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significant contribution to homogeneous catalysis 

Suspensions of small sized (1–2.5 nm) ruthenium nanoparticles (RuNPs) have been obtained by 

decomposition, under H2, of (η4-1,5-cyclooctadiene)(η6-1,3,5-cyclooctatriene)ruthenium(0), 10 

[Ru(COD)(COT)], in the ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide, 

[C1C4Im][NTf2], and in the presence of different compounds acting as ligands: C8H17NH2, PPhH2, PPh2H 

and H2O. Previous and new liquid NMR experiments showed that the ligands are coordinated or in the 

proximity to the surface of the RuNPs. Herein is reported how the ligand affects the catalytic performance 

(activity and selectivity) compared to a ligand-free system of RuNPs, when RuNPs in [C1C4Im][NTf2] are 15 

used as catalysts for the hydrogenation of various unsaturated compounds (1,3-cyclohexadiene, limonene 

and styrene). It has been observed that   σ-donor ligands increase the activity of the nanoparticles, 

contrarily to π-acceptor ones. 

Introduction 

Ionic liquids (ILs) are often termed as “green solvents” due to 20 

their low toxicity and low vapour pressure, and have been widely 

investigated as greener alternatives to conventional organic 

solvents aimed at facilitating sustainable chemistry. In addition to 

their “green” nature, ILs present many other interesting physico-

chemical properties such as their high thermal stability, large 25 

liquidus range, high conductivities, large electrochemical 

window, and tuneable solubility and mixing properties. This has 

led to ever-growing interest for their use in diverse applications 

such as catalysis, separations, electrochemistry, etc.1-4 

 More interestingly, in recent years, ILs have been discovered 30 

to be excellent media in the controlled preparation and 

stabilisation of nano-structured materials.5 For example, ILs have 

been successfully implemented as solvents and structure directing 

agents in the synthesis of novel mesoporous materials such as 

zeolites and silica aerogels,6 the properties of the resulting 35 

materials being related directly back to the nature of the solvent 

used as well as the experimental conditions. Also, as recently 

extensively reviewed,7,8 ILs are increasingly popular media for 

the generation and stabilisation of metallic nanoparticles (NPs), 

usually of the late transition metals, e.g. Pt, Pd, Au, Ag, Ru, etc. 40 

Here, ILs play a double role, acting both as solvent and as 

stabilizer, controlling the size of the NPs produced and 

preventing their aggregation. 

 The use of NPs as catalysts is a topic of growing interest at the 

frontier between homogeneous and heterogeneous catalysis.9 As 45 

the activity and selectivity of metal NPs are dependent on their 

size and shape, it is of crucial importance to control these 

parameters.10-13,14-16 Furthermore, an important factor in 

sustainable chemistry is the recyclability of catalysts. Under 

standard experimental catalytic conditions (temperature, stirring, 50 

or carbon monoxide atmosphere) ruthenium nanoparticles 

(RuNPs) in ILs have been found unstable towards agglomeration 

and coalescence, leading to gradual deactivation with each 

catalytic run.17 Consequently, the addition of stabilising ligands is 

under development a strategy for enhanced NP stabilisation.18 55 

Therein, two different approaches have been reported: 1) The 

addition of a ligand such as bipyridine after the formation of 

NPs,19, 20 2) The incorporation of a coordinating moiety into the 

cation of the IL itself. 21-23  

 In order to develop new catalytic systems based on stable and 60 

size-controlled NPs in ILs, recently, we have successfully 

combined the use of ILs and ligands to increase RuNP stability, 

the latter being present during the RuNP synthesis. This induces a 

highly recyclable catalytic system in toluene hydrogenation.24 As 

the presence of appropriate ligands in traditional organic solvents 65 

can lead to selective catalysts,16, 25 the question is as the ligand 

affects the catalytic performances (activity and selectivity) 

compared to a ligand-free system in ionic liquids. 

 Our group has reported that catalytic hydrogenation of 

cyclohexadiene (CYD) in ionic liquids is highly dependent on the 70 

physical-chemical parameters of the media, in particular the 

viscosity, which is in turn strongly dependent on the 
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concentration of substrate.26, 27 Additionally, in tests maintaining 

constant parameters such as substrate/catalyst and substrate/ionic 

liquid ratio, and therefore viscosity and mass transport factors, we 

reported that the rate and product distribution of the same 

reaction catalysed by RuNPs in ILs varies with RuNP size. These 5 

results prove that the mass transport properties, the ionicity of the 

media and RuNP size play a crucial role and that these 

parameters must be vigorously controlled.10, 28 

 In the present work, we study the effect of various additional 

ligands on the catalytic behaviour of RuNPs synthesized in 1-10 

butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide, 

[C1C4Im][NTf2], compared to ligand-free RuNPs. The effect of 

the ligand on model hydrogenation reactions is investigated, 

whilst ensuring the parity of all important parameters, i.e. mass 

transport and RuNP size. 15 

Experimental 

Materials and Methods 

All operations were performed in the strict absence of oxygen and 

water under a purified argon atmosphere using glovebox 

(Jacomex or MBraun) or vacuum-line Schlenk techniques. 1-20 

octylamine (>99.5%, Fluka), phenylphosphine (Alfa Aesar) and 

diphenylphosphine (98%, Aldrich) were used without further 

purification. (η4-1,5-cyclooctadiene)(η6-1,3,5-cyclooctatriene) 

ruthenium(0), [Ru(COD)(COT)],29 and [C1C4Im][NTf2], 
30 were 

synthesised as reported. 1-Methylimidazole (>99%, Aldrich), 25 

chlorobutane (>99%, Aldrich), cyclohexadiene, styrene and (R)-

(+)-limonene were distilled and stored under argon prior to use. 

Lithium bis(trifluoromethanesulfonyl)imide (Solvionic) was used 

without further purification. 

 Transmission electron microscopy (TEM) experiments were 30 

performed directly in the IL media. A thin film of RuNP 

suspension in IL was deposited on a carbon film supported by a 

copper grid. Conventional TEM micrographs were obtained at the 

Centre Technologique des Microstructures, Université Claude 

Bernard Lyon 1, Villeurbanne, France, using a Philips 120 CX 35 

electron microscope with acceleration voltage of 120 kV. Size 

distribution histograms were constructed from the measurement 

of at least 200 different NPs assuming a near spherical shape and 

random orientation. 

 Solution NMR spectra were recorded in a Bruker AV-300 40 

spectrometer. 31P spectra were referred internally to deuterated 

solvents; chemical shifts are relative to 85% H3PO4 (
31P). 

Synthesis of the RuNPs. 

 RuNPs in [C1C4Im][NTf2] in the presence of 1-octylamine, 

phenylphosphine, diphenylphosphine or water were synthesized 45 

as previously described.24 

Catalytic experiments 

Each dispersion of RuNPs was produced from the decomposition 

of 4.2·10-2 mol.L-1 of [Ru(COD)(COT)] in the IL as described.10 

Dispersions of RuNPs with different sizes have different 50 

concentrations of Ru atoms at the surface, [RuS]. Each dispersion 

was diluted with [C1C4Im][NTf2] to match a concentration [RuS] 

= 1.7·10-2 mol.L-1. For cyclohexadiene or styrene hydrogenation, 

10 wt. % of substrate was used. Only 5 wt. % was used in the 

case of (R)-(+)-limonene, due to the lower solubility of this 55 

compound in [C1C4Im][NTf2]. This gives catalytic mixtures with 

constant substrate/catalyst molar ratios of 105 (CYD), 175 (STY) 

and 65 (LIM), and constant substrate/IL molar ratios, ensuring 

identical viscosities and a single phase. From dispersions 

prepared as described, aliquots of 0.5 mL were transferred to 60 

identical Schlenk tubes containing cross-shaped magnetic stirrer 

bars. After 30 min, when the temperature had stabilized, the 

Schlenk tubes were charged with 1.2 bar of H2 and kept at 

constant pressure and temperature during the time of the reaction. 

The solubility of the reaction products is lower than those of the 65 

starting compounds, therefore the medium may tend to a biphasic 

system during the course of the reaction. For this reason, each 

reaction time corresponds to a single experiment in which, after t 

minutes (e. g. 5, 10, 20, 30, 45, 60, 90 and 120), the Schlenk tube 

was isolated and opened to air, quenching the reaction with 10 70 

mL of a 1 M solution of toluene in acetonitrile. In this way, the 

reaction mixture was entirely dissolved. The distribution of 

products in the reaction mixture and the conversion were 

determined by GC analyses using a HP6890 chromatograph 

equipped with a FID detector and a cross-linked methyl siloxane 75 

column (L = 30 m, Dint = 0.32 mm, film thickness = 0.25 µm). 

Toluene was used as internal standard. The injector and detector 

temperatures were both set to 230°C. Samples were injected in 

volumes of 1 µL. The temperature of the column was fixed at 

70°C for 13.5 min, followed by a temperature ramp of 40°C min-80 

1 up to 250°C. 

Results and Discussion 

The size of RuNPs in 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C1C4Im][NTf2], prepared by 

decomposition of (η4-1,5-cyclooctadiene)(η6-1,3,5-cycloocta  -85 

triene)ruthenium(0) [Ru(COD)(COT)] with dihydrogen (3 bar) 

can be controlled by varying experimental conditions. When the 

decomposition is carried out at 0 ºC these RuNPs display an 

average diameter of 1.1 nm, whereas at 25 ºC, 2.3 nm RuNPs are 

formed.10, 31 This decomposition run at 25 °C in the presence of 90 

C8H17NH2 (octylamine; OA) as ligand, with a molar ratio 

[OA]/[Ru(COD)(COT)] r = 0.2, gives a stable suspension of 

small sized (1.1 nm) and homogeneously dispersed RuNPs, no 

matter the IL used.24 Interestingly, when OA is added in the same 

ratio to a suspension of ligand-free 1.1 nm RuNPs in IL, 95 

flocculation occurs leading to large agglomerates of RuNPs.32 As 

such agglomeration may lead to less available metal surface for 

catalysis, this study focuses only on RuNPs directly produced in 

the presence of ligand. 

 Therefore, in the present work, the decomposition of 100 

[Ru(COD)(COT)] with dihydrogen was carried out at 30°C in the 

presence of different ligands (L) in order to study the effect of 

[L]/[Ru] ratio, and electronic and steric properties of these 

ligands on the resulting NP size, stabilisation against coalescence 

and on the catalytic activity. For this purpose, ligands namely, 105 

octylamine (OA), water (L1), phenylphosphine (L2), and 

diphenylphosphine (L3), scheme 1, presenting different 

heteroatoms (N, P, O), and steric hindrance (i.e. L2 vs. L3) have 

been selected. In all experiments, total decomposition of 

[Ru(COD)(COT)] into RuNPs is verified by GC quantification of 110 

the cyclooctane resulting from the hydrogenation of COD and 

COT ligands. 
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Table 1 Data summary of the RuNPs obtained in [C1C4Im]][NTf2], depending on the ratio r = [L]/[Ru(COD)(COT)]. L = octylamine (OA), 

phenylphosphine (L2), diphenylphosphine (L2) or water (L1). Reaction temperature = 0 °C (entry 1),31 25 °C (entry 2),31 30 °C (entries 3-9). Reaction 

time = 20 h (entries 2 and 3) or 3 days (entries 1, 5 and 6). 

Entry L r 
Average diameter 

(nm) (a) 
[RuS] (10-2 M)(b) [RuS]/[RuT](c) [L]/[RuS]

(d) Label 

1 – 0 1.1 (0.2) 3.4 0.81 – Ru0 

2 – 0 2.3 (0.3) 2.1 0.51 – Ru25 

3 C8H17NH2 0.1 1.6 (0.5) 2.7 0.64 0.16 RuOA0.1 

4 C8H17NH2 0.2 1.1 (0.3) 3.4 0.81 0.25 RuOA0.2 

5 C8H17NH2 0.5 1.0 (0.3) 3.6 0.86 0.60 RuOA0.5 

6 C8H17NH2 1.0 1.0 (0.3) 3.6 0.86 1.2 RuOA1 

7 H2O 0.2 2.5 (0.7) 2.0 0.48 0.52 RuL1 

8 PPhH2 0.2 2.2 (0.6) 2.2 0.52 0.38 RuL2 

9 PPh2H 0.2 2.2 (0.5) 2.2 0.52 0.38 RuL3 

 

(a) Measured from TEM micrographs, standard deviation is indicated in brackets. (b) concentration of Ru(COD)(COT) (c) Dispersion: ratio between 
surface Ru atoms (RuS) and the total number of Ru atoms in the nanoparticles (RuT).10 (d) Ratio between the total concentration of ligand and the 5 

concentration of Ru atoms at the surface (RuS) . 

 

Scheme 1 The ligands under study: 1-octylamine (OA), water (L1), 
phenylphosphine (L2), diphenylphosphine (L3). 

Synthesis of RuNPs in [C1C4Im][NTf2] in the presence of L 10 

Influence of L/Ru ratio 

The reaction carried out at 30 ºC in the presence of different 

molar ratios of octylamine [OA]/[Ru(COD)(COT)] r = 0; 0.1; 

0.2; 0.5 and 1, affords small RuNPs with narrow size 

distributions. 
24

 These RuNPs are well dispersed, almost 15 

spherical, and stable for months (stored at room temperature 

under argon). High resolution electron microscopy (HREM) has 

been already used to verify the crystalline nature of the RuNPs 

formed.24 With the exception of r = 0.1, where RuNPs with a 

diameter of 1.6 nm were obtained (Table 1), small RuNPs 20 

displaying a mean diameter around 1 nm are observed. 

Interestingly, ligand-free RuNPs synthesised under the same 

conditions display a mean diameter of 2.3 nm and only by 

lowering the reaction temperature to 0°C can RuNPs of around 

1 nm be obtained.31 However, RuNPs prepared in THF with 0.2 25 

molar equivalents of OA display a mean size of 2.3 nm but are 

agglomerated in large superstructures (100 nm).33 This clearly 

indicates a better stabilisation when combining ligands with ILs. 

 In the presence of OA a beneficial synergic effect is observed 

in the formation of RuNPs in [C1C4Im][NTf2], which we have 30 

already attempted to rationalise through NMR studies of the 

interaction between RuNPs and OA in IL. Indeed, previous 13C 

NMR and 1H DOSY NMR results have proven the coordination 

of the amine to the ruthenium through the amino group.32 

 However, following the r value, these 13C NMR experiments 35 

suggest a different organisation of OA around the RuNPs as 

depicted in Fig. 1. Here, at low values of r the long alkyl chains 

of the OA are found lying on the RuNP surface, whereas at high 

values of r, they are pointing away from the surface of the NP. 

This behaviour is supported by the close proximity of the methyl 40 

group of the alkylchain to the metal surface as observed by NMR 

at low concentration of OA. Furthermore, both 1H DOSY NMR  
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Fig.1 Cartoon illustrating the coordination of OA to RuNPs and the 

association between OA molecules at high OA concentration. 

 
Fig. 2 Selected TEM micrographs of RuL1 (L1 = H2O); RuL2 (L2 = 5 

PPhH2) and RuL3 (L3 = PPh2H) 

 
Fig. 3 Normalized size distribution histograms of RuL1 (L1 = H2O, left), 

RuL2, (L2 = PPhH2, right in blue) and RuL3 (L3 = PPh2H, right in red). 

experiments and calorimetric measurements also showed that in 10 

addition to the OA-RuNP coordination, for r = 

[OA]/[Ru(COD)(COT)] = 1 (Ru1), there exists also some degree 

of association between OA molecules (Fig. 1), a finding also 

corroborated by molecular simulation.32 

 The larger nanoparticle diameter obtained for r = 0.1 and the 15 

subsequent identical nanoparticle diameters obtained for 0.2 < r < 

1.0 suggest that above r = 0.2 the number of OA ligands 

coordinated at the surface attains a threshold that inhibits further 

growth of the nanoparticles. 

 20 

Influence of the nature of the ligand 

The synthesis of RuNPs in [C1C4Im][NTf2] in the presence of 

H2O (L1), PPhH2 (L2) and PPh2H (L3), with r = 0.2, was 

performed under identical conditions than with OA. All these 

RuNPs display sizes over 2 nm (Table 1, entries 7–9; see also 25 

TEM micrographs in Fig. 2). In addition, the size distribution 

with these ligands is broader than in the case with OA (Fig. 3 and 

Table 1). 

 Examination of the suspensions of RuL2 and RuL3 in 

[C1C4Im][NTf2] by 31P NMR spectroscopy, leads to no observed 30 

signal, probably due to a large broadening of the signals due to 

the fast spin-spin relaxation of the phosphorous atoms close to the 

nanoparticles, or signals because of a fast spin-spin relaxation of 

anisotropic chemical and Knight shifts, that make P signals 

unobservable.34 However, when hydrogen peroxide is added to 35 

RuL2, one signal at 40 ppm arises in the 31P NMR spectrum. This 

is due to the oxidation of the phosphine ligand and release of 

partially or fully oxidized phosphine in the solution making it 

observable, in agreement with previous reports in the literature.35 

The addition of hydrogen  40 

 
Scheme 2 Unsaturated substrates studied in this work. 

peroxide to RuL3 gives rise to three signals (40, 39, 23 ppm) 

instead of one. RuNPs in the presence of H2 are known catalysts 

in the hydrogenation of aromatic compounds,24 so partial or total 45 

hydrogenation of the initial phosphine can occur during the 

synthesis, producing a mixture of PPh2H, PCyPhH and PCy2H 

(Cy = cyclohexyl).36 Indeed, we have already shown that the 

hydrogenation of aromatic ring occurs during the decomposition 

of Ru(COD)(COT) even at 0 °C.17 The observed signals in the 31P 50 

NMR spectrum, after hydrogen peroxide addition, correspond to 

oxidation products of the three phosphines. With RuL2 the single 

signal observed after oxidation is most probably due to the 

oxidation product of PCyH2. It is difficult to predict the exact 

nature of the products of the phosphines after hydrogenation and 55 

oxidation (with the hydrogen peroxide) in the presence of RuNPs 

and under the conditions described in this work. Different 

compounds as phosphine oxides, phosphonates, phosphinic acids 

and related compounds could have been formed, without 

discarding that in addition those compounds may undergo other 60 

reactions as P-C cleavage. Attempts to characterize the nature of 

the hydrogenation/oxidation of the phosphines by mass 

spectrometry were unsuccessful. Nevertheless, the chemical shifts 

of 40 and 39 ppm are close to that described for 

cyclohexylphosphinic acid (41.9 ppm), and in the range of other 65 

reported for alkyl-, dialkyl- and alkylarylphosphinic acids and 

phosphinates.37, 38 

 

Catalytic hydrogenation of unsaturated compounds 

The former results suggest that the ligands added to increase the 70 

stability of the RuNPs are coordinated or in close proximity to the 

metal surface. Therefore, the effect of these ligands on the 

catalytic behaviour of RuNPs synthesized in 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl) imide, 

[C1C4Im][NTf2] compared to ligand-free RuNPs can be 75 

investigated, ensuring the parity of all important parameters, i.e. 

mass transport and RuNP size. 

 The catalytic performances of the systems described above 

was tested in the hydrogenation of model unsaturated substrates 

(Scheme 2): 1,3-cyclohexadiene (CYD), styrene (STY) and R-80 

(+)-limonene (LIM). These substrates have more than one 

unsaturation in their structure, so the activity and the selectivity 
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can be examined. 

 In the present work, all experiments were carried out at 30 ºC 

under a H2 pressure of 1.2 bar. The substrate/RuS (RuS: Ru 

atoms at the surface of the nanoparticle) ratio and substrate/IL 

ratio were kept constant but adapted to each substrate (see details 5 

in Experimental Part), ensuring that the concentration of substrate 

was kept below its solubility limit to prevent formation of a 

biphasic  mixture. Consequently, for CYD and for STY substrate- 

 
Scheme 3 Reaction products of the hydrogenation of 1,3-cyclohexadiene. 10 

to-IL mass ratios of 10 wt. % were used, affording the molar 

ratios of CYD/RuS and of STY/RuS equal to 105 and 175, 

respectively. The concentration of LIM, which presents a lower 

solubility in [C1C4Im][NTf2], was 5 wt.% giving a molar ratio 

LIM/RuS of 65%. 15 

 The different dispersion values (D = RuS/RuT; RuT: total 

amount of Ru atoms) must also be taken into account for each 

size of NPs formed in order to maintain constant the initial ratio 

of substrate to Rus. Moreover, all the reaction mixtures were 

prepared by dilution of the colloids with different volumes of 20 

[C1C4Im][NTf2], to ensure identical concentrations of [RuS] = 

1.7·10-2 M (see Experimental Part).  

 Finally, as the colloidal size has been proven to play an 

important role,10 and due to the differences in size observed 

depending on the nature of the ligand (Table 1), we have divided 25 

the colloidal systems in two sets of catalysts to compare them 

independently. The first set corresponds to RuNPs with sizes 

around 1 nm: Ru0, RuOA0.2, RuOA0.5 and RuOA1 (Ru0 = RuNPs 

generated in absence of ligand at 0 °C, as previously described31). 

The second set comprises all RuNPs with sizes around 2.2 nm:, 30 

Ru25, RuL1, RuL2 and RuL3 (Ru
25 = RuNPs generated in absence of 

ligand at 25°C, as previously described31). Due to its different 

size compared to other systems, the catalytic behaviour of RuOA0.1 

is not discussed herein. 

 35 

Catalytic hydrogenation of 1,3-cyclohexadiene 

The hydrogenation reaction of CYD can afford two different 

products: the partial hydrogenation product, cyclohexene (CYE), 

and the full hydrogenation product, cyclohexane (CYA) (Scheme 

3). In IL media, it has already been reported that CYD can be 40 

partially hydrogenated with high selectivity by molecular 

catalysts.39-41 

 In previous work from our group, hydrogenation of CYD was 

performed with tailor-made, size-controlled and ligand free 

RuNPs (1 to 3 nm).10 It was found that the activity increases with 45 

the NP size in agreement with the literature results on 

heterogeneous catalysts.12, 15, 42 Contrarily to activity, the 

selectivity for CYE versus CYA drops from 97% to 80% when 

the RuNP size increases from 1.1 to 2.9 nm. These results were in 

agreement with a mechanism involving π-bond activation and 50 

double coordination of diene-substrates, necessitating several 

neighbouring surface atoms only found in facial positions on the 

larger NPs.43, 44 

 

RuNPs with a mean size of 1.1 nm 55 

The conversion of CYD vs. time with Ru0, RuOA0.2, RuOA0.5 and 

RuOA1 is represented in Fig. 4. When the amine is coordinated to 

the nanoparticle it is hindering access to catalytically active sites 

so, in principle a predictable result would be a decrease in the 

catalyst activity. Nevertheless the reaction proceeds unexpectedly 60 

faster with RuOA0.2 compared to Ru0. On the other hand, with 

RuOA0.5 and RuOA1 where the ratio OA per RuS is 0.6 and 1.2, 

respectively, the steric hindrance becomes more important, and 

the reaction is therefore slowed compared to RuOA0.2. 

65 

Fig. 4 Left: Conversion (%) of CYD, into CYE and CYA with time in the presence of RuNPs of around 1.1 nm. Right: Selectivity (100·[CYE] / CYE] + 

[CYA])) as a function of conversion in CYD hydrogenation (note that the y axe is truncated). Ru0 (�), RuOA0.2 (�), RuOA0.5 (�), RuOA1 (�). (Ru0: NPs 

generated in absence of ligand at 0 °C).31 

Page 5 of 10 Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
is

co
ns

in
 -

 M
ad

is
on

 o
n 

24
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 1

3 
Se

pt
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2D
T

31
64

4G

View Online

http://dx.doi.org/10.1039/c2dt31644g


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  6 

 
Fig. 5 Initial rates in the catalytic hydrogenation of CYD with RuNPs 

synthesized in the presence of different amounts of octylamine. (a) 

Calculated from the first points of the [CYD]/[CYD]0 variation versus 

time ([CYD]0 = initial concentration of CYD). 5 

 Note that for the OA ligand when the ratio L /RuS increases 

from 0.2 to 1 the activity decreases sharply (Fig. 5). Considering 

that to undergo hydrogenation, the olefin needs to be coordinated 

to the NP surface, the presence of ligands will reduce the number 

potentially active molecular species that could be stabilized by 10 

octylamine. This would eventually enhance the reaction activity 

of the system. If this was the case, then an excess of octylamine 

directly added to the RuNPs synthesized without any ligand, Ru0, 

should provide a more active system than Ru0 itself. We have 

verified this possibility using mixtures of Ru0 and octylamine 15 

with molar ratios (r) OA/RuT = 0.2 and 0.5, prepared as 

previously described.24 The hydrogenation of CYD with these 

mixtures as catalysts affords conversions of 38 % and 20 % after 

90 minutes, in contrast to the 65 % observed with Ru0. The lower 

activities observed in the systems with octylamine added after 20 

RuNP synthesis indicate that the potential formation of ruthenium 

molecular species, and their subsequent stabilization by 

octylamine, does not play a role in the enhanced activity observed 

for RuOA0.2 and RuOA0.5. 

 One plausible explanation of these results is to consider both 25 

the electronic and steric effects of the ligands. The hydrogenation 

of an unsaturated compound is a reduction. Thus if the ligand  

Ru0 (�)   Ru·OA0.2 (�).

Ru0 (�)   Ru·OA0.2 (�).

 

Fig. 6 Left: Progress of the conversion (%) of STY with time. Ru0 (�), RuOA0.2 (�). Reaction scheme with possible products ethylbenzene and 

ethylcyclohexane depicted below. Right: Progress of the conversion of LIM into menthene and menthane with time. Ru0 (�), RuOA0.2 (�).30 

effect, the expected result is a lower catalytic performance with 

increasing amounts of octylamine.  

 To explain these results, one hypothesis that has been 

considered, and discarded, is Ru leaching into the IL forming 

increases the electronic density of the catalyst, then the reaction 35 

can be favoured. More thoroughly, the bonding of the double 

bond to the metal surface can be described by the Dewar-Chatt-

Duncanson model: σ-donation of the olefin to the metal and π-
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back donation from the metal to the empty π* orbital of the 

olefin, partially lowering the order of the C=C double bond 

(rehybridization). It can be hypothesized that the amine, a σ-

donor ligand, coordinated to the RuNPs increases the electron 

density at the surface of the NP, favouring the π-back donation 5 

from the d orbitals of the metal to the antibonding π* orbital of 

the olefin, and consequently facilitating its hydrogenation. 

Assuming this, when increasing the amount of amine at the 

surface of the NPs, both electron density and steric hindrance 

increase. The former effect favours the catalytic reaction, while 10 

the latter inhibits it. From the results obtained in this work we can 

conclude that, in RuOA0.2, steric hindrance is not important enough 

to inhibit the reaction, and the electronic effect predominates, 

accelerating the reaction. At higher quantity of OA (RuOA0.5 and 

RuOA1), the steric effects predominate and limit the reaction. 15 

 In order to generalise this result, we have also compared Ru0 

and RuOA0.2 in the hydrogenation of STY and of LIM. With STY 

the only detectable compound in the reaction was ethylbenzene 

(Fig. 6 left). It has been largely reported that arene hydrogenation 

at room temperature is slow with these systems probably  due to 20 

the small NP size.43, 44 The profile of conversion vs. time shows 

to the low solubility of the hydrogenation product in the IL 

solvent. Although the overall concentration of OA in the IL is too 

low to give a measurable effect on the macroscopic solubility of 

CYE, the presence of OA ligands at the NP surface leads to a 25 

stabilization of CYE near the NP (and thus near the coordination 

sphere of Ru) and favours a further step of hydrogenation.27 

 

RuNPs with a mean size of 2.2 nm 

The reaction proceeds faster with RuL1 compared to Ru25. This 30 

could be explained by a sigma donation of L1 ligand. However 

RuL1 NPs are slightly larger than for Ru25 (Table 1), which can 

also account for the higher activity observed.10 

 On the other hand, RuL2 and RuL3 display similar activities and 

are less active than Ru25. This cannot be attributed solely to steric 35 

hindrance since both systems present identical activities, despite 

the differing bulk of the two stabilising ligands. Probably, the σ-

donor and π-acceptor properties of these ligands play a role, as  

recently proposed in the hydrogenation of methylanisole in the 

presence of RuNPs coordinated to diphosphine ligands.36 Indeed, 40 

phosphines through π-back bonding may decrease the electron 

density on the metal surface. The π-back bonding capability of 

the metal, from the d orbitals of the metal, to the antibonding π* 

orbital of the olefin would be therefore reduced in turn, 

decreasing the rate of hydrogenation. Note that in the presence of 45 

L = CO, a strong π-acceptor, such RuNPs are rendered inactive in 

olefin hydrogenation.17 

  

 

 50 

Fig. 7 Left: Progress of the conversion (%) of CYD, into CYE and CYA with time in the presence of RuNPs of around 2.2 nm. Right: Selectivity 

(100·[CYE] / ([CYE] + [CYA])) as a function of conversion in CYD hydrogenation (note that the y axe is truncated) Ru25 (�), RuL1 (�), RuL2  (�), RuL3 

(�) (Ru25= NPs generated in absence of ligand at  25 °C,31 L1 = water, L2 = phenylphosphine, L3 = diphenylphosphine). 

 

the same unexpected trend as with CYD albeit more pronounced; 55 

RuOA0.2 is much more active than Ru0. This highlights the 

beneficial effect of the amine. Among the different potential 

products of the hydrogenation of LIM, only menthene and sphere 

of Ru) and favours a further step of hydrogenation.27 

menthane were observed (Fig. 6 right). Menthane was observed 60 

as 50:50 mixtures of cis and trans isomers. Yet again, the 

hydrogenation proceeds faster with RuOA0.2 than with Ru0. 

Contrarily to activity, in the CYD hydrogenation, the selectivity 

in CYE versus CYA decreases sharply from in the presence of 

OA, notably from 97% (Ru0) to 75% (RuOA0.2). The decrease of 65 

selectivity in the presence of OA is compatible with a  

Conclusion 

In this work the catalytic hydrogenation of 1,3-CYD, STY and 

LIM, in the IL [C1C4Im][NTf2] were used as probe reactions to 

study the effect of different ligands on the catalytic performances 70 

of RuNPs. Firstly, tailor-made, size-controlled and zero-valent 

RuNPs (1 to 2.3 nm) were generated from the decomposition of 

[Ru(COD)(COT)] under H2 in [C1C4Im][NTf2], in the presence 

and absence of various ligands: C8H17NH2, H2O, PPhH2 and 

PPh2H. The mean size of these RuNPs was determined in situ by 75 

TEM. The coordination of the ligands or their close proximity to 
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the metal surface was evidenced by NMR experiments. Secondly, 

in carefully controlled catalytic tests, it was found that for 

hydrogenations of 1,3-CYD, STY and LIM the activity of the 

RuNP catalysts increases with σ-donor ligands such as 1-

C8H17NH2 and H2O, but decreases with the bulkier and π-5 

acceptor ligands, PPhH2 PPh2H and CO. These results underline 

the pseudo-molecular nature of NPs with sizes under 3 nm since 

their activity can be controlled following the σ-π-ligand character 

as with a homogeneous catalyst. 
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Graphical abstract 

 

Activity and selectivity of NPs catalysts with size under 3nm could be controlled  by   the σ- 

donor π-acceptor ligands as with an  homogeneous  catalyst. 

 

P

ΠΠΠΠ- acceptor

σσσσ−−−−donor

P

ΠΠΠΠ- acceptor

σσσσ−−−−donor

N

σσσσ−−−−donor

N

σσσσ−−−−donor

activity

selectivity

P

ΠΠΠΠ- acceptor

σσσσ−−−−donor

P

ΠΠΠΠ- acceptor

σσσσ−−−−donor

N

σσσσ−−−−donor

N

σσσσ−−−−donor

activity

selectivity

Page 10 of 10Dalton Transactions

D
al

to
n

 T
ra

n
sa

ct
io

n
s 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
is

co
ns

in
 -

 M
ad

is
on

 o
n 

24
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 1

3 
Se

pt
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2D
T

31
64

4G

View Online

http://dx.doi.org/10.1039/c2dt31644g

