generally shows reactivity similar to that of the iso-
propyl cation.

As alkylcarbenium ions are readily formed when
alkanes themselves are treated with superacids, it is
not surprising that we observed polycondensation
(self-alkylation) when treating an excess of simple
alkanes (including methane, ethane, propane, and
butanes) with FSO;H-SbF; (“magic acid”) to form
highly branched polyalkanes of low molecular weight.

In conclusion, the major reactions in the alkylation
of alkanes by alkylcarbenium ions are: (1) fast
intermolecular hydrogen transfer, (2) direct alkylation
and/or alkylolysis, (3) secondary alkylation and/or
alkylolysis. The nature of the transition state in all of
these reactions is considered to involve electrophilic
frontside attack on covalent C-H or C-C bonds by
the carbenium ions. The three-center bonds in the
triangular transition states are not considered sym-
metrical, particularly when steric hindrance, like in
tertiary—tertiary systems, makes this difficult. In the
transition states, however, attack by the electrophile
still is on the covalent bonds, where the electron density
resides (the back lobes of the orbitals are considered
poor electron donors, since probably less than 1097 of
the overall electron density is to be found in them).
The role of steric hindrance is well demonstrated by
the relatively small amount of 2,2,3,3-tetramethyl-
butane formed in the reaction of isobutane with zerz-
butyl cation. The sterically less hindered isopropy!
cation with isobutane gives higher yields of 2,2,3-tri-
methylbutane, as does the reaction of sec-butyl cation
with isobutane.

It can be concluded that aliphatic electrophilic
alkylation of alkanes by alkylcarbenium ions is a
general reaction which can proceed without involvement
of olefins and represents a significant example of
electrophilic reactions at single bonds.
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Electrophilic Reactions at Single Bonds. V.!
Nitration and Nitrolysis of Alkanes and Cycloalkanes
with Nitronium Salts

Sir:

Whereas electrophilic aromatic nitration is one of
the most thoroughly studied substitution reactions,
electrophilic aliphatic nitration remains virtually un-
recognized. Nitration of paraffins was first carried out
by Beilstein and Kurbatov? in 1880 and subsequently by
Konovalov?® and Markovnikov.¢ It was shown that
generally higher temperatures and dilute nitric acid is
needed to achieve nitration of saturated aliphatic
hydrocarbons. Hass?® in the 1930°s developed a

(1) Part IV: @G, A. Olah and J. A. Olah, J. Amer. Chem. Soc., 93,
1256 (1971).

(2) F. Beilstein and A. Kurbatov, Ber., 13, 1818, 2029 (1880).

(3) M. Konovalov, ibid., 26,878 (1893); 28, 1852 (1895).

(4) V. Markovnikov, ibid., 32, 1441, 1445 (1899); 33, 1905 (1900);
35, 1584 (1902),
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practical gas-phase nitration of paraffins like propane,
n-butane and isobutane, and n-pentane and isopentane
with nitric acid vapor at 350-400°., Grundmann® was
able to extend the scope of the reaction to higher molec-
ular weight hydrocarbons by carrying out the reaction at
160-180° in the liquid phase, with superheated nitric
acid vapor or with nitrogen dioxide. From all these
studies it was generally concluded that aliphatic hydro-
carbon nitrations are free-radical reactions, with nitro-
gen dioxide acting as the nitrating agent.’

We now report our observations that electrophilic
nitration and nitrolysis® of alkanes and cycloalkanes
with stable nitronium salts can be carried out under
well-controlled conditions, excluding the probability
of free-radical formation.

A colorless solution of a stable nitronium salt (gener-
ally the hexafluorophosphate NO,;*PF;~ but also the
hexafluoroantimonate NO,*SbF;~ or tetrafluoroborate
NO,+BF,;~) in methylene chloride-tetramethylene sul-
fone solution was treated with the alkane (cycloalkane),
with usual precautions taken to avoid moisture and
other impurities. Reactions were carried out at room
temperature (25°) and in the dark in order to avoid
or minimize the possibility of radical side reactions
and/or protolytic cleavage reactions (tertiary nitro-
alkanes particularly undergo ready protolytic cleavage
reactions). No attempt was made to optimize con-
ditions or increase yields by raising reaction temper-
atures.

Product analyses were carried out by gas-liquid
chromatography and comparison (ir, nmr) of isolated
products with authentic materials. Data obtained are
summarized in Table I.

Table I. Nitration and Nitrolysis of Alkanes and Cycloalkanes
with NO;*PF¢~ in CH,Cl,~Sulfolane Solution at 25°

Hydrocarbon Nitroalkane products and their mol ratio

Methane CH;NO,

Ethane CH;NO; > CH;CH;NO,, 2.9:1

Propane CH;NO; > CH;CH;NO; > 2-NO,C:H; >
1-NO,C;Hy, 2.8:1:0.5:0.1

Isobutane tert-NO,C:Hy, > CH3NO,, 3:1

n-Butane CH;NO; > CH;CH:NO; > 2-NO,C.H; ~
1-NO:C.H,, 5:4:1.5:1

Neopentane CH;NO; > tert-C4H;NO,, 3.3:1

Cyclohexane Nitrocyclohexane

Adamantane 1-Nitroadamantane > 2-nitroadamantane,
17.5:1

The ¢ basicity of alkanes obviously is lower than the
n basicity of lone-pair donor molecules used as solvent
systems. This represents a major difficulty in achieving
practical aliphatic nitrations with nitronium ions.

(5) H. B. Hass, et al, Ind. Eng. Chem., 28, 339 (1936); 30, 67 (1938);
31, 648 (1939); 32,427 (1940); 33, 1138 (1941).

(6) C. Grundmann, Chemie, 56, 159 (1943).

(7) For summaries on aliphatic nitration see (a) F. Asinger, ‘“Paraf-
fins,” Pergamon Press, New York, N. Y., 1968, Chapter 4, pp 365-482;
(b) A. V. Topchiev, “Nitration of Hydrocarbons and Other Organic
Compounds,’ Pergamon Press, New York, N. Y., 1960; (¢) A.I. Titov,
Tetrahedron, 19, 557 (1963); (d) N. Kornblum, Org. React., 12, 101
(1962); (e) H. O. Larson in ‘“The Chemistry of the Nitro and Nitroso
Group,” Vol, I, H. Feuer, Ed., Wiley-Interscience, New York, N. Y.,
1969, Chapter 6; (f) for a mechanism of gas-phase nitration, see G, B.
Bachman, L. M. Addison, J. V. Hewett, L. Kohn, and A, Millikan,
J. Org. Chem., 17,906 (1952).

(8) The terms are defined as substitution (of hydrogen for the nitro
group) and nitrolytic cleavage (of C~C bonds), respectively.
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H -H*
CH, + NO,PFy” === |CH;-= ——— CH,NOQ,
N02 6_
- +
CHCHy <[ __ 2, CH,CH,NO,
2
H,CCH, + NO,'PF" -
3 3 2 6 —< H3C\ /CHg +
“,' — CH;NO, + CH,F
N02
- +
H -H*
CchHchz---QNO —-> CH,CH,CH,NO,
2

CH,CH,CH; + NO,'PF;”

CHCH,,_

o

(CHa),C--~

(CHy),CH A
——
v *NO

+

-B*
— (CH,),CHNO,

2

CH,]" _, CHCH,NO, + CHF
> CH;NO, + CH,CH,F

R

i

0,

(CHy,CNO,

H* l

CH3
[ NO*PF,~ secondary
A ) HNO, + [(CH)CY] —
CHy CIJ H z [(CH,C] products
CHy +
CH,
(CHy),CH--~, . —  CH,NO, + (CH,),CHF
2
H, CH, *
o | cH,
CH,—C—CH; + NO,"PFy == CHS_?-“\NO — CH,NO, + (CH;)CF + PF;
2
CH, CH, ~

Also, the nitro products, being n donors themselves,
tend to slow down generally nitrations and only low
yields of nitroalkanes could be so far obtained, at
least under the very mild reaction conditions used.

At 25°, 0.1% of nitromethane was obtained in the
nitration of methane. Substantially (at least tenfold) in-
creased yields are, however, obtained in HF and HSO;F
(or other superacid) solutions as solvent (see subsequent
discussion). Higher alkanes and isoalkanes gave yields
of 2-59 and adamantane was nitrated in 107 yield,

Concerning the mechanistic aspects, we suggest that
the nitronium ion nitration (and nitrolysis) of alkanes
and cycloalkanes follows the same pathway as the
previously discussed protolytic reactions and alkyl-
ations,! e.g., the reactions proceed via three-center
bond transition states formed by the nitronium ion
attacking the two-electron covalent ¢ bonds, forcing
them into electron-pair sharing. It should be men-
tioned that the linear nitronium ion O=N+=0 has no
vacant orbital on nitrogen (similarly as the ammonium
ion) and therefore cannot act as an electrophilic nitrat-
ing agent! The reactive nitronium ion must be con-

(CH»)CNO, + CH;F + PF;

sidered bent (i.e. rehybridized from sp to sp?) with an
empty p orbital on nitrogen, which is of dipositive
nature. The driving force for forming the bent ni-
tronium ion may be the ability of the oxygen lone elec-
tron pairs to coordinate with acid (always present in
nitration systems). The protonitronium ion (NO.H?**)
may indeed be the reactive species formed in electro-
philic nitrations (hence the higher reactivity of ni-
tronium salts in strong acid solutions). Whereas reac-
tion at the C-H bond results in substitution of hydrogen
for the nitro group, reaction on C-C bonds causes
nitrolysis as shown, for example, in the reactions of
ethane, propane, isobutane, and neopentane.

Tertiary C-H bonds show the highest reactivity.
C-C bonds are generally more reactive than secondary
or primary C-H bonds, leading to preferential nitrolysis
of n-alkanes (see data of Table I). The nitronium ion,
which is linear itself, does not seem to exercise excessive
steric hindrance in the transition states of the reactions,
where it is substantially bent (indicated also from its
behavior in electrophilic aromatic substitutions). Side
products of the nitrolysis are methyl, ethyl, and iso-
propyl fluoride (formed by the reaction of PFe¢~ with
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the cleaved alkylcarbenium ions) or secondary alkyl-
ation products, themselves capable of undergoing
reaction with the nitronium salt.

Frontside attack by the electrophile, as suggested,
should result in retention of optical activity, if reaction
was carried out on an optically active hydrocarbon.
Our studies in this regard are in progress and will be
reported later. We have, however, already been able
to carry out NO,* nitration of rigid systems, like
adamantane.

The ease and predominant formation of the tertiary
bridgehead I-nitroadamantane clearly indicates the
suggested mechanism since no ‘“backside” attack is
possible through the cage compound.

+

H \T/ NO, NO,
-H*
—
95%
Z
@ + NO,*PF,”
N
H +
\Y:'H ‘H+ NOz
“NO,

5%

Contrasted with electrophilic aromatic nitration,
electrophilic aliphatic nitrations are much affected by
protolytic denitrations, which particularly with tertiary
and secondary nitro compounds are of major im-
portance. The fact that denitration affects electro-
philic aliphatic nitration can be best demonstrated in
the case of 2-nitro-2-methylpropane which was found
to undergo protolytic cleavage in FSO;H-SbF;,
HF-SbF;, and also in HF-PF; solution even at —80°.
The protolytic cleavage reaction yields zerz-butyl
cation and nitrous acid (or subsequently, nitrosonium
ion). No nitronium ion is formed, as indicated by
absence of any aromatic nitration product found when
tert-CsHgNO, was treated with benzene and toluene in
the presence of strong acids; i.e., only zerz-butylated
products were obtained.

H+
(CHa)aCNOz : (CHa)gCN02H+ —_ (CH3)3C+ + HN02

Whereas our studies centered so far primarily on the
feasibility of the nitration of alkanes (cycloalkanes)
with nitronium salts in aprotic solvent systems, once
reactions are demonstrated they can, of course, also be
carried out under more conventional conditions.
Mixed acid (HNO;-H,SO,) nitration of isobutane at
50° gave the following nitroalkane composition:
CH;NO,, 28%; CH,;CH,NO,, 4.9%; (CH,),CHNO,,
0.5%, (CH;);CNO,, 66.6%. Mixed acid nitration can
be complicated by protolytic cleavage of product
nitroalkanes, by isomerization of the hydrocarbon,
oxidative side reactions, and, if higher reaction tempera-
tures are applied, by free-radical nitration products.
Nitroethane and 2-nitropropane formed in small
amounts in the mixed acid nitration of isobutane can
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result from nitration of propane, formed via subsequent
hydride transfer in the nitrolysis yielding nitromethane,
In principle, however, there seems to be no reason why
electrophilic aliphatic nitration should not become a
general reaction, with a variety of nitrating agents cap-
able to act as precursors to the nitronium ion. Anhy-
drous hydrogen fluoride and fluorosulfuric acid were
found as improved solvents for the nitration of methane
with nitronium salts. In these strong acid solvents even
under the mild reaction conditions (room temperature)
at least tenfold increased yields (~19) could be ob-
tained. As no protolytic reactions of methane take
place in HF under the reaction conditions, side reactions
are not observed. This is not the case in the nitration of
isobutane in HF solution, where 909 of the nitro-
alkanes obtained consisted of 1-nitro-2-methylpropane.
Since only traces of this isomer were found in nitronium
salt nitration in aprotic CH,Cl,—sulfolane solution, the
formation of 1-nitro-2-methylpropane must be con-
sidered due to formation of isobutylene (either from
isobutane itself in HF containing PF; or more probably
from the protolytic cleavage of 2-nitro-2-methylpro-
pane).

.
CH (CH),CNO, —— (CH)C* + HNO,
3 NOS PRy
CHg—C'J—H l“ |
H* .
-H
CH, H, + CH)C® —— CH=C(CHy),

lNOﬁ
O,NCH,CH(CH,), <— O,NCH,C*(CH),

The polar nitro group with its unshared electron pair
donor oxygen atoms can act as a strong internal
nucleophile and facilitates nitrous acid cleavage. If
this effect is indeed of importance, it could also suggest
that in the reverse step, i.e., the NO,* nitration of
isobutane, the proton is removed internally by the
oxygen atom of the polar nitro group.

The ease of protolysis of tertiary (and to a lesser
degree secondary) aliphatic nitro compounds explains
in part the complex reaction mixtures obtained in
mixed acid nitrations of alkanes.
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Organometallic Chemistry. I. The Ethylene- and

Norbornylenemercurinium Ions
Sir.

Mercurinium ions have been postulated as inter-
mediates in the electrophilic addition of mercuric salts
to olefins, in hydroxymercuration reactions, in oxida-

tion reactions involving mercuric salts, and in certain
Friedel-Crafts reactions.! Although there is extensive

(1) For a recent review of the role of mercurinium ions in these re-
actions see W, Kitching, Organometal. Chem. Rev., 3, 61 (1968).
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