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Abstract: A series of phosphonium-based supported ionic liquid phases (SILPs) was prepared for the immobiliza-
tion of Rh nanoparticles (Rh@SILP). The influence of systematic variations in the structure of the ionic liquid-type
molecular modifiers (anion, P-alkyl chain length) on the formation and catalytic properties of Rh nanoparticles
(NPs) was investigated. Both the nature of the anion and the length of the P-alkyl chain were found to have a
strong impact on the morphology of the NPs, ranging from small (1.2-1.7 nm) and well-dispersed NPs to the
formation of large NPs (9.9-16.5 nm) and/or aggregates. The catalytic properties of the resulting Rh@SILP ma-
terials were explored using the hydrogenation of benzylideneacetone and biomass-derived furfuralacetone as
model reactions. The changes in ring and C=0 hydrogenation activity as a function of the SILP structure and the
Rh NPs size allowed for the selective synthesis of products with distinct molecular functionalities.
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Introduction

With depleting fossil resources, the utilization of renewable
resources for the production of fuels and chemicals represents cur-
rently one of the biggest challenges for the chemical industry.!!
Extensive efforts are in particular dedicated to the conversion of
biomass-derived feedstock into value-added compounds includ-
ing fuels, bulk and fine chemicals as well as building blocks for
the production of pharmaceuticals.[?! Selective catalytic hydroge-
nation plays a key role in this upgrading process, and the develop-
ment of innovative catalytic systems combining excellent activ-
ity, selectivity and stability is required.[! Several strategies can
be adopted to tune selectivity in hydrogenation reactions, among
which the use of metal nanoparticles immobilized on molecularly
modifier surfaces (NPs@MMYS) as catalysts is particularly prom-
ising.[*! The careful choice of NPs@MMS components (support
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material, molecular modifier, metal nanoparticles) indeed allows
controlling precisely the activation of the substrates as well as of
hydrogen (homolytic versus heterolytic activation).*fl As a result,
various functionalities (alkenes, arenes, ketones, efc.) can be se-
lectively hydrogenated in complex molecules, including biomass-
derived substrates.*>1 Among MMS materials, supported ionic
liquid phases (SILPs) are of particular interest as they combine
the beneficial properties of bulk ionic liquids (ILs) with those
of solid supports, providing advantages such as tunable wettabil-
ity, improved mass transfer, enhanced NPs stability, easy recy-
cling and implementation in continuous flow processes, efc.14¢.d:6]
NPs@SILP catalytic systems are highly tunable, and have been
successfully applied to challenging hydrogenationt52c-¢l and hy-
drodeoxygenation!”! reactions. However, while understanding the
relation between SILPs’ molecular structure and the resulting NPs
size and catalytic properties is essential to achieve a knowledge-
based catalyst design, this remains widely elusive until now.[4f3]
In this context, our group recently investigated the influence of the
molecular structure of imidazolium-based SILPs on the synthesis
and catalytic properties of Rh NPs in Rh@SILP materials.l%d The
structure of the chemisorbed ILs (N-alkyl chain length, spacer
length, anion) was found to have a very significant impact on the
size (0.7-2.0 nm range) and hydrogenation performances of Rh
NPs. In addition, it was demonstrated that Rh@SILP catalysts
possess a much better stability than a reference catalyst composed
of Rh nanoparticles of similar size immobilized on unmodified
SiO..

éompared to imidazolium-based ILs, phosphonium-based
ILs are typically less expensive and possess higher thermal,
chemical and electrochemical stability.’! Effects of the molec-
ular structure of phosphonium-based bulk IL on NP size and
catalytic performance have been investigated in Suzuki cross-
coupling!'% and hydrogenation!!!! reactions, however no consis-
tent trends could be observed in these studies. Luska et al. pre-
pared Ru NPs in bulk phosphonium-based ILs with the general
structure [PBu,R]X (R = P-alkyl chain length; X = anion) for the
hydrogenation of cyclohexene. Ru NPs immobilized in ILs with
increasing R showed an enhanced stability. The nature of X also
had an influence on the Ru NP size, with small NPs observed
in the presence of NTf, (bis(trifluoromethane)sulfonimide) and
OTT (trifluoromethanesulfonate), while for PF, and Cl the NPs
were larger with a broad size distribution and tended to aggre-
gate more during catalysis.[12]

Fig. 1. lllustration of the approach
followed in this study: a) organo- a)
metallic synthesis of Rh@SILP,
b) characterization of the sup-
ports and catalysts and c) cata-
lytic hydrogenation of furfural-

. /7
acetone and benzylideneacetone. i1

L1

o)

Herein, we report the preparation of various phosphonium-
based SILPs and their use as supports for the immobilization of
Rh NPs (Fig. 1a). The molecular structure of the IL-type modifiers
was systematically varied, changing in particular the length of the
P-alkyl chains and the nature of the anion to evaluate the influence
of these components on the morphology and catalytic properties
of the resulting Rh NPs. SILP and Rh@ SILP materials were char-
acterized using various techniques including N, adsorption, IR,
TEM and ICP (Fig. 1b). The catalytic performances of the Rh@
SILP materials were evaluated in the hydrogenation of furfuralac-
etone and benzylideneacetone (Fig. 1c). Both of these substrates
contain various unsaturated moieties that allow probing finely the
hydrogenation capabilities of the prepared catalytic systems. In
addition, furfuralacetone can be accessed from biomass-derived
furfural,['213] and its hydrogenation products are considered as
interesting intermediates in the production of fuels and fuel ad-
ditives.[14]

2. Results and Discussion

2.1 Synthesis and Characterization Rh@SILP Catalysts

A series of phosphonium-based ILs was synthesized by adapt-
ing a previously reported procedure.[!5] These ILs will be denoted
as R,-P-X, where R corresponds to the P-alkyl chains (R = Me,
Bu, ‘Bu, Oct) and X to the anion (X =1, OTT, PF,, NTf,). The syn-
thesis involved the quaternization of different trialkyl phosphines
with 3-iodopropyltriethoxysilane. The ILs were further tuned by
performing anion exchanges to replace the iodide by the OTY,
PF, and NTf, anions. The resulting ILs are liquid at room tem-
perature except for Me,-P-I and ‘Bu,-P-1 which appear as solids.
This is presumably due to their sterically less demanding P-alkyl
chains, causing the ionic forces between the molecules to domi-
nate. Similar trends could be observed for imidazolium-based
ILs, where the melting point generally decreased with increasing
N-alkyl chain length.!16]

Following an established procedure, the ILs were grafted onto
dehydroxylated (500 °C overnight under high vacuum) silica via
silanization (see Supplementary Information for complete experi-
mental procedures and characterization data).l’2l An overview of
the synthesized SILPs is given in Fig. 2.

The IL loadings on the SILPs were determined by isolating
the unreacted IL after the silanization reaction (Table 1). On
SILP(R,-P-I) materials, an increase of the P-alkyl chain length

N,-Adsorption
SILP and R
Nanoparticle TEM
Properties ICP
so I a1

eC er o Si
Rh@SILP
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was associated to a decrease in IL loading (from R = Me and 'Bu
to Bu and Oct). A similar observation was made when varying
the N-alkyl chain length in imidazolium-based SILPs.[%d No sig-
nificant influence of the anion on the IL loading could be identi-
fied. Characterization of the supports by N, adsorption showed
the expected decrease in surface area, pore size and volume of
the SILPs compared to unmodified silica. However, no significant
trends could be derived from the variation of the P-alkyl chain and
anion. Several SILPs were further characterized using diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS, Fig.
S1 in the Supplementary Information). The sharp band at 3700
cm™! corresponding to isolated surface Si-OH species of dehy-
droxylated silica is significantly weaker after the grafting of the
ILs. Additionally, the C-H stretch bands between 3000 cm™ and
2800 cm™' characteristic of the alkyl-chains of the IL are visible
for the SILPs, indicating the successful immobilization of the IL.

Rh NPs were synthesized following an organometal-
lic approach involving the wet impregnation of the supports
(0.5g) with a solution of [Rh(allyl),] (11.3 mg, 0.05 mmol)
in dichloromethane (5 mL) to achieve a targeted Rh loading
of 0.1 mmol/g  or approximately 1.0 wt%. 1641 The solvent
was removed in vacuo and the organometallic precursor was
reduced under H, (100 bar, 100 °C, 2 h). A black powder was
obtained, indicating the formation of Rh NPs. The Rh loadings
were determined by inductively coupled plasma—optical emission
spectrometry (ICP-OES) and found to be in agreement with the
theoretical value (Table 2). Rh@SiO, and Rh@SILP materials
were characterized by transmission electron microscopy (TEM)
to investigate the size and dispersion of Rh NPs on the various
supports (Table 2, Fig. 3 and Figs. S2-S11).

Rh NPs prepared on unmodified SiO, were found to be small
(1.2 nm) and well dispersed, in agreement with previous reports.[6d]
In contrast, the presence and nature of the phosphonium-based
ILs had a significant influence on the NPs formation, ranging
from large aggregates (> 100 nm) to small and homogeneously
distributed NPs (1.2—1.7 nm). Starting with the iodide-contain-
ing SILPs, mostly large agglomerates (10 to >100 nm) were ob-
served for Rh@SILP(Me,-P-I) and Rh@SILP(Bu,-P-I), while
smaller NPs (9.9 £ 4.7 nm) were formed on Rh@SILP('Bu,-P-I).
Rh@SILP(Oct,-P-I) showed very small and well dispersed NPs
(1.3 £ 0.3 nm, Fig. 3a). No aggregates were observed on the OTf-
containing SILPs, although the NPs sizes were quite large (16.5
and 14.5 nm for Rh@SILP('Bu,-P-OTf) and Rh@SILP(Oct,-P-
OTY), respectively) with a broad size distribution. Two NP size
populations could be observed for Rh@SILP(Oct,-P-PF,) with
the presence of small NPs (1.7 + 0.7 nm) as well as larger ag-
glomerates (10-100 nm). For NTf, as anion, small (1.2-1.4 nm)
and well-dispersed NPs with sizes comparable to Rh@SiO, could
be obtained. It could be shown that the structure of phosphonium-
based ILs has a very significant effect on the size of Rh NPs pre-

Fig. 3. Transmission electron microscopy characterization of a) Rh@
SILP(Oct-P-I), b) Rh@SILP(Bu,-P-OTf), c) Rh@SILP(Oct,-P-NTf,) and d)
Rh@SILP(Bu,-P-NTf).

pared on the corresponding SILPs. Both the nature of the anion
and the P-alkyl chain length influence the NP size, while such
strong effects were not observed for imidazolium-based Rh@
SILP materials.[6d!

2.2 Catalytic Study

Biomass-derived furfuralacetone (1) was selected as model
substrate to probe the hydrogenation performances of Rh@SILP
catalysts as it possesses various functionalities (furan ring, C=C,
ketone) offering the possibility to evaluate variations in the cata-
Iytic activity and selectivity by analysis of the product spectrum
(Fig. 4). In addition, through its selective hydrogenation, relevant
chemical products can be accessed which can be employed as
intermediates for the production of potential fuels or fuel addi-
tives.[lel

In the first step of the hydrogenation network, the C=C
double bond is hydrogenated, yielding the unsaturated ketone
4-(2-furanyl)-2-butanone (2). The following hydrogenation step
either consists of a) the hydrogenation of the furan ring to the
saturated ketone 4-(tetrahydro-2-furanyl)-2-butanone (3) or b)
the hydrogenation of the ketone, giving the unsaturated alcohol
a-methyl-2-furanpropanol (4). In the final hydrogenation step,
both paths converge to give the saturated alcohol tetrahydro-
a-methyl-2-furanpropanol (5). The catalytic hydrogenation of
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Table 1. IL loadings and N, adsorption measurements of the supports.

Support IL loading® Surface area Pore size Pore volume
[mmol-g'] [BET, m*g!] [nm] [em3-g']
Sio, - 342.3 8.8 1.07
SILP(Me,-P-I) 0.67 251.8 8.7 0.73
SILP(Bu,-P-I) 0.58 258.0 8.7 0.65
SILP(‘Bu,-P-I) 0.72 n.d. n.d. n.d.
SILP(Bu,-P-NTf,) 0.70 259.7 8.7 0.60
SILP('Bu,-P-OTf) 0.72 n.d. n.d. n.d.
SILP(Oct,-P-T) 0.47 270.8 8.6 0.69
SILP(Oct,-P-NTf,) 0.51 214.2 6.4 0.61
SILP(Oct,-P-OTft) 0.61 n.d. n.d. n.d.
SILP(Oct,-P-PF,) 0.49 n.d. n.d. n.d.

“Total IL loading = theoretical IL loading — recovered residual IL. n.d. = no
data.

Fig. 4. Hydrogenation network of
furfuralacetone (1).

@]
o) o Catalyst
=/ T
p(H2), T
1

furfuralacetone using noble metal catalysts typically follows
pathway a) with the fully hydrogenated product 5 being the main
product.5>26d1 The use of bifunctional catalytic systems formed
by the introduction of an acidic functionality in the IL or SILP!7a-d]
allow further conversion of 5, for example by deoxygenation or
ring-opening to produce fuels and fuel additives,[!'”l however,
these methods will not be discussed in this study.

Catalytic studies involving the Rh@SILP catalysts were con-
ducted in batch conditions using high-pressure stainless-steel auto-
claves (10 mL). In a typical experiment, the Rh@SILP catalyst (40.0
mg, 0.004 mmol of Rh) was added to a solution of furfuralacetone
(54.5 mg, 0.40 mmol, 100 eq.) in heptane (0.5 mL). The reaction
was performed under H, (20 bar) with the reactor heated to 100 °C
in an aluminium cone. The influence of the systematic variations in
structural parameters of the SILPs on the catalytic properties of Rh
NPs was investigated. First, the effect of variations of the P-alkyl
chain length in Rh@SILP(R-P-I) catalysts was studied in 4 and
18 h reactions (Table 3). After 4 h of reaction, the unsaturated ke-
tone 2 was the main product for all the catalysts tested. Using Rh@
SILP(Me,-P-I), the conversion remained low (25%), and 2 was
the only product observed. In sharp contrast, Rh@SILP(Bu,-P-I)
and Rh@SILP(Oct,-P-I) led to full conversion and to mixtures of
2 (96% and 91%, respectively) and 3 (4% and 9%, respectively).
This suggests that an increase in the P-alkyl chain length results in

)
G/\j\y 3
W/

Table 2. Characterization of the catalysts by transmission electron
microscopy (TEM, NP size distribution) and inductively coupled plasma
(ICP-OES, Rh loading).

Catalyst NP size [nm]?* Rh loading [mmol-g']®
Rh@SiO, 1.2+0.2 0.098
Aggregates
Rh@SILP(Me,-P-I) (30 - 100 nm) 0.094
Aggregates
Rh@SILP(Bu,-P-I) (10~ 100 nm) 0.096
Rh@SILP(‘Bu,-P-I) 99+47 0.073
Rh@SILP(Oct,-P-T) 1.3+0.3 0.090
Rh@SILP('Bu,-P-OTf) 16.5+7.8 n.d.
Rh@SILP(Oct,-P-OTf) 145+7.3 0.079
1.7 £ 0.7 + Aggregates
Rh@SILP(Oct,-P-PF,) (30— 100 nm) 0.085
Rh@SILP(‘Bu,-P-NTf)) 1.2+03 n.d.
Rh@SILP(Oct,-P-NTf) 14£05 0.114

“NP size distributions were determined from TEM images by measuring at
least 100 particles; *Theoretical Rh loading = 0.1 mmol-g”'; n.d. = no data.

]

W

DN OH
OH / <_ 7/\)\
2 o W 5

an increase in catalytic activity. Surprisingly, Rh@SILP('‘Bu,-P-I)
showed almost no activity. Similar observations were made after
18 h reactions. Interestingly, the Rh@SILP(Oct,-P-I) catalyst led to
high yields of 3 (87%), while the other catalysts still gave 2 as the
major product.

Thesuperior furanring hydrogenationactivity of Rh@SILP(Oct,-
P-1) (87% of 3 after 18 h) compared to the other catalysts may origi-
nate from the presence of small and well-dispersed NPs. However,
it is worth noticing that none of these catalysts displayed any C=0
hydrogenation activity, and that their overall catalytic activity ap-
pears quite low considering Rh-based catalysts. Their hydrogenation
activity is indeed much lower compared to Rh NPs on non-func-
tionalized silica, which converts 67% of 1 to the fully hydrogenated
product 5 in 18 h, with 3 (30%) and 4 (3%) as co-products. Besides
the presence of large aggregates in some Rh@SILP catalysts, this is
presumably due to the presence of iodide, which is known to bind
strongly at the surface of metal NPs and poison their active sites.8]
From these results, it is clear that the catalytic activity of Rh NPs
for the hydrogenation of furfuralacetone is significantly influenced
by the structure of the P-alkyl chain of phosphonium-based SILPs.

Next, the influence of the nature of the anion (X = I, OTT, PF,,
NTf,) on the performances of Rh@SILP(Oct,-P-X) catalysts for the
hydrogenation of furfuralacetone was investigated (Table 4). While
Rh@SILP(Oct,-P-I) gave 2 as main product (91%) after 4 h, Rh@
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Table 3. Hydrogenation of furfuralacetone using Rh@SILP with different P-alkyl chains.

Time (h) Support NP size (nm) Conversion (%)

SILP(Me,-P-I) aggregates 25
SILP(Bu,-P-I) aggregates >99

4
SILP(Oct,-P-I) 1.3+0.3 >99
SILP('Bu,-P-I) 99+4.7 8
SILP(Me,-P-I) aggregates 78
SILP(Bu,-P-I) aggregates >99

. SILP(Oct,-P-I) 1.3+03 >99
SILP(‘Bu,-P-I) 9.9+47 9

Product yield (%)*
0 (0] OH OH
o ) ) (o)
@ (_7/\)‘\ @/\)\ (_7/\)\
2 3 4 5
25 <1 0 0
96 4 0 0
91 9 0 0
8 0 0 0
78 <1 0 0
88 12 0 0
12 87 <1 <1
9 0 0 0

Reaction conditions: Rh@SILP(40.0 mg, 0.004 mmol total metal loading), heptane (0.5 mL), furfuralacetone (0.4 mmol, 100 eq.), H, (20 bar),

100 °C. “Determined by GC-FID using tetradecane as an internal standard.

Table 4. Hydrogenation of furfuralacetone using Rh@SILP(Oct,-P-X) with different anions.

Time (h) Support Anion NP size [nm]
1 1.3+0.3
OTf 145+73
4 SILP(Oct,-P-X)
PF, 1.7 +0.7°
NTT, 1.4+0.5
I 1.3+0.3
OTf 145+73
18 SILP(Oct,-P-X)
PF, 1.7 +0.7°
NTf 14+0.5

2

Product yield (%)*
0 (0] OH OH
(o) ) ) (0)
@ (_7/\)J\ @/\)\ (_7/\)\
2 3 4 5
91 9 0 0
0 99 0 1
0 92 <1 8
0 90 <1 10
12 87 <1 <1
0 97 0 3
0 84 <1 16
0 79 <1 21

Reaction conditions: Rh@SILP (40 mg, 0.004 mmol total metal loading), heptane (0.5 mL), furfuralacetone (0.4 mmol, 100 eq.), H, (20 bar),
100 °C. “Determined by GC-FID using tetradecane as an internal standard. The conversion is >99% in all cases. "aggregates (30 - 100 nm) are also present.

SILP(Oct,-P-OTf), Rh@SILP(Oct-P-PF,) and Rh@SILP(Oct,-
P-NTf)) led to near quantitative y1elds of 3. Ketone hydrogena-
tion activity was observed when using Rh@SILP(Oct,-P-PF,) and
Rh@SILP(Oct,-P-NTf) as catalysts, with 8% and 10% yleld of §,
respectively.

After 18 h, Rh@SILP(Oct,-P-I) and Rh@SILP(Oct-P-OTf)
gave 3 as the main product (87% and 97% yield, respectlvely)
with only traces of 5, indicating that their ketone hydrogenation
activity is extremely low. In contrast, significant amounts of 5
were detected for reactions catalyzed by Rh@SILP(Oct,-P-PF))
and Rh@SILP(Oct,-P-NTf)) (16% and 21%, respectlvely)
Nevertheless, the hydrogenatlon of the ketone appears to be the
slow step for all catalysts tested, and the hydrogenation of 1 pro-

ceeds clearly through pathway a). Interestingly, the catalytic ac-
tivity seems to increase with a decrease in coordination strength of
the anion (I — OTf — PF, — NTf)), which is consistent with what
has been described for bulk ILs['1 and SILPs.[201 The absence of
C=0 hydrogenatlon activity of Rh@SILP(Oct,-P-OTf) may be
due to its NPs size. Indeed, we have previously shown that on im-
idazolium-based SILPs, Rh NPs larger than 2 nm are essentially
inactive for C=0 hydrogenation.l®! As a result, Rh@SILP(Oct,-
P-OTf) proved to be a highly selective catalyst to obtain 3.

Additionally, the stability of Rh@SILP(Oct,-P-NTf,) was
evaluated through recycling experiments (Table 5). The results
show that the Rh@SILP(Oct,-P-NTf)) catalyst maintains its activ-
ity for at least 4 cycles.
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Table 5. Recyclability of Rh@SILP(Oct,-P-NTf)) in the hydrogenation of 1 over 4 catalytic cycles (4 h each).

Product yield (%)*
o o] OH OH
Cycle \O ) @/\)J\ \O ) G/\)\
2 4 5
1 0 <1 11
2 0 0 12
3 0 0 8
4 0 0 6

Reaction conditions: Rh@SILP (40 mg, 0.004 mmol total metal loading), heptane (0.5 mL), furfuralacetone (0.4 mmol, 100 eq.), H, (20 bar),
100 °C, 4 h. “Determined by GC-FID using tetradecane as an internal standard. The conversion is >99% in all cases.

It could be shown that the anion exchange has a large impact
on the hydrogenation activity of the Rh@SILP(Oct-P-X) cata-
lysts, therefore we wanted to investigate the effect of the anion
exchange on Rh@SILP('Bu,-P-I), which had shown the lowest
hydrogenation activity of the materials tested thus far in this study.
The influence of changing the anion from I to OTf and NTf, was
evaluated in the hydrogenation of furfuralacetone over 4 and 18 h
(Table 6).

Despite larger NPs, the hydrogenation activity is superior for
Rh@SILP('Bu,-P-OTf) compared to Rh@SILP(‘Bu,-P-I), as evi-
denced by the larger amount of 2 produced after 4 and 18 h (48%
and 69% versus 8% and 9%, respectively). However, no hydroge-
nation of the furan ring or the ketone could be observed with these
catalysts. In sharp contrast, the use of Rh@SILP('Bu,-P-NTf,) led
to full conversion of the substrate after only 4 h, producing a mix-
ture of 3 (69%) and 5 (28%). The nature of the anion has thus
a crucial influence on the formation and catalytic properties of
Rh NPs prepared on SILP('Bu,-P-X). Interestingly, with NPs of
similar size Rh@SILP('Bu,-P- NTf ,) clearly outperforms the C=0
hydrogenation activity of Rh@SILP(Oct -P-NTf)), even though
both catalysts possess well-dispersed NPs of similar size (1.2 and
1.4 nm, respectively). This suggests that other factors than NPs
size effect are at play (e.g. electronic and steric interactions, dif-
fusion effects, etc.).

Intriguingly, low mass balances and irreproducible results
were obtained when using Rh@SILP('Bu,-P-NTf,) in 18 h re-
actions. Furfuralacetone is known to be a sensitive compound,
which is prone to degradation under acidic conditions to form
humin.H72b21 Tt could be shown previously that specific phospho-
nium-based Rh@SILP catalysts can possess acidic properties.[22]
For this reason, selected catalysts were also evaluated in the hy-
drogenation of the less sensitive benzylideneacetone (6, Fig. 5),
a model substrate containing similar moieties compared to furfu-
ralacetone.

Fig. 5. Hydrogenation network of
benzylideneacetone (6).
0
W

6

Catalyst

0 y
- @/d\
aHz), T
2 }k

Very similar to what was presented earlier for furfuralac-
etone, the first step of the hydrogenation of benzylideneacetone
involves the hydrogenation of C=C giving 4-phenylbutan-2-one
(7). Depending on whether a) the hydrogenation of the aromatic
ring or b) the C=0 function is favored, 4-cyclohexylbutan-2-one
(8) or 4-phenylbutan-2-ol (9) is yielded next, before both paths
merge to give the fully hydrogenated product 4-cyclohexylbutan-
2-ol (10).

Rh@SILP('Bu-P-NTf,), which showed reproduc1b111ty is-
sues in the hydrogenatlon of 1, was subsequently tested in the
hydrogenation of 6 (Table 7) and compared with several other
phosphonium-based Rh@SILP catalysts.

Using Rh@SILP('Bu,-P-NTf)) as catalyst, near full conver-
sion of 6 to 10 was reached after only 1 h of reaction. Increasing
the Rh:substrate ratio to 500, 8 was yielded as main product
(77%), indicating that hydrogenation pathway a) is preferred here
as well. For Rh@SILP(Oct,-P-NTf)), the saturated ketone 8 was
yielded as main product (68%) after 1 h under standard conditions
(100 equivalents of substrate). Rh@SILP('Bu,-P-OTTf) showed a
high selectivity towards 7 in 18 h, with negligible C=0 and aro-
matic ring hydrogenation activity. Rh@SILP('Bu,-P-NTf) and
Rh@SILP(Oct,-P-NTf)) were able to fully hydrogenate 6t010in
18 h reactions. It could be demonstrated that Rh@SILP('Bu,-P-
NTT,) can effectively hydrogenate benzylideneacetone. This sug-
gests that the interaction of furfuralacetone with the catalysts and/
or its partial decomposition may have caused the reproducibility
issues observed for Rh@SILP('‘Bu,-P-NTTt)).

3. Conclusions

In summary, Rh NPs were immobilized on phosphonium-
based supported ionic liquid phases (Rh@SILP) of systemati-
cally varied molecular structure (P-alkyl chain length, anion).
The variations of the ionic liquid-type molecular modifier at the
silica surface was found to affect the morphology of the synthe-

OH

7
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Table 6. Hydrogenation of furfuralacetone using Rh@SILP(‘Bu,-P-X) with different anions.

Product yield (%)*
0 (0] OH OH
Time (h) Support Anion NP size [nm] Conv. (%) \O ) @/\)J\ 0 w
3 L 4 5
I 99+47 8 8 0 0 0
4 SILP(Bu,-P-X) OTf 16.5+7.8 49 48 1 0 0
NTI, 1122 0.3 >99 0 69 3 28
I 9.9+4.7 9 9 0 0 0
18 SILP('Bu,-P-X) OTf 16.5+7.8 70 69 1 0 0
NTI, 12+03 Irreproducible results
Reaction conditions: Rh@SILP (40.0 mg, 0.004 mmol total metal loading), heptane (0.5 mL), furfuralacetone (0.4 mmol, 100 eq.), H, (20 bar),
100 °C. “Determined by GC-FID using tetradecane as an internal standard.
Table 7. Hydrogenation of benzylideneacetone using different phosphonium-based Rh@SILP catalysts.
Product yield (%)*
(0] (0] OH OH
Time (h) Support NP size [nm] Conv. (%)
7 8 9 10
SILP('Bu,-P-NTf) 1.2+03 >99 0 1 0 99
1 SILP('Bu,-P-NTf,)" 1.2+03 >99 0 77 0 23
SILP(Oct,-P-NTf,) 1.4+0.5 >99 0 68 0 32
SILP('Bu,-P-OTf) 16.5+7.8 99 96 2 0 1
18 SILP('Bu,-P-NTf,) 1.2+03 >99 0 0 0 >99
SILP(Oct,-P-NTf)) 1.4+0.5 >99 0 0 0 >99

Reaction conditions: Rh@Support (40.0 mg, 0.004 mmol total metal loading), heptane (0.5 mL), benzylideneacetone (0.4 mmol, 100 eq.), H, (50 bar),
100 °C. “Determined by GC-FID using tetradecane as an internal standard. 500 eq. of benzylideneacetone were used.

Fig. 6. Selective hydrogena-

o o
" tion of furfuralacetone and
\0; Rh@SILP(Buz-P-1), 4 h Rh@SILP(‘Buy-P-OTf), 18 h}_: @/\)k benzylideneacetone using
phosphonium-based Rh@SILP
096% 06% catalysts towards products with
o 0o oH distinct molecular functionalities.
o . Reaction conditions: 100 °C, H,
U/\)k _ RN@SILP(OctsP-OTH, 4 W RO@SILP(BusP-NTE), 1h O/\)\ (20-50 bar).
99% 99%

sized nanoparticles in a much stronger manner than what has been
previously observed on imidazolium-based SILPs. The catalytic
properties of Rh@SILP materials in hydrogenation were investi-
gated using biomass-derived furfuralacetone as well as benzylide-
neacetone as molecular probes. All the catalysts considered dis-
played some activity for the hydrogenation of these substrates,
however with very significant differences depending on the NPs
size and molecular structure of the SILP, leading to the selec-

tive synthesis of products with distinct molecular functionalities
(Fig. 6). In particular, catalysts containing I as anion were found
poorly active and did not hydrogenate the C=0 at all, presum-
ably due to the presence of large NPs and the poisoning of the
NPs surface by the I. Decreasing the coordination strength of the
anion from I, to OT{, PF, and NTT, led to a progressive increase
in catalytic activity and unlocked C=0 hydrogenation activity.

Similarly, increasing the length of the P-alkyl chain was ben-
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eficial for the formation of small and well-dispersed NPs with
high catalytic activity. Additionally, several Rh @ SILP materials
showed high activity for the hydrogenation of benzylideneac-
etone, fully hydrogenating the substrate in short reaction times.
While the effects observed in catalysis may be caused by several
factors (NPs size effect, electronic interaction, diffusion, efc.)
that are currently challenging to untangle, the trends resulting
from the variation of the anion and P-alkyl chains can be used
as basis for future studies involving metal NPs immobilized on
phosphonium-based SILP as catalysts.
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