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Abstract: Ruthenium nanoparticles (NPs) immobilized
on an amine-functionalized polymer-grafted silica sup-
port act as adaptive catalysts for the hydrogenation of
bicyclic heteroaromatics. Whereas full hydrogenation of
benzofuran and quinoline derivatives is achieved under
pure H,, introducing CO, into the H, gas phase leads to
an effective shutdown of the arene hydrogenation while
preserving the activity for the hydrogenation of the
heteroaromatic part. The selectivity switch originates
from the generation of ammonium formate species on
the surface of the materials by catalytic hydrogenation
of CO,. The CO, hydrogenation is fully reversible,
resulting in a robust and rapid switch between the two
states of the catalyst adapting its performance in
response to the feed gas composition. A variety of
benzofuran and quinoline derivatives were hydrogen-
ated to fully or partially saturated products in high
selectivity and yields simply by altering the composition
of the feed gas from H, to H,/CO,. The adaptive
catalytic system thus provides controlled access to
valuable products using a single catalyst rather than two
pecific and distinct catalysts with static reactivity. )
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Introduction

The hydrogenation of bicyclic heteroaromatics (e.g. benzo-
furans, quinolines, etc.) is an important transformation for
the chemical industry, as the resulting compounds are key
building blocks for the production of various fine
chemicals,) materials,” and pharmaceuticals®™ (see Figure 1
for examples). In the past decades, numerous efforts were
dedicated to the development of homogeneous!” and
heterogeneousl” catalysts capable of selectively accessing
partially (only heterocycle hydrogenation)"* "%l or fully
(heterocycle +arene hydrogenation)f><! gaturated hetero-
cyclic compounds. The production of these two classes of
products typically requires the use of two distinct classes of
catalysts, however. For example, the selective hydrogenation
of benzofuran to dihydrobenzofuran requires catalysts
possessing the ability to hydrogenate the heteroaromatic
furan ring while leaving the six-membered aromatic ring
untouched. This can be achieved using homogeneous Ru-
NHC complexes™*#l and monometallic®*#! or bimetallic
nanoparticles in ionic liquid environments. In contrast, full
hydrogenation of benzofuran to octahydrobenzofuran neces-
sitates the additional hydrogenation activity for 6-membered
aromatic carbocycles. Heterogeneous catalysts based on
noble metal NPs are typically used to achieve full
hydrogenation.™™ Thus, while state-of-the-art catalysts
present often outstanding properties regarding their dedi-
cated tasks, their performance is typically optimized to
provide maximum activity and selectivity toward one class
of product only.

An alternative approach relies on the design of adaptive
catalytic systems allowing to switch the performance of a
given material by an external stimulus in a fully reversible,
robust and rapid manner.”! Thus, the same catalyst in a
single reactor unit can produce different products for
example in response to the dynamics of alternative energy
sources, quality variations of chemical feedstocks, and
rapidly changing market demand for products. Such adap-
tive catalytic systems can provide innovative processing
options to enable decentralized and customized
production.”) Here, we report a rationally designed catalytic
system capable of hydrogenating bicyclic heteroaromatics
selectively to partially as well as fully saturated products in a
fully adaptive manner.

Recently, we reported a multifunctional catalytic system
composed of Ru NPs immobilized on tertiary amine-
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Figure 1. Illustration of (a) the conventional approach to the hydrogenation of bicyclic heteroaromatics, (b) the adaptive hydrogenation of bicyclic
heteroaromatics using Ru@PGS with CO, as a molecular trigger, (c) examples of potential applications of partially or fully saturated benzofuran

and quinoline derivatives.

functionalized polymer-grafted silica (PGS).”! The resulting
Ru@PGS catalyst was found to respond in an adaptive
manner to the feed gas composition in the hydrogenation of
ketone-containing furan derivatives. While full hydrogena-
tion was observed under H,, ketone hydrogenation activity
was selectively shut down in the presence of a mixture of H,/
CO,. The reversible formation of ammonium formate
species at the surface of the Ru NPs was inferred from
spectroscopic data to act as a molecular trigger for the
selectivity switch.

Herein, we apply this adaptive catalytic system to the
hydrogenation of benzofurans, another class of furan-
containing compounds that find widespread application in
the fine chemical and pharmaceutical industry.”® In this
case, the use of CO, as a molecular trigger is explored to
switch the hydrogenation activity of the Ru NPs for the 6-
membered arene ring. The concept is then expanded to
nitrogen-containing heterocycles and a wide variety of
quinoline derivatives is also partially or fully hydrogenated
in an adaptive manner (Figure 1).

Results and Discussion

The Ru@PGS catalyst was prepared following a procedure
recently reported by our team.! Synthesis of the tertiary
amine-functionalized PGS support material involved the
molecular modification of commercial amorphous SiO, by
silanization and surface-initiated atom transfer radical
polymerization.”) Successful chemisorption of the amine-
functionalized polymer on SiO, was demonstrated by N,
adsorption and ¥Si solid state NMR in a previous study.®
The immobilization of Ru NPs on PGS was accomplished
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using our bottom-up organometallic approach known to
produce small and well-defined NPs on functional
supports.”™% In brief, the PGS support was loaded with Ru
by wet impregnation with a solution of [Ru(2-methylallyl),-
(cod)] (where cod=1,5-cyclooctadiene) in tetrahydrofuran
(THF). After removal of the solvent in vacuo, the dried
powder was subjected to an atmosphere of H, (25 bar) at
100°C for 18 h, giving the Ru@PGS material as a fine black
powder. Ru@SiO, was prepared following the same ap-
proach to serve as reference catalyst without surface
modification (see Supporting Information for detailed
procedures). The Ru@PGS material was characterized using
elemental analysis (0.82 mmolg™ Ru), N, physisorption
(BET surface area=68m’g '), and electron microscopy
(Figure 2), giving results consistent with our previous
study.® In particular, bright field scanning transmission
electron microscopy images (BF-STEM, Figure 2b-c)
showed small and fairly well dispersed NPs with an average
size of 1.7 +£0.7 nm (size distribution in Figure S1) exhibiting
a nearly spherical shape. Lattice spacings of the NPs were
determined from the Fast Fourier Transformation (FFT,
insert Figure 2c) of the BF-STEM image, showing lattice
distances of 2.34 A, 2.14 A and 2.05 A which correspond
well to the (110), (002) and (111) facets of Acp ruthenium
(P6;/mmc), respectively. High angle annular dark field
STEM and elemental mapping using energy dispersive X-
ray spectroscopy (HAADF-STEM & EDX mapping, Fig-
ure 2d—-g, summary of EDX spectrum provided in Figure S2)
showed that Ru (Figure 2¢) and Br (Figure 2f) are fairly
well dispersed on the SiO, support (Si mapping Figure 2g),
indicating that the polymer, SiO, support, and Ru NPs are
in close proximity. The reference Ru@SiO, material was
characterized by elemental analysis, N, physisorption, and
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Figure 2. Characterization of Ru@PGS by electron microscopy. (a) Secondary electron SEM images (SE-SEM); (b, c) Bright field STEM image (BF-
STEM), insert represents Fast Fourier Transform analysis; (d) HAADF-STEM image and corresponding (e-g) EDS elemental mapping of (e) Ru, (f)
Br, and (g) Si in Ru@PGS structure using Ru La (2.56 keV), Br La (1.48 keV) and Si Ka (1.74 keV) fluorescence lines respectively.

HAADF-STEM, showing a Ru loading of 0.79 mmolg™, a
BET surface area of 404 m*g~', and Ru NPs of 1.740.5 nm
(Figure S3), respectively.

The hydrogenation of benzofuran (1a) was selected as a
model reaction to probe the reactivity of the Ru@PGS
catalyst with pure hydrogen (H,) or hydrogen in the
presence of CO, (H,/CO,) as the gas feed (Table1).
Ru@SiO, was used as a reference catalyst for comparison.
The hydrogenation of benzofuran (1a) can proceed follow-
ing two possible reaction pathways: (1) the most common
pathway starts with hydrogenation of the furan ring to

Table 1: Hydrogenation of T1a using Ru@PGS under H, or H,/CO, as

feed gas.
(o) HZ/( 1b \Hi ro)
Co CO
1a }\ C[O) / 1d
V4

pH, [bar] pCO, [bar] Conv. Yi4[%]? Yy [%6]

Entry Catalyst

[%]
1 Ru@PGS 30 - >99 92 2
2 30 15 97 12 83
3 Ru@Sio, 30 - >99 97 0
4 30 15 >99 97 0
50 30 - 90 7 77

Reaction conditions: Ru@PGS or Ru@SiO, (0.026 mmol Ru),
substrate (0.65 mmol, 25eq.), n-butanol (0.65mL), 80°C, 16 h,
Conv. = conversion, ¥Y=yield, determined by GC-FID using tetrade-
cane as an internal standard, rest=2-ethylphenol. PAdditive:
diisopropyl (ethyl)ammonium formate (DIPEF), 0.025 eq. with respect
to 1a, DIPEF/Ru=0.63.
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produce 2,3-dihydrobenzofuran (1b), followed by hydro-
genation of the arene ring to give octahydrobenzofuran
(1d); (2) alternatively, the arene ring can be hydrogenated
first leading to hexahydrobenzofuran (1e¢), prior to furan
ring hydrogenation to give 1d. The catalytic reactions were
performed under batch conditions using stainless-steel high-
pressure autoclaves equipped with magnetic stir bars. The
solvent, amount of substrate, and reaction time were set to
n-butanol, 25 equivalents with respect to total Ru loading,
and 16 h, respectively. A temperature of 80°C and a H,
partial pressure of 30 bar (total pressure of 45 bar for H,/
CO,, with a 2:1 ratio) were selected after a brief parameter
optimization (Table S1).

Starting with Ru@PGS and H, as feed gas, 1la was
completely hydrogenated to give product 1d in 92 % yield
(Table 1, Entry 1), corresponding to the expected reactivity
of Ru NPs under such conditions."! Switching the feed gas
to a mixture of H,/CO, and applying the identical partial
pressure of H, led to the formation of the partially saturated
product 1b in high yield (83 %, Table 1, Entry 2), without
any trace of 1lc. In contrast, the reactivity of a reference
Ru@SiO, catalyst without molecular modifier was not
affected by the presence of CO, in the feed gas, and
quantitative yields (97 %) of 1d were obtained under H, and
a mixture of H,/CO, (Table 1, Entries 3-4).

In a recent study, we have shown that the reactivity of
Ru NPs in Ru@PGS could be switched in the presence of
H,/CO, due to the reversible formation of ammonium
formate species on the catalyst, resulting in the suppression
of ketone hydrogenation activity.®! The present results
indicate that the same molecular trigger can also be effective
to control arene reduction during benzofuran hydrogena-
tion, demonstrating the broader applicability of the concept.
Indeed, the formation of ammonium formate species on
Ru@PGS treated with H,/CO, (45bar, 2:1) under the
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Table 2: Hydrogenation of benzofuran derivatives using Ru@PGS catalysts under H, or H,/CO,.

CO2 switched OFF COz switched ON
# Substrate T(C) _ 2 - :
(Xa) pHz Conv. Y(main product)!® pH/CO:  Conv. Y(main product)®
(bar) (%) (%) (bar) (%) (%)
o] o} (o]
1 4 80 30 99 O,\) 3015 97 @1)
1a 1d, 92 (78) 1b, 83 (69)
o] 0 [e]
2 /©l/) 100 80 =99 /EI) 80/5 95 /©;)
2a 2d, 96 2b, 86 (78)
(o] (o] [s]
3 @’( 120 30 =99 @ 30/15 84 @
3a 3d, 99 3b, 34
[o] o] (o]
Vi
4 ~°7(©;) 100 80 >99 07((1) 80/15 >99 /07(@)
o (o] (o]
4a 4d, 79 4b, 98 (82)
0 ;
/ 5d, 67
5 ~o A0 40 299 o 30/5 55 5b, 55
sa Qo
100/5 88 5b, 84 (75)
1d,12
6 o / 80 80 =99 & 80/5 =99 -
6a 6b, 93 6b, 93

Reaction conditions: Ru@PGS (0.026 mmol Ru), substrate (0.65 mmol, 25 eq.), n-butanol (0.65 mL), 16 h, Conv.=conversion, Y=yield.
Conversions and product yields determined by GC-FID using tetradecane as the internal standard. Rest = products Xb. IRest = products Xd.

Isolated yields are given in parentheses.

standard conditions of the present study (80°C, 16 h) in
deuterated methanol was confirmed by 'H and “C NMR
spectroscopy (Figure S4). Analysis of the reaction mixture
containing the catalyst in suspension showed signals charac-
teristic of ammonium formate species at 8.4 ppm (‘H NMR
spectrum) and 165 ppm (“C NMR spectrum). In addition,
solid-state *C cross polarization magic angle spinning (**C
CP-MAS) NMR analysis of the Ru@PGS material after the
reaction with H,/CO, revealed a new signal at 164 ppm, thus
confirming the presence of ammonium formate species on
the spent catalyst surface (FigureS5). Furthermore,
diisopropyl(ethyl)ammonium formate (DIPEF) when ap-
plied as an additive in the hydrogenation of 1a catalyzed by
the reference catalyst Ru@SiO, under pure H, changed the
selectivity (Table 1, Entry5), clearly demonstrating the
suppression of arene hydrogenation by presence of the
ammonium formate. A mixture of 1b (77 %) and 1d (7 %)
was obtained under these conditions with a DIPEF:Ru ratio
of 0.63 (Table S2), which is close to the amine:Ru ratio
present on the Ru@PGS catalyst (0.69). Using less DIPEF
resulted in a less effective selectivity switch, while adding it
in excess decreased the total catalytic activity (Table S2).
Interestingly, the amine structure of the ammonium formate
species used as additives was found to have also a strong
influence on the extent of the selectivity switch observed
(Table S3), with tertiary bulky amines being particularly
suitable for the present application.
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To gain further insight into the reactivity of Ru@PGS
for the hydrogenation of 1a, time profiles were recorded
using H, or H,/CO, as feed gas (Figure 3).

Under H,, 1a was quickly hydrogenated to 1b in the first
hour (initial rate=0.62molL*h™'), which was further
converted into 1d over time (initial rate =0.15 molL'h™")
in a typical profile for the sequential hydrogenation of 1a
(Figure 3a). The hydrogenation of 1a to 1b still occurred
smoothly under H,/CO,, albeit at a slightly reduced rate
(initial rate =0.40 molL™'h™"), which further decreased over
time. Arene hydrogenation, however, was essentially shut
down reducing the rate by roughly one order of magnitude
(initial rate=0.02 molL~'h™"), and even suppressing it after
4 h. Thus, the yield of 1d remained below 10 % even after
24 h of reaction (Figure 3b). Interestingly, the decrease in 1a
= >1b rate, and suppression of the 1b= >1d step after a
few hours of reaction is presumably due to the progressive
establishment of formate species at the surface of Ru NPs,
decreasing the availability of free space on the surface, and
preventing the re-adsorption of 1b. The adsorption capacity
of 1b on Ru@PGS treated under H,/CO, (0.34 mgmgg, ™ on
Ru@PGS-[HNEt,| "[HCOO] ") was found much lower than
on Ru@PGS treated under H, (1.37 mg mgg, ' on Ru@PGS-
NEt,), supporting this hypothesis (see Supporting Informa-
tion for experimental details). In sharp contrast, the kinetic
profile obtained with Ru@SiO, was not affected by the
composition of the feed gas (Figure S6).
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Table 3: Hydrogenation of quinoline derivatives using Ru@PGS under H, or H,/CO,.
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CO:z switched OFF CO: switched ON
# Substrate T Q)
(Xa) pHz  Conv. Y(main product)? pH2/CO2  Conv. ¥(main product)®!
(ban) (%) (%) (bar) (%) (%)
1 # 100 30 >99 (IJ 3015 >99 CLJ
7a 7d, 98 (90) 7b, 86 (63)
2 Z 100 30 >99 O’\)/ 3015 99 @)/
8a 8d, 99 (92) 8b, 89 (73)
3 z 120 50 >99 CL)\ 50/30 97 ©;J\
9a 9d, 85 9b, 88
4 z 100 30 =99 /CL) 3015 ~99 /CU
10a 10d, 99 (93) 10b, 94 (79)
Ny N N
5 b : ;’ 120 30 >99 \(O;J 30115 >99 Y@J
11a 11d, 99 11b, 88
H H
N N N
6 2/@ 120 30 >99 3015 >99
12a 12d, 78 12b, 99
N + H N
7 \OJ@’\) 100 30 >99 \O,O’\j (j’\j 3015 >99 ‘,0,@/\)
13a 13d/7d, 53/47 13b, 95 (81)
OH OH OH
N\ N N
8 p 120 50 =99 5015 >99
14a 14d, 94 14b, 99
[o}
9 - Z 120 50 >99 f’y(qj 50115 >99 /°)(©;)
o o 0
15a 15d, 78 15b, 94 (78)
10 FC Z 100 30 >99 cmm Fac,(j\) 3015 >99 Facm
16a 16d/16b, 32/68 16b, 97
11 Facm/ 120 50 >99 p,cm 50/15 >99 Fac’©’\j
16a 16d, 80° 16b, 92
Fscm FiC N FiC N
12 > 120 50 ~99 m 5015 >99 m
17a 17d, 909 17b, 97

Reaction conditions: Ru@PGS (0.026 mmol Ru), substrate (0.65 mmol, 25 eq.), n-butanol (0.65 mL), 16 h, Conv.=conversion, Y=yield.
Conversions and product yields determined by GC-FID using tetradecane as the internal standard. ¥ Rest=products Xb. ' Rest=the
corresponding 5,6,7,8-tetrahydroquinoline. Fside product: 1-butyl-7-(trifluoromethyl)decahydroquinoline; ¥ side product:1-butyl-6-(trifluorometh-

yl)decahydroquinoline. Isolated yields are given in parentheses. Yields of products Xc < 5%.
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Figure 3. Time profiles of the hydrogenation of 1a using Ru@PGS under (a) H, and (b) H,/CO,. Reaction conditions: Ru@PGS (0.026 mmol Ru),
substrate (0.65 mmol, 25 eq.), n-butanol (0.65 mL), 80°C, (a) H, (30 bar) or (b) H,/CO, (45 bar, 2:1), Conv. =conversion, Y=yield. Product yield
determined by GC-FID using tetradecane as the internal standard. Data points are average values of three experiments and error bars represent

standard deviations.

As the hydrogenation of CO, to formic acid is known to
be an equilibrium reaction, we evaluated the reversibility of
the formate-induced selectivity switch (Figure 4a) between
the formation of 1b and 1d using the Ru@PGS catalyst in
alternating cycles of H, and H,/CO, as feed gas (Figure 4b,
and Supporting Information for detailed procedure). Under
standard conditions, high yields of 1d (88-92 %) under H,
and of 1b (73-80%) under H,/CO, were observed in six
consecutive alternating runs without sign of deactivation,
demonstrating that the switching of the Ru@PGS catalyst is

fully and repeatably reversible. The reversibility of the
formate species formation was demonstrated by liquid-state
'"H NMR (Figure S7) and solid-state “C CP-MAS NMR
(Figure S8), which showed that the formate species are
absent in the first cycle under H, (Figure S7a and S8a),
formed under H,/CO, (Figure S7b and S8b, signals at 8.4
and 164 ppm, respectively), and effectively decomposed
when the feed gas is switched back to H, (Figure S7c and
S8c), with CO, being released in the process (Figure S9).

H,/CO, .
a Ru@PGS-NEt - Ru@PGS-[HNEt2] [HCOO]
2
d
100 + 100 4
804
60 4
& 83 87 84 80 &
40
20
04
Hy H,CO, H, H,/CO, H, H,/ICO, 1 2 3 4 5
Run - H, Run - H,/CO,
o o
—=— Conv. Yib ©:) Yid C[}

Figure 4. (a) Proposed trigger for the selectivity switch using Ru@PGS, (b) reversibility, and recycling studies for the hydrogenation of 1a under (c)
H, and (d) H,/CO, using Ru@PGS. Reaction conditions for reversibility: Ru@PGS (0.026 mmol Ru), substrate (0.65 mmol, 25 eq.), n-butanol
(0.65 mL), H, (30 bar) or H,/CO, (45 bar, 2:1), 80°C, 16 h. For the recycling study, the reaction time is 5 h. Product yield determined by GC-FID
using tetradecane as the internal standard. Data points are average values of two to four experiments and error bars represent standard deviations.
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In addition, the reusability and robustness of Ru@PGS
were further investigated through recycling experiments
(detailed procedure in SI). The conditions were set to
remain below 100 % conversion (reaction time 5 h), and five
consecutive runs were performed with H, (Figure 4c) and
with H,/CO, (Figure 4d). Conversion and product distribu-
tions remained constant under pure hydrogen, while a slight
increase of the yield of arene hydrogenation product was
observed under H,/CO,. This may reflect a slight accumu-
lation of partially hydrogenated product on the catalyst
material being carried over from one cycle to the other.

Electron microscopy of Ru@PGS after catalysis under
H, (Figure 5b, Figure S10a and Figure S1la) or H,/CO,
(Figure 5c, Figure S10b and Figure S11b) did not show
substantial change in the size, dispersion, and crystal
structure of Ru NPs as compared to the fresh catalyst
(Figure 5a, Figure?2). In addition, X-ray absorption near
edge structure (XANES) and Ru K-edge extended X-ray
absorption fine structure (EXAFS) spectra of Ru@PGS
before and after catalysis were very similar (Figure 5d-e).
The absorption edge positions of the fresh and spent
Ru@PGS catalysts are nearly identical (at 22122.0 eV). This
is approximately 2.6 eV higher than that of Ru(0) in Ru
metal foil (22119.4eV), but 5.3eV lower than that of
Ru(IV) in RuO, (22127.3 eV). This suggests that Ru is
mainly in the metallic state in Ru@PGS materials, with only
traces of oxidation. In addition, for both Ru—O and Ru—Ru
in the first coordination shell, neither the coordination
number nor the bond length was changed noticeably under
H, or H,/CO, as the feed gas (Table S4, Figure S12),
indicating that no substantial growth or aggregation of Ru
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NPs occurred. This is consistent with statistical results
obtained from electron microscopy (Figure 5a—c). Leaching
of Ru or Br in solution during catalysis was found to be
negligible (Table S5). BET surface areas (Table S6) of spent
Ru@PGS catalysts used under H, (54 m?’g™") or H,/CO,
(66 m*g™") were very similar to that of fresh Ru@PGS
(68 m*g"), supporting the absence of noticeable polymer
leaching during catalysis. These results demonstrate the
robustness of the Ru@PGS catalyst and the absence of
irreversible structural or electronic modifications arising
from its use under different feed gas, highlighting again its
adaptivity.

In contrast, Ru NPs were found more aggregated on
Ru@SiO, after catalysis, and their size increased to 2.3+
0.7 nm (Figure S13). Noticeable Ru leaching (from 0.79 to
0.71 mmolg™") was also observed by ICP-OES (Table S7).
These results suggest that the amine-functionalized poly-
meric modifier of the PGS support has a beneficial
stabilizing effect on the Ru NPs.

The versatility of this selectivity switch suppressing arene
hydrogenation through the addition of CO, to the H, feed
gas was investigated by expanding the substrate scope to a
variety of commercially available benzofuran derivatives
(Table 2). Satisfyingly, hydrogenation selectivity could be
controlled using CO, as the molecular trigger for these
substrates as well under optimized conditions (optimization
steps in Table S8), leading to the selective production of
either octahydrobenzofurans under H, or dihydrobenzofur-
ans under H,/CO, under otherwise identical conditions.

Under H, as feed gas, Ru@PGS catalyzed the complete
hydrogenation of substrates 1a—5a (Table 2, Entries 1-5) to

41 —— Ru@PGS

= —— Spent RU@PGS (H,)
o —— Spent RU@PGS (H,/CO,)
= 3] —— Ru-foil

x

=

(0]

e
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ic
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©

=

Figure 5. Characterization of Ru@PGS before and after catalysis. HAADF-STEM images of (a) fresh Ru@PGS, and Ru@PGS after hydrogenation of
1a under (b) H, and (c) H,/CO, as feed gas, (d) Ru K-edge XANES spectra (normalized) and (e) Ru K-edge k-weighted R-space FT-EXAFS spectra
(plot in FT magnitude without phase correction) of fresh Ru@PGS catalyst Ru@PGS after hydrogenation of 1a under H, or H,/CO, as feed gas.

Angew. Chem. Int. Ed. 2023, 62, €202311427 (7 of 10)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

ASUAOIT SUOWIWIOY) dANLAI) a[qesridde ayy £q pauIaA0S axe SA[ONIE Y 95N JO Sa[nI 10§ AIeIqIT AuI[uQ A[IA\ UO (SUONIPUOD-PUL-SULIa)/w0d’ KM’ KreIqrautiuoy/:sdny) suonipuo) pue swia [, oy 23S [£270g/11/8¢] U0 Areiqr aurjuQ A[IA “YOUlorqIqenuaz - XSAA £q LZH1 1€20T 21Ue/Z001 0 1/10p/wod Kaim  Areiqriaurfuoy/:sdiy woiy papeo[umo( ‘8¢ ‘€70T ‘€LLETTST



GDCh
~~—~

produce 1d-5d in high yields (67-99 %). With substrate 5a
(Table 2, Entry5), partial hydrogenolysis of the methoxy
functionality occurred, consistent with previous observations
with Ru NPs catalysts.”™'? When applying H,/CO, as feed
gas, the aromaticity of the arene ring was effectively
maintained in products 1b-2b and 4b-5b, with yields
ranging from 83 to 98 %. The partial pressure of CO, was
optimized for each substrate individually to maximize the
yields of desired products Xb. Substitution in position 3
(substrate 3a) resulted in reduced selectivity under H,/CO,,
giving a poor yield of 3b (34 %) together with 3d (39 %)
and 2-isopropylphenol (10%) as by-products. In addition,
no selectivity switch could be observed in the hydrogenation
of substrate 6a, as full hydrogenation could not be reached
even under pure H, (Table2, Entry6). Among these
products, 4d is used for example as a building block for the
synthesis of inhibitors of mutant IDH enzymes (involved in
cancers),["”! while 4b can be employed as a starting material

c
100 4 .7..“. .................................... e e
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in the preparation of 1,3,4-oxadiazole derivatives as novel
inhibitors of glycogen synthase kinase-3p.'"

Next, the hydrogenation of quinoline derivatives using
Ru@PGS was explored, taking quinoline (7a) as a model
substrate. This choice was motivated both by the synthetic
interest of this transformation to access valuable building
blocks,"*! and by the interest in testing the adaptivity of
Ru@PGS for other substrates than furan-containing com-
pounds. The hydrogenation of 7a to the fully hydrogenated
decahydroquinoline (7d) product can proceed through two
partially saturated intermediates (1,2,3,4-tetrahydroquino-
line (7b) and 5,6,7,8-tetrahydroquinoline (7¢)) (Figure 6a).
At 100°C (temperature optimization in Table S9) and
otherwise standard conditions, 7a was fully hydrogenated
over Ru@PGS to 7d (97 % yield) under H, (Table S10,
Entry 1). Introducing CO, in the hydrogen feed gas resulted
in a selectivity switch, and 7b was produced in high yield
(86 %, Table S10, Entry 2), with small amounts of 7¢.

d H, H,/CO, H, H,/CO, H, H,/CO,
100 .=
80 - g e
60 L P
X - o“'.
il 2 %} Kz = 3.22 mmol-L"-h""
# kyq = 0.25 mmol-L"-h"?
204w
il 5 @ B )
i ,.-i‘—i‘i  J i o ¢
0 wef” T T T T
0 5 10 15 20 25
Time (h)
e Yb eY7c e Y7d

Figure 6. Hydrogenation of quinoline (7a) using Ru@PGS under H, or H,/CO,. (a) General reaction scheme; (b) reversibility study; time profiles
under (c) H, and (d) H,/CO,. Reaction conditions for reversibility study: Ru@PGS (0.026 mmol Ru), substrate 7a (0.65 mmol, 25 eq.), n-butanol
(0.65 mL), H, (30 bar) or H,/CO, (45 bar, 2:1), 100°C, 16 h. Reaction conditions for time profiles: Ru@PGS (0.074 mmol Ru), substrate 7a
(1.7 mmol, 17 eq.), n-butanol (65 mL), 100°C, H, (30 bar) or H,/CO, (45 bar, 2:1), Conv. = conversion, Y =yield. Conversions and product yields
determined by GC-FID using tetradecane as the internal standard. Data points are average values of two to three experiments and error bars

represent standard deviations.
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Interestingly, with this substrate, a moderate selectivity
switch was also observed with Ru@SiO, (Table S10, En-
tries 3-4). In this case, formate species were detected by 'H
NMR after reaction under H,/CO, (Figure S14), and come
from a reaction between product 7d and formic acid
generated in situ by CO, hydrogenation (Figure S15-16).

Satisfyingly, alternating H, and H,/CO, as feed gas in six
consecutive cycles gave consistently 7d under H, or 7b
under H,/CO, with high selectivity and yields (Figure 6b).
Moreover, Ru@PGS proved to be reusable and robust in
this case as well (Figure S17). Times profiles evidenced fast
heteroaromatic and arene hydrogenation under H, (Fig-
ure 6¢), while arene hydrogenation was almost completely
shut down under H,/CO, (Figure 6d). The behavior of
Ru@PGS observed for benzofuran derivatives thus appears
to be fully transposable to the hydrogenation of quinoline.
After optimization of the reaction conditions (Table S11), a
scope of quinoline derivatives (7a-17a) could be hydro-
genated to give selectively decahydroquinolines (7d-17d,
53-99 % yield) and tetrahydroquinolines (7b-17b, 86-99 %
yield) in high yields in the absence and presence of CO, in
the feed gas, respectively (Table 3). Noticeably, arene ring
hydrogenation was found slower for 6-(trifluorometh-
yl)quinoline (16a) than for 6-methylquinoline (10a), sug-
gesting a strong influence of the substituents’ electronic
properties. Decahydroquinolines and tetrahydroquinolines
are wildly used in the synthesis of various drug molecules.
For example, 15d is an important building block entering in
the preparation of potent histone deacetylase inhibitors to
suppress the growth of prostate cancer cells,*! while 15b
can be used to prepare NPT-IIb which has intestinal
phosphate transporter inhibitory action.!"

Conclusion

In conclusion, the adaptivity of Ru@PGS materials towards
CO, as a molecular trigger was successfully applied to the
catalytic hydrogenation of bicyclic heteroaromatics to com-
pletely or partially saturated products. While full hydro-
genation of a variety of O- and N-heteroarenes was
observed under pure H, as feed gas, the use of H,/CO, led
to the formation of ammonium formate species on the
catalyst, thereby triggering a switch of selectivity with nearly
complete suppression of arene hydrogenation activity. This
switch was found to be rapid, robust and fully reversible,
providing access to valuable products from benzofuran and
quinoline substrates in a controllable and adaptive manner.
For example, methyl octahydrobenzofuran-5-carboxylate
(4d) or methyl 2,3-dihydrobenzofuran-5-carboxylate (4b),
two important building blocks for the production of
pharmaceuticals were obtained selectively from methyl
benzofuran-5-carboxylate (4) using the same catalyst under
H, and H,/CO,, respectively. The same controlled selectivity
switch was demonstrated for decahydroquinoline 15d and
tetrahydroquinoline 15b as important building blocks for
the preparation of different potent receptor inhibitors. With
the presented adaptive catalytic system, the respective
products can be produced from the same starting material
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over a single catalyst in the same reactor unit, simply by
switching ON or OFF an additional CO, supply in the
hydrogen feed gas. The broad application range of the
present system emphasizes the general potential of adaptive
catalytic systems to enable flexible production schemes on
the basis of molecular control mechanisms.
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