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30. The Nitration of Pentamethylbenzene with Nitronium
Hexafluorophosphate and Water in Nitromethane

by Erich Hunziker, Philip C. Myhre!), John R. Penton
and Heinrich Zollinger

Department of Industrial and Enginecring Chemistry, ETH, 8006 Ztirich
(5. XI. 74)

Swmmary. The nitration of pentamethylbenzcne in nitromethane has been studied under
conditions that allow two mechanisms of nitration to be distinguished. One has been identified as
nitration vig the nitronium ion; the other nitration involves an oxidation of the molecular complex
ArI{—NO®PF,® by nitrogen dioxide followed by rcaction of the aromatic substrate with the
ineipicnt nitronium jon and loss of nitric oxide, Either reaction can be made predominant by an
appropriate change in the proportions of the reactants in the system.

A consideration of the o-complexes formed by attack of the electrophile at aroma.tlc carbon
bearing a methyl substitucnt can provide a satisfactory explanation for the features observed in
this and in other nitrations of pentamethylbenzene.

1. Introduction, -- The process of electrophilic substitution in polymethylated
benzenes and their derjvatives has received considerable attention [1-7). Fully sub-
stituted compounds such as hexamethylbenzene undergo substitution in a side-chain
mcthy] group {4] | 5] [6b]. It has been suggested that these reactions proceed via the

l) Guest Professor ETH 1971-72. Permancnt address: Department of Chemistry, Harvey Mudd
College, Claremont, Catifornia 91711.
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formation of cyclohexadiene intermediates followed by a migration of the substituent
group from the nucleus to the side-chain [4] [5]. Similar reactions occur in the corre-
sponding nitrations of compounds which possess unsubstituted positions, e.g. durenc
and pentamethylbenzene, but the naturc and proportions of the products formed
depend on the reaction conditions. Thus, the nitration of durcnc with mixed acid
(HNO,/H,S0,) in acetonitrile gives 909, by-product, but when the solvent is changed
to nitromethane mononitrodurene is the main product 2.

Nitration of pentamethylbenzene with fuming nitric acid in chloroform or nitromethane
produces some pentamcthylnitrobenzene together with by-products (60-909%) ; the nature of the
by-products can be accounted for if 2,3,4, 5-tetramethylbenzyl nitrate is formed initially in the
reaction [6¢] [7]. A mechanism suggested involved attack of the nitronium ion at the position
bearing hydrogen, followed by proton loss from an a-methyl group. An intramolecular rearrange-
ment of the nitro group then leads to the formation of a nitritc ion which would be oxidized
rapidly by nitric acid to the corresponding nitrate [7). The role played by steric effects was em-
phasized, and it was considered that proton loss from a methyl group can compete cffectively
with proton loss from the nucleus in the ‘crowded’ pentamethylbenzene molecule.

Evidence for the nitronium ion as the effective clectrophile, and for the existence of a common
intermediate along the rcaction path was adduced from the effects of added species (NO,—,
H,80,, NO,;~) on the rate of reaction and on the nature of the products formed (7]. The addition
of pitrate ion {4.4%)%) anticatalyzed the reaction without altering the side-chain nitrooxylation)
nuclear nitration ratio to a large extent; and sulfuric acid (294)?) catalyzcd the reaclion, producing
at the same time, howevcer, an increase of almost 1009, (14 —» 249%,) in the amount of pentamethyi-
nitrobenzene formed.

The effects of these added species on the rate of reaction are consistent with nitration via the
nitronium ion, but the magnitudcs of these effects were far smaller than those normally observed
in nitrations with nitric acid in pitromethane [8], Furthermore, the obscrvation that durene and
pentamethylbenzene underwent a much faster reaction than mesitylene is in direct conflict with
earlier work [8] in which the nitrations of benzene and its homologs with nitric acid in nitromethanc
were shown to be zeroth-order with respect to the aromatic compound. Finally, the enhancement
in rate brought about by thc addition of nitrite ion (0.99,)%) btrongly suggests that oxides of
nitrogen are involved in these reactions.

Under conditions where the cffective electrophile is the nitronium ion, i.e. in nitrations
with nitronium salts in aprotic solvents, the naturc and proportions of the products formed in
the nitrations of durcne and pentamethylbenzene depend on the process of mixing. Little, if any
by-products arise from attack by the nitronium ion on the parent compound [Z] [3]. By-products
are formed in the nitration of pentamethylbenzene with nitronium hexafluorophosphate in
acctonitrile; their naturc is, however, consistent with an attack by the nitronium ion on penta-
methylnitrobenzene which is formed initially [3]. These results suggest that undcer certain con-
ditions of nitration both durene and pentamethylbenzene are capable of undergoing a ‘normal’
nitration with the nitronium ion, and that proton loss from a methyl group does not occur, to any
large extent, in the dinitration of the former compound and in thc mononitration of the latter
compound.

To investigate the factors that influence the course of the nitration of penta-
methylbenzene, we have studied the nitration of this hydrocarbon in nitromethane
with the nitrating system, nitronium hexafluorophosphate and water. This work
represents an extension of earlier studies of the nitration of durene with the same
nitrating system [2]. Those studies indicated autocatalysis, and it is that feature
that represents a focus of much of the experimental work reported here,

%) With respect to the concentration of fuming nitric acid (0.5m).
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2. Results. ~ 2.1. General Characteristics Exhibited by the Reaction. The standard
reaction in this study consisted of a mixture of pentamethylbenzene (0.025M),
nitronium hexafluorophosphate (0.025M) and water (0.05M) in nitromethane at
20°3). Reactions were initiated by rapid mixing of equal volumes of a nitromethanc
solution of pentamethylbenzene and a nitromethane solution containing both the
nitronium salt and water to givc a reaction solution of the desired concentration and
stoichiometry. It should be noted that the nitronium salt used in this study con-
tained about 129, nitrosonium hexafluorophosphate. The actual composition of the
nitromethane stock solution containing the nitronium plus nitrosonium salt and
water will be a subject of discussion in later sections®).

Preliminary studies showed that the formation of pentamethylnitrobenzene with time fol-
lowed an S-shaped curve analogous to that observed in the nitration of durene under similar
conditions (see Fig. 2 in [2]). However, repetitive runs showed that composition vs. time profiles,
obtained by removing aliquots from a stoppercd reaction vesscl, were not reproducible. The time
of onset of autocatalysis varied; in some cases no induclion period was observed. The causc of
thege variations was truced to adventitivus water, above the amonnt added deliberately. Sub-
sequent studies were carried out with the use of V-tubes which were charged in a dry box, Details
of the method are described in the experimental part.

The usc of these more rigorous conditions improved the reproducibility of the reaction vs.
time profiles. Nevertheless, the sensitivity of the reaction to adventitions water made it necessary
to conduct a parallel standard reaction when testing the effecis of added species or variations in
reactant concentrations.

Under these carefully controlled reaction conditions, the standard reaction
profile (Fig. 1) exhibited two distinct stages.
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Fig.1. The Nitration of Pentamethylbenzene (0.025m) with Nityonium Hexafluorophosphate (0.025m)
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8) Concentrations shown in the text are after mixing,
4 The nitronium salt concentrations given in this account include impurity nitrosonium salt.
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During the first stage, pentamethylnitrobenzene is formed with no more than a
trace amount of by-product. In the second stage, pentamethylnitrobenzene and
by-products are formed in approximately equal amounts. It will be convenient to
discuss separately the experimental studies designed to characterize the underlying
reactions in these two stages of reaction.

2.2. Experimental Studies of Stage I. Information concerning the first stage of
the reaction profile was obtained by a study of the cffects of added species and vari-
ations in reactant concentration.

The marked effect of water on the reaction profiles is shown in Fig. 2.

In this study the profile of a standard reaction was compared with the profiles
of three related reactions differing only in the number of equivalents of water added.
When slightly less than two equivalents of water was added, the initial rate of for-
mation of pentamethylnitrobenzene was accelerated. A deceleration of the initial
rate of nitration was observed with slightly more than two equivalents of water.
However, when the water concentration was increased to about three equivalents,
the onset of stage II was immediate, as judged by the rapid increase in both penta-
methylnitrobenzene and by-products.
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Fig. 2. The Effect of Waler on the Characteristics shown by the Standard System

Variations in the concentration of the aromatic reactant or changes in the nature
of the aromatic reactant produced essentially no change in the initial rate of nitration.
Thus, when the reference reaction was varied by increasing the pentamethylbenzenc
concentration by a factor of five the initial rate of nitration remained essentially
unchanged (see Fig. 3). Furthermore, both mesitylenc and benzene underwent nitra-
tion under the standard reaction conditions at the same initial rate. It must be
concluded that nitration during stage I of the reaction is zeroth-order with respect
to the aromatic reactant.
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It was also observed that addition of dinitrogen tetroxide (0.006M)%) to the
system reduced the initial rate of reaction by a factor of about two and brought
forward the onset of stage IT of the reaction profile,
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Fig. 3. The Effect of an Incvease in the Concentyation of Pentamethylbenzene on the Characteristics
shown by the Standard System i

The most surprising result was the observation that sulfuric acid was catalytically
ineffective, Addition of 99,29, sulfuric acid (0.025M) to the standard reaction had
no effect on the initial rate of nitration. By contrast, addition of 969, sulfuric acid
depressed the initial rate and altered the character of the reaction profile (see Fig. 4
& 5).
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Fig. 4. The Effect of the Addition of 99.2%, HyS0O, (0.025M) ‘o the Standard Reaction

5) The conccntrations of the reactants used in this reaction and in the reaction used for com-
parison purposcs were double thosc of the standard reaction.
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Fig. 5. The Effect of the Addition of 96%, H,S0, (0.025™) to the Standard Reaction

2.3. Experimental Studies of Stage I1. Studics of the change in nitrous acid con-
centration during the course of reaction indicated that the onset of Stage 11 could
be correlated with an increase in the concentration of lower oxides of nitrogen. As
shown by representative data in Table 1, Stage I of the reaction proceeds with only
a small increase in nitrous acid concentration (11.8 — 13.49%), but after onset of
Stage II the nitrous acid concentration increased sharply (13.4 — 18.29%,).

Table 1. The concentration of wilvous acid at vayvious times during the standayd veaction®)

Time [5] 9, Pentamethyl- % Pentamethyl- % Nitrous acid b)
benzene nitrobenzene
40 84.5 14.7 12.1
60 83.3 19.4
135 69.7 274
265 70.3 310 12,5
725 53.6 45.2 12.6
1087 41.5 50.8 13.4
1510 21.6 69.4 18.2

3) See Fig. 1 for the concentrations and conditions employed.
b) 11,89, before reaction. Estimated error: -j. 1% of the value shown,

Not all aromatic hydrocarbons exhibit the autocatalylic stage I1. For example, when mesi-
tylene was nitrated under conditions identical to those listed in T'able 1, 479% of the rcactant
was converted to nitromesitylene after 1500 & and the nitrous acid concentration had increased
only slightly (11.8 — 13.89%,).
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Earlier obscrvations showed that pentamethylbenzene reacts reversibly with
nitrosonium ion in anhydrous nitromethane to form a m-complex, but reaction does
not proceed to substitution product [3). Additional experiments demonstrated that
no reaction products are formed even when a threefold excess of nitrosonium salt is
used. However, a reaction does occur between pentamethylbenzene, nitrosonium
hexafluorophosphate and water in nitromethane solution. Results of studies are
shown in Table 2 (rows 1 and 2).

After 170 s, pentamethylnitrobenzene (5.3%,) and by-products (23.19,) are
formed, one of the latter having the same retention time on the gas-chromatograph
as an authentic sample of 2,3,4, 5-tetramethylbenzaldchyde, a compound which is
formed in stage II, The reaction slows down after this time and only 129, of the
pentamethylbenzene remaining undergoes rcaction in the next 27 min.

An increase in the rate of reaction and a marked change in product distribution
was observed (Table 2, rows 3 and 4) when the reaction conditions were altered by
allowing a preformed nitromethane solution of the pentamethylbenzene-nitrosonium
hexafluorophosphate complex to react with a nitromethane solution of the nitro-
sonium salt and water.

Table 2. The reaction between pentamethylbenzene, nitrosonium hexafluovophosphate and waley
in nitromethane at 20°2)

Reactants Time [s] % Pentamethyl- 9% Pentamethyl- 9%, Aldehydeb) 9, Unidentified
benzene nitrobenzene By-Products

ArH (0.05M) 170 71.6 53 8.0 15.1

NO®PF,© (0.05M)

H,0 (0.10 M) 1800 62.8 7.0 9.3 20.9

ArH (0.05m) 170 63.8 204 - 15.8

NO®PF®© (0.1Mm)

H;0 (0.1m) 1800 49.1 30.8 - 20.1

%) For details of the method, see experimental part.
b} 2,3,4,5-Tetramethylbenzaldehyde.

Table 3. The reactions of pentamethylbenzene, and of the complex AyH—NO®PE® with dinitrogen
tetvoxide in nitromethane at 20°

Time [s] % Pentamethylnitrobenzenc 9 By-Products
120 0.8 18.2
ArH (0.05m) 360 21 29.5
N,O, (0.05x) 900 3.7 454
1800 4.9 63.1
11 17.1 11,5
30 25.7 20.4
ArH (0.042m) 50 35.0 15.2
NO®PF,® (0.042m) 90 44.2 15.3
NgO, (0.042m) 122 47.4 18.0
207 57.2 16.0

360 72.0 19.1
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These results indicated possible dinitrogen tetroxide catalysis of aromatic nitra-
tion by the nitrosonium ion (see discussion), and to explore this question in more
detail the reaction of nitromethane solutions of pentamethylbenzene and dinitrogen
tetroxide in the presence and absence of added nitrosonium salt were studied. It is
immediately apparent from the data (Table 3) %) that reaction occurs at a much faster
rate when nitrosonium hexafluorophosphate is present in the reaction solution, In
addition, the reaction solution containing nitrosonium salt yiclds a much higher
ratio of nitration product to by-products. Thus dinitrogen tetroxide reacts with
pentamethylbenzene at a moderate rate to yicld mainly by-products which include
tetramethylbenzaldehyde and tetramethylbenzyl alcohol. Addition of a stoichio-
metric equivalent of nitrosonium hexafluorophosphate to the reaction mixture
results in a greatly increased reaction rate, apparently by accelerating the rate of
formation of pentamethylnitrobenzene.

Another set of studies involving the reaction of dinitrogen tetroxide and penta-
methylbenzene together with varying amounts of nitrosonium salt or nitric acid
were carried out to investigate whether by-product {formation and nitration were
independent or connected paths, The results (Table 4) indicated small but increased

Table 4. The effect of increasing the concentration of the complex in the veaction between the complex and
dinitrogen tetroxide in nitvomethane ut 20°

Reactants Time [s] % Pentamethyl- % By-product
nitrobenzene
120 44.5 13.3

ArH (0.025m) 300 57.7 19.0
NO®PF,®© (0.025M) 600 68.1 22.0
N0, (0.025m) 1800 72.9 24.4
ArH (0.025m)
NO®PF,° (0.025m) 120 13 23.3
N, 0, (0.025m)
HNO, (0.025 u)
ArH (0.025M) 120 48.5 9.3
NO®PF,® (0.050m) 300 65.7 13.7
N;O, (0.025m) 600 75.6 17.0

1800 81.0 17.9

rates and yields of nitration product when the reaction conditions favored an in-
creased concentration of the molecular complex {ormed from the aromatic and nitro-
somiam 1on.

The rates of nitration of pentamethylbenzene and mesitylene by nitrosonium
hexafluorophosphate/dinitrogen tetroxide 1:1 were investigated. The profiles for
these reactions (Fig. 6) clearly demonstrate that under these reaction conditions the
rate of formation of pentamethylnitrobenzene is much faster than the rate of forma-
tion of nitromesitylene. The increase in the concentration of pentamethylnitro-
benzene with time was paralleled by a decrcase in the concentration of the molecular
complex.

% In the reaction of the complex with dinitrogen tetroxide yields of up to 869% pentamethyl-
nitrobenzene were obtained in some experiments with solvent distilled three times from P30,
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Further information concerning the mechanism of this reaction was obtained
from kinetic studies. At a constant dinitrogen tetroxide concentration, the initial
rate of formation of pentamethylnitrobenzene was doubled when the concentration
of the complex was increased twofold; the reaction is thus first-order with respect
to the complex. A determination of the order with respect to dinitrogen tetroxide
requires a knowledge of its dissociation constant in nitromethane. This has not been
measured, but in acetonitrile Kgg = 0.3 -+ 0.1 X 10~* mol 1~ |9]. All subsequent
kinetic studies were therefore carried out in this solvent.

At 20° and a dinitrogen tetroxide concentration of 0.025M the reaction was too
fast for convenient study, but a product distribution similar to that observed in
nitromethane was found (see Table 3). Further cxperiments showed that the kinetics
of the reaction could be studied at 5°, and at this temperature the product distribu-
tion was essentially unchanged from that found at 20°.

Table 5. Rates of veaction of the pentamethylbenzene-nitrosonium salt complex [0.0025 m] with different
stoichiometyic concentrations of dinitrogen telvoxide in acelonitrile at 5°

102 [N;0, Jat 10% [NOyleq 104 &, 10% &y /[N,Ofleq By /[NOyleq
[s71] [11mol-1 s71)) [1 mol—1 s-1]

713 5.53 8.68 1.22 1.57

4,75 4.52 7.99 1.69 1.77

2.38 3.19 4.56 1.93 1.43

1.43 2.47 4.13 2.90 1.67

0.95 2.01 3.67 3.90 1,82
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The results of a series of experiments with a constant concentration of complex
and various concentrations of dinitrogen tetroxide are shown in Table 5.

The reactions were followed by recording the decrease in the complex concentra-

-tion spectrophotometrically at 500 nm. Under the conditions shown in the table,
pseudo first-order kinetics were observed. A typical example is shown in Fig. 7; a
plot of log (ODw — ODy) against time is lincar for over 909, reaction. The pseudo
first-order rate constants were calculated from the slopes of such plots. Division of
these rate constants by the equilibrium concentration of dinitrogen tetroxide or
nitrogen dioxide allows a distinction to be made between the rate equations: rate =
ky[complex] [N,O,]* and rate = &,[complex][NO,].

The value of the dissociation constant of dinitrogen tetroxide in acetonitrile at
5° K ==0.043 4+ 0.014 X 10~4mol 1, was calculated from the van't Hoff equation
using the previously determined value of Kys and 4 H = 16 kcal mol-* [9]. The con-
centration of nitrogen dioxide at equilibrium was obtained from [NQ,] = {K?/16 |-
K[NyOst}/2 — K/4. The last two columns of Table 5 show quite clearly that the
reaction is represented by the rate equation, rate = k4[complex] [NO,].
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Fig. 7. First-Order Plot for the Reaction of the Complex (0.0025M) with Dinitrogen Tetroxide (0.071m)
in Acetonitrile at 5°

Finally, the kinetic isotope effect in the reaction was investigated by the compctitive method,
The reaction of dinitrogen tetroxide (0.005M) with the complexes formed between nitrosonium
hexafluorophosphate (0.1 ), pentamcthylbenzene (0.05M) and pentamcthylbenzenc-1-d, (0.05m)
in nitromethane at 20° gave 85%, pentamethylnitrobenzenc and 15% by-product on complelion.
Examination of the unreacted aromatics by mass spectroscopy showed Amfkp = 1 + 0.2,

2.4. The Products formed in Stage II. An attempt was made to determine the
nature and proportions of the by-products formed under the conditions of the stan-
dard reaction. 2,3,4,5-Tetramethylbenzyl nitrate, a product found in fuming nitric
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acid nitration of pentamethylbenzene [7], was not found in the IR. spectrum of the
products. Test mixtures subjected to the work up procedure showed that this com-
pound could be identified by its O-N-O infrared stretching frequency (1635 ¢cm-1)
in concentrations of ca. 5%, in the standard reaction.

Gas-chromatography of the product mixture showed the presence of penta-
methylnitrobenzene (61%,) and a compound with the same retention time as 2, 3,4, 5-
tetramethylbenzaldehyde (1.5%). By contrast, thin layer chromatography showed
that at least ten by-products were present. Of these it was found possible to isolate
and identify unambiguously only one: 2,2',3,3',4,4',5,5' 6-nonamethyldiphenyil-
methane (1.7%). The compound previously identified as 2,3,4,5-tetramethylbenz-
aldehyde by gas-chromatography was isolated and its IR. spectrum was identical
with that of an authentic sample. One other product was isolated whose IR. spectrum
resembled that of 6-nitro-2,3,4, 5-tetramethylbenzyl nitrate, but too little material
was obtained to enable a positive identification to be made,

Attempts were made to obtain compounds which resembled the unidentified by-products
formed in stagc Il from other nitration systems. However, the nitrations of pentamcthylbenzene
with fuming nitric acid and with mixed acid (HNOg/H,S0,) in nitromethane produced so many
by-products that their isplation was impracticable.

One by-product which was formed in the standard reaction decomposed on
quenching the solution. It had a deep red-purple color and its rate of formation in
most cases (but not all) increased rapidly during stage II. This was seen by an ex-
amination of the VIS. spectrum of the reaction. The optical density expected for
the molecular complex formed between the aromatic reactant and nitrosonium ion
in the standard reaction is 0.25 (650 nm, 1 cm cell) if no water were present. How-
cver, in this reaction the initial optical density was 0.33 (650 nm, 1 cm cell) rising to
0.4 at the cnd of stage I, and then further increasing to 0.7 on completion of stage II.
It is possible that the formation of a diaryloxidoammonium ion [10] can account for
this increase in optical density. If this is the case use of data [10] for the extinction
cocfficient of dianisyloxidoammonium perchloratc cnables an estimate to be made
of the concentration of the colored by-product formed in the standard reaction. This
turns out to be < 0.5%, at the end of stage I, increasing to ca. 19, on completion of
stage II.

2.5. Related Nitration Systems. For comparison, the nitrations of pentamethylbenzene in
related nitration systems wore studied. Nitrations were carried out with fuming nitric acid in
nitromethanc and acetonitrile with and without the addition of sulfuric acid. The results are
shown in Tablc 6.

In nitromethane, nitration with fuming nitric acid gives a large number of by-products, some
of which had similar retention times on the gas-chromatograph to the by-products formed in the
reaction between pentamethylbenzene and dinitrogen tetroxide; their nature was, however, not
investigated further. Addition of sulfuric acid results in an increase in the rate of nitration and
an increase in the proportion of pentamethylnitrobenzene formed.

The situation in acetonitrile is somewhat diffcrent. IIcre sulfuric acid catalyses the reaction,
but even with two cquivalents of acid, a relatively low yield of pentamethylnitrobenzene is found.
The IR. spectrum of the products of this reaction had principal bands at 3400 cm—*, 2920 cm—1
and 1660 c¢m~! closely resembling the spectrum of N-acetyl-2, 3,4, 5-tetramethylbenzylamine, a
compound which could be formed by attack of the solvent on the aromatic [3].

The unusual fcatures of these nitrations in acetonitrile prompted a more detailed investiga-
tion, The results of kinetic and partition isotope studics arc shown in Table 7. Competitive nitra-



HELvETIcA CHIMICA AcTA — Vol. 58, Yasc. ] (1975) - Nr. 30 41

tion of pentamethylbenzene and pentamethylbenzenc-1-d, showed that no kinetic isotope eifect
occurred in the reaction,

In the studics of the partilion isotope effect, a mixture of pentamethylbenzene-1-d, and penta-
methylbenzene-1-a-d, was reacted with a mixture of nitric and sulfuric acid; and the nitro-com-
pounds were examined by gas-chromatography and mass.spectroscopy. The partition isotope
effect was calculated from the relation:

(_ .[EE.mJ_) : (.[bY:P“’S‘_‘) ~ BFr + kn)
[by-prod] /=m |nitro] /o 6Ok

"The significance of these results is discussed later.

Table 6. The effect of the addition of sulfuric acid (98%,) on the nitration of pentamethylbenzene with
SJumang nitric acid in nitromethane and acelonitrile al 20°

Reactant concentrat. [mol 1 1] Conditions Products

Pentamethyl- HNO, H,S0, % Pentamethyl- 9% Pentamcthyl- 9% By-product
benzene benzenc nitrobenzenc

0.1 0.1 - CHgNO, 40.0 7.6 52.4

0.1 0.1 0.1 3h 28.6 42.8 28.6

0.1 0.1 0.2 8.3 68.8 229

0.1 0.1 - CHCN R7.4 0.5 12.1

0.1 0.1 01 3h 27.5 4.8 67.7

0.1 0.1 0.2 17.2 13.5 69.3

Table 7. Kinetic and partition isotope effects in the nitration of pentamethylbenzene with mixed acid
in acefonitrile at 20°8)

Reactants [mol '] Products

Aromatic HNO, HgS0, 9% Tentamethyl- 9%, By-product  Agmfkp (kp/k1) nitro
nitrobenzene by-product

0.2 002  0.04 15.0b) 85.01) 1.0 + 0.2 -

0.09 011 0.22 9.1 90.9 - 3.8 £ 1.2¢

8) Full details arc given in the experimental part.
b)  With respect to the concentration of fuming nitric acid.
¢)  For proton loss from the x-methyl groups.

3. Discussion of the Experimental Results. ~ The reaction of pentamethyl-
benzene with nitronium plus nitrosonium salts and water is complex. However, a
number of features have been established by kinctic study, and these results permit
mechanistic discussion. Part of the reaction complexity arises from the fact that the
system under study is closely related to a preparative reaction; it differs significantly
from systems normally used to study mechanistic features of aromatic nitration.
For example, nearly all of the reactant species undergo large concentration changes
as the reaction progresses. However, the reaction system does allow a fairly clear
separation of at least two distinct paths of nitration. Additionally, it is possible that
the results obtained in studies of this type may be more casily connected to the
general behavior observed when certain polyalkylbenzenes are subjected to pre-
parative nitration reactions.

16
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In the discussion to follow we shall first consider the state of the system at the
start of reaction. Next, a mechanistic discussion of the regions identified as stage I
and stage II of the reaction profile will be presented, and areas of mechanistic
uncertainty will be identified. Finally, we shall consider these results together with
data collected for related nitration systems,

3.1. Equilsbria in the Reaction System. First, some discussion concerning the kind
and concentration of species present in the reaction system must be made. The
possible species can be organized into four groups of equilibria that can obtain at
the start of reaction.

The first group of equilibria represent possible species formed by reaction of
water with nitronium hexafluorophosphate.

NO,@PFg® + H,y0 7= H,NO2PI© = HNQ, + HOPF® (1a)
HyNO®PE® + H,0 2 HNO, + H,08P);® (ib)

It is assumed that equations 1a and 1b lic far to the right when onc equivalent of nitronium
salt and two equivalents of water are mixed in nitromethanc. The existence of significant concen-
trations of H®PF,© is considered improbable {11]. Thus we shall treat the standard system at the

start of the reaction as if it contained nearly one equivalent of nitric acid and one equivalent of
the ion pair, hydronium hexafluorophosphate,

The fact that the nitronium salt used in this study contained about 10-129,
nitrosonium hexafluorophosphate complicates the situation considerably. We must
also consider the analogous equilibria (eq. 2a and 2b) involving nitrosonium ion
and water. These equilibria do not lie as far to the right as do the equilibria shown
in equations 1a and 1b. This is consistent with the relative pKg values of nitric and
nitrous acids in strong aquecous acid media.

NO®PF® + H,0 7 H{NO,OPF,© = HNO, + HOPF® (2a)
H,NO®PF® + H,0 2 HNO, + HyO0PF® (2b)

A third equilibrium involving molecular complex formation between polyalkyl-
aromatics and nitrosonium ion has been recently demonstrated [3]. The equilibrium
constant for such complex formation between pentamethylbenzene and nitrosonium

ArH + NO®PF@ = ArH - —- NOPPEQ (3)

jon is uncertain, but it is presumably unity or larger. Also it is known that the forma-
tion constant is larger for pentamethylbenzene than for mesitylene.

Finally, a variety of equilibria exist between the various nitrogen oxides and
water, Some of the more important equilibria are shown in eq. 4a—4c.

HNO, + HNO, 2 N;0, + H;0 (4a)
2HNO, = N;O, + H,0 1)
2N,0, = N,0, + NO (4c)

In the ensuing discussion it will be necessary to refer to these four sets of equi-
libria and to emphasize their changing importance as the reaction progresses.

3.2. Mechawistic Description of Stage I. The first stage of the reaction has the
characteristics of nitration by the nitronium ion with the condition that nitronium
ion formation is rate-limiting. Thus the observations that benzene, mesitylene and
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pentamethylbenzene have the same initial ratc of nitration under reference reaction
conditions and the observation that changing the concentration of pentamethyl-
benzene by a factor of five does not change the rate of reaction indicate that the
initial rate is zeroth-order in aromatic reactant.

Adopting the assumption that in nitromcthane onc cquivalent of nitronium hexafluoro-
phosphate and two equivalents of water yield nitric acid and hydronium hexafluorophosphatc

(eq- 1a and 1Db), one can derive a rate expression that seems consistent with the first stage of the
reference reaction profile. Following the conventional scheme,

HNO, + H,0®PF® slia H,NO®PE®© + H,0

H,NO®PF© < 22\ NO®PY®© + H,0
® H,0
NO,®PF® + ArH F_‘a'se + Ar(llio' PF® B, ArNO, + H,09PF®

One may write
kykoR TATIT] (HNO,] [H,O8PF€]

rate = ~IATHIIAY = TRIACH] T A hlArH] [HyO] & hghs [HOP

)

where both H,NO,® and NQ,® are assumed to be steady-state intermediates and proton transfer
from the o-complex is assumed to be fast with respect to the reversc of step 3. Equation 5 reduces
to the zeroth-order rate cxpression (eq. 6) if it is assumed that Ak, ATH] [H,0] 3 [kky[Ark] +
Ry R-g[H,072.

rate = —d[ArH]/dt = by T (1,01 (6)

The major characteristic of the reaction profile during stage I is the rapid fall-off in nitration
rate. Equation 6 requires such a fall-off due to diminishing concentration terms in the numerator
and a concentration term in 1the denominator that increases with cxtent of reaction.

In an effort to compare predictions with observations one can treat the more
general rate equation (eq. 5) in a more detailed way. However, it must be recognized
that this necessitates a number of serious assumptions, First, it is implicitly assumed
that concentrations represent activities. Second, it is recognized that the term
k_jk_g [H,O]® in equation 5 cannot be neglected as the water concentration increases.
This implies a gradual change from zeroth-order dependence in aromatic to a mixed
order?). Third, it is assumed that step 3 and step 2 are controlled by encounter so
that the rate constants %, and %_; are approximately equal. Finally, we assume
complete conversion of nitronium hexafluorophosphatc and water to nitric acid and
hydronium hexafluorophosphate, and also assume that equations 2a and 2b, gov-
erning the nitrosonium ion-nitrous acid equilibria, lie completely to the side of
nitrosonium ion and water.

Application of the second and third assumptions leads to equation 7.

R’ [ArH] [1INOQ,) [H,09PF,9)

= t = ket el L e |
rate = ~d[AsH)/d [ATH] ((L,0] ¥ [FOF @
r o Pakeky | Bikaky
where k' —k-_"lka jd k—lkT

?) There is some experimental evidence to support this, Fig. 3 shows that the fall-off in the rate
of nitration with time is less when the concentration of the aromatic reactant is increased,



244 Hecverica CuiMica Acta — Vol. 58, Fasc. 1 (1975) - Nr, 30

By virtue of the known stoichiometry, the concentration of nitresonium salt impurity (taken
as 10% in the following treatment), and the assumptions concerning equilibria in equations 1 and
2, we may cxpress the concentrations of equation 7 in terms of one variable.

lctting [ArH |y — a, [ArH]; - x, [ILOPPF®| — 0.9a

[HNOgl¢ = (x — 0.1a), and [1[,0. — 1.2a — x, we obtain cquation 8 upon substitution

~ _ (% (0.9a) (x -- 0.1a) , (0.9) (%) (x—0.1a)
dxldt =¥ 7= %)+ (iZa - xf = 12 (a—xX)
Integration yiclds equation 9:
(0.9) (x/a) , _ , 0.9kt
12 log m + log 1.11 [(xfa) — 0.1} — 12 {9)

A plot of the fraction of reactant remaining, x/a, vs. time (in units of 1/£) is shown in Fig. 8.
The effect of adventitious water on this rate profile can also be estimated by appropriate changes
in constant terms in equation 9. Results of similar calculations involving increased amount of
watcr are included in Fig, 8,

Tor comparison purposes, experimental values of x/a from the standard reaction (Vig. 1)
are also included.

The cxperimental curve was constructed by sctting the experimental value of the time for
x/a = 0.6 equal to the predicted value and adjusting the time axis of the other experimental x/a
values accordingly. (This value was chosen for the basis as the experimental error in the time
for 109, reaction (x/a = 0.9) is fairly large).

X theoretical points

() experimantal points

Q5
04
03
0,2

Time (units of 1fk")

L v L L 1
04 0,2 03 04 0.5 06 oy 08 09 10 11 12 13 14

o1

Fig. 8. Theoretical Plot of the Fraction of Avomatic Reactant Remaining, x|, vs. Time (in units of 1/4’)
in the Nitvation of Pentamethylbenzene (1.0) with Nitronium Salt (0.9) and Water (X) (See Text)

In view of the assumptions made in deriving equation 7, the agreernent between
the predicted and experimental curves for stage I of the reaction is good. The ob-
served rapid fall-off in nitration rate during stage I can be adequately described by
the proposed mechanism.,

The effect of water on stage I seems consistent with rate-limiting formation of
the nitronium ion. The effects of other species on the zeroth-order nitration rate can
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be predicted from equations 1a and 1b. Thus a decrcase or increase in the concen-
tration of the nitronium ion or its precursor, the nitric acidium ion, would be ex-
pected to decrease or increase the initial rate of nitration, respectively. At first sight,
the situation would appear to be similar to that found for zeroth-order nitrations
with nitric acid in nitromethane. Here, nitration is anticatalyzed by dinitrogen te-
troxide and catalyzed by sulfuric acid. The anticatalytic effect of dinitrogen tetrox-
ide has been attributed to deprotonation of the nitric acidium ion by the nitratc ion,
or in the presence of water, the nitrite ion [8]. The addition of dinitrogen tetroxide
to the standard reaction of this study results in a decrease in the initial rate, pre-
sumably for the reasons mentioned above, but a quantitative cvaluation of the anti-
catalysis is precluded by the changes which occur in equilibria 1-4 when dinitrogen
tetroxide is added to the system.

In contrast to expectation, however, the addition of 99.2%, sulfuric acid did not alter the
initial rate of nitration. Furthermore, the addition of 96%, sulfuric acid depressed the initial rate
and initiated a reaction with characteristics similar to thosc shown by stage II of the standard
system (I7ig. 5). These results are disturbing. A number of possible explanations have been care-
fully considered. Many cannot be discounted, but in our jndgement none is sufficiently convincing.
We conclude that more detailed experimental work must be done before the cffects of sulfuric
acid can be adequately discussed.

The effects of adding sulfuric acid to the standard reaction system force us to be rescrved
about mechanistic assignment to stage L. The weight of cvidence indicates zeroth-order nitration
by the nitronium ion, but the sulfuric acid anomaly prevents adoption of a dogmatic position.

3.3. Mechanistic Description of Stage 11. The observation that the onset of this
reaction is favored by the addition of water or dinitrogen tetroxide provides clear
evidence for the involvement of oxides of nitrogen, Production of nitrous acid during
the reaction leads to autocatalysis, and the catalytic role played by nitric acid is
supported by the observation that at the end of the reaction 10-209, pentamethyl-
benzene and ca. 20%, nitrous acid are present in solution and the subsequent reaction
is very slow,

The incursion of an autocatalytic reaction in the standard system can be ac-
counted for by the changes which occur in the concentrations of the various species
as reaction proceeds. With progression of stage I, the concentrations of the nitronium
ion and pentamethylbenzene decrcase, thereby increasing the availability of water
(equilibrium 1a) and nitrosonium ion (equilibrium 3), respectively. The resulting
shift in equilibrium 2a enhances the possiblity of formation of dinitrogen tetroxide.
A time is thus reached where another nitration pathway, stage II, becomes important,
With the onset of this reaction more nitrous acid is produced and nitric acid, released
from equilibria 1a and 1b, acts as a catalyst.

The problem is to find a suitable mechanism or mechanisms, involving penta-
methylbenzene and some form of nitrous acid, which will account satisfactorily for
the characteristics shown by this reaction.

It is well known that reactive aromatic hydrocarbons are capable of undergoing
conversion to nitro-compounds v#g nitrosation, and a number of species are capable
of effecting both the nitrosation [12] and oxidation [13) stages of the reaction,
depending on the conditions employed. In the system under discussion, the most
reactive nitrosating agent is almost certainly the nitrosonium ion, but the lack of
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any reaction between this ion and pentamethylbenzene under anhydrous conditions
necessitates the search for an alternative reaction path.

The preliminary experiments (Table 2) confirmed that pentamethylbenzene
undergoes reaction to give pentamethylnitrobenzene and by-products in a system
containing oxides of nitrogen. The data show clearly that the nitro-compound is
formed principally from reaction of some species with the molecular complex formed
between the aromatic reactant and the nitrosonium ion. The rapid decline in the
rate of this reaction can be attributed to the attainment of a balance between equi-
librium 3 and equilibria 2a, 2b, 4a, and 4b. It might be noted that the absence of
an aldehyde is to be expected; the increased amount of nitrosonium salt decreases
the amount of free water available for its formation.

More quantitative experiments involved an examination of the reactions of
pentamethylbenzene and the molecular complex with dinitrogen tetroxide in nitro-
methane and acetonitrile, It is apparent from the results (Tables 3 and 4) that the
reaction of the molecular complex with dinitrogen tetroxide shows similarities to
stage II of the standard system. Both reactions are catalyzed by nitric acid and both
produce a relatively high yield of pentamethylnitrobenzene. In contrast, the reac-
tion without added nitrosonium salt is relatively slow and produces only a small
amount of the nitro-compound. Since dinitrogen tetroxide can undergo heterolytic
as well as homolytic decomposition, the formation of the molecular complex and its
subsequent decomposition might participate in this reaction. For this reason it is
difficult to estimate the contribution of the reaction of dinitrogen tetroxide (or
nitrogen dioxide) with pentamethylbenzene to stage II of the standard reaction.
This contribution is, in our opinion, likely to be small in view of the slow rate of
reaction and the large amount of by-product formed.

We have not investigated the possibility that other oxides of nitrogen participate
in stage II, but nitrogen trioxide is 809, dissociated into nitric oxide and nitrogen
dioxide at 25° and atmospheric pressure [14], and the low reactivity of nitric oxide
argues against its involvement in such a reaction.

Assuming, then, that the reaction between pentamethylbenzene, nitrosonium
hexafluorophosphate and dinitrogen tetroxide provides a basis from which a plausible
reaction scheme for stage II can be derived, we shall now consider the mechanism of
this reaction in more detail, The reacting species have been identified as the molec-
ular complex and nitrogen dioxide (Table 5 and Fig. 7), It is possible that the radical
and the nitrosonium jon first react to form a species which then attacks penta-
methylbenzene in a step which may be fast or slow compared to its rate of formation.
Raman spectra of nitric acid solutions indicate the formation of a molecular com-
pound between the nitrosonium ion and nitrogen dioxide [15], but of the two possible
resonance structures, NO®NQ; and NO,®-NO, the greater contribution comes from
the nitrosonium-nitrogen dioxide ion [15].

The hypothesis that some species can be formed which attacks the aromatic in a
separate step does not, however, find support from studies of the reactions of nitrogen
dioxide with the complexcs formed between the nitrosonium iom, pentamethyl-
benzene and mesitylene (Fig. 6). In the mesitylene case, the concentration of the
molecular complex at equilibrium is smaller [3] thus affording the opportunity for
the production of a larger amount of the attacking species. If the reaction were
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zeroth-order in aromatic reactant, mesitylene should react faster than pentamethyl-
benzene: in fact it reacts much slower.

This result also argues against a first-order nitration of the aromatic hydrocarbon.
Previous work [16] has shown that mesitylene acts at or ncar the encounter rate in
nitrations with the nitronium ion in various media at 25°. The large difference
observed in the rates of nitration of pentamethylbenzene and mesitylene under the
present conditions does not therefore support the view that these compounds undergo
a first-order nitration by a species formed between nitrogen dioxide and the nitro-
sonium ion. In our opinion this large difference in nitration rates is a direct conse-
quence of the lower concentration and reactivity of the mesitylene complex towards
nitrogen dioxide.

Alternatively, the reaction may be considered as a nitrosation-oxidation if one
allows the possibility that a small amount of the g-coraplex formed between the
aromatic hydrocarbon and the nitrosonium ion is present in equilibrium with the
molecular complex. Nitrosation by the nitrosonium ion is considered to be an A-Sg2
process in which proton loss from the Wheland intermcdiate is rate-limiting except
for basic (pK, = —3.5) compounds [17]. Thus in the present case nitrogen dioxide
could catalyze the reaction by assisting proton removal from the o-complex, but
the absence of a kinetic isotope effect in the reaction effectively rules out this idea.

We must conclude that the rate equation, rate = %;[complex] [NO, *], describes a
direct attack of nitrogen dioxide on the complex, and it js necessary to justify our
earlier view that such a reaction can account satisfactorily for the characteristics
shown by stage II of the standard system.

The reaction between the complex and nitrogen dioxide can be represented by
the following scheme,

Scheme 1
a® ws9P oy (59 6§90 .
ArH——— ~= N & " Ne Art . n’: 0:®
) i
ArH ———— ~-- H(‘_'I’ + ‘N=0
’ O:
NO' + NO; ——= N0, {nitration products)
[N04 + HNOs N0y # HNO,]

It is a step-wise process in which donation of the lone pair of electrons from the
nitrogen atom of the nitrosonium ion to an oxygen atom of a nitrogen dioxide
molecule is followed by a reaction of thc aromatic compound with the incipient
nitronium ion and simultaneous release of nitric oxide. Undoubtedly the driving
force of this reaction is the presence of the aromatic reactant, for in its absence the
nitronjum ion is not formed (see above). A possible alternative to the above scheme
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could involve a 1,3-cycloaddition of nitrogen dioxide to the nitrosonium ion of the
complex followed by elimination of nitric vxide (compare [13]), but from the present
results it is not possible to distinguish these two mechanisms,

The observation (Table 4) that nitric acid catalyses the reaction without ap-
preciably altering the pentamethylnitrobenzene/by-product ratio is consistent with
the idea that under these conditions the acid is not involved in the product-deter-
mining step of the reaction.

In stage IT of the standard reaction, the initial concentration of nitrogen dioxide
is small and catalysis by nitric acid is responsible for the fast rate of reaction. As
the reaction progresses, the eqguilibriumn concentration of the molecular complex is
maintained by an appropriate shift in equilibrium (3). When no more nitric acid is
present in the system, the reaction virtually stops with 10-209, pentamethylbenzene
and ca. 209, nitrous acid unreacted.

A consideration of the reaction between the molecular complex and nitrogen
dioxide can, therefore, lead to an adequate description of stage II, but there is an
important difference between the two reactions, namely in the proportions of prod-
ucts formed. The former reaction gives ca. 809, pentamethylnitrobenzene on com-
pletion whereas in stage II ca. 509, of the nitrocompound and ca. 509, by-products
are formed. Two explanations can be considered to account for the relatively low
yield of nitro-compound in the second reaction. First, the proportion of by-ptoduct
in the total yield may be increased by participation of a reaction between the aro-
matic reactant and nitrogen dioxide. Second, the reaction between the molecular
complex and nitrogen dioxide may proceed via a mechanism which allows two
distinct paths, one of which produces by-products and is accelerated under the con-
ditions of stage II.

In view of the slow rate of the reaction betwecen pentamethylbenzene and di-
nitrogen tetroxide (nitrogen dioxide) it is unlikely that this reaction can account for
more than a small proportion of the by-products formed in stage II. There is, how-
ever, limited evidence to support the alternative view that the amount of by-product
formed in the reaction of nitrogen dioxide with the molecular complex depends on
the reaction conditions. Thus an increase in the concentration of complex at equi-
librium by addition of two equivalents of nitrosonium salt increases the proportion
of pentamethylnitrobenzene formed but only by a rclatively small amount (Table 4).
With five equivalents of nitrosonium salt (not shown in Table 4) the yield of nitro-
compound decrcased to its original value. This implies that some of the by-products
are formed from reaction of the molecular complex. Furthermore, the observation
that the yield of pentamethylnitrobenzene depended on the method used to dry the
solvent, reaching a maximum with anhydrous material®), suggests that the pro-
portion of by-product formed from the reaction of the molecular complex depends
on the reaction conditions,

A mechanism to account satisfactorily for thesc observations can be derived if
the possibility that the nitronium ion can attack aromatic carbon bearing a methyl
group is considered (hereafter referred to as 2pso positions [18]).

Earlicr work [19] has shown that a consideration of these épse complexes is necessary to

explain certain aspects of aromatic nitration, particularly in the nitration ol o-xylene. It could
be shown that in the nitration of this compound with nitric acid in sulfuric acid ca. 40%, rcaction
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proceeded vig the ipso-o-complex, and this complex could undergo two modes of decomposition.
At low sulfuric acid concentrations, a nucleophilic attack by water leads to the formation of
3,4-dimethylphenol, but at high acidities the predominant pathway involves a 1,2 shift of the
nitro group to give the 3-nitro isomer, The observed [20] increase in the isomer ratio 3-/4-nitro-o-
xylene with increasing acidity of the medium could thus be accounted for by the increasing
predominance of the latter pathway.

In nitrations of pentamethylbenzenc it must be assumed that reaction proceeds
primarily via attack of the nitronium ion at the épso positions. This considcration
leads to the following mechanistic scheme for reaction of pentamethylbenzene with
the nitronium ion and hence for reaction of the molecular complex with nitrogen
dioxide.

The relative proportions of the a-complexes formed will not be in the statistical
order. Of the factors which govern their formation, two are expected to be of prime
importance, namely the amount of steric strain released on formation of the complex
and stabilization of the positive charge. In the case of the latter factor, the greatest
stability is achieved when an electron-releasing group is present at the para-position;
this position carries a larger proportion of the positive charge than an ortho- or meta-
position |21]. Such considerations coupled with the statistical distribution lead to
the conclusion that the ipso complexes will be formed in the proportion3>> 2> 12> 4.

Scheme 2
- N H NG,
H,C CH, HyC CH,
-H®
HE CH, [ My
C‘lﬂa 1 CH,
[] H H
H.
H CHy ° 4 CHy HLC. cH,
ON <H NO; +B-NoE
* [V ———— ———
" HC CH, HL H, HC CH.B
HsG. CH, ﬁ’h 2 cH, 5 CHy
L]
+ NO.
o, * " H H
H;
Hy CH, . HC Hsy HC CHaB
CH, ————— + B—NO-_,e
= —— - — el
He MG
o CH, o CH, HL CH
CH, 3 CH, g CH,
o H H
HC, GH, e HLC CH, o HhC CHy
—_— + B-NOy
- - —— ———
o Hye CH, H L CH, H,C CH,B
HC NO, 4 HLNO, § CH,

In the proposed scheme, it is envisaged that o-complex 1 loses a proton from the
position of substitution in a step which is fast compared to the rate of attack of the
nitronium ion. The absence of a kinetic isotope cffect in the reaction of the molecular
complex ArH-NO®PF,® with nitrogen dioxide confirms this, Evidence from other
work [6¢] indicates that complex 1 does not undergo noticeable proton loss from a
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para-methyl group; such a process would lead to the formation of 2,3,4,6-tetra-
methyl compounds. For the other o-complexes, two modes of decomposition, both
fast compared to the initial attack of the nitronium ion, can be considered. First 1,2
shifts of the nitro group can occur to give 1 which then loses a proton to form penta-
methylnitrobenzene, Second, loss of a proton from a methyl group para to the point
of attack can lead to the formation of cyclohexadiene intermediates. In the case of
4 this process would, in all probability, give intermediate 5. The formation of these
conjugate bases would be base catalyzed, and their further reaction would lead to
by-product formation.

It is immediately apparent from the present data that in stage I of the standard
reaction the principal mode of decomposition of the g-complexes involves 1,2-shifts
of the nitro group. The small amounts of by-product and nitrous acid formed are
consistent with the view that decomposition to give 5§ and 6 occurs to a very small
extent.

A similar situation obviously occurs in the reaction of the molecular complex and nitrogen
dioxide in anhydrous nitromethane and acetonitrile. However, in stage II of the standard reaction,
and in the reaction of the complex with nitrosonjum salt and water, the increased availability
of basic specics (H,0, NO4®, NO,®) increascs the possibility that the g-complexcs decompose vig
intermediates § and 6. The consequences of this situation are an increase in the concentration of
nitrous acid in the systcm and an increase in the proportion of by-product formed.

A possible alternative to the above scheme could involve the formation of addition compounds
by attack of a nucleophile (B9) on 2 and 3. These addition compounds may then lose HB to give
5 and 6 or elimjnate nitrous acid to give products capable of undergoing rearrangement [5]. Other
possible paths of decomposition could involve intermediatc benzyl cations, These may be formed
either from 2 and 3 by a concerted elimination of nitrous acid or from 5 and 6 by loss of nitritc ion.

In our opinion, however, scheme 2 provides a reasonable explanation for the
observations reported here and can account satisfactorily for the changes in product
proportions which occur under the various reaction conditions. '

With regard to the nature of the species which react with 5 and 6 to form the
by-products in stage II, the present results do not allow a distinction between a
radical or ionic process. The relatively large amount of by-product formed in this
reaction compared to the amount of nitrous acid produced is suggestive of a reaction
involving nitrogen dioxide, but it is clear that the by-products can be formed in a
number of ways and are capable of further reaction in the system. Their nature is of
relative unimportance to the general themc of this account.

_ To summarize, the general mechanistic characteristics of the standard reaction
have been established. Both stage I and stage II involve nitration by the nitronium
ion. In stage I, the nitronium ion is released from equilibrium 1a whereas in stage II
it is formed from the interaction of nitrogen dioxide with the molecular complex
formed between pentamethylbenzene and the nitrosonium jon. Both reactions
proceed via ipso-o-complexes, and pentamcthylnitrobenzene is formed by 1,2-shifts
of the nitro group followed by proton loss from the conventional g-complex. In
stage II, however, a base catalyzed proton loss from a methyl group para to the
point of attack can compete with the shift of the nitro group owing to the increased
availability of basic species. Further reaction of the cyclohexadiene intermediates
leads to by-products, Finally, some of the by-products in stage II may be formed
by an attack of dinitrogen tetroxide (nitrogen dioxide) on pentamethylbenzene.
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In the final section we shall consider the reactions of pentamethylbenzene in
various nitration systems and investigate the possibility of the emergence of a clear
pattern of behavior.

3.4. Related Nitration Systems. The results obtained in the present work for the nitrations of
pentamethylbenzenc with fuming nitric acid in nitromethane and acetonitrile (Table 6) are sug-
gestive of a radical reaction, Thus the product distributions are similar to that in the reaction
of the aromatic hydrocarbon with dinitrogen tctroxide in nitromethane (Table 2) and furthcrmore,
gas-chromatography shows qualitatively that similar by-products arc formed. However, other
workers who have studied the nitration of pentamethylbenzene with fuming nitric acid in nitro-
methane have claimed that the purported high positional selectivity of the reaction which forms
the by-products, 4.e. side-chain nitrooxylation argues against thc participation of a radical
reaction (7], In view of the fact that fuming nitric acid contains ca. 19, dinitrogen tetroxide which
can undergo hetcrolytic and homolytic dissociation, a reaction between the molecular complex
and nitrogen dioxide is possible under these conditions. The reaction would be catalyzed by nitric
acid and, for the reasons outlined in the previous section, the relatively high concentration of
basic species compared to that of the molecular complex would favor by-product formation.
Thus nitration viz the nitronium ion could occur in this system, but it ig clear that the reaction
does not involve nitration vig nitronium ion produced from the dissociation of mitric acid (sec
Introduction)¥).

In nitromethanc, addition of sulfuric acid to the system rcsults in an increase in the reaction
rate and in the proportion of pentamethylnitrobenzence formed on completion (Table 6). Thesc
obscrvations are consistent with the view that sylfuric acid increascs the concentration of the
nitronium jon in the system by protonating nitric acid, and also decreases the basicity of the
medium. Under thesc conditions nitration viz the nitronium ion formed from nitric acid occurs,
and the decreased basicity of the medium favors decomposition of the ¢pso-o-complexes via
1,2-shifts of the nitro group.

The situation is, however, not found when the solvent is changed to acetonitrile. The ratc
of the reaction is increased by addition of sulfuric acid, but this increase in rate is not accompanied
by a large increasc in the proportion of pentamethylnitrobenzene formed; a similar situation has
been found with durene [3). If it is assumed that, in thc presence of two equivalents of sulfuric
acid, nitration vig the nitronium ion formed from nitric acid occurs, the high proportion of by-
product formed in the nitration must be a consequence of the predominance of the corresponding
mode of decomposition of the ipso-g-complexes. The existence of an inverse partition isotope cffect
in the reaction (Table 7) supports this interpretation; substitution of deuterium for hydrogen in
an a-methyl group of pentamethylbenzene decreascs the possibility that the ipso-o-complex will
decompose vig proton loss to form a eyclohexadienc intermediatc.

The differences observed between the mixed acid nitrations in nitromethane and acctonitrilc
must be due to the ability of acetonitrile to act as a nucleophile towards the small equilibrium
concentration of the cyclohexadiene intermediates, and hence accelerate the decomposition
pathway of the ipso-g-complexes which leads to by-products.

Nucleophilic attack by the solvent oceurs in the nitration of pentamethylbenzene with nitro-
nium salts in acetonitrile [3] and there is some evidence to suggest that it occurs in the nitration
with mixed acid. In this system, attack by thc solvent on intermediates 5 and 6 (scheme 2) would
form N-acetyltetramethylbenzylamines whose presencc is indicated by the infrared spectrum of
the products.

It is quite clear therefore that the conditions used to study the nitration of penta-
methylbenzene can have a large effect on the proportions of the products formed.
It is also clear that many of the factors which influence the nitration of this com-

8) Lessreactive hydrocarbons ¢.g. benzene which do not form a significant amount of the complex
ATH-NO®PF© under these conditions undergo nitration vie the nitronium ion produced from
the dissociation of nitric acid. With fuming nitric acid (1.0M) in nitromethane, the reaction
is zeroth-order with respect to benzene, k; = ca. 1.0x 10-% mol 1-1 51,
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pound are effective in the nitrations of other alkylbenzenes. Thus the observation
[22] of red-brown colors in nitrations of aromatic hydrocarbons in acetic acid is
indicative of the molecular complexes formed between these compounds and the
nitrosonium ion, and in view of the possibility of reaction of these complexes with
nitrogen dioxide care must be exercised in experiments designed to measure relative
reactivities of these aromatic hydrocarbons. The reaction of these molecular com-
plexes with nitrogen dioxide can also account satisfactorily for the surprising
observation [23] that dinitrogen tetroxide nitrates aromatic hydrocarbons cleanly
and in high yield. The results are explainable if it is the complex and not the
aromatic hydrocarbon which undergoes reaction with nitrogen dioxide under the
conditions employed.

In this account we have attempted to elucidate the general principles which
govern the nitration of pentamethylbenzene and other polyalkylbenzenes, and
hence to establish why the nature and proportions of the products formed in these
nitrations which are not affected by the mixing process vary so much with the nature
of the system used to study nitration. The mechanistic schemes 1 and 2 provide in
our opinion, a basis from which a plausible explanation of these observations can be
made. Thus in media in which the concentration of the nitronium ion relative to
that of nitrous acid is high enough to ensure that nitration vig the nitronium ion
occurs exclusively, pentamethylbenzene undergoes reaction to give only pentamethyl-
nitrobenzene, e.g. stage I of the standard reaction of this study. However, in such
nitrations the formation of by-products can occur if conditions are such to increase
the probability of the formation and further reaction of methylene cyclohexadiene
intermediates, ¢.g. mixed acid in acetonitrile. In systems which have a relatively
high concentration of nitrous acid, an oxidation-nitration reaction can occur which
appears to involve attack by nitrogen dioxide on the molecular complex
ATH-NO®PF® and reaction of the incipient nitronium ion with the aromatic sub-
strate. This reaction can give up to 85%, pentamethylnitrobenzene, but usually the
very nature of the nitration systems in which it takes place ensures that considerable
decomposition of the #pso-g-complexcs occurs vig methylene cyclohexadiene inter-
mediates, e.g. stage II of the standard reaction of this study, and possibly nitration
with fuming nitric acid in organic solvents. Finally, reaction between pentamethyl-
benzene and nitrogen dioxide may occur under certain conditions, e.g. nitration
with fuming nitric acid in organic solvents.

We thank the Schweizerischer Nationalfonds zuv Fivderung der wissenschafilichen Forschung
for financial support (project No. 2.245.69).

4. Experimental Part, -- Material and Analytical Methods. Commercial pentamethyl-
benzene was fractionated five times (65°/0.05 Torr) and recrystallized from cthanol, m.p. 54°.
Gas-chromatography, showed less than 0.01%, durene and hexamethylbenzene. Benzene and
mesitylene (Merck, pure) were distilled. 2,3,4,5-Tctramethylbenzyl chloride was preparcd by
chloromethylation of prchnitene |24]. The corresponding nitratc and aldchyde were prepared
from this compound by standard methods [6¢|. 2, 3,4, 5-Tetramethylbenzyl alcohol was isolated
from the nitration of pecntamethylbenzene (2M) with fuming nitric acid (7u) in chloroform by
column-chromatography (silica gel; dicthylether) and recrystallized twice from 60-80° petrolcum
cther. The physical properties and spectral-characteristics of these compounds agreed with those
reported in the literature.
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Acetonitrile (Fluka, pure) was fractionally distilled threc times from P,Oj in a dry nitrogen
atmosphere. The final sample was incrt to Fischer rcagent. Dimcthylormamide (DMF) (Fluka,
spectroscopic grade) was shaken for 12 h with 4A molecular sieves and fractionally distilled [rom
P,0,. Fuming nitric acid (d == 1.52) containing 1% nitrous acid, and sulfuric acid (d — ¢a. 1.84,
95.79%,) were from Merck. Dinitrogen tetroxide was a commercial product and was dried by
passage over P,0;. The purification of other materials and the determination of nitrous acid
have been described [3].

An Aerograph series 1400 (flame ionisation detector; 200°; 30 mi/min N,) was used for the
GLC. analyscs, The column has been described [2]. Naphthalene was the internal standard.
1H-NMR. spectra were recorded on a Varian A60 or HA100 spectrometer. 1R. spectra werc
obtaincd with a Perkin-Elmer 21 spectrophotomcter. A Hilachi- Pevkin Elmer RMU-6A mass
spectrometer was used to obtain the mass spectral data. Kinetic measurements were carried out
with a Unicam SP 800 spectrophotometer [ittcd with a thermostated cell block and equipped to
record four kinetic runs simultancously.

Pentamethylbenzene-1-d. The principle of the method has been described [25]. D,O (6 ml) was
added dropwise from a separating funnel to phosphorous tribromide (27 g) contained in a 50 ml
two-necked, round-bottomed [lask equipped with a magnctic stirrer. The gas cvolved was collected
as a solid at —180° in a flask containing pentamethylbenzene (3 g). The flask was connected viag
a three way tap to a CaCl, drying tube. When the evolution of DBr had ceased, the liquid nitrogen
bath was exchanged for a dry ice/isopropyl alcohol bath whercupon DBr melted and dissolved
the aromatic, After a reaction time of 30 min, the cooling bath was removed and the gas pumped
off. The procedure was carried out twice more. Chromatography of the crude product (silica gel;
benzene) showed the presence of a minor impurity, possibly pentamethylbromobenzene. Penta-
methylbenzene-1-d, was purificd by column-chromatography and was recrystallized from ethanol;
2.5 g, m.p. 54°. \II-NMR. and mass spectrum showed 100%, replacement of the aromatic proton,
An unlabelled samplc was prepared from pentamethylbenzene and HDr.

Pentameihyibenzene-1-a-dy. Sodium borodeuteride (0.61 g) was added to 2,3,4, 5-tetramcthyl-
benzyl chloride (1.5 g) in dry DMF (30 ml) contained in a 100 ml conical flask fitted with a drying
tube. After a reaction time of 1 h, the solution was extracted with 30-50° petroleum cther (4 x 50 ml)
and the extract concentrated to a volume of ca. 30 ml, This causcd separation of most of the DMF
which was soluble in the original extract. The DMF layor was separated and re-cxtracted with
petroleum ether (2x 10 ml). Chromatography showed that this was sufficient {o extract the
aromatic compound complctely, The petroleum ether extracts were combined and concentrated
to a small volume. Isolation and purification of pcntamcthylbenzene-a-d, was achicved hy
column-chromatography (silica gel; petroleum ether) and recrvstallization from ethanol; 1.15 g,
m.p. 53°. MS. showed 90 L+ 29, deuteration. An unlabelled sample was prepared from sodium
borohydride and the chloride. Gas-chromatography showed the samples to contain hexamethyl-
benzene (4.5%) impurity. Both samples were deuterated in the 1-position by the method described
above.

Pentamethynityobensene-o-d;. This was isolated from the reaction of pentamethylbenzene-e-d,
(0.2m), nitrosonium hcxafluorophosphate (0.2M) and dinitrogen tetroxide (cs. 0.5M) in nitro-
methanc (sec below). It was purified by chromatography (silica gel; petroleum ether/benzenc 2:1)
and recrystallization from methanol, m.p. 156°. An unlabelled samplc was prepared in an analogous
marnner.

Nitration of Pentamethylbenzene with Nitronium Hexafluorophosphate and Water
in Nitromethane. — A. Kinetic Studies. The method used was essentially that described pre-
viously for nitrations without water [3]. Solutions of the aromatic and of the nitronium salt
were preparcd in a dry box. The latter solution was removed from the box, the required
amount of water was added with a syringe and the solution rolurned to the box. Equal volumes
(usually 3 ml) of the two solutions were pipetted into the side arms of V-tubes; these were stop-
pered and removed from the dry box. After cquilibration at the required temperature, the tubes
were inverted and the solutions thoroughly mixed. The contents of each tube were quenched with
ammonia gas at various times from the start of the reaction and the solutions filtered. Samples
of each solution were added to samples of a naphthalene solution of known concentration and the
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cxtent of nitration was determined by gas-chromatography using the experimentally determined
response factors. Exactly the same proccdure was used to study the nitrations of benzene and
mesitylene, but solutions of the aromatic in nitromethane were prepared by adding an appro-
priate amount of the hydrocarbon to the solvent by means of a syringe,

B. Products. The cxperimental procedurc has been described above. A solution (100 ml) of the
nitronium salt (0.05M) and water (0.1M) was added to a solution (100 ml) of pentamethylbenzenc
(0.05M) contained in a 500 ml conical flask in a dry box at 20.5°. The extent of reaction was fol-
lowed by gas-chromatography, and it was established that the course of the reaction was similar
to those studied previously, see Fig. 1. After a reaction time of 235 min, the solution was quenched
with ammonia gas and filtered. Gas-chromatography showed the presence of pentamethylnitro-
benzene (619%), pentamethylbenzene (239%;) and 2,3,4, 5-tetramethylbenzaldehyde (1.5%). The
solution was concentrated and the residue dissolved in chloroform (20 ml), The IR, spectrum
showed bands at 2930 cm™! (C—H str.), 1690 cm~! (C=0 str.), 1520 cm-! (N—O str.}, 1460 cm—1
(C=C str.), and 1375 cm~! (N—O str.). A number of other bands were observed, but no definite
assignments could be made. Part (5 ml) of the solution was evaporated to dryness and the residuc
dissolved in thc minimum of deuterochloroform. The *H-NMR spectrum showed peaks at 2.1,
2.16, 3.87, 6.2 and 6.8 ppm. The remainder of the solution was concentrated and TLC. (silica gel;
several solvent systems) showed the presence of at least ten by-products. Of these, two were
isolated and purified by chromatography (silica gel; petroleum ether/benzene 2:1):

2,2',3,%,4,4,5,5, 6-nonamethyldiphenylmethanc: m.p. 180°, IR, (CHCL): 2930 em—1 (CH,,
C—H str.), 1470 and 1450 cm™ (benzcne ring overtones and aromatic C=C str.), 1390 cm™?!
(CH,, C—H bend), and 1070 cm—. tH-NMR?Y) (CDCly): all singlets, 2.12 (9, arom. CH,); 2.2 (3,
arom. CH,); 2.28 (12, arom. CHy); 2.36 (3, arom. CHy); 3.92 (2, CH,); and 6.24 ppm (1, CH).
MS.: M+ at m/e 294.

2,3,4,5-tetramethylbenzaldehyde: IR. (CHCLy): 2930, 2860 and 2720 (—CHO), 1690 (C=0),
1600, 1450, 1390, 1280, 1220, and 1080 cm~. Unfortunately too little of this compound was isolated
to obtain the 1H-NMR. spectrum. '

Reaction of Pentamethylbenzene with Nitrosonium Hexafluorophosphate and
Water in Nitromethane, — The reactions were carricd out in the manner described above
for rcactions with nitronium salts. In the case of the reaction of the complex ArH-NO®PF,® with
nitrosonium salt and water, the solution of the complex was prepared in a dry box by mixing
equal volumes of nitromcthane solutions ol the aromatic (0.2M) and the salt (0.2mM), and an aliquot
was reacted with an equal volume of a nitromethane solution of the salt (0.1mM) and water (0.2 1)
in a stoppered V-tube at 20°, The reaction was stopped with ammmonia gas and analysed by gas
chromatography.

Reaction between Pentamethylbenzene, Nitrosonium Hexafluorophosphate and
Dinitrogen Tetroxide. — A. Kinetic Studies in Nilvomethane. A quantity of the solvent
was pipetted into a three-necked, round-bottomed flask in a dry box. Two of the necks were
capped with rubber septums and the third was fitted with a tap attached to a balloon filled with
dry nitrogen. A hollow, stainless steel needle was inscrtcd through each septum and a short
length of polythene tube, fitted with a screw clip, was lixed to onc of the needles. The apparatus
was removed from the box and dinitrogen tetroxide was bubblced through the solvent for a short
time. Samples of the solution were removed by inserting a pipette into the tube attached to one
of the ncedles and applying a little nitrogen pressurc. In this way losses of the gas from the solution
were minimized, The concentrations of dinitrogen tctroxide solutions prepared in this manner
were determined as follows: An aliquot of the solution was added to excess of a standard solution
of acidified potassinm pcrmanganate, the solution was stirred for 5 min and the permanganate
remaining was determincd iodometrically. The reactions between the aromatic, nitrosonium salt,
and dinitrogen tetroxide were carried out in a separating funnel (3.5 x 17 ¢m) containing a magnctic
stirrer, A nitromethane solution of thc complex was preparcd (see above) and added to the scparat-
ing funnel in a dry box. The funncl was sealed with a rubber septum through which were inserted
two stainless stcel needles. One was connected vig a three way tap to a drying tube and a balloon

%) The number in brackets refers to the number of protons.
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filled with dry nitrogen; the other had attached to it a short length of tube sealed by a screw clip.
The completc apparatus was removed from the box and thermostatted by means of a hollow lead
pipe around the funnel and connected to a thermostat. A pipette containing the required volume
of a solution of dinitrogen tetroxide in nitromethane was inscrted into the tube equipped with the
screw clip. The clip was opencd and the contents of the apparatus were exposed to dry air, After
addition of the dinitrogen tetroxide solution, the reaction mixture was subjected to a slight pres-
sure of dry nitrogen to facilitate the running out of samples. These were taken at various times
from thbe start of the reaction and run into tubes containing ammonia gas. After filtration, the
samples were cxamined by gas chromatography.

The reaction of dinitrogen tetroxide with pentamcthylbenzenc was carried out in a similar
manner.

B, Kinetic Isolope Effect in Nitvomethans, Pentamethylbonzenc (0.148 g) and pentamethyl-
benzene-1-d; (0.149 g) were weighed out in a 25 ml tube. The stoppered tube was put in a dry box
and nitromethane (10 ml) was added. A solution of nitrosoninm hexafluorophosphate (8 ml, 0.2mM)
was added to part (8 ml) of the solution of aromatics to form the molecular complexcs, The
complex solution was removed from the box and reacted with a nitromethane solution of dinitro-
gen tetroxide (0.42 ml, 0.2M) for 12 min, After being quenched with ammonia gas, the solution
was filtered and part was examined by gas-chromatography while the remainder was evaporated
to dryncss, The unreacted hydrocarbons were separated from the products by chromatography
(silica gel; 30-50° petrolcum ether) and recrystallized from ethanol.

The remainder (2 ml) of the solution of aromatics not reacted with the nitrosonium salt was
subjected to the same work up procedure and both samples were examined by mass spectroscopy.

C. Kinetic Studies in Acetonitrile. Preliminary work showed that a kinctic study of the reaction
of the complex with dinitrogen tetroxide could possibly be complicated by the reaction of the
complex with atmospheric moisture unless such conditions werc employed to eliminate or
compensate for this side reaction. Thus when a solution of the complex (0.0025 M) in dry (< 4.0 x
10—4m H,O) acetonitrile was prepared in a 1 c¢m cell in a dry box and then exposed to the at-
mosphere at room temperature for 30 5, decomposition of the complex set in (t 1, = ca. 40 min),
Under the strictly anhydrous conditions of the dry box, the complex was completcly stable,
Further experiments showed that at 5° this decomposition would not interfere with measurement
of the reaction with dinitrogen tetroxide if the following procedure were employed. A typical run
is deseribed: A solution of the complex (0.005M) in dry acctonitrile was prepared in a dry box and
aliquots (1.5 ml) were pipetted into two 1 cm matched quartz cells, The stoppered cells were
transferred to the reference and sample compartments of the spectrophotometer and equilibrated
at 5° for 10 min. A solution of dinitrogen tetroxide (0.142m) in acetonitrilc was prepared (see
above) and was equilibrated at 5° together with a quantity of the solvent contained in a similar
apparatus. After equilibration, a 1.5 ml aliquot of the solvent was added to the complex solution
in the sample cell using the method described above for dinitrogen tetroxide solutions. Similarly,
a 1.5 ml aliquot of the dinitrogen tetroxide solution was added to the raference cell, The solutions
were quickly mixed and the decrease in the concentration of the complex was recorded at 500 nm.,

‘The same two stock solutions of the complex and dinitrogen tetroxide were used in all kinetic
runs, Different concentrations of dinitrogen tctroxide were achieved by the addition of aliquots
of solvent to the initial 1.5 ml aliquots of the complex solutions contained in the two 1 ¢m cells;
the total volume of the complex plus dinitrogen tetroxide solutions was always 3 ml. Betweon
kinetic runs, the apparatus containing the dinitrogen tetroxide solution and that containing the
solvent were kept in a dry box.

Nitration of Pentamethylbenzene with Nitric Acid and Sulfuric Acid in Nitro-
methane and Acetonitrile. ~ A. General Method. Solutions of pentamethylbenzene, fuming
nitric acid and sulfuric acid were prepared by wecight. The required amounts of material
were weighed out in separate tubes. These were put in a dry box and the appropriate amount of
dry solvent was added to the tubes containing the aromatic and nitric acid; an aliquot of the nitric
acid solution was then added to the tube containing sulfuric acid. The tubes wete then removed
from the box and after equilibration at the required temperature part of the nitric acid/sulfuric
acid solution was added to the solution of the aromatic reactant to give the required concentration
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and stoichiomctry of reactants (sce Table 6). The reactions were stopped with ammonia gas and
examined by gas-chromatography.

B. Kinetic Isotope Fffect in Acetonitrile. An acetonitrile solution (4 ml) of fuming mitric acid
(0.0Z2») and sulfuric acid (0.04M) was added to a solution (4 ml} of pentamethylbenzenc (0.1m)
and pentamethylbenzene-1-d; (0.1M), and the reaction was left for 6 h at 20°. After being quenched
with ammonia gas, part of the solution was examined by gas-chrumatography and the remainder
was cvaporatcd to dryness. The unrcacted hydrocarbons were separatcd by chromatography
(silica gel; 30-50° petroleum ether) and examined by mass spectroscopy together with a sample
which had not been reacted with the nitrating agent,

C. Partition Isotope Lffect in Acetonitrile. To a solution (2 ml) of pentamethylbenzene-1-d,
(0.09M) and pentamethylbenzene-1-a-d, (0.09M) was added a solution (2 ml) of fuming nitric acid
(0.22m) and sulfuric acid (0.44m). After 10 h at 20° the reaction was stopped with ammonia and
part of the solution was cxamined by gas-chromatography. Pentamcthylnitrobenzene and penta-
methylnitrobenzenc-o-d, were isolated by chromatography of the remainder (silica gel; petroleum
etherfbenzenc 3:1) and their ratio determined by mass-spectroscopy. A sample (1:1) of the nitro-
compounds was put through the same work up procedure and used for comparison purposes.
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