
 

A quantum-chemical study of adsorbed nonclassical
carbonium ions as active intermediates in catalytic
transformations of paraffins. II. Protolytic dehydrogenation and
hydrogen-deuterium hetero-isotope exchange of paraffins on
high-silica zeolites
Citation for published version (APA):
Kazansky, V. B., Frash, M. V., & Santen, van, R. A. (1994). A quantum-chemical study of adsorbed nonclassical
carbonium ions as active intermediates in catalytic transformations of paraffins. II. Protolytic dehydrogenation
and hydrogen-deuterium hetero-isotope exchange of paraffins on high-silica zeolites. Catalysis Letters, 28(2-4),
211-222. https://doi.org/10.1007/BF00806050

DOI:
10.1007/BF00806050

Document status and date:
Published: 01/01/1994

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 25. Aug. 2022

https://doi.org/10.1007/BF00806050
https://doi.org/10.1007/BF00806050
https://research.tue.nl/en/publications/594f0c6a-00f7-4108-b288-803be3d33c9b


Catalysis Letters 28 (1994) 211-222 211 

A quantum-chemical study of adsorbed nonclassical 
carbonium ions as active intermediates in catalytic 

transformations of paraffins. 
II. Protolytic dehydrogenation and 

hydrogen-deuterium hetero-isotope exchange 
of paraffins on high-silica zeolites 

V.B. K a z a n s k y  1, M.V.  F r a s h  

Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, 
Moscow B-334, Russia 

and  

R.A. van  San ten  

Schuit Institute of Catalysis, Eindhoven University of Technology, 
PO Box 513, 5600 MB, Eindhoven, The Netherlands 

Received 1 July 1994; accepted 1 August 1994 

HF/3-21G quantum-chemical analysis of the protolytic attack of acid protons in zeolites 
at the C-H bonds in methane and ethane indicated that the resulting transition states depend 
on the sign of the bond polarization. If a hydride ion is split off from the paraffin, then the tran- 
sition state resembles the adsorbed carbonium ion and the reaction results in molecular hydro- 
gen and in formation of the surface alkoxy group. The case, when a proton tends to split off 
from the paraffin, corresponds to the hetero-isotope exchange of paraffins with surface OH 
groups. This is a concerted acid-base reaction with a transition state different from adsorbed 
carboniumion. 
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1. I n t r o d u c t i o n  

As has  been  a l r eady  discussed in ou r  p rev ious  p ap e r  [1], the p ro to ly t i c  c rack ing  
o f  pa ra f f ins  on  zeolites,  
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+ 
RH + Ha+s-"R1H + R2ads , (1) 

represents only one of the possibilities to produce adsorbed aliphatic carbenium 
ions. The alternative consists in protolytic dehydrogenation, which also yields an 
adsorbed alkyl fragment and molecular hydrogen: 

l - l +  ~ D +  RH + **ads *"ads q- H2. (2) 

Usually, both these reactions are considered to proceed through the common 
active intermediate represented by an adsorbed nonclassical carbonium ion [2-5]: 

/"  
R R 

+ 
R--  C - - R  + Had s ~ R--  C--Rad s 

I / \  
H H H - ~  

R 
I 

H2 + R--  C--Rad s 
+ 

(3a) 

R 
I 

RH + R--  C+ds 
I 

H .  

(3b) 

However, as will be shown below, the real mechanisms of dehydrogenation and 
cracking are quite different, since eq. (1) corresponds to proton attack at the C-H 
bond of the paraffin, whereas reaction (2) to attack at the C-C bond. Therefore, the 
geometry of the corresponding transition states is also quite different resulting in 
a different way of interaction of the hydrocarbon fragments with the surface. 

In ref. [6] this problem was discussed using as a reference the results on the 
kinetics of n-butane transformations on high-silica zeolites. Indeed, according to 
ref. [7], the apparent activation energy of n-butane protolytic cracking (about 35 
kcal/mol) is considerably higher than that of dehydrogenation (about 25 kcal/ 
mol). This could be considered as evidence of the different reaction mechanisms 
and the different nature of the corresponding transition states. However, in ref. [5] 
the activation energies of both these reactions were found to be practically equal. 
Thus, the arguments based on the study of kinetics cannot be considered as decisive 
and the question about the transition states of protolytic cracking and dehydro- 
genation still remains open. 

In this connection, the aim of this paper is a comparative quantum-chemical 
analysis of the carbon-carbon and carbon-hydrogen bond activation in methane 
and ethane resulting from protolytic attack at these bonds of acid protons in high 
silica zeolites. The results obtained are compared with those on protolytic cracking 
of ethane and hetero-isotope exchange of methane earlier reported in refs. [1,8]. 
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2. M e t h o d  o f  calculat ions 

As in ref. [1], ab initio quantum-chemical calculations were performed with a 
GAUSSIAN 80 program and 3-21G basis set. The geometry of both the initial clus- 
ters and adsorbed complexes was optimized by the gradient technique. The transi- 
tion states of cracking and of hydrogen-deuterium hetero-isotope exchange were 
found by minimizing the norm of the gradient. This procedure required rather 
extensive computations. Therefore, the bridging acid hydroxyl groups of the high- 
silica zeolite were modeled by the simplest H20 AI(OH)H2, cluster. As was 
already discussed in ref. [1], this cluster is too small for the proper reproduction of 
the deprotonation energy and energetics of proton transfer. Similar to ref. [1], the 
following results should be considered, therefore, only as a very first qualitative 
attempt, whereas the more precise quantum-chemical analysis of protolytic dehy- 
drogenation requires more sophisticated basis sets and more expanded dusters. 

3. Results  and discussion 

The carbon-hydrogen bond of paraffins may interact with bridging acid hydrox- 
yl groups of zeolites in two different ways, resulting in splitting off either the 
hydride ion or proton. This depends on the sign of the C-H bond polarization cre- 
ated by interaction of adsorbed molecules with surface acid hydroxyl groups and 
the neighbouring basic oxygen of the active sites: 

RS+ HS+ RS+ 

RH + 

0 0 
/\ /\ 

AI j / \  
H & 

�9 O O + H2 (4a) 
/\ /\ 

AI 
/ \ 

O O 
/\ /\ 

AI 
/ \ H5 + H 5+ 

O O 
/\ /\ 

AI 
/ \ 

(4b) 

Let us start with the first of these alternatives, which represents the abstraction 
of the hydride ion. The subsequent recombination of H e- with the split off proton 
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results in formation of molecular hydrogen and adsorption of an aliphatic alkyl 
fragment on the neighbouring basic surface oxygen of the zeolite. 

The geometry and the charge distribution in the transition state for methane 
dehydrogenation found in this work is depicted in fig. 1. Such an activated complex 
represents a combination of a proton transfer from the acid hydroxyl group to the 
adsorbed methane with simultaneous heterolytic cleavage of one of its C-H 
bonds. Indeed, the proton transfer is evident from the relatively high positive 
charge of the adsorbed CH~ + fragment (+0.545 e) and from the considerable 
stretching of the O-H bond in the activated complex (from 0.974/~ for the free OH 
group to 1.316 A0. 

One of the CH bonds of methane is also strongly stretched (from 1.09 to 
1.751/~) and polarized (the corresponding hydrogen atom has a negative charge of 
-0.278 e, while a positive charge of +0.505 e is induced on the methyl group). The 
partially split C}-I3 fragment becomes fiat and its geometry resembles that of free 
methyl carbocation. 

The short distance between partially split proton and hydride ion in such acti- 

Q(CH~) ---*0.505 
H A.074 Q(H=) =+0.035 

" ~ t  .751 -H H ~ 
\ . . . .  H-0.z78 

117- 2t,Q'~.~ .. . . . . .  !0 _0.377C< ' :'~H H H "970 \ ' H  
': ,H*0.313 

2.028i 125.6 i :H 
: +0.314 il.316 

: ,LO.900 :- 0.880 
/0 0 0 

H1 8 ~  "H H/O~ / "H 
�9 0 AI 1.864 +1.126A1 

/ \  / \  
H H H H 

transition State 

kcal/mol 

104.5 CH~ ~s + Hz 
I 

CH~. * H~+~s 125"7 
I 

Fig. 1. The transition state of methane protolytic dehydrogenation. 
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vated complex indicates the formation of molecular hydrogen. It is only slightly 
perturbed, since the interatomic H-H distance of 0.970 A is close to that in the free 
hydrogen molecule. This conclusion is also supported by the small total positive 
charge of the resulting H2 fragment. It is equal to only +0.035 e, despite the fact 
that the abstracting molecule is rather strongly polarized (the proton directed 
towards the oxygen atom of the cluster has a positive charge of +0.313 e, whereas 
the other hydrogen atom a negative charge of-0.278 e). 

In other words, the reaction coordinate of protolytic methane dehydrogenation 
at first represents a stretching and polarization of one of the C-H bonds when 
methane interacts with the proton of the acid hydroxyl group and the neighbouring 
basic oxygen atom of the active site. This is combined with the simultaneous 
stretching of the O-H bond in the surface hydroxyl group of the Bronsted active 
site. It is certainly not surprising that formation of such strongly perturbed acti- 
vated complex requires a very high activation energy. According to our calcula- 
tions it is equal to 104.49 kcal/mol, however, as has been discussed in ref. [1], the 
real value is approximately twice less. 

C H 3 / 1 . 4 8 6  
~%- 1.770 H 

119 .s \c<  ........ :osse 

2.226:' 119.2 : 
:1.489 

,.0 O, 
H H 

 .8OO-A( 
/ \  

H H 

Q(CzHs) =+0.613 
Q(Hz)=*0.051 

C H3~ 097 

"~ ' H 0 207 ..... ! -  

: H  H*0,258 
i+0.346 
,i 

§ 

H H 

E7 
kcal/rnol 

transition state 

94.8 

20.4 

+ + Q_Hs Ms Hz 

Fig. 2. The transition state of ethane protolytic dehydrogenation. 
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Table 1 
Comparison of the activated complexes of  ethane cracking and dehydrogenation 

Reaction Structure of qc2n7 qC2H5 rc -o  rO-H 
the activated (e) (e) (A) (A) 
complex 

protolytic cracking I I I  +0.712 - 2.37 1.534 
dehydrogenation IV, fig. 2 +0.664 +0,613 2.226 1.489 

The second part of the reaction coordinate represents the decomposition of the 
activated complex. This results in splitting off the hydrogen molecule and in the 
adsorption of the methyl carbeniurn ion on the neighbouring basic oxygen as a 
covalent methoxy group. 

A similar transition state was also obtained for dehydrogenation of ethane 
(fig. 2). It very much resembles that of protolytic methane dehydrogenation with 
the following minor differences: 

(i) The tendency of proton transfer for ethane is somewhat stronger. This fol- 
lows from the higher positive charge of the C2H7 ~+ fragment in comparison with 
CH~ + (figs. 1 and 2, tables 1 and 2) and is consistent with the higher proton affinity 
of ethane (5.6 eV in comparison with 5.1 eV for methane). 

(ii) Interaction of the resulting ethyl carbenium ion with the basic surface oxy- 
gen of the active site is weaker than for the methyl carbocation. This is evident from 
the longer O-C2H~ + distance in the transition state of ethane dehydrogenation in 
comparison with that of methane, and reflects the weaker binding of the ethyl car- 
bocation with the surface of the zeolite. 

(iii) The transition state of ethane dehydrogenation is even more close to the 
complete splitting off of the molecular hydrogen. This is evident from the slightly 
shorter H-H distance and from the stronger stretching of the OH bond in such acti- 
vated complex. The polarization of the resulting hydrogen molecule is also slightly 
weaker. 

(iv) Finally, the most important difference is the lower activation energy of 
ethane protolytic dehydrogenation in comparison with that calculated for methane 
(94.79 and 104.49 kcal/mol, respectively). This is consistent with the higher reactiv- 
ity of ethane in comparison with methane. 

Table 2 
Comparison of the activated complexes of methane dehydrogenation and the one of methane het- 
ero-isotope exchange 

Reaction Structure of qCH5 rc-rI ro-H qH 
activated (e) (A) (A) (e) 
complex 

free cluster - - - 0.97 +0.486 
dehydrogenation fig. 1 +0.505 1.751 1.316 +0.313 
isotope exchange fig. 3 -0.573 1.527 1.146 +0.506 
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Both of the above transition states represent very close analogs of free methyl 
and ethyl carbonium ions, which have been earlier thoroughly studied by high pres- 
sure mass spectrometry [9]. According to these data and to results of ab initio quan- 
tum-chemical calculations [10], the free methyl carbonium ion represents a 
complex of methyl carbenium ion with molecular hydrogen: 

HI 'HI 

CH~ + H 2 I, H - -  C+' ' , (5) [ '\ 
H 1-12 

The H-H bond distance (in the hydrogen molecule fragment) calculated with 
the 6-31G* basis set is 0.853 A. This is only slightly longer than the bond length in 
the free hydrogen molecule calculated at the same level of theory (0.730/k) and is 
much shorter than the bond length in H + (1.041 A). In addition, the C-H1 and 
C-H2 distances are also considerably longer than normal C-H bonds [10]. This 
also confirms the above structure. Despite the relatively weak perturbation of 
molecular hydrogen, such a complex is rather stable, since reaction (5) is exother- 
mic by 44 kcal/mol [11]. 

The geometry of the free methyl carbonium ion is very close to that calculated 
by us for the activated complex of protolytic methane dehydrogenation presented 
in fig. 1 (the H1-H2 distance equal to 0.735/k and C-H1 and C-H2 bond lengths of 
about 1.75 A). The main difference with the free ion consists in the lower positive 
charge of the adsorbed carbonium ion and in the polarization of the resulting H2 
fragment. Both these effects have been created by interaction with the basic surface 
oxygen atoms of the active site. Thus, the transition state of methane dehydrogena- 
tion represents a very close analogy of the free methyl carbonium ion with only a 
small perturbation in the geometry and charge distribution resulting from the inter- 
action with the surface of the zeolite. 

The same is also true for the transition state of protolytic ethane dehydrogena- 
tion, which also very much resembles the isomeric form I of ethyl carbonium ion: 

H H1 H H 
I / ,  I + I 

H3C--C + i H - - C - - H - - C - - H  
I ' ,  I r 

H H2 H H 

(6) 

(I) (1/) 

This structure also represents a complex of ethyl carbenium ion with molecular 
hydrogen. However, it is considerably weaker than in the case of the methyl carbo- 
nium ion, since the energy of dissociation into ethyl carbenium ion and molecular 
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hydrogen is equal to only 8 kcal/mol [10]. This is well consistent with results of 
our quantum-chemical calculations for the transition state of ethane dehydrogena- 
tion depicted in fig. 2. They indicated the shorter H1-H2 distances and the longer 
C - - H1 and C - - H2 distances in comparison with the adsorbed methyl cation of 
fig. 1. Thus, the transition state of the protolytic dehydrogenation of ethane also 
represents a close analogy of isomer I of the free ethyl carbonium ion. 

Let us now compare the transition state of ethane dehydrogenation with the 
one for ethane protolytic cracking, which was earlier reported by us in ref. [1]. (See 
also Table 1.) As was shown in ref. [1], the latter represents a polarized analog of 
isomer II of the free ethyl carbonium ion, where the resulting methane molecule is 
almost split off: 

cHJ- 
/ 

6~H 3 \H 6- 
\\ 

O O 
/ \ / \  

A1 
/ \ 

/ O  O \  

(7) 

The geometry of the positively charged methyl group in such activated complex 
and that of the ethyl group in the transition state of ethane dehydrogenation 
depicted in fig. 2 are very similar. Both alkyl groups have a high positive charge of 
about +0.6 e and are almost flat, thus resembling the free methyl carbenium ion. 
The calculated C- -O distances of about 2.2-2.3 A are also very close to each other. 
Therefore, it is not surprising that our calculations resulted in close activation 
energies of ethane protolytic dehydrogenation and cracking (94.79 and 93.4 kcal/ 
mol, respectively). This is well consistent with the experimental results on n-butane 
transformations on high-silica zeolites reported in ref. [4], but disagrees with 
ref. [7]. 

Unfortunately, the level of our calculations does not permit to make any defi- 
nite conclusions about the absolute values of these activation energies. Neverthe- 
less, there is no doubt that the geometry of transition states of protolytic cracking 
and dehydrogenation is quite different, although both of them could be considered 
as the analogs of free carbonium ions. 

If the sign of C-H bond polarization in the activated complex is opposite to 
that for the case of dehydrogenation, this may result in splitting off the proton 
instead of abstraction of the hydride ion. A quantum-chemical analysis of this pos- 
sibility for the reaction of hetero-isotope exchange with methane was recently car- 
ried out in ref. [8]. In agreement with the experimental results, it was concluded 
that this reaction follows a concerted mechanism with a rather low activation 
energy. 
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To make possible the comparison of these data obtained with a more precise 
6-31G* basis set for a larger H3Si(OH)AI(OH)2OSiH3 cluster with the above 
simpler calculations, the transition state of hetero-exchange reported in ref. [8] was 
reproduced for the smaller H20 AI(OH)H2 cluster and simpler 3-21G basis set 
(fig. 3). The corresponding activation energy of hetero-exchange is equal to 37.12 
kcal/mol in excellent agreement with the earlier reported value of about 35 kcal/ 
mol. 

The geometry of both transition states is also quite similar. The main difference 
consists in a somewhat weaker stretching of the O-H bond in the activated com- 
plex for the smaller cluster (according to our calculations this bond length is equal 
to 1.146 A in comparison with 1.201 A obtained in ref. [8]). On the contrary, the 
C-H bonds directed towards the active site for the smaller cluster are longer. Both 
of these results reflect the higher proton abstraction energy from the smaller clus- 
ter and, consequently, the less extent of proton transfer to adsorbed methane. 

I 

t - . ~ 5  Q(CH 3) = ' 0 . 5 7 3  
104.2 

' a ~ ' ~ v  / ,'- 0 .194 H 

c -1.149C 
,' ', 1 .527 ,' , 

" 59 .9  ', " H H ~o.506 H' 'H 
" 1.146", " ', ,' i 

H / O ~  ' H/O -0"9080 O'H ~,  / "H 
AI" 1.825 -,-1.181 AI 

/ \  / \  
H H H H 

El 
k c a l / m o l  

t r ans i t i on  s t a t e  

CH4 + H~s 
§ 

CH k, + H~ s 

Fig. 3. The transition state of hydrogen-deuterium hetero-isotope exchange. 
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The smaller cluster and the simpler basis set also nicely reproduce the charge 
distribution in the activated complex of hetero-exchange. Thus, even the simplest 
calculations allow to discuss the different ways of C-H bond activation. 

This can be done from the comparison of figs. 1 and 3 (see also table 2). The 
depicted results indicate absolutely different mechanisms of dehydrogenation and 
isotope exchange. Indeed, as was already discussed above, the transition state of 
dehydrogenation represents a very close analog of the free methyl carbonium ion 
with only rather small differences in geometry and charge distribution. On the con- 
trary, the hetero-exchange is a concerted reaction involving a simultaneous trans- 
fer of two protons: one from the acid hydroxyl group to paraffin and another in the 
opposite direction from methane to the basic surface oxygen of the active site. 
The corresponding transition state results from the simultaneous stretching of the 
C-H bond in methane and of the O-H bond of the hydroxyl group. On the top of 
the activation barrier the lengths of both C-H bonds directed towards the surface 
of the zeolite are equal. The similar is true for both O-H distances. However, they 
are stretched much weaker than in case of dehydrogenation (only for about 20% 
instead of 35%). This should be considered rather as an indication of proton split- 
ting from methane, than methane protonation. 

This conclusion is also consistent with the opposite charges of CH3 fragments 
in both activated complexes. For hetero-exchange, this charge is negative, instead 
of being positive for the transition state of dehydrogenation. The geometry of CH3 
groups in both activated complexes is also quite different. In case of dehydrogena- 
tion, the methyl group is flat as one should expect for the methyl carbenium ion, 
while for hetero-exchange, the pyramidal shape typical of covalent bonded carbon 
practically remains unchanged. Thus, the hetero-isotope exchange is by no means 
an acid-catalysed reaction, but instead represents a concerted mechanism that is 
intermediate between acid and base catalysis. The similar conclusion was very 
recently made in ref. [13]. 

Finally, the concerted mechanism of hetero-exchange is also well consistent 
with the recent experimental results obtained in refs. [14-16]. These data demon- 
strated, that for iso-paraffins the hetero-exchange proceeds surprisingly easy at 
temperatures of about 100~ i.e. approximately by 300-400~ lower than crack- 
ing or dehydrogenation. This also clearly demonstrates the different mechanisms 
of the hetero-exchange and dehydrogenation and consequently confirms the differ- 
ent nature of the corresponding transition states. 

4. Conclus ion 

The results of this paper in combination with those previously reported in ref. 
[1] show that the interaction of paraffins with bridging hydroxyl groups ofzeolites 
may result in the following different surface complexes: 
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, H 

" 6 " Ha+ 6+ H H6+ 8+CH3 H 6+ +CH3 

0 0 0 0 0 0 
/ \ / \  / \ / \  / \ / \  

/ \ / \ / \ 
0 0 0 0 0 0 / \ / \ / \ 

(8) 

(m) (w) (v) 

Neither of them could be considered as the really existing active intermediate, but 
instead they represent highly excited transition states. 

Structure III corresponds to the activated complex of protolytic cracking. It 
results from the attack of a proton at the carbon-carbon bond of a paraffin in com- 
bination with polarization of the adsorbed molecule by the basic oxygen of the 
active site. The dehydrogenation reaction represents then the heterolytic splitting 
of the C-C bond with formation of the adsorbed alkyl fragment and desorption 
from the surface of methane. 

The reaction coordinate of structure IV corresponds to the proton attack at the 
C-H bond of a paraffin. This results in heterolytic splitting of this bond with 
abstraction of a hydride ion. The consequent adsorption of the alkyl fragment on 
the neighbouring basic oxygen of the active site is followed by evolution of molecu- 
lar hydrogen. This is another way to produce adsorbed carbenium ions from paraf- 
fins. 

Due to the high positive charges of the corresponding hydrocarbon fragments 
and to their geometry, both of these transition states could be considered as analogs 
of two isomeric forms of nonclassical carbonium ions. On the other hand, the way 
of interaction of the initial paraffins and the activated complexes with the acid- 
base pairs of the active sites is quite different. Therefore, the traditional explana- 
tion of protolytic cracking and dehydrogenation by the common carbonium ion 
intermediate should be revised in favor of the above discussed more realistic struc- 
tures of the activated complexes. 

Structure V of the transition state of hetero-isotope exchange represents a very 
specific case of the concerted reaction. It neither corresponds to the purely acid, nor 
to the purely base catalysis. In this case, both the strength of the Bronsted acid 
and that of neighbouring basic oxygen are important. Therefore, the transition 
state of this reaction could not be considered as a protonated paraffin and hardly 
has any direct relation to protolytic cracking and dehydrogenation. 
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