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Abstract: The deuterium distribution observed in isobutane recovered after short contact times with-t&bRF
superacid at OC shows that a very fast reversible protonation of atlCbonds occurs before ionization of the
alkane, in accord with the Olat+basicity concept. Comparison of the amounts of hydrogen with the amount of
tert-butyl ions generated during ionization shows that the reaction is purely protolytic in HF containing up to 20 mol
% Sbks, but becomes oxidative at higher concentrations.

Introduction Scheme 1. The Concept ob-Basicity of Alkanes

H+ RH + R'*

7

Acid-catalyzed hydrocarbon transformations, such as catalytic
cracking, isomerization, and alkylation, are large-scale industrial
processes using solid or liquid strong acids, such as H-zeolites,

R—R' +"

chlorinated aluminas, sulfuric acid, and hydrogen fluotidée tf +
high acidity of the catalysts and high temperature compensate R =alkyl R R
for the well-known inertness of the starting material. It is widely R =alkyl, H o

accepted that the reactions proceed via a classical carbenium

ion mechanisni. The initial step is, however, often ascrifed cracking of hexanes on zeolites at high temperature occurs via

to proton attack on a €C or a C-H bond, following the  carhonium ion intermediates, semiempirical and ab initio

concept ofo-basicity developed by Olah and his group in the  computations on protonated alkanes in small zeolite clusters

framework of extensive investigations of electrophilic reactions p5ye developed#t In the frame of our interest in selective

of single bonds in superacid metiigscheme 1). electrophilic alkane activatiol, we now report our results on
Protonated alkanes or carbonium ions are characterized by ahe reversible protonation reaction that occurs in competition

three-center, two-electron bonded structure having pentacoor-with ionization of isobutane in liquid superacid media.

dinated carbon atonfsWhile these species have a lifetime too

short to allow direct observation in superacid media by NMR, Experimental Section

hydrogen exchange, and cleavage reactions have been de-

scribed® Small alkonium ions, such as GHand GH-™, have

been detected first in high-pressure mass spectrometry exper

ment< and later studied on a quantitative basit 1989, Lee
and co-workers reported the IR spectrum eHg", indicating
the presence of two isomeric ions{E& or C—C protonated
form).®

The structures of Ckt and GH;™ have been investigated
by increasingly refined ab initio computational methétiand
even di- and triprotonated methanes @Hand CH?®") have
been described as minima on their potential energy sutféée.
Following the proposition made by Ha%g decade ago that
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Experimental Procedure. The alkane/CO (1:3 molar ratio) mixture
.was bubbled through 1 mL of HF(DFSbFs superacid at OC at a
Tate of 4 mL/min. The experiments were generally stopped after 30
min. by freezing the reaction mixture aff8 °C. At the outlet of the
Kel-F reactor, the alkane was condensed continuously during the first
30 min directly in an NMR tube at-78 °C.
The superacid reaction mixture containing the acyl ions was
neutralized by mixing with excess ethanol bicarbonate mixture7@
°C. The ethanol solution of the resulting esters was used for GC
analysis.
NMR Measurements. *H and?H NMR spectra were recorded on
a Bruker AM 400 (400 MHz) spectrometer. To the condensed alkane,
a standard mixture of CDgLCHCI; (1:4 molar ratio) was added. The
sample volume was then adjusted by addition of freon-11 (¢FCl
trichlorofluoromethane). NMR spectra of H(D)SbFs solutions were
taken in quartz tubes at temperatures betewl0 °C after addition of
a standard mixture of acetone/acetoge-d
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Table 1. Product Distribution Obtained from Isobutdne

acids (mmol) gas mixture (mmol) before reaction products after reaction (mmol)
expt HF Sbk iC4H10 CcO H, CH, CoHe CsHg EpIV EiB iC4H16*
1 28.5 7.7 2.63 7.27 0.77 0.05 0.001 0.03 0.78 tr. 1.64
2 28.8 7.8 2.84 7.23 0.86 0.05 0.001 0.03 0.62 tr. 1.96
3 30.9 8.4 2.65 6.80 0.80 0.05 0.002 0.03 0.85 tr. 1.76
4 29.5 8.0 2.83 7.29 0.87 0.05 0.002 0.03 0.74 tr. 1.74
5 374 9.3 2.71 8.13 0.91 0.05 0.002 0.04 0.82 0.008 1.83
6 374 9.3 2.63 7.89 0.86 0.05 0.003 0.02 0.76 0.014 1.68

a After 60 min on stream? Apparently unreacted.

Scheme 2. Protolytic lonization of Isobutane in Superacids  as followsi® tertiary G-H > C—C > secondary EH >

HA:SbF, . i primary C-H.
(CH3); CH e+ (CHy);CTLSbEsAT 4 Hy During our studies on superacid-catalyzed alkane carbony-

lation related with an alternative synthesis for metacrylic ester
from propané; we noticed that the reaction system could be
simplified very much by using carbon monoxide as coreactant
in the superacid medium. Since the early attempt of Hogéfeen

A: FSO3 F

Scheme 3. Simultaneous-Occuring Reactions

. RH + "D'" =—=—= RD + "H'" to carbonylate methane, reports on direct carbonylation of
alkanes in superacid media include reactions of cycloalkéhes,

22 RH + "HY" =—= R' + H, Cs—Cg alkane? and adamantarfd. Whereas in the classical
Koch—Haaf synthes® the intermediate carbocation is obtained

3. R—R' + "HY" === R* + RH by protonation of an alkene, in the superacid it is generated
directly from the alkane. Moreover, under these conditions,

4. RH + RY =—= R* + RH the unstable carbenium ions generated in the acid are trans-
formed into stable oxocarbenium ions, thereby limiting hydride

5. RH + SbFs === R™ + "H™" +2F + SbF; transfer reaction® These oxocarbenium ions can also be

trapped by quenching the superacid in excess ethanol, and since
the resulting esters can be analyzed by GC, a quantitative study
becomes possibé. We show here that a satisfactory balance

I. lonization of Isobutane in HF—SbFs in the Presence between the reactant and the products in gas and liquid phase
of Carbon Monoxide. The high reactivity of isobutane in ~ can be obtained, which is helpful to establish the relative
superacidic media was first reported independently by Olah andimportance of the initial competitive reaction pathways.
Lukag3 and by Hogeveen and co-work&$Scheme 2). An isobutane/carbon monoxide mixture (molar ratio 1:3) was

- bubbled durig 1 h at arate of 220 mL/h through 1.0 mL of
Thetert-butyl ion is remarkably stable and the NMR spectrum _ . SR
of the solution is unchanged even after 1 week at room HF—Sbks solution (molar ratio 4:1) in a Kel-F reactor &10

temperature. Its formation was ascribed to protolytic cleavage C. The gaseous products as W‘?“ as.the ethyl esters obtained

of the methine €&H bond via a carbonium ion intermediate by guenching the oxocarbenium ions in the liquid phase were

The fact that the vield of hvd t stoichi i 't.h collected and analyzed by GC The reactants and product

th et afcth ta tbe tylle' orhy trr(])gen [\;\_/astn(; st0|c éomednclm distribution measured in a series of experiments are collected
at ot tnetert uhy 'E.T. Wafs (?E;u ject o a_wc;] ecade Iong i, Taple 1, and the various pathways for product formation are

controversy on the ability o l3Fo participate in the ionization _ presented in Scheme 4.

process by directly oxidizing the alkane. We demonstrated this

ibility | : The product distribution shows that the main pathway for
possibility in 1990, using a proton trap (acetone) as coreactant;yniz ation involves protolytic cleavage (path 1) of the tertiary

in the superacid® Taking intq'account.the reactivity of{IC; C—H bond, producing theert-butyl ion, which is titrated as
and C-H bonds, the competitive reactions of an alkane in the ey pivalate, and a stoichiometric amount of hydrogen. Some
superacid can be summarized with the following reaction ethyl pivalate is also formed as a byproduct (path 2b) when the
scheme (Scheme 3). carbon-carbon bond is cleaved with formation of methane and
The simultaneously occurring reactions involve the following propyl cation. The secondary cation, even in the presence of
steps: (1) fast reversible protonation (deuteronation unobservedcarbon monoxide will, in part, ionize isobutane by hydride
in the absence of isotopic labeling), (2) protolytic cleavage of transfer as shown by the small amount of propane detected in
a C_H. bond yielding a Carbem.um. lon and .hydmgen’. (3) (16) Olah, G. A.; Halpern, Y.; Shen, J.; Mo, Y. K. Am. Chem. Soc
protolytic cleavage of a €C bond yielding a reactive carbenium 1971 93 1251.
ion and a smaller alkane, (4) hydride transfer reaction between (17) (a) Delavarenne, S.; Simon, M.; Fauconet, M.; Sommef, Am.

; i i ; Chem. Soc1989 111, 383. (b) Delavarenne, S.; Fauconet, M.; Simon, M.;
the various carbenium ions and the various alkanes, and (S)Sommer, J. Eur. Pat. 270398, October 22, 1987. (c) Delavarenne, S. et al.

oxidation of the alkane by SkF Eur. Pat. 272945, October 22, 1987.

As each alkane obtained by protolytic cleavage or by hydride Co(mlauﬂolgg%"ge%gt;'gﬁ“kasv J.; Roobeeck, C.JFChem. Soc., Chem.
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rather than quantitative studies. Olah and his group in the early JP": 1986 57, 2819.
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Scheme 4. lonization and Carbonylation of Isobutane in Superacids
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the gas phase. In accord with a purely protolytic activation of
isobutane in this superacid medium, no precipitate of;SHs
noticed. As ethyl pivalate (Epiv) can be formed via both 60]
pathways 1 and 2b we should find more Epiv than hydrogen.
As this is not the case, we assume that this discrepancy arises
during the neutralization step of the superacid solution, during
which the pivalyl ion loses, in part, CO. Thert-butyl ion
which is thus formed under non-superacidic conditions elimi-
nates a proton producing small quantities of isobutene which
are not recovered under our experimental conditions. On the
basis of product distribution, we assign the relative rates of
pathways 1 and 2 as being on the order of 18:1. This order
confirms all earlier reports on the high reactivity of the tertiary
C—H bond. The relative rates of pathways 2a and 2b which IOJ
are here roughly on the order of 1:5 are very much dependent
on the CO/hydrocarbon ratio which controls the competitive 0 ' ‘
hydride transfer or carbonylation of the propyl cation. 10 20 30 40

[I. Change in Activity of the Superacid Depending on mol % SbFs  in HF-SbFg
the SbF_5 Concentrgtion. For reasons described above, CONver- gigure 1. Isobutane conversion based on ethyl pivalate production
sion Of ISObutane In HF W|” be dependent on the concentration (a) Compared with hydrogen production (b) (60 min time on Stream)_
of SbFs which not only governs the acidity of the medium but

(a)

504

401

30

(b)
20

Isobutane Conversion mol %

also allows for the stabilization of the resultant cations. Scheme 5. Reduction of SbFby Isobutane
In the concentration range of £@22 mol % Sbk in HF, the F---H ?H3
anions are essentially SpFand ShF.1~ in slow equilibrium?4 FySg i (—CHg  ——% SbFy + 2HF +CaHg*
_ N F---H'  CHg
SbFR, + 3HF = SbF, ,H,F, 1)
_ _ and hydrogen production are roughly parallel, in agreement with
SbFR, + SbR,~, HyF," = SbF,, HyF," ) yerogen b gny p g

the protolytic ionization. For concentrations higher than 25 mol
. . ) o . % Sbk;, however, a change in product distribution is noticed:
_ During the reaction of isobutane, the superacidic and posi- potaply the production of ethyl pivalate increases whereas the
tively charged species ;" is progressively replaced by the  pyqrogen production decreases drastically. The production of
carbenium (or oxocarbenium ion), (HF is generated) and the ghr, ghservable as a white precipitate indicates thatsS&F
acidity decreases accordingly (eq 3). reduced during isobutane conversion with production of HF as
earlier suggested by OlaliScheme 5).
In order to understand why the change of reactivity of the
) ) acid occurred around the concentration 0of-28 mol % Sbk,
When the average conversion of isobutane (based on theye reconsidered the results on the anionic composition of the
formation of ethyl pivalate during ¢l h experiment), is plotted ~ HF—SpR, system we obtained some years ago“#fyNMR 26
as a function of the concentration of Sif HF, a steady and  \we noticed that, in addition to the SbF SF1;-, and SBFi
strong increase of conversion is noted when the concentrationanions, a small but increasing amount of uncomplexeds SbF

SbF,, HF," + RH=SbF,;",R" +2HF+H, (3)

of the Lewis acid increases (Figure 1, curve a). was present for concentrations higher than 18 mol %s3MF
When the amount of hydrogen is measured (Figure 1, curve
b) it appears that, up to 2@5 mol % Sbk in HF, conversion (25) Gillespie, R. J.; Liang, CJ. Am. Chem. Sod 988 110, 6057.

(26) Fauconet, M. Ph.D. Thesis, University Louis Pasteur Strasbourg,
(24) Gillespie, R. J.; Peel, T. Adv. Phys. Org. Cheml972 9, 1. November 1987.




Reversible Protonation of Isobutane in Superacids J. Am. Chem. Soc., Vol. 119, No. 14,3307

Scheme 6. Hammett-Type Indicators Used in Strong Scheme 7. H/D Exchange between Branched Alkanes and
Superacids D,SOy
H H CH, CH H'CH
| | H&C—FH D2_SO4, k3 — 2
C ¢ ¢/ CH H CH
SogetNog WL G
==
CH, R CH,07 R
B* H BH?" CH,D* CH,D CD
2% A C* — k&
R = p-CH30 (1), p-CHj (2), p-H (8), p-Br (4), p-CF5 (5), p-CH;0H* (6) H,C7 \CH, —’H3 CH, cp/ Ncp,
HF. We assume that the change in product distribution is related
to the change in composition of the superacid. At the higher  hydride transfer:
Sbks concentrations in HF, Sgfecomes more available for
participation in the activation process. This observation should ~ ¢Ps CHs CD, CHg

be considered in relation with the limits of superacidity which /k + HsC—I—H . CD3+H + k
we published earlis¥! By measuring the chemical shift P ©Ds CH, CD, Hy,C" CHy
variation of a family of very weak bases, such as 4-methoxy-

benzhydril ions {—5) (Scheme 6), we found that the weakest ~ The same regiospecificity in H/D exchange on the positions

bases5 and 6 (estimated pK values-22.5 and —23.0, vicinal to the branching has recently been repdftéy us for
respectively) could not be protonated even in+8bfs (1:1) isoalkanes contacted with,D-exchanged solid acids, such as
whereas indicatord (pK = —22) was protonated in HF  zeglites or sulfated zirconia.

containing 12% Shi= This indicated that the acidity of HF In comparison with other small alkanes, the behavior of

Sbs is close to its limit in the 1520 mol % Sbk range and  jsobutane in HFSbF; is rather simple, especially at low ShF
that increasing the concentration of Sltfeyond 20% does not  concentrations. For this reason, we reinvestigated the H/D
increase the acidity and thus should not result in an increase ofexchange process occurring between isobutane aneSbFs
the rate of protolysis. in the presence of carbon monoxide.

[l Protium/Deuterium Exchange between DF—SbFs and When a mixture of isobutane and carbon monoxide (molar
Isobutane. Direct hydron exchange, occurring between alkanes ratio RH/CO 1:3) is bubbled through 1 mL of BSbF; (molar
and superacids, constitutes the simplest example of electrophilicratio 4:1) during 30 min at a rate of 4 mL/min, thd and2H
substitution and was described by Olah in the late 1% NMR spectra of the recovered isobutane show that both the
also by the group at Sheft. Due to the occurrence of side  primary and the tertiary hydrogens have been exchanged (7.4
reactions (as described on Scheme 3), only a few quantitativeatom % of the hydrogens in the methyl groups and 17.4 atom
studies have been reported. The rates of dedeuteration ofys of the methine hydrons were exchanged for deuterons). In
monodeuteromethane and monodeuteroethane (5 and 6.0 lanother experiment with a slightly smaller space velocity, the
mol~! s7%, respectively) in HF-SbFs (11:1 molar ratio) were  recovered isobutane showed 9.1 rmat@ D of the methyl
measured by Hogeveéh. The relatively small difference in hydrons and 24.3 ato % D on themethine. These values,
rate between the two compounds was assigned to a smallwhich are average values for 30 min experiments, are in line
difference in basicity of the primary €H bonds. The time  with the relativec-basicity of the tertiary and primary -€H
dependence of dedeuteration of 2-deutero-2-methylpropane abonds® It is interesting to note that the difference in exchange
0 °C in HF containing 4 mol % Shfhas been also described rates is rather small, in comparison with the relative energies
by Hogeveer?? who noticed that the rate of exchange of the needed to ionize these two bonds.
tertiary hydrogen of isobutane was less than 10 times faster than  Analysis of the DF-SbFs solution by!H and2H NMR at
that of the primary hydrogens of ethane and also that the —30 °C at the end of the experiment but before neutralization
exchange was faster than hydride abstraction. Other reports ofshows the presence of the pivalyl cation in equilibrium with
H/D exchange between alkanes and superacids are of qualitativehe tert-butyl ion formed by slow loss of carbon monoxide. It
nature. Olah found that in FSD/SbFs or DF/Sbks at —78 °C is interesting to note that both ions show an important H/D
only the methine proton of isobutane was substantially ex- exchange at the GiHyroups (approximately 8 atom %). (The
changed and, for adamantane, the bridgehead hydrons exchangegliantitative measurement was made by addition of a standard
preferentially:® mixture of acetonels and acetone used as an internal reference

These reports, in excellent agreement with formation of in the superacid.)
carbonium ion intermediates in superacid media contrast mark- In order to check whether the deuteriums were incorporated
edly with the H/D exchange observed earlier by Stevenson andin these ions before ionization, we generated the ions, in a
Otvos$®who found that, in BSQy, isobutane readily exchanged  separate experiment, by dissolving their precurstns;butyl
all nine primary protons for deuterons but not the methine chloride and pivalyl chloride, in DFSbFs. Even afte 6 h at
proton. In this case, the exchange could be rationalized by a—10 °C, the observable H/D exchange in both cations was on
carbenium ion mechanism, including successive deprotonationthe order of 1 atom %. This is in good accord with the results
and reprotonation followed by a hydride transfer step (Scheme published recently by Olah and his group on studies of the
7. protosolvation of alkyl cations showing that H/D exchange can
be observed between long-lived ions, such as 2-propytentd
(27) Jost, R.; Sommer, Rev. Chem. Intermed198§ 9, 171. butyl cation and DFSbFs (1:1)32 but the exchange rate is

(28) (a) Hogeveen, H.; Bickel, A. Recl. Tra. Chim. Pays-Bad4969 |
88, 371. (b) Hogeveen, H.; Gaasbeck, CRkcl. Tras. Chim. Pays-Bas extremely slow. As deprotonation can be excluded under these

1968 97, 319. conditions, isotopic exchange was explained by protosolvation
(29) Hogeveen, H.; Gaasbeck, C. J.; Bickel, A.Hecl. Tra. Chim.

Pays-Bas1969 88, 703. (31) (a) Sommer, J.; Hachoumy, M.; Garin, F.; BarthomeufJDAm.
(30) Otvos, J. W.; Stevenson, D. P.; Wagner, C. D.; Beeck].@m. Chem. Soc1994 116 5491. (b) Sommer, J.; Hachoumy, M.; Garin, F.;

Chem. Soc195], 73, 5741. Barthomeuf, D.; Vedrine, J. Am. Chem. S0d.995 117, 1135.
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Scheme 8. lonization versus Exchange
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20 Table 2. lonization and H/D Exchange Observed in Isobutane at
1 Various Concentrations of Sk HFP
18
| exchange on
16 4 Sbk tertiary primary  total ionizatiorf
—~ 1 expt (mol%inHF) C—H C—H exchangeé (mol%) E/P
S 14
g ] 1 9.7 125 48 2.3
3 124 (0.13) (0.43) (0.56) (0.02) 28.0
. 2 12.7 17.5 7.7 3.9
2 10 4 (0.18) (0.69) (0.87) (0.04) 217
% 3 17.0 16.0 10.0 14.7
Z 8- (0.16) (0.90) (1.06) (0.15) 7.1
a 4 20.0 9.9 6.5 20.7
T 64 (0.10) (0.58) (0.68)) (0.21) 3.2
5 26.0 0.8 8.3 29
4 (0.01) (0.75) (0.76) (0.29) 2.6
6 33.6 0.8 1.8 64
2 (0.01) (0.16) (0.17) (0.64) 0.3
0 a After 30 min of time on strean?. All values between brackets are

5 Y 15 Y " 30 ' 35 normalized to 1 mol of isobutan&The maximum exchangeable is 10

mol % SbFs  in DF-SbFg mol of protons per mole of isobutanéBased on product analysis.

¢ Ratio of total H/D exchange versus ionization.
Figure 2. H/D exchange observed on tertiary (a) and primary (b)
protons of isobutane versus Sb€oncentration in HF (30 min on  depends only on the relativebasicity of the proton-accepting
stream). bond and does not reflect the ability of that bond to undergo
protolytic cleavage. The fate of the carbonium ions depends

of the cation (distonic cations). Thus, our results demonstrate on the relative energies required for the available reaction
that, in superacid medium, reversible protonation of the alkane pathways: namely, deprotonation or cleavage to form a trivalent
is much faster than the corresponding ionization reaction. Sincecarbenium ion and a neutral species (in this case HD or
we know that the ionization rate is steadily increasing withsSbF deuteromethane). For this reason, iowill only exchange
concentration, it was interesting to monitor the influence of protium for deuterium and ioH will give the stabletert-butyl
acidity on the H/D exchange rates. In a series of experimentsion in competition with H/D exchange. Unfortunately, revers-
in DF containing increasing amounts of Shkve collected ible protonation of C-C bonds (ionlll ) cannot be detected by
isobutane after 30 min on stream fot and?H NMR analysis. this technique, but in accord with the higher energy needed for
Figure 2 illustrates the results of this variation and Table 2 the formation of the 2-propylium ion in comparison with the
compares the ionization of isobutane with H/D exchange for tertiary ion, protolytic cleavage of the-C bond is a pathway

increasing concentration of Spk HF. of minor importance as shown by the product distribution.
The competitive protonation and ionization of isobutane in ~ The relative importance of H/D exchange compared with

DF—SbFs can be described by Scheme 8. ionization depends very much on the acid composition.
Isobutane is reversibly protonated on the varieulsonds In Table 2 we have compared the total amount of protons

forming the three isomeric carbonium ions in equilibrium. The €xchanged for deuteriums per mole of isobutane with the amount
relative concentration of these pentavalent reaction intermediatesOf isobutane ionized during the same time intervatg0 min).
If we compare the exchange rate of the tertiary C/H with the
S (3125)352) ﬂghég%sA.(;bI;!%ﬂlthé R:Slﬂ, G, P’\:akssh, F'GK]]?JT{ Cﬂeg. < ionization rate of isobutane, we notice that at the concentration
OC. . ah, G. A.; Hartz, N.; Rasul, G.; Prakash, G. K. 0, H H H
S.; Burkhart, M.; Lammertsma, Kl. Am. Chem. S04994 116, 3187. of 9.7:mol % Sbk in HF, H/D exchange on this tertiary bond
(33) Sommer, J.; Bukala, J.; Rouba, S.: Graff, R.; AhlbergJ.PAm. alone is 6 times faster than ionization (0.13 versus 0.02). If,

Chem. Soc1992 114, 5884. however, we take into account the total amount of protons
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exchanged for deuterium per mole of isobutane, we have to (3) At concentrations higher than 25% H/D exchange
take into account the nine primary protons which multiplies by becomes negligible in comparison with ionization which occurs
nine the value expressed in atom %. This gives a ratio of 28 predominantly with simultaneous reduction of $bF
for E/1 (0.56 versus 0.02) in isobutane at this concentration in
Sbs. Conclusion
We would like to stress here that the reversible protonation
of the alkane is much faster than apparent from isotope The superacid catalyzed H/D exchange of isobutane in DF
exchange, as the intermediate carbonium ion can also give backShF; takes place via a fast reversible protonation (deuteronation)
a deuteron. The importance of dedeuteration of the carboniumof the primary and tertiary €H bonds by the superacid
ion in comparison with deprotonation depends on the isotope following the o-basicity concept developed by Olah. At
effect but cannot unfortunately be estimated in these experi- concentrations up to 20 mol % Sbk HF, H/D exchange is
ments. much faster than ionization of the isoalkane which occurs
The exchange over ionization rati/() diminishes gradually  essentially via protolytic cleavage of the tertiary-B bond.
with increasing concentration of Spih HF and three areas  The superacidity limit is reached. At higher concentration, the
can roughly be distinguished. increasing ionization of isobutane is accompanied by simulta-

(1) Below 20 mol % Sb; the reversible protonation of the  hegys reduction of Shfat the expense of hydrogen production.
alkane not only on the methine bond but also on the primary

C—H bonds is faster than ionization.

(2) From 20 to 25 mol % Shf-based on kproduction, we
notice that protolysis becomes more important that H/D
exchange. The amount of deuterium incorporated in isobutane
especially on the reactive tertiary-® bond decreases drasti-
cally with increasing concentration of ShF JA963848P

Supporting Information Available: Experimental details
including materials, preparation of DF, and gas chromatography
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