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‘The isomrrization of 2-methyl-2-‘3C, 3-methyl-3-‘“C, and the hydrogenolysis of 
methyl-(%) cyclopentane were studied over a 10% platinum-alumina catalyst at 
270°C. Methylcyrlopentane hydrogrnolysis yielded mainly 2-methylpentane and 
3-methylpentanc, and isomerization was mostly restricted to an interconversion he- 
tween both methylpentanes. 

The position of the carbon 13 in the various rc~action products could only be ex- 
plained by assuming that several successive rearrangements take place in the ad- 
sorbed phase. bcforc desorption. A model was devised whereby acyclic adsorbed 
hydrocarbons may either bc desorbed, or be rearranged according to a cyclic or a 
bond shift mechanism. The only bond shift reactions envisaged in this model were 
thr thrc~r powsihlc methyl- and ethyl- shifts involving a trrtiary cxarbon atom. and 
the: same rate, was assumc~d for each of these thret, reactions. 

With theal assumptions, the observed initial product conrarntrations (ten inde- 
pcndcnt vnlurs) could be Icproduccti with two parameters only : the probability rl 
of d(‘aorption of thr% adaorbcd spc’cica. and the l~robability t of bond shift rcnrrangr- 
mc,nt. The mean numbr~r of rcarraugrmrnts before desorption, equal to l/d, was two 
for the expctimcnts d(bscribrtl, so that not less than revrn trips had to be envisaged 
to account for all of the> r(,nction products. The diffcrcnccs between these results on 
thr 10% Pi,-ALO, catalyst and the ones obtained on a highly dispersed catalyst, 
where most of the isotopic varicttirs arc explained hg a single dchydrocyclization- 
ring opening procc?+s. arc’ intcqrrtcd in terms of mcxtallic particlc sizes. It is believed 
that on the dispersed cat:dysts, the n&iv? sites consist. of a sin& atom. and the only 
possible path for isomorization is the cyclic mechanism. On ratalysts with large 
q&allitc~s. sue+ as the lo’/, Pt-alumina catalyst. it is brlievrd that sites involving 
several mct,al atoms arc’ prfwnl on the aurfac~t~. \vhich allows the> occurrcncr of bond 
shift rclac’t ions and of t IN% rq~rtitivc~ proc’rss. 

INTROD~ICTION The hydrogcnolysis of methylcyclopen- 

It was shown several years ago that con- tane over dispcrscd catalysts (OZ1.5% Pt- 

centrated platinum catalysts (5-20s plat- on-alumina~ corresponds at any temper- 

inum on an inert alumina) behave very ature to an equal chance of breaking of any 

differently from the highly dispersed one cyclic bond and the isomerization of both 

used in the reforming process (1-S). mcthylpentanes yields n-hexane as one of 
the major reaction products. 

*Present Address: Institute of Chemical Pro- On the contrary the concentrated cata- 
cess Fundamentals. Czechoslovak Academy of 1ysts act very selectively in the hydro- 
Science. Prague, Suchdol 2. Czechoslovakia. genolysis of methylcyclopentane and in t.he 
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isomerization of hexanes. Methylpcntanes 
mainly are formed by the ring opening of 
methylcyclopentane and the isomerization 
of hexanes is mostly restricted to an inter- 
conversion between both methylpentanes. 
Moreover, over a 10% Pt-Al,O:, catalyst, 
the product distributions in isomerization 
and methylcyclopentane hydrogenolysis de- 
pend very strongly upon the temperature 
and t,he reactant pressures. An increase in 
temperature or a decrease in hydrogen pres- 
surr result in a decrease of selectivity (1,L). 
These changes in selectivity with the var- 
ious experimental conditions indicate 
rather complicated mechanisms for both 
reactions, isomerization and methylcyclo- 
ljentane hydrogenolysis. 

The aim of this paper is the investigation 
of these mechanisms by t’hc use of hydro- 
carbons labeled with carbon 13. 

EXPERIMENTAL 

The apparatus, the cxlK+mcntal procc- 
tlures, the method of preparation of the 
hydrocarbons and the trcatmcnt of the 
mass spectrometric data have been dc- 
scribed in the preceding paper (4). Slight 
modifications only will, thrrcforc, bc rc- 
ported in t,his section. 

(‘ata1ysts 

Two batches of 10% Pt-Al& catalysts 
were prepared by slowly reducing platinum 
complex salts deposited on an inert alu- 
mina: one batch (A) was obtained by using 
chloroplatinic acid, and a second one (RI 
by reducing platinous tctramminc chloride. 
In both cases the reduction temperature was 
kept below or equal to 200°C and the flov~ 
rate of hydrogen near 10 cm3/min. 

In the case of the Pt-Al,O, catalyst pre- 
pared from platinous tetrammine chloride, 
the ammonium chloride formed during the 
reduction was subsequently desorbed by 
passing over the catalyst, in the microre- 
actor flow system, several doses of hydro- 
carbons at 350°C. 

A study of the chemisorption of hydrogen 
at 20” on the 10% Pt-AI,O, catalyst A 
gave a ratio of number of adsorbed hydro- 
gen atoms to number of platinum atoms 
equal to 0.045 (instead of 0.90 for the 

0.2% Pt-Al&, catalyst used in the previous 
study (4) ). This ratio 0.045 corresponds to 
a mean size of 185B for the crystallites in 
excellent agreement with the X-ray line 
broadening measurements: values of 180 
and 200 b were found for catalyst A and 
B, respectively. 

Apparatus rind Procedure 

Three hydrocarbons were reacted over 
the catalysts: 3-methylpentane-3-l%, 2- 
met,hylpentane-2-W, and methyl (‘“C ) 
cyclopentane. The preparation of these hy- 
drocarbons from the corresponding tertiary 
alcohols was effected in the same flow line 
as their isomerization or hydrogenolysis. 
Two microreactors containing 2g of Al,O,, 
at 245” and 2 g of Pt-Al,O,, at lOO”C, re- 
spectively, were arranged in the flow line 
ahead of the main reactor itself. This re- 
actor consisted of five glass tubes in par- 
allel containing various amounts of catalyst 
(0.10-0.70 g) ; the tubes, isolated from each 
other, were used in turn so that the isomer- 
ization of hydrocarbons could be studied 
at various conversions. 

The temperature chosen for the dehy- 
dration of the acyclic alcohols over alumina 
(245”) was low enough to keep the extent 
of rearrangement during the preparation 
below 0.3%. The resulting error for the 
analysis of the isotopic species was then 
smaller than 2%. It. was checked that the 
cyclic alcohol did not, yield any acyclic 
hydrocarbons during the dehydration over 
alumina. 

Materials 

The syntheses of 3-methyl-3-pentanol- 
3-13C and of 2-methyl-2-pentanol-2-‘:‘C 
have been described (5). Methyl (‘“0 
cyclopentanol was prepared from methyl 
(‘“C) magnesium iodide and cyclopentanonc. 

As in the preceding paper (4), I-X, I-Y, 
I-Z represent the n-hexanes-1-*“C, 2-l%, 
and 3-W. The 2-methylpentanes labeled 
on carbon I, 2, 3, 4, and 5 are referred to 
as II-,X, II-Y, II-Y’, II-Z, and II-T, re- 
spectively. Lastly, III-X, III-Y, III-Z, and 
III-Z’ represent the S-methyl (‘“C) pen- 
tane, the 3-methylpentane-3-W, 2-W 
and 1-13C. 
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RESULTS 

(A) Isonaerimtion of Methylpentanes 

Isomcrization of 2-methylpcntane-2-‘:‘C 
and 3-metl~ylpentanc-3-13C at 270” was 
studied at various conversions, in order to 
determine the initial distributions of the 
reaction products. The same batch A of a 
10% Pt-Al,O,, catalyst prepared from 
chloroplatinic acid was used in all the ex- 
periments except one which was performed 
over a catalyst H prepared from platinous 
tetrammine chloride. 

Isomer distributions. Typical distribu- 
t,ions are given in Table 1. Each methyl- 
pentwne yielded the ot’her metl~yll~entane 
and n-hexane as the two main isomeric 
lnoclucts. In Table 1 conversions CY and N’ 
arc thus exl”csscd as a function of co~lcctl- 
trations x2, .r:;, .rl of 2-inetliyll~cnt:ttie, 
3-n~ctl~ylpctitanc, ~(1 n-hexnnc, rrspcc- 
tiwly, as follows: 

The ratios Y-! and rYi between the conccntrn- 
tions of the two tna’n liex:~tic isomers 

obtained from 2-mctl~ylpcntane and 3- 
tnctliyll~cntanc, Y? = 2:Jr1 ; rH = Q/Z,, are 
lilotted T’S, conversion (Y or (Y’ in Fig. 1. 
Most of the plots lay on the same curve 
whatever the method of preparation of the 
catalysts. It was then possible, by cxtrapo- 
lation, to obtain the initial values for Y? 
:ultl rii ; they were found t’o be equal to 4.5 
and 16, reapectirely. In the same figure are 
given the values obtained for rs and r3 at 
300°C over thtr same 10% Pt-Al,O, cntn- 
lyst (Harron, hlaire et al. (2) ). As cxpcctctl 
from the known variations of the ratios 
with tcmlwrnture (1~1, tltc values given by 
these authors arc1 lower than the ones here. 

Several abnormal plots with very low 
values of I’, and rn were obtained, howvcr. 
They all correspond to experiments with a 
vcq slllall :111101111t of catalyst (less that1 

150 mg) . 
I1Ietl~ylcyclolwntane was found in each 

~xpcrimcnt and in larger amounts from 
2-tnctliylprnt:uie (3-lOojo of the reaction 
protlucts I tlnm from 3-methylpcntane ( l- 
2’/r 1. Traws of ncoliexane nild 2,3-di- 
t:lctliyll~i~tnric were also obtained from both 
1ivtlrocnrboti.s. Rcsitlcs thwc C,; hvlrorar- 

b 

.+ T~+\$, 

3- +. 
--------- --------- 

-.\_ 
..A. 5- 

2 + .-.___ 

W% d’% 
* _ 

30 20 30 40 10 2c 10 90 50 50 

FIG. la. Isomerization of Z-methylpentane: TI (a) plots. 
FIG. lb. Isomerization of 3-methylpentane: ~3 (a’) plots: -, isomerization at 272°C; +, on a catalyst 

prepared from PtClsHs; @, on a catalyst prepared from Pt(NH3)&12; - - -, hydrogenolysis of methyl- 
cyclopentane at 300°C; -.-.-., isomerization of met,hylpentanes at 300°C. 
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TABLE 2 
ISOMERIZATION OF 2-METHYLPENTANE 2 =c. L.4BELING OF THE 3-METHYLPENTANE ISOMERS 

Run 

Weight of 
catalyst ,y-- ‘y‘ ^r+-f- 

T(T) (md a III-S III-Y III-Z + 111-r 

1 271 120 4.1 14.8 f 3 28 * 4.5 56.8 f. 2.3 
2 272 210 13.7 2 L-2 31.5 f 3.5 66.3 k 1.5 
3 271 330 30.5 2.2 f 2 27.6 rt 3.8 70.2 f 1.7 
4 272 410 29.8 1.5 f 2 30.8 f 3 68.1 + 1.8 
5 273 700 40.8 2.5 f 2 29.7 +_ 4.0 67.8 * 1.8 
6 269 230 4.0 0.8 f 2 27.8 f 3 71.3 * 1 

0.29‘ Pt-Am 266 650 9.8 4.4 f 1 77.6 + 1.6 17.6 f 0.5 

bans, appreciable amounts of ~~~olcculcs 

with a lower molecular weight were formed 
(mostly pentanes, butanes, and propane) 
and the ratio n-ljentanc over isopentane 
corresponded very closely to the one pro- 
vided by an equal break of the various 
C-CH, bonds: 2 from 2-methylpentane and 
0.5 from 3-mcthylpcntane. In the abnormal 
experiments (runs 1 and 7)) the neohexane 
and the cracking products were in much 
larger amounts than in the other 
cxpcriments. 

Labeling of the isomerization products. 
Since n-hexanc was always obtained in very 
niiiall amounts, only the mcthylpentane 
isomer was analyzed by mass spectrometry 
to determine the position of the labeling 
atom. In Tables 2 and 3 are given for dif- 
ferent conversions, together with the limits 
of the possible errors, the distributions of 
the various labeled methylpentancs obtained 
from 2-mcthyll)entane-2-‘“C and 3-methyl- 
pentane-3-W. In the same table are also 
reported thr distributions obtained from the 

sairw two hydrocarbons over a 0.2% Pt- 
Al,O, catalyst. Striking differences appear: 
over a 10% Pt-Al,O, catalyst, the species 
resulting from a simple cyclic mechanism 
(III-Y and II-Y in isomcrization of II-Y 
and III-Y, respectively) are no longer 
largely predominant as they were over 
0.2% Pt on Al&,. Conversely, the species 
which were considered as minor over the 
dispersed catalyst’ appear in appreciable if 
not predominant amounts. No not,iceable 
differences arc obxervcd between run 6, 
performed with a catalyst (B) prepared 
from Pt (NH,) &I,, and runs 2-5 where the 
catalyst is prepared from PtCl,H, (A). 

Runs 1 and 7 are associated with experi- 
ments done with a very small amount, of 
catalyst (abnormal plots in Fig. 1). They 
also correspond to abnormal distributions 
of the isotopic species: for example, in 
isomerization of 2-methylpentane-2-l% 
much more 3-methyl (W) -pentane and 
less 3-n~ethyll~cntane-2-1”C arc obtained in 
run 1 than in runs 2-6. 

TABLE 3 
ISOMERIZATION OF %METHYLpI~;NTANI': 3 lrC. LABELING OF THE 'L-METHYLPENTANF ISOMERS 

Run 

7 
8 
9 

10 
11 

Equilibrium 
0.2% Pt-Alno 

l’(“C) 

Weight of 
catalyst 

(md 

273 120 
270 210 
270 330 
271 410 
273 700 

277 650 

a’ 

5.4 17.6 60.7 21.9 
24.5 16.1 72.2 11.7 
52.3 22.8 60.8 16.4 
48.7 14.2 69.5 16.2 
65.1 30.8 38.6 30.4 
70 33 33 33 
11.2 1.3 90.8 7.95 

II-S II-Y + II-Y’ II-Z + II-T 
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In run 11 the conversion CY (equal to 
65.1%) is very close to the limit conversion 
(700/o). Similarly the distribution of the 
isotopic isomers is very close to the sta- 
tistical one. 

Initial distribution. The initial distribu- 
tions over the 10% Pt-A&O, catalyst (A) 
were deduced from the data reported in 
Tables 2 and 3. The following figures are 
retained: For the isomerization of II-Y: 
III-X = 2 -+ 2; III-Y = 31 t 2; III-Z + 
7’ = 67 +- 2. For the isomerization of 
III-Y: II-X = 7 +- 2; II-Y = 81 * 2; 
II-Z = 12 _t 2. In the isomerization of 
II-Y, t.he distributions do not change much 
with the conversions and the extrapolated 
figures coincide in fact with the one ob- 
taincd for the lowest conversion. In the 
isomcrizat’ion of III-Y, however, the ex- 
trapolation is useful, since the distributions 
arc much more conversion dependent. 

Labeling of the reacting hydrocarbons. 
The rearrangement of a labeled methylpen- 
tane to its isomer is generally accompanied 
by a rearrangement to the same mcthyl- 
pentane labeled in a different way. Such a 
rearrangement, referred to as a “change in 
labeling of the starting hydrocarbons,” may 
be the result either of an initial process, or 
of a readsorption process. In Table 4 are 
reported the distributions at various con- 

versions of the isotopic 3-methyll~enta~~~~ 
and 2-methylpentancs obtained from III-Y 
and II-Y, respectively. II-Z or II-T and 
II-X are both formed in the isomerization 
of II-Y. The ratio p = (Z + t~/x extrapo- 
lated at small conversion was found to be 
equal to 1.1. Isomerization of 3-methylpen- 
tane-3-13C yielded III-Z or III-T as initial 
products. III-X was only the result of a 
readsorption process. 

(BI Hydrogenolysis of Methyl 
(I30 -cyclopentnne 

The hydrogenolysis of methyl (W) cy- 
clopentane was studied over 10% Pt-on- 
ALO, at 270 and 230°C. Since the hydro- 
genolysis of methylcyclopentane is much 
faster than the isomerization of the result- 
ing hexanes, the product distribution in 
this reaction does not change much with the 
conversion, provided it is not complete (3). 
Therefore, only one experiment was per- 
forrned at each temperature, and the ob- 
served distribution of the isotopic species 
was considered as an initial distribution. 

Product distributions. The %methylpen- 
tane, 3-methylpcntane, and n-hcxane were 
the main reaction products, the latter in 
smaher amounts. Initial ratios r, (%methyl- 
pentane/3-mcthylpentane), rx (3-methyl- 

TABLE 4 
ISOMERIZATION OF LABELED METHYLPENTANES. L.ZRELING OF THE RPICTWG HYDKOCARHONS 

Isomerization of 2-methylpentane 2 1% AA A-/i, 

Run a! II-X II-Z + II-T P 
1 4.1 4.0 4.1 0.975 
2 13.7 5.0 4.5 1.1 
3 30.5 7.85 5.3 1.48 
4 29.8 7.15 4.0 1.80 
5 40.8 16.0 9.6 1.66 

Isomeriaation of 3-methylpentane 3 “C ,- .-. I /‘ --\ 1 q’+->X 
RLlIl a’ III-X III-Y III-Z + III-T 

7 5.4 0 *0.5 97.6 f 0.5 2.3 f 0.5 
8 24.5 0 *0.5 83.7 f 1 16.3 f 0.5 
9 52.3 2 *2 54.9 * 2 42.6 k 0.5 

10 48.7 0.5 * 0.5 58.5 5 2 41 & 0.5 
11 65.1 10.6 k 3 18.3 f 4.2 7O.S f 1 

Equilibrium 70 16.6 16.6 66.6 
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TABLE 5 
HYDROGENOLYSIS OF METHYLCYCLOPENT.INE AND ISOMEMZATION OF HEXANE OVER 10% Pt-A1203 

Iso~~ia I~ISTRIDUTION~ 

Reacting 
hydrocarbon MCP n-11 MCP 2-MP MCP 2-MP 

Temperature (“C) 
298 
270 

(270) 
230 

T, = .r?fX3 i-2 = x3/x, 7.2 = x2/x1 
3 . 5 :z 5 2.8 2.8 Y 9 
3 3 3.1 4.5 10.3 16 

1 .!J - 6 
4.4 4.05 - 17.8 - 

~1, x2, x3 are the concentrations of n-hexane (n-H), 2-methylpentane (Z-MP), 3-methylpentane (3-MP), 
respectively. 

Between parentheses, the abnormal experiment, of isomerization (run 1). 

l)cllt:~nc,‘n-l~exilncj and rij (2-methylpcn- bong. At 23O”C, methyl ( I%) -cyclopentane 
tane/n-hcxane) obtained in both experi- yields simply labeled hydrocarbons, the ones 
ments are reported in Table 5 and which are cxpertcd with a simple ring open- 
conq)ared to the initial ratios obtained in ing. ,4t 27O”C, more coml)licatcd distribu- 
the isomerization of hrxanrs under the tions are obtained. The hydrogenolysis of 
same conditions. The data obtained by mcthvlcyclopentane at this tcmpcrature 
Mairc et ctl. (2) are also reported in the does not, consist any more of the breaking 
first lint of the table. Obviously at 27O”C, of the cyclic bonds, but in a combination 
ratios r,, rL’, rR are different in hydrogenoly- of the ring opening and the skeletal rear- 
sis and isomcrization, while they arc idcn- rangements of the resulting adsorbed 
tical in the experiments at 298°C. hydrocarbons. 

Labeling of the hydrogenolysis products. 
The position in the various molecule:: of 
the lxbcling atom was determined by mass 
spectromrtry. In Table 6 arc reported the 
analpsw of the various acyclic hydrocar- 

In contrast to the situation over a dis- 
persed catalyst, the distributions of the iso- 
topic species obtained in the isomcrization 

TABLE 6 
HYDI~GENUI~YSIS OF METHYL (W) CYCLOPENT~NE OVEK lO(;; Pt-ox-Al& 

LABELING OF THE REACTION PRODUCTS 

Product 

II-X II-Y + I” II-Z + 1 
2-P. I 1 P./-x ‘,V~ A A.6 /Y 

2-methylpentane 270” 87.0 f 1 8.0 * 1 5.0 * 1 
230” 100 *1 0 *0.5 0 f 0.5 

III-X III-Y III-Z + 1 

^i’ -’ ‘f ‘p’y’ 
3-methylpentane 270” 63.4 f 1 0 *1 36.8 f 1 

230” 100 f 1 0 f 0.5 0 f 0.5 

I-Y I-Y I-Z 
,‘--A, \-‘.. ‘v\ 

n-hexane 270” 89.2 fr 1 1.1 * 1 Y.7 i 0.5 
230” 100 +1 -0.5 f 0.5 0.2 f 0.5 
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of the methylpentanes over 10% Pt-ALO, methylpcntane 4- or 5-W are obtained in 
cannot be explained by a simple dehydro- the isomeriaation of 3-methylpentane-3-l%; 
cyelization-ring opening process. For ex- they can only be explained if one assumes 
ample, 3-methylpentane-3-T, which would at least two successive rearrangements in 
result from 2-methylpentane-2-W through the adsorbed phase, by a bond shift or a 
this cyclic mechanism, represents only a cyclic mechanism: 

w- (/r)ads - ( b )ads + ( jh)ads - AA 

/y\ -) (v)ads +(/\r\)ads a(/h -t hh 

little more than one third of all the iso- Similarly the hydrogenolysis OJ methyl 
t.opic varieties. (‘“C) cyclopentane yields hydrocarbons 

/iA - (~)od~W+y”. 
which may only be obtained by at least 
one or two rearrangements. after the onen- 

Nor is a simple bond shift mechanism ing of the cyclopentane ring: 

Ring Mbthyl Shift Methyl 5hlft 
Opening 

vrPds - 
AA 

b 
I 

Cyclic Mechanism Methyl 

Shift 

yyYads 

sufficient to explain all of the reaction In order to interpret the results qudita- 
products: 2-methylpentane-l- 13C and 2- tively, one has then to assume that the 
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isomerization of hexanes or the hydrogen- to be considered as reaction products. The 
olysis of metBhylcyclopentane consists of distributions of the reaction products are 
a succession of skeletal rearrangements in then obtained very simply by adding up 
the adsorbed phase. A quantitative inter- the desorbcd molecules G,, + G, + G, + . . 
prctat’ion of the initial distributions of + (i,, + . 
products would reinforce this proposed re- 
action mechanism. Definition of the I'nrious Paramefers 

General Schemes 
The mechanism rcl)re3cnted by schemes 

1 and 2 is iu fact oversimplified, since c or 
The initial dist’ributions obtained from t or d rcprcsents not one but several inde- 

both methylpcntanes may be interpreted pcndcnt, paramctcrs. The first task in order 
by examining carefully the fate* of the ad- to verify the l~r~l~oscd mechanism is then 
sorbed species. Let us call d, t, and c the to limit as far as possible the number of 
chances for an adsorbed molecule to desorb independent parameters. This limitation is 
or to rearrange according to a bond shift possible in the case of a 10% Pt-ALO, cata- 
or a cyclic mechanism (d + t + c = 1). The lyst, on account of the peculiarities of the 
species adsorbed initially A,, may then reactions. 
either be desorbed to yield gaseous mole- Rearrangement parameters. For example, 
cules G, or be converted into several other twenty-two rearrangements of the various 
adsorbed molecules A,; species A, in turn hcxancs may bc represcntcd as occurring 
may either dcsorb to give molecules G,, or according to a bond shift mechanism (Fig. 
rearrange into adsorbed molecules A, and 2). But since 2,3-dimethylbutane and 2,2- 
the process may be repeated indefinitely, dimcthylhutane are produced only in very 
until no adsorbed molecules remain on the minor amounts in isornerization and hy- 
surface (schrme 1). drogcnolysis, the ten rearrangements in- 

__ ~____-. 

GO G, % 
r ------- 

G, -- 

d/ I I I 

AU Al A2 _-_---- A” ---- 

According to such a mechanism the concen- 
trations of the successive adsorbed species 
A, A, A, and the concentrations of the suc- 
cessively desorbed molecules decrease to 
zero. The distribution of the gaseous prod- 
uct molecules initially formed is then 
obtained by adding up the desorbed mole- 
cules G, + G, + . + G, + . and di- 
viding by (1 - d) 

A similar scheme may account for the 
hydrogenolysis of mcthylcyclopentane. In 
this case, however, the first step is the ring 
opening of the adsorbed methylcyclopentane 
and the first desorbed molecules, G,, hare 

volving these hydrocarbons can be ignored. 
The six reactions involving n-hexane are 
ignored similarly on account of the small 
amounts of n-hexane formed over a concen- 
trated catalyst. Moreover, the interchange 
reaction between two terminal carbon atoms 
is negligible in the case of n-hexane, since 
no n-hexane-2-l% is obtained in the hy- 
drogenolysis of methyl (‘“C) -cyclopentane. 
We shall also consider as negligible the 
interchange reactions in the case of 
methylpentanes. 

There remain then three possible reac- 
tions, two methyl shifts and one ethyl shift,. 
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METHYL SHIFTS 

ETHYL SHIFT 

6 

/y‘ - v 

INTERCHANGE OF TERMINAL CARBON ATOMS 

REACTIONS INVOLVING N-HEXANE AND METHYLPENTANES 

v = 
REACTIONS INVOLVING DIMETHYLBUTANES 

kc& /L\r\ 

- 
- 

- Iv 

FIG. 2. Possible rearrangements according to a bond shift mechanism. 

We shall define for these three reactions 
the probability parameters t?, t,, and t’,, 
respectively. 

Cyclization and desorption parameters. 
Only the interconversions between the 
methylpentanes will be considered in the 
cyclization-ring opening process. Four 
parameters may then be defined: y’? Y”~ 
y’s Y”~, three of which are independent 
since: ~‘Ju”~ = y’Jyn3 = ,8 (scheme 2). 

Similarly, two desorption parameters cl, 
and d, should also be introduced for 2- 
mcthylpentane and 3-methylpentane. 

In conclusion. Eight parameters in t,otal 
must be considered: yfZ, ylg, ,8, t2, t,, t’,, dz, 
d,. But three relationships exist between 
them : 

Two normalization relationships 

d2 + tz + r’z(l + l/P> = 1, PI 
d3 + t3 + t’s + Y’30 + l/P) = 1, PI 

and one equation resulting from equilib- 
rium conditions : 

(2-methylpentane), tP y’3 -- 
(3-methylpentane), = g - ynz 

Five independent parameters remain then 
to interpret the experimental results. Later 
on, it will be assumed that there is an equal 
chance for desorbing 2-methylpentane and 
3-methylpentane (d, = d,) and an equal 
probability for any bond shift rearrange- 
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mcnt (t, = t, = t’,,) ; two independent pa- 
rameters will then be left. 

Method for Calculating the Product 
Distributions 
The rearrangements of speck* :I,, to 

species A,, from A, to A,, . from A,, to 
&+1, etc., may be simulated by a linear 
operator involving the probability param- 
eters which have just been defined above. 
Let us call z’~, yip, z’~, tip, u’, the concentra- 
tions of the various isotopic 2-mcthylpen- 
taiics in A,, (II-X, II-Y, II-Z, II-T, 
II-Y’) ; 2”1,. y”,‘, z”p, t”, the concentrations 
of t,lie isotopic 3 mc~thylpentancs (III-S, 
III-Y, III-Z, III-T). Call xl,,+,, ylP+,, 
etc., the corresponding concentration in 
A1J+I. By using the various rearrangement, 
cyclization, and &sorption parameters the 
(x’ ’ p+, ; ?J p+r ; .r II . pi1 , . ) may be ex- 
pressed as linear functions of the (Xl,,, 

I y (‘9 . z”~ . .) (Table 7). 
It, is possible, by using a medium-sized 

computer, to calculate successively the con- 
centrations of the adsorbed species x’~,, yI1 

I . . x”, . ; x’.‘, y 2 . . x”Z . . ; . ; X’,b, 
I N y ,, . . . x ), . .; . . ; until negligible values, 

and to add up simultaneously the conccn- 
trations of all the gaseous molecules. If the 
sum of the concentrations of the first ad- 
sorbed species A,, is taken as unity, the dis- 
tributions of the various gaseous iso- 
mers z’, y’ X”, y” . . may bc expressed 

in isomerization in hydrogenolysis 
as an d as 
cc m 

f = c yrp -!I!- 1-d y’= c y’pd 
1 0 
m cc 

N - x - 

c 

y d N - 
Pl-d x - 

c 
xN pd 

1 0 

with 2’ + y’ + . . X” + . . . = 1. 
The normalized values 

X’ = 
2' 

x' + y' + 2' + 1' + u' 
. . . X" = 

XN 

2” + y!’ + 2” + t” 
, et,c., will be used in t,his 

paper. 

The variations of the product distribu- 
tions will then be studied when changing 
the various parameters and the best values 
of the parameters determined to fit the 
experimental data. 

Dependency of the Calculated Distriblltions 
upon the J’ariouc Pammeters 

Isomerization of Z-methylpentane-2-W. 
The S”, Y”, Z”, T”, concentrations of 
the 3-mcthylpentane products arc almost 
independent, of t,, t’3 and ,8, but depend 
very strongly upon t, and d. A relationship 
may be found between t, and d so that the 
calculatrd ratio Z” + T”/Y” equals the 
observed one: 2.15 (Fig. 3~. On the other 
hand S” is strongly dependent upon d, and 
only d; from the observed value 0 < X” Q 
0.04, it follows that cl is larger than 0.35. 

Isomerization of 3-methylpentane-3-W. 
The observed distribution of the 2 methyl- 
pciitanes can be reproduced only if pa- 
rameter t’, is used with a value of between 
0.10 and 0.20. For each value of t’3, t?, t.$, 
and d arc included within strictly limited 
values. 

Hydrogenolysis of methylcyclopentane. 
The calculattd product distributions vary 
sharl)ly with cl, but rather little with t.‘, t,, 
t’,, and ,8, as can be seen in Table 8. The 
observed distributions are best reproduced 
with a tlcsorption parnmetcr tl very near 
to 0.5. 

~‘alc~rlated Disfribritions 

Since the isomcrizations of 2-mcthyll)en- 
tanc-2-l%, 3-methylpentane-3-l% and the 
hydrogcnolysis of methyl (W) -cyclopen- 
tane were performed rmttcr exactly the same 
experimental conditions, an attempt was 
made to account for all the observed initial 
dist.ributions with the same set of param- 
etcrs. The experimental data consisted of 
eight independent values of the concentra- 
tions for the methylpentane isomers and of 
two concentration ratios for the reacting 
hydrocarbons. To limit the number of the 
parameters it was assumed that, the trans- 
position parameters were the same (t2 1 
t, = t’3 = t) and the desorption probabil- 
ities identical (d, = d3 = d) . The product 
distributions of the three reactions were 
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TABLE 7 
RECURRENT RR;L.*TIONSHIP BETWXN THE CONCENTRATIONS OF TIIE ADSORBED SPECIRS 

xrp+, = 

Y’*+1 = 
%‘,+I = 
t’ P+l = 

u’p+, = 

x”p+l = 

I:p+l = P+l = 
t” P+l = 

TABLE 8 
HYDHOGENOLYSIS OF METHYL (W) CYCLOPENTANE CALCULATED DISTRIBUTIONS 

d t2 = t3 t’s 
2-methylpentane 3-methylpentane 

X’ Y’ + U’ Z’ + T’ X” Y” Z” + T” 

0.7 
0.5 
0.45 
0.40 
0.35 
0.35 
0.35 
0.35 

0.15 0 95.4 3. 1 1.4 79.6 0.4 20.0 
0.15 0.1 87.1 x.4 4.5 61.9 3.2 34.9 
0.15 0.1 84.5 10.0 5 6 59.2 3 8 36.9 
0.15 0.1 x1.5 11.7 6.7 56.2 4.6 39.1 
0.15 0.1 78.5 13.5 8.0 53.2 5.4 41.4 
0.10 0.1 78.8 14.6 6.6 54.5 5.0 40.5 
0.20 0.1 78.6 12.3 9 1 52.3 5.4 42.2 
0.15 0.2 78.4 13.2 8.5 49.2 5 5 4.5, 2 

then calculated as a function of d and t data were chosen. They are reported in 
with three different values of ,O (2, 3.3, Table 9. In each case, the agreement be- 
and 5). tween the observed and calculated values 

For each value of p the calculated dis- of the isomer concentrations is really ex- 
tributions which best fitted the observed cellent and it is interesting to note that the 

d 
- 

0.25 0.50 0.75 1.00 

FIG. 3. Isomerization of 2-methylpentane 2-‘W. Relationship between parameters t2 and d in order t.o 
reproduce the observed Z” + T”/Y ratio: p equals 3.3. 
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TABLE 9 
HYDHOGENOLYHS OF METHYLL'YCLOPENTANE AND ISOMEHIZATION OF HEXAN~:. 

COMPARISON AIGTWKEN THE CALCULATED AND OBSERVISD DISTRIBUTIONS 

Reacting Reaction 
hydrocarbon products 

. s ” 

. 1”’ 

*. Y’ + ‘I”’ 
. 

X’ ___- 
-. I-’ + 7” 

X’ 

4. Y’ + z” 

i ,-_ 
. s " 

-7 _ Y" 

_ . . %“ + T" 

- 

Observed 
distribution 

-~___ 

‘, ‘) I_Y 

30. 0 

j3:3.3 
d:0.52 
1:0.17 

2.0 
0.52 
0.20 

0.9 0.6 

5.0 
0.52 
0.14 

__- 

1 .05 

30.5 3 1 !I 29.6 

6s. 0 68.6 67.4 69.3 

1.10 1.23 2.45 

12.0 10.8 9 1 

81 .o x’2.7 x1.9 

7 0 6.5 9.0 

0.0 0.02 0.02 

R7 88.4 x9.2 

x 7.3 6.0 

5 4.3 4.8 

63 59.1 61.0 

0 

37 

1k.2 

3.0 2.2 

38.6 

1.26 
3.55 

36.7 

0.70 
3.87 

0.7 

11.2 

x4.4 

4.4 

0.02 

87.7 

5.4 

3.8 

58.0 

3.7 

38.3 

1.92 
ti.4 

hcst value for d, viz. 0.52, is independent 
of j3. The (2’ + T’i/S ratio obtained in 
the isomerization of 2-n~ethylpentane-2-1”C 
(2-methylpentanc-4- and -5-‘:‘C over 2- 
mctliylpentane-1 -1XC,I allows one to select 
for p the intermediate value of 3.3. This 
value corresponds approximately to the 
ratio 2-methylpentane/3-methylpentane oh- 
tained in the hytirogcnolysis of mcthylcy- 

clol)entanc, when no rearrangement of the 
acyclic hydrocarbons t&r5 place. 

To fit the fourteen observed data (of 
which ten are independcnt1 , three Ijaram- 
cters arc then introduced : 

p = 3.3 1 = 0.17 f 0.01 d=Or,2 . . 

These three parameters are not independ- 
cnt, hut, should kc related hy Eqs. 111 and 
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[2]. Since it was supposed that t, equals 
t,, y”2 = y’s and Eqs. [l] and [2] yields 
by eliminating yNL’: 

(1 - d - t)/t = p/(p - 1). PI 
l-d-t p 

The ratio p = t 
/ 

____ 
P-1 

is reported 

in Table 9. Again p is very close to the pre- 
dicted value of unity for the intermediate 
value of p (3.3). 

Abnormal Reactions 

Very different values of the various pa- 
rameters and especially of the desorption 
probability are found when an attempt is 
made to reproduce the product concentra- 
tions in runs 1 and 7. The observed distri- 
bution in run 1 is in excellent agreement 
with the calculated distribution correspond- 
ing to d = 0.04; t, = t, = 0.14; t’, = 0; 
/3 = 3.3. The same values of the parameters 
in the isomerization of 3-methylpentane-3- 
13C explain the occurrence of II-X and 
II-Z or -T, in run 7, but not quantitatively. 
Obviously, with the above values of the 
parameters, relation [3] does not hold any 
more, which seems to signify that the sim- 
plifications CL = d, and tP = t, cannot be 
made in this case. 

However, it remains that for some reason 
connected with the experimental conditions 
(association of a pulse injection of the hy- 
drocarbon with a very small amount of 
catalyst), the probability of desorption d 
is very low. 

Skeletal Rearrangement as a 
Chain Reaction 

The main evidence afforded by this work 
is that, over a concentrated Pt-Al,O, cata- 
lyst, the isomerization cannot be taken any 
longer as a simple reaction step, but as the 
succession of several rearrangements on the 
surface. A value of 0.5 for the desorption 
probability means that four steps in the 
adsorbed phase are necessary to account 
for 90% of the reaction products and seven 
to account, for 99%. In the abnormal ex- 
periments, as much as fifty-seven and one 
hundred and ten steps, respectively, have 
to be envisaged. 

The isomerization of a hytlroearl)on OII 
a metal surface is then in a formal n-a! 
very similar to a chain reaction. It wc1111tl 
be useful therefore, to define a mean nun- 
ber of rearrangements before desorption X, 
equivalent to the chain length which wits 
introduced in the classical chain reactions. 
According to scheme 1, for one molecule 
adsorbed, d are desorbed as unmodified 
molecules, (1 - d)d are desorbed after 
having reacted once on the surface; 
il - cl) ‘d have reacted twice and (1 - d)“d 
have been submitted to n superficial re- 
arrangcmems before desorption. The mean 
number of rearrangements per reacted mo!e- 
eule may then be expressed as: 
x = [(l - d)f/ + 2(1 - d)Zd + 3(1 - d)% 

+. . . + rl(l - rl)“d + . . .] [d/(1 - d)] 

= d[l + 2(1 - d) + 3(1 - d)* 

+. . + n(1 - c1)IL-l + . .] = (l/d) 

The probability of desorption d then has 
just the same mathematical significance as 
the probability of chain termination in a 
nonbranched chain reaction (6’). 

Comparison between the Initial Product 
Distributions in Isomerization and 
Methylcyclopentane Hydrogenolysis 

It has been shown several times that the 
initial distribution of the hexane isomers 
was the same in the isomerieation of a 
methylpentane or n-hexane and in the hy- 
drogenolysis of methylcyclopentane. This 
was in fact the case over a very dispersed 
Pt-Al,O, catalyst (0.2%) and over a 10% 
Pt on Al,O, at high temperature (300°C) 
(3, 7). In our experiments over 10% Pt- 
Al,O, at 27O”C, however, as can be seen 
from Table 5, the initial distributions arc 
no longer the same in both reactions. 

It is possible from the values of the 
parameters d, t, and y to explain this fact 
and to foresee in which conditions the initial 
distributions may be identical. For one 
molecule adsorbed, and (1 - d) molecule 
reacted, the probability for a desorbed 
molecule not to have been submitted to a 
cyclic type rearrangement is (t + t2 + ts + 
. . .+tm+. . .) d = (td)/(l - t). The 
fraction of the reacted molecules which 
has escaped a cyclic mechanism is then 
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p = [t/(1 - t) ] (d/l - d)]. The condi- 
tion for a similarity of the hexane distri- 
butions in hydrogenolysis and isomeriza- 
tion is that p be as small as possible, which 
means that either t or d is very small. It 
was shown in a preceding paper (4) &at 
over the dispersed sites of a 0.2% P&A&O, 
catalyst, the probability of rearrangcmcnt 
according to a bond shift mechanism was 
very small indeed. For this reason the 
identity of both distributions could be ob- 
served on this catalyst (7). Over a con- 
centrated Pt-ALO,? catalyst, on t.he other 
hand, t is significant and p depends upon 
the value of d. In the present experiments, 
tl is not small and p equals 0.20. The 
isomer distributions of isomerisation and 
methylcyclopentane hydrogenolysis are no 
longer similar. At a higher temperature 
(3OO”C), in Mairc’s experiment, the dis- 
tributions are identical, which seems to in- 
dicate a rather low value for d (3). 

More generally the various parameters 
introduced in this work and especially d 
should depend upon the experimental con- 
ditions: temperature, hydrogen, and hydro- 
carbon pressures. A systematic study of 
the variations of d and t with these condi- 
tions would be most valuable and is now 
being undertaken in this laboratory. 

Dispersed ad Concentrated Catalysts 

It was previously suggested that the dif- 
ferences between the dispersed and the 
concentrated Pt-Al,O, catalysts were due 
to a particle size effect and that two dif- 
ferent types of sites were present on a 
platinum surface, the concentrations of 
which were determined by the size of the 
metal crystallites (Ic, 2). 

However, it has recently been claimed 
that the difference between t’he dispersed 
and concentrated catalysts was due to 
some contamination of the concentrated 
catalysts by chlorine during their prepa- 
ration (8). This interpretation has to be 
rejected, since the product distributions in 
hydrogenolysis and isomerization are inde- 
pendent of the salt used for the im- 
pregnation (H,PtCl,, Pt(NH,),CL, and 
Pt(NH,)4 (OH),) and of the carrier (alu- 

mina, pumice, silica) (9) ; moreover, the 
platinum films prepared by evaporation of 
a Specpure wire are very close in their be- 
havior to the concentrated supported cata- 
lysts (3, IO). 

Once the simplest explanations sucfi as 
the acidic property of the carrier or a chlo- 
rine effect have been ruled out, one cannot 
escape the earlier conclusion that two dif- 
ferent types of sites are responsible for 
the bond shift and the cyclic mechanism, 
respectively. The very sites which seem to 
be linked to a cyclic type mechanism, are 
present predominantly over the extremely 
dispersed catalyst’s such as the 0.2% Pt on 
Al,O,. We believe that these sites consist, 
of a single atom or a very small number 
of metal atoms (presumably 2 or 3) and 
that the cyclization process also require a 
single metal atom. The study of the mecha- 
nism of dehydrocyclization of various sub- 
stituted pentanes thoroughly confirms this 
view (II). 

Conversely, the bond shift rearrangement 
involves an (Y n y-triadsorbed species (12- 
16) and obviously requires several metal 
atoms not necessarily contiguous. Such de- 
fects, consisting of a group of several plat- 
inum atoms, would be more frequently 
found on a concentrated supported cata- 
lyst than on a dispersed catalyst; this could 
explain the ability of the concentrated 
catalysts to promote the bond shift 
rearrangement.. 

An excellent confirmation of these pro- 
posals is given in a study of the isomeriza- 
tion of hexanes on polycrystalline and ultra- 
thin films, recently published by Anderson 
et al. (17). These authors observed that 
the most dispersed catalysts, ultrathin 
films with an average crystal size of 20A, 
gave rise to a concentration of methylcy- 
clopentane in the reaction products much 
higher than on the polycrystalline films. 
This seems to indicate that in the case of 
films as in the case of supported catalysts, 
t,he dehydrocyclization process is more 
favored on small particles than on large 
crystallites. 

Within the framework of the above 
theory, two points deserve some further 
comments: In the isomerization of labeled 
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hexanes on 0.2% platinum-alumina (4)) 
some abnormal varieties, amounting to l@- 
20% of the reaction products, could not be 
accounted for by a simple dehydrocycli- 
zation-ring opening process; these varieties 
were assumed to be due to the existence 
on the dispersed catalyst, in a very small 
amount indeed, of these particular multi- 
atomic sites characteristic of the large 
crystallites. This interpretation is now 
strongly supported by the present results, 
and by the physicochemical studies, which 
showed a rather wide range of crystallite 
sizea even in the highly dispersed sup- 
ported catalysts (18). 

The second point concerns the exact 
nature of the sites. We believe that the 
sites responsible for the bond shift mecha- 
nism cannot be identified at all with the 
atoms regularly disposed in the crystal 
lattice, for the following reason: The sin- 
tering of a dispersed catalyst, which re- 
sults in a growth of the crystallites, is ac- 
companied by a decrease in activity but 
not by a change in the selectivity of the 
catalyst; indeed, the only reaction mecha- 
nism for isomerization of hexanes over a 
sintered dispersed catalyst is not the bond 
shift mechanism, but the cyclic mecha- 
nism (19) . 
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