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In this work, the supported ionic liquid phase (SILP) method was applied for the immobilization of a newly
developed, well-defined hydride Fe() PNP pincer complex dissolved in ionic liquid (IL) onto polymer-
based spherical activated carbon. This novel SILP catalyst was structurally characterized by electron
microscopy, N, adsorption-desorption, FTIR, and XPS measurements and was used for the hydrogenation
of aldehydes to alcohols. For an optimized pore filling degree, this system showed excellent activity in the
chemoselective hydrogenation of different aldehydes and proved to be reusable in at least seven consecu-
tive reaction cycles without any loss in activity. Significantly lower reaction rates were observed, however,
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compared to a recent study of the same catalyst supported on silica, which was ascribed to the different
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Introduction

The catalytic reduction of carbonyl groups using molecular
hydrogen represents a way to obtain valuable alcohols, used
for the production of bulk and fine chemicals in a green and
economical way." This reaction is typically catalyzed by both
precious metal® and earth-abundant non-precious metal cata-
lysts.>* Our group recently reported the application of
[Fe(PNPM-iPr)(CO)(H)(Br)] (1) and trans-[Fe(PNP™-iPr)(H),-
(CO)] (2) as (pre-)catalysts for the homogeneous,
chemoselective hydrogenation of aldehydes.” The dihydride
complex 2 is rapidly formed from 1 in the presence of H, and
DBU (1,8-diaza-bicyclo[5.4.0Jundec-7-ene) as base and is the
actual catalyst. These complexes were found to be among the
most efficient catalysts published to date. Nevertheless, the
major drawback of homogeneous catalysts is the need for
their separation at the end of the catalytic process. This short-
coming can be eliminated by immobilizing transition metal
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pore sizes of these two support materials.

complexes onto different supports.® However, the activity of a
sensitive homogeneous catalyst is often decreased or lost
upon its direct immobilization, since the active compound
suffers a modification of its chemical and physical properties.

Ionic liquids (ILs) have attracted much attention as alter-
native efficient and benign reaction media for the immobili-
zation of homogeneous catalysts for various catalytic reac-
tions, either in liquid-liquid biphasic processes or for the
design of supported liquid catalysts.” In the supported ionic
liquid phase (SILP) technology, the homogeneous catalyst is
dissolved in the ionic liquid and deposited on a mesoporous
solid material; thus, its chemical nature can be preserved,
while the applied solvent is not miscible with the IL and is
enriched with the product of the catalyzed reaction. SILP ca-
talysis allows for a straightforward separation of the product
from the transition metal complex; moreover, the high sur-
face area provided by the mesoporous support material re-
sults in high reactivity. In general, it may be considered as
green and sustainable technology, since it combines the
main advantages of heterogeneous and homogeneous cataly-
sis, providing a homogeneous environment for the reaction
that is particularly well suited for gas phase continuous flow
processes with fixed-bed reactor set-up.®

A number of different support materials can, and have
been, used for the preparation of SILP catalysts, including sil-
ica, carbon, alumina or titanium based porous materials as
well as their combinations. While amorphous silica-based
materials are by far the most popular choice, the acidic

This journal is © The Royal Society of Chemistry 2018
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surface composition might interfere with the catalytic reac-
tion or with the catalyst itself, particularly when sensitive spe-
cies such as well-defined base metal catalysts are involved.
Activated carbon materials are promising supports for SILP
catalysis because of their high surface area, stability, inert-
ness, and adsorption capacity.” These can be easily custom-
ized for the particular reaction since their surface area, pore
volume and surface chemistry are tunable. The leaching of
both IL and catalyst can be negligible by applying carbon
supports with high volumes of supermicro and mesopores."’
Most recently, Weifs et al. showed that undesired side reac-
tion in the gas phase hydroformylation of ethylene could be
avoided by replacing silica-based SILP catalysts with
nitrogen-doped carbon materials and emphasized the impor-
tance of support chemistry for long-term stability in industri-
ally viable processes."!

In this work, we present the preparation, characterization,
and application of complex 1 immobilized in an activated
carbon SILP system. To the best of our knowledge, this is the
first example of a well-defined Fe(u) complex applied as a
carbon-based SILP system for the selective hydrogenation of
aldehydes to afford alcohols.

Experimental
Materials

All manipulations were performed under argon atmosphere
using Schlenk techniques or/and in a MBraun inert-gas
glovebox. All solvents were purified according to standard
procedures.’” The deuterated solvents were purchased from
Aldrich and dried over 4 A molecular sieves. The IL, 1-ethyl-
2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide
([Comyim][NTS,]), 99% purity, was purchased from IoLiTec
and was dried for at least 24 h at room temperature and
~10"> mbar before use and was stored under an argon atmo-
sphere. Polymer-based spherical activated carbon (CARB) was
used as support (donated by Blicher GmbH) and was
degassed under vacuum at 300 °C for 6 h. The complex
[Fe(PNP™®-iPr)(CO)(H)(Br)] (1) was prepared according to the
literature.” All aldehyde substrates were obtained from com-
mercial sources and purified by distillation prior to use. Hy-
drogen (99.999% purity) was purchased from Messer Austria
and used as received.

Catalyst preparation

In order to find the optimum impregnation of the support, 5
mg complex 1 and 30-60 pl IL in 2 ml ethanol were added to
100 mg CARB and stirred for 5 minutes, under inert atmo-
sphere. Then, the solvent was evaporated under vacuum
(~107> mbar) at 60 °C until the spheres presented rolling be-
havior again (~10 min).

Material characterization

Scanning electron microscopy (SEM) images were acquired
using FEI Quanta 250 FEGSEM scanning electron microscope
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at 5 kV. Transmission electron microscopy (TEM) images
were obtained using FEI TECNAI F20 transmission electron
microscope at 200 kV. The sample was mildly grinded to pre-
serve the porous structure and stirred in ethanol for 6 hours
then sonicated for 30 minutes to ensure an optimal disper-
sion. Two drops from the well dispersed top part were taken
and dropped in a copper Lacey carbon-coated grid. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a SPECS XPS-spectrometer equipped with a mono-
chromatized Al-Ko Xray source (uFocus 350) and a hemi-
spherical WAL-150 analyzer (acceptance angle: 60°). Samples
were mounted onto the sample holder using double-sided Cu
tape or Ta. Pass energies of 100 eV and 30 eV and energy res-
olutions of 1 eV and 100 meV were used for survey and detail
spectra respectively (excitation energy: 1486.6 eV, beam en-
ergy and spot size: 70 W onto 400 um, angle: 51° to sample
surface normal, base pressure: 6 x 10 '® mbar, pressure dur-
ing measurements: 2 x 10° mbar). Data analysis was
performed using CASA XPS software packages employing
Shirley backgrounds™® and Scofield sensitivity factors.™
Charge correction was applied, so the adventitious carbon
peak (C-C peak) was shifted to 284.8 binding energy (BE).
Curve fits using combined Gaussian-Lorentzian peak shapes
were used to discern the components of detail spectra. To re-
duce charging effects a broad spot low energy electron source
(SPECS FG 22 flood gun) was used for charge compensation
(5 eV/25 pA). The detection limit in survey measurements lies
around 0.1-0.5 at%, depending on the element. The accuracy
of XPS measurements is around 10-20% of the values shown,
and the maximum depth is about 7-10 nm.

'H, F{'H}, and *'P{'"H} NMR spectra were recorded on
Bruker AVANCE-250 spectrometer. 'H spectra were referenced
internally to residual protic-solvent resonances and are
reported relative to tetramethylsilane (5 = 0 ppm). *'P{*H}
NMR spectra were referenced externally to HzPO, (85%) (0 =
0). "F{'H} spectra were referenced externally to
trifluorotoluene (0.05%) (6 = 0 ppm).

FTIR spectra were recorded in diffuse reflectance with a
Bruker Vertex 80 FTIR spectrometer using a narrow band
MCT detector and a Harrick Seagull reflection optical unit.
The scanned wavenumber range was 4000 cm™ " to 800 cm™ .
256 scans were collected for each spectrum with 4 cm™ reso-
lution. The spectra were baseline corrected. N, adsorption-
desorption isotherms were measured at 77 K with a volumet-
ric adsorption analyzer (Micromeritics, ASAP 2020) using the
Brunauer-Emmett-Teller (BET) theory for determining the
surface area and the non-local density functional theory
(NLDFT) method for calculating the pore size distribution
and pore volumes. Fe leaching was monitored using an in-
ductively coupled plasma (ICP) optical emission spectrometer
PerkinElmer OPTIMA 8300 equipped with an SC-2 DX FAST
sample preparation system. A customized single-element
(Merck, Roth) standard was used for the calibration. All sam-
ples were extracted using ethanol and methanol (two times
each), followed by solvent-evaporation and acid-digestion
(HNO; and H,0, at a 2:1 ratio).
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cy00818c

Open Access Article. Published on 27 August 2018. Downloaded on 10/30/2025 7:13:48 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

General procedure for the hydrogenation of aldehydes

All hydrogenation reactions were performed in a Carl Roth
100 ml autoclave at room temperature (25 °C), under hydro-
gen pressures between 10 to 40 bar. For preparing the reac-
tion mixture, a vial was charged with the impregnated sup-
port or catalyst dissolved in IL and was placed in the
autoclave. Then, the autoclave was evacuated and flushed
with argon three times. Subsequently, 5 mol% DBU, 2 ml
heptane and 2 mmol aldehyde were taken up into a syringe
and injected into the autoclave. After flushing it three times
with hydrogen, the desired hydrogen pressure was
established, and the reaction was carried out for the stated
time. Afterward, the hydrogen gas was released, and the sam-
ple was analyzed by "H and/or F{'H} NMR spectroscopy to
determine the conversions by integrating the aldehyde and
alcohol signals.

Results and discussion
Characterization of the support

Fig. 1 shows electron microscopy images of the untreated
CARB support employed in this study. It consists of evenly-
sized carbon spheres with diameters of about 400 um. In the
TEM image (Fig. 1B), the microcrystalline nature is clearly ev-
ident from the superimposed grid pattern corresponding to
the graphitic carbon layers. On top of that, a larger-sized pat-
tern of parallel light and dark stripes with a distance of about
1 nm can be seen, in particular at the outer edges of the par-
ticle in Fig. 1B, which indicates the presence of micropores.
However, it must be emphasized here that the native porous
structure of the carbon spheres is probably at least partly
destroyed in the process of TEM sample preparation.

An important task in this work was to determine the sur-
face composition of CARB, since, depending on their nature,
surface groups can interact with the catalyst, IL, substrate,
and product. Complex 1 is very sensitive to highly coordinat-
ing and/or acidic groups such as carboxyl and phenol groups.
XPS measurements were used to determine the atomic com-
position of the surface and to quantify the carbon bonds on
the surface. It was found that the surface (to a depth of 7-10
nm) of CARB contains 94 at% C, 5 at% O, and <1 at% other
elements. Analysis of the C 1s detail spectrum of CARB
(Fig. 2) revealed that the carbon signal mostly consists of

Fig. 1 SEM image (A) and TEM image (B) of CARB, a polymer-based
spherical activated carbon.
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three major components corresponding to three different
bonding environments: C-C at 284.7 eV (78 at%), C-O at
286.4 eV (7 at%), and C=0 at 287.7 eV (4 at%)." In addition,
we could evidence a shakeup peak around 290.4 eV (11.5
at%).

The lack of an O-C=0 peak at ~289 eV suggests that the
surface does not contain strongly acidic functionalities such
as carboxylic, anhydride, lactone and lactol groups, which in
turn are extremely dangerous to our catalyst. This absence is
in good agreement with the 900 °C heat treatment used in
the activation step of the carbon spheres since this high tem-
perature can selectively remove these acidic groups from the
activated carbon surface.'® However, some weakly acidic phe-
nol groups may be present on the surface, since the carbon
signal contains 7 at% C-O bonds which can be attributed to
phenol and ether functionalities. The C—=0 bonds are likely
due to ketones and quinones. The pH value of CARB was
found to be 8.4 which confirms the overall presence of more
basic than acidic groups making the support suitable for our
catalytic applications without further modification."”

The shape of the N, adsorption-desorption isotherm of
CARB (Fig. 3A) is of type I + IV according to the IUPAC classi-
fication, which is characteristic of materials with micro- and
mesoporosity.'® Due to the presence of micropores, larger ad-
sorption occurs at low adsorbate pressures, while at higher
pressures capillary condensation takes place in the meso-
pores. The steep increase of the isotherm close to the satura-
tion pressure represents the pore filling of large meso/small
macropores with pore diameters of 50 nm and above. The
BET surface area and the available micro/mesopore volumes
of the material were calculated from the isotherm and are
listed in Table 1.

We can conclude so far that CARB is a promising candi-
date for SILP catalysis. It lacks acidic surface groups and does
not require functionalization under harsh conditions. More-
over, it has a large surface area and contains a high amount
of micropores, which offers stability against IL leaching.®

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 N, adsorption-desorption isotherm of CARB (A) and CARB80
(B).

Optimizing the impregnation of CARB

The second task was to find the optimum impregnation con-
ditions regarding the amount of ionic liquid and the
resulting pore filling degree of the carbon support. The
hydrogenation of 4-fluorobenzaldehyde with complex 1 as
pre-catalyst at 10 bar hydrogen pressure and 3 h reaction
time was chosen to compare SILP catalysts with different IL
loadings (Table 2). In light of the common sensitivity of alde-
hydes towards highly basic conditions, DBU (1,8-diaza-
bicyclo[5.4.0Jundec-7-ene) was found to be a suitable co-
catalyst (base).” In fact, it has to be noted that the hydrogena-
tion of cinnamaldehyde did not proceed in the presence of
tBuOK, revealing the benefits of employing DBU as base in
all reactions as reported previously.” As solvent n-heptane
was used since neither the catalysts nor the IL were soluble
in this solvent and leaching was not observed (vide infra),
whereas both substrates and products were highly soluble in
this solvent.

In entries 1-4, the amount of IL (Vy;) was changed, keep-
ing the amount of support and catalyst constant (mmcagp = 100
mg, Mcar = 5 mg) in order to find the optimum IL loading. It
is clearly seen that full conversion was achieved in 3 h when
CARB was impregnated with 80 weight percent IL/cat 1 solu-
tion. We refer to this material as CARB80. At both lower and
higher IL loadings, the conversion drops rapidly, similar to a
recent study of our group using silica as support material.*!
The sharp maximum of conversion as a function of IL load-
ing observed here is believed to be directly related to the pore
structure and pore size distribution of the carbon support
and can be qualitatively understood as follows: at low IL load-
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ings, the IL/catalyst solution is contained mostly in micro-
pores, which are filled from bottom to top and have only a
small interface area with the surrounding reactant solution
and yield accordingly low reaction rates. Once the micropores
are completely filled, the mesopores get filled by adsorption
of the IL/catalyst solution at the inner pore walls. This is
where the catalyst has its highest activity due to the compara-
tively large interface area with the reactant solution. At even
larger IL loadings, also the meso- and macropores get
completely filled and the catalyst activity drops again.

Characterization of CARBS0

Structural parameters derived from the N, adsorption-de-
sorption isotherm (Fig. 3B, Table 1) showed that both the
BET surface area and the total pore volume decreased after
IL/catalyst impregnation due to the coating of the carbon sur-
face and the clogging of micropores. The presence of blocked
pores means that there are pores inside CARB80 which do
not contain IL but are not accessible to N,. This behavior is
likely for microporous materials with pore diameters smaller
than the size of the IL molecules. It also explains the discrep-
ancy between the experimental pore filling degree of 76%
(Table 1) compared to the nominal value of 42% (Table 2) for
CARBS80.

FTIR measurements (Fig. 4) clearly support a successful
impregnation of the IL/catalyst inside the porous carbon sub-
strate, since characteristic peaks of [C,m,im|[NTf,] (Fig. 4A)
can be seen in the spectrum of CARBS80 (Fig. 4B). The strong
peaks between 1400 and 1000 cm™" are related to the vibra-
tions of the [NTf,] anion."® The peak at 1054 cm™" is assigned
to the asymmetric stretch of the SNS group, the vibration at
1190 ecm ™" corresponds to the asymmetric CF; stretch while
the bands at 1350 and 1140 em™" belong to the asymmetrical
and symmetrical SO, stretching vibration, respectively. The
peaks between 1600 and 1400 cm ™" are related to the cation
[C,myim] and include the highly characteristic CC/CN
coupled stretching mode of the imidazolium ring at 1587
em™ and the CH, scissors deformation 6(CH,) at 1470
cm.?° However, the peaks of complex 1 are essentially invis-
ible in the spectrum of CARB80 due to its low concentration
in the impregnated SILP material.

XPS measurements were used to analyze the surface com-
position of CARB80. CARB80 shows decreased C content and
increased O content compared to the unaltered CARB. The
sample also exhibits 6.3 at% F, 2.7 at% N and 1.4 at% S, indi-
cating that a significant amount of IL is present in the po-
rous carbon. It was found that the N 1s detail spectrum of

Table 1 Structural parameters calculated from the N, adsorption-desorption isotherms

Sample SBETa (m2 gil) Vtotalb (Cm3 gil) Vnupc (Cm3 gil) Vsupd (Cm3 gil) Vmesoe (Cm3 gil) aexpf (OA))
CARB 1728 1.18 0.10 0.55 0.33 0
CARB-80 218 0.28 0.01 0.06 0.13 76

“ BET surface area. ? Total pore volume, N, volume adsorbed at p/p° = 0.98. © Narrow micropore (<0.7 nm) volume. ¢ Supermicropore (0.7 < d
< 2 nm) volume. ° Mesopore (2 < d < 50 nm) volume.” Experimental pore filling degree = [V;oai( CARB) — Viotai( CARB80)]/Viorar (CARB) X 100.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Influence of the IL loading in the SILP hydrogenation of 4-fluorobenzaldehyde
0.01 mmol 1, 30-60 pl IL e H
100 mg CARB N—|§PiPr2
o 10 bar H, OH <<_ \:N—/Fé—CO
0.1 mmol DBU N-PiPr2|
F 2 ml n-heptane, 25°C F V4 Br
2 mmol

Entry Vi (1) & o (%) Time (min) Conversion (%)
1 30 50 25 180 6
2 40 65 34 180 8
3 50 80 42 180 >99
4 60 95 51 180 22°¢

“ 1L loading = [(1myy, + Meat)/Mcars] X 100. © Pore filling degree = [Vi/(Veota X Mcars)] % 100. € IL leaching observed by ICP-OES.

CARBS80 contained two components at 399.0 eV and 401.4 eV
corresponding to [NTf,] and [C,m,im], respectively (Fig. 5A).
The F 1s detail spectrum (Fig. 5B) shows one component at
689.0 eV which is attributed to the [NTf,] anion. The catalyst
complex 1 in the CARB80 sample, however, is below the de-
tection limit of XPS.

Hydrogenations using CARBS80 as catalyst

As previously described,” the first step of the catalytic cycle
is the activation of catalyst 1 to form the ¢rans-dihydride
complex 2 which is the catalytically active species. The per-
formance of this catalyst in the carbon-based SILP matrix
(CARBS80) was tested in the room temperature hydrogena-
tion of different aromatic aldehydes to the corresponding
alcohols in n-heptane solution and was compared to the re-
sults of a previous study of the same catalyst in a silica-
based SILP matrix.”" These results are presented in Table 3.

v(CCICN)

\

5((£H2)

Intensity

T T T T T T 1
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm'l)

Fig. 4 FTIR spectra of A) [Com,im][NTf,] and B) CARB8O (the spectrum
of CARB was subtracted).
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Aldehyde A1 (4-fluorobenzaldehyde) was used to investigate
the influence of the hydrogen pressure and the substrate/
catalyst (S/C) ratio (entries 1-5). Doubling the pressure from
10 to 20 bar boosts up the conversion by a factor of 5,
whereas a further pressure increase to 30 and 40 bar has a
comparatively small effect. Increasing the S/C ratio from
200 to 1000 at 40 bar hydrogen pressure yields only a mod-
erate increase in the TON and TOF values and a substantial
drop of the reaction yield (entry 5). Quantitative conversion
with 10 bar H, pressure and S/C = 200 is reached for a re-
action time of 3 h (entry 6). In a previous study,”’ this re-
action was carried out under comparable conditions with
silica instead of carbon as the support material and an ap-
proximately 10-fold faster conversion was observed (entry
7). Finally, we have also compared the hydrogenation of
some other aromatic aldehydes A2-A4 under identical reac-
tion conditions for carbon and silica supports (entries 8-
13). If present, C—=C double bonds remained unaffected, as
in the case of the challenging o,B-unsaturated cinnam-
aldehyde (A4). Ketones, nitriles, esters and amides were not
hydrogenated under these reaction conditions as already

—=— Experimental data
—e+— Cation
—a+— Anion

—<«— Fitted data

1
400

Binding energy (eV)
Fig. 5 XP spectra of CARB80 A) N 1s and B) F 1s.
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Table 3 SILP hydrogenation® of aldehydes A1-A4 with catalyst 1 immobilized on carbon (CARB80) and silica (SILP20) supports
H
0.01 mmol 1 Me
N ~PiPry
He A\ “ S —co
: SN—Fe—
R R OH :
o 5 mol% DBU ,
n-heptane, 25°C NP2
Me Br 1

Entry Aldehyde Support S/C P (bar) Time (min) Conversion® (%) TON TOF (h™)
1 Al CARBS80O 200 10 90 8 16 11
2 Al CARBS80 200 20 90 45 90 60
3 A1 CARBS80 200 30 90 52 104 69
4 Al CARBS80 200 40 90 60 120 80
5 Al CARBS80 1000 40 90 16 160 107
6 Al CARBS80 200 10 180 >99 200 67
7° Al SILP20 200 10 17 >99 200 706
8 A2 CARBS80 200 10 240 >99 200 50
9? A2 SILP20 200 10 60 >99 200 200
10 A3 CARBS80 200 10 240 >99 200 50
11° A3 SILP20 200 10 60 >99 200 200
12 A4 CARBS80 200 10 240 >99 200 50
130 A4 SILP20 200 10 60 >99 200 200

“ Conditions: entry 1-4, 6, 8, 10, 12: 2 mmol substrate, 180 mg of CARB80 (5 mg of 1, 75 mg of IL, 100 mg of CARB); entry 5: 10 mmol
substrate, 180 mg of CARB80 (5 mg of 1, 75 mg of IL, 100 mg of CARB). ”

reported recently also with silica-based SILP catalysts.>' In
all cases, quantitative conversion was obtained, yet, at sig-
nificantly slower reaction rates with the catalyst
immobilized in the carbon matrix CARB80. The main rea-
son for this different performance of carbon- and silica-
based SILP catalysts is believed to lie in the different pore

21 ¢

Previous results.”! ¢ Determined by 'F{'H} or "H NMR spectroscopy.

sizes of these two support materials. The silica used in the
SILP20 catalyst is a typical mesoporous material with pore
diameters in the 5-15 nm range. With an estimated thick-
ness of ~0.6 nm for a monolayer of [C,m,im][NTf,],** these
pores can be coated with several layers of IL/catalyst solu-
tion and still remain open pores with high surface area

1400 2 mmol substrate
addition
1200 - l
1000 - l l
Z 800 m [ ] | |
(o) /
-
600 - /I
400 /I
200 m
T T T
1 2 3

4

l -110
s
-
/I | | m |-100 loL

Cycle Number

Fig. 6 Catalyst recycling in the hydrogenation of 4-fluorobenzaldehyde by repeated addition of aldehyde (conditions: CARB80, 2 mL n-heptane, 2

mmol substrate, 5 mol% DBU, 25 °C, 40 bar H,).
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and easy access for the reaction solution. The carbon sup-
port used in this work, on the other hand, contains a high
percentage of micropores with diameters <2 nm, which are
either inaccessible (d < 0.6 nm) or completely filled with
[C,m,im][NTf,], as evidenced by the steep rise of the N, ad-
sorption isotherm at low pressures (Fig. 3A). The slower
conversion compared to the silica support might therefore
be caused primarily by the smaller interface area and the
larger diffusion paths of the carbon-based SILP catalysts.

The sustainability of CARB80 was tested by repeated
addition of aldehyde immediately after the end of the re-
action (Fig. 6). This procedure was carried out six times
every 2 hours and yielded an overall TON of 1400 at a
constant rate of conversion (TOF = 100 h™). These results
hold great promise for a continuous flow operation of this
catalytic system without a significant loss of activity in
prolonged operation. Iron leaching, measured after all the
reactions by ICP-OES, was below 0.3 mol% with respect to
the initial loading, while IL leaching was not detected at
all by "F{'"H} NMR spectroscopy. On the contrary, we ob-
served extensive IL leaching in preliminary experiments
with mesoporous carbon with average pore diameters in
the 5-10 nm range, in support of our presumption that
the smaller pore sizes of our current, microporous support
prevent IL leaching. Untreated carbon is known to have a
rather hydrophobic surface (water contact angle ~90°)*
and is also only partly wetted by ionic liquids (contact an-
gle of [C,C,im][NTf,] on graphite = 44°).** Increasing the
affinity between the ionic liquid and the carbon surface
by coating it with an “IL-philic” layer should strengthen
the confinement of the ionic liquid in the pores and re-
press IL leaching also for mesoporous carbon substrates.
This is currently being investigated in our group.

Conclusions

In the present work, a carbon-based SILP catalytic system
was tested for the hydrogenation of aldehydes, comprising
micro/mesoporous activated carbon spheres impregnated
with an Fe(n) PNP pincer complex catalyst dissolved in an
imidazolium-based IL. We characterized the carbon sup-
port, which was used as received without any surface
modification, and the SILP via FTIR, BET, and XPS mea-
surements. The influence of the hydrogen pressure and
the substrate/catalyst ratio on the reaction yield and the
TON and TOF values was investigated and compared to
previous results obtained with a silica-based SILP system.
The best carbon SILP system was catalytically active under
mild conditions, without significant leaching of IL or cata-
lyst and gave quantitative conversions for all investigated
aldehydes, yet at substantially longer reaction times com-
pared to the previous silica SILP system.>' Catalyst
recycling experiments through repeated substrate addition
showed unaltered quantitative conversion over four reac-
tion cycles and showed great promise for a continuous
flow operation of this catalytic system.
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