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Bimetallic Ru/Co nanoparticles stabilized by
N-heterocyclic carbenes as catalysts for H/D
exchange in N-heterocycles with deuterium gas
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A series of bimetallic ruthenium/cobalt nanoparticles (RuCo-IMes) stabilized with a N-heterocyclic
carbene ligand, 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes), was prepared through co-
decomposition of the Ru(COD)(COT) (COD = 1,5-cyclooctadiene; COT = 1,3,5-cyclooctatriene) and Co
(COD)(n*-cyclooctenyl) precursors with H, (3 bar) using ligand/metal ratios of 0.2. The resulting nano-
particles, which exhibit mean sizes between 1.1 and 1.6 nm, were characterized using (high) transmission
electron microscopy (TEM, HRTEM), inductively coupled plasma (ICP) analysis and X-ray photoelectron
spectroscopy (XPS). Particularly, XPS measurements support the presence of both Co and Ru atoms on
the nanoparticle surfaces and the coordination of the IMes ligand. Finally, the RuCo-IMes nanoparticles
were applied to the hydrogen (HIE) (Dy) in
N-heterocycles. The catalytic activity and deuterium incorporation selectivity of the RuCo-IMes nano-

isotope exchange reactions with deuterium gas
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particles were found to strongly depend on the specific substrate examined, generally providing lower
activities and slightly higher selectivities with the presence of increasing amounts of Co in the
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Introduction

Hydrogen isotope labeling of organic compounds has gained
great attention as deuterium- and tritium-enriched molecules
are being more frequently used in drug discovery and develop-
ment, clinical analysis, chemical and biochemical reaction
mechanistic investigations and the synthesis of pharma-
ceutical compounds with improved pharmacokinetic profiles
and bioavailability.' In order to obtain deuterium-enriched
molecules, hydrogen isotope exchange (HIE) reactions using
deuterium gas provide a particularly desirable methodology
since it allows the installation of hydrogen heavier isotopes at
a late synthetic stage through direct H/D exchange.>” In this
context, metal nanoparticles (NPs) have been shown to
efficiently promote the activation of C-H and H-H bonds
under mild conditions,® and consequently these nanosystems
are receiving an increasing attention as HIE catalysts.”>® The
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use of metal nanoparticles in HIE is advantageous in compari-
son to metal based homogeneous and heterogeneous catalytic
systems. Metal complexes usually promote moderate isotope
incorporation with high selectivity at specific positions; mean-
while, heterogeneous catalysts give rise to high H/D replace-
ment but with reduced selectivity and often under relatively
harsh conditions. Colloidal systems combine advantages
associated to both homogeneous and heterogeneous systems.
Due to the high prevalence of N-heteroarene moieties in
molecules exhibiting biological and pharmaceutical pro-
perties,*® hydrogen heavier isotopes labelling of these deriva-
tives is an important transformation. However, use of D, as
deuterium source might lead to the reductive deuteration
of the heteroaromatic scaffolds. For instance, although Ru
have been shown to efficiently deuterate
N-heteroarenes,'"*>'® amines,"* amino acids,">"*'” and phos-
phorus-containing molecules,'**” as well as performing HIE
in derivatives containing E-H (E = B, Si, Ge, Sn) bonds,*® nano-
catalysts based on this metal also catalyze the hydrogenation
of (hetero)aromatic molecular fragments.'"'”**>73° Another
drawback to circumvent is the limited regioselectivity provided
by Ru-based colloidal systems in H/D replacement as deuter-
ium incorporation usually occurs at multiple sites. In this
regard, a potential strategy for controlling the reactivity of HIE
catalysts resides in the use of capping ligands such as

nanoparticles
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N-heterocyclic carbenes (NHCs).** These derivatives are par-
ticularly interesting stabilizing agents due to their easy prepa-
ration, wide structural variability and strong donor properties,
and their use as stabilizing agents facilitates the control of the
size, shape and surface properties of the nanomaterials by
simply changing the ligand structure and surface metal/ligand
ratio.** Furthermore, additional control of the reactivity can be
achieved by the addition of a second metallic element, thus
leading to nanoparticles comprised of two different metals.
These bimetallic nanocatalysts, particularly when composed of
a noble metal and a first-row transition metal, have emerged
as an important class of catalysts since they can provide
enhanced catalytic activities and/or selectivities due to the
occurrence of synergistic effects between the two metallic com-
ponents.* In this context, bimetallic RuM (M = Pt, Ir, Ni) and
PdNi nanoparticles stabilized by NHC ligands have recently
been tested in HIE with D,. Notably, while these systems have
been examined in the deuteration of amino acids,'”*®2%2¢
only Rulr nanoparticles have been studied for deuteration of
an N-heterocyclic substrate, namely 2-phenylpyridine.**

Herein, we describe the synthesis and characterization of a
series of small and monodispersed bimetallic nanoparticles
composed of Ru and Co, a non-noble metal, which are stabil-
ized by a N-heterocyclic carbene ligand, 1,3-bis(2,4,6-trimethyl-
phenyl)imidazol-2-ylidene (IMes). Similarly, the impact of the
nanoparticle metal composition on the catalytic activity and
selectivity in the deuteration of a series of N-heterocycles using
deuterium gas under mild conditions is examined. While
RuCo nanoparticles have been employed in other catalytic pro-
cesses,®® to our knowledge, RuCo bimetallic nanocatalysts
stabilized by NHC ligands and their applications to HIE reac-
tions have not been previously investigated.

Results and discussion
Synthesis and characterization of RuCo-NHC nanoparticles

Bimetallic ruthenium/cobalt nanoparticles stabilized by IMes
ligand were synthesized via co-decomposition of different
ratios of Ru(COD)(COT) and Co(COD)(n*-cyclooctenyl).>® Thus,
Ru;0Coso:IMes nanoparticles were prepared by exposing to H,
(3 bar) a 1:1 mixture of Ru(COD)(COT) and Co(COD)(n*-
cyclooctenyl) dissolved in THF, in the presence of substoichio-
metric amounts of IMes (ligand/metal ratio = 0.2) (Scheme 1).
The obtained nanoparticles exhibit small mean sizes of 1.3 +
0.4 nm, with narrow size distributions, as determined by TEM

£ B e
N N Mes~N_N~Mes LL
Ru + Cf - L@L
3bar H, LS L
« 100 Ru,Co (490 1Mes

IMes:(Ru+Co) ratio = 0.2

Scheme 1 Synthesis of RuCo:IMes nanoparticles.
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analysis (Fig. 1). Moreover, the nanoparticle metal content was
determined by ICP analysis and fairly reproduces the theore-
tical 1:1 molar metal composition (Table 1). Similarly, nano-
materials having a cobalt enriched composition,
Ru,(Cogp:IMes, and a small amount of the non-noble metal,
Rug,Co,:IMes, were similarly prepared in order to determine
the influence of the non-precious transition metal in the nano-
particles reactivity. Both nanomaterials also exhibit narrow
size distributions and, as in the case of Rus,Co5y-IMes nano-
particles, are stable both in solution and in the solid state
under inert atmosphere over prolonged periods of time

Table1 TEM and
nanoparticles

ICP analyses of the Ru:IMes and RuCo:IMes

Nanoparticles %wt Ru® %wt Co” Mean size” (nm)
Ru-IMes 66 — 1.5 (0.3)
RugyCo,o- IMes 36 2 1.1 (0.3)
Ru;0Coso-IMes 17 14 1.3 (0.4)
Ru,,Coyo- IMes 5 19 1.6 (0.5)

“9%wt Ru and Co content as determined by ICP analysis. ” Measured
from TEM images. Standard deviations in parentheses. ¢ Ref. 28 and
36.
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(several weeks). Also, for the sake of comparison, single metal
Ru-IMes (1.5 nm) nanoparticles were synthesized following an
analogous procedure using a IMes/Ru ratio of 0.2, as pre-
viously reported.>®3¢

High-resolution transmission electron microscopy (HRTEM)
was conducted to evaluate the crystalline structure of the
RuCo-IMes nanoparticles. Fig. 2 shows the most representative
HRTEM micrographs obtained for these nanomaterials, along
with the corresponding digital diffraction patterns (DDPs). For
RuggCo;9:'IMes  nanoparticles, the measured spacings
(0.204 nm and 0.212 nm) and angles (73°) between the inter-
ference fringes determined on the Fast Fourier Transform
(FFT) closely align with those of (101) and (002) planes of the
hexagonal closed packed (hcp) ruthenium structure (dio; =
0.205 nm; dog, = 0.214 nm, ((101), (002)) = 61°) (Fig. 2a).>” Note
that the measured spacings could also correspond to the (002)
and (100) crystallographic planes of hcp cobalt structure,*®
however the angle between these planes would be 90°, far
from the angle measured on the FFT. This observation there-
fore indicates that the RugoCo,o:-IMes nanoparticles present a
dominant hcp Ru structure in agreement with their compo-
sition. In the case of Ruy,Cogo IMes nanoparticles, the
observed fringes show the same spacings (0.217 nm) and angle
(90°) that match the (100) and (010) planes of the hep Co struc-
ture (di0o = 0.217 nm),*® which turns out to be dominant in
this case, also in agreement with their composition (Fig. 2b).
Finally, HRTEM of Rus¢Cos¢-IMes nanoparticles reveals fringes

Fig. 2 HRTEM micrographs (left) with their corresponding DDPs (right)
for (@) RugoCoigp-IMes, (b) RujoCogo-lMes and (c) RusoCosg-IMes
nanoparticles.
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with the same spacings (0.215 nm) and an angle of 74° that
are incompatible with the hcp structures of Ru and Co,
suggesting a nanoalloy composition for this material (Fig. 2c).

The bimetallic nature of the nanoparticles was further
investigated through XPS measurements. The XPS spectrum of
the Rus,Coso:-IMes sample shows two signals centred at 796.1
and 780.7 eV binding energy (BE), corresponding to the Co
2p1, and Co 2ps, peaks, respectively. The high-resolution
spectrum of the Co 2pj3/, peak exhibits a complex structure due
to the presence of metallic and oxidized cobalt species, which
display significant multiplet splitting (Fig. 3, bottom). The oxi-
dized cobalt species likely originate from sample handling
during XPS measurements. Deconvolution of these peaks
enables quantification of the content of Co(0), whose signal
appears at 777.8 eV BE and makes up to 15% of the total.*
Similar results were obtained from the XPS analysis of
Ru,(Cogo:IMes nanoparticles. In this case, the Co 2p,/, and Co
2ps;, peaks appear at 796.4 and 780.6 eV, respectively. The
peak corresponding to zero-oxidation-state cobalt in the Co
2ps/, signal fitting appears at 779.0 eV, being 10-15% of the
total cobalt amount (Fig. 3, top). The oxidized material was
restricted to only a few atomic layers, as it was easily removed
from the sample by mild Ar" sputtering during the XPS
measurement (see Fig. S1).

Since the main photoemission peak for ruthenium, the Ru
3d signal, lies very close and partially overlaps with the C 1s
peak due to the high carbon content of the nanoparticles, the
Ru 3p signal was selected to analyze the ruthenium presence
in the samples.® The Ru 3p region of the RusqCoso-IMes nano-
particles appears as two signals centred at 484.6 and 462.3 eV,
corresponding to the Ru 3p;/, and Ru 3p;/, peaks, respectively
(Fig. 4a, bottom). The value of the spin orbit splitting was
22.2 eV, which is a typical value for Ru in zero oxidation-
state.”®*! Similarly, the XPS spectrum for the Ru;4Coqo-IMes

Co(0)

Co(0)

N

T T T 1
796 792 788 784 780 776 772
BE (eV)

CoOy

Fig. 3 Experimental and fitted high-resolution spectra of Co 2ps/,
region for RusoCoso-IMes (bottom), and Ru;oCogo-IMes (top). [Blue line:
metallic Co; olive lines: main photoemissions and multiplet splitting
peaks for CoO, species (x = 1-1.5)].

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Experimental and fitted Ru 3p X-ray photoelectron spectral
region for RusoCosp-lMes (bottom), and Ru;oCogg:IMes (top). (b) High
resolution XPS spectra of N 1s region for RusoCosg:lMes (bottom) and
Ruj0Cogo:IMes (middle) nanoparticles, and free IMes ligand (top).

material shows the Ru 3p peaks at 484.0 and 461.7 eV for Ru
3p12 and Ru 3psj, respectively (Fig. 4a, top). The Ru 3ps
signals were well-fitted into two components at 461.9 and
464.5 eV for Ru;yCoso-IMes (Fig. 4a, bottom), and at 461.6 and
463.9 eV for Ru,¢CogoIMes (Fig. 4a, top), corresponding the
lower value to metallic Ru and the higher to RuO, species,
resulting from the partial oxidation of the surface (approxi-
mately 8% in both samples).*®*"

The XPS spectra of the nanoparticles also confirm the pres-
ence of the carbene ligand on the surface of the nanoparticles
(Fig. 4b). The nitrogen atoms of the ligand produce a broad
signal at 399.7 eV (fwhm 3.0 eV) for the Ru;¢yCoso-IMes nano-
material, and at 400.0 eV (fwhm 3.0 eV) in the case of the
Ru,0Cogo:IMes nanoparticles, whereas in the free ligand the
corresponding peak is detected at 401.0 eV (fwhm 3.1 eV).”®*?
Peak broadening toward lower BE values likely results from
measurement-induced molecular degradation.

Table 2 presents the quantification in % atomic concen-
tration on the nanoparticle surfaces obtained by integration of
the peak areas in the spectra. Notably, the ratio of the carbene
ligand to the two metals was very similar in both cases, with
values of IMes/(Co + Ru) = 0.45-0.48. This value depends on
two factors, the degree of coating and the size of the nano-
particles. Since the size is very similar for both nanoparticles,
it might be concluded that the same coverage degree is
achieved in both cases despite the different metal stoichi-
ometries used. Moreover, the quantification of the two metals

Table 2 Quantitative analysis of the surface composition for
RusoCoso:IMes and Ru;0Cogo-1IMes nanoparticles (percentage of atomic
concentration %at)

Ru Co N IMes/
Nanoparticles (at)  (wat) (wat)  %Ru:%Co  (Co + Ru)
Ru;,CospIMes  30.8 20.2 49.0 60:40 0.48
Ru,oC0g9-IMes 7.8 44.5 47.7 15: 85 0.45

This journal is © The Royal Society of Chemistry 2025
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(in % atomic concentration) on the analyzed surface indicates
that the atomic ratio in the RujoCoso:-IMes nanoparticles was
Ru:Co =1.5:1 (60% Ru and 40% Co). The spectra obtained at
different sample tilting angles with respect to the analyzer
(15°, 30°, and 60° take-off) revealed that the metal ratio
remains homogeneous throughout the outer layers of atoms of
the nanoparticles. Interestingly, this ratio differs from that
obtained by ICP analysis, indicating a slight enrichment of
cobalt in the internal composition. A similar analysis for the
Ru,(Cogp:IMes nanoparticles revealed that the Ru:Co ratio
was 0.17 :1 (15% Ru and 85% Co).

Catalytic H/D exchange

The novel RuCo-IMes nanoparticles were examined in the H/D
exchange with D, in nitrogen-containing heterocycles. Initial
tests for catalyst performance comparison were carried out
using 2-phenylpyridine (S-1) and D, (2 bar) in THF at 55 °C,
with 5.0 mol% metal catalyst loadings (Table 3; see experi-
mental section for details). The examination of 2-phenylpyri-
dine as a model substrate allowed us to evaluate the selectivity
of the HIE process with respect to reductive deuteration of the
phenyl substituent, as well as to determine the influence of
the pyridine fragment as directing group. Under the specified
conditions, the cobalt-enriched Ru,;¢Cogo-IMes nanoparticles
did not exhibit catalytic activity in neither H/D exchange nor
reduction of S-1. Interestingly, increasing the amount of Ru in
the nanoparticles using RusoCos¢-IMes predominantly pro-
duced the H/D exchange derivatives accompanied of minor
amounts (<2%) of reduction by-products. Deuterium incorpor-
ation was mainly observed at the o position to the nitrogen

Table 3 H/D exchange in 2-phenylpyridine (S-1) catalyzed by Ru:-IMes
and RuCo:-IMes nanoparticles?

D
S S
| P D, (2 bar) N | 7
RuCo'lMes
THF, 55 °C /

D
Nanoparticles Red. (%) A B C+D E F
Ru-IMes 66 83 26 30 88 10
RugoC0;0-IMes 55 90 13 31 93 13
Ru;,Cos5o- IMes ® <2 60 2 5 17 0
Ru,(Coyy:IMes 0 0 0 0 0 0

“A-F positions refer to the non-reduced product (see reaction
scheme). Reaction conditions, unless otherwise noted: 5.0 mol% metal
loading, 2 bar D, (ca. 10 equiv.), 55 °C, THF. [S] = 0.15 M. Reaction
time: 24 h. Deuterium incorporation as determined by 'H NMR spec-
troscopy using an internal standard. H/D exchange selectivity deter-
mined by *H NMR spectroscopy. Deuterium incorporation at the G
position was not observed. ? Reaction time: 48 h.

Dalton Trans., 2025, 54,17250-17258 | 17253
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atom of the pyridine ring (60% D enrichment), along with
moderate labelling of the remote positions of the pyridine
fragment (less than 5%) and the position E of the aryl substitu-
ent (17% D incorporation). Upon using bimetallic Ru-enriched
RugyCo;9:'IMes or Ru-IMes nanoparticles, a higher activity
towards H/D exchange was determined, accompanied of a
decrease of the deuteration selectivity in the position adjacent
to the N atom (A) with respect to the ortho C-H site of the
phenyl ring (position E). Moreover, significant substrate
reduction is observed with these catalysts. This observation is
in line with previously reported studies regarding the deutera-
tion of 2-phenylpyridine with deuterium gas using monometal-
lic Ru-NHC (NHC = N-heterocyclic carbene ligand) and bi-
metallic Ru,Ir;go_, IMes nanoparticles, where Ru enriched
nanoparticles gave rise to significant reduction of §-1.%%**

Encouraged by the observed influence of the metal compo-
sition of the RuCo-IMes nanoparticles in the chemoselectivity
of the reaction of 2-phenylpyridine with D,, we turned our
attention to the deuteration of other pyridine containing mole-
cule, 2,2"-bipyridyl (S-2). Reactions of S-2 with D,, performed
under the same conditions previously employed in the HIE of
S-1, did not show the formation of reduction products with the
Ru-IMes nanoparticles (Table 4). Interestingly, the
RuyCo,9:IMes nanoparticles were found to be more selective
than the Ru-IMes catalyst since they provided similar deuter-
ium incorporation at the position A, whereas lower levels of
H/D exchange at the other positions were observed. In the case
of S-2, the Co-enriched Ru;yCos9:-IMes and Ru;oCoqy-IMes
nanoparticles were found to be inactive in the hydrogen
isotope incorporation reaction.

2-Methylquinoline (S-3), an easily reducible N-heterocycle,
was next chosen for catalyst comparison (Table 5). While com-
plete heteroarene reduction was attained with the monometal-
lic Ru-IMes colloid, the use of the RugyCo,9-IMes and
Ru;0Co5¢-IMes nanomaterials led to the formation of lower
amounts of hydrogenated products. Moreover, the

Table 4 H/D exchange in 2,2'-bipyridyl (S-2) catalyzed by Ru-IMes and
RuCo-IMes nanoparticles?

View Article Online
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Table 5 H/D exchange in 2-methylquinoline (S-3)

Ru:IMes and RuCo-IMes nanoparticles®

catalyzed by

i ZT

D, (2 bar)

\ \
RuCo IMes ZF =
THF, 55°C E H
N
CQ;D
Nanoparticles Red. (%) A B C E F
Ru-IMes >99 — — — — —
RugoCoyo IMes 85 91 0 11 16 0
RusoCo5o IMes © 75 92 15 13 58 2
Ru,(Coyy:IMes 0 0 0 0 0 0

%A-F positions refer to the non-reduced product (see reaction
scheme). Reaction conditions, unless otherwise noted: 5.0 mol% metal
loading, 2 bar D, (ca. 10 equiv.), 55 °C, THF. [S] = 0.15 M. Reaction
time: 24 h. Deuterium incorporation as determined by 'H NMR spec-
troscopy us1ng an internal standard. H/D exchange selectivity deter-
mined by *H NMR spectroscopy Deuterium incorporation at the D
position was not observed. ? Reaction time: 48 h.

RugCo;o:IMes catalyst was found to exhibit a higher selectivity
towards the H/D exchange at the position A than the
Ru;,Cos¢:IMes nanoparticles. As in the case of substrates S-1
and S-2, negligible catalytic activity was observed for the
Ru,(Coyy-IMes nanomaterial.

Imidazole (S-4) was not reduced under the specified reac-
tion conditions using the Ru-IMes nanoparticles and, high
deuterium incorporation was detected at both positions A and
B (Table 6). Interestingly, the RugyCoqoIMes and
Ru;¢Co5¢:IMes colloids also led to H/D exchange in high yields
at these positions, whereas no reaction was observed in the
case of the Ru;gCogp:'IMes nanoparticles. Post-catalysis TEM

Table 6 H/D exchange in imidazole (S-4) catalyzed by Ru:-IMes and
RuCo-IMes nanoparticles®

H
- (2 bar) B _-N N
o DD e s G
— — NH N =
m _Da@ba BM o RuCo'lMes B ~V~p N\D
RuColMes o N N THF, 55 °C H H
THF, 55°C A o M
D" —NH HN—~p S-4
Nanoparticles Red. (%) A B C D  Nanoparticles Red. (%) A B
Ru-IMes 0 96 88 79 61 Ru-IMes 0 98 98
RugoCo;o-IMes 0 95 45 38 21  RueyCoyoIMes 0 98 97
Ru;Coso IMes ° 0 0 0 0 0  RugeCoso-IMes 0 98 95
Ru,(Cogy:IMes 0 0 0 0 0 Ru,(Coyy:IMes 0 0 0

“A-D positions refer to the non-reduced product (see reaction
scheme). Reaction conditions, unless otherwise noted: 5.0 mol% metal
loading, 2 bar D, (ca. 10 equiv.), 55 °C, THF. [S] = 0.15 M. Reaction
time: 24 h. Deuterium incorporation as determined by "H NMR spec-
troscopy us1ng an internal standard H/D exchange selectivity deter-
mined by 2H NMR spectroscopy. ” Reaction time: 48 h.

17254 | Dalton Trans., 2025, 54, 17250-17258

“A-B positions refer to the non-reduced product (see reaction
scheme). Reaction conditions, unless otherwise noted: 5.0 mol% metal
loading, 2 bar D, (ca. 10 equiv.), 55 °C, THF. [S] = 0.15 M. Reaction
time: 24 h. Deuterium incorporation as determined by 'H NMR spec-
troscopy using an internal standard. H/D exchange selectivity deter-
mined by *H NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2025
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Table 7 H/D exchange in benzoxazole (S-5) catalyzed by Ru-IMes and
RuCo-IMes nanoparticles®

; o~ R
D, (2 bar) A ~
\> —_— \>—H/ D+
o RuColMes lo] oD
THF, 55°C D
S-5

Nanoparticles Red. (%) A B
Ru-IMes 59 96 59
Rugy(Co, 9 IMes 30 69 8
Ru;(Cosy: IMes 0 14 3
Ru,(Cogy:IMes 0 0 0

“A-B positions refer to the non-reduced product (see reaction
scheme). Reaction conditions, unless otherwise noted: 5.0 mol% metal
loading, 2 bar D, (ca. 10 equiv.), 55 °C, THF. [S] = 0.15 M. Reaction
time: 24 h. Deuterium incorporation as determined by "H NMR spec-
troscopy using an internal standard. H/D exchange selectivity deter-
mined by >H NMR spectroscopy. Deuterium incorporation at other
positions was not observed. Reduction product was 2-(methylamino)
phenol.

analysis of the RusoCoso-IMes nanoparticles of the HIE reac-
tion of S-4 with D, revealed a slight increase of nanoparticle
size 1.9 (0.4) nm (Fig. S2) in agreement with the preservation
of the nanoparticle integrity after the reaction.

Lastly, HIE reactions of benzoxazole (S-5) with D, were
examined (Table 7). While the Ru-IMes colloid provided high
levels of deuteratium incorporation at the positions A and B,
the reaction also produces the formation of significant amounts
of 2-(methylamino)phenol (59%). The formation of this by-
product is significantly suppressed by using the bimetallic nano-
particles. Thus, RugyCoo-IMes nanoparticles gave rise to the
reduction of S-5 to 2-(methylamino)phenol with 30% yield,
while the deuteration ratio between the positions A and B in the
heteroarene increases to an A/B ratio of 8.6:1 from the 1.6:1
ratio provided by the Ru-IMes catalyst. Finally, a low activity in
H/D exchange was attained with the RusoCoso-IMes nanocatalyst.

Overall, the catalytic results indicate that RuCo nano-
particles stabilized by IMes exhibit increased chemoselectivity
for deuterium incorporation into N-heterocycles, relative to
reductive deuteration, as the Co content is increased. However,
this enhanced selectivity is accompanied by a drastic decrease
in nanoparticle reactivity.

Conclusions

In conclusion, the synthesis of narrowly dispersed bimetallic
ruthenium/cobalt nanoparticles exhibiting small sizes have
been achieved through the controlled decomposition of the
corresponding Co and Ru organometallic complex precursors
under H, in the presence of 0.2 equiv. of the IMes ligand.
These nanomaterials have been extensively characterized by
TEM, HRTEM, XPS and ICP analysis. Interestingly, as shown
by the screening of a series of N-heterocycles, depending on
the substrate, hydrogenation of aromatics was suppressed by

This journal is © The Royal Society of Chemistry 2025
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increasing the non-noble/precious metal ratio in these nano-
materials. This comparative increase in H/D isotope exchange
selectivity is generally accompanied by a reduction in catalytic
activity, which is proposed to result from a dilution effect of
catalytically active Ru centres upon alloy formation. Current
research in our laboratory is directed to the use of other non-
noble/precious metal combinations in the synthesis of bi-
metallic nanoparticles incorporating N-heterocyclic carbene
ligands as stabilizing agents for applications in HIE reactions.

Experimental

General procedures and nanoparticles characterization
techniques

All reactions and manipulations were performed under nitro-
gen or argon, either in a Braun Labmaster 100 glovebox or
using standard Schlenk-type techniques. Solvents were dis-
tilled under nitrogen with the following desiccants: sodium
benzophenone-ketyl for tetrahydrofuran (THF and THF-dg) and
sodium for pentane. Deuterium gas (99.8% D) was purchased
from Sigma-Aldrich. 1,3-bis(2,4,6-Trimethylphenyl)imidazol-2-
ylidene ligand (IMes),** and the Ru(COD)(COT)** and Co(COD)
(n*-cyclooctenyl)*> metal precursors were prepared by pre-
viously reported methods. All the other chemicals were used as
received from the commercial suppliers.

The morphology and size of the IMes-stabilized ruthenium/
cobalt nanoparticles (RuCo-IMes) were determined by trans-
mission electron microscopy (TEM) in a FEI TALOS F200S
apparatus working at 200 kV at the Centro de Investigacion,
Tecnologia e Innovaci6n-CITIUS (Universidad de Sevilla). TEM
samples were prepared taking a drop of the crude THF colloidal
solution and depositing it over a covered holey copper grid. For
the approximation of the particles mean size, ca. 300 particles
were manually measured employing conventional TEM micro-
graphs enlarged with Image] software. High-resolution trans-
mission electron microscopy (HRTEM) images were recorded in
a Thermo Scientific Talos F200X microscope at the Centro de
Investigacion, Tecnologia e Innovacién-CITIUS (Universidad de
Sevilla) in order to assess the crystalline structure of the
RuCo-IMes nanoparticles. TEM samples were analyzed under
atmospheric conditions. An ABSF filter available within the
“HRTEM filter” plugin was applied to enhance contrast by redu-
cing the noise due to surrounding amorphous materials.

ICP analyses were performed at Mikroanalytisched Labor
Pascher (Remagen, Germany).

X-ray photoelectron spectroscopy (XPS) experiments were
performed in a PHOIBOS-100 spectrometer with a non-mono-
chromatic Al-Ka radiation (v = 1486.6 eV) and a power source
of 230 W. Samples were prepared in the glovebox and brought
to the spectrometer under inert atmosphere to reduce nano-
particles exposure to air. However, samples insertion into the
spectrometer were carried out under atmospheric conditions.
The electron energy hemispherical analyzer was operated in
the constant pass energy mode (SPECS PHOIBOS 100DLD).
Low resolution survey spectra were obtained with a pass
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energy = 50 eV, while high energy resolution spectra of
detected elements were obtained with a pass energy = 20 eV.
The spectra were analyzed with the CASA XPS software, version
2.3.26.PR1.0 (Neal Fairly, UK). Shirley type backgrounds were
used to determine the areas under the peaks. Convolution of
peaks was made with GL(30) type shape lines for mixed oxide
species and LA (50) for metallic core lines.

Liquid phase 'H and *H NMR spectra were recorded on a
Bruker DRX-400 spectrometer. Spectra were referenced to
SiMe, (6 = 0 ppm) using the residual proton solvent peaks as
internal standards. All NMR spectra were recorded at 25 °C.

Ruthenium/cobalt nanoparticles synthesis

For the preparation of the RusoCoso-IMes nanoparticles, a solu-
tion of Ru(COD)(COT) (0.101 g, 0.32 mmol), Co(COD)(n*-
cyclooctenyl) (0.088 g, 0.32 mmol) and 1,3-bis(2,4,6-trimethyl-
phenyl)imidazol-2-ylidene (0.039 g, 0.13 mmol) in freshly dis-
tilled THF (90 mL) were introduced in a Fisher-Porter vessel
that was pressurized with 3 bar of H,, and heated to 60 °C.
The homogeneous solution, which turns black after approxi-
mately 1 h of reaction, was kept under stirring for 3 h. After
this period of time, excess of H, was carefully released. The
initial volume of solvent was reduced to ca. 5 mL under
vacuum, 40 mL of pentane was added, and the colloidal sus-
pension was cooled down to —50 °C. Solvent removal under
reduced pressure allowed the isolation of a black solid, that
was suspended in 40 mL of pentane and brought to dryness.
This procedure was repeated three times (3 x 30 mL) in order
to obtain a solid dark powder that was dried under vacuum
(mass of isolated solid: 40 mg). The same procedure was also
employed for the synthesis of the RugyCo4o:IMes (35 mg) and
Ru,Cog:IMes (52 mg) nanoparticles by simply adjusting the
initial Ru(COD)(COT)/Co(COD)(n*-cyclooctenyl) ratio. For Ru
and Co content determination by ICP and TEM analysis of the
nanoparticles, see Table 1.

Representative procedure for H/D exchange with D, in
N-heterocycles (Tables 3-7)

In a glovebox, a 25 mL Fisher-Porter vessel was charged with a
solution of 2-phenylpyridine (S-1) (43 pL, 0.3 mmol) in THF
(0.8 mL), 1.2 mL of a freshly prepared stock suspension of cata-
lyst RusoCoso-IMes (15 pmol metal) and hexamethylbenzene
(4.0 mg, 0.025 mmol) in THF. The reactor was purged three
times with D,, and finally pressurized to 2 bar (ca. 20 equiv.
D,) and heated to 55 °C. After 24 h, the reactor was slowly
cooled down to room temperature and depressurized. An
aliquot of the reaction mixture was filtered through a short
pad of Celite and brought to dryness. The conversion and
selectivity were determined by "H and *H NMR spectroscopies,
respectively.
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