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Abstract

Kinetics of a double-bond-shift reaction, hydrogen exchange 13@dabel scrambling were monitored in situ B, 1H, and13C MAS
NMR for n-but-1-ene adsorbed on tkeolite ferrierite under batch reactconditions at 290-373 K. A double-bostiift reaction, the fastest
among the three reactions studied, can be monitored provided that 97% of Brgnsted acid sites are substituted by Na cations. The activatior
energy for this reaction was found to be 9.8 kcal molHydrogen exchange with protons from the zeolite is observed for both methene
and methyl groups of-but-2-ene, formed from the initial-but-1-ene. The terminal olefinieCH, group ofr-but-1-ene is involved in the
exchange, providing the pathway for the exchange into the methyl group eflihe2-ene, mainly observed in the spectrum in accordance
with thermodynamic equilibrium betweenbut-1-ene and-but-2-ene. This offers similar apparent activation energies of about 7 kcatmol
for the exchange into methene and methyl groups-bfit-2-ene. Thé3C-label scrambling im-but-2-ene is indicative afec-butyl cation
formation from the olefin in the zeolite framework, which can be formed as a small quantity of transient species not detectable by NMR but
providing the label scrambling. The apparent activation energy fot¥8elabel scrambling was found to be 212 kcal mol-1, which is
three times higher compared with the activation energy for the label scrambléag-lutyl cation in a superacidic solution.
0 2004 Published by Elsevier Inc.
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1. Introduction hydrocarbon activation and transformation on acidic zeo-
lites.

Hydrocarbon activation and transformation in the spe-  Zeolite H-FER, the hydrogen form of ferrierif&], rep-
cific pore or channel system of acidic zeolites are prime ex- resents a high-efficiency catalyst for the isomerization of
amples of heterogeneously catalyzed reactions. Solid-state:-butene into isobuten,3]. Its high selectivity and stabil-
NMR is capable of characterizing both zeolite acid sites and ity in the isomerization ofi-butene to isobuten@,3] seems
adsorbed hydrocarbons and has therefore become an indisto be due to the specific two-dimensional channel system of
pensable spectroscopic technique for in situ monitoring of the zeolite pores (ten-membered ring 5.4.2 A, and eight-

membered ring 4.& 3.5 A[1]). Ferrierite is superior to the
—_— _ zeolite ZSM-54], possessing a similar acidity but a channel
nov)ffi;eiﬁir;‘?”ggggﬁéhfﬁ'FFZS d';‘;."me” 3832 34 3056 (A.G. Stepa- gy stam with larger pores<(5.5 A in diameters]).
E-mail addresses: stepanov@catalysis.(.G. Stepanov), Because of the narrow pores of ferrieritebutene does
freude@uni-leipzig.d¢D. Freude). not oligomerize rapidly at low temperaturfg7], in con-
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trast to ZSM-5, where oligomerization occurs readily under 100.613 MHz, respectively, on a Bruker MSL-400 spectrom-
similar conditiong6,8]. Thel3C-label scrambling inthe ad-  eter. 13C CP/MAS NMR experiments were performed by
sorbedn-buteng[7] shows the olefin activation, and kinetic  cross-polarization with a high-power proton decoupling field
measurements of the scramlgiprovide valuable informa-  corresponding to a 5.0-ps pulse length for th& pulse,
tion on the mechanism of olefin activation. In this paper we a contact time of 5 ms, and a recycle delay of 3 s. The
focus on in situ kinetic measurements Hy, 2H, and13C spinning rates were 2.7—4.5 kHz. We collected sixteen scans
MAS NMR of hydrogen exchange, a double-bond-shift re- with a repetition time of 3 s for eactH NMR spectrum,
action, and3C-label scrambling im-butene adsorbed to 100 scans with a repetition time of 2 s for eddt spec-
H-FER with the aim of clarifying the mechanism of olefin trum, and 100 scans with a repetition time of 3 s for each
activation. 13C NMR spectrum. Chemical shifts were adjusted to TMS
with an accuracyt:0.2 ppm with the use of an external ref-
erence sample.
2. Experimental

2.1. Materials 3. Resultsand discussion

The sodium form of zeolite ferrierite (BAl = 47) was 3.1. Adouble-bond-shift reaction
prepared by Prof. Dr. W. Schwieger by the procedure de-
scribed in Ref.[9]. Two samples were prepared by con- n-But-1-enel readily undergoes a double-bond-shift re-
version of the Na form into the H form. The compo- action when it is adsorbed to H-FER,7,10,11] 13C and
sitions Hy.pg2Nag.73Al0.75Si35.24072 (sample H-FER1) and IH MAS NMR spectra ofn-but-1-ene adsorbed on H-
Ho.47Nag 28Al 0755135 24072 (sample H-FER2) were ob- FER2 were measured within 5-10 min after the sample was
tained by chemical analysis. Sample H-FER1, with a very warmed from liquid nitrogen to room temperature. They
small concentration of Brgnsted acid sites, was used for theshow a complete transformation etbut-1-enel into n-
study of a double-bond-shift reaction, and sample H-FER2, but-2-ene2. When H-FER1 is used instead of H-FER2, the
with a higher concentration of Bransted acid sites, was useddouble-bond-shift reaction becomes slow enough and it is
for the study of H/D exchange andC-label scrambling.  possible to follow the kinetics of this reaction in situ with
[2-13C]-n-But-1-ene, with the'3C isotope (99%'3C iso- fully deuterated:-but-1-enedg by °H MAS NMR.
tope enrichment) at the inner olefiricCH—group, and fully Fig. 1shows the time dependence’sf MAS NMR spec-
deuteratedn-but-1-enedg (98% 2H isotope enrichment), traof deuterated-but-1-enedg 1 adsorbed on H-FER1. The

purchased from MSD Isotopes Inc., were used without fur- signalsat 1.0, 2.0, 5.0, and 5.9 ppm correspond tg, CD,

ther purification. =CDy, and —CD= groups ofl, respectively. In the course
of the reaction all the signals frothdecrease in intensity,
2.2. Preparation of the samples whereas the signal at 1.7 ppm from the methyl groups of

n-but-2-enedg 2 increases. The growth of the expected sig-

The samples were calcined at 673 K for 2 h in air and nal at 5.6 ppm for —CE: groups of the adsorbe?lis not so
for 2 h under vacuum (1@ Pa). Them-but-1-ene (about
300 pumo)g H-FER) was adsorbed under vacuum by cool-
ing of the sample with liquid nitrogen. This loading corre-
sponds to about one olefin molecule per aluminum atom in
the ferrierite framework or 1.4 molecules per bridging OH
group for H-FER2 and 33 molecules per bridging OH group
for H-FER1. After the glass tube was sealed, the samples
were kept at liquid-nitrogen temperature. Before the mea-
surements, the sample was taken from the liquid nitrogen
and transferred to the NMR probe, which was preheated to
a well-defined temperature (290—-373 K). The ffist (*H)
and'3C MAS NMR spectra wereacorded within 5 min and
10-20 min, respectively, after the temperature was increased
from liquid-nitrogen temperature to the desired temperature. 6 4 2 0

5/ ppm

1.0

2.3. NMR analysis o
Fig. 1.“H MAS NMR spectra of:-but-1-enedg adsorbed on H-FER1 mea-

. . sured at 333 K. The first spectrum (bottom) was recorded 5 min and the last
The reaction products were analyzed. n .Sealed glass1g s h after increasing the temperature from liquid nitrogen to 333 K. The
tubesH, 2H, and3C MAS NMR spectra with high-power  time interval between subsequent spectrd and 18-59 was 12 min and

proton decoupling were recorded at 400.13, 61.432, and?22 min, respectively.
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Fig. 2. Kinetics of a double-bond-shift reactionobut-1-enedg to n-but-2-enedg on H-FER1. Solid lines represent the fits to the experimental points by
using Eq.(1) with the rate constants, indicated nearby each kinetics. Four of six measured kinetics are shown.
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pronounced because of its small intensity and large width.
This transformation of théH NMR spectrum ofl indicates
that a double-bond-shift reaction occurs on H-FER1. In con-
clusion, a double-bond-shift reaction can be monitored in
situ by NMR in the temperature range 300-373 K, since
this transformation is slowed down in the zeolite H-FER1
compared with H-FER2 by threplacement of most of the
Bransted sites by Na cations.

The rate constant of the n-but-1-ene ton-but-2-ene 10—
transformation can be determined by the evaluation of the 26 27 28 29 30 3.1 32 33 34
time-dependent intensity of tf&l MAS NMR signal of the 1000 T/ K™
methyl group ofl. Assuming first-order reaction kinetics
and irreversibility of the reaction, we have

E =98 + 1.1 kcalmol ™!

a

1074

Rate constant k / min™

Fig. 3. Arrhenius plot for a double-bond-shift reactiormebut-1-enedg to
n-but-2-enedg on H-FERL.

e = I§H3 exp(—kt), 1)

where I,CH3 and IoCH3 are the integral intensities of the and ferrierite[6,7,10,11] A double-bond-shift reaction pro-
methyl group ofl at the reaction time and atr = 0, re- ceeds slowly with H-FER1, which contains a relatively small
spectively. fraction of acidic OH groups, and fast with H-FER2, on

The temperature dependencitioe rate constants (see Which the reaction goes to completion within a few minutes
Fig. 2 gives the Arrhenius plot shown ifig. 3. The acti- at 300 K. A comparison of H-FER1 with Na-ZSM-5 and Na-

vation energy obtained for the double-bond-shift reaction is FER shows that the small concentration (3 mol% of acidic
9.8+ 1.1 kcal mot2L. OH groups with respect to aluminum atoms) of acidic OH
Kondo et al.[12] have shown that a double-bond-shift groups left in FER1 performs a double-bond-shift reaction,
reaction of1 to 2 on H-ZSM-5 is a more facile process Whereas sodium cations should not be involved.
compared with the H/D ex@mge between but-1-ene and Diffusion of the reactant metule to the catalytically ac-
OH groups of the zeolite. At low temperatures230 K) it tive Brgnsted acid sites should not be a rate-limiting process
proceeds in the absence of proton transfer from the acidicfor a double-bond shift reaction with H-FER1, since the dif-
OH groups of the zeolite. In contrast, the H/D exchange fusion of small molecules like the studied olefins or alcohols
requires a proton transfer to form the protonated interme- is a fast process that takes place in minutes for a crystal size
diate, either alkoxy species or carbenium ion. Nevertheless,of 9 x 40 x 210 um[13]. This is fast compared with the ob-
the acidic OH groups are the active sites for thlut-1-ene servedn-but-1-ene transformation (s&é&. 2).
to n-but-2-ene isomerizain. A double-bond-shift reaction Kondo et al.[12] obtained an activation energy of
could not be observed on the Na forms of both ZSN8Bp 11.7+ 1 kcalmol?! for H-ZSM-5. Our value of 9.8t
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1.1 kcalmot® for H-FER1 is not significantly different.  3.2. H/D isotope exchange
Therefore, we can suppose that a double-bond-shift reaction
on H-FER proceeds as proposed by Kondo gtl2l} without
proton transfer from the acidic OH groups of the zeolite to
the olefin molecules. At higher temperaturesZ30 K) the
double-bond-shift reaction proceesimultaneously with the ~ butene moleculesH MAS NMR spectra ofi-but-2-eneds
H/D exchange reactiofL2]. This means that the classical 2 formed fromn-but-1-enedg 1 on H-FER2 and recorded
carbenium ion mechanism may also contribute to double- Within 4 min after adsorption show weak signals at 1.7 and
bond migration at these temperatures. Thus, in the higher5.6 ppm Fig. 4) due to methyl and methene groups of butene
temperature region (303-373 K) of this study it is not possi- 2, Which increase with time. The ratio between the intensi-
ble to distinguish between the classical mechanism and theties of the CH and CH groups in the final spectrum is 3:1.

Hydrogen exchange transfesl nuclei from the acidic
hydroxyl groups of the zeolite to the initially deuterated

mechanism proposed by Kondo et[di2]. This ratio indicates that both methyl and methene groups are
involved in the hydrogen/deuterium exchange.
17 The kinetics of hydrogen exchange can be described by

the following equation:

I = (Ioo — 10)[1 — exp(—kan) | + Io, )

where I, and I, are the integral intensities of the signals
from CH, (n = 1 or 3) groups in théH MAS NMR spec-
trum of n-but-2-ene at the observation timesand: = oo
(equilibrium). I is the parameter that describes nonzero in-
tensity att = 0 (vide infra) andk; is the rate constant, which
is identified with the rate for H/D exchan{#4].

&/ ppm Fig. 5 shows that the rate constarits for the H/D ex-
Fig. 4. Stack plot of théH MAS NMR spectra at 360 K of-but-1-enedg change are different for methyl and methene groups; the
adsorbed on H-FER2. The first spectrum (bottom) was recorded 4 min and exchange into the methene group proceeds notably faster.
the last 65 min gfter increasing the temperature from liquid n_itrogen Fo However, the activation energies for hydrogen exchange (see
360 K. The time interval between subsequent spectra was 4 min. The first Fig. 6) are similar and close to the value of 7.4 kcal I’T’ilol

spectrum corresponds ipbut-2-enedg, which has been rapidly formed : . .
from n-but-1-enedg within the time interval, before the first spectrum is ~ Which was estimated by IR spectroscopy for the reaction on

recorded. zeolite ZSM-5[12].
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Fig. 5. Kinetics of proton transfer from the acidic OH groups of zeolite H-FER2 to the meihydrid methenel{) groups ofn-but-2-enedg. Solid lines
represent the fits using E(®) with the rate constants,, indicated nearby each kinetics.
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Fig. 6. Arrhenius plot for the H/D exchange for methg})(and methene
(M) groups ofn-but-2-enedg on H-FER2.

It is reasonable to assume that the exchange into the
methene groups occurs via a formation of carbenium ion (or

alkoxy species) as an intermediate:

+
CD3-CD=CD-CD; = CD3—CDH-CD-CDs

H
A
/\ Si Al
Si Al
= CD3—CH=CD-CD3
i
O
/\
Si Al

Methyl groups are not involved in the exchange by this
mechanism.

247

3. Protium transfers into the methyl group by the mech-
anism of interconversions df and2. The equilibrium be-
tween two isomers provides a transfer of protium isotope
into the methyl group of-but-2-ene, which is mainly ob-
served in théH MAS NMR spectra:

+ V4
CD,=CD-CD,~CD3 = CD,H-CD-CD,—CD;

T N
o
A /A
Si Al Si Al
,  CDH=CD-CD;-CDs
D
|
o
/\
Si Al

N CD,H-CD=CD-CD;

D

|
@]

/\
Si Al

The analysis of the NMR data favors mechanism 3. It
seems that mechanism 1 is realized only at higher temper-
atures for alkanesT{ > 423 K), with an apparent activa-
tion energy for this process greater than 20-25 kcatthol
[16—18] Mechanism 2 requires protium transfer into the
deuterated methyl group Bec-butyl cation formed fronm-
but-2-ene by cyclization to a protonated methylcyclopropane

For hydrogen exchange between acidic OH of the zeolite intermediate, followed by proton scrambling rearrangement

and the methyl groups &we discuss three mechanisms.
1. Methyl groups can exchange with OH groups directly

and reopening tosec-butyl cation. Protons and carbons
should scramble simultaneously in a common methylcyclo-

through the formation of a pentacoordinated transition state propane intermediate. It would be expected in this case that
with the exchanging hydrogen atoms at a half-way position the protons scramble more rapidly than the carbons, but

between the carbon of theathyl group ad the zeolitic oxy-

proton scrambling an&*C-label scrambling occur with the

gen atoms. This was suggested in theoretical considerationsame activation energy as fesc-butyl cation in a superacid

of the exchange in alkang$5] and in experimental studies
by NMR [16] and IR[17,18}

Qe

D._:_,CD=CD—CD;

D/ “‘||_|
& 0
e N\ Nar”
s A7 s
/N /N /N
2. Protium transfers from the methene group, primarily
involved in the exchange, into the methyl group via the for-
mation of a protonated cyclopropane intermediate:

+
CD3-CDH-CD-CD3
+
CD3

\

CD2
* + /
= CDH-CD-CD3 = CDyH---CD-CD3
+
= CDyH-CD,-CD-CDs.

[19,20] However, the experiment shows that the rate of the
H/D exchange into the methyl group is one order of mag-
nitude higher compared with thEC-label scrambling at
296-333 K (see the rate constant&igs. 5 and 9 The rates

of H/D exchange an&®C-label scrambling become compa-
rable at 343 K, but the activation energy for thic-label
scrambling is three times higher (vide infra) compared with
that for hydrogen exchange. This implies different interme-
diates for'3C label scrambling and protium transfer to the
deuterated methyl groups in butehé hus we conclude that
intermediacy of protonated methylcyclopropane, providing
the carbon scrambling in bute@eis not the main route for
the protium transfer from the methene group into the deuter-
ated methyl group.

Protium transfer into the methyl group can be reason-
ably rationalized by mechanism 3. At first, buteheon-
verts rapidly to buten@ via a fast double-bond-shift reac-
tion. This process brings protium from the zeolite OH group
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into the deuterated methyl group of butetef the carbe-
nium ion mechanism for a double-bond-shift reaction is re-
alized. In the equilibrium established between butéaad
butene2, the latter represents a prevailing species. The ex-
pected equilibrium constardt< 2 is equal to 22 at 300 K
[21]. However, fast interconversion df and 2 brings the
protium isotope into the deuterated methyl group of butene
2. Similar apparent activation energies for the transfer into
methyl and methene groups ®fmay imply similar activa-
tion energies for the transfer into the inner -€@roup of
butene2 and the termina&=CD, group of butend. Simul-
taneously, faster transfer into the methene group oém-
pared with its methyl group implies faster transfer into the
—CD= group of buten@ compared with the=CD, group of
butenel.

It should be noted that a preferential H/D exchange in
the methyl group of buten2is observed at a very short re-
action time (sed-igs. 4 and % Eq. (2) contains the initial
intensity Ip, which was found to be almost zero for all ki-
netics of H/D exchange in the CH groups of buteheit
the same timely appreciably exceeds zero for all kinet-
ics of H/D exchange in the GHgroups (sed-ig. 5. The
nonzero value oflp for the CH; groups indicates that the
methyl group of buten@ has already derived protons from
the zeolite during the first moment of our NMR monitor-
ing of the H/D exchange in buter (see the first spec-
trum in Fig. 4), whereas the methene group of but@rfeas
not. This implies that the fast double-bond-shift reaction of
butenel into butene2 on H-FER2 at temperatures as high
as 296 K is accompanied by the protium transfer from the
OH group of the zeolite into the-=CD» group of butenel
and then to the methyl group of buteBeresulting in fast
initial growth of the signal from the methyl protons &f
This indicates that the doublbond-shift reaction proceeds
via the classical protonation/deprotonation scheme for the

studied temperature range, rather than via the mechanism

suggested by Kondo et ¢1.2] for the reaction at lower tem-
peratures.

3.3. 13C-label scrambling

The®3C-label scrambling has been shown to occurnfor
but-2-ene on ferrierite at low temperatures (300-373 K), and
it is not accompanied by the olefin skeletal isomerization
into isobutend7]. The appearance with time of the signal
at 126 ppm from the inner —CH group of butene& upon
adsorption of buten#, labeled with!3C isotope in the ter-
minal =CHa group, was indicative of the label scrambling
(see Fig. 1 of Ref[7]). The same conclusion is valid for
butenel, labeled in the —CH group. In this case the signals
from the methyl groups dfans andcis butene appear in
the spectrum with timeNjigs. 7 and 8

13C-label scrambling is usually observed for carbe-
nium ions generated in superacids from alkane or olefins
[19,22] The scrambling occurs in the formed carbenium
ion through formation of the protonated cyclopropane in-

A.G. Sepanov et al. / Journal of Catalysis 229 (2005) 243-251

termediate (or transition stat§)9,23,24]according to the
following scheme:

A/H:/.\(B/ = t = 4/
H+ H+

\:‘.\/®\_\i+./\/

The symbol ®) denotes thé3C label in this scheme.

Label scrambling should occur in the formed carbenium
ion [19,23,24] This implies that the label scrambling proves
the generation obec-butyl carbenium ions on acidic fer-
rierite. But they were not detected by solid-state NMR.
Therefore, the carbenium ion formed in the zeolite should
have a very short lifetime or a relatively small concentration.
It is worth noting here that alkoxy species, as an alterna-
tive to carbenium ion but a more stable intermediate, is not
detected for buten2 on H-FER2 as well. Alkoxy species
would give rise to a signal at 70—-80 pgd&b,26]in Fig. 7.

Figs. 7 and 8show variation with time of the'3C
CP/MAS NMR spectrum obtained after fC]-n-but-1-ene
1 adsorption on H-FER2. A rapid conversion of {%]-n-
but-1-enel into [2-13C]-n-but-2-ene2 by a double-bond-
shift reaction takes place. Thpextrum recordd within the
first 17 min exhibits only the signal from theC labeled
—CH= group of2 at 126 ppm Fig. 7a). The increase in the
intensities of the methyl groups at 13 and 17 pgtigs$. 7b
and § points to the transfer of thE'C label from the —CH-
group of butene into the methyl groups ofis- andtrans-
butene, respectively. The spectrum Kig. 7b and the top
spectra inFig. 8 correspond to the complete scrambling of
13C-label over the molecule of bute@ewhich is observed
after 20 h at 323 K.

T T T T T T T T

T
120
S/ ppm

200 160
Fig. 7. 13C CP/MAS NMR spectra obtained at 293 K after 13c]-

n-but-1-ene adsorption on H-FER2. Spectra were recorded after 17 min (a)
and 20 h (b) at 323 K. Asterisk) denote spinning side-bands.
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Fig. 9. Kinetics of the"3C-label scrambling from the —GH group of [243C]-n-but-2-ene into its methyl groups on zeolite H-FER2. Solid lines represent the
fits using Eq(3) with the rate constantss, indicated nearby each kinetics.
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Fig. 10. Arrhenius plot for thé3C-label scrambling im-but-2-ene on
H-FER2.

30 20 10 at the reaction timesandr = co (equilibrium) andks is the
o/ ppm rate constant for the label scrambling.
Fig. 8. Stack plot of the3C CP/MAS NMR spectra recorded at 323 K h Tfhe ratehconStan.ts for tlhke Scramkl;)llrkg,, derlvelg. from
after [243C]-n-but-1-ene adsorption on H-FER2. First (bottom) and last t e_ Its to the eXpe”ment_a |.net|cs y E@) (see 'g_' 9
(top) spectra were recorded 17 min and 20.6 h, respectively, after the indicate that the scrambling in the adsorbed but2ng a
temperature jump from liquid nitrogen to 323 K. The time interval be- rather slow process. Indeed, it has been found that the time
tween subsequent spectra was 14 min. The first spectrum corresponds tqyf half-conversion is about 20 min at the highest measured
[2-13C]-n-but-2-ene2, rapidly formed from [213C]-n-but-1-ene after in- ¢ o
: emperature of 343 K, and it is more than 5 h at 313 K.
creasing the temperature to 323 K. . .
The Arrhenius plot forks (Fig. 10 offers the apparent
activation energy for thé3C-label scrambling. Its value of
The'3C-label scrambling im-but-2-ene can be described 21+ 2 kcalmol? is almost three times higher compared

by the scheme with that of the label scrambling in theec-butyl cation in
ke the liquid superacid19]. The higher value of the activation
A = B. energy may imply that both proton transfer from the acidic
ks OH group of the zeolite to the olefin double bond and label

scrambling in the formedec-butyl cation contribute to the
apparent activation energy for tHéC-label scrambling in
the adsorbed buterge
B = Boo[l_ exp(—stt)], 3) The high valug of activation energy (21 kcal md) _for

the label scrambling can be explained by an analysis of the
where B; and B, are the integral intensities of the methyl energy profile. We take into account the heat of adsorption
groups of [113C]-n-but-2-enes (botkis andtrans isomers) of the olefin in the zeolite to formr-complexeg27,28], the

Here A and B correspond to [2°C]-n-but-2-ene and [1-
13C]-n-but-2-ene, respectively. The kinetic equation is
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Fig. 11. Energy diagram for thebut-2-enel3C-label scrambling in ferrierite.

theoretical finding by TeraistR9] that local minima can
be found for adsorbed carbenium ions about 3-5 kcaltol
higher than that of the correspondingcomplexes, and the
data by Boronat et a[30] that the activation energy for the
formation of carbenium ion fromr-complexesE$2°nN can
hardly exceed 10 kcal mot. This gives the energy diagram
depicted inFig. 11

It follows from this diagram that the true activation en-
ergy E3° for the label scrambling in the cation adsorbed
to zeolite should be about 25 kcal mél This value is es-
sentially higher than that for the cation in a superacid. So,
a protonation process is less likely to contribute notably to
the apparent activation energy of the label scrambling.

Further theoretical considerations of the hydrocarbon

apparent activation energy for théC-label scrambling im-
but-2-ene, which is measured filhe formed cation, is three
times higher compared with the activation energy for the la-
bel scrambling irsec-butyl cation in liquid superacifl9].
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of the observed activation energy for the label scrambling.

4, Conclusions

In situ?H, H, and3C MAS NMR monitoring of the ki-
netics of a double-bond-shifeaction, hydrogen exchange,
and thel3C-label scrambling for-but-1-ene adsorbed on
ferrierite provides valuable information about olefin activa-
tion and transformation on this zeolite. A double-bond-shift

reaction, the fastest among the three reactions studied, can

be monitored by NMR under batch reactor conditions, pro-

vided that 97% of Brgnsted acid sites are substituted by Na

cations. Both methene and methyl groupsnetbut-2-ene,
rapidly formed from initialz-but-1-ene, are involved in hy-
drogen exchange. Involvement of the olefist€H; group
of n-but-1-ene in the exchange, as well as the ina@H-
group ofn-but-2-ene, and therogdynamic equilibrium be-
tweenn-but-1-ene andi-but-2-ene provide similar appar-

ent activation energies for the exchange into methene and

methyl groups ofi-but-2-ene. Thé3C-label scrambling in
n-but-2-ene shows thaec-butyl cation formation in the zeo-
lite framework. This cation may be formed as a small quan-
tity of transient species that is not detectable by NMR. The

References

[1] P.A. Vaughan, Acta Crystallogr. 21 (1966) 983.
[2] A.C. Butler, C.P. Nicolaides, Catal. Today 18 (1993) 443.
[3] H.H. Mooiweer, K.P. de Jong, B. Kraushaar-Czarnezki, W.H.J. Stork,
B.C.H. Krutzen, Stud. Surf. Sci. Catal. 84 (1994) 2327.
[4] D. Rutenbeck, H. Papp, &d. Surf. Sci. Catal. 125 (1999) 801.
[5] G.T. Kokotailo, S.L. Lawton, [H. Olson, W.M. Meier, Nature (Lon-
don) 272 (1978) 437.
[6] P. Ivanov, H. Papp, Langmuir 16 (2000) 7769.
[7] A.G. Stepanov, M.V. Luzgin, S.S. Arzumanov, H. Ernst, D. Freude,
J. Catal. 211 (2002) 165.
[8] J.N. Kondo, S. Liqun, F. Wakabayashi, K. Domen, Catal. Lett. 47
(1997) 129.
[9] D. Rutenbeck, H. Papp, H. EmsW. Schwieger, Appl. Catal. A:
Gen. 208 (2001) 153.
[10] C. Paze, B. Sazak, A. Zecchina, J. Dwyer, J. Phys. Chem. B 103 (1999)
9978.
[11] J.N. Kondo, E. Yoda, M. Hara, F. Wakabayashi, K. Domen, Stud. Surf.
Sci. Catal. 130 C (2000) 2933.
[12] J.N. Kondo, L. Shao, F. Wakabayashi, K. Domen, J. Phys. Chem.
B 101 (1997) 9314,
[13] J. Karger, S. Vasenkov, in: F. Laeri, F. Schith, U. Simon, M. Wark
(Eds.), Host-Guest Systems Based on Nanoporous Crystals, Wiley—
VCH, Weinheim, 2003, pp. 255-279.



A.G. Sepanov et al. / Journal of Catalysis 229 (2005) 243-251 251

[14] A. Ozaki, Isotopic Studies of Herogeneous Catalysis, Kodansha, [22] G.A. Olah, Angew. Chem., Int. Ed. 12 (1973) 173.

Tokyo, 1977. [23] D.M. Brouwer, Rec. Trav. Chim. Pays Bas 87 (1968) 1435.
[15] S.R. Blaszkowski, M.A.C. Nascimento, R.A. van Santen, J. Phys. [24] G.E. Walker, O. Kronja, M. Saunders, J. Org. Chem. 69 (2004) 3598.
Chem. 100 (1996) 3463. [25] J.F. Haw, B.R. Richardson, I.S. Oshio, N.D. Lazo, J.A. Speed, J. Am.
[16] A.G. Stepanov, H. Ernst, DFreude, Catal. Lett. 54 (1998) 1. Chem. Soc. 111 (1989) 2052.
[17] J.A. Lercher, R.A. van SameH. Vinek, Catal. Lett. 27 (1994) 91. [26] A.G. Stepanov, K.I. Zamaraev, V.N. Romannikov, Catal. Lett. 13
[18] B. Lee, J.N. Kondo, F. Wakabayashi, K. Domen, Catal. Lett. 59 (1999) (1992) 395.
51. [27] N.W. Cant, W.K. Hall, J. Catal. 25 (1972) 161.
[19] M. Saunders, E.L. Hagen, J. Rosenfeld, J. Am. Chem. Soc. 90 (1968) [28] P.E. Sinclair, A. de Vries, P. Sherwood , C.R.A. Catlow, R.A. van San-
6882. ten, J. Chem. Soc., Faraday Trans. 94 (1998) 3401.
[20] M. Saunders, A.P. Hewett, O. Kronja, Croat. Chem. Acta 65 (1992) [29] K. Teraishi, J. Mol. Catal. A 132 (1998) 73.
673. [30] M. Boronat, P.M. Viruela, A. Corma, J. Am. Chem. Soc. 126 (2004)

[21] E.F. Meyer, D.G. Stroz, J. Am. Chem. Soc. 94 (1972) 6344. 3300.



	In situ monitoring of n-butene conversion on H-ferrierite by 1H, 2H, and 13C MAS NMR: kinetics of a double-bond-shift reaction, hydrogen exchange, and the 13C-label scrambling
	Introduction
	Experimental
	Materials
	Preparation of the samples
	NMR analysis

	Results and discussion
	A double-bond-shift reaction
	H/D isotope exchange
	13C-label scrambling

	Conclusions
	Acknowledgments
	References


