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Abstract

The kinetics of hydrogen exchange between the molecules of pregameepane-1,1,1,3,3,8g, propane-2,2#,, and Bronsted acid sites of
the zeolite H-ZSM-5 have been monitored in situlty MAS NMR spectroscopy in the temperature range of 230-2Z80The intramolecular
hydrogen transfer was estimated by in $#C MAS NMR spectroscopy of the kinetics 8#C-label scrambling in adsorbed propané3z. The
hydrogen exchange was found to occur directly between methyl or methylene groups of the alkane and the zeolite acid sites via a pentacoordir
carbonium ion. The exchange with the methyl groups is faster than that with the methylene group. This accounts for the earlier observed re
selectivity of the hydrogen exchange for propane on acidic zeolites (J. Am. Chem. Soc. 117 (1995) 1135). The intramolecular hydrogen tran:
between methyl and methylene groups is one order of magnitude slower than the hydrogen exchange of the both groups with the zeolite acid
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction to have no alternative to the direct proton transfer between the
solid surface and the alkane molecule in a concerted step in-
Alkane conversion on solid acid catalysts like isomeriza-volving a pentacoordinated carbon atf#n6]. For alkanes with
tion, cracking, dehydrogenation, or aromatization is precedethree and four carbon atoms, an alternative mechanism (to the
by the molecule activation on the active sites of the catalystpentacoordinated transition state) has been described that in-
Some reaction intermediates appear and provide further alkarmdudes a carbenium ion intermediate in equilibrium with an
conversion. Initial steps of the alkane activation are usually acalkene. This mechanism is based on the experimentally ob-
companied by hydrogen exchange with Bronsted acid sites aferved regioselectivity for the H/D exchanfye-9], similar to
the catalys{1]. Valuable information about the reaction inter- regioselectivity of the exchange for isobutane in concentrated
mediates could be obtained by studying the isotopic exchangsulfuric acid[10].
usingH-, ?H (D)-, or 13C-labeled molecules and in situ spec-  For isobutane, the H/D exchange is regioselective on zeo-
troscopic techniques like NMR. lites[8,9], sulfated zirconia (SZ]9,11], and amorphous silica—
Different mechanisms of the hydrogen (H/D) exchange foralumina[7]. Regioselectivity of the exchange for isobutane has
alkanes on various solid acid catalysts have been discussed. Asgen also confirmed by in sifiH MAS NMR [12]. A reported
small alkanes with one and two carbon atoms, the H/D exsuppression of the exchange by CO also favors carbenium ions
change proceeds at high temperatures. The mechanism seeimsquilibrium with olefin as the key intermediates of the ex-
change[12]. Haouas et al[11,13] offered arguments for re-
" Corresponding authors. Fax: +49-341-07-39349. gioselectiv_e exchange of propane on SZ_as_weII as the possi—
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guments included that only methyl groups are involved in the2. Experimental
exchange at moderate temperature; that at higher temperatures,
the rate of the exchange for the methyl groups is notably highe2.1. Materials and sample preparation
than that for the methylene group; that an induction period for
the exchange exists; that essentially different activation ener- Zeolite ZSM-5 (SfAl = 13.2) was kindly provided by Tri-
gies of the exchange for methyl and methylene groups can beat Zeolites. The template-free synthesized ammonium form
found; and that similar activation energies for carbon-13 and OQvas transferred into the H form by the activation procedure.
scrambling exist for the adsorbed propane. The 2’Al MAS NMR spectrum showed the absence of extra-
On the basis of the results obtained for SZ, Haouas eframework aluminum species, because only one narrow signal
al. [11,13] claimed that the mechanism should be similarat54 ppm could be observed. The quantity of the acidic AIOHSI
for the exchange of propane on other solid acids, proceedyroups of 1200 pmolgt, which was estimated by the adsorp-
ing at higher temperatures. However, the experimental dataon of a calibrated quantity of benzene and the comparison of
[9,11,13] do not provide a reliable evidence of the simi- the intensities of the OH and benzene signals, was in a good
larity of the mechanism for propane on H-ZSM-5. The re-concordance with the expected quantity of 1170 pmd| gor-
gioselectivity is not as evident as it is for isobutene, andresponding to 6.8 groups per unit cell, which was derived from
the degree of exchange is too low at low temperature to althe framework SIAl ratio. The latter was determined by de-
low reliable identification of the regioselectivity. It should be convoluting the?’Si MAS NMR spectrum[15] and compar-
noted that the statistical distribution & isotope in propane ing the intensity with that of’Al MAS NMR using a well-
favors protium in the methyl groups for the exchange be-characterized reference sample. Thus, t#HeMAS NMR in-
tween deuterated propane and acidic OH groups of the zedensity measurement of the bridging AIOHSI groups in the
lite. This implies that at a low degree of exchange, the  activated fused sample was in good agreement with the con-
intensity of methyl groups is always three times higher tharcentration of the framework aluminum atoms of the hydrated
that of the methylene group. This may be why the observsample determined ?Si MAS NMR.
able amount of exchange into the methyl group is apparently Propaneds (99.4% D), propane-1,1,1,3,3:{% (99% D),
higher and gives the impression that regioselectivity occurs and propane-2,2» (98% D), all purchased from Aldrich
a low degree of exchand®]. At higher temperatures, where Chemical Company, and propané<t (99%13C), purchased
the degree of exchange is notable, the regioselectivity varfrom ICON, were used without further purification. The sam-
ishes[13]. ples for the NMR measurements were activated by heating
We previously demonstrated that both methyl and methylen€0 mg of the zeolite sample in 5.5-mm-o0.d. glass tubes under
groups of propane on H-ZSM-5 are equally involved in thevacuum. The temperature was increased from 298 K to 673 K
exchange, with similar rates and similar high activation enerat a rate of 10 Kh'. The samples were further maintained at
gies[14], in contrast to propane on SZ, where the exchang®73 K for 24 h under vacuum«10-2 Pa), then cooled to room
occurs with different rates and activation energies for@Hd  temperature. The loading of the zeolite with propane was per-
CHa groups[11]. Moreover, carbon monoxide did not suppressformed at room temperature with 4 propane molecules per unit
the exchange of propane on H-ZSMEF4]. This implies an-  cell (ca. 600 pmolgl). Then the glass tube (12-mm long) was
other mechanism of hydrogen exchange for propane—namelggealed off. The NMR probe including the sample was preheated
that the methyl and methylene groups exchange without forat 180°C for 20 min before the start of NMR measurements.
mation of a common carbenium ion intermediate, and each dfl/D exchange does not occur at this temperature. The tem-
these groups exchanges via a concerted mechanism througlperature was rapidly increased over 3—10 min by 50-120 K to
pentacoordinated carbonium ion transition state, in which théhe temperature of the exchange measurement, equilibrated for
exchanging hydrogen atoms are allocated between the oxygdr-2 min, after which signal acquisition was started. Note that
atom of the zeolite and the carbon atom of either the methyl othe chemical conversion of propane via cracking or dehydro-
methylene group of proparjé]. genation did not occur to a notable degree under the conditions
In this paper we provide further arguments that the hydro-of our experiment, so H/D exchange ali€C-label scrambling
gen exchange of propane on H-ZSM-5 zeolite occurs mainlyvere the main transformations of the propane.
by a direct interaction between the zeolite acid sites and ei-
ther methyl or methylene groups, probably in concert with the2.2. NMR measurements
formation of the intermediate pentacoordinated transition state.
Our arguments are based on the analysis of the kinetics of the In situ 'H and 13C MAS NMR measurements were per-
exchange obtained with in siftH MAS NMR monitoring the  formed on a Bruker Avance 400 spectrometer at 230-°280s-
protium isotope transfer from the zeolite acid sites into deutering a Bruker high-temperature probe. Larmor frequencies were
ated propane. Propane was labeled with deuterium isotope in 00.13 MHz for'H nuclei and 100.619 MHz fot3C nuclei.
ther methyl or methylene groups or entirely deuterated. In sithe rotation frequency of a 7-mm rotor with the inserted sealed
monitoring of the kinetics of thé3C-label scrambling in ad- glass tube was 3-4 kHz. F6H NMR, free induction decays
sorbed propane was also performed to show a negligible contr{FIDs) were recorded with the 4preparation pulses of 3.6 ps
bution of the accompanying intramolecular H scrambling to theduration, 25 ps ring-down delay, 4 s recycle delay, and 24 scans
observed kinetics of the H/D exchange. for signal accumulation. Fo}F¥C NMR, FIDs were acquired



A.G. Stepanov et al. / Journal of Catalysis 235 (2005) 221228 223

with the 90 flip angle preparation pulses of 3.6 ps duration, a) propane-ds, T = 280°C

25 ps ring-down delay, 6 s recycle delay, and 96 scans for the g 2801
signal accumulation. Proton high-power decoupling was used <, 200;
during 70 ms of the acquisition time. The accuracy of the deter- 2 0 Kk(CH,) = 0.066 min™
mination of the relative line position with respect to TMS was 2 .
0.05 ppm. The sample temperature was controlled by a Bruker 100 k(CHz) = 0.066 min
BVT-1000 variable-temperature unit. Calibration of the temper- S 5
ature inside the rotor was performed with an accuracy¥®»K T

0

by means of a lead nitrate sample #8%b MAS NMR chem- 0 20 40 60 80 100 130 140

ical shift thermometef16]. time / min

2.3. Analysisof reaction rates b) propane-1,1,1,3,3,3-ds, T =283°C
1601

The apparent rate constahtfor the H/D exchange between
deuterated propane and acidic OH groups of the zeolite, which
is usually identified with the rate for H/D exchanfd, has

12018 & )
) k(CH,3) = 0.073 min™

"H NMR intensity / a.u.

. . . . 80 = in”!

been determined by simple exponential fits: CHZ) 0.041 min
40
Iy = Io[1—exp(—kn)], 1 = Io[exp(—k)], (1)
0 —————————

wherel;, I 5, andIy denote the integral intensities of signals 0 20 40 60 80 100 120 140
from CH, groups f = 2 or 3) in the!H MAS NMR spectra at time / min
the observation time, r = oo (equilibrium), ort = 0, respec-

. . ' ' ! . ropane-2,2-d,, T = 279°
tively. The timer = O corresponds to the start of the experiment, . ¢) propane-2,2-, 9°C
when the temperature is rapidly increased from room tempera- = 1601
ture to the desired temperature. Similar expressions were used }120_
to estimate the rate constants foC-label scrambling in the @ Kk(CHs) = 0.023 min™
adsorbed propane-2C. 2 80 K(CH,) = 0.032 min”

Kinetic data were simulated in accordance with either con- o 2

secutive or parallel schemes of the exchange (vide infra, § 401 i
Schemes 3 and)4The first-order kinetic equations were used I o=
for the modeling. The solution of the system of kinetic equa- 0 20 40 60 80 100 120 140
tions within each of the kinetic schemes contained four variable time / min

parameters: rate constamtsandkz and equilibrium constants o -
L Fig. 1. Kinetics of hydrogen exchange between acidic OH groups of H-ZSM-5
Keq1 and Keq2 The equilibrium (.:O_nStan'FS \{verg assumEd_ toand methyl ©) and methylenel{)) groups for deuterated propane. The curves
correspond to the expected statistical distribution of protiumyere fitted (solid lines) with apparent rate consta(@Hg) andk(CHs) on the
isotope after the exchange is finished. The rate constants welsesis of Eq(1).
adjusted to fit the observed kinetic curves.
Fig. 1a shows the kinetics of the protium transfer from the
3. Resultsand discussion zeolite to the methyl and methylene groups of propane, which
initially was fully deuterated (propangg). It is seen that the
Adsorbed propane exhibits two distinct signals from theintensities of thetH MAS NMR signals for both methyl and
methyl groups (1.0 ppm) and methylene group (1.5 ppm) irmethylene group increase with time. The 3:1 ratio of the signal
the'H MAS NMR spectrum at the temperature range of 180-intensities of methyl to methylene groups is retained from the
300°C, where hydrogen exchange is observed for propane ostart until the end of the observed time interval. The apparent
zeolite H-ZSM-5 (see Fig. 1 ifil4]). These two signals cor- rate constants for the protium transfer to both me#{(@Hs)
respond to propane molecules in the NMR time scale in a fasind methylen&(CH,) groups are also similaF{g. 1a). These
exchange between the locations in the zeolite pores and the gassults confirm our previous findings that there is no evident
phase in the intercrystalline space of the zeolite sample. Tweelective or prevailing protium transfer into any fragment of the
separate signals from propane means that a transfer of the hyeuterated propane moleciiiet]. Both methyl and methylene
drogen isotope, protium, from the acidic (bridging) SiOHAI groups are equally involved in the exchange.
groups to the deuterated propane can be monitored for both We can use two mechanisms, 1 and 2, to rationalize the
methyl and methylene groups in situ withi MAS NMR. Se-  experimental results. Mechanism 1 assumes that hydrogen ex-
lective or preferential exchange to either methyl or methylenehange occurs through the formation of propene and isopropy!
groups can be clearly distinguished by monitoring the reactioarbenium ion as intermediates in a catalytic cycle, proposed
kinetics, because the selective exchange would imply an esseby Haouas et al[13] (seeScheme L Mechanism 1 implies a
tially faster rate of the protium transfer to one of the two groupsregioselective exchange into the methyl groups (process A in
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CD3-CD5-CDs k; ky
A < > B < > C
? k2 k4

Scheme 3. The consecutive scheme for hydrogen exchange.

CD3—-CD,-CDyH CD3—(OZD-CD3 CD3—CD,-CD2H
CD3—-CDH-CD3 .
+D* 3.1. The consecutive scheme for hydrogen exchange
Process A Process B
CDs—CD,-CDs CD3—~CD=CD, CDs—CD,-CDs _ Similar apparent rates for protium transfer from the bridg-
/;at_OH . ing OH group into me.thyl and methylene groups of propdpe-
CD3—~CD-CDzH (seeFig. 1a) should imply that the rate of intramolecular H

Q
CDTCD’E& D 2H-CDs scrambling from methyl into the methylene group is signifi-

cantly higher that into methyl groups, if the consecutive scheme
of the exchange is considered. The kinetic data were simulated
to verify the ratio between the rate constant for the exchange
W into the methyl groups and the constant for H scrambling be-
tween the methyl and methylene groups under the condition of
equal apparent rate constants of the exchange into both methyl

/
AN

[
CD3—CDH-CD2

co{$§oz and methylene groups. A simple rgaction scheﬁ?meme B
H* was chosen to follow the consecutive transfer of protium from

) . ) ) the zeolite OH groups first into the deuterated methyl groups
Scheme 1. Catalytic cycle providing regioselective H/D exchange (process A

and the loss of regioselectivity by skeletal rearrangement (process B) fo%md then into the methylene groups.

propaneds on solid acids. Adopted from RefL3]. In Scheme 3A denotes protons of the acidic (bridging) OH
group, and B and C are the protons of the methyl and methylene
groups, respectively. The rate constantandks describe the

D\? _CD;—CD; ; . .
o) exchange into methyl and methylene groups, respectively. Equi-

VRS

D |H librium constantsKeq1 = k1/k2 and Keq2 = ka/ ks are defined
O o by the statistical distribution of the protium isotope and are
A /AI\ S equal to 3.0 and 0.33, respectively, under our conditions.

The simulation shows that experimental curvedig. 2a
Scheme 2. Transition state for the direct hydrogen exchange betwegn CDwith similar apparent rate constatéCHz) andk(CH,) could
(n =2, 3) groups of propaneg and acid sites of H-ZSM-5. be well fitted withk; and k3 for mechanism 1, provided that
ks > 5k1. This implies that the growth of the signal intensities
Scheme ) and the loss of regioselectivity by intramolecular from the methyl and methylene groups with similar apparent
H scrambling (skeletal rearrangement, process Baheme 1 rate constants could be possible via mechanism 1 if the rate
with involvement of the protonated cyclopropane intermediateconstantks for the intramolecular H scrambling is at least five
This mechanism meanscansecutive scheme of hydrogen ex- times higher than that for hydrogen exchange with the methyl
change; that is, the exchange occurs first from the zeolite Olgroups.
groups into the methyl groups and then from the methyl groups For the kinetics of the exchange for propane-1,1,1,3/3,3-
into the methylene group. The nonselective exchange observégropaneds) and propane-2,2- (propanedy) with k3 > 5k,
for propanedg on H-ZSM-5[14] could imply that process B one can expect a priori a very rapid increase in the intensity of
proceeds at a much higher rate than process A. the H NMR signal from the formerly deuterated group and a
For mechanism 2, either the methyl groups or the methylengapid decrease of that from the formerly protonated groups at
group exchange with the acidic OH group independently othe beginning of the reaction, if intramolecular H scrambling
each other, without the formation of a common intermediateobccurs. A further slow variation in intensity should be caused
(isopropyl cation inScheme L Each of the groups exchanges by the exchange between the methyl groups and the zeolite acid
directly through the formation of a pentacoordinated transitiorgroups.Fig. 1b shows the kinetic curves of protium enrichment
state, with the exchanging hydrogen atoms at a halfway posin the methyl groups and protium depletion in the methylene
tion between the carbon of the methyl or methylene group androup of propanets. It can be seen that thHéd concentration
the zeolitic oxygen atoms (se&&cheme 2 Mechanism 2 was in the methyl groups increases faster than it decreases in the
concluded for methane and ethane in theoretical consideratiomsethylene groups;,(CHz) > k(CHy). The rapid increase in the
of the exchange in alkan§8] and suggested for propane in our intensity of the methyl groups and rapid decrease in the inten-
previous NMR study{14] and in IR studies by otherfg,17].  sity of the methylene group expected for the condifigge 5k1,
This mechanism implies parallel scheme of exchange of the which has been found for propar; is not observed. This is
SiOHAI group with the methyl and methylene groups. also valid for propane- (seeFig. 1c). Therefore, simulations
Next we discuss consecutive and parallel schemes of the exf the experimental kinetics for propadg-and propanek
change to rationalize the experimental kinetics for variouslyin accordance with the consecutive scheme of the exchange
deuterated propane. (Scheme R which uses a ratio of3 to k1 similar to that of
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Fig. 2. Simulation of the kinetics of the hydrogen exchange between acidic OHFig. 3. Simulation of the kinetics of the hydrogen exchange between acidic OH
groups of H-ZSM-5 and methylX) and methylenel{)) groups for differently  groups of H-ZSM-5 and methylX) and methylenel{)) groups for differently
deuterated propane in accordance to consecutive scheme of hydrogen exchangeterated propane in accordance to the consecutive scheme of hydrogen ex-
andk; = 0.055 mirr 1 andks = 0.28 min~. The solid curves are the kinetics, change and; = 0.12 min~! andkz = 0.012 mirr1. The solid curves are the
which are expected for the exchange in accordance witB¢heme 3provided kinetics, which are expected for the exchange in accordance witctieme 3

thatks > 5k1. provided that = 10k3.

propanedsg, clearly demonstrate that the simulated curves dgropanedg and propanek that the conditiork; = 10k3 does

not fit experimental kinetics (sel€igs. 2b and 2t To meet not describe the consecutive scheme of the exchange.

conditionks > 5k1 and the consecutive scheme, a depletion of Thus, an analysis of the kinetics of hydrogen exchange

protons of the methylene group for propafeand the methyl shows no consistency among the kinetics of the exchange for

groups for propané- should occur much faster than the exper-the three differently deuterated propanes in the frame of the

imentally observed rate (see the solid curvesigs. 2band 2c  consecutive scheme. The consecutive scheme, in which the
Experimental curves for propanks were well fitted with  exchange would occur first to the methyl groups of propane

k1 = 0.12 min ! and k3 = 0.012 mirr! (seeFig. ). This and then essentially faster to the methylene group by an H-

could imply faster enrichment of the methyl group with protium scrambling mechanism, is not in agreement with the experimen-

compared with the protium depletion in the methylene grouptal kinetic data.

This k1/ k3 = 10 ratio would imply a regioselective exchange

for propanedg. Almost exclusive growth in the intensity of the 3.2. The parallel scheme for hydrogen exchange

methyl groups would be observed within the first 10 min of the

exchange reaction (see the simulated solid curvEign 3a). The parallel exchange of the methyl and methylene groups

For propane#,, protium depletion in the methyl groups would of propane with acidic OH groups can be described by the sim-

also occur faster (see the solid curve for the methyl groupgle Scheme 4in this scheme, A denotes protons of the zeolitic

in Fig. ). So it follows from the experimental kinetics for bridging OH groups, and B and C are the protons of the methyl
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k B a) propane-ds, T =280 °C
% 250
2 .
AN & 200 Reseses
3 > P o
ky C = 150 7 ki=0.04 min"*
S k3= 0.013 min™'
Scheme 4. The parallel scheme for the hydrogen exchange. E 100
X 5049,
3 < 3 = i
CH3‘1 CHz'CH3 — 1 CH3'CH2'CH3 Z 0¥ . i . ‘ . , ,
) 0 20 40 60 80 100 120 140

time/ min
Scheme 513C-label scrambling in propane adsorbed on H-ZSM-5.

b) propane-1,1,1,3,3,3-ds, T =283 °C

and methylene groups, respectively. The rate constanéd 5 1801
k3 describe the exchange into methyl and methylene groups, re- T 150,
spectively. The equilibrium constants akq1 = k1/k2 = 3.0 2 1201 k= 0.16 min™
andKeqz=ks/ka = 1. £ oo ks = 0.053 min™
Similar apparent rates of the exchange for the methyl and Z ol
methylene groups for propark-would imply similar rates o
and k3 for the parallel scheme of the exchange. Slower ap- % 301
parent rates of protium depletion in the initially nondeuterated - 00 20 40 G0 80 100 130 140
groups in propanés and propanek can be explained by the - , )
fact that theScheme 4loes not consider the bimolecular char- time, min
acter of the exchange. Indeed, the apparent rate constants of c) propane-2,2-dp, T =279 °C
protium depletion in the Chland CH; groups are proportional 5 180
to the concentration of acidic OD groups, which are not initially G 1504
present in acidic sites but appear there only after exchange with } 1201
deuterated methyl or methylene groups. 2 ki = 0.08 min~!
A simulation of the experimental kinetics in accordance with 8 % ks = 0.026 min”"
Scheme 4in Fig. 4 shows that for each of the three differ- £ 601 '
ently deuterated propanes, is larger thanks, with a k1/k3 % 30+
ratio ~ 3. This demonstrates the apparent consistency of the Z -
kinetics for the three differently deuterated propanes and thus - 0 20 40 60 80 100 120 140

favors the parallel scheme of hydrogen exchange for propane. time/ min

The difference in the absolute valueskafandks for the dif- i i ) o o

ferently labeled propane molecules can be explained by a SiﬁaF)-lg' 4. Simulation of the kinetics of the hydrogen exchange between the acidic
- ; . . H groups of H-ZSM-5 and the methyDj and the methylene{) groups

plified model for rate constant estimation. It does not take intQq; gifferently deuterated propane in accordance to parallel scheme of the ex-

account a particular distribution of deuterium and protium isochange. The solid curves are the fits to the kinetics, which are expected for the

topes during the exchange and ignores the involvement of acidixchange in accordance with teheme 4and k1 andks, indicated nearby

OH/OD groups of the zeolite in the considered model of the ex&ach pair of kinetic curves.

change. Disregarding the intramolecular transfer between the

methyl and methylene groups can also contribute to the obfonated cyclopropan@9-21} The rate of thé*C-label scram-

served difference of thé; and k3 values. A contribution of bling can be used to estimate how intramolecular H scrambling

the IH intramolecular transfer can be estimated by analyzingeduces regioselectivity in the second step of the consecutive

the kinetics of'3C-label scrambling in adsorbed propane, asscheme of hydrogen exchange. Therefore, we performed an in
we discuss next. situ13C MAS NMR monitoring of the kinetics of th&C-label

scrambling in the adsorbed propane.
3.3. Kinetics of 13C-label scrambling Fig. 5shows the kinetics of the transfer of tht€-label from

the methylene group of propane into its methyl groups. The

It has been demonstrated tH&C-label scrambling occurs rate constant$ for the'3C-label transfer from the Cigroups

for propane on H-ZSM-5 at about 306G [18]. 13C-label scram-  into the CH group is estimated as 0.0036 minat 281°C. If
bling in the adsorbed propane can provide information orwe assume that intramolecular H scrambling occurs with a rate
propyl cation formatior{19,20] It has been shown th&8C-  constant three times as highlafs. similar to the ratio of H and
label scrambling is accompanied by H scrambling for isopropyIC scrambling in superacid20], then the rate constahg for
cation in a superacifl 9-21] Both H and C scrambling have a the consecutive scheme of the exchange should be 0.0t min
common intermediate, isopropyl cation. Their activation enerThis is at least one order of magnitude less than the value of
gies are similar, but H scrambling occurs three times faster bintramolecular H scrambling¢z = 0.28 min%, expected for
a hydride shift reaction thal¥C-label scrambling through pro- propanedg within a frame of the consecutive scheme of the
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Fig. 5. Kinetics oft3C-label scrambling for propane adsorbed on H-ZSM-5. Propane was ini‘t?’&INabeled in the methylene group, therefore, the intensity of the

methylene group signal{) decreases, whereas that of the methyl groapsrfcreases. The solid curves are the fits to the kinetics with thd@mk% expected
for the exchange in accordance with theheme 5

scrambling cannot provide similar apparent rate constants for
the methyl and methylene groups of propaheto satisfy the
consecutive scheme of the exchange.

Thus the present study provides evidence that the consec-
utive scheme of the hydrogen exchange is not realized for
propane adsorbed on zeolite H-ZSM-5. The exchange occurs
for both methyl and methylene groups via the parallel scheme.
Intramolecular H scrambling with the formation of a propyl
cation as an intermediate or transition state can contribute to
the transfer of the protium atom from the methyl groups into
the methylene group, but this contribution is at least one or-
— der of magnitude slower than the rate of direct exchange of the
1.75 1.80 1.85 methylene group with the zeolite acid sites.

1000/T /K

1.0x107 4
8.0x10°

6.0x10°

E, =38+ 3 kcal mol

4.0x10°

2.0x10°

Rate constant kf / min”’

4. Conclusions
Fig. 6. Arrhenius plot of the rate constakft for the 13C-label scrambling in

propane on zeolite H-ZSM-5. Based on in situ byH MAS NMR and 3C MAS NMR

] o . spectroscopy in the temperature range 230-°8D0we can
exchangeRig. 2a). This implies that intramolecular H scram- graw the following conclusions about the hydrogen exchange
bling, supplementary t6°C-label scrambling, cannot provide petween the Bronsted acid sites of zeolite H-ZSM-5 and dif-
protium transfer from the methyl group into the methyleneferenﬂy deuterated propane molecules (propdgepropane-
group at a sufficiently high rate to satisfy the similar apparent; 1 1 3,3,34¢, and propane-2,2-), and also about3C-label
rate of exchange for propanks-or the conditionks > 5k1 for  scrambling int3C-labeled propane Both the methyl and methyl-
the consecutive scheme of the exchange. ene groups of propane are involved in the exchange directly

The Arrhenius plot irFig. 6yields the activation energy of with acidic groups of the zeolite. Either the methyl or the
38 kcal mot™L. This value is higher than the activation energy methylene group of propane molecule exchanges via a con-
of hydrogen exchange for both methyl and methylene groupgerted mechanism with a pentacoordinated carbonium ion as
(Ea= 28+ 3 kcalmort) determined from the temperature de- the transition state, rather than via the formation of a carbenium
pendence of the apparent rate constants of the exchange fon intermediate. The exchange into the methyl groups occurs
propanedg within the temperature range 230-28D. The dif-  faster than the exchange into the methylene groups within the
ferent values of the activation energies ¥€-label scrambling  framework of the established carbonium ion mechanism. This
and H/D exchange into the methylene group hint at differentaiccounts for the regioselectivity of the exchange for propane
transition states for these two procesfg. Moreover, as we on acidic zeolites as reported by Sommer efL Intramole-
have already noted (vide supra), too low a rate'?@-label  cular H scrambling is one order of magnitude slower than the
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