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change. We showed this by transfer of saturation (Forsen-
Hoffman) experiments in which preirradiation was at the 
water NMR frequency rather than that of the indole pro
ton. A delay of about 0.2 sec was used between preirradia
tion and observation; this delay is short compared to the 
water T\ but long enough to substantially decrease interfer
ence, from a water signal which is stimulated by the preirra
diation pulse (this water signal was also suppressed by a 
spoil pulse). If chemical exchange dominates the indole pro
ton's apparent relaxation, then its resonance should disap
pear because the saturation of H2O will be transmitted via 
exchange.5 Furthermore, the indole resonance should reap
pear when the preirradiation frequency is displaced slightly 
from exact H2O resonance. This was indeed observed at pH 
2.2, where the'apparent rate is so fast that exchange domi
nates. At pH 4.7, however, the indole resonance decreased 
by only about 20% when the water resonance was presatur-
ated in the same way. 

The observed rate R\, of about 0.7 sec-1 at pH 4.7, is the 
sum of several rates 

R1 = Rx + Rn + Rs (1) 

where the right-hand terms are, respectively, contributions 
from chemical exchange with water, nitrogen intramolecu
lar relaxation, and solvent proton intermolecular relaxation. 
We neglect relaxation due to other tryptophan protons. 

For the transfer of saturation experiment, if the solvent 
magnetization is assumed always to be zero because of its 
saturation by the preirradiation, the indole NH proton 
magnetization M has the time derivative 

dM/dt = -(M - M0 )RN - MRx -(M- \.5M0)R11 (2) 

Here Mo is the equilibrium indole proton magnetization, 
and we assume that the Overhauser enhancement of indole 
NH by solvent saturation is 1.5 as expected6 for like-nuclei 
in the fast correlation-time limit. 

The experiment is performed by saturating the protons 
for a time long enough for the indole proton magnetization 
to reach a steady state value, for which dM/dt = 0. The 
magnitude of M shortly after such a pulse is monitored by 
the observation pulse and is O.8A/0 at pH 4.7, as mentioned 
above. If we set M = 0.8Mo and dM/dt = 0 in eq 1 and 2, 
we obtain limits on the contribution of Rx to the total relax
ation. If Rs « R N then Rx s 0.2R1. If Rs « J?N then Rx 
Si(VlS)R1. 

A slightly better limit can be set by studying the appar
ent relaxation time as a function of solvent H/D ratio. If 
such effects as the influence of the solvent isotope ratio on 
either molecular tumbling or on the proton-proton ex
change rate are neglected, then Rs is proportional to the 
H/D ratio whereas Rs is not. We compared the apparent 
rate Ri in 40 and 80% H2O at pH 5. There was no differ
ence in Ri within our accuracy limits (±10%), suggesting 
that Ri is dominated by relaxation due to the nitrogen nu
cleus. This is also expected theoretically, based on reason
able estimates for internuclear distances and molecular 
tumbling rates. Therefore, the exchange rate at pH 4.7 is 
estimated to be 0.15-0.25 sec-1. Of this, 0.05 sec-1 pre
sumably comes from the sum of the acid and base catalyzed 
exchanges estimated earlier. 

We hope to extend this work by studying modified tryp
tophan and peptides containing tryptophan in order to elu
cidate the mechanisms of the exchange. The present work 
was carried out on unbuffered solutions, but a survey of sev
eral buffers reveals no significant increase in catalysis up to 
0.1 mAf buffer concentration. None is expected on the basis 
of simple arguments based on diffusion-controlled rates of 
reaction and estimates of the ionization constants of the in

dole group. We postpone a discussion of these points to a 
later paper. 
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Electrophilic Reactions at Single Bonds. XVIII.1 

Indication of Protosolvated de facto Substituting 
Agents in the Reactions of Alkanes with Acetylium 
and Nitronium Ions in Superacidic Media 

Sir: 

Brouwer and Kiffen recently reported on hydride ab
straction by the acetyl cation (acetylium ion)2 and also by 
protonated aldehydes and ketones,3 from alkanes including 
isobutane. These reactions are of substantial interest as far 
as mechanistic aspects of hydrogen transfer from alkanes to 
electrophiles are concerned but also raise some puzzling 
questions. 

Brouwer and Kiffen carried out their studies always 
using strongly acidic solvent media, generally HF-BF3, 
with acetic acid serving as the source of the acetyl cation. In 
control experiments they proved that the alkanes studied, 
such as isobutane, show no reactivity with the acid solvent, 
which thus is not responsible for the observed hydrogen 
transfer. However, the reported reaction 

CH3CO+ + (CHj)3CH —«• 

152 -31.3 
CH3CHO + (CH3)3C

+ 

-39.8 169 AAH0 = 8.5 kcal/mol 

is endothermic by 8.5 kcal/mol (in the gas phase4) and thus 
is energetically unfavorable. Furthermore, Brouwer never 
observed acetaldehyde, only secondary products derived 
from protonated acetaldehyde, such as ethyl acetate (indi
cating hydride abstraction from isobutane to protonated ac
etaldehyde giving ethyl alcohol and esterification). 

We would like to report that in our hands stable acetyl
ium salts in aprotic media (as well as other related acylium 
salts, which were prepared and studied extensively in our 
work since 19545) showed no ability to abstract hydrogen 
from any of the studied alkanes, including isobutane. Ex
tensive studies were carried out with solutions of stable acyl 
salts, particularly acetylium hexafluoroantimonate in a va-
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riety of aprotic solvents such as SO2, SO2CIF, ASF3, and 
methylene chloride. We also tried reactions in an excess of 
the alkanes themselves and other hydrocarbon media, such 
as cyclohexane, with no success. Thus we must face the 
question of how to explain the experimental observation of 
the absence of any reaction with stable acetyl salts in aprot
ic media in our work, in contrast to the hydride transfer to 
acetyl cation reported by Brouwer and Kiffen. 

Our previous studies relating to the formyl cation, 
CHO+, led to the rather surprising observation that it gives 
very rapid hydrogen exchange involving the methine hydro
gen.6 Under no experimental conditions could the static ion 
be observed, even in solutions where the presence of the 
equilibrating ion is indicated by both 13C NMR studies and 
chemical reactivity. Our conclusion was that the nonbonded 
electron pairs on oxygen in the formyl cation interact fur
ther with the superacidic solvent system, leading to a highly 
active dipositive species which then eliminates the methine 
proton. This observation suggests an explanation for the 
rather unusual behavior of the acetylium ion in superacidic 
media, as contrasted with its behavior in aprotic solvents, 
that the de facto reactive species is not the acetylium ion it
self but its protosolvated form. The acetylium ion is consid
ered to be hydrogen bonded in the superacidic solvent 
through the nonbonded oxygen electron pairs. Hydrogen 
bonding helps to polarize the - C = O bond and thus in
creases the electrophilic reactivity of the acetylium ion. In 
the limiting case, the hydrogen bonded species can lead 
toward the formation of a protosolvated, highly reactive, di-
cationic species, which is not considered stable itself, but 
would form only in interaction with the hydrocarbon sub
strate (isobutane) via the usual front side <r-bond attack 

CH3CO2H =£= 

OH 
/ ' HF-BF3 

OH 

CH3C 

HBF4 _ 

j-ftO 

CH3C^O + HF + BF3 =^= CH3CO- HBF4
 mcH°h, 

• 0 H 

H 3 C 0 V " 1 1 

H 3 C " | \ C H 3 

CH3 

2+ 

— CH3CHOH + C(CH3)3 

In this reaction the immediate product formed is protonated 
acetaldehyde and not acetaldehyde itself (which could be 
subsequently protonated). We consider this the only ther-
modynamically feasible reaction and conclude that there is 
no simple hydride transfer between the acetyl cation or 
other acyl cations and alkanes, such as isobutane. These 
reactions take place only in acidic media by complexing of 
the carbonyl oxygen of the acylium ions by either a Lewis 
or Br0nsted acid. 

Similar behavior to the protosolvated acetylium is also 
observed in the case of the nitronium ion in superacidic 
media. We have previously found7 that nitronium salts 
(such as NO2

+BF4
- or NO2

+PF6
-) show no (or minimal) 

reactivity toward methane, in strictly aprotic media. How
ever, in fluorosulfuric acid or HF-BF3 solution nitration 
takes place giving nitromethane. The effect of the superaci
dic solvents seems to be to protosolvate the nitronium ion. 
The protonitronium ion (NO2H2+), if completely formed, 
would be a dicationic, unstable, and consequently highly re

active species. Simonetta,8 indeed, carried out calculations 
on this dication and found no energy minimum comparable 
to the nitronium ion (although in the gas phase dications 
are generally more unfavorable, due to charge-charge re
pulsion, than in the condensed state, where solvation can 
help to remove excess charge). 

FSO3H 

O=N=O — Q=N=O . . . HOSO2F 
[ O = N = 6 H ] 

2+0 
O=N-OH 

O 
An indication that the nitronium ion is hydrogen bonded 

by fluorosulfuric acid is obtained from ir spectra in arsenic 
trifluoride solution (a suitable solvent for these studies). 
The HO stretching frequency of the acid in ASF3 is shifted 
from about 3300 to 3265 cm -1 and is also broadened upon 
addition of about 10% NO 2

+PF 6
- to the system. At the 

same time the N-O stretching frequency at 2380 cm -1 re
mains practically unchanged, indicating no change in the 
force constant for the NO bond. 

Finally it should be emphasized that the stability of inter
mediates and their reactivity are not parallel, but opposing 
properties. It was previously assumed, according to Ingold,9 

that the existence of a reactive intermediate is convincingly 
established only if it can be directly observed or even isolat
ed (such as nitronium, nitrosonium, or acylium salts). With 
stable, isolable intermediates the question must be raised, 
however, whether these are indeed the reactive forms in
volved in reactions in solution. Acylium and nitronium salts 
themselves may be only of relatively limited electrophilic 
reactivity as polarizable electrophiles. They will readily 
react with relatively strong electron donors such as n- and 
ir-donors, which can polarize and eventually displace a 
bonding x-electron pair onto oxygen, but apparently are not 
capable of reacting with pure o--donors, such as methane 
and higher alkanes. In the latter case, it is suggested that 
acid solvated, highly reactive species are the de facto re
agents. 
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