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Abstract: The mechanism of alkane C—H bond activation in heterogeneous acid catalysis is unknown. *H
solid-state NMR techniques have been used to simultaneously detect the reactivity of both catalyst and
alkane reactant protons in a true in-situ experimental design. Specifically, the activation of isobutane C—H
bonds by the solid acid zeolite HZSM-5 is directly observed, and the rate of proton transfer between the
solid catalyst surface and gaseous isobutane is quantitatively measured using isotopic *H/?H exchange
methods. An observable adsorption complex forms between the isobutane and the primary Bronsted acid
site of ZSM-5, which leads to proton exchange between the zeolite surface and the isobutane methyl groups
at temperatures (273 K) much lower than previously reported. The secondary acid site in ZSM-5 is less
accessible to or less reactive with the isobutane molecule. Simultaneous detection of protium loss from
the Bronsted acid site and protium gain by perdeuterated isobutane reveals a common rate constant equal
t0 4.1-4.6 x 1074 s~ at 298 K, but at lower temperatures, the transition between this and a much slower
rate process is resolved. The measured activation energy for isobutane H/D exchange is 57 kJ/mol. In all
experiments, the isobutane reagent was purified to eliminate any unsaturated impurities that might serve
as initiators for carbenium-ion mechanisms, and the active catalyst was free of any organic contaminants
that might serve as a source of unsaturated initiators. In total, our results are consistent with direct proton
exchange between the zeolite surface and the methyl groups of isobutane.

Introduction activation of a completely saturated alkane? Currently, carbe-
nium ion chemistry catalyzed by trace olefinic impurities is

considered the most probable route to alkane initiation via
hydride transfer, because it is believed that zeolites lack

Thermal and heterogeneous catalytic transformations of
organic molecules form the cornerstone of the modern petro-
chemical mdustry_. Even in chermstnes whose commercial sufficient acid strength to directly protonate an alkane and form
successes are obvious, the parallel intellectual advances are ofteQl transient pentavalent carbonium foRlowever, a sufficient
hoticeably absent. For example, the ability to catalytically number of recent publications propose this direct protonation
convert methanol to hydrocarbons predated the unOIerSta‘nd'ngstep‘?JAIternativer, trace amounts of Lewis acid sites, possibly
of the operative mechanism by 25 years; it was not until the associated with nonframework or terminating aluminum atoms

E\depe'\r/]ldi_r;t wgr:_(is Oftfr?lbge_ at _?Slc}’ SWTrte agd I'?u _at or clusters, may facilitate hydride abstraction from an alkane,
xxonivloptl, and Faw at the Jniversity of southern talifornia thereby generating a reactive carbenium?8dn.

that the importance of “hybrid” catalytic mechanisms in zeolites . . .
was discovered in 20002 As a result of the new mechanistic Spectroscopic methods that detect H/D exchange in catalytic
systems are obvious tools for elucidating key reaction steps

information regarding the cocatalytic role of occluded aromatics involving hydrogen transfer. Recently, several authors have
in methanol-to-olefin chemistry, improved commercial processes ’
Y, Imp P reported the use of “in-situH MAS solids NMR methods to

were developed Similarly, the commercial isomerization and . . - -
P y study H/D exchange during the reaction of alkanes with acidic

alkylation of simple alkanes to useful classes of branched lid catalvstdo-13 H i all ous blished
alkanes via heterogeneous methods has precededamechanistﬁ?I catalysts: OWever, In all previously published cases,

understanding of even the most basic reactions steps, notably
. . . . . . (5) Olah, G. A,; Olah, J. AJ. Am. Chem. S0d.971, 93, 1256.
those involving the activation of €H bonds by solid acids and () Esteves, P. M.; Nascimento, M. A. C.; Mota, C. J.JAPhys. Chem. B

hydrogen transfer, by several decades. Stated simply, how does _ 1999 103 10417.
Y 9 y ply (7) Mota, C. J. A.; Esteves, P. M.; Hernandez-Lamoneda].RAm. Chem.

a solid acid catalyst, for example, a zeolite, initiate € bond Soc.1997 119, 5193.

(8) Schoofs, B.; Schuermans, J.; Schoonheydt, Ridroporous Mesoporous
. . . . . Mater. 2000 35—36, 99.

T Department of Chemistry, North Carolina State University, Raleigh,  (9) zhang, W.; Smimiotis, P. G.; Gangoda, M.; Bose, RINPhys. Chem. B

North Carolina. 200Q 104, 4122.
(1) Dahl, I.; Kolboe, SJ. Catal.1994 149, 458. (10) (a) Stepanov, A. G.; Arzumanov, S. S.; Luzgin, M. V.; Ernst, H.; Freude,
(2) Song, W.; Haw, J. F.; Nicholas, J. B.; Heneghen, C1.m. Chem. Soc. D. J. Catal.2005 229, 243. (b) Stepanov, A. G.; Arzumanov, S. S.; Luzgin,
200Q 122 10726. M. V.; Ernst, H.; Freude, DJ. Catal.2005 235, 221.
(3) Xu, T.; White, J. L. U.S. Patent 6,734,330, 2004 (filed February 2000). (11) Sommer, J.; Habermacher, D.; Jost, R.; Sassi, A.; Stepanov, A. G.; Luzgin,
(4) Xu, T.; White, J. L. U.S. Patent 6,743,747, 2004 (filed February 2000). M. V.; Freude, D.; Ernst, H.; Martens, J. Catal. 1999 181, 265.
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signals were only obtained for the reagent, and not the catalyst. H'Z1
In other words, the fate of the active site in the catalyst was
never directly observed, and, in some cases, the system was
only analyzed after reactiod-1® As we demonstrated many
years ago, a true in-situ H/D exchange method must simulta-
neously detect the fate of both catalyst and reagent during the

reaction, not off-line following an extent of reactiéhOur A'_,_.—/ L

recent report of the first detection of a specific adsorption

complex between an alkane and the zeolite acid site demon- BL.J/"_J a—
\J\Ap
— T

A

strates that this distinction is more than a semantic d&téil.
this contribution, we use a combination of spectroscopic and
reactor methods to (1) show that the two types of acid sites

known to exist within ZSM-5 have different accessibility/ / \
reactivity with isobutane; (2) observe H/D exchange between C;o—-""’f
isobutane and an active zeolite in a true in-situ manner (even

at temperatures well below ambient); (3) determine the relevant D.
kinetics for H/D exchange by comparison of both catalyst and >
isobutane signals; and (4) propose a likely route fert-Cbond [T
activation in solid acids involving direct protium exchange

between the alkane and the Bronsted acid site. 5 0 ppn

Figure 1. (a)'H MAS spectra at 298 K for neat, dehydrated HZSM-5; (b)
Experimental Section deconvoluted components from least-squares fit of (a); (c) same as (a),
-~ . . following adsorption of 1 equiv of isobutardlo at 298 K; (d) deconvoluted
Silica and ZSM-5 (Si:Al= 15) samples were obtained from Grace-  components from least-squares fit of (c). Individual peak assignments, and
Davidson and Zeolyst, respectively. Isobutane (99% purity) was shift changes (dashed lines/arrows), are discussed in the text. The small
obtained from Aldrich, Inc., isobutardio (99.1% D) was obtained from  peak at 0.5 ppm is a background signal from the probe.
CDN Isotopes, and isobutanel¥: (99%*3C) was obtained from Icon
Isotopes. Purity of the gaseous samples was verified by GC analysis MAS NMR data were collected on a Bruker DSX 300 MHz spec-
with a HP 5890 GC (flame ionization detection). Samples free from trometer; spinning rates varied from ca-& kHz. *H spectra were
unsaturated contamination were obtained by treating the as receivedobtained using a Carr-Purcell spin-synchronized echo pulse sequence
reagents with B(99.8% D— Isotec) over a supported 0.5% Pt/alumina using a wait timez, equal to one period of the rotor. Recycle delays
catalyst obtained from Alfa Aesar. These “cleaned” samples were were 10 s for all'H experiments*C spectra were obtained via two
analyzed by GC to verify the removal of unsaturated impurities. methods: a Bloch decay sequence of a simplepulse and acquisition
Calcined and dehydrated zeolite samples were prepared from thewith *H decoupling, and MAS cross polarization meth&t¥4 spin—
ammonium form in a stainless steel reactor body using a gradual, lattice relaxation times were measured using saturation-recovery
stepwise dry-air calcination up to a final temperature of 460Sam- experiments.
ples were sealed under positive pressure and immediately placed in Catalytic reactor data were acquired using a home-built pulsed dual-
the glovebox to avoid exposure to moisture. Dehydrated silica sam- detector microreactor, employing both a thermal conductivity detector
ples were prepared by using a stepwise temperature increase while(TCD) and an HP 5890 GC with a flame-ionization detector. Catalyst
maintaining a vacuum of 18 Torr. Complete calcination and dehydra- ~was loaded into a stainless steel reactor body and calcined by
tion of samples was verified By NMR prior to any alkane adsorption ~ Maintaining the sample at 43C for 12 h while flowing helium through

(Figure 1). the catalyst. Isobutane conversion data for this plug-flow reactor system
Gas adsorptions were carried out using a CAVERN type apparatus; Were acquired both at 150 and 430. Samples of the product effluent
7-mm MAS zirconium oxide rotors were loaded with-5856 mg of were collected using pneumatically controlled sampling loops (Valco)

the catalyst of interest and placed into the apparatus under dry ¥rgon. and analyzed offline.

The assembled apparatus was placed on a vacuum line and evacuateﬂesmts and Discussion

to a pressure of 1@ Torr. Stoichiometric samples were prepared by

adsorbing one isobutane molecule per Bronsted acid site (1 equivalent Differential Acid Site Activity/Accessibility in HZSM-5.

= 1 equiv). Exact absorption amounts were determined using a Figure 1 shows comparativel MAS spectra for active HZSM-5

quantitative catalyst acid site density method previously described by catalyst in the absence and presence of 1 equiv of isobutane-

us” In addition to the Kel-F spinning cap, a grooved Kel-F plunger/  d,, Specifically, Figure 1a and b shows the experimental spec-

plug was used to seal the rotors, preventing moisture contaminationr,m for neat catalyst and its deconvoluted fit, respectively,

and loss of adsorbate during low temperature experiments. SamplegNh”e Figure 1c/1d presents the same data for the isobutane/

were immediately removed from the vacuum line and placed in the ) le. The unreactive terminal silanol peak at 2 pom

pre-chilled NMR probe to prevent reaction prior to spectral acquisition, HZ.SM 5 Samp € . . P . pp

in a manner similar to that previously described by H&éw. (S'QH) provides Z_i convenient point of refe_rence, _'n .that its
position and amplitude do not change, consistent with its well-

2004 126, 599. ; i ai
(13) Mota, C. J.; Sommer, J.; Hachoumy, M.; JostJRCatal. 1997, 172, 194. prgwously rEpoftEd' t.he Brons'.[ed acid site peak at 4.1 ppm
(14) White, J. L; Beck, L. W.; Haw, J. B. Am. Chem. Sod.992 114, 6182. (Figure 1b [HZ"]4) shifts downfield to 5.1 ppm upon adsorp-
(19) gﬁgﬁq '\gbgé;ogzpfzfgkilsﬂfowa’ R.; Hatcher, K.; White, J.J.Am. tion of 1 equiv of isobutane or perdeuterated isobutane; this re-
(16) Munson, E. J.; Ferguson, D. B.; Kheir, A. A.; Haw, J.JECatal. 1992 sult, which we previously showed was indicative of an adsorp-
136, 504.

(17) Wang, X.; Coleman, J. D.: White, J. I Phys. Chem. B002 106 4941, tion complex at the acid site, is reproduced in Figure 1c using

(18) Haw, J. F. In Situ NMR. INMR Techniques in CatalysiBines, A., Bell,
A. T., Eds.; Marcell-Dekker: New York, 1994. (19) Schaefer, J.; Stejskal, E. @. Am. Chem. Sod.976 98, 1031.
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Figure 3. Series of selected in-sittH MAS spectra acquired at 298 K
following adsorption of isobutanér, in which H/D exchange between the
5 0 pPpm Bronsted acid site at 5.1 ppm and the isobutang @Dups at 1.2 ppm is

Figure 2. H MAS spectra following adsorption of 1 equiv of isobutane- ~ a@pparent. The time (in minutes) following adsorption is shown to the right
dio, collected at (a) 230 K, 2 min after adsorption; (b) 270 K, 75 min after of each spectrum. The top left inset shows the raw data for thepebk.
adsorption and showing the onset of H/D exchange; (c) 273 K, 85 min
after adsorption; (d) 273 K, 135 min after adsorption; and (e) 298 K, 175
min after adsorption. The small peak at 0.5 ppm is a background signal

1.5 9

CHs groups, which have undergone some H/D exchange with (o
the acid site. Comparing the deconvoluted components in Figure -0.5 1
1b to those in d reveals a subtle but important detail. While the
ca. 1 ppm downfield shift of the 4.1 ppm Bronsted acid site
proton is obvious upon alkane introduction, the second acid peak Time (5

at 6.6 ppm appears to be unaffected by adsorption of the Figure 4. Semilogarithmic plot of peak area versus time for the spectra

isobutane. We follow the previously published assignment of acquired at 298 K, taken at thm 1.1 ppm isobutane peak an# 5.1
Beck et al., in which the peak at 6.6 ppm (appearing as the ppm acid site peak. The exchange rate constants equak 404 and

broad downfield shoulder in the experimental spectra in Figure —4.6 x 10°*s™* for the isobutanel) and acid #) signals, respectively.
la/Lc; denoted [HZ]2) is assigned to a second type of proton E;%udtgf“:yl')”egafciédpfggege;k;'S_‘I)r']?fe_dﬁt)gniﬂp(t)/ le], while the rising

acid site?® Subsequent work by Freude et al. confirmed this

assignment! Based on the extensive variable temperature work the H/D exchange process, as the rate was fast enough to obtain
performed by one of us on this same catalyst, and the double-a sufficiently large number of data points in a reasonable amount
resonance experiments of Beck and co-workers, the deconvo-of time, thereby ensuring good fitting statistics.

luted peak position of 6.6 ppm at room temperature for this  Figure 3 shows 10 selected spectra from a total of 75 acquired
second proton acid site is accurate. In Figure 1b, the two acid at 298 K, following adsorption of 1 equiv of isobutadgron

site signals are separated by more than 2.5 ppm, versus onlyHZSM-5. The first and last spectra shown in Figure 3 correspond
1.5 ppm in Figure 1d. While this second acid peak at 6.6 ppm to the actual first and last data points in time; clearly, some
appears by all published methods to be an acidic proton H/D exchange has taken place during the 6 min required to
associated with a proximate Al atom, Figure 1b versus d showscollect the first spectrum following isobutane adsorption
that it is either inaccessible to small molecule reactants or is (consistent with the separate experimental data in Figure 2), as
significantly less reactive on the time scale of our experiment. indicated by the isobutane Ghhtensity at 1.1 ppm.

In-Situ Solid—Gas H/D Exchange Previous reports of H/D In agreement with previous reports, we do not observe H/D
exchange between alkanes and zeolites have been conducted aixchange involving the isobutane CH group, which would lead
elevated temperature under conditions that potentially limit to a signal at 1.8 pprit Quantitative initial rate analyses of the
important kinetic information. Figure 1c demonstrates that we first 14 points of the 75 total that were collected are shown in
are able to observe resolved signals for both the isobutaneFigure 4, in which both the acid site and the isobutane peak
adsorbate and the zeolite active site in our experiments. In thisareas are plotted versus time.
way, the onset of alkane reactivity through-8B bond activation At 298 K, the absolute exchange rate constants as measured
in the H/D exchange process can be experimentally observedfrom either the 5.1 ppm acid site or 1.1 ppm £signal are
via simultaneous assessment of both acid site and isobutane peakqual within error, at 4.6 and 4.% 10~ s™%, respectively.
areas. Figure 2 shows that the onset of H/D exchange betweerFigure 4 is the first data showing that the rate of proton transfer
isobutane and the Bronsted acid site occurs below room is the same for an alkane reagent and the zeolite acid site in a
temperature (273 K), in contrast to previous repdtte. process involving €H bond activation. Some exchange has
However, the exchange rate increases significantly when thealready occurred by the time the first data point is collected,
temperature is increased to 298 K (d vs e). On the basis of theand the regression lines do not extrapolate to zero. However,
results of Figure 2, we chose 298 K for kinetic evaluation of as suggested previously by Figure 2, the exchange rate is much

from the probe. L
0.5 1
isobutaned;o. The new peak at 1.1 ppm is from the isobutane \«\

-1

0 500 1000 1500 2000 2500

(20) Beck, L. W.; White, J. L.; Haw, J. B. Am. Chem. S0d994 116, 9657. (21) Freude, DChem. Phys. Lettl995 235 69.
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11 Scheme 1
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0 Y T J material showed only one peak for isobutane; no other volatile
0 5000 10000 15000 species were detected as shown in Figure 6.
Time (s) However, total carbon analysis on the calcined ZSM-5 catalyst

Figure 5. Rate plot for the H/D exchange experiment between isobutane- Prior to isobutane exposure (provided by Galbraith Laboratories
dipand HZSM-5 at 273 K@) and 285 K @), extracted from the isobutane  and based on combustion to form detectable &) indicated

CHjs signal in real time. The single-exponential process at 273 K has a rate 0 ;
constant of 5.0« 1075 s7. At 285 K, the initial rate constant equals 22 that less than 0.1 wt % carbon was present in the catalyst

1074 s, while the second component observed at longer times equals 4.2 fo!lowing preparation. Assuming 0.1 wt % as an upper Iimit,
x 1075 s7L Linear regression results are shown. this corresponds to 1 part per thousand, or 1000 ppm of residual

carbon, trapped in the catalyst following calcination. One may

lower at 273 K, and analysis of similar experimental data assume that at least some of this carbon remains near the
acquired at that temperature did result in a zero intercept asBronsted active site, because the organic template molecule
shown in Figure 5. Indeed, Figure 5 indicates that the exchangeultimately generates the site. However, if one calculates the
process is more complicated than the single rate in the room-number of carbon atoms per acid site for this level of
temperature data of Figure 4. Comparison of the 273 and 285contamination, and recalling that the HZSM-5 used here has at
K data in Figure 5 shows that, in addition to the zero-intercept most 1.04 mmol of acid sites per g of catalyst (from Al
behavior captured at the lowest temperature, a second procesgoncentration), the result is 0.08 C/acid site. The smallest
with a larger rate becomes operative at 285 K (for clarity, only reactive unit would require at least two carbons, for example,
the CH; peak intensities are shown). Clearly, the 285 K data ethylene, thereby reducing this value to 0.04 molecules/acid site.
are characterized by two components: a large initial rate equal Clearly, this amount is insufficient to promote stoichiometric
to 2.2 x 1074, and a lower long-time component equal to 4.2 isotopic exchange. Moreover, it is unlikely ethylene would
x 1075. The quadrupling of the initial rate constants from 273 survive the calcination process, and an aromatic structure would
to 285 K indicates a change in the operative protium exchangereduce this number by at least a factor of 6. Even if one further
pathway; comparison of the initial rates at 273 K shows that it assumes that this residual carbon takes the form of polynuclear
is equal, within error, to the long-time rate constant at 285 K aromatics with C/H ratios of one or less, then it is unreasonable
(ca. 4-5 x 10°s™?). Comparison of the 285 K initial rate to  to expect that the protons from the catalyst would preferentially
that obtained at 298 K (Figure 4) shows the expected doubling exchange with isobutane deuterons in the presence of aromatic
at 2.0x 10 % and 4.1x 104 s %, respectively. Finally, the  molecules. Zeolite protons would simply exchange with the
long-time rate constant at 285 K in Figure 5, equal to 4.2  aromatic rings, which are not deuterated, and therefore no loss
105 s, increases by slightly more than a factor of 2 when of Bronsted acid site intensity would be detected in our
the temperature is raised to 298 K (to %010~ s1; data not experiments. Clearly, this is not the case. Stated differently, if
shown). Again, this is expected for the ca. 40 change in the residual carbon left over from calcination serves as an
temperature if there is no change in the reaction pathway for initiation pathway for H/D in a concerted mechanism between
H/D exchange between the active site and isobutane. isobutane and the acid site, then it must be proximate to the

Alkane C—H Bond Activation by Defect or Contaminant Bronsted site. The presence of a polynuclear aromatic would
Catalysis. The possible role of trace amounts of unsaturated sterically preclude the isobutane from reacting with the acid
impurities, for example, olefins or aromatics, has been consid- proton. Conversely, if the unsaturated species were small enough
ered. The isobutangr used in the experiments described above to allow steric access, for example, a benzene ring or olefinic
was hydrogenated by exposure to a supported Pt catalyst in aoligomer, then protium exchange would preferentially involve
large overpressure of D as described in the Experimental the lower energy benzene/acid site comgtekinally, there is
Section. The GC chromatogram on the resulting deuteratedno evidence of any type of induction period in any of the rate

Isobutane-d10

Isobutane-d10

Unstaturated

0 1 2 3 4 5 6 7 8 01234567 891011121314
minutes minutes

Figure 6. GC data on (a) 99.99% purity isobutadgrversus (b) the same sample after treatment over a dispersed Pt hydrogenation catalyst and deuterium

gas. The isobutane peak is deliberately shown off scale. In (b), the vertical scale is expanded by a factor of 2 relative to (a).
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data we have obtained, as would be expected for participationto other previous publications where H/D exchange is observed
of a “mediating” species. In-sitd®C NMR experiments on  for several carbons in an alkane, for example, ref 10b in which
labeled isobutane (in the methine position) showed that no propane undergoes H/D exchange at both methylene and methyl
skeletal rearrangement occurred until 18D, consistent with positions on HZSM-5, the data we report here are in all cases
the microreactor data. In total, there is no evidence to supportat least 220 K lower in temperature. Scrambling mechanisms
a role for unsaturated contaminants in the H/D exchange processnvolving skeletal isomerization may be excluded, as we verified
between isobutane and the zeolite surface. that C—C bonds are not broken for isobutane on HZSM-5 at
Mechanistic Implications. The experimental results de- these temperatures using both in-$#0 NMR (with 1*C-labeled
scribed above, in which (1) a stoichiometric adsorption complex isobutane in the methine position) and pulsed microreactor
forms at the active site, (2) no olefinic impurities exist in the experiments. In other words, at high temperatures the first steps
reactive system, (3) insufficient amounts of total organic carbon, in C—H bond activation become difficult to separate from skele-
other than isobutane itself, exist, which could act as a proton/ tal isomerization contributions. Our true in-situ experiments, at
hydride transfer agent, and (4) the agreement of all kinetic dataroom temperature and below, avoid these complications.
for isotopic exchange indicates that proton transfer/exchange Additional evidence against proposals represented by Scheme
occurs directly between the isobutane reagent and the zeolitel, and their variants, involves consideration of activation
active site at the relatively low temperatures where data were energies. Figure 7 shows the calculated activation energy of 57
obtained. We do not observe any H/D exchange at the isobutanekJ/mol obtained from our in-situ experimental data for isobutane
CH position; only CH groups are involved. This regiospecificity ~H/D exchange on HZSM-5. This value is 4 times less than
is in agreement with Sommers wotk? Traditional liquid published theoretical values for an isobutane dehydrogenation
superacid chemistry would anticipate protonation at the CH step of the type represented by the first step in Scheme 1 (222.6
position, to form a pentavalent carbonium ion, followed by loss kJ/mol) or related isobutane oxidation scherffeln addition,
of hydrogen to form the more stable tertidgeyt-butyl carbenium published values for olefin protonation by a Bronsted site range
ion. Clearly, this mechanism cannot be operative inside a zeolite,from 30 to 45 kJ/mol; such a step would necessarily follow
because we would observe some H/D exchange at the CHany isobutane dehydrogenation based mechaffidfindeed,
position due to the equilibrium of the first step, that is, atthe temperatures used in this work, anyo€C, olefin would
protonation/deprotonation, as shown below in Scheme 1. react too rapidly to follow in situ by the methods employed
Moreover, it is not reasonable to expect a bulky reagent like nere?* Therefore, we must seek an alternative explanation
isobutane to sterically accommodate protonation at the methinefor how the isobutane CHgroups undergo direct isotopic
position by an inflexible, solid acid catalyst. Indeed, recent exchange with the zeolite at the low temperatures used in this
calculations show that alkoxy species derived from the proto- Work, and with an activation energy of 57 kJ/mol.

nation of isobutene inside a zeolite cannot form due to steric -6.00
constraints, but, rather, carbenium ions stabilized by the lattice -7.00 | Ea = 57 kJ/mole
are formed by protonation of the olefinic Glgroup2* If the 800 |
steric barriers are too large for formation of an alkoxy T 9.00 |
intermediate from isobutene, then a carbonium ion transition '
state derived from protonation of the isobutane CH carbon is +10.00 |
also not expected to occur. One should note that as compared -11.00 ,
0.0033 0.0034 0.0035 0.0036 0.0037

(22) Olah, G. A.; Mathew, T.; Goeppert, A.; Torok, B.; Prakash, G. KJ.S. 11T (K)

Am. Chem. So®005 127, 5964. . L .
(23) Albright, L. F.Ind. Eng. Chem. Re2002 41, 5627. Figure 7. Activation eneregy for H/D exchange of isobutane on HZSM-5
(24) Tuma, C.; Sauer, Angew. Chem., Int. EQ005 44, 4769. calculated from the data in Figures 4 and 5.
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Scheme 2 shows one proposed mechanism by which direct,Conclusions

but regiospecific, H/D exchange can occur between isobutane The mechanism of saturated alkane activation on solid acid
and the catalyst surface, and in the absence of unsaturated protogatalysts was investigated by monitoring H/D exchange between
carriers. a perdeuterated alkane adsorbed on a zeolitic catalyst H#ging

In this mechanism, the adsorption complex involves weak MAS NMR. Exchange was observed well below previously
hydrogen bonds between the methyl groups and the immediatereported temperatures, and kinetic data were obtained for both
zeolite surface surrounding the Bronsted acid site. A reso- the reactant peak as well as the product peak. This was possible
nance-stabilized 5-center/4-electron bond allows formation only as a result of reaction monitoring by true in-situ MAS NMR
of a six-membered ring transition state, enabling regiospe- methods. The kinetic data obtained from both “sides” of the
cific H/D exchange between Bronsted acid sites and the reaction were in close agreement. At lower temperatures, a more
isobutane CHl groups. The “partial protonation” at the iso- complicated rate than the apparent single rate in the room
butane methyl carbon position is sterically much less de- temperature was observed, suggesting a change in the operative
manding than the classical carbonium ion proton addition at mechanism of exchange. The absence of unsaturated impurities
the methine carbon, and we note that calculations show only in the reagent gas, as well as the absence of necessary quantities
2.5 kcal/mol difference in protonation of isobutane, followed of residual carbon in the catalyst, eliminates mechanisms where
by loss of hydrogen versus metharBecause such calculations H/D exchange proceeds via carbenium ion chemistry pathways
cannot model the steric and solvation effects associated withinvolving trace contaminants. Our findings suggest a direct
the entire zeolite channel segment in which adsorption occurs, protonation pathway via the primary Bronsted acid site. The
either must be considered as possible. Our proposed mechanisnnitiation step occurs at the primary Bronsted site (fH],),
is consistent with the emerging discoveries surrounding weak, as supported by (1) the formation of a stoichiometric adsorption
nonclassical hydrogen bonéfsand the solvation contributions  complex with this primary site, (2) equal H/D exchange rates
from the excess oxygen electron density that exists in the zeolitefrom the isobutane and primary acid site, (3) the less reactive
channels. Currently, we are pursuing detailed calculations of nature of the second acidic site ([A]2) with respect to
this, and other, reaction pathways that are consistent with theisobutane, and (4) the lack of any skeletal rearrangement in
data, using both DFT and SCF/correlated-electron level calcula- reactor/GC and in-sitt?®C NMR data. Future work will involve

tions. computational chemistry to support a reasonable step-by-step
mechanism, particularly with respect to the implications for
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