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Mechanism of Isomerization of Hydrocarbons on Metals

Part 9.—Isomerization and Dehydrocyclization of 2,3-Dimethyl[2-13C]pentane
on a 10 9 Pt-Al,O; Catalyst
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The isomerization, dehydrocyclization and hydrogenolysis of 2,3-dimethyl[2-13C]pentane have
been studied at 260°C over a 10 % Pt-Al,O; catalyst of low dispersion, under various hydrocarbon
and hydrogen pressures. Most of the isomerization products are accounted for either by a bond-
shift mechanism or by a cyclic mechanism involving 1,2-dimethylcyclopentane intermediate. The
absence of significant scrambling of the label suggests that the rate-determining step in isomerization
is the skeletal rearrangement of highly dehydrogenated species. The positive order as a function of
hydrogen which is found (0.8-1.2) cannot then be taken as evidence that desorption is rate-determining.
It is best explained by assuming multisite adsorption of hydrocarbon and competition with hydrogen
for chemisorption on the same sites. The results provide argument in favour of a reactive rather
than dissociative-type adsorption step.

The use of 13C-labelled molecules has shown that the isomerization of hexanes
and pentanes on platinum catalysts takes place according to two basic reaction
mechanisms : the cyclic mechanism favoured on highly dispersed catalysts and the
bond-shift mechanism on catalysts with large metal particles.!"* By examining the
product distributions in methylcyclopentane hydrogenolysis and hexane isomerization,
one may further distinguish between a selective cyclic mechanism which occurs on
platinum catalysts of low dispersion and interconverts methyl-pentanes but not
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Fic. 1.—Selective and non-selective cyclic mechanisms.
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n-hexane and a non-selective cyclic mechanism on highly dispersed catalysts which
provides to an even probability of breaking each cyclic C—C bond in the adsorbed
cyclopentane intermediate (fig. 1).2» 3 3

Finally, classification of the various contact reactions of n-pentane and isopentane
on a Pt-Al,O; catalyst of low dispersion according to their apparent activation
energies allows a distinction to be made between two groups of bond-shift isomeriza-
tions.® The first, including methyl shift and isopentane — neopentane isomerization,
requires the same activation energy as hydrocracking of an internal C—C bond.
It is thought that in this case the reaction mechanism involves metallocyclobutane

cyclic mechanism
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Fic. 2.—Isomerization of 2,3-dimethylpentane: reaction pathways. @, actual labelling; [,
labelling which could distinguish between different pathways.
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and metallocarbene intermediates. A second group, including n-pentane —
isopentane isomerization and the reverse reaction, requires higher activation energies.

Four reaction mechanisms, two bond-shift and two cyclic, account for isomeriza-
tion of the Cs—Cg hydrocarbons. Generalization to higher alkanes requires further
investigation. On one hand, complicating the structure of the molecule could make
an additional mechanism, not detectable with smaller molecules, possible. On the
other hand, steric and electronic effects may also drastically favour a single reaction
mechanism.

For these reasons, isomerization on Pt—-Al,O; of various heptanes labelled with
carbon-13 have been studied and a catalyst of low dispersion was used to make
bond-shift reactions observable. 2,3-Dimethylpentane and 2-methylhexane were
investigated first because the single dehydrocyclization path in these cases minimizes
the number of reaction products and parallel pathways.

In spite of this simplification, because of the number of cyclic and bond-shift
rearrangements, all heptane isomers except ethylpentane are expected from 2,3-
dimethylpentane (2,3-DMP) (fig. 2). Most are formed by different pathways,
distinguishable only if the molecule is adequately labelled. 2,3-Dimethyl[2-13C]-
pentane was then selected from six possible isotopic varieties because the 3-methyl-
hexanes obtained by cyclic and bond-shift mechanisms are labelled differently and
because self-isomerization via adsorbed 1,2-dimethylcyclopentane is easily detectable.

EXPERIMENTAL
ALCOHOLS

Heptanols with various structures labelled with '3C on carbon 1, on carbon 2 or at the
methyl group were prepared by reacting a ketone or an aldehyde with the appropriate
alkylmagnesium halide (table 1). Alcohols labelled on carbons 3 and 4 were obtained by
reacting an ester, ethyl formate or ethylacetate, with a single Grignard reagent (II-T, IV-X)
or a 1/1 mixture of two n-alkyl magnesium bromide (I-T, II-Z), or a 3/1 mixture of isopropyl
and ethyl magnesium bromide (III-Y). In the latter cases, two additional symmetrical
alcohols of lower and higher molecular weights were obtained ; e.g. 2,3,4-trimethyl[3-13 C]-
pentan-3-ol and 3-methyl[3-'3Clpentan-3-0l with 2,3-dimethyl[3-*3C]pentan-3-ol (III-Y),
[3-13C]pentan-3-o0l and [5-*3Clnonan-5-0l with [3-13Clheptan-3-ol [II-Z].

The procedure for preparing these compounds in small quantities (=50 mg) with a
reasonable yield (60-70 9¢) has already been described.” The isotopic purity of the starting
materials, methyl(*3C) iodide, [1-'3C] or [2-13Clethyl iodide, sodium formate (*3C), [1-*3C]
ethylacetate and [2-*3C] acetone, obtained from Merck, Sharpe and Dohme (Canada) was
in some cases ~ 60 % and others ~90 %.

HYDROCARBONS

All labelled n-heptanes, all 3-methylhexanes except I-U labelled on carbon 4, several
labelled 2,3- and all 2,4-dimethylpentanes were prepared from the appropriate labelled
alcohols. In a typical experiment, 8-15 mg of alcohol was dehydrated over non-acidic
alumina and the resulting olefin hydrogenated at 120°C on 10 % Pt-Al,O; in the same pulse
flow system. The temperature of the alumina, 180°C, was such that the extent of skeletal
rearrangement and cracking that took place during the dehydration was < 2 9. The
impurities resulting from these side reactions were removed by preparative g.l.c., before the
labelled hydrocarbons were used for the catalytic experiments or for mass spectrometrical
calibrations. The unlabelled 2,3-dimethylpentane was Fluka purum grade (< 0.2 %
isomers) and was used without further purification.

CATALYSTS

The 10 9% Pt-Al,O; catalyst was prepared by impregnation of a catalytically inert
alumina (Woelm A.G.) with chloroplatinic acid and reduction by hydrogen at 200°C for 24 h.
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1708 HYDROCARBON ISOMERIZATION ON Pt-Al,0,

Before each run purified hydrogen was passed over the catalyst at 300°C for at least 3 h.
Hydrogen chemisorption, oxygen-hydrogen titration ® and X-ray line broadening measure-
ments all gave the same value, 90 A, for the mean metal crystallite diameter.

APPARATUS AND PROCEDURE

The differential reactor and experimental procedure for catalytic experiments have been
described elsewhere.® In each run, a small amount of labelled hydrocarbon (* 8 mg) was
passed over the catalyst at constant pressure (1.2-20 Torr). Part of the reaction mixture was
analysed by chromatography over a DC 200 and a DMS column, part was used for mass
spectrometrical location of the label in each molecule using a g.l.c.-m.s. coupling device.
Before the g.l.c.-m.s. analysis, the reaction mixture was fractionated twice by preparative
gas chromatography : first on DMS to separate cyclic and acyclic C; hydrocarbons and then
on SE 30 to split acyclic hydrocarbons into three fractions containing (i) 2,2-,2,4- and 3,3~
dimethylpentanes plus methylcyclopentane, (ii) 2,3-dimethylpentane and (iii) 3-methylhexane
and n-heptane.

GAS CHROMATOGRAPHY

Three substrates were used for both analytical (S mx tin., 59 stationary phase on
firebrick) and preparative (5 mxZin., 20 % stationary phase) chromatography. First
silicone elastomers SE 30 and DC 200 at 20°C allow separation of all hydrocarbons except
2,3-dimethylpentane and 2-methylhexane. Later these hydrocarbons, with the exception of
2,3-dimethylpentane and 3-methylhexane, are resolved on DMS at 20°C. The 5mx $ in.
DC 200 column in the g.l.c.-m.s. device was operated at —15°C with a helium flow rate
of 8cm® min~'. Under these conditions, 2,3-dimethylbutane and 2-methylpentane, 2,2-
dimethyl- and 2,4-dimethylpentanes and methylcyclopentane were completely resolved.

MASS SPECTROMETRY

The mass spectrometrical analysis was performed with a CH 7 Varian-Mat apparatus
operating with 70 V electrons and a trap current of 300 #uA. The operating conditions for
the greatest accuracy during the g.l.c.-m.s. analysis have been described extensively.?

The mass spectra were recorded in the parent, —CHs, —C,Hs and —C;H, regions and
the treatment of data was basically the same as for the Cs and Cs hydrocarbons.3: ¢  After
corrections for naturally occurring isotopes and C—H fragmentation, the mole fractions
as, as and a, of the ions CeHP,, CsHP, and C,HY were derived, having retained the carbon-13
during their formation from an isotopically pure labelled hydrocarbon. Carbon-13 in the
various molecules was then located by comparing the observed values as, as and a, with the
agy, as; and ay, values of reference hydrocarbons, shown in table 1.

Apart from the general eqn (i)-(iv), where C; represents the mole fraction of the ith
isotopic species,

XCiag; = as (i)
ZCas; = as (i)
XCiay = as (iii)

ZC =1 @iv)

more restrictive relationships appropriate to each particular reaction may be used. In the
case of n-heptanes, for instance, it was assumed that species II-X was not present in the
reaction mixture and therefore only eqn (ii)-(iv) were used. In the case of 2,3-dimethyl-
pentanes, only species ITI-X and ITI-Y were thought to be present, so that eqn (iii) and (iv)
are sufficient precisely to locate the label in the molecule.

In some cases, the reference hydrocarbons could not be synthesised [2,2-dimethyl- (V)
and 3,3-dimethyl-pentanes (VI)] or the compounds yielded were too impure to permit accurate
measurement of some or all of the a, values {3-methyl[4—‘3C]hexane (I-U) and 2,3-dimethyl-
pentane labelled on the methyl groups}. It was then assumed that the demethylated fragment
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in IIT and V and the de-ethylated fragment in VI were formed by C—C rupture at a tertiary
(III) or quaternary (V, VI) carbon atom and that the a, values for I-U were the same as
for I-V.

RESULTS
PRODUCT DISTRIBUTIONS

The reactions of 2,3-dimethylpentane (2,3-DMP) have been studied at 260°C
over a 10 % Pt-Al,O; catalyst under various hydrocarbon and hydrogen pressures
(1.2-20 and 200-1150 Torr, respectively). C,; hydrocarbons represented 80 9 of
the total reaction products and included frans- and cis-1,2-dimethyl-cyclopentanes
(1,2-DMCP), with an equilibrium ratio 6/1 and six acyclic hydrocarbons : 2,4-
dimethylpentane (2,4-DMP), 2-methyl- and 3-methyl-hexanes (2-MH, 3-MH), n-
heptane (n-Hep) and 2,2-dimethyl- and 3,3-dimethyl-pentanes (2,2-DMP and 3,3-
DMP). Each gemdimethylpentane represented only ~ 2%, of the products. Table 2
shows the distribution of the major C, reaction products for various hydrocarbon
and hydrogen pressures. By increasing hydrocarbon pressure or decreasing hydrogen
pressure, the cyclic products are strongly increased at the expense of 3-MH and n-Hep.
Hydrogen but not hydrocarbon pressure also seems to modify the amounts of 2-MH
and 2,4-DMP.

TABLE 2.—ISOMERIZATION OF 2,3-DIMETHYLPENTANE. DISTRIBUTION OF C; REACTION PRODUCTS.

run Pge Puy e, 2,4-DMP 2-MH 3-MH  n-Hep. (1,2-DMCP); (1,2-DMCP),
1 1.2 760 10.8 9.5 4.8 26.5 27.9 26.9 4.4
2 5 760 8.7 8.2 3.1 26.5 24.3 32.0 5.9
3 10.5 760 9.3 7.2 4.4 24.2 23.1 35.1 5.5
4 20 760 9.0 9.2 3.4 22.0 18.5 40.0 6.9
5 5 200 8.4 3.3 2.4 13.3 10.7 60.2 10.1
6 5 400 11.6 5.7 4.4 21.8 17.5 42.8 7.8
7 5 1150 7.4 9.2 3.6 22.9 24.1 34.5 5.7

Hydrocracking of 2,3-dimethylpentane involves breaking a single carbon-carbon
bond and occurs according to one of the following reactions

C7 - C5+01: 5344 % (15)
C; - Cs+C,:134£2 Y (16)
Cy; > Cy+C;3:341+3 %, an

De-ethylation (16) and depropylation (17) yield selectively isopentane and n-butane,
as expected from a single C—C cleavage. Demethylation (15) provides 2,3-dimethyl-
butane (22 %), 2-methylpentane (30 %) and 3-methylpentane (42 %) and also
methylcyclopentane (6 %().

)\r&\_,_)vcls) Jj]/\_,/\/(m
A
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1710 HYDROCARBON ISOMERIZATION ON Pt-AlL,Q;

ISOMERIZATION OF 2,3-DIMETHYL[2-13C]PENTANE

The contact reactions of 2,3[2-13C]DMP were studied under the same experi-
mental conditions as in the last section. The label has been located in 3-methyl-
hexane, n-heptane and 2,4-dimethyl- and 2,3-dimethylpentanes.

3-METHYLHEXANES

In all the experiments, a value of unity was found for as, which shows that only
four isotopic varieties are present: Y and T, expected by cyclic mechanism :

A= (& T T ©
Y

ADS
T

and U and V, expected by bond-shift :

@Y™ - /L\r\ — /\(\’(5)
U \

Since a4, = a4, and a4, = a4, the abundance a, of the heavy depropylated fragment
allows determination of the sum of the mole fractions u+v and y+7¢, by solving the
equations :

Ay futv)+a,(y+1t) = a,

@+v)+(y+1) = 1.

Evaluation of y and ¢ then necessitates the use of as. Since the bases as, and as, are
not accurately known, in each experiment two values were given for (y, ) corres-
ponding to as, = as, = 0.90 and as, = a5, = 0.95, respectively (table 3).

The distribution of the 3-MH species are practically independent of hydrocarbon
and hydrogen pressures, but y is almost always slightly larger than ¢z, which seems to
indicate the minor participation of some process more complicated than the simple
cyclic mechanism.

TABLE 3.—ISOMERIZATION TO 3-METHYLHEXANES. DISTRIBUTION OF ISOTOPIC VARIETIES.

products /Y\/

b

runno. Puc  Pue u+tv y £ »b t
1 1.2 760 21 375 41.5 39 40
4 20 760 24 39.5 36.5 41 35
5 5 200 19 43 38 44 37
2 5 760 23.5 38 38.5 39.5 37
7 5 1150 21 42 37 43.5 35.5

a Basis asy = asy = 0.90. b Basis asu = asv = 0.95.
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Nn-HEPTANES

A constant value of 0.5140.01 is found for a,, which shows the absence of
[4-13C]n-heptane (T). The relative abundance as of the heavy de-ethylated fragment
then allows determination of the mole fraction z of [3-'3*Cln-Hep (Z) and of (x+7),
sum of the mole fractions of [1-13C] and [2-'3C]n-Heptanes (X and Y). z, although
small, is not negligible at low hydrogen and high hydrocarbon pressures (table 4).
Since the only isotopic variety expected in a one-step reaction is Y [reaction (2)],
it was assumed that x = 0 and a¢ was recalculated accordingly.

/H/\ ....(é/) — NN ()

ADS
The agreement with the observed values is good (6th column of table 4).

TABLE 4.—n-HEPTANES AND 2,3-DIMETHYLPENTANES. DISTRIBUTIONS OF ISOTOPIC VARIETIES.

NN
preducts NN or
runno. Pye Pm @) (x+») Aag) x) (69] e, ¥y
1 1.2 760 0 100 +0.025 93.3 6.7 16.1 70
4 20 760 6.5 93.5 —0.015 92.0 8.0 21 60
5 5 200 12 88 —0.015 98.4 1.6 10.2 28
2 S 760 4.5 95.5 +0.01 96.7 3.3 10.9 54
7 5 1150 1 99 —0.005 95.6 4.4 11.9 65
2y(1—a
Y= !(T_) x100.  Aas = (ag) calc.—(as) obs.

2,4-DIMETHYL- AND 2,3-DIMETHYL-PENTANES

In the case of 2,4-dimethylpentane, values of 1.00 and 0.54 were found for a4 and
a, in all experiments. Therefore 2,4-dimethylpentane is exclusively labelled on
carbon 2, as expected by a one-step bond-shift mechanism

J\I/\ — AL @

In the case of 2,3-dimethylpentane according to reaction (3) only two isotopic
species, labelled on carbon 2 (X) and on carbon 3 (Y), are expected :

A e (e A s A

172 172
X Y

Indeed, the absence of species labelled on the ethyl or any of the methyl groups is
ascertained by the values of unity found for a¢ and as. The relative abundance a,
of the heavy depropylated fragment allows the determination of y (table 4). The
percentage of 2,3-DMP which has been isomerized equals 2y, and only the value
Yy = 2y(1—o)100/a, taking into account conversion o, is comparable with the per-
centages of isomers in table 2.
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For the other molecules obtained by the cyclic mechanism (3-MH and n-Hep),
the amounts y' of self-isomerized 2,3-DMP decreased strongly with decreasing
hydrogen pressure.

2,2-DIMETHYL- AND 3,3-DIMETHYL-PENTANES

a, was determined for 2,2-DMP in runs 2 and 7 and found equal to 0.90, showing
predominant labelling on carbon 2, as expected from a simple methyl shift [reaction

ani
/H/\ — /{V\ aw

For 3,3-DMP, as was determined for each run. The values 0.58 +0.03 were inde-
pendent of hydrocarbon and hydrogen pressures and showed that 84 9 of the label
was on carbon 2, methyl shift [reaction (12)] and 1646 % on carbon 3, ethyl shift
[reaction (13)]

J\/\_,/\{/\uz) /H/\ _.,/\.}/\us)

CONTRIBUTIONS OF CYCLIC AND BOND-SHIFT MECHANISMS

Using tables 2 to 4, it is possible to calculate the percentages of various molecules
obtained according to a bond-shift and a cyclic mechanism and hence to estimate the
relative contributions of either mechanism. Such an estimate is made in table 5 : the
figures reported in column 6, for example, were obtained by multiplying the mole
fractions of 3-MH (7th column of table 2) by the percentage (#+v) of 3-MH formed
by bond-shift (4th column of table 3) and then normalizing over all the reaction
products including 2,3-DMP.

The total percentage of molecules, acyclic or cyclic, formed according to a cyclic
mechanism is always large (over 85 %). It increases first with increasing hydrogen
pressure from 200 to 760 Torr and then remains practically constant. Simultaneously,
a change is observed in the product distribution among each type of isomer : with
increasing hydrogen pressure, the ratio 2,4-DMP/2-MH + 3-MH increased regularly
among the molecules obtained by bond shift and the ratio 3-MH/n-Hep decreased
among the cyclic-type isomers (last column of table 5).

TABLE 5.—DISTRIBUTION OF PRODUCTS CLASSIFIED ACCORDING TO REACTION MECHANISM

bond-shift mechanism cyclic mechanism

BS falininiid
no. Pye Py 24DMP 2-MH 3-MH % cl/mse 23-DMP 3-MH n-Hep 1,2-DMCP n-Hep

1 1.2 760 5.6 2.8 3.3 11.7 0.9 41.5 12.2 16.3 18.3 0.75
2 S 760 5.4 2.0 4.0 11.4 0.9 35.7 13.2 15.1 24.6 0.90
4 20 760 5.8 2.2 3.4 11.4 1.05 37.5 10.5 10.9 29.7 0.95
5 5 200 2.6 1.9 2.0 6.5 0.65 22.2 8.5 7.4 55.4 1.15
7 5 1150 5.6 2.2 3.0 10.8 1.1 39.4 10.9 14.5 24.4 0.75

a Chain lengthening/methyl shift = 2,4-DMP/2-MH + 3-MH.
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KINETIC DATA

Approximate determinations of the order as a function of hydrocarbon and
hydrogen were made as in the case of pentane rearrangements.® Positive orders as
a function of hydrogen were found between 0.8 and 1.3 according to the reaction.
The order as a function of hydrocarbon was 0.3540.1.

DISCUSSION
MAJOR REACTION MECHANISMS

The 13C experiments show that most of the C, products (over 95 %) may be
accounted for by one of the two basic general mechanisms : the predominant cyclic
mechanism which involves in this case a 1,2-dimethylcyclopentane intermediate and
the bond-shift mechanism corresponding to the displacement of a single C—C bond
within the molecule. These two general mechanisms, already demonstrated in the
case of Cs and Cq hydrocarbons,?: ¢ may then be extended to hydrocarbons of higher
molecular weight.

However, some isotopic species cannot be explained by assuming a single bond-
shift or cyclic-type reaction. These are [3-13C]jn-heptane and part of the 3-methyl
[2-13C]hexane, since the amount of this molecule exceeds that of 3-MH[3-13C] in
most experiments. The presence of “abnormal ” isotopic species in small amounts
(<10 %) is best explained as the result of two consecutive elementary steps in the
adsorbed phase.

Such repetitive processes, which have already been observed in hexane isomerization
on films or supported catalysts with large metal particles,?” seem to be enhanced by
high hydrocarbon and low hydrogen pressures (tables 3 and 4).

Similarly, hydrocracking occurs mainly by simple carbon-carbon bond rupture :
n-pentane and isobutane, obtained by consecutive breaking of two carbon-carbon
bonds, represent < 2 9 of the hydrocracking products and methylcyclopentane,
obtained by consecutive ring closure and demethylation, only 3 9. The repetitive
processes should therefore be considered minor in hydrogenolysis as in isomerization
reactions.

STRUCTURAL EFFECT

Comparison of these results with those obtained on the same catalyst with 2-
methylpentane and 3-methylpentane 1© demonstrates the structural effects which
arise when a methylenic hydrogen is replaced by a methyl group. The contribution
of the cyclic mechanism is on the average much higher for isomerization of 2,3-DMP
than for the methylpentanes. However, a detailed analysis of the various individual
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reactions makes it possible to distinguish between two groups of bond-shift
isomerizations : chain lengthening and methyl migration. Fig. 3 represents some
reactions interconverting methylpentanes and n-hexane and the homologous reactions
with 2,3-DMP. In the chain-lengthening reactions, the contribution of the bond-
shift mechanism is reduced by a factor of a21.5 when methylpentanes are replaced by
dimethylpentanes. For methyl displacement, reduction of the bond-shift mechanism
is more drastic: while bond-shift is predominant in 3-MP — 2-MP isomerization,
it represents only 22 9 of the reaction pathways in the homologous reactions of
2,3-DMP.

chain lengthening

w

NN

J\/‘\ »(é)a_,_ NS L AN

1/2 1/2

AN / B
bond-shift : 28 % cyclic mechanism: 72 %

homologous reaction

/\./k/\A

A — () - A
AN o

bond-shift: 20 % cyclic mechanism (=~ 2y): 80 %
(table 3)

methyl displacement

Aevshe = B = (&= A A

VA 7/

bond-shift: 79 %, cyclic mechanism: 21 %
[ref. (11a)]

homologous reaction

I P~ ), ~ A

bond shift: 22 % cyclic mechanism: 78 %
(obtained from the relative amounts of 2,4-DMP and 2,3-DMP[2-'3C]: table 5)

Fic. 3.—Parallel between isomerization of methylpentanes and 2,3:difnethylpenta.ue. 1) 2-

MP — n-hex; values obtained from the amount of 3-MH[2-13C] multiplied by 2 (see table 3).

(2) 3-MP — 2-MP; values obtained from the relative amounts of 2,4-DMP and 2,3-DMP[2-13C]
(see table 5).


http://dx.doi.org/10.1039/f19807601704

Published on 01 January 1980. Downloaded by Cornell University Library on 19/07/2016 23:19:45.

View Article Online

PARAYRE, AMIR-EBRAHIMI, GAULT AND FRENNET 1715

This distinction between chain lengthening and methyl migration is the same as
that made on the basis of kinetic data in the pentane isomerizations. Obviously, two
types of bond-shift reactions do exist, which may be distinguished by their activation
energies ¢ or by substituent effects (this work).

KINETIC

Although the reaction mechanisms are the same, the kinetic features strongly
distinguish the isomerization of 2,3-DMP and that of Cs and Cs hydrocarbons
carried out under the same experimental conditions. Large negative orders have been
found for pentane © and hexane ! isomerizations and have been interpreted by the
assumption that the rate-determining step was the rearrangement of highly dehydro-
genated species. In contrast, the positive order with respect to hydrogen, close to
unity, found in the case of 2,3-DMP and the smali order with respect to hydrocarbon
could signify that the desorption of adsorbed species with high surface concentration
is rate-determining.

However, the almost complete absence of repetitive processes, clearly demon-
strated by the tracer experiments, shows that surface reactions, i.e., skeletal rearrange-
ments and not product desorption, are rate-determining in the isomerization of
2,3-DMP as in the isomerization of Cs and Cg hydrocarbons. One has therefore to
interpret with one single kinetic model isomerization reactions which occur with
positive and negative orders with respect to hydrogen.

A kinetic model that could account for large variations in order from highly
negative to positive values, has been proposed by Frennet et al.'? They assumed
that hydrocarbon and hydrogen both compete for chemisorption on the same
‘ potential > sites of the surface : while hydrogen chemisorption requires only one of
these sites, a patch of z contiguous free potential sites is required for hydrocarbon
adsorption. Applied successfully to the adsorption of methane and ethane on
rhodium, Frennet’s model could easily be extended to any catalytic reactions on metal.

Applied to skeletal isomerization (Appendix), it could explain both the negative
order found for pentane and hexane isomerization and the positive order found for
the isomerization of 2,3-DMP, under the same experimental conditions, provided
that the fraction of the surface covered by hydrocarbon radicals 6 is larger in the
case of heptanes than for Cs; and Cg hydrocarbons. Estimation of 6. requires
determination of the hydrocarbon adsorption isotherms in the presence of hydrogen,
which is difficult. Some information concerning the values of 6. for various hydro-
carbons may be obtained from the amount of hydrocarbonaceous residues left on
the surface after catalytic reaction, as measured by Auger electron spectroscopy.
These were found to be much larger when C, hydrocarbons rather than C; hydro-
carbons were reacted on platinum single crystals at 350°C.13

The order as a function of hydrogen in the case of non-negligible hydrocarbon
adsorption always includes both the number m of hydrogen atoms removed to form
the reactive species and the number z of metal atoms involved in hydrocarbon
adsorption. Differences between the values of m or z or both associated with the
different reaction mechanisms could then account for the change with hydrogen
pressure in the percentages of molecules formed according to the two bond-shift
and the cyclic mechanisms (table 5).

Among the molecules formed by a cyclic mechanism, the enhancement of the
dehydrocyclization products with decreasing hydrogen pressure is a further proof
that the dehydrogenation steps leading to reactive species are all equilibrated and
that skeletal rearrangement is rate-determining. According to the cyclic mechanism,
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the skeletal rearrangement may be decomposed in several consecutive steps : (a) ring
closure to form a cyclopentane intermediate C-(C,H,) 1 (b) fast interconversion
between various cyclopentane species and (¢) the reopening of one of these species
C-(C,H,), to form an acyclic adsorbed molecule I-(C,H,), with isomeric structure
(fig. 4.

By using one of the reaction schemes developed in Appendix 1, the ratio p between
the amounts of acyclic and cyclic molecules is expressed as

p = Kpy0i* (see Appendix 2) )

where 2z’ and z represent the number of potential sites required for the adsorption of
a cyclic and an acyclic molecule, respectively. Were z' and z identical, eqn (v)
would provide a straightforward explanation of the increase in the percentage of
cyclic molecules with decreasing hydrogen pressure. However, the smaller but
definite increase in the percentage of cyclic molecules with increasing hydrocarbon
pressure suggests different values for z and z’, with z’' larger than z since 85 may be
expressed as p¥/phc.'? Both terms in 05 and py in eqn (v) then contribute to the
variation of p with hydrogen pressure, the latter being predominant.

We are grateful to the Compagnie Frangaise de Raffinage for a grant (to P. P.)
and to the Délégation Générale a la Recherche Scientifique et Technique for financial
support.

APPENDIX 1

SIGNIFICANCE OF ORDER IN SKELETAL ISOMERIZATION OF
HYDROCARBON ON METAL

The number of ¢ potential sites > involved in the chemisorption of light alkanes
may be as large as 8 (CH, on Rh; *? C,Hg on Rh'®). The adsorption rate of the
hydrocarbon is then written

R, = kipuctubs (A1)
for a reactive adsorption step: HC+H,+2z5—
or R, = kypucth (A2)

for a dissociative adsorption step : HC+2zS—, where S represents a free potential site,
0y and 6y, respectively, the fraction of sites covered by hydrogen and the fraction of
free potential sites, pyc the hydrocarbon partial pressure, k, the rate constant of
the adsorption step. Supposing that the fraction of the metal surface not covered by
hydrocarbon radicals behaves like a bare surface towards hydrogen chemisorption 3
0y = 63(1—0¢) (A3)
then
bs = 1—0g—0c = (1-05)(1—6c) (A4)
where 0g represents the hydrogen coverage in absence of chemisorbed hydrocarbon
radicals. Eqn (Al) and (A2) are then written
R, = kypucOa(1—0)"(1 -6 (AS)
and
R, = kypuc(1—02)"(1—0c)". (A6)
It has been shown 12 that the function (1—60f)* represents an important inhibiting
term in hydrogen pressure. As the value of z may be as large as 8, the function
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(1 —0c) or (1 —0cF+! needs to be considered even for small values of 8, in the range
of a few percent.

In the general expression

0c = Kcpuc/ph (A7)
0c depends mainly, at a given temperature and partial pressure of hydrogen and
hydrocarbon, upon the relative heat of adsorption of hydrogen and hydrocarbon
and through § upon the degree of dehydrogenation of the most abundant surface
hydrocarbon radical. For values of z near 7 for methane or near 8-9 for ethane,
the functions pyc(1 —0c)* and pyc(l —6)**! go through a maximum in the region of
10-15 9 Oc. This means *? that the hydrocarbon pressure dependence associated
with these functions goes from +1 to 0 when 6 goes from 0 to 0.10 to 0.15 and be-
comes negative for 6 values >0.10-0.15. Simultaneously, according to the value
of J, functions (1 —60c)* and (1 —0)**! have a more or less positive dependence on
H, pressure which, in the 10 to 15 9% 0 range, may take values larger than the
negative dependence contained in the (1 —6g)* function.

Thus, even when the rate-determining step is the adsorption, important variations
in the order as a function of hydrogen and hydrocarbon may be expected when 6 is
altered by changing the hydrogen partial pressure !2 or by modifying the structure of
the reacting hydrocarbon, changing K¢ and/or § in eqn (A7).

However, in isomerization of 2,3-dimethylpentane, the labelling experiments
showed that skeletal rearrangement and not adsorption was the rate-determining
step. It is therefore interesting to analyse the rate equation in this case.

Assume that the dehydrogenated species which isomerize are formed by m
consecutive equivalent dehydrogenation steps, all equilibrated and that the model
discussed above for the adsorption step applies. Call X; the equilibrium constant for
the ith dehydrogenation step and k the rate constant for the surface skeletal rearrange-
ment. Both the adsorption and surface dehydrogenation steps may be of the
reactive or dissociative type.

Reactive adsorption step is

CoHapyz +Hy+28 = (CuHzpy)a+ Ho. (A8)
Dissociative adsorption step is
CaHapiz+28 = (GHzni)a+He (A9)
Reactive surface dehydrogenation step is
(CaHyi1)a+H, = (CHy)p+H, (A10)
as an alternative, the site occupied by H, is liberated
(C.H,41).,+H, = (C,H,),+S+H,. (Al1)
Dissociative surface dehydrogenation step is
(Con+1)a = (CuHx a+Ha (A12)
as an alternative, the H, atom needs one site
(CiHyi1)o+S = (CH,),+ H, (A13)
The corresponding concentrations in the surface hydrocarbon radicals formed are
Octanss = Kiibs 22 (Al14)
Pu
Btanss = Kifls 22C (A15)

SBH
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0,
Oc,n, = Kiflc,u,., = (A16)
Pu
Ocu. = K0 B (A17)
CnHxe ™ iVCpHx +1 BSPH
1
Oc,n, = Kb, ., o (A18)
H
bs
Ocu, = Kifc,mess 7 (A19)
Ou

The overall reaction rate may be expressed by combining the various possibilities
for the adsorption and surface dehydrogenation steps. As a reactive adsorption
mechanism is the most probable one for methane and ethane on rhodium, the
association of such an adsorption step with the four possibilities considered here for
the dehydrogenation step are analysed. Only dissociative dehydrogenation steps are
combined with a dissociative adsorption.

Reactive adsorption followed by m surface reactive dehydrogenation steps of
type (10)

0(m+ 1)

v="k H K; P —min0Puc (A20)

Reactive adsorption followed by m surface reactive dehydrogenation steps of type (11)
(m +1)

=k HK (m,rl)B(""‘ Puce (A21)

Reactive adsorption followed by m surface dissociative dehydrogenation steps of
type (12)
m 1
v =k[]K; —m=r0%Dnc (A22)
i pubi

Reactive adsorption followed by m surface dissociative dehydrogenation steps of
type (13)

v=k[[K, 0F ™ pyc. (A23)

1
pufy™ Y
Dissociative adsorption followed by m surface dissociative dehydrogenation steps of
type (12)

i 1
v=k%k H K; 9_—§{"+ 5505Puc- (A24)

Dissociative adsorption followed by m surface dissociative dehydrogenation steps of
type (13)

v= kHK 9(m+1)0(z+m (A25)

Introducing the dependence of 65 on 8y and ¢ in these equations these six cases,
respectively, become

o(m+1)(1 BH) (m+z+1)


http://dx.doi.org/10.1039/f19807601704

Published on 01 January 1980. Downloaded by Cornell University Library on 19/07/2016 23:19:45.

View Article Online

1720 HYDROCARBON ISOMERIZATION ON Pt-Al,O,

90(m+1) 1—0° (z—m)

(A2D) > v =k H K; If(,,,ﬂ, b) (1—00)** Vpyc (A27)
(1 GH)Z (z—m+1)

(A22) —v=%k n Ki —Gm(l —BC) Puc (A28)
(1 _GH)”M @ Dp
(1 HH)Z (z=m—1)

(A2d) - v =k H K; 0°(m+1)(1 ) Puc (A30)
(1 HH z+m 1)

(A25) v=%k I_I K W(l —OC) PHc- (A31)

H

All rate eqn (A26) to (A31) include two terms: one, g(fg, py) independent of
hydrocarbon coverage, is associated with a formal negative order as a function of
hydrogen. The other, f(6c), is a function of 8. and for large values of 6 in eqn (A7)
has an important positive dependence on hydrogen pressure. One may expect that
when 0¢ goes from small values (6. < 0.01) to medium values of 0.1-0.2, the order
for the hydrocarbon pressure decreases from +1 to 0 and even becomes negative,
and simultaneously the order for the H, pressure goes from very negative to positive
values.

Furthermore, note that if values of z are large enough (z > 8), for half of the above
equations the functions of 1—80 are close and similar to those included in eqn (A5)
and (A6) obtained on the assumption that adsorption is rate-determining. On the
other hand, the function g(05,py) may be considered to be the product of the corres-
ponding g functions, 03(1 —65)* or (1—05)* in eqn (A5) and (A6) by an inhibiting
factor. This factor in eqn (A26) and (A27) includes a hydrogen partial pressure with
a high negative exponent (—m—1). Therefore an important negative hydrogen
pressure dependence results from g (03, py) and becomes more important as the active
hydrocarbon radical is more dehydrogenated. Ineqn (A28) and (A29), the inhibiting
term only includes pg! and is much less efficient. Lastly, in eqn (A30) and (A31),
the inhibiting factor is a function of 6 only and is thus related to the thermodynamics
of hydrogen adsorption.

The high negative orders obtained when 0¢ is small enough are related to the
function g(6fpy) and to the inhibiting factor. These allow classification of the six
schemes considered according to the importance of the total inhibiting effect of H,
pressure, in the following sequence :

26 > 27 ~ 29 > 28 ~ 31 > 30.

Remember that, in this sequence, only eqn (A26) and to a lesser extent (A27) and
(A29) are significantly different by their g function from eqn (AS5) and (A6) in corres-
ponding to an adsorption rate-determining step.

Similarly, the positive orders observed in the case of moderate hydrocarbon
coverage are related to the function f(6c). Here again eqn (A26) differs significantly
from eqn (A27) to (A31) and also from eqn (AS) and (A6). Among all the possible
reaction schemes then, three, eqn (A26) and to a lesser extent eqn (A27) and (A29),
give good account for the large difference in orders observed in skeletal rearrangement :
from —3.6 in isomerization of n-pentane to +1.2 and +1.8 in isomerization of 2,3-
dimethylpentane and 2-methylhexane,” respectively. All three equations correspond
to a reactive-type adsorption step and it is worth recalling that in some cases !2’ 16
experimental evidence has been provided in favour of a reactive adsorption step.
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On the other hand, no rigid demands have yet been introduced for the surface
limiting step. If the surface rate limiting step is characterized by conditions concern-
ing the number of potential sites involved, it may appear as 6% in the overall rate
equation. The functions (1 —0g) and (1—6¢) in eqn (A26) to (A31) will then be
affected by an exponent greater by +z. The fact that the relative contributions of
the two bond-shift and the cyclic mechanisms are modified by changing the hydrogen
pressure has been interpreted by assuming that the reactive species differ by the number
m of dehydrogenation steps.® It could also be an indication that the number z of
potential sites involved during the rate-determining step differs in the bond-shift
from the cyclic mechanism. This might be related to the number of carbon atoms
in the hydrocarbon radical that are bound to the surface, or to the area necessary
because of steric interactions to form a cyclic or bond-shift intermediate.

In conclusion,

(1) So many possibilities arise from this analysis that one needs at least some
idea of the extent of the coverage and its dependence on partial pressure to distinguish
which of the considered schemes are most probable.

(2) However the order as a function of hydrogen cannot be taken as an evidence
of the nature of the rate-determining step.

(3) Any change in hydrocarbon coverage, even if it be slight, which may result
from an alteration in the structure of the reacting hydrocarbon is expected to induce
drastic changes in the order as a function of hydrogen, e.g., from negative to positive.

(4) The latter conclusion, which has already arisen in the case of an adsorption
rate-determining step, applies more strongly in the case of a surface rate-determining
step.

APPENDIX 2

In fig. 4 are represented two possible reaction schemes for cyclic-type isomerization,
which apply according to whether the dehydrogenation steps are dissociative [scheme
(D] or reactive [scheme (ID]. Both the cyclic and acyclic isomeric species are linked
to the cyclic and acyclic products by a succession of hydrogenation steps which are all
equilibrated and are formally the reverse of the dehydrogenation steps. Call K and
K, the equilibrium constants for reactions (III, III") and (IV, IV’) and call z’ and z the
number of sites required for adsorption, respectively. In the case of unimolecular
dissociative adsorption [reactions (III) and (IV)]:

[C-(C,,Hz,,)] nr O "2 ~z'+1 [I‘(CnH2n+z)] - z+
[C'(Con)a] I:I ( ) 0 ’ [I'(Con)a] ].:.[ Kt( ) 6 :

and, in the case of bimolecular reactive adsorption [reactions (III') and (IV")] :

[C'(C H2 " 05 "2 m— - - [I'(CnH2u+2)] [md —z—
[c (Con)a] H Ki (eﬂ) Pu 295 1’ [I'(Con)a] Ii—I K( ) 1 )

However, although reaction (c), unlike reaction (b), is not equilibrated, since the
reverse reaction like (a) is the slowest step in the whole process, one may consider
in a steady state regime the concentration of the acyclic species [I-(C,H,),] to be
proportional to the concentration of the cyclic precursor [C-(C,H,),] :

[I"(Con)a]/ [C-(C.H)),] = K"
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The ratio p between the amounts of acyclic and cyclic products is equal in the case of
dissociative adsorption to

C[HCH.] WK e
I CICE e o (0_ ) B @

S

and the same value is found for reactive adsorption.
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