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Abstract

The regioselectivity for the dehydrogenation of alkanes by rhodium clusters was investigated by reacting Rhn
+, n = 1–20, with the isotopically

labelled alkanes ethane-1,1,1-d3 and propane-1,1,1,3,3,3-d6. For Rh+ reacting with propane a clear preference for a 1,2- over a 1,1- and 1,3-
mechanism was observed. For larger clusters, hydrogen scrambling is faster than hydrogen elimination, which essentially leads to statistical
f odium
c is for
t st
a o be reversible.
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ormation of the neutrals H2, HD, and D2. Isotope scrambling with D2 was also used as a structural probe for the reaction products of rh
lusters with ethane. The intactness of the CH bonds was demonstrated for (n > 6). The studies are completed with a detailed kinetic analys
he reaction of Rh7+ with ethane and ethane/hydrogen and ethane/helium mixtures. An over-all picture with efficient CH bond activation and fa
nd reversible hydrogen rearrangements emerges on the basis of these experiments. Some of the dehydrogenation reactions appear t
2006 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic dehydrogenation of alkanes to alkenes is an impor-
ant process, which provides the feedstock for a large fraction
f the polymer industry[1]. Since alkane dehydrogenation usu-
lly is a significantly endothermic process, the process requires
ither oxidation of the products, in particularly H2, or the supply
f thermal energy. It will be of great interest to better understand

he mechanisms of dehydrogenations in general, and to suggest
ew catalysts for the industry in particular. In this respect, the
tudy of gaseous transition metals and gaseous transition metal
lusters is valuable[2–6]. Further insights are gained by directly
omparing the behaviour of gaseous and supported atoms and
lusters, as demonstrated for instance for rhodium in catalysing
he trimerisation of acetylene[7]. Numerous experimental stud-
es on rhodium cations[8–14] and rhodium clusters[15–17]as
ell as theoretical calculations[18–20] have aimed in under-
tanding the principles for dehydrogenation of hydrocarbons, in
articular alkanes. The metal clusters mimic essential features

∗

of catalyst surfaces. At the same time we also have to realiz
differences. While a small gas phase metal cluster is an iso
system, metal clusters on a catalyst surface are in thermal c
with the solid support. While reaction products thermally de
from a bulk surface, they have to be liberated from a gas p
cluster by activation (e.g., collisional activation). Despite
differences, gas phase cluster chemistry gives unique ins
into important elementary reaction steps, including comp
tions like cluster decomposition (reconstruction of the cata
and complete dehydrogenation (coking).

We have recently reported on the dehydrogenation of alk
by cationic rhodium clusters[21]. Besides a surprising cons
tence in the cluster-size/reactivity pattern, it was also obse
that dehydrogenation on gaseous rhodium clusters did not
to completion, but for many reactions the generation of fo
cluster-alkene adducts (Rhn,Cm,H2m)+ was observed. Our earli
experiments did neither reveal details about the structure o
alkene adducts nor their mechanism of generation. The the
dynamically most stable dehydrogenation products of pro
and ethane are propene and ethene, respectively. Despite t
actual mechanism for dehydrogenation is not necessarily
1,2-H elimination mechanism. A preference of carbene b
Corresponding author. Tel.: +47 22 85 55 37; fax: +47 22 85 54 41.
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ing to � binding may for example induce a shift in mechanism
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from 1,2 to 1,1. The use of isotopically labelled molecules can
provide these details.

In this context the principal issues are the structure of the
intermediates and the regioselectivity of dehydrogenation. For
atomic transition metal ions, regioselectivity is known to be
strongly dependent on the nature of the metal, e.g., dominant 1,4-
dehydrogenation for the reaction of Co+ with n-butane in con-
trary to dominant 1,2-dehydrogenation for Rh+ [9–11,22,23]. In
case of metal clusters it may be possible that the mechanism of
dehydrogenation is not only governed by the element, but also
by the number of metal atoms. We have recently investigated the
dehydrogenation of alkanes by rhodium clusters. While cationic
rhodium clusters readily dehydrogenate higher alkanes, methane
is less reactive. Without additional excitation, only Rh2

+ and
Rh3

+ are capable of activating methane. The latter even requires
the assistance of an inert chaperon such as argon to achieve the
1,1-dehydrogenation[16]. The reason for a higher reactivity of
the higher alkanes compared to methane could either be due to
a different mechanism or due to the possible formation of more
stable alkene intermediates compared to carbene like species
which is required in case of methane.

In this study, ethane-1,1,1-d3 and propane-1,1,1,3,3,3-d6
have been chosen as model substrates to probe the regioselectiv-
ity of dehydrogenation by rhodium clusters Rhn

+, n = 1–20. In
addition, isotope exchange experiments were performed to probe
for the structure of reaction intermediates and for reversibility.
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topes, Canada), ethane (99.9%, Aga, Norway), ethane-1,1,1-
d3 (99 atom%), propane-2,2-d2 (99 atom%), and propane-
1,1,1,3,3,3-d6 (98 atom%, all Icon Isotopes, USA) were dis-
pensed into the FT-ICR cell through a leak valve. During the
experiments the pressure in the cell was raised from the base
value of∼3× 10−10 mbar to partial pressures of the hydrocar-
bons estimated to approximately 5× 10−9 to 5× 10−8 mbar.
The substrate pressure was read out by means of a cold cath-
ode ion gauge which was calibrated using the reaction of
NH3

•+ (generated externally by EI) + NH3 → NH4
+ + NH2

•,
k = 2.2× 10−9 cm3 mol−1 s−1 [26] and corrected by relative sen-
sitivity factors of R(NH3) = 1.12, R(He) = 0.37,R(H2) = 0.59,
R(CH4) = 1.23,R(C2H6) = 1.91, andR(C3H8) = 2.56[27].

Reaction rates were determined directly from the total clus-
ter distributions without prior isolation. The time dependent
product ion distribution was obtained by recording mass spectra
after a variable reaction time,tr. Pseudo-first-order bimolecular
rate constants for the total consumption of the rhodium cluster
cations were taken from the slope of the straight lines obtained
by plotting the natural logarithm of the normalized cluster ion
intensities againsttr. The intensities were normalized against the
total sum of ion intensities pertaining to each specific reactant
cluster. Independent experiments with isolated cluster cations
(correlated frequency sweeps[28] and in some cases additional
single frequency shots) confirmed that there was no interference
with potential decomposition products from larger clusters under
t posi-
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t but
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. Experimental

The experiments were performed with a Fourier trans
on cyclotron resonance (FT-ICR) mass spectrometer, B
pex 47e (Bruker Daltonics, MA, USA), with a supplement
ource chamber with additional pumping attached to the
ard source chamber. The experimental set-up is of the
esign as used by Berg and co-workers, and has already
escribed thoroughly[21,24,25]. Thus, only a brief descriptio
f the operational techniques and conditions used in the pr
tudy will be given.

Rhodium cluster cations were generated by pulsed
aporisation of a rotating rhodium disk (99.9%, Goodfel
ambridge Ltd., UK). A hot plasma was produced by foc

ng the second harmonic (532 nm) of a PL8020 Nd:YAG l
Continuum, CA, USA, 20 Hz, 6–12 mJ per 5 ns pulse, focu
pot size 0.1–0.2 mm) on the target. The plasma was s
uently cooled and clustered by co-expansion with a short
f helium carrier gas through a confining channel (35, 2 mm
he helium gas (99.9999%, Aga, Norway) was introduced
custom-built piezoelectric valve (20�s opening time, backin
ressure 30–40 bar). Both ions and neutrals are made in th
ess, making further ionisation unnecessary. The cluster
ere accelerated downstream from a 410�m skimmer, trans

erred into the high field region of the 4.7 T superconduc
agnet, decelerated and trapped in the ICR-cell. To inc

he signal intensity, rhodium clusters were accumulated b
epetitive cluster generation and transfer cycles.

Hydrogen (99.97%, Aga, Norway), deuterium (99.99
ydro Gas, Norway), methane-d4 (99 atom%, CDN Iso
r

-
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nt

r

e-
e
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s

e

he given experimental conditions. However, some decom
ion products were observed at long reaction times (>60 s) a
igh alkane pressures (>2× 10−7 mbar). The major decompo

ion product was Rh2C3
+ irrespective of the carbon source,

he significant loss of ions from the cell under these condi
mpedes a detailed analysis of the decomposition reaction[21].

The uncertainty of the absolute rates is typically±40%, bu
elative rates are very precise. Errors are given at the 95%
ence level. For the determination of rate constants, reac
ere observed until 90% consumption of the parent clu

on. Relative partial rates for the primary products were d
ined by observing the reactions until 10% of secondary p
cts (reaction with a second alkane) or oxidation products

ormed and a simplified kinetic model with an average r
avg, for the reaction rates of the primary to the secondary p
cts was employed. The main difficulty for slow reactions

he competing reaction with molecular oxygen present in
ackground of the cell, which hampered the assignment o
eaction chronology for product clusters containing oxygen
ydrocarbon. Entries of slow reactions are therefore missi
ables 1 and 2. Theoretical collisional rates were obtained us
he parameterised model of Su and Chesnavich[29].

. Results and discussion

As already mentioned, ethane dehydrogenation may occ
,2-elimination mechanism (Horiuti-Polanyi mechanism[30])
r a 1,1-elimination mechanism. This general situation is i

rated inScheme 1. In principle each step may be reversible.
urpose of the present work is to probe to which extent th

rue. For propane, the additional 1,3-elimination pathway
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Table 1
Reaction of Rhn+ with ethane-1,1,1-d3

n Two-fold dihydrogen loss Single dihydrogen loss

HD + D2

(P(Xm) = 1/5)
[RE = 0.14]

H2 + D2 or 2HD
(P(Xm) = 3/5)
[RE = 0.02]

HD + H2

(P(Xm) = 1/5)
[RE = 0.14]

Φ(X4)

[RE = 0.02]

D2

(P(Xm) = 1/5)
[RE = 0.14]

HD
(P(Xm) = 3/5)
[RE = 0.02]

H2

(P(Xm) = 1/5)
[RE = 0.14]

Φ(X2)

[RE = 0.02]

1 0.04 0.33 0.59 0.08 0.96
2 0.12 0.26 0.62 0.58 0.34 0.35 0.31 0.42
3 0.24 0.36 0.40 0.95 0.05
4 0.31 0.18 0.51 0.33 0.36 0.28 0.36 0.67
7 0.10 0.16 0.22 0.62 0.90
8 0.27 0.22 0.26 0.52 0.73
9 0.85 0.15

10 0.35 0.30 0.35 0.84 0.16
11 0.34 0.27 0.39 0.95 0.05
12 0.41 0.27 0.32 0.95 0.05
13 0.38 0.26 0.36 0.93 0.07
14 0.40 0.27 0.33 0.92 0.08
16 0.34 0.21 0.45 0.55 0.46 0.31 0.23 0.45

Before normalisation, the neutral products distributions have been divided byP(Xm), whereP(Xm) is the statistical probability for the formation of the neutral
products H2, HD, and D2. Φ(Xm) is the relative partial rate between the product channels. Empty entries are due to an unfavourable branching in the primary reaction,
which leads to both, a reduced signal to noise and an unambiguous assignment of secondary products, which could originate from both primary reaction channels. In
case of the slowly reacting Rh5,6,15,17–21

+, reaction with background oxygen was the dominant reaction channel, and their ambiguous reaction chronology impeded
the determination of relative partial rates. RE is relative error (95%).

also be open. Analysis of the experimental data has to take these
three limiting mechanisms for regioselectivity into account. Fur-
thermore, hydrogen scrambling may also occur before the H2
product is liberated. We envisage two fundamentally different
scrambling mechanisms, illustrated inSchemes 1 and 2. It is
obvious that initial C H activation has to precede scrambling.
Scheme 2illustrates how scrambling may occur within the alkyl
part of the alkyl hydride complex. Alternatively, scrambling
may occur at the metal surface (Scheme 1). The latter situa-
tion requires a second CH activation step and the formation of
a dihydride intermediate. We do not reveal any details on adsorp-
tion states of ethene, which may either be�-bonded as found
experimentally[31] or di-�-bonded as found computationally
[32].

3.1. Reaction with ethane-1,1,1-d3

Results for the reaction of Rhn
+, n = 1–20, with ethane-1,1,1-

d3 are presented inTable 1. The observed product distributions
were corrected for the statistical probability of formation of the
neutral products H2, HD, and D2 to simplify data interpretation.
This was accomplished by dividing the corresponding ion abun-
dance by the corresponding statistical probability,P(Xm) (X = H
or D). Thereafter, the data were normalized. Please note that in
several cases there are sequential losses of two dihydrogens. In
these cases corrections and normalisation had to be done within
e

mal-
i er o
i
b dro
g suc
a 1,2-
e tical

correction). We do of course not preclude this possible expla-
nation, but it seems more likely that complete scrambling of
hydrogen and deuterium before the irreversible elimination of
X2 from the cluster is the case here. It seems less likely that the
chemically very different 1,1- and 1,2-elimination mechanism
would give rise to identical rates for a majority of reactions.
Table 1also includes the relative partial rates,Φ(Xm), between
single and two-fold dehydrogenation. These are in agreement
with our earlier results[21].

Within experimental error, complete scrambling is observed
for the majority of products. This is the case for the two-fold
dehydrogenation by Rh10–14

+ and the single dehydrogenation
by Rh2

+ and Rh4+. Apart from the majority of reactions, where
formation of the neutral products has been observed at equal
statistically corrected probability, there are some exceptions:
notably, the single dehydrogenation of ethane by Rh+. Here, HD
elimination is with 59% clearly favoured over the expected 33%
for complete scrambling. Two factors have to account for this
observation: First, hydrogen elimination must be faster than the
scrambling reaction and second, 1,2-eliminiation must be faster
than 1,1-elimination. The latter is of significance, especially,
since rhodium clusters do in general not react with methane.
Dehydrogenation of methane would by necessity require the 1,1-
elimination mechanism. A 1,1,-elimination is also essentially
ruled out by the results for the reaction of propane, where the 1,2-
elimination is preferred by a factor of≈17 over the alternative
1 that
m ng
( .

s
c an
i rence
f x-
p es in
ach dihydrogen loss in the sequence.
Results close to the statistically corrected and nor

zed 0.33:0.33:0.33 distribution are observed in a numb
nstances, as is evident fromTable 1. This distribution would
e the result of complete scrambling among the three hy
en atoms and the three deuterium atoms. Alternatively,
distribution is observable in a situation where 1,1- and

limination occur at 40% and 60% probability (before statis
f

-
h

,1- and 1,3-elimination (vide infra). We therefore conclude
ost of the observed H2 and D2 losses come from scrambli

Schemes 1 and 2), rather than from specific 1,1-elimination
There is a further feature in the Rh+ result, which deserve

onsideration. In addition to the likelihood of scrambling,
sotope effect is in operation. This can be seen in the prefe
or loss of D2 compared to H2. This finding seems to be une
lained by the thermodynamics of the process, i.e., differenc
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Scheme 1.

zero point vibrational energy. Assuming standard values of the
frequencies of vibrations of CH and H H stretching and nor-
mal mass dependent isotope effects, simple calculation shows
that H2 loss requires 6 kJ mol−1 less than D2 loss. Therefore,
the kinetics are determining in this particular case, indicating
that scrambling is slower than hydrogen elimination. For the
sake of simplicity we now assume that the reaction follows
the 1,2-elimination,Scheme 1, and that the 1,1-elimination rate
is zero. Two scrambling mechanisms may be operative. While
scrambling according toScheme 1is independent from a kinetic
isotope effect – the transition state for CH activation has to be
passed for both, hydrogen and deuterium – scrambling accord-

Scheme 2.
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ing to Scheme 2depends on a kinetic isotope effect for the
1,2-shift. According toScheme 2, scrambling and H2 elimina-
tion require a 1,2-deuterium shift, whereas scrambling and D2
elimination require a 1,2-hydrogen shift. The preferred D2 elimi-
nation is then the result of the isotope effect in the 1,2-shift which
is approximatelykH/kD = 4.1± 1.9 (calculated from the neutral
product distributions of 0.33 and 0.08 inTable 1). Further equi-
librium isotope effects and the possibility of a 1,1-elimination
were neglected. This unique situation for Rh+ compared to the
larger clusters, where no isotope effect on hydrogen elimina-
tion is observed, is probably linked to the fact that the atomic
metal atom only offers a single site for CH activation, thereby
giving quite strained transition structures. This reduces the rate
for scrambling according toScheme 1relative to the other reac-
tion steps, such that H2, HD, or D2 elimination occurs before
scrambling has been complete.

Non-statistical behaviour in favour of H2 + HD elimination
is also observed for two-fold dehydrogenation on Rh2

+. This is
particularly interesting, since the statistical single dehydrogena-
tion indicates, that scrambling has already been complete for
the intermediate Rh2,C2,X4

+. The non-statistical behaviour may
then be a result of an isotope effect in the C–X activation steps
which lead to a different kinetic preference of Rh2,C2,H3,D+

and Rh2,C2,H,D3
+. The same preference, albeit less dominant,

is observed for the two-fold dehydrogenation with Rh3
+ and

Rh +.
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2,2-d2. Apart from the complication due to the overlapping
Rhn,C3,H2,D2

+- and Rhn,C3,H6
+-peaks, the results are iden-

tical within the experimental error to those obtained from the
complementary labelled compound.

3.3. Reversibility of dehydrogenation?

Dehydrogenation of ethane:

C2H6 → C2H4 + H2

is endothermic. Despite this, dehydrogenation on metal clus-
ters is observable when the generated C2H4 moiety becomes
sufficiently strongly bonded to the cluster to overcome the
endothermicity. In this way the overall reaction may be almost
thermoneutral, and it is therefore of interest to see to which extent
each elementary step is reversible, as indicated by default in
Scheme 1. Although the overall dehydrogenation reaction could
be reversible, it becomes efficiently irreversible under FT-ICR
conditions where the pressure of hydrogen is zero. We therefore
performed a series of kinetic experiments where the pressure of
hydrogen was increased from 0 to 6.8× 10−8 mbar while the
partial pressure of ethane was kept constant at 1.0× 10−8 mbar.
The cluster Rh7+ was chosen for the experiments, because it
has one of the highest fractions of Rhn,C2,H4

+ as primary prod-
uct. Time–intensity profiles for the reaction without hydrogen
a
T e
d osen
r reac-
t fits.
T ms in
t tween
+ ure
w sical,
i

fi -
a urce
r

F
e

4
The generally statistical behaviour observed for the reac

ith the larger clusters appears to be due to a somewha
erent mechanism compared to atomic rhodium. Having m
ctive sites facilitates formation of a dihydride intermedi
he lifetime of the dihydride complexes is another impor

actor—the larger the cluster, the longer the lifetime. This
ead to a larger probability for scrambling before dihydro
liminates. Interestingly, Cox et al. observed an onset fo
eaction between neutral rhodium clusters, Rhn, and hydroge
tn = 3 with a large increase in reactivity for the next cluster

he series until the rates plateaued forn ≥ 5 [33]. The reactivity
f neutral and charged clusters can obviously not be comp
irectly, but for rhodium clustersn ≥ 18 the geometry has be

ound to dominate over electronic effects[17].

.2. Reaction with propane-1,1,1,3,3,3-d6

The same principles as for the reaction with ethane-1,1d3
pply for the analysis of the reactions with propane-1,1,1,3
6. The results inTable 2show complete scrambling for mo
f the larger clusters whereas there is one notable deviatio

he reaction of Rh+. The preference for HD over D2 elimination
nables us to distinguish between a 1,2- and a 1,1-mechan
,3-mechanism. The latter has been reported for a large nu
f metal ions. For Rh+, however, the 1,2-mechanism is favou
ith 67% over 4%. The remaining 4% could still be the re
f scrambling. For the sake of completeness, the numbers
,2-elimination are shown inTable 2as well, but the uncertain

n these numbers is too large to allow any firm conclusions
In order to account for isotope effects, we also

ormed experiments with the alternatively labelled propa
s
-

d

-

r
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nd with 3.4× 10−8 mbar hydrogen are shown inFigs. 1 and 2.
he reaction scheme depicted inScheme 3was found to b
escriptive of the essential chemical reactions of the ch
hodium/hydrocarbon cluster. It was used to set-up the
ion kinetics and to obtain reaction rates from numerical
he rate of the reverse reaction of I caused some proble

hat respect, since its value was observed to fluctuate be
10% and−10% of the rate for I, when the hydrogen press
as increased (vide infra). Since a negative rate is unphy

t was set to zero for all the fits.
There are several notable features aboutFig. 2andScheme 1:

rst, the peak intensity of Rh7H2
+ is time invariant. Due to leak

ge from hydrogen present in the FT-ICR cell into the so
egion, Rh7H2

+ is most likely already formed there. Rh7H2
+

ig. 1. Time–intensity profile for the reaction of Rh7
+ with 1.0× 10−8 mbar

thane. The shaded area indicates the noise level.
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Fig. 2. Time–intensity profile for the reaction of Rh7
+ with 1.0× 10−8 mbar

ethane and 3.4× 10−8 mbar hydrogen. The reversibility of the reaction
Rh7C4H6

+ → Rh7C6H10
+ is illustrated in the parallel slope of the fit after 5 s.

The shaded area indicates the noise level.

does not take part in the reaction as was confirmed by separate
isolation experiments. Second, Rh7,C2,H2

+ is not formed by fast
double dehydrogenation according to IX, as had been observed
for RhC2,H2

+ [21], but is formed via the observable intermedi-
ate Rh7,C2,H4

+. Third and most important, all single and double
dehydrogenation reactions seem to be irreversible except for the
reaction of Rh7,C4,H6

+ with ethane, V.
Further observations are made, when the pressure of hydro-

gen is varied (Table 3and Scheme 3). Most notable are the
increased rates of reactions III and VI. Reaction VI is the reverse
of the dehydrogenation reaction V and it would therefore be very
clarifying to know whether the observed rate enhancement is
due to a thermal effect, which could lead to an increased rate
for ethene elimination, or if it is due to the actual reverse reac-
tion (hydrogenation followed by ethane elimination). In order to
distinguish between the two mechanisms the experiments were

Table 3
Pseudo-first-order rates (× 10−10 cm3 mol−1 s−1) for the reaction of Rh7+ with
ethane at different pressures (× 10−8 mbar) of hydrogen and helium according
to Scheme 3

p(C2H6) p(H2) p(He) I II III IV V VI VIII

1.0 0.0 0.0 8.2 2.2 1.3 4.8 4.2 8.5 1.9
1.0 1.7 0.0 6.6 2.5 3.0 4.3 3.5 9.5 (5.8) 1.5
1.0 3.4 0.0 5.9 2.7 4.6 3.9 4.1 16.1 (5.0) 1.6
1.0 6.8 0.0 5.6 2.9 8.7 3.8 4.2 26.5 (4.0) 1.7
1.0 0.0 2.7 8.7 2.4 1.4 4.2 4.0 9.0 2.2
1.0 0.0 5.4 8.5 2.4 1.2 4.5 3.1 6.3 1.6
1.0 0.0 10.7 7.1 1.9 1.7 8.9 2.9 3.1 1.2

Rates marked as “slow” inScheme 3are not listed since they were below
the detection limit, which is typically 10−11 cm3 mol−1 s−1. Absolute rates
for reaction VII cannot be given, since the pressure of background oxygen
is unknown. Values in parentheses: pseudo-first-order rates based on the par-
tial pressure of H2. The theoretical collision rate between Rh7

+ and ethane is
9.16× 10−10 cm3 mol−1 s−1 [29].

repeated with helium instead of hydrogen. Although the kine-
matics of collisional energy transfer between the clusters and
hydrogen or helium are not identical, helium is still a good
inert gas substitute: the theoretical collisional rate is half that
of hydrogen, but with twice the amount of centre-of-mass colli-
sion energy. While the rate of VI increases in case of hydrogen,
its rate is somewhat reduced in the presence of helium (Fig. 3,
Table 3). This is a strong indication for a reverse hydrogenation
rather than thermal dissociation of Rh7,C6,H10

+. But a thermal
dissociative component must also be present, since otherwise
the rate of VI must be zero at a hydrogen pressure of zero.

The second observation made, when the pressure of hydro-
gen was varied was the rate enhancement of reaction III. We
speculate that the C2H4 moiety in most of the Rh7,C2,H4

+

ions has the wrong connectivity for further dehydrogenation to
give Rh7,C2,H2. Upon reaction with an H2 molecule the neces-
sary rearrangement may be accommodated: we have observed

S d ox ressures
o ed o is
t

cheme 3. Reaction scheme for the reaction of Rh7
+ with ethane (backgroun

f hydrogen and helium. The terms decrease/constant/increase are bas
ypically 10−11 cm3 mol−1 s−1.
ygen) and the variation of the fast reaction rates with increasing partial p
n the rates are given inTable 3. “Slow” rates were below the detection limit, which
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Fig. 3. Time–intensity profile for the reaction of Rh7
+ with 1.0× 10−8 mbar

ethane and 5.4× 10−8 mbar helium. The shaded area indicates the noise level.

kinetic preference for 1,2-elimination in the first dehydrogena-
tion step (left hand route ofScheme 1) for Rh+ and for the
sake of the argument we may suppose that the same prefer-
ence applies for the larger clusters. However, it is fully possible
that a 1,1-elimination takes place. In general little is known
about the structures of the intermediates. Some ideas can be
obtained from computational studies of surface models and
from spectroscopy of adsorbates on perfect surfaces. A ther-
modynamic preference for di-�-bonded ethene to Rh(1 1 1) as
well as Pt(1 1 1) surfaces has been inferred from density func
tional theory calculations for cluster models[32,34]. Infrared
sum frequency generation experiments on the decomposition o
ethene on Pt(1 1 1) surfaces revealed the formation of an ethyl
dyne (CCH3) [35]. Formation of the ethylidyne can be achieved
from the ethylidene (CHCH3) intermediate. To the extent that
the surface data applies to rhodium clusters, we propose tha
addition of the imposed H2 molecule catalyses the rearrange-
ment between Rh7–(C2H4) (left-hand side ofScheme 1) and
Rh7–(CHCH3) on the right hand side through the alkyl hydride
intermediate Rh7–(H)(C2H5)+. According to these speculations,
the generation of a Rh7,C2,H4

+ ion which has the correct con-
nectivity for further dehydrogenation is catalysed by hydrogen
and a rate enhancement for III with increasing hydrogen pres
sure is explained The interpretation of the enhanced rate fo
III due to the accessibility of the alkyl hydride intermediate
Rh –(H)(C H )+ is also consistent with experiments where
h rat
e

at
d T-
I of
R lium
H con
c eme
c erva
t red
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3.4. Exchange experiments with D2

Exchange experiments with D2 have previously been applied
in the structural elucidation of the�-allyl hydride complex
HRhC3H5

+ [36]. On the basis of the H2 reaction experiments
reported above, it appeared logical to extend the study to D2
to see if this could reveal further structural and mechanistic
features. Spectra were taken for a series of experiments with
Rhn

+, where the ethane pressure had been kept constant while
the deuterium pressure was varied.Fig. 4shows a typical exam-
ple, Rh7+, with variable D2 partial pressures between 0 and
5.7× 10−8 mbar. It is clear that D exchanges with H, and that
this is a sequential process.

Complete exchange occurs only for Rhn,C2,Hx
+ whenn > 6.

Forn = 3 and 4 it is only partial within 12 s atp (D2) = 5.7× 10−8

and p(ethane) = 0.9× 10−8 mbar. Exchange was not observed
for n < 3. No results were obtained forn = 5 and 6, where oxi-
dation through traces of background oxygen perturbed the iden-
tification of Rhn,C2,D4

+, which has the same nominal mass as
Rhn,O2

+.
It is fascinating to see how closely the exchange processes

we notice in these experiments parallels the observation made
before, that scrambling had almost been complete before dehy-
drogenation occurred. All this can be explained by assuming an
intimate interplay between CH and H H activations exactly as
illustrated inScheme 1. Scheme 1is not fully correct in the sense
t men-

F as-
ing pressure of deuterium, panel (a). At 2.8× 10−8 mbar deuterium, all
Rh7,C2,Hx,Dy

+ peaks,x + y = 4, are observable, panel (b). At 5.7× 10−8 mbar
deuterium, scrambling is complete, panel (c). The peak at the nominal mass
of Rh7,C2,H4

+ is due to Rh7,C2,D2
+. Rh7,D2

+ in the upper panels is already
formed in the source region.
7 2 5
elium instead of hydrogen was present and where no
nhancements was observed (Table 3).

Based on reaction (Scheme 3) we have demonstrated th
ehydrogenation of ethane by Rh7

+ can be reversible under F
CR conditions by doing a kinetic analysis for the reaction
h7

+ with ethane, ethane plus hydrogen, and ethane plus he
owever, the complexity of the reaction scheme makes the
lusions somewhat uncertain and alternative reaction sch
ould, at least in principle, describe the experimental obs
ions equally well. The ultimate distinction is not only hampe
y the limited signal-to-noise level of our data, but also by
ethodical difficulty that intermediates may have a diffe

nternal energies depending on how they are formed.
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hat not every step is reversible under all possible experi

ig. 4. Reaction of Rh7+ for 3 s with 0.9× 10−8 mbar ethane and an incre
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tal conditions. However, it remains clear that irrespective of the
mechanism for hydrogen scrambling it is without any significant
energy barrier.

Scheme 1indicates that the C2,H4-unit could either be a dou-
bly bonded carbene species, a�-bonded ethene, or an ethylene
unit bounded to two different rhodium atoms through single
bonds. Even further alternatives may exist, of which the most
pertinent would be one where the CC bond has been fully split.
An intact C C bond is not necessarily a precondition for deu-
terium scrambling, since scrambling has also been observed for
platinum methylene clusters[37]. An experiment was designed
to probe the possibility of a split CC bond by adding CD4 to
the cell already containing ethane. However, no H/D exchange
with CD4 was observed as had been found in the reaction of
RhCD2

+ with CH4 [8]. In principle this could have two differ-
ent reasons; either the possible incapacity of rhodium clusters
to activate the CH bond in methane (methane is not dehydro-
genated by “naked” rhodium clusters, 2 <n < 20) or simply the
absence of a methylene species, because the CC bond within
Rhn,C2,H4

+ is intact.
Accordingly, we believe that the hydrogen atoms in

Rh7,C2,H2
+ are still attached to the carbon atom(s). However,

we are not able to differentiate between intact and broken CC
bonds, where the two methylidyne units might eventually dis-
proportionate into a methylene unit and a carbide.

The last observation concerns the lower limit for hydrogen
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Chemical regeneration of Rh7
+ from Rh7,C2,H4

+ by hydro-
genation was not observed, but Rh7

+ can partly be recovered by
collisional activation. Hydrogenation, however, was observed
for the multiple coordinated Rh7,C6,H10

+, where ethane could
be eliminated through the reaction with hydrogen, whereas
ethene was cleaved of thermally. The feasibility of the latter
two reactions is an indication for a weaker bond between the
C2,H4-unit and Rh7,C4,H6

+ than between the C2,H4-unit and
Rh7

+.
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