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Abstract: The valorisation of biomass-derived platform chemicals via catalytic hydrogenation is an
eco-friendly tool which allows us to recover bio-based building blocks and produce fine chemicals
with high industrial appeal. In the present study, a novel surfactant-type triazolyl-thioether ligand
was prepared, showing excellent catalytic activity in the presence of bis(1,5-cyclooctadiene)diiridium(I)
dichloride [Ir(COD)Cl]2 for the hydrogenation of furfural, cinnamaldehyde, levulinic acid,
5-hydroxymethylfurfural, vanillin, and citral. Easy recovery by liquid/liquid extraction allowed us
to recover the catalyst, which could then be efficiently recycled up to 11 times for the hydrogenation
of furfural. In-depth analysis revealed the formation of spherical structures with metal nanoparticles
as big as 2–6 nm surrounded by the anionic ligand, preventing iridium nanoparticle degradation.

Keywords: nanoparticles; iridium; recyclable; platform chemicals; click chemistry

1. Introduction

Since the advent of green chemistry, the never-ending research on eco-friendly and
sustainable approaches for the synthesis of valuable chemicals has generated an amazingly
number of innovative procedures and protocols. Despite the massive body of literature
available regarding efficient catalysts able to hydrogenate ketones or aldehydes [1–4], the
transformation of biomass derived carbonyl compounds into high-value chemicals via
environmentally safe solvents and mild reaction conditions are still actual, especially if
including the principles of green chemistry [5–8]. In this context, homogenous catalysts
generally offer high activity and selectivity with a wide substrate scope, but they are often
scantly recyclable [9–11]. On the contrary, heterogenous catalysts have the advantage of
being highly recyclable, but they generally lack in selectivity [12]. In fact, studies related to
the application of heterogenous catalysts are generally limited to a single substrate since
optimised conditions are not the same for different compounds. In the last decade, the use
of ligands employed to stabilise transition metal nanoparticles (MNPs) generated from
organometallic complexes emerged as a powerful tool combining the advantages derived
from homogenous and heterogenous catalysis [13–15].

As demonstrated by pioneering studies in this field, MNPs can combine high activity
and selectivity with efficient recycling of the catalyst as compared to molecular defined
catalysts. Polymers, surfactants, and phosphorus-, nitrogen-, or sulphur-donor ligands
or inorganic supports have been successfully employed to stabilise transition metals [16].
Several factors such as the shape, size, and distribution, deeply correlated to the prepara-
tion method, influence the reactivity of MNPs. Rare examples are present in the literature
regarding the use of IrNPs as efficient catalysts for the hydrogenation of carbonyl com-
pounds [16–18]. These reports deal with the use of pre-formed NPs usually synthetised in
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the presence of hydrogen atmosphere. However, the catalytic hydrogenation of carbonyl
compounds still requires hydrogen pressure to be efficient. In contrast, the in situ formation
of IrNPs is a well-known methodology that allows us to speed up the evaluation of new
catalytic systems, thus avoiding multistep and costly catalyst preparation and isolation.

In this scenario, the design of NPs as stabilisers is crucial, and an ideal candidate
should take advantage of cheap and commercially available reagents, benign solvents,
and fast work-up procedures. Click chemistry, a term coined by K.B. Sharpless in 2001 to
describe a novel concept of organic synthesis based on the use of a few simple high-yielding
reactions [19–21], has widely been demonstrated to be a versatile tool for ligand design
and catalyst synthesis.

Our research group has long been involved in the study of innovative sustainable
processes for fine chemistry and the manufacturing industry [22–24]. In this paper, the
synthesis of a novel class of triazolyl-thioether surfactant-type ligands is reported, with a
two-step strategy combining copper azide–alkyne cycloaddition (CuAAC) and thiol–ene
click reactions (Scheme 1a). Further, these ligands (L1–L6) were employed in combination
with bis(1,5-cyclooctadiene)diiridium(I) dichloride [Ir(COD)Cl]2 as a metal precursor for
the in situ preparation of IrNPs, employed in the hydrogenation of carbonyl compounds
(Scheme 1b). The recyclability of IrNPs was also assessed. To the best of our knowledge,
there are no previous data in the literature regarding the use of recyclable non-supported
IrNPs employed for the catalytic hydrogenation of biomass-derived substrates containing
carbonyl and/or unsaturated functional groups.
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2. Results and Discussion
2.1. Ligand Synthesis

Copper azide–alkyne cycloaddition (CuAAC) is based on the reaction between an
azide and alkyne in the presence of CuSO4·5H2O (or CuOAc) and sodium ascorbate as a
reductant to give 1,4-disubstituted-1,2,3-triazoles. The modularity of the reaction allows us
to easily tune the substituents while maintaining regioselectivity and high yields.

Similarly, the addition of a thiol to a C=C double bond, named thiol–ene addition,
is an attracting click reaction mainly used for the polymerisation of monomers but also
useful for the synthesis of small molecules [25–28].

With this in mind, a synthetic strategy was developed incorporating a double click
strategy. While the synthesis of vinyl triazoles was accomplished as reported by Takizawa
et al. (see Scheme S1 in the Supplementary Materials) [29], the method to synthetise the
thioether moiety was specifically devised (Scheme 1a). A base-catalysed reaction between
vinyltriazole (1) and hexanthiol (2), in the presence of triethylamine or sodium methoxide
as a catalyst, did not allow us to recover the desired ligand (L1). This behaviour is probably
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due to the nature of the vinylic bond of compound (1), which is not sufficiently electron-
poor to undergo nucleophilic attack by the thiolate. The most efficient procedure was found
to be radical addition, in the presence of AIBN as a radical initiator, in chloroform under
reflux for 2 h. With this methodology, two thiols with different aliphatic chain length were
used to give ligands L1–L2 in high yields (>90%, Scheme 1). Basic hydrolysis was carried
out by the addition of NaOH to obtain the corresponding acids L3–L4 or the sodium salts
L5–L6 (Scheme 1). All syntheses were carried out without the need for inert atmosphere,
and both intermediates and final ligands proved to be air stable. Characterisation by 1H,
13C NMR, ESI-MS spectrometry, and elemental analysis confirmed the structures of the
ligands synthetised.

2.2. Hydrogenation of Furfural

With a small library of ligands in hand, their catalytic potential in the presence of
[Ir(COD)Cl]2 was evaluated for hydrogenation reactions. Given the wide commercial avail-
ability of furfural (FUR) and its appeal as a platform chemical [30,31], the hydrogenation
of FUR to furfuryl alcohol (FA) was chosen as a model reaction for preliminary investi-
gations into the catalytic activity, selectivity, and recyclability of the [Ir(COD)Cl]2/L1–L6
systems (Table 1).

Table 1. Ligands and solvents screened for the hydrogenation of FUR to FA.
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a Reaction conditions: Furfural, 5.3 mmol; [Ir(COD)Cl]2, 0.1 mol% (5.3 × 10−3 mmol, 35 mg); Ligand L1–L6,
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First, experiments were carried out according to reaction conditions similar to those
generally adopted for the hydrogenation of carbonyl compounds [3,32,33]. Preliminarily,
the catalytic activity of [Ir(COD)Cl]2, in the absence of any ligand, was tested in the hydro-
genation of FUR. In fact, with a 0.1 mol% loading of [Ir(COD)Cl]2 in respect to FUR, at PH2
40 bar and 60 ◦C in a 1/1 vol/vol THF/H2O mixture, a mixture of FA/Tetrahydrofurfuryl
alcohol (THFA) was obtained in a 4/1 ratio within 18 h. These data indicated that although
[Ir(COD)Cl]2 had modest activity in the reaction conditions tested, low selectivity (Table 1,
entry 1) was observed and no recycling was achieved (Table 1, entry 2) due to the formation
of iridium black. Thus, a set of experiments was run to verify how the presence of the
ligands would influence the catalytic activity of [Ir(COD)Cl]2 (Table 1, entries 3–9).

The experimental data revealed that ligands L1–L4 (Table 1, entries 3–6) did not sig-
nificantly improve the catalytic activity of [Ir(COD)Cl]2, probably due to the low solubility
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of the ligands in THF/H2O; thus, different solvent mixtures were tested (Table S1), but
with no significant improvement. Furthermore, the presence of ester moieties strongly
inhibits the possibility for L1–L2 to promote the formation of surfactant-type structures
able to preserve IrNPs. In fact, our research group previously reported an investigation of
similar ligands and the effect on catalysis of the use of the Na salt [4,34]. As in this case,
the L was scantly effective while the L-Na species were very soluble and, consequently,
most active. As far as L3–L4 are concerned, possible interaction of the ligand via carboxylic
group coordination to [Ir(COD)Cl]2 may also be a possible explanation for the lower ac-
tivity in water. The performances of the catalytic systems formed by the combination of
[Ir(COD)Cl]2 with L1–L4 were lower than the activity of [Ir(COD)Cl]2 when no ligand
was used, suggesting that they were detrimental to the formation of IrNPs. In fact, TEM
analysis of particles recovered after running the reaction with L1–L4 ligands revealed that
iridium black particles were formed not surrounded by organic surfactants, similar to what
is reported in Figure S1. On the other hand, the use of ligands as water-soluble salts (L5
and L6), prepared by addition to the reaction mixture of 10 eq. of NaOH in respect to the
ligand, displayed good activity (Table 1, entries 7, 9), reaching yields in FA as high as 83%
with L5 (Table 1, entry 7).

These data are in agreement with the literature, since anionic ligands are known as
efficient water-soluble auxiliaries and may improve the water solubility of metallic species
with respect to neutral or cationic ligands [35].

These preliminary experiments showed that ligand L5 was the best-performing ligand,
even after separation and recycling of the catalyst phase (Table 1, entry 8). Me-THF (Table 1,
entry 10), cyclopentyl methyl ether (CPME, entry 11), and water (Table 1, entry 12) were
also tested, reaching lower yields in FA but with the advantage of higher sustainability of
the solvents employed.

Importantly, selective formation of FA occurred in all cases when L1–L6 were added,
while formation of the fully saturated THFA alcohol occurred (8%) only with [Ir(COD)Cl]2,
probably due to the formation of iridium black nanoparticles (Table 1, entry 1). In fact, the
reaction mixture recovered from this latter experiment was black, while under the best
conditions (Table 1, entries 7 and 8), the reaction mixture was clear yellow. Upon standing
at 4 ◦C for 24 h, however, some very fine and dark particles were also observed. This fact
suggested that the formation of iridium nanoparticles may also occur in the presence of the
ligand, and cooling down the temperature promoted the precipitation of the nanoparticles.

As pointed out by B. Chaudret et al. [36], it is not an easy matter to distinguish whether
nanoparticles or well-defined molecular catalysts are involved in the reaction mechanism
when solid or colloidal materials are detected after the reaction.

According to the literature, a key parameter which helps us to give a possible answer
to the arcane is the behaviour of the catalytic system at variable precursor/ligand molar
ratios [37]. It is not unusual that, unlike for molecular complexes, sub-stoichiometric
amounts of ligand may have a beneficial effect on the stabilisation of nanoparticles, rather
than stoichiometric or even higher quantities of ligand added [15,18,38]. Therefore, a study
on the [Ir(COD)Cl]2/L5 ratio was performed, and the relevant results are summarised
in Table 2. Furthermore, to optimise reaction conditions, several other parameters were
screened, such as time, temperature, hydrogen pressure, catalyst loading, and amount of
NaOH added.
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Table 2. Optimisation of the [Ir(COD)Cl]2/L5 system for the hydrogenation of FUR to FA.
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8 8 80 10 1:0.5 66
9 18 80 1 1:0.5 87
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When the [Ir(COD)Cl]2/L5 ratio was decreased by half at 60 ◦C and PH2 40 bar, yields
as high as 87% in FA were achieved (compare entry 7, Table 1 with entry 1, Table 2).

Screening different [Ir(COD)Cl]2/L5 ratios at higher temperature (80 ◦C) confirmed
that stochiometric or excess amounts of L5 were detrimental to the catalytic activity (com-
pare entries 2–4, Table 2). On the contrary, the catalytic system performed better when
the ligand was present in quantities of ≤0.5 equivalents (entries 5–6, Table 2), reaching
highest yields in FA (95%) with a [Ir(COD)Cl]2/L5 molar ratio of 0.5. Interestingly, a
reaction carried out under the best conditions but with 0.05 mol% [Ir(COD)Cl]2 loading
gave equally good yields in FA: 95 and 84%, respectively (compare entries 5 and 7, Table 2).

The influence of the amount of NaOH in respect to L5 was then verified. Interestingly,
it was found that 2 eq. of base was enough to promote catalyst activity (Table 2, entry 10),
while large excess led to slightly lower efficiency (Table 2, entry 11).

The best reaction conditions for the hydrogenation of FUR to FA were found to be
80 ◦C with PH2 of 40 bar and a FUR/[Ir(COD)Cl]2/L5/NaOH molar ratio of 1.0/0.1/0.1/0.2,
in a 1/1 vol/vol THF/H2O solvent mixture, reaching yields in FA of 95% in 18 h with
total selectivity.

The recyclability of the catalytic system was further investigated. The catalytic mix-
tures of entries 1–6 and 9–11 recovered after a first catalytic cycle were recovered and
recycled (Figure 1).

The data clearly show that both the base concentration and metal/ligand ratio affect
the outcome of the recycling experiment. Excess base was undoubtedly beneficial in terms
of recyclability (Figure 1a, entries 1–5 and 10–11). This is due to the role of the base,
solubilising ligand L5 into the aqueous media. On the contrary, when only one equivalent
of NaOH with respect to L5 was added, the recycled catalytic phase dropped at 12% of FA
yield (Figure 1a, entry 9). Furthermore, when a metal-to-ligand ratio of <1:0.5 was used,
lower activity and poorer recycling capability were observed (Figure 1a, entry 6). On the
contrary, stoichiometric or excess L5 was demonstrated to preserve catalytic activity after
recycling (Figure 1a).
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Figure 1. (a) Yield of entries 1–6 and their first recycling. Entries refer to Table 2. (b) Recycling
experiments of FUR hydrogenation in the presence of a FUR/[Ir(COD)Cl]2/L5/NaOH ratio of
1.0/0.1/0.1/0.2 mol/mol at 80 ◦C, PH2 40 bar, for 18 h; solvent: THF/H2O (3 mL/3 mL).

Under optimised conditions, the catalyst proved to be very active, selective, and
recyclable (see Figure 1b). In fact, recovery and reuse of the water phase containing the
active catalyst showed no loss in activity for up to six recycles. Activity significantly
dropped only after 10 recycling experiments.

When the active phase was recovered via liquid/liquid extraction, leaching of the
catalyst in the organic phase was evaluated by ICP-MS analysis, revealing that leaching of
the catalyst was limited to a maximum of 0.3%. This confirmed that the catalytic system
was well confined into the aqueous phase, in accordance with its long-lasting recyclability.

2.3. Characterisation of IrNPs

The data reported above clearly highlight that the catalytic mechanism
of [Ir(COD)Cl]2/L5 was not in line with classical homogeneous hydrogenation. The results
achieved with FUR seem to indicate that the reactions may proceed via L5-stabilised MNPs.

The most important parameters affecting the reactivity of MNPs are known to be
their size, shape, and distribution. Hence, TEM analysis was performed to further gain
insight into the catalyst’s nature. Iridium nanoparticles recovered after catalysis (Figure 2a)
revealed sizes within the range of 2–6 nm.
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(b) Size distribution of nanoparticles.

Most of the particles showed a size distribution within the range of 2–3.5 nm, as
reported in Figure 2b. The dimensions of the active particles are similar to those of other
types of MNPs reported in the literature for catalytic hydrogenation reactions [17,35,38,39].
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The MNPs shown by TEM analysis were clustered in spherical profiles, and an organic
frame surrounding the metal species was visible. Driven by these indications, SEM analysis
was performed, from which it was possible to observe spherical aggregates (Figure 3a)
with dimensions within the range of 100 to 350 nm (Figure 3b).
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Figure 3. (a) SEM analysis of iridium nanoparticles recovered after entry 11, Table 2; (b) Size
distribution of micellar structures; (c) DLS analysis at 654 nm.

It is important to point out that all iridium nanoparticles were confined within the
spherical surfactant structures, as observed by delay light scattering analysis (DLS), ac-
quired at 654 nm, which showed only aggregates from 600 nm up to 800 nm and no traces
of smaller aggregates (Figure 3c). Aggregates were found to be bigger with respect to SEM
analysis because of the acquisition modality in solution, which is known to give higher
values [40].

These data clearly confirmed that L5 works as a surfactant-type ligand. It should be
mentioned that, despite L5 displaying the best catalytic performances in combination with
[Ir(COD)Cl]2 when other ligands where employed, FA was in any case recovered but in
variable, generally lower yields.

Analogous conclusions may be inferred for the ligand-to-metal molar ratio. Some rep-
resentative TEM and SEM images acquired at different L/Ir ratios show that at L/Ir < 0.5,
the formation of spherical structures surrounding the metal nanoparticles was not well
defined (see Supplementary Materials, Figures S1–S2). On the contrary, at L/Ir > 0.5, the
overabundant presence of the organic framework seemed to prevent metal nanoparticles
from interacting with the substrate (see Supplementary Materials, Figures S3–S4).

Summing up, ligand L5 possesses the right properties in terms of chain lengths and
hydrophobic/hydrophilic balance to form stable surfactant-type structures. This was
confirmed by DLS, TEM, and SEM analysis performed on L6, which demonstrated the
absence of surfactant-type structures (see Figure S5).

The mechanism by which the substrate interacts with the NPs is thought to be de-
pendent on the presence of hydrides on the surface of iridium nanoparticles, as similarly
demonstrated by B. Chaudret and co-workers by NMR experiments based on H/D ex-
change reactions [16,41]. A schematic representation of the possible catalytic system is
presented in Figure 4.
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However, it is worth mentioning that further studies are currently in progress to
gain deeper insights into the IrNP stabilisation mechanism. In particular, more in-depth
analyses supporting the formation of IrNPs and their identification as active species when
combined with L5 are necessary and will be the object of future studies.

2.4. Hydrogenation of Biomass-Derived Platform Chenicals

A biomass-derived platform chemical is an intermediate molecule that is produced
from biomass at a competitive cost and can be transformed into a number of valuable
intermediates, preferably in a large-scale process [42,43].

Included in this class of compounds are cinnamaldehyde (CIN), levulinic acid (LA),
5-hydroxymethylfurfural (HMF), vanillin (VAN), and citral, which were taken into account
herein to further explore the scope of the new catalytic system formed by [Ir(COD)Cl]2
and L5.

Notably, CIN was selectively converted to cinnamyl alcohol (CA) in relatively mild
conditions, i.e., 40 ◦C and 40 bar (Table 3, entry 2). This high selectivity reached by metal
nanoparticles is rare according to the literature [37]. Furthermore, this result confirmed
that IrNPs performed better than other recently reported catalytic systems, as 10 times
lower catalyst loading was required in our case (0.1 mol% vs. 1 mol%).

Optimised reaction conditions were also used for the conversion of LA to γ-valerolactone
(GVL). At 80 ◦C and 40 bar, LA was fully reduced to GVL with almost complete selectivity
(Table 3, entry 3). Recycling of the active catalyst led to satisfying activity of the aqueous
phase with minimal activity retention.

Reduction of 5-HMF leads to the production of the corresponding
2,5-bis(hydroxymethyl)furan diol (BHMF), used for the production of polymers, addi-
tives, bioactive compounds, and fuels [44,45]. Unfortunately, under the best reaction
conditions optimised for FUR, yields in BHMF did not reach above 58% (Table 3, entry 4).
This result is probably due to the formation of humins, since a brown precipitate was
observed after the reaction. Humins are polymeric materials that are often formed when
HMF is treated at a high temperature [46,47].
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Table 3. Hydrogenation of biomass-derived carbonyl compounds.
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Hydrogenation via the [Ir(COD)Cl]2/L5 catalytic system allowed us to obtain VA with
excellent yields (up to 88%) and recycle the aqueous phase with no loss in activity (Table 3,
entry 5).

A further challenging substrate is citral, a mixture of geranial (trans isomer) and neral
(cis isomer) that is mainly derived by distillation from lemongrass oil and commonly used
as a flavouring agent. Due to the presence of a C=O and two C=C bonds, selectivity to the
α,β–unsaturated product (a mixture of nerol and geraniol) is hard to achieve. In fact, most
of the procedures reported in the literature make use of heterogenous catalysts, leading to
poor yields of the unsaturated alcohol [48]. In our case, 75% yield of a 50/50 mixture of
nerol and geraniol was achieved at 40 bar and 80 ◦C (Table 3, entry 6).

3. Materials and Methods
3.1. Materials

Commercial solvents (Aldrich, St. Louis, MO, USA) were purified as described in
the literature [49]. Ethyl 5-bromovalerate, 3-butyn-1-ol, and 1-hexanthiol were purchased
from Aldrich. Azobisisobutyronitrile (AIBN) was purchased from Acros organics (Geel,
Belgium). Ethyl-5-azidopentanoate, ethyl-7-azidoeptanoate, and 5-(4-vinyl-1H-1,2,3-triazol-
1-yl)pentanoate were prepared according to procedures reported in the literature [29].

3.2. Instrumentation
1H and 13C {1H} NMR spectra were recorded on a Bruker AVANCE 300 spectrometer

(Billerica, MA, USA) operating at 300.21 and 75.44 MHz, respectively. The chemical shift
values of the spectra are reported in δ units with reference to the residual solvent signal.
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The proton assignments were performed by standard chemical shift correlations, as well as
by 1H 2D COSY experiments.

ESI-MS analyses were performed using a Finnigan LCQ-Duo ion-trap instrument
(Thermo Fisher, Waltham, MA, USA), operating in positive ion mode (sheath gas N2, source
voltage 4.0 KV, capillary voltage 21 V, capillary temperature 200 ◦C). All mass spectra were
recorded on freshly prepared solutions.

Elemental analyses (C, H, N, S) were carried out using an Elementar Unicube micro-
analyser (Langenselbold, Germany). ICP-MS analyses were performed using an Agilent
7500a-Series instrument (Santa Clara, GA, USA).

The morphology was examined via Field Emission Electron Scanning Microscopy
(FE-SEM) using a ZEISS LEO 1525 (Oberkochen, Germany). The samples were prepared
by drying one drop of solution from the crude reaction mixture on silicon and observed
by an inlens detector at 15 kV. The samples were observed without metallisation. TEM
images were obtained using a Philips 208 Transmission Electron Microscope (Amsterdam,
Netherlands). The samples were prepared by putting one drop of solution from the crude
reaction mixture onto a copper grid pre-coated with a Formvar film and dried in air.

A Nicomp 380 ZLS photocorrelator (PSS, Santa Barbara, CA, USA) equipped with
a 35 mW He/Ne laser (λ = 654nm) and an Avalanche photodiode detector was used to
determine the size distribution. All data reported are the mean values achieved for a set of
at least three experiments.

3.3. Generic Procedure for Catalytic Hydrogenation

Hydrogenation reactions were performed in a 50 mL glass reactor equipped with a
magnetic stirring bar and a septum purged with N2. [Ir(η4-COD)Cl]2, the ligand, solvents,
dodecane, and reagents were added in this order to the glass reactor under a stream of
N2 and stirred for 10 min until a yellow homogenous solution was obtained. Ligands
L5–L6 were previously mixed with an aqueous solution of NaOH at known concentration
before being added to the reaction mixture. The glass reactor was then transferred into a
pre-purged 150 mL stainless steel autoclave, which was then sealed. The autoclave was
purged with 3 cycles of N2 followed by 3 cycles of H2, pressurised with hydrogen to the
desired pressure, and then heated to the desired temperature. After the required time,
the autoclave was cooled to room temperature and depressurised, and the glass reactor
was carefully removed. Afterwards, the extracting solvent was added, and the organic
phase was separated, dried over anhydrous MgSO4, and filtered. A sample was taken and
analysed by GC. The water phase was briefly concentrated under vacuo to remove residual
THF and then reused for recycling experiments.

3.4. Ligand Synthesis
3.4.1. Synthesis of Ethyl 5-(4-(2-(hexylthio)ethyl)-1H-1,2,3-triazol-1-yl)pentanoate (L1)

Ethyl 4-(4-vinyl-1H-1,2,3-triazol-1-yl)butanoate (1) (1.82 g, 8.14 mmol),1-hexanthiol (1.38
mL, 9.76 mmol), and AIBN (0.67 g, 4.07 mmol) were dissolved in chloroform (25 mL) and
refluxed. The reaction was monitored by 1H NMR. After 2 h, complete conversion of (1)
was observed and the reaction was stopped. The crude mixture was then purified by flash
chromatography (hexane/EtOAc 7:3) to yield L1 as a yellow oil (92% yield).

EA calcd for C17H31O2N3S: C(59.79) H(9.15) N(12.30) S(9.39); found: C(59.21) H(9.54)
N(12.66) S(9.57).
1H NMR (300 MHz, CDCl3) δ (ppm) = 7.40 (s, 1H), 4.36 (t, J = 7.1 Hz, 2H), 4.15 (q, J = 7.1 Hz,
2H), 3.02 (t, J = 7.4 Hz, 2H), 2.86 (t, J = 7.4 Hz, 2H), 2.55 (t, J = 7.4 Hz, 2H), 2.36 (t, J = 7.2 Hz,
2H), 1.96 (m, 2H), 1.77–1.50 (m, 4H), 1.48–1.05 (m, 11H), 0.91 (t, J = 6.6 Hz, 3H).

13C NMR (300 MHz, CDCl3) δ (ppm) = 172.9, 146.4, 121.1, 60.5, 49.8, 33.4, 32.2, 31.7,
31.4, 29.6, 28.6, 26.3, 22.5, 22.5, 21.8, 14.2, 14.0.

HRMS (ESI) calcd for C17H31O2N3S [M+H]+: 341.21371 found: 341.21354.
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3.4.2. Synthesis of Ethyl 5-(4-(2-(hexylthio)ethyl)-1H-1,2,3-triazol-1-yl)hexanoate (L2)

L2 was synthetised via the same procedure as above and obtained as a pale yellow oil
(91% yield).

EA calcd for C19H35O2N3S: C(61.75) H(9.55) N(11.37) S(8.67); found: C(60.82) H(9.04)
N(12.46) S(9.01).
1H NMR (300 MHz, CDCl3) δ (ppm) = 7.37 (s, 1H), 4.44 (t, J = 7.1 Hz, 2H), 4.13 (q, J = 7.1 Hz,
2H), 3.00 (t, J = 7.4 Hz, 2H), 2.83 (t, J = 7.4 Hz, 2H), 2.52 (t, J = 7.4 Hz, 2H), 2.34 (t, J = 7.2 Hz,
2H), 1.95 (m, 2H), 1.65 (m, 4H), 1.25 (m, 13H), 0.88 (t, J = 6.6 Hz, 3H).
13C NMR (300 MHz, CDCl3) δ (ppm) = 172.8, 145.9, 120.3, 60.3, 50.8, 41.9, 32.4, 31.2, 30.9,
30.4, 29.4, 28.3, 26.7, 23.3, 22.9, 21.7, 14.6, 14.3.

HRMS (ESI) calcd for C19H35O2N3S [M+H]+: 369.2451 found: 369.2342.

3.4.3. Synthesis of 5-(4-(2-(hexylthio)ethyl)-1H-1,2,3-triazol-1-yl)pentanoic Acid (L3)

L1 (0.90 g, 2.67 mmol) was dissolved in EtOH (6 mL), a solution of NaOH (0.20 g,
5 mmol) and H2O (4 mL) was added, and the mixture was gently stirred for 16 h at room
temperature. At the end of this period, the EtOH was removed under vacuo and the
aqueous layer was diluted with HCl 1 M (25 mL) and extracted with CH2Cl2 (15 mL × 3).
The organic fractions were dried over MgSO4, filtered, and concentrated to yield L3 as a
white solid (87% overall yield).

EA calcd for C15H26O2N3S: C(57.66) H(8.39) N(13.45) S(10.26); found: C(57.11) H(8.54)
N(13.54) S(10.56).
1H NMR (300 MHz, CDCl3) δ (ppm) 10.51 (bs, 1H), 7.43 (s, 1H), 4.34 (t, J = 7.0 Hz, 2H), 2.99
(t, J = 7.2 Hz, 2H), 2.81 (s, 2H), 2.50 (t, J = 7.4 Hz, 2H), 2.38 (t, J = 7.2 Hz, 2H), 2.05–1.87 (m,
2H), 1.60 (m, 4H), 1.43–1.18 (m, 9H), 0.85 (t, J = 6.7 Hz, 3H).
13C NMR (300 MHz, CDCl3) δ (ppm) = 178.4, 130.7, 121.9, 52.1, 33.4, 32.2, 31.7, 31.4, 29.6,
28.6, 26.3, 22.5, 22.5, 21.8, 14.2.

HRMS (ESI) calcd for C15H26O2N3S [M+H]+: 312.17458 found: 312.17323.

3.4.4. Synthesis of 5-(4-(2-(hexylthio)ethyl)-1H-1,2,3-triazol-1-yl)hexanoicanoic Acid (L4)

L4 was synthetised via the same procedure as above and obtained as a white solid
(89% yield).

EA calcd for C18H33O2N3S: C(60.81) H(9.36) N(11.82) S(9.02); found: C(60.17) H(9.01)
N(12.14) S(9.86).
1H NMR (300 MHz, CDCl3) δ (ppm) 10.01 (bs, 1H), 7.37 (s, 1H), 4.44 (t, J = 7.0 Hz, 2H), 3.00
(t, J = 7.2 Hz, 2H), 2.83 (s, 2H), 2.52 (t, J = 7.4 Hz, 2H), 2.34 (t, J = 7.2 Hz, 2H), 1.95 (m, 2H),
1.65 (m, 4H), 1.25 (m, 13H), 0.88 (t, J = 6.7 Hz, 3H).
13C NMR (300 MHz, CDCl3) δ (ppm) = 173.4, 146.9, 121.5, 60.9, 50.4, 33.9, 32.7, 32.1, 30.1,
29.6, 29.3, 26.8, 26.3, 23.1, 22.3, 14.7.8, 14.5.

HRMS (ESI) calcd for C18H33O2N3S [M+H]+: 355.2293 found: 355.2343.

3.4.5. Synthesis of Sodium 5-(4-(2-(hexylthio)ethyl)-1H-1,2,3-triazol-1-yl)pentanoate (L5)

An aqueous solution of NaOH 1M (10 mL) was added to a round-bottom flask con-
taining carboxyl ligand L3 (L3/NaOH = 1:1) The heterogenous mixture was vigorously
stirred for 2 h until a homogenous colourless solution was obtained. Evaporating the water
under vacuo allowed us to then obtain L5 as a white solid (86% overall yield).

EA calcd for C15H25O2N3SNa: C(53.87) H(7.53) N(12.56) S(9.59); found: C(54.11)
H(7.34) N(13.12) S(9.78).
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(300 MHz, CDCl3) δ (ppm) 10.51 (bs, 1H), 7.43 (s, 1H), 4.34 (t, J = 7.0 Hz, 2H), 2.99 (t,
J = 7.2 Hz, 2H), 2.81 (s, 2H), 2.50 (t, J = 7.4 Hz, 2H), 2.38 (t, J = 7.2 Hz, 2H), 2.05–1.87 (m,
2H), 1.60 (m, 4H), 1.43–1.18 (m, 9H), 0.85 (t, J = 6.7 Hz, 3H).

HRMS (ESI) calcd for C15H26O2N3S [M+H]+: 312.17458 found: 312.17323.

3.4.6. Synthesis of Sodium 5-(4-(2-(hexylthio)ethyl)-1H-1,2,3-triazol-1-yl)pentanoate (L6)

L6 was synthetised via the same procedure as above and obtained as a colourless
liquid (88% overall yield).

EA calcd for C18H32O2N3SNa: C(60.81) H(9.36) N(11.82) S(9.02); found: C(60.17)
H(9.01) N(12.14) S(9.86).
1H NMR (300 MHz, D2O) δ (ppm) 7.33 (s, 1H), 4.26 (t, J = 7.0 Hz, 2H), 3.24 (t, J = 7.2 Hz,
2H), 2.87 (s, 2H), 2.51 (t, J = 7.4 Hz, 2H), 2.33 (t, J = 7.2 Hz, 2H), 1.97 (m, 2H), 1.61 (m, 4H),
1.24 (m, 13H), 0.4 (t, J = 6.7 Hz, 3H).

HRMS (ESI) calcd for C18H33O2N3SNa [M+H]+: 377.2113; found: 377.2578.

3.5. Product Characterisation

Furfuryl alcohol [44]. Pale yellow oil. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 7.36 (m, 1H),
6.31 (m, 1H), 6.24 (d, J = 3.6 Hz, 1H), 4.52 (s, 2H), 3.07 (bs, 1H). 13C-NMR (400 MHz, CDCl3)
δ (ppm) = 154.1, 142.4, 110.3, 107.7, 57.1.

Cinnamyl alcohol [32]. Pale yellow oil. 1H-NMR (300 MHz, CDCl3):
δ (ppm) = 7.41–7.22 (m, 5H), 6.62 (d, 1H), 6.37 (m, 1H), 4.33 (m, 2H), 1.49 ppm (br s, 1H);
13C-NMR (75 MHz, CDCl3): δ (ppm) = 136.7, 131.1, 128.6, 128.6, 127.7, 126.5, 63.7.

γ-valerolactone [50]. Colourless oil. 1H-NMR (300 MHz, CDCl3): δ (ppm) = 4.64 (m,
1H), 2.53 (m, 2H), 2.36 (m, 1H), 1.81 (m, 1H), 1.47 (m, 3H). 13C-NMR (75 MHz, CDCl3):
δ (ppm) = 177.2, 77.6, 29.8, 28.9, 20.9.

2,5-Di(hydroxymethyl)furan [44]. White solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) =
6.19 (s, 2H), 5.19 (bs, 2H), 4.36 (s, 1H). 13C-NMR (300 MHz, DMSO-d6) δ (ppm) = 154.7,
107.5, 55.8.
Vanillyl alcohol [51]. White solid. 1H-NMR (300 MHz, DMSO-d6) δ (ppm) = 6.86 (br d,
J = 1.3 Hz, 1H), 6.73–6.65 (m, 2H), 4.42 (s, 2H), 3.75 ppm (s, 3H). 13C-NMR (300 MHz,
DMSO-d6) δ (ppm) = 148.0, 146.5, 133.1, 119.6, 115.4, 111.5, 63.3, 56.0 ppm.

Nerol [52]. Colourless oil. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 5.44 (t, J = 7 Hz, 2H),
5.05 (m, 1H), 4.09 (dd, J = 0.8, 7.1 Hz, 2H), 1.71 (s, 3H), 1.70 (s, 3H), 1.64 (s, 3H). 13C-NMR
(300 MHz, CDCl3) δ (ppm) = 139.9, 132.4, 124.7, 123.8, 58.9, 31.9, 26.5, 25.6, 23.4, 17.6.

Geraniol [53]. Colourless oil. 1H-NMR (300 MHz, CDCl3) δ (ppm) = 5.45–5.50 (m, 1 H),
5.05–5.15 (m, 1 H), 4.07–4.20 (m, 2 H), 2.00–2.15 (m, 4 H), 1.61–1.69 (m, 9 H). 13C-NMR
(300 MHz, CDCl3) δ (ppm) = 139.6, 131.5, 124.5, 123.8, 58.9, 39.5, 26.3, 25.7, 17.9, 16.3.

4. Conclusions

In summary, a robust and innovative catalytic system was successfully employed for
the hydrogenation of biomass-derived carbonyl compounds. The small library of novel
ligands synthesised by means of click chemistry was revealed to be versatile, easy to recover,
and highly efficient in stabilising iridium nanoparticles. In fact, in-depth SEM, TEM, and
DLS analyses confirmed that L5 was able to preserve nanoparticles via a surfactant-type
assembly in aqueous media as large as 100–300 nm. It is noteworthy that the nanoparticles
were found to be very active towards the hydrogenation of carbonyl compounds, with
a focus on platform chemicals derived from biomass. Furthermore, the active species
were stable enough to be recycled via an easy liquid/liquid extraction, thus maintaining
catalytic activity for several runs. The new method developed herein provided alcohols
with high yields and selectivity, representing a promising alternative for the valorisation
of biomass-derived platform chemicals. Further studies are currently ongoing to gain
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deeper insights regarding the identification and characterisation of active species by more
in-depth analysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11080914/s1, Figure S1: TEM (left) and SEM (right) of [Ir(COD)Cl]2 with no surfactant
ligand added, Figure S2: TEM (left) and SEM (right) of [Ir(COD)Cl]2/L5 1:0.25, Figure S3: TEM (left)
and SEM (right) of [Ir(COD)Cl]2/L5 1:0.75, Figure S4: TEM (left) and SEM (right) of [Ir(COD)Cl]2/L5
1:1, Figure S5: TEM (left) and SEM (right) of [Ir(COD)Cl]2/L6 1:0.5, Table S1: Ligands and solvent
screening for the hydrogenation of FUR to FA.
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