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means of equation 2, was 11,370 cal./mole and the
entropy of vaporization was 38.14 cal./deg. mole.
Because of the low vapor pressure (7.65 mm.)
at 298.16°K. and the lack of other pertinent data,
a gas imperfection correction was not estimated;
however, a correction for entropy of compression
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was included. The results of the calculations are
summarized in Table IV.
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The Relative Rates of Chromic Acid Oxidation of Toluenes in Acetic Acid

By YosHIRO OGATA, ATSUO FUKUI AND SADAO YUGUCHI

The rates of oxidation of toluene and ring-substituted toluenes by chromium trioxide in acetic acid at 70 ° have been esti-
mated iodometrically. The rates are first-order with respect to the concentration of toluenes and second-order with respect

to that of chromium trioxide.
decrease the acidity of the medium,
order: None > p-Br > $-Cl > p-CN > p-NO,.

Chromic acetate produced exhibits a retarding action which is probably due to its ability to
In general, electron-attracting groups in the benzene ring diminish the rate in the
The above results are explicable by a tentative mechanism which involves

a rate-determining attack of two molecules of chromium trioxide and a subsequent elimination of chromic oxide from the

intermediate with or without an attack of other molecules of chromium trioxide.
The rate constants tend to decrease with increased initial concentration of

probably as a result of an induced oxidation.
toluenes.

Kinetic studies on the chromic acid oxidation of
ethanol,! isopropyl alcohol? and carboxylic acids?
in aqueous media, and of aromatic aldehydes in a
mixture of acetic acid and sulfuric acid* have been
reported. Slack and Waters® have observed, in
the initial reaction of chromic acid oxidation of di-
phenylmethane in acetic acid, that the rate is first-
order with respect to diphenylmethane and second-
order with respect to chromium trioxide, the rate
being retarded by the presence of chromic acetate
or water. But little appears to have been reported
regarding the oxidation of toluene.

The present paper deals with a kinetic investiga-
tion upon the oxidation of toluene and ring-substi-
tuted toluenes in acetic acid with chromium triox-
ide. Rates were estimated iodometrically. A
characteristic feature of this reaction is the retarda-
tion by chromic acetate and the induced oxidation
producing carbon dioxide the amount of which was
also measured.

Experimental

Materials.—Glacial acetic acid was rectified by successive
distillations from chromium trioxide added with acetic
anhydride and then from chromium trioxide alone.t -It was

(1) (a) M. Bobtelsky and C. Radovensky.Cholatnikow, Z. anorg.
allgem. Chem., 199, 241 (1931); M. Bobtelsky and R, Cohn, #bid., 210,
225 (1933); (b) M. G. Lejeune, Compt. rend., 182, 694 (1926).

(2) (a) F. H. Westheimer and A. Novick, J. Chem. Phys., 11,
506 (1943); W. Watanabe and F. H. Westheimer, ibid., 17, 61
(1949); F. H. Westheimer and N. Nicholaides, THis Jour~arL, 71,
25 (1949); F. Holloway, M. Cohen and F. H. Westheimer, ibid.,
78, 65 (1951); (b) F. H. Westheimer, Chem. Revs., 45, 419 (1949).

(3) (a) H. C. S. Snethlage, Rec. trav. chim., 84, 651 (1935); 56, 873
(1937); 89, 111 (1940); 60, 199, 710, 877 (1941); 61, 213 (1942); (b)
N. R. Dhar, J. Chem. Soc., 111, 707 (1917); 123, 1856 (1923); Ann.
chim., 9] 11, 130 (1919); R. M. Purkayostha and N. R. Dhar, Z.
anorg. allgem. Chem., 121, 156 (1922); R. C. Banerji and N. R.
Dhar, ibid., 134, 172 (1924); A. K. Bhattacharya and N. R. Dhar,
ibid., 169, 381 (1928); A. N. Dey and N. R. Dhar, Z Elekirochem.,
32, 586 (1926).

(4) E. Lucchi, Boll. sci. facoltd chim, ind. Bologna, 208 (1940); 333
(1940); 165, 176 (1941); Gazs. chim. ital., T1, 729, 752 (1941) [C. A,
36, 8880 (1942); 87, 2252 (1943); 37, 4293 (1943); 86, 7012 (1942)].

(5) R. Slack and W. A. Waters, J. Chem. Soc., 1666 (1948); 599
(1949).

(6) For the purification of acetic acid see K. J. P, Orton and A, E.
Bradfield, J. Chem. Soc., 960 (1924); 983 (1927); A. Weissberger
and E. Proskauer (translated by R. G. A. New), ‘‘Organic Sol-
vents,” Clarendon Press, Oxford, 1935, p. 146.

In the latter case, carbon dioxide is evolved

free from oxidizable substances and water, m.p. 16.6°.
Chromium trioxide was of best grade free of water and
showed no detectable trace of sulfate and chloride, its purity
of 1009, being confirmed iodometrically. Toluene and sub-
stituted toluenes were purified by duplicate distillations;
those which were solid exhibited melting points in agreement
with the literature and those which were liquid showed
constant boiling points. About 20% of chromium trioxide
was reduced during its solution in acetic acid at 60° for
about eight hours. Therefore, it was necessary to deter-
mine the amount of chromic acetate from the difference
between the dissolved weight of chromium trioxide and
the amount found by the iodometric titration of the solution.
In general, the concentration of the chromium trioxide
solution was ca. 0.4 mole/I1.

Apparatus and General Procedure.—In one glass-stop-
pered erlenmeyer flask was placed 10 cc. of the solution
of chromium trioxide and in the other a solution of toluene
in aceticacid. The two flasks were dipped in an electrically-
controlled thermostat maintained at 70.0 & 0.1°. After
reaching the temperature equilibrium, § cc. of the solution of
toluene wasadded to the solution of chromium trioxide. One-
cc. aliquots were pipetted out at known intervals of time and
titrated with 0.05 N thiosulfate after being added to 5 cc. of
109% aqueous sulfuric acid and 3 cc. of 25%, aqueous potas-
sium iodide. The pipets were calibrated at the temperature.

The determination of the amount of carbon dioxide,
evolved by the induced oxidation and identified as barium
carbonate, was carried out as follows. In a flask equipped
with a ground-glass reflux condenser and dipped in a thermo-
stat at 70°, an acetic acid solution of chromium trioxide
was mixed with that of toluene. The carbon dioxide was
drawn out by passing air, which is free of oxygen, with
alkaline hydrosulfite solution and carbon dioxide with solid
potassium hydroxide. After being freed of acetic acid with
aniline and of water with calcium chloride, the carbon di-
oxide was absorbed by 409 aqueous caustic potash. The
increase in weight of the potash bulb corresponds to that of
carbon dioxide liberated. The reliability of this procedure
was proved by a test with a known amount of carbon dioxide
produced from calcium carbonate and hydrochloric acid.
If oxygen in the air or a trace of acetic anhydride in the
acetic acid was not removed, a little larger amount of carbon
dioxide was produced. The final concentration of chromium
trioxide was consistent with that expected from the kinetic
data. The decrease in chromium trioxide content with pure
acetic acid was calculated by the weight of carbon dioxide,
which was in agreement with that observed in the kinetic
experiment. No carbon dioxide was detected by employing
water in place of acetic acid as solvent.

The ether extracts of the oxidation products of toluene
and p-nitrotoluene gave benzoic acid, m.p. and mixed m.p.
122-123°, and p-nitrobenzoic acid, m.p. and mixed m.p.
239-240°, respectively. No indication of the other product
was observed.
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Calculation and Results.—The rate constants were cal-
culated graphically by means of an equation, 7.e., the modi-
fied Slack-Waters equation for diphenylmethane$

dx/dt = k{a — (xs/g)}{b — x}2[b — x — (3/B)} (1)

where g is the initial concentration of toluene (moles/l1.),
b that chromium trioxide, & the decreased concentration of
chromium trioxide after ¢ seconds, %, the corrected x in
which the oxidation of the solvent is considered,” y the con-
centration of chromic acetate, 7.¢., x plus initial concentra-
tion of chromic acetate, and g and % are constants. The
rate constants thus calculated are given in Table I together
with the appropriate values of g and » determined experi-
mentally. Table II shows the data on carbon dioxide
estimation, where the theoretical weight of carbon dioxide
is calculated from equations (1) and (3) to be 64 mg.

TaBLE I
THE RATES OF THE OXIDATION OF TOLUENES IN ACETIC ACID
AT 70 £ 0.1°
a x 02
Substituent mole/1. mole/1. (mole/1,) =% sec, ™1
None (0.1575 0.2670 42.9 £ 1.9°
¢ =4 4 .1080 .2670 51.5 %= 1.5
=4 .0684 .2670 65.8+ 1.6
.0690 .2760 65.1 = 1.5°
p-Br }0.1468 0.2935 29.0 + 2.1
g =4 $ .0735 .2760 44,2 + 1.1
ho=4 | .0368 .2760 49.9 +£ 2.2
5’214 {0.0729 0.2015  26.7£0.8
b4 .0364 .2945 28.2+ .5
p-CN [0.1252 0.2535 7.85 = 0.27
=2 ¢ .0762 .2535 8.67 = .35
h=2 L .0626 .2535 9.06 = .39
$-NO, | 0.1458 0.2915 5.21 = 0.07
g=2 T .0740 .2015 5.61 = .11
h=2 {0361 2915 6.72 = .07
N0 fogro 0270 472 .08
P 0693 2770 751 % .12
0-Cl 0.0632 0.2535 13.4 0.4
g =4
=10
0-CN 0.0765 0.2641 6.00 = 0.66
g =4
=4
0-NO, 0.0923 0.2770 5.56 = 0.18
g=4
h=4
s Figures following = indicate probable errors. ? Toluene

with additional 0.0054 mole/l. chromic acetate.

TasLE II
THE AMOUNT OF CARBON D10XIDE LIBERATED DURING THE
OXIDATION OF TOLUENES
Temp., 70 == 0.1°; time, 160 min.; vol. of the solution,

25 cc.; a,0.0624 M; b, 0.2495 M; initial conen. of Cr-
(CH;COO0);, 0.0364 M.
COz, mg. Substituent COg, mg.
Without toluene 6 p-NO: 5
Substituent m-NOs 6

Norne 50 0-Cl 48

p-Br 53 0-CN 43

p-Cl 51 0-IN Oy 46

»-CN 8

(7) The concentration of chromium trioxide in thisacetic acid (initial
concn., 0.2770 mole/l.) at 70° decreased almost linearly in such a
conversion as 0.24% at 10 min. and 2.22% at 80 min. Hence the
term involving the rate of the oxidation of solvent was neglected in
equation (1). The same reasoning may be applied to the oxidation
of benzoic acid at least in initial stages,
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Discussion of Results

The rate equation is complicated because of the
acid-catalyzed reaction. If the term {§ — x —
(v/h)} representing the acidity of the solution is
eliminated, the rate is first-order with respect to
toluene and second-order to chromium trioxide;
therefore, the attack of two molecules of chromium
trioxide on a molecule of toluene seems to be in-
volved, as Slack and Waters have suggested.’
The rates for the oxidation of p-substituted tolu-
enes decrease in the order®: None > Br > Cl >
CN > NO,, i.e., the rate diminishes as the electron
density in the methyl carbon falls. Thus 2,4-dini-
trotoluene was inactive to the oxidation under
these conditions. Consequently, it is probable that
a rate-determining combination of cationoid chrom-
ium atoms of chromium trioxide with a methyl car-
bon atom, just as in the chromyl chloride addition,®
followed by a rapid rearrangement forming oxy-
gen—carbon bonds occurs. As a tentative mecha-
nism, the authors assume that the produced inter-
mediate then reacts rapidly by the following two
processes.

o}
|

(2)
O—Cr—O0OH ————> ArCOOH + Cr,0; + H:O
ArCH/ 2Cr0;
NO—Cr—0OH ——> ArCOOH + 2Cr0; + H,0
(H) +30 (3)

The route (2) corresponds to those cases where the
value of g in equation (1) is equal to 2 (m-nitro, p-
nitro or p-cyanotoluene) and no carbon dioxide is
detected, if the correction for the oxidation of the
solvent itself was taken into account (Table II).
On the other hand, route (3) seems to be applied to
those toluenes which have a g value of 4 (toluene, o-
halogeno-, p-halogeno-, o-cyano- or o-nitrotoluene),
requiring four moles of active chromium trioxide for
the oxidation of one mole of the toluenes. This
oxidation is related to the evolution of 1.01-1.24
moles (theoretically, 1.5 moles) of carbon dioxide,
which might be a product of the induced oxida-
tion of the solvent by the active oxygen formed in
equation (3).

The reaction is evidently subject to acid cataly-
sis, for the addition of a small amount of sulfuric
acid markedly accelerates the reaction. Although
no absolute accurate value of pH could be ob-
tained, our results of its measurement with acetic
acid solutions of chromium trioxide (e.g., 0.267 M
solution containing 0.066 M chromic acetate) by
means of a glass electrode at 21° show that the solu-
tions have much larger acidity than pure acetic acid
vig the protolytic reaction such as

CH;COOH + Cr0; == CH;CO0Cr0;~ + HY (4)

Increasing the concentration of chromic acetate
and concurrently decreasing that of chromium tri-
oxide by the reaction with toluene produces a de-
crease in the acidity, which finally drops even below
that of pure acetic acid when the amount of chromic

(8) Since the value of g or & is different with each toluene derivative,
the rate constants of these toluenes do not obey this order as Table I
shows. But if the consumptions of chromium trioxide at definite {, a

and b are compared, the decrease in this order is apparent.
(9) M. A. Etard, Ann. chim. phys., 23, 218 (1881).
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acetate exceeds a certain limit, 4.e., ca. 0.250 M
chromic acetate containing 0.083 M chromium tri-
oxide. The quenching effect exhibited by chromic
acetate seems to be explicable by this decrease of
the acidity which is assumptively expressed as
{6 — x — (y/h)} in equation (1). Since the acidity
of chromic acid is very large,* it may be reasonable
to assume that chromium trioxide gives one mole of
proton per mole of the trioxide and the proton is
then neutralized by chromic acetate. The values
of & vary from 2 to 10 according to the nature of
substituents probably owing to the different range
of the acidity in which the oxidation is possible;
1.e., the larger is %, the lower is the limit of the acid-

(10) For the first ionization constant (0.18 at 25°) see J. D. Neuss
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ity. The addition of a solution of prepared chromic
acetate also produces a retarding effect to the same
extent that equation (1) requires, provided a rela-
tively small amount of the acetate is added (last
line of no substituent in Table I).

Within this limited range of the initial concentra- -
tion of chromium trioxide & (0.2945-0.2535 mole/
1.}, the rate constant x diminishes with increasing
initial concentration of toluenes.
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The Mechanism of the Reaction between Glycerol and Hydriodic Acid

By R. B. BRADBURY
RECEXVED SEPTEMBER 24, 1951

The reaction between glycerol and hydriodic acid to give isopropyl iodide as the final product has been studied kinetically
by determining the rates of formation of iodine. Comparison of the reaction velocities of glycerol and of 1-iodo-2,3-propane-
diol with hydriodic acid, indicates that the substitution of one of the primary hydroxyl groups by iodine is probably the slow-
est step in the transformation. When the reaction between glycerol and hydriodic acid takes place in the presence of an
organic acid, there is a marked increase in the reaction rate, and higher yields of isopropyl iodide are obtained. This cata-
lytic effect of the organic acid is considered to result from esterification by it of the primary hydroxyl groups of glycerol, the

acyloxy groups being subsequently replaced by iodine through the rupture of an alkyl-oxygen bond.

Introduction
The over-all reaction between glycerol and hydri-
odic acid to give isopropyl iodide
CHsO; 4+ 5HI = GHyI 4+ 3H,0 + 21, €9
has often been represented as occurring in the
steps!
CHOH(CH:0H), CHI(CH,I)

l TII

CH,I.CHI.-CH,OH —> CH,=CH-CH,OH

-

—>

I III
)
CH2=CH'CH21 — CHgCHICHzI —_
Iv v
VI VII

When hydriodic acid is used in excess, isopropyl
iodide (VII) is the main product, when glycerol is
in excess allyl iodide (IV) and propylene (VI) are
formed. Allyl alcohol (III) has also been isolated
but not triiodopropane (II} or 1,2-diiodopropane
(V). Malbot! has suggested that 1,2-diiodopro-
pane could be converted directly to isopropyl io-
dide, propylene becoming the product of a side reac-
tion. The likely intermediates 1-iodo-2,3-propane-
diol and 2-iodo-1,3-propanediol have been prepared?

(1) C. A, Wurtz, Ann. Chim., [3] 48, 495 (1854); M, Berthelot and
S. de Luca, ibid., [3] 48, 258 (1854); 44, 350 (1855); E. Erlenmeyer,
Ann., 189, 211 (1866); L. Henry, Ber., 14, 403 (1881); H. Malbot,
Ann. Chim., [6] 19, 347 (1890).

(2) J. W. E. Glattfeld and R. Klass, THis Journ~ar, 85, 1114
(1933).

from the corresponding chlorohydrins, but not
from glycerol. An alternative scheme has been
proposed by Sattler® who, without experimental
support suggested the formation of cyclopropanol
from 1,3-diiodo 2-propanol.

This paper is concerned more with the mecha-
nism of substitution of the hydroxyl groups of glyc-
erol by iodine, than the subsequent elimination
and addition reactions which lead finally to isopro-
pyl iodide,

Experimental

Purification of Materials.—Hydriodic acid of analytical
grade (sp. gr. 1.7) purified by refluxing with red phosphorus
and distilling in a stream of nitrogen gave a colorless prod-
uct, b.p. 127°, which when stored in ampoules in the dark
showed no liberation of iodine after 3—4 weeks.

Glycerol (B.D.H. reagent) was twice distilled at 15 mm.
in a stream of dry nitrogen, the middle fraction collected
and kept in a desiccator over phosphorlts pentoxide. Its
purity was checked by its density, and by determination
after dilution according to the dichromate procedure.

Allyl alcohol (B.D.H. reagent) dried over anhydrous
potassium carbonate and fractionated had b.p. 98°.

Ally! propionate prepared from allyl alcohol and propionic
anhydride, washed with 25%, aqueous sodium carbonate
and dried over calcium chloride had b.p. 124°. The saponi-
fication equivalent showed it to be 99.7% pure.

Allyl iodide prepared by the method of McCullough and
Cortese,* washed with dilute aqueous sodium hydroxide,
dried over calcium chloride and fractionated in a stream of
dry nitrogen had b.p. 101°. Its iodine content corre-
sponded to 99.0%, purity. Propionic acid (B.D.H. re-
agent) purified by conversion to the ethyl ester, fractionation
and hydrolysis had b.p. 140-143°.

1-Iodo-2,3-propanediol prepared by the method of Glatt-

(3) L. Sattler, sbid., 64, 830 (1932).
(4) R. McCullough and F, Cortese, ibid., 51, 225 (1929).
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