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ABSTRACT: Suppressing aromatic rings reduction in noble-metal catalyzed H/D exchange reactions still remains a chal-
lenge. This drawback may be overcome by finding a synergetic effect in bimetallic nanoparticles (NPs). Herein we report the
synthesis of bimetallic lipo- and water-soluble Ru/Ir NPs. They were characterized by state-of-the-art techniques such as
TEM, HR-TEM, ATR-FTIR, XRD, and solid-state NMR. These NPs were found to be dispersible in both organic and aqueous
media thanks to the stabilization and coordination of adequate N-Heterocyclic Carbene (NHC) ligands to the NP surface.
They were tested in the deuteration of 2-phenylpyridine, 2-methyl-naftylamine, 5,6,7,8-tetrahydro-naftylamine, and L-
lysine using D: as isotopic source. Bimetallic NPs showed an unusual selectivity towards the H/D exchange of 2-
phenylpyridine, deuterating not only the expected C-H positions close to the N atom, but also remote positions on the het-
erocycle. Additionally, reduction of the aromatic rings, which is a common undesired side-reaction catalyzed by Ru NPs, was
not observed. These outcomes, rationalised by a synergetic effect of both metals, are enhanced when NHC ligands are on the
surface in comparison to model catalysts stabilized by polyvinylpyrrolidone (PVP). Concerning non-aromatic substrates,
CHz-a and CHz-€ positions to the amino acid group of L-lysine were fully deuterated, while moderate deuteration of y posi-
tion was observed as iridium content was increased in the bimetallic system.

INTRODUCTION

The interaction of transition metals with C-H bonds has
been one of the important topics studied by Maurice
Brookhart. His seminal paper with Malcolm Green on
agostic interactions has initiated a considerable develop-
ment of research in this area!-3 Although the mechanistic
studies on C-H activation were first concentrated on mo-
lecular species, the development of organometallic nano-
particles accommodating hydrides at their surface was a
clear extension of these early works.

also been found active in this catalytic process. During the
last years, the use of mono- and bi-metallic nanoparticles
(NPs) in HIE has emerged as a promising tool, since NPs
have proven to be very efficient and selective catalysts for
this reaction.’® This is due the possibility of modulating
their size, shape, and composition, allowing control on
their reactivity.!® In this sense, some of us have reported
the use of Ru NPs for the selective deuteration of several
nitrogen and sulfur containing bioactive compounds.20-2
Afterwards, this protocol has been extended to the
enantiospecific deuteration of a large diversity of amino
acids.?? Nevertheless, if the protocol is extended to aro-
matic substrates, Ru NPs display a major drawback be-
cause of their high activity in reduction of these sub-
strates.?324 In contrast, the functionalization of NPs with
organic ligands permits not only to stabilize them in the
reaction medium, but also to tune the solubility, selectivity,
and catalytic activity, which can constitute a great advan-
tage over conventional heterogeneous catalysts.?5 In this
sense, N-Heterocyclic Carbene (NHC) ligands have
emerged as versatile NPs stabilizers due to their unique

Furthermore, besides being a clear proof of C-H activa-
tion, the hydrogen isotope exchange (HIE) reaction is of
importance for various fields and first the development of
life sciences.*7 Thus, deuterated molecules may be applied
as internal standards for mass spectrometry® or for
mechanistic studies in organic and organometallic chemis-
try.* The use of C-H bond activations for HIE is a direct
methodology that enables the synthesis of deuterated
molecules in a straightforward fashion. Nowadays, several
noble-metal such as Ir,° Ru,1%!! Rh,213 Pd or Pt!! can cata-

lyse this reaction in homogeneous phase, as well as some
non-noble metals (Fe, Co, Ni).1415 In addition, heterogene-
ous catalysts such as Pd@C, Pt@C, Ru@C,'! and Ni'®17 have

stereoelectronic properties.26-30 Thus, we reported the
synthesis of water-soluble NHC-stabilized Ru NPs that



were able to deuterate successfully the CHz-a, CHz-y, and
CHz-¢ positions to the amino-acid moiety at pHs higher
than 10.3! However, the reduction of aromatic substrates
using monometallic Ru NPs functionalized by NHCs still
persists.3® On the other hand, Ir NPs have been shown to
be a highly selective metal for H/D exchange, suppressing
the reduction of aromatic systems in the deuteration of
anilines,?? affording a non-conventional selectivity but
moderate activity. In this sense, synergistic effects may
appear in bimetallic systems when two metals combine
their beneficial properties in catalytic processes. Thus,
some of us have been interested in tailor-made bimetallic
NPs for tuning the chemical and physical properties of the
systems. For example, Ru/Pt NPs have been synthesized
with different stabilizers such as polyvinylpyrrolidone
(PVP),33-35 or 1,4-bis(diphenylphosphino)butane (dppb)3¢
and the influence of the chemical order within these parti-
cles on their reactivity has been evidenced. Regarding HIE
reactions, we recently reported the first water-soluble
Ru/Pt NPs stabilized by NHCs for the selective deuteration
of L-lysine. It allowed us to improve the selectivity respect
to pure Ru NPs while maintaining good catalytic activites.3”
Although Ru/Ir bimetallic catalysts have been reported for
hydrodehalogenation reaction,?® hydrogenation of 5-
hydroxymethylfurfural,® and levulinic acid,* reduction of
NOx by CO,#' and evolution of oxygen in acidic environ-
ments,*? there are no reports in HIE. Thus, the use of bi-
metallic Ru/Ir NPs in this process might then be of interest
to overcome the reduction issue.

Herein, we report the synthesis of novel bimetallic Ru/Ir
NPs stabilized by NHC ligands to study their synergistic
behavior in H/D exchange reactions of nitrogenous aro-
matic molecules. The NPs were successfully characterized
by state-of-the-art techniques. Their bimetallic nature was
confirmed by means of High Resolution-Transmission
Electron Microscopy (HR-TEM) coupled to Energy Disper-
sive X-Ray (EDX) spectroscopy. The bimetallic NPs were
able to deuterate nitrogenous aromatic compounds with-
out reducing the aromatic ring, displaying a beneficial
synergistic effect between both metals. An electronic effect
in the bimetallic systems caused by NHC ligands is also
presented when comparing with their counterparts stabi-
lized by PVP.

RESULTS AND DISCUSSION
Synthesis and Characterization of Nanoparticles

Monometallic Ru (Ru) and Ir (Ir) NPs were synthesized
by decomposition of [Ru(COD)(COT)] (COD = 1,5-
Cyclooctadiene; COT = 1,3,5-cyclooctatriene) and
[IrOMe(COD):]2, respectively according to previously re-
ported protocols using polyvinylpyrrolidone (PVP) or
NHCs as stabilizers.24-31.32 Briefly, the reactions were car-
ried out in THF at room temperature (r.t.) under Hz pres-
sure (3 bar) during 24h. In order to study the effect of both
metals in H/D exchange reactions, bimetallic NPs were
prepared by co-decomposition of both precursors, using a
Ru:lr molar ratio of 1:2 (Rulrz) and 2:1 (Ruzlr). All NPs
were stabilized by polyvinylpyrrolidone (PVP, 5 wt%) or
the corresponding NHCs (0.2 equiv) namely 1,3-bis-(2,4,6-
trimethylplhenyl) imidazolium-2-ylidene (IMes) and 1-
(2,4,6-trimethylphenyl)-3-(3-potassium sulfonate-propyl)-

imidazol-2-ylidene (IMesPrS0Os) (Scheme 1). These NHCs
were previously formed by deprotonation of the
imidazolium salts with KO®Bu (See Supporting Information
for details). The resulting lipo- and water-soluble nanopar-
ticles obtained were obtained as black powders after puri-
fication. Transmission electron microscopy (TEM) analyses
of Ru and Ir NPs stabilized with PVP (Ru@PVP; Ir@PVP),
[Mes (Ru@IMes; Ir@IMes), and IMesPrSOs
(Ru@IMesPrSO0s3; Ir@IMesPrS0s) exhibited ultra-small
spherical, well-distributed and monodispersed NPs with
diameters ranging between 1.1 and 1.3 nm (Figures 1a, 1b,
S3, S4, S7, and S8, for Ru@IMes, Ir@IMes, Ru@PVP,
Ir@PVP, Ru@IMesPrS0s, and Ir@IMesPrS0s, respective-
ly). These values are comparable to those previously re-
ported for ruthenium and iridium nanoparticles function-
alized by similar ligands.?243 The bimetallic NPs do not
differ significantly in size from their monometallic ana-
logues ranging from 1.1 to 1.7 nm as observed in Figures
1c, 1d, S5, S6, S9, and S10, for Ruzlr@IMes, Rulr.@IMes,
Rulr2@PVP, Ruw:Ur@PVP, Rulr:@IMesPrS0s;, and
Ruzlr@IMesPrS0s, respectively. It should be noted that
the colloidal stability of the NHC-stabilized systems is
much better than those stabilized by PVP, which show
metallic deposition after 3 days. Instead, lipo and water-
soluble NHC-stabilized NPs were found to be dispersible
and to give rise to stable colloidal solutions for months in
organic solvents (e.g. toluene, THF, acetone) and water,
respectively.

Scheme 1. Synthesis of Ru, Ir, and Ru/Ir NPs.
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Figure 1. TEM pictures for a) Ru@IMes, b) Ir@IMes,
c)Ruzlr@IMes, and d) Rulr:@IMes.

Powder X-Ray Diffraction (XRD) analyses for Ru@IMes,
and Ir@IMes are crystalline and display the hexagonal
close-packed (hcp) and the face centered cubic (fcc) struc-
tures of Ru and Ir, respectively (Figures S11, and S12). In



the bimetallic systems both hcp and fcc structures can be
observed (Figures S13, and S14 for Ru:lr@IMes, and
Rulr:@IMes, respectively). Similar results were obtained
for NPs stabilized by IMesPrSOs ligand (Figures S15-S17).
However, we were not able to calculate the crystallite size
in these samples because of the ultra-small sizes of the
obtained nanoparticles.

With the aim to verify the bimetallic nature of the NPs,
High-Resolution Scanning Transmission Electron Micros-
copy (STEM) studies were carried out on the samples
Rulr:@IMes and Ruzlr@IMes. High Resolution STEM in
bright field (BF) and high-angle annular dark-field
(HAADF), obtained with an atomic resolution microscope
(ARM) showed that Ruzlr@IMes and Rulr:@IMes are
mainly monocrystalline (Figure 2). The crystalline struc-
ture could not be determined due to the fragmentation and
shape change of the NPs under the electron beam. Never-
theless, Energy-dispersive X-ray spectroscopy (EDX) con-
firmed the presence of Ru/Ir NPs with atomic ratio of
70:30 and 36:64 for Ruzlr@IMes and Rulr:@IMes, re-
spectively. This result is in agreement with the ratio ex-
pected for both samples and the formation of bimetallic
Ru/Ir NPs.
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Figure 2. High-resolution STEM HAADF, BF image and relative
composition determined by EDX of Ruzlr@IMes (a, b, and c,
respectively) and Rulr2@IMes (d, e, and f, respectively). For a
better legibility, Figures 2c and 2f are also in the Supporting
Information as Figures S9 and S10, respectively.

Surface Studies

In order to study the surface state of the NPs, Magic An-
gle Spinning solid-state NMR (MAS-NMR) and Attenuated
Total Reflectance Fourier Transform Infrared (ATR FT-IR)
studies were carried out. NMR studies are performed to
verify the coordination mode of the NHCs ligands on the
NPs surface.*#*> Thus, solid state 'H-13C cross polarization
(CP) MAS-NMR spectra were recorded for bimetallic NPs
stabilized with IMes (Ruzlr@IMes and Rulr:@IMes) and
IMesPrSOs (Ruzlr@IMesPrSOs and Rulr:@IMesPrSO0s)
(Figures 3, S20, S22, and S24 for Ruzlr@IMes,
Rulr:@IMes, Ruzlr@IMesPrS0s and Rulr2@IMesPrSOs,
respectively). In the spectra of samples stabilized by IMes
ligand, we can observe resonance signals at 19 and 25 ppm
corresponding to the methyl groups, the one at 119 ppm
assigned to the imidazole backbone of the ligand, and the
signals ranging from 135.0 to 127.7 ppm attributed to the
aromatic zone.*¢ The resonance signal of the carbenic car-
bon (expected at 190-200 ppm) was not observed in the

spectrum which is, however, consistent with the literature
due to significant peak broadening effects close to the
surface (Figures 3, and S20).#447-50 Nevertheless, it should
be noted that no signal can be observed either at the pro-
tonated position (imidazolium salt, 150 ppm), suggesting
that the NHC is coordinated to the metal surface. To sup-
port this, 'H MAS-NMR spectra were recorded on these
samples (Figures S18, and S19 for Ruzlr@IMes, and
Rulr:@IMes, respectively). No signal of the proton of the
carbenic carbon was detected (above 9.5 ppm). Thus, the
results clearly suggest that NHC ligands are coordinated
through the carbenic carbon to the surface, which may
explain the high colloidal stability observed for these sys-
tems.
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Figure 3. Solid-State 1H-13C CP MAS-NMR spectrum (125 MHz)
for Ruzlr@IMes.

Likewise, water-soluble nanoparticles
(Ruzlr@IMesPrS0s and Rulr:@IMesPrS0s) showed simi-
lar features: i) the carbenic carbon was not observed in the
1TH-13C CP-MAS spectra, while the signals from the methyl
(overlapped with the 8 CHz group), a and y CHz groups of
the alkyl chain of the sulfonated N-substituent, the imidaz-
ole backbone, and the aromatic carbons resonated at 23,
48,122, and 142 ppm, respectively (Figures S22 and S24);
ii) no signal of the protonated carbenic carbon was also
detected in the CP-MAS neither in the 'H MAS spectra (Fig-
ures S21 and S23) suggesting the coordination of the hy-
drophilic NHC ligand to the surface.

CO adsorption experiments were carried out to evaluate
the availability and accessibility of the metal atoms on the
surface. CO coordinates easily on the Ru and Ir surface and
displays a distinct signature according to its coordination
mode and to the metal. It may coordinate in a bridging
(COu; on the faces of the NP) or in a terminal mode (COs; on
the apexes and edges of the NP). Thus, all NPs were ex-
posed to CO (1 bar, r. t, 24 h) and studied by ATR-FTIR. In
Figure 4, we observe the different CO adsorption bands
found for all systems stabilized by IMes. For monometallic
Ru@IMes, the frequencies for CO: and COy are 2041, and
1968 cm, respectively. Similarly, for Ir@IMes NPs, the
COt appears at 2033 cm.. However, if we increase iridium
amount in the bimetallic systems, we observe that the CO:
frequency shifts gradually to higher energies, close to the
frequency of the monometallic Ir@IMes system (2011 and
2021 cm™? for Ruzlr@IMes and Rulr:@IMes, respective-
ly). These results not only demonstrate that the surface of
the MNPs is available for coordination of CO, which is ben-
eficial for catalytic applications, but also suggest the pres-
ence of both metals in the same nanoparticle confirming



their bimetallic nature. Likewise, we observe the same
behavior for NPs stabilized by PVP and IMesPrSOs (Fig-
ures S26 and S29, respectively). It is important to highlight
that the ATR-FTIR spectra recorded before adsorption of
CO revealed the presence of CO on the NP surface for both
Ru@NHC systems (Figures S27 and S28 for Ru@IMes and
Ru@IMesPrSO0s, respectively). This behavior is typical for
Ru NPs, which are able to decarbonylate the THF which
was used as a solvent in the NP synthesis.>! In contrast, for
Ru@PVP no CO was observed before the adsorption ex-
periment (Figure S25). It suggests an electronic effect in
the decarbonylation process resulting from the electron-
rich NHC ligands on the surface.5?

| EEE Ru@Imes
99,30 Ir@Imes
| Rulr,@Imes
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2100 2050 2000 1950 1900
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Figure 4. Infrared ATR-FTIR spectrum of NPs stabilized by
IMes after CO adsorption. Red: Ru@IMes. Blue: Ir@IMes.
Orange: Rulrz@IMes. Green: Ruzlr@IMes.

Catalytic studies in Hydrogen Isotope Exchange reac-
tions

The obtained NPs were evaluated as nanocatalysts in the
HIE reactions of four different substrates with D2 to gener-
ate a larger comparison between systems. Standard condi-
tions chosen for these reactions were 24h at 55 °C, 2 bars
of D2, and THF as solvent as previously reported.?022 Ini-
tially, we selected 2-phenylpyridine as model substrate
due to the possibility to evaluate selectivity of the HIE
process respect to reduction of the aromatic ring by D2. In
Table 1, the experiments performed with PVP and IMes-
stabilized NPs as nanocatalysts are summarized. As ex-
pected, in both systems, Ru reduced the aromatic rings
(Table 1, Entries 1 and 5). Likewise, in the bimetallic sys-
tem enriched in Ru and stabilized by NHCs (Ruzlr@IMes)
the aromatic ring was also reduced, while reduction was
not observed for the analogue system stabilized by PVP
(RuzIr@PVP, Table 1, Entries 6 and 2, respectively). This
is attributed to an electronic effect caused by the NHC
ligands on the surface which enhance the electron density
and in turn the activity of the NPs towards the reduction
process.>2 In contrast, Ir systems did not display reduction
side process. They display a low activity towards H/D

exchange in positions A and D, while, interestingly, a
deuteration is observed in the remote positions B and C
(Table 1, Entries 4 and 8). When bimetallic NPs were test-
ed, an interesting effect is observed: there is a combined
effect of Ru and Ir in NPs stabilized by both PVP and IMes
as H/D exchange takes place in positions A, B, C, and D
(Table 1, Entries 2, 3 and 7). It has been shown that Ru NPs
generally display a selectivity towards positions A and D,20
while Ir NPs deuterate positions C and B to a greater ex-
tent,32 as it was observed in this work. Thus, this result
clearly shows a synergetic effect in which the two catalytic
activities of both Ru and Ir are combined and enhanced
compared to their monometallic versions.>3 Additionally, a
positive electronic effect from the NHC ligand is observed
in the deuteration of 2-phenylpyridine being Rulr:@IMes
more active than Rulrz@PVP (compare in Table 1 Entries
7 and 3, respectively). This is likely because NHCs are elec-
tron-rich donor ligands that may enrich electronically the
surface and, hence, improve the catalytic activity of the
NPs. A similar effect has been reported for NHC-stabilized
Ru NPs.52

Table 1. H/D Exchange Reactions with 2-
phenylpyridine using NPs as nanocatalysts?

(o]
| A MNPs B D
2 D
N/ bar D, A N/
THF, 55 °C
24 h D

Deuterium incorporation (%)¢

Entry MNPs Redb

B cd D
1 Ru@PVP Yese -- -- -- --
2 Ru:lr@PVP Nof 68 8 14 38
3 Rulr:@PVP Nof 40 29 42 16
4 Ir@PVP Nof 6 16 22 2
5 Ru@IMes Yese - -- -- --
6 Ruzlr@IMes  Yese -- -- -- --
7 Rulr:@IMes  Nof 88 81 70 85
8 Ir@IMes Nof 15 25 20 4

a Reaction conditions: 1 mmol of 2-phenylpyridine in the
presence of 5% of NPs, 5 mL THF, 2 bar D2z, 55 °C, 24 h of
reaction. b Reduction. ¢ Determined by 'H NMR. 4 Deuterium
incorporation was unequivocally assigned to this position
through HSQC experiment (Figure S40). ¢ Reduction was not
possible to be estimated due to a very complex mixture was
obtained by 1H NMR spectroscopy (See Supporting Infor-
mation). f It was estimated to be less than 5% (quantification
limit of NMR).

This study was extended to two additional substrates,
namely 2-methyl-naphthylamine and 5,6,7,8-
tetrahydronaphthylamine using the nanoparticles stabi-
lized by IMes (Table 2). Again, monometallic Ru@IMes
and bimetallic NPs rich in Ru (RuzIr@IMes) reduced the
aromatic systems (Table 2, Entries 1, 2, 5, and 6). Unlike 2-
phenylpyridine, in this case H/D exchange could be esti-
mated. The corresponding A and B positions in both sub-
strates were selectively deuterated. The position A is fa-



vored as previously described.32 In contrast, monometallic
Ir@IMes and bimetallic Rulr.@IMes NPs were able to
maintain the selectivity in the deuteration without appre-
ciable reduction of the substrates (Tale 2, Entries 3, 4, 7,
and 8). Additionally, when Ru is incorporated to Ir NPs, the
deuteration slightly decreases at position A in both sub-
strates (Table 2, Entries 2, 3, 6, and 7). In contrast, the
deuterium incorporation at position B increases in both
substrates (Table 2, compare Entries 2 and 4; and 7 and 8
for 2-methyl-naphthylamine and 5,6,7,8-
tetrahydronaphthylamine, respectively). This result might
suggest a slight change in selectivity for H/D exchange
arising from the presence of ruthenium but is difficult to
interpretate.

Finally, in order to compare the catalytic performance of
the water-soluble NPs here presented with the already
reported nanocatalysts for H/D exchange, we selected L-
lysine as a substrate under a pH of 9.2 in D20 (Table 3). As
expected, the results showed that NPs containing Ru fully
deuterated the CHz-a, and CHz-¢ positions to the amino-
acid moiety (Table 3, Entries 1, 2, and 3).3137 In contrast,
though lower deuterations at the same positions were
found using Ir@IMesPrSOs as a catalyst (Table 3, Entry 4),
no deuteration at all was observed at y position. Interest-
ingly, a higher deuteration degree at CH:z-y position was
observed for the bimetallic systems in comparison to the
monometallic Ru@IMesPrSO0s catalyst (Table 3, compare
Entries 2 and 3 to 1). The deuteration at this position is
explained by bidentate coordination of the two amino
groups to the NP surface. Once it occurs, the C-H bonds of
the y position point out to the surface facilitating its H/D
exchange.3! It should be noted that this transformation was
reported to occur easily at pHs higher than 13, while we
work here at pH of 9.2. Thus, bimetallic Ru/Ir NPs might
open the possibility to perform H/D exchange of amino
acids operating closer to biological conditions.

Table 2. Substrate Scope of H/D Exchange Reactions
using NPs as nanocatalysts?2

NH, NH,
R MNPs
OO 2bar D, R
—_—
THF, 55 °C OO
24h
R=H, CH,
Red( D incorp. (%)¢
Entry MNPs %)P Product 2 B
1 Ru@IMes 84 NH 91 78
2
2  Ruwr@IMes 48 s 87 16
B
3 Rulr:@IMes <5 83 8
4 Ir@IMes <5 99 8
5 Ru@IMes 16 NH 59 0
2
6 Ruz2lr@IMes 10 A 53 6
7 Rulr:@IMes <5 B 81 22
8 Ir@IMes <5 93 10

a Reaction conditions: 1 mmol of substrate in the presence of
5% of NPs, 5 mL THF, 2 bar D2, 55 °C, 24 h of reaction. b Re-
duction was estimated by integrating the NMR signal of either

the methyl of reduced product or the sum of the new aliphatic
region in the reactions with 2-methyl-naphthylamine and
5,6,7,8-tetrahydronaphthylamine, respectively. ¢ Determined
by 'H NMR. In the cases where reduction took place, the deu-
terium incorporation is given based on the NMR signals of the
remaining substrate that is not reduced.

Table 3. H/D Exchange Reactions with L-Lysine using
NPs as nanocatalysts?

o MNPs o
)JV\/\/NHZ 2bar D, a Y € NH,
HO v —————> HO :
H D,0, 55 °C :
NH, 2 48 h NH,

Deuterium incorporation

Entry MNPs (%)*
"] Y €
1 Ru@IMesPrS03 >98 14 >98
2  Rur@IMesPrS0Os >98 28 >98
3 Rulr:@IMesPrSOs; >98 27 >98
4 Ir@IMesPrS0O3 34 0 35

a Reaction conditions: 1 mmol of substrate in the presence of
5% of NPs, 2 mL D20, 2 bar Dz, 55 °C, 48 h of reaction. b De-
termined by 1H NMR.

CONCLUSIONS

In summary, we report here a facile synthesis and full
characterization of new lipo- and water-soluble bimetallic
Ru/Ir NPs stabilized by NHC ligands. The bimetallic nature
of the NPs was confirmed by HR-STEM coupled to EDX as
well as by ATR-FTIR after reaction with CO. Furthermore,
the coordination of the NHCs to the NP surface was sug-
gested by solid state NMR. This coordination explains the
high colloidal stability observed for all the NPs here re-
ported. To the best of our knowledge, this is the first report
of bimetallic Ru/Ir NPs that were employed in H/D ex-
change reactions. Interestingly, these NPs exhibited high
activity towards aromatic N-containing substrates such as
2-phenylpyridine, 2-methyl-naphthylamine and 5,6,7,8-
tetrahydronaphthylamine. Important features emerge
from our catalytic results: i) ruthenium-rich NPs are able
to reduce aromatic rings whereas iridium rich NPs cannot;
ii) a synergetic effect is observed when Rulrz NPs were
used as catalysts, suppressing the reduction process, and
enhancing the activity of each metal while their selectivity
in H/D exchange is preserved; and iii) the presence of NHC
ligands on the surface of the NPs induces a positive elec-
tronic effect on their catalytic activity compared to their
counterparts stabilized by PVP. Finally, the reactivity to-
wards deuteration of L-lysine presented similar values
regardless of the nature of the NP. Nevertheless, it was
found that iridium improves the selectivity towards y posi-
tion under milder pH conditions (9.2 Vs. 13). These sys-
tems are therefore promising nanocatalysts that may op-
erate under biological conditions using bioactive mole-
cules.
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