine functional
groups. In addition to the two semi-hydrogenated intermediates (4-amino-2-nitrotoluene,
2-amino-4-nitrotoluene), we detected other side products, which further supports the
reaction mechanism of Neri et al. Figure 7 shows the detected and assumed side products
obtained during the formation of TDA.
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We also demonstrated that E-1-(2,4-dinitrophenyl)-N-(2-methyl-5-nitrophenyl)
methanimine and 2-[(E)-[(2-methyl-5-nitrophenyl)imino]methyl]-5-nitrophenol was formed
by the water loss in the condensation reaction (A and B). Molecule C was formed by the
reaction between 4-methylbenzene-1,3-diol and 2-nitroso-4-nitrotoluene. As shown in
Figure 7, 2-nitro-4-nitrosotoluene reacted with 2-methoxy-4-methylphenol to yield com-
pound D. Isomers E and F were formed by the reaction between 2-methoxy-1-methyl-4-
nitrobenzene and dimethyl-2-nitrobenzene. Compound G was formed by the reaction
between 2-methoxy-1,4-dimethylbenzene and 2-methoxy-4-nitrosotoluene.

3. Results and Discussion of TDA Synthesis Catalysts

The hydrogenation of 2,4-dinitrotoluene to 2,4-toluenediamine is an essential techno-
logical step in the polyurethane industry. Although the technological process, the reaction
mechanism, and the reaction kinetics have been investigated and have come to be generally
accepted, there is still much to learn about the catalysis of this process. That is why the
mapping of the current state of catalyst development likewise facilitates the development
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of scientific research. However, the review of the literature on catalysts used for TDA
synthesis does not provide sufficient information to achieve this aim. The comparison of
the catalysts examined so far provides a much more comprehensive picture of the latest
developments on their effectiveness. Therefore, the MIRA21 model was used to execute
the catalyst’s characterization, comparison, and qualification [24].

3.1. Catalyst Library

The results of the literature research are surprising because there are relatively few
published scientific results about the dinitrotoluene hydrogenation process. They were
mostly prepared before the 2000s. Based on Google Scholar searches for the keywords
dinitrotoluene hydrogenation, we obtained 2210 matches, however, if we added toluenediamine,
there were only 212 hits. In total, 92 pieces of these included scientific results obtained
after 2010. To demonstrate this, the keyword kinetic was added to the initial search, which
then yielded 120 articles. Overall, only a few research groups have studied TDA synthesis
and have prepared catalysts for this reaction. On one hand, a smaller database reduces the
reliability of the MIRA21 results. On the other hand, a smaller dataset makes it easier to
delineate the possible research pathways on the topic.

After the first selection, 56 articles remained. During the data analysis, we concluded
that it is justified to change the publication year selection criteria (after 2000) and we also
worked with previous articles. The left panel of Figure 8 shows the distribution of the
scientific publications according to the publication date. The right panel of the figure
presents the studied articles based on its Q-index in 2021 after the primary article selection
(relevance, publication year, Q-index). The figure shows that the data used to analyze the
catalysts mainly came from Q1 articles. A few publications whose publisher has since
ceased to exist were also included in the analysis because they had previously provided
space for the publication of high-quality scientific works.
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components was in the order of Pd > Pt > Ni. In addition to palladium and platinum, nickel 
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of 15 articles after second selection (right).

The 58 qualified catalysts selected from 15 articles were mostly supported catalysts
(Figure 9 left) [14,16,40,44–55]. Most of the produced catalysts contained one active com-
ponent on the support (middle of the figure). The catalysts with two active components
generally applied palladium-platinum, palladium-iron combinations. The catalyst systems
containing three active components were composed of either iridium-manganese-iron,
iridium-iron-cobalt, or nickel-lanthanum-boron. The frequency of the active metal compo-
nents was in the order of Pd > Pt > Ni. In addition to palladium and platinum, nickel was
also seen, which is used as a common catalyst in industrial practice (Figure 9 right). Regard-
ing the catalyst carrier, we mainly identified metal oxides (zirconium, chromium, titanium,
aluminum, and silicon), ferrites, maghemites, zeolites, and activated carbon as typical in
the chemical industry. Occasionally, PVP-based catalysts were also investigated [14].
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3.2. Catalyst Ranking and Characterization

Based on the available library of the catalyst data, it is difficult to get a consistent
picture of DNT hydrogenation catalysts. However, these catalysts can be well-qualified
and comparable, according to the MIRA21 model. A total of 58 catalysts from 15 articles
reporting research results were successfully analyzed [14,16,40,44–55].

The catalysts were characterized in detail, as 10 or more known parameters could be
collected in each case (from 15). The tested reaction conditions are in the range 295–393 K
and 1–50 atm, with the exception of two cases (98 and 150 atm). The time required for
maximum conversion ranged from a few minutes to a 1-day interval, which therefore
shows a large standard deviation. The average reaction time for 100% conversion is 60 min
(Figure 10). This shows that the reaction times of the best catalysts were under 40 min.
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The amount of initial dinitrotoluene was in the range of 0.002 and 0.3 mol. The
amount of active metal in the catalyst also showed a large deviation from 5.13 × 10−7 mol to
0.034 mol. Despite the low amount of the catalyst, as mentioned above, 100% conversion was
achieved [54]. The increased amount of the material was typical for nickel-type catalysts.
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Furthermore, Figure 11 shows the catalytic performance results for the selected, stud-
ied, characterized, ranked, and classified catalysts. The conversion of the studied catalysts
in classes D1-Q1-Q2 is over 99 n/n%, however, the product selectivity is much more differ-
entiated. Based on these results, it can be said that achieving the pure TDA product pro-
duced during hydrogenation is a serious challenge for researchers. The worst-performing
catalysts (class Q4) worked below 50 n/n%.
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Figure 11. Catalytic performance of catalysts.

The catalyst composition changed according to the ranking of the MIRA21 model. In
addition, Figure 12 shows the active components and support types of the catalyst systems
based on their classification. The best-performing catalysts (class D1) consist of palladium
or platinum and transition metal oxide supports. Although nickel is more commonly used
in the industry, these types of catalysts are in the lower half of the ranking. Iridium as an
active component in the catalyst also obtained a relatively good MIRA21 number. Most of
the unsupported, carbon black, Al2O3 and SiO2-supported catalysts are in the lower half of
the ranking.

Practically, the catalyst carrier of the system differed according to the MIRA21 classes.
Mainly activated carbon supports can be found in Q2 and Q4 classes. The catalysts with
the transition metal supports are at the top of the ranking.

The eight best D1-rated catalysts are listed in Table 1. The columns contain the ID code
and the designation of the catalysts, the type of catalyst support and active component, the
number of known parameters, and the calculated MIRA21 number. The best MIRA catalysts
consist of only one active component and transition metal oxide supports. Based on the
results, the platinum-containing catalysts produced better results than their competitors
did. The synergistic effect of the combination of the active components is difficult to assess
because there is not enough information available. Class D1 includes the catalysts that
are studied according to sustainability considerations, such as stability and reactivation
capabilities. These catalysts are at the beginning of the innovation pathway and are not
yet suitable for industrial application. If the results were compared with the ranking of the
catalysts analyzed in the case of the nitrobenzene hydrogenation reaction, it can be found
that the best MIRA21-ranked catalyst was similar to the Pt/ZrO2 catalyst, which is one of
the most effective catalyst systems in the first class. Zhang et al. prepared a Pt/ZrO2/SBA-
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15 hybrid nanostructure catalyst that showed an excellent catalytic performance at 313 K,
7 atm in 50 min for the hydrogenation of nitrobenzene to aniline [56]. They found that
the dispersion of ZrO2 in SBA-15 improved the performance of the catalyst due to its
mesoporous structure. Therefore, it would be worthwhile to try this catalyst for the
synthesis of TDA as well.
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Table 1. TOP10 catalyst of MIRA21 ranking.

D1 CATALYSTS

No. CATALYST ID Catalyst Name Support Active Component Number of Known
Parameters MIRA21 Number

1 HDNT/MIS/2021/2/2 Pt/CrO2 Chromium(IV)-dioxide Platinum 15 11.50
2 HDNT/MIS/2021/2/1 Pd/CrO2 Chromium(IV)-dioxide Palladium 15 11.49
3 HDNT/MIS/2021/3/1 Pd/NiFe2O4 Nickel ferrite Palladium 15 11.45
4 HDNT/TIA/2020/1/3 15Pt/ZrO2-300 Zirconium-dioxide Platinum 13 11.44
5 HDNT/TIA/2020/1/4 15Pt/ZrO2-400 Zirconium-dioxide Platinum 13 11.43
6 HDNT/TIA/2020/1/2 15Pt/ZrO2-200 Zirconium-dioxide Platinum 13 11.42
7 HDNT/MIS/2021/1/2 Pd/maghemite Maghemite Palladium 15 11.35
8 HDNT/TIA/2020/1/5 45Pt/ZrO2-300 Zirconium-dioxide Platinum 13 11.06

The work of Hajdu et al. focused on the development of new magnetic catalysts for
the hydrogenation of DNT to TDA [44,53,55]. One of the catalysts is Pd/NiFe2O4, which
has achieved 99 n/n% TDA yield at 333 K and 20 atm. In this work, they synthetized the
nickel ferrite spinel nanoparticles to solve the problem of separating the catalyst from the
products by magnetization. Another magnetic catalyst with good catalytic performance
is Pd/maghemite, which is made by a combustion method with a sonochemical step.
Palladium on a maghemite support resulted in a high catalytic activity for TDA synthesis
at about 60 min and under the same reaction conditions as ferrite hydrogenation. The first
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and the fifth place of the MIRA rankings were the chromium oxide platinum and palladium
catalysts. These innovative systems yielded excellent performing catalysts. It was prepared
with chromium (IV) oxide nanowires that were decorated with platinum and palladium
nanoparticles. These catalysts showed high catalytic activity at 333 K and 20 atm. If a
Pt/CrO2 catalyst was used, 304.8 mol of TDA was produced under these conditions, while
only 1 mol of the precious metal catalyst was used. When palladium is used as an active
component, only 60.14 mol TDA was produced, but it is also a relatively large amount.
From an industrial point of view, it is important that this type of catalyst could be easily
separated from the reaction mixture due to its magnetic properties. The stability of the
catalyst was studied, and it was found that the catalyst could be used at least four times
without regeneration.

Ren and his colleagues made half of the D1 class catalysts, and these catalytic systems
consisted of zirconium oxide supports and platinum precious metal [54]. Ren et al. prepared
the ZrO2-supported platinum catalysts with different Pt concentrations and at different
reduction temperatures. They found that the 0.156% Pt-containing zirconium oxide catalyst
has the highest catalytic performance at 353 K and 20 atm. According to their results,
the use of this catalyst reached an initial hydrogen consumption of 4583 mol H2 mol Pt-1
min-1. In this work, they investigated the interaction between the precious metal and the
oxide support. It was found that zirconium oxide had the highest adsorption capacity for
platinum ions due to its ability to be protonated and deprotonated.

4. MIRA21 Method

In our previous work, we successfully developed the Miskolc Ranking 2021 (MIRA21)
system as a multistep process for the identification of new and useful patterns in the catalyst
data sets to provide a standard algorithm for catalyst characterization and to compare
and rank catalysts with minimal bias [24]. It is a practical and functional mathematical
model of exact catalyst qualification with four classes of descriptors: catalyst performance,
reaction conditions, catalyst conditions, and catalyst sustainability. The comparison of
TDA catalysts could enable the supporting design of catalysts and the monitoring of
research and development trends. The model facilitates the determination of the direction
of catalyst development by establishing a system for ranking and classifying the catalysts.
Furthermore, the standardization of the data in scientific publications could also benefit
from accurate and coherent data. Figure 13 illustrates the process of the MIRA21 method
from the literature sources to useful knowledge.
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Figure 13. Process steps of MIRA21 model.

Table 2 shows the descriptor system of the model. The parameters can be divided into
four classes with different weighting coefficients. The catalyst performance class includes
conversion, selectivity, yield, and turnover number attributes. The second group contains
the reaction conditions of the laboratory or large-scale experiments with the prepared
catalysts. The third group is the catalyst conditions, with these two easily described
parameters included in it. The last group addresses the sustainability and industrial
application of the catalysts.
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Table 2. Descriptor system of MIRA21 for TDA synthesis [24].

Categories No. Notation Name Unit Definition

Quantifiable
parameters

Catalyst
performance I.

1. XPRmax
Maximum
conversion n/n%

Maximum desired product
conversion achieved on a given

catalyst

2. YPR Product yield n/n% Product yield for maximum
conversion

3. SPR
Product

selectivity n/n% Product selectivity for maximum
conversion

4. TONPR
Turnover
number -

Number of moles of product
formed per 1 mol active metal

when the maximum conversion
reached

Reaction
conditions II.

5. Tmax.conv. Temperature K Reaction temperature for
maximum conversion

6. Pmax.conv. Pressure atm Reaction pressure for maximum
conversion

7. tmax.conv. Time min Time required to reach maximum
conversion

8. ncat.

Molar amount
of initial
catalyst

mol

The molar amount of the active
metal involved in the reaction; in
case of several metals, the sum of

molar numbers

9. nstart

Molar amount
of starting

reagent
mol The initial amount of starting

reagent involved in the reaction

Catalyst
conditions

III.
10. CPZ Catalyst

particle size nm Average particle size of the
catalyst

11. CSA Catalyst
surface area m2/g Catalyst (active metal + support)

surface area

Does the publication contain information about these subjects?

Non-
quantifiable
parameters

Sustainable
parameters IV.

12. Rea
Information

about
reactivation

-

Reactivation means the physical
process by which the activity of
the catalyst used returns to or
near the original activity level.

13. Stab
Information

about stability
of catalyst

- Stability means preservation of
catalytic activity

14.
Care

Information
about catalyst
carrier effect

-
Carrier effect means the catalyst
support influences the catalytic

reaction

15. Catalyst
carrier effect - Nature of the effect (positive, no

effect, negative)

Table 2 describes the parameters used to characterize the performance of the catalyst,
as well as the main mathematical equations used in the calculation of the MIRA21 number
and ranking.

Figure 14 lists the equations used in the MIRA21 model, where nDNT, nTDA, and
ncatalyst are the corresponding molar amounts of the compounds; A is the value of the
attribute; At is the transformed attribute value; minA and maxA are the corresponding
calculated minimum and maximum values of the attribute in the data set; MIN is the
minimum scoring point; MAX is the maximum scoring point; i = 1 . . . 15 is the number of
attributes; MAXrank is the highest and MINrank is the lowest score of the MIRA21 ranking.
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5. Summary and Conclusions

In summary, Table 3 includes the MIRA21 results and the classification of selected
and studied catalysts for the hydrogenation of DNT. The aim of this work is to make
an overview of the hydrogenation of dinitrotoluene to toluenediamine. The chemical
technology, development of reaction mechanism, and previous catalyst research were
summarized by a quantitative comparison method called MIRA21. In total, 58 catalysts
from 15 research articles were selected and studied with the MIRA21 model, which covered
the complete scientific literature of the catalytic hydrogenation DNT. According to the
ranking and classification, eight catalysts were ranked in the highest class (D1).

Table 3. Catalysts for dinitrotoluene hydrogenation to toluenediamine in liquid phase [14,16,40,44–55].

CATALYSTS

No. CATALYST ID Catalyst Name Catalyst Support
Main

Active
Component

Known Par. MIRA21
Number Class

1 HDNT/MIS/2021/2/2 Pt/CrO2 Chromium(IV)-dioxide Platinum 15 11.50 D1
2 HDNT/MIS/2021/2/1 Pd/CrO2 Chromium(IV)-dioxide Palladium 15 11.49 D1
3 HDNT/MIS/2021/3/1 Pd/NiFe2O4 Nickel ferrite Palladium 15 11.45 D1
4 HDNT/TIA/2020/1/3 15Pt/ZrO2-300 Zirconium-dioxide Platinum 13 11.44 D1
5 HDNT/TIA/2020/1/4 15Pt/ZrO2-400 Zirconium-dioxide Platinum 13 11.43 D1
6 HDNT/TIA/2020/1/2 15Pt/ZrO2-200 Zirconium-dioxide Platinum 13 11.42 D1
7 HDNT/MIS/2021/1/2 Pd/maghemite Maghemite Palladium 15 11.35 D1
8 HDNT/TIA/2020/1/5 45Pt/ZrO2-300 Zirconium-dioxide Platinum 13 11.06 D1
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Table 3. Cont.

CATALYSTS

No. CATALYST ID Catalyst Name Catalyst Support
Main

Active
Component

Known Par. MIRA21
Number Class

9 HDNT/TIA/2020/1/6 60Pt/ZrO2-300 Zirconium-dioxide Platinum 13 11.01 Q1
10 HDNT/TIA/2020/1/7 85Pt/ZrO2-300 Zirconium-dioxide Platinum 13 11.00 Q1
11 HDNT/MIS/2021/3/2 Pd/CoFe2O4 Cobalt ferrite Palladium 15 10.84 Q1
12 HDNT/SHA/2012/1/1 Ni/HY catalyst HY molecular sieve Nickel 15 10.77 Q1
13 HDNT/MIS/2021/1/1 Pt/maghemite Maghemite Platinum 15 10.67 Q1
14 HDNT/MIS/2021/3/3 Pd/CuFe2O4 Copper ferrite Palladium 15 10.48 Q1
15 HDNT/MIS/2022/1/3 Pd/NiFe2O4-NH2 Nickel-ferrite Palladium 13 10.31 Q1

16 HDNT/MIS/2022/1/1 Pd/CoFe2O4-NH2 Cobalt-ferrite Palladium 13 10.28 Q2
17 HDNT/MIS/2021/1/3 Pd-Pt/maghemite Maghemite Palladium 14 10.14 Q2
18 HDNT/PUN/1999/1/5 20% Ni/HY HY zeolite Nickel 14 9.50 Q2
19 HDNT/DAL/1997/1/2 PVP-Pd-1/4 Pt PVP Palladium 13 9.47 Q2
20 HDNT/PUN/1999/1/6 10% Ni/HY HY zeolite Nickel 14 9.44 Q2

21 HDNT/MES/2001/1/1 MGPd05 Chemviron SC XII active
carbon Palladium 13 9.24 Q2

22 HDNT/MES/2001/1/3 MGPd1b Chemviron SC XII active
carbon Palladium 13 9.23 Q2

23 HDNT/MES/2001/1/8 MGPd5a Chemviron SC XII active
carbon Palladium 13 9.20 Q2

24 HDNT/HAN/2001/1/2 B Chemically activated
carbon Iridium 13 9.19 Q2

25 HDNT/MES/2001/1/4 MGPd1c Chemviron SC XII active
carbon Palladium 13 9.19 Q2

26 HDNT/HAN/2001/1/1 A Chemically activated
carbon Iridium 13 9.19 Q2

27 HDNT/MES/2001/1/7 MGPd5 Chemviron SC XII active
carbon Palladium 13 9.17 Q2

28 HDNT/MES/2001/1/5 MGPd1d Chemviron SC XII active
carbon Palladium 13 9.14 Q2

29 HDNT/MES/2001/1/2 MGPd1a Chemviron SC XII active
carbon Palladium 13 9.13 Q2

30 HDNT/MES/2001/1/6 MGPd3 Chemviron SC XII active
carbon Palladium 13 9.06 Q3

31 HDNT/HAN/2001/1/3 C Steam activated carbon Palladium 13 9.03 Q3
32 HDNT/MIS/2022/1/2 Pd/CdFe2O4-NH2 Cadmium-ferrite Palladium 13 8.95 Q3
33 HDNT/ZUR/1987/1/1 0.5 % Pt/Al2O3 Al2O3 Platinum 13 8.88 Q3
34 HDNT/HAN/2001/1/4 D Steam activated carbon Palladium 13 8.79 Q3
35 HDNT/HAN/2001/1/5 E Oleophilic carbon black Palladium 13 8.78 Q3
36 HDNT/PUN/1999/1/2 20% Ni/SiO2 SiO2 Nickel 14 8.63 Q3
37 HDNT/SHA/2012/1/4 Ni-La6-B Nickel 12 8.36 Q3
38 HDNT/SHA/2012/1/3 Ni-La4-B Nickel 12 8.34 Q3
39 HDNT/SHA/2012/1/2 Ni-La2-B Nickel 12 8.33 Q3
40 HDNT/SHA/2012/1/1 Ni-La0-B Nickel 12 8.32 Q3
41 HDNT/SAP/2004/1/3 Pt/C in ethanol Active carbon Platinum 13 8.02 Q3
42 HDNT/SHA/2012/1/5 Ni-La8-B Nickel 12 7.92 Q3
43 HDNT/SAP/2004/1/2 Pt/C in ethanol Active carbon Platinum 13 7.90 Q3

44 HDNT/TIA/2020/1/1 15Pt/ZrO2-100 Zirconium-dioxide Platinum 13 7.85 Q4
45 HDNT/PUN/1999/1/4 20% Ni/HZSM-5 HZSM-5 Nickel 14 7.75 Q4
46 HDNT/TAE/1993/1/1 SA Activated carbon Palladium 11 7.58 Q4
47 HDNT/TAE/1993/1/3 DA Activated carbon Palladium 11 7.52 Q4
48 HDNT/TAE/1993/1/2 SAON Activated carbon Palladium 11 7.50 Q4
49 HDNT/TAE/1993/1/4 DAON Activated carbon Palladium 11 7.49 Q4
50 HDNT/PUN/1999/1/1 20% Ni/Al2O3 Al2O3 Nickel 14 7.43 Q4

51 HDNT/BAR/2000/1/1 Pd(AAEMA)2/EMA/EGDMA Polymer-supported
complex Palladium 13 7.27 Q4

52 HDNT/DAL/1997/1/1 PVP-PdCl2 PVP Palladium 10 6.99 Q4
53 HDNT/PUN/1999/1/3 20% Ni/TiO2 TiO2 Nickel 14 6.95 Q4
54 HDNT/TAE/1993/1/7 VB Carbon black Palladium 10 6.80 Q4
55 HDNT/TAE/1993/1/8 VON Carbon black Palladium 10 6.80 Q4
56 HDNT/TAE/1993/1/6 DAOH Activated carbon Palladium 10 6.80 Q4
57 HDNT/TAE/1993/1/5 DAOS Activated carbon Palladium 10 6.80 Q4
58 HDNT/SAP/2004/1/1 Pt/C in scCO2 Active carbon Platinum 13 6.68 Q4

The number of catalysts developed for TDA synthesis is low, since the scientific
research focused mostly on the reaction mechanism and reaction kinetic. Despite this fact,
many different catalyst systems have been developed.

More than 80% of the 58 types of catalysts produced and tested had excellent conver-
sions, but only 45% of them demonstrated a selectivity above 90% n/n%. More than 80% of
the produced catalysts consisted of only one active component. Since the combination of
catalysts has not been scarcely investigated, one recommended direction of research is the
multi-component catalyst. Catalyst development represents a new trend that has led to
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the establishment of many high-performance catalysts. Based on the analyzed catalysts,
compared to the traditional carbon-based supports, catalysts with oxide and/or magnetic
supports showed better results in laboratory conditions. Carbon-supported nickel cata-
lysts are primarily used in the industry, but nickel catalysts did not yield the best results.
The advantage of well-performing magnetic catalysts due to their ability to be repaired
is indisputable, but the economic implications of their industrial application must also
be considered.
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Abstract: This paper describes the synthesis and catalytic testing of a palladium complex with a
5-membered chelating [N,O] ligand, derived from the condensation of 2,6-diisopropylphenyl aniline
and maple lactone. This catalyst was active towards the Suzuki-Miyaura cross-coupling reaction, and
its activity was optimised through the selection of base, solvent, catalytic loading and temperature.
The optimised conditions are mild, occurring at room temperature and over a short timescale (1 h)
using solvents considered to be ‘green’. A substrate scope was then carried out in which the catalyst
showed good activity towards aryl bromides with electron-withdrawing groups. The catalyst was
active across a broad scope of electron-donating and high-withdrawing aryl bromides with the
highest activity shown for weak electron-withdrawing groups. The catalyst also showed good
activity across a range of boronic acids and pinacol esters with even boronic acids featuring strong
electron-withdrawing groups showing some activity. The catalyst was also a capable catalyst for the
cross-coupling of aryl chlorides and phenylboronic acid. This more challenging reaction requires
slightly elevated temperatures over a longer timescale but is still considered mild compared to similar
examples in the literature.

Keywords: palladium; cross-coupling; Suzuki-Miyaura; aryl Halide; sustainable

1. Introduction

Suzuki-Miyaura cross-coupling is an important and popular reaction with many
applications across a wide field, including the synthesis of ligands for catalysis, natural
products and pharmaceuticals [1,2]. This wide applicability is due to the high tolerance of
the reaction to a wide variety of functional groups and the mild reaction conditions that are
required [1,3–6]. The reaction typically occurs through the reaction of an aryl boronic acid
with a haloarene in the presence of a base with many different catalysts available [7]. These
catalysts are typically Pd and range from heterogeneous nanoparticles to homogeneous
catalysts [4–14]. Early catalysts for Suzuki-Miyaura coupling reactions were based on
phosphorus ligands, of which [Pd(PPh3)4] is a typical example, with the choice of Pd(II)
pre-catalysts based on their air stability and their ready reduction to form the active Pd(0)
species [1,3,14]. The choice of ligand was also observed to have a major effect. This led
to much work being carried out into monoligated species through the development of
bulky, electron-rich phosphines or sterically demanding N–Heterocyclic carbene (NHC)
ligands [15,16]. An important advance in Suzuki-Miyaura cross-coupling reactions is the
activation of aryl chlorides due to their decreased cost compared to aryl bromides, which
was first achieved by Shen et al. using Pd(OAc)2 with 1,3 bis(diphenylphosphino)propane
(dppp) [17]. Through tuning the phosphorus ligands, it has been possible to cross-couple
a wide variety of coupling partners with aryl chlorides [18]. Whilst the yields for aryl
chlorides are typically poor, high reaction temperatures, such as refluxing ortho-xylene for
5–20 h, can be used to improve the yields [19].
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Another main class of ligands in this field are NHCs, first utilised for the Suzuki–
Miyaura coupling of 4–chloroacetophenone with arylboronic acid by Herrmann and co-
workers [20]. Following this work, a wide range of NHCs have been utilized as ligands
for catalytic cross-coupling reactions owing to the strong σ-donating properties and steric
shielding [16]. A recent development in cross-coupling catalysis is the utilization of well-
defined pre-catalysts that do not require the addition of ancillary ligands to metal salts.
These catalysts can allow for transformations under milder conditions or at lower catalytic
loadings [21]. These advantages have been demonstrated by Beller and co-workers where
the use of a pre-formed catalyst improved performance over the same catalytic system
generated in situ [22].

There is a large drive within the field of chemistry to work towards ‘greener’ reac-
tions. These are summarized as the twelve principles of green chemistry introduced by
Anastas and Warner in 1998 [23]. One of these principles is the choice of safer solvents
and auxiliaries [24]. With many cross-coupling reactions requiring DMF, DMA or toluene
heated under reflux, there is space here to improve these conditions and move to more
sustainable alternatives since these solvents are classified by several companies as unde-
sirable or in need of substitution where available following environmental, health and
safety property analysis [25,26]. The use of better media for Suzuki-Miyaura reactions was
reviewed recently across a range of solvents and catalyst types [27,28]. The switch away
from solvents such as DMF is also beneficial when solvents such as methanol are used, as a
simple extraction is required rather than a lengthy aqueous workup.

Schiff base-derived ligands have been shown to provide alternatives to classic phosphine-
based catalysts with similar easy tuning of their steric and electronic properties [8,29–32].
One catalyst design of note was developed by Liu et al. using salicylaldimine ligands with
PdCl2 to form catalytic species in situ, which were capable of coupling a wide range of
aryl bromides between room temperature and 60 ◦C under 6 h (Figure 1) [33]. The use of
pre-formed neutral Pd [N,O] catalysts in green solvents has also been observed in recent
work by Muthumari et al. which was capable of coupling alkyl bromides with a range of
boronic acids in yields of approximately 90% after 3 h at 100 ◦C in water. The catalyst was
also capable of coupling 4–chloroacetophenone to phenyl boronic acid, but this required
8 h at 100 ◦C [34].
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We have previously developed [N,O]-chelating ligands based on maple lactone,
2-hydroxy–3–methylcyclopent–2–enone, also called cyclotene [35,36], which when con-
densed with a substituted aniline, gave ligands featuring a 5-membered chelate ring
and a correspondingly smaller bite-angle than salicylaldimines [37]. Complexation with
[Ni(Ar)(PPh3)] fragments gave catalysts for ethylene polymerization generating differ-
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ent polyethylene properties depending upon the initiator [38]. These ligands are based
on maple lactone, a cheap, bio-sourced material that is useful in the development of
catalysts with inexpensive ligand systems. With limited work into the development of
[N,O]-ligated catalysts in cross-coupling, we set out to investigate the use of a Pd catalyst
with a 5-membered chelating ring in Suzuki-Miyaura cross-coupling reactions using benign
conditions. The work presented herein includes the synthesis, complexation and characteri-
zation of an active catalyst, optimization studies for the Suzuki–Miyaura cross-coupling
reaction and a substrate scope for both cross-coupling partners.

2. Results and Discussion
2.1. Catalyst Synthesis

Synthesis of the proligand was carried out as previously detailed through the condensa-
tion of maple lactone with 2,6–diisopropylaniline using catalytic amounts of p-toluenesulfonic
acid (Scheme 1) with single substitution seen to occur selectively at the ketone position [38].
The reaction with NaH gave the corresponding sodium imino–enolate (2) that reacted
smoothly with [PdCl2(COD)] and PPh3 to give the desired Pd complex 3 in 94% yield.
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3 was characterized using multinuclear NMR spectroscopy, single-crystal X-ray diffrac-
tion (SCXRD), elemental analysis and high-resolution mass spectrometry. The NMR spec-
troscopic studies showed free rotation of the aniline group around the metal centre with a
pair of doublets at 1.20 ppm and 1.44 ppm, each with an integration equivalent to 6H, and
a septet at 3.46 ppm with an integration of 2H, indicative of two distinct environments for
the Dipp protons. Alongside this, signals corresponding to the PPh3 group were also seen,
including a singlet at 26.6 ppm in the 31P{1H} NMR spectrum.

The molecular structure of 3 was determined using SCXRD and showed a Pd(II)
complex with square planar geometry (Figure 2). The N-Pd-O bite angle was 82.74(7)◦

with the imine donor trans to PPh3. This is similar to the other reported 5-membered
chelating [N,O] Pd complexes displaying bite angles between 78.46(6)◦ and 85.27(4)◦.
Similar bond lengths to those in the literature were also observed with bond lengths of
Pd-O; 2.018(2) Å and Pd–N; 2.099(2) Å for compound 3 [34,39,40]. The imino–enolate
tautomer was identified from the short C1–C5 bond length (1.359(4) Å) and the longer
C2–C3 bond length (1.497(3) Å). We note that 3 is air and moisture stable over a 3-month
period, which is of significant importance for use in Suzuki-Miyaura reactions, as this
allows for easier handling and the use of hydrous solvents.
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Figure 2. Molecular structure for compound 3 with 50% ellipsoids (all H atoms, except for selected H
atoms on the imino-enolate ligand, are omitted for clarity). Selected bond lengths (Å) and bond angles
(◦): Pd1-Cl1 2.2905(6), Pd1-P1 2.2530(6), Pd1-O1 2.018(2), Pd1-N1 2.099(2), O1-C1 1.328(3), C1-C5
1.359(4), C1-C2 1.442(3), N1-C2 1.294(3), C2-C3 1.497(3), C3-C4 1.535(4), C4-C5 1.502(4), O1-Pd1-N1
82.74(7).

2.2. Cross-Coupling Reactions

The initial reactions between 4–bromoacetophenone and phenylboronic acid were
carried out using methanol as the solvent under both atmospheric conditions and in an
anaerobic N2 environment at either room temperature or 40 ◦C (Table 1). These substrates
were chosen as they represent common reactions within the literature allowing for the
benchmarking of results; in addition, the acetophenone group on the halogen coupling part-
ner acts as an unambiguous 1H NMR spectroscopic handle for reaction monitoring through
comparative integration of the respective signals in the starting material at 2.44 ppm and
the product at 2.50 ppm. Assignment of these signals were confirmed through both start-
ing material characterization and doping of additional starting material into the final
reaction mixture.

Table 1. Initial optimization studies carried out between 4–bromoacetophenone and phenylboronic acid.
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Entry Air/N2 Time (hr) Temperature
(◦C)

NMR
Conversion a

1 N2 2 r.t. 79%

2 Air 2 r.t. 90%

3 N2 1 r.t. 73%

4 Air 1 r.t. 85%

5 N2 1 40 83%

6 Air 1 40 99%
a Conversion was determined with 1H NMR spectroscopy via integration against starting material of the aryl
halide and the product, as outlined above.

From these initial studies, it was determined that carrying the reaction out in air was
not detrimental to the yield with a conversion of 90% (Table 1, entry 2) compared to 79%
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(Table 1, entry 1) when the reaction was carried out under N2 over a two-hour period at
room temperature. The difference between a one-hour and two-hour reaction time was
small with an 85% completion over 1 h in air (Table 1, entry 4) compared to 90% completion
after 2 h in air at room temperature (Table 1, entry 2). Room temperature was selected for
further reactions, incorporating ‘green’ chemistry principles and benign conditions, and to
allow for easier observations of the different optimization studies.

Following this initial screen of reaction time and temperature, a base screen was
carried out using standardised conditions of 1 h at room temperature with a 1 mol%
catalytic loading in methanol. The choice of base has an important effect on the rate of
the reaction with the base playing various roles within the catalytic cycle [11,41–45]. The
hydroxide ion is known to promote the transmetallation and the reductive elimination steps;
however, a concentration of hydroxide that is too high has a negative impact, enhancing
the formation of unreactive boronates. The different bases screened can be seen in Table 2
and were chosen to give a range of anions and cations.

Table 2. Base optimization screen with the range of bases trialled and the NMR spectroscopic
conversion obtained.
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Entry Base NMR Conversion

7 Et3N No reaction observed

8 NaOH 80%

9 K3PO4 65%

10 K(OAc) 45%

11 K2CO3 81%

12 Na2CO3 82%

13 Cs2CO3 71%

14 No base 2%

When the neutral base Et3N (Table 2, entry 7) was used, no reaction was observed.
The classic ionic bases enabled the catalytic reaction to proceed; acetates and phosphates
displayed moderate conversions (Table 2, entries 9, 10), whilst hydroxides and carbonates
showed good conversion (Table 2, entries 8 and 11). Following these experiments, carbonate
anions were chosen, and through comparison of the cations (Table 2, entries 11–13), it
was seen that sodium carbonate and potassium carbonate were similar in performance;
therefore, sodium carbonate was chosen for future reactions. For the control studies,
the reaction was also trialled with no base added, which showed very little reaction (2%
conversion, Table 2, entry 14).

A solvent screen was then carried out on this reaction at room temperature with
1 mol% catalyst and Na2CO3 as the base.

Acetone is a poor solvent for this reaction with a low conversion of 23% (Table 3,
entry 15) along with dimethyl carbonate (Table 3, entry 16), trialled due to its growing
relevance as a green solvent, with a poor conversion of 4%. Other typical laboratory
solvents, including toluene, DCM and DMF, also showed very poor conversion of below 8%
(Table 3, entries 17–20). Whilst surprising due to the common use of these solvents within
the literature for Suzuki-Miyaura cross-coupling reactions [4,14,15], this could be due to
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the low solubility of Na2CO3 in these solvents at room temperature with the literature
examples requiring refluxing conditions. Further evidence of this low reactivity being
caused by poor base solubility can be seen in entry 21 when a 50:50 DMF/H2O solvent
mixture was utilised. In this entry, the NMR conversion increased from 4% to 14%, which
is likely due to the increased solubility of the reagents. Following the success seen with
methanol in the initial reactions, a screen of common alcohols was then carried out (Table 3,
entries 22–24). This showed an increase in catalytic activity with lower molecular weight
alcohols, with methanol enabling the highest catalytic activity. Methanol was then trialled
with the addition of water (Table 3, entries 25–26). Entry 25 shows that the addition of
water was beneficial for an improved conversion, possibly due to the increased solubility
of the reagents, with the conversion increasing from 80% to 88%. There is a balance with
the number of equivalents of water though, as by decreasing the proportion of water to
25% (entry 26), a further increase in conversion is seen to 97%.

Table 3. Solvent screen results with solvent used and NMR conversion.

Catalysts 2023, 13, x FOR PEER REVIEW 6 of 14 
 

 

Acetone is a poor solvent for this reaction with a low conversion of 23% (Table 3, 

entry 15) along with dimethyl carbonate (Table 3, entry 16), trialled due to its growing 

relevance as a green solvent, with a poor conversion of 4%. Other typical laboratory sol-

vents, including toluene, DCM and DMF, also showed very poor conversion of below 8% 

(Table 3, entries 17–20). Whilst surprising due to the common use of these solvents within 

the literature for Suzuki-Miyaura cross-coupling reactions [4,14,15], this could be due to 

the low solubility of Na2CO3 in these solvents at room temperature with the literature 

examples requiring refluxing conditions. Further evidence of this low reactivity being 

caused by poor base solubility can be seen in entry 21 when a 50:50 DMF/H2O solvent 

mixture was utilised. In this entry, the NMR conversion increased from 4% to 14%, which 

is likely due to the increased solubility of the reagents. Following the success seen with 

methanol in the initial reactions, a screen of common alcohols was then carried out (Table 

3, entries 22–24). This showed an increase in catalytic activity with lower molecular weight 

alcohols, with methanol enabling the highest catalytic activity. Methanol was then trialled 

with the addition of water (Table 3, entries 25–26). Entry 25 shows that the addition of 

water was beneficial for an improved conversion, possibly due to the increased solubility 

of the reagents, with the conversion increasing from 80% to 88%. There is a balance with 

the number of equivalents of water though, as by decreasing the proportion of water to 

25% (entry 26), a further increase in conversion is seen to 97%. 

From the solvent scope, a mixed solvent system of MeOH/H2O (75:25) was then cho-

sen for further reactions. This result contributes towards the initial aim of improving the 

reaction with the use of ‘green’ solvents since methanol has a low environment, health 

and safety (EHS) indicator of 2.67 and is, therefore, classified as a ‘green’ solvent alongside 

water [12,16]. 

Following these optimisations, the catalytic loading of the system was investigated 

to try to lower the catalytic loading from 1 mol%, using sodium carbonate as the base, 

with a 75:25 MeOH:H2O solvent mixture at room temperature for an hour, as outlined in 

Table 4. 

Table 3. Solvent screen results with solvent used and NMR conversion. 

 
Entry Solvent NMR Conversion 

15 Acetone 23% 

16 Dimethylcarbonate 4% 

17 Toluene 2% 

18 THF 7% 

19 DCM 2% 

20 DMF 4% 

21 DMF/H2O (50:50) 14% 

22 IPA 21% 

23 EtOH 52% 

24 MeOH 80 % 

25 MeOH/H2O (50:50) 88 % 

26 MeOH/H2O (75:25) 97 % 

 

Entry Solvent NMR Conversion

15 Acetone 23%

16 Dimethylcarbonate 4%

17 Toluene 2%

18 THF 7%

19 DCM 2%

20 DMF 4%

21 DMF/H2O (50:50) 14%

22 IPA 21%

23 EtOH 52%

24 MeOH 80%

25 MeOH/H2O (50:50) 88%

26 MeOH/H2O (75:25) 97%

From the solvent scope, a mixed solvent system of MeOH/H2O (75:25) was then
chosen for further reactions. This result contributes towards the initial aim of improving
the reaction with the use of ‘green’ solvents since methanol has a low environment, health
and safety (EHS) indicator of 2.67 and is, therefore, classified as a ‘green’ solvent alongside
water [12,16].

Following these optimisations, the catalytic loading of the system was investigated to
try to lower the catalytic loading from 1 mol%, using sodium carbonate as the base, with a
75:25 MeOH:H2O solvent mixture at room temperature for an hour, as outlined in Table 4.
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Table 4. Results from the catalytic loading screen with NMR conversion and calculated TON from
the conversion.
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Entry Catalyst Loading NMR Conversion TON

27 0.001 mol% 0.3% 300

28 0.01 mol% 2% 200

29 0.1 mol% 43% 430

30 1 mol% 97% 97

From these results, it can be seen that a very low catalyst loading of 0.001 mol% results
in very little conversion (Table 4, entry 27). This also can act as a control run with very
little catalyst effectively shutting off the reaction. Increasing the catalytic loading can be
seen to increase the conversion. This TON is lower than other catalysts reported in the
literature [8] and may be due to the mild conditions utilised in this screen. However, the
TON is higher than other reported catalysts in the literature in mild conditions with the
work by Wang et al. exhibiting a TON of 316. This experiment was carried out over 8 h,
however, with a more comparable TON calculated after 1 h of 160 [17]. Comparisons
with phosphine complexes at room temperatures are still low with a comparative TON
calculated at 9900 at room temperature, but this was again calculated over 4 h [18].

The rate of conversion over time was investigated through the use of an NMR scale
reaction and monitored using the addition of mesitylene to act as an internal standard with
MeOD as the solvent (Figure 3). This graph shows that no induction period was observed
with the fastest rate of reaction occurring at the start of the experiment (Table 4).
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The temperature of the reaction was then screened to investigate how this affected the
NMR spectroscopic conversion. Due to the high conversion obtained under 1 mol% loading
in mild conditions and the relative short time scale of the reaction, these experiments were
carried out using 0.01 mol% of catalyst to allow for the effects to be seen (Table 5).

Table 5. Temperature and NMR conversion obtained from the temperature screen.
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Entry Temperature (◦C) NMR conv.

39 20 2%

40 40 10%

41 60 99%

42 Reflux 99%

From this screen, a dramatic increase in reactivity was observed above 40 ◦C. This
increase could be due to catalyst degradation resulting in the formation of Pd(0) nanopar-
ticles changing, or in fact producing, the active catalytic species. In order to test for the
formation of Pd(0) nanoparticles, a mercury drop test was carried out [7]. Whilst this is not
a completely infallible test, we did observe a decrease in the NMR conversion from 97% to
an average of 40%, leaving the role of nanoparticles as a possibility [32].

2.3. Substrate Scope

With the catalytic conditions optimized, the study then progressed to establishing the
substrate scope. This was first carried out across a range of aryl halides. The conditions
used were a 1 mol% [Pd] loading at room temperature for an hour utilizing MeOH/H2O
(75:25) as the solvent (Table 5). These conditions were chosen to maintain the ‘green’
chemistry of the system and limit the possible catalyst degradation through heating of the
system.

An initial screen of groups with varying electron-donating/withdrawing properties
showed that the cross-coupling reaction proceeded well when strong or moderate electron-
withdrawing groups were used (Table 6, entries 46 and 45, respectively). When weak
electron-donating groups were used at the ortho– and para– positions (Table 6, entries 47 and 48),
the conversion decreased to 82% and 75%, respectively. Comparing the ortho– and para–
bromotoluene to meta–bromotoluene (Table 6, entry 49), the conversion dropped signifi-
cantly to 15%. This effect continued further when a strong electron-donating group was
used in entry 50 when only trace amounts of product were obtained. Entry 45 was subjected
to column chromatography to check for homo-coupling of either partner. This resulted
in an isolated yield of 70% with all other components isolated relating to trace starting
materials. These trends have been seen in the literature; previous salicylaldimine ligated
catalysts showed decreasing activity with increasing electron-donating substituents [4].
Electron-donating groups were also seen to slow the catalysis down in the work by Ref. [23].
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Table 6. Substrate scope investigating the effect of changing the aryl bromide coupling to phenyl-
boronic acid.
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Entry Aryl Bromide NMR conv.

45 4-bromoacetophenone 96%

46 4-nitrobromobenzene 97%

47 4-bromotoluene 82%

48 2-bromotoluene 75%

49 3-bromotoluene 15%

50 4-bromoaniline Trace

51 1 4-bromoaniline 29% a

52 2 4-bromoaniline 87% a

1: Reaction carried out at 40 ◦C for 24 h. 2: Reaction carried out at 60 ◦C for 24 h. a: Isolated yield obtained.

The reaction was carried out at increased temperatures over a longer reaction time
with the isolated yield recorded for added clarity because no convenient characteristic
signals were observed through 1H NMR spectroscopy. This showed an increase in reactivity
with an isolated yield of 29% obtained at 40 ◦C after 24 h. This was further improved with
heating at 60 ◦C for 24 h instead, resulting in an 87% isolated yield (Table 6, entries 51 and 52).

A similar study was then carried out for the boronic acid scope with a range of
electronic properties present on the aryl ring. Phenylboronic acid pinacol ester was also
included in this trial for tolerance of boronic acid derivatives.

The catalyst showed a broad reaction scope tolerating many substituents except for
a para–nitro substituent (a strong electron-withdrawing group), which displayed a low
conversion of 17% (Table 7, entry 58). Phenylboronic acid pinacol ester (Table 7, entry 59)
displayed quantitative conversion, indicating that the catalyst is tolerant towards pinacol
esters. This trend has also been seen in the literature with electron deficient boronic acids
showing reduced catalytic activity [8,23].

Table 7. Substrate scope investigating the effect of changing the boronic acid coupling to
4–bromoacetophenone.

Entry R’ NMR Conversion

53 4-methoxybenzene boronic acid 99%

54 4-tolylboronic acid 97%

55 2-tolylboronic acid 94%

56 3-tolylboronic acid 99%

57 4-methoxycarbonylbenzene
boronic acid Quant.

58 4-nitrobenzene boronic acid 17%

59 Phenylboronic acid pinacol ester Quant.

There is an incentive to be able to use aryl chlorides as the coupling partner in these
reactions due to their decreased cost compared to aryl bromides. With that in mind,
compound 3 was trialled for catalytic activity towards aryl chlorides using the conditions
previously optimised (Table 8).
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Table 8. Cross-coupling reaction between 4–chloroacetophenone and phenyl boronic acid in varying
conditions.
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Entry Temperature Time (hr) NMR Conversion

60 Room temperature 1 hr trace

61 40 ◦C 24 hr 62%

62 60 ◦C 1 hr 42%
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64 60 ◦C 24 hr 95%

The initial conditions of room temperature for one hour proved insufficient for the
reaction to proceed with only trace quantities of product observed. Because of this, the
temperature was increased to 40 ◦C for 24 h (Table 8, entry 61). This increase in temperature
and prolonged reaction time was sufficient for the reaction to proceed with an NMR
spectroscopic conversion of 62% observed. A further increase in temperature to 60 ◦C
allowed for a higher rate of conversion with 42% observed over 1 h, 74% over 6 h, and 95%
after 24 h (Table 8, entries 62–64).

Through comparison of these results to other [N,O] catalysts in the field, compound 3
shows good catalytic activity. Work by Muthumari et al. required high temperatures of
100 ◦C for 8 h for the coupling of aryl chlorides when using 4-methoxychlorobenzene with
phenyl boronic acid with a comparative isolated yield of 58% [8]. Cui et al. utilised an
[N,O]-ligated palladium catalyst for the reaction of 4–chloroacetophenone with phenyl
boronic acid, offering a more direct comparison between the catalytic systems [24]. These
catalysts were capable of completing this reaction to high conversion (95%) with a lower
catalytic loading of 0.5 mol% but required DMF at 110 ◦C for 4 h. Similar high conversions
were also observed by Liu et al. with [N,O] catalysts generated in situ [4]. These reaction
conditions were also forcing with a DMF:H2O (80:20) solvent heated to 110 ◦C for 4 h.
In comparison to this, catalyst 3 was capable of cross-coupling 4–chloroacetophenone to
phenyl boronic acid to moderate yields in 6 h and high yields over 24 h at 60 ◦C.

3. Experimental

Reactions were either performed under an oxygen-free (H2O, O2 < 0.5 ppm) nitro-
gen atmosphere using standard Schlenk line techniques and an MBRAUN UNIlab Plus
glovebox or in the open laboratory, as indicated. Anhydrous toluene, anhydrous DCM and
anhydrous THF were obtained from an MBRAUN SPS–800,(MBRAUN, Munich, Germany)
and petroleum ether 40–60 was distilled from sodium wire; benzene and benzene-d6 were
dried over molten potassium and distilled. All anhydrous solvents were degassed before
use and stored over activated molecular sieves.

The following compounds were prepared according to the literature methods: 2–((2,6-
diisopropylphenyl)amino)–5–methylcyclopent–2–en–1–one (1), 2, [38] and PdCl2(COD) [46].
The following were purchased from commercial suppliers and used without further purifi-
cation: maple lactone, p–toluenesulfonic acid, sodium hydride (95%), palladium chloride,
1,5–cyclooctadiene and triphenylphosphine. 2,6–Diisopropylaniline was distilled under
reduced pressure before use. Air-sensitive samples for NMR spectroscopy were prepared
in NMR tubes equipped with a J. Young tap. The NMR spectra were recorded on a Bruker
AV300 (Bruker, MA, USA) (300 MHz), AVI400 (400 MHz), AVIII400 (400 MHz) or AVHDIII
(400 MHz) spectrometer at 25 ◦C unless specified. Chemical shifts δ are noted in parts per
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million (ppm). 1H and 13C spectra were calibrated to the residual proton resonances of the
deuterated solvent. 31P NMR spectra were referenced to external samples of 85% H3PO4 at
0 ppm. The elemental analyses were performed by Brian Hutton at Heriot-Watt University
using an Exeter CE440 elemental analyser. (Exeter Analytical, Coventry, UK)The mass
spectrometry analysis was performed at the UK National Mass Spectrometry Facility at
Swansea University using an Atmospheric Solids Analysis Probe interfaced to a Waters
Xevo G2–S instrument (Waters, MA, USA).

[Pd(Cl)(N,ODipp)(PPh3)] (3)
[PdCl2(cod)] (0.371 g, 1.30 mmol), 2 (0.400 g, 1.365 mmol, 1.05 eq) and PPh3 (0.341 g,

1.30 mmol) were weighed into a Schlenk tube in a glovebox before CH2Cl2 (0.8 mL) was
added. The solution was then stirred at room temperature overnight, and the solvent
was removed via rotatory evaporation yielding a dark-brown solid. The solid was then
dissolved in toluene and filtered before evaporation of the solvent under reduced pressure.
Recrystallisation was then carried out using THF/petroleum ether 40–60 to yield the desired
product as dark red crystals (0.826 g, 1.22 mmol, 94%).
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1H NMR (400 Hz, 298 K, C6D6): δ 7.73 (6H, m, H20), 7.46 (m, 3H, H22), 7.38 (m, 6H,
H21), 7.16 (3H, m, H9-11), 6.24 (1H, td, J = 7.3, 1.2 Hz, HNi-o-tolyl), 3.46 (2H, sept, J = 7.3 Hz,
H13,16), 2.57 (bs, 2H, H4/3), 2.02 (bs, 2H, H3/4), 1.67 (s, 3H, H6), 1.44 (6H, d, J = 6.8 Hz, HiPr),
1.20 (6H, d, J = 6.8 Hz, HiPr). 13C{1H} NMR (100.6 Hz, 298 K, C6D6): δ 194.06 (C), 166.65 (C),
141.25 (C), 140.84 (C), 137.84 (C), 135.10 (CH), 135.00 (CH), 132.32 (CH), 130.80 (CH),
129.16 (C), 129.03 (CH), 128.62 (C), 128.21 (CH), 128.03 (CH), 127.92 (CH), 126.56 (CH),
125.29 (CH), 123.15 (CH), 34.44 (CH2), 28.31 (CH), 24.82 (CH2), 23.99 (CH3), 23.86 (CH2),
21.41 (CH3), 13.15 ppm (CH3). 31P{1H} NMR (162 Hz, 298 K, C6D6): δ 26.6 ppm. HRMS
(ASAP): Calculated for [M+H]: 674.1581, Found: 674.1575 m/z; calculated for [M-Cl]:
638.1818, Found: 638.1816 m/z. Elemental analysis calcd (%) for C15H19NO: C; 64.10, H;
5.83, N; 2.08. Found: C; 63.82, H; 5.86, N; 2.21.

3.1. Crystallographic Details

The X-ray diffraction experiments were performed on single crystals of 3 with the
data collected on a Bruker X8 APEX II (Bruker, MA, USA) four-circle diffractometer. The
crystal was kept at 100 K during the data collection. Indexing, data collection and absorp-
tion corrections were performed, and the structures were solved using direct methods
(SHELXT [47] and refined with full-matrix least-squares (SHELXL) interfaced with the
programme OLEX2 [48,49].

Crystal data for C36H39ClNOPPd (M = 674.50 g/mol): orthorhombic, space group
P212121 (no. 19), a = 8.9925(4) Å, b = 16.4896(8) Å, c = 22.0909(10) Å, V = 3275.7(3) Å3,
Z = 4, T = 100.15 K, µ(synchrotron) = 0.765 mm−1, Dcalc = 1.368 g/cm3, 103,238 reflections
measured (4.552◦ ≤ 2Θ ≤ 62.764◦), 9994 unique (Rint = 0.0781, Rsigma = 0.0398), which were
used in all calculations. The final R1 was 0.0298 (I > 2σ(I)), and wR2 was 0.0726 (all data).
CCDC deposition number: 2102831.

3.2. Suzuki-Miyaura Cross-Coupling Reactions

A typical cross-coupling reaction was carried out as follows:
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4–bromoacetophenone (0.100 g, 0.5 mmol, 1 eq.), phenyl boronic acid (0.092 g, 0.754 mmol,
1.5 eq.), Na2CO3 (0.1065 g, 1.005 mmol, 2 eq.) and [PdCl(N,ODipp)(PPh3)] (3.4 mg, 0.005 mmol,
1 mol%) were added to a 100 mL round-bottomed flask equipped with a stirrer bar. A
solvent mixture of methanol:water 3:1 (10 mL) was added, and the mixture was stirred for
1 h at room temperature. Water (10 mL) was then added to the flask followed by diethyl
ether (10 mL), and the organic phase was collected by separation. This was then dried over
MgSO4, filtered and the solvent removed by rotatory evaporation. 1H NMR spectroscopic
analysis was then carried out in CDCl3, and the conversion was calculated through integra-
tion of the resonances at 2.60 ppm (starting material) and 2.65 ppm (product). The product
was then isolated using column chromatography (199:1 petroleum ether 40–60:ethyl acetate)
as an off-white solid (0.069 g, 0.35 mmol, 70%). 1H NMR (400 Hz, 298 K, C6D6): δ 7.92 (2H,
d, J = 8.8 Hz), 7.57 (2H, d, J = 8.5 Hz), 7.51 (2H, m), 7.36 (2H, m), 7.29 (1H, m), 2.52 (3H, s).
The data matches the literature values [10].

3.3. Cross-Coupling Reaction of 4–Bromoaniline at Elevated Temperatures

4–bromoaniline (0.0864 g, 0.5 mmol, 1 eq.), phenyl boronic acid (0.092 g, 0.754 mmol,
1.5 eq.), Na2CO3 (0.1065 g, 1.005 mmol, 2 eq.) and [PdCl(N,ODipp)(PPh3)] (3.4 mg, 0.005 mmol,
1 mol%) were added to a 100 mL round-bottomed flask equipped with a stirrer bar. A
solvent mixture of methanol:water 3:1 (10 mL) was added, and the mixture was stirred at
60 ◦C for 24 h. The mixture was then cooled to room temperature before water (10 mL)
was then added to the flask followed by diethyl ether (10 mL), and the organic phase was
collected by separation. This was then dried over MgSO4, filtered and the solvent removed
by rotatory evaporation. The product was then isolated using column chromatography
(1:1 petroleum ether 40–60:ethyl acetate) with a small amount of DCM added to improve
solubility to yield a brown solid (0.0736 g, 0.43 mmol, 87%). 1H NMR (400 Hz, 298 K,
C6D6): δ 7.47 (2H, d, J = 8.3 Hz), 7.34 (4H, m), 7.20 (1H, m), 6.69 (2H, d, J = 8.4 Hz), 3.66
(2H, br. s, NH2). The data matches the literature values [10].

4. Conclusions

In conclusion, a Pd(II) complex with a 5-membered chelating [N,O] ligand derived
from maple lactone was synthesized and characterized. This complex is a rare example
of a pre-formed [N,O] Pd catalyst for the Suzuki-Miyaura cross-coupling reaction, and
screening revealed good catalytic activity even at low temperatures. The catalytic activity
was optimized through the selection of base, solvent, catalytic loading and temperature to
yield conditions that involve a mild, room-temperature reaction at a short timescale (1 h)
using solvents that are typically considered to be ‘green’. Using these optimised conditions,
a substrate scope identified that the catalyst showed good activity towards aryl bromides
with electron-withdrawing groups. This activity decreased with weak electron-donating
groups, and only trace quantities of products were observed with strong electron-donating
groups. However, these less reactive substrates were capable of being coupled through
increased temperature and timescale with an 87% isolated yield of the cross-coupled
product derived from 4–bromoaniline obtained after 24 h at 60 ◦C. The catalyst also showed
good activity across a range of boronic acids and pinacol esters with only boronic acids
featuring strong electron-withdrawing groups showing limited activity. The catalyst was
also a capable catalyst for the cross-coupling of aryl chlorides and phenylboronic acid.
This reaction, however, required slightly elevated temperatures of 60 ◦C over a longer
timescale but is still considered mild compared to other examples of these compounds in
the literature.
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Abstract: Oxygen atom incorporation into organic molecules is one of the most powerful strategies
to increase their pharmacological activity and to obtain valuable intermediates in organic synthe-
sis. Traditional oxidizing agents perform very well, but their environmental impact and their low
selectivity constitute significant limitations. On the contrary, visible-light-promoted oxygenations
represent a sustainable method for oxidizing organic compounds, since only molecular oxygen and a
photocatalyst are required. Therefore, photocatalytic oxygenation reactions exhibit very high atom-
economy and eco-compatibility. This mini-review collects and analyzes the most recent literature on
organo-photocatalysis applications to promote the selective oxygenation of organic substrates. In
particular, acridinium salts, Eosin Y, Rose Bengal, cyano-arenes, flavinium salts, and quinone-based
dyes are widely used as photocatalysts in several organic transformations as the oxygenations of
alkanes, alkenes, alkynes, aromatic compounds, amines, phosphines, silanes, and thioethers. In this
context, organo-photocatalysts proved to be highly efficient in catalytic terms, showing similar or
even superior performances with respect to their metal-based counterparts, while maintaining a
low environmental impact. In addition, given the mild reaction conditions, visible-light-promoted
photo-oxygenation processes often display remarkable selectivity, which is a striking feature for the
late-stage functionalization of complex organic molecules.

Keywords: organic dyes; photocatalysis; photooxygenation; metal-free photocatalysts; acridinium;
Eosin Y; Rose Bengal; 4CzIPN; quinones; flavinium

1. Introduction

Considering the climate emergency and, recently, the surge in oil prices, the research
of alternative sources of renewable energy is becoming an increasingly urgent issue to
be addressed [1]. At the beginning of the 20th century, Giacomo Ciamician, one of the
pioneers of photochemistry, with shrewd foresight, noticed that modern societies needed
an energy transition from fossil fuels to solar energy [2]. The Italian chemist claimed
this concept as a possibility for his time and a necessity for the future. Later, in 1998,
Anastas and Warner coined the 12 principles of green chemistry, based on the concept of
minimizing the environmental footprint of chemical processes by reducing or eliminating
the use or formation of hazardous substances [3]. Photocatalysis, given the capability to
convert visible light to chemical energy, thoroughly embraces green chemistry culture [4].
In particular, photoredox catalysis ranks as an effective sustainable choice in organic
synthesis, also allowing the formation of challenging carbon–heteroatom bonds in mild
conditions [5]. Metal-based photocatalysts, mainly Ru(II) and Ir(III) bipyridyls complexes,
have been extensively studied and described in several reviews [5–8]. However, due to the
environmental issues related to rare metals applications, in recent years, the consideration
of organic dyes as metal-free photocatalysts has grown rapidly, and, in some cases, even
better photocatalytic performances with respect to their metal counterparts have been
observed (Scheme 1) [9–13].
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In particular, 9-mesityl-10-methylacridinium perchlorate (Acr+-Mes) and cyanoare-
nes [14,15], Eosin-Y [16], Rose Bengal [17], flavins [18], anthraquinones [19], and thioxan-
thones [20] have shown very high efficiency.

In the framework of metal-free photocatalysts, graphitic carbon nitride (g-C3N4) is
emerging as an innovative alternative in heterogeneous catalysis [21,22]. However, the
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engineering of such photoresponsive metal-free materials needs multiple time-consuming
modifications. In fact, pure g-C3N4 exhibits poor photocatalytic efficiency because of its low
specific surface area and its high charge carrier recombination [23]. Therefore, morphology
control, metal/metal-free doping, or dye sensitization are usually required to enhance
g-C3N4 performances in visible-light-driven catalytic processes [24]. On the contrary, the
advantage in using organic dyes as photocatalysts lies in the variegated heterogeneity of the
photochemical and photophysical catalytic pathways that can be investigated. Moreover,
the possibility to tailor their structure through specific functionalizations is an advantageous
opportunity to further implement catalytic efficiency [25]. In this context, photocatalytic
oxygenations represent a vivid example of the potential of merging sustainable chemistry
and photochemistry, revealing a green, effective alternative compared to the traditional
oxidative methods [26]. In biological systems, mono- or di-oxygenase metalloenzymes are
essential to promote molecular oxygen activation leading to oxygen atom incorporation
into organic substrates [27,28]. Following a bio-mimetic approach, oxygenations play
an important role in chemistry for the synthesis of valuable synthons in mild and green
conditions, using O2 as a bio-available and bio-compatible oxidizing agent [29]. In fact,
the development of sustainable oxidative processes arises primarily from the choice of the
oxidizing agent: reactivity, cost, and eco-friendliness are the main parameters to consider.
Obviously, molecular oxygen represents the greenest choice in oxygenation reactions given
its excellent atom economy and its low environmental impact [30]. However, O2, owing to
the spin-forbidden reaction [31], needs to be activated to a reactive oxygen species (ROS),
such as singlet oxygen, superoxide anion, hydroxyl radical, or hydrogen peroxide, in order
to be used as an oxidant [32]. Such activated species can be generated through biological,
physical, or chemical traditional methods, with low efficiency and energy consuming
procedures [33–35]. On the other hand, visible light photocatalysis has been affirmed as
one of the most promising and best performing tools for molecular oxygen activation in
order to carry out sustainable oxygenation processes.

The aim of this mini-review is to provide a critical analysis of recent applications
of organic dyes as photocatalysts to promote light-driven oxygenation reactions in an
aerobic environment.

2. Organic-Dye-Promoted Photooxygenation Processes

2.1. C(sp3) and Alkyl Arene (Benzyl) Oxygenation

Selective C(sp3-H) oxygenation in the benzylic position is one of the most interesting
tools to synthesize carbonyl intermediates, which are relevant molecules for biomedical
or agrochemical applications [36–38]. Several organic photocatalysts have been recently
examined to perform such a reaction. To this purpose, the 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ)/tert-butyl nitrite couple proved to be a powerful organo-photocata-
lytic system for aerobic visible-light-enabled C-H oxygenation [39]. Fukuzumi et al. in 2011
reported for the first time the use of the Acr+-Mes photocatalyst to perform the selective
oxygenation of p-xylene in acetonitrile, using molecular oxygen as an oxidant under visible
light irradiation (Scheme 2) [40].
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p-methyl benzaldehyde and p-methylbenzyl alcohol were obtained in mild conditions
in only 80 min with satisfactory yields. The photocatalytic efficiency of such systems was
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then enhanced with the addition of aqueous sulfuric acid that allowed the reaching of
good benzaldehyde yields (>70%). Remarkably, no over-oxidation to benzoic acid occurred,
demonstrating the high selectivity of the reaction. A further improvement was achieved us-
ing the 9-mesityl-2,7,10-trimethylacridinium derivative (Me2Acr+–Mes) as a photocatalyst
that accomplished the quantitative p-xylene conversion to p-methylbenzaldehyde in 80 min.
Mechanistic studies proved a radical pathway, in which the alkyl arene was oxidized by the
excited photocatalyst, and then it reacted with molecular oxygen to generate an activated
alkyl peroxyradical, which collapsed into the oxidation products (Scheme 3).
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Scheme 3. Mechanistic insights of p-xylene photooxygenation promoted by Acr+-Mes.

The authors demonstrated that photooxygenation simultaneously occurred with
molecular oxygen reduction to hydrogen peroxide to restore the catalytic cycle. Drawbacks
of such procedures are related to the substrate scope. In fact, reaction efficiently occurred
for only three similar substrates, and no photooxidation of complex compounds was ac-
complished. Similarly, the water-soluble sodium anthraquinone sulfonate (SAS) proved to
be a promising photocatalyst for the oxygenation of alkyl arenes in biphasic systems [41,42].
Hollmann et al. studied the neat photooxygenation of benzylic and allylic C-H bonds in
alkane:water (3:7 v/v) (Scheme 4a) [43].

SAS displayed good catalytic efficiency, reaching in 24 h a TON of 37 in the toluene-
selective oxygenation to benzaldehyde. However, long reaction times and photocata-
lyst deactivation were the resulting major drawbacks of such a system. Later, Eosin Y
metal-free photocatalyst was investigated for aerobic benzylic C-H oxygenation in water
(Scheme 4b) [44]. Such a sustainable protocol exhibited good photocatalytic efficiency
in 24 h (32–89% yields) and a broad substrate scope (26 derivatives). However, 365 nm
of UV irradiation and tetrabutylammonium borohydride (TBABH) as a phase-transfer
catalyst were required to promote such a biphasic oxygenation reaction. Sing et al. re-
cently developed an oxidative system, made up of 4CzIPN organic photocatalyst (2%),
tetrabutylammonium azide (TBAN3 40%), and air/oxygen for the selective oxygenation of
alkylarenes to the corresponding carbonyl compounds (Scheme 4c) [45]. The use of TBAN3
was necessary to trigger the hydrogen atom transfer (HAT) mechanism, as no oxygenation
occurred in the absence of the azido radical precursor. This technique efficiently accom-
plished the oxygenation of 23 structurally different substrates, exhibiting high functional
group tolerance.
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(c) 4CzIPN [45] organic photocatalysts.

In recent years, Cibulka’s group has been involved in the study of ethylene-bridged
flavinium salts (FI+), which demonstrated enhanced photostability and improved catalytic
properties compared with other flavinium derivatives in the oxidation of electron-deficient
benzylic substrates to carboxylic acids (Scheme 5) [46,47].
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Scheme 5. Photo/organocatalytic oxygenation of alkyl arenes promoted by the FI+ photocatalyst.

FI+ acts with a tandem photo-organo catalytic mechanism. Indeed, upon excitation,
FI+ oxidizes the substrate to the corresponding aldehyde in the presence of O2. Then,
the reduced photocatalyst is restored by O2, generating H2O2 as a byproduct. However,
FI+ can react with H2O2 to generate the corresponding flavin hydroperoxides with a
monooxygenase-like behavior. The broad substate scope was examined, affording satisfac-
tory to good yields in 16 h.

The direct oxygenation of saturated hydrocarbons to synthesize fine materials in the
chemical industry is a challenging process and it generally requires harsh conditions [48,49].
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In 2011, Fukuzumi et al. reported the first example of the aerobic metal-free-promoted
oxygenation of cyclohexane with visible light irradiation, using Acr+-Mes in acetonitrile
amongst a sub-stoichiometric amount of HCl (Scheme 6a) [50].
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Cyclohexanol and cyclohexanone were obtained with good selectivity in 3 h with a 7%
quantum yield. More recently, the same authors performed the reaction solventless and
with no inorganic acid, using 0.02% of p-xyloquinone (PXQ) photocatalyst (Scheme 6b) [51].
In these conditions, 22% of the cyclohexane was converted in 26 h, and cyclohexyl hy-
droperoxide, cyclohexanol, and cyclohexanone were obtained with a 4.5:1.4:1 ratio. A
high quantum yield and good photocatalytic performances were obtained for the linear
and branched alkanes. Although long reaction times were needed and unsatisfactory
conversions and selectivity were achieved, this method is surely promising in terms of
sustainability, since it requires only the use of cyclohexane, dioxygen, visible light, and
photocatalyst to afford valuable oxygenated products in mild conditions.

2.2. Alkene Oxygenation

The dihydroxylation of alkenes is one of the classical methods to achieve 1,2-diols,
biologically active molecules with pharmaceutical interest [52,53]. Acr+-Mes proved to be a
powerful photocatalyst to promote the selective aerobic oxygenation of alkenes to 1,2-diols
(Scheme 7) [54].
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Scheme 7. Visible-light-induced alkene dihydroxylation, catalyzed by Acr+-Mes.

Reactions carried out under visible light irradiation in acetonitrile in the presence
of water and a weakly basic medium led to good yields (46–90%) in 6 h with a broad
substrate scope. Scavenging experiments indicated an electron-transfer radical mechanism,
and studies performed with H2

18O suggested that one hydroxy group comes from water
and the other from molecular oxygen. Similarly, Chen’s group proposed Rose Bengal as a
photocatalyst for alkene oxidation in the presence of pyridine and N-hydroxyphthalimide
(Scheme 8) [55].
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Despite the good efficiency (53–83% yield), such a method requires an additional
hydrolysis step to obtain 1,2-diol; moreover, it is not suitable for the dioxygenation of
inactivated alkenes or in the presence of an ester group. In 2018, Oliveira’s group studied
the continuous aerobic endoperoxidation of conjugated dienes, promoted by tetraphenyl-
porphyrin (TPP) (Scheme 9) [56].
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Scheme 9. Photocatalytic aerobic endoperoxidation of conjugated dienes, promoted by TPP, followed
by Kornblum–DeLaMare (KDM) rearrangement to afford essential synthons.

Reactions were carried out in flow by irradiating the reaction mixture with a white
LED under an oxygen atmosphere. In this process, TPP in its triplet excited state inter-
acted with O2 through an energy transfer process, generating singlet oxygen as an active
oxidizing species. The latter reacted with the conjugated diene to form the corresponding
endoperoxides. Photooxygenation showed good yields (ca. 60%) with 0.4% mol of TPP
loading and a throughput of 7.7 g/day. Endoperoxidation was followed by the Kornblum–
DeLaMare (KDM) rearrangement in the presence of 1,8-diazabiciclo[5.4.0]undec-7-ene
(DBU) or triethylamine to synthesize C-H-oxidized relevant synthons, such as furans, dike-
tones, enones, and tropones. The efficiency of the 1,6-pyrenedione (1,6-PYD) metal-free
photocatalyst for the selective oxygenation of 1,1-dicyanoalkenes to epoxides was recently
explored (Scheme 10) [57].
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Scheme 10. Electron-deficient alkene epoxidation promoted by the 1,6-PYD photocatalyst.

Reactions carried out in 2-propanol with 5% of 1,6-PYD and O2, under blue LED
irradiation proceeded with good to excellent yields (51–98%) and high functional group
tolerance. Scavenging experiments proved the presence of superoxide anion as an oxidizing
active species. However, only electron-deficient alkenes were examined, and no examples
of unsubstituted or activated alkenes were provided. Alkene oxidation to allylic alcohols or
α,β-unsaturated carbonyl compounds is a remarkable synthetic organic transformation [58].
Recently, Rose Bengal was exploited as a metal-free photocatalyst to perform allylic C-H
bond photooxygenation (Scheme 11).
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excellent yields (45–91%) were achieved in 4–8 h on differently substituted substrates,
including pharmaceutically relevant compounds.

2.3. Alkyne Oxygenation to 1,2-Diketones

The synthons 1,2-diketones are essential precursors in the synthesis of azacyclic
molecules [59,60] and bioactive compounds [61]. Alkyne oxygenation is considered one of
the best performing strategies to afford 1,2-diketones. In the context of metal-free visible-
light-promoted oxygenations, in 2016, Sun’s group reported the aerobic photooxygenation
of alkynes to 1,2-diketones, catalyzed by Eosin Y (Scheme 12) [62].
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Scheme 12. Aerobic photooxygenation to 1,2-diketones promoted by (a) Eosin Y [62] and
(b) DCA [63].

Reactions were carried out in acetonitrile for 8 h in the presence of two equivalents
of 4-chlorobenzenethiol. Good to excellent yields were achieved on a series of different
substrates; interestingly, the photocatalytic efficiency of such a system was higher than
the traditional metal-based Ru(bpy)3Cl-6H2O photocatalyst. Mechanistic studies pointed
out the presence of a radical-type pathway, in which superoxide anion was involved. The
only limitation of such an oxidative protocol is related to the use of 4-chlorobenzenethiol
as an additive, which has an essential role in triggering the radical chain. More recently,
dicyanoanthracene (DCA) was investigated as a photocatalyst for the alkyne photooxy-
genation to 1,2-diketones [63]. The reactions were performed in DCM:DMF (2:1 v/v) in
presence of 0.5 equivalents of trifluoroacetic acid (TFA) as an additive, and two equivalents
of biphenyl redox mediator as a co-sensitizer (BP). TFA proved to be essential in increasing
product yield, while BP was useful in reducing reaction time. However, very long reaction
times were required to afford low to moderate yields.

2.4. Aromatic Oxygenation

Fukuzumi et al. in 2004 reported anthracene selective oxidation to anthraquinone, pro-
moted by visible light under O2, using metal-free Acr+-Mes photocatalyst (Scheme 13) [64].

Mechanistic studies proved the presence of an electron transfer mechanism, in which
the photocatalyst in the excited state oxidized anthracene, generating anthracene radi-
cal cations. Consequently, the reduced photocatalyst interacted with molecular oxygen,
generating superoxide anion and restoring the catalytic cycle. A direct reaction between su-
peroxide anion and anthracene radical cation caused the generation of epidioxyanthracene
intermediate, which was further oxidized to quinone by the excited photocatalyst, produc-
ing hydrogen peroxide. The reactions were performed for three anthracene derivatives in
acetonitrile with 10% of the photocatalyst, and 75–99% yields of epidioxyanthracene were
achieved in 10 min. Thus, with this interesting approach, by using light, oxygen, and an
organic catalyst, it was possible to obtain valuable anthraquinones.
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Scheme 13. Mechanism of aerobic photooxygenation of anthracenes to quinones promoted by
Acr+-Mes.

Later, the same group investigated the selective oxidation of benzene to phenol,
promoted by 3-cyano-1-methyl quinolinium (QuCN+) (Scheme 14) [65].
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Scheme 14. Benzene oxidation to phenol promoted by QuCN+ in an oxygen atmosphere.

Photooxidation was carried out on a gram-scale with benzene (2.3 g, 29 mmol),
3% QuCN+, and water (0.2 mmol) in O2-saturated acetonitrile under visible light irra-
diation. In these conditions, 1.1 g of phenol (a 41% yield) was obtained after 48 h, an
appreciable result considering the mild reaction conditions applied and the absence of over-
oxidation products. Importantly, mechanistic investigations pointed out that the hydroxyl
group comes from water, while molecular oxygen re-oxidizes the reduced photocatalyst to
restore the catalytic cycle. TPP was also used as a photocatalyst for the aerobic endoper-
oxidations of α-naphthols to yield naphthoquinones through singlet oxygen generation
(Scheme 15) [66].

Importantly, this procedure can be used also to produce valuable compounds on a gram-
scale. Reactions were performed on 11 derivatives in batch (a 7–20% yield) and continuous-
flow conditions (an up to 82% yield). Continuous-flow reactions showed improved selectivity
since minor by-products were obtained, thus simplifying product isolation.
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2.5. Oxidative C-C and C=C Cleavage

The selective cleavage and late-stage functionalization of C–C bonds have a substantial
impact in the organic synthesis for the production of complex molecules [67], as well as in
medicinal chemistry [68]. However, the high dissociation bond energy and the stability of
C-C bonds make this process challenging, and, in general, the use of a metal-based catalyst
is needed [69]. 4CzIPN was recently studied as an organic photocatalyst for the selective
C-C bond oxidative cleavage (Scheme 16) [70].
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Scheme 16. N-aryl morpholine aerobic C(sp3)-C(sp3) oxidative cleavage promoted by 4CzIPN.

In this study, 29 N-aryl morpholine derivatives were tested, showing low to good
yields (13–83%) but significant functional group tolerance. Nevertheless, this protocol was
not successful for N-alkyl morpholine derivatives because Calkyl–N bond cleavage was
obtained instead of the ring opening product. Olefin C=C bond oxidative cleavage is a hot
topic in photochemistry. In fact, recently, several visible-light-promoted systems for alkene
C=C cleavage have been developed, using riboflavin tetraacetate, Eosin Y, disulfide charge
transfer, sodium benzene sulfinate, or nitroarene [71–75]. In 2021, Zhang et al. reported
a mild and efficient procedure for the aerobic oxidative cleavage of olefines to ketones
using Rose Bengal metal-free photocatalyst under visible light irradiation in the presence
of 0.5 equivalents of acetic acid (Scheme 17) [76].
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Scheme 17. Alkene aerobic oxidative cleavage to ketones promoted by Rose Bengal photocatalyst.

Reactions were carried out in water, and added-value carbonyl products were obtained
with good to excellent yields (40–95%) in 48 h. In addition, reactions could be efficiently
scaled up on a gram-scale; 1,1-diphenylethylene was converted to benzophenone with
a 64% yield after 48 h, thus demonstrating the potential industrial applicability of such
a protocol.

2.6. Amine Oxygenation

Amine α-oxygenation products are valuable building blocks in organic synthesis and
interesting molecules for pharmaceutical, agrochemical, and photovoltaic applications [77–81].
In recent years, several metal-free photocatalysts have been evaluated for the aerobic
photooxygenation of tertiary amines to amides. In 2019, Singh’s group described the use
of Eosin Y to promote the aerobic oxidation of tertiary amines conjugated with pyridine
functionality through a single-electron-transfer mechanism (Scheme 18a) [82].
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Scheme 18. Aerobic photooxygenation of tertiary amines to amides promoted by (a) Eosin Y [82]
and (b) Rose Bengal [83,84].

This procedure showed good catalytic efficiency (16 substrates, 70–95% yields, in
1–4 h). The use of atmospheric oxygen as an oxidant, Eosin Y as a metal-free photocatalyst,
and visible light irradiation outlined the sustainability of such an approach. Later, in 2020,
Das and co-workers reported the use of Rose Bengal photocatalyst in the α-oxygenation
of differently substituted 1-benzylpiperidines [83,84], showing a broad substrate scope
(Scheme 18b). This methodology was suitable for the synthesis of natural products and
for the late-stage selective oxygenation of drugs. Additionally, the oxygenation of N-
substituted piperidines, 1-benzylpyrrolidine, N,N-dimethylbenzylamine, N-substituted
tetrahydroquinoline, and N-substituted tetrahydroisoquinoline was investigated, obtaining
the corresponding amides in good to excellent yields (51–99%). This protocol, despite its
versatility, required the use of 1,5-diazabicyclo(4.3.0)non-5-ene (DBN) as a base and longer
reaction times (16–48 h) if compared with the Eosin-Y-catalyzed protocol [82]. Recently,
Anandhan’s group reported, for the first time, the direct α-oxygenation of amines to imides
using the Acr+-Mes organic photocatalyst (Scheme 19) [85].
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Scheme 19. Acr+-Mes-photocatalyzed aerobic photooxygenation of N,N-dibenzylanilines to imides.

The photooxygenation of more than 20 N,N-dibenzylanilines was carried out in ace-
tone in the presence of five equivalents of acetic acid and 5% of the photocatalyst under
blue LED irradiation in just 1 h with satisfactory to good yields (30–92%). Mechanistic
studies pointed out the presence of an electron transfer mechanism, which is typical for
acridinium-promoted oxygenation processes. Despite its potential practical applicability,
such a method is not effective for the oxygenation of heteroaryl and aliphatic amines and
electron-deficient N,N-dibenzylamines.

9,10-dicyanoanthracene-2,6-disulfonamide (DCAS) was recently investigated as a
metal-free photocatalyst to perform the late-stage photooxygenation of trialkylamines to
N-formamides in continuous flow under blue LED irradiation (Scheme 20) [86].

Indeed, the direct C–H oxidation of the N–CH3 group of trialkylamines to the N-formyl
group is an interesting process, since these products are relevant in biomedical applications
and valuable intermediates in organic synthesis [87–89]. Generally, metal-based catalysts
are required in such transformations [90,91]. However, in this procedure, the direct N–CH3
oxygenation to N-formyl was accomplished using a metal-free photocatalyst. The reaction
could be performed on several substrates in continuous-flow conditions in acetonitrile
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with 5% of the photocatalyst, affording high selectivity and good yields (15–68%). This
protocol is unsuitable for the oxygenation of benzylic amines and trialkylamines containing
benzylic alcohols or free carboxylic acids. Mechanistic studies proved an energy transfer
mechanism, in which singlet oxygen was the active oxidizing species. Lu et al. in 2016
described the visible-light-driven oxygenation of primary amines to carboxylic acids and
lactones, promoted by Rose Bengal (Scheme 21) [92].
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Scheme 21. Primary amine photooxygenation to carboxylic acids or lactones, catalyzed by
Rose Bengal.

This process occurred via an electron transfer and energy transfer cooperative mecha-
nism, through an oxidative ring opening followed by C=C oxidation. The reactions were
performed with 2% of the photocatalyst, obtaining satisfactory yields in 24–48 h and an
interesting tunability. In fact, the aerobic oxidation of primary amines led to the corre-
sponding carboxylic acids working with an 18 W compact fluorescent light bulb (CFL) in
dioxane, while lactones were obtained using an 8 W green LED in DMF at 47 ◦C.

2.7. Indole Oxygenation

The oxidative de-aromatization of N-heteroaromatic compounds is a smart tool for
the synthesis of added-value bio-active products [93]. A dicyanopyrazine photocatalyst
(DPZ) was recently investigated for the aerobic oxygenation of indoles to afford interesting
bio-active compounds (Scheme 22) [94].
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The authors demonstrated that the electrochemical properties of DPZ could be tuned
by switching the reaction pH and using diverse inorganic salts as additives. Reactions
proceeded through an electron transfer mechanism, with the generation of superoxide
anion or through an energy transfer oxidative pathway via singlet oxygen. This protocol
showed high photocatalytic performances, converting indoles and double-substituted
indoles to added-value N-heterocyclic products, including isatins, tryptanthrin, 2-methoxy-
3-oxoindoles, and benzo-oxazinones. Similar performances were obtained by Das and
co-workers using Rose Bengal (Scheme 23) [95].
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Scheme 23. Indole and pyrrole light-driven oxygenation catalyzed by Rose Bengal.

Reactions were carried out in an oxygen atmosphere in DMF:H2O (9:1 v/v) in 16–48 h
with 3% of the photocatalyst. Such a procedure was suitable for pyrrole oxidative de-
aromatization to afford cyclic imides in a one-pot reaction. A broad substrate scope
was reported (38 derivatives), obtaining pharmaceutically relevant compounds, such as
7-azaisatin, an anticancer drug, which was synthetized on a gram-scale in 45 h. More
recently, Singh et al. investigated the light-driven aerobic oxidative coupling of indole
and activated methylene compounds (e.g., malononitrile, ethyl acetoacetate, dimedone,
and barbituric acid) to afford valuable building blocks for the synthesis of spiro-oxindoles,
biologically active compounds (Scheme 24) [96].
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Reactions performed with 3% Eosin Y in DMF:H2O (4:1 v/v) displayed remarkable
selectivity and good yields in mild conditions.

2.8. Triaryl Phosphine Oxygenation

Phosphine oxides are relevant intermediates in organic synthesis and valuable building
blocks for the synthesis of drugs [97–99]. In 2017, Guo and co-workers described the visible-
light-enabled photooxidation of triaryl phosphines to phosphine oxides, promoted by
Eosin Y (Scheme 25) [100].

Reactions were performed in DCM:MeOH (5:1 v/v) using 1% of the photocatalyst.
Scavenging experiments proved the presence of an energy transfer mechanism, where
singlet oxygen was the active oxidizing species. More recently, the same group investigated
such reactions by using 4-phenylthioxanthone (4-PhTXT) as a photocatalyst in methanol,
obtaining a quantitative conversion to the oxygenated product in a shorter reaction time
(e.g., triphenylphosphine oxide was achieved in 40 min compared with 3.5 h required for
Eosin Y) [101]. Mechanistic investigations pointed out the presence of a merged energy-
and electron-transfer mechanism. Remarkably, the 4-PhTXT photocatalyst was suitable
in the oxidation of different mono-, di- and tri-alkyl phosphines, and the reactions were
accomplished on a gram-scale in 9 h. Agou et al. recently studied the triaryl phosphine
aerobic photooxygenation promoted by a dibenzo-fused 1,4-azaborine (DBAB) photocat-
alyst, which occurred through singlet oxygen formation [102]. Compared with Eosin Y
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and 4-PhTXT, the reactions catalyzed by DBAB required longer reaction times (8–10 h);
in addition, such a catalyst was unsuitable for the oxidation of alkyl phosphine deriva-
tives, but it was effective in the oxidation of 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl
(BINAP) substrates.
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(b) Rose Bengal [101], and (c) DBAB [102].

2.9. Silane Oxygenation

Silanols are essential synthons in organic synthesis [103–105] and potential bioac-
tive fragments in pharmaceutical applications [106,107]. The direct oxidation of silanes
is the most effective and sophisticated strategy to produce silanols with high selectiv-
ity [108,109]. However, traditional methods require the use of stoichiometric oxidizing
agents [110]. Recently, metal-based photocatalysts have been explored to perform aer-
obic silane oxygenation in sustainable conditions [111–113]. However, only two exam-
ples of the organo-photocatalyst-enabling silane oxidation to silanols have been reported
(Scheme 26) [114,115].
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Scheme 26. Visible-light-driven aerobic silane oxygenation to silanols, promoted by (a) Rose Ben-
gal [114] and (b) Eosin Y [115].

In that respect, He et al. developed for the first time a metal-free protocol using a
2% Rose Bengal photocatalyst (Scheme 26a) [114]. Silane oxygenation was performed in
THF using water as an additive via an energy-transfer- and electron-transfer-combined
mechanism. A wide substrate scope was analyzed, showing appreciable functional group
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tolerance with excellent yields (92–99%) in 12 h. Additionally, triphenylsilane was quan-
titatively converted to the corresponding silanol on a gram-scale in 12 h. Later, Gui and
co-workers developed a mild and fast procedure to oxygenate silanes to silanols using 1%
Eosin Y (Scheme 26b) [115]. Photooxygenation was performed under an air atmosphere
in a chlorinated solvent, obtaining excellent yields (71–99%) in just 30 min. Moreover,
triphenylsilane oxygenation was performed on a gram-scale, obtaining the corresponding
silanol with a 92% yield, just prolonging the reaction time to 1 h. The promising photocat-
alytic efficiency together with the mild reaction conditions make this protocol also suitable
for industrial application.

2.10. Thioether Oxygenation to Sulfoxides

Sulfoxides are bioactive molecules of pharmaceutical interest [116–118] and valuable
intermediates in organic synthesis [119,120]. Thioether oxidation using the traditional
oxidants in a stoichiometric amount is the most straightforward method to synthetize
sulfoxides [121–123]. Recently, several metal-free photocatalysts have been explored to
promote thioether oxygenation [124–134]; among them, good performances were achieved
using thioxanthone derivatives as organic photocatalysts [132,133]. In particular, in 2018,
Guo and co-workers described the selective oxidation of thioethers to sulfoxides promoted
by 4-PhTXT in methanol, obtaining good yields in 5–40 h (Scheme 27a) [132].
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More recently, Xu et al. reported the 2-chlorothioxanthone (2-ClTXT)-catalyzed
thioether photooxygenation (Scheme 27b) [133]. Here, reactions performed in 1,1,1-3,3,3-
hexafluoro-2-propanol (HFIP) selectively led to the corresponding sulfoxides, while sul-
fones were obtained using acetonitrile as the solvent. Notwithstanding the wide substrate
scope and the good yields obtained, such methods still present significant limitations, such
as long reaction times [132,133]. Our group recently proposed the use of KuQuinone (KuQ)
as a homogeneous photocatalyst for the oxidation of thioethers selectively to sulfoxides in
HFIP (Scheme 27c) [134]. Molecular oxygen and visible light were the required reagents to
afford aliphatic, cyclic, diaryl, and heteroaromatic sulfoxides with high yields (91->99%) in
short reaction times (1–2 h) using a 0.5% KuQ photocatalyst. High functional group toler-
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ance was observed, also in the presence of redox-labile substituents, and no over-oxidation
products were detected. Remarkably, the KuQ photocatalyst could be recycled and reused
for at least 20 runs, reaching a TON > 4000, showing unique robustness, which is a rare
feature for organic photocatalysts.

3. Conclusions

Photooxygenation reactions represent a clear example of the effective applicability of
sustainable methods in organic synthesis. In this context, organo-photocatalysis is turning
out to be an effective alternative to metal catalysis, showing in some cases even better
efficiency. Moreover, with respect to their metal counterparts, organic photocatalysts do
not require controlled pressure or temperature conditions, and they are not sensitive to
moisture. Indeed, Acr+-Mes, Eosin Y, 4CzIPN, and Rose Bengal are frequently adopted
for the oxygenation of alkanes, alkenes, alkynes, aromatic compounds, amines, phosphines,
silanes, and thioethers, leading to valuable organic compounds in mild reaction conditions.

However, research is still ongoing in this field, and future perspectives point towards:

- The heterogenization of organic photocatalysts on inert solid supports or their encapsulation
into nano-porous systems. Heterogenization ensures efficient catalyst recovery, thus im-
proving process efficiency and sustainability. In particular, catalyst recovery and reuse
are aimed to enhance TONs, likely allowing for organic photocatalyst applications at
the industrial level.

- The development of additive-free photocatalytic systems. Photocatalytic reactions often
require the use of electron/hole sacrificial additives in order to trigger or boost redox
pathways. Considering the high versatility of organic photocatalysts, future challenges
are intended to avoid the use of additives through appropriate organic photocatalyst
structural modifications.

- The design of tandem oxidative-reductive processes. Following the oxidation of an organic
substrate, the reduced photocatalyst participates in a subsequent redox process to
restore the native photocatalyst.

Such features undoubtedly highlight the organo-photocatalysis potential future for
sustainable chemistry synthetic applications, even feasibly with direct solar light irradiation.
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Abstract: The cobalt(II) chloride N,N,N-pincer complexes, [2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-
(ArN=CMe)C5H3N]CoCl2 (Ar = 2,6-Me2C6H3) (Co1), 2,6-Et2C6H3 (Co2), 2,6-i-Pr2C6H3 (Co3), 2,4,6-
Me3C6H2 (Co4), 2,6-Et2-4-MeC6H2 (Co5), and [2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N]CoCl2
(Co6), each containing at least one N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group, were synthesized
in good yield from their corresponding unsymmetrical (L1–L5) and symmetrical bis(imino)pyridines
(L6). The molecular structures of Co1 and Co2 spotlighted their distorted square pyramidal geome-
tries (τ5 value range: 0.23–0.29) and variations in steric hindrance offered by the dissimilar N-aryl
groups. On activation with either MAO or MMAO, Co1–Co6 all displayed high activities for ethylene
polymerization, with levels falling in the order: Co1 > Co4 > Co5 > Co2 > Co3 > Co6. Indeed, the
least sterically hindered 2,6-dimethyl Co1 in combination with MAO exhibited a very high activity of
1.15 × 107 g PE mol−1 (Co) h−1 at the operating temperature of 70 ◦C, which dropped by only 15%
at 80 ◦C and 43% at 90 ◦C. Vinyl-terminated polyethylenes of high linearity and narrow dispersity
were generated by all catalysts, with the most sterically hindered, Co3 and Co6, producing the
highest molecular weight polymers [Mw range: 30.26–33.90 kg mol−1 (Co3) and 42.90–43.92 kg mol−1

(Co6)]. In comparison with structurally related cobalt catalysts, it was evident that the presence of
the N-2,4-bis(dibenzosuberyl)-6-fluorophenyl groups had a limited effect on catalytic activity but a
marked effect on thermal stability.

Keywords: cobalt; ethylene polymerization; dibenzosuberyl; ortho-fluoride; thermal stability; linear
polyethylene; high activity

1. Introduction

The deployment of late transition metal (e.g., Fe, Co, Ni, Pd) complexes as catalysts
in ethylene polymerization has been extensively investigated since the groundbreaking
discoveries in the mid-to-late 1990′s [1–4]. Much of the interest in the area stems from their
ease of preparation and their ability to generate various types of industrially important
polyethylenes, ranging from highly linear to highly branched with differing levels of
end-group unsaturation [3–6].

Regarding iron and cobalt catalysts, most incorporate the tridentate 2,6-bis(arylimino)
pyridine ligand frame (A, Figure 1). Indeed, for this class of catalyst, numerous studies have
been dedicated to exploring the relationships between structure and productivity, as well as
the properties of the resulting polymers [1,2]. As a consequence, factors such as the choice of
metal center and the substitution pattern displayed by the N,N,N-ligand have been shown
to be of crucial importance. Furthermore, such variations to the chelating ligand structure
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can also impact the thermal stability of the catalyst, with poor thermal stability being a
characteristic that has, in part, limited their industrial application [1,2,6–8]. In most cases,
these structural modifications have been concerned with the N-aryl groups and, in particu-
lar, the influence of substituents with differing steric and electronic properties [1,2,5,8–22].
As a more recent modification, the fusion of carbocyclic rings to the central pyridine in A
has seen improvements in both catalytic performance and thermal stability [23–35].

Figure 1. Structural modifications to the ligand framework in 2,6-bis(arylimino)pyridine-iron(II) and
-cobalt(II) chloride complexes, A–F, including the target of this work, G.

As an on-going theme in our research, we have been interested in developing families
of unsymmetrical bis(imino)pyridine–iron and –cobalt complexes that contain one fixed
N-aryl group and the other variable. For example, precatalysts of type B (Figure 1) incorpo-
rate a N-2-benzhydryl-4,6-dimethylphenyl group as the fixed aryl group, while the other
aryl group offers a means to fine-tune performance through steric and electronic variation.
Indeed, iron and cobalt examples of B exhibit very good catalytic activity [36], while C
(Figure 1), bearing two sterically hindered ortho-benzhydryl groups along with an electron-
donating para-methyl group, not only display high catalytic activity but also enhanced
thermal stability (C, Figure 1) [37–42]. Moreover, analogues of C with the para-methyl
group replaced by electron-withdrawing substituents have seen further improvements, par-
ticularly for iron [39–47]. Incorporation of fluoride into the benzhydryl periphery has also
led to catalysts displaying high activity and good thermal stability [43,44]. Elsewhere, the
positioning of benzhydryl groups within the N-aryl ring has been the subject of a number of
reports. For instance, cobalt-containing DCo (Figure 1), affixed with a N-2,4-dibenzhydryl-
6-methylphenyl group, exhibited exceptional catalytic activity (up to 18.1 × 106 g of PE
mol−1 (Co) h−1), while the thermal stability was somewhat reduced [48,49].

As a development of our work using benzhydryl as a substituent on the N-aryl ring,
we have also been interested in employing dibenzosuberyl groups, in which the two phenyl
groups in benzhydryl have been tethered by an ethyl linker [50–53]. For example, ECo
(Figure 1), the dibenzosuberyl equivalent of DCo, displayed comparatively higher thermal
stability, while the polyethylene was of similarly high molecular weight [52,53]. As a more
recent finding, the introduction of fluoride in conjunction with two benzhydryl groups
on the N-aryl ring has seen the disclosure of cobalt-containing FCo (Figure 1). Indeed, FCo
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exhibited very high catalytic activity and superior thermal stability [54]. Similarly, the
bis(4,4’-difluorobenzhydryl) counterpart of F showed promising performance in terms of
catalytic productivity and thermostability [55,56].

In order to further refine our understanding of the factors that influence catalytic
performance and temperature resilience in this type of polymerization catalyst, we tar-
geted in this work a series of bis(imino)pyridine-cobalt precatalysts appended with N-2,4-
bis(dibenzosuberyl)-6-fluorophenyl groups (G, Figure 1). We anticipated that the electronic
effect of the 6-fluoride in close proximity to the central metal and the steric effect imposed
by the dibenzosuberyl groups, along with the anticipated acidity of its methine protons,
might have some impact on catalytic performance and particularly on thermal stability.
With this in mind, we disclose five distinct examples of unsymmetrical cobalt precatalysts
differing in the steric and electronic properties of the second N-aryl group and one sym-
metrical example bearing two N-2,4-bis(dibenzosuberyl)-6-fluorophenyl groups. These
new complexes were subjected to a comprehensive polymerization evaluation that probed
the type and amount of co-catalyst, reaction temperature, run time, and ethylene pressure.
The results of this study are then compared to previously reported cobalt examples of B–F
(Figure 1). In addition, the preparative details for the six novel 2,6-bis(imino)pyridines and
their cobalt precatalysts are reported in detail.

2. Results and Discussion

The unsymmetrical 2,6-bis(arylimino)pyridines, 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-
6-(ArN=CMe)C5H3N (Ar = 2,6-Me2C6H3) (L1), 2,6-Et2C6H3 (L2), 2,6-i-Pr2C6H3 (L3), 2,4,6-
Me3C6H2 (L4), and 2,6-Et2-4-MeC6H2 (L5), were obtained in two steps in satisfactory
overall yield (Scheme 1). Firstly, the condensation of 2,6-diacetylpyridine with one molar
equivalent of N-2,4-bis(dibenzosuberyl)-6-fluoroaniline afforded the imine-ketone 2-{(2,4-
(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N as the main product, along with some
2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N (L6) as the by-product. Treatment of the
imine-ketone intermediate with the corresponding aniline, 2,6-R1

2-4-R2C6H2NH2, under
acid catalyzed conditions, gave L1–L5. The N-2,4-bis(dibenzosuberyl)-6-fluoroaniline was
not commercially available and was prepared using a reported procedure [57–59].

Further reaction of L1–L6 with anhydrous cobalt(II) chloride in a mixture of ethanol and
dichloromethane generated [2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(ArN=CMe)C5H3N]CoCl2
(Ar = 2,6-Me2C6H3) (Co1, 2,6-Et2C6H3 (Co2), 2,6-i-Pr2C6H3 (Co3), 2,4,6-Me3C6H2 (Co4),
2,6-Et2-4-MeC6H2 (Co5) and [2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N]CoCl2 (Co6) in
good yields (Scheme 1). All of the organic compounds were characterized by IR, 1H, 13C,
and 19F NMR spectroscopy and elemental analysis, while Co1–Co6 were analyzed by
elemental analysis, 19F NMR, and IR spectroscopy, and Co1 and Co2 were analyzed by
single crystal X-ray diffraction.

Single crystals of Co1 and Co2 employed for the X-ray studies were grown by slow
diffusion of n-heptane into a dichloromethane solution of the corresponding complex.
Perspective views of both are shown in Figures 2 and 3, while selected bond lengths and
angles are provided in Table 1. Crystallographic parameters are given in the supporting
information (Table S1 from Supplementary Materials). The structures of Co1 and Co2 were
similar and will be described as a pair. Each comprised a single cobalt center bound by a
N,N,N-chelating bis(arylimino)pyridine and two chloride ligands to complete a geometry
that can be best described as distorted square pyramidal. More accurately, this distortion
can be quantified using the geometric tau value (τ5). This parameter can be defined from
the equation τ5 = (β–α)/60, where β is the largest angle and α is the second largest angle in
the coordination sphere. A tau value of zero is indicative of a perfect square pyramid and a
value of one for a perfect trigonal bipyramid [49–57,60–64]. For Co1 and Co2, the τ5 values
were 0.23 and 0.29, respectively, reflecting some degree of distortion from a perfect square
pyramid. In each structure, the three nitrogen atoms N1, N2, and N3, along with Cll, formed
the basal plane, while Cl2 occupied the apical site and the cobalt center itself sat above the
basal plane, by approximately 0.147 Å and 0.137 Å, respectively. With regard to the cobalt-
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nitrogen bond lengths, the central Co(1)–N(1) distance [2.035(2) Å Co1, 2.0512(12) Å Co2]
was noticeably shorter than Co(1)–N(2) [2.238(2) Å Co1, 2.1810(12) Å Co2] and Co(1)–N(3)
[2.260(2) Å Co1, 2.1784(11) Å Co2], indicating more effective coordination of the Npyridine
with the cobalt atom. Similar findings have been reported in the literature [45,46,48–56].
For Co1, the exterior Co-Nimine bond lengths also showed some minor variation, with
Co1-N3 slightly longer than Co1-N2, although this was not reproduced in Co2. The N(2)–
C(8) [1.281(3)–1.2819(19) Å] and N(3)–C(2) [1.271(3)–1.2851(18) Å] bond lengths in both
complexes were typical of C=N double bonds. In addition, the N-aryl planes were inclined
towards the perpendicular with respect to the N,N,N-chelating plane, with some modest
variation in the dihedral angles (76.3◦, 78.3◦ Co1; 77.7◦, 83.3◦ Co2). Similar inclinations have
been observed in other unsymmetrical bis(arylimino)pyridine complexes [36–46,50–56].
As a variation between the two structures, the ortho-dibenzosuberyl group in Co1 was
positioned on the same side as apical Cl2, while in Co2, the ortho-fluoride adopted this
position. Within each ortho-/para-substituted dibenzosuberyl group, the central seven-
membered ring was puckered on account of the three sp3-hybridized carbon atoms. There
were no intermolecular contacts of note.

Scheme 1. Synthetic route to the bis(arylimino)pyridine derivatives (L1–L6) and their cobalt(II)
chloride complexes (Co1–Co6).
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Figure 2. ORTEP representation of Co1 with the thermal ellipsoids set at 30% probability level. All
hydrogen atoms have been omitted for clarity.

Figure 3. ORTEP representation of Co2 with the thermal ellipsoids set at the 30% probability level.
All hydrogen atoms have been omitted for clarity.

19F NMR spectroscopy was performed on L1–L6 and Co1–Co6 in order to probe the
effect of the fluorine environment and metal complexation on chemical shift. As expected,
the spectra of the free ligands showed single peaks for the ortho-fluoride with chemical
shifts of approximately δ −128.7 ppm (Figure S1 from Supplementary Materials), which
compared to a range of between δ –146.9 and –129.3 ppm for Co1–Co5 (see Figure 4
for representative spectra). Evidently, complexation with the paramagnetic Co(II) ion
resulted in an upfield shift and a broadening of the fluorine resonances. Interestingly, the
spectrum of symmetrical Co6 showed major and minor peaks at δ –146.9 and −145.8 ppm,
respectively (see Figure S2 from Supplementary Materials), which suggested the existence
of two isomers in solution [55,56].
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Table 1. Selected bond lengths (Å) and angles (◦) for Co1 and Co2.

Co1 Co2

Bond Lengths (Å)

Co(1)–N(1) 2.035 (2) 2.0512 (12)
Co(1)–N(2) 2.238 (2) 2.1810 (12)
Co(1)–N(3) 2.260 (2) 2.1784 (11)
Co(1)–Cl(1) 2.2370 (8) 2.2424 (4)
Co(1)–Cl(2) 2.2673 (8) 2.2960 (4)
N(2)–C(10) 1.437 (3) 1.4292 (18)
N(3)–C(46) 1.449 (3) 1.488 (2)
N(2)–C(8) 1.281 (3) 1.2819 (19)
N(3)–C(2) 1.271 (3) 1.2851 (18)
C(15)–F(1) 1.350 (3) 1.3591 (17)

Bond Angles (◦)

N(1)–Co(1)–N(2) 74.87 (8) 73.56 (4)
N(1)–Co(1)–N(3) 74.78 (8) 73.97 (4)
N(2)–Co(1)–N(3) 149.16 (8) 138.63 (4)
N(1)–Co(1)–Cl(1) 135.22 (6) 156.00 (4)
N(2)– Co(1)–Cl(1) 95.29 (6) 99.83 (3)
N(3)–Co(1)–Cl(1) 102.35 (6) 99.46 (3)
N(2)–Co(1)–Cl(2) 101.27 (6) 101.57 (3)
N(3)–Co(1)–Cl(2) 94.49 (6) 103.81 (3)
Cl(1)–Co(1)–Cl(2) 113.91 (3) 113.233 (18)
N(1)–Co(1)–Cl(2) 110.86 (6) 90.76 (3)

Figure 4. 19F NMR spectra of L1, L4, and L5, along with those for their corresponding complexes
Co1, Co4, and Co5; recorded in CDCl3 at ambient temperature.

In the FT-IR spectra of Co1–Co6, the stretching vibrations for the C=Nimine bonds
appeared in the range of 1623–1632 cm−1, which compared to 1641–1651 cm−1 for the free
bis(imino)pyridines, L1–L6. This reduction in wavenumber was in accordance with the
effective coordination of the imine nitrogen donor atoms to the metal center [36–39,48–57].
The elemental analyses of Co1–Co6 were consistent with the proposed LCoCl2 composition.
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3. Ethylene Polymerization Studies

Previous work in the area indicated that aluminoxanes, such as MAO (methylalumi-
noxane) or MMAO (modified methylaluminoxane), are effective co-catalysts for generating
the active bis(imino)pyridine-cobalt catalyst [13,14,36–42,48–57]. Accordingly, both MAO
and MMAO were used during the catalytic evaluation of Co1–Co6, and their catalytic
performance was compared. To identify an effective set of reaction conditions for the
polymerizations, Co1 was initially selected and parameters such as temperature, Al:Co
molar ratio, run time, and ethylene pressure were systematically investigated with the
ethylene pressure kept at 10 atm. All runs were performed in toluene as the solvent.

3.1. Optimization of Polymerization Conditions Using Co1/MAO

With Co1/MAO initially employed as the test catalyst system, the influence of run
temperature was first investigated with the Al:Co molar ratio fixed at 2000:1 and the run
time set at 30 min (runs 1–7, Table 2).

Table 2. Optimization of the polymerization conditions using Co1/MAO a.

Run T (◦C) t (min) Al:Co PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 30 30 2000 1.82 2.43 16.80 2.43 130.4
2 40 30 2000 2.14 2.85 14.72 2.67 129.5
3 50 30 2000 2.83 3.77 11.15 2.63 128.9
4 60 30 2000 4.54 6.05 9.26 2.63 128.5
5 70 30 2000 8.61 11.48 7.40 2.42 127.7
6 80 30 2000 7.36 9.81 6.74 2.37 127.1
7 90 30 2000 4.92 6.56 5.44 2.27 126.1
8 70 30 1500 6.85 9.13 7.52 2.47 127.6
9 70 30 1750 8.02 10.70 7.75 2.37 128.2
10 70 30 2250 7.43 9.91 7.27 2.41 127.8
11 70 30 2500 6.37 8.49 7.07 2.29 127.8
12 70 30 3000 5.60 7.47 6.33 2.16 128.4
13 70 05 2000 2.57 20.56 6.73 2.27 127.3
14 70 15 2000 4.61 12.29 7.22 2.27 128.0
15 70 45 2000 9.02 8.02 7.53 2.46 127.6
16 70 60 2000 10.51 7.01 8.23 2.34 127.6
17 e 70 30 2000 3.87 5.16 6.27 2.55 127.2
18 f 70 30 2000 0.71 0.95 2.92 2.40 123.2

a General conditions: 1.5 µmol of Co1, 100 mL toluene, 10 atm C2H4, b 106 g of PE mol−1 (Co) h−1, c Mw : kg
mol−1

, determined by GPC, d determined by DSC, e 5 atm of C2H4, f 1 atm of C2H4.

When the temperature was increased from 30 to 70 ◦C, the catalytic activity steadily
increased, reaching a peak level of 11.48 × 106 g of PE mol−1 of Co h−1 at the higher
temperature (run 5, Table 2). Above 70 ◦C, some loss in activity was observed, with lev-
els decreasing to 9.81 × 106 g of PE mol−1 of Co h−1 at 80 ◦C and then to 6.56 × 106 g
of PE mol−1 of Co h−1 at 90 ◦C. Clearly, the active species generated using Co1/MAO
displayed good thermal stability with only a 15% reduction in performance at 80 ◦C.
It would seem probable that this latter dip in effectiveness was due to partial deactiva-
tion of the active species and/or lower solubility of the ethylene monomer at elevated
temperature [36–46,49,52–57]. In contrast, the molecular weight of the polyethylene dis-
played a gradual decrease when the temperature increased from 30 to 90 ◦C, with Mw
values dropping from 16.80 to 5.44 kg mol–1 (Figure 5). This reduction in molecular weight
was ascribed to increased rates of chain transfer reactions as compared to chain propagation
at higher run temperatures [38–46,49,52–55].
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Figure 5. GPC curves showing logMw of the polyethylenes produced using Co1/MAO as a function
of the reaction temperature (runs 1–7, Table 2).

Next, the amount of MAO employed was systematically varied by altering the Al:Co
molar ratio for Co1/MAO from 1500:1 to 3000:1 with the run temperature retained at
70 ◦C (runs 5, 8–12, Table 2). At 2000:1, the highest catalytic activity of 11.48 × 106 g of
PE mol−1 of Co h−1 was achieved (run 5, Table 2), which then declined at higher ratios
reaching a low point of 7.47 × 106 g of PE mol−1 of Co h−1 at 3000:1 (run 12, Table 2).
In terms of the molecular weight of the polyethylene, the highest value of 7.75 kg mol–1

was attained at 1750:1 (run 9, Table 2) and then progressively decreased as the ratio was
raised from 2000:1 to 3000:1 (runs 10–12, Table 2). The corresponding GPC curves are given
in Figure S3 (Supplementary Materials). It would seem likely that this drop in Mw was
due to increased rates in chain transfer and termination reactions in the presence of larger
amounts of co-catalyst [48,50,52–55,64–67].

With the Al:Co molar ratio retained at 2000:1 and the temperature set at 70 ◦C, the
time/activity profile of Co1/MAO was investigated at selected intervals between 5 and
60 min (runs 5, 13–16, Table 2). Examination of the results indicated an inverse relationship
between catalytic activity and run time, with a peak performance observed after 5 min
(20.56 × 106 g of PE mol−1 of Co h−1), which then proceeded to drop-off and reached
its lowest value after 60 min (7.01 × 106 g of PE mol−1 of Co h−1). These results further
highlighted the short induction period required to produce the active species (run 13,
Table 2) and, moreover, its appreciable lifetime even over longer run times. Meanwhile,
the molecular weights of the polyethylenes increased over a prolonged reaction time and
remained narrowly dispersed in all cases. The GPC curves of the resulting polyethylenes
are collected in Figure S4 (Supplementary Materials).

To explore the influence of ethylene pressure on Co1/MAO, the polymerization runs
were additionally performed at 5 and 1 atm (runs 5, 17, and 18, Table 2). The results showed
a clear correlation between pressure and catalytic activity, as well as the molecular weight
of the polyethylene, with higher pressures leading to improved catalytic performance and
higher molecular weight polymers. In particular, the catalytic activity displayed at 5 atm
of ethylene was almost half that displayed at 10 atm, while the molecular weight of the
polyethylene lowered to 6.27 kg mol−1 (run 17, Table 2). In comparison, at 1 atm, the
catalytic activity dramatically decreased to 0.95 × 106 g of PE mol−1 of Co h−1 while the
polymer molecular weight declined to 2.92 kg mol−1 (run 18, Table 2). These observations
suggested that a high pressure of ethylene was favorable for coordination and insertion,
which was likely related to the increased solubility of the ethylene monomer. The GPC
curves as a function of ethylene pressure are given in Figure 6.
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Figure 6. GPC curves showing logMw of the polyethylenes produced using Co1/MAO as a function
of the ethylene pressure (runs 5, 17, and 18, Table 2).

As a general observation for all the different polymerization runs performed using
Co1/MAO (runs 1–18, Table 2), the polyethylenes showed a narrow dispersity (Mw/Mn
range: 2.16 to 2.67; runs 1–18, Table 2), suggesting well-controlled polymerizations as the
result of single-site active species.

3.2. Optimization of Polymerization Conditions Using Co1/MMAO

With MAO now replaced with MMAO, a similar strategy was employed to optimize
the performance of Co1/MMAO. The complete set of results are collected in Table 3.

Table 3. Optimization of the polymerization conditions using Co1/MMAO a.

Run T (◦C) t (min) Al:Co PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 30 30 2000 1.43 1.91 20.14 2.42 131.2
2 40 30 2000 1.87 2.49 14.36 2.47 130.2
3 50 30 2000 2.54 3.39 11.67 2.54 129.5
4 60 30 2000 3.28 4.37 8.05 2.45 128.2
5 70 30 2000 4.86 6.48 7.28 2.38 128.0
6 80 30 2000 3.72 4.96 6.42 2.25 127.2
7 90 30 2000 1.85 2.47 5.53 2.33 126.4
8 70 30 1500 3.12 4.16 7.60 2.34 127.9
9 70 30 1750 3.97 5.29 7.45 2.31 128.1
10 70 30 2250 5.63 7.51 7.09 2.51 127.9
11 70 30 2500 3.85 5.13 6.64 1.94 128.2
12 70 30 3000 2.74 3.65 3.67 2.45 128.7
13 70 05 2250 2.14 17.12 6.68 2.06 128.0
14 70 15 2250 3.48 9.28 6.90 2.31 127.6
15 70 45 2250 5.92 5.26 7.09 2.10 127.8
16 70 60 2250 6.41 4.27 7.91 2.12 128.0
17 e 70 30 2250 2.15 2.87 5.51 2.34 127.7
18 f 70 30 2250 0.53 0.71 3.58 1.92 124.1

a General conditions: 1.5 µmol of Co1, 100 mL toluene, 10 atm C2H4,
b 106 g of PE mol−1 (Co) h−1, c Mw: kg

mol−1, determined by GPC, d determined by DSC, e 5 atm of C2H4, f 1 atm of C2H4.

By running the polymerizations at temperatures between 30 and 90 ◦C (runs 1–7,
Table 3), a peak activity of 6.48 × 106 g of PE mol−1 of Co h−1 was again observed at 70 ◦C
(run 5, Table 3). However, this activity level was not as high as that observed for Co1/MAO
at the same temperature. Nonetheless, the optimal temperature of 70 ◦C again highlighted
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the high thermal stability of this class of catalyst [40–46,49,52–57]. At temperatures in
excess of 70 ◦C, the catalytic activity decreased to 4.96 × 106 g of PE mol−1 of Co h−1 at
80 ◦C and then to 2.47 × 106 g of PE mol−1 of Co h−1 at 90 ◦C (runs 6 and 7, Table 3),
highlighting once again the appreciable resilience of the active species to high operating
temperature. The molecular weights of the polyethylenes showed a similar trend to that
observed with MAO, with the values decreasing from 20.14 to 5.53 kg mol−1 when the
temperature was raised from 30 to 90 ◦C (Figure 7). The generated polyethylenes displayed
a reasonably narrow dispersity across the temperature range (runs 1–7, Table 3).

Figure 7. GPC curves showing logMw of the polyethylenes produced using Co1/MMAO as a function
of the reaction temperature (runs 1–7, Table 3).

The response of Co1/MMAO to variations in Al:Co molar ratio was then explored by
altering the ratio from 1500:1 to 3000:1 (runs 5, 8–12, Table 3) with the temperature set at
70 ◦C. The results revealed a gradual increase in catalytic activity, reaching a maximum
of 7.51 × 106 g of PE mol−1 of Co h−1 at 2250:1 (run 10, Table 4). Further increases in the
amount of co-catalyst led to a reduction in activity, with the lowest value of 3.65 × 106 g of
PE mol−1 of Co h−1 obtained at 3000:1 (run 12, Table 3). On the other hand, the molecular
weights of the polyethylenes steadily decreased from 7.60 kg mol−1 to 3.65 kg mol−1 (runs
5, 8–12, Table 3) as the ratio increased (Figure S5 from Supplementary Materials). This
finding aligned with increased rates of both chain transfer and termination reactions at
higher concentration of co-catalyst [48,50,52–55,64–67].

Table 4. Screening of Co1–Co6 with either MAO or MMAO under optimized conditions a.

Run Precat. Co-Cat. PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 Co1 MAO 8.61 11.48 7.40 2.42 127.7
2 Co2 MAO 7.03 9.37 13.06 2.54 129.8
3 Co3 MAO 3.91 5.21 30.26 2.47 132.9
4 Co4 MAO 7.54 10.05 8.10 2.29 128.4
5 Co5 MAO 6.88 9.17 13.38 2.53 129.9
6 Co6 MAO 2.43 3.24 42.90 2.28 132.8
7 Co1 MMAO 5.63 7.51 7.10 2.51 127.9
8 Co2 MMAO 3.42 4.56 13.40 2.35 130.0
9 Co3 MMAO 2.90 3.87 33.90 1.88 132.7
10 Co4 MMAO 5.16 6.88 8.07 2.61 128.0
11 Co5 MMAO 3.28 4.37 13.93 2.32 130.0
12 Co6 MMAO 2.06 2.74 43.92 2.03 132.4

a General conditions: 1.5 µmol of cobalt precatalyst, 100 mL toluene, 10 atm C2H4, 70 ◦C, 30 min, Al:Co ratio of 2000:1
(MAO) and 2250:1 (MMAO), b 106 g PE mol−1 (Co) h−1, c kg mol−1 determined by GPC, d determined by DSC.
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The impact of run time on Co1/MMAO was then explored between 5 and 60 min
(runs 10, 13–16, Table 3) with the temperature maintained at 70 ◦C and the Al:Co molar
ratio set at 2250:1. Similar to the results observed with MAO, the peak level of 17.12 × 106 g
of PE mol−1 of Co h−1 was found after 5 min (run 13, Table 3). Over a prolonged reaction
time, a gradual decrease in catalytic activity was observed, reaching a value of 4.27 × 106 g
of PE mol−1 of Co h−1 after 60 min (runs 16, Table 3). Nonetheless, the levels of activity
after longer run times remained appreciable, highlighting the good lifetime of the active
species. In terms of the polyethylenes, a gradual increase in molecular weight was observed
over time (Figure S6 from Supplementary Materials).

To explore the influence of ethylene pressure on Co1/MMAO, we then investigated
this parameter using the most effective conditions identified in terms of run temperature
and Al:Co molar ratio (runs 10, 17, and 16, Table 3). As with the MAO study, the highest
catalytic activity was achieved at the highest pressure of ethylene. At 5 atm, the catalytic
activity dropped to 2.87 × 106 g of PE mol−1 of Co h−1, while at 1 atm the catalytic
activity lowered to 0.71 × 106 g of PE mol−1 of Co h−1. Similarly, the molecular weight
of the polyethylene dropped to 5.51 kg mol−1 at 5 atm (run 17, Table 3) and then fell
further to 3.58 kg mol−1 at 1 atm (run 18, Table 3). It would seem probable that less
effective mass transfer of the ethylene monomer at lower pressure accounted for the
observations described above. The GPC curves are given in Figure 8. As a final remark,
under all polymerization conditions employed using Co1/MMAO, the dispersity of the
polyethylenes (Mw/Mn) was in the range 1.92 to 2.54 (runs 1–18, Table 3), indicating the
single-site nature of the active species.

Figure 8. GPC curves showing log Mw of the polyethylenes produced using Co1/MMAO as a function
of the ethylene pressure (entries 10, 17, and 18, Table 3).

3.3. Screening of Co1–Co6 with MAO and MMAO

Finally, all the remaining cobalt complexes, Co2–Co6, were investigated as precatalysts
for ethylene polymerization using the corresponding set of optimized reaction conditions
identified with either Co1/MAO (reaction temperature = 70 ◦C, Al:Co molar ratio = 2000:1,
run time = 30 min, PC2H4 = 10 atm) or Co1/MMAO (reaction temperature = 70 ◦C, Al:Co
molar ratio = 2250:1, run time = 30 min, PC2H4 = 10 atm). The results are displayed in
Table 4.

By utilizing MAO as co-catalyst, all cobalt precatalysts displayed high catalytic activity
for ethylene polymerization (range: 3.24–11.48 × 106 g of PE mol−1 of Co h−1) with the
relative order following: Co1 > Co4 > Co5 > Co2 > Co3 > Co6 (runs 1–6, Table 4). At
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the top end of the range were Co1 and Co4, which both contain the least sterically bulky
ortho-methyl (R1) substituents (runs 1, 4, Table 4). Conversely, Co3, bearing the bulkier
ortho-isopropyl substituents, exhibited lower activity, while symmetrical Co6, incorporating
two N-2,4-bis(dibenzosuberyl)-6-fluorophenyl groups, was the least active of the series
(runs 3, 6, Table 4). On the other hand, Co3 and Co6 generated the highest molecular
weight polyethylenes of 30.26 and 42.90 kg mol−1, respectively. Variations in the molecular
weight of the polyethylene as a function of precatalyst are shown in Figure 9. These
findings suggested that bulkier substituents inhibited chain transfer and protected the
active species [42–46,52–57].

Figure 9. GPC curves showing log Mw of the polyethylenes produced using Co1–Co6 with MAO as
activator in each case (runs 1–6, Table 4).

Similarly, using MMAO, the catalytic performance of Co2–Co6 was investigated using
the optimum conditions established with Co1/MMAO (runs 7–12, Table 4). At first glance, it
was evident that the activities for all six cobalt precatalysts mirrored the order observed with
MAO: Co1 > Co4 > Co5 > Co2 > Co3 > Co6. However, these systems generally displayed
lower catalytic activities (range: 2.74–7.51 × 106 g of PE mol−1 of Co h−1), which could
plausibly be attributed to the different activation processes involved with each co-catalyst.
Nevertheless, steric influences imparted by the N-aryl substituents once again played a
key role on performance, with the least hindered 2,6-dimethyl Co1 and Co4 falling at the
top end of the catalytic range (runs 7, 10, Table 4). Likewise, the highest molecular weight
polyethylene was generated using the bulkiest precatalysts, Co6 (Mw = 43.93 kg mol−1)
and Co3 (Mw = 33.90 kg mol−1) (runs 9, 12, Table 4). The GPC curves of the polyethylenes
generated using Co1–Co6/MMAO are shown in Figure 10. As was noted in the initial
studies using Co1/MAO or Co1/MMAO, the polymers produced using Co1–Co6 were
narrowly dispersed, with Mw/Mn values falling in the range of 1.88 to 2.61, highlighting
the good control and single-site nature of the active species.
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Figure 10. GPC curves showing logMw of the polyethylenes produced using Co1–Co6 with MMAO
as activator in each case (runs 7–12, Table 4).

3.4. Microstructural Features of the Polyethylenes

As is apparent from Tables 2–4, all of the polyethylene samples produced in this
work displayed melting points (Tm) in the range 126.1–132.9 ◦C, values that are typical
of linear polyethylenes. Indeed, bis(imino)pyridine-cobalt catalysts have a history for
forming polymers with very little branching [1–6,60,64–71]. To investigate the structural
composition of these polyethylenes in more detail, selected samples generated using the
more active catalysts that were activated using MAO and MMAO, were investigated using
1H and 13C NMR spectroscopy. To allow suitable solubility, these samples were dissolved
in deuterated C2D2Cl4 at high temperature and their spectra were recorded at 100 ◦C.

Firstly, a sample obtained using Co1/MAO at the optimal temperature of 70 ◦C
(Mw = 7.40 kg mol−1, run 5, Table 2) was recorded and analyzed using approaches detailed
in the literature [36,45–48,52–59,68–71]. The 1H NMR spectrum displayed characteristic
peaks for a vinyl-terminated polyethylene displaying high linearity (Figure 11). In par-
ticular, a high intensity singlet at δ 1.30 ppm for the –(CH2)n– repeat unit was observed
along with two less intense downfield multiplets at δ 5.91 and δ 4.98 ppm in a 1:2 intensity
ratio, which was assigned to the vinyl end group (–CH=CH2). In addition, a weak signal
for the protons on the carbon adjacent to vinyl group (Hc) were visible more upfield at
δ 2.12 ppm, while the protons belonging to methyl end group (Hf) were detected most
upfield at δ 0.98 ppm. On the other hand, signals for He and Hf could not be observed and
were presumably masked by the signal for –(CH2)n– repeat unit, while Hd could be just
identified at δ 1.54 ppm.

In the 13C NMR spectrum of this polyethylene sample (Figure 12), the signal for the
–(CH2)n– repeat unit took the form of an intense resonance at δ 30.00 ppm. On either side of
this peak, weaker signals for the methylene carbons, Cc, Cd, and Cf, could be detected, with
the methyl chain end observed most upfield at δ 14.2 ppm. Conversely, the vinylic carbons,
Cb and Ca were found most downfield at δ 139.61 and 114.39 ppm, whereas the signal for
the carbon atom Cc adjacent to this vinyl end group appeared at δ 33.98 ppm. Notably,
the integral ratio of the methyl and vinyl end (Cg:Ca) in 13C NMR spectrum was found to
be approximately 1:1, which provided support for a vinyl-terminated polymer. Overall,
this observation of a vinyl end group in both the 1H NMR and 13C NMR spectra implied
that β-hydrogen elimination represented the termination pathway in this polymerization
process [50–53,70,71].
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Figure 11. 1H NMR spectrum of the polyethylene generated using Co1/MAO (run 5, Table 2);
recorded in C2D2Cl4 at 100 ◦C.

A similar analysis was performed on the 1H and 13C NMR spectra of the polyethylene
afforded using Co1/MMAO at 70 ◦C (Mw = 7.09 kg mol−1, run 10, Table 3). As was noted
above, signals characteristic of a vinyl-terminated polyethylene with high linearity were
evident (Figures S7 and S8 from Supplementary Materials) [36,45–48,52–59,68–71]. Clearly,
β-hydrogen elimination again accounted for the key termination pathway when using
MMAO as co-catalyst.

Figure 12. 13C NMR spectrum of the polyethylene generated using Co1/MAO (run 5, Table 2);
recorded in C2D2Cl4 at 100 ◦C.
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3.5. Comparative Study of the Current Catalyst System with Previously Reported Examples

To facilitate a comparison of the current class of precatalysts with related unsymmetri-
cal cobalt(II) chloride precatalysts [36,37,48,52,54], Figure 13 presents various performance
data for previously reported B–F alongside that for G. All the tests were carried out under
optimal reaction conditions at PC2H4 = 10 atm using MAO as the co-catalyst.

Figure 13. Comparison of catalytic activity, optimal run temperature, and polymer molecular weight
data for G (this work) with that obtained using B–F. All runs were performed under optimized
conditions at 10 atm of C2H4 using MAO as the activator.

Several notable findings emerged from inspection of the figure. Firstly, the highest
optimal run temperature was displayed by G (70 ◦C); for B–F this temperature fell any-
where between 30 and 60 ◦C. This observation lent support for the beneficial effect of the
introduction of a N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group on the thermal stability
of the cobalt catalyst. In terms of catalytic activity, G (11.5 × 106 g of PE mol−1 (Co)
h−1) was the third most active system, with only D [48] and F exceeding it under optimal
operating conditions. Nonetheless, G was more active than B [36], C [37], and E [52], as
well as several other reported precatalysts bearing N-aryl substituents appended with
electron withdrawing/donating groups in combination with benzhydryl groups [39–42,45].
Evidently, the presence of the N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group did not
significantly enhance activity. In terms of the molecular weight of the polyethylene, that
generated with G (30.3 kg/mol) was higher than that with F [54], although less than that
produced using B–E. However, it would seem most likely that this relatively low molecular
weight polymer was due to the higher run temperature leading to a higher rate of chain
transfer compared to B–E.

4. Experimental
4.1. General Considerations

Manipulations of all air and/or moisture sensitive compounds were undertaken using
standard Schlenk techniques under inert nitrogen atmosphere conditions. All solvents
prior to use were distilled under nitrogen. The aluminum-alkyls, methylaluminoxane
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(MAO, 1.46 M in toluene), and modified-methylaluminoxane (MMAO, 1.93 M in n-heptane)
were purchased from Akzo Nobel Corp. (Nanjing, China), while the high-purity ethy-
lene was bought from Beijing Yanshan Petrochemical Co. (Beijing, China). All other
reagents were purchased from either Aldrich (Beijing, China) or Acros (Beijing, China).
The N-2,4-bis(dibenzosuberyl)-6-fluoroaniline was prepared according to a described
procedure [52,53,58,59]. The 1H, 13C, and 19F NMR spectra of all bis(imino)pyridines
and their precursors were recorded on a Bruker DMX 400M Hz NMR (Bruker, Karlsruhe,
Germany) at ambient temperature using TMS as an internal standard. The FT-IR spectra
were recorded on the Perkin Elmer Spectrum 2000 FT-IR spectrometer (Shanghai, China).
The elemental analyses were carried out on a Flash EA 1112 microanalyzer (Thermo Elec-
tron SPA, Beijing, China). The molecular weight (Mw) and dispersity (Mw/Mn) of the
polyethylenes were measured using a PL-GPC 220 instrument (PL, Shropshire, UK) operat-
ing at 150 ◦C and using 1,2,4-trichlorobenzene as the eluting solvent. The melting points of
the polyethylenes were measured using differential scanning calorimetry (Q2000 DSC; TA
Instruments, New Castle, DE, USA) under a nitrogen atmosphere. Typically, a PE sample
of 5.0 mg was heated to 160 ◦C at a heating rate of 20 ◦C min−1 and maintained for 3 min
at the same temperature to remove its thermal history. This sample was then cooled to
−20 ◦C at a rate of 20 ◦C min−1. The 1H and 13C NMR spectra of the polyethylenes were
recorded in deuterated 1,1,2,2-tetrachloroethane at 100 ◦C. Sample preparation typically in-
volved taking a known amount of polyethylene (90–100 mg) and dissolving it in deuterated
1,1,2,2-tetrachloroethane (2.0 mL) at high temperature before an aliquot was transferred
to a 5 mm standard glass NMR tube. Inverse-gated 13C NMR spectra were recorded on a
Bruker DMX 300 MHz spectrometer (Bruker) with the number of scans anywhere between
1798 and 1935. The conditions used for the spectral analysis were as follows: a spectral
width of 22675.7 kHz, acquisition time of 0.7225 s, relaxation delay of 5.0 s, and pulse width
of 15.5 µs.

4.2. Synthesis of 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N

To a round-bottom flask containing 2,6-diacetylpyridine (3.30 g, 20.2 mmol) in toluene
(100 mL) was added 2,4-bis(dibenzosuberyl)-6-fluoroaniline (10.02 g, 20.2 mmol), before a
Dean-Stark trap was fitted. The reaction mixture was stirred under reflux for 10 min and
then a catalytic amount of p-toluenesulfonic acid (ca. 15 mol%) was slowly added. After a
further 6 h under reflux, the reaction mixture was allowed to cool to room temperature, at
which point all volatiles were evaporated under reduced pressure. The resulting residue
was then purified by column chromatography (on basic alumina) using an eluent composed
of petroleum ether and diethyl ether (25:2) to afford the title compound as a pale yellow
solid (4.36 g, 34%). Mp: 203–205 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.52 (d, J = 7.9 Hz,
Py–H, 1H), 8.13 (d, J = 7.7 Hz, Py–H, 1H), 7.97 (t, J = 7.8 Hz, Py–H, 1H), 7.26–6.85 (m, Ar–H,
14H), 6.58 (s, Ar–Hm, 1H), 6.32 (d, J = 11.2 Hz, Ar–H, 2H), 6.12 (s, Ar–Hm, 1H), 5.16 (s,
–CH–, 1H), 4.98 (s, –CH–, 1H), 3.02–2.86 (m, –CH2–, 3H), 2.81 (s, –CH3, 3H), 2.80–2.72 (m,
–CH2–, 5H), 1.63 (s, –CH3, 3H). 13C NMR (100 MHz, CDCl3, TMS): δ 200.2, 170.7, 155.1,
152.3, 140.8, 140.7, 139.8, 137.1, 135.0, 134.0, 131.3, 130.6, 127.3, 126.7, 126.1, 125.7, 125.0,
122.5, 112.6, 112.4, 57.7, 56.2, 32.3, 25.7, 16.2. TMS FT-IR (KBr cm−1): 3051 (w), 3060 (w),
3012 (w), 2926 (w), 2836 (w), 2829 (w), 1704 (υ(C=O), s), 1649 (υ(C=N), s), 1584 (w), 1528
(w), 1491 (m), 1463 (w), 1429 (w), 1364 (s), 1309 (m), 1234 (m), 1150 (w), 1120 (w), 1078 (w),
1042 (w), 1014 (w), 990 (w), 940 (w), 892 (w), 828 (w), 816 (m), 790 (w), 760 (s), 734 (m),
701 (m), 668 (w).

4.3. Synthesis of 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(ArN=CMe)C5H3N (L1–L5)
4.3.1. Ar = 2,6-Me2C6H3 (L1)

A mixture of the imine-ketone 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N
(1.01 g, 1.58 mmol) and 2,6-dimethylaniline (0.25 g, 2.06 mmol), along with a catalytic
amount of p-toluenesulfonic acid (ca. 15%) in toluene, were loaded into a round-bottom
flask equipped with a Dean-Stark trap. The reaction mixture was stirred under reflux for
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6 h and then allowed to cool to room temperature before all volatiles were removed under
reduced pressure. The resulting residue was purified by column chromatography (using
basic alumina) using a mixture of petroleum ether and diethyl ether (25:2) as the eluent
to give L1 as a yellow powder (0.68 g, 8%). Mp: 254–256 ◦C. 1H NMR (400 MHz, CDCl3,
TMS): δ 8.47 (d, J = 7.6 Hz, Py–H, 1H), 8.42 (d, J = 8.0 Hz, Py–H, 1H), 7.94 (t, J = 7.8 Hz,
Py–H, 1H), 7.22–7.06 (m, Ar–H, 19H), 6.52 (d, J = 11.2 Hz, Aryl–H, 1H), 6.36 (s, aryl–Hm,
1H), 5.13 (s, –CH–, 1H), 5.09 (s, –CH–, 1H), 3.01–2.93 (m, –CH2–, 3H), 2.83–2.79 (m, –CH2–,
1H), 2.70–2.62 (m, –CH2–, 3H), 2.52–2.48 (m, –CH2–, 1H), 2.18 (s, –CH3, 3H), 2.08 (s, –CH3,
6H), 1.67 (s, –CH3, 3H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.3, 155.0, 154.7, 151.8,
149.4, 148.8, 140.6, 140.5, 140.1, 140.0, 139.8, 139.1, 136.7, 135.0, 134.4, 134.3, 131.4, 131.2,
131.0, 130.6, 130.1, 127.9, 127.3, 127.2, 127.1, 126.9, 126.3, 126.1, 126.0, 125.7, 125.5, 123.0,
122.7, 122.2, 112.6, 112.4, 57.7, 57.4, 56.2, 32.3, 31.3, 18.0, 16.4. 19F NMR (470 MHz, CDCl3): δ
–128.68. FT-IR (KBr cm−1): 3060 (w), 3022 (w), 2930 (w), 2889 (w), 2827 (w), 1645 (υ(C=N),
s), 1581 (w), 1493 (w), 1452 (m), 1360 (s), 1301 (w), 1247 (w), 1202 (m), 1130 (m), 1101(w),
1050 (w), 1021 (w), 994 (w), 961 (w), 934 (w), 872 (w), 8061 (m), 771 (s), 718 (m), 687 (w).
Anal. Calcd. for C53H46N3F·0.5H2O (752.98): C, 84.54; H, 6.29; N, 5.58. Found: C, 84.60; H,
6.29; N, 5.37.

4.3.2. Ar = 2,6-Et2C6H3 (L2)

Using a similar procedure as described for the synthesis of L1, L2 was prepared as a
yellow powder (0.34 g, 26%). Mp: 212–214 ◦C. 1H NMR (400 MHz, CDCl3, TMS): 1H NMR
(400 MHz, CDCl3, TMS): δ 8.45 (d, J = 8.0 Hz, Py–H, 1H), 8.42 (d, J = 8.0 Hz, Py–H, 1H), 7.94
(t, J = 7.8 Hz, Py–H, 1H), 7.22–7.09 (m, Ar–H, 17H), 7.20 (Ar–Hm, 1H), 6.87 (d, J = 11.2 Hz,
Ar–H, 2H), 6.36 (s, Aryl–Hm, 1H), 5.12 (s, –CH–, 1H), 5.08 (s, –CH–, 1H), 3.00–2.95 (m,
–CH2–, 3H), 2.70–2.56 (m, –CH2–, 4H), 2.74–2.34 (m, –CH2–, 5H), 2.19 (s, –CH3, 3H), 1.61 (s,
–CH3, 3H), 1.17 (t, J = 7.4 Hz, –CH3, 6H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.0,
155.0, 154.7, 151.8, 149.4, 147.8, 140.6, 140.5, 139.8, 136.7, 135.0, 134.4, 134.3, 131.5, 131.2,
127.3, 126.7, 126.1, 126.0, 125.8, 123.3, 122.7, 122.2, 112.6, 112.4, 57.7, 56.2, 32.3, 24.6, 16.8,
16.4, 16.3, 13.8. 19F NMR (470 MHz, CDCl3): δ –128.64. FT-IR (KBr cm−1): 3060 (w), 3010
(w), 2956 (m), 2922 (w), 2854 (w), 1650 (υ(C=N), s), 1580 (w), 1554 (w), 1510 (w), 1481(w),
1443 (m), 1427 (m), 1382 (w), 1357 (m), 1319 (w), 1304 (w), 1241 (w), 1217 (w), 1188 (w), 1116
(m), 1081 (w), 1049 (w), 1016 (w), 961 (w), 924 (w), 886 (w), 840 (w), 772 (w), 762 (m), 736 (s),
712 (w), 662 (w). Anal. Calcd. for C55H50N3F·0.5H2O (781.03): C, 84.58; H, 6.58; N, 5.38.
Found: C, 84.77; H, 6.59; N, 5.04.

4.3.3. Ar = 2,6-i-Pr2C6H3 (L3)

Using a similar procedure as described for the synthesis of L1, L3 was prepared as a
yellow powder (0.38 g, 28%). Mp: 243–245 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.45 (d,
J = 7.6 Hz, Py–H, 1H), 8.41 (d, J = 7.6 Hz, Py–H, 1H), 7.95 (t, J = 8.0 Hz, Py–H, 1H), 7.22–7.00
(m, Py–H, 17H), 6.88 (d, J = 7.2 Hz, Ar–H, 1H), 6.46 (s, Ar–Hm, 1H), 6.25 (d, J = 11.2 Hz,
Ar–H, 1H), 6.36 (s, Ar–Hm, 1H), 5.12 (s, –CH–, 1H), 5.09 (s, –CH– 1H), 3.01–2.95 (m, –CH2–,
3H), 2.80–2.70 (m, –CH2–, 5H), 2.52–2.36 (m, –CH–, 2H), 2.21 (s, –CH3, 3H), 1.68 (s, –CH3,
3H), 1.19 (t, J = 6.4 Hz, –CH3, 12H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.1, 155.0,
154.7, 146.7, 140.5, 139.8, 136.6, 135.8, 135.0, 134.4, 131.4, 127.2, 126.6, 126.1, 125.6, 123.6,
123.0, 122.6, 122.2, 112.5, 112.3, 57.6, 56.1, 32.2, 28.3, 23.2, 22.9, 17.1, 16.4. 19F NMR (470 MHz,
CDCl3): δ –128.69. FT-IR (KBr cm−1): 3058 (w), 3008 (w), 2957(m), 2918 (w), 2862 (w), 1651
(υ(C=N), s), 1588 (w), 1564 (w), 1512 (w), 1491(w), 1448 (m), 1429 (w), 1392 (w), 1359 (m),
1321(w), 1301 (w), 1239 (w), 1219 (w), 1191 (w), 1156 (w), 1114 (m), 1078 (w), 1046 (w), 1013
(w), 957 (w), 928 (w), 895 (w), 844 (w), 817 (w), 778 (w), 765 (m), 751 (s), 741 (s), 717 (w),
682 (w). Anal. Calcd. for C57H54N3F·0.5H2O (809.09): C, 84.62; H, 6.85; N, 5.19. Found: C,
84.50; H, 6.88; N, 5.51.
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4.3.4. Ar = 2,4,6-Me3C6H2 (L4)

Using a similar procedure as described for the synthesis of L1, L4 was prepared as a
yellow powder (0.42 g, 32%). Mp: 217–219 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.46 (d,
J = 7.6 Hz, Py–H, 1H), 8.42 (d, J = 8.0 Hz, Py–H, 1H), 7.94 (t, J = 7.8 Hz, Py–H, 1H), 7.22–6.91
(m, Ar–H, 16H), 6.87 (d, J = 7.6 Hz, Ar–H, 1H), 6.96 (s, Ar–Hm, 1H), 6.52 (d, J = 11.2 Hz,
Ar–H, 1H), 6.36 (s, Ar–Hm, 1H), 5.12 (s, –CH–, 1H), 5.09 (s, –CH–, 1H), 3.01–2.96 (m, –CH2–,
3H), 2.83–2.47 (m, –CH2–, 5H), 2.31 (s, –CH3, 3H), 2.18 (s, –CH3, 3H), 2.04 (s, –CH3, 6H),
1.67 (s, –CH3, 3H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.5, 155.1, 154.6, 151.8,
149.4, 147.8, 146.3, 140.6, 140.5, 139.8, 136.6, 135.0, 134.4, 134.3, 132.2, 131.4, 131.2, 130.6,
128.6, 127.3, 127.1, 126.7, 126.1, 125.7, 125.3, 122.7, 122.2, 112.6, 112.4, 57.7, 56.2, 32.3, 31.3,
20.8, 17.9, 16.4. 19F NMR (470 MHz, CDCl3): δ –128.67. FT-IR (KBr cm−1): 3060 (w), 3014
(w), 2963 (w), 2894 (w), 2860 (w), 1644 (υ(C=N), s), 1576 (w), 1542 (w), 1491 (s), 1447 (w),
1428 (w), 1386 (w), 1351 (m), 1293 (w), 1256 (w), 1221 (s), 1192 (w), 1124 (m), 1078 (w), 1045
(w), 1011 (w), 981 (w), 938 (w), 890 (w), 848 (s), 809 (w), 755 (s), 710 (w), 682 (w). Anal.
Calcd. for C54H48N3F·0.5H2O (767.00): C, 84.56; H, 6.44; N, 5.48. Found: C, 84.47; H, 6.54;
N, 5.16.

4.3.5. Ar = 2,6-Et2-4-MeC6H2 (L5)

Using a similar procedure as described for the synthesis of L1, L5 was prepared as a
yellow powder (0.75 g, 54%). Mp: 234–236 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.44 (d,
J = 8.0 Hz, Py–H, 1H), 8.41 (d, J = 7.6 Hz, Py–H, 1H), 7.93 (t, J = 7.8 Hz, Py–H, 1H), 7.20–6.94
(m, Ar–H, 16H), 6.87 (s, Ar–Hm, 1H), 6.51 (d, J = 10.8 Hz, Ar–H, 2H), 6.36 (s, Ar–Hm, 1H),
5.11 (s, –CH–, 1H), 5.08 (s, –CH–, 1H), 3.01–2.95 (m, –CH2–, 3H), 2.69–2.49 (m, –CH2–, 5H),
2.43–2.40 (m, –CH2–, 4H), 2.38 (s, –CH3, 3H), 2.18 (s, –CH3, 3H), 1.66 (s, –CH3, 3H), 1.15 (t,
J = 7.2 Hz, –CH3, 6H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.2, 155.2, 154.5, 145.3,
140.5, 139.8, 136.6, 135.0, 134.3, 132.4, 131.5, 131.1, 130.8, 127.3, 126.7, 126.6, 126.1, 125.7,
122.6, 122.2, 112.6, 112.4, 57.7, 56.2, 32.2, 24.6, 21.0, 16.8, 16.4, 13.9. 19F NMR (470 MHz,
CDCl3): δ –128.68. FT-IR (KBr cm−1): 3026 (w), 2966 (w), 2941 (w), 2870 (w), 2829 (w) 1648
(υ(C=N), s), 1579 (w), 1526 (w), 1490 (w), 1461 (s), 1418 (w), 1411 (w), 1356 (m), 1329 (w),
1305 (w), 1283 (w), 1240 (w), 1211 (s), 1180 (w), 1138 (w), 1114 (m), 1068 (w), 1034 (w), 992
(w), 938 (w), 908 (w), 892 (w), 854 (s), 826 (m), 784 (m), 756 (s), 714 (w), 667 (w). Anal. Calcd.
for C56H52N3F·1.5H2O (813.07): C, 82.73; H, 6.82; N, 5.17. Found: C, 82.50; H, 6.83; N, 4.94.

4.4. Synthesis of 2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N (L6)

During the chromatographic purification process used to isolate the imine-ketone
2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N (see above), a second fraction was
removed from the column that was identified as bis(imino)pyridine L6 and isolated as
a pale yellow solid (3.24 g, 14%). Mp: 204–206 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ
8.44 (d, J = 8.0 Hz, Py–H, 2H), 7.98 (t, J = 8.00 Hz, Py–H, 1H), 7.21–7.01 (m, Ar–H, 26H),
6.80 (d, J = 4.0 Hz, Ar–H, 6H), 6.51 (Ar–Hm, 2H), 6.34 (s, Ar–Hm, 2H), 5.08 (s, –CH–, 2H),
3.00–2.94 (m, –CH2–, 5H), 2.72–2.68 (m, –CH2–, 8H), 2.45–2.21 (m, –CH2–, 3H), 1.55 (s,
–CH3, 6H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.4, 154.5, 151.8, 149.4, 140.6, 140.5, 140.1,
140.0, 139.8, 136.4, 135.1, 134.4, 134.2, 131.4, 131.2, 131.0, 130.6, 130.1, 129.1, 128.3, 127.3,
127.1, 126.7, 126.3, 126.1, 126.0, 125.7, 122.7, 112.6, 112.3, 57.7, 56.2, 32.3, 31.3, 16.4, 16.3.
19F NMR (470 MHz, CDCl3): δ –128.66. FT-IR (KBr cm−1): 3026 (w), 2966 (w), 2941 (w),
2870 (w), 2829 (w) 1650 (υ(C=N), s), 1576 (w), 1536 (w), 1472 (w), 1452 (m), 1412 (w), 1356
(s), 1320 (w), 1301 (w), 1244 (w), 1228 (w), 1201 (m), 1176 (w), 1125 (m), 1056 (w), 1014
(w), 982 (w), 918 (w), 872 (w), 834 (m), 764 (m), 750 (s), 714 (w), 670 (w). Anal. Calcd. for
C81H65N3F2·0.5H2O (1126.52): C, 86.29; H, 5.90; N, 3.73. Found: C, 86.40; H, 5.68; N, 3.80.

4.5. Synthesis of [2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(ArN=CMe)C5H3N]CoCl2 (Co1–Co6)
4.5.1. Ar = 2,6-Me2C6H3 (Co1)

To a Schlenk tube containing L1 (0.20 g, 0.27 mmol) and anhydrous CoCl2 (0.035 g,
0.27 mmol) was added dichloromethane (5 mL) and ethanol (5 mL). The reaction mixture
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was stirred at room temperature for 12 h. All volatiles were then removed under reduced
pressure and an excess of diethyl ether added to induce precipitation. The precipitate was
filtered, washed with more diethyl ether (3 × 15 mL), and dried to afford Co1 as a green
powder (0.15 g, 62%). FT-IR (KBr cm−1): 3057 (w), 3016 (w), 2926 (w), 2883 (w), 2828 (w),
1625 (υ(C=N), m), 1587 (s), 1572 (m), 1492 (m), 1471 (m), 1444 (m), 1421 (s), 1370 (m), 1310
(w), 1261 (s), 1215 (m), 1184 (w), 1162 (w), 1120 (w), 1045 (w), 1027 (w), 995 (w), 946 (w),
922 (w), 876 (w), 841 (w), 814 (m), 785 (w), 765 (s), 706 (m), 683 (w). 19F NMR (470 MHz,
CDCl3): δ −146.68. Anal. Calcd. for C53H46Cl2CoN3F·EtOH (919.87): C, 71.81; H, 5.70; N,
4.57. Found: C, 75.23; H, 5.73; N, 4.86.

4.5.2. Ar = 2,6-Et2C6H3 (Co2)

Using the same procedure and molar ratios as described for Co1, Co2 was isolated
as a green powder (0.14 g, 58%). FT-IR (KBr cm−1): 3064 (w), 3016 (w), 2965 (w), 2930 (w),
2878 (w), 2834 (w), 1623 (υ(C=N), m), 1588 (s),1571 (w), 1492 (m), 1470 (m), 1445 (s), 1420
(w), 1371 (m), 1312 (w), 1261 (s), 1214 (m), 1204 (w), 1169 (w), 1102 (w), 1061 (w), 1047 (w),
1028 (w), 999 (w), 949 (w), 916 (w), 879 (w), 841 (w), 809 (m), 791 (w), 769 (s),755 (s), 742
(m), 716 (w). 19F NMR (470 MHz, CDCl3): δ −141.96. Anal. Calcd, for C55H50Cl2CoN3F
(901.86): C, 73.25; H, 5.59; N, 4.66. Found: C, 72.99; H, 5.50; N, 4.67.

4.5.3. Ar = 2,6-i-Pr2C6H3 (Co3)

Using the same procedure and molar ratios as described for Co1, Co3 was isolated as a
green powder (0.13 g, 54%). FT-IR (KBr cm−1): 3060 (w), 3016 (w), 2963 (w), 2928 (w), 2867
(w), 1623 (υ(C=N), m), 1591 (m), 1568 (m), 1561 (w), 1496 (s), 1465 (w), 1441 (w), 1418 (s),
1384 (w), 1370 (s), 1314 (m), 1201 (w), 1184 (w), 1162 (w), 1101 (w), 1061 (w), 1046 (w), 1026
(w), 991 (w), 978 (w), 938 (w), 878 (w), 843 (w), 813 (w), 797 (w), 785 (w), 769 (s), 760 (m),
742 (w). 19F NMR (470 MHz, CDCl3): δ –129.32. Anal. Calcd, for C57H54Cl2CoN3F·EtOH
(975.98): C, 72.61; H, 6.20; N, 4.31. Found: C, 72.60; H, 5.86; N, 4.43.

4.5.4. Ar = 2,4,6-Me3C6H2 (Co4)

Using the same procedure and molar ratios as described for Co1, Co4 was isolated
as a green powder (0.16 g, 70%). FT-IR (KBr cm−1): 3058 (w), 3011 (w), 2959 (w), 2921 (w),
2864 (w), 1632 (υ(C=N), w), 1589 (υ(C=N), s), 1577 (w), 1546 (w), 1471 (m), 1456 (s), 1423 (s),
1399 (w), 1369 (m), 1320 (w), 1291 (w), 1259 (s), 1219 (s), 1189 (w), 1160 (w), 1122 (w), 1100
(w), 1081 (w), 1030 (m), 1000 (w), 977 (w), 942 (w), 883 (w), 850 (m), 811 (m), 769 (s), 760 (s),
747 (w). 19F NMR (470 MHz, CDCl3): δ –145.14. Anal. Calcd, for C54H48Cl2CoN3F (887.83):
C, 73.05; H, 5.45; N, 4.73. Found: C, 72.67; H, 5.23; N, 4.73.

4.5.5. Ar = 2,6-Et2-4-MeC6H2 (Co5)

Using the same procedure and molar ratios as described for Co1, Co5 was isolated
as a green powder (0.14 g, 56%). FT-IR (KBr cm−1): 3061 (w), 2961 (w), 2928 (w), 2893 (w),
2830 (w), 1626 (υ(C=N), m), 1588 (m),1572 (w), 1515 (w), 1494 (m), 1458 (m), 1448 (w), 1422
(s), 1371 (s), 1340 (w), 1318 (w), 1261 (s), 1189 (w), 1158 (w), 1120 (w), 1098 (w), 1058 (w),
1030 (m), 984 (w), 946 (w), 921 (w), 881 (w), 861 (w), 841 (w), 815 (m), 769 (s), 758 (s), 745
(w). 19F NMR (470 MHz, CDCl3): δ −137.97. Anal. Calcd. for C57H55Cl2CoN3 (911.91): C,
73.44; H, 5.72; N, 4.59. Found: C, 73.19; H, 5.85; N, 4.50.

4.6. Synthesis of [2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N]CoCl2 (Co6)

Using the same procedure as described for L1, but using L6 (0.15 g, 0.135 mmol) and
CoCl2 (0.0175 g, 0.135 mmol), Co6 was isolated as a pale green powder (0.11 g, 73%). FT-IR
(KBr cm−1): 3059 (w), 2956 (w), 2930 (w), 2891 (w), 2833 (w), 1618 (υ(C=N), m), 1581 (m),
1570 (w), 1520 (w), 1488 (m), 1454 (w), 1440 (w), 1418 (s), 1374 (m), 1338 (w), 1316 (w), 1264
(s), 1187 (w), 1160 (w), 1124 (w), 1092 (w), 1061 (w), 1028 (m), 980 (w), 941 (w), 918 (w),
887 (w), 852 (w), 833 (m), 812 (w), 766 (s), 754 (s), 720 (w). 19F NMR (470 MHz, CDCl3): δ
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−145.83, −146.89. Anal. Calcd. for C81H65Cl2CoN3F2·0.5EtOH (1271.30): C, 77.47; H, 5.39;
N, 3.31. Found: C, 77.09; H, 5.58; N, 3.48.

4.7. Procedures for the Ethylene Polymerization Runs at 1, 5, and 10 atm
4.7.1. Ethylene Polymerization at 5 and 10 atm Pressure

These runs were performed in a stainless-steel autoclave (250 mL) equipped with a
mechanical stirrer and an ethylene pressure and temperature control system. In a typical
procedure, the autoclave was evacuated and refilled with nitrogen gas; this process was
repeated three times. After the final evacuation, ethylene was introduced to provide an
ethylenic atmosphere inside the autoclave, at which point a solution of the corresponding
precatalyst (1.5 µmol) in toluene (25 mL) was injected, followed by more toluene (25 mL).
Then, the required amount of a co-catalyst (MAO, or MMAO) was loaded, followed by the
addition of more toluene (50 mL). Finally, the autoclave was pressurized with ethylene (5
or 10 atm) and stirring commenced at a rate of 400 rpm. Upon completion of the reaction,
the stirring was stopped, the reactor was cooled to room temperature, and the pressure
slowly released. The contents of the autoclave were quenched with hydrochloric acid (10%)
in ethanol and the polymer further washed with ethanol. Finally, the polymer was filtered,
dried under reduced pressure at 40 ◦C, and weighed.

4.7.2. Ethylene Polymerization at 1 atm Pressure

The polymerizations undertaken at 1 atm of C2H4 were carried out in a Schlenk vessel.
Under an atmosphere of ethylene (ca. 1 atm), the cobalt precatalyst (1.5 µmol) was added
to the vessel, followed by toluene (30 mL) and then the required amount of co-catalyst
was introduced by syringe. The resulting solution was stirred at 30 ◦C under an ethylene
atmosphere (1 atm). After 30 min, the pressure was slowly released and the solution was
quenched with 10% hydrochloric acid in ethanol. The polymer was washed with ethanol,
dried under reduced pressure at 40 ◦C, and then weighed.

5. Conclusions

Five types of unsymmetrical 2,6-bis(arylimino)pyridine cobalt(II) complex (Co1–Co5),
each incorporating one N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group together with
one sterically and electronically variable N-aryl group were successfully prepared. The
symmetrical comparator Co6, containing two N-2,4-bis(dibenzosuberyl)-6-fluorophenyl
groups, was also prepared. All compounds, including the free ligands (L1–L6), were
characterized by various spectroscopic techniques, including single crystal X-ray diffraction
for Co1 and Co2. Upon activation with MAO or MMAO, Co1–Co6 displayed high activities
for ethylene polymerization, with levels reaching as high as 1.15 × 107 g PE mol−1 (Co) h−1

at 70 ◦C. Notably, this peak level of performance was observed using the least sterically
protected precatalyst, Co1, in combination with MAO. Conversely, the most sterically
hindered precatalysts, Co3 and Co6, were capable of generating the highest molecular
weight polyethylenes in the range of 30.26–33.90 kg mol−1 (Co3) and 42.90–43.92 kg mol−1

(Co6). As a key point, the catalytic activity remained significant at temperatures in excess
of 70 ◦C [9.81 × 106 g PE mol−1 (Co) h−1 at 80 ◦C and 6.56 × 106 g PE mol−1 (Co) h−1 at
90 ◦C]. Evidently, the introduction of a N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group
contributes to the catalyst’s good thermal stability, highlighting a structural feature that
could be integrated into industrially relevant catalysts for ethylene polymerization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12121569/s1, X-ray diffraction analysis; Table S1: Details of the
crystal data and structure refinement parameters for Co1 and Co2. References [72,73] are cited in the
Supplementary Materials; Figure S1: 19F NMR spectra of L1–L6; Figure S2: 19F NMR spectra of L2,
L3 and L6 along with those for Co2, Co3 and Co6; Figure S3: GPC curves showing log Mw for the
polyethylene produced using Co1/MAO as a function of Al:Co molar ratio (runs 5, 8–12, Table 2);
Figure S4: GPC curves showing log Mw for the polyethylene produced using Co1/MAO as a function
of reaction time (runs 5, 13–16, Table 2); Figure S5: GPC curves showing log Mw for the polyethylene
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produced using Co1/MMAO as a function of Al:Co molar ratio (runs 5, 8–12, Table 3); Figure S6: GPC
curves showing log Mw for the polyethylene produced using Co1/MMAO as a function of reaction
time runs 10, 13–16, Table 3); Figure S7: 1H NMR spectrum of the polyethylene produced using
Co1/MMAO (run 10, Table 3); recorded in C2D2Cl4 at 100 ◦C; Figure S8: 13C NMR spectrum of the
polyethylene produced using Co1/MMAO (run 10, Table 3; recorded in deuterated C2D2Cl4 at 100 ◦C.
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Abstract: With a focus on catalysts prepared by an excess-chloride wet impregnation procedure
and supported on the zeolite ZSM-5(30), the introduction of low concentrations of tertiary base
metals, in particular Cu, into supported AuPd nanoparticles can be observed to enhance cat-
alytic activity towards the direct synthesis of H2O2. Indeed the optimal catalyst formulation
(1%AuPd(0.975)Cu(0.025)/ZSM-5) is able to achieve rates of H2O2 synthesis (115 molH2O2 kgcat

−1h−1)
approximately 1.7 times that of the bi-metallic analogue (69 molH2O2 kgcat

−1h−1) and rival that pre-
viously reported over comparable materials which use Pt as a dopant. Notably, the introduction of
Cu at higher loadings results in an inhibition of performance. Detailed analysis by CO-DRFITS and
XPS reveals that the improved performance observed over the optimal catalyst can be attributed to
the electronic modification of the Pd species and the formation of domains of a mixed Pd2+/Pd0

oxidation state as well as structural changed within the nanoalloy.

Keywords: hydrogen peroxide; gold; palladium; copper; trimetallic; green chemistry

1. Introduction

The direct synthesis of H2O2 from molecular H2 and O2 (Scheme 1) represents an
attractive alternative to the current means of large-scale production of this environmentally
benign, powerful oxidant, the anthraquinone oxidation (AO) process. Indeed, the direct
approach would allow for the production of appropriate concentrations of H2O2 at the point
of final use, avoiding the substantial economic and environmental drawbacks associated
with the industrial route. Due to production costs, H2O2 production via the AO process is
typically centralised, with H2O2 transported at concentrations in excess of that required
by the end-user [1]. The subsequent dilution of the oxidant prior to use effectively wastes
a significant amount of energy associated with the initial purification and concentration
steps [2]. Additionally, H2O2 is relatively unstable, decomposing readily to H2O in the
presence of mild temperatures or weak bases and, as such, requires acid stabilizers to
prolong its shelf-life [3], which results in complex product streams and can deleteriously
affect the reactor lifetime [4]. These cumulative drawbacks associated with off-site H2O2
production pass on significant costs to the end user, which would be greatly reduced or
removed altogether via a direct synthesis approach to H2O2 production. In particular,
the direct route may find the greatest application for oxidative transformations where the
synthesised H2O2 is readily utilised for chemical valorisation or generated in situ [5–7].

A Langmuir–Hinshelwood mechanism involving the successive hydrogenation of
molecular O2 has been often proposed for the direct synthesis reaction [8,9]. However,
in recent years Flaherty and co-workers have advanced an alternative, non-Langmuirian
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mechanism [10], which involves a water-mediated proton-electron transfer and have fur-
ther reported the role of protic solvents in the formation of surface-bound intermediates
that shuttle both the protons and electrons to active sites [11]. Indeed, detailed theoretical
studies have further demonstrated that energy barriers associated with a solvent-mediated
protonation of adsorbed O2 are not prohibitive and, indeed, are as low as O2 hydrogena-
tion [12].
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Pd-based catalysts have been well studied for their application in the direct synthesis
reaction [13–15] since the first patent was granted to Henkel and Weber in 1914 [16]. How-
ever, a major challenge associated with catalytic selectivity has prevented the development
of an industrial-scale direct synthesis process [17,18]. This can be understood as the forma-
tion of H2O is thermodynamically more favourable than that of H2O2, with H2O formation
driven via combustion or through the subsequent degradation of H2O2 (via decomposition
and hydrogenation pathways).

Measures to improve catalytic selectivity have often focused on the introduction of
secondary metals into supported Pd catalysts, with AuPd systems being perhaps the most
extensively studied [19–21]. In recent years, significant attention has been placed on the
alloying of Pd with a range of earth-abundant metals [22–27]. Further investigations have
focused on the introduction of dopant levels of precious metals, such as Pt, into supported
Pd [28–33] and AuPd [34–37] catalysts. The resulting improved catalytic activity towards
H2O2 production is often attributed to a combination of the electronic promotion of Pd
and the isolation of contiguous Pd domains, widely considered to be key in promoting
the cleavage of O–O bonds (in *O2, *H2O2, or *OOH) and the resultant formation of
H2O [38–40].

The use of zeolitic and zeo-type materials as catalyst supports for use in the direct
synthesis of H2O2 has received significant attention, with such catalysts typically offering
improved activity and selectivity compared to oxide-supported analogues [5,36,41–43].
This has often been attributed to the improved dispersion of metal species and the acidic
nature of the support materials, with supports of low isoelectric points (i.e., the pH at which
the surface has zero net charges and an indication of catalyst acidity/basicity) and are
reported to offer enhanced catalytic performance compared to those with a high isoelectric
point [20].

Recently, we have demonstrated that significant improvements in catalytic perfor-
mances can be achieved through the introduction of low concentrations of base metals
into AuPd nanoalloys when supported on TiO2 (P25) [44]. Indeed, the catalysts developed
within this earlier work offered comparable H2O2 synthesis rates to those previously ob-
served through Pt incorporation while avoiding the additional cost associated with the
precious metal dopant [44]. With these earlier studies in mind, we now investigate the
efficacy of base metal-incorporated AuPd catalysts supported on the zeolite ZSM-5(30)
towards the direct synthesis of H2O2.
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2. Experimental Section
2.1. Catalyst Preparation

Prior to the co-impregnation of metal salts, the NH4-ZSM-5 material (SiO2:Al2O3 = 30:1,
Alfa Aesar) was calcined (flowing air, 550 ◦C, 3 h, 20 ◦C min−1).

A series of bi- and tri-metallic 1%AuPdX/ZSM-5 (X = Cu, Ni, Zn) catalysts were
prepared by an excess chloride wet co-impregnation procedure, based on the methodology
previously reported in the literature, which has been shown to result in the enhanced
dispersion of precious metals, in particular Au, when compared to conventional wet co-
impregnation methodologies [45]. The procedure to produce 1%AuPd(0.975)Cu(0.025)/ZSM-5
(1 g) is outlined below where the total metal loading was 1 wt.%, the combined weight
loading of Au and Pd was 0.975 wt.%, and that of Cu was 0.025 wt.%, and in all cases the
Au:Pd ratio was 1:1 (mol/mol). A similar methodology to that outlined below was utilised
for all catalysts investigated, with the exact quantities of metal precursor used to synthesise
the key catalysts used within this work reported in Table S1.

Aqueous solutions of HAuCl4.3H2O (0.322 mL, 12.25 mgmL−1, Strem Chemicals),
PdCl2 (0.356 mL, 6 mgmL−1, 0.58 M HCl, Sigma Aldrich, Burlington, MA, USA), and CuCl2
(106 µL, 2.36 mgmL−1, Sigma Aldrich) were mixed in a 50 mL round bottom flask and
heated to 60 ◦C with stirring (1000 rpm) in a thermostatically controlled oil bath, with
the total volume fixed to 16 mL using H2O (HPLC grade). Upon reaching 65 ◦C, ZSM-5
(0.99 g, SiO2:Al2O3 = 30:1, Alfa Aesar) was added over the course of 10 min with constant
stirring. The resultant slurry was stirred at 60 ◦C for a further 15 min, and following this,
the temperature was raised to 95 ◦C for 16 h to allow for the complete evaporation of
water. The resulting solid was ground prior to heat treatment in a reductive atmosphere
(5%H2/Ar, 400 ◦C, 4 h, 10 ◦Cmin−1).

2.2. Catalyst Testing

Note 1. Reaction conditions used within this study operate under the flammability limits of gaseous
mixtures of H2 and O2.

Note 2. The conditions used within this work for H2O2 synthesis and degradation have previously
been investigated, with the presence of CO2 as a diluent for reactant gases and a methanol co-
solvent being identified as key to maintaining high catalytic efficacy towards H2O2 production [45].
In regard to the role of the CO2 diluent, this was found to act as an in-situ promoter of H2O2
stability through its dissolution in the reaction solution and the formation of carbonic acid. We
have previously reported that the use of the CO2 diluent has a comparable promotive effect to that
observed when acidifying the reaction solution to a pH of 4 using HNO3 [46].

2.3. Direct Synthesis of H2O2

Hydrogen peroxide synthesis was evaluated using a Parr Instruments stainless steel
autoclave with a nominal volume of 100 mL, equipped with a PTFE liner so that the total
volume was reduced to 66 mL and a maximum working pressure of 2000 psi. To test
each catalyst for H2O2 synthesis, the autoclave liner was charged with a catalyst (0.01 g),
solvent (methanol (5.6 g, HPLC grade, Fischer Scientific, Waltham, MA, USA), and H2O
(2.9 g, HPLC grade, Fischer Scientific)). The charged autoclave was then purged three
times with 5%H2/CO2 (100 psi) before filling with 5%H2/CO2 to a pressure of 420 psi,
followed by the addition of 25%O2/CO2 (160 psi), with the pressure of 5%H2/CO2 and
25%O2/CO2 given as gauge pressures. The reactor was not continually fed with reactant
gas. The reaction was conducted at a temperature of 2 ◦C for 0.5 h with stirring (1200 rpm).
The H2O2 productivity was determined by titrating aliquots of the final solution after the
reaction with acidified Ce(SO4)2 (0.0085 M) in the presence of a ferroin indicator. Catalyst
productivities are reported as molH2O2 kgcat

−1h−1.
The catalytic conversion of H2 and selectivity towards H2O2 were determined using a

Varian 3800 GC fitted with TCD and equipped with a Porapak Q column.
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H2 conversion (Equation (1)) and H2O2 selectivity (Equation (2)) are defined as follows:

H2Conversion (%) =
mmolH2 (t(0)) − mmolH2 (t(1))

mmolH2 (t(0))
× 100 (1)

H2O2 Selectivity (%) =
H2O2detected (mmol)
H2 consumed (mmol)

× 100 (2)

The total autoclave capacity was determined via water displacement to allow for the
accurate determination of H2 conversion and H2O2 selectivity. When equipped with the
PTFE liner, the total volume of an unfilled autoclave was determined to be 93 mL, which
included all available gaseous space within the autoclave.

2.4. Gas Replacement Experiments for the Direct Synthesis of H2O2

An identical procedure to that outlined above for the direct synthesis reaction was
followed for a reaction time of 0.5 h. After this, stirring was stopped, and the reactant
gas mixture was vented prior to replacement with the standard pressures of 5% H2/CO2
(420 psi) and 25% O2/CO2 (160 psi). The reaction mixture was then stirred (1200 rpm)
for a further 0.5 h. To collect a series of data points, as in the case of Figure 5, it should
be noted that individual experiments were carried out, and the reactant mixture was not
sampled online.

2.5. Catalyst Reusability in the Direct Synthesis and Degradation of H2O2

In order to determine catalyst reusability, a similar procedure to that outlined above for
the direct synthesis of H2O2 was followed utilising 0.05 g of catalyst. Following the initial
test, the catalyst was recovered by filtration and dried (30 ◦C, 16 h, under vacuum); from
the recovered catalyst sample 0.01 g and was used to conduct a standard H2O2 synthesis or
degradation test.

2.6. Degradation of H2O2

Catalytic activity towards H2O2 degradation was determined in a similar manner to
the direct synthesis activity of a catalyst. The autoclave liner was charged with a solvent
(methanol (5.6 g, HPLC grade, Fischer Scientific), H2O (2.9 g, HPLC grade, Fischer Scien-
tific)), and H2O2 (50 wt. % 0.69 g, Sigma Aldrich), with the resultant solvent composition
equivalent to a 4 wt. % H2O2 solution. From the solution, two 0.05 g aliquots were removed
and titrated with acidified Ce(SO4)2 solution using ferroin as an indicator to determine
an accurate concentration of H2O2 at the start of the reaction. Subsequently, a catalyst
(0.01 g) was added to the reaction media, and the autoclave was purged with 5%H2/CO2
(100 psi) prior to being pressurised with 5%H2/CO2 (420 psi). The reaction medium was
cooled to a temperature of 2 ◦C prior to stirring (1200 rpm) for 0.5 h. After the reaction
was complete, the catalyst was removed from the reaction mixture, and two 0.05 g aliquots
were titrated against the acidified Ce(SO4)2 solution using ferroin as an indicator. The
degradation activity is reported as molH2O2 kgcat

−1h−1.

Note 3. In all cases, the reactor temperature was controlled using a HAAKE K50 bath/circulator
and an appropriate coolant. The reactor temperature was maintained at 2 ± 0.2 ◦C throughout the
course of the H2O2 synthesis and degradation reaction.

In all cases, the reactions were run multiple times, over multiple batches of catalysts,
with the data being presented as an average of these experiments. The catalytic activity
toward the direct synthesis and subsequent degradation of H2O2 was found to be consistent
to within ±3% on the basis of multiple reactions.

2.7. Characterisation

A Thermo Scientific K-Alpha+ photoelectron spectrometer was used to collect XP
spectra utilising a micro-focused monochromatic Al Kα X-ray source operating at 72 W.
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Samples were pressed into a copper holder and analysed using the 400 µm spot mode at
pass energies of 40 and 150 eV for high-resolution and survey spectra, respectively. Charge
compensation was performed using a combination of low-energy electrons and argon ions,
which resulted in a C(1s) binding energy of 284.8 eV for the adventitious carbon present in
all the samples and all samples also showed a constant Ti(2p3/2) of 458.5 eV. All data were
processed using CasaXPS v2.3.24 (Casa Software Ltd., Teignmouth, UK) with a Shirley
background, Scofield sensitivity factors, and an electron energy dependence of −0.6, as
recommended by the manufacturer. Peak fits were performed using a combination of Voigt-
type functions and models derived from the bulk reference samples where appropriate.

The bulk structure of the catalysts was determined by powder X-ray diffraction using
a (θ-θ) PANalytical X’pert Pro powder diffractometer with a Cu Kα radiation source,
operating at between 40 keV and 40 mA. Standard analysis was carried out using a 40 min
run with a backfilled sample, between 2θ values of 5 and 75◦. Phase identification was
carried out using the International Centre for Diffraction Data (ICDD).

Note 4. X-ray diffractograms of key as-prepared catalysts are reported in Figure S1 (and accompa-
nying text) with no reflections associated with active metals, indicative of the relatively low total
loading and high dispersion of the immobilised metals.

Transmission electron microscopy (TEM) was performed on a JEOL JEM-2100 (Tokyo,
Japan) operating at 200 kV. Samples were prepared through their dispersion in ethanol
by sonication, and they were deposited on 300 mesh copper grids coated with holey car-
bon film. Energy dispersive X-ray spectroscopy (XEDS) was performed using an Oxford
Instruments (Abingdon, UK) X-MaxN 80 detector, and the data analysed used Aztec soft-
ware (Abingdon, UK). Aberration corrected scanning transmission electron microscopy
(AC-STEM) was performed using a probe-corrected Hitachi (Brisbane, Australia) HF5000
S/TEM, operating at 200 kV. The instrument was equipped with bright field (BF), high
angle annular dark field (HAADF), and secondary electron (SE) detectors for high spatial
resolution STEM imaging experiments. This microscope was also equipped with a sec-
ondary electron detector and dual Oxford Instruments (Abingdon, UK) XEDS detectors
(2 × 100 mm2) with a total collection angle of 2.02 sr.

Total metal leaching from the supported catalyst was quantified via inductively cou-
pled plasma mass spectrometry (ICP-MS). Post-reaction solutions were analysed using an
Agilent (Santa Clara, CA, USA) 7900 ICP-MS equipped with an I-AS auto-sampler. All
samples were diluted by a factor of 10 using HPLC grade H2O (1%HNO3 and 0.5% HCl
matrix). All calibrants were matrix matched and measured against a five-point calibration
using certified reference materials purchased from Perkin Elmer and certified internal
standards acquired from Agilent.

Fourier-transform infrared spectroscopy (FTIR) was carried out with a Bruker (Hanau,
Germany) Tensor 27 spectrometer fitted with a HgCdTe (MCT) detector and was operated
with OPUS software (Ettinger, Germany).

Note 5. FTIR analysis of key as-prepared catalysts is reported in Figure S2 (and accompanying
text) and indicates no discernible changes in the structure of the HZSM-5 support upon metal
immobilisation and exposure to a reductive heat treatment.

N2 isotherms were collected on a Micromeritics 3-Flex. Samples (ca. 0.070 g) were
degassed (350 ◦C, 9 h) prior to analysis. Analyses were carried out at 77 K, with P0 measured
continuously. Free space was measured post-analysis with He. Data analyses were carried
out using the Micromeritics 3-Flex software with the non-local density functional theory
(NLDFT), Tarazona model.

Note 6. The details of the textural properties of key ZSM-5-supported catalysts are reported in
Table S2 and Figure S3. The immobilisation of active metals can be seen to lead to a general decrease
in both the total surface area and pore volume in comparison to the bare ZSM-5 support. This is
ascribed to the deposition of metal nanoparticles inside the zeolitic pore structure.
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3. Results and Discussion

The introduction of small concentrations of precious dopants, in particular Pt, [38,39]
into the supported AuPd nanoalloys has been extensively reported to offer improved
catalytic activity towards the direct synthesis of H2O2, when compared to the bimetal-
lic analogue. We recently demonstrated that comparable enhancements in performance
could result from the incorporation of dopant concentrations of base meals into AuPd
nanoalloys [44]. In keeping with this earlier work, our initial investigations identified
the promotive effect that can result from the introduction of Cu, Ni, and Zn at low con-
centrations (0.025 wt.%) into a 1%AuPd(1.00)/ZSM-5 catalyst (Figure 1). In particular, the
introduction of Cu, which is known to be readily incorporated into AuPd alloys [47],
was observed to significantly increase activity towards H2O2 synthesis, with this met-
ric approximately 1.7 times greater (115 molH2O2 kgcat

−1h−1), than that observed for the
bi-metallic 1%AuPd(1.00)/ZSM-5 catalyst (69 molH2O2 kgcat

−1h−1). Indeed, the activity of
the 1%AuPd(0.975)Cu(0.025)/ZSM-5 catalyst exceeded that of the analogous formulation
supported on TiO2 (P25) (94 molH2O2 kgcat

−1h−1) [44]. However, a concurrent increase in
catalytic activity towards the subsequent degradation of H2O2 (via decomposition and hy-
drogenation pathways) was also observed (529 molH2O2 kgcat

−1h−1). This may be surprising
given earlier works which have demonstrated that the addition of Cu, either into AuPd [48]
or Pd-only [49] catalysts, can inhibit catalytic activity, with DFT studies indicating that the
formation of the intermediate hydroperoxyl species (OOH*) and subsequently H2O2 is
thermodynamically unfavoured over Cu-containing precious metal surfaces [50]. How-
ever, notably, these prior works have focused on the incorporation of Cu at much higher
concentrations than that utilised within this study. In comparison, the introduction of Ni
(81 molH2O2 kgcat

−1h−1) and Zn (77 molH2O2 kgcat
−1h−1) resulted in only a minor improve-

ment in the catalyst performance compared to the bi-metallic AuPd analogue, although the
improved selectivity of the 1%AuPd(0.975)Ni(0.025)/ZSM-5 catalyst is noteworthy, with H2O2
degradation rates (281 molH2O2 kgcat

−1h−1) significantly lower than that observed over
the 1%AuPd(1.00)/ZSM-5 catalyst (320 molH2O2 kgcat

−1h−1) or, indeed, the other trimetallic
formulations. The enhanced performance of the 1%AuPd(0.975)Cu(0.025)/ZSM-5 catalyst is
further evidenced by the comparison of initial reaction rates, where the contribution of
competitive H2O2 degradation pathways is considered to be negligible (Table S3).
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Figure 1. Catalytic activity towards 1%AuPd(0.975)X(0.025)/ZSM-5, the direct synthesis, and sub-
sequent degradation of H2O2. H2O2 direct synthesis reaction conditions: catalyst (0.01 g), H2O
(2.9 g), MeOH (5.6 g), 5% H2/CO2 (420 psi), 25% O2/CO2 (160 psi), 0.5 h, 2 ◦C, and 1200 rpm. H2O2

degradation reaction conditions: catalyst (0.01 g), H2O2 (50 wt.% 0.68 g) H2O (2.22 g), MeOH (5.6 g),
5% H2/CO2 (420 psi), 0.5 h, 2 ◦C, and 1200 rpm.
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An evaluation of the as-prepared 1%AuPd(0.975)X(0.025)/ZSM-5 catalysts by XPS can
be seen in Figure 2 (additional data reported in Table S4). Interestingly, despite exposure
to a high-temperature reductive heat treatment (5%H2/Ar, 400 ◦C, 4 h, 10 ◦Cmin−1), the
1%AuPd(1.00)/ZSM-5 catalyst was found to consist of a relatively high proportion of Pd2+.
Such an observation is in keeping with our previous investigations into AuPd systems,
where the introduction of Au has been found to modify Pd speciation [20]. Upon the intro-
duction of low quantities of Ni, Cu, and Zn, a significant shift in Pd speciation was observed,
towards Pd2+, with the formation of mixed domains of the Pd oxidation state, which is well
known to offer improved activity compared to Pd0 or Pd2+ rich analogues [51]. The shift in
the Pd oxidation state towards Pd2+ upon the introduction of Ni was found to be the great-
est, which aligned well with the observed selectivity of the 1%AuPd(0.975)Ni(0.025)/ZSM-5
catalyst. However, it should be noted that the Pd speciation of the fresh catalyst is likely to
be not representative of those under direct synthesis reaction conditions.
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With the improved activity of the 1%AuPd(0.975)Cu(0.025)/ZSM-5 catalyst towards
H2O2 production established, we were subsequently motivated to determine the effect
of Cu loading on catalytic activity while maintaining the total metal loading at 1 wt.%
(Figure 3A,B, with initial reaction rates reported in Table S5). The introduction of low
concentrations of Cu (< 0.025 wt.%) was observed to significantly increase the catalytic
activity towards both the direct synthesis and subsequent degradation of H2O2, compared
to the bimetallic AuPd parent material. However, both these metrics decreased considerably
at higher loadings of Cu (75 and 287 molH2O2 kgcat

−1h−1, respectively, for H2O2 direct
synthesis and degradation pathways at a Cu loading of 0.037%, which is equivalent to 3.7%
of the total metal loading). This is in keeping with previous works, which demonstrated
a deleterious effect on performance with the introduction of high loadings of Cu into
precious metal nanoparticles [48,50] and suggested a high sensitivity towards tertiary
metal content. While the evaluation of catalytic activity towards H2O2 synthesis alone
(Figure 3A) may suggest that there is very little difference in the performance over a range
of Cu loadings (H2O2 synthesis rates between 111 and 116 molH2O2 kgcat

−1h−1 observed
for Cu loadings of 0.012–0.025 wt.%), the determination of H2 conversion rates and H2O2
selectivity indicates that a substantial reduction in catalytic selectivity towards H2O2
coincides with the introduction of Cu (Figure 3B), which would align with determination
of trends in H2O2 degradation activity (Figure 3A). Indeed, these observations imply that
the enhanced activity of the Cu-containing catalysts is associated with increased reactivity
(i.e., the rate of H2 conversion) rather than H2O2 selectivity. However, it is important to
consider that such evaluations are not made at comparable rates of H2 conversion and,
notably, the high H2 selectivity of the 1%AuPd(1.00)/ZSM-5 catalyst (81%) can be related to
the low rates of conversion (10%) observed. With the introduction of Cu at concentrations
greater than 0.025 wt.%, a substantial decrease in H2 conversion rates was observed, which
correlates well with the observed loss in catalytic activity towards both the direct synthesis
and subsequent degradation of H2O2.
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Figure 3. The effect of Cu incorporation into 1%AuPd(1.00)/ZSM-5 on catalytic activity. (A) Compar-
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of H2 conversion and selectivity towards H2O2 during the H2O2 synthesis reaction. Key: H2O2

synthesis (black squares); H2O2 degradation (red circles); H2 conversion during H2O2 direct synthesis
reaction (blue triangles); H2O2 selectivity during H2O2 direct synthesis reaction (green diamonds).
H2O2 direct synthesis reaction conditions: catalyst (0.01 g), H2O (2.9 g), MeOH (5.6 g), 5% H2/CO2

(420 psi), 25% O2/CO2 (160 psi), 0.5 h, 2 ◦C, and 1200 rpm. H2O2 degradation reaction conditions:
catalyst (0.01 g), H2O2 (50 wt.% 0.68 g) H2O (2.22 g), MeOH (5.6 g), 5% H2/CO2 (420 psi), 0.5 h, 2 ◦C,
and 1200 rpm.
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With our XPS analysis revealing a modification in the Pd oxidation state as a result
of the incorporation of dopant metals (Figure 2), we were subsequently motivated to
investigate the 1%AuPdCu/ZSM-5 catalytic series via CO-DRIFTS (Figure 4). CO-DRIFTS
is a technique that has been extensively utilised to probe the surface of supported precious
metal catalysts [51–54]. For each catalyst, spectra were measured in the 1750–2150 cm−1

range, which contains the stretching modes associated with the CO adsorbed on Pd and
Au surfaces. The DRIFTS spectra of all the catalysts were dominated by Pd–CO bands. The
peak observed at approximately 2080 cm−1 represents the CO bound in a linear manner
to low co-ordination Pd sites (i.e., corner or edge sites), while the broad feature, centred
around 1950 cm−1, represents the bi- and tri-dentate bridging modes of CO on Pd [55].
Upon the introduction of small concentrations of Cu into the AuPd nanoalloy, a small
blue shift in the band relates to the linearly bonded CO on Pd, which can be observed.
This aligns well with previous investigations by Wilson et al. into the formation of AuPd
alloys [51]. In particular, such a shift can be attributed to the segregation of Pd at the
nanoparticle surface and a corresponding occupation of lower coordination sites. It is,
therefore, possible to propose that the introduction of Cu into AuPd nanoalloys at low
concentrations results in a similar modification of the nanoparticle composition.
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Figure 4. CO-DRIFTS spectra for the as-prepared 1%AuPd(1-X)Cu(X)/ZSM-5 catalysts.
(A) 1%AuPd(1.00)/ZSM-5; (B) 1%AuPd(0.875)Cu(0.125)/ZSM-5; (C) 1%AuPd(0.8125)Cu(0.1875)/ZSM-5;
(D) 1%AuPd(0.75)Cu(0.25)/ZSM-5; and (E) 1%AuPd(0.625)Cu(0.375)/ZSM-5.

With the evident improvement upon the incorporation of Cu into a supported
1%AuPd(1.00)/ZSM-5 catalyst, we subsequently set out to further contrast the catalytic
performance of the optimal catalyst and the bimetallic AuPd analogue. Time-on-line
studies comparing H2O2 synthesis rates are reported in Figure 5A, where a significant
difference in catalytic performance is observed. Indeed, the enhanced reactivity of the
1%AuPd(0.975)Cu(0.025)/ZSM-5 catalyst is clear, achieving H2O2 concentrations (0.35 wt.%)
far greater than that of the AuPd analogue (0.21 wt.%) over a 1 h H2O2 synthesis reaction.
Further investigation of catalytic performance over several successive H2O2 synthesis
reactions can be seen in Figure 5B, where a marked enhancement in H2O2 concentration
can be observed over the 1%AuPd(0.975)Cu(0.025)/ZSM-5 catalyst (0.60 wt.%) compared
to that achieved by the 1%AuPd(1.00)/ZSM-5 catalyst (0.27 wt.%). Notably, the concen-
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tration of H2O2 achieved over the AuPdCu catalyst was found to be comparable to that
achieved when utilising identical concentrations of Pt as a catalytic promoter for AuPd
nanoalloys [44].
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Figure 5. Comparison of catalytic activity towards the direct synthesis of H2O2 as (A) a function
of reaction time and (B) over sequential H2O2 synthesis reactions. Key: 1%AuPd(1.00)/ZSM-5 (red
circles) and 1%AuPd(0.975)Cu(0.025)/ZSM-5 (black squares). H2O2 direct synthesis reaction conditions:
catalyst (0.01 g), H2O (2.9 g), MeOH (5.6 g), 5% H2/CO2 (420 psi), 25% O2/CO2 (160 psi), 0.5 h, 2 ◦C,
and 1200 rpm.

Numerous works have elucidated the dependence between catalytic performance
towards H2O2 synthesis and particle size, with studies by Tian et al., in particular, revealing
that particle size in the sub-nanometre range is crucial for achieving optimal catalytic
performance, at least in the case of monometallic Pd catalysts [56]. Comparisons of the mean
particle size of the as-prepared 1%AuPd(1.00))/ZSM-5 and 1%AuPd(0.975)Cu(0.025)/ZSM-5
catalysts, as determined from the bright field transmission electron micrographs presented
in Figure S4, are reported in Table 1 with a negligible variation in particle size observed
between the AuPd and optimal AuPdCu catalysts (3.7–4.1 nm). As such, it is possible to
conclude that the enhanced catalytic activity towards H2O2 synthesis achieved through
the introduction of Cu into AuPd nanoparticles is not associated with increased metal
dispersion. Rather, it can be considered that the electronic modification of the Pd species is
a result of dopant introduction, as indicated by our CO-DRIFTS (Figure 4) and XPS analysis
(Figure 2), as well as possible structural changes which were indicated by our CO-DRIFTS
analysis (Figure 4)and are responsible for the observed reactivity improvements.

Table 1. Particle size measurements of as-prepared 1%AuPd(1.00)/ZSM-5 and 1%AuPdCu(0.025)/ZSM-
5 catalysts.

Catalyst Mean Particle Size/nm
(Standard Deviation)

Productivity/molH2O2 kgcat−1h−1

(H2O2 Conc./wt.%)

1%AuPd(1.00)/ZSM-5 3.7 (1.43) 69 (0.14)
1%AuPd(0.975)Cu(0.025)/ZSM-5 4.4 (1.93) 115 (0.23)

H2O2 direct synthesis reaction conditions: catalyst (0.01 g), H2O (2.9 g), MeOH (5.6 g), 5% H2/CO2 (420 psi),
25% O2/CO2 (160 psi), 0.5 h, 2 ◦C, and 1200 rpm.

For any heterogeneous catalyst operating in a liquid phase reaction, the possibility of
catalyst deactivation via the leaching of supported metals and the resultant homogeneous
contribution to the observed catalytic activity is a major concern. This is particularly true
given the ability of colloidal Pd to catalyse the direct synthesis reaction [57]. It was found
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that for both the AuPd and AuPdCu catalysts, catalytic activity toward H2O2 production
decreased upon second use (Table 2). However, the ICP-MS analysis of H2O2 reaction
solutions (Table 2) and TEM analysis of spent materials (Figure S4) indicated that such a
loss in catalyst performance could not be attributed to either the leaching of active metals
or nanoparticle agglomeration, with negligible levels of active metals detected through the
analysis of H2O2 synthesis reaction solutions and the mean particle size determined to be
comparable for both the as-prepared and used materials.

Table 2. Catalyst reusability in the direct synthesis and subsequent degradation of H2O2.

Catalyst Productivity/
molH2O2 kgcat−1h−1

Initial Reaction Rate/
mmolH2O2 mmolmetal

−1h−1
Degradation/

molH2O2 kgcat−1h−1
Metal

Leached/%

Fresh Used Fresh Used Fresh Used Au Pd Cu

1%AuPd(1.00))/ZSM-5 69 57 37.6 27.0 320 397 0 0.17 -
1%AuPd(0.975)Cu(0.025)/ZSM-5 115 64 48.5 27.1 529 231 0 0.13 BDL

H2O2 direct synthesis reaction conditions: catalyst (0.01 g), H2O (2.9 g), MeOH (5.6 g), 5% H2/CO2 (420 psi),
25% O2/CO2 (160 psi), 0.5 h, 2 ◦C, and 1200 rpm. H2O2 degradation reaction conditions: catalyst (0.01 g), H2O2
(50 wt.% 0.68 g) H2O (2.22 g), MeOH (5.6 g), 5% H2/CO2 (420 psi), 0.5 h, 2 ◦C, and 1200 rpm. BDL: Below detection
limits. Note: Initial reaction rates were determined after a reaction time of 0.083 h and were calculated based on
theoretical metal loading. Metal leaching is presented as a percentage loss of the nominal metal loading of the
fresh materials, with the observed levels of leached metal equivalent to approximately 0.002 wt.%.

Similar observations have been recently reported for AuPd-supported catalysts pre-
pared by an identical excess-chloride impregnation procedure, with the loss in catalytic
performance upon use found to be associated with a significant loss of surface Cl species, a
known promoter of activity in the H2O2 synthesis reaction [21]. With these earlier observa-
tions in mind, we set out to determine the extent of surface Cl loss (if any) after use in the
H2O2 direct synthesis reaction via XPS (Figure S5). Interestingly, negligible concentrations
of Cl species were observed in either the fresh or used AuPd and AuPdCu catalysts. This
is in stark contrast to our earlier investigations into AuPd/TiO2 catalysts prepared via
an analogous synthesis technique and possibly highlights the key role of the support in
retaining halide species [21]. Regardless, such an observation excludes the possibility of
Cl loss as the cause for the observed loss in catalytic performance upon reuse. However,
further investigation by XPS (Figures S6 and S7) does reveal a modification in the Au: Pd
ratio for both catalysts after use, which may be indicative of nanoalloy restructuring and
perhaps, more importantly, a total shift in the Pd speciation towards Pd0, which can be
attributed to the presence of H2 within the reaction. As such, it is possible to conclude
that while the catalytic materials developed within this work represent a promising basis
for future study, there is still a need to address stability concerns, particularly around
Pd speciation.

4. Conclusions

The introduction of low concentrations of earth-abundant metals (Ni, Cu, Zn) into
supported AuPd nanoparticles has been demonstrated to improve catalytic activity towards
the direct synthesis of H2O2, with the inclusion of Cu in particular, found to offer an
enhancement compared to that previously reported upon the use of Pt as a promoter
for AuPd nanoalloys. Indeed, the activity of the optimal AuPdCu catalyst is shown to
outperform the bimetallic analogue by a factor of 1.7. The underlying cause for the increase
in H2O2 synthesis activity can be attributed to the electronic modification of the Pd species
and changes in the surface composition of the nanoalloys as a result of Cu inclusion, as
evidenced by XPS and CO-DRIFTS investigations. While catalytic stability is of concern,
with deactivation attributed to in situ reductions in Pd species, it can be considered that
these materials represent a promising basis for future exploration in a range of reactions,
particularly where the in situ supply of H2O2 is required.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12111396/s1. Table S1. Synthesis details of the precursors
used in the preparation of key bi- and tri-metallic 1%AuPd/ZSM-5 catalysts. Table S2. Summary of
porosity and surface area of key 1%AuPd(0.0975)X(0.025)/ZSM-5 catalysts and HZSM-5(30). Table S3.
Comparison of initial H2O2 synthesis rates over 1%AuPd(0.0975)X(0.025)/ZSM-5 (X = Cu, Ni, Zn) cata-
lysts, as a function of Cu loading. Table S4. The effect of tertiary metal introduction upon the surface
atomic composition of 1%AuPd(0.975)X(0.025)/ZSM-5 catalysts (X = Cu, Ni, Zn), as determined by XPS.
Table S5. Comparison of initial H2O2 synthesis rates over 1%AuPdCu/ZSM-5 catalysts, as a function
of Cu loading. Figure S1. X-ray diffractograms of 1%AuPd(0.0975)X(0.025)/ZSM-5 catalysts. (A) ZSM-
5, (B) 1%AuPd(1.00)/ZSM-5, (C) 1%AuPd(0.0975)Cu(0.025)/ZSM-5, (D) 1%AuPd(0.0975)Ni(0.025)/ZSM-
5 and (E) 1%AuPd(0.0975)Zn(0.025)/ZSM-5. Figure S2. Fourier-transform infrared spectroscopy of
1%AuPd(0.975)X(0.025)/ZSM-5 catalysts. (A) ZSM-5, (B) 1%AuPd(1.00)/ZSM-5, (C) 1%AuPd(0.975)Cu(0.025)/
ZSM-5, (D) 1%AuPd(0.975)Ni(0.025)/ZSM-5 and (E) 1%AuPd(0.975)Zn(0.025)/ZSM-5. Figure S3. BET
analysis plots for key 1%AuPd(0.0975)X(0.025)/ZSM-5 catalysts and HZSM-5(30). Key: ZSM-5(30) (red tri-
angles), 1%AuPd(1.00)/ZSM-5 (blue squares), 1%AuPd(0.975)Cu(0.025)/ZSM-5 (green circles). Note: ZSM-5
support exposed to calcination prior to metal immobilisation (flowing air, 550 ◦C, 3 h, 20 ◦Cmin−1).
Figure S4. Representative bright field transmission electron micrographs and corresponding particle
size histograms of as-prepared (A) 1%AuPd(1.00)/ZSM-5 and (C) 1%AuPd(0.975)Cu(0.025)/ZSM-5 cata-
lysts and analogous (B) 1%AuPd(1.00)/ZSM-5 and (D) 1%AuPd(0.975)Cu(0.025)/ZSM-5 samples after
use in the direct synthesis reaction. H2O2 direct synthesis reaction conditions: Catalyst (0.01 g), H2O
(2.9 g), MeOH (5.6 g), 5% H2/CO2 (420 psi), 25% O2/CO2 (160 psi), 0.5 h, 2◦ C, 1200 rpm. Figure S5.
Comparison of surface atomic Cl content of the as-prepared (A) and (B) used 1%AuPd(1.00)/ZSM-5
catalyst and the fresh (C) and (D) used 1%AuPd(0.975)Cu(0.025)/ZSM-5 analogue. Note: No signal is
observed for any catalyst formulation within the expected energy window for Cl(2p) (approx. 200 eV).
Figure S6. XPS spectra of Pd(3d) regions for the (A) as-prepared and (B) used 1%AuPd(1.00)/ZSM-5
catalyst, after use in the H2O2 direct synthesis reaction. Key: Au(4d) (green), Pd0(blue), Pd2+(purple),
Ca2+ (orange). Figure S7. XPS spectra of Pd(3d) regions for the (A) as-prepared and (B) used
1%AuPd(0.975)Cu(0.025)/ZSM-5 catalyst, after use in the H2O2 direct synthesis reaction. Key: Au(4d)
(green), Pd0(blue), Pd2+(purple), Ca2+ (orange).
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