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Abstract: Nay[Ir(cod)(emim)(mtppts)] (1) with high catalytic activity in various organic- and aqueous-
phase hydrogenation reactions was immobilized on several types of commercially available ion-
exchange supports. The resulting heterogeneous catalyst was investigated in batch reactions and in
an H-Cube flow reactor in the hydrogenation of phenylacetylene, diphenylacetylene, 1-hexyne, and
benzylideneacetone. Under proper conditions, the catalyst was highly selective in the hydrogenation
of alkynes to alkenes, and demonstrated excellent selectivity in C=C over C=O hydrogenation;
furthermore, it displayed remarkable stability. Activity of 1 in hydrogenation of levulinic acid to
y-valerolactone was also assessed.
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1. Introduction

In 2013, the production of 25% of pharmaceutical drugs on the market required
at least one hydrogenation step [1]. Hydrogenation catalysts with outstanding activity,
selectivity, and durability are continuously in demand. Flow chemistry has several benefits
for catalytic hydrogenations such as increased safety, improved selectivity, high yields,
precise temperature and pressure control, and reduced solvent volumes [2—4].

Homogeneous hydrogenation catalysts are extremely versatile, remarkably selective,
and active even under mild conditions [5-7]. However, despite their many advantages,
only a limited number of homogeneous catalysts have been successfully commercialized.
This is mostly due to the fact that separation of the catalysts from the products poses
obvious difficulties in the case of soluble catalysts. For this reason, there has been a renewal
of activity in the research of recyclable and robust heterogenized catalysts [8].

Iridium complexes have played the most important role in homogeneous transition
metal catalysis [9,10]. They can be used for a large variety of important reactions such
as hydrogenation [11-20], hydrosilylation [21], isomerizations [22], isotope exchange [23],
carbonylation [24], and biomass conversion reactions, to name a few. Notable examples of
industrial applications of iridium-based homogeneous catalysts include the Cativa process
for methanol carbonylation [24], and the production of metolachlor by enantioselective
imine hydrogenation [25].

Fewer studies have appeared regarding the heterogenization of iridium complexes [26,27]
to obtain reusable catalysts despite iridium being an expensive metal and a relatively rare
element on Earth. Clearly, the synthesis and catalytic investigation of immobilized iridium
complexes is a relevant and important task. In addition, chemical hydrogen storage is also
an environmentally important research topic. Several types of iridium-catalyzed hydrogen
storage reactions are known in the literature [28-40], however, only a few heterogeneously
catalyzed, iridium-based hydrogen storage systems have been described recently [41-43].
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One of the possibilities of heterogenization of a soluble metal complex with ionic
charge is its reaction with a solid ion-exchanger, as demonstrated by Haag and Whitehurst
in their pioneering studies [44]. The support, which may be an inorganic or organic, natural
or synthetic material [45-47], may have a large influence on the catalytic properties of the
heterogenized metal complex.

Here, we report on the immobilization of the highly active hydrogenation catalyst,
Nay[Ir(cod)(emim)(mtppts)], 1 (Scheme 1), (cod = 1,5-cyclooctadiene, emim = 1-ethyl-3-
methylimidazol-2-ylidene, mtppts = meta-trisulfonated triphenylphosphine) on commer-
cially available anion-exchange type supports and investigate the stability and catalytic
activity of the resulting heterogenized catalysts in simple, organic-phase hydrogenation
reactions of alkynes, benzylideneacetone (4-phenyl-but-3-en-2-on), and levulinic acid (4-
oxopentanoic acid).

NaO,S

Scheme 1. Ir(cod)(emim)(mtppts)], 1, catalyst used in this study.

2. Results and Discussion
2.1. Heterogenization of Nay[Ir(cod)(emim)(mtppts)] (1) and Leaching Tests

The immobilization of 1 was performed on six different types of commercially avail-
able solid ion-exchanger supports. Molselect DEAE-25 and DEAE-Cellulose are crys-
talline dextrane- and cellulose-based anionites, respectively, functionalized with diethy-
laminoethyl functional groups. Relisorb QA405/EB has a polymethacrylic matrix, while
DIAION HPA25, Amberlite IRA 900, and Lewatit MonoPlus MP 500 are polystyrene-
divinylbenzene-based anionites. All four ion exchange resins carry quaternary ammonium
functional groups. Macroporous resins have a high effective surface area, and form more
rigid beads, making them more resilient under various conditions [47].

All six of the selected anionites were found suitable for anchoring the iridium complex,
but there was a significant difference in the individual durations of the immobilization
processes, and the stability of the resulting catalysts under acidic and basic conditions.
The description of the ion-exchangers and relevant data of immobilization and leaching
tests are displayed in Table 1. Figure 1 shows the decrease in time of the absorbance of the
Najy[Ir(cod)(emim)(mtppts)] solution over Lewatit MonoPlus MP 500.

Immobilization measurements showed that the cellulose- and dextrane-based anion-
ites immobilized the complex very rapidly. However, the resulting heterogenized catalysts
performed weakly in the leaching tests, probably due to their tertiary amine functional
groups, which are generally less stable under varying pH conditions. Conversely, the
synthetic polymer-based supports, especially those with a crosslinked polystyrene matrix,
immobilized the complex less readily, but still successfully. Satisfyingly, the macroporous
Lewatit MonoPlus MP 500 ion-exchange resin-supported catalyst showed remarkable
stability under acidic and basic conditions, with only 1% leaching of the complex in 0.1 M
H3POy solution and 4% leaching in 0.1 M NazPOj,. The macroreticular Amberlite IRA 900
also performed well in the tests, only slightly falling behind Lewatit MonoPlus MP 500.
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Table 1. Heterogenization of Nay[Ir(cod)(emim)(mtppts)] (1) on different types of anion exchangers and results of acid-base

leaching test.

Leaching ® (%)

A fs

Type of Support Name Time * (min) 0.1 M H5PO, 0.1 M Na;PO,
Cellulose DEAE-Cellulose 4 36 45
Dextrane Molselect DEAE-25 4 15 27

Polymethacrylate Relisorb QA405/EB 8 16 23
PS/DVB DIAION HPA25 12 4 8
PS/DVB Amberlite IRA-900 20 5 4
PS/DVB Lewatit h/éc())r(;ol’lus MP 3 1 4

2 Time for complete anchoring, ® Room temperature, 1 h.
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Figure 1. Spectrophotometric study of the immobilization of Na;[Ir(cod)(emim)(mtppts)] (1) on Lewatit MonoPlus MP 500
in 0.01 M HCl solution. T = r.t.,, m(complex) = 1.5 mg, m(resin) = 50 mg, V(0.01 M HCI) = 1 mL, t;y,; = 32 min. Spectra:
0—complex; 1—complex + resin, immediately after mixing; 2-9—taken every 4 min.

Nay[Ir(cod)(emim)(mtppts)|@Lewatit MonoPlus MP 500 (1@Lewatit) has the physical
appearance of red beads due to the deposition of red Najy[Ir(cod)(emim)(mtppts)] onto the
translucent yellow ion-exchange resin (Figure S1). Figure S2 shows the infrared spectra of
1@Lewatit (a) and that of the resin itself (b). The strong absorption of the sulfonate group
at 1034 cm ™! clearly shows the presence of the Ir-complex bound to the resin.

2.2. Reaction of 1@Lewatit with Hydrogen

Keeping the solid Najy[Ir(cod)(emim)(mtppts)] complex in an H, atmosphere of 1 bar
pressure at room temperature caused a slow color change from red to yellow, and the
increase of the absorbance at 2249 cm~! characteristic for Ir-H terminal hydride complexes
(see Figure S3). All these spectral changes agree well with the previously published so-
lution behavior of [Ir(cod)(NHC)(mtppts)] complexes [22]. The phenomenon of yellow
coloration also occurs with the supported complex, the red beads turn yellow under 1 bar
H, atmosphere. The formation of the yellow hydride complex can be a consequence of
the hydrogenation, and thus the dissociation of the 1,5-cyclooctane ligand from the coordi-
nation sphere. This hypothesis is supported by GC-MS analysis of the reaction mixtures
after homogeneous and heterogeneous phase hydrogenation, in which the hydrogenated
product cyclooctane appears at m/z = 112.4 (Figure S4).

2.3. Catalytic Hydrogenation Reactions with 1@Lewatit Supported Catalyst

The activity and selectivity of 1@Lewatit were evaluated in the hydrogenation of
alkynes and an o, 3-unsaturated ketone in flow reactions. These experiments were preceded
by a comparison of the properties of the soluble and the heterogenized Ir(I)-catalysts in
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batch reactions. In addition, hydrogenation of levulinic acid to yield y-valerolactone was
also studied in batch reactions.

2.3.1. Hydrogenations with Soluble and Heterogenized Naj;[Ir(cod)(emim)(mtppts)] in
Batch Reactions

Nap[Ir(cod)(emim)(mtppts)] (1) is an active catalyst of the hydrogenation of pheny-
lacetylene and 1-hexyne in a homogeneous methanolic solution (Table 2) under mild
conditions. Phenylacetylene underwent 100% conversion already at 50 °C, while at the
same temperature, 1-hexyne was hydrogenated only to 90% extent. At or below 20 °C, the
reaction of both substrates yielded mostly (>82%) the semi-hydrogenated products styrene
and 1-hexene, respectively. The highest selectivity was observed at 20 °C (Table 2, Entries
2 and 8), however, at higher temperatures (and higher conversions), the selectivity was
lost and the fully hydrogenated products (ethylbenzene, hexane) were produced. Time
course of phenylacetylene hydrogenation at 20 °C showed (Figure S5) that in the first 60
min, the concentration of styrene in the product mixture changed only slowly from 84%
to 75% (with simultaneous increase of ethylbenzene concentration), however, following
complete hydrogenation of the alkyne, fast hydrogenation of styrene commenced (40%
ethylbenzene at 90 min). This finding revealed that in the presence of the alkyne sub-
strate, further hydrogenation of its first reduced product (styrene) was retarded, although
complete inhibition of styrene hydrogenation did not occur. Such phenomena are often
observed in the hydrogenation of alkynes and are explained by stronger binding of the
alkyne to the catalyst relative to coordination of the alkene product [6,48]. From the data
of Figure S6, a TOF = 100 h™! (TOF = turnover frequency = mol reacted substrate x (mol
catalyst x time) 1) can be calculated, showing that the catalyst is highly active even at
20 °C.

Table 2. Hydrogenation of phenylacetylene and 1-hexyne catalyzed homogeneously by Na;[Ir(cod)(emim)(mtppts)] (1),

and heterogeneously by the supported catalyst, 1@Lewatit, in batch reactions.

Entry Catalyst ¢ Substrate T/°C Conversion Products ”

% A% B/%
1 H Phenylacetylene 5 74 75 25
2 H Phenylacetylene 20 82 85 15
3 H Phenylacetylene 50 100 0 100
4 H Phenylacetylene 80 100 0 100
5 S Phenylacetylene 20 35 75 25
6 S Phenylacetylene 50 90 85 15
7 S Phenylacetylene 80 100 10 90
8 H 1-Hexyne 20 42 82 18
9 H 1-Hexyne 50 90 23 77
10 H 1-Hexyne 80 93 4 96
11 S 1-Hexyne 50 10 82 18
12 S 1-Hexyne 80 82 55 45

Conditions: n(substrate) = 1.0 mmol; n(catalyst) = 0.01 mmol; P(H;) = 10 bar; solvent: methanol; V = 1.0 mL; reaction time 1.0 h. # Catalyst:
Nay[Ir(cod)(emim)(mtppts)] (1) in homogeneous solution (H), or 1@Lewatit in suspension (S). b Relative concentrations of products in the
final reaction mixture, %. A: styrene (1-7), 1-hexene (8-12); B: ethylbenzene (1-7), hexane (8-12).

The supported catalyst, 1@Lewatit, showed very similar catalytic behavior (Figure S6). The
reaction rates were somewhat lower than in the homogeneous solutions (e.g.,
Table 2, Entries 5 vs. 2, 11 vs. 9), most probably due to diffusion limitations. Under
optimum conditions, >82% selectivities toward semi-hydrogenation could be achieved
(Entries 6 and 11), however, at higher temperatures, reduction to the saturated products
took priority.

It is important to note that upon admission of H, into the reactors, the color of the
catalyst solution or the catalyst beads immediately turned yellow, and this prevailed
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during the reactions. The color of the homogeneous reaction mixture did not change after
achieving 100% conversion and the same was also observed with the suspended catalyst.

Recycling of the supported catalyst in batch reactions was not investigated, however,
in flow reactions, it proved stable for long reaction times (Section 2.3.2).

Previously, we have observed that water had a very peculiar effect on the rate of
transfer hydrogenation reactions catalyzed by Naj[Ir(cod)(emim)(mtppts)] [49]. Namely,
the rate of hydrogen transfer reduction of acetophenone in aqueous 2-propanol mixtures
showed a significant increase with increasing water concentrations (sometimes upon
passing through a minimum at around x = 0.7 concentration of 2-propanol; x = mole
fraction). Interestingly, with the same catalyst, the same phenomena were also observed in
the hydrogenation of phenylacetylene and diphenylacetylene, both with the homogeneous
and heterogeneous catalysts (Figures S7-510).

Earlier, we found that a closely similar water-soluble catalyst, Nay[Ir(cod)(bmim)(mtppts)]
(bmim = 1-butyl-3-methylimidazol-2-ylidene) actively catalyzed the hydrogenation of le-
vulinic acid (LA) to y-valerolactone (GVL) (Scheme 2) in aqueous solution under mild
conditions (atmospheric pressure, 60 °C) [22]. Since this reaction makes possible the pro-
duction of the highly promising green solvent, GVL, from biomass-based sources [50],
we attempted its catalysis by using both the soluble Na;[Ir(cod)(emim)(mtppts)] (1) and
1@Lewatit (Figure 511). Indeed, in an aqueous solution at 70 °C under 10 bar H; pressure,
2 mol% of 1 led to the formation of GVL with 26% (1 h), and 47% (2 h) yield. Under the
same conditions but with 1@Lewatit, the yield of GVL was 32% in 2 h and 44% in 4 h. These
yields corresponded to TOFs 13.0 (1 h) and 11.8 h™! (2 h) for the homogeneous systems
and 8.0 h™' (2 h) and 5.5 h™! (4 h) for the heterogeneous catalyst. Although these activities
were modest, these are the first examples of the use of I-NHC-phosphine catalysts for the
hydrogenation of levulinic acid to GVL.

— H; H,

R R
Ry 1 2 R
R——R;, ——» \/\ + —_— ‘\/\
1 2 cat. R, u cat. R

A:R;=Ph,R,=H

2

B: R, =Ph, R, =Ph

OH

i H, H,
N / OH X\
*& N i

GVL

Scheme 2. Hydrogenation of phenylacetylene (A), diphenylacetylene (B), benzylideneacetone (C),
and levulinic acid (D). (LA: levulinic acid, GVL: y-valerolactone).

Altogether, the similar spectral changes (Section 3.2) and the characteristic common
catalytic properties of Nay[Ir(cod)(emim)(mtppts)], 1, and 1@Lewatit strongly point to the
same molecular species acting as a catalyst in both the homogeneous solution and on the
surface of the support.
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2.3.2. Hydrogenations under Flow Conditions

Phenylacetylene, diphenylacetylene, 1-hexyne, and benzylideneacetone (4-phenyl-
but-3-en-2-on) were hydrogenated with the supported Naj[Ir(cod)(emim)(mtppts)] catalyst
in an H-Cube flow reactor. The general observations are summarized in Table 3. All
experiments were done in the single-pass mode (i.e., the conversions were calculated from
the substrate concentration change on passing through the reactor only once).

Table 3. Hydrogenation of various alkynes and benzylideneacetone catalyzed by 1@Lewatit in the H-Cube flow reactor.

Entry Substrate T/°C Conversion Products ¢
Al% B/%
1 Phenylacetylene 60 22 78 22
2 Phenylacetylene 80 47 80 20
3 Diphenylacetylene ? 60 16 80 20
4 Diphenylacetylene ? 80 34 82 18
5 1-Hexyne 60 13 55 45
6 1-Hexyne 80 38 57 43
7 Benzylideneacetone ¢ 60 37 92 7
8 Benzylideneacetone ¢ 80 48 93 6

Conditions: c(substrate) = 0.05 M; m(catalyst) = 200 mg; P(H;) = 20 bar; v = 1.0 mL/min; solvent: methanol (1,2,5,6), or toluene
(3/4,7,8). “ Relative concentrations of products in the effluent reaction mixture, %. A: styrene (1,2), cis-stilbene (3,4), 1-hexene (5,6), and
4-phenylbutan-2-one (7,8), B: ethylbenzene (1,2), trans-stilbene (3,4), hexane (5,6), and 4-phenyl-butan-2-ol (7,8); b No diphenylethane;
¢ 4-Phenyl-but-3-en-2-ol = 1%.

The data in Table 3 show that the supported Ir(I)-catalyst also retained its activity
under flow conditions. With phenylacetylene, an approximately 8:2 selectivity in favor
of the semi-hydrogenated product (styrene) was observed, which slightly increased with
increased conversions. In contrast, in the hydrogenation of 1-hexyne, substantial overre-
duction to hexane occurred. No diphenylethane was detected in the product mixture of
diphenylacetylene hydrogenation. In addition to complete chemoselectivity, the hydro-
genation of diphenylacetylene also showed pronounced selectivity to the formation of
cis-stilbene (Table 3, Entries 3,4). Control experiments under hydrogenation conditions
ruled out cis-to-trans (or vice versa) isomerization of stilbenes.

The hydrogenation of benzylideneacetone was highly selective to the C=C dou-
ble bond, with overwhelming formation of the saturated ketone (4-phenylbutan-2-one)
(Table 3, Entries 7,8); the enol product was detected in <1% ratio. The selectivity toward
the formation of saturated ketone was also observed with Nay[Ir(cod)(emim)(mtppts)] in
homogeneous solutions. At a temperature of 80 °C, under 10 bar Hy, [S]/[C]=100, 1 cat-
alyzed the hydrogenation of benzylideneacetone with 58% total conversion and with 54%
yield (93% selectivity) of phenylbutan-2-one together with 4% yield of 4-phenylbutan-2-ol
(7%). (Note, that due to the insolubility of 1 in toluene, this reaction has to be carried out in
methanol as the solvent.)

The reaction rates showed a pronounced temperature dependence (Figure 512) but
did not significantly respond to changes of P(Hj) (Figure 513).

Figure 2 shows the conversion of phenylacetylene as well as the product distribution
as a function of catalyst time on stream during hydrogenation. At the beginning of the
measurement, the single-pass conversion of phenylacetylene was 46%, which corresponds
to a turnover frequency of the catalyst TOF = 25.7 h~1.

In relation to the TOF = 100 h™! determined for the analogous homogeneous reaction
(Section 3.3), this decreased activity shows the effect of the heterogeneous conditions
(diffusion limitations). As can be seen from Figure 2, the original 46% conversion decreased
to 24% in 14 h of continuous operation of the reactor, while the styrene:ethylbenzene ratio
remained a constant 80:20 after about 7 h (74:26 at the outset). A similar drop in conversion
was observed by Horvath et al. using an ion-exchanger supported [{RuCl,(mtppms),}»]
catalyst (mtppms = meta-monosulfonated triphenylphosphine) [51] with a flow reactor
operated in impulse mode. In our case, in the 840 min time of operation, 420 mL of 0.05 M
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phenylacetylene solution flowed through and was hydrogenated by the supported iridium
catalyst. During this time, a 22% drop of single-pass conversion was observed, but the
catalyst still retained notable catalytic activity.

100 + - 100
Conversion Relative amounts of
0, 0y
of alkyne (%) 80 L 20 products (%)
60 o L 60
o
40 - o o0 Ps L 40
20 4 + 20
0 0

0 100 200 300 400 500 600 700 800 900
Reaction time (min)

Figure 2. Conversion of phenylacetylene (e) and the ratio of styrene (A) and ethylbenzene () in
hydrogenation catalyzed by Naj;[Ir(cod)(emim)(mtppts)|@Lewatit MonoPlus MP 500 in an H-Cube
flow reactor as a function of the catalyst time on stream. c(alkyne) = 0.05 M, m(catalyst) = 200 mg,
P(Hp) =20 bar, T =60 °C, v = 0.5 mL/min, solvent: methanol.

With the purpose of investigating the stability and recyclability of the supported
catalyst, the same reaction was repeated after two weeks of regular use of the same catalyst
in the reactor, and finally, six months after the very first use. Impressively, the immobilized
catalyst retained a substantial portion of its catalytic activity, and even after six months, it
could perform further hydrogenation reactions, which is remarkable for a heterogenized
complex catalyst (Figure 3).

Conversion (%)
) S
o 8 o
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o
A

.

' TS s

New 50
2 weeks 6 30

months

o
"

Temperature (°C)

Figure 3. Catalytic hydrogenation of phenylacetylene by 1@Lewatit in an H-Cube flow reactor.
c(alkyne) = 0.05 M, m(catalyst) = 200 mg, P(H;) = 20 bar, v = 1.0 mL/min, solvent: methanol.

The pronounced stability of the 1@Lewatit catalyst under hydrogenation conditions is
a most welcome feature in comparison to the cases of its soluble analogs. Buriak et al. made
an extensive study of the stability of various [Ir(cod)(NHC)(phosphine)X] type catalysts,
and showed that these complexes lost their activity at the end of the hydrogenation of the
first batch of alkenes [52,53]. After thorough scrutiny of inactivation, they concluded that
it was caused by the formation of hydride-bridged iridium dimer and trimer complexes
and clusters. Similar inactivation phenomena were also observed in the hydrogenation of
water-soluble alkenoic acids in aqueous solutions, which could be largely prevented by
applying strongly coordinating bidentate ligands (e.g., oxalic acid)[22]. We assume that site
isolation of the Na[Ir(cod)(emim)(mtppts)] molecules on the surface of the ion-exchanger
support prevents the formation of Ir(I)-hydride clusters and leads to long maintained
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catalytic activity. Such a positive effect of surface site isolation has already been reported in
the case of phthalocyanine-ligated metal complex oxidation catalysts [54].

3. Materials and Methods

All reagents and solvents were the highest commercially available purity, used without
further purification. Alkynes, benzylideneacetone, and the support materials were products
of Sigma-Aldrich, City, State Abbr (if has)., Country. Nay[Ir(cod)(emim)(mtppts)] was
synthesized according to the procedure in the literature [22]. Its purity was checked by 'H,
13C, and 3'P NMR spectroscopy. Manipulations with air-sensitive compounds were carried
out using Schlenk techniques.

Details of equipment used in this study are found in the Supplementary Materials.

3.1. Anchoring of Nay[Ir(cod)(emim)(mtppts)] on Solid Supports

Anion-exchange support materials were pretreated before heterogenization: these
were stirred three times alternatingly in aqueous 0.1 M NaOH and 0.1 M HC], finally
washed with distilled water three times, and dried in vacuo.

In a Schlenk tube, Naj[Ir(cod)(emim)(mtppts)] (60 mg) was dissolved in deoxygenated
0.01 M HCI solution (12 mL) under an argon atmosphere and the solution was added
onto 360 mg of pretreated Lewatit MonoPlus MP 500 ion-exchange beads under an argon
atmosphere. The reaction mixture was thermostated at 40 °C for 3 h, during which
the solution decolorized, and the beads turned red. The heterogenized complex was
filtered under argon, washed with hexane, and dried in vacuo. Yield: 390 mg supported
catalyst (96%).

3.2. Spectrophotometric Study of the Immobilization Process and Leaching Tests

Heterogenization of Nay[Ir(cod)(emim)(mtppts)] was investigated at room tempera-
ture in an argon-filled inert spectrophotometric cell. A 1.5 mg solid complex and 50 mg
solid support were placed into the cuvette, placed under argon, then 1 mL of deoxygenated
0.01 M HCl solution was injected through the septum of the cell. An absorption spectrum
was obtained every 4 min while shaking the cuvette between measurements until the
absorbance decreased to zero.

For leaching tests, 30 mg of the heterogenized catalyst was placed into a septum-closed
vial, flushed with argon, and then 2 mL of 0.1 M H3PO4 or NazPO4 was injected through
the septum. Each vial was shaken for an hour at room temperature, and then the UV-VIS
absorption spectrum was recorded. The mass of the leached complex in the solution was
calculated using a calibration curve (Figure S14).

3.3. Catalytic Reactions

The reactions were performed in an H-Cube hydrogenation microreactor (ThalesNano
Nanotechnology Inc., Budapest, Hungary). A total of 200 mg heterogenized catalyst was
loaded into 30 x 4 mm CatCart stainless steel tubes. In the continuous mode of oper-
ation, the substrate solution (0.05 M phenylacetylene or 1-hexyne in methanol, 0.05 M
diphenylacetylene or benzylideneacetone in toluene) flowed through the catalyst bed
without interruption. Samples were taken regularly at the outflow. Reaction temperatures
ranged between 20-80 °C, pressure between 20-80 bar, and flow rate was 0.5-1.0 mL/min.
Reaction mixtures were analyzed by gas chromatography; for details, see the Supplemen-
tary Materials.

4. Conclusions

Nap[Ir(cod)(emim)(mtppts)], an excellent iridium-NHC-phosphine type hydrogena-
tion catalyst was found to be suitable for anchoring on various types of anion-exchange
supports; the process is efficient and inexpensive. Na[Ir(cod)(emim)(mtppts)] immobilized
on the commercially available Lewatit MonoPlus MP 500 anion-exchange resin proved
to be an active, selective, and robust catalyst—both in batch and flow conditions—in the



Catalysts 2021, 11, 656

90f11

References

semi-hydrogenation of phenylacetylene as well as of diphenylacetylene. Notably, hydro-
genation of diphenylacetylene yielded cis-stilbene with 82% selectivity; diphenylethane,
the fully hydrogenated product was completely absent from the reaction mixtures. The
supported Ir-NHC-phosphine complex also showed potential to be a selective C=C bond
hydrogenation catalyst in the presence of carbonyl groups, which was demonstrated in
the hydrogenation of benzylideneacetone. The hydrogenation of the C=C bond was viable
without affecting the C=0O group, and supplied 4-phenyl-butan-2-one with 93% selec-
tivity. Both the soluble and heterogenized 1 was able to catalyze the hydrogenation of
levulinic acid to 'y-valerolactone. Comparison of the physical and chemical properties of
Nap[Ir(cod)(emim)(mtppts)] in the dissolved and heterogenized form suggests that the
same molecular species is operating in the homogeneous solution and on the surface of
the support.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ catal11060656 /51, Figure S1: Calibration curve for spectrophotometric leaching tests; Figure S2:
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