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Abstract

View Article Online
. . . DOI: 10.10394ADSMA00998A
This review explores developments of metal complexes, based on their metal center, immobilize

non-covalently onto diverse supports through functional anchors known as pyrene fragments.
Additionally, it covers novel synthesis strategies and represents various practical applications, such
as biosensors and biofuels, and generally in industrial applications. Since pyrene fragments play a
key role in the structure of these metal complexes, their significant effects on functionality are
highlighted. Not only the number of pyrene fragments but also numerous supports, including
graphene oxide (GO), reduced graphene oxide (rGO), carbon nanotubes (CNT), edge-plane graphite
(EPQG), graphitic carbon nitride (g-C;N,), pyrene-modified gold (Au), and indium tin oxide (ITO),
can have a significant influence due to their extraordinary properties. Furthermore, it indicates how a
non-covalent approach between the pyrene fragment and the solid support can provide an enhanced
catalyst through m-stacking interactions compared to their homogeneous counterparts. In order to
reduce leaching, maintain activity and selectivity, and improve recyclability, both homogeneous and

heterogeneous properties are combined together in this approach.
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1. Introduction
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DOI: 10.1039/D5MA00598A

A major goal in homogeneous catalysis is to develop sophisticated ligands that possess properties
beyond their traditional role of binding to a metal and providing a well-defined stereoelectronic effect.
Adding a functional group to a ligand can modify the properties of a metal complex through ligand-
based reactivity under external stimuli. The properties of the complex can be tuned by several
functionalities, such as hydrogen bond interactions, proton-responsive sites, redox-sensitive
components, and photoresponsive units. Additionally, more effective homogeneous catalysts that
take advantage of weak reversible non-covalent interactions are of prime importance.!* Although
homogeneous catalysts are highly active and selective, they have crucial challenges for separating
from products, which prevents industries from using them for large-scale material production.

Furthermore, catalyst recycling is another major flaw in the industrial use of homogeneous catalysts

5

Molecular complexes can be immobilized to combine the benefits of homogeneous and
heterogeneous catalysis, such as selectivity and recyclability, respectively. Several methods can be
used to achieve this goal, including covalent bond formation, ion pairing, adsorption, and
encapsulation. Such heterogenization onto various supports, for instance, mesoporous materials,
microporous structures, and polymers, has already been achieved using many of these strategies.5’
The most common technique for immobilizing catalytic species is forming a covalent bond between
the ligand and the solid support. Two significant disadvantages of this approach should be considered.
First, it depends on both a stable surface and functionalization of extra ligands, which could raise the
catalyst preparation cost, and the second drawback is the alterations of the reactivity of the original
catalyst. Conversely, non-covalent interactions avoid further functionalization, potentially preserving
the catalyst's intrinsic characteristics.> Furthermore, the non-covalent method is more straightforward
to apply in synthetic processes and is less likely to reduce catalyst activity.®? In this regard, non-
covalent interactions, specifically n-stacking, have become an interesting candidate for substantial

development  in  biological  science, demanding  comprehensive  investigations.
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Particularly, the immobilization of enzymes on carbon nanotube surfaces represents a high potential
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to achieve novel, high-performance bio-devices with notable biomolecular functions, such as
advanced biosensors and biofuel cells. This process can be applied in an aqueous environment
through the significant role of pyrene in enhancing the hydrophilicity of the CNT surface, as verified

by TEM and FTIR analyses.!%!2

Nevertheless, this method must be pursued with caution due to the fact that many of these
catalysts are highly sensitive to changes in ionic strength, immobilization conditions, support nature,
and the type of selected complex.!3- The latter must be carefully designed to ensure stability against
leaching. Hence, new strategies, such as controlled-reversible immobilization via temperature and
solvent polarities, have been developed for the immobilization of these sensitive complexes onto solid
supports to enhance the recyclability of the catalysts and supports.!® Although the immobilization
approach through m—m stacking showed -catalytic performance that was comparable to its
homogeneous counterpart, some challenges are associated with the non-covalent interactions between
the catalyst and the support, such as slight deactivation due to the robustness of non-covalently
immobilized complexes towards recycling, which may compromise long-term stability and increase
the leaching risk. For instance, by aligning the active center of the enzyme correctly on the CNT
surface, these enzymes can achieve efficient direct electron transfer without the need for external
mediators, which is an appropriate measure to overcome the regarded obstacles. Additionally, the
immobilization of a His-tagged enzyme onto CNTs, facilitated by a pyrene fragment, promotes direct
electron transfer due to the conductivity of the supports. Not only do stronger n—n stacking enhance
the robustness of immobilization and the recyclability feature, but it may also reduce control over
catalyst release. In contrast, weaker interactions of van-der-Waals (n-stacking) interactions, which
can result from certain solvents or temperatures, may improve electronic communication but increase
the risk of leaching.>%12.13

This review aims to explore various pyrene-tagged metal complexes immobilizing onto suitable

solid supports through n-stacking interactions. To achieve this goal, several aspects are considered,
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including different supports for the immobilization of pyrene-tagged complexes, the role of pyrene

View Article Online
. . . . DOI: 10.1039/D5MA00598A
structure, and immobilized pyrene-tagged complexes with various metal centers. These complexes

are categorized based on their metal centers from early-transition to late-transition metal groups.
Additionally, the extent of recycling improvement through different analyses of several catalysts was
reviewed. The main objective of these studies is to explore the transformation of homogeneous
catalysts into heterogeneous ones and to evaluate their impact on recyclability while preserving
selectivity. The results unambiguously demonstrate that the presence of pyrene fragments within the
catalyst structure is pivotal for enhancing overall catalyst performance. Furthermore, the considerable
influence of the pyrene fragment’s location, which may affect the behavior of the resulting catalyst,
is highlighted.!

2. Different supports for the immobilization of pyrene-tagged complexes

There are two efficient ways of achieving the immobilized pyrene-tagged complexes through n—n
interactions between the complexes and supports, including a) carbon-based nanomaterials or b)
modified pyrene-tagged supports. A limited range of such superb supports has been reported,

specifically those based on highly efficient carbon nanomaterials, including graphene oxide (GO),

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

reduced graphene oxide (rGO), carbon nanotubes (CNT), edge-plane graphite (EPG), graphitic

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

carbon nitride (g-C3N,) as well as modified gold (Au) and indium tin oxide (ITO).>%15-19

Besides their intrinsic n—n interaction ability, carbon nanotubes, rolled-up graphene sheets, GO,

(cc)

and rGO have further promising properties, such as high specific surface area, stability, and
accessibility.’> The other two types of used supports, Au and ITO, are modified with the pyrene
fragments. In terms of these cases, the immobilization of the complexes is achieved through n—n

stacking interactions between the pyrene-tagged support and pyrene-tagged complexes. !

3. Role of pyrene structure
The pyrene molecule is the smallest polycyclic aromatic hydrocarbon with a peri-fused system and

may form during the ignition of organic substances. Although its structure does not conform to
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Hiickel's rule, it exhibits aromaticity with a highly symmetrical structure (Do, point group).?® It plays

View Article Online
DOI: 10.1039/D5MA00598A

essential roles in organic chemistry, pharmaceutical industry, materials science, and many
applications, such as biological probes?!~23, photonic devices?*?*, and liquid crystal materials.?6-3°
Additionally, it is considered a prototypical molecule due to its predictable substitution reactions,
diverse photochemistry, high fluorescence quantum yield, and efficient excimer emission.?! Such
modifications to pyrene fragments enable the construction of the surface to apply changes, which is
beneficial for various electrochemical applications, such as sensing, energy storage, and catalysis.'®
Catalysts containing pyrene fragments can be heterogenized thermodynamically through van der
Waals non-covalent interactions (m-stacking) with a solid surface. The crucial role of the pyrene
fragment in the adsorption of several complexes on the graphene surface was investigated by Peris
and co-workers.> In addition to the presence of the pyrene moiety, the quantity of pyrene tags
significantly affects both desorption and recyclability. Specifically, unlike the catalyst with a single
pyrene that can only be recycled three times, the variant with two pyrene fragments retained its
activity for up to twelve cycles.?? The addition of external pyrene, as a nt-stacking additive, decreased
the catalytic activity of all reactions catalyzed by pyrene-tagged palladium complexes.> General
properties of immobilized pyrene-tagged complexes, which are hybrid and taking advantage of both
homogeneous and heterogeneous positive features, are summarized in Table 1.

Table 1. The properties of homogeneous, heterogeneous, and immobilized pyrene-tagged complexes.

Homogeneous = Immobilized pyrene-tagged Heterogeneous

Stability High high variable“

Selectivity High high Moderate

Activity High medium to high Medium
Recyclability difficult easy Easy

@ generally less than homogeneous counterparts.
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4. Immobilized pyrene-tagged complexes with various metal centers

View Article Online
. DOI: 10.1039/D5MA00598A
4.1. Pyrene-tagged chromium complexes

In 2021, Jaber, Schulz, and their co-workers developed a strategy to immobilize chiral chromium
salen onto rGO, taking advantage of this novel catalyst.3> Salen catalysts modified with one/two
pyrene groups were synthesized to evaluate their stability during recycling and accessibility to active
sites. Key intermediates 1 and 2 were obtained via click reactions between pyrene derivatives and 5-
(azidomethyl)-3-(tert-butyl)-2-hydroxybenzaldehyde in high yields (Fig. 1). Classical condensation
of 1 and 2 with (1S,25)-cyclohexane-1,2-diamine produced Sym-1 and Sym-2, the latter has a metal
coordination site separated from the pyrene via four methylene groups. In order to synthesize Unsym
ligands, 3,5-di-tert-butyl-2-hydroxybenzaldehyde reacted with 1 or 2, with no requirement to isolate
the intermediate ammonium mono-imine. In the next step, chromium was introduced into the
coordinating sites of the four synthesized ligands via CrCl, in THF under an argon atmosphere,
subsequently oxidizing in air, leading Sym-Cr(-1, -2) and UnSym-Cr(-1, -2). UnSym-Cr-1 was
selected to be immobilized onto the carbon surface by impregnating rGO suspension with a solution
of the catalyst in CH,Cl, (4:1 mass ratio) (Fig. 2); see below. UV/Vis analyses indicated that 90% of

the complex had been immobilized, confirmed by weighing the resulting solid.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 1. The synthesis of salen ligands containing pyrene fragments. Reproduced with permission from ref. 33

copyright 2021, John Wiley and Sons.

OH

OH OH

Figure 2. The immobilized UnSym’s structure onto the graphene surface. Reproduced with permission from ref. 33

copyright 2021, John Wiley and Sons.
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To examine the efficiency of these catalysts, they were evaluated in the asymmetric ring-

View Article Online
DOI: 10.1039/D5MA00598A

opening (ARO) of epoxides and hetero-Diels-Alder (HDA) processes. Although the Sym-Cr-1 and
Sym-Cr-2 catalysts indicated minor enantioselectivity, UnSym-Cr-1 had a considerable enantiomeric
excess and virtually complete conversion, which was ascribed to the presence of two tBu groups that
hindered intramolecular stacking and increased substrate access. In this regard, the recyclability of
the UnSym-Cr-1@rGO catalyst was assessed through its application in the same reaction. UnSym-
Cr-1@rGO maintained its high activity and selectivity over 5 runs of hydrodearomatization and with
different substrates in 6-8 runs. The X-ray photoelectron spectroscopy (XPS) analysis confirmed no
active species leaching from the spent UnSym-Cr-1 based on the Cr/C ratios. The pyrene tags
facilitated n-stacking interactions with rGO, improving dispersion but complicating recovery due to
settling difficulties. Nevertheless, the immobilized catalysts generally outperformed the Jacobsen
reference, leading to highly active species in the catalytic processes as a result of probable bimetallic
interactions. This work successfully immobilized salen complexes on carbon via n—= interactions,

opening opportunities for future asymmetric catalysis applications.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

4.2. Pyrene-tagged manganese complexes
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New catalytic structures with abundant first-row transition metals (Ni, Co, Fe, and Mn) are of interest

(cc)

as replacements for expensive Re, Ru, and Ir catalysts in CO, reduction to valuable chemicals. In
2017, Reisner and co-workers reported the immobilization of a fac-[MnBr(bpyy,)(CO);] complex
(Mny,,, 7) (bpy = bipyridine) onto a carbon nanotube electrode through a pyrene fragment for aqueous
CO, reduction.’®* The pyrene-tagged ligand, 4-methyl-4'-(5-(pyren-1-yl)pentyl)-2,2"-bipyridine
(bpypyr, 6) was produced through the reaction of a lithiated 4,4'-dimethyl-bipyridine intermediate and
1-(4-bromobutyl)pyrene (5) (Fig. 3). The resulting ligand, bpy,,,, was refluxed via [MnBr(CO)s] to
synthesize fac-[MnBr(bpy,,)(CO)3] (Mn,y,, 7). Subsequently, to immobilize the Mn complex, a two-
step procedure was followed. Firstly, dispersed MWCNTs in N-methylpyrrolidone (NMP) were drop-

cast and dried onto a glassy carbon electrode. Secondly, the MWCNT modified electrode was
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immersed in a Mn,,, solution of anhydrous N,N-dimethylformamide (DMF), resulting CNT|Mn,,,

View Article Online
. . DOI: 10.1039/D5MA00598A
electrode was used for further experiments (Fig. 4).

Pyrene-modified catalysts on CNT sidewalls, which offer an exceptional conductivity and high
surface area, allow insoluble catalysts to work in water, enable CO, reduction in water with low
energy input and high reaction efficiency, and overcome limitations caused by diffusion in the bulk
solution. It is noteworthy that catalyst loading adjustment controls product selectivity. Comparing
[MnBr(bpy)(CO);] and the pyrene-anchored complex, fac-[MnBr(bpyy,)(CO)s], reveals some key
differences. While the first complex is extremely active in organic solvents, the latter exhibits flexible
catalytic activity in both organic and aqueous solutions. Generally, these distinctions approve the
effect of ligand selection and immobilization technique on catalytic performance and selectivity in
CO; reduction. Besides, surface loading can affect CO, reduction, leading to the formation of CO or

formate (HCOO").

LDA, THF, N,
4h,-10°C
N

Figure 3. The synthesis procedure for the preparation of pyrene-tagged Mn complex. Reproduced with permission from
ref. 33 copyright 2017, American Chemical Society.

[MnBr (CO)s], Et,0, reflux, N,
4h

@ (bPYpyr)

Figure 4. The immobilization of pyrene-tagged Mn complex onto CNT. Reproduced with permission from ref. 33
copyright 2017, American Chemical Society.
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4.3. Pyrene-tagged rhenium complexes

View Article Online
DOI: 10.1039/D5MA00598A

In 2019, Warren and co-workers presented an immobilized pyrene-tagged rhenium(l) complex
containing 2-(2'-quinolyl)benzimidazole (QuBIm-R) (R = H, Me, and Bn) (8) ligands onto edge-plane
graphite (EPG) electrodes for CO, reduction in aqueous condition (Fig. 5).!® In order to synthesize
rhenium(I) complexes, ReQuBIm-R (10) derivatives were synthesized by reacting Re(CO)sClI (9)
with an equal amount of QuBIm-R ligand in hot toluene, followed by reflux to yield bright-orange
solids, filteration, and washing with cold toluene and diethyl ether. To study the heterogeneous
electrochemical properties of the alkylated ReQuBIm-R complexes, each compound was introduced
via drop-casting onto the EPG electrodes and subsequently rinsed thoroughly with water before cyclic
voltammetry (CV) experiments. In the case of ReQuBIm-Pyr, an irreversible reduction wave at -1.38
V in argon-purged KHCOj; buffer was observed. After several CV sweeps, the peak current density
gradually decreased to the baseline level. A trend was also observed in alkylated ReQuBIm-H
complexes and bare EPG electrodes, suggesting potential reductive exfoliation of graphite as a result
of ionic intercalations. In contrast, ReQuBIm-Pyr displayed unique behavior in the presence of CO,,

showing a five-fold increase in the current density at a defined potential after four CV cycles while

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

maintaining stable peak current density, unlike other alkylated ReQuBIm-R complexes. Based on

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

controlled potential electrolysis (CPE) experiments, adsorbed ReQuBIm-Pyr onto EPG electrodes

(cc)

demonstrated steadier and higher current densities compared to the other ReQuBIm-R complexes.
Additionally, ReQuBIm-Pyr dropped cast onto EPG showed limited effectiveness in MeCN,
reflecting the challenges faced by Rel-based catalysts, while in contrast, it demonstrated significant
current density in H,O, highlighting the substantial impact of solvent on electrocatalyst performance.
Moreover, ReQuBIm-Pyr films’ activity in CPE experiments was evaluated by comparing the
reported turnover number (TON) according to the quantity of electroactive catalyst and the estimated
theoretical TON. The results showed approximately similar values, offering that most of the

electroactive catalyst was active for CO, reduction.

11
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| N
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N-R N"R O
@ QuBIm-R @ @ ReQuBIm-R -H -Me -Bn -Pyr

Fig. 5. The synthesis procedure of ReQuBIm-R complexes. Reproduced with permission from ref. 18 copyright 2019,
American Chemical Society.

In 2013, Brunschwig, Gray, and co-workers immobilized two kinds of pyrene-tagged Rh and Re
complexes onto carbon electrodes through a pyrene-tagged bipyridine ligand (P), where P performs
the role of a linker between the defined complexes and the surface (Fig. 6).>* Immobilization of a
rhodium proton-reduction catalyst, [Cp*Rh(P)CI]CI (11), and a rhenium CO,-reduction catalyst,

[Re(P)(CO);Cl] (12), afforded electrocatalytically active assemblies.

e

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.
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Fig. 6. The Rh and Re pyrene-tagged catalysts for immobilization. Reproduced with permission from ref. 34 copyright

2013, American Chemical Society.
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In order to synthesize these complexes and covalently attach pyrenyl moieties to bipyridine

View Article Online
. DOI; 10.1039/D5MAQ0598A
ligands, a synthetic approach was developed that involves the reaction of 2,2'-bipyridyl-4,4'-

carboxylic acid with 1-pyrenylmethylamine. The modified ligand was metalated to yield complexes
11 and 12. In the next step, a high surface area carbon black was used to form conducting electrodes
with superb electrocatalytic performance. In this regard, the electrodes were prepared by drop-casting
a suspension of the carbon in NMP with binder onto graphite and subsequent heating at 70 °C prior
to immobilization. In order to functionalize the electrodes by catalysts, they were soaked in CH,Cl,
solutions of 11 or 12 complexes, followed by washing to remove weakly bound species, resulted in

strong electrocatalytic systems.

These catalysts were compared with their analogous structure to evaluate their efficiency. It was
verified that the surface-immobilized catalyst 11 facilitates proton (H*) reduction to hydrogen.
Nevertheless, the addition of a proton source (p-toluenesulfonic acid) leads the catalyst to lose its
redox reversibility; it increases the catalytic current for proton reduction, which can be continued
until a steady-state current density is reached, indicating the catalyst's efficacy in promoting the

hydrogen evolution reaction. Moreover, electrodes with catalyst 11 are more robust for H, production

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

than those with catalyst 12 for CO, reduction. In controlled-potential electrolysis (CPE), electrodes

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

with catalyst 12 showed current values approaching the background within the first hour. Generally,

(cc)

immobilizing molecular catalysts with pyrene groups is a viable technique for forming solar fuel

cathodes.

4.4. Pyrene-tagged iron complexes

In 2010, Jousselme and co-workers reported a straightforward and adjustable method for
functionalizing carbon nanotube electrodes with ferrocene by m-stacking interactions, resulting in the
immobilization of redox groups on CNTs for use in sensors and catalytic applications (Fig. 7).> In

order to synthesize 3-ferrocenyl-N-(pyren-1-ylmethyl)propanamide (14), 1-pyrenemethylamine
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hydrochloride was dissolved in, washed with, and dried with CH,Cl,, NaOH, and Na,SO,,
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respectively, and finally concentrated to yield 1-pyrenemethylamine. This amine reacted with 2-[(3-
ferrocenylpropanoyl)oxy]-1H-isoindole-1,3(2H)-dione (13) and triethylamine in CH,Cl,. Then, the
crude product was purified, resulting in 14 as a yellow powder. A solution of 14 was added to a
dispersed MWCNT solution in ethanol, treated ultrasonically, and filtered through a PTFE membrane
to produce thin films of MWCNTs, which served as a working electrode in the electrochemical setup.
Indeed, the simple n-stacking of pyrene allows for the uniform self-assembly of a single monolayer
of molecules onto the MWCNTs. In the next step, bucky paper (BP) electrodes were utilized to
investigate chemical functionalization through n—r interactions. The CV analysis of 14 in CH,Cl,
revealed m-stacking with CNTs, indicated by a monoelectronic oxidation. However, washing the
electrode with CH3CN led to the desorption of ferrocene due to 14's solubility. To enhance stability,
nanotubes were dispersed in ethanol, combined with a saturated 14 solution, and filtered to prepare
the modified electrodes. The attachment of ferrocene was confirmed in MeCN through a reversible
oxidation wave. Notably, no adsorption was observed with ferrocene alone, highlighting the pyrene
fragment’s critical role in promoting n-stacking. Nevertheless, based on cyclic voltammetry and XPS
measurements, the covalent derivatization of CNTs with ferrocene moieties (in 13), in comparison

with n-stacking (14), results in a stable and reliable electrode material for glucose sensors.
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Fig.7. Functionalization of MWCNTs with ferrocene: via n-stacking of 14 or covalent grafting of 13. Reproduced with
permission from ref. 35 copyright 2010, Elsevier.

In 2011, Cosnier and co-workers discovered that tris(bispyrene-bipyridine)iron(Il) complexes
can serve as appropriate cross-linkers that enable biomolecules to adhere more easily to CNTs.3¢
Complex tris[4,4'-bis(4-pyren-1-ylbutyloxy)bipyridinyl]iron(Il) hexafluorophosphate (17) was
synthesized in a multi-step process (Fig. 8). The ligand, 4,4’-bis(3-pyren-1-ylbutyloxy)bipyridine
(16), was prepared by reacting 4-4'-bishydroxy-2-2'-bipyridine (15) with 1-(4-bromobutyl)-pyrene
(5). Three equivalents of this ligand were then reacted with Fe(ClOy),, followed by exchanging the
ClO4 with hexafluorophosphates, leading to the corresponding complex (17), isolated as a purple

solid.
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Fig. 8. The synthesis of the pyrene-tagged complex 17. Reproduced with permission from ref. 36 copyright 2011, John
Wiley and Sons.

Two techniques were applied for MWCNT electrode modification: dip-coating and
electropolymerization. The first one allows for efficient immobilization through the generation of a
homogeneous coating with a high surface area; however, through electropolymerization, the rate of
electron transmission may be slowed down, providing an insulating coating. Since MWCNT
electrodes have a high surface area and favorable interactions, they promote higher polymer
formation in comparison to bare Pt electrodes during electropolymerization. The yield of
electropolymerization on MWCNT electrodes was substantially higher than on Pt electrodes,
emphasizing how well MWCNT electrodes perform. According to biosensing results, the prepared
biosensor via the dip coating approach and 17 indicates the best performance. Additionally, the
bioelectrodes demonstrated excellent sensing performance using glucose oxidase (GOy) as a model
enzyme (Fig. 9). The high sensitivity of the MWCNT/17 configuration indicates its flexible

supramolecular design that enabled maximum enzyme immobilization and efficient hydrogen
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peroxide diffusion. Electrochemical analyses confirmed successful MWCNT functionalization with

View Article Online
. . . . DOI: 10,1039/D5MAOQ598A
transition metal complexes and enzymes, which illustrates the potential of this bioelectrode

configuration for sensitive and effective biosensing.

Step 2

PBS

Step 1
30 min incubation
MeCN

Fig. 9. The development of the glucose biosensor takes place in two steps: the supramolecular assembly of 17 with
MWCNTs and B-cyclodextrin-GOy. Reproduced with permission from ref. 36 copyright 2011, John Wiley and Sons.

In 2012, Cosnier and co-workers introduced a novel technique for the direct synthesis of stable
iron diamine complexes bearing mixed ligand onto pyrene-tagged bipyridinyl functionalized CNT
via 7-stacking interactions to take advantage of their beneficial features in biosensor devices.?” To
prepare the mixed ligand iron complex, [Fe'l(L;),L,]*" (L, =4,4'-bis(biotin)-2,2’-bipyridine, L, =2,2'-
bipyridine-4,4'-dipyrene) (20), CNTs were functionalized by incubating them in a bipyridinyl ligand
(19) solution (Fig. 10). The immobilized ligand was then electropolymerized on the CNT-modified

electrodes in dry acetonitrile. Next, the modified electrode was incubated in a solution of MeCN

17
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containing the precursor complex [Fe'l(L),S,]*>* (18), followed by rinsing the electrode to remove

View Article Online
DOI: 10.1039/D5MAQ0598A

unbound materials. The asymmetric mixed ligand complex (20) was immobilized onto modified CNT
via m-stacking involving pyrene fragments. Additionally, biotin moieties enabled the specific
anchoring of biotinylated proteins through avidin-biotin interactions. In terms of that, a particular
enzyme, biotinylated glucose oxidase (B-GOx), was utilized to assess the effective attachment of a
protein onto the CNT through the activity of the enzyme. Next, the immobilized mixed ligand Fe
complex was compared to its counterpart, just without nanotubes. Since the amounts of immobilized
B-GOy were 4 times higher on the CNT modified electrode, this highlights the prominent role of CNT
in enhancing surface properties. Indeed, the efficiency of the complex is evidenced by the remarkable
stability and reproducibility of electrode performance under physiological conditions, highlighting its

potential as a promising candidate for future bioanalytical applications.

x
O%
HN
n |(8=H,00r CHCN) B o
0s_N
" ° -
s 0

(6] I N. .~ 10) (0]

O
Y N
N_*
4N

ZIN
HN S 0 /IN g S
O%\ 0 X ®

N
H

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

(cc)

in situ

Fig. 10. The synthesis procedure involved the mixed ligand pyrene-tagged iron complex 20. Reproduced with
permission from ref. 37 copyright 2012, Royal Society of Chemistry.
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In 2013, Dichtel and his co-workers synthesized a series of immobilized tripoddl'¢onipolinds e
involving two kinds of pyrene-tagged ferrocene tripods, 25a and 25b, onto single layer graphene
(SLG), demonstrating higher kinetic stability in comparison with monovalent binding groups (Fig.
11).38 These tripods feature varying numbers of methylene spacers and involve multiple synthetic
steps. In order to obtain bromophenyl(tris-4-methoxyphenyl)propyne (22), iodo-4-bromobenzene,
Cul, and Pd(PPh;),Cl, were added to 21, followed by the addition of degassed anhydrous THF and
trimethylamine under inert atmosphere. Afterward, to prepare red solid 23, compound 22 was
dissolved in anhydrous CH,Cl,, and then a solution of BBr; in CH,Cl, was added slowly. In the next
step, the varied number of methylene spacers led to either a 4-bromophenyl butylpyrene tripod or a
4-bromophenyl methylpyrene tripod. On the other hand, to synthesize ferrocene tripod 25a, 4-
bromophenyl butylpyrene tripod, ethynylferrocene, Cul, and Pd(dppf)Cl, were charged into a flame-
dried flask under an N, atmosphere, followed by the addition of anhydrous THF and trimethylamine.
Subsequently, several work-up steps led to the final product. Similarly, for ferrocene tripod 25b, 4-

bromophenyl methylpyrene tripod, ethynyl ferrocene, Cul, and Pd(dppf)Cl, were used under the same

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

conditions. The assessment of tripods with different anchor sizes indicated a logarithmic link between

anchor area and desorption rate, as well as a linear relationship between packing density and anchor

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

size. Additionally, similar desorption rates for 25a and 25b (1.1x104 and 2.5x10* s°!, respectively)

(cc)

suggested that convenient syntheses are much preferable to binding features. Notably, both the 25a
and 25b complexes, which indicate electrochemical reversibility, desorb more rapidly than complex
141 (See Fig. 43). This behavior can be attributed to their increased solubility, enhancing the
favorable interactions between the solvent molecules and the ferrocene-based complexes. Based on
these findings, the use of larger feet might be required to improve monolayer stability. This property
is influenced by the nature of the headgroup and the solvent, which can be beneficial for particular

applications.
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Fig. 11. The synthesis of 25a and 25b complexes. Reproduced with permission from ref. 38 copyright 2011, American
Chemical Society.

In 2014, Sun, Durand, and co-workers utilized pyrene-tagged Fe precatalysts immobilized on
CNTs by ni-stacking for ethylene polymerization.3® The Fe complexes (30a and 30b) were synthesized
by reacting FeCl, with 2-[1-(2,6-diisopropylphenylimino)ethyl]-6-[ 1-(pyren-1-
ylimino)ethyl]pyridine (28) and 2,6-bis[1-(pyren-1-ylimino)ethyl]pyridine (29) in THF at ambient
temperature, respectively (Fig. 12). The formed solid was filtered, rinsed with diethyl ether, and dried
under reduced pressure. In order to immobilize them, CH,Cl, was added to the mixture of
30a or 30b and MWCNTs under N, atmosphere. The immobilized 30a and 30b were achieved after
several consecutive steps, which included stirring the resulting suspension, filtration, washing the

black powder with toluene, and finally drying under vacuum.
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Fig. 12. a) Synthetic procedure of 30a and 30b, b) Schematic representation of 30a immobilization onto MWCNTs.
Reproduced with permission from ref. 39 copyright 2014, John Wiley and Sons.

In order to evaluate the efficiency of these heterogeneous catalysts, they were tested in the
presence of modified methyl aluminoxane (MMAO) as an activator in the ethylene polymerization
(PE) reaction. According to the result, the MWCNT-30a system with different molar ratios of Al/Fe
indicated a narrower molecular polydispersity with appropriate molecular weights (M,,) in
comparison with their homogeneous analogs. Nonetheless, the activity of MWCNT-30b was not as
high as its equivalent homogeneous counterpart, which can be attributed to the steric hindrance effect
on the Fe center through the two pyrene fragments existing in the structure of 30b. Besides, the impact
of temperature on the reaction was also examined, which surprisingly demonstrated that higher

temperatures led to less catalytic activity. It can be deduced that weak n—m interactions of MWCNTSs
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prevent them from stabilizing the active species at high temperatures. It is noteworthy that the M,
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and polydispersity values of PE achieved by utilizing MWCNT-30b showed a moderate decrease at
higher reaction temperatures due to the presence of one more pyrene group that exists to interact with
the MWCNTs, in contrast to the trend found for MWCNT-30a. Generally, the heterogeneous
precatalysts indicated better activity in the polymerization of ethylene by surface-initiated processes,

producing well-dispersed MWCNT into PE matrices.

In 2016, Robert and co-workers represented a non-covalent approach to attach a pyrene-
appended iron triphenylporphyrin, containing six hydroxyl substituents at the ortho and ortho'
positions of the phenyl rings (CATpy,), to CNTs via nt-stacking interactions.*? In order to synthesize
CATpy, complex (36), the pyrene-tagged porphyrin ligand (35), 5,10,15-tris(2,6-hydroxyphenyl)-20-
(3-(pyren-1-yl)propyl)porphyrin, was dissolved in methanol and degassed under argon (Fig. 13). In
the next step, FeBr, and 2,6-lutidine were added to this solution and were stirred at 60 °C.
Subsequently, it was diluted with ethyl acetate and treated with HCI, resulting in a new catalyst,
CATpy,, which has the potential to be immobilized onto CNTs. The CATyp,, exhibited excellent
catalytic activity for the reduction of CO, in water (pH=7), demonstrating high selectivity, durability,
and reaction rate. Based on the data from CV analysis, it has been revealed that the remarkable
catalytic activities of iron complexes can be effectively maintained under heterogenized conditions
in water, which exhibited a substantial current increase when exposed to a CO, atmosphere at specific
potentials. In terms of porphyrin molecules, immobilization is a suitable method that keeps the surface
of immobilized CATyp,, active during extended electrolysis with notable catalytic selectivity,
generally maintaining high catalytic properties. Additionally, the authors declared that the efficiency
associated with the catalytic system can be further improved by optimization of the CATp,,/MWCNTs

ratio.
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Fig. 13. The synthetic procedure for complex CATp,,. Reproduced with permission from ref. 40 copyright 2016,
American Chemical Society.

For non-covalent attachment of pyrene-tagged molecules onto the solid supports lacking inherent
delocalized m-systems, pre-modification is inevitable. In this regard, the expansion of chemically
modified electrode supports with molecular selectivity depends crucially on the surface integration
of these molecules. Innovative procedures have been established that involve the covalent attachment
of pyrene molecules onto the surfaces, followed by the non-covalent physisorption of pyrene-tagged
complexes possessing redox properties (Fig. 14). This approach could be beneficial in various fields,

such as energy systems, chemical sensing, electrochromic materials, and molecular electronics.'® 17
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Fig. 14. An overview of a) the non-covalent attachment method for molecular attachment to the electrode surface and b)
the procedure for hybrid non-covalent attachment. Reproduced with permission from ref. 17 copyright 2018, American
Chemical Society.

In 2016, Yang and co-workers reported the non-covalent immobilization of a redox active 1-
pyrenylferrocene complex on the gold surface modified with S-(pyren-1-ylmethyl) ethanethioate (37)
(Fig. 15).16 Since organic thioacetate exhibited greater stability and resistance to oxidation than thiols,
they could be isolated and purified more easily. Prior to surface attachment, the thioacetate protecting
group was removed in situ using a base. Additionally, the pyrene-modified ferrocene derivative was
synthesized through palladium-catalyzed cross-coupling reactions. In the following step, pyrene-
tagged ferrocene was immobilized on the pre-functionalized gold electrode (38) through n-stacking
via physisorption from the solution to prepare 39. The pyrene-modified ferrocene provides well-
defined redox-active tools for monitoring physisorption and electron transport at the interface.
According to the electrochemical experiments, electron transfer along this interface was

straightforward, allowing the ferrocene redox pair to behave in an ideal reversible way.
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Fig. 15. The modification of gold electrodes through n—r interactions. Reproduced with permission from ref. 16
copyright 2016, Royal Society of Chemistry.

In 2018, Yang and co-workers developed a hybrid noncovalent immobilization through the
attachment of 1-pyrenylferrocene to indium tin oxide (ITO) electrodes modified with pyrene.!” In this
regard, ferrocene was chosen for its ideal redox properties, inertness, and facile functionalization,
making it possible to compare the interfacial properties of both covalent and hybrid non-covalent
approaches (Fig. 14). To compare the electron-transfer kinetics for covalent systems, vinylferrocene
was directly attached to an ITO electrode (ITO|vinylferrocene). While in noncovalent immobilization,

a cleaned ITO electrode was first functionalized by 1-vinylpyrene in anhydrous toluene, which led to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the covalent attachment of pyrene to the ITO surface (ITO[Pyr). In the next step, ITO|Pyr samples

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

were immersed in a [-pyrenylferrocene solution for immobilization of the complex onto the modified

ITO via pyrene-pyrene interactions, yielding ITO|Pyr|pyrenylferrocene (Fig. 15b and 16). The results

(cc)

showed that the transfer of electrons by the pyrene-pyrene interface has comparable kinetics (ten
times faster) to analogous covalently attached systems. Studies indicate that several factors, such as
electrodes/redox-active species distance, the extent of m-conjugation of the linker, and, in this case,
the monolayer formation or the possibility of vinyl group polymerization can influence the electron
transfer kinetics. This hybrid approach successfully proposed a practical electron transfer system by

utilizing non-covalent interactions.
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Fig. 16. The immobilization of 1-pyrenylferrocene complex onto modified ITO (40). Reproduced with permission from
ref. 17 copyright 2018, American Chemical Society.

4.5. Pyrene-tagged ruthenium complexes

In 2008, Wang and co-workers used a novel approach to control the immobilization and recycling of
pyrene-tagged ruthenium complexes through the use of suitable solvents and temperature.’®> To
synthesize an olefin metathesis catalyst bearing pyrene moieties, compounds 41, (E)-(4-isopropoxy-
3-(prop-1-enyl)phenyl)methanol, and 42, 4-(pyren-1-yl)butanoic acid, underwent a reaction to yield
pyrene-tagged compound 43 (Fig. 17a). The pre-ligand (43) was further transformed into the
corresponding ruthenium complex (45). Then, a typical experiment was carried out to noncovalently
immobilize 45 onto SWCNTs using CH,Cl, (Fig. 17b). This technique enables reversible
immobilization and conducts faster metathesis reactions in homogeneous solution than the other
reported solid-supported catalysts. In this regard, various representative ring-closing metathesis
(RCM) reactions were performed to assess the efficiency of SWCNTs-supported 45. According to
the obtained data, acetone can be employed as the solvent, and temperature can be controlled between
0 and 35 °C to enable the catalyst, immobilized onto SWCNT, to be reused and recycled six/seven
times for numerous di- or trisubstituted substrate dienes, even at low levels of catalyst loading (1.5
mol% Ru). Another benefit of this approach was the simple recovery of the immobilized catalyst in
homogeneous solutions through filtration of the cooled-down mixture, which is more convenient than

similar catalysts supported on soluble polymers. Recovery of SWCNTs from the deactivated
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heterogeneous catalyst was efficiently performed using CH,Cl, or THF (about 98%). The results

View Article Online
. . . DOI: 10.1039/D5MA00598A
demonstrated that the n—r interaction between SWCNTs and pyrene fragments is reversible and

depends on temperature and the polarity of the solvents.
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Fig. 17. The scheme of a) Synthesis procedure for pyrene-tagged ruthenium complex (45), and b) Immobilization of
(45) on SWCNT surface. Reproduced with permission from ref. 13 copyright 2009, American Chemical Society.

In 2011, Ouali and co-workers reported active and recyclable pyrene-tagged terpyridine-based
Ru catalysts immobilized onto the surface of cobalt magnetic nanoparticles (MNPs) supported by
graphene for nitroarene transfer hydrogenation processes.*! The proposed system relies on the
arrangement of pyrene-tagged terpyridine ligands. Terpyridine ligands come in two variations:
monomeric (one terpyridine per one pyrene) and multivalent (five terpyridines per one pyrene), Fig.

18.
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a) Monomeric pyrene-tagged ligand b) Multivalent pyrene-tagged ligand:
o = terpyridine llgand |$ toward enhanced hgand loading View Article Online

Q%96 DOI: 10.103%7/§$MA00598A
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Fig. 18. Pyrene-tagged ligands with specific design, utilizing a) single terpyridine ligand (47) and b) five terpyridine
ligands (49), along with their corresponding anticipated hybrid MNPs. Reproduced with permission from ref. 41
copyright 2020, American Chemical Society.

The pyrene bearing one terpyridine moiety (47) was obtained through the coupling of 1-
pyrenebutyric acid (42) and amine 46 (Fig. 19). Furthermore, a multi-valent ligand named 50,
containing five terpyridines, was synthesized via the reductive amination of an aldehyde-decorated
dendron with amine 46. They found that the formation and disruption of non-covalent interactions
between 47 or 49 with MNPs are temperature-dependent. Therefore, the catalyst can leave the support
at a higher temperature, where catalytic processes can occur, and rejoin it at a lower temperature for
subsequent recovery via a magnet. It has been found that the multivalent ligand acts effectively in
nitrobenzene transfer hydrogenation since it was reused eight times without losing activity compared
to six runs with monovalent terpyridine. Notably, the decreased loading aligns with increasing in the
size of the ligand, probably due to steric hindrance at the m-stacking interface. In this study, the
pyrene-tagged loading per gram of MNPs was remarkably lower than similar phosphine ligands
containing one or five phosphines.*> Such behavior could be attributed to the solvent medium, in this
case, the absence of water, which is known to facilitate stronger stacking. This report was the first
nonaqueous study of pyrene reversible interactions with Co/C MNPs surfaces and opened up new

prospects for their use as support for different organic reactions.
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Fig. 19. A synthetic pathway for synthesis of the pyrene-tagged ligands, incorporating a) one (47) or five terpyridine
(49) moieties. Reproduced with permission from ref. 41 copyright 2020, American Chemical Society.

Water oxidation is a crucial process to take advantage of the artificial photosynthesis procedure,
converting solar energy into renewable fuel. In this regard, in 2011, Li, Sun, and their co-workers
found a synthesis procedure for a pyrene-tagged Ru complex and immobilized it onto MWCNT,
coated onto ITO glass electrode, as an optimal surface for catalyst loading and a medium that
facilitates rapid electron and hole transfer to achieve an efficient water oxidation.** On the one hand,

the ITO electrode modified with MWCNTs was produced through the electrophoretic deposition of

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

acid-treated MWCNTSs onto ITO glass. On the other hand, in order to synthesize Ru(bpa)(Pyr-Py),

(55) (Hybpa=2,2'-bipyridine-6,6'-dicarboxylic acid and Pyr-Py=4-(pyren-1-yl)-N-(pyridine-4-

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

ylmethyl)butanamide) the pyridine-bearing pyrene (Pyr-Py) ligand was first prepared by the reaction

(cc)

of pyrenebutyric acid and aminomethylpyridine which was then refluxed with the solvent-ligated
complex Ru(bpa)(DMSO), to provide complex 55 (Fig. 20). Afterward, the catalyst was immobilized
by immersing the MWCNT-modified electrode in a methanol solution of complex 55 overnight. In
order to evaluate the electronic behavior of 55 on the MWCNT-modified electrode, cyclic
voltammetry was employed. It was confirmed that 55 is a highly effective catalyst for water oxidation,
demonstrating a high water oxidation wave and two quasi-reversible redox couples of Ru'/Ru'" and
Ru'/Ru!v. Meanwhile, its homogeneous counterpart showed just a pair of CV waves belonging to

Ru'l/Ru'. In contrast, bare ITO or ITO electrodes coated by MWCNTSs were not active in the same
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measurement range. Indeed, further investigation with a constant potential revealed that the counter

DOI: 10. 103\3/6357/&580%3;2
and working electrodes released hydrogen and oxygen bubbles immediately, respectively, along with

a sustained current. In contrast, the MWCNTSs/ITO electrode lacking the catalyst remained essentially
inert under the same conditions. Moreover, these features enable the complex 55 to be significantly
efficient for water oxidation at a relatively low applied potential in neutral, non-buffered aqueous

solutions.

a)
H
, DCM
O O _ Ho-N DCC, THF 0 ~
r.t., overnight r.t. overmght ~ |
O O "
@ @Pyr—Py

Et;N, MeOH

Ru(DMSO0),Cl, -
reflux, overnight

Ru(bpa)(DMSO); ——>
u(bpa)( 2 reflux, 6 h

L ¢ d ( 00
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Fig. 20. Schematic presentations of: a) The synthesis procedure for complex 55, b) Electrochemical cell for water
splitting and structure of the molecular catalyst 55. Reproduced with permission from ref. 43
copyright 2011, John Wiley and Sons.

In 2011, Ma and co-workers reported a series of immobilized bi(2,2"-bipyridyl)-pyrene
ruthenium(II) complexes onto graphene sheets (B-Ru-P/GS nanohybrid) through a straightforward =n-
stacking self-assembly method for applications in electrochemiluminescence and photo sensing.** In
order to synthesize B-Ru-P (61), initially, a mixture of 4-(pyren-1-yl)butanoic acid (42) and 4-(2-

30
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hydroxyethoxy)benzaldehyde (56) was reacted in the presence of N,N'-dicyclohexylcarbodiimide

View Article Online
DQI: 10.1039/D5MA00598A

(DCC) and 4-dimethylaminopyridine (DMAP) in CH,Cl, which resulted in 57, and stirred under an
argon atmosphere (Fig. 21). Then, 57, 1,10-phenanthroline-5,6-dione (58), and ammonium acetate
were dissolved in hot glacial acetic acid, leading to a pyrene-tagged phenantroline ligand (59).
Following this, compound 59 and [Ru(bpy),Cl,]-:2H,O (60) were sonicated in absolute ethanol,
degassed with argon, and refluxed. After cooling, a saturated NaClO, solution was added, resulting
in a reddish solid that was filtered, washed, and dried to yield the final product (61). In the next step,
to prepare the B-Ru-P/GS nanohybrid, GSs were combined with 61 in anhydrous DMF. The mixture
was centrifuged to eliminate excess compound and subsequently washed with DMF, deionized water,
and ethanol before being dried under a vacuum. To evaluate catalyst efficiency, the stability of the B-
Ru-P/GS nanohybrid and its interaction with ruthenium(Il) complexes were analyzed using
fluorescence emission spectra. The Ip/Ig ratios of the GSs and the B-Ru-P/GS nanohybrid were 0.25
and 0.28, respectively, reflecting the increasing trend and confirming the presence of donor molecules
on graphene. Additionally, the electrochemiluminescence (ECL) sensor aligned with photoinduced

electron transfer properties was examined to assess potential applications in

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electrochemiluminescence and as a photosensor. Based on the obtained data, the analysis of the B-

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

Ru-P/GS nanohybrid demonstrated successful immobilization of ruthenium(Il) complexes on

graphene sheets, confirmed by increased thickness in atomic force microscopy (AFM) measurements

(cc)

and distinct fluorescence emissions that confirmed strong n-stacking interactions. Electrochemical
studies revealed significantly enhanced electron transfer capabilities, with a peak current much higher
than that of the Ru(Il) complexes alone. The efficient quenching of fluorescence indicated effective
stacking of the Ru(II) complexes on the GSs. On the other hand, the B-Ru-P/GS nanohybrid exhibited
a higher photocurrent response, attributed to enhanced charge carrier generation and multi-step
vectorial photoinduced electron transfer. Furthermore, the porosity of the anode structure increases
light scattering and promotes rapid electron transport, making them a promising candidate for

optoelectronic applications.
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Figure 21. Schematic synthesis of Ru(II) complexes. Reproduced with permission from ref. 44 copyright 2011,
Elsevier.

In 2012, Ding, Cosnier, and their co-workers successfully immobilized a pyrene-functionalized
bipyridine complex of Ru onto the SWCNTs' sidewalls thanks to m-stacking interactions.* To
synthesize [(2,2'-bipyridyl),(4,4'-bis(4-pyrenyl-1-ylbutyloxy)-2,2"-bipyridyl] ruthenium(II)
hexafluorophosphate (62), 4,4'-bis(4-pyrenyl-1-ylbutyloxy)-2,2'-bipyridine was first prepared by
refluxing 4,4’-bishydroxy-2,2'-bipyridine with 1-(4-bromobutyl)pyrene and K,COj; (Fig. 22). The
resulting ligand was then refluxed with [Ru(bpy),Cl,] in DMF under argon. Following solvent
removal, H;O was introduced to the mixture, which was subsequently washed with CH,Cl,.
Ammonium hexafluorophosphate was then introduced, and the product was extracted with CH,Cl,.
In order to functionalize SWCNTs with the complex 62 (pyrene-Ru/SWCNT) through noncovalent
n—m interactions, SWCNTs and complex 62 were mixed in THF, and subsequent work-up, including
sonication and centrifugations, was performed. Finally, the pyrene-Ru/SWCNT-modified Pt
electrode was produced by drop-casting of this solution onto the Pt electrode, drying it in a desiccator,
and storing it in the dark. To enhance a stable electrochemical signal, pyrene-Ru/SWCNT/Pt

electrodes underwent pre-oxidation for further experiments. The effective immobilization of 62 on

SWCNTs/Pt was indicated by two reversible peak systems in the 0—1.2 V range, reflecting stable

32


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00598a

Page 33 of 122 Materials Advances

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

electrochemical behavior and nearly zero peak potential separation at slow scan rates, confirming the

. . . DO 10.1033735??%0%3&
attachment of the complex. Additionally, the stability of the electrochemical Ru'" signal, with only

a 5% decrease in peak currents after 200 cycles, confirmed the robustness of the functionalization.
Moreover, the electrogenerated chemiluminescence (ECL) performance was also investigated in both
organic (tripropylamine) and aqueous systems (using oxalate as a co-reactant). Based on the obtained
results, the pyrene-Ru/SWCNT composite demonstrated effective oxidative-reductive ECL behavior,
making it a suitable candidate for the utilization of solid-state ECL applications across different

solutions.

a)

b)

Fig. 22. Schematic presentations of: a) pyrene-Ru, 62, and b) pyrene-Ru/ SWCNTs. Reproduced with permission from
ref. 45 copyright 2012, John Wiley and Sons.
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In 2014, Mata, Peris, and co-workers synthesized an imidazole-based (NHC) ruthenium complex
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immobilized onto the rGO surface (Fig. 23).°> NHC-based complexes are considered suitable catalysts
due to the o-donor character of NHC ligands and their high stability even under harsh conditions. In
the first step, the imidazolium salt (65) was synthesized by the reaction of 1-(bromomethyl)-pyrene
(63) and methylimidazole (64). Subsequently, imidazolium salt 65 was mixed with Ag,O under light
exclusion and refluxed in MeCN. Following this, [RuCl,(n°-p-cymene)], and KC1 were introduced
and the resulting mixture was filtered. In the next step, the solvent was evaporated under reduced
pressure, leading to the crude solid, which was then purified by column chromatography. The
obtained ruthenium complex remained stable in the solid state and solution, even when exposed to
air. The pyrene-tagged NHC-Ru complex (67) was then blended with sonicated rGO in
dichloromethane (DCM) to form NHC-Ru-rGO (69). The decolorization of the solution color is the
initial observation that the complexes have been immobilized. In order to evaluate the efficiency of
70, several experiments on the oxidant-free dehydrogenation of alcohols were carried out, indicating
that utilizing rGO as a support can significantly affect the progression of the reaction. Indeed, in the
benzyl alcohol oxidation reaction, the supported catalyst exhibited higher activities than its
homogeneous counterparts, and the heterogenized catalyst performed well in up to ten recycling
cycles. According to the results, the Raman spectra of rGO revealed two noticeable peaks of D and
G bands, and when NHC-Pd and NHC-Ru were incorporated, a slight upshift of the G band (lower
defect density) was detected, which may be attributed to n—n stacking between the pyrene tag and the
graphene surface. Notably, the surface area of the support is responsible for facilitating the interaction
between the catalyst and the substrates, demonstrating that the larger the surface area, the higher the

activity.
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Fig. 23. Synthesis and immobilization of 67 and 68 complexes onto rGO. Reproduced with permission from ref. 5
copyright 2014, American Chemical Society.

These researchers also employed m-stacking to immobilize the palladium and ruthenium
complexes simultaneously with pyrene-tagged NHC ligands onto rGO, which results in a highly
efficient and recyclable catalyst for hydrodefluorination (Fig. 24).° It is worth mentioning that the
surface area of this co-immobilized catalyst increased from 164 to 221 m?/g after the catalyst's
activation as a result of partial exfoliation. To prepare rGO-Ru-Pd, an equivalent molar mixture of
metal complexes 67 and 68, and rGO were mixed in CH,Cl,, sonicated, and stirred, leading to a black
solid, which was subsequently filtered and washed with CH,Cl,. A loss of color in the solution was
the first sign of immobilization. After filtration and washing of the resulting product, rGO, along with
the two catalysts, the filtrate was analyzed by '"H NMR. The results demonstrate the absence of the
corresponding signals for 67 or 68 in the spectrum of the filtrate, providing indirect evidence of the
effective immobilization of the complexes onto the solid surface. The activity of the hybrid catalyst,
rGO-Ru-Pd (71), was much higher than that shown by the Pd/rGO, verifying the crucial role of the
synergistic effect of the two metals; indeed, Pd activates C—F bonds, and Ru enables hydrogen

transfer. The hybrid catalyst has the potential to be reused over 12 times in the hydrodefluorination
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of fluorobenzene while maintaining its effectiveness and experiencing a minimal decrease in activity,
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which indicates that it has promising prospects for practical applications.
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Fig. 24. Co-immobilization of pyrene-tagged palladium and ruthenium complexes bearing N-heterocyclic carbene
ligands onto rGO. Reproduced with permission from ref. 9 copyright 2014, American Chemical Society.

In 2014, Goff, Cosnier, and their co-worker reported the first instance of double functionalization
of MWCNTs using a pyrene-tagged ruthenium molecular catalyst and a pyrene-tagged enzyme to
accomplish an integrated electroenzymatic approach.*® In order to synthesize the [(1,10-
phenanthroline-5,6-dione),((4,4'-bis(4-pyrenyl-1-ylbutyloxy)-2,2'-bipyridine)Ru(Il)]
hexafluorophosphate complex (RuQ-pyrene) (72a), [Ru(1,10-phenanthroline-5,6-dione),Cl,] was
refluxed with 4,4’-bis(4-pyrenyl-1-ylbutyloxy)-2,2'-bipyridine in ethylene glycol (Fig. 25). On the
flip side, the modified MWCNT electrode was incubated in a RuQ-pyrene solution, followed by
washing and characterization through CV analysis in a pure electrolyte. The electrode, in MeCN,
exhibited the characteristic redox activity of immobilized RuQ-pyrene, along with non-reversible
charge trapping peaks commonly seen in immobilized redox species. The formation of n—x stacking
interactions between the pyrene fragments of the complex 72a and the graphene layers of the
MWCNT film enables physisorption on MWCNT electrodes. Indeed, the analysis of the
72a/MWCNT revealed high maximum surface coverage, indicating effective functionalization. The
electrodes achieved a maximum catalytic current of 2.5 mA cm? with NADH, demonstrating efficient

electrocatalytic oxidation of NADH. Additionally, the electrochemical behavior of the RuQ-pyrene-
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functionalized electrodes remained stable over multiple scans, confirming good immobilization and

. . DOI: 10.103?735?%0%3&
stability of the Ru complex on the CNTs. On the other hand, due to the straightforward self-assembly

of pyrene molecules onto the sidewalls of MWCNT, researchers prepared doubly functionalized
MWCNT electrodes using RuQ-pyrene (72a) and 1-pyrenebutyric acid N-hydroxysuccinimide ester

(NHS-pyrene, 72b), which performed well in glucose oxidation.

Figure 25. Schematic representation of RuQ-pyrene (72a) and NHS-pyrene (72b) onto MWCNT. Reproduced with
permission from ref. 46 copyright 2014, Royal Society of Chemistry.

In 2015, Ozawa, Haga, and co-workers represented two new ruthenium complexes, one bearing

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

two different groups, including two pyrene and four phosphonic acid moieties named a Janus-type

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

complex (75), since it has double-faced properties, and the other one (76) possessing four pyrene

(cc)

fragments (Fig. 26).47 Complex 75 was immobilized on HOPG (highly ordered pyrolytic graphite)
via m—7 interactions, leading to a hydrophilic surface with exposed phosphonic acid groups. In
contrast, when the complex was attached directly to the ITO surface, it led to a hydrophobic surface
with exposed pyrene groups. In order to synthesize 75, 2,6-bis(N-methylbenzimidazol-2-yl)-4-{3,5-
bis[4-(1-pyrenyl)butyloxy]phenyl}pyridine (74) was prepared by reacting a respective diol with 1-
(4-bromobutyl)pyrene, which was then reacted with [Ru(EtL)(CH3;CN)Cl,] (for EtL structure see Fig.
27) to form the complex [Ru(EtL)(L1)](PFs), (L1= 80). Following this, deprotection of ethyl groups
using trimethylsilyl bromide yielded 75. Similarly, the symmetric complex [Ru(L1),](PF¢), (76) was

obtained by reacting RuCl;-3H,O with 74 in a DMF-glycerol mixture. Subsequently, both the ITO
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electrode and the HOPG were modified by immobilization through soaking in an aqueous DMF
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solution of 75. Janus-type complex 75 served as a primer layer for developing the fabrication of
advanced multilayers of redox-active Ru complexes on HOPG. The unbound phosphonic acid groups
on the 75-modified HOPG facilitated metal-phosphonate bonding. In this regard, the HOPG electrode
was first soaked in a solution of 75 involving an aqueous DMF for several hours, rinsed thoroughly
with ultrapure water, and then dipped in an aqueous solution of ZrOCl,, followed by another rinse
and re-immersion in the 75 solution (Fig. 29). On the other hand, to prepare layer-by-layer (LbL)
films of Ru complexes separated by graphene, the 75-modified ITO electrode was utilized. The LbL
multilayer film, consisting of 75, 76, and graphene, was formed by first spin-coating a graphene
suspension onto the 75-modified ITO electrode and drying it in the flow of N,. Subsequently, the
graphene-modified electrode was soaked in a solution of DMF involving 76 and dried before being
treated again with the graphene suspension through spin-coating. Several observations were
investigated based on the various data for each type of immobilization of the pyrene-tagged Ru
complex. Firstly, due to contact angles associated with water droplets on both the HOPG and ITO
measurements, a remarkable change in hydrophilicity was shown, indicating an effective attachment
of 75 onto these supports. Secondly, based on the CV results of bilayer film at a specific oxidative
wave, it was 1.5 times larger compared to that of the 75 monolayer on the HOPG surface. Thirdly,
corresponding to the graphene absorption, MLCT band of 76, and CV data, the consistent increase in
the absorption bands and oxidative peak current with additional layers indicates the formation of a

consistent layer structure throughout the LbL process.
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Fig. 26. The Schematic scheme of a) Synthetic route of ligand 74 and Ru-75 complex, and b) complex 76. Reproduced
with permission from Ref. 47 copyright 2015, Chemical Society of Japan.
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Fig. 27. Proposed surface-tethered structures for the 75 monolayer on ITO and HOPG and a bilayer connected by Zr-
phosphonate bond on HOPG. Reproduced with permission from ref. 47 copyright 2015, Chemical Society of Japan.

In 2016, Blondeau, Sala, Godard, Llobet, and their co-workers reported a hybrid solid-state
system containing pyrene-tagged Ru complexes immobilized on MWCNTs.*® These complexes serve

as highly stable molecular anodes for water oxidation, achieving over a million turnover numbers at
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specific potentials without any signs of degradation, thanks to m-stacking interactions. These

View Article Online
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ruthenium complexes {Ru(tda)(L'),} (77a) and {Ru(tda)(L?),} (77b) (tda> =[2,2":6',2"-terpyridine]-

6,6"-dicarboxylato, L! = (4-(pyrene-1-yl)-N-(pyridine-4-ylmethyl)butanamide and L? = (4-(pyrene-

1-yl)pyridine)) were synthesized by reacting the ruthenium precursor with the respective ligands L!

impressive catalytic activity for water oxidation.
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and L2, which involve pyrenyl groups for effective anchoring via m-stacking interactions on
MWCNTs (Fig. 28). To assess the efficiency of the pyrene-tagged Ru complex immobilized on
MWCNT (77a and 77b), turnover numbers, CV analysis, and stability were analyzed, revealing
values over a million, redox behavior and long-term stability. The performance of these
heterogeneous catalysts was similar to their homogeneous counterparts, attributed to the "water
nucleophilic attack" mechanism involved in the O-O bond formation step, which is common to both
systems. This approach provides a robust immobilization of the complexes onto the MWCNTs while

preserving their intrinsic electronic properties, leading to stable hybrid materials that demonstrate

Ru''(tda)(L),} @MWCNT@GC |
MWCNT@GC {Ru'(tda)(L),} @ @ |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 28. Schematic representation of the anchoring of complexes 77a (left) and 77b (right) in MWCNT. Reproduced
with permission from ref. 48 copyright 2016, John Wiley and Sons.

In 2016, Brunschwig, Gray, and their co-workers synthesized two new immobilized pyrene-

tagged complexes involving a ruthenium tris(bipyridyl) (79) and an iridium bipyridine complex of

[Cp*Ir] (80) (Cp* = penta-methylcyclopentadienyl) onto carbon electrodes (Fig. 29)* and studied
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their electrochemical properties at negative potentials since these conditions are essential for the
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majority of catalytic processes involved in fuel production. In order to synthesize these complexes, a
pyrene-appended bipyridine ligand (P) was prepared through the reaction of 1-pyrenylmethylamine
hydrochloride and bipyridine dicarboxylic acid. On the one hand, complex 79 was obtained by
metallating P with Ru(4,4'-dimethyl-2,2'-bipyridine),Cl, and purifying it through recrystallization.
On the other hand, complex 79 was similarly derived by treating P with [Cp*IrCl,],. In the subsequent
step, functionalization of Ketjen black electrodes with complexes 79 or 80 was performed by
immersing them in a dilute CH,Cl, solution, followed by rinsing with CH;CN to eliminate loosely
bound complexes. The electrochemical investigations proved that noncovalent immobilization was
suitable not only for achieving immobilized metal complexes but also for studying reductive
electrochemical properties. Successful immobilization on carbon electrodes with high surface area
was confirmed by X-ray photoelectron spectroscopy. According to electrochemical data, in CH;CN,
both complexes demonstrated reversible reduction behavior at distinct electrochemical potentials.
Indeed, the pyrene-tagged ruthenium complexes (79) exhibited excellent stability, with reversible
currents persisting for more than an hour. Meanwhile, it was indicated that the iridium complex has
electrochemical characteristics, which can lead to ligand exchange and the emergence of various
species on the surface. Nevertheless, the stability of these noncovalent interactions under negative

electrode polarization declined.
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Fig. 29. Schematic structures of [Ru(P)(4,4'-dimethyl-2,2'-bipyridine),]Cl, (79), [(n’-CsMes)Ir(P)CI]CI (80), and their
analog with no pyrene fragments (81, 82). Reproduced with permission from ref. 49 copyright 2016, Institute of Physics
publishing.

In 2016, Mata and co-workers specifically investigated the stability of various immobilized
ruthenium complexes containing NHC ligands, which were functionalized with varied polyaromatic

groups, including pyrene (Pyr), pentafluorophenyl (PhF), and anthracene (Ant) on rGO, and also

explored their recyclability (Fig. 30).>° The synthesis procedure for pyrene-tagged Ru is mentioned

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

earlier (see Fig. 23). According to the recycling experiment data, using (p-trifluoromethyl)benzyl

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

alcohol as the model substrate for the dehydrogenation reaction, PhAF-Ru-rGO (85) was effective for

(cc)

reuse up to five times, while Ant—-Ru-—rGO (86) was reused up to eight times, both showing no
significant decline in activity. The system with the pyrene tag, Pyr—Ru—rGO catalyst (69), proved to
be the best in recyclability, being reused more than ten times without any notable loss in activity. The
hybrid material 69 exhibits a heterogeneous catalytic behavior owing to the strong interaction
between graphene and the pyrene tag, ensuring that the molecular complex remains firmly anchored
to the surface. Thanks to this robust immobilization hindering the degradation of the ruthenium
complex, catalytic activity was enhanced; therefore, fewer catalyst loadings are required. Moreover,
based on hot filtration experiments, no desorption of the complex 67 is observed in contrast to 83 and

84, possessing weak n—m interactions with graphene, underscoring the stability of this hybrid material

43


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00598a

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances Page 44 of 122

in catalysis. It is deduced that, unlike pentafluorobenzyl or anthracene groups, pyrene fragments
. DOI: 10. 1033735?2%0%3&
facilitate the process of immobilization onto the solid supports through n-stacking interactions.
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Fig. 30. The scheme procedure for immobilized Ru complexes, including 83,84, and 67, involves PhF, Ant, and Pyr
fragments, respectively. Reproduced with permission from ref. 50 copyright 2016, Royal Society of Chemistry.

In 2016, Crévisy, Schulz, and co-workers synthesized three Hoveyda-type pyrene-tagged
ruthenium complexes involving NHC ligand (87), benzylidene moiety (88), or both (89), (Fig. 31).14
It has been believed that the tag's position may significantly impact the properties of the obtained pre-
catalysts. This new class of modified complexes has been immobilized non-covalently on graphene
or rGO, and their recovery and activity have been studied for metathesis reactions. It is noticeable
that, although the pre-catalyst immobilized via benzylidene core (89) showed slower catalyst
initiation, a lower loading of catalyst (100 mg) was adequate to reach nearly complete conversion
(compared to 250 mg for the other pre-catalysts). These differences may be attributed to the use of
different NHC ancillary ligands, specifically SIPr for 88 and SIMes-type for 87 and 89. Indeed,
trifluoroacetamido moiety in 87 or SIPr moiety in 88 is known to have some influence on different

stability and activation phases of these three types of pre-catalysts.>!

44


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00598a

Page 45 of 122

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

! \ View Article Online
NN DOI: 10.1039/D5MA00598A
T O/\/\O O,

Fig. 31. Hoveyda-type pyrene-tagged ruthenium complexes involving the NHC ligand (89), benzylidene moiety (90), or
both (91). Reproduced with permission from ref. 14 copyright 2016, Elsevier.

To prepare compound 93, which is necessary for the synthesis of 88 and 89, a coupling reaction
was performed between 4-(pyren-1-yl)butanoic acid and 4-isopropoxy-3-vinylaniline hydrochloride
mediated by DCC and DMAP (Fig. 32). Complex 87 was obtained by treating Ru complex 90 with
2,2,2-trifluoro-N-(4-isopropoxy-3-vinylphenyl)acetamide and CuCl, followed by purification.
Furthermore, complexes 88 and 89 were synthesized by reacting pyrene-tagged compound 93 with
(SIPr)RuCl,(PPh;s)(Indenylidene) (M23®) and 90, respectively. For the immobilization of the Ru-
catalysts on the rGO support, all defined compounds were dissolved in DCM, followed by the
introduction of rGO. The immobilization of catalysts attributed to the pyrene-tagged Ru complexes
on the solid surface was confirmed through UV-visible analysis, which involved the disappearance
of their characteristic feature based on the amount of support added and the reaction duration
(88<87<89). The recycling ability of ruthenium complexes has been attributed to the capability of the
styrenylether ligand to re-coordinate with the 14e- metal center, resulting in the formation of a stable

species during the termination step. This phenomenon is commonly referred to as the boomerang
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effect. Within this context, ligand 94 (see Fig. 33) was synthesized using a similar method as

DOI: 10. 103\3/6357/\%50%3;2
described for the synthesis of compound 93. The use of pyrene-tagged styrenyl-ether as an additional

ligand immobilized on rGO improved catalytic results by facilitating a boomerang effect that made
the species of active ruthenium stable. This effect was made possible due to the higher concentration
of benzylidene ligand on the support, which enhanced stability. Additionally, the presence of the extra
ligand provided broader coverage of the rGO surface, protecting the Ru active species from potential
damage caused by the support. The compound 88/94@rGO was effectively used to facilitate
metathesis reactions in a multi-substrate process (Fig. 33). The findings demonstrate that this catalyst
has the potential to be recycled four times with no immediate loss of activity in diene and ene-yne

RCM reactions.
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Fig. 32. The synthesis procedure of pyrene-tagged Ru complexes 87, 88, and 89. Reproduced with permission from ref.
14 copyright 2016, Elsevier.
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Fig. 33. Schematic illustration for the immobilization of 88 and 94 on rGO. Reproduced with permission from ref. 14
copyright 2016, Elsevier.

In 2016, Haga and co-workers studied the adsorption of four redox-active ruthenium pyrene-
tagged complexes (100a, 100b, 100¢, and 100d), showing that their adsorption varies according to
the number of pyrene moieties (Fig. 34).°>? In the synthetic procedure of 100a (possess eight pyrene
tags) and 100b (possess four pyrene tags), in the first step, 98 carrying four pyrene fragments was

synthesized by reacting triphenylphosphine and tetrabromomethane with 3,5-bis[4-(1-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

pyrenyl)butoxy]benzenemethanol (95) to reach 96 followed by reaction with K,CO; and

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

bis(benzimidazole)pyridine (97) (Fig. 35). The complex 100a was prepared by further reaction of the

(cc)

precursor complex 99 with another 98 ligands in a mixture of DMF and t-BuOH. Afterward, in a
similar process, 100b was prepared by the reaction of 2,6-bis(1-methylbenzimidazol-2-yl)pyridine
(101) and 99 in DMF and t-BuOH. Complex 100c¢ (possessing two pyrene tags) was also synthesized
similarly, starting from the ligand 105 (possessing two pyrene tags) and the precursor 106. Finally,
100d (possessing one pyrene tag) was prepared through the reaction of 2,6-bis(1-
methylbenzimidazol-2-yl)pyridine and the precursor 109 in ethylene glycol, heating with microwave

radiation, and purifying the resulting precipitate.
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Fig. 34. Chemical structures of the immobilized Ru complexes 100a, 100b,100¢, and 100d containing different
Society.

numbers of pyrene groups onto CNT. Reproduced with permission from ref. 52 copyright 2016, American Chemical
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Fig. 35. The procedure synthesis of four different types of pyrene-tagged ruthenium complexes (100a, 100b, 100c¢, and
100d). Reproduced with permission from ref. 52 copyright 2016, American Chemical Society.
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These complexes were subsequently immobilized onto HOPG, SWCNT, and MWCNT. It was
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verified that complex 100b/HOPG showed a higher electron transfer rate than MWCNT and SWCNT.
Additionally, complex 100a (eight pyrene groups) exhibited a strong affinity to carbon surfaces,
whereas 100b, 100c, and 100d had weak interactions with glassy carbon (GC). Notably, all
complexes successfully facilitated the transfer of electrons to the GC electrode via the pyrene
fragment(s). Research on oxidative electropolymerization of pyrene derivatives on graphene oxide or
CNTs using Ru or Os complexes showed that the number of pyrene groups influenced the
polymerization rate and efficiency. The compound 100b (four pyrene groups) polymerized
electrochemically 60 times faster than 100c and 100d. It has been observed that multimodal pyrene
anchor groups exhibit attractive efficiency as primers and adsorbents in electrochemical

polymerization.

Solar energy is crucial for sustainable fuel production through water oxidation. Ruthenium
complexes are highly active in this regard, and there is a great interest in developing binuclear
scaffolds to enhance their performance through an intramolecular mechanism. In 2020, Meyer and
co-workers examined the impact of the number and position of pyrene fragments in the structure of
diruthenium electrocatalysts immobilized on CNTs for water-oxidizing.>®> Two synthetic strategies
were employed to attach pyrene moieties to diruthenium water oxidation catalysts (WOCs)
constructed via bis(bipyridyl)pyrazolate (bbp-). (Fig. 36). The first strategy involves the replacement
of axial pyridines with pyrene-modified pyridine (py™™°), yielding complex
[(Mebbp)Ruy(OAcC)(pyPy™ ), ](PFg), (113). In the second strategy, pyrene has covalently adhered to
the pyrazolate backbone through a phenylene spacer as in complex [(PY***bbp)Ru,(OAc)(py)s](PFs),
(118). Although the synthesis of complex 113 follows established protocols, complex 118 demands
a Suzuki-Miyaura cross-coupling reaction. To synthesize complex 113, the proligand MbbpH is
introduced into a solution of RuCl,(dmso)4 and NEt; in ethanol, forming a precursor which was then
treated with pyP¥m¢ and NaOAc to produce the bridged precatalyst 113, which was obtained through

crystallization. In the case of complex [(PY**"*bbp)Ru,(OAc)(py)4](PFs), (118), the pyrene anchor was
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attached to the bbp~ ligand core at an earlier stage, using a MOM-protected iodo derivative (MOM =

View Article Online
. L . . DOI; 10.1039/D5MAQ0598A
methoxymethylether), which undergoes a Suzuki-Miyaura cross-coupling reaction to introduce the

pyrene group. The new proligand PY*"*bbpH was then used in a modified one-pot procedure
established for complex 113 to synthesize complex 118. In order to verify the successful
immobilization of the complexes on the electrode surface, initial electrochemical measurements were
conducted under non-catalytic conditions prior to the onset of the oxygen evolution reaction (OER).
The GCIMWCNT]|118 exhibited superior stability and activity due to the diruthenium catalyst
immobilizing through the pyrene on the bbp-backbone. Although some factors, including solvation,
may contribute, it can be deduced that the substrate binding site in GCIMWCNT|118 may be
favorably oriented; on the other hand, GCIMWCNT|113 likely experiences closer active site
interactions and restricted access. The n-systems of pyrazolate and pyrene play a key role in the
charge transfer in GC[MWCNT]/118. It was supposed to have more stability and activity as well as
less leaching with the increase in the number of immobilized pyrene fragments in GCIMWCNT|113;
however, it was not observed experimentally. Despite higher turnover, GCIMWCNT/118 exhibits

more desorption, highlighting that a single pyrene is insufficient for strong attachment and preventing

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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m Fig. 36. a) [(M°bbp) {Ru(OH,)}»(py)4]-type diruthenium WOC b) Synthesis of [(Mebbp)Ru,(OAc)(pyPyere),](PFs), (113)
¢) Synthesis of ligand PY**bbpH with pyrene modification and complex [(PY"*bbp)Ru,(OAc)(py)4](PFe), (118).
Reproduced with permission from ref. 53 copyright 2020, American Chemical Society.

[

In 2022, Teixidor, Romero, and co-workers found a suitable approach to synthesize and
immobilize new pyrene-tagged ruthenium complexes with bidentate pyridylpyrazol ligand, involving
tridentate terpyridine (trpy) and 3-(2-pyridyl)-1-(pyrazolyl) methylpyrene (pypz—pyr) as a
photoredox oxidation catalyst in aqueous conditions.>* To synthesize the ligand pypz—pyr (120), the
pyrazolic ligand 2-(3-pyrazolyl)pyridine (pypz-H) was reacted with 1-(bromomethyl)-pyrene,
resulting in the preparation of Ru'! complexes 121 and 122. Mixing [RuCl;(trpy)] (119) and 120 in
an ethanol-water solution at reflux with Et;N led to substituting two chlorido ligands after the
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introduction of NH4PF¢ to yield a mixture of cis- and trans-isomers for complex 121 (Fig. 37). Indeed,

. . .. . . DOI: 10.103?735?%0%3&
the asymmetric nature of the pypz—pyr ligand facilitates the formation of these isomers. Isolated Ru—

Cl complexes through column chromatography demonstrated a challenging process of obtaining pure
cis isomers, and by reducing the reflux time to two hours, the trans-isomer was produced. In the next
step, the Ru-OH, complex (trans-122) can be accomplished from the Ru—CI complex using AgPF or
by dissolving complex 121 in heated water, demonstrating the probable pyrene group’s essential role
in enhancing the lability of CI ligand. In order to obtain the immobilized trans-121 complex, rGO was
dispersed in CH,Cl, and sonicated, followed by the addition of the trans-121 complex to prepare the
immobilized complex, rGO@trans-[RuCl(trpy)(pypz—pyr)](PFs) (Fig. 37). On the other hand, the
rGO@trans-122 complex was subsequently obtained by stirring rGO@trans-121 in a water/acetone
mixture at high temperature. It is noticeable that ruthenium loading in rGO@ftrans-122 was
determined using inductively coupled plasma atomic emission spectrometry (ICP-AES), and
characterization involved scanning electron microscopy (SEM), UV-vis, and differential pulse
voltammetry (DPV). However, due to strong absorptions from rGO, the IR spectrum did not reveal

precise signals for the immobilized complex. Based on the obtained data, rGO-trans-122 indicated

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

negligible leaching, and its photoredox catalytic activity was observed within the heterogeneous

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

phase. Additionally, since the hybrid materials resemble the electrochemical behavior of

homogeneous complexes, the immobilized complexes preserve the electrochemical properties of their

(cc)

molecular precursors. Additionally, according to the other obtained results, which highlight the
catalyst's maintaining adequate yields and high selectivity, the heterogeneous rGO@trans-122
demonstrated excellent performance in the photooxidation of various primary and secondary
alcohols, especially benzylalcohol and 1-phenylethanol, outperforming the homogeneous trans-122.
The potential recyclability of these catalysts leads to achieving reusable catalysts for practical
applications, which were evaluated over five cycles during the photooxidation of benzyl alcohol
reaction in water with no requirement of an additional photosensitizer since they have the ability to

act as a catalyst and photosensitizer at the same time.

53


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00598a

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances Page 54 of 122

.
3) Cl —| O View Article Online
@ Q ) DOI: 10.1039/D5MAO0598A
’ _.\N_
Ru\( cis-[RuCl(pypz-pyr)(trpy)](PF¢)
) N
NS

LiCl N
EtOH / H,0 (3:1) U
NEt; X

2+

trans-[Ru(pypz-pyr)(trpy)(H,O0](PF¢),

(6] -
- 0
trans @ rGO @ trans-@ rGO @ trans-@

Fig. 37. a) Synthetic procedure of complexes 121 and 122, and b) The immobilization of trans-121 and trans-122 onto
rGO. Reproduced with permission from ref. 54 copyright 2022, Royal Society of Chemistry.

Besides, in 2024, these researchers reported the immobilized pyrene-tagged ruthenium
complexes onto GO supports through m-stacking interactions in order to utilize them in aqueous
environments as photoredox catalysts.>> The general synthesis of these catalysts relies on the addition
of bpea-pyrene (1-[bis(pyridine-2-ylmethyl)amino]methylpyrene, 126) to RuCl;, leading to the
preparation of [RuCls(bpea-pyrene)] (127) (Fig. 38). This complex was reacted with 2,2'-bipyridine
in a mixed solvent at reflux with Et;N, followed by the introduction of saturated NH4PF¢ solution and
purification, yielding frans-fac-128. In the subsequent step, the Ru-OH, complex trans-fac-129 was
obtained by reacting the Ru-Cl (128) complex with AgNQOj; in a water/acetone (3:1) or by refluxing

in a water/acetone mixture, without Ag* ions. Finally, trans-fac-129 was then immobilized onto GO
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by treating a sonicated dispersion of GO in water, followed by the addition of trans-fac-129, resulting

View Article Online
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in the GO@trans-fac-[Ru(bpea-pyrene)(bpy)OH,](PF¢),, which was filtered, washed, and dried. It is
noticeable that synthesis with CH,Cl, as a solvent is also possible; however, it produces lower yields
of product compared to water (Fig. 39). In order to confirm the consistent distribution of ruthenium
in the functionalized support, various techniques, including TEM, SEM, XPS, UV-vis, and DPV,
were investigated. According to the results, the heterogeneous GO@trans-fac-129 performed better
than the homogeneous trans-fac-129 in the photooxidation of aromatic alcohols. This enhancement
can be attributed to better electron transfer and hindered recombination of hole-electron pairs during
light excitation. Another hypothesis is that the catalyst may undergo diminished deactivation after
immobilization onto GO. These hybrid materials are effortlessly recyclable and reusable to avoid the
utilization of heavy metals, which can cause pollution and high costs. Moreover, an experiment in
water based on the oxidation of 4-methylbenzyl alcohol maintained high conversion efficiency and
selectivity over at least five uses with no notable loss of activity. Notably, it showed the highest TON

among the other reported values for the heterogeneously catalyzed photooxidation of alcohols.
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Fig. 38. Synthesis procedure for the preparation of 127, trans-fac-128, and trans-fac-129 complexes. Reproduced with
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Fig. 39. The procedure for the immobilization of trans-fac-129 onto GO. Reproduced with permission from ref. 55
Copyright 2023, American Chemical Society.

4.6. Pyrene-tagged osmium complexes

In 2013, Cosnier and co-workers represented immobilized pyrene-tagged tris(bipyridine)osmium (II)
complex (130) onto the GO, chemically reduced graphene oxide (c-rGO), and electrochemically
reduced graphene oxide (e-rGO) electrodes as a redox probe and compared them with GC and
MWCNT (Fig. 40).°¢ Pyrene fragments facilitate the nanostructured graphitic carbon electrodes to be
functionalized through two distinct methods: either electropolymerization by the irreversible pyrene-
oxidizing or supramolecular binding by n—m interactions. The synthesis procedure of 130 is similar to
tris(bispyrene-bipyridine)iron(Il) which is explained before (Fig. 8). In order to synthesize [bis(2,2'-
bipyridine)(4,4'-bis(4-pyren-1-ylbutyloxy)-2,2'-bipyridine]Josmium(II) hexafluorophosphate (130), a
mixture of 4,4'-bis(4-pyren-1-ylbutyloxy)-2,2"-bipyridine and [Os(bpy),Cl,] was heated in ethylene
glycol. Subsequently, a saturated aqueous Na,S,0Og solution was introduced, and the resulting product
was precipitated with an aqueous NH4PFg solution to yield the Os(II) complex (130) after filtering
and washing with water and diethyl ether. In order to prepare the supramolecular binding of 130,
electrodes were incubated in a solution of acetonitrile involving the Os(II) complex, followed by
rinsing thoroughly with acetonitrile and acetone. In order to evaluate and compare the properties of
these immobilized pyrene-tagged complexes (130) onto varied supports, several experiments, such
as calculating surface concentrations via measuring the charge under the oxidation peak,

electrosynthesis, and polymerization through chronoamperometric experiments, were carried out.
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Based on the obtained data, the GC electrode demonstrated no adsorption, while e-rGO surfaces had

View Article Online
. . . DOJ: 10.1039/D5MAQ0598A
weak adsorption for 130. Surface concentration data from e-rGO electrodes indicated partial

coverage, proving limited intercalation between graphene layers, which is similar to the behavior of
HOPG. Reducing the GO film, which removes oxides, strengthens e-rGO nanosheet interactions, and
further hinders complex insertion into the graphene structure. Additionally, based on the
electrosynthesis procedure regarding c-rGO and MWCNT, the enhancement in current following
each scan is higher than those observed for GC and e-rGO electrodes. On the other hand, in
chronoamperometric experiments, e-rGO and GC electrodes led to polymerization with lower yield
compared to MWCNT and c-rGO electrodes. Moreover, the greater quantity of complex 130
immobilized through electropolymerization, in contrast to the m—r interaction approach, highlights
that m-stacking interactions are appropriate for the formation of a single layer, whereas
electropolymerization results in the aggregation of multiple layers. The pyrene-tagged Os(II) complex
(130) proved to be an effective redox probe for evaluating rGO surfaces in organic solvents. It
highlights the significant role of m-stacking in the electrochemical behavior of various advanced

carbon electrodes.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig. 40. Schematic structure of immobilized pyrene-tagged Os complex (130) onto rGO. Reproduced with permission
from ref. 56 copyright 2013, American Chemical Society.
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In 2016, Goff and co-workers reported a non-covalent method to synthesize pyrene-tagged Os'!-

View Article Online
. . . .DOI: 10.1039/D5MAQ0598A
NHC (135) on a graphene surface through n—m interactions, which act as a redox intermediary for

oxygen bioelectrocatalytic reduction via Myrothecium verrucaria (MyBOD) (Fig. 41).>7 In the first
step, a dimeric [Agl(bis-NHC)],>" starting complex (131) and the metal precursor, in this case
[OsCl(u-Cl)(n®-p-cyment)],, participate in a well-known carbene transfer reaction. The osmium
complex, [OsCl(bis-NHC)(n®-p-cymene)|PF (132), possessing a chelating bis-NHC and p-cymene
ligand, was formed by transmetalation and chloride substitution. The Os!'-NHC complexes 134 and
135 were prepared through the reaction of this complex with bipyridine or chemically pyrene-
modified bipyridine. Subsequently, it was immobilized onto the surface of MWCNTs via
straightforward immersing of the MWCNT electrode in a MeCN solution of 135, followed by

successive washing with MeCN and acetone.
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Fig. 41. a) Synthesis of complex 134 and 135, b) The immobilization of complex 135 onto CNT. Reproduced with
permission from ref. 57 copyright 2016, American Chemical Society.

Since NHC ligands can be modified based on their electronic properties, they could be an
innovative substitute for other two-electron donors, such as imidazoles or pyridines. The higher
electron-donating characteristics of these ligands than the more well-known pyridine ligands facilitate

fine-tuning the osmium center's redox potentials while maintaining the stability of osmium complexes
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in various redox states. Not only can they produce a high fuel cell voltage, but they also reduce

View Article Online
. . . . . DOI: 10.1039/D5MA0Q598A
overpotentials toward the specific electrocatalytic reaction on the electrode. To investigate how well

Os'l-NHC complexes interact with MWCNT electrodes, a metallopolymer was developed by
electropolymerizing the pyrene fragments on GC electrodes, and nanostructured redox electrodes
based on these complexes were fabricated. The results demonstrate that the redox properties of the
Os''-NHC complex (135) are adequate to promote electron transfer with the bilirubin oxidase of
MyBOD and reach high potential electroenzymatic oxygen reduction, which can open up new

opportunities for bio-prospects.

4.7. Pyrene-tagged cobalt complexes

In 2009, Goldsmith and co-workers reported a pyrene-tagged cobalt complex immobilized onto
SWCNT and employed electrochemical analysis to evaluate the in situ immobilization (adsorption)
process (Fig. 42)% To  synthesize [Co(tpy~py):](PFs),  (136),  4-pyren-1-yl-N-
[5([2,2";6',2" ]terpyridin-4'-yloxy)-pentyl]-butyramide (tpy~py) and CoCl,-6H,O were refluxed in

absolute ethanol, yielding a yellow-orange solution. After cooling, it was mixed with deionized (DI)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

water and washed with CH,Cl, to -eliminate excess ligands. Afterward, ammonium

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

hexafluorophosphate was then introduced to precipitate the product, resulting in a brown powder after

passing through several steps.”® For functionalizing SWCNTs with [Co(tpy~py):]*", a platinum

(cc)

working electrode was used in a three-electrode cell. In this regard, a suspension of SWCNTSs was
placed onto the Pt surface, leading to the dispersion of the nanotubes after evaporation of water. The
efficiency of immobilized [Co(tpy~py).]** was evaluated through CV on the SWCNT-coated
electrode, and the anodic peak currents were studied before and after immobilization. Additionally,
surface coverage was calculated using the Randles-Sevcik equation, and results were compared with
those obtained from a bare platinum electrode to assess specificity. Based on the collected results, the

anodic peak currents for the Co(II/III) redox process indicated that the electrochemically active
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surface area of the platinum electrode coated with SWCNTs was about eight times larger than that of

View Article Online
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the bare electrode due to the significant presence of SWCNTs.

Fig. 42. Bis(4-pyren-1-yl-N-[5-([2,2";6,2" terpyridin-4'-yloxy)-pentyl]-butyramide)Cobalt(Il) ion ([Co(tpy~py).]*"),
complex 136. Reproduced with permission from ref. 58 copyright 2009, American Chemical Society.

In 2011, Dichtel and co-workers synthesized a redox-responsive pyrene-tagged cobalt(Il) bis-
terpyridine complex bearing a tripodal binding unit that reacts with graphene using three pendent
pyrene units (Fig. 43).0 In order to synthesize the tetrahedral core, ethynylmagnesium bromide was
substituted with tris(p-methoxyphenyl)methyl chloride. The terminal alkyne group was then
transformed into a terpyridyl ligand via a Sonogashira cross-coupling reaction, and the methoxy
moieties were demethylated via the reaction with BBr;. The resulting triphenol was alkylated with
pyrene tosylate utilizing Williamson etherification conditions. Finally, the tripodal ligand was
metalated by reacting with excess Co(tpy)Cl,MeCN, forming 141. These researchers integrated a Co
(I) bis-terpyridyl complex ([Co-(tpy),]**) into the graphene-binding tripod to study its binding
strength and surface coverage through electrochemically observing the Co?*3* redox couple. Based
on Kinetic experiments, the individual pyrene fragments can effortlessly desorb from the graphene

surface when exposed to organic solvents. However, the tripodal binding motifs form stable
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monolayers on the graphene, exhibiting significantly slower desorption in fresh electrolytes than
. . DOI: 10.1033735??%0%3&
model compounds featuring a single pyrene fragment.

1. Pd(dppf)Cl,/ Cul
THF/ Et;N/ r.t.

2.BBry/ CH,Cl, / 78 °C

THF/ MeOH/ r.t.
3. NH,PFq/HyO / rt.

‘.

Fig. 43. The synthesis procedure of tripodal graphene binder 141. Reproduced with permission from ref. 60 copyright
2011, American Chemical Society.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In 2014, Chen and co-workers represented three cobaloxime complexes (142a, 142b, and 142c¢)

and immobilized them onto photoactive g-C;N4 as an eco-friendly and stable nanomaterial for

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

hydrogen generation (Fig. 44).!° In order to synthesize [Co(dmgH),(4-COOH-py)Cl] (142a) (dmgH,

(cc)

= dimethylglyoxime), [Co(dmgH)(dmgH,)Cl,] was suspended in acetonitrile, followed by the
addition of isonicotinic acid (4-COOH-py) and subsequent heating, stirring, filtration, and
crystallization, leading to dark red crystals of 142a. On the other hand, to synthesize [Co(dmgH),(/N-
pyren-1-ylmethyl-isonicotinamide)Cl] (142b), in the first step, triethylamine was introduced to a
green suspension of [Co(dmgH)(dmgH,;)Cl,] in methanol, resulting in a brown solution and finally
yielding brown crystals after the introduction of N-pyren-1-ylmethyl-isonicotinamide. Additionally,
for the immobilization of 142a, 142b, or 142¢ onto g-C5Ny, a solution of each complex in acetonitrile

was mixed with g-C3;Ny. After centrifugation, the clear solution was analyzed using UV-visible
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absorption spectroscopy to determine the amount of the adsorbed complex based on absorbance

View Article Online
. . . . . . DOI: 10.1039/D5MA00598A
differences before and after immobilization. Based on the obtained data, increasing the concentration

of cobaloximes did not improve the adsorption, and no significant differences were noted among
them, indicating similar behavior. To assess the impact of the COOH, pyrene-tagged, and H groups
on the photocatalytic activity of the Co complex, the TONs of hydrogen evolution of the 142a, 142b,
and 142¢/g-C;N, systems were studied. The results demonstrated that the 142a/g-C;N, system
performed appropriately in contrast to 142¢/g-C;Ny, highlighting the carboxyl group’s effectiveness
as a linkage for H, evolution. Notably, the 142b/g-C;N, system exhibited the highest activity
compared to 142a/g-C;N, and 142¢/g-C;5Ny, indicating that 142b serves as the superior co-catalyst
for H, production, likely due to m-stacking interactions with g-C;N4. It is noticeable that the
photocatalytic performance of these systems was associated with the effective charge separation in
the excited g-C;N,, as indicated by steady-state photoluminescence spectroscopy. Moreover, the

fluorescence quenching sequence (142b > 142a > 142c¢) aligns with their photocatalytic activity.
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Figure 44. The schematic scheme of g-C;Ny4, and Co 141a, 141b, 141c complexes. Reproduced with permission from
ref. 19 copyright 2014, Royal Society of Chemistry.

In 2016, Reisner and co-workers reported the synthesis and immobilization of pyrene-tagged

cobaloxime copolymer (pPyCo, 147) and pyrene-tagged cobaloxime (PyCo, 148) onto MWCNTs
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through m-stacking interactions to develop a functional buckypaper (BP) for catalytic hydrogen

View Article Online
. . 61 . . . DOI: 10.1039/D5MAQO598A
evolution (Fig. 45).°! Indeed, cobaloximes offer several advantages, including easy synthesis,

customizable catalytic properties through ligand modification, high proton-reduction activity at low
overpotential, and effective performance in aqueous solutions. In order to synthesize 147 and 148,
[Co(dmgH)(dmgH,)Cl,] was used as a starting material in both processes, but with different solvents
and conditions. In order to obtain 148, triethylamine was added to a green suspension of the cobalt
complex in methanol, resulting in a color change to brown before heatingand adding 4-(pyren-1-yl)-
N-(pyridin-4-yl)butanamide. In contrast, the synthesis of 147 involved dissolving [Co
(dmgH)(dmgH,)Cl;] in a methanol-chloroform mixture, followed by the addition of the
multifunctional copolymer (pPy, 146). The obtained poly(cobaloxime) (147) was precipitated with
hexane and washed extensively, yielding a light-brown powder. Next, GC/MWCNT electrodes were
modified with 147 and 148 to characterize their electrochemical behavior on MWCNT surfaces. The
GC/MWCNT electrodes were prepared via drop-coating a dispersion of MWCNTs in NMP onto the
GC disk electrode. Following vacuum drying, a homogeneous MWCNT film was formed. The

electrodes were then incubated in a solution of 147 or 148 in DMF, followed by rinsing with DMF

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and water. On the other hand, BP-147 and BP-148 were prepared through filtration of a dispersion of

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

MWCNTs and molecular catalysts onto a polytetrafluoroethylene membrane in DMF, yielding

consistent and stable MWCNT disks. To assess the effectiveness of immobilized 147, a comparative

(cc)

study was conducted with a similar monomeric pyrene-tagged cobaloxime (148). Accordingly, cyclic
voltammetry (CV), turnover number (TON), controlled-potential electrolysis, and faradaic yield were
examined. Turning to the details, CV analysis indicated vigorous electrochemical activity with a
reversible redox wave at a specific potential, and TONSs indicated a significantly higher number for
147 in comparison with 148. Moreover, based on data from controlled-potential electrolysis, 147
exhibited stable current densities and higher faradaic yield, which was up to 90%, than BP-148.
Besides, it has good stability under aerobic conditions, generating significant hydrogen and

highlighting its enhanced catalytic performance. Indeed, the polymeric hybrid material demonstrates
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four times greater catalytic activity and twice the stability of its monomeric counterpart, effectively

View Article Online
. L . . . DOI: 10.1039/D5MA00598A
acting as an activating and protective environment for the cobaloxime catalyst, akin to the role of

enzymes within a protein matrix.
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Fig. 45. Schematic scheme of a) Synthetic procedure for pPyCo (147) and b) The immobilization of 147 and 148 onto
the MWCNT. Reproduced with permission from ref. 61 copyright 2016, John Wiley and Sons.

In 2017, Zheng and co-workers used a straightforward two-step process to synthesize an
immobilized pyrene-tagged cobalt salophen complex (154) onto MWCNs through n—m interactions
(Fig. 46).%% In order to synthesize 154, initially, a Pd(PPhs)4 catalyzed coupling reaction between 4-
bromobenzene-1,2-diamine (149) and 1-pyreneboronic acid (150). Subsequently, the obtained
aromatic amine (151) reacted with two moles of salicylaldehyde to produce ligand 153. Under reflux

conditions in ethanol, ligand 153 and CoCl,-6H,0 underwent a reaction, forming brown powders of
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complex 154. In order to prepare 154/MWCNTs/GC, the immobilization of 154 on MWCNTs was

View Article Online
DOI: 10.1039/D5MAO00598A

initially obtained through the soaking of MWCNT powder in DMF containing 154. In the next step,
a homogeneous ink of 154/MWCNT was applied onto the surface of the GC electrode using a drop-
casting technique. The electrochemical behavior of immobilized 154 was investigated using cyclic
voltammetry in neutral conditions. The outcomes demonstrated high activity in electrocatalytic water
oxidation and verified the preservation of 154 activity even after the immobilization process.
Additionally, 154/MWCNTSs/GC electrode exhibited a low overpotential of 530 mV at 10 mA cm2,
a practical current for synthesis of solar fuel; however, neither the pure MWCNTs/GC, the bare GC,
nor the 153/MWCNTs/GC electrode indicated any catalytic response under the same conditions,
revealing that complex 154 was crucial for electrocatalytic water oxidation. The Raman spectra of
154, MWCNTs, and the 154/MWCNT composite revealed that 154 preserved its initial molecular
structure on the surface of the solid support. In order to assess the activity and durability of the
composites of 154/MWCNTs, bulk electrolysis was carried out after dropping the composite ink onto
carbon cloth (CC), resulting in 154/MWCNTs/CC through the same method that was utilized for the
preparation of 154/MWCNTs/GC. The obtained results indicated high TON, Faradaic efficiency
(more than 90%), and durability for oxidizing water, in contrast to the pyrene-free systems, making

it an attractive option as a heterogeneous catalyst for the oxidation of water.
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Fig. 46. Synthesis of pyrene-tagged Co salophen complex 154. Reproduced with permission from ref. 62 copyright
2017, Royal Society of Chemistry.
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In 2016, Cao and co-workers synthesized pyrene-tagged cobalt corrole on MWCNTs via a
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straightforward method to obtain highly efficient electrocatalysts in aqueous solutions for both OER
and ORR (Fig. 47).% The reaction between 5,15-bis(pentafluorophenyl)-10-(4)-(1-
pyrenyl)phenylcorrole and Co(OAc), in pyridine eventually yielded red crystals of 160. In order to
immobilize 160 onto an MWCNT-coated electrode, MWCNT was added to DMF, leading to a
mixture that was sonicated and then dropped on top of the ITO, GC disk, or GC electrodes.
Subsequently, a solution of 161 or 162 in CH3CN was introduced dropwise to the MWCNT-coated
electrodes. The results from fluorescence quenching experiments indicated that complex 161 was
emissive, and adding MWCNTs caused quenching of its emission, revealing strong non-covalent
interactions between the pyrene fragment of the complex and the MWCNTs. The 161/MWCNTs
composite exhibited high stability and activity preservation for OER and ORR, while 162/MWCNTs
lost its activity by washing with dichloromethane, highlighting the key role of n—n interactions
between the pyrene fragment of 161 and MWCNT. Indeed, it facilitates the transfer of electrons and
increases the adhesion of 161 on carbon supports to improve the performance of this catalyst for O,
reduction. Additionally, the catalytic current of the as-prepared 161/MWCNT was higher than that of
the 162/ MWCNT, again verifying the massive impacts of m-stacking on the surface stability and OER

activity of 161.
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Fig. 47. The molecular structures of Co corroles include 161 and 162 complexes. Reproduced with permission from ref.
63 copyright 2016, American Chemical Society.

In 2020, Zhu, Liang, and co-workers developed a novel approach for constructing a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

metalloporphyrin@MWCNT nanocomposite, an alternative to the traditionally used Pt-based, using
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a pyrene-pyridine (Pyr-Py) hybrid ligand as a bridge to immobilize Co(II)tetraphenylporphyrin onto

(cc)

CNTs through n—n interactions for oxygen reduction and evolution (Fig. 48).4 The MWCNT/pyrene-
pyridine hybrid compound was prepared by mixing Pyr-Py and MWCNT in an isopropyl alcohol
(IPA) Nafion solution, followed by sonication, stirring, filtration, washing, and drying. Subsequently,
164/MWCNT/Pyr-Py was obtained by mixing a portion of the complex 164 with modified MWCNTs
in isopropyl alcohol (IPA), followed by filtering, washing, and drying. Notably, unfunctionalized
MWCNTs were mixed with Co(Il)porphyrin to produce 164/MWCNT. On the other hand,
GC/MWCNT/Pyr-Py was obtained by drop-coating the MWCNT/Pyr-Py composite onto a GC
electrode, immersing it in a CH,Cl, solution of Co(II) porphyrin for coordination to the center of the
Co(Il)porphyrin. A similar process without the Pyr-Py moiety was used, leading to GC/MWCNT
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with Co(II) porphyrin, immobilized onto MWCNT (164/MWCNT). According to the collected data,

View Article Online
DOI: 10.1039/D5MA00598A

first, the 164/MWCNT/Pyr-Py catalyst exhibits a 140 mV lower onset overpotential for the oxygen
evolution reaction compared to 164/MWCNT, implying improved OER activity owing to the
presence of the Pyr—Py moiety. Secondly, the current densities of 164/MWCNT/Pyr-Py were
significantly higher compared to 164/MWCNT, with 164/ MWCNT/Pyr-Py exhibiting over 5 times
greater current density. Thirdly, in controlled-bulk electrolysis experiments in Phosphate-buffered
saline (PBS), 164/MWCNT/Pyr-Py indicated much higher oxygen evolution compared to
164/MWCNT. Indeed, the axial coordination of the Pyr-Py linker enhanced electrocatalytic

performance in ORR and OER by increasing m-stacking interaction on the carbon support.

® N
]
Co (OAc),-4H,0 O O %)

O R
O

@ CoTPP Pyr-Py
CH,Cl,
o) 12h, Ny, 1.t

OH
OO OH 0-_N_o THF, DCC OO
O + v 12 h, Ny, r.t.
@ i3 (56 HN

Fig. 48. Synthesis procedure for Co(II) porphyrin (164) and pyrene-pyridine hybrid (Pyr-Py). Reproduced with
permission from ref. 64 copyright 2020, Royal Society of Chemistry.

In 2024, Robert, Odobel, and their co-workers introduced two immobilized pyrene-tagged cobalt
pyridyldiimine complexes (172 and 179) on CNT to be utilized in an aqueous carbonate buffer while
enhancing CO, reduction activity (Fig. 49).% In order to synthesize complexes 172 and 179,
substituted carboxylic esters 168 and 175 were the key intermediate ligands. Then, methyl-2,6-
diacetylisonicotinate (168) and chloro-2,6-diacetylpyridine (173) were prepared via a Minisci
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reaction, and the ligand 175 was prepared through a Suzuki cross-coupling reaction between 173 and

. . DOJ: 10.103?735?%0%3&
174. The ester groups of these ligands were subsequently saponified to prepare the respective

carboxylic acids, which were converted to N-hydroxysuccinimide esters (170 and 177) using NHS
and N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide (EDC). Subsequently, these compounds were
reacted with pyrenemethylamine to prepare corresponding amides (171 and 178). Finally,
condensation of diamine on pyridyldiimine, templated via cobalt ions, resulted in the formation of
complexes 172 and 179. To investigate the use of these catalysts, CPE experiments utilized
172/ MWCNT and 179/MWCNT inks deposited on carbon paper. The complexes and MWCNTs were
mixed in a 1:10 ratio with ethanol and sonicated for 30 minutes. Subsequently, Nafion was added,
and sonication continued for another 30 minutes. The ink was kept overnight under magnetic stirring
before being applied to the carbon paper surface by drop casting. To evaluate the chemical properties
of 172 and 179, several CPE analyses, such as selectivity towards CO, faradic efficiency, TON, and
stability, were investigated. Based on the obtained results, both 172/MWCNT and 179/ MWCNT
indicated high selectivity towards CO with modest stability and faradaic efficiency. However, after

the immobilization, not only did they maintain their CO selectivity at over 97% and activity for up to

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

5 hours, but they also demonstrated remarkable stability, activity, TON, and catalytic rate. These

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

catalysts have the potential to be used as electro- or photo(electro)-catalysts.
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Fig. 49. Synthesis procedure for complexes 172 and 179. Reproduced with permission from ref. 65 copyright 2024,
Royal Society of Chemistry.

4.8. Pyrene-tagged rhodium complexes

In 2008, Zhou and co-workers reported a new method for the synthesis of recyclable chiral pyrene-
tagged Pyrphos rhodium catalysts immobilized onto carbon nanotubes through n-stacking interaction
for asymmetric hydrogenation of a-dehydroamino esters.® The synthesis of the pyrene-modified
Pyrphos ligand (R,R)-181 was a straightforward approach involving the reaction of (3R,4R)3,4-
bis(diphenylphosphino)pyrrolidine (Pyrphos, R,R-180) with 1-pyrenebutyric acid in DCC and
DMAP, yielding (R,R)-181 ligand in high yield (Fig. 50). In order to obtain immobilized pyrene-

tagged Ru complex onto CNTs, Rh-(COD),BF, (COD=1,5-cyclooctadiene) reacted with (R,R)-181,
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which were then treated with CNTs in different solvents. Subsequently, another process for

View Article Online
DOI; 10.1039/D5MA00598A

hydrogenation reaction and CNTs-assistant catalyst recycling was performed. In this process, a
mixture of [Rh(COD),]|BF,and ligand (R,R)-181 was stirred in CH,Cl, under nitrogen. Based on the
asymmetric hydrogenation of a-dehydroamino esters' results, the catalyst could be successfully
recycled and reused without obviously losing enantioselectivity or activity for nine cycles. Notably,
the extent of catalyst immobilization onto CNTs varied depending on the solvents. Indeed, this

method holds significant potential for various applications in organic synthesis.

PPh,
HN ®RR)-180

) 0
.
" e G
CH,Cl,, r.t., 94% Q @
"V PPh,
O =
Ph,P
¢ e
OH
DCC = 1,3-dicyclohexylcarbodiimine

DMAP = 4-(dimethyl amino)pyridine

Fig. 50. Synthesis of pyrene-modified Pyrphos ligand 181. Reproduced with permission from ref. 66 copyright 2008,
John Wiley and Sons.

In 2015, Minteer and co-workers reported the preparation of a pyrene-tagged rhodium complex

involving phenanthroline ligand (pyr-Rh) and developed an electrode setup utilizing this pyr-Rh
complex, which was then immobilized onto MWCNTs through =n-m stacking to regenerate
nicotinamide adenine dinucleotide (NADH) from  NAD".¢ To synthesize
pentamethylcyclopentadienyl rhodium(III) chloride dimer (186), initially, 42 and a drop of DMF were
dissolved in benzene, followed by the addition of oxalyl chloride, leading to the crude product of 182
after several steps. Subsequently, 182 and 1,10-phenanthrolin-5-amine 183 were each dissolved in
DCM followed by gradual mixing, resulting in the precipitate of 184. Next, 184 was dissolved in
EtOH/CHCI; and reacted with pentamethylcyclopentadienylrhodium(III) chloride dimer (185). The
mixture was stirred under nitrogen, followed by the evaporation of the solvent under reduced pressure

and dispersing the yellow solid in dry ethyl ether. Finally, an orange solid of 186 was achieved after
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another stirring and filtration (Fig. 51). In order to obtain the pyr-Rh/MWCNTs modified electrodes,
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MWCNTs were dispersed thoroughly in NMP, sonicated, and vortexed. Subsequently, a portion of
MWCNT was applied to a GC electrode, followed by immersing in a pyr-Rh complex solution (Fig.
52). Based on obtained data from hydrodynamic amperometry, which was considered to assess the
efficiency and reusability of the Rh pyrene-tagged catalyst, and UV-Vis spectroscopy for measuring
the concentration of NADH generation, the activity of Rh complex in the absence of pyrene fragments
significantly declined after five cycles. However, the pyrene-tagged Rh complex exhibited stability
of catalytic activities and acceptable reusability. Furthermore, the constant rate of NADH
regeneration demonstrated the stability and durability of the pyrene-tagged rhodium complex in
contrast to the bare rhodium complex, which indicated a dramatic decrease due to the leaching of the
catalyst from the modified electrodes. In this system, Rh(I) is oxidized to Rh(III) via the transfer of a
hydride ion to NAD™; then, by accepting two electrons from the electrode, Rh(III) can be reduced at
the electrode surface again. On the other hand, the MWCNTs and pyr-phen only act as a support and
an anchor, respectively, to immobilize the rhodium redox centers onto the surface of the electrode.
Notably, pyr-Rh has the potential to be utilized in a biocatalytic setting in the presence of malate

dehydrogenase (MDH) to reduce oxaloacetic acid enzymatically.
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Fig. 51. Synthesis of pyrene-tagged rhodium complex 186. Reproduced with permission from ref. 67 copyright 2015,
The electrochemical Society.
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Fig. 52. Schematic illustration of the immobilized pyrene-tagged Rh redox complex onto MWCNTs. Reproduced with
permission from ref. 67 copyright 2015, The electrochemical Society.

In 2015, Kim and co-workers reported a cyclopentadienyl pyrene-tagged rhodium complex and
its immobilization on rGO through n—r interactions for hydrogen photoproduction under controlled
visible light in the presence of Pt nanoparticles and formate.®® To synthesize pyrene-tagged Rh
complex (188), pentamethylcyclopentadienyl rhodium(III) chloride dimer and pyr-phen (187) were
mixed up in ethanol at ambient temperature, leading to change the initial color of solution from red

to orange (Fig. 53). Finally, the powder of 188 was obtained via the evaporation of solvent, followed
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by recrystallization in methanol and then immobilized onto rGO (Fig. 54). The results from 188

DOI: 10. 10337'3’57/‘“&50%35;
indicated a significantly enhanced rate of hydrogen production, much higher TON than the respective

bare Rh catalyst, and considerably increased catalytic stability after immobilization onto rGO for the
photocatalytic reaction process. Indeed, the tight immobilization of the catalyst onto rGO signifies
the highest rate of hydrogen production, owing to a faster rate of electron transfer from the Rh-H
([Cp*(phen)Rh"-H]") species to rGO and then to Pt nanoparticles. Furthermore, in a comparison
experiment, GO was used instead of rGO to produce hydrogen, revealing that, in contrast
to 188 alone, 188 with the GO did not significantly increase hydrogen generation, showing GO's
electric conductivity was markedly lower than rGO's. These findings highlight the pivotal role of rGO

in transferring electrons efficiently to the platinum nanoparticles from the Rh(III)-hydrides.

AR

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

@ . pyr-phen
Fig. 53. Synthesis of pyrene-tagged Rh complex 188. Reproduced with permission from ref. 68 copyright 2015,
Elsevier.
H,0 &
= N7 RNy
g Rh Rh
| N/ \N N/ \N
- 7 N\ - 72
\_ 7/ — \_ 7/ —

Fig. 54. The schematic illustration of the n-stacking interaction between the complex 188 with rGO. Reproduced with
permission from ref. 68 copyright 2015, Elsevier.

In 2017, Peris and his co-workers prepared two types of pyrene-tagged rhodium NHC complexes

to evaluate the efficiency of these structures (191 and 192) (Fig. 55).% In order to obtain 191 and 192,
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the imidazolium or bisazolium salts, 189 or 190, were reacted with [RhCI(COD)], (COD =

. . . .. . Dol 10.103?735?%0%3&
cyclooctadiene) in a THF/DMF mixture. The addition of KBr promotes the formation of the bromide

involving 191 and 192 complexes. These complexes were then immobilized onto rGO by mixing
them with rGO in DCM, sonicating, and stirring, leading to a black solid followed by filtration and
washing with CH,Cl, (Fig. 56). The disappearance of the solution color can be visually evident for
the immobilization of the catalysts onto the solid surface. The effectiveness of these complexes was
evaluated by 1,4-addition of arylboronic acids to cyclohexene-2-one and the hydrosilylation of
alkynes at the terminal position. According to the results from the first experiment, rGO-191 lost 30
percent of its thodium after five cycles, while rGO-192 maintained its metal content throughout the
nine cycles. It was found that the dimetallic complex involving two pyrene fragments was more active
and recyclable than the catalyst with just one pyrene tag in both catalytic reactions, and leaching was
reduced considerably after the immobilization of the metal complex onto the solid surface through
more than one pyrene fragment. These results exhibited that the efficiency of the immobilization
relies on the number of anchoring pyrene fragments on the catalyst structure. Additionally, not only

does the immobilization of the catalyst onto rGO make the catalysts be reused effectively, but it also

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

enhances selectivity. The interaction of the pyrene fragments with rGO results in an effective

immobilization, and the hybrid materials and their homogeneous analogues showed the same catalytic

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

activity in the first cycle.
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Fig. 55. Preparation of 191 and 192 complexes. Reproduced with permission from ref. 69 copyright 2018, John Wiley
and Sons.
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Fig. 56. The immobilization of pyrene-tagged Rh catalysts 191 and 192 onto rGO. Reproduced with permission from
ref. 69 copyright 2018, John Wiley and Sons.

In 2019, Godard and co-workers reported the synthesis and immobilization of pyrene-tagged
rhodium complexes onto three solid supports: rGO, MWCNT, and carbon beads (CBS) and assessed
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these catalysts in the asymmetric hydroformylation (AHF) of norbornene.”® The synthesis of two

. . . . DOI: 10.103?735?%0%3&
pyrene-tagged diphosphite ligands (202 and 203) was reported, starting with the reaction of 1,2,5,6-

di-isopropylideneglucofuranose (193) with N-bromosuccinimide and triphenylphosphine, leading to
the preparation of the corresponding 6-bromo derivative (194) and subsequently the alcohol
derivatives (195) after treating with NaNO, (Fig. 57). The alkylation of 195 with either 1-
(bromomethyl)pyrene or 4-(pyren-2-yl)butyl trifluoromethanesulfonate yielded 196 and 197, which
were then 3,5-acetal deprotection were performed. The resulting diols, 198 and 199, were then
reacted with freshly synthesized phosphochloridite to provide the desired pyrene-tagged diphosphites
200 and 201. Subsequently, the cationic complexes 202 and 203 were synthesized through the
reaction of the [Rh(COD),|BF, with the ligands 200 and 201. The immobilization of 202 and 203
complexes onto MWCNTs was obtained by dispersing the MWCNTs in ethyl acetate, followed by
adding the complexes, and stirring the mixture (Fig. 58). The effect of these solid supports on the
efficiency of the catalysts was studied via AFH experiments. Based on the obtained data in batch
conditions, 203@MWCNTs indicated higher activity than 202@MWCNTs due to the presence of a

longer chain length between the ligand backbone and the pyrene fragment; however, both of them

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

revealed lower conversion and ee’s compared to their homogeneous counterparts. Nevertheless, in

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

continuous flow conditions, 203@MWCNTs exhibited higher enantioselectivity than the respective

homogeneous catalyst, which may be owing to an enhanced gas-liquid mass transfer. Furthermore,

(cc)

203@MWCNTs displayed lower loss in activity than rGO and CBs, possibly due to the greater
surface area of rGO and CBs than MWCNTs and the strength of ligand’s interactions with the solid

support.
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Fig. 57. Synthesis procedure for pyrene-tagged rhodium complexes 202 and 203. Reproduced with permission from ref.
70 copyright 2019, John Wiley and Sons.
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Fig. 58. The immobilization of pyrene-tagged complexes 202 and 203 onto MWCNTs. Reproduced with permission
from ref. 70 copyright 2019, John Wiley and Sons.
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In 2020, Shi and co-workers designed a pyrene-tagged Rh complex catalyst to be in situ

View Article Online
. . L . . DOI: 10.1039/D5MA00598A
immobilized onto graphene through n—n stacking interactions to catalyze asymmetric hydrogenation

of dehydroamino acid esters, allowing for high catalytic reactivity and enantioselectivity without
additional chemical modifications for both solid support and metal complex catalysts.”! In this regard,
a pyrene-tagged MonoPhos ligand (207) was synthesized through the straightforward reaction of 1-
pyrenebutyric acid, (R)-[1,1’-binaphthalene]-2,2'-dimethoxy-6-butanol (204) and subsequent
hydroxyl deprotection and reaction with hexamethyltriamidophosphite (Fig. 59). Next, the n—n
interactions between a rhodium(I) complex (208) and graphene by first mixing the pyrene-tagged
ligand (207) with the rhodium precursor, forming the complex 208, which was then immobilized onto
the graphene surface after mixing with graphene and stirring, as indicated by the loss of the solution's
original orange color (Fig. 60). The hybrid material 208@graphene effectively catalyzes the
asymmetric hydrogenation of a-dehydroamino acid derivatives under standard conditions, obtaining
high conversion, enantioselectivity and activity, demonstrating its comparable performance to the
homogeneous system. Additionally, the hybrid 208@graphene material led to easy reusability and

recovery, which can be separated from the reaction solution through simple cannula filtration and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

recharging with solvent and substrates. It has the potential to be utilized for at least 13 cycles with

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

consistent catalytic activity and enantioselectivity. It is noteworthy that after 13 recycling reactions

without releasing toxic metal ions into the products, the total Rh leaching was measured as negligible
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compared to its homogeneous catalyst.
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Fig. 60. Schematic structure of pyrene-tagged Rh complex 208. Reproduced with permission from ref. 71 copyright

2020, Royal Society of Chemistry.

4.9. Pyrene-tagged iridium complexes

Iridium complexes have been recognized as CO, reduction electrocatalysts since the late 1990s.7? In

2014, Meyer, Brookhart, and co-workers synthesized a highly efficient, selective, durable, and

selective catalyst for reducing CO, into formate electrochemically, accomplished by using n—n

interactions. Accordingly, an iridium pincer catalyst tagged with pyrene (209) was immobilized onto
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CNT-modified gas diffusion electrodes (GDEs) to improve mass transfer at the gas-liquid interface

View Article Online
DOI: 10. 1039/D5M/—\00598A

(Fig. 61).73 The immobilization of 209 was obtained by the drop-casting method onto GC/CN

FTO/CNT (fluorine-doped tin oxide) electrodes. The CNT surface was then coated with a
polyethylene glycol (PEG) overlayer to make it hydrophilic while retaining the electroactive surface
area. The non-covalent immobilization strategy facilitates the reloading of fresh Ir catalyst on the
CNT electrode, promoting reusability. Based on the results, the catalyst showed high Faradaic
efficiencies, TON, and long-term performance while maintaining stability over 50 times under CO,,

proving its robust performance.
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Fig. 61. a) Representation of a carbon nanotube-coated gas diffusion electrode with surface-bound Ir pincer dihydride
catalyst 209 for electrochemical reduction of CO, to formate. b) Illustration mechanism for interfacial reduction of CO,
to formate. Reproduced with permission from ref. 73 copyright 2014, John Wiley and Sons.

In 2015, Peris and his co-worker represented the synthesis and immobilization of two pyrene-

tagged NHC iridium complexes (214 and 216) onto rGO surfaces that can be suitable heterogeneous
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catalysts for the process of borrowing hydrogen (Fig. 62).7* Iridium complexes 214 and 216 were

View Article Online
DOI: 10.1039/D5MAO00598A

synthesized using similar procedures. The mixtures of either 189 or 212, {IrCl(COD)},, K,COs3, and
KBr were stirred in THF/DMF under N,. Complex 214 was isolated by precipitation from
CH,Cl,/hexane, while complex 216 was purified and isolated by washing with CH,Cl,/EtOAc.
Immobilization of 214 and 216 was obtained by mixing the complexes and rGO in CH,Cl,, forming
black solids (214-rGO and 216-rGO), which was verified by the first sign of immobilization: loss of
color in the solution (Fig. 63). In order to assess these heterogeneous catalysts, B-alkylation of
secondary alcohols using primary alcohols, were carried out. By comparing catalysts 214 and 216 to
evaluate the influence of their mono- or di-metallic nature and pyrene fragments for immobilization,
it was exemplified that 216 remained active with superior recyclability over 12 runs, while 214 was
deactivated after seven runs. Notably, the extent of leaching was significant for 214 bearing one

pyrene fragment; however, it was considered negligible for 216 bearing two pyrene groups.

Br R
N B
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/i} ))\

T
r\ Z
N /2 [{IrCI(COD)}]
K2C03 KBr
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@ R =Me e,
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_|2+ ~
(Br )
/—@—\ - fé_/h iC)
N n N Br
[/) 4\3 N\ Ir\
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. O N .
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Fig. 62. The representation of the synthesis of pyrene-tagged Ir complexes. Reproduced with permission from ref. 74
copyright 2015, John Wiley and Sons.
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Fig. 63. The immobilization of pyrene-tagged Ir catalysts 214 and 216 onto rGO surfaces. Reproduced with permission
from ref. 74 copyright 2015, John Wiley and Sons.
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In 2016, Reek and co-workers reported immobilized pyrene-tagged NHC IrCp*Cl, (Cp*=CsMes)

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

(224) onto MWCNTs and FTO surface anodes to serve as a water oxidation catalyst (Fig. 64).7> In

(cc)

order to synthesize compound 224, first, 3-dimethylamino-1-propanol (218) was converted to the
corresponding chloride (219), leading to a white solid after workup, which was then deprotected
under basic conditions, yielding the free amine (220). Subsequently, the amine was reacted with N-
methylimidazole to prevent intermolecular reactions. After washing the reaction mixture with Et,0,
a viscous ionic liquid was obtained (221), which was then treated with Ag,O in DCM, forming the
silver carbene complex, followed by reaction with {IrCp*Cl,},. Finally, the hygroscopic NHC
[rCp*Cl, complex (222) was dissolved in anhydrous THF and reacted with 1-(bromoacetyl)pyrene

(223), preparing compound 224 as a yellow solid. The pyrene-tagged iridium complex (224) was then
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immobilized onto MWCNTs through a typical experiment, including stirring of 224 in the presence

View Article Online
DOI; 10.1039/D5MAO00598A

of MWCNTs, followed by ultrasonification of the mixture, leading to a dispersed and stable MWCNT

in water. The successful immobilization of compound 224 on the MWCNT surface was confirmed

by reacting the modified MWCNT with the cerium ammonium nitrate in a Clark-type electrode

reaction chamber. Compared to unmodified MWCNTSs with the same cerium ammonium nitrate

concentration, a rapid visible release of oxygen (O,) was recognized. Indeed, the MWCNT/Pyr*

assembly was deposited onto FTO substrates and assessed as a working electrode for the

electrocatalytic oxidation of water. According to the results, nanotubes containing precursor 224

exhibited initial high current densities at pH 2.0, attributed to water oxidation. In spite of promising

current density, the FTO/MWCNT/Pyr" anode degraded at potentials exceeding 1.4 V vs. NHE due

to oxidation of the pyrene anchoring group; therefore, for future related systems, a more stable

anchoring moiety is recommended to withstand the oxidative conditions.
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Fig. 64. The synthetic procedure for pyrene-functionalized catalyst 224. Reproduced with permission from ref. 75
copyright 2016, John Wiley and Sons.
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Fig. 65. The representation of immobilization of pyrene-tagged iridium complex 224. Reproduced with permission from
ref. 75 copyright 2016, John Wiley and Sons.
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In 2017, Lu and co-workers reported the synthesis of a cyclometalated pyrene-tagged iridium
complex (227), which was then immobilized on MWCNTs by m—m stacking interactions to
dehydrogenate indolines in aqueous solution (Fig. 66).% Iridicycle 225 was synthesized by reacting
[Cp*IrCl,],, NaOAc, and an imine ligand in CH,Cl, under an inert atmosphere. This iridicycle was
then reacted with 1-pyrenesulfonyl chloride (226), Et;N, and THF under an inert atmosphere and
stirring under reflux, eventually leading to an orange solid of iridicycle 227. To immobilize 227 onto
MWCNTs, the pyrene-tagged compound was dissolved in THF, followed by adding MWCNTs,
treating with water, centrifuging, and drying the collected catalyst. Since the choice of solvent may
be essential for immobilizing iridicycle 227 onto MWCNTs, water was added to the THF solution,
improving polarity, decreasing solubility, and strengthening MWCNT stacking, effectively
facilitating the immobilization of iridicycle 227 on MWCNTs. In order to evaluate the performance
of 227-rGO in an aqueous solution, a reaction of indoline catalytic dehydrogenation (CDH) using

H,O/trifluoroethanol was carried out. Based on the obtained results, 227-rGO catalyst, as a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

heterogeneous catalyst, demonstrated high activity and performed successfully and repeatedly for at

least seven cycles during the CDH process, with minimal loss; therefore, an effective catalyst system

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

was achieved thanks to this immobilization technique. Additionally, the fluorescence spectroscopy

(cc)

technique was applied to monitor the immobilized 227, revealing the extent of 227’s leaching from

the surface of MWCNT, which was considered negligible.
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Fig. 66. The synthesis procedure for the immobilization of iridicycle 227 onto MWCNTs. Reproduced with permission
from ref. 8 Copyright 2017, American Chemical Society.

In 2023, Koepf, Gennari, and co-workers found a strategy to immobilize pyrene-tagged iridium
pincer catalyst onto MWCNTs via non-covalent n-n stacking for CO, reduction to HCOO~ with a
dramatically low overpotential in aqueous solution.”® In order to synthesize a pyrene-tagged Ir
complex (234), 1-(4-bromobutyl)pyrene (42) was reacted with diethyl 4-hydroxypyridine-2,6-
dicarboxylate (228) to form derivative 229, linking the pyrene and pyridine moieties through an
ethereal bond via a Williamson-type reaction (Fig. 67). Subsequent selective reduction of the ethyl
esters with LiBH,4 and tosylation of the resulting diol produced the reactive electrophile 231, which
can engage in nucleophilic substitution with bis-fert-butyl phosphine, leading 232, followed by
isolation of 233 after deprotection of the phosphines. Next, [Ir(coe),(acetone),|PFs (coe =
cyclooctene) was introduced to the solution of 233 in acetone to obtain 234. The immobilized 234
was obtained by adding 234 and Nafion to pre-sonicated MWCNTSs in CH3CN, leading to an ink,
which was subsequently deposited on the GC electrode. Electrochemical properties of 234 were
examined through CV in DMF with "BuyNPF¢ using a GC working electrode under an Ar atmosphere.
The reference complexes Irt (235a) and Ir®Me (235b), lacking the pyrene fragment, showed an
irreversible reduction peak for Irf corresponding to the first monoelectronic reduction of the
{(PNP)Ir} (PNP=phosphorus-nitrogen-phosphorus) unit. In contrast, 235b exhibited a more cathodic
potential due to its methoxy group. Additionally, 234 displayed two irreversible cathodic potential
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peaks followed by a reversible one, indicating a diffusion-controlled process, along with a reversible

View Article Online
DOI: 10.1039/D5MA00Q598A
peak assigned to one-electron reduction of the pyrene moiety, respectively. Moreover, CV analysis

of electrodes coated with 234@MWCNTs revealed slightly higher cathodic currents under CO, than
bare MWCNTs, suggesting moderate CO, reducing reaction (CO,RR) activity of the hybrids in water.
Notably, following immobilization, selective HCOO™ production was preserved even in pure water,
along with a noticeable CO,RR overpotential reduction, while demonstrating high stability under

turnover conditions.
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Fig. 67. The synthesis procedure for the ligand PNPO™" (234) and the schematic structure of Ir (235a) and IrOMe
(235b). Reproduced with permission from ref. 76 copyright 2023, John Wiley and Sons.
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4.10. Pyrene-tagged nickel complexes

View Article Online

In 2011, Jousselme, Artero, and their co-workers reported the immobilization of two types Of pyrene-"""

tagged nickel complexes (236 and 237), which function as CO tolerant and robust catalysts for
hydrogen evolution and uptake.””’8 To synthesize [Ni(P,P"N,CHPyrene) 1(BF,), (236(BF,),),
[Ni(MeCN)c](BF,), was stirred in MeCNwith P,P"N,CHPyrene - requlting in an orange powder after
filtration and washing with Et,0O (Fig. 68). Ni(P,YN,CH,Pyrene), |(BF,), (237(BF,),) was prepared using
the same nickel complex, yielding a red powder, upon similar processing. In the next step, a solution
of either 236(BF,), or 237(BF,), in dichloromethane was filtered over a prepared MWCNTs/GDL
electrode (GDL = gas diffusion layers) (Fig. 69). The electrode was then washed with acetonitrile to
eliminate any unimmobilized nickel complexes and underwent air-drying, leading to 236(BF,), or
237(BF4),/MWCNTs/GDL. These molecularly engineered materials maintained their activity in the
presence of CO, which is essential for overcoming a major challenge for H, fuels to improve the
technology of Nafion-based proton-exchange membrane (PEM) fuel cells. Additionally, these
catalysts exhibited no activity loss after 6 hours. They showed high TON as well, confirming these
catalysts’ robustness and lack of leaching, confirmed by chronoamperometric measurements at -0.3
V vs. NHE. Notably, the material from 237(BF,), was found to be slightly more efficient for H,

oxidation than that from 236(BF,),, verified by the study of solutions.
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Y N pyrene _
R R 2 BF4
/ \
rech -
Ni. N_ _pyrene
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@O B, R-Ph @)BE), R-Cy

Fig. 68. Schematic representation of pyrene-tagged Ni complexes (236 and 237). Reproduced with permission from ref.
77 copyright 2011, John Wiley and Sons.
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Fig. 69. Structure of the Ni-CNT H, oxidation reaction (HOR) catalyst based on a synthetic nickel bisdiphosphine
complex inspired by the structures of the active sites of FeFe and NiFe hydrogenases. Reproduced with permission from
ref. 78 copyright 2015, John Wiley and Sons.

In 2020, Li, Fontecave, and co-workers developed an efficient and selective electrocatalyst for
the reduction of CO, into CO under specific conditions using functionalized CNTs by pyrene-tagged
nickel cyclam (cyclam=1,4,8,11-tetraazacyclotetradecane) [Ni(cyclam)]?* through n—n interactions.”
In order to synthesize [Ni''(CI)(L)]Cl (242) (L = 241), initially, 239 was prepared by dissolving 1-
aminopyrene and NEt; in CH,Cl,, followed by the addition of chloroacetyl chloride (Fig. 70).
Subsequently, 239, cyclam (240), K,COs;, and KI were reacted together in CH3;CN, leading to off-
white powder of 241. Then, a solution of 241 was introduced to a NiCl,-6H,0 solution in ethanol,
and it was observed that the pale green solution quickly shifted to orange, then dark pink and finally
a pink-purple 242 complex after evaporation, dissolution, and ether diffusion. The immobilization
process started with sonication of MWCNTs in ethanol and Nafion, followed by drop casting onto a
GDL, made of carbon fiber cloth coated with a microporous Teflon layer. The obtained
MWCNT/GDL electrode was subsequently immersed in a solution of complex 242 in DMF. The
electrochemical results of 242 revealed a distinct one-electron reduction of Ni(Il) to Ni(I),
emphasizing its enhanced electron-enriched state owing to further electron-donating ligands. The
complex was selective for CO, reduction while possessing weak activity. On the other hand,

compared to its homogeneous counterpart, 242/MWCNT/GDA exhibited better activity, current
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density, and TON while maintaining its selective feature, leading to one of the best systems for the
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electroreduction of CO, through the [Ni(cyclam)]**catalyst.
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Fig. 70. The synthesis of pyrene-tagged Ni complex 242. Reproduced with permission from ref. 79 copyright 2020,
John Wiley and Sons.

In 2022, Cavazza, Goff, and co-workers designed an immobilized pyrene-tagged
triazacyclononane Ni complex onto CNT electrodes as a practical and stable catalyst for the CO,
reducing reaction (Fig. 71).39 Initially, compound 243 reacted with 1-pyrenylmethyl bromide, and the
resulting compound (244) was hydrolyzed to obtain the formyl derivative (245), which was then
reacted with ethylbromoacetate to prepare 246 as an ester derivative. The obtained product was
deprotected by losing formyl and ester groups and led to an insoluble green solid, 1-acetato-4-(1-
pyrenyl)-1,4,7-triazacyclononane (AcPyTACN) (247). Next, MWCNTs were functionalized via an
incubation process with a solution of pyrene in DMF and NiCl, leading to immobilized Ni-
AcPyTACN on MWCNT. The final modification of MWCNT electrodes was performed by another
incubation process in the presence of His-tagged recombinant carbon monoxide dehydrogenase from
Rhodospirillum rubrum (Rec-RrCODHMS). Notably, the Ni-247/MWCNT electrode, lacking
immobilized CODH, demonstrated no electrocatalytic response. The results highlight the superior
performance of Ni-247 in immobilizing Rec-RrCODH! and indicate the involvement of the His-tag
in enzyme immobilization. Indeed, the high-performance CODH enzyme associated with a pyrene

anchor enabled efficient and stable CO, reduction with improved O, tolerance as well. Moreover, the
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stability of different kinds of electrodes was evaluated under constant potential. Based on the obtained

View Article Online
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results, nonmodified MWCNT, MWCNT modified with pyreneAPA, and immobilized Rec-RrCODH
on AcPyTACN-modified electrodes retained their residual activity of 22%, 29%, and 43%,
respectively. However, immobilized Rec-RrCODHMs onto Ni-AcPyTACN-modified MWCNT
indicated a high residual activity (85%) and high TON, revealing outperforming stability compared
to the other configuration and opening new prospects of immobilized enzymes for electrocatalysis

applications.
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Fig. 71. The illustration of a) synthesis procedure for AcPyTACN, and b) Ni complexes formed from
AcPyTACN/MWCNT for the binding of histidine-tagged enzymes. Reproduced with permission from ref. 80 copyright
2022, John Wiley and Sons.

4.11. Pyrene-tagged palladium complexes

In 2010, Reiser and co-workers represented a pyrene-tagged palladium complex, which was further
immobilized on the graphene layer of the Co/C nanoparticles via n—m stacking interaction and used
for the hydroxycarbonylation of aryl halides in water at 100 °C under atmospheric CO pressure.3! In
order to synthesize the pyrene-tagged palladium NHC complex (251), 4-(4-bromobutyl) pyrene (42)
was first fused with 1-methylimidazole (249) to form ligand precursor (250) and subsequently
respective complex, 251 (Fig. 72). Next, the immobilization of the complex (251) onto cobalt
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nanoparticles was successfully achieved by dispersing Co/C nanoparticles in water and sonicating

View Article Online
Ol:10.1039/D5MA00598A

them with excess ligand (251), leading to the immobilized catalyst (252). The catalyst (252) exhibited
high activity throughout 16 reaction cycles of hydroxycarbonylation of 4-iodophenol and varied aryl
halides with CO in water. Notably, since this noncovalent immobilization is temperature-sensitive in
polar solvents, the “boomerang”-type catalyst may undergo dissociation from its heterogeneous

support to the homogeneous phase at higher temperatures.

e ()

o S

Pd(OAc), (0.5 equiv.) ' s°C

DMSO, 50 °C, 48 h, 88% O :

Fig. 72. Synthesis of pyrene-tagged palladium NHC complex 251 and reversible immobilization on Co/C-nanomagnets.
Reproduced with permission from ref. 81 copyright 2010, John Wiley and Sons.
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In 2013, Caminade, Majoral, Ouali, and their co-workers reported the immobilization of pyrene-
tagged dendritic Pd catalysts onto MNPs involving Co/C for drug synthesis.®? In order to synthesize
the pyrene-tagged Pd-phosphine, initially, 42 and tyramine 253 were reacted, leading to a derivative
254 (254 = ROH), which subsequently reacted with N3;P;Clg (255) and Cs,COj5 to form 256 (Fig. 73).
Indeed, this dendron growth involved the reaction of P-Cl bonds with the phenolic group of 4-OH-
CsH4-CHO and subsequent condensation with H,NNMeP(S)CI, to yield the first-generation of
dendron (259). The Cl-terminated dendrons, including 256 and 259, reacted with phosphine HO-
Ce¢H4-PPh; to produce pyrene-tagged multivalent phosphines (258 and 260). Finally, monomeric
pyrene-tagged phosphine 263 was synthesized from 261 and phosphine 262. In order to evaluate the
efficiency of the catalyst and its recyclability, Pd(OAc),, Co/C NP, and 258, 260, and 263 ligands
were added under argon to a Radley tube, followed by several processes. Based on the obtained

Suzuki coupling reaction data, pyrene-tagged Pd complexes demonstrated good to excellent yields,
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with product yields of 70% to 98%. Regarding recyclability, a dendritic effect was noted, with the

DOI:; 10. 10337'3’57/‘“&50%35;
most effective catalyst, possessing ligand 258, having the potential to be easily recovered by magnetic

decantation and reused for at least 12 cycles without losing activity. Notably, Pd leaching met
pharmaceutical industry limits for metal residues (< 5 ppm Pd) after simple extraction with CH,Cl,
without the need for chromatographic purification attempts. Ultimately, the ligand's immobilization
through reversible n-stacking interactions allows the catalysts to be practical in a solvent/water

mixture at 60 °C, broadening their application to non-water-soluble substrates.
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Fig.73. Synthesis of pyrene (Pyr)-tagged phosphines 258, 260, and 263. Reproduced with permission from ref. 82
copyright 2013, John Wiley and Sons.

HOBt = 1-hydroxybenzotriazole, DMF = dimethylformamide

In 2014, Mata, Peris, and their co-worker reported a pyrene-tagged NHC-palladium complex,
which was then immobilized onto rGO, as depicted in Fig. 235 When 65 reacted with
[Pd(dmba)OAc], (dmba = cyclo-orthometalated N,N-dimethyl benzylamine) in the presence of KBr,
it led to NHC-Pd (II) complex 68, which was then immobilized onto rGO to yield NHC-Pd-rGO (70).
The '"H NMR spectrum of the filtrate revealed the absence of any trace of 68 in the solution as the
initial proof of the quantitative deposition of 68 onto rGO. The catalyst 70 was tested using molecular
hydrogen to investigate catalyst activity in the hydrogenation of unsaturated organic substrates, which
verified 70 as a highly effective catalyst for various substrates. Additionally, in another evaluation
experiment, 70 showed efficient catalytic performance (in low H, pressure and short time) in

nitroarene reductions, which is a beneficial process in pharmaceutical and fine chemical synthesis.
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Furthermore, the recyclability of catalyst 70 was evaluated by using styrene as the model substrate,
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demonstrating that catalyst 69 could be recycled up to ten times without reducing activity. However,
the slight loss of metal content percentage could be a result of mass gain during the several cycles
owing to the adsorption of substances from the reactions; thus, it may not be attributed to the leaching

or desorption of the metal complex.

As explained in section 4.5, these researchers have developed a way to co-immobilize palladium and
ruthenium complexes onto rGO using pyrene-tagged NHC ligands (Fig. 24).° In order to evaluate the
activity of the hybrid material, palladium (68) and ruthenium (67), the hydrodefluorination of the
fluoroarenes reaction was carried out. Notably, the supported catalysts required activation through a
24-hour refluxing process in iPrOH with /BuONa before their utilization in catalytic reactions. The
results indicate that, although rGO-Pd exhibits much lower activity in hydrodefluorination than rGO-
Ru-Pd (71), the superior performance of 71 with even lower palladium loading confirms the essential
synergistic role of the two metals. On the one hand, palladium nanoparticles facilitate the activation
of C—F, which may be attributed to the catalyst activation during the progress of the reaction,
potentially caused by the gradual formation of the palladium nanoparticles. On the other hand, the
ruthenium heterogenized complex promotes hydrogen introduction through transfer hydrogenation,
which can highlight their collaborative effect on the catalyst's exceptional performance. Recycling
experiments of hydrodefluorination of fluorobenzene in the presence of catalyst 71 were conducted
to determine whether catalyst 71 could be reused without losing its catalytic activity. The findings
verify that the catalyst has the potential for being applied as a practical application due to being reused

for up to 12 cycles without significant activity loss.

In 2018, Karami and co-workers synthesized a compound of pyrene-tagged
([Pd{(C,N)CsH4CH,NH(Et)} (Imd-P)Br]) (NHC)Pd-rGO (268) through a straightforward process,
based on m— interactions to be used as a heterogeneous catalyst (Fig. 74).3% In order to synthesize
267, initially, imidazolium salt (266) was synthesized through the alkylation of methylimidazole with
1-(bromoacetyl)pyrene (223), which was subsequently converted into the (NHC)Pd complex by
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reacting it with a palladacycle dimer, [Pd{(C,N)CsH4CH,NH(Et)}(1u-OAc)], (265). The reaction

View Article Online
. L . . .. DOI:10.1039/D5MAD0598A
occurred in the presence of KBr, facilitating the formation of a bromide-containing complex 267,

which was entirely stable when exposed to air and moisture. In the next step, 267 was immobilized
onto the surface of rGO by mixing the respective complex and rGO in dichloromethane, leading to
the loss of the solution color, which was the first sign that the (NHC)Pd complex had immobilized
on the rGO surface and led to the preparation of the hybrid (NHC)Pd-rGO catalyst (268). The two-
dimensional structure of graphene promotes complete accessibility to all catalytically active centers.
To investigate the efficiency, activity, stability, and recyclability of 268, Suzuki-Miyaura
cross-coupling reactions of several aryl halides with phenylboronic acid were carried out. In addition
to its high efficiency, it was determined that this reaction produced a nontoxic boronic acid as a by-
product and accepted functional groups well. Based on the obtained results, 268 can be reused for up
to six cycles while maintaining its activity. Indeed, the stability and reusability of 268 may be
attributed to the non-covalent interactions between the pyrene moiety and the solid support. In the
other experiment, the catalytic activities of 267 and 268 catalysts were also evaluated in the reduction

of p-nitrophenol to p-aminophenol using NaBH, in an aqueous medium at room temperature. Based

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

on the obtained results, not only did 268 play a vital role in facilitating the surface reduction of

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

p-nitrophenol to p-aminophenol, but 267 also had a positive effect on the catalyst system through Pd

nanoparticles, as no reduction was observed in their absence.

(cc)
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Fig. 74. Synthetic procedure of the ([Pd{(C,N)C¢H4CH,NH(Et)}(Imd-P)Br]) (NHC)Pd-rGO hybrid material.
Reproduced with permission from ref. 83 copyright 2019, John Wiley and Sons.
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In 2023, Guisado-Barrios, Mata, and co-workers reported the synthesis of a pyrene-tagged
(NHC)Pd (270), its immobilization onto rGOs (270-rGO), and its decomposition in the presence of
H, to form Pd nanoparticles 270-rGO-NPs (Fig. 75).84 It was then used as a catalytic system for the
hydrogenation and dehydrogenation of N-heterocyclic compounds. In order to synthesize 270-rGO
and then 270-rGO-NPs, an imidazolium salt 269 was initially mixed with palladium(II) bromide,
K,COs;, and 3-chloropyridine in a Schlenk flask. Subsequently, rGO was suspended in CH,Cl,,
followed by ultrasonication, adding the 270, and stirring the mixture, which was isolated and washed
with CH,Cl, to form the hybrid material 270-rGO. Finally, the reaction of 270-rGO, Cs,CO;, and
toluene, and introducing hydrogen gas to the system, afforded 270-rGO-NPs. According to data from
Raman spectroscopy, the incorporation of the molecular complex 270 or the formation of PANPs does
not change the relative intensity of the graphitic and defect bands. The efficiency of the 270-rGO-
NPs catalyst was evaluated in the (de)hydrogenation of N-heterocyclic compounds. In this term, the
Pd nanoparticles serve as active sites for hydrogenation by H,, while rGO functions as both a
carbocatalyst in acceptorless dehydrogenation and a support for palladium nanoparticles, enhancing
their interaction with molecular hydrogen. Based on the obtained results, the stabilization of Pd
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nanoparticles via NHC ligands, along with the use of graphene for support, allows for the reuse of

DOI: 10. 103\53‘/635/?\;\%50%35;2
270-rGO-NPs in up to eight (de)hydrogenation cycles. Moreover, hot filtration experiments

confirmed the heterogeneous nature of the process, which demonstrated a strong interaction between

palladium nanoparticles and graphene, assisted by m-interactions of the ligand and the support.

Br _| Br </ \> </ \>
BI\ N Br\ /N
M \
1‘ r
K/N K/N
N
@> PdBr, E)>—PdN ) 0,

2

'8 '8 %) @70-rGo @70-rGO-NPs QQO

Fig. 75. Bottom-up synthetic procedure of pyrene-tagged palladium nanoparticles immobilized onto graphene.
Reproduced with permission from ref. 84 copyright 2023, Elsevier.

4.12. Pyrene-tagged copper complexes

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In 2013, Schulz and co-workers reported an immobilized pyrene-tagged Cu complex involving a

bis(oxazoline) ligand onto different carbon supports, including charcoal, fullerene, and SWCNTs, to

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

improve the asymmetric copper catalyst's ability.® It can be attributed to the pyrene moiety enabling

(cc)

n—m interactions with carbon supports for enhancing hybrid asymmetric Henry and ene reactions. The
synthesis of the pyrene-tagged complex started from the deprotonation of bis(oxazoline) compound
271, followed by the addition of a mesylate derivative 272 (derived from 4-(pyren-1-yl)butan-1-ol),
which formed the intermediate compound 273. Further deprotonation of compound 273 then enabled
the introduction of a methyl group, consequently leading to the final targeted ligand 274 (Fig. 76). In
the next step, to immobilize ligand-274 onto the solid supports, ligand 274 was dissolved in DCM
and added to Cu(OTY),, followed by introduction to charcoal, Cgy, or SWCNT containing tube. The

ene reaction between ethyl glyoxylate and a-methyl styrene was chosen as an experiment to assess
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the catalytic systems. According to the results, all three supported catalysts showed high yields of the

View Article Online
. . . . ... DOI: 10.1039/D5MA00598A
intended product in the first run. However, the selectivity of the transformations is different, i.e., 274-

Cu(OTf),@charcoal had lower enantioselectivity compared to 274-Cu(OTf),@fullerene, probably
due to the fullerene structure modifying the complex intermediate. Ultimately, SWCNTs were found
to be the best support among the others, offering consistently high yield and enantioselectivity values

through all catalytic cycles, even in comparison with a fresh promoter.

1. i-PryNH, n-BuLi
THF, -20°C tor.t., 1 h

o 0, O Q
W/\W Q 0
@ \ w\

0 A : _
1. i-Pr,NH, n-BuLi R =H28%
AN N 2. MsO | / »NH, @
N N THF, -20°C tor.t., 1 h
@ THF, -20 °C to 55 °C, 24 h 2 Mel
THF, -20°C to 55°C, 24 h L»R = Me 43%@

Fig. 76. Synthesis of the pyrene-tagged complex with bis(oxazoline) ligand 274. Reproduced with permission from ref.
85 copyright 2016, Elsevier.

In 2016, Thomas, Goff, and co-workers reported the synthesis of a bio-inspired mononuclear
pyrene-tagged copper phenolato complex (277), which has the potential to mimic the center of
galactose oxidase (Fig. 77).86 It was subsequently immobilized onto a MWCNT-modified glassy
carbon electrode via n—n interactions and evaluated through an oxygen reduction reaction (ORR). In
order to obtain the complex 277, the ligand,
(2-tert-butyl-6-{[(6-methyl-pyridin-2-ylmethyl)-pyridin-2-ylmethyl-amino]-methyl} -4-({4-[ (pyren-
1-ylmethyl)-amino]-butylamino } -methyl)-phenol) (276), was initially synthesized in a two-step
process. First, it involved a Mannich reaction between (6-methylpyridin-2-yl)-N-(pyridin-2-
ylmethyl)methanamine, 3-tert-butyl-4-hydroxybenzaldehyde, and paraformaldehyde, leading to 275
(CHOLH), followed by a reductive amination reaction with N'-(pyren-1ylmethyl)butane-1,4-diamine
(PBDI), leading to 276. The resulting compound was subsequently dissolved in CH3;0H and then
reacted with CuCl,-2H,0, in the presence of Et;N, to prepare complex 277. In the next step, the

immobilization was performed by incubating the ligand 276 in dried CH3;CN on the MWCNT-
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modified electrodes (278), followed by incubation with a solution of CuCl,, forming 277/MWCNT-

View Article Online
DOI: 10.1039/D5SMAQ0598A

based electrode (279). To unravel the electrocatalytic activity pathway of 277/ MWCNT (279), its
ability to reduce H,O, was examined. Cyclic voltammetry of 279 in the presence of H,O, showed its
electrocatalytic activity for H,O, reduction at similar overpotentials as ORR, validating the
hypothesis of peroxide formation by two-electron reduction of O, and subsequent two electron
transfer, resulting in complete water production from oxygen. Since the immobilized complex 279
appears to act as a galactose oxidase mimic, reducing O, to Cu''-OOH and H,0, to H,0, the rich
redox properties of phenolate-based ligands can provide new opportunities for designing

electrocatalysts inspired by the active site of galactose oxidase.
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Fig. 77. Representation of a) the synthesis of complex 277 and b) the immobilization of Cu pyrene-tagged 278 on
MWCNT. Reproduced with permission from ref. 86 copyright 2016, John Wiley and Sons.

In 2017, Batista, Llobet, and their co-workers represented complex [(L)Cu']> (285) (L = o-
phenylenebis(oxamidate)) and [(L,y)Cu']>~ (284), which features the (L,y)*, 4-pyrenyl-1,2-
phenylenebis(oxamidate) ligand, exhibiting extended m-conjugation due to a pyrene moiety
covalently linked to the phenyl ring, utilizing them as a water oxidation catalyst (Fig. 78).%7 On the
one hand, the ligand of complex 285 was synthesized by dissolving o-phenylenediamine in THF,
adding ethyl chlorooxoacetate dropwise, and refluxing, followed by several processes.®® On the other

hand, in order to synthesize [(L,y)Cu](NMey), (284), 4-(pyren-1-yl)benzene-1,2-diamine (151) was
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prepared as schematically indicated in Fig. 79. It was then dissolved in THF, followed by the drop-

. .. . . DO 10.103?735?%0%3&
wise addition of ethyl chlorooxoacetate to form 282. Afterward, methylamine solution in MeOH was

introduced to form 283. The final complex (284) was obtained by the reaction of the ligand precursor
and copper perchlorate. In the next step, the immobilization procedure involved preparing a solution
of 284 or 285 in CH;0H, adding graphene and forming a suspension that was sonicated and stirred.
Notably, electrodes were prepared by drop-casting the suspension onto GC electrodes, which were
dried under vacuum, resulting in GC@G@[(L)Cu], (286) and GC@G@[(L,,)Cu],” (287) (Fig. 79).
The performance of 286 and 287, in terms of oxygen generation, was evaluated using CV and rotating
ring disk electrode (RDDE) experiments. The high stability of the anchored molecular catalysts on
graphene was further analyzed, revealing no difference in charge for the anodic charge of the first
oxidation wave and the respective reduction wave after the electrocatalytic analysis. Based on the
obtained results, through anchoring, m-stacking interactions with graphene sheets enhance -
delocalization and the catalytic performance of both catalysts, while 287 became the most active
catalyst, benefiting from the synergistic effects of both pyrene and graphene. Furthermore, the

increased TOF ;. of 287 compared to 286 implies that the enhanced n-delocalization resulting from

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

pyrene-graphene interactions boosts electron transfer from the catalyst to the graphene electrode,

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

which can be a beneficial molecule for WOC and even considered as a rewarding candidate for

devices that are based on direct solar water-splitting.
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Fig. 78. The scheme procedure for the synthesis of ([L,,)Cu]* (284). Reproduced with permission from ref. 87
copyright 2017, American Chemical Society.
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Fig. 79. Structural representation and labeling code of the complexes and the hybrid materials used in this work.
Reproduced with permission from ref. 87 copyright 2017, American Chemical Society.

4.13. Pyrene-tagged gold complexes

In 2013, Riant, Hermans, and co-workers reported the synthesis of a gold catalyst bearing a pyrene
tag and its immobilization onto MWCNTs via n—r interactions to evaluate the ability of recycling via
the boomerang effect.® To synthesize the pyrene-tagged gold (I) complex (293), initially, 4-
bromobenzonitrile (288) and nBuLi underwent a halogen/lithium exchange reaction and then trapped
with chlorodiphenylphosphine to give the phosphine 289 (Fig. 80). Subsequently, the amine (290)

was produced via nitrile reduction by LiAlH,4, which was then reacted with 1-pyrene butyric acid to
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prepare the bifunctional ligand 291. Next, ligand 291 was exchanged with dimethylsulfide of

View Article Online
DOI: 10.1039/D5MAO00598A

chloro(dimethylsulfide)gold(I) complex to obtain 292, which was further reacted with an equivalent
of silver bis(trifluoromethanesulfonyl)imide (AgNTf;), leading to the pyrene-tagged gold
catalyst 293. Notably, the utilization of a polar solvent (acetone) would seem to be essential to
preserve the n—n interactions through the immobilization step since both pyrene and MWCNTs are
lipophilic (Fig. 81). In terms of activity and selectivity, the efficiency of 293-MWCNT was compared
with its homogeneous counterpart (293). The outcomes from the cyclization reaction of enynes
indicate that both 293-MWCNT and its homogeneous analogue have good catalytic activity with the
same conversions. Furthermore, the quantitative enyne cyclization was obtained up to four catalytic
cycles without any activity loss. Notably, the temperature and polarity of the solvents significantly
affect the n—m interactions between CNTs and pyrene; in this case, recycling can be achievable at low

temperatures.

NC_@_Br 1. BuLi, -100°C NC_@_ LiAIH, Pthf @ DMAP 03 equiv,_ /—Q—Pth
2. PPh,Cl reflux H,N ‘ oH DCC 1.1 equiv.

O‘ 1.2 equiv. 6
(AgNTTf,) = silver bis(trifluoromethanesulfonyl)imide O‘ OOO

i f & “5=0
o) /—Q—Pth 0 /—©—17—Au-(:1 ASNTE - AeCl 0 r@—f;—Au-N\
NH NH E f‘ S=0

ClAuSMe Ph NH Ph PO
42> o’ \TF
F

e @ o

Fig. 80. Synthesis procedure for the pyrene-tagged gold complex 293. Reproduced with permission from ref. 6
copyright 2013, John Wiley and Sons.
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Fig. 81. The immobilization of the pyrene-tagged gold complex 293 onto MWCNTs. Reproduced with permission from
ref. 6 copyright 2013, John Wiley and Sons.

In 2017, Mata and co-workers reported a procedure to synthesize and then immobilize pyrene-
tagged NHC-gold complexes [(NHC)AuX] (298, X=Cl and 299, X=Br) onto rGO through n-stacking
interactions (Fig. 82).%% In order to facilitate the direct immobilization of the organometallic gold
complexes onto solid support, two pyrene-tagged imidazolium salts that function as NHC ligand
precursors were initially prepared. In this regard, the methyl (or mesityl) imidazole was alkylated
with 1-bromomethyl pyrene to give pyrene-tagged imidazolium salts 294 and 295. The imidazolium
salts can be deprotonated in the presence of AuCl(SMe,) via a transmetalation method or an external
base to synthesize the organometallic gold complexes 296 and 297. Afterward, these complexes were
immobilized by immersing rGO in CH,Cl,, followed by the addition of 296 and 297 to prepare 298
and 299. Although immobilization of molecular complexes generally reduces reaction rates due to
diffusion issues, the reaction rates of the pyrene-tagged NHC-gold complexes increased after
immobilization on the rGO surface. It has been shown in the hydroamination of alkynes by
homogeneous and heterogeneous catalysts that the heterogeneous catalysts have higher reaction rates
compared to the homogeneous counterparts, suggesting no diffusion limitations upon immobilization

on graphene. In addition, the hybrid catalyst 299 was used for four runs in a row without exhibiting
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any noticeable loss of activity. The findings also indicated that adding aromatic rings to the NHC

View Article Online
. . . ' . . DOI: 10.1039/D5MA00598A
ligand's nitrogen improves the catalyst's stability and activity.
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Fig. 82. Synthesis procedure for gold complexes and hybrid materials. Reproduced with permission from ref. 89
copyright 2017, Elsevier.

4.14. Pyrene-tagged zinc complexes

In 2010, Prato, Torres, Guldi, and their co-workers reported the synthesis of pyrene-tagged
phthalocyanine (H,Pc-Pyr) and zinc phthalocyanines (ZnPc-Pyr) and their immobilization onto

SWCNTs to be utilized as prototype solar cells.”® Phthalocyanine exhibited excellent light-harvesting

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

capabilities in the visible and near-infrared (NIR) regions of the solar spectrum, high photostability,

and exceptional features as excited electron donors to electron acceptors (i.e., SWCNTSs) through n—

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

7 interactions. On the one hand, 2,3,9,10,16,17-hexa-tert-butylphenoxy-23-[p-(4-pyren-butyryloxy-

(cc)

methyl)phenyl] phthalocyanine (H,Pc-Pyr) (301) was synthesized by reacting 1-pyrenebutyric acid
(42) with HPc-OH (300) in DCC and DMAP in dry THF (Fig. 83). On the other hand, 2,3,9,10,16,17-
hexa-tert-butylphenoxy-23-[p-(4"-pyren-butyryloxy-methyl)phenyl] phthalocyaninate Zn(II) (ZnPc-
Pyr) (302) was synthesized by reacting 301 with ZnCl, in a mixture of o-dichlorobenzene (0-DCB)
and DMF. In terms of assessing the interactions of 301 and 302 with SWCNTs, titration experiments
were performed by dispersing SWCNTs in either DMF or THF. The results showed significant
changes in the fluorescence and the absorption properties of the Pc fragment, including a remarkable

broadening of 301 and 302 features (specifically in the Q-band region), red-shifts of the absorption
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bands, quantitative quenching of fluorescence, and red-shifts of the NIR absorption transitions
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associated with SWCNTs. These results indicate successful immobilization of 301 and 302 onto

SWCNTs, while their homogeneous counterparts, lacking anchor groups, did not indicate any
significant interactions. Furthermore, compared to smaller diameter, larger SWCNTs indicated
stronger red-shifts, confirming that the immobilization process proceeds successfully. Notably,
according to Raman spectroscopy data, the D-band remained unchanged in both SWCNTs and
301/SWCNT or 302/SWCNT hybrids, indicating that no structural damage occurred during the
immobilization process. Similarly, there was no alteration for the G- and G’-bands in the suspension
or solid states, and both were investigated for the electronic and structural influence of immobilizing
301/302 onto SWCNTs. Moreover, 301/SWCNT and 302/SWCNT thin films were tested in
photoelectrochemical cells, showing superior solar energy conversion performance compared to
earlier SWCNT hybrids.”! Notably, throughout the NIR and visible parts of the spectrum, regarding
the cells that showed the same optical absorption, 301/SWCNT exhibited higher maximum internal
photoconversion efficiency (IPCE) than 302/SWCNT. Indeed, the 301/SWCNT films achieved stable

photocurrents with large IPCE values, among the highest reported for SWCNT systems, highlighting

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the advantages of non-covalent approaches in developing electron donor-acceptor hybrids.

g M H, H,Pc- Pyr@
ZnCl, %
0-DCB/DMF (1:1) M 7n ZnPe- Pyr@
DCC/DMAP
jCE?N M Ni:‘\‘\/DCM h jCEéN M i:‘\‘\/

(cc)

5 R= O(C6H4) -p-Bu R= O(C5H4) -p-Bu

R M=H, H,Pc-OH

DCC = dicyclohexylcarbodiimide, DCM = dichloromethane, DMPA = N,N-dimethylaminopyridine, 0-DCB = o-dichlorobenzene, DMF = dimethylformamide

Fig. 83. Synthesis of H,Pc-Pyr (301) and ZnPc-Pyr (302). Reproduced with permission from ref. 90 copyright 2010,
American Chemical Society.
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In 2010, Hasobe, Ito, D’Souza, and co-workers reported donor-acceptor hybrid materials

View Article Online
DOQI: 10.1039/D5MA00598A

303/SWCNTs (303= ZnP(pyr)s P = porphyrin) by assembling specific semiconducting (7,6)- and
(6,5)-SWCNTs, having different electronic band gaps, to evaluate the photoelectrochemical
responses of the hybrid system (Fig. 84).%% In order to synthesize 303/(6,5)-SWCNT and 303/(7,6)-
SWCNT nanohybrids, SWCNT was reacted with 303 in dry DMF, followed by several procecesses
to obtain a stable black dispersion. Pyrene-tagged zinc porphyrin (ZnP(pyr)4, 303) interacts with the
SWCNT surface through n—n interactions, causing exfoliation of the semiconducting CNTs, as
confirmed by TEM. Based on laser Raman spectroscopy, the electronic structures of SWCNT
functionalized with 303, (303)/(6,5)-SWCNT and (303)/(7,6)-SWCNT, exhibited no notable shift in
the Raman spectra, revealing the electronic structure of the SWCNT remains intact in the
nanohybrids’ system. According to the obtained results, there were some differences between
303/(6,5)-SWCNT and 303/(7,6)-SWCNT nanohybrids; the (7,6)-SWCNT, possessing a narrower
band gap, demonstrates greater efficiency in charge separation via the excited state of ZnP, as
indicated by a higher ks (charge separation)/kcg (charge recombination) ratio compared to the (6,5)-

SWCNT, having a wider band gap.
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ZnP(pyr)y/SWCNT(7,6)

Fig. 84. The schematic structure of the ZnP(pyr)s/SWNT (6,5) and ZnP(pyr)s/SWNT (7,6). Reproduced with

permission from ref. 92, 93 copyright 2010, American Chemical Society.

In 2020, Escosura, Guldi, Torres, and co-workers reported the synthesis of pyrene-tagged
tetracationic zinc phthalocyanine (ZnPc) (310) and its immobilization onto fullerenes (Cg) to mimic
nanoscale photosynthetic model systems through an aqueous photoactive system of electron donor-
acceptor (Fig. 85).°4 Complex 310 exhibited a distinctive mode of aggregation driven by a subtle
interplay between electrostatic and n—r interactions. In order to synthesize the pyrene-tagged ZnPc
complex (310), pyrene-1-boronic acid pinacol ester (304) initially underwent a Suzuki cross-coupling

reaction using 5-bromo-3-hydroxypyridine (305) in the presence of a catalyst, Pd(dppf)Cl, (dppf =
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1,1'-bis(diphenylphosphino)ferrocene), and resulting in pyrenyl pyridyloxy derivative (306). It was
. . L . o . DO\;lO.lOSg‘fgSA!\rA{XgO%g‘E;E
then reacted with 4-nitrophthalonitrile to obtain phthalonitrile 308, after refluxing in DMF and

purification. Subsequently, ZnPc (309) was formed in the presence of anhydrous zinc acetate by
cyclotetramerization of 308. Eventually, the quaternization of 309 with methyl iodide was performed
to obtain the final pyrene-tagged ZnPc complex (310). Notably, the immobilization of 310 onto Cgq
(Cg0-ZnPc) was obtained through wrapping of the pyrene fragments around Cgo. The interaction
between 310 and Cg derivatives was studied via absorption and fluorescence spectroscopies through
the titration of 310 in pure DMSO with Cg. Based on titration results, a decrease and a red-shift in
absorption intensity of Q-band, as well as a quantitative quenching of the fluorescence, were
observed, revealing the formation of the ZnPc-Cgy. Indeed, it has been demonstrated that two
independent processes are involved in achieving high binding constants: electrostatic and n—n
interactions. Additionally, following the interactions between 310 and water-soluble tetra- or
octaanionic fullerene, charges were transferred to the electron-acceptor moiety (fullerenes), leading
to longer-lived charge-separated states facilitated by the cooperation between electrostatic and n—mn

interactions. This versatile approach allows water to tune the synergy between several non-covalent

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

forces, enabling the assembly of multi-chromophore supramolecular systems to achieve highly

efficient artificial photosynthetic constructs.
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Fig. 85. The procedure synthesis of pyrene-tagged zinc complex 310. Reproduced with permission from ref. 94
copyright 2017 John Wiley and Sons.

I
N
4]

4.15. Pyrene-tagged lanthanide complexes

Lanthanides set themselves apart from other metals due to their spatially expansive, core-like 4f
orbitals and their adoption of the +3 oxidation state. In 2017, Blakemore and co-workers synthesized
a series of pyrene-tagged lanthanide complexes (Ce, Nd, Sm, and Eu) (314) involving tripodal
heptadentate ligand scaffolds and subsequently immobilized them onto carbon electrodes via
noncovalent interactions (Fig. 86).%° In order to prepare 314, benzylic chloride was substituted with
N-methyl-1-(pyren-1-yl) methanamine, followed by the reaction of the obtained aldehyde (312) with
tris(2-aminoethyl)amine, resulting in LPY"H3 (313). Next, the desired ligand was coordinated to
different M(III) f~-block elements through protonolysis of the suitable tris(hexamethyldisilazide) metal
precursors, (M(N(SiMes),); (M = Ce, Nd, Sm, Eu). It is noticeable that the insolubility of LPY'"M (314)

complexes in less polar solvents was due to robust interactions between pyrene fragments, making it
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simple to isolate the precipitation from the solution of the reaction. The immobilization of 314 was

View Article Online
DOI: 10.1039/D5MAO00598A

performed by drop-casting carbon black material (Ketjen black) onto HOPG. The provided electrode
underwent functionalization through immersion in dilute CH,Cl, solutions of the 314 complexes,
followed by rinsing with CH,Cl, to eliminate loosely immobilized complexes. According to N 1s
peaks in XPS, 313 (the ligand) indicated lower binding energies than 314 (the complex), which was
aligned with nitrogen atoms' greater electron-rich character when they are not coordinated to the
metal. In order to evaluate the stability of the surface that has been functionalized, electrodes
remained in electrolyte solution, and cyclic voltammograms were recorded at 10-minute intervals.
The loss of surface-bound species of the functionalized electrodes can be attributed to the tendency
of the pyrene fragments in the structure of 314 complexes to engage in intramolecular n—m stacking
interactions. Additionally, the cerium(Ill) complex was reversibly oxidized to cerium(IV) at a
potential (— 0.34 V) compared to the non-immobilized (- 0.46 V) soluble counterpart of the same
complex. The obtained results represent one of the few examples of immobilized molecular f-block
complexes, verified by XPS and electrochemistry, which can be beneficial for sensors, catalytic

systems, or applications of separation.

Pyr Pygyr
N N
N N—
P ),
(/\/ NH2 Il\I Pyr O\". _0
Pyr M(N(SiMe3)y)3 — \“) ~\7
Et%N “MeOH/DCM THF NN
THF 3 -
LP'Hy LP"M (M = Ce, Nd, Eu, Smi

W W

Fig. 86. Synthesis of pyrene-tagged lanthanide complexes containing heptadentate ligand L™Hj;. Reproduced with
permission from ref. 95 copyright 2017, Royal Society of Chemistry,

111


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00598a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 2025. Downloaded on 01/10/25 06:40:37.

(cc)

Table 2. Immobilized pyrene-tagged complexes classified based on their applications, including energy-related
catalytic applications.
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heptadentate (314) on graphitic carbon surface

0, Reduction Ref. H; Evolution/Transfer DO 10 103597D51MA0TS

Os'-NHC (135) on MWCNT* 57 cobaloxime (142b) on g-C3N, 19

Co carrole (161) on MWCNT 63 cobaloxime copolymer (pPyCo, 147) & 61
cobaloxime (PyCo, 148) on MWCNT

Co(II) porphyrin (164)/Pyr-Py(167) on 64 cyclopentadienyl Rh complex (188) on rGO 68

MWCNT?

copper phenolato (279) on MWCNT 86 [Ni(P,PIN,CHzPyrene), 1 (236) on MWCNT 77

CO; Reduction Photocatalysts

fac-IMnBr(bpy,,)(CO);] (7) on MWCNT¢ | 33 B-Ru-P (61) on graphene” 44

ReQBlm-pyr (10) on EPG* 18 tris(bipyridyl)ruthenium(II) (62) on SWCNT 45

[Cp*Rh(P)CIICI (11) & 34 ruthenium tris(bipyridyl) and iridium bipyridine complexes | 49

[Re(P)-(CO);CI] (12) on HOPG¢ (79) and (80) on HOPG

Iron triphenylporphyrin (36) on MWCNT | 40 trans-[Ru(pypz—pyr)(trpy)(H,O)](PF¢) (122) on rGO” 54

cobalt pyridyldiimine complexes (172 and | 65 trans-fac-[Ru(bpea-pyrene)(bpy)OH;] (PF¢), (129) on 55

179) on MWCNT rGO°

Iridium pincer dihydride catalyst (209) on | 73 Rh cyclopentadienyl complex (188) on rGO 68

CNT

Iridium PNP-pincer complex (234) on 76 | zinc phthalocyanines (ZnPc) (302) on SWCNT 90

MWCNT/

[Ni"(C1)(L)]CI (242) on MWCNT? 79 (ZnP(pyr)4 (303) on SWCNT? 92

triazacyclononane Ni (247) on MWCNT 80 tetracationic zinc phthalocyanine (ZnPc) (310) on Cg 94

Water Oxidation Redox-active Films

Ru(bpa)(Pyr-Py), (55) on MWCNT” 43 1-pyrenylferrocene (39) on modified gold 16

{Ru(tda)(L"),} (77a) and {Ru(tda)(L?),} 48 1-pyrenylferrocene (40) on modified ITO 17

(77b) on MWCNT!

[(»vyrenebbp)Ru(OAC)(py)s](PFe), (118) on | 53 Janus-type ruthenium monolayer complex (75) and bilayer | 47

MWCNT/ Zr-phosphonate (76) on HOPG

Co salophen (154) on MWCNT 62 ruthenium bis(benzimidazolyl)pyridine complexes (100a, 52
100b, 100c, and 100d) on HOPG/SWCNT/MWCNT

NHC IrCp*Cl, (224) on MWCNT* 75 tris(bipyridine)osmium (II) (130) on rGO 56

[(L,)Cu"]* (284) on graphene 87 [Co(tpy~py)2](PFe), (136) on SWCNT¥ 59
lanthanide complexes (Ce, Nd, Sm, and Eu) tripodal 95

@ NHC:N-heterocyclic carbene ® pyr:pyrene, py: pyridine ¢ bpy:bipyridine ¢ ReQBIm: 2-(2'-quinolyl)benzimidazole ¢ P:
pyrene-tagged bipyridine ligand / PNP:phosphorus-nitrogen-phosphorus € L:241 # H,bpa=2,2'-bipyridine-6,6'-
dicarboxylic acid ‘tda?:[2,2":6',2"-terpyridine]-6,6"-dicarboxylato, L':4-(pyrene-1-yl)-N-(pyridine-4-
ylmethyl)butanamide and L?:4-(pyrene-1-yl)pyridine/ bbp-:bis(bipyridyl)pyrazolate * Cp*:CsMes’ L:o-
phenylenebis(oxamidate) ” B-Ru-P:bi(2,2'-bipyridyl)-pyrene ruthenium(II) complexes onto graphene sheets ”
pyridinepypz-H:2-(3-pyrazolyl), trpy:tridentate terpyridine ° bpea-pyrene:1-[bis(pyridine-2-
ylmethyl)amino]methylpyrene #? P:porphyrin ¢ tpy~py:4-pyren-1-yl-N-[5([2,2";6',2" Jterpyridin-4'-yloxy)-pentyl]-

butyramide

Table 3. Immobilized pyrene-tagged complexes used in biological applications.

Pyrene-tagged complexes@support Support Application Ref.
3-ferrocenyl-N-(pyren-1-ylmethyl)propanamide (14) MWCNT Biosensor 35
tris(bispyrene-bipyridine)iron(Il) complex (17) MWCNT Biosensor 36
[Fe'(L)),L,]* (20)* CNT Biosensor 37
cobalt(IT) bis-terpyridine (141) Graphene Biosensor 38
RuQ-pyrene (72a)" MWCNT Glucose oxidation 46
ferrocene tripod 25a & 25b Graphene Protein denaturation 60
pentamethylcyclopentadienyl rhodium (IIT) chloride dimer (186) MWCNT Regenerate NADH 67
dendritic Pd-phosphine (263) Co/C Drug synthesis 73

a L, = 44"bis(biotin)-2,2 bipyridine, L,

2,2'-bipyridine-4,4'-dipyrene ? RuQ-pyrene:[(1,10-phenanthroline-5,6-

dione),((4,4'-bis(4-pyrenyl-1-ylbutyloxy)-2,2'-bipyridine)Ru(II)] hexafluorophosphate
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Table 4. Immobilized pyrene-tagged metal complexes used as catalysts in various reactions.

Pyrene-tagged complexes@Support Reactions viep Ref dniine
DOI: 10.1039/(5MA00F98A

Unsym-Cr-1 @ rGO Asymmetric ring-opening of epoxides and hetero- 32
Diels-Alder

pyrphos rhodium (181) @ CNT Asymmetric hydrogenation of a-dehydroamino esters | 66

diphosphite ligands (202 and 203) @ MWCNT/rGO/ | Asymmetric AHF of norbornene 70

carbon beads

Cu bis(oxazoline) (274) @ charcoal/Cg/SWCNT Hybrid asymmetric Henry & ene reactions 85

NHC-Pd complex (67) & Alcohol oxidation reaction 5

NHC-Ru complex (68) @ rGO

NHC-Pd-Ru (71) @ rGO Catalyst for hydrodefluorination 9

NHC-rhodium complexes (191 and 192) @ rGO 1,4-addition of phenylboronic acid to cyclohex-2-one | 69
& hydrosilylation of terminal alkynes

NHC-iridium complexes (214 and 216) @ rGO B-alkylation of secondary alcohols 74

NHC-palladium complex 251 @ graphene Aqueous hydroxycarbonylation of aryl halides 81

NHC-Pd complex (267) @ rGO Suzuki—Miyura cross-coupling reaction & reduction 83
of p-NP reactions

NHC-Pd complex (270) @ rGO Hydrogenation and dehydrogenation of N- 84
heterocycles

NHC-gold complexes (296 and 297) @ rGO Hydroamination of alkynes 89

cyclometalated iridium complexes (227) @ MWCNT | Dehydrogenation of indolines in aqueous solution 8

Hoveyda-type ruthenium (89) @ rGO Metathesis reactions 14

ruthenium carbene (45) @ SWCNT Ring-closing metathesis reactions 13

rhodium(I) monophos complex (208) @ graphene Hydrogenation of dehydroamino acid esters 71

terpyridine-ruthenium involving one (47) or five Nitroarene transfer hydrogenation 41

terpyridine (49) @ graphene

gold (I) phosphine Boomerang catalyst for the cyclization reaction of 6

bis(trifluoromethanesulfonyl)imide complex (293) @ | enynes

MWCNT

Fe tripod complexes (30a and 30b) @ MWCNT Ethylene polymerization 39

Conclusion

Impressed by the positive features of homogeneous and heterogeneous catalysts, such as high

selectivity and stability, and for the latter, high recyclability and reusability, researchers have been

attracted to the immobilization of pyrene-tagged complexes involving different ligands and central

metals onto numerous kinds of solid supports, serving as exceptional functionalized catalysts.

Functionalizing these types of supports with complexes bearing pyrene moieties, which can have a

main role in the properties of the complex based on their location’s tag, has received noticeable

attention in the last few decades. Research groups have explored a wide range of these compounds,

shedding light to understand that not only can they promote m—m stacking interactions via the

immobilization of complexes onto carbon-based supports, including GO, rGO, CNT, EPG, and G-

C3Ny, but they can also be immobilized onto modified supports, including gold and ITO. Indeed,
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stability, and activity were achieved while maintaining a straightforward way of separation and
recyclability, leading to a worthwhile investment in catalyst replacement. In terms of recycling, the
boomerang effect (release-return phenomenon) emerges, which is utterly dependent on the
temperature alteration. Furthermore, these complexes are a promising choice for a broad range of
laboratory and industrial applications focused on enhancing and optimizing chemical reaction
procedures. To clarify, the catalytic behavior of these materials in fuel production, sensing, water
oxidation, photocatalytic hydrogen generation, and carbon dioxide reduction demonstrates their
significant impacts, showing higher TON, Faradaic efficiency, and durability than their homogeneous
counterparts. These types of catalysts can be widely used in oxygen and carbon dioxide reduction,
water and glucose oxidation, asymmetric, and metathesis reactions. Thus, it could be a wise decision
to extend this method to explore new metal complexes containing covalently appended pyrene
fragment(s) and immobilize pyrene-tagged complexes noncovalently onto various supports,
promoting the recycling of industrial catalysts in the near future. To elucidate the synergistic effects
of this heterogeneous system, the metals are attached to the functionalized ligands with pyrene,
enabling non-covalent m-w interactions with solid supports and resulting in effective immobilization
without altering the activity of the original catalyst, compared to homogeneous catalytic systems.
Additionally, the combination of two different metals has the potential of synergistic dual catalysis,
a significant advantage in both experimental and industrial applications. However, in order to
thoroughly understand the synergy and interaction between pyrene-tagged complexes and the
supports, further investigations are still required, which may lead to optimizing the n-r stacking
system to achieve increased productivity while reducing the overall cost by enhancing recyclability
on a large scale. Notably, achieving a simple design for these heterogeneous catalytic systems, while
maintaining their high catalytic activity and recyclability, may inspire subsequent research on novel
pyrene-tagged complexes and other substituted polyaromatic systems, opening the door to additional

cost-effective and environmentally friendly catalysts. On the other hand, although scientists have
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meticulously reported their investigations on the concept of n-n stacking immobilization, there are

. . . . Dow;10.103?735?2‘/550%35;
some unresolved challenges and debates regarding this method. Firstly, it has been verified that the

number of pyrene anchors, their location, and the spacer design adjustment can affect catalyst
properties; however, general design rules are still empirical and depend on specific substrates and
reactions. Secondly, as demonstrated in some cases, solvent and temperature control of n—m binding
for adsorption and desorption necessitate finding a solution and analyzing whether to generalize it to
a broader range of systems, rather than being limited to a few specific cases. Finally, scientists'
attention can be drawn to examine and expand their knowledge about the effect of combined forces,
electrostatic and m—r interactions simultaneously, rather than n—mn interactions alone, as previously

reported, which offers outperformance of the synergistic system.
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