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Kinetics of Hydrogen Exchange in 1,3-Dinitrobenzene in Sodium Meth-

oxide—Methan[2H]ol Solutions

By I. R. Bellobono * and G. Sala, Istituto di Chimica Fisica, Universita di Milano, 20133 Milan, and Istituto
Chimico, Universitd di Roma, 00185 Rome, ltaly

Pseudo-first order rate coefficients for protium—deuterium exchange at the 4- and 6-positions of 1,3-dinitrobenzene
in methan[2H]ol solution containing 0-2—0-9M-MeO~ have been measured at 75—100 °C by i.r. analysis of the
MeOH formed. Second-order rate constants & [log (k/M~1s~1) = 10-8 — 5140/7] were obtained by evaluation

of the kinetic activity of the methoxide ions.

Comparison with previously determined kinetic parameters relative

to the 2-position shows that positional reactivity is determined by the activation energy. The mechanism is
discussed in terms of proton removal and internal return.

THE study of catalysed hydrogen exchange in polynitro-
compounds has helped to elucidate the mechanisms by
which these compounds react with bases.! A major
problem in such studies is the variety of different types of
behaviour exhibited. Thus, nucleophilic addition to the
ting,14%.2 hydrogen exchange,?® nucleophilic substitution
of the nitro-group,*® electron transfer,$ and reduction
of the nitro-group to an azoxy-derivative may take
place.™® By careful choice of conditions however
the kinetics of a single reaction may be studied. Thus
addition of base 2 and hydrogen exchange in 1,3,5-tri-
nitrobenzene 3/ have been studied, in the absence of
nucleophilic substitution of the nitro-group, the latter
being a slower process. Hydrogen exchange at the
2-position in 1,3-dinitrobenzene 3%/ has also been
investigated as a function of base concentration.

It has been generally established that phenyl anions,
rather than radical anions or alkoxide addition com-
plexes, are intermediates in the hydrogen exchange of
nitroaromatics.

Here we continue an investigation 3¢/ of the effect
of methoxide concentration on protium-deuterium
-exchange at the 4- and 6-positions of 1,3-dinitrobenzene
in methan{2H]ol.

EXPERIMENTAL

Matevials.—Reagent grade 1,3-dinitrobenzene was re-
crystallized from methanol (m.p. 90°; lit.,'® m.p. 90°).
Methan[?H]Jol (Merck, isotopic purity 99-2%,, as indicated
by n.m.r. and i.r. analysis) was dried by refluxing it with
magnesium turnings (5 mg/ml) and iodine (0-5 mg/ml)
followed by fractionation. A stock solution of sodium
methoxide (ca. 2-5M) in anhydrous methan[?2H]ol was
prepared by dipping freshly cut pieces of sodium into
MeOD for ca. 20 s, this operation being repeated twice,
each time in fresh solvent; the metal was then dissolved
in pure solvent. The solution was filtered (Schleicher
and Schull 5891 filter papers) and standardized against

1 For reviews and summaries see: (a) A. I. Shatenstein, 4dv.
Phys. Org. Chem., 1963, 1, 155; (b) A. Streitwieser, jun. and
J. H. Hammons, Progr. Phys. Org. Chem., 1965, 8, 41; (c) D. J.
‘Cram, in ‘ Fundamentals of Carbanion Chemistry,” ed. A, T.
Blomquist, Academic Press, New York, 1965,; (d) P. Buck,
Angew. Chem. Internat. Edn., 1969, 8, 120; (¢) E. Buncel, A. R.
Norris, and K. E. Russell, Quart. Rev., 1968, 22, 123; (f) M. R.
Crampton, Adv. Phys. Org. Chem., 1969, 7, 211; (g) T. N. Hall
and C. F. Poranski, jun., in ‘ The Chemistry of the Nitro and
Nitroso Groups,” ed. H. Feuer, Interscience, New York, 1970,
part 2, p. 329.

2 (g) C. F. Bernasconi, J. Amer. Chem. Soc., 1970, 92, 129;
{b) ibid., p. 4682.

hydrochloric acid. All manipulations were carried out in
a nitrogen-filled glove box; the gas was continuously
purged by passage over copper turnings at 550°, phos-
phorus pentoxide, ascarite, and potassium hydroxide.
Glassware was heated at 200° for several hours before use.
Kinetic Procedure—Solutions of 1,3-dinitrobenzene in
anhydrous methan[?H]Jol, 0-02—0-1M, were prepared and
mixed (1:1 volume ratio) with 0-4—2-0M-MeONa in
MeOD, obtained by diluting the stock solution of alkoxide.
Aliquots of the reaction solution were placed in nitrogen-
filled tubes equipped with pressure plugs. The reaction
was initiated by immersing the tube in a constant-tempera-
ture bath, and was stopped, when desired, by quenching.
The  zero time’ analysis was effected on the quenched
mixture, after a time equal to five half-lives for the exchange
reaction 3/ at the 2-position of 1,3-dinitrobenzene had
elapsed. From that time on, reaction tubes were removed
at regular intervals from thermostatted bath for spectro-
photometric analysis. The rate of exchange in 1,3-di-
nitro[2-2H]benzene at the 4- and 6-positions was followed.
“Infinity time’ absorption was also measured experi-
mentally. As the fraction between initial and final MeOH
concentration in MeOD generally exceeded 0-97, this
fraction was assumed to equal 1, so that the rate of backward
reaction could be neglected and a straightforward pseudo-
first order equation was employed [equation (1)], where

kexpt = 2:303 IOg (Aso - Ao)/(Aoo - At) (1)

Ay, Ay, and A, represent absorbance at zero, infinity,
and ¢ time respectively, at v 3337 cm™ corresponding to the
O-H stretching frequency of MeOH (O-D stretching of
MeOD was found at 2485 cm™). Absorbances of con-
veniently diluted kinetic samples were measured in i.r.
silica cells with optical path lengths of 0-1 or 1 cm, by
means of a Beckman DK 2A spectrophotometer.

3 (a) R. A. Foster and C. A. Fyfe, J. Chem. Soc. (B), 1966, 53;
(b) M. R. Crampton and V. Gold, ibid., 1966, 498, 893; 1967, 23;
(¢) E. Buncel and A. W. Zabel, J. Amer. Chem. Soc., 1967, 89,
3082; (d) E. Buncel and E. A. Symons, Chem. Comm., 1967, 771 ;
() 1. R. Bellobono, Ricerca sci., 1969, 39, 170; (f) 1. R. Bellobono
and M. Tampieri, 4nn Chim. (Italy), 1970, 60, 466; (g) R. D.
Guthrie and D. P. Wesley, J. Amer. Chem. Soc., 1970, 92, 40517.

¢ V. Gold and C. H. Rochester, J. Chem. Soc., 1964, 1692.

5 (a) 1. R. Bellobono, Ricerca sci., 1969, 89, 358; (b) ibid.,
p. 365; (¢) I. R. Bellobono and G. M. Sabbadini, A#:; Accad.
naz. Lincet, Classe Sci. fis. mat. nat., 1970, 48, 226.

8 (a) G. A. Russell and E. G. Janzen, J. Amer. Chem. Soc.,
1962, 84, 4153; (b) ibid., 1964, 86, 1807.

7 K. Brand and J. Steiner, Ber., 1922, 55, 875.

8 H. S. Fry and J. L. Cameron, J. Amer. Chem. Soc., 19217,
49, 864.

® Y. Ogata and J. Mibae, J. Org. Chem., 1962, 27, 2048.

0 J.W. Williams and C. H. Schwingel, J. Amer. Chem. Soc.,
1928, 50, 363.
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The log term in equation (1) was plotted against time.
Good straight lines were generally obtained through three
half-lives of the exchange reaction at the 4- and 6-positions,
with some scatter towards the end, which was not com-
pletely random. Pseudo-first order rate coefficients Zep
were calculated by a least-squares treatment of data, in
the linear region of the plot.

TABLE 1

Rate constants for H-D exchange at 4- and 6-positions
of 1,3-dinitrobenzene in MeOD solution containing
various concentrations of MeONa

T/°C Creo—[M ayeo—/M 10%keyp /st
[equation (11)]
750 0-198 0-197 1-15
750 0-555 0-695 4-48
75-0 0-625 0-842 530
750 0-698 0-996 6-00
750 0-835 1-43 8-90
85-0 0-190 0-190 3-85
85-0 0-420 0-468 7-30
85-0 0-580 0-736 13-6
85-0 0-622 0-838 14-1
850 0-898 1-77 30-9
100-0 0-199 0-198 11-8
100-0 0-381 0-430 237
100-0 0-451 0-528 29-8
100-0 0-560 0-700 39-1

Values of ke, reported in Table 1 correspond to the
exchange of one of the two hydrogen atoms, the second
atom being protium or deuterium. If secondary isotope
effects are neglected, the second deuterium atom is in-
corporated at the 4- or 6-position at the same rate as that
of the first. The rate coefficient corrected for the statistical
factor is thus 2%y,

The base concentrations shown in Table 1 are corrected
for solution expansion by multiplying concentrations at
room temperature by the ratio of the density of methanol 1
at the reaction temperature to that at room temperature.

The estimated errors determined by straightforward
methods are reported as standard deviations for rate
coefficients and probable errors for kinetic parameters in
Table 2. Activation entropies were calculated from the
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ture range 756—100 °C. Exchange at the 2-position
of a non-deuteriated substrate was much faster.3/
Consequently after a short reaction time the substrate
was completely converted into 1,3-dinitro[2-2H]benzene.
It was then substantially this latter compound that
underwent exchange at the 4- and 6-positions of the
ring. Positions of exchange were checked during
preliminary runs by recording the n.m.r. spectra of the
reaction products: absorption due to the C-2 proton
(v 2-07) was the first to disappear, followed by a slower
decrease of absorption of the multiplet at ~ 1-3 (corres-
ponding to protons at C-4, -5, and -6) up to ca. 2/3 of the
integrated area at infinity time. Mass spectrochemical
analysis of a partially deuteriated 1,3-dinitrobenzene
sample showed that the distribution of deuterium over
C-4, -5, and -6 was practically the same as that cal-
culated statistically from total deuterium content and
on the assumption that exchange at C-5 was negligible
compared with that at C-4 and -6. The stoicheiometry
is thus represented by equation (2).

NO,

H D

H NO
H

The kinetics of reaction (2) were followed by i.r.
analysis of MeOH formed. Experimentally, because
the concentration of excess methoxide ion remained
constant, the rate was pseudo-first order within a given
run. Pseudo-first order rate coefficients X, are col-
lected in Table 1.

It may be observed that no linear correlation exists
between the pseudo-first order rate coefficients and
concentration of sodium methoxide. A similar situation
was reported for the nucleophilic substitution of nitro-
groups by methoxide ions in polynitro-compounds.?
Hydrogen exchange, involving the formation of a phenyl

NO,
CH30™ p
+ 2CH430D ———» +2 CH,0H
2

H NO,
D

(2)

TABLE 2

Kinetic parameters and rate constants for H-D exchange per position in 1,3,5-trinitrobenzene and 1,3-dinitro-
benzene in MeOD solution containing 0-1—1M-CH;ONa

T/°C
Position(s) p 44- \ AE} ASt
of exchange 75 85 100 kcal mol-? log (A/m™ s7%) cal mol-! K-1
1,3,5-Trinitrobenzene a-% 2,4,6 0-795 1-62 4-47 17-0 4- 0-4 106 4 0-1 —12-4
kM1 s71
1,3-Dinitrobenzene ® 2 1-55 3-80 12:0 20:5 + 05 11-1 4- 0-1 —10-1
102k/M™1 571
1,3-Dinitrobenzene ¢ 4,6 1-24 348 11-2 23-5 4+ 07 10:8 4 0-1 —11-5
10% /M1 71

a Corrected for statistical factor.

formula AS! = 4-576 (log A — log Ty} — 49-207, where
A = frequency factor, and T,, = 360-7T K

RESULTS AND DISCUSSION

The protium-deuterium exchange in 1,3-dinitro-
benzene at the equivalent 4- and 6-positions was found
to take place at convenient rates in methan[?H]ol
containing 0-2—1-0M-sodium methoxide in the tempera-

® Calculated values from kinetic parameters of ref. 3 f.

anion as intermediate, can be treated analogously.
The generalized mechanism for this reaction may be
outlined by equations (3)—(6). The rate constant of
forward reaction (5) differs from that of the reverse
reaction (4) due to the kinetic isotope effect. For the

11 (g) ‘ International Critical Tables,” McGraw-Hill, New York,
1928, 8, 27; (b) J. Timmermans, ‘ Physico-Chemical Constants
of Pure Organic Compounds,’ Elsevier, Amsterdam, 1950, vol. 1,
p. 303.
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same reason, equilibrium constants of reactions (3) and
(6) between deuteriated or non-deuteriated substrate

K *
RH + MeO- =—>= [R---H---OMe]- (3)
(k*)
R---H- - OMe]- =—= R~ -+ MeOH @)
(k*_)B
(k*_,)
R- 4 MeOD =—=> [R---D---OMe]~ (5)

(k*)D

1/Kp*
‘R---D--- OMe]- =—= RD + MeO" (6)

and methoxide ion on one side and their respective
activated complexes on the other are also related by
an equilibrium isotope effect.

If forward reaction (4) is assumed to be rate-determin-
ing, as for protium-deuterium exchange the concen-
tration of MeOD greatly exceeds that of MeOH, its
rate  can be expressed as (7), where ¢ are concentrations,

7 = (B*)aKa* crE cMeo-/rE freo—/f4 (7)

f are activity coefficients of RH, MeO~, and activated
complex (f,) respectively, and Ky* is the equilibrium
constant of pre-equilibrium (3).

Equation (7) reduces to (8), if the activity coefficient
of uncharged species RH is considered close to unity.

7 = (R *)aKu* cru Cveo— freo—{fx (8)

Alternatively, in terms of a second-order exchange
reaction which accounts for base catalysis, the rate
equation may be written as (9), where ayeo- is the

7 = k CrE OxMe0- (9)

activity of methoxide ion. Comparison of equation
(8) with equation (9) gives equations (10) and (11).

B = (h*)uKy* (10)

AMe0— = CMeO— frte0—[[ (11)

The second-order rate constant % is related to methox-
ide concentration and to pseudo-first order rate constant
kexp, determined experimentally in excess of base,
bv equation (12). Consistent values of % can be ob-

k= kexp/aMeO-— (12)
tained only by suitable evaluation of the ratio ayeo-/
Cme0—""* such as considering the activity coefficient
of the activated complex f, equal to f., the mean ionic
activity coefficient of the acid-base couple of indicators
used for the determination of the acidity function
Hy 1213 in methanolic solution of sodium methoxide.
Strictly speaking, the computation of the activity
coefficient ratio is possible only at temperatures of
ca. 20°, at which the acidity function Hy has been

* The ratio @ymeo—/cmeo—, Which is equal to the activity co-
efficient ratio fyeo—/fs[equation (11)], is reported in Figure 1 of
ref. 5b for various concentrations of MeO~ in the range 0-15—1-5M.
It turns out to be: log cyeo— fueo— = Hm — pKs -+ log f1. where
Kg is the autoprotolysis contant of methanol.
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measured. The variation of activity coefficients with
temperature, however, may not be significant. The
temperature dependence of the acidity function for
methanolysis of chloroform, for instance, was found to
be apparently negligible in the range 20—80°.1415
Satisfactory results were obtained in previous work
on nucleophilic substitution of a nitro-group® by
partly accounting for the temperature variation of
activity coefficients and employing for fyeo- the same
temperature coefficient as that of sodium hydroxide
in aqueous solution, while the temperature variation of
[« was neglected. In this paper, as well as in a previous
one3/ a further approximation has been necessary:
as there are no experimental values of Hy in MeOD,
the same activity coefficients ratio used for MeONa
in MeOH %® was adopted for the deuteriated solvent.

Even if this treatment is far from rigorous, it appears
to be the only one accessible at present. In fact,
despite the numerous approximations, values of Ry,
for hydrogen exchange show a good linearity with
ayeo— e€valuated by equation (11).

The second-order rate constants % are reported in
Table 2 together with kinetic parameters calculated
from Arrhenius plots, and values for other exchange
reactions of 1,3-dinitrobenzene and 1,3,5-trinitrobenzene,
taken from previous work,3/ for comparison.

The positional order of exchange and the relative
rates give strong indication that the exchange observed
for dinitro- and trinitro-benzene with nitro-groups
meta relative to one another does involve proton abstrac-
tion by methoxide ion to give an intermediate carb-
anion. More importantly, in the light of the proposed
mechanism, the reactivity pattern confirms, as has been
suggested,® that the nitro-group stabilizes the negative
charge of the carbanion by an electrical effect. This
may operate either through the bonds, owing to the
fact that ¢ and = systems may not be completely in-
sulated, or as a predominantly ‘through space ' inter-
action with the charge. Since electrical effects fall off
rapidly as the distance between the activating group
and the reaction site is increased, the 4- and 6-positions
of 1,3-dinitrobenzene are less reactive than the 2-position.
The reactivity differences between the various positions
of 1,3-dinitrobenzene and those of 1,3,5-trinitrobenzene
seem to be wholly due to differences in activation
energies.

The entropies of activation are about half the value
(ca. —20 cal mol™ K1) expected for a normal second-
order reaction. Also from this fact, if the magnitude
of activation entropies are diagnostic of internal return,16
we may argue that the mechanism described by reactions
(3)—(6) should be of importance in the exchange

12 (g) R. Schaal and G. Lambert, J. Chim. phys., 1962, 59,
1152; (b) ibid., p. 1164.

13 F. Terrier and R. Schaal, Compt. rend., 1966, 263C, 476.

14§, Barbaud, C. Georgoulis, and R. Schaal, Compt. rend.,
1965, 260C, 2533.

15 Cf. C. H. Rochester, ‘ Acidity Functions,” Academic Press,
New York, 1970, p. 250.

18 A. Streitwieser, jun., J. A. Hudson, and F. Mares, J. Amer.
Chem. Soc., 1968, 90, 648.
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reactions reported in Table 2. The internal return
mechanism requires that the ‘return steps’ [reverse
reactions (4) and (3)] must be especially fast, a condition
which is fulfilled in the present case, in which the con-
version of anion to hydrocarbon involves little structural
reorganization.

Furthermore, the absence of any significant primary
isotope effect has been shown to be indicative of an
extensive internal return mechanism.1”19 The tritium
exchange at the 2-position of 1,3-dinitrobenzene has
been studied in alkaline methanol solution at 25°
by Crampton and Gold.3 If experimental data of
these authors are treated in terms of kinetic activities
of methoxide ion, in order to compare their values with
ours, a second-order rate constant &y of ca. 2-8 x 10%m71
s1 is obtained, which gives a ratio kpfkr = 3-8 (with

17 D. J. Cram, C. A. Kingsbury, and B. Rickborn, J. Amer.
Chem. Soc., 1961, 83, 3688.

18 A. Streitwieser, jun., and H. F. Koch, J. Amer. Chem. Soc.,
1964, 86, 404.
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our kp value of 1-07 x 10™%M™! s1at 25°).3/ This ratio,
however, includes a solvent effect, as our study was
done in MeOD, while Crampton and Gold’s results were
in MeOH solution. The primary isotope effect must,
therefore, be much smaller, in keeping with the
requisites of the internal return mechanism, if the
isotope effect criterion is adequate to demonstrate this
phenomenon.

In summary, polynitrobenzenes undergo hydrogen
exchange by simple proton removal. Consistent second-
order rate constants can be obtained by the use of the
kinetic activity of methoxide ion. Positional reactivity
is determined by the activation energy. Entropies of
activation support the suggestion that internal return
plays a role in the exchange mechanism.

[1/1298 Received, July 26th, 1971]

1 J. E. Hofmann, A. Schriesheim, and R. E. Nichols, Tetra-
hedrvon Letters, 1965, 1745.




