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Tle kinetics for the conversion of the nitration intermediate derived from furfural into 5-nitro-2-furfural diacetate have

been investigated.

It has long been known that simple furan comi-
pounds that contain no electronegative groups can
be nitrated only by mixtures of acetic anhydride and
nitric acid.’~* The work of Marguis,! Rinkes,?
Gilman,?® Johnson,® and Kimel, et al.,* has shown
that. in many cases, the nitration reaction proceeds
by the formation of a nitration intermediate which
is subsequently converted to the nitrofuran by the
action of a mild base. Various structures have
been proposed for the nitration intermediate de-
rived from furan by the above authors, but it was
not until 1947 that Clauson-Kaas and Fakstorp®
definitely concluded that its structure was that of

2-acetoxy-5-nitro-2,5-dihydrofuran (I}, as sug-
gested by Freure and Johnson.*
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The appearance of such an intermediate repre-
sents the major difference between aromatic and
furan nitrations. In the case of furfural, the nitra-
tion intermediate is a stable, crystalline, well-
defined compound with an empirical formula of
CnHi3NOs, This formula corresponds to a com-
pound consisting of one molecule of nitrofurfural
diacetate and one molecule of acetic acid. A recent
study” indicates that the structure of this interme-
diate II is analogous to the one derived from furan
.

It is known that furan nitration intermediates
are converted into the nitrofurans by elimination of
the elements of acetic acid. This conversion is
readily brought about by organic bases such as py-
ridine and dimethylaniline” and by inorganic bases
such as sodiuin carbonate, sodium acetate and ani-
monia.*?

In the present investigation, the conversion of the
intermediate derived from furfural (IT) into 5-nitro-
2-furfural diacetate was studied from a kinetic view-
point. The rate of conversion of II was determined
i1 a mixture of water, acetic acid and trisodium
phosphate?at pH 3.7 by following the appearance of
the ultraviolet absorption maximum of nitrofurfural
diacetate. After taking precautions required by
the light-sensitivity of nitrofurans, it was estab-
lished that the kinetics were first order (or pseudo-
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It lias been shown that this conversion is in agreement with Brénsted’s theory of general base catalysis.

first order) with respect to II. By the use of pow-
dered Pyrex glass it was shown that the reaction is
homogeneous, 7.e., is not surface catalyzed.

Next, the influence of pH on the rate of conver-
sion was investigated. The results so obtained
were conflicting until it was found that there was a
pronounced ‘‘salt effect,” i.e., the electrolyte con-
centration, even of species other than catalysts and
reactants, influences the rate. Runs were then
made in solutions 0.1 molar or less to minimize
this, This series, run in sodium acetate—acetic
acid buffers, showed an increasing rate of reaction
as the medium was made less acidic with a tremeun-
dous rate increase between pH 5.75 and 7.0. Below
a pH of 2.75 the rate was exceedingly slow. Thus
the rate was no simple function of £H or of acetate
ion concentration throughout the range. It was
also noted that at a constant pH, higher acetate
ion concentrations gave a faster reaction.

Consideration was then given to possible mecha-
nisms which would fit these observations.

Lack of acid catalysis eliminated the possibility
ol ester hydrolysis at the 2-acetoxy group, followed
by dehydration. The kinetics appeared to be
similar to those observed by Bronsted and Peder-
sen? for the decomposition of nitramide, H>N;Os, to
water and nitrous oxide. Here the mechanism has
been established as a rate-controlling deprotona-
tion, exhibiting general base catalysis, followed by a
rapid dehydration to nitrous oxide
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This was the kinetic study with which Bronsted de-
veloped the concept of general base catalysis.

The concept of an initial, rate-controlling de-
protonation step in the case of the nitration inter-
mediate seemed especially attractive due to the pos-
sible stabilization of the carbanion fornied by the
multiplicity of resonance forms possible.

Such a mechanism is responsible for the acidity of
the nitro-aliphatics® and since the dihydrofuran
ring is planar such resonance stabilization is possi-
ble here. Even at best, carbanions are very un-
stable so the spontaneous loss of acetate ion is
probably very rapid and not rate controlling.

Working on this postulated mechanism, consid-
eration was then given to the nature of basic spe-
cies present in the acetic acid-sodium acetate buf-
fer systems employed. The more basic species are
hydroxyl and acetate ions. Calculations of their
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relative concentrations show a rapid increase in hy-
droxyl ion above a pH of 5.75. This coincides with
the point of great rate increase. Thus, the ob-
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served rate of conversion is dependent on all the
basic species present and may be expressed by the
equation

ky = kor-[OH "] + kp-[B17] + kp-[B27] + .. ..

where

n

ky = obsd. rate constant for conversion

Eom- = rate constant for conversion due to OH~

Egi-, kB,-, etc. = rate constant for conversion due to B;~,
B;~, etc.

[OHT], [B;7], [B27], ete. = conen. of OH™, B1~, By, ete.

The values for kom-, ks,-, etc., are dependent on
the basic strength of the respective anions. The
higher the basic strength, ¢.e., the greater the tend-
ency for the anion to take on a proton, the greater
the individual rate constants will be. Thus, in the
present case, the hydroxyl ion is a much stronger
base than the acetate ion and kom- will be much
greater than koac-. Up toa pH of 5.75, the first term
of equation 1—kon- [OH~]— is very small because
[OH™]is very small, and the rate of the conversion
will change relatively slowly with changing pH.
From pH 5.75 to 6.75 both hydroxyl and acetate
ions contribute to the rate. Above pH 6.75, koac-
[OAc~] becomes negligible with respect to the tre-
mendous increases in kor-{OH™] and a small pH
change will greatly affect the rate.

In order to verify the hypothesis of general base
catalysis in the conversion of II, basic species other
than acetate were used. Buffer systems containing
equal moles of various acids and their sodium salts
were prepared. The pH of such solutions is, by
definition, the pK, of the acid used. Duplicate
runs were made in each buffer. The results ob-
tained are shown in Fig. 1 and are summarized in

Table I. In all runs, the temperature was 30.00 =
TABLE 1
{Acid] = [Salt] ko
Buffer system pH (mole/l. X 102) (sec.”! X 108)

Trimethyl acetate 4.97 2.72 8.01
Acetate 4.76 2.58 4.83
Phenyl acetate 4.24 2.49 2.57
Benzoate 4.16 1.29 1.03
Formate 3.65 2.44 0.875
Furoate 3.13 4.12 0.684
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Fig. 1.—Rate of conversion of furfural nitration inter-
mediate with wvarious buffers: 1, trimethylacetzte; 2,
acetate; 3, phenylacetate; 4, benzoate; 5, formate; 6,
furoate.

0.05° and the concentration of intermediate 10.0
mg./l.

When log ko/C (where C is the concentration of
the anion) is plotted against log K for these runs,
the straight line of Fig. 2 is obtained. The linear-
ity of this relationship between ko and log KB agrees
with the theory that the conversion of II tc nitro-
furfural diacetate is a reaction that fits Bronsted’s
general base-catalyzed type.
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Fig. 2.—Relation between rate of conversion and basic
strengtli of various anions: 1, trimethylacetate; 2, acetate;
3, phenylacetate; 4, benzoate; 5, formate; 6, furoate.

The constants for this line, given in terms of
Bronsted’s general base catalysis equation?®

Iog]ig = BloggKB + log Gp
q q
are

p=g=18=0676 G = 1.26 X 10~

An attempt was next made to determine the
values for kom- and ks- in equation 1 by holding
the pH constant and varying the concentration of
B. This was carried out by successive dilutions of
the trimethylacetic acid-sodium trimethylacetate
buffer used in Table I. The total ionic strength
was maintained constant by the addition of the
necessary amounts of potassium chloride. The re-
sults obtained are shown in Fig. 3 and Table II.
In all cases, the temperature was 30.25 == 0.05° and
the concentration of intermediate 10.0 mg./1.
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Fig. 3.—Rate of conversion of furfural nitration inter-
mediate at various concentrations of trimethylacetate buf-
fer at pH 4.97. [Acid] = [Salt]: (1) 2.72 X 1072 mole/l.;
(2) 2.04 X 1072 mole/l.; (3) 1.36 X 107* mole/).: (4)
1.09 X 10~% mole/1.

By plotting ko against the concentration for these
runs, the straight line represented by

ky = 268 X 107 C + 7.19 X 107°

is obtained. The slope of this line is k- for tri-
methylacetate ion. From the slope, or from the
intercept, kom- was calculated as 7700 1./mole-
second. This value for kon- cannot be considered

TaBLE II

TRIMETHYLACETATE BUFFER, pH 4.97

{Acid] = [Salt]

Kcy ko
(mole/1, X 102) (mole/1. X 102 (sec.”1 X 10%)

2.72 0 8.01
2.04 1.36 6.52
1.36 2.72 4.62
1.09 3.26 3.54

accurate since a very small error in kg- is greatly
magnified in calculating kom-. However, it can
serve as a basis for comparison of the various kz-’s.
These calculated values are shown in Table ITI.

Experimental

Preparation of Furfural Nitration Intermediate (II).—
The nitration of furfural was carried out according to tle
method of Kimel, Coleman and Stillman.* Instead of
converting the reaction mixture directly to d-nitro-2-fur-
fural diacetate as described, it was poured into ice and
water and stirred 1.5 lir. The agueous solution was de-
canted and the sticky residue was triturated with warmn
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TasLe III

Anion ku-

B- (1./mole sec.)
Trimethylacetate 2.68 X 103
Acetate 1.70 X 10~3
Phenylacetate 9.80 X 104
Benzoate 7.13 X 10™*
Formate 3.44 X 10—
Furoate 1.64 X 10

Temperature = 30.25 == 0.05°

ether, then chilled in ice. The solids were filtered and
washed twice by slurrying with ether. After dryiug at 60°,
the crude product (28.5%) melted at 101-103.5°. Re-
crystallization from dry benzene (8569 recovery) raised the
melting point to a maximum of 107-108°.

Preparation of Buffer Solutions.—Trimethylacetic acid
was fractionated % vacuo and a 10-g, sample boiling at 85.5~
86° at mm. collected. This materia) titrated 98.8%,.

Reagent grade acetic acid was used as received.

Plienylacetic acid was recrystallized to a coustant melting
point of 76-77°.

NBS acidiinetric sample of benzoic acid was used as re-
ceived.

Reagent grade formic acid was used as received.

Furoic acid was purified by dissolving in sodium bicarbon-
ate, treating with Darco, reprecipitating with acid and re-
crystallizing from water. It titrated 99.2%,.

With tlie phenylacetic, furoic and benzoic acids, weighed
amounts were dissolved or suspended in water and treated
withh 0.5 equivalent of standard 1 N sodium hydroxide then
diluted to volume. With the trimethylacetic, acetic and
formic acids, standardized 0.1 XV solutions of the acids were
treated with 0.5 equivalent of standard 1 NV sodium hydrox-
ide. In all cases, the amount of free acid in the buffers was
checked by titration.

Kinetic runs were carried out as follows. Samples of ni-
tration intermediate 1I of about 1 mg. were weighed to the
nearest microgram in a 1-ml. beaker and dissolved in 0.2 ml.
of pure, dry tetrahydrofuran. This sample was added to
thie buffer solution (100 ml, of buffer per mg. of sample)
contained in a glass-stoppered low-actinic flask. Samples
were withdrawn periodically and the absorption at 3080 A
read directly in a Beckman Model DU spectrophotometer.
From tlie absorptions read, these several calculations were
made: (1) concentration of nitrofurfural diacetate (mole/1.),
obtained by dividing the absorbance by 10,950, the mo-
lecular absorption constant for nitrofurfural diacetate.
(2) Concentration of II (mole/l1.), obtained by subtracting
(1) fromn 3.30 X 1075, the number of moles/liter of IT at
zero time. A plot of the log of the concentration of II
against time was made and the best straight line drawn.
The slope of this line, wlhen multiplied by 2.303, gave the
rate constant, kg, in sec. 1,
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