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ABSTRACT  

This work reports the preparation and characterization of active and recyclable supported 

catalysts involving molecular Ru-terpyridine complexes and able to promote the transfer 

hydrogenation of nitroarenes in 2-propanol. The system proposed is based on the design of original 

pyrene-tagged terpyridine ligands, either monomeric "1tpy" (one pyrene tag for one terpyridine) or 

multivalent "5tpy" (one pyrene tag for five terpyridines), able to interact with the graphene surface 
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of commercially available cobalt magnetic nanoparticles (MNPs) through -stacking interactions. 

The existence of non-covalent interactions between the pyrene-tagged terpyridines and the MNPs 

surface at 20 °C was assessed by fluorescence spectroscopy for the first time in 2-propanol, an 

organic medium. Interestingly, 1tpy and 5tpy were shown to be released upon temperature increase 

(80 °C) while the association was restored upon temperature decrease (20 °C). The reversibility of 

this phenomenon enabled to reach high activities in nitroarenes transfer hydrogenation for the 

corresponding Ru complexes (catalytic species are free in refluxing 2-propanol) and high 

recyclabilities (non-covalent interactions are restored upon cooling). Noteworthy, the multivalent 

ligand 5tpy displaying as expected the higher terpyridine loading (0.15 mmol of tpy / g of MNPs 

vs 0.03 mmol for 1tpy), also gave rise to the Ru-catalyst with the best recyclability (8 consecutive 

cycles with no loss of activity against 5 cycles for the catalyst based on monomeric ligand 1tpy). In 

both cases, the ruthenium leaching was found to be low and the expected aniline met the 

requirements of the pharmaceutical industry (< 10 ppm Ru) from the third run.   
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INTRODUCTION 

 

Heterogenization of homogeneous catalysts on supports including for e. g. polymers, silicas or 

magnetic nanoparticles has the potential to build bridges between homogeneous and heterogeneous 

catalyses.1 Expected advantages include the combination of the high catalytic activity inherent to 

the well-defined molecular catalyst and its easy separation from the reaction mixture with the 

possibility of reuse. However, some drawbacks have been highlighted including catalyst 

deactivation once immobilized and subsequent lower turnover numbers (as compared to 

corresponding homogeneous catalysts) as well as low recyclabilities.2 Besides, except in some rare 

cases,3 metal leaching cannot be avoided also leading to poor recycling ability and to the 

contamination of the products by metal traces. The design of supported catalysts combining high 

activities, high recyclabilities and low metal leaching thus still constitute a challenge. Among other 

supports, magnetic nanoparticles (MNPs) are particularly attractive for the development of more 

efficient and green processes.4 Indeed, their separation can easily be achieved by magnetic 

decantation with a simple magnet contrary to other supports, such as polymers or silica, which 

require time-consuming precipitation and filtration steps. Generally, MNPs are stabilized by 

coating the magnetic core with polymer or silica shells which are used for the covalent 

immobilization of homogeneous catalysts.4 First described by Stark and coll.5 and now 

commercially available,6 graphene coated MNPs also enable the covalent immobilization of 

catalysts.5,7 In addition, they offer the unique possibility for non-covalent catalyst attachment by 

– stacking and interestingly, the efficiency of these non-covalent interactions was found to 

dependent on the temperature. 8a-c Indeed, while the pyrene-tagged catalysts are associated to the 

MNPs at low temperature (20-25 °C), a dissociation was observed at higher temperatures (> 60 

°C). Such behavior is reminiscent of catch-and-release systems for which the catalytic moiety is 
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released in solution over the course of the reaction and is recaptured at the end thus enabling 

successful recovery.9 Reported "boomerang" systems involve different modes of recognition 

including hydrogen binding, ionic, host-guest or - stacking interactions.9 Concerning the above-

mentioned Co/C MNPs, O. Reiser and coll. reported the non-covalent attachment of pyrene-tagged 

Pd-carbene complexes able to catalyze the hydrocarbonylation of aromatic halides in water.8a Later 

on, some of us reported that the introduction of well-defined dendritic spacers between the pyrene 

tag and Pd-phosphine complexes (Figure 1) enabled to increase the loading of active palladium 

complexes active in Suzuki couplings.8b In both cases, the catalyst recovery was ensured in 

aqueous media (pure water8a or water/THF (5:2)8b) that favor efficient non-covalent interactions.8d 

One aim of this work was to design related systems enabling reversible interactions in organic 

media and in particular in 2-propanol, a cheap, benign and easy-to-handle H source employed in 

transfer hydrogenations of various substrates.10 Among the latter, nitroarenes give rise to anilines, 

key compounds finding widespread applications as intermediates and targets in pharmaceutical, 

agrochemical, pigments or dyes industries and holding a very high market share in organic 

chemistry industry.11 In general, the use of H-donors instead of molecular hydrogen for nitroarenes 

reduction enables to avoid high-pressure equipments. Besides, it is a more sustainable and benign 

methodology as compared to the historical stoichiometric Béchamp reduction involving metallic 

iron in acidic media generating a lot of wastes. A wide array of transition-metal based catalysts, 

mostly heterogeneous, promote nitroarenes transfer hydrogenations in the presence of different H-

sources such as formates, sodium borohydride or hydrazine.11b Although active in mild conditions 

and generally more tolerant in terms of functional groups, related homogeneous catalysts have 

been less studied. Whether homogeneous or heterogeneous, only a few catalysts are able to 

promote transfer hydrogenation using 2-propanol as the H-donor.11b,12 Along these lines, Beller 
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and coll. reported a well-defined terpyridine-ruthenium complex catalyzing efficiently and 

selectively the reduction of a wide array of nitroarenes in 2-propanol under mild conditions.13 The 

reuse of ruthenium-based catalysts appears as highly desirable for economic and ecological 

reasons. Therefore, in this work, pyrene-tagged terpyridine-Ru complexes, either monomeric or 

multivalent, were prepared and associated to MNPs through -stacking interactions for the first 

time in 2-propanol, an organic solvent. The activity and recyclability of both systems were 

evaluated in the transfer hydrogenation of nitrobenzene. 

EXPERIMENTAL SECTION 

• Materials and methods 

THF was dried using mBRAUN purification system. All other solvents and chemical reagents 

were purchased from Sigma Aldrich, Acros or Alfa Aesar and used as received without further 

purification. Catalytic reactions were performed under nitrogen atmosphere using standard 

Schlenk technique. Nuclear Magnetic Resonance Spectroscopy (NMR) spectra were recorded with 

Bruker 400 MHz device at room temperature in the indicated deuterated solvents. All 1H, 13C, 31P 

NMR spectra were evaluated in parts per million parties (ppm) and coupling constants (J) are 

reported in Hertz (Hz). The signals in the spectra are described as s (singlet), d (doublet), t (triplet), 

m (multiplet). Gas chromatography – mass spectra (GC-MS) were recorded on a ThermoFisher 

Scientific Trace GC Ultra instrument with a ThermoFisher Scientific ITQ 900 Ionic Trap and an 

Agilent DB-5MS 30 m x 0,25 mm capillary apolar column (Stationary phase: 0,25 μm film). Flash 

column chromatography was performed on silica gel (230–400 mesh) and analytical thin-layer 

chromatography (TLC) was carried out using 250 μm commercial silica gel plates. MS spectra 

were obtained on a Synapt G2-S from Waters with a quadrupole cell collision. High resolution 
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mass spectra (HRMS) were recorded on an Agilent 6210 ESI TOF (time of flight) mass 

spectrometer. UV-vis spectra and Fluorescence spectra were performed with a LS 55 

Luminescence Spectrometer from Perkin Elmer. Solution characterizations were realized on 

diluted 2-propanol solutions. ICP-MS were performed on a Agilent 7900 apparatus. 

• Fluorescence studies: Preparation of the solutions with concentrations ~ 10-5 mol. L-1: For 

compound 3: 20 mg of 3 were dissolved in 2-propanol in a graduated flask of 100 mL. 300 μl of 

the stock solution were diluted in a graduated flask of 10 ml (final concentration: 0.99.10-5 mol. L-

1). For compound 5: 7 mg of 5 were dissolved in 2-propanol in a volumetric flask of 250 mL (final 

concentration of 1.02.10-5 mol. L-1). 

Studies at 20 °C (Figure 2): Solutions of pyrenes 3 or 5 in 2-propanol were prepared and 

their respective fluorescence spectra recorded. Aliquots of Co/C MNPs were then successively 

added to these homogenous solutions (1 mg for each addition). After each addition, the suspension 

was sonicated for 15 min at 20 °C in a closed tube (it was checked that no evaporation of the 

solvent occurred), the NMPs recovered by magnetic decantation and the supernatant analyzed by 

fluorescence spectroscopy. 

Note: the addition of MNPs to solutions of 3 and 5 also induced a decrease of the absorption 

intensity by UV-vis spectroscopy (see Supporting Information, Figure S15). This confirms that the 

decrease of emission intensity mostly resulted from the decrease of the ligand concentration and 

not from other possible deactivation pathways (quenching, temperature, impurities…). 

Influence of the temperature on the -stacking interactions efficiency (Figure 3): 

Solutions of pyrenes 3 or 5 in 2-propanol were prepared and their respective fluorescence spectra 

recorded (blue curves). MNPs were added (1 mg in the case of 3; 0.4 mg in the case of 5) and the 
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suspensions were sonicated for 15 minutes at 20 °C in closed tubes (fluorescence of the resulting 

supernatants: red curves). Then the supernatants and the MNPs were gathered and allowed to 

sonicate for 2.5 h at 80 °C (still in closed tubes). After “hot magnetic decantation”, fluorescence 

spectra of the supernatants were recorded (green curves). The latter were one more time associated 

to the previously recovered MNPs and the corresponding suspensions sonicated for 2h at 20 °C. 

The supernatants were analyzed by fluorescence spectroscopy (purple curves). Note: After each 

sonication steps, it was checked that no evaporation of the solvent occurred.  

• General procedure for recycling experiments: In a Schlenk tube equipped with magnetic 

stirring bar, under nitrogen atmosphere, the catalyst was generated in situ from [{RuCl2(p-

cymene)}2] (12.0 mg, 0.0125 mmol) and ligand (0.025 mmol of terpyridine moieties: 0.025  mmol 

= 15.2 mg for 3, 0.005 mmol = 13.7 mg for 5) in 2-propanol (5 ml) for 30 min at 60°C. MNPs 

(500 mg for 3, 100 mg for 5) were introduced and the mixture sonicated for 30 minutes at 20 °C. 

The nitroarene (0.5 mmol), KOH (0.075 mmol, 4.2 mg), and 2-propanol (5 ml) were next added. 

After 15 hours at reflux (temperature of the oil bath: 100 °C), the reaction mixture was cooled to 

room temperature, sonicated for 30 minutes at 20 °C and magnetic decantation was performed 

thanks to the magnet. The MNPs were rinsed twice with 2-propanol (1 mL). The standard 1,3,5-

trimethoxybenzene was added to the joined solutions and the mixture obtained analyzed by 1H 

NMR (after evaporation of the solvent) and GC-MS. To the hybrid MNPs dried under vacuum, 

nitroarene (0.5 mmol) chosen for the next run and 2-propanol (10 mL) were added and the same 

procedure was repeated at each run.  

 

 

  



 8 

RESULTS AND DISCUSSION 

 

The first objective consisted in preparing terpyridine ligands bearing a pyrene tag able to interact 

with the graphene surface of the MNPs. Two systems were targeted: the first one involved a pyrene 

moiety connected to a terpyridine ligand through an organic linker (Figure 1a) and the second one 

consisted in a pyrene tag linked to five terpyridine ligands through a multivalent spacer (Figure 

1b).  

 
Figure 1: Targeted pyrene-tagged ligands involving either 1 (a) or 5 (b) terpyridine ligands 

and their corresponding expected hybrid MNPs 

 

 

Concerning the synthesis (Scheme 1), the peptide coupling between commercial 1-pyrenebutyric 

acid and amine 2 (described for the first time, prepared quantitatively in one step and fully 

characterized, see SI p. S2 and Fig. S3 to S5), yielded pyrene 3 bearing one terpyridine moiety in 

74% yield. The corresponding multivalent ligand 5 bearing five terpyridines was obtained in 79% 
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yield through reductive amination of previously described aldehyde-decorated dendron 48b with 

amine 2. Both ligands were characterized by multi-nuclear RMN spectroscopy. The signals, that 

could be assigned, were consistent with the successful preparation of 3 and 5 (see SI p. S3-S5, Fig. 

S6-S7 and S9-S11). In addition, high resolution mass spectroscopy also confirmed the structures 

(see SI, Fig. S8 and S12). Noteworthy, several compounds associating one pyrene and one 

terpyridine were reported in the literature: both moieties can be covalently connected (directly14 

or via an organic linker15) or linked in a non-covalent manner (for e. g. via coordination16 or other 

weak bonds in supramolecular assemblies17). Other compounds display non-equimolar pyrene-to-

terpyridine ratios such as structures with 3 pyrenes pods able to interact with graphene and one 

terpyridine-metal complex bringing optical properties.18 Conversely, tetra-substituted pyrenes 

were used as multifunctional cores bearing 2 or 4 terpyridines.19 The pyrene-tagged mono- and 

penta-terpyridines reported here clearly differ from the known related compounds. Indeed, 

compound 3 includes an original covalent flexible linker and, for 5, the multivalency is ensured 

by the cyclotriphosphazene (N3P3) moiety thus enabling to maintain the pyrene tag unsubstituted 

for optimized interactions with the graphene surface.  

Scheme 1: Synthetic route to pyrene-tagged ligands involving one (3) or five terpyridine (5) 

moieties. 

 

 

To assess the existence of interactions between the graphene surface and the pyrene moiety of 3 

and 5, fluorescence studies were carried out.20 A preliminary UV-vis spectroscopy study allowed 
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the determination of the wavelength of maximum absorbance (max) for 3 and 5 (342 nm and 343 

nm, respectively, for solutions at ~ 10-5 mol L-1 of each compound in 2-propanol (see SI, Fig. S13-

S14) in the absence of Co/C MNPs. Afterwards, the emission spectra of both compounds were 

recorded by irradiation at their respective max (Figure 2, blue curve). The emission spectra of 

pyrene-tagged terpyridines 3 and 5 displayed two sharp bands and two broader bands in the range 

of 360-500 nm assigned to the pyrene monomer (Figure 2, a and b respectively, blue curves). 

Aliquots of Co/C MNPs (1 mg) were next successively added to these homogeneous solutions. 

After each addition, the suspension was sonicated for 15 min, the MNPs removed by magnetic 

decantation and the supernatant analyzed by fluorescence spectroscopy. Each addition was found 

to induce an extinction of the emission intensity (Figure 2 a,b) corresponding to a decrease of the 

concentration of pyrene-tagged 3 or 5 in the supernatant. These results supported the existence of 

interactions between the graphene surface of the MNPs and the pyrene-tagged ligands of 3 and 5. 
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(a) Ligand 3 (b) Ligand 5 

  

Figure 2: Fluorescence emission spectra of pyrenes 3 (a) and 5 (b) in 2-propanol at 20 °C in the absence 

of Co/C-MNPs (10-5 mol L-1, blue curve on the top). After each addition of MNPs, the suspension was 

sonicated for 15 minutes at 20 °C, magnetically decanted and the emission spectra of the supernatant 

recorded and reported in these graphics (see details in Experimental Section). 

Next, the influence of the temperature on the efficiency of the π-stacking interactions was 

studied. First and as before, the fluorescence emission spectra of 3 or 5 were recorded (Figure 3 a 

and b respectively, blue curve). MNPs were then added and the mixtures sonicated for 15 minutes 

at 20 °C, then decanted with a magnet and the fluorescence spectrum of the supernatant recorded 

(Figure 3, red curves). As expected according to previous experiments (Figure 2), the intensity 

was found to decrease in both cases (Figure 3 a and b respectively, red curves). 
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 (a) Ligand 3 (b) Ligand 5 

  

Figure 3: Reversibility experiments: a solution of 3 (a) or 5 (b) (10-5 mol L-1, blue curve for reference 

emission spectra) and MNPs was sonicated for 15 minutes at 20 °C, magnetically decanted and the 

fluorescence spectrum of the supernatant recorded (red curve). The mixture (supernatant and MNPs) was 

then heated to 80 °C for 2.5 h, and the spectrum of the resulting supernatant analyzed (green curve). Both 

the supernatant and the MNPs were next gathered and the mixture sonicated at 20 °C for 2h, the 

concentration of 3 (a) or 5 (b) in the solution decreased (purple curve) (see details in Experimental Section). 

The supernatant and the MNPs were next gathered, the mixture heated up to 80 °C for 2.5 h, and 

the spectrum of the resulting supernatant analyzed (Figure 3 a and b respectively, green curves). 

The latter experiment indicated that the concentration of pyrenes 3 or 5 increased in accordance 

with a partial release of 3 and 5 from the surface of the MNPs at 80 °C. Upon cooling back to 20 

°C, the concentration of 3 and 5 in the solution decreased (Figure 3 a and b respectively, purple 

curves) suggesting the complete reversibility of the π-stacking interactions. The concentration of 

3 and 5 in solution are lower for purple curves than for red ones which suggests that the equilibrium 

was not attained after 15 minutes at 20 °C when recording red curves. 

Next the hybrid MNPs were prepared according to the procedure described (see SI, Fig. S1). 

Solutions of pyrene-tagged terpyridines 3 and 5 in 2-propanol were allowed to sonicate for 1h at 

20 °C in the presence of MNPs. After magnetic decantation, the supernatant containing pyrenes 

non-specifically bound to the surface was separated and the hybrid MNPs were washed 10 times. 

Wavelength (nm)

3

3 + 1 mg MNPs

after 2h30 at 80 °C

3 + 1 mg MNPs

3 + 1 mg MNPs

after 2h30 at 80 °C

and back to 20 °C

E
m

is
s
io

n
 i
n

te
n

s
it

y
(a

. 
u

.)

0

200

400

600

360 460 560

Wavelength (nm)

E
m

is
s

io
n

 i
n

te
n

s
it

y
(a

. 
u

.)

5

5 + 0.4 mg MNPs

after 2h30 at 80 °C

5 + 0.4 mg MNPs

5 + 0.4 mg MNPs

after 2h30 at 80 °C

and back to 20 °C

360 460 560

0

200

400

600



 13 

The hybrid MNPs were next analyzed by microanalysis and by comparison to the naked Co/C 

MNPs, the loading could be determined. For both 3 and 5 ligands, a loading of 0.03 mmol of 

pyrene tag per g of MNPs was found which is significantly lower than the one obtained in the case 

of phosphine ligands previously reported (0.1 and 0.15 for pyrene-tagged ligands bearing one or 5 

phosphines respectively8b). This lower loading may be rationalized by the absence of water known 

to favor attractive interactions between aromatic moieties and consequently stronger stacking 

behaviours.8d 

Next the catalytic activities of the Ru complexes involving 3 or 5 were evaluated in the transfer 

hydrogenation of nitrobenzene under the conditions previously reported by Beller and coll. 

(Figure 4).13a Therefore, the Ru precursor [{RuCl2(p-cymene)}2] and the ligand were first heated 

at 60 °C for 30 minutes before MNPs were added and the mixture sonicated for 30 minutes at 20 

°C. Next KOH and nitrostyrene were introduced and the reaction allowed to reflux for 15h, time 

necessary to observe full conversion in the case of both ligands. After cooling down to room 

temperature, the crude was sonicated for 30 minutes at 20 °C and magnetic decantation was 

achieved with the magnet. The MNPs were rinced twice with 2-propanol and the joined solutions 

analyzed. Both Ru complexes involving 3 and 5 yielded the expected aniline selectively in 

quantitative yield as confirmed by 1H NMR (using 1,3,5-trimethoxybenzene as the standard). To 

the dried MNPs, the nitrobenzene and 2-propanol were added to perform the 2nd run and the same 

procedure was applied for each run. While a decrease of the activity was observed from the 6th run 

in the case of terpyridine 3 (formation of expected aniline and also of diazobenzene, Fig. 4 

footnote), the catalytic system involving multivalent ligand 5 could be reused 8 times with no loss 

of activity. In the latter case, the supported system thus enabled to improve at least by eight the 

turnover number of the parent molecular catalyst (at least 160 instead of 20).  
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It is worthy to note that when the reaction was performed with 2,2′:6′,2′′-terpyridine instead 

of pyrene-tagged terpyridines 3 or 5, the catalytic system could not be recycled since the MNPs 

recovered by magnetic decantation displayed no catalytic activity. This suggested that the pyrene 

tag is required for the Ru-terpyridine complexes interact with the MNPs graphene surface. In the 

absence of Ru(II), a competitive interaction of terpyridines with the graphene surface can however 

not be excluded. Indeed, the extinction was observed after the addition of 2 mg of MNPs in the 

case of ligand 5 bearing 5 terpyridine moieties while 6 mg were necessary in the case of ligand 3 

(for a same initial concentration of pyrene tags, Figure 2). This might suggest a non-innocent role 

of the terpyridine moieties. However, such terpyridine-graphene interactions are unlikely to occur 

when the terpyridine ligands are complexed to Ru(II) for both electronic and steric reasons, well-

known Ru(II)-terpyridine complexes displaying an octahedral geometry.13b Indeed, the addition of 

MNPs on a solution of the Ru(II) complex prepared from dichloro(p-cymene)ruthenium(II) dimer) 

and 2,2′:6′,2′′-terpyridine in 2-propanol did not induce any decrease of the absorption intensity by 

UV-vis spectroscopy. Accordingly, previous studies focused on the interactions between pyrene-

tagged terpyridine-metal complexes and graphene did not report the existence of terpyridine-

graphene interaction.18b 

  

https://www.sigmaaldrich.com/catalog/product/aldrich/343706?lang=fr&region=FR
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With ligand 3[a] With ligand 5[b] 

  

Figure 4: Catalytic performances of Ru catalysts for the transfer hydrogenation of nitrobenzene into 

aniline [a] [RuCl2(p-cymene)]2 (0.0125 mmol), pyrene-tagged 3 (0.025 mmol), MNPs, KOH (0.075 mmol), 

PhNO2 (0.5 mmol), 2-propanol (10 mL). For the 6th run: 4% of azobenzene; for the 7th run: 17% of 

azobenzene and 15% of azoxybenzene; for the 8th run: 10% conversion of PhNO2. [b] [RuCl2(p-cymene)]2 

(0.0125 mmol), pyrene-tagged 5 (0.005 mmol), MNPs, KOH (0.075 mmol), PhNO2 (0.5 mmol), 2-propanol 

(10 mL). Yields were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as the standard. 

For recycling experiments: see general procedure in Experimental Section and SI p. 5. 

 

The Ru amount present in the crude obtained after magnetic decantation was measured by ICP-

MS at each of the 6 first runs. In the case of both ligands, the most important Ru leaching was 

observed for the first two runs (see SI, Table S1, entries 1-2). From the 3rd run, the amount of Ru 

leached was found to be low and stable (around 2-7 ppm in the case of 3, less than 4 ppm in the 

case of 5, see SI, Table S1). Noteworthy, the criteria for the final active pharmaceutical ingredients 

specify that the residual ruthenium has to be less than ten parts-per-million (< 10 ppm21). 

Therefore, the amines prepared met the requirements of the pharmaceutical industry from the third 
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run whatever the ligand. The Ru leaching detectable on the first runs may correspond to Ru not 

specifically bound to the MNPs.  

HRTEM, scanning transmission electron microscopy (STEM) and energy dispersive X-ray 

(EDX) spectra were recorded to get insight into the morphology of MNP functionalized by Ru 

complexes involving ligand 5. Before catalysis (Figure 5a), whatever the size of MNPs 

(commercial MNPs used are widely polydisperse by nature5-8), the magnetic cores (dark areas) 

were found to be surrounded by amorphous grey shells containing the characteristic elements of 

the Ru-5 complex (P, N, Ru, Cl, see SI Table S2b). Elemental mapping confirmed the main 

localization of atomic phosphorous, nitrogen and ruthenium around the cobalt magnetic cores (SI 

Table S3).  

After 5 catalytic cycles, no obvious change in the morphology of MNPs could be noticed with 

cobalt cores still being surrounded by organic shells (Figure 5b). EDX spectra still highlighted 

the presence of N, P and Ru while Cl could not be detected anymore which is consistent with the 

formation of the active Ru-H complex from KOH and 2-propanol from the first run (SI Table 

S4).13a  

Noteworthy, an analogous morphology was found for hybrid MNPs obtained from 3 before 

catalysis (SI, Table S2a). However, after 5 catalytic cycles (SI, Table S5), some agglomeration of 

MNPs could be highlighted which could contribute to explain the loss of activity observed from 

the 6th cycle when using the monomeric ligand 3 (Figure 4). 
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a) Before catalysis b) After catalysis (5 cycles) 

 

 
 

 

 

Figure 5: Hybrid MNPs obtained from 5 before catalysis (a) and after 5 cycles (b). 

 

Finally, recycling experiments were achieved by changing the nitroarene at each run (Figure 

6). As expected, the yields of anilines bearing different substituents (halide, electron-poor or 

electron donating) formed from 4-nitrotoluene, 4-chloronitrobenzene, 1-nitronaphtalene or 4-

methoxynitrobenzene were high and comparable to those obtained in the case of the parent 

molecular Ru-terpyridine complex (GC yields for each aniline: 92-96%13a). Noteworthy, the latter 

is one of the most active and selective homogeneous catalyst known to date for the transfer 

hydrogenation of nitroarenes using 2-propanol as a cheap, benign and easy-to-handle H-donor. To 

the best of our knowledge, related reported heterogeneous and homogeneous systems, in particular 

those based on 3d-non-noble metals, are mainly associated to hazardous hydrazine derivatives or 

expensive and waste-generating sodium borohydride.11b The reported methodology thus appears 

as complementary of existing ones. The anilines formed quantitatively can be easily isolated from 

the crude after a straightforward work-up including magnetic decantation, washings of the MNPs 

and evaporation of 2-propanol (see SI Figure S2).  
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Figure 6: Recycling tests by changing the nitroarene at each run (case of ligand 5) [a] 

[a] [RuCl2(p-cymene)]2 (0.0125 mmol), pyrene-tagged 5 (0.005 mmol), MNPs, KOH (0.075 mmol), ArNO2 

(0.5 mmol), 2-propanol (10 mL) for the first run and general procedure for recycling experiments (see 

Experimental section and SI p. S5). [b] Yields were determined by 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as the standard. For the fifth run, p-toluidine was directly isolated from the crude 

obtained after magnetic decantation of MNPs and evaporation of 2-propanol (90% isolated yield, see SI, 

Figure S2). 
 

CONCLUSION 

To conclude, two Ru complexes involving pyrene-tagged terpyridine ligands (either 

monovalent 3 or multivalent 5) active in nitroarene transfer hydrogenation could be successfully 

supported on MNPs through -stacking interactions. One main advantage of these systems is that 

the catalyst is free in refluxing 2-propanol where the H-transfer occurs thus allowing to reach the 

same activity than the parent molecular terpyridine-Ru catalyst. Besides, when back to room-

temperature, the interactions between the pyrene-tagged complexes and the MNPs are restored 

enabling the efficient recovery of the catalysts by simple magnetic decantation with a magnet. The 

catalyst involving the multivalent ligand 5 can be reused at least 8 times and the anilines prepared 

meet the requirements of the pharmaceutical industry in terms of Ru contaminants (< 10 ppm) 

from the third run. This system is compatible with an organic environmentally-friendly solvent, 

do not require chromatographic purification and displays a high activity upon recycling which 

corresponds to the main challenges that catch-and-release catalysts have generally still to face.9a 
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Besides, the occurrence of interactions between the pyrene-tagged catalyst and the surface of the 

MNPs are supported by a network of facts including (i) the fluorescence studies bringing 

qualitative information, (ii) the quantitative microanalyses achieved on hybrid MNPs involving 

ligands 3 or 5 after several washings, (iii) the HRTEM images showing an homogeneous 

repartition of the organic ligands around the MNPs, (iv) the fact that the complex formed by same 

Ru precursor with 2,2′:6′,2′′-terpyridine (without pyrene tag) could not be recovered with a magnet. 

In addition, the existence of reversible interactions between the pyrene tag and the surface of Co/C 

MNPs was assessed for the first time in non-aqueous medium which opens new prospects for the 

use of these MNPs as supports in various organic reactions. In addition, terpyridines being very 

widely used ligands,22 the systems reported here may find applications in many other catalytic 

reactions or even in other areas. Along these lines, further studies are currently underway in our 

laboratories. 
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