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In ionic liquids (ILs), the activation of a ruthenium(ll) catalyst precursor occurs via an unexpected
mechanism, which is different from the activation mechanism that takes place in water. The effectiveness

of a biphasic catalytic hydrogenation reaction usin
dependent on the nature of both anion and cation

g the ruthenium(ll) precatalyst is shown to be highly
of the IL. Evidence is provided that chloride ions are

required to generate the active catalyst. Moreover, the influence of the IL cation on the rate of
hydrogenation is correlated with the differences in capability of the IL to solvate chloride. A kinetic

study provides insights into the mechanism of the

Introduction

Solvent effects on chemical reactions have been observed
since the second part of the 19th century and have frequently

been reported and analyzed in terms of solvent parameters,

which should be able to fully describe and predict the outcome
of a reaction carried out in a particular solvérthus, solvents
have been classified according to their polarity, which is
estimated using various approaches including studying the bulk

formation of the active catalytic species.
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properties of solvents, or according to the reactivity or spec- important industrial applications of biphasic catalysis in which
troscopic properties of solutéd2A change of solvent can have  the rhodium catalyst is immobilized in wateionic liquids (ILs)

a drastic impact on the kinetics or thermodynamics of a chemical have demonstrated their potential utility in the field of biphasic
reaction due to different stabilization of reagents, transition catalysis’ By virtue of the ionic nature of these solvents, a large

states, or products by the solvent molecdl&olvent effects

on transition metal-catalyzed reactions may have major conse-
guences on the activity and/or selectivity of a catahestd the

use of a particular solvent can even induce modifications in a
catalytic cycle or even suppress catalytic activity altogether.

In order to combine the efficiency of homogeneous catalytic

processes with the advantages of heterogeneous catalysis, th
concept of biphasic catalysis has been devel§gts approach

number of anior-cation combinations can be envisaged, which
can yield a vast library of potential ILs. By analogy with
classical solvents, the replacement of a molecular solvent by
an IL can modify the reactivity of a catalyst precursor, as has
been described for a ruthenium(ll)-catalyzed hydrogenétion.
This catalytic reaction, which operates in water, was shown to
Be inhibited in [bmim][BR] and [bmim][TfO] (bmim = the
1-butyl-3-methylimidazolium cation), due to the different sol-

consists of using alternative solvents that are not miscible with vation of a particular species involved in the mechanism of
the product(s) of a reaction (and often the substrates) and thaformation of the catalyst.

provide a separate phase in which the catalyst is immobilized
and is easily recycled. For example, the Ruhrchemiafeho
Poulenc oxo process, designed for the productionnef
butyraldehyde from syngas and propylene, is one of the most
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(1) (a) Tobe, M. L.; Burgess, Inorganic Reaction Mechanisrtst ed.;
Addison Wesley Longman Inc.: New York, 1999; and references cited
therein. (b) Reichardt, CChem. Re. 1994 94, 2319, and references cited
therein. (c) Swain, C. GJ. Org. Chem 1984 49, 2005, and references
cited therein.

(2) (a) Griffiths, T. R.; Pugh, D. CCoord. Chem. Re 1979 29, 129,
and references cited therein. (b) Katritzky, A. R.; Fara, D. C.; Yang, H.;
Tamm, K.; Tamm, T.; Karelson, MChem. Re. 2004 104 175, and
references cited therein.

(3) (a) Blandamer, M. J.; Burgess, J.; Duce, P. P.; Gosal, N.; Sherry, R.
Transition Met. Chem1984 9, 3. (b) La Duca, M. J. T.; Simunic, J. L.;
Hershberger, J. W.; Pinhas, A. Rorg. Chim. Actal994 222 165. (c)
Antkowiak, W. Z.; Sobczak, ATetrahedron2001, 57, 2799. (d) Astolfi,

P.; Panagiotaki, M.; Greci, LEur. J. Org. Chem2005 3052.

(4) (a) Jansen, A.; Pitter, 3. Mol. Catal. A2004 217, 41. (b) Minisci,

F.; Recupero, F.; Cecchetto, A.; Gambarotti, C.; Punta, C.; Paganelli, R.
Org. Process Res. @e2004 8, 163. (c) Safari, N.; Naghavi, S. S.; Khavasi,
H. R. Appl. Catal. A2005 285, 59.

(5) (a) Sheldon, R. AGreen Chem2005 7, 267. (b) Fish, R. HChem-—

Eur. J.1999 5, 1677. (c) JOpF.; Papp, E Kathg A. Top. Catal.1998 5,
113.

10.1021/0m060728+ CCC: $33.50

In this study, the effect of the IL anion and cation combination
on a ruthenium(ll)-catalyzed hydrogenation reaction was in-
vestigated and related to variations in the solvation of key
solutes, since the replacement of one IL by another can greatly
affect the properties of solutes and, therefore, the kinetics and
reaction pathways that might occuAdditionally, this work
represents, together with a few other repéfta,rare example
of a mechanistic study of a catalyzed reaction performed in ILs
and to the best of our knowledge the first showing that a dif-
ferent mechanism takes place in ILs compared to other solvents.

Results and Discussion

Effect of the Anion. The arene-ruthenium(ll) complex,1
(Chart 1), which is an effective precatalyst in water, has been
shown to be active in some ILs under conditions that provide
a higher solvation of the dissociated chloride (i.e., by addition
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of water to the IL)8 The use of ILs containing Lewis acidic Table 1. Selected Solvent Properties for [bmim][Anion]
anions with different properties was envisaged as an alternative anion xa a? A nlcP A/10? S.cmP-mol~1¢
method to favor the dISSOCIa.tIOI’l' of chlqude from the rythenlum BF, 1047 0627 0376 113 32
precatalyst, as has been highlighted in recent studies by van prg 1.032 0634 0207 225 3.8
Eldik on chloride substitution on platinum(ll) complexes MeSQ 214
performed in chlorostannate melts and [bmim}NF.10¢11 |n TiN 0.984 0617 0243 54 15
this respect, hydrogenation of styrene was carried out in a series ggg&o 1006 0625 0464 107 2'2_7
of [omim][Anion] ILs, where Anion= PFs, SnCk, BF4, Tf2N,
CRCOO, CHOSQ;, and TfO (-Cl and1-BF,; were employed #Ref 15.°From the supplierRef 16.
as the catalyst precursors; see Charts 1 and 2 for the structures 40 A
of the Ru(ll) complex,1, and the ILs, respectively). |

When 1-BF,; was used in the various ILs, no activity was %
observed, and changing the IL anion does not improve the e 307
dissociation of chloride from this complex. Moreover, the E 25
hydroge_nahon reaction was attempted in [mlr_neOHjN]f ? 20
which displays a higher ability to solvate chloritfebut the o
catalyst precursor remained inactive. So far, addition of water 517
seems to be the only effective method that modifies the solvent © 10 1
properties in order to enable the catalytic hydrogenation in ILs 5
through the mechanistic pathway involving loss of the coordi- 0-

nated chloridé:’® However, usingl-Cl as a precatalyst in the o . . . : S ,
series of [omim][Anion] ILs provides unexpected results, which %oc’ & & \&@O & Y Q?O%
are summarized in Figure 1. In contrastlt@F,, complexl, SIS

with chloride as the counteranion, displays some activity for Figure 1. Influence of the IL anion on the catalytic hydrogenation
styrene hydrogenation, notably in [bmim]pN] and other  of styrene to ethylbenzene usiagCl in [bmim][Anion] type ILs.
[Tf,N]-based ILs (see below). The presence of the chloride ion Conditions: 80°C, H, (50 bar), [substrate]/[Ruf= 1160, 4 h.
appears to be necessary to provide the active catalytic species’.\'me: . un.der the same conditioh<Cl in water results in essentially
Indeed, a catalytic experiment was performed WitBF, in quantitative conversion.

[bmpy][TfN] in the presence of ca. 2.5 equiv of [bmpyl[Cl], provided evidence for a dissociative process as the rate-limiting

and 97% conversion was measured miteh reaction. These step®® This step was believed to be the dissociation of chloride
observations rule out the mechanism that requires the dissocia- P- P ’

tion of chloride (i.e., the established mechanism in water). On as it.WaS. observed that the_ chioride ”gaf‘d was replaced by a
the contrary, here chloride ions act as a cocatalyst and promoter;]y?/rifv?/ t)%atﬂisa;ctire&atigﬁll?sp(iatrfic; m%%dremn\livjtéﬁgtvzvnec:{her
the hydrogenation of styrene. Previous NMR spectroscopic mechanism. activated b chIor}de ions. is takin y lace inNT
studies usindl-Cl and the corresponding diphenylphosphino- Ls. The ob’served diss)(l)ciative ste éan thengt?e attriEt‘)uted to
ethane (dppe) and diphenylphosphinopropane (dppp) complexe% ’ P

under similar conditions, for styrene hydrogenation in toluene, he I(_)ss of thep—c_ymen(_a ligand rather than dissociation of
chloride as established in water.
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(11) Weber, C. F.; Puchta, R.; van Eikema Hommes, N. J. R.; collected in Table 1. Viscosities are unlikely to be the main

Wasserscheid, P.; van Eldick, Rngew. Chem., Int. E®005 44, 6033. cause of the disparities in the catalytic activities (see Table 1).
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in a higher activity than in the [bomim][Bf or [bmim][TfO]

ILs. As chloride ions are a prerequisite to obtain catalytic
activity, their solvation, which is related to their availability to
react in solution, should also affect the formation of active
species. The empirical solvent polarity scale, first developed
by Kamlet, Abboud, and Taft (KAT}¢ has been extended to
ILs by Welton and co-worker¥. The scale consists of three
parameters,7*, a, and 5, which describe the dipolarity/
polarizability and hydrogen bond donor (HBD) and hydrogen
bond acceptor (HBA) abilities of the solvent, respectively. The
consequences of* and o on chloride solvation has been
previously discussel. The [omim][Tf:N] IL displays the lowest

7* and a values in the [bmim][Anion] series, which is consistent
with a lower chloride solvation (higher activity). Moreover, the
molar conductivity is the lowest for [omim][BN].16 Poor
diffusion of the [bmim] cations would reduce the ability to
solvate chloride ions in the IL; however, the small variations
of the KAT parameters should not provide a large difference in
chloride solvation. Apart from the influence on the solvation
of chloride, the IL anion may have an effect on the solvation
of the cationic Ru(ll) precursor. The formation of a stronger
ion pair (or aggregate) that might occur in the presence of
spherical anions could prevent nucleophilic attack of the chloride
ion at the metal center and preclude the formation of the actual
catalyst. Moreover, the addition of an excess of [bmim][CI] (15
equiv) did not improve the catalytic performancesle€l in
[bmim][BF,]. This suggests that the nature of the IL anion has
a greater influence on the solvation dfrather than on the
solvation of the chloride ions, which should not be significantly
higher than in [bomim][T$N].

Effect of Chloride lons. The effect of chloride on the
catalytic hydrogenation of styrene was further investigated in
[bmim][Tf,N]. Hydrogen uptake was monitored as a function
of time and converted into the number of moles of styrene. The
data were treated using theeudoelementary kinetic modet
has been previously applied by Finke to study the formation of
catalytic nanoclusters. This concept requires that the hydro-

genation of the substrate performed in the presence of the

catalyst k) is fast compared to the formation of the catalyst
from the precursorlg) (Scheme 1, where is the [substrate]/
[catalyst] ratio). In such a case, the kinetics of the overall
reaction kong can be described by the kinetics of the first step.
Considering the high [substrate]/[catalyst] ratio, the consumption
of H, in the first step is negligible; therefore, the overall H

Organometallics, Vol. 25, No. 24, 2006813
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Figure 2. Effect of chloride concentration on the kinetics of styrene
hydrogenation using-Cl as precatalyst in [omim][BN]. [CI7] =
9.8 x 1076 (— dashes), 1. 10°° (M filled squares), 1.5¢ 10°°
(~ empty triangles), 2.1x 1075 (# filled diamonds), 3.3x 10°°
(O empty circles), 5.5¢ 1075 (@ filled circles) motg™1. Straight
lines represent calculated moles of styrene using a linear least-
squares fitting procedure (& > 0.99). Conditions: 80C, initial
H, pressure= 50 bar, [substrate]/[Ru} 1400.

step. In order to maintain a higher rate for the second step, only
data prior to 50% conversion were analyZédl.

On the basis of this model, the observed rate of reaction
relates the rate of formation of the catalytically active species
as expressed in eq 1, wharés the [substrate]/[cat] ratio.

—d[1] _ 1 —d[Substrate] 1
dt r dt (1)
The effect of IL or additives on the overall rate of reaction
can then be directly ascribed to their influence on the formation
of the actual catalytic species. Figure 2 shows the consumption

of styrene usingl-Cl as a precatalyst in [bmim][3N] with
addition of known amounts of [bmim][CI]. After stabilization

of the temperature, the moles of styrene decrease linearly with
time, which corresponds to a linear decrease of the moles of
1-Cl with time, according to the kinetic model used. Therefore,
the formation of the catalyst follows apparent zero-order kinetics

(eq 2).

—d[1]
)=

dt - kObS

The 3P NMR spectra of the IL phase recorded af2eh of
catalysis in [bmpy][T$N] (which provides a more active
medium, as will be discussed later) with various amount of
added [bmpy][CI] show that the proportion &fCl relative to
the other potential rutheniuadiphosphine species does not vary
significantly (see Supporting Information). Providing that only
a minor proportion of the catalyst is formed at the beginning of

)

the reaction, it can be assumed that chloride ions, which are

consumption corresponds to that occurring during the SecondIikely to participate in the formation of the catalyst, display a

(14) (a) Kamlet, M. J.; Taft, R. WJ. Am. Chem. Sod976 98, 377. (b)
Kamlet, M. J.; Taft, R. WJ. Am. Chem. Sod.976 98, 2886. (c) Kamlet,
M. J.; Abboud, J. L.; Taft, R. WJ. Am. Chem. S0d 977, 99, 6027. (d)
Kamlet, M. J.; Abboud, J. L.; Abraham, M. H.; Taft, R. W.JJ.Org. Chem.
1983 48, 2877.

(15) Crowhurst, L.; Mawdsley, P. R.; Perez-Arlandis, J. M.; Salter, P.
A.; Welton, T.Phys. Chem. Chem. PhyZ003 5, 2790.

(16) Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, Md. A. B. B.; Watanabe,
M. J. Phys. Chem. B004 108 16593.

(17) (a) Watzky, M. A.; Finke, R. GI. Am. Chem. S0¢997, 119, 10382.
(b) Widegren, J. A.; Aiken, J. D.; £xar, S.; Finke, R. GChem. Mater.
2001 13, 312.

constant concentratior=(1]).

Equation 3 expresses the rate law involving the concentration
of chloride for the formation of the catalyst. By plottingdras
a function of In[CI] (eq 4), the partial order of the reactiam,
can be ascertained. As presented in Figure 3, a first-order
kinetics in chloride concentration is observed.

v=KCIT" 3)

Inv=Ink+ nIn[CI] 4
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Figure 3. Dependence of the chloride concentration on the rate
of formation of the catalyst. Linear least-squares fit, slep&.05
=+ 0.07, intercept= 7.3+ 0.7, R2 = 0.98.
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Figure 4. Influence of the IL cation on the kinetics of styrene

hydrogenation using-Cl as precatalyst in [Cation][3N]. Cation
= bpy (A empty triangles), bdmim+ crosses), bmimmM filled
squares), bmpyd empty circles), and &sam @ filled diamonds).
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Table 2. Styrene Hydrogenation Rates Using-Cl in
[Cation][Tf 2N] ILs, Reaction Enthalpies Related to Chloride
Solvation, and Viscosities of Each IL

cation v/imol-h~ta Inv AH/kJmol~1 nlcPH
emim 4.06x 1073 —5.51 5.9+ 0.7 37
Csmim 5.31x 1073 —5.24 7.1+ 0.9 53
bmim 7.97x 1073 —4.83 8.6+ 0.2 54
Csmim 9.63x 1073 —4.64 9.8+ 1.2 70
Csezam 4.79x 1072 —-3.04 16.8+ 0.1° 211
bmpy 1.48x 1072 —421 12.3£ 0.3 87
bpy 3.19x 1073 —5.75 4.3+ 0.2 59
bdmim 5.64x 1073 —5.18 8.2+ 0.08 118

aConditions: 80°C, initial H, pressure= 50 bar, [substrate]/[Ruf

1400.PCalculated with the correlation shown in Figurecbrom ref 12.
dAt 22 °C.

-2.0 1
-2.51
-3.0 1
-3.51
-4.0 1
4.5 1
-5.0 1
-5.5 1
-6.0 1
-6.5

Inv

10 15

AH /kJ-mol”
Figure 5. Correlation between the rate of styrene hydrogenation
in [Cation][Tf,N] using 1-Cl as precatalyst and the chloride
solvation enthalpy in each IL, [Cation][IN]. Linear least-squares
fit, slope= 0.22+ 0.02, intercept= —(6.8 + 0.2), R = 0.98.

20

Scheme 2
[P, =—[cP|
{Cp + 1 ¢> cat

Straight lines represent calculated moles of styrene using a linear

least-squares fitting procedure (& > 0.9). Conditions: 80C,
initial H, pressure= 50 bar, [substrate]/[Ruf 1400.

Effect of the Cation. The effect of the IL cation on the
kinetics of formation of the active catalyst species was

investigated, and the results from these experiments are sum-

marized in Figure 4. The rate of reaction in various [Cation]-
[Tf2N] ILs, where Cation= bpy, bdmim, bmim, bmpy, and

Csesam, was determined by a linear least-squares fit at the

beginning of the catalytic reaction according to greeudoele-
mentary kinetic modelA relatively large influence of the IL
cation is observed on the reaction rate; ind@m][Tf,N] the
rate is 15 times higher than in [bpy][X] (see Table 2). An
effect due to differences in viscosities can be ruled out in view
of the values measured for {&am][Tf2N] and [bpy][TfN] (see
Table 2). A solvation scale for chloride has been previously
established in the same series of JNJbased ILs by the
determination of the reaction enthalpy for the dissociation of a
chloride-templated assembl§.The reaction enthalpyAH,
obtained in this study is related to the solvation enthalpy of
chloride in the given IL,AHso, and the intrinsic reaction
enthalpy corresponding to the equilibrium under investigation,
AHgq, as expressed in eq 5.

AH = AH.q,+ AH (5)

The IL cation effect and the influence of chloride on the

solv

between the solvation of chloride and the rate of reaction. In
fact, Inv versusAH displays a linear behavior, as expressed in
eq 6 and illustrated in Figure 5.

Inv=Inm+ nAH
E,=B(—AH

(6)
()

In agreement with Arrhenius’s law, eq 6 demonstrates a
proportional relationship between the activation energy of the
rate-limiting step andAHsq, as expressed in eq 7 (see
Supporting Information for the details). This implies that the
rate-limiting step in the formation of the catalyst is related to
the (partial) desolvation of chloride, which provides species that
can react withl in a subsequent step, as depicted in Scheme 2.
This mechanism is in agreement with a previous report on
nucleophilic substitution in 1L$8

The cation effect was further studied in a series of 1-alkyl-
3-methylimidazolium, [Rmim][T{N], ILs. As shown Figure 6,
the reaction rate increases with the length of the alkyl side-
chain. This feature is likely to be associated with a change in
the chloride solvation enthalpy. Using the linear relation
obtained above (eq 6, Figure 5), the enthaliyl, was estimated
for each [Rmim][TEN] IL, and their values are collected in
Table 2. Although theAH values calculated with eq 6 are less

solv)

(18) Lancaster, N. L.; Salter, P. A.; Welton, T.; Young, G.B Org.

catalytic hydrogenation suggest that there is a relationship Chem.2002 67, 8855.
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0.070 Chart 3
0.065 Ph, .Cl, Phy [® cl Cl, S
<\ R R CI,""R
S 0.060 Ru'== C|»=Ru > PhyP1 + -Ru'==a C®=RU" 1 11pPh,
A
£ ,'3: \C'/ Ph 4p/ \C'/ \CI
5 0.055 1 2 2 Ph,
) a b
S 0.050 1
0.045 cationic, electronically unsaturated species (dimetepicted
in Chart 3) can be postulated as a rate-limiting process in the
0.040 " " " y ' formation of the active catalyst. Such a step is consistent with
0 ! 2 3 4 5 the first-order kinetics observed in chloride and the loss of
_ time ’_h o p-cymene as mentioned above. The proposed species could
Figure 6. Influence of the alkyl chain length on the kinetics of  further react with the chloride ions present in the reaction
styrene hydrogenation usirigCl as precatalyst in [Rmim][N]. medium to yield the anionic dimetb(in Chart 3). Similar

R = ethyl (O empty circles), propylM filled squares), butyl 4
empty triangles), and pentyi{ crosses). Conditions: 8, initial
H, pressure= 50 bar, [substrate]/[Ruf 1400.

anionic species have been previously identified in ruthenium-
catalyzed hydrogenation reactiéhsind have also been syn-
thesized from the corresponding cationic arenghenium
6 1 diphosphine complex in the presence of chlofgiSubsequent
steps in the catalyst formation that could lead to trimers or
ruthenium nanoclusters cannot be excluded. The IL solution
8 . changes from orange before the hydrogenation reaction to dark
red after the catalytic experiment is performed in the presence
91 of an excess of chloride, and tR# NMR spectrum indicates
the presence of several unidentified phosphorus species (see
Supporting Information). Electrospray ionization mass spec-
114 trometry has previously been shown to detect catalysts present
in ionic liquids at low concentratior’d,and analyses of the ionic
8 5 4 3 liquid phase from these experiments were performed in order
In[] to ascertain the molecular weight of these dimers, or potentially

_ _ ) other ruthenium-containing compounds, but no ruthenium
Figure 7. Dependence of ruthenium concentration on the rate of species could be observed.
formation of the catalyst. Linear least-squares fit, slep2.4 +

-7 4

Inv

0.2, intercept= 1.8+ 1.1, R2 = 0.98. Mercury poisoning experiments were performed in catalytic
runs that usd-Cl in pure [bmpy][TEN] as well as in [bmpy]-
Scheme 3 [Tf,N] containing 2 equiv of [bmpy][Cl], and it was observed
P K P that a large excess of mercury (ca. 160 equiv) did not affect
l O ooy = l ¢ l the activity of the catalyst, which discards the role of Ru(0)

ks nanoparticles in the catalytic activity.Moreover, attempts to
v2eMm > cat establish the presence of ruthenium nanoparticles using trans-
] ] ) mission electron microscopy (TEM) after a catalytic experiment
precise than the ones previously reported, this new data extenttaried out with1-BF, in [ompy][Tf.N] containing an excess
the chloride solvation scale already availatidhe effect of of chloride were unsuccessful. Combined, the nature of the
the alkyl chain length on chloride solvation is, however, less caaiyst is more likely to be molecular rather than involving

significant than the nature of the cation. nanoparticles, presumably a species resulting from the reaction

hTh.e. M(Iachanism of.CataIfys:] Formr?tiqn.The influenlce of of a dimer (Chart 3a or b) with dihydrogen. It was observed
the initial concentration of the ruthenium(ll) complex was o the addition of base also has consequences on the

studied in a 0.1 M solution of [bmpy][CI] in [ompy][EN] in h : .
. . . ydrogenation of styrene using-Cl as a precatalyst. As
which the concentration of precursbiBF, varied between 4.4 iliustrated in the Supporting Information, the presence of

and 22.7 mM. The rate of formation of the catalyst was obtained triethylamine enhances the catalytic activity. Bases are known

\?vésggfnaélifﬁgsqtﬁzrgiS;tifee] /[Sc gtpgoégnrgﬁlgfzrsrliu?gisaer:jd to increase the activity of homogeneous hydrogenation catalysts,
V. y ’ P which require heterolytic cleavage of dihydrogen to provide

ineq 1. . . . .
By analogy with eq 4, a linear correlation is observed when active hydride species. Hence, such a step should be involved

In v is plotted as a function of I4] with a value for the slope

; ; e ; - (19) (a) James, B. R.; Pacheco, A.; Rettig, S. J.; Thorburn, I. S.; Ball,
close to 2, as shown in Figure 7. This implies a second-order o &=, 0 05" "Catal 1087 41, 147. (b) Joshi A. M.; MacFariane,

kinetics in ruthenium(ll), which provides, according to the k. s james, B. RI. Organomet. Cheni995 488 161. (c) MacFarlane,
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in the formation of the catalyst and should occur at a rate
comparable to the formation of dimar A 0.1 M solution of
[bmpy][CI] in [bmpy][Tf2N] containing the precatalyst-BF,4

(7 x 107 mmol) was used for a catalytic experiment and
recycled for further runs as shown in the Supporting Information.
As a decrease in catalytic activity was observed, the color of
the IL phase varied from dark red (first run) to yellow (last
run) and theé’P NMR spectrum of the IL phase after the forth
run displayed only one singlet at 24.3 ppm (see Supporting
Information).

Conclusions

Daguenet and Dyson

to published method®. The hydrophilic [BR]- and [CRCOO]-
based ILs were prepared by metathesis at room temperature in
dichloromethane as previously descriBgdind [bmim][SnCj] was
made from the chloride salt and SaGit room temperature in
dichloromethane as reported elsewh@&r&he ILs prepared by
metathesis were washed with water to minimize the presence of
halide impurities. All the ILs were dried under vacuum at°t®
for several hours and characterized ¥y NMR spectroscopy.
[bmim][MeSQy] was purchased from Fluka and used as received.
The ruthenium(ll) complexes [Ru(dppm)cymene)CI]|CI ¢) and
[Ru(dppm)p-cymene)CI|BR (2) were synthesized as previously
reportedts

NMR spectra were recorded on a Bruker Avance 400 spectrom-
eter;1H chemical shifts were referenced to residual solvent peak,

This study has emphasized the crucial role that ILs can play and 3P chemical shifts were referenced toR@, 85%. Gas

in transition metal-catalyzed _reactiqns. Very recently it has been chromatography (GC) measurements were performed on a Varian
shown that ILs can dra'matllcally influence the outcome of a Chrompack CP-3380 gas chromatograph equipped with a CP-sil
reaction?® and similarly in this study we have shown that the 5CB column. Viscosity measurements were carried out at room

generation of an active catalyst is highly dependent on the naturetemperature with a DV-H Brookfield viscometer.

of the IL and additionally that the active catalyst is different

from the one generated in water, although the catalyst function,

Catalytic Experiments. In a home-built multicell autoclave
equipped with magnetic stirrers, a solutionlobr 2 (15 x 1073

i.e., the hydrogenation of unsatuared organic bonds, remainsmmol) was dissolved in IL (1 mL) and styrene (2 mL), flushed
the same. We have shown that the activation mechanism of athree times with b pressurized with 50 bar ofzHand then heated

catalyst precursor that is known to operate in water or IL
water mixtures via a mechanism involving chloride dissociation
is modified by the use of dry ILs. Both the cation and the anion
of the IL can inhibit or promote the formation of the active
catalyst; the main reason arises from the differences in setvent
solute interactions that take place in each IL. The role of chloride
in the formation of the catalytically active ruthenium species
was evidenced by kinetic studies, and the influence of the IL
on the rate of hydrogenation was related to the different
solvation capability of each IL toward chloride ions. Accord-
ingly, higher catalytic activities were measured in ILs that
provide lower chloride solvation. Although the nature of the

to 80°C. After 4 h at 80°C, the hydrogenation reaction was stopped
and the conversion was determined by GC analysis of the organic
phase.

In a typical kinetic experiment, solutions df{44 x 10-3 mmol)
in IL (3 mL) with different amounts of chloride salt together with
styrene (7 mL) were introduced in a single autoclave equipped with
a magnetic stirrer and a pressure transducer connected to a digital
data recorder. The reactor was flushed three times witthéeated
to 80 °C. and pressurized with 50 bar of,Hust before the
monitoring of H, uptake was started. After the first run, the organic
phase was decanted and the IL layer was reused for subsequent
runs with a fresh solution of substrate. Conversion (conv) was
determined by GC analysis of the organic phase. The number of

true catalyst remains unclear, we were able to postulate amoles of styrene at a given reaction time was calculated using the

mechanism for the rate-determining step occurring in the
formation of the catalyst. The kinetics are consistent with a
reaction involving two cationic ruthenium(ll) complexdsand

a chloride ion. Moreover, the reactivity of these species was
shown to be strongly dependent on the IL.

Experimental Section

All ILs were synthesized via the halide salt apart from [bmim]-
[TfO],%* which was prepared via direct alkylation from butylimi-
dazole using methyltriflate. The halide salts of imidazolium,
pyrrolidinium, pyridinium, and ammonium were prepared from the
halogenoalkane in refluxing toluene following previous proce-
dures?® The hydrophobic [TiN]- and [PFR]-based ILs were

following equation:

9)

) = My t9 L~ 3500t — p0)

whereAp = p(to) — Pinal-
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