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Abstract: In situ solid-state NMR spectroscopy was employed to study the kinetics of hydrogen/deuterium
exchange and scrambling as well as 3C scrambling reactions of labeled propane over Al,Oz-promoted
sulfated zirconia (SZA) catalyst under mild conditions (30—102 °C). Three competitive pathways of isotope
redistribution were observed during the course of the reaction: (1) a regioselective H/D exchange between
acidic protons of the solid surface and the deuterons of the methyl group of propane-1,1,1,3,3,3-ds, monitored
by in situ *H MAS NMR; (2) an intramolecular H/D scrambling between methyl deuterons and protons of
the methylene group, without exchange with the catalyst surface, monitored by in situ 2H MAS NMR; (3)
a intramolecular *3C scrambling, by skeletal rearrangement process, favored at higher temperatures,
monitored by in situ 13C MAS NMR. The activation energy of 3C scrambling was estimated to be very
close to that of ?H scrambling, suggesting that these two processes imply a common transition state,
responsible for both vicinal hydride migration and protonated cyclopropane formation. All pathways are
consistent with a classical carbenium ion-type mechanism.

Introduction atures below 150C.15-17 However, in the case of methane and
ethane when only primary protons are available, in full analogy
with carbonium ions in superacid%,2! H/D exchange requires
much higher temperatures and proceeds via a direct proton
‘ e . - o transfer between the solid surface and the alkane in a concerted
isomerization, dehydrogenation, and ollgom_erlza%ltﬁ‘lrlydron . step involving a pentacoordinated carbon. For propane, a careful
exphange between hydrocarbons and.amdlc protons of SOIIdstudy of H/D exchange using labeled material should distinguish
acids has often been reported to occur in the early stages of they, o g different cases by considering the regioselectivity of
reactions. Useful information concerning the reaction mecha- H/D exchange. These steps can therefore be compared to their
nisms_ was obtained F’y isotopic labeling of the starting superacid analogues, for which it has been shown that a
materials> 2 A theoretical approach of H/H exchange has .. enium ion mechanism does favor exchange on the methyl
addressed this questiéh A mechanism based on a trivalent hydrons, while a carbonium ion mechanism would favor the

carbenium i.on intgr.mediate, hence an intgrmediary p,rOpene’methylene hydrons according to thebasicity of G-H bonds
leads to regiospecific H/D exchange following Markovnikov's following the concept developed by Ol&h,e., primary CH<
rule* as observed on methyl hydrons of isobutane at temper- secondary CH< tertiary CH.

Propane activation on solid acids related to aromatization,
using isotopic tracers, has been reported in several recent

Activation of C—H bonds of alkanes on the surface of solid
acid catalysts such as zeolites, heteropolyacids, or sulfated
zirconia can lead to various reactions including cracking,
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NMR in the 200-300 °C temperature range, several authors Scheme 1
suggested that the reaction should be governed by a penta- H H

coordinate carbonium ion intermediate as previously demon-  goigonr + oy, ¥Ongy solid-O - CHEétCHa
strated in liquid HF-SbE superacidg’-28 However, internal z 3 C
hydron scrambling and isotope redistribution between alkane

and catalyst is a rather complex mechanism which may imply Scheme 2

several pathways with different rates and activation energies. i, H M A ‘ R,
Monitoring the isotope redistribution directly by in situ solid  sofid-0". C@C\CHS + G en, T /HS\CHG +  solid-0 é/H(:\CHa

state NMR experiments can be extremely uséful! The N

competitive pathways, having different activation energies,

cannot be distinguished when the temperature necessary to
9 P Y amount of labeled propane ranging from 20 touf@ol per gram of

activate propane on zeolites passes above all activation energlesdehydrated solid catalyst and finally sealed under vacuum with tightly

In prlor_ Stu_d'es based on prOd_UCt a”?")/s's at IOW_ alka_ne fitting special double O-ring Torlon caps. Brgnsted acid sites in the
conversion, in the presence of various acidic catalysts including catalyst were measured according to a quantitative NMR titration
zeolites and sulfated zirconias, we already reported that only method® and found to be 668mol g2, which is in large excess relative
methyl hydrons of propane were isotopically exchanged during to exchangeable deuterium of loaded propane. After use, the catalyst
the initial stages of the H/D exchange process. The regio- was regenerated by pretreating with dry air (40 mL mjrat 450°C
selectivity was, however, lost at longer contact tirke%:33The (10°C min™) for 2 h and subsequent exchanging with 3 mol %oH
existence of parallel routes was suggested with protonatedin Nz at 200°C for 1 h.

cyclopropane, as well as primary and secondary propylium ions, NMR and Treatment of Data. In situ MAS NMR measureoments
in full consistency with classical carbenium ion chemistry. ~ Were performed on a Bruker MSL 300 spectrometer at B °C at

In the present paper, solid state NMR is used to monitor in a rotation frequency of ca. 1 kHz. The corresponding Larmor frequen-

itu. int d int lecular H/D h 113G cies were 300.1, 75.5, and 46.1 MHz f4, '3C, and?H nuclei,
Situ, Intér=-and intramolecular exchange as we respectively. Free induction decays (FID) were recorded withfib

scrambling, under the same experimental conditions. Selectively 5y preparation pulsescia s recycle delay for all nuclei. Quantitative
labeled tH or '3C) propane reacts with alumina-promoted conditions were verified. The numbers of scans for accumulation were
sulfated zirconia. The high reactivity of alumina-promoted 40 for'H and?H and 400 for3C. High-power gated proton decoupling
sulfated zirconia (SZAJ4736 in comparison with other solid  was used fof*C and2H NMR experiments. Scalar couplingd(c)
acids, allowed us to reduce considerably the temperature atwere suppressed MC spectra; however, no significant change in line
which the reactive intermediates start to be generated on thebroadening ofH signals was observed. For kinetics experiments, the
solid. By direct monitoring of the reaction in situ at sufficiently ~ interval between two steps in the time scale ranged from 2.5 min to
low temperature, differentiation of several pathways became 1-5 N depending on temperature and corresponding rate of catalytic
possible: intramolecular isotopic D ai€ scrambling and H/D reaction. Chemical shifts were referenced to standard TMS (0.0 ppm)
. . for *H and**C NMR and to CDCJ (7.3 ppm) as secondary reference
exchange with the catalyst. These processes are all consistent X
. . . ; in case oH NMR. The measuring temperature was controlled by a
with a carbenium intermediate pathway. Bruker variable-temperature unit. The temperature inside the NMR rotor

Experimental Section was calibrated using ethylene glycol as NMR chemical shift thermom-
eter®
~Materials and Sample Preparation. Al-Os-promoted sulfated An apparent first-order kinetics law was verified for both H/D
zirconia (SZA) with an alumina content of 3 mol % 68k + ZrO,) exchange and isotope scrambling processes. The apparentkrates

was prepared according to the procedure previously publhed. (k,, yp, ks p, orks c for H/D exchange, D-scrambling, or C-scrambling)
Propaneds and propane *C (isotopic purity>99 atom %) were used  were then determined by an exponential fit of the observed integral
as purchased from Aldrich Chemical Co. without further purifica- area of signals as a function of time using the following analytical
tion, while propane-1,1,1,3,3 was synthesized as described else- expression:
where33

Samples for NMR measurements were prepared by heating about It = |eq[1 — exp(k(t + ty)] (1)
500 mg of solid catalyst directly into double-bearing Bruker 7 mm
zirconia rotors. The temperature was increased at a rate 6€&in*
under vacuum using a special glass tube in which the NMR rotor was
placed at the bottom. Samples were maintained at°208t less than
1072 Pa for 2 h, then loaded at liquid nitrogen temperature with a known

wherelgq denotes the integral area of signals at the equilibrium, when
no further change is observed, agdienotes a shift in time origin in

the case of an induction timé& (> 0) or a delay ; < 0) relative to the
kinetics experiments depending on the reaction temperature. Signal areas

(26) Ivanova, I. |.; Rebrov, A. |.; Pomakhina, E. B.; Derouane, EJGMol. were dgtermined _by _deconVOI_Ution (_)f the overlapped peaks ofdDH
Catal. A1999 141, 107. ) } CHs using the WinFit NMR simulation prografi.In the case ofH

@7 %gg' G. A.; Sommer, J.; Prakash, S.8UperacidsJ. Wiley: New York, kinetics (H/D exchange and D-scrambling) the integrals are reported

(28) Sommer, J.; Bukala, Acc. Chem. Re<.993 26, 370. in term of absolute values as arbitrary units, whereas in the cad$€ of

(gg) ﬁndergor;:, -MN'VY{;IK“ngW%k-I' )gNatTureBl%kQ 333\/2_0'9. - kinetics (C-scrambling) the integrals are reported in relative area of

(30) Cﬁg\'ﬁm heélgé% 2352’59. o AT Beck, LW, Ferguson, D.AeC. total observed signals expressed in percentage. For this laterlgase,

(31) Hunger, M.; Horvath, TJ. Catal. 1997, 167, 187. was controlled during the simulation and fixed to the expected

(32) Sommer, J.; Hachoumy, M.; Habermacher, D.; Reynaud, A.; Jost, R. In
Proceeding of the DGMKConference, Catalysis on Solid Acids and Bases
Berlin (Germany); 1996; p 33.

theoretical value of 33%.
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Figure 1. Stack plot of thelH MAS NMR spectra during the H/D exchange reaction between propane-1,1,1d3#h8-ALOs-promoted sulfated zirconia

catalyst (SZA) at 48C.

Results and Discussion

Despite several decades of efforts to understand the initial
step of alkane activation on solid acids such as zeolites,
heteropolyacids, or sulfated zirconias, it is still not clear how

the initial adsorbed carbenium ions are generated from saturated

hydrocarbon:o-bond protolysis by superacidic sites, hydride
abstraction by strong Lewis acid sites, and oxidative dehydro-
genation followed by protonation have all been suggested but
not univocally demonstrated: 43 However, the recent literature
seems to indicate that the activation mechanism may be quite
different depending on the solid acid, one-electron oxidation
for sulfated zirconia$“®> and the HaagDessau (protolysis)
mechanism on zeolit¢8:4” Once generated, the adsorbed
carbenium ion may undergo all well-documented competitive
reactions such as deprotonatigskscission, alkylation, and
oligomerization.

In the case of propane, the initial activation step involves
the OH hydrons of the catalyst and the methyl hydrons and
leads to propene and/or adsorbed 2-propylium ion (Scheme 1).
The true nature of the ions, isolated or not, cannot only be
obtained from rate and product distribution studies. But it is
well known that even in the strongest acid media, carbenium
does exist as ion pairs. On solid oxides, stabilization (or
solvation) occurs at the surface, most probably via the oxygen
lone pairs available, generating oxonium-type ions also called
alkoxy species. We suggest that at the temperature at which
our reactions occur, no free carbenium ions are generated, bu
that the reactions occur rather in a concerted way in which the
transition states never carry a full positive charge, the incipient

(41) Lercher, J. A.; Van Santen, R. A.; Vinek, Batal. Lett.1994 27, 1.

(42) Farcasiu, D.; Lukinskas, Rev. Roummaine. Cheni999 44, 1091.

(43) Farcasiu, DCatal. Lett.2001, 71, 95.

(44) Ghenciu, A.; Farcasiu, BChem. Commurl996 169.

(45) Zhang, J. H.; Nicholas, J. B.; Haw, J.Ahgew. Chem., Int. E200Q 39,
3302.

(46) Haag, W. O.; Dessau, R. M. IRroceedings of the 8th International
Congress on Catalysis, Berlin984; p 305.

(47) Jentoft, F. C.; Gates, B. Catal. Lett.1997 4, 1.
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Figure 2. Change in intensity of théH NMR signals of the methy|®)

and methylene @) hydrons during the reaction of adsorbed propane-

1,1,1,3,3,3ds on SZA at 65°C. Solid lines represent the fits using eq 1 for

the methyl group and a linear regression for the methylene group.

rearranged ions being already solvated by an other oxygen lone
pair. The relative importance of alkoxy or ion pair structure
depends of course on the structure of the ion and the nucleo-
philicity of its environment® A recent theoretical work by
Farcasiu and Hanééistresses the importance of the counterion
on the relative stability of the propylium ions. As the propylium
ion desorbs via hydride transfer from propane, this leaves the
methylene hydrons unchanged (Scheme 2). Earlier répéfts

suggesting that both methyl and methylene hydrons are equally

involved via direct hydron exchange with the catalyst were rather

surprising. It was particularly noticed that at low alkane
t(:onversion, in the same temperature range, the exchange was

regioselectivé? Other suggestions involving pentacoordinated
carbonium intermediates have also been ntageActually, the
exchange process is complex and implies several competitive
pathways, which can be sufficiently slowed to be distinguished
by in situ NMR in the temperature range 480 °C.
Regioselective H/D Exchange and Intramolecular Hydride
Shifts. When propane-1,1,1,3,3(8-was contacted with SZA

(48) Song, W. G.; Nicholas, J. B.; Haw, J. ¥. Phys. Chem. R001, 105,
4317.
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Figure 3. H (left) and?H (right) MAS NMR spectra of adsorbed propane-1,1,1,3c8,8n SZA (a) before reaction and (b) after heating to°@8for 20
h. TheZH NMR spectrum (c) after reaction at 9C for 9.5 h is also included. Intensities of (a) and (b) are on same scale.

at 48°C, the signal of methylene protons was observed at the Scheme 3

start at 1.0 ppm in theH MAS NMR spectrum (Figure 1). Later,

as the reaction proceeds, the signal of the methyl hydrons at N Y — C?+ o
0.5 ppm appears and increases, as a consequence of progressive y /L H CH, cH
substitution of deuterons by protons. MAS conditions were 21 ) CH, (\c/ 3

necessary to distinguish between the two signals, since the static D <\
NMR experiment showed a unique broad, nonresolved, signal
of adsorbed propane. A rotation of a few hundred hertz was
found SI_Jff_lplent Fo remove the chemical shift and diamagnetic Table 1. Rates (ke_si5) and Induction Times (&) of H/D Exchange
susceptibility anisotropies of the surface-adsorbed molecule. on Methyl Hydrons (CHs) and Slopes (o) of Decrease of

When the equilibrium between methyl hydrons and catalyst Methylene (CHz) *H NMR Signal during the Reaction of

. . . . Propane-1,1,1,3,3,3-ds with SZA

was reached, the intensity of the methyl signal in the spectra
showed a plateau, as shown in the example at@JFigure Chs ChHe

=
(L)

2). The kinetics of the H/D exchange between acidic protons  T(°C) Kex—+ (1000 min~*) to (min)?® o (min~?)
of the surface and the methyl deuterons of propane-1,1,1,3,3,3- 48 3.33+0.12 92 —0.50+ 0.05
ds were determined by fitting the curve of the NMR signal gg ;igi 8.5 4112 —gggi 8.(1)2
intensity as a function of time with the first-order rate equation, 90 1692 0.8 0 6104

eq 1. The deviation of the initial points is consistent with a

short induction period, often reported to occur when alkanes
are activated on solid acid%:52 This induction is generally

a Estimated errors within the limit of 5% of the corresponding values.

suggested to correspond with the initial step, i.e., the generationresults of hydrogen/deuterium exchange of methyl groups as
of the adsorbed carbenium intermediates from the starting alkanewell as the decrease of the methylene signal during the reaction

via oxidation?354protolysis®® or hydride abstractioPf5” Such

of propane-1,1,1,3,3,8; over SZA.

an induction period is not observed when the hydron exchange The rates of exchange were found to be on the same order of

takes place directly between the acid and the alRane.

magnitude as measured with ZSM-5 zeolite in the temperature

The linear regression fit of the methylene signal intensity as ange184-270 °C2* confirming our previous finding#:*’

a function of time provided a negative slope, indicating a small However this does not necessarily imply that both systems
but continuous decrease of this signal which accounts for an Present identical activation processes. The apparent activation
internal D-scrambling between methyl and methylene positions €Nergy obtained by the Arrhenius plot was determined as 61
via hydride(deuteride) shifts in the isomeric adsorbed propylium 4 kJ mof, a value much lower than that reported for ZSM-5
ions (Scheme 3). As expected due to the low reactivity (or higher (108 kJ mot Y. This difference may result both from the higher
solvation) of adsorbed primary ions, this process is favored at acidity of SZA and from a weaker stability of the alkoxy
high temperatures, as shown by an increase of the negative slopétermediates. To verify the occurrence of such D-scrambling,

(o) (Table 1). This table summarizes thEl NMR kinetics

(49) Coelho, M. A.; Alvarez, W. E.; Sikabwe, E. C.; White, R. L.; Resasco, D.
E. Catal. Today1996 28, 415.

(50) Hong, Z.; Fogash, K. B.; Dumesic, J. 8atal. Today1999 51, 269.

(51) Hong, Z.; Fogash, K. B.; Watwe, R. M.; Kim, B.; Masquedajimenez, B.
I.; Natalsantiago, M. A.; Hill, J. M.; Dumesic, J. Al. Catal.1998 178,
489.

(52) Hammache, S.; Goodwin, J. J. &.Catal. 2003 218 258.

(53) Farcasiu, D.; Ghenciu, A.; Li, J. Q. Catal. 1996 158

(54) Vera, C. R.; Yori, J. C.; Parera, J. Mppl. Catal. A1998 167, 75.

(55) Kotrel, S.; Knozinger, H.; Gates, B. ®icroporous Mesoporous Mater.
200Q 6, 11.

602 J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004

°H MAS NMR measurements were carried out after each H/D
exchange experiment. Figure 3 shois MAS NMR spectra

of propane-1,1,1,3,3,8; before and after reaction for 20 and
9.5 h at 48 and 90C, respectively. For comparisotil MAS
NMR spectra were included. The decrease ofth&IMR signall
and the simultaneous increase of theNMR signal of methyl

(56) Pinna, F.; Signoretto, M.; Strukul, G.; Cerrato, G.; MorterreCaal. Lett.

1994 26, 3

(57) Matsuhasﬁi, H.; Shibata, H.; Nakamura, H.; ArataAKpl. Catal. A1999

187, 99.
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Scheme 4
+0 % +o
H E D _— H —_— e = g
H;’QCHZ H DHC_  CH.
. H ’ H }cﬁ
3 N
H D B ?
——CH
H“‘]C 2
D
3
15000 Table 2. Kinetic Parameters of the Reactions of Adsorbed
aa Propane-ds on SZA: H/D Exchange and D-Scrambling Rates
(Kex-HD, ks-p) on Methyl and Methylene Hydrons, Respectively,
'; 100001 and Induction Period of D-Scrambling Relative to H/D Exchange
© T Kex—+p (1000 min—?) ks—p (1000 min~—t) Aty
= (C) CHy CH, kecrokso  (min)?
= 50001 30 1.28+0.02 0.19+ 0.05 6.7 141
48 3.18+ 0.04 1.344+0.02 2.4 134
62 5.10+ 0.08 2.20+0.32 2.3 128
o_'_,gw{““’" . . . . 71 21.5+05 10.24 0.4 2.1 87
0 100 200 300 400 500 82 30.3+ 0.6 17.6+08 17 45
time (min) aEstimated errors within the limit of 5% of the corresponding values.
Figure 4. Change in intensity of théH NMR signals of the methyl®)
and methylene®) hydrons of adsorbed propadgeon SZA at 82°C. Solid 9.
line represents the fits using eq 1. 8
. 7]
hydrons show the transfer of protons from acidic catalyst to =
the deuterated methyl group of the propane molecule. The = 6
appearance of a methylene resonancéHrspectra especially 5]
noticeable at higher temperature constitutes a good indication 4
of the intramolecular D-scrambling since catalyst surface was i
free of exchangeable deuterium. Moreover, in the carbonium 3
. . 0.00275 0.00295 0.00315 0.00335
ion mechanism methylene hydrons would exchange faster than .
the primary hydrons. T (k)
Intramolecular Hydron Scrambling. Time-resolved'H Figure 5. Arrhenius plots of @) the apparent H/D exchange rate between

MAS NMR experiments during the reaction of propae- gne methgll_group of prohpane ar:lc: SZA a) the apparent intramolecular
(perdeuterated) with H-SZA were carried out at different -scrambling rate on the methylene groups.

temperatures, i.e., 30, 48, 62, 71, and°82 The change ifH involvement of an adsorbed primary carbenium ion intermediate,
NMR signal intensities of methyl and methylene protons as a gnd thus a higher energy of activation (see above).

function of time at 82C i; shown in Figure 4. A fast increase Activation energies for the H/D exchange process of the
of the methyl proton’s signal was observed as a consequencemethyl group and D-scrambling of the methylene group in
of the rapid H/D exchange with the catalyst following Scheme e reaction of SZA and proparig-were determined from

1 The mt_et_hylene h_ydron_s appea_red much later, in_ agreemeniarrhenius plots (Figure 5) as 54 9 and 78+ 8 kJ mol?,

with the vicinal hydride shift following Scheme 3. This type of  regpectively. This difference of ca. 24 kJ mbtould account
scrambling is well documented in the stable propylium cation for the additional energy required to generate the adsorbed
in liquid superacid medf&°?but absent in carbonium ions, as  1_propylium cation. The activation energy for intramolecular
demonstrated in the case of propane-1,1,1,313j8-HF-Sbks proton interchange in the propylium ion in SBFSO,CIF
superacid$? Moreover, acid strength of metal-modified sulfated mixtures was reported to be 892 kJ mol .62 Two competing

Zr0; is far from that of HF-SbE superacid$! The delay mechanisms were proposed for the intramolecular proton
between the two processes (Table 2) is expected for two reasonsiierchange: via the reversible-2 hydride shift between 1-

(i) the internal scrambling can proceed only once the methyl 5nq 2-propylium ions and via a protonated cyclopropane (PCP)
group is enriched in protons, (ii) internal scrambling needs the ntermediate (Scheme 4). In contrast with vicinal hydride shifts,
the ring closure leading to PCP is less direct, as it requires a
. 53. preliminary rotation of the €-C, bond in order to allow the
(59) 687<’:lémders: M.; Hewett, A. P.; Kronja, @roat. Chem. Actal992 65, overlapping of the empty p-orbital o @ith the G—H o bond.

(60) Goeppert, A.; Sassi, A.: Sommer, J.; Esteves, P. M.; Mota, C. J. A.; Moreover, it may also lead to skeletal rearrangement after ring
(61) ﬁg”ﬁ'sgnFAzﬁ;r'lgerngf T o s 10628 Luigi, b, p., OPeNing. In analogy with these mechanistic proposals we suggest

Song, W. G.; Barich, D. H.; Nicholas, J. B. Am. Chem. So@00Q 122
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Figure 6. H (left) and2H (right) MAS NMR spectra of adsorbed propadgen SZA (a) before reaction and after (b) 50 h at°8) (c) 25 h at 48C, (d)
25 h at 62°C, (e) 16 h at 7TC, and (f) 8 h at 82C. Values of proton and deuteron proportions in the methyl and methylene groups are indicated in each
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Figure 7. Stack plot of the"3C MAS NMR spectra observed during reaction of propariéCLlen Al,Os-promoted sulfated zirconia catalyst at 82. The
time between subsequent spectra was 15 min for the first series of spectra, 30 min for the following one, and 45 min for the last one.

a similar process on the solid but with more strongly solvated CDyH-y)/CDyHz— ratios below 3, whiletH NMR exhibits
intermediates, as shown in Scheme 4. the corresponding signals in ratios much larger than 3 at all
Figure 6 showsH and2H NMR spectra of adsorbed propane- temperatures, in agreement with the rapid exchange of the
dg on SZA after longer contact times at different temperatures. methyl hydrons with the protons of the catalyst. A maximum
2H NMR spectra before heating and just after sample preparationis reached at 62C (Figure 6d), when the CBi(3—)/CDH>—x
(Figure 6a) showed signals of GAnd CL in a ratio of 3:1, ratio is below 1. At higher temperatures increasing participation
respectively, in agreement with théd NMR, whereas no of intramolecular scrambling leads progressively to a distribution
significantH signal was present. After reaction, a substantial closer to statistical, which would only be attainable at this
decrease offH NMR signal intensity was observed with temperature after much longer contact times. As both skeletal
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Figure 8. 'H and!3C with and without proton high-power decoupling MAS NMR spectra of adsorbed prop&i@dn SZA before reaction (bottom) and
after heating to 82C for 34.5 h (top).

rearrangement and vicinal hydride shifts may contribute to
scrambling at these temperatures, a simultaneous study@®ith
labeled propane was imperative.

Carbon-13 Scrambling. Carbon-13 scrambling in the iso-
propyl cation was originally observed under stable ion conditions
in liquid superacid media and was rationalized by the formation
of a protonated cyclopropane intermedizté® Similar conclu-
sions have been reached in the carbon scrambling inettte
butyl cation based on rearrangement via the primary isobutyl
cation involving the delocalized protonated methylcyclopropane
as intermediate or transition st&feCarbon-13 scrambling in
propane at temperatures as low as 3@was also reported
over H-ZSM-5 zeoliteg>%41t was suggested that a nonclassical
C-ethanemethonium ion-type transition state could be involved
after protonation of the alkane by strong Brensted sites. coupled3C NMR spectra (Figure 8 middle) showed scalar
However, protonation of propane in liquid superacids did not coupling with the proton linked to the labeled carbon center,
lead to intramoleculat’C scrambling?® whereas a quadruplet and triplet were observed for the methyl

As a PCP-type intermediate seemed more plausible and inand methine carbon. Sinédcy for both CH and CH were
order to clarify the mechanism, we monitored in situ the close to the difference between the respective chemical shifts,

2000 3000 4000 5000

Time (min)

Figure 9. Relative intensity of methylen®C NMR signal as a function
of reaction time of adsorbed propané3G on SZA @) at 82°C and Q)
62 °C. Solid lines represent the fits usihg, = 33% for eq 1.

0 2 T
0 1000

scrambling process using proton-decoupgfIMAS NMR with
propane 1}C over SZA. Figure 7 shows the changelfiC
spectra during the reaction at 82. The spectrum of adsorbed

an overlapping pattern was obtainéti NMR of adsorbed
propane 1:C (Figure 8 right) allowed to distinguish between
the three kinds of protons: methine protons (singlet at 0.6 ppm),

molecule before heating (Figure 8 left) showed a single the methyl protons linked to the labeled C (doublet at 1.0 ppm),
resonance at 15.1 ppm, corresponding to the labeled methyland the second methyl protons (singlet at 1.0 ppm). After
group of propane. A second line appeared at 16.0 ppm uponreaction, an additional doublet around the methine signal
heating and grew up progressively with increasing contact time. appeared due to coupling witfC in this position as a result of
These resonances are only slightly high-field-shifted (1 ppm) scrambling. No further significant signals appeared at these
relative to adsorbed propane on ZSM-5 zeol#e§? Proton- moderate temperatures (382 °C). Nevertheless, increasing
temperature up to 10 led to an additional new signal around

(63) Prakash, G. K. S.; Husain, A.; Olah, G. Angew. Chem., Int. Ed. Engl.
1983 22, 50.

(64) Ivanova, I. I.; Blom, N.; Derouane, E. G. Mol. Catal. A1996 109, 157.

(65) Derouane, E. G.; Abdul Hamid, S. B.; Ivanova, I. I.; Blom, N.; Hojlund-
Nielsen, P.-EJ. Mol. Catal.1994 86, 371.

(66) Ivanova, I. I.; Blom, N.; Abdul Hamid, S. B.; Derouane, E.R&cl. Tra.
Chim. Pays-Bad4994 113 454.

(67) Luzgin, M. V.; Stepanov, A. G.; Sassi, A.; SommeCiem.-Eur. J200Q
6, 2368.
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Figure 10. Initial products and intermediates resulting from H/D exchange of propdi€ bver SZA.

D- and C-scrambling
(1)

23.5 ppm that corresponds to isobutane as the side product offormation of an adsorbed protonated cyclopropane intermediate
oligomerization-cracking®64 3 constitutes the second intramolecular scrambling process,
Figure 9 shows the change in intensity of the C-2 carbon leading to a complete statistical redistribution of the isotopes.
NMR signal during the reaction of propane'3G on SZA at It should be kept in mind that the reactive intermediates are
62 and 82°C. First-order kinetics was verified using eq 1 to represented as ions for the sake of graphical simplicity.
simulate the experimental data with controlled parameter for
leg fixed to the expected value at the equilibrium, i.e., 33%
(one methine carbon of three total carbons). The C-scrambling Using highly reactive alumina-promoted sulfated zirconia
process appeared extremely slow relative to the H/D exchange.catalyst (SZA), selectively labeled propane, and in situ solid
Indeed, the calculated rates of C-scrambling from fits for eq 1 state NMR techniques at moderate temperature, the various solid
were (76% 4) x 107 and (154 2) x 107% min~! for 82 and acid-catalyzed inter- and intramolecular hydron exchange
62 °C, respectively, 2 orders of magnitude slower than H/D processes of propane were characterized. The sequence of
exchange with the catalyst. The difference in rate between thesereaction steps was established in terms of reaction rates. A
two processes may be associated with the relative stability of selective H/D exchange between catalyst and propane involving
the corresponding alkoxy species. The equilibrium can then be exclusively methyl hydrons occurred first. At higher temperature
expected to be reached after 3 and 16 days of reaction at 82H/D scrambling occurs between methyl and methylene hydrons.

Conclusion

and 62°C, respectively. No significamt®C scrambling was
observed at 48C within 19 h of reaction. Above 82C, after

A third quite slower process led to complete H/D &#d isotope
scrambling via skeletal rearrangement. The apparent activation

prolonged contact times, side reactions, i.e., oligomerization- energy for H/D exchange with the catalyst is significantly lower

cracking, were observed. The apparent activation enerdy@or
scrambling within the temperature range &2 °C was
determined as 80 kJ mdl. This value is much lower than the

than that of both scrambling processes. Activation energies for
D- and C-scrambling were roughly comparable, indicating that
both processes involved a common intermediate: adsorbed

corresponding activation energy obtained on ZSM-5 zeolite (ca. 1-propylium ion. The mechanism of exchange/scrambling has

118 kJ mot1).%5 |t is also interesting to note that the activation
energy of the D-scrambling process (77 kJ nipivas close to
that of C-scrambling. This is in line with a common intermedi-
ate,2.

been described previously, for zeolites, as a single-step mech-
anism. It appears here as a three-step reaction: first the H/D
regioselective exchange, H/D selective scrambling, and further
H/D and C scrambling. For each of the three reaction steps

The various exchange and scrambling mechanisms consistentlemonstrated in this study, a mechanism based on similarities
with our results and with previous studies of isopropyl cation with classical carbenium ion chemistry provides the best
in liquid superacids can be summarized as follows (Figure 10). rationale for these observations.

(I) Hydron exchange with the catalyst introduces a deuteron in

the methyl group of adsorbed 2-propylium idn (1) When

enough energy is available with temperature, a vicinal deuteride

shift occurs to form adsorbed 2-deutero-1-propylium it his
is the first step for the intramolecular H/D scrambling. (Ill) The
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