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The electron transfer mechanism for electrophilic
aromatic nitration by nitronium ion involves as a
crucial step the diffusion-controlled coupling be-
tween a radical cation and nitrogen dioxide. This
step has now been examined in detail by reacting
solid naphthalene’* hexafluorophosphate with a
solution of dinitrogen tetroxide in dichloromethane
at low temperatures, between —45 and —25 °C.
The results show that nitronaphthalenes are formed
in very good yields with an «/f ratio of ca. 40. Thus
it does not seem probable that this reaction can be
involved as an elementary step in the naphthalene/
NO? mechanism (o/B ratio ca. 15 at —30 °C).

Naphthalene'*  hexafluorophosphate  reacts
instantaneously with nitrite ion at —50°C in a
100 % electron transfer process.

The electron transfer (ET) mechanism for nitration
of reactive aromatics by nitronium ion encompasses
an initial ET step between ArH and NO3 to give a
radical pair followed by coupling of the two
radicals — a radical cation and a neutral radical —
formed (eqn. 1). The ET step is assumed to be
encounter-controlled, as are all exergonic ET
processes according to current ET theory.? Also the
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* Part I, see Ref. 4.
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k, step must be extremely fast in order to account
for the over-all diffusion-controlled rate.

Experimental evidence for this mechanism was
sought in attempts to generate aromatic radical
cations anodically! or by Ce(IV) oxidation? in the
presence of NO, in the hope of finding close
similarities (mainly positional isomer ratios) be-
tween these reactions and ordinary electrophilic
aromatic nitration. For the anodic experiments it
was, however, possible to demonstrate* that homo-
geneous nitration by N,O, (the by far most
predominant component of the equilibrium
2NO,=N,0,), catalyzed by anodically generated
acid was in all probability responsible for the nitra-
tion reaction observed.

We now report on a different approach to study
this problem, namely to synthesize a radical cation
salt of naphthalene and allow it to react with NO,
at low temperature. If one could demonstrate a
close similarity with respect to the a/f ratio be-
tween the ArH */NO, and ArH/NO} reactions
and be able to exclude interference from the
competing proton-catalyzed N,O, nitration pro-
cess, one would have removed at least one obstacle
for the mechanism given in eqn. (1). As pointed out
before, the energetics of the ET step makes this
mechanism feasible in view of current ET theory;!
also a recent theoretical study has provided further
arguments in favor of a diradicaloid intermediate
stage.> Experimental tests of the proposal are,
therefore, urgently needed.
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Table 1. Reaction of (C,oHg);" PFg with N,O, in dichloromethane in a non-divided cell.

Experi- Amount of naphthalene/mmol Current yield of Yield of Ratio of
ment At start of Anodically naph ** nitronaphthalenes/ %, * o/p isomer
No. electrolysis “bound” Material Current

1 3.00 1.12 75 46 34 44

2 2.00 0.86 78 45 35 46

3 1.72 0.76 112 36 40 30

4 045 0.23 102 57 58 45

5 1.62 0.61 63 59 37 36

6 1.43 043 60 51 31 54

% Based upon the amount of anodically “bound” naphthalene (see column 3). ® Based upon (C,,Hg);" PF5.

RESULTS

The synthesis of a suitable radical cation salt of
naphthalene had already been described,® in that
anodic oxidation of naphthalene in dichloromethane
/0.2 M tetrabutylammonium hexafluorophosphate
(TBAHP) at —45 °C at low current density causes
electrocrystallization of the salt (C,oHg);" PFg.
This synthesis was run in a non-divided cell.

Using a slightly different electrode configuration
(a cylindrical Pt gauze anode, arranged around a
stainless steel cathode) we conducted a number of
syntheses of the radical cation salt. The salt, which
is insoluble in dichloromethane, was allowed to
react with NO, (added at —50 °C; 1 mol of N,O,
per mol of naphthalene used). At —50 °C, no reac-
tion took place between the brown-violet crystals
and the NO, solution, and the reaction mixture had
to be brought up to ca. —25 °C before any reaction
took place. This resulted in a reddish-yellowish
solution which was immediately worked up and
analyzed.

Table 1 shows the results of six runs in the non-
divided cell. We have used different concentrations
of naphthalene, run the electrolysis at slightly
differing conversions, and analyzed for unreacted
naphthalene and nitronaphthalenes. In addition a
by-product, 1-chloronaphthalene (5+2 9 material
yield), was invariably present (see below) in signifi-
cant amounts. A possible by-product, binaphthyl,
was sought for but not found.

Inspection of Table 1 shows a very good agree-
ment between the experiments and expectations
based upon the previously ¢ established stoichiom-
etry of the TBAHP salt of naph *. The anodically

o/

bound naphthalene, corresponding to a 41(4)* 9,

* Mean values with their mean errors are given in
all cases.

current yield of naph'*, reacts with NO, to give a
39(3) % current and 49(4) %, material yield of a- and
B-nitronaphthalene. Ideally one would expect a
50 9% material yield of nitronaphthalenes and
identical current yields for formation of naph *
and nitronaphthalenes. The results thus indicate
that naph'* indeed couples with NO,.

However, when we compare the isomer ratio of
the ArH" */NO, reaction, 43(3), with that obtained
in the nitration of naphthalene by NO%BF; in
dichloromethane (heterogeneous system), 15(1) at
—30°C and 12(1) at 20 °C, there is a significant
difference which should not exist if the ET mecha-
nism of eqn. 1 is correct.

A number of runs in a divided cell (see Table 2)
suggested to us that the simplicity and near perfec-
tion of the results obtained in the non-divided cell
might be hiding a very complex reaction pattern.
We now see more than twice as high a material
yield of nitronaphthalenes [119(7)], i.e. compared
to that expected on the basis of the previously
published stoicheiometry of the radical cation salt,
a slightly lower a/f ratio [36(2)] and a much lower
chloronaphthalene yield [0.9(0.3) %, material yield].
The current yield for formation of nitronaphthalenes
is now higher than that for formation of naph'*,
96(9) vs. 82(8) %. Especially the higher product yield
indicated that either something fundamentally
different might take place in the divided cell runs
or that the seemingly simple chemistry in the non-
divided cell runs might be more complex.

In all the divided cell experiments tributylamine
was formed in the catholyte compartment.

A more detailed consideration of the processes
taking place in the non-divided cell shows why the
radical cation salt must have the stoichiometry
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obtained in the non-divided cell (see eqns. 2 and 3).
Combining these reactions, the overall electro-
chemistry is given by eqn. 4, whereas the overall
At the anode

ArH > ArH * +e” (2)
At the cathode

CH,Cl,+2e~ - CICH; +CI~

Bu,N* +CICH; -

Bu;N+CH,CH,CH=CH, +CH,Cl 3)
chemistry is only to be understood when one
2ArH+CH,Cl, +Buy,N* -

2ArH * +BuyN+Cl™ +CH,Cl+
CH,CH,CH=CH, 4)
realizes that Cl1~ can diffuse from the cathode to the
anode and react with ArH'* to give ArCl in-
directly via Cl, (eqn. 5). Since one Cl~ is formed
per two ArH'* (eqn. 4) it is immediately realized
ArtH * +Cl™ - AtH+1Cl, 5)
why (C,,Hy);" PFj is the product obtained in the
non-divided cell. We can also qualitatively explain
the formation of chloronaphthalene in relatively
high yield under these conditions.

With this chemistry in mind, it is reasonable to
assume that the radical cation salt formed in the
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Fig. 1. Yield of nitronaphthalenes vs. time in the
acid-catalyzed nitration of naphthalene in dichloro-
methane. A: Trifluoroacetic acid at —20 °C; ratio
naph/acid 2:1. B: Methanesulfonic acid at —45 °C;
ratio naph/acid 2:1. C: Methanesulfonic acid at
—15 °C; ratio naph/acid 4:1. D: Methanesulfonic
acid at —15 °C; ratio naph/acid 2:1. E: Methane-
sulfonic acid at — 15 °C; ratio naph/acid 1:1.

divided cell runs has the composition of ArH" * PF .
In such a case, the current yield of naph'* is 82(8) %,
giving rise to a 96(9) % current and 119(7) %, ma-
terial yield of nitronaphthalenes. It then remains
to explain why an extra 15— 20 9 of nitronaphthale-
nes is formed in the divided cell runs.

We here suspected that the same complication
was present as in our previous study of the anodic
oxidation of naphthalene in acetonitrile, namely
that acid-catalyzed nitration by N,0O, takes place
simultaneously with the ArH */NO, reaction.
Even if no acid would ideally be formed in the
anolyte of a divided cell run (eqn. 2) small amounts
might be formed via unavoidable side-reactions (like
oxidation of traces of water and dehydrooligomeri-

Table 2. Reaction of the radical cation salt of naphthalene with N,O, in dichloromethane in a divided cell.

Experi- Amount of naphthalene/mmol Current yield of Yield of Ratio of
ment At start of Anodically naph'*® nitronaphthalenes/ %, /B isomer
No. electrolysis “bound” Material®  Current

7 1.76 0.76 86 105 91 31

8 1.50 0.73 65 137 90 43

9 1.28 0.53 69 100 69 32
10 1.08 0.64 118 109 129
11 1.19 0.64 83 141 116 35
12 1.13 0.47 68 119 82 38

“Based upon the amount of anodically “bound” naphthalene (see column 3). ® Based upon C,,H;* PF§.
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zation of ArH). Moreover, an ET mechanism ac-
cording to eqn. | would be accompanied by the
liberation of acid. Any nitration caused by the
catalytic influence of this acid would take place
parallel to eqn. 1, however, and thus show a time
lag with respect to it. Fig. 1 shows that acid-
catalyzed nitration of naphthalene by N,O, takes
place in dichloromethane at low temperatures at
rates that might explain the formation of the excess
of nitronaphthalenes observed in the experiments
reported in Table 2. Note, however, that the ex-
periments of Fig. 1 have been run at higher con-
centrations.

An experiment (at —45 °C) in which N,0, was
present in the anolyte during the whole electrolysis
period showed that any electrocrystallized material
was rapidly consumed by reaction with the electro-
lyte under such conditions. A 100 % current yield
of nitronaphthalenes with an a/f ratio of 65 was
obtained.

A different approach was tried in two experiments
in which tetrabutylammonium nitrite was added
to the radical cation salt made by electrolysis in a
divided cell. In these cases the crystal mass dissolved
instantaneously already at —50°C and a clear
yellow solution was obtained. Naphthalene ()99 %)
was recovered and no ({0.1 %) nitronaphthalene
was found.

DISCUSSION

Before we can discuss the results given in Tables
1 and 2, it is necessary to summarize pertinent
kinetic and thermodynamic data for the monomer-
dimer equilibrium in the dinitrogen tetroxide
system (eqn. 6). Equilibrium constants (K;) and
AH"® values are known for several solvents (cyclo-
hexane,” K;=1.77 10"* M at 25 °C, AH" 14.6 kcal
mol~!; carbon tetrachloride,” K;=1.78 1074 M

N,O, % 2NO, (6)

-3

at 25°C, AH°=14.6 kcal mol~!; acetonitrile,’
K;=310"5 M at 25°C, AH°=16.0 kcal mol~!;
water,® 1.53 107° at 25 °C) and one can see that
there is only a 12-fold decrease in K ; in going from
a nonpolar solvent to water. We have, therefore,
assumed that K, in dichloromethane is the same
as in carbon tetrachloride (and cyclohexane) and
used the thermodynamic parameters for this system
to estimate [NO,] at 25, 0, —25, and —50 °C at
two limiting experimental concentrations of N,O,
employed in this investigation, 5 and 10 mM (see
Table 3).

Kinetic data for reaction 6 are known for water
only,® k; and k_, being 6900 s~! and 4.5 x 108
M~! 57! respectively, at 25 °C. Assuming that the
frequency factors are of normal magnitude, 10'3
s~ !'and 10! M~! s~! (corresponding to E, values
of 12.5 and 3.2 kcal mol ™", respectively), we can
estimate k3, k_; and K, at 0, —25 and —50 °C in
aqueous solution. For dichloromethane the corre-
sponding rate constants were simply estimated by
multiplying k, (water) and dividing k_, (water) by
the square root of the ratio between the K values
in the two solvents.

Our first study* of the problem at hand was
primarily concerned with room temperature elec-
trolysis of naphthalene in the presence of dinitrogen
tetroxide, using acetonitrile as solvent. These ex-
periments were marred by relatively low material
yields of nitronaphthalenes and relatively fast con-
current homogeneous nitration by dinitrogen tetrox-
ide, catalyzed by anodically generated acid. This
reaction is well-known from other studies.’”!?
Thus no firm conclusion regarding the feasibility of
the naph */NO, coupling step could be drawn.*

In dichloromethane at —45 °C, the anodic oxida-

Table 3. Estimated equilibrium data for the dinitrogen tetroxide/nitrogen dioxide equilibrium (eqn. 6) in

dichloromethane at different temperatures.’

[NO,]/mM
Temp. KyM In5mM N,O, In 10mM N,O,
25 178 x 10~* 09 13
0 1.87x 103 03 043
-25 124 % 106 0.08 0.11
~50 45 x1078 0015 0021
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tion of naphthalene in the presence of dinitrogen
tetroxide does not result in the usual electro-
crystallization process. Instead, one can observe
how any solid material formed is rapidly consumed
by reaction with the electrolyte. A 100 % yield of
nitronaphthalenes with a very high «/f ratio (65)
was secured. Under similar conditions homogene-
ous nitration by dinitrogen tetroxide at —45 °C,
catalyzed by methanesulfonic acid (ratio [naph]:
[CH;SO;H]:[N,0,]=1.8:1:2.2) produced only ca.
259 of nitronaphthalenes during 2 h (see Fig. 1).
Keeping in mind that [NO,] is ~0.02 mM in
dichloromethane at —45 °C (Table 3) it seems as if
naph'*, generated at a rate of 1 nmol s™! cm ™2 (0.1
mA cm ™ ?) can just barely be kept from crystallizing
on the electrode by reaction with NO, at this con-
centration level. On the other hand, no visible reac-
tion takes place at —45 °C between electrocrystal-
lized naph * salt when the dinitrogen tetroxide is
added after the electrolysis has been completed.
The experiments in which naph'* was reacted
with nitrite ion are of interest in connection with
previously reported radical cation/NO; induced
nitrations (perylene'*!3 and certain porphyrin
radical cations'*~16). Here the mechanistic discus-
sion has centered upon whether nitration occurs
via (1) direct bond formation between the radical
cation and nitrite ion or (2) if ET, followed by NO,
(N,0,) induced nitration of the parent compound,
or (3) NO, coupling with the radical cation,'®
takes place. For naph'* at —50°C we can
unambiguously state that ET takes place to at least
999 %, and it is then obvious that the second
mechanism above can be simulated by chosing a
higher reaction temperature and longer reaction
time. Coupling between NO, and radical cation
does not occur at —50°C. The ET reaction is
extremely fast, even under heterogeneous condi-
tions and at the low [NO3] actually employed
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(3 mM), as should be the case for a strongly
exergonic ET step according to current theory.?
The estimated value of AG® for the reaction
naph'* +NO3 »naph+NO, is ca. —32 kcal
mol ! at 25 °C in acetonitrile.!” It can be predicted
with reasonable certainty that the perylene'*
reaction with NO 3 should also proceed with initial
ET (the reaction is exergonic by —15 kcal mol ™!
at 25°C in acetonitrile,” whereas the porphyrin
radical reactions probably occur via the same
initial step (AG° around 0). This can, in principle,
be checked experimentally in the same way as done
here for naphthalene, i.e., by reacting the radical
cation with nitrite ion at such a low temperature
that any homogeneous nitration by NO,(N,O,) is
excluded. ET, being diffusion controlled, is very
little affected by lowering the temperature.

In the present context, it is interesting to note
that the NO, formed in the heterogeneous ET
reaction between nitrite ion and the naph * salt
does not couple with naph * in competition with
its self-coupling reaction (rate constant ca. 108
M™! s7' at —50°C in dichloromethane; see
Table 4). This is a hint that the naph */NO, reac-
tion might be a relatively slow process and not the
diffusion-controlled one demanded by the mecha-
nism of eqn. 1.

Proceeding to the series of reactions carried out
in the non-divided cell, it nicely demonstrates that
naph'* coupled with NO, at —25°C under
“neutral” conditions (note that the acid-base balance
of eqns. 4 and 5 should result in “basic” to
“neutral” conditions during most of the reaction
period for the naph */NO, reaction). Thus the
acid-catalyzed homogeneous nitration process
should be negligibly slow, as is indeed borne out by
the observation of a near perfect material yield
[49(4) vs. 50 %] and very good agreement between
current yields for naph'* and nitronaphthalene

Table 4. Estimated rate data for the dinitrogen tetroxide/nitrogen dioxide system (eqn. 6) in water and

dichloromethane at different temperatures.®

Water Dichloromethane
Temp./°C ky/s™! k_3/108 KM ky/s™! k_5/108
M5! M~ 157!
25 6900 4.5 1.53x1073 23500 1.32
0 980 2.8 3.5 x10°¢ 2260 122
=25 98 1.5 65 x1077 135 1.09
-50 5.7 0.73 78 x1078 43 0.96
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formation [41(4) and 39(3) %, respectively].

The reactions in the divided cell are more difficult
to interpret unambiguously. Since it cannot be
avoided that some acid is formed via side-reactions
(oxidation of traces of water, partial dehydrooligo-
merization of naphthalene, chlorination of naph-
thalene — note that there always is some leakage
through cell membranes of the type used here, as
evidenced by the detection of small amounts of
chloronaphthalene in the anolyte) acid-catalyzed
homogeneous nitration by dinitrogen tetroxide
takes place to an extent of at least 10—20 9. This
type of reaction has been well documented previ-
ously®”'? and has considerable interest on its
own right since it provides a very mild nitration
procedure.

Summarizing, we have presented evidence which
almost definitely establishes that the coupling reac-
tion between a solid naph * salt and NO, takes
place at a measurable rate at temperatures
> —25°C. The «/f ratio of the nitronaphthalenes
formed, ca. 40, is significantly higher than that
observed (15) for nitration with nitronium tetra-
fluoroborate under similar conditions. Hence we
conclude that the naph' */NO, reaction cannot be
an elementary step in the sequence of reactions of
eqn. 1.

Unfortunately, it is not possible to obtain a
quantitatively reliable estimate of the rate of the
naph */NO, reaction from the observations re-
ported here. All reactions are heterogeneous, and a
comparison between the naph */NO, reaction
(relatively slow at —25 °C) and the naph */NO3
reaction (instantaneous at — 50 °C) is not meaning-
ful due to the difference in reagent concentrations
([NO,]=0.1 mM vs. [NO3;]=3 mM) and possible
differences in reaction mechanism. It does, how-
ever, point to another possibility of testing the
mechanism of eqn. 1, namely to determine the rate
of the naph */NO, step in homogeneous medium.
If the reaction is slower than a diffusion-controlled
process it cannot be an elementary step of the
sequence of reactions of eqn. 1, all of which must
proceed at a diffusion controlled rate. It is a sad
fact that the experimental difficulties of such ex-
periments seem almost unsurmountable; one of the
few consoling aspects is that naph'* has been
reported to be a rather stable species at room
temperature toward meticulously purified propio-
nitrile.!® We are presently studying the possibilities
to study the kinetics of the naph' */NO, reaction.

EXPERIMENTAL

Materials and methods. Dichloromethane was
distilled and stored over molecular sieves (3A).
Tetrabutylammonium hexafluorophosphate (Fluka
AG, Buchs, Switzerland), tetrabutylammonium
nitrite (Aldrich, Milwaukee, USA), nitronium tetra-
fluoroborate (Aldrich), and naphthalene (p.a. quality,
Merck, Darmstadt, FRG) were used without further
purification. Solutions of nitrogen tetroxide were
made up as described previously.*

The power source was an AMEL model 552
potentiostat, operated in the galvanostatic mode.
GLC analyses were performed by a Varian 1400 gas
chromatograph, equipped with an HP 3380 A
integrator (column: 2.5 m x3 mm 5 9% neopentyl-
glycol succinate on Chromosorb W). Internal
standards were durene (for naphthalene) and 2-
naphthyl acetate (for nitronaphthalenes).

All operations involving synthesis and reactions
of the radical cation salt were performed in a
glovebox, as were also the nitronium tetrafluoro-
borate experiments.

Synthesis of naph'* hexafluorophosphate.® The
anodic oxidation of naphthalene was performed in a
jacketed 400 ml cylindrical vessel, equipped with a
glass lid with four necks. Cooling was effected by
circulating ethanol from a cryostat (Haake). The
anode was a cylindrical platinum gauze (geometric
area 50 cm?), concentrically placed around the
cathode, a steel rod of about 20 cm? effective area.
For divided cell runs the cathode was placed inside
a glass tube, sealed at the lower end by a glass frit
(1G4). The catholyte was dichloromethane, 0.02 M
in TBAHP.

In a typical experiment naphthalene (1 —2 mmol)
was accurately weighed in and dissolved in the
electrolyte (300 ml of dichloromethane, 0.02 M in
TBAHP). A trace of trifluoromethanesulfonic acid
(ca. 20 ul) was added to provide a slight initial
acidity of the electrolyte. Identical control experi-
ments, except that electrolysis was omitted, dem-
onstrated that less than 19 nitration occurred
with this amount of acid present during the following
reaction with dinitrogen tetroxide. The cell contents
were cooled to —45 °C and a constant current of
5 mA (anode current density=0.1 mA cm™2?) was
passed until 50— 70 9; of the theoretically necessary
charge for formation of naph'* had been passed.
At the end of the electrolysis period a brown-
reddish crystal mass had collected on the anode.

This procedure is essentially the same as that
used by Fritz et al.® in a nondivided cell. We did,
however, find it necessary to decrease the current
density to half their value in order to get the
electrocrystallization to proceed well.

Reaction between naph'* hexafluorophosphate and
nitrogen dioxide. After withdrawing as much as
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possible of the electrolyte (generally ca. 100 ml; this
is a difficult procedure since the crystal mass on the
anode is very fragile) an equivalent volume of
precooled dichloromethane containing dinitrogen
tetroxide (molar ratio of naphthalene to dinitrogen
tetroxide 1:1) was added. Magnetic stirring was
commenced whereupon the crystal mass disinte-
grated and formed a suspension. The temperature
of the solution was allowed to rise to —25 °C where
a yellowish to reddish solution was obtained. This
was immediately removed from the dry-box and
subjected to workup (washing with water). Analyses
were performed for unreacted naphthalene, nitro-
naphthalenes and chloronaphthalene. No bi-
naphthyl was detectable.

The lapse between the addition of the dinitrogen
tetroxide solution at —45°C to the start of the
work-up procedure was generally ca. 30 min.

Reaction between naph'* hexafluorophosphate and
tetrabutylammonium nitrite. After synthesis of the
radical cation salt in a divided cell, tetrabutyl-
ammonium nitrite (1 mmol) was added to the
electrolyte which resulted in an instantaneous
dissolution of the radical cation salt with formation
of a yellow solution. Work-up and analysis showed
that <0.1 % (=limit of detection) of nitronaphtha-
lenes was formed and a high recovery of naphthalene
(98-99 %). The same result was obtained by
adding a large excess of powdered sodium nitrite
and running the reaction under heterogeneous
conditions at —25 °C.

Anodic oxidation of naphthalene in dichloro-
methane at —45 °C in the presence of dinitrogen
tetroxide. This reaction was run in a divided cell as
described above with an equivalent amount of
dinitrogen tetroxide present in the electrolyte. Very
little electrocrystallized material was visible during
the run. The yield of nitronaphthalenes was ca.
100 %, and the o/f ratio was 65.

Acid-catalyzed nitration of naphthalene by di-
nitrogen tetroxide. A solution of naphthalene (ca.
2 mmol), acid (amount and nature of, see Fig. 1)
and dinitrogen tetroxide (ca. 1 mmol) in dichloro-
methane (25 ml) was allowed to stand at a selected
temperature (see Fig. 1). Samples were withdrawn
at intervals and analyzed by GLC.

Nitration of naphthalene by nitronium tetrafluoro-
borate. Nitronium tetrafluoroborate (2.0 mmol)
was suspended in a solution of naphthalene (1.9
mmol) in dichloromethane (30 ml). The reaction
was run at several temperatures with the following
results [ temperature/°C, yield/ % (reaction period/h)
off ratio]: —70, 2(2), —; —30, 15(2), 15+1; 20,
49(15),12+1.

The sluggishness of the reaction is due to the
extremely low solubility of nitronium tetrafluoro-
borate in dichloromethane.
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