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Abstract: The influence of substituents on rate con-
stants of the hydrogenation of monoalkylbenzenes
by transition metal nanoparticles or by classical heter-
ogeneous catalysts can be rationalized in terms of the
Taft rule. A series of the initial reaction rate constants
obtained from various competitive toluene/benzene
and toluene/monoalkylbenzene hydrogenation ex-
periments catalyzed by transition-metal nanoparticles
prepared in the presence of imidazolium ionic liquids
or surfactants [Ir(0), Rh(0) and Ru(0)] or by classical
heterogeneous catalysts (PtO,, Rh/C, Rh/AL,O;, Ru/
C, Ru/AlL,O; and Pd/C) have been correlated with
kBKB
kAKA
tion coefficients (r) (between 0.96 and 0.99) and pos-
itive slopes (p) between 0.38 and 0.83 have been ob-
tained. The results clearly show that the reaction con-
stants for the alkyl-substituents can be expressed by

the Taft equation (log = pE,). Satisfactory correla-

steric factors and are independent of any other non-
steric factors. It is suggested that bulky alkylbenzene
substituents, for both transition metal nanoparticles
and classical heterogeneous hydrogenation reactions,
lower the overall hydrogenation rate, implying a
more disturbed transition state compared to the initial
state of the hydrogenation (in terms of the Horiuti-
Polanyi mechanism). This competitive method is suit-
able for the estimation of the constant selectivity for
couples of alkylbenzenes in which the difference in
hydrogenation rates are very high and experimentally
difficult to measure and also useful for the design of
more selective “nano” and classical catalysts for hy-
drogenation reactions.

Keywords: arenes; hydrogenation; ionic liquids; steric
effects; transition metal nanoparticles

Introduction

It is expected that transition-metal nanoparticles of 1-
10 nm in size will exhibit physical-chemical properties
intermediate between those of the smallest element
from which they can be composed and those of the
bulk material.!! The catalyst performance (activity and
selectivity) of nanoparticles can be strongly dependent
on their size, shape, surface structure and bulk composi-
tion.”? It is evident that the use of physical methods such
as EXAFS, TEM, STM, XPS, XRD, etc. can give impor-
tant information about the structure and composition of
transition-metal nanoparticles and allows an under-
standing at the molecular level of the transformations
promoted by these catalysts.’! However, knowledge of
catalyst structure-performance relationships can be
also accessed through the use of chemical probes. In par-
ticular, the competitive hydrogenation of arenes may al-
low the assessment of the relation between the mo-
lecular structure and the rate of a surface reaction in par-
allel with the stability of the surface complex in classical
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heterogeneous catalysts.!! However, the use of linear
free energy relationships (LFER) in heterogeneously
catalyzed reactions has found little applications as com-
pared to homogeneous reactions. This is probably relat-
ed to the fact that the assessment of the electronic or
steric effect of the substituent is often difficult; because
of the joint action of the heterogeneous catalysts and the
reaction conditions, and ultimately it is assumed that the
overall effect is determined by both steric and electronic
factors.”) Nonetheless, some interesting conclusions
have been obtained, for example, based on the study
of the hydrogenation of monoalkylbenzenes over ruthe-
nium black in methanol performed several years ago.®)
It was thus concluded that the reaction rate is independ-
ent of electronic effects and the adsorbed state is stabi-
lized by electron-donating substituents,””! in terms of
the Horiuti-Polanyi mechanism (Figure 1).%!
Furthermore, in classical heterogeneous catalysis the
catalyst activity for the hydrogenation of monoalkyl-
benzenes is lower than for benzene since these large sub-
strates can assume different adsorption modes, includ-
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Figure 1. A simplified scheme of the classical Horiuti—Pola-
nyi mechanism for the catalytic hydrogenation of benzene
over metal surfaces. The addition of the first two hydrogen
atoms is the rate-determining step; the subsequent addition
of the four hydrogen atoms is fast.”’)
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ing those between the alkyl substituents with the metal
surface and/or support that are not suitable for the hy-
drogenation of aromatic ring.'""”) More recently, it was
shown that competitive gas phase hydrogenation of ben-
zene (B) and toluene (T) can be used to probe electronic
structure of supported nanometric transition metal cat-
alysts.'!l It is assumed in these cases that benzene and
toluene are in competition for the same catalytic site
and have a similar adsorption mode, i.e., via m-bonding
to the surface albeit with different strength. It has
been thus observed that higher K ratios were attained
for the nano-metric metal catalysts investigated (Pd, Pt,
Rh and Ir) possessing the lower density of states at the
Fermi level.' Theoretical studies indicated that the in-
ductive effect of the methyl group is important only if
this group is bent away from the surface, otherwise tol-
uene is more difficult to adsorb than benzene due to
the steric repulsion existing between the methyl group
and the surface.!

It is known that soluble transition metal nanoparticles
(nanoclusters) differ from classical heterogeneous cata-
lysts and colloids in being 1-10 nm in size, having well-
defined compositions, near monodispersed (<15%
size dispersion), reproducible syntheses and catalytic ac-
tivities, can be re-dissolved, etc.'"! In this respect the ad-
vent of more simple and efficient methods for the stabi-
lization of nanoclusters in solution involving electrostat-
ic and/or steric protection by the use of water-soluble
polymers, quaternary ammonium salts, surfactants or
polyoxoanions has allowed the synthesis of various
types of “nanocatalysts”. In most of cases, these nano-
particles are excellent catalysts for the hydrogenation
of arenes."” However, little is known about the mecha-
nism of this reaction but it is usually assumed that the hy-
drogenation of arenes by soluble transition-metal nano-
particles follows a similar mechanism as the classical
heterogeneous catalyzed reactions. It was thus observed
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that the hydrogenation of benzene by water-soluble
Rh(0) nanoparticles is first order in molecular hydrogen
and zero order in benzene.!""!

An intimate knowledge of the structure-reactivity of
the substrate(s)-surface of transition metal nanoparti-
cles — compared to classical heterogeneous catalysts —
is fundamental for the development and synthesis of
more efficient and selective catalysts. The main goal of
the present work is to examine the influence of the steric
effect in the hydrogenation of monoalkylbenzenes by
different non-supported transition metal nanoparticles
obtained in ionic liquids or a surfactant and compared
to the classical supported heterogeneous catalysts.

Results and Discussion
Initial Considerations

The initial reaction rates of the arene hydrogenation by
classical metal heterogeneous catalysts can be expressed
by Eq. (1; monomolecular irreversible surface reac-
tion):

_ [d[Arene]) _ kAreneKAreneP (1)
dt o 1+K,  [Arene]

Arene

where [Arene] is the concentration of the arene, Py is
the pressure of hydrogen, K is the equilibrium adsorp-
tion constant and k the kinetic constant and using the
competitive method for the hydrogenation of monoal-
kylbenzenes A and B we obtain:

d[B] _ kyK,[B]

d4] kK, [4] @)
then

kBKB _ IOg(l _XB)

kK, logl-X,) (3)

where X, and Xj are the conversions of arenes A and B,
kK,
k,K,’
and thermodynamic parameters, correspond to the se-
lectivity constant (Sz,) according to the concentration
of arenes A and B.I"! Moreover, Eq. (2) can be used in
a Hammett-relation if

respectively. The ratios that possess the kinetic

logk,, = pjo 4)

rel =

and
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logk,, = p,o (5)

it follows that

log(kK)rel = (pl + pz)o- (6)

which is a linear relationship.*®!

The strategy employed in this study was to investigate
the relative reaction rates for the hydrogenation of var-
ious monoalkylbenzenes (benzene, toluene, ethylben-
zene, isopropylbenzene, sec-butylbenzene and fert-bu-
tylbenzene) by stable transition metal nanoparticles
with small diameter and narrow size distribution. The
relative reaction rates were obtained by performing
competitive reactions between toluene and the other
arenes assuming that all catalytically active sites are ac-
cessible to both substrates and they are not adsorbed
and hydrogenated at separated sites with different ad-
sorption modes. Benzene could not be used as standard
for the competitive experiments since it is much more
reactive than the highly sterically demanding arenes.

We have chosen Ir(0) nanoparticles prepared by hy-
drogen reduction of [Ir(cod)Cl], (cod=1,5-cycloocta-
diene) and RhCl;-x H,O or by controlled decomposi-
tion of [Ru(cod)(cot)] (cot =cyclooctatriene) dispersed
in  1-n-butyl-3-methylimidazolium hexafluorophos-
phate ionic liquid ([Ir(0)]IL; [Rh(0)]IL and [Ru(0)]IL ,
respectively)!”’~2"! and RhCl;-x H,O in the presence of
a surfactant (Aliquat 336) ([Rh(0)]Surf),*? that are
well characterized monodispersed nanoparticles and
catalysts for the hydrogenation of arenes. Moreover,
we have also performed the competitive hydrogenation
experiments using PtO, (Adams catalyst) and classical
and commercially available supported heterogeneous
catalysts: Rh/alumina; Rh/C; Ru/alumina; Ru/C and
Pd/C.

Competitive Hydrogenations: Determination of the
Constant Selectivity (S)

First we have performed the competitive hydrogenation
of toluene with the other alkylbenzenes catalyzed by
[Ir(0)]IL nanoparticles and the results are plotted in Fig-
ure 2.

kK
The S (ratio >~

kAKA
ments using the [Ir(0)]IL nanoparticles and other cata-
lysts are summarized in Table 1. In all cases the correla-
tion coefficient was greater than 0.97 indicating that the
ratio of reactivity is constant during the hydrogenation
even in the cases where the conversion was almost com-
plete for one of the arenes. However, as expected, higher
correlation coefficients were obtained with the decreas-
ing reactivity difference between the two alkylbenzenes
used in the competitive experiment. Noteworthy, the en-

) obtained in the competitive experi-
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Figure 2. Competitive hydrogenation between toluene and
other arenes at 75°C and 4 atm of hydrogen (constant pres-
sure) by [Ir(0)]IL nanoparticles. The constant selectivity ()
is the angular coefficient.

semble of constant selectivities (§) obtained using tol-
uene as the standard can be used for the estimation of
any other couple of alkylbenzenes. For example, the cal-
culated S (isopropylbenzene/benzene) in the case of
[Ir(0)]IL catalyst using the data based on toluene stand-
ard (Table 1) is 0.35/1.61=0.22, i.e., very close to 0.21
that was measured in a competitive experiment (isopro-
pylbenzene/benzene). This method may be particularly
suitable for the estimation of the constant selectivity for
couples of alkylbenzenes in which the differences in hy-
drogenation rates are very high and experimentally dif-
ficult to measure (see below).

Itis evident that the selectivity constant (S) for the hy-
drogenation of monoalkylbenzene is apparently a func-
tion of the steric hindrance of the alkyl group and thisis a
general trend for the catalysts investigated in this study.
Itis also clear using the same metal catalyst as for exam-
ple of rhodium that those based on non-supported nano-
particles ([Rh(0)]IL and [Rh(0)](Surf.)) possess a much
higher constant selectivity than those obtained with the
supported rhodium catalysts. For example, the calculat-
ed S (benzene/tert-butylbenzene) for the former Rh cat-
alysts is greater than 73 whereas a maximum value of 21
is attained for the classical heterogeneous catalysts.

LFER - Taft—Charton Relations

One of the best ways to express the steric effect imposed
by different alkyl groups and correlate with kinetic data
is the Taft E, values'®! that are shown to be a linear func-
tion of the van der Waals radii and independent of elec-
trical effects.”” We have also plotted the competitive re-

kK .
sults (log( kB KB )) against the Charton parameter (v) that
A4
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Table 1. Competitive hydrogenation between toluene and other arenes at 75°C and 4 atm of hydrogen (constant pressure) by some metal catalysts showing the constant

selectivity (S).
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takes on a consideration of the van der Waals radii and
Taft E; values.

k,K
The resulting Taft plot (log(-*—*

kAKA
exhibited in Figure 3. The use of E constants resultsin a
satisfactory fit (r=0.97) and correlation yields a value
of a slope 0.46 indicating that the overall reaction rate
for the hydrogenation of alkylbenzenes is dependent
on the steric hindrance of the alkyl group.

The same protocol of competitive experiments has
kBKB

)
AKA
were plotted against the Taft and Charton parameters
and the results are summarized in Tables 2 and 3. It is
kBKB
kAKA
with the Taft and Charton parameters indicating that
in these cases too the hydrogenation reaction of mono-
alkylbenzenes are sensitive of steric effects. The slope
(p) varies from 0.38 in the case of Ru/C (Table 3, en-
try 5) to 0.82 in the case of [Rh(0)]Surf. (Table 3, entry
8). Noteworthy is that the significance of the deviation
of points of a Hammett-Taft plots from the regression
line depends both on the experimental error and on
the value of p. The correlation coefficient (r) decreases
with increasing of the slope (p) and r values between
0.9[6 ]and 0.99 can be considered in our case satisfacto-

25

ry

) asa function of E,) is

been used with different catalysts and their log(

clear that for all catalysts the log correlates well

In the case of rhodium catalysts those supported in
carbon or alumina (Table 3, entries 6 and 7, respective-
ly) the hydrogenation reactions of alkylbenzenes are
less sensitive to steric effect than those performed
with nanoparticles prepared in 1-n-butyl-3methylimi-
dazolium hexafluorophosphate ionic liquid or Ali-
quat-386 (Table 3, entries 2 and 8, respectively). Most
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Figure 3. The relation between substituents parameters (E;)
kBKB
kAKA
petitive hydrogenation of toluene and other arenes over
[Ir(0)]IL nanoparticles (75°C, 4 atm of H,).

and the relative reaction rate constants ( ) for the com-
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Table 3. Correlation coefficients (r) and slope (p) obtained
from longﬁ= pPE in the hydrogenation of alkylbenzenes

by different cgltalysts.

Entry Catalyst Taft Charton
r p r P
1 [Ir(0)]IL 0.96 0.46 0.97 —1.04
2 [Rh(0)]IL 0.99 0.72 0.99 —1.62
3 [Ru(0) JIL 0.98 0.51 0.98 —-1.15
4 Ruw/ALO; 0.99 0.56 0.99 —-1.25
5 Ru/C 0.98 0.38 0.99 —0.87
6 Rh/C 0.98 0.45 0.98 —1.10
7 RNW/AILO; 0.98 0.57 0.98 -1.30
8 Rh(0)/Surf. 0.98 0.82 0.98 —1.86
9 PtO, 0.97 0.60 0.97 —-1.35
10 Pd/C 0.97 0.43 0.98 -0.97

importantly, for all catalysts the augmentation of the size
of the alkyl substituents decreases the overall reaction
rate that may be related in a more disturbed transition
state[ é]lS compared to the initial state of the hydrogena-
tion.”

Conclusion

We have demonstrated that the competitive hydrogena-
tion of alkylbenzenes can be used for the determination
of the constant selectivity of transition metal nanoparti-
cles and these constant selectivities obtained against tol-
uene can be used for the prediction of the relative reac-
tivity of any other couple of monoalkylbenzenes. The in-
itial reaction rate constants obtained from various com-
petitive toluene/benzene and toluene/monoalkylben-
zene hydrogenation experiments catalyzed by
transition metal nanoparticles or by classical heteroge-
neous catalysts can be correlated with the Taft equation
kK,
kK,
stants for the alkyl substituents can be expressed by ster-
ic factors and are independent of any other non-steric
factors. It is suggested that bulky alkylbenzene substitu-
ents, for both transition metal nanoparticles and classi-
cal heterogeneous hydrogenation catalysts, lower the
overall hydrogenation rate, implying in a more distur-
bed transition state as compared to the initial state of
the hydrogenation (in terms of the Horiuti-Polanyi
mechanism). Finally, the competitive hydrogenation of
monoalkylbenzenes can be used as a chemical probe
to quantitatively compare the selectivity and the steric
influence imposed by different types of metal catalysts.
This method may provide a complementary tool for
the evaluation of the interactions substrate(s)-surface
of transition metal nanoparticles and, more important,

(log = pE,). Therefore the relative reaction con-
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it may be very useful for the design and synthesis of
more efficient and selective hydrogenation catalysts.

Experimental Section

General Remarks

All reactions involving iridium, rhodium and ruthenium com-
pounds were carried out under argon atmosphere in oven-
dried Schlenk tubes. The BMI[PF] ionic liquid was prepared
according to a known procedure,? dried over molecular sieves
(4 A) and its purity was checked by an AgNO, test, 'H and *'P
NMR, and cyclic voltametry. The water ( < 0.1 wt %) and chlor-
ide® (< 1.4 mg/L) contents in the BMI[PFy] were determined
by known methods. Solvents and arenes were dried with ade-
quate drying agents and distilled under argon prior to use.
All the other chemicals were purchased from commercial sour-
ces and used without further purification. [Ir(cod)Cl],, Rh/Al,
0O; (5%), Ru/C (5%) and Ru/Al,O5 (5%) was purchased from
Strem Chemicals; Rh/C (5%) and Pd/C (5%) were acquired
from Degussa S.A; RhCl;-x H,O from UMICORE Brazil
Ltda., PtO, (Adam’s catalyst) was purchased from ACROS.

The formation of nanoparticles and hydrogenation reac-
tions were carried out in a modified Fischer—Porter Bottle im-
mersed in a silicon oil bath and connected to a hydrogen tank.
The fall in the hydrogen pressure in the tank was monitored
with a pressure transducer interfaced through a Novus convert-
er to a PC and the data worked-up via Microcal Origin 5.0. The
temperature was maintained at 75°C by a hot-stirring plate
connected to a digital controller (ETS-D4 IKA). A deliberate
stirring at 800 rpm was used.

Characterization Measurements

Mass spectra were obtained using a GC/MS Shimadzu QP-
5050 (EI, 70 eV). Gas chromatography analyses were per-
formed with a Hewlett-Packard-5890 gas chromatograph
with an FID and 30-meter capillary column with a dimethylpo-
lysiloxane stationary phase (7;70°C — 7 min, rate =15 °C/min,
T: 250°C — 10 min, P=35 psi). The X-ray diffraction was per-
formed in a Philips X’Pert MRD diffractometer in a Bragg—
Brentano geometry using curved graphite crystal as monocro-
mator. Transmission electron microscopy (TEM) was per-
formed on a JEOL 2010 microscope operating at 200 kV. The
TEM images were obtained in bright-field conditions using a
20 pm objective aperture and with the objective bus slightly un-
derfocused (Af~500 nm).

Iridium Nanoparticles

In a Fischer—Porter Bottle containing a yellow solution of [Ir-
(cod)Cl], (16 mg, 0.05 mmol) in dichloromethane (3 mL) was
added BMI[PF(] (1 mL) and the mixture stirred at room tem-
perature for 15 min. The volatiles were then removed under re-
duced pressure (0.1 bar) at 75°C for 1 h. The system was kept
at75°Cand hydrogen (4 bar) was admitted to the system. After
stirring for 10 min a black “solution” was obtained from which
the Ir nanoparticles were isolated by centrifugation (3000 rpm)
for 5 min, washed with acetone (3 x 5 mL) and dried under re-
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duced pressure. The Ir samples thus obtained were prepared
for TEM and X-ray analysis, and for catalytic experiments
(see below). TEM micrographs showed that the iridium nano-
particles possess a diameter of 2.0 £0.5 nm.

Ruthenium Nanoparticles

In a typical experiment, a Fischer—Porter bottle containing a
yellow suspension of [Ru(cod)(cot)]®! (92.5 mg, 0.3 mmol) in
7 mL of BMI[PF] was treated with 4 bar of H, at 75°C to af-
ford a black solution after stirring for 18 h. The Ru nanoparti-
cles were isolated by centrifugation (3000 rpm) for 30 min,
washed with water (5x5mL) and acetone (5x5mL), and
then dried under reduced pressure. TEM analysis showed
that the ruthenium nanoparticles have a diameter of 2.6+
0.4 nm.

Rhodium Nanoparticles

In a typical experiment, a Fischer—Porter bottle containing a
red solution of RhCl;-3 H,O (26 mg, 0.1 mmol) in dichlorome-
thane (3 mL) was added to BMI[PF,] (1 mL) and stirred at
room temperature for 15 minutes. The volatiles were then re-
moved under reduced pressure (0.1 bar). The system was
kept at 75°C and hydrogen (4 bar) was admitted to the system.
After stirring for 1 h, a black “solution” was obtained that was
used for the hydrogenation reactions. The Rh nanoparticles
were isolated by centrifugation (3000 rpm) for 5 min, washed
with acetone (3 x5 mL) and dried under reduced pressure.
TEM analysis showed that the rhodium nanoparticles have a
diameter of 2.7 +0.4 nm.

RhCl;-Aliquat 336 Catalyst ([Rh(0)]Surf.)

The [Rh (0)]Surf. catalyst was prepared following the method
A from the literature procedure.”

Competitive Hydrogenations Experiments

The isolated nanoparticles (0.026 mmol) were placed in a
Fischer—Porter bottle and the ratio substrate/catalyst=250
were maintained by adding 3.25 mmol of each substrate. The
reactor was placed in an oil bath at 75 °C and hydrogen was ad-
mitted to the system at constant pressure (4 atm). Samples (less
than 10 pL) for GC and GC-MS analysis were also removed
from time to time under H,.

Acknowledgements

Thanks are due to CTPETRO and CENPES for partial finan-
cial support and CNPq for a scholarship to GSF and PETRO-
BRAS for scholarships to ETS and MAG. We also thank Prof.
P. Fichtner and S. R. Teixeira (UFRGS) for performing the
TEM and XRD analysis.

852 © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

References and Notes

[1] See, for example: a) A. T. Bell, Science 2003, 299, 1688 —
1691; b) D. R. Rolison, Science 2003, 299, 1698—1701;
c) R. Scholgl, S.B. A. Hamid, Angew. Chem. Int. Ed.
2004, 43, 1628-1637.

[2] M. Boudart, G. Djega-Mariadassou, Cinétique des Reac-
tions en Catalyse Hétérogene, Masson, Paris, 1982, Chap-
ter 5, pp. 165-211.

[3] a) C. B. Duke, E. W. Plummer, (Eds.), Frontiers in Sur-
face and Interface Science, North-Holland, Amsterdam,
2002; b) I. Chorkendorf, J. W. Niemantsverdriet, Con-
cepts of Modern Catalysis and Kinetics, Wiley-VCH,
Weinheim, 2003.

[4] P. Kacer, L. Cerveny, Appl. Catal. A: Gen. 2002, 229,
193-216.

[5] P. N. Rylander, Catalytic Hydrogenation in Organic Syn-
theses, Academic Press, New York, 1979.

[6] T. Yoshida, Bull. Chem. Soc. Jpn. 1974, 47, 2061-2062.

[7] A. P. G. Kieboom, Bull. Chem. Soc. Jpn. 1976, 49, 331 -
332.

[8] J. Horiuti, M. Polanyi, Acta Physicochim. USSR 1935, 2,
505-532; b) S. Siegel, J. Outlaw, N. Garti, J. Catal. 1979,
58, 370-382; c) P. Antonucci, N. Vantruong, N. Giorda-
no, R. Maggiore, J. Catal. 1982, 75, 140-150; d) J. Hori-
uti, M. Polanyi, J. Mol. Catal. A: Chem. 2003, 199,
185-197.

[9] M. Bartdk, Stereochemistry of Heterogeneous Metal Cat-
alysis, Wiley, New York, 1985.

[10] J. A. Moulijn, P. W. N. M. van Leeuwen, R. A. van Sant-
en, (Eds.), An Integrated Approach to Homogeneous,
Heterogeneous and Industrial Catalysis, Elsevier, Am-
sterdam, 1993.

[11] R. Szymansky, H. Charcosset, P. Gallezot, J. Massardier,
L. Tournayan, J. Catal. 1986, 97, 366—373.

[12] T. T. Phuong, J. Massardier, P. Gallezot, J. Catal. 1986,
102, 456-459.

[13] C. Minot, P. Gallezot, J. Catal. 1990, 123, 341-348.

[14] J. D. Aiken, R. G. Finke, J. Mol. Catal. A: Chem. 1999,
145, 1-44.

[15] A. Roucoux, J. Schulz, H. Patin, Chem. Rev. 2002, 102,
3757-3778.

[16] J. L. Pellegatta, C. Blandy, V. Colliere, R. Choukroun, B.
Chaudret, P. Cheng, K. Philippot, J. Mol. Catal. A: Chem.
2002, 178, 55-61.

[17] J.-P. Waugquier, J. C. Jungers, Bull. Soc. Chim. 1957, 8-9,
1280-1288.

[18] M. Kraus, Adv. Catal. Rel. Subj. 1967, 17, 75-102.

[19]J. Dupont, G.S. Fonseca, A. P. Umpierre, P. F. P. Ficht-
ner, S. R. Teixeira, J. Am. Chem. Soc. 2002, 124, 4228 -
4229.

[20] G. S. Fonseca, A. P. Umpierre, P. F. P. Fichtner, S. R.Teix-
eira, J. Dupont, Chem. Eur. J. 2003, 9, 3263—32609.

[21] E. T. Silveira, A. P. Umpierre, L. M. Rossi, G. Machado,
J. Morais, G. V. Soares, I. J. R. Baumvol, S. R. Teixeira,
P. F. P. Fichtner, J. Dupont, Chem. Eur. J. 2004, 10,
3734-3740.

[22] a) J. Blum, I. Amer, K. P. C. Vollhardt, H. Schwarz, G.
Hohne, J. Org. Chem. 1987, 52, 2804-2813; b) K. S. Wed-

asc.wiley-vch.de Adv. Synth. Catal. 2005, 347, 847-853



Hydrogenation of Alkyl-Substituted Arenes by Transition-Metal Nanoparticles FULL PAPERS

dle, J. D. Aiken, R. G. Finke, J. Am. Chem. Soc. 1998, b) J. Dupont, P. A. Z. Suarez, C. S. Consorti, R. F. de S-
120, 5653 -5666. ouza, Org. Synth. 2002, 79, 236-243.
[23] a) R. W. Taft, J. Am. Chem. Soc. 1952, 74, 3120-3128;  [27] V. Gallo, P. Mastrorilli, C. F. Nobile, G. Romanazzi, G. P.
b) R. W. Taft, . Am. Chem. Soc. 1953, 75, 4231-4238. Suranna, J. Chem. Soc. Dalton Trans. 2002, 4339-4342.
[24] M. Charton, J. Am. Chem. Soc. 1969, 91,615-618. [28] P. Pertuci, G. Vituli, Inorg. Synth. 1983, 22, 178.

[25] H. H. Jaffé, Chem. Rev. 1953, 53, 191-261.
[26] a) P. A. Z. Suarez, J. E. L. Dullius, S. Einloft, R. F de
Souza, J. Dupont, Polyhedron 1996, 15, 1217-1219;

Adv. Synth. Catal. 2005, 347, 847-853 asc.wiley-vch.de © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 853



