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I. INTRODUCTION

The first solid nitronium salts were synthesised by
Hantzsch in 1925. In the 1950's general methods were
developed for the synthesis of nitronium salts and these com-
pounds became available as reagents. The introduction of
new nitrating agents into chemical practice was very impor-
tant for the study of nitronium salts. Firstly, nitronium
salts have many specific properties and their application
greatly expands the synthetic possibilities of the nitration
reaction. Secondly, the study of the characteristics of the
nitration of aromatic compounds by nitronium salts and the
discussion which arose in connection with this problem in the
last 10—15 years have played a major role in the further
development of our ideas about the nitration mechanism.

There have been few surveys of the literature on nitronium
salts—after the review of Olah and Kuhn' in 1964, in which
data relating to the initial investigation of this class of com-
pound were compiled, no new reviews were published. The
literature published up to 1980 is used in the present review.

IT. SYNTHESIS AND PROPERTIES OF NITRONIUM SALTS

1. Synthesis of Nitronium Salts

Nitronium salts are ionic compounds containing the NO}
cation and the anions of Lewis oxy-acids or complex acids—
Clo,, HSO;, FSOj3, SO2™, BF,, PF,, etc. The structure of
nitronium salts was not established correctly immediately.
Hantzsch? attributed the structures of nitracidium perchlorate
{H,NO,1*C10; and dinitracidium perchlorate [H;NO;1?*2Cl0Oj; to
the nitronium perchlorate which he obtained for the first time.
Later other workers®" reproduced Hantzsch's synthesis and
showed that his compounds are simply mixtures of nitronium
perchlorate (NO}CIO;) and hydronium perchlorate (H,0'C10;).

Nitronium perchlorate can be obtained in several ways: by
the reaction of nitrogen pentoxide with perchloric acid® or of
nitrogen oxides with ozone and dry chlorine oxide®, by the
reaction of ClO,F with nitric acid®, or by the reaction between
nitric acid and chlorine heptoxide’. Nowadays the most
widely used method involves the synthesis of NO*Z'CIOE from
ozone, nitrogen oxides, and chlorine oxide®™?. Another
chlorine-containing nitronium salt, namely nitronium hexa-
chloroantimonate, has been obtained by the reaction of anti-

mony pentachloride with nitryl chloride in liquid chlorine!!:

NOLCI - SbCl; 23 NOSECI;

The synthesis and study of the properties of stable nitro-
nium salts based on fluorine-containing Lewis acids have
received considerable attention. Several general and specific
methods of synthesis of these compounds have been proposed.
Woolf and Emeleus*?™1* obtained NO}BF;, NO;PF;, NO}AsF;,
NO3SbF;, (NO,)3*SnFZ”, NO}AuF;, and NO}FSOj; by the reac-
tion of nitrogen dioxide with bromine trifluoride and the
corresponding oxide (for example, boron oxide) or halide.
NOIVF;, NOINbF;, and NO}TaF; werg synthesised by the
same method®S:

NO, + B,Os - BrF; — NO:BF: ’
NO, + PBrs -+ BrF; — NO'PF; .

Aynsley et al.’® developed a general method of synthesis of
nitronium salts by the reaction of nitryl fluoride with metal-
loids or their fluorides®”s8:

Si -+ 6NO,F - (NO,)*SiF; +4NO, ,
BF, + NOF ~ NO'BF; .

The reactions of oxides (V,05, SO,, etc.) with an excess of
nitryl fluoride also lead to the formation of nitronium salts,
for example:

805 4 NOF — NOJSO;F -,

The corresponding nitronium salts has been synthesised by
the reaction of nitrogen dioxide with iridium hexafluoride'?®.

The above methods of synthesis of nitronium salts are
complex and require the use of compounds such as BrF, and
NO,F, which are difficult to obtain.

Nitronium salts became readily available reagents for exten-
sive laboratory use only after the studies of Schmeisser and
Elisher?® and also Olah and co-workers?!, who showed that
stable fluorine-containing nitronium salts can be obtained by
the reaction of nitrogen pentoxide, anhydrous hydrogen
fluoride, and a fluorine-containing Lewis acid in nitromethane:

NzOs -+ HF -+ BF; » NO}BF,, + HNO; .

The replacement of N,O5 by concentrated nitric acids made it
possible to simplify still further the synthesis of nitronium
tetrafluoroborate??:2%;

HNO; + HF - 2BF; — NOYBF; +- BF;-H:O .

Other Lewis acids, for example, phosphorus pentafluoride,
arsenic pentafluoride, etc., react in the same way?22*,

When it is necessary to obtain a salt free of an admixture
of a nitrosonium salt, it is possible to employ modified methods
in which the nitronium cation is generated from alkyl nitrates®
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or nitryl chloride?®:
RONO, 4 HF 4 2BF; — NO':BF: -~ ROH-BF; »
NOCl -+ HF -+ 2BF;—> NO*BF} -+ HCI-BF; s

The nitronium salt of one of the strongest acids, namely
trifluoromethanesulphonic, has been obtained recently®’ 2%,

Fairly convenient methods of synthesis of various nitronium
salts have now been developed. Nitronium tetrafluoroborate,
nitronium hexafluorosilicate, nitronium hexafluorophosphate,
nitronium hexafluoroantimonate, and nitronium trifluorometh-
anesulphonate have found most applications as nitrating
agents.

2. Physicochemical Properties of Solutions of Nitronium Salts
The solubility of nitronium salts has been inadequately
studied. Nitronium tetrafluoroborate (NTFB) and nitronium

fluorosulphonate®® have been most fully investigated (see
Table).

The solubilities of nitronium salts at 20 °C.

Solubility, wt.%

Solvent nitronium
NTFB \ﬂum‘osu}phonatc

Acetonitrile 3.1 1.6
Nitromethane 1.2 1.0
1,4-Dioxan 1.2 0.3
Methyl ether of ethylene

glycol acetate 0.7 —
Methyl acetate 4.1 3.8
Ethyl acetate 0.1 0.1
Trimethy! phosphate 19.9 12.7
Tripropy! phosphate 6.0 5.4
Trigutyl phosphate 1.9 1.6

NTFB dissolves only slightly in nitroethane and nitropro-
panes®3!, The rate of dissolution of NTFB is determined by
diffusion processes and varies in parallel with its solubility
in a number of solvents®®,

Nitronium hexafluoroantimonate, hexafluorophosphate, and
hexafluoroarsenate are more soluble in organic solvents than
NTFB and 50% solutions of these salts can be obtained for
example in nitromethane.

The salts also dissolve readily in nitroethane, nitropro-
panes, sulpholane, and trifluoroacetic acid®*. Less than
0.3% of NTFB and ~0.5% of NO}CIO, dissolve in nitromethane
at 25 °C.?%31  The saturated NTFB solution in sulpholane at
25 °C contains 7% of the salt, while that in acetonitrile con-
tains 10% of the salt. The solubility of NTFB in nitroethane
and nitropropane is insignificant but there are no quantitative
data®®,

A solution of NTFB in liquid hydrofluoric acid is a true
electrolyte, like a KBF, solution®®. Cryoscopic studies of
NTFB solutions in sulpholane’! showed that, at a concentra-
tion of ~ 3 mole %, NTFB exists in the form of ion pairs, of
which less than 2% are dissociated into ions. With increase
of the NTFB concentration in sulpholane, the conductivity
of the salt rises linearly?*?7:3},  Solutions of nitronium tri-
fluoromethanesulphonate?” and NTFB?! have very similar
specific conductances. Conductimetric measurements on
solutions of nitronium salts of monobasic and dibasic acids
have shown that the nature of the anion has little influence
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on the degree of dissociation of the salt®®, A solution of
nitronium perchlorate in nitromethane is less than 6% disso-
ciated®.

On the basis of cryoscopic® and other data, Olah and
Kuhn?® believe that in concentrated solutions nitronium salts
exist in the form of conducting ion triplets. On dilution of
the solution, the triplets are converted into non-conducting
ion pairs. Further dilution of the solution leads to the
separation of the ion pairs into simple ions, which are also
conducting; this enabled the authors to account for the
minimum in the conduectivity of nitronium perchlorate solu-
tions in nitromethane with increase of the nitronium salt con-
centration. A conductivity minimum has also been observed
for solutions of a series of uni-uni- and uni-bi-valent solu-
tions of nitronium salts in ethyl acetate®® and is also due to
the existence of ionic associated species. On the other hand,
a linear relation has been found?®® between the specific con-
ductance of a solution of nitronium hexafluorophosphate in
nitromethane and the concentration, no signs of the formation
of ionic associated species being observed up to a nitronium
salt concentration of 0.4 M.

The interpretation of the conductimetric data for nitronium
salts in aprotic solvents is at present obscure. The problem
is complicated by the fact that many physicochemical charac-
teristics of nitronium salts in organic solvents and particu-
larly their stability and electrical conductivity are to a large
extent determined by the content of moisture and impurities
and also by the nature of the interaction with the solvent
employed. However, in the communications published up to
1970%:21,31,36 o characteristics of the impurity and water con-
tents in the solvents are given, which is the reason for the
contradictory nature of the results.

Spectroscopic studies have been particularly important for
the elucidation of the structure of nitronium salts. The
study of infrared spectra led to the conclusion that nitronium
ions have a linear structure in solution®’. In nitronium
perchlorate crystals the linearity of the nitronium ion breaks
down?®%*8_  Studies of the infrared and Raman spectra of a
series of nitronium salts have led to the conclusion®® that the
nitronium ion in NO,-X compounds is bent and that the
amount of jonic character of the NO,—X bond increases in
parallel with the ONO angle in the sequence NO,Cl < NO,F <
NO%SOQ,F~ < NO%S,0.F~ < NO}ClO; = NO}BF,. These results
are extremely interesting but they require additional tests,
particularly since some experimental data do not agree with
the measurements of other workers?’,

HI1. NITRATION BY NITRONIUM SALTS

An extremely important stage in the research into nitronium
salts involves the choice of solvent. As mentioned above,
nitronium salts have a limited solubility and interact with the
majority of organic solvents. Solvents such as acetonitrile,
acetic and phosphoric acid esters, nitromethane, dioxane,
and sulpholane are usually employed for nitration. Nitro-
derivatives of aromatic hydrocarbons have been synthesised
in an excess of the aromatic compound or in ether?', How-
ever, ethyl ether interacts with NTFB on mixing. Apart
from the solvents indicated, aliphatic hydrocarbons, methyl-
ene chloride, and acetic anhydride have been used for
nitration by nitronium salts. Nitration by NTFB has been
carried out*? in anhydrous acetic acid, but the latter inter-
acts with NTFB at room temperature to form another
nitrating agent—acetyl nitrate.

Nitration by nitronium salts is complicated by the liberation
of the corresponding inorganic acids (tetrafluoroboric,
hexafluorosilicic, etc.) which can also react in their turn
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with the solvent, particularly since many of these acids are
superacids (for example, trifluoromethanesulphonic acid is
14 times stronger than sulphuric acid?®®).

Some investigators have used solutions of nitronium salts
in strong protic acids for nitration—sulphuric2®%%"41,
methanesulphonic*?, trifluoromethanesulphonic?®, and fluoro-
sulphonic*!. However, such nitrating systems differ from
the corresponding nitric acid solutions only by the water
content and the acidity of the medium and will not be con-
sidered in this review.

1. Nitration of Aromatic Hydrocarbons

In 1950 it was observed® that a solution of nitronium per-
chlorate in nitromethane nitrates benzene to nitrobenzene
almost instantaneously and slowly converts nitrobenzene into
dinitrobenzene. However, the low stability of nitronium
perchlorate and the risk of the explosion of its mixtures with
organic solvents inhibited further investigation of the
nitrating activity of this salt.

Olah and Kuhn were the first to carry out extensive
studies on nitronium salts as nitrating agents. They showed
that not only nitronium perchlorate but also other stable
nitronium salts, namely the tetrafluoroborate, hexafluorosili-
cate, and hexafluoroantimonate, are active nitrating
agents»2*2,  They investigated NTFB most fully and showed
that, in sulpholane?? or an excess of the substrate*?, NO}BF;
nitrates benzene and alkylbenzenes (I) very readily to the
corresponding mononitro-derivatives in 80—95% yield:

R!
9-5°
+  NoFBr; — @NOI ;
Rl

(a) R'=H; R*=H, CH,, C,H,, iso-C;H,, n-C,H,, n-C,Hg,
iso-C Hg4, or t-C,Hy;
(b) R!=CH,; R*=CH,(0-, m-, or p-).

Rl

RZ

Monohalogenobenzenes react under approximately the same
conditions, while dihalogenobenzenes are nitrated at a higher
temperature (30—50 °C), but the yield is in all cases 80—90%.
The nitration of benzene derivatives containing other electron-
accepting substituents takes place just as successfully
although the reaction is in this case slower and takes place at
a higher temperature (up to 40-50 °C, in a few instances
90—100 °C). By nitrating o-tolunitrile with NTFB in sulpho-
lane, it proved possible to obtain for the first time 3-dini-
tro-o-tolunitrile in 75% yield®. The reactions with other
nitrating agents lead to the oxidation of the nitrile group:

"

nl
NO,
+ NOFBF; —> @ 2
2 R*

ain
@ R'=Cl, R'=0-N0,, p-NOsi(b) R'=F, R’z 0-NO,, p-NO, ;

Rl

R‘
|
@ + ~NofBF; —> ;
R . NO,

()
(3) R'= NO,, CN, COOCH4, COCI, COF; R?=H; () R'=CN, R2=0-NO,3
mNOpi p-NOo; (9 R'=COOCyH, BY = m-NO,

The readily oxidisable triaryl- and alkyldiaryl-phosphines
were nitrated for the first time with NTFB and a series of
meta-nitro-derivatives of arylphosphines were obtained*?.
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The nitration of alkylbenzenes containing the isopropyl or
t-butyl group with NO}BF} is accompanied by substitutional
nitration with elimination of one of the alkyl groups (ipso-
substitution)**, In the nitration of p- and o-cumenes the
degrees of substitution of the isopropyl group are 9.5 and
41% respectively. In the nitration of 1,4-di-isopropylbenzene
one of the isopropyl groups is 56% substituted, while in the
nitration of 1,4-di-t-butylbenzene the degree of substitution
of the t-butyl group is 20%.

Steric hindrance interferes with the direct nitration of
1,3,5-tri-t-butyl-benzene: on treatment with NTFB, only
substitutional nitration takes place with formation of 1,3-di-
t-butyli-~5-nitrobenzene:

R\ /w R . R\ /YN(), ‘
” -+ NOBF{ » ” ’
A N7

R "
R = C(CHs)s

The interaction of polyalkylbenzenes with nitronium salts
also leads to different hydroxymethyl derivatives*®*®, Poly-
nuclear aromatic compounds (biphenyl, naphthalene, and
phenanthrene) are nitrated quantitatively by NO,BF,,! more
than 50% of a-nitronaphthalene being obtained from naphtha-
lene and only 9-nitrophenanthrene being formed from phen-
anthrene.

Comparison of the nitrating capacities of three nitronium
salts, namely the tetrafluoroborate, the hexafluorophosphate,
and the trifluoromethanesulphonate, with respect to toluene
showed that the highest reaction rate or the highest yield of
nitrotoluene are obtained when nitronium trifluoromethane-
sulphonate is used?®. On the other hand, Olah and Kuhn"’
were unable to detect the influence of the nature of the anion
on the yield of o-nitrotoluene; they explained the decrease
of the content of the ortho-isomer from 65 to 55% on passing
from sulpholane to nitromethane and toluene by the difference
between the degrees of solvation of the ion pairs of the
nitrating agent. In the nitration of toluene by nitronium
trifluoromethanesulphonate in alkyl halides, the ratio of the
ortho- and para-isomers at temperatures between —60° and
—90 °C remains almost constant at 1.63, while at —110 °C it
decreases to 1.03. The yield of the meta-isomer does not
exceed 0.33% under these conditions"’.

Alkylnitropyridinium salts are interesting nitrating agents.
The alkyl groups in the 2- and 6-positions of pyridine (VI)
prevent the conjugation of the nitro-group with the ring
(owing to their non-coplanarity), which leads to a high
nitrating capacity of these salts. In contrast to inorganic
nitronium salts, pyridinium salts make it possible to carry
out nitration readily under homogeneous conditions. Further-
more, the acid formed as a result of the reaction is bound by
alkylpyridine, which is very important in the nitration of
compounds sensitive to the action of acids*®:

R R
@ B 4+ an—> amo, + ®| 9

g | oy cH, ¥ CH,
NO,

R=H,CH,3,0CH;y .
(1v)

The solvent apparently has a considerable influence on the
nitrating activity of nitronium salts, but this problem has as
yet been little investigated.
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2. Nitration at a Saturated Carbon Atom

All the nitration reactions of paraffinic and naphthenic
hydrocarbons known hitherto take place via a free-radical
mechanism involving the NO; radical’®®, It has been shown
only recently*® that the nitration of paraffinic hydrocarbons
can be achieved with the aid of stable nitronium salts in the
methylene chloride—sulpholane system under conditions which
virtually rule out the formation of the radicals. Thus the
authors obtained nitromethane from methane, albeit with a
low yield, nitroethane from ethane, etc. The tertiary C—H
bond exhibits the highest reactivity: adamantane is nitrated
to 1-nitroadamantane in 10% yield. Nitronium salts can be
replaced by the mtro—group and aproton in a methy! group of
polyalkylbenzenes"®

The nitration of paraffinic hydrocarbons is accompanied by
nitrolysis with the dissociation of a C—C bond, the process
occurring more readily than the nitration at secondary and
primary carbon atoms. The nitration of alkanes with the
normal structure therefore results in the preferential forma-
tion of nitrolysis products. For example, a mixture of 1-
and 2-nitrobutanes, nitroethane, and nitromethane has been
obtained from n-butane in proportions of 1:1.5:4:5, while a
mixture of t-nitrobutane and nitromethane in proportions of
3:1 was obtained from isobutane. According to Olah's hypo-
thesis®?, nitration, like other electrophilic processes (deu-
terium exchange, alkylation, and acid-catalysed isomerisa~
tion), proceeds via the "frontal" attack on a C—H or C—C
bond with formation of a triangular transition state and not
via the attack by the electrophile on a tetragonal carbon atom:

+
M
p
Clly—CH,-- < —> CH;CH,NO, + HT 5
N
o, .
Cli;—CH; + Nu;'
CH, CH, +
N
| —> Ci,Ney + CHY
X0,

In the first excited state the linear nitronium cation can be
converted into the bent form®* and can react as an electro-
phile.

The nitronium cation is also capable of oxidising secondary
and particularly tertiary carbon atoms with formation of a
carbenium ion®?. If the reaction takes place in acetonitrile,
then the carbocation is converted by the Ritter reaction into
the corresponding amide. Thus N-(l-adamantyl)acetamide
was obtained from adamantane (yield 88%) and N-(exo-2-nor-
bornyl)acetamide was obtained from norbornane (yield 78%).
Bicyclo[2.2.2]octane is converted in 73% yield into the corre-
sponding amides (V)—(VII) in proportions of 65:22:13:

NHAc
Nu, BF;
CH3(‘N
“—NHAc
1)

NHAc
(viy)

It is striking that the ratio of isomers (VI) and (VII) formed
is approximately the same as in the similar isomerisation of
the carbocation obtained in the solvolysis of bicyclo[2.2.2]~
octyl-2-p-bromobenzenesulphonate®®®*, which is also evidence
in support of an ionic mechanism of the reaction of polycyclanes
with NTFB under consideration. Both exo- and endo-
2-norbornyl bromides react analogously with nitronium salts5®
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3. Nitration at the Double Bond

The reactions of nitronium salts with olefins do not take
place unambiguously and depend to a large extent on the
nature of the alkene and the reaction conditions. When
alkenes react with nitronium salts, a reactive nitrocarbenium
ion, which can initiate polymerisation, is formed®®:

C;HyCH=CH, + NO}BF; — Czl-IsEHCHzNOZBF: -
C.Hs

I
— CoH;CH— [CHZ——

DG CH~CHy) CH— L—CHzCHCgHs +HBF, .
CH:NO,

The nitrocarbenium ion can be also stabilised as a result of
an intramolecular rearrangement to the oxonium ions. The
latter reacts with water to form a ketone®’:

. N
AT
(CHp),C=C(CH), + NOT —=> (Cly),C ClCHp, —>
+oNo, 0
. Hp0 i
(CHg)C—C—Cll; —2  (CH)yt—C—CH, -+ HNO,

If the nitration of olefins by nitronium saits is carried out in
acetonitrile, then the nitrocarbenium ion undergoes the Ritter
reaction with the solvent to form nitroacetamides®®

cHer, RlRZCCHR’NO, +BF]

R'R®CCHR®NO, + CH,CN — R!R*CN*=CCHjy
|
CHR3NO,

R'R?C=CHR® + NO}BF;

o, R‘RzCllNHCOCHg H
CHR®NO,

a) R'=CH,, R*=R3=H, yield 50%; 6) R1=R?=CHj,,
R%=H, yield 23%; B) Rl=R3=CH;, R?=H, yield 13%

The mode of the reaction between olefins and nitronium salts
depends on the structure of the substrate and the process
conditions. For example, cyclohexene reacts with NTFB

to form a nitrocarbocation, which is stabilised in the form of
3-nitrocyclohexene (yield 40%)°%6°.

NN AN
(7 =)
A Ve A4

The nitration of 1-substituted cyclohexenes is accompanied
by the formation of 2-fluoro-1-nitro-2-R-cyclohexanes (VIII):

N\
I\/H + NOBF; ca.f: SO,

| e
N —NO; ;
() wopore— (]
N N/
(VIL)
(a) R = CHj, yield 30% °; (b) R = Cl, yield 60%.%2

The mechanism of the formation of the fluoro-derivative has
not been studied but the stereochemistry of the process has
attracted attention—the reaction proceeds via a vicinal-addi-
tion mechanism®!

Alkenes with a reduced electron density, for example
3-methyl-2,5-dihydrothiophen 1,1-dioxide (IX), react with
NTFB more or less unambiguously:

CH; N CH,4 NO,
T S
Ng” C10°C Ns/ N/
o”No o”No o”No
(IX)

The reaction of 3,4-dimethyl-2,5-dihydrothiophen 1,1-dioxide
(X), in which the double bond is blocked by the methyl
groups, apparently proceeds via an electrophilic substitution
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mechanism®?;
CH, ,CH, CH.
Nt P N
/N NOj BF,
(P —=- <S/—No. .
o0”No o”No
X)

As mentioned above, the reactions of nitronium salts with
olefins proceed via the formation of a nitrocarbocation and
the decisive factor which determines the success of the reac-
tion is the ease of the stabilisation of nitrocarbocation by its
conversion into the final product. One of the methods for
such stabilisation involves nitration in acetic anhydride. It
has been suggested that the complex NO}RF,.Ac,0 reacts and
that 2-acetoxy-1-nitroalkane is obtained in 36—60% yield after
the hydrolysis of the reaction mixture with water®*. The
reaction involves mainly cis-addition:

—240:H:0 . ACOCR'RICHRING,
(XI)

R2=R®=H; 6) R!=R’- CH,, (cis, trans),

R2=H; B) R!=R?=CHj, R¥=

RIR*C=CHR, - NO;BF;

a) R'=CHj,

4-Acetoxy-4-methyl-2-pentanone was isolated together with
the nitroacetate (XIc) after the nitration of isobutene, which
indicates the formation of an acylium cation in the reaction
mixture.

The nitration of cyclenes is as a rule accompanied by the
transfer of the reaction centre and the formation of the B-
and y-nitroacetates (XII)—(XIV) in 18-29% yields®®

NO,
|
AN L NOJBFj+AGO N
| =1 | s

\I/

OAc
(x11), 18%

OAC OA(:
/N 1. Noi 1 NOSBFyrAGO (\T_Noz
L l—=me— + |
(X111 (XIV)\NO,

The high degree of stabilisation of the nitrocarbocation in
the nitration of norbornene in acetic anhydride ensures a
high (86%) yield of two conformers of 2-acetoxy-7-nitrobicy-
clo[2.2.1]heptane formed.

Overall, one should say that the nitration of olefins, par-
ticularly those containing electron-donating substituents, by
nitronium salts is complicated by side reactions and does not
always lead to the expected result. In many instances-nitra-
tion with nitronium tetrafluoroborate takes place with higher
yields in the presence of o-picoline®%®®, In this case the
nitrating agent is apparently not the nitronium salt but
1-methyl-N-nitropyridinium tetrafluoroborate(XV), which is
formed rapidly when NTFB is mixed with o-picoline*®. The
yields of products (XVI)—(XVIII) are respectively 40, 25, and
13%:

Q@ - =0 O,

NO, [6:4'2)] (XVID) (X VI

The interaction of nitronium salts with the heteropolar
C=N double bond in nitroalkane salts is of great interest.
Olsen et al. showed that gem-dinitro-compounds are formed
in the nitration of 2-nitropropane and nitrocyclohexane salts
with NTFB in acetonitrile®’:

RIR!C=NO,;M + NO}BF; ~ R'RZC (NO.); -+ MBF, ;
(XIX)
@ M=Li,

® M=Na, (9 M=K
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The reaction takes place between —35° and —40 °C and its
character depends on the nature of the cation. When the
lithium salt (XIXa) is used, the yield is 35%, in the presence

of the sodium salt (XIXDb) it is 25%, while the potassium salt

(XIXe) does not react. Apart from the gem-dinitro-com-
pounds, the nitration of nitroalkane salts gives rise also to
the pseudonitroles R?R2C(NO)NO,. In contrast to dinitro-
alkanes, their yield increases on passing from the lithium to
the potassium salts from 5 to 25%.

N-Nitropyridinium tetrafluoroborate salts, which are very
mild nitrating agents, can also be used for the nitration of
mononitroparaffin salts®®®%, However, the nitration is in
this case complicated by the alkylation of the N-nitropyridin-
ium salt of the nitroalkane and the formation of a pseudo-
nitrole (for secondary nitro-compounds):

x s

R R , C~R
R )

- _ AN R R No, R 3

) bF; + "/c=woom+—» \C(N0;)2 \ < + | By
-3 ¥ R R R N \no

Ny (XX1) (xXx11) ]LOZ

(o0 (XX111)

() R'=R2=R3=R‘=Rb=H;
(@ RI=R*=Ré=Rs=H, R’=GHs
Ré=Ré=CH,; (¢) R'=CH;, R'=H;
@® R'=R'=CH;; () RRC—

(b) R'=R?=CH;, R®=Ré=Rb6=H;
(@) R'= R’—R’:H

® R'=CH R'=
cyclohexylidene

The extent of these side reactions depends on the structure
of the nitrating agent. N-Nitropyridinium tetrafluoroborate
(XXa) does not enter into the nitration reaction; only the
alkylation product is formed—N-nitro-4-nitroalkyl-1,4-dihydro-
pyridine [compounds (XXIII, a and e)—(XXIII, a and g)] in
60—85% yield. The introduction of substituents into the 4-
and 2,6-positions of the pyridine ring [compounds (XX, b—c)]
promotes the formation of the pseudonitroles (XXII, g and h)
(up to 20%) and gem-dinitroalkanes (XXI, e—h), whose yield
reaches 42%. Primary nitroalkanes react with 3,5-lutidine
derivatives (XXd) to form mainly the alkylation products
(XXIII, d and e), while secondary nitroalkanes give rise to
the gem-dinitro-compounds (XXI, g and h) in yields up to
56%. The anion of 1,1-dinitroethane reacts with the salt (XXc)
to form only the alkylation product (XXIIIc, R' =CH,,

R" = NO,).

An interesting example of nitration is the reaction of NTFB
with the sulphonium dinitro ylide to form a trimethylsulpho-
nium salt’?:

__CHCN

(CHa)2 $—C (NOy), -+ NO;BF; ——~ [(CH)5—C (NO)] BFy

Compounds containing three nitro-groups and an onium
cation at the same carbon atom were previously unknown.
Such derivatives of trinitromethylselenonium are less stable—
all attempts to synthesise such compounds have led to the
formation of tetranitromethane. The reaction can be formally
regarded as electrophilic substitution at a saturated carbon
atom attached to nitro-groups’!

(CoHs)s 8e—C (NOy), + NOZBF; ~2

~——= C(NO,),

NTFB reacts with aliphatic, carbocyclic, or aromatic ketox-
imes in the presence of pyridine to form the corresponding
ketones’?

NTFB reacts just as smoothly with ketone dimethylhydra-

zones:
I

The reactions take place with high yields and can serve as
a preparative method for the regeneration of ketones from
their oximes and hydrazones.

Rl
N _ NO,BF‘
e DC=N—N (CHyg)s ——2—*
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4. Nitration at a Nitrogen Atom

The first indication of the possibility of the nitration of
amines by nitronium salts was given by Olah and Kuhn®.
Olsen et al.®” found that NTFB reacts readily with secondary
amines in methylene chloride or acetonitrile to form N-nitro-
amines (XXIV), whose yield is 50—-70%:

2R*NH + NO}BF; — RIN—NO, - R®NH, + BF} ;
(XX1V)
R2=(C;H,)s, (NCCH,CH}),, or morpholinyl .

In a later study"3 it was shown that the nitration of aroma-

tic amines proceeds differently depending on their basicity.
Amines of moderate and low basicity, namely bis(2-cyano-
ethyl)amine (pKy = 5.25), bis(2,2-dinitropropyl)amine

(pKg = 3.08), and bis(2,2,2-trinitroethyl)amine (pKg = 0.05)
are nitrated by NTFB to the corresponding N-nitroamines in
acetonitrile or ethyl acetate in yields of 87—-98%. Despite the
data of Olsen et al.®”, the nitration of highly basic dialkyl-
amines (pKgq = 8.70—11.25) is accompanied by the partial
reduction of NO§BF; to nitrosonium tetrafluoroborate and the
formation of nitrosoamines. The content of nitrosoamine in
the reaction mixture increases with increase of the reaction
temperature. Nitronium hexafluorosilicate proved to be a
milder nitrating agent; its application makes it possible to
reduce greatly the formation of nitroso-derivatives.

The nitration of aliphatic-aromatic amines also proceeds
smoothly and the low acidity of the medium makes it possible
virtually to avoid the N-nitro-C-nitro-rearrangements’®.

Aromatic methylenebisamines, which are unstable in an acid
medium, were nitrated for the first time with nitronium salts
and N, N'-diarylmethylenedinitroamines (XXV) were obtained
in a high yield”":

\ NO,
|
/NH N
X R
| CH, + 2n0F A" —> | || CH, + 2HA 3
Va ) =
R R
2 2
(XXV)
A"z BF7, SIFETS R22-NOy, 3-NOy, 4-NOy, 2.6+ and 3.5-(NO,),

The reactions of nitronium salts and nitrogen pentoxide
with ammonia have been investigated?**%7°7¢ and it has been
shown that nitramide (XXVI) is formed at the temperature of
liquid nitrogen:

2NH, + NO3A™ —~ NH,NO, -+ NH}A™ ;
(XXVD)
A"=SO4F", CIO;, BF], NO;

The formation of nitramide is determined by the nature of
the anion: on passing from nitronium chlorosulphonate to
NTFB, the yield increases from 8 to 43%.

On treatment with nitronium salts, primary aliphatic amines
are converted into alkyl nitrates (apparently via diazotisation
by the nitronium cation), but N-2,4,6-tetranitroaniline was
obtained in a high yield from the weakly basic picramide®’.

Nitronium salts proved to be particularly useful in the
synthesis of N,N-dinitroamines which had been previously
difficult to obtain. It was shown’’ that the interaction of
primary nitroamines with NTFB, nitronium pyrosulphate,
fluorosulphonate, fluorosilicate, as well as other nitronium
salts leads to the formation of the N,N-dinitroamines (XXVII):

RN (NO,) X 4 NOJA™ _, RN (NOp), 3
(XXVII)
X=H, NH,, K, Li etc. ; A=BF], S,0%, FSO;,
SiFZ™, CIOy, SBE!", SnFi™ .
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Aliphatic and aromatic amines, including those with other
functional groups, readily participate in the reaction.
According to the authors' data, best results are obtained in
nitration by nitroamine salts in chloroalkanes or acetonitrile.
However, the employment of more basic solvents, such as
ethers and esters, ensures equally high yields in the nitra-
tion of both free nitroamines and their salts’®.

Olsen et al.®” suggested that NTFB be used in acetonitrile
or methylenechloride for the synthesis of the primary nitro-
amides (XXVIII):

RCONH; + NO!BF; - RCONHNO, 4 HBF, ;
(XXVIII)
HBF, + KOCOCH, -» KBF, + CH;COOH

The nitroamides of benzoic and chloroacetic acids were
obtained in satisfactory yields by the method proposed, but
the yield of nitroacetamide was only 12%. This can be
explained by the fact that the aliphatic nitroamides are
hydrolysed in the solvents indicated even in the presence
of potassium acetate. Only the use of more basic solvents—
ethyl acetate, 1,4-dioxan, or trimethyl phosphate—made it
possible to obtain nitroamides of different structure in 40—
90% yield’®. Succinimide is nitrated by NTFB in ethyl ace-
tate in 43% yield®’.

The general method of synthesis of sulphonic acid nitro-
imides (XXIX) consists in the reaction of NTFB with imide
salts®%:

X X
SN-M1ENOBF, —  SN—NO, ;
N 2 v/

(XXIX)

a) X=n-CHyC;H,S0;; Y=COOR; (b) X=Y=CH,S0; CsHeSO,

One of the known methods of synthesis of dialkylnitroamines
involves the reaction of dialkylamides with nitric acid, which
leads to the substitution of the acyl group by the nitro-group
(nitrolysis). However, when nitric acid or its mixtures with
acetic anhydrides are used, the yield of nitroamines is as a
rule low and only the employment of the HNO,~(F,CCO),0
mixture makes it possible to raise it to 90%.®! For preparative
purposes, it is more convenient to nitrate the dialkylamides
(XXX) by nitronium salts®?. The reaction takes place at
20 °C in acetonitrile or esters. The dialkylnitroamines (XXXI)
are formed in yields up to 90% and the acyl group is converted
into acylium tetrafluoroborate (XXXII):

RaNC(O) R’ + NO?BF; ~ R,N—NO, 4- R'CO*BF; 3
(XXX) (XXXI)  (XXXI)
R=CH;, CHy, n-CiH;, n-CHs, R'=CH; CH,
CH,CN, CH,CI, CHCl,, CClg .

The possibility of the nitrolysis of secondary amides with
formation of the corresponding primary N-nitroamines (XXXIV)
[together with 3,3'-azo-1,2,4-triazole (XXXV)] has been
demonstrated for an N-acyl derivative of 3-amino-1,2,4-tri-
azole (XXXII1)®3:

=N =N
HN\N _A—NHCOCH; ++ NO}BF, —— HN\N _—NHNO, -+

(XXXIITy

=N N=
gy

NH
NZ

(XXX1IV)

(XXXV)

Under the reaction conditions, alkyl-N-nitroamines decom-
pose in the presence of the organic acids liberated®*. Amides
containing electron-accepting substituents at the nitrogen
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atom also undergo nitrolysis by nitronium salts. Thus N-
fluoronitroamines (XXXVI) were obtained from N-fluoro-
amides®®:

RNFCOOCH; -+ NO}BF; — RI;INO. ;

F
(XXXVI)
R=Alk .
Alkyl-N,N-dinitroamines (XXXVIII) are formed in high yields
from N-alkyl-N-nitroamides (XXXVII)®*:

RN (NO),C(O) R’ + NO}BF; — RN (NO,), + R'CO*BF;
(XXXVII) (XXXVIII)
R=CH;, CHs;, R'=CHs;, CiH,, CCl; .

The reaction of NTFB with N-alkylamides has been investi-
gated®”®* under insufficiently comparable conditions, but
nevertheless comparison of the results permits the conclusion
that at a low temperature (—30 °C) N-butylacetamide and
ethyl n-butylcarbamate in acetonitrile are nitrated to the
N-nitro-derivatives®’, while at higher temperatures (up to
+10 °C) nitrolysis takes place with formation of the corre-
sponding carboxylic acid and an alcohol as well as N,0.%°
The question of the order in which the C—N bond is N-
nitrated and cleaved in the reactions of N-alkylamides with
NTFB requires additional study. Aliphatic isocyanates react
with NTFB in ethyl acetate or acetonitrile with formation
(after hydrolysis) of alkylnitroamines®’:

R (N=C=0), + NO}BF; —~22- RNHNO, -+ CO, -+ HBF, ;

n=1; R=CHs, CsH;, CHp; n=2; R=(CH,)s, (CHs)s .

The study of the nitration of a series of N,N-diacylmethyl-
amines showed that the acetyl group is substituted by the
nitro-group and, depending on the conditions and the com-
ponent ratio, methylnitroacetamide or methyl-N,N-dinitro-
amine is formed®®:

——» CH;N (NO), COCH; ;
CH;N (COCH;), + NOjBF; —
—— CH,N (NOy); .

The methanesulphonyl group can also be substituted by the
nitro-group. The tosyl or an alkoxycarbonyl group do not
enter into this kind of reaction.

The mode of reaction of NTFB with substituted methylene~
diamines depends on the nature of the substituents®®:%,
Alkanesulphonyl, arenesulphonyl, or methoxycarbonyl deri-
vatives (XXXIX) undergo nitrolysis at the C—N bond with
formation of substituted nitroamines. This reaction pathway
is favoured by the formation of the carbonium-immonium ion

(XL) stabilised by the mesomeric effect of the amine nitrogen:

R'NCH,NR’ + NO}BF] — R'N—NO, + R'NCH;BF; ;
o e r
(XXXIX) (XL)
R'=Alk, R'=Alk, SO,C;Hs, COOCH,

N,N-Diacetylimidazolidine (XLI) undergoes substitutional
nitration by nitronium salts to N-acetyl-N'-nitro- or N,N'-
dinitro-derivatives:

CH,00—N""\N—COCH; + NO!BF; = O,;N—N*"\N—COCH; + O;N—N*"\N—NO, .

(XLI)

Nitronium salts are convenient nitrating agents for the syn-
thesis of N-nitroimides. 4-Amino-1,2,4-triazole (XLII) reacts
with NTFB in acetonitrile to form 4-nitroimino-1,2,4-triazole
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in 65% yield®°:

N N—NH
[ N) + NOS*BF; — (N+,)

L. I

(XLID) NO,

1-Aminobenzimidazole is nitrated analogously, 1,1'-azobenzi-
midazole being formed as a side product. 3-Amino-1,2,4-
triazole reacts with NTFB in acetonitrile to form N-nitrotri-
azole, which rearranges to the nitroaminotriazole (XLIII):

( Nﬁ—NHﬁ-No;BF; ~ \( N}—NHz ~ ( Nw—NHNo,
| ey

N—]
NO; (XLIII)

Both nitronium and nitrosonium salts readily react with
azodicarboxylate anions in accordance with the following
scheme:

NOJ 4 “OOCN=NCOO~ - N,0; 4 2CO, + N, .

The reaction of alkyl azodicarboxylates depends on the reac-
tivity of the electrophilic species. NTFB, for example,
reacts with ethyl azodicarboxylate, while the weaker electro-
phile nitrosonium tetrafluoroborate does not react.

The reaction of NTFB with lithium azide in acetonitrile
results in the formation of covalent nitronium azide, which
is converted into nitrous oxide above —10 °C°!:

NOBF] + LiN; — LiBF, 4+ NO;N; —2- 2N,0

5. Nitration of Heterocyclic Compounds

The possibility of the nitration of heterocyclic compounds
by nitronium salts was initially demonstrated in relation to
pyridine?»%2:%%;

CsHsN + NOJBF; — [GH;NNO,]* BF;

In the presence of an excess of pyridine, the resulting salt
is converted into derivatives of glutaconic aldehyde®:

[GHNNO,}* BF; —2, {QH‘,"NCH=CH—CH=CHCHN ]BF;_,
NO,

HO , [GsHsNCH=CHCH=CHCHO]* BF;

N-Nitropyridinium salts are fairly stable and the N-C migra-
tion of the nitro~group is not observed even on heating.

On the other hand, alkylnitropyridinium salts are "mild"
nitrating agents (see Section III, subsection 1, subsection 3,
and subsection 6).

Olah and Kuhn reported that thiophen® forms nitrothiophen
in 91% yield on nitration with NO,BF,, while the nitration of
furan results in a 14% yield of nitrofuran. 3-Nitro-6-phenyl-
2-pyridone has been obtained in 40% yield by the nitration of
6-phenyl-2-pyridone with NTFB®*,

C-Nitroazoles are known to be difficult to synthesise by
direct nitration with nitric acid. The use of NTFB in aceto-
nitrile made it possible to obtain a series of 3-substituted
1,2,4-triazoles. The reaction proceeds via a stage involving
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the formation of the N-nitro-derivative (XLIV), which iso-
merises to the C-nitro-compound (XLV)?5:

N R N /R
[( - {4

NO,
(XL1V)

O
i
(XLV)

R=H, CH; i, br

2-1Isopropylimidazole (XLVI) is apparently nitrated analo-

gously®®:
N, 0N N,
4 &»—cn(cns)g + No¥ I -~ >—CH(CH3)2 — zg >~<:H((:H3)z.
v N N
l | |
H No, H
(xLvh

The yield of C-nitrotriazoles is as a rule low as a consequence
of the dinitration of the N-nitro-compounds under the influ-
ence of fluoroboric acid formed on nitration.

A very interesting modification of this method, which rules
out the formation of acid, has been proposed, namely one
involving the nitration of trimethylsilyl derivatives. It has
been shown for 2-isopropyl-1-trimethylsilylimidazole (XLVII)
that this method makes it possible to obtain compounds which
could not be synthesised previously, for example, 2-isopro-
pyl-1,4-dinitroimidazole (XLVIII)®S:

NO,
N N

</ >'cn(cng)2 + Nofpr; —- 4 >—CH(CH3)2 +
N N
| |

Si(CH,), NO,
(XL1I) (XLI11)

OpN_,—N
+ é >~cmcul)2 + Si(CHy),BFy
N

The nitration of N-trimethylsilyl-1,2,4-triazoles (XLIX)
makes it possible to obtain N-nitrotriazoles, which can be
used to synthesise C-nitro-derivatives in yields up to 90%°°:

R R R
N N N
!\—/\(*1 + NO::B}_‘ - [/ ——\E - O’.'N\(_\E
N S g/
|

Sli (CHa)s NO,
(XLIX)
R=H, CH,, Cl, Br

Despite the additional labour involved in the synthesis of
the trimethylsilyl derivatives, this method is most convenient
for the preparation of 3(5)-nitro-1,2,4-triazoles.

Uracil and its l1-methyl and 1,3-dimethyl derivatives are
nitrated to 5-nitro-derivatives (L) in high yields by NTFB
in sulpholane:

o o
0 I
RN\ R /\_no
\’I“ “ + NOBF; —— \I‘I‘ J 'y
AN o\
o m

(L)
R!, R*=H or CH;

The attempts to nitrate a pyrimidine nucleoside (a 2'-deoxy-
glycoside) by NTFB as a rule leads to the degradation of the
molecule or the formation of 5-nitrouracil, but the corre-
sponding nucleotide (nucleoside 5'-monophosphate) is nitrated
in the 5-position in the pyrimidine ring®’.

2N

6. Nitration of Alcohols and Ethers

Aliphatic alcohols are readily nitrated by NTFB to the
corresponding nitrates in 70—90% yields®®:

ROH +- NOBF, — RONO, - HBF, ;
R=Alk, HalCH,CH,, CFsCH,

The use of N-nitrocollidinium tetrafluoroborate in acetonitrile
instead of a nitronium salt makes it possible to nitrate alcohols
under milder, readily controlled conditions:

CHy
H BF]

Aliphatic and carbocyclic alcohols enter into the reaction,
the yield of nitrates being almost quantitative even in the
nitration of the readily oxidisable diols and glycerol. It has
been shown for benzyl alcohol that the reaction is fairly
selective and permits nitration at the oxygen atom without
involving the benzene ring?®.

Nitronium salts also react with the oxygen of the ether
linkage. The nitroxonium ion (LI) formed in the reaction is
readily converted, in high yields, into the corresponding
aldehyde or ketone!?’:

.
RCH;0CH; + NOJBF} - RCH:OCH;BF, —es > RCH X OCHBF; —gptom— RCHO'
NO,
wy

R=C4BsCH,, p-CH3CeH.CH,, p-O,NCH,CH,

The methyl ethers of cyclohexanol and cyclopentanol are
converted into the methyl esters of the corresponding w-hy-
droxyiminocarboxylic acids.

The nitration with nitronium salts of derivatives of the
enolic vinyloxysilanes (LII)—(LLIV), leading to a-nitroke-
tones which are usually difficult to obtain, is of special
interest®:

. CH,CN ]
CHzC==CH, 4 NO; BFy -—ST~> CH;CCH,ND, 5
? -25°C
08i(CRg)y 45%
(LI
:0Si{CH,)s c=0
] 4. CHCN [
{CHy), , + Noj BF; —=— (CH,), >
l -25°C l
—CH HNO,
(LIID) n=4,31% 3
n=5, 43% ,
Cll; CHjy CHz CHy
CH,
0
NO,
38% 2

The reaction apparently proceeds via the formation of a sub-
stituted vinyl nitrate, which is comparatively stable in apro-
tic media and rearranges to an a-nitroketone.
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7. Reactions of Nitronium Salts with Organoelemental and
Compiex Compounds

Diphenyl sulphide reacts with NTFB or NO‘;PF; at —78 °C
with formation of diphenyl sulphoxide. Dialkyl(aryl) sele-
nides, triaryl(acyl)phosphines, triarylarsines, and triaryl-
stibines undergo analogous reactions!’?, 13c, 15N, and P
NMR studies have shown that the reaction proceeds via the
formation of the corresponding nitro-onium salts (LV), which
are irreversibly converted into the nitrato-onium salts (LVI)
and further into the corresponding oxides:

NO, 7+ ONO T+ o]
R—S—R’ 4+ NO} = [R—S)—R'] > [R—SJ—-R’J 2 R—§—R'+No+ R
(Lv) (LVD)
This is the first reliably demonstrated instance of the iso-
merisation of a nitro-derivative to the O-nitrite. Similar
reactions have also been postulated for C~NO, carbonium
ions (see Section III, subsection 3).
Organotin compounds, for example, trimethylstannylacetyl-

enes (LVII), undergo substitutional nitration by nitronium
salts with formation of nitroacetylenes®®:

RsSnC=CR’ 4 NO;BF: —50-~ R'Ce=CNO, + R;3SnBF,
(LVII)

An analogous reaction of a derivative of another Group IV
element (silicon) is described in subsection 5.

Ferrocenyl(triphenylphosphine )gold reacts with NTFB to
form a complex mixture of products: ferrocene, biferrocenyl,
[ferrocenyl(triphenylphosphine)gold ltriphenylphosphinegold
tetrafluoroborate!®. The reaction of dichlorodicymantrenyl-
stannane with NTFB is accompanied by the reduction of the
latter'®® and proceeds via the mechanism

2NOJBF,
[CsHyMn (COs)), SnCls — 3¢5, {CH Mn (CO); NOJ, SnClp}** (BFY), .

Nitroso-complexes are also formed on interaction of platinum
group transition metals with NTFB*%1%6;

Ir (CO) Ci [P (CeHe)] -+ NOJBF; — 1t (CO) (NO) CI (BF,) [P (CoHe)s)a ;
RKC! [P (CeHs)sk + NOYBE] — RhCI(NO,) [P (CoHs)al} BF;

The reduction of nitronium salts to NO* is also observed in
the reaction of NTFB with nitrogen-containing iron(II) and
cobalt (I1) complexes??®®.

1V. THE MECHANISM OF THE NITRATION OF AROMATIC
COMPOUNDS

The range of studies devoted to the kinetics and mechanism
of nitration by nitronium salts is fairly wide. They are all
devoted to the nitration of aromatic hydrocarbons, but the
absolute rates of reaction have been measured only for deac-
tivated substrates containing nitro-groups in the aromatic
ring, such as nitrobenzene?®?"*%*! nitrotoluenes, 1,3-dinitro-
benzene, and 2,4- and 2,6-dinitrotoluenes*!. In these
studies the nitration by nitronium salts was carried out mainly
in acids (sulphuric, hydrofluoric, and methanesulphonic) and
it was shown that nitration by nitronium salts in such media
takes place analogously to nitration by nitric acid. The
nitrating activity of nitronium salts solutions in acetonitrile*’
and nitromethane®*! is much higher than that of nitric acid.

Measurement of the absolute rates of nitration of benzene
and alkylbenzenes by nitronium salts proved to be impossible
even by the stopped flow method, because a sufficiently rapid
way of arresting the reaction could not be found*®’. All the
experiments on the nitration of benzene and alkylbenzenes
were therefore carried out by the competitive method devel-
oped by Ingold®®10°,
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Processes involving nitration by nitronium salts and nitric
acid solutions differ most markedly as regards the rate of
nitration of benzene and toluene. The ratio of the rates of
nitration of toluene (K¢) and benzene (Kp) by nitric acid
solutions is 25.*%%1% In competitive nitration by nitronium
salts, the ratio K{/Kp = 1.67 was obtained, approaching unity
with increase of temperature from 25° to 55 °C (K¢/Kp, =
1.13).1*1  The relative rate depends also on the nature of the
anion in the nitronium salt and on the solvent"’. In the nitra-
tion of 4-methoxy-2,6-dimethyl-N-nitropyridinium tetrafluoro-
borate, Kt/Kp = 44.5.%%

The sharp decrease of the sensitivity with respect to the
nature of the substrate in nitration by nitronium salts
(decrease of substrate selectivity) is apparently due to the
increase of reactivity and the associated decrease of the
directing influence of the substituent, i.e. the ratio of the
ortho- and para-isomers formed in the nitration of toluene
should approach the statistical value (2:1). This situation is
observed, for example, in free-radical nitration by nitrogen
dioxide, where a low substrate selectivity (Kt/Kp = 2.6) is
accompanied, as was to be expected, by a decrease of the
positional selectivity (37.2% of the ortho-isomer, 38.1% of the
meta-isomer, and 24.7% of the par'a—isomer)l‘".

The fundamentally novel feature of Olah's data for nitration
by a nitronium salt was that, with a sharp decrease of sub-
strate selectivity, the authors obtained almost the same ratio
of the isomers as in nitration by nitric acid. These two
results—decrease of substrate selectivity with retention of
positional selectivity—were very difficult to reconcile.

Nowadays it has come to be believed that electrophilic sub-
stitution in aromatic compounds (including nitration by nitric
acid solutions) proceeds via stages involving the formation of
m- and o-complexes®®119,312,113 = 1nitia]ly the m,~complex is
converted into the o-complex, which is then converted into
the m,-complex and finally into the reaction product. The
rate-limiting stage of the process is the formation of the
o-complex, which is particularly indicated by the correlation
between the basicity of arenes (which determines the stability
of the o-complexes) and the rates of the electrophilic substi-
tution reactions!®11311%115  The energy profile of the reac-
tion is presented in Fig.1.

un

X

The energy profile of the electrophilic substitu-
W = energy; X = reaction coordinate.

Figure 1.
tion reaction;

Olah observed that the rates of nitration by nitronium
salts are better correlated with the stability of the m-com-
plex+*1,116,117  which led him and his co-workers to suggest
that, in nitration by nitronium salts, the rate-determining
stage is the formation of the m-complex and not the o-complex
(Fig.2). This concept is extremely unusual for the theory of
aromatic substitution.
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Olah also believes that, in contrast to nitration by nitric
acid solutions in which the m-complex arises on interaction
with the electron system of the ring as a whole, nitronium
salts form a directional m-complex where the nitronium cation is
oriented towards the carbon atom with the maximum electron
density. In the transformation of the m-complex into the
internal o-complex there is therefore no great energy expen-
diture and preferential ortho—para direction is achieved. The
substrate selectivity in the nitration reaction is low, since the
m-electron density in aromatic compounds depends little on the
number of alkyl groups!!?.

w
w-complex Trcomplex
o-complex
X
Figure 2. The energy profile of the reaction involving

nitration by nitronium salts: ArH + NOj + ArNO, + H;
m-complex = ArH...NO’;; Ty-complex = H+...ArN02;
o-complex = ArHNO?.

Olah's interpretation of the experimental data has been
criticised by a number of investigators®>108,110,1187220 © gjkj..
guchi et al.}!® questioned the reliability of the ratios Kt /Ky,
obtained. They observed that in the competitive nitration of
the benzene—toluene pair the ratio K{/Ky depends on the
dielectric constant € of the solvent and changes from 2.15—
2.31 for CCl, (e = 2.23) to 16.3-19.7 for CH;NO, (¢ = 35),
i.e. from a quantity close to that obtained by Olah to the
usual values for nitric acid solutions. However, their study
nevertheless does not account for the low substrate selectiv-
ity in nitration by NTFB (also in nitromethane). Further-
more, their results’’® might have been influenced by the
heterogeneity of the system, since nitric acid is very
sparingly soluble in CCl, and aliphatic hydrocarbons.

Ritchie and Win'?! found that competitive nitration by
NTFB in sulpholane caused different relative rates for binary
(toluene—benzene) and quaternary (benzene-—toluene—chloro-
benzene—fluorobenzene) mixtures. They suggested that the
nitration by nitronium salts is not fully kinetically controlled
and that this might have been the cause of the "anomalous"
results obtained by Olah and co-workers.

Doubts about the justification of the application of the com-
petitive method to the study of the relative reactivities have
been expressed by Tolgyesi'??, who showed, in relation to
the nitration of the toluene—benzene pair by NTFB in sulpho-
lane, that the ratio Kt/Kp increases with increase of the
efficiency of mixing and the concentration of the hydrocar-
bons in solution and also with decrease of the NTFB concen-
tration. Under certain conditions, the ratio K{/Ky, reaches
25—30, i.e. values corresponding to the reactivity in nitration
by nitric acid solutions. However, it was shown later®®’ that
these results are due to the interaction of NTFB with the
impurities present in the solvent.
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In the nitration of durene (1,2,4,5-tetramethylbenzene) by
solutions of nitronium hexafluorophosphate in nitromethane
the yield of dinitrodurene was 8—10 times higher than that of
mononitrodurene. On the other hand, under conditions of a
more effective mixing of the reactants, mononitrodurene pre-
dominates®. These facts show that the reaction in essence
occurs as soon as the components are mixed and that mass
transfer processes therefore determine the reaction rate and
the composition of the products. The nitration of penta-
methylbenzene proceeds at a rate which is so high that the
process is limited solely by the rate of mixing of the compo-
nents!!®123  The role of the mixing of the components has
been confirmed by the nitration of bibenzyl in sulpholane.
The main product of this reaction is the symmetrical dinitrobi-
benzyl even when there is a deficiency of the nitronium
salt!2*7126  Thus the reactivity of NO} in nitronium salts is
so high that the role of mass transfer increases sharply in
the nitration process and to a greater extent the higher the
reactivity of the substrate. Studies of the kinetics of the
heterogeneous nitration of a number of substrates by NTFB
using the "rotating disc" method'?’ showed that, whereas the
nitration of benzene takes place in the kinetic region, toluene
is nitrated in the mixed region and the kinetics of the nitra-
tion of the still more reactive xylene and mesitylene are
determined solely by diffusion processes. As was to be
expected, the mass transfer conditions influence the sub-
strate selectivity but not the positional selectivity2%128,129

Thus, in nitration by nitronium salts the concentration of
the more reactive reactant at the site of mixing of the reac-
tants diminishes so rapidly that the reactant cannot be
supplied sufficiently rapidly by diffusion and the second
reactant therefore reacts faster than would correspond to the
ratio of the reactant concentrations, i.e. it is seemingly more
reactive. This type of macroscopic diffusion effect can be
eliminated in principle by rapid mixing and by employing a
very low concentration of the more reactive substrate!1?:122,12
Furthermore, a second diffusion effect may appear in the
system—a microscopic effect, whose essential feature is that
the rate-determining process in the reaction becomes the
collision of the reactants and not the formation of the reac-
tive o-complex. It has been shown!%126,1307133 tha¢ the rate
of nitration of alkylbenzenes by nitric acid in various media
is limited by the number of encounters of the nitronium cation
with the aromatic hydrocarbon, i.e. there is a limit to the
reactivity of the substrate above which the introduction of
activating substituents into the ring no longer increases the
reaction rate. It is striking that, under conditions close to
those corresponding to the maximum reaction rate, low sub-
strate selectivities are obtained. The authors believe that,
also in the case of very rapid nitration of alkylbenzenes by
nitronium salts, the reaction rate is likewise limited by the
rate of encounters with the substrate and this is why low
substrate selectivities are obtained. Diffusion effects have
been observed also in chlorination and bromination as well as
nitration3*,

In later investigations***®:1*”7 Qlah admitted that the
kinetics of the nitration of benzene and alkylbenzenes are
determined by the encounter rate. Nevertheless he continues
to believe that the mechanisms of the nitration of highly
reactive compounds (benzene and alkylbenzenes) and deacti-
vated substrates such as nitrobenzene and nitro- and dinitro-
toluenes are different. An "early” transition state resem-
bling an aromatic compound (a m-complex) is formed for
highly reactive compounds. A low substrate selectivity
(from 27 to 1) and a high (in the range 1-2) ratio of the
ortho- and para-isomers are then usually observed. Rela-
tively unreactive compounds (nitrobenzene, o- and p-nitro-
toluenes, 2,4- and 2,6-dinitrotoluenes, etec.) give rise to
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"late"” transition states resembling a oc-complex. A high
substrate selectivity is characteristic of such compounds (for
example, the ratio of the rates of nitration of nitrotoluenes
and nitrobenzene Knt/Kpp is 100—-500 and more for a low
ratio of the ortho- and para-isomers (0.3—0.8).

According to Dewar!®%1%¢ the "early" transition state
retains aromatic properties to a considerable degree and is in
many respects similar to an unperturbed aromatic system:
the bond with the electrophile is still weak. The reaction
with a strong electrophile is highly exothermic and one may
therefore expect a relative stability of the intermediate and an
appreciable difference between the latter and the transition
state, which should be similar to the reactants in this instance
according to Hammond's postulate*?’; the higher the reactiv-
ity of the electrophile, the smaller the influence of the sub-
strate structure.

Schofield and co-workers reject Olah's concept of the "early"
and "ate" transition states'2®!3® and, as already mentioned,
explain the low substrate selectivity by the fact that the rate
of nitration is limited by the diffusional process involving the
formation of the "encounter complex" ArH.NO}. The aromatic
molecule as a whole and not just one carbon atom of the latter
is involved in the formation of such a complex?®?26:130,138

Stock!® adheres to analogous views, believing that there
are at present no data permitting the interpretation of
Schofield's "encounter complex" as an oriented m-complex. He
suggests the following mechanism of the nitration of aromatic
compounds :

Koo
HNO, + H* = HO+NO; ;

Ky
NOj -+ ArH == ArHNO; ;
-

encounter complex

Ka - H
ArHNO} bl a e

N \N(_)2
/=M K, SN .
+ X o, +B {>No - BH*
B =base.

However, it has been noted!?® that the concept of the
"encounter complex" which Schofield took from the diffusion
theory, resembles somewhat Olah's concept of the "oriented
m-complex". This became particularly apparent in a study!®®
in which it was claimed that an intermediate preceding the
o-complex must be included in the nitration mechanism. The
formation of such an intermediate, i.e. of the "encounter
complex" is the rate-determining diffusion stage and the
rearrangement of the complex to the o-complex determines the
composition of the products.

In his latest studies Olah**%!*! also assumes that the forma-
tion of the o-complex is preceded by two stages:

stage 3

stage 2
E > RCHWNO; .

RC,H, + NOF S Ls [RCHNO I S ROPHT 22
Lvay © NO,

Stage 1 determines the overall rate of reaction and is
responsible for the substrate selectivity, while stage 2 is
responsible for the positional selectivity, i.e. the proportions
of the isomers in nitration. The author explains by the
presence of these two stages the high positional selectivity
accompanied by a very low substrate selectivity in the nitra-
tion of highly reactive aromatic hydrocarbons by nitronium
salts. The nature of the intermediate (LVIII) has been elu-
cidated and Olah believes that this can be a m-complex,
Schofield's "encounter complex", or even a radical pair of
NO, and ArH*, whose existence has been postulated for
aromatic hydrocarbons with a high electron density***. The
closeness of Olah's and Schofield's views is evident.
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The question of the position of the transition state on the
reaction coordinate, i.e. the determination of the stage
responsible for the formation of a 1™ or o-complex in nitration
by nitronium salts, is more complex. The differences between
Olah and Schofield as regards this question arise apparently
from the different interpretations of the Hammett equation
and Hammond's postulate. Johnson and Schofield!*3:**
believe that it is quite inadmissible to employ the reaction
constant as a characteristic of the selectivity—reactivity
relation derived from Hammond's postulate. The large varia-
tions in selectivity found by Olah are a consequence of the
inaccuracy of the competitive method for high reaction rates.
Johnson** notes that the principle of selectivity implies the
validity of the isokinetic relation, but the proportionality
between the enthalpy and free energy by no means always
holds. In many instances Hammonds postulate is invalid,

i.e. one cannot regard as valid the hypothesis that the reac-
tion constant p always reflects exactly the character of the
transition state. The author believes that Hammond's postu-
late is insufficiently justified for electrophilic substitution
reactions and that the conclusions usually associated with the
values of p determined from the Hammett equation are exactly
the opposite of those which follow from Hammond's postulate.
If an attempt is made to determine the nature of the transi-
tion state for a given reaction with the aid of the Hammett
equation on the basis of the different reaction rates in the
presence of different substituents, then it follows from
Hammond's postulate that the character of the transition state
itself varies with the rate of the process.

Evidently a more detailed description of the conflict in the
interpretation of the Hammett equation and Hammond's postu-
late is outside the framework of the present review.

New conclusions and the controversy concerning the nitra-
tion reaction and other electrophilic aromatic substitution
reactions, whose mechanism appeared to be rigorously proved
and understood after the publication of Ingold's book®®,
have shown that studies in this field must be continued and
that the treatment and interpretation of experimental data
must be particularly thorough with allowance for diffusion
processes.
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