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Evidence for the Formation of an ad-Adsorbed Hydrocarbon Intermediate on a

Rhodium Catalystt

Charles Kemball* and Ronald Brown

Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH3 3JJ, Scotland

Exchange of 2,2,3,3-tetramethylbutane with deuterium over rhodium provides evidence for a mechanism involving

ad-adsorbed intermediates.

The role of ay-absorbed intermediates in the exchange of
hydrocarbons with deuterium on metal catalysts was demon-

t The terms «d- and ary-adsorbed conform to the usual nomenclature
in publications on catalysis and are equivalent to 1,4- and 1,3-
adsorbed, respectively.

strated many years ago through studies! with 2,2-dimethyl-
propane (1). The main process for the exchange of this
compound is stepwise exchange (I), involving reversible
formation of adsorbed alkyl intermediates, but two other
processes also contribute; these are multiple exchange limited
to a single methyl group (II) and multiple exchange ranging
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over the whole molecule (III). The contribution from process
Il is greater on rhodium than on other metals!—3 and
becomes more important as the temperature is increased. The
mechanism of this reaction, which permits the exchange of all
four methyl groups in (1), must involve interconversion
between adsorbed alkyl and ay-adsorbed intermediates; these
may require two surface sites (2) or can be represented+—5 as a
metallocyclobutane (3) on a single site.

The purpose of the present work is to determine whether
ad-adsorbed intermediates can be formed with appropriate
hydrocarbons. The compound 2,2,3,3-tetramethylbutane (4)
is a good test reactant to settle this question and also to
establish the relative importance of mechanisms involving ory-
or ad-adsorbed intermediates. The latter, which again may
involve two sites (5) or a metallocyclopentane (6) on one site,
would permit the multiple exchange to range over the whole
molecule. In contrast, if «y-adsorbed intermediates are
formed but «d-species are not, the exchange process could not
propagate beyond the three methyl groups attached to one of
the two central carbon atoms in (4). Exchange of (4) with
deuterium has been reported recently on platinum’ and
rhodium® catalysts but in neither case were extensively
exchanged molecules observed.

The present reactions were carried out in a static system?
connected by a capillary leak to a Vacuum Generators
Micromass 601 spectrometer. The charge of hydrocarbon (693
Pa) in the reaction vessel was 3.5 X 1019 molecules withan 8: 1
ratio of D,:hydrocarbon. The silica-supported rhodium
catalyst,!0 containing 10—4 mol metal g—1silica, was reduced in
flowing hydrogen for 1 h at 673 K and evacuated for 30 min at
the same temperature. The reaction was followed from the
composition of the fragment ions C;X;s* (X representing H or
D) formed by loss of a methyl group from the parent molecule
ionised by 35 eV electrons. The usual corrections for naturally
occurring isotopes and fragmentation to other ions were made
and also the peak corresponding to C;D;s* was corrected for a
small amount of the parent ion, CgH;g*, equivalent to 0.28%
of the C;H;s* peak. Product distributions at similar conver-
sions at three temperatures are given in Table 1 together with
a comparable result for (1) at the highest temperature in terms
of the composition of the CyXo+ ions. Rates and the
contributions from the various exchange processes are shown
in Table 2.

Several points emerge from the results, in Table 1 and at

other conversions, and these are discussed in terms of four
processes.
Process 1. In every case stepwise exchange is the most
important component of the overall reaction and gives the
D;-species as the main product. The rates of reaction of (1)
and (4) are similar at 393K.
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Table 1. Isotopic composition of the C;X;s* ions from (4) and the
C,Xy* ions from (1) after 15% reaction with deuterium on rhodium.

Reactant 4) 4) 4) 1)
T/K 344 363 394 393
D, 11.83 11.54 9.57 10.06
D, 1.76 1.59 1.86 2.13
D, 0.65 0.52 0.68 1.40
D, 0.14 0.12 0.24 0.51
Ds 0.06 0.06 0.10 0.26
D¢ 0.03 0.04 0.05 0.19
D, 0.03 0.04 0.05 0.15
Dy 0.04 0.06 0.14 0.15
Dy 0.11 0.20 0.32 0.15
Do 0.04 0.09 0.19 —
Dy, 0.05 0.09 0.22 —
D, 0.12 0.22 0.40 —
D, 0.05 0.09 0.26 —
D, 0.06 0.13 0.39 —
D;ys 0.05 0.22 0.52 —

Table 2. Rates of reaction and contributions from the various
processes for the exchange of (4) and (1).

Initial rate

r/molecule s—1 Process contribution (%)

Reactant T/K (molRh)-1 I II 1 Ivs
4) 344 5.3 x 1020 85 11 — 4
4) 363 1.22 x 1021 82 9 — 9
4) 394 5.1 x 1021 69 14 — 17
(1) 393 8.6 x 1021 73 21 6 —

a Process IV is the multiple exchange ranging beyond one methyl
group with (4).

Process II. Methyl group exchange occurs to an appreciable
extent as shown by the formation of the D,- and Ds-ions. The
values in Table 2 for the contribution of process II were
estimated after allowing for the fraction of the D,-ion formed
by successive stepwise exchange. Process II occurs to a greater
extent at 393K with (1) than with (4).

Process IV. The significant amounts of products beyond the
Dg-ion with (4) provide clear evidence for a multiple exchange
process ranging over the whole molecule with a mechanism
involving ad-absorbed intermediates. A special feature of the
product distributions is the existence of maxima at the Dy-,
Dy,-, and Dys-ions indicating that the completion of methyl
group exchange occurs more readily in association with
process IV than in process II. This observation suggests that
while the reacting molecules are held on the surface as
ad-intermediates interconversion can occur with species such
as aad-adsorbed or other more highly dissociated forms
related to (5) or (6).

Process III. The more highly exchanged products from (1) are
evidence for a mechanism involving oy-adsorbed inter-
mediates. We cannot exclude a possible contribution from
process IIl to the formation of the multiply-exchanged
products from (4) but the shape of the distributions indicates
that it is small compared with that of process IV. The
conclusion is that rhodium forms ad-adsorbed intermediates
in preference to oy-adsorbed species. This conclusion is
confirmed by the small contribution of process III with (1) at
393K compared with the part played by process (IV) with (4).
In estimating the percentages in Table 2 attributed to
processes III and IV, the amounts of the Dy-ion from (1), and
both the Dy4- and Ds-ions from (4) were ignored as these
products were likely to have originated through successive
reactions by processes I and II.
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The results with (4) give some indication of activation
energies for the various processes. The value for the overall
exchange reaction is 54 kJ mol~1. The effects of temperature
on the relative contributions of Il to I and of IV to I show that
the additional activation energies of processes II and IV
compared with I are 10 and 38 kJ mol-1, respectively.

The evidence that ad-adsorbed intermediates are formed to
a significant extent with (4) provides some support for the
suggestion® of a role for metallocyclopentane intermediates in
the reactions of hydrocarbons on some metals.

We are grateful to Professor Rooney for suggesting the
importance of seeking evidence for ad-adsorbed intermed-
iates in hydrocarbon exchange reactions and to Dr. Maier for
a preview of his more recent work.8
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