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H-mordenite have been studied by using 3C labeling techniques. Each individual step of these
rearrangements including alkyl shifts (1,2-ethyl shift, 1,3-methyl shift, and 1,2-methyl shift),
branching rearrangements (interconversions between the two methyipentanes and 2,3-dimethyibu-
tane), and interchanges between internal and external carbon atoms has been isolated. Alkyl shifts
proceed through alkyl bridged cations as transition states. Their relative rates are in the sequence:
1,2-ethyl shift > 1,3-methyl shift > 1,2-methyl shift. This result is interpreted by differences in the
stabilities of the alkyl bridged structures. The branching rearrangements and the carbon inter-
change reaction are best explained by considering equilibration between corner- and edge-protona-
ted alkyl cyclopropanes and alkyl bridged structures.

INTRODUCTION

Skeletal isomerization of branched hex-
anes readily takes place over H-mordenite
at 170°C (7). When considering only the
structure of the isomers formed, a very sim-

nlp reaction model

sion between the two methylpentanes and
2,3-dimethylbutane, is obtained. However,
when C-labeled 3-methylpentanes are
used as starting materials a somewhat more
uumpu»awu situation is rcvealed. Besides
the isomers which are expected by alkyl
shifts or branching rearrangements (2),
methylpentanes in which internal and ex-
ternal carbon atoms have been exchanged
and molecules with a statistical distribution
of the labels are also formed. Furthermore,
depending on the conditions of the analysis,
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the respective percentages of these three
types of products in the reaction mixture
change significantly.

The formation of hexanes with a random-
ized C distribution has been discussed in
Part I (/). In this work the 13C tracer tech-

nique has been used extensively to study

LRI LGS Uil WO walwiaga Y Wiy S

the intramolecular rearrangements of the
three tertiary hexanes.

The results obtained are presented in two
main sections. In the first one we examine
the labeling of the various reaction prod-
ucts and recovered reactants and isolate all
the individual rearrangements. Each ele-
mentary step of these rearrangements is
then considered in detail in the second sec-
tion in order to understand better the fac-

tors which determine the reactivity of the
intermediate cations.

Reactions of !3C-labeled branched hex-
anes were carried out at 170°C over 200 mg

of H-mordenite. The catalyst, the flow sys-
tem, the experimental, and the analytical
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procedures have been described previously
(D).

Selectively labeled methylpentanols and
2,3-dimethylbutanols were synthesized by
the Grignard method (3). The starting mate-
rials were methyl[*Cliodide, ethyl[1-'*C]
iodide, [2-*Clacetone, and ethyl[1-1*CJace-
tate from Merck Sharp and Dohme and had
an isotopic purity of 90 or 60%. Labeled
hydrocarbons were obtained by catalytic
dehydration of the appropriate alcohol (4).

RESULTS AND DISCUSSION

Reaction mechanisms were studied with
the following *C-labeled hydrocarbons: [1-
BC, 2-13C, and 4-C]2-methylpentanes (2-
MP-1-3C, 2-MP-2-13C, and 2-MP-4-13C), [3-
3C]3-methylpentane and 3-methyl[3C]
pentane (3-MP-3-3C and 3-M(*C)P), and
[1-B3C and 2-13C]2,3-dimethylbutanes (2,3-
DMB-1-3C and 2,3-DMB-2-13C).

The labeling of isobutane and isopentane,
the main cracked products, has been al-
ready reported in Part I (). The distribu-
tion of these hydrocarbons corresponds to
a statistical association of '*C and "2C car-
bon atoms in the molecules (distribution C)
and has been interpreted in terms of a poly-

T

DAAGE AND FAJULA

merization—depolymerization process. In
that work it was shown that part of the hex-
anes (up to 20%) could also be formed ac-
cording to this mechanism, the remainder
being associated with a true monomolecu-
lar isomerization reaction in which the orig-
inal number of labels of the molecule is pre-
served (distribution I).

In order to obtain the location of the label
in these latter molecules the contribution of
the statistical distribution C was first deter-
mined from the labeling of the parent ions
and subtracted from the total spectrum. De-
termination of the relative percentage of
each isotopic variety was then effected as
described earlier (/).

Labeling of the Hexanes

Reactions of 3-methylpentanes. The dis-
tributions of the monolabeled isomers ob-
tained after reaction of [3-13C]3-methylpen-
tane and 3-methyl["*C]pentane are given in
Table 1. The major reaction product was an
isotopic variety of 3-methylpentane result-
ing from a 1,2-ethyl shift (1,2-ES) (Scheme
1). (Since we are only interested in the la-
beling of the products in this section, posi-
tive charges will be omitted in the
schemes.)

Aoiandats

SCHEME 1.

2-Methylpentanes which could result from
a nonbranching rearrangement (1,2-methyl
shift or 1,2-MS) of the starting and isomer-
ized 3-MP were always formed in smaller
amounts as shown by the values, larger
than unity, of the ratio r; = 1,2-ES/1,2-MS.
Among the methylpentane isomers, species

SCHEME 2.

which cannot be explained by single classi-
cal alkyl shifts (for example 2-MP-1-13C
and 3-M(C)P in runs 4 and 5) were de-
tected in small quantities. Their formation
corresponds formally to an interchange be-
tween internal and external carbon atoms
followed by alkyl shifts (Scheme 2):

L Af\
A



407

REACTIONS OF HEXANES OVER MORDENITE, 1I.

uondwal aYy) Jo $a3e1S [eniul Y] Ul Pjoal[od syonpoxd syl Jo uonnquUisi( »
€ pue ‘g ‘1 suna ur Ajqeqoad 1Sol 4
*SIOWOSI pafaqejouow 3y Suowe safejuadIdd »

81 t£'e8 L9l - 11°98 8 VvIL U0 vl I'6e 609 $9CT N 9
or'e 876 79 ¢ SL'L6 90¢ 699 ST S6°'1 oy 09 €0 A 1
80°L Lee S¢S 80 1°66 Let €89 [4 LL'o 89 TS tl'0 ~ho L4
81 S0 134 BEAVA: 2 4 W () y'¥e 14 919 9L 9°06 t'6 9Tl DY ¢
876 £0 LT L6 L1966 €'0C I L'8L 670 L's6 €F ¥0°0 Qo [4
L0°6 10 C 6'L6 SL'66 LT €0 ¢eL WO £€s6 LY £0°0 Jo I
™ o 5y 2% S~ — % \I\ \r_\ 2%
A >y Y
SWTT _ uoqIed0IpAY Iequinu
SH-Z'1 sauruad|AYyoN-¢ souruad[AYIoN-7 saueInqAYIuI-€g Bunaeig uny

ss103dg paegeloucy aY3 Jo uonnginsi(] :auejuadjAYIap-¢ JO UOTIBZLISWIOS]

1 471dV.L



408

The distribution of varieties in run 6, corre-
sponding to an analysis of the products col-
lected in the first stages of the reaction (1),
recalls that these ‘‘abnormal’” isomers are
not observed initially even at relatively high
conversion.

Besides 2-MP and 3-MP, 2,3-dimethylbu-
tanes were also obtained. In the reaction of
3-M(BC)P, 2,3-DMB-1-BC was formed
preferentially. In contrast, 2,3-DMB pro-
duced from 3-MP-3-B3C were extensively la-

/l\/\;j/‘\)\

SCHEME 3.

The labeling of most 3-methylpentanes
can be explained by a succession of a 1,2-
MS and a 1,2-ES (Scheme 4):

A~
O S
SCHEME 4.

The ratio r, between the amounts of 2-
methylpentanes formed by 1,3-methyl shift
and the total percentages of 3-methylpen-
tanes is listed in the last row of Table 2. r, is
greater than 2 (except in run 10 made at
high conversion) showing that 1,3-MS is
faster than 1,2-MS.

““Abnormal’’ products, namely, 2-MP-1-
3C and 3-M(3C)P in runs 7 to 10 and 2-MP-
2-13C or -3-3C and 3-MP-3-3C in runs 11
and 12, were again observed. These repre-
sented less than 7% of the total methylpen-
tanes.

The distributions of the isotopic species
of 2,3-DMB obtained from 2-MP-4-13C
(runs 7, 8) and 2-MP-2-13C (runs 9, 10) were
almost identical: 30% of the 2,3-dimethyl-
butanes were labeled on carbon 1 and 70%
on carbon 2. In the reaction of 2-MP-1-13C,
2,3-dimethylbutanes were exclusively la-
beled on position 1 at low conversion (run

DAAGE AND FAJULA

beled on carbons 1 and 2.

Reactions of 2-methylpentanes. The dis-
tribution of the monolabeled 2,3-DMB, 2-
MP, and 3-MP formed in the reactions of 2-
methylpentanes are listed in Table 2.

As already observed in the reactions of 3-
MP, the major reaction products were iso-
topic isomers of the starting 2-methylpen-
tanes. The isomerization process which
accounts for their formation is a 1,3-methyl
shift (1,3-MS) (5) (Scheme 3):

/k/\ o Y /\/I\

11); at higher conversion (run 12) some 2,3-
DMB-2-3C was also formed.

Relative rates of the nonbranching rear-
rangements. In Fig. 1, the ratios r, = 1,3-
MS/1,2-MS determined from the reactions
of labeled 2-MP and r; = 1,2-ES/1,2-MS de-
termined from the reactions of labeled 3-
MP have been plotted versus isomerization
conversion. The extrapolation of these
curves to zero conversion, which allows an
estimation of the relative rates of these mi-
grations to be made, reveals that the rates

10
I s :12ES/12MS
4
8 .\ ® ry:1,3M5/12MS
A
%
6 |
44t
N
2 .\--{\-\
—
o 1 2 3 4 5

% |somerization

FiG. 1. Variations of the ratios r, = 1,2-ES/1,2-MS
and r, = 1,3-MS/1; 2-MS as a function of isomerization
conversion.
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can be classified in the following sequence:
1,2-ES > 1,3-MS > 1,2-MS

with values of 10, 4, and 1, respectively.
Such a result, showing that the 1,2-ethyl
shift is the fastest reaction in the rearrange-
ments of branched hexanes, is similar to
that already found on supported p-toluene-
sulfonic acid at 74°C (5) and on SbFs-inter-
calated graphite at —17 and —30°C (6).
Reactions of 2,3-dimethylbutanes. The
reactions of 2,3-DMB-1-C and -2-3C gave
the isotopic species listed in Table 3. Little
redistribution of the label was found on the
unreacted 2,3-DMB whereas a complex *C
distribution, still far however from that as-

.
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sociated to an equal distribution of the label
on all six positions, was obtained in the
methylpentanes.

The isotopic varieties of the 2-MP are
best explained by assuming a formal 1,2-
isopropyl shift (Scheme 5a):

)\f(_,)\/\

SCHEME 5a.

According to Scheme 5b, 2-MP-3-13C, 2-
MP-5-BC, and 2-MP-1-3C should be ob-
tained in the ratio 1:1:2 in the reaction of
2,3-DMB-1-3C and equal amounts of 2-MP-
2-B3C and 2-MP-4-3C should be formed in
the reaction of 2,3-DMB-2-13C.

Jonsy,

2

7
T,

SCHEME 5b.

As shown in Table 3 a very good agree-
ment between the experimental and ex-
pected distribution is obtained in runs 13,
14, and 15. In run 16, some scrambling of
the label (characterized by the formation of
some 2-MP-1-BC) occurred due to the
higher conversion in this run.

The isopropyl shift allows us to explain

also the identity of the distributions of the
2,3-DMB formed from 2-MP-2-13C and 2-
MP-4-BC (runs 7 to 10, Table 2) if one con-
siders that the slow branching rearrange-
ment has been preceded by an equilibration
of carbons 2, 3, and 4 in the 2-MP (Scheme
6):

s /l\/\ —_— J\r‘%

PPN

___,1/3/1\/\
yg/k/\ —

\

s

SCHEME 6.

The distribution expected according to this
mechanism (2,3-DMB-2-3C = 66.6%, 2,3-

DMB-1-3C = 33.3%) corresponds to that
actually obtained.
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Interpretation of the labeling of 3-MP is
not as straightforward since the original dis-
tribution of the species formed directly
from 2,3-DMB or by isomerization of 2-MP
is readily modified through the very fast

DAAGE AND FAJULA

1,2-ethyl shift (Scheme 7). This is apparent
from the distributions obtained in runs 15
and 16 which show that, initially, positions
2 and 3 in the 3-MP are equilibrated.

/l\/\)\/\

/
\

A

l

([~ == )

SCHEME 7.

Elementary Steps of the Rearrangements
of the Hexyl Cations

Nonbranching rearrangements. The
nonbranching rearrangements of the ter-

1,2HS +
—_
--§—

N

1,2ES +

A o e

tiary methylpentenium cations can be visu-
alized to proceed simply by a succession of
hydride shifts (HS) followed by alkyl shifts
interconverting secondary cations (Scheme
8):

1,2HS

+ ScHEME 8.

Comparison of sequences a and b in
Scheme 8 shows that the same hydride
shifts (one secondary—tertiary and one ter-
tiary—secondary hydride shift) are involved
in the 1,2-ethyl shift and the 1,2-methyl
shift. Since these reactions occur with dif-
ferent rates we must conclude that the rate-
determining step of the rearrangement is
the alkyl migration. For the 1,3-methyl shift

(Scheme 8c) two additional secondary—sec-
ondary hydride shifts or the occurrence of
direct 1,3-HS are required. If one assumes
that these latter shifts are faster or as fast as
a secondary—tertiary hydride shift, which is
reasonable, the same conclusion, namely,
that the slow step is the alkyl shift, may be
drawn for the 1,3-methyl shift.

The differences observed between the
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rates of the three nonbranching rearrange-
ments are therefore due to differences in
free energy between the tertiary methyl-
pentenium cations and the transition states
of the secondary-secondary alkyl shifts.
The transition state for a direct 1,2- or 1,3-
alkyl shift is commonly regarded as an alkyl
bridged cation where the migrating group is
bound to two carbon atoms by a two-elec-
tron-three-center bond. The three relevant
rearrangements are tentatively represented

413

in Fig. 2 by using Olah’s notation (7). In the
case of the 2-methylpentane, R; = CH; and
R, = H and Figs. 2a and c represent the 1,2-
methyl shift and the 1,3-methyl shift re-
spectively. For the 3-methylpentane, R; =
H and R; = CHj; and Fig. 2b represents the
1,2-ethyl shift.

Our results would thus indicate that the
alkyl bridged cations I to III stand in the
following sequence of stabilities I > II >
III.

f_' B ~ m [~ H n
M:,c\c“2 37) ?"3 2] \ ICHS D
i H H\c s ‘-c/H M C‘\-:
I “INLL N c—n
c—7c¢ HEe CH, [
/\ chy
HaC cHy H M 2
L 4 L 1 L *s
I I I

Considering the structural differences be-
tween these three species it is worthy to
note that (i) the fastest migrations (1,2-ethyl
shift and 1,3-methyl shift) involve the more
symmetrical transition states and (ii) at-
tachment of a methyl group to the migrating
carbon atom increases the rate of an alkyl
shift.

Branching rearrangements and carbon
interchange. There is evidence for at least
two types of branching rearrangement. The
first one is that interconverting 2-methyl-
pentane and 2,3-dimethylbutane, while the
second involves a direct transformation be-
tween 3-methylpentane and 2,3-dimethyl-
butane. (The occurrence of this quite un-

e oo ]
we Lo 1@
H ,»:\ H
\/c’—‘ c/
y Newg
L. ]I .

common rearrangement has been reported
once (8) in the reactions of hexanes over
platinum deposited on a silica/alumina sup-
port but no mechanism was proposed to ra-
tionalize it.)

In a formal way the first reaction is the
result of a 1,2-isopropyl shift, possibly rep-
resented by Fig. 2b withR; = CH;and R, =
H;, and the second corresponds to a 1,3-
methyl shift as in Fig. 2c with R; = H and
R, = CHj;. The transition states of such al-
kyl shifts could then be pictured by cations
IV and V. These are indeed very similar to
cations I-III and should have comparable
stabilities.

[- =
CHy ®

H\c/'J\\c/H
W NG N

H/ \c"a
L T _J

H
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Fi1G. 2. Nonbranching rearrangements (see text): (a) 1,2-methyl shift, (b) 1,2-ethyl shift, and (¢) 1,3-
methyl shift.

i @ @
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H3 K Hy 7 2 ] 2
H 7
2 H. H.
M1 3 1
L L ]
yim pus yir

FIG. 3. Postulated representations for a distorted corner-protonated cyclopropane (V1), the transi-
tion state of the 1,2-methy] shift (VII), and the transition state of the 1,3-hydride shift(VIL) (10).
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However, owing to the relatively small
differences observed between the rates of
the nonbranching and branching rearrange-
ments (I), simple direct alkyl shifts which
would transform methylpentanes into 2,3-
dimethylbutanes are unlikely since both re-
actions would require the transformation of
secondary carbonium ions into primary
ones. A reaction route via protonated cy-
clopropane equilibration (9) has thus to be
preferred.

Experimental data dealing with reactions
requiring the intermediacy of protonated
cyclopropanes have generally been inter-
preted in terms of direct interconversions
between edge-protonated alkylcyclopro-
panes and alkyl-bridged cations or corner-
protonated alkylcyclopropanes, these two
latter species not being distinguished. Ac-
cording to Olah (7), these interconversions
cannot be achieved without going through
some form of primary cation.

The ab initio molecular orbital calcula-
tions with geometry optimization on the
C3;H.® cations of Radom et al. (10) show
that, though the energy differences be-
tween the various structures are relatively
small, a definite potential minimum is found
for the methyl eclipsed form of the 1-propyl
cation (VI in Fig. 3) in which a weak but
significant bonding exists between C; and
C; and also C, and H; (represented by dot-
ted lines in the figure). This cation, which
can be regarded as a distorted corner-pro-
tonated cyclopropane, may rearrange by
1,2-methyl shift or 1,3-hydride shift through
alkyl-bridged (VII) or edge-protonated cy-
clopropane (VIII) transition states and
could be therefore considered as the inter-
mediate in the reactions involving equili-
bration of protonated cyclopropanes.

These considerations led us to adopt the
formalism in Fig. 4a for the representation
of the branching rearrangement between 2-
methylpentane and 2,3-dimethylbutane. A
very similar scheme could account for the
direct interconversion between 3-methyl-
pentane and 2,3-dimethylbutane (Fig. 4b)
provided that reaction intermediates such

415

as D' and G’ where a methyl group inter-
acts with the positively charged carbon
atom are formed. From a theoretical point
of view there is no opposition in writing
structures analogous to VI where Hj is re-
placed by a methyl. In fact, the resulting
structures (which could be defined as dis-
torted corner-methylated cyclopropanes
by analogy with the terminology of Radom
et al. (10)) should be even more stable than
a distorted corner-protonated cyclopro-
pane since the partial bonding between a
methyl group and the carbon atom bearing
the positive charge can be expected to be
stronger than that between H; and C, in VI.

As can be seen in Fig. 4b, rearrangement
of these intermediates via edge-protonated
alkylcyclopropanes and alkyl bridged tran-
sition states interconverts 3-methylpentane
and 2,3-dimethylbutane.

The last rearrangement to be considered
is the so-called carbon interchange reac-
tion. Such a process is essentially the same
as the carbon scrambling in the propyl (11)
and sec-butyl (/2) cations and is best de-
scribed by a route comparable to that repre-
sented Fig, 4, that is, involving equilibra-
tion of protonated cyclopropane structures
(Fig. 5).

CONCLUSIONS

The skeletal rearrangements of methyl-
pentanes and 2,3-dimethylbutanes have
been studied over H-mordenite at 170°C by
using the C tracer technique. Cracked
products include isobutane, isopentane,
and isohexanes. The '’C distribution of
these products corresponds to the statisti-
cal association of *C and ?C carbon atoms.
Their formation is explained by a polymer-
ization—depolymerization process. The ini-
tiation step of the cracking is a B-fission of
the 2-methylpentenium-4 cation yielding
propene and propenium ion.

Intramolecular isomerization of the ter-
tiary hexyl cations involves, besides classi-
cal rearrangements (1,2-methyl shift and in-
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Fi1G. 5. Internal-external carbon interchange. Interchange between carbon C; and a methyl group in

the 2-methylpentane (R; = CH;; R, = H) or the 3-methylpentane (R, = H: R,

terconversion between 2-MP and 2,3-
DMB), the occurrence of 1,2-ethyl shift,
1,3-methyl shift, direct transformation be-
tween 3-MP and 2,3-DMB, and internal-
external carbon interchange. These rear-
rangements can be divided into two types:

In the first one we find the 1,2-ES, the
1,3-MS, and the 1,2-MS which take place
simply via alkyl bridged cations as transi-
tion states. The relatives rates of these di-
rect alkyl shifts, correlated to the relative
stabilities of the transition states, are in the
following sequence: 1,2-ES > 1,3-MS >
1,2-MS.

The second type of rearrangement in-
volves the two branching rearrangements
(2-MP 2 2,3-DMB and 3-MP 2 2,3-DMB)
and the carbon interchange reaction. Equil-
ibrations between protonated alkylcyclo-
propane structures are required to achieve
all three reactions.

10.

11.

12,

= CH,).
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