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The rate of conversion of p-hydrazotoluene in 95% ethanolic hydrochloric acid to 2-amino-4’,5-dimethyldiphenylamine
(an o-semidine), p-toluidine and p-azotoluene is first order in concentration of hydrazo compound and second order in acid
concentration. The product distribution could be measured with an average precision of only about #=5% by means of the
spectrophotometric analytical method employed to follow rates, but within this limit it appeared that the distribution did
not change during a rate run, nor was it affected by changes in teinperature, ionic strength or dielectric constant of the me-
dium. A positive salt effect was observed, and a small rate increase occurred when the solvent was changed from 95 to
75% aqueous ethanol. The facts that all three reactions that occur simultaneously under these conditions follow the same
kinetic law and that the product distribution is unaffected, within experimental error, by change in conditions, seem most
nearly consistent with the postulate that all three reactions have the same rate-determining sequeiice, probably the formation
in two steps of the second conjugate acid of p-hydrazotoluene, and that this sequence is followed by tliree fast, concurrent

reactions from the common intermediate.

of p-toluidine must be attributed to a disproportionation reaction.

The formation of most of the p-azotoluene and of an equivalent weight amount

A nearly 2:1 weight excess of p-toluidine over p-azo-

toluene in the products can be rationalized only by postulating a reduction, presumably by solvent ethanol, of p-hydrazo-

toluene or its conjugate acids.

Although the kinetics of the rearrangements of
aromatic hydrazo compounds have been extensively
studied, particularly in recent years,? nearly all of
the compounds examined have been those known
to yield products of the diaminobiphenyl or benzi-
dine, type. Only Biilman and Blom,*® who meas-
ured the rate of transformation of 3,3’-diamino-
4,4’-dimethylhydrazobenzene, Dewar,’ who de-
termined rate constants for the reactions of p-
hydrazotoluene in buffered acid solutions, and
Bunton, Ingold and Mhala,? who also observed the
rate of transformation of p-hydrazotoluene in
acidic aqueous dioxane, have studied compounds
that cannot yield benzidines on rearrangement.
p-Hydrazotoluene in aqueous or alcoholic mineral
acids had earlier been shown* to form an ¢-amino-
diphenylamine (an o-semidine) along with the dis-
proportionation products p-azotoluene and p-
toluidine.  The product(s) from 3,3’-diamino-4,4’-
dimethylhydrazobenzene were mnot deterniined;
Biilman and Blom assumed that an o-semidine
was the chief product. The order of involvement
of acid concentration in the rate expression was not
investigated during Dewar’s study of the rear-
rangement of p-hydrazotoluene; Ingold’s group
observed that the pseudo first-order rate constant
for the transformation of p-hydrazotoluene was
proportional to the square of the acid concentra-
tion; and Biilinan and Blom submitted evidence
indicating that their pseudo first-order rate con-
stants for the transformation of the diaminodi-
methylhydrazobenzene were proportional to the
square root of acid concentration at constant ionic
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strength, but of course the presence of two amino
groupsin the hydrazo compound complicates the in-
terpretation of this observation. The significance of
all three investigations is impaired because the
rate measurements were carried out on unknown
total reactions; in no case were the products
determined under the conditions imposed in the
kinetic runs, so that the contribution of dispropor-
tionation and of other possible side reactions to
the total reactions of the two aromatic hydrazo
compounds remains unknown. Thus it is that
even the limited kinetic data now in existence per-
taining to the reactions of aromatic hydrazo com-
pounds that should rearrange to semidines may not
actually represent measurements on the semidine
rearrangement.

The work described in this report was under-
taken in an effort to obtain unequivocal kinetic data
on a semidine rearrangement; this information is
necessary to afford a comparison of the semidine
with the closely related benzidine rearrangement. A
search of the literature revealed that a semidine re-
arrangement unaccompanied by disproportiona-
tion and perhaps other side reactions probably
could not be found?®; indeed, p-hydrazotoluene,
which was reported to yield an ¢-semidine as the
principal product and no by-products other than
those of disproportionation, appeared to be the
compound likely to give an o-semidine rearrange-
ment least complicated by side reactions. The
first experiments in the present investigation con-
sisted in thirteen rearrangements, each of five or
more grams of p-hydrazotoluene, by hydrogen
chloride under a variety of conditions, including
some that approached those to be imposed in the
rate runs. Three products, and no others, were
isolated from these reactions: 2-amino-4/,5-di-
methyldiphenylamine, the o-semidine (I); and the
disproportionation products p-azotoluene and p-
toluidine. Although an accounting for more than
half of the initially charged p-hydrazotoluene could
not be given after any of the thirteen experiments,
most of the losses apparently were caused by the
water solubility of the components of the mixture,
particularly that of p-toluidine. Accordingly, a

(8) Cf.P. Jacobson, Anu., 428, 76 (1922).
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spectrophotometric analytical method for following
the concentrations of all of the components of the
reaction throughout its course was prepared on the
assumption that only the three products isolated
and unchanged p-hydrazotoluene would be pres-
ent in the solutions during the kinetic runs. De-
velopment of this analytical scheme followed some-
what similar, but simpler, procedures employed in
previous investigations.3>® The complex analysis
of the four-component mixture encountered in this
work is described in the Experimental section.
Application of this analytical method, suitably
tested on known solutions, to kinetic runs dis-
closed that all of the hydrazotoluene initially
charged could be accounted for throughout the
course of each run, within experimental error.
Therefore, the assumption that no more than three
products were formed under these conditions ap-
parently was justified.
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Experimental

Materials, p-Hydrazotoluene,—A vigorously stirred,
hot suspension of 317 g. of 909 zinc dust in a solu-
tion of 118 g. of recrystallized p-nitrotoluene in 945
ml. of methanol was treated with a solution of 264 g.
of sodium hydroxide in 630 ml. of water at a rate sufficient to
maintain gentle boiling. Following the addition of the so-
dium hydroxide, boiling was continued for two hows; then
the gray-white mixture was filtered quickly througlh a large,
preheated Buchner funnel. The collected solid was 110t per-
nmiitted to drv but was extracted immediately witlt hot ben-
zene. Concentration of the benzene solution yielded 79 g.
(85%) of yellow-orange flakes, m.p. 121-126°. Reported
m.p.’s for p-hydrazotoluene have ranged all the wayv from
124° to 135°; it seems likely that the compound exists in
polymorphic modifications.

Reversing the order of addition of the zinc dust and the
sodium hydroxide gave a mixture that was substantially
more difficult to work witli; the vield of product was 73%;.
An attempt to effect the reduction by means of zine dust and
acetic acid in hot ethanol solution gave but a 269; vield of
impure p-hydrazotoluenec.

For spectroscopic studies, nearly colorless p-hydrazotolu-
cne was prepared from purified p-azotoluene (see below) by
au adaptation of the method of Biehringer and Busch.? A
solution of 8 g. of p-azotoluene in 250 ml. of hot etlianol and
20 ml. of glacial acetic acid was treated with enongh zine dust
1o bring the color of the solution to a pale vellow. Partially
oxidized (crude) p-hydrazotoluene sainples were purified by
subjecting them to the same procedure, except that only 5
ml. of glacial acetic acid was used. The mixture was filtered
under an atmosphere of purified nitrogen throngh a Celite
bed, and the filtrate was diluted with its own voluine of
water and cooled. The precipitated snow-white plates werc
collected by filtration, washed repeatedly with water and
dried between sheets of filter paper. Pale yellow plates,
m.p. 119-122°, obtained by this means were stable -vhen
stored at 0°, but ethanol solutions colored rapidly when
exposed to air at room temperature.

(6) F. Helms, Ber., 3, 553 (1870); J. V. Janovsky, Monaish., 9,
829 (1888); B. Rassow and K. Riilke, J. prokt. Chem., [2] 65, 108
(1902); G. O. Curme, Jr., THIs JoUrNar, 88, 1171 (1913); E. Bam-
herger, Ber., 89, 427 (1926); M. Busch and K. Schultz, 1b24., 62, 1465
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Purification of crude p-hyvdrazotoluene could also be
effected by saturating its ethanol solution with hydrogen sul-
fide over a 30-minute period and allowing the solution to
stand stoppered under hydrogen sulfide overnight. The fil-
tered solution was diluted with water, and the precipitated
hydrazo compound was finally obtained as vellow plates,
n.p. 122.5-126.5°, by reprecipitation from its ethanol soli-
tion by addition of water.

p-Azotoluene.—Reduction of 13.0 g. of p-nitrotoluene in
100 ml. of methanol by 15.2 g. of 90¢7 zinc dust and a solu-
tion of 16.6 g. of sodium hydroxide in 40 ml. of water fol-
lowed the procedure used to prepare the corresponding hy-
drazo compound, except that the mixture was boiled for 4
hours following addition of the alkali. The filtered solids
were extracted with petroleum ether (b.p. 65-110°), and
concentration of the extracts afforded 6.38 g. (78%) of an
orange-yellow solid, m.p. 108-115°. This crude material
was dissolved in benzene-petroleum ether, and the solution
was filtered and concentrated until the solid reappeared. The
solid was recrvstallized from petroleum ether and then from
ethanol-water, shaken with hydrochloric acid, washed with
water, again recrystallized from ethanol-water, from ben-
zene, and finally five times from ethanol. Samples ob-
tained in this manner formed transparent orange needles,
m.p. 141.5-143.8° (cor.). Cook? reported m.p. 105° for
cts-p-azotoluene; tlie m.p. of the ¢rans form has been vari-
ously reported from 140-142°9 to 145°.8

That essentially the same p-azotoluene is formed by dis-
proportionation of p-hydrazotoluene concurrently with the
latter’s rearrangement was established by treatment of a
solution of 6.9 g. of hydrazo compound in 200 ml. of etha-
nol under nitrogen with 15 ml. of 12 N hydrochloric acid.
The mixture was stirred for 15 minutes and theu clilled in
ice. The p-azotoluene appeared in the form of fine golden
needles (1.36 g., 209,), in.p. 142,5-144.2° (cor.), without
further purification.

An attempt to prepare p-azotoluene by oxidation of an
cthanol solution of p-hydrazotoluene with iodie gave an
impure prodiict.

2-Amino-4’,5-dimethyldiphenylamine (I).—A stirred solu-
tion of 70 g. of p-hydrazotoluene in 3 1. of ethanol was
treated under purified nitrogen with 600 ml, of 12 N hydro-
chloric acid. The opaque solution, after chilling in ice, de-
posited 15.9 g. (2397 ) of p-azotoluene, which was removed by
filtration. The filtrate was made basic with 600 ml. of 15 N
aqueous ammonia, diluted with 4 1. of water and cooled.
The precipitated violet-brown solid (42.8 g.} was collected
by filtration, dried, and extracted in a Soxhlet apparatus
witlt two 200-ml. portions of acetone. Concentration of the
extracts afforded 11.9 g. of yellow-violet chunks, together
with some tar and a chalky white inorganic powder. The
vellow-violet solid was stirred vigorously with hydrochloric
acid.  The insoluble residue was purified by sublimation at
103-1056° (1 w), whiclt yielded 3.33 g. of orange material,
n.p. 127-130°. The acid solution deposited 2.74 g. of a
dark brown solid after it was made basic with 15 N aqueous
ammonia. Vacuum sublimation yielded two fractions: a
small amount of a violet solid, which sublimed at 80-85°
(0.1 mm.); and 1.60 g. (2.39) of au orange-white solid,
m.p. 102-105° {cor.), which sublimed at 103° (1 x). Re-
crvstallization of this material from ethanol—water yietded
snow-white leaves, m.p. 106.5-107.7°. The highest re-
ported m.p. appareutly is 107°.4

Anal. Caled. for CuIHiNa: C, 79.24; H, 7.55; N, 13.21.
Found: C, 79.02; H, 7.55; N, 13.41.

The base was only sparingly soluble in hydrochloric acid,
and the hydrochloride was precipitated as a pale violet pow-
dler from #n-hexane, but not from benzene, by treating a solu-
tion of the base with dry hyvdrogen chleride.

p-Toluidine.—-Commercial p-toluidine was recrystallized
tiwree times from petroleum ether. Solution of this material
in aqueous ethanol and subsequent cooling caused the separa-
tion of oils, from which the mother liquors were decanted,
warmed again and then permitted to cool slowly. Snow
white 11eedles were formed, which, after two more recrystal-
lizations from petroleum etlier, gave white plates, m.p.
41.3-43.3° (cor.). Treatment with acetic anhydride vielded
a white acetyl derivative, m.p. 148.0-149.0°. The litcru-

(Ri A, H. Cook, J. Chem. Soc., 876 (1038).

{9) 15. R, Atkinson, C. R. Morgan, H, H. Warren and T. J. Manning,
laes [ovesan, 87, 504 (1943).
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ture reports m.p.’s for aceto-p-toluidide ranging from 145°10
to 153°.1

The presence of p-toluidine in mixtures resulting from the
acid treatment of p-hydrazotoluene was demonstrated by
experiments such as the following: A solution of 70 g. of #-
hydrazotoluene in 3 1, of ethanol was treated under purified
nitrogen at room temperature with 600 ml. of concentrated
hydrochloric acid. At the conclusion of the reaction, the
mixture was filtered free of p-azotoluene, and the filtrate was
made basic with 12 N aqueous ammonia. The precipitated
solids, comprising p-azotoluene and semidine I, were re-
moved by filtration, and the filtrate was extracted with ben-
zene. The dried benzene solution was treated with drv hy-
drogen chloride, and the precipitated pinkish powder was
heated with acetic anhydride. The brown powder remaining
after hvdrolysis of excess acetic anhydride with water was
recrystallized three times from aqueous ethanol and once
from petroleum ether. The product formed tan leaves, m.p.
147.2-148,3° (cor.), which did not depress the m.p. of au-
thentic aceto-p-toluidide (above) on admixture,

Ethanol.—Stock 959, ethanol was used tliroughout this
work. This solvent showed no detectable absorption in the
ultraviolet region utilized in this work; furthermore, etha-
nol from the same bottle was always used both to prepare
sample solutions whose absorbancies were to be read and to
fill the corresponding blank spectrophotometer cell,

Ethanolic Lithium Chloride.—Baker and Adamson lith-
ium chloride was dried over phosphorus pentoxide in vacuo
and weighed out by difference from a glass stoppered bottle,
quickly transferred to a volumetric flask, and diluted with
stock 959, ethanol to the mark. Required amounts were
measured from this solution with a buret.

Isolation of Products from the Acid Treatment of p-Hy-
drazotoluene.~—The isolation of p-azotoluene, p-toluidine
and the semidine I from mixtures obtained by treating p-
hydrazotoluene with hydrochloric acid in ethanol solutions
has already been described in foregoing paragraphs. Thir-
teen experiments were carried out in which 5 g. or more of $-
hydrazotoluene was treated with varying amounts of hyvdro-
gen chloride at temperatures near that of theroom. In gen-
eral, a solution of the hydrazo compound in ethanol was
stirred and treated with concentrated hydrochloric acid. The
precipitated p-azotoluene and the senidine I were separated
from each other (with some difficulty) by hydrochloric acid
extraction of the latter. The filtrate from the azotoluene
and the semidine was made alkaline and was then extracted
with benzene or ether to collect the remainder of the semi-
dine I and the p-toluidine.

These experiments were carried out under conditions that
differed in two important respects from those prevailing dur-
ing the rate runs. First, the concentration of hvdrazo com-
pound had to be greater in the larger scale runs if inordinate
volumes were to be avoided. Second, and for the same rea-
son, the molar excess of hydrogen chloride over hydrazo
compound was much smaller in the large scale runs than
the 20:1 ratio maintained in the rate runs. Less im-
portant differences were the slightly higher (and uncon-
trolled) temperatures that prevailed in the large scale runs,
the presence in these runs of more water in the reaction mix-
tures, and the smaller degree of protectiou afforded these
mixtures against air oxidation.

In one run of 8.8 g. of p-hydrazotoluene, 5 g. of hydroqui-
none was added to the mixture. At the conclusion of the
reaction, p-azotoluene was recovered as usual from the mix-
ture. The disproportionation reaction, therefore, was ap-
parently unaffected in any qualitative way by the presence
of hydroquinone.

Analytical Procedures. Selection of Wave Lengths.—-
Spectrophotomnetric analysis of samples withdrawn from
rate runs required that the absorbance (4 = log I4/7) of
each sample be measured at each of four wave lengths, that
the absorptivities (¢ = A/bc, where b = spectrophotometer
cell thickness and ¢ = concentration in g./1.) of each of the
four solute components of each sample be known at each of
the four wave lengths, and that the Beer—-Lambert law be
obeved by each component and by mixtures of all compo-
nents at each wave length employed. If these conditions
are met, then a set of four equations

Aa = bltratt + tracs + asacs + aiacs) (1)
As = blawa + assce -+ asses + asscs) 4)

(10) A. Riche and P. Berard, 4., 129, 80 (1864).
(11) S. Feitler, Z. physik. Chen., 4, 76 (1889).
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(numbered subscripts refer to solute component, Greek-let-
tered subscripts to radiation wave length) permit of solutions
for the four concentration terms. The solutions may be
represented in the most convenient form (assuming & = 1
cm.)

a = mdae + ruds + rady + rads (3)
co = 1uda + rudp + rudy + ruds (8)

where 7;; = (—1)¢%9 Dy;/D, in which D is the fourth-order
determinant formed from the sixteen absorptivities (a) of
equations 1-4 and D;; are third-order determinants formed
by striking out the 7th row and the sth column from D, The
terms 7;; of equations 5 to 8, depending as they do only on the
absorptivities (¢) of the four components of the mixtures
at the four wave lengths chosen, remain constant through-
out all runs and therefore constitute ‘‘analytical parameters’’
for the system. Equations 5-8 actually give correct values
for the concentrations only if the spectrophotometer cell
thickness (b) remains constant throughout the measure-
ments; otherwise, correction factors must be used.

The first experimental step toward establishing a satisfac-
tory spectrophotometric analytical procedure to be used in
measuring the rate of transformation of p-hydrazotoluene
into its three products involved the measurement of the
ultraviolet absorption spectra of p-hydrazotoluene and of its
three transformation products, in the hope that inspection
of the extinction curves would reveal four suitable wave
lengths for analytical use (Fig. 1). An ideal set of wave

e X 1073, 1. cm. 7! mole™ L.
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Fig. 1.—The ultraviolet absorption spectra in 95% ethanol
solution of : I, p-hydrazotoluene; II,6-amino-3,4’-dimethyl-
diphenylamine (the o-semidine); III, p-toluidine; IV, p-
azotoluene.

lengths should satisfy tlie following two couditious: (1)
They should be located at or near maxima or minima of all
four extinction curves, so that sniall changes in the wave-
length setting of the instrument do not correspond to rela-
tively large changes in absorptivity of any of the compo-
nents; (2) The absorptivities (a) at the selected wave
lengths niust be so related that no two rows and no two col-
umns of the determinant D have proportional elements.
Inspection of the curves of Fig. 1 shows that the wave lengtlis
235, 250, 275 and 295 my satisfy the second (necessary) con-
dition, whereas the first condition, which is only desirable
but not necessary, is as nearly satisfied by these wave
lengths as by any other set.

Determination of Absorptivities.—Solutions of each of
the four components were prepared by dissolving weighed
quantities of the component in ethanol aud dituting the mas-
ter solution to the required concentratiouns. All volumetric
apparatus was calibrated at 20°. Temperature corrections
were not applied to operations carried out at other tenipera-
tures, because the errors introduced by ignoring these cor-
rections were much smaller than those from other sources.
Absorbances (4) were read on each solution for each compo-
nent at each of the four selected wave lengths; then, for each
component at each wave length, absorbance was plotted
against concentration. To minimize the effects of errors in
weighing and in dilution, three different master solutions of
each component were prepared and diluted, and absorhance
vs. concentration data from all three solutions were plotted
together. In general, absorbances in thc range 0.1-0.8,
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where the instrument usually yields its most accurate data,
were selected for the plot. The linearity of these plots and
their extrapolation to or very near to zero showed that the
Beer-Lambert law was indeed being obeyed. The slopes of
the linear plots, obtained by a least-squares treatment that
assumed insignificant errors in the concentrations and an in-
tercept not necessarily equal to zero, were equal to absorp-
tivity times cell thickness (ad). Since b in all cuses was 0.996
cm., the slopes were essentially equal to absorptivity alone.

The data for the absorptivity plots for p-hydrazotoluene
could not be as readily and directly determined as were those
for the other three components, owing to the fact that una-
voidable air oxidation of tlie hydrazo compound occurred
while solutions were being prepared for measurement. To
correct for this oxidation, the concentration of p-azotoluene
in each solution was determined from the absorbance at 335
myu, where only the azo compound has an appreciable ab-
sorptivity. The contribution of this quantity of azo com-
pound to the total absorbance at each of the four selected
wave lengths could then be computed from tlie concentration
and the four known absorptivities, and then both the true
concentration of unoxidized hydrazo compound and its con-
tribution to the total absorbance at each wave length could
be obtained by difference. The validity of this treatment
was supported by the fact that the absorbance vs. concentra-
tion plots were linear despite the fact that the extent of oxi-
dative conversion of hydrazo to azo compound varied consid~
erably among the several solutions, amounting to as mucl as
159, in some.

Figure 2 shows a typical plot of absorbance vs. concentra-
tion, and the absorptivity values determined from the six-
teen plots are reported in Table I.
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Fig. 2.—Relationship between absorbance at 295 mu and
concentration of p-azotoluene in 959, ethanol solution de-
rived from three different master solutions.

The numbers from Table I were used to compute the
analytical parameters (r,;, equations 5-8) for the system.
Table II records these values.

The values of Table 1I, wlien substituted with the four
absorbance readings iuto equations 5-8, gave concentrations
of the four components in units of mg./1.

Analysis of Known Mixtures.—Solutions were prepared
by dissolving in ethanol weiglied amounts of each of the four
pure compoutents, p-hydrazotoluene, p-azotoluene, p-tolui-
dine and the semidiue, in relative amouuts obtained during
several states of the rate runs., Samnples were withdrawn
and treated as were samples from the rate runs, absorbaices
were read at the four selected wave lengths, and concentra-~
tions of the four components (in mg./l.) were computed by
means of equations 5-8 and the parameters of Table II.
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TaBLE I
ABSORPTIVITY VALUES® FOR p-HYDRAZOTOLUENE, p-TOLUI-
DINE, $-AZOTOLUENE AND 2-AMINO-4,5 -DIMETHYLDIPHENYL-
AMINE IN 959, ETHANOL

Wave Absorptivity, 1. cm, i g, "1¢

length, p-Hydrazo- b-Azo- Dimethyl-
my toluene toluene #-Toluidine o-semidine
235 67.19 62.53 81.13 74.48
250 97.14 26.59 32.18 52.36
275 9.78 18.80 7.59 41.51
285 17.06 42.06 13.63 35.05

¢ Actually equal to absorptivity times cell thickness

(0.996 cuu. in all cases).

TaBLE II

ANALYTICAL PARAMETERS
Compound 7235 7250 rars r206

p-Hydrazotoluene —5.30 14.46 —12.32 4.24
p-Azotoluene —3.83 —2.186 —26.40 42.7
p-Toluidine 20.35 —9.70 — 6.28 -—21.36
Dimethvl-o-

semidine —0.738 —0.643 40.1 —16.42

Fourteen known solutions of all four components and thirty-
five known solutions of the three products of the
reaction (or of two of these) were subjected to the analytical
scheme., The results showed that over the range of
concentrations (0.0-9.0 mg./!.) found in the rate runs, the
analytical method yielded values that were often no more
than 0.1 mg./l. different from the ‘‘true values,”’ and the
difference was rarely more than 0.2 mg./l. Exceptions to
tliis rule were encountered in analyses for p-hydrazotoluene,
which were consistently low, and for p-azotoluene, which
were consisteutly ligh. That tliese deviations from the
true value could be attributed to air oxidation of tlie hydrazo
compound during the weighing and preparation of the solu-~
tions was indicated by (a) the fact that the sum of the ana-
lyzed values for these two components agreed with the sum
of the true values, and (b) the fact that analysis of binary
and ternarv mixtures containing tlie azo but no hydrazo
compound gave good values for the azo compound. Thus, it
appeared that the analytical values for these two componeuts
were correct within the cited limits.

The analytical method gave values for the o-semidine that
were consistently high by about 0.4 mg./l.; therefore, the
computed values for this compound from the rate runs were
arbitrarily reduced by this amount.

Stability of Products under Conditions of Rate Runs.—To
ascertain whether the products of the reaction were affected
by the conditions imposed during the rate runs, individual
purified products and pairs of tliese at about 10~* A con-
centrations were treated with hydrogen chloride in 95% etha-
nol solution. The ultraviolet absorption spectra of single-
solute solutious were compared before and after treatment,
and two-solute solutions were analyzed by the spectrophoto-
metric niethod. p-Azotoluene was unaffected by a 20-miu.
treatment with 0.280 M ethanolic hydrogen chloride at 0°
and by exposure to 0.0310 A/ ethanolic hydrogen chiloride for
39 liours at room teniperature. o-Semidine was stable to
0.0238 M ethianolic hydrogen chloride at room temperature
for 100 minutes. p-Toluidine and o-sewidine were stirred
together in 0.0235 A ethanolic hydrogen chloride for 16
hours at room temperature without any measurable effect.
No interaction between p-azotoluene and o-semidine oc-
curred under similar conditions.

Independent Estimation of p-Toluidine.—Because the
relative amounts of p-toluidine and of p-azotoluene observed
by spectrophotometric analysis of mixtures formed in the
rate runs was inconsistent with the hiypotliesis that a simple
disproportionation reaction of p-liydrazotoluene accounts for
both products (see “Results’” section), an independent
analytical method for p-toluidine, the “disproportionation’’
product fornied in larger amount, was worked out on a senti-
nticro scale. A 1.0-ml. aliquot for spectrophotometric anal-
ysis was withdrawn from a solution of 63.3 mg. of p-hy-
drazotoluene in 250 ml. of 959, ethanol, and the remainder
of thie solution was stirred for 4.5 hours at 0° with hydrogen
cliloride (0.0692 M) in the solutiou. Tlie rearrangement
having been completed, another 1.0-ml. aliquot was with-
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drawn, diluted to 25 ml., and the dilute solution read on the
spectrophotometer in the usual way. The remaining solution
was permitted to evaporate to dryness under a gentle air
stream. The orange-white, powdery residue was dissolved in
a minimum volume of hot distilled water, and the solution was
transferred to a semi-micro steam distillation apparatus
similar to that described by Fieser,!? except that a Kjeldahl
trap was interposed between the distilling flask and the con-
denser. The solution was treated with 2 ml. of 0.491 M
sodium hydroxide and was subjected to steam distillation for
30 minutes. The distillate was collected in an ice-cooled re-
ceiver containing 25 ml. of 0.00940 M hydrochloric acid. The
resulting solution was transferred to a 250-ml. volumetric
flask that contained another 25 ml. of 0.00940 M hydrochloric
acid, and the acid solution was diluted to the mark. The pH
of the final solution was determined to be 3.00 by meansof a
MacBeth model T pH meter that had been calibrated against
buffer solutions of pH 7.00 and 3.80. The amount of stand-
ardized acid consumed by the steam distillate was equated to
the number of milliequivalents of p-toluidine contained
therein, and the p-toluidine content of the reaction mixture
was thereby calculated to be 23.6 mg. Another run afforded
22.3 mg. of p-toluidine, determined similarly. Spectrophoto-
metric analyses of the two mixtures for p-toluidine recorded
26.9 and 22.2 mg., respectively. Itappears, therefore, that
the spectrophotometric analyses for p-toluidine from the rate
runs were not artifacts.

Rate Runs. Apparatus.—The thermostat for the runs at
0° was an insulated glass jar filled with a slush of clean
crushed ice and distilled water. The runs carried out be-
tween 0° and room temperature were conducted in a kero-
sene-filled thermostat equipped with cooling coils and an
immersion heater controlled by a mercury—toluene regulator.
Water at about 5° below the thermostat temperature was
circulated through the coils, and the cooling action was bal-
anced by the action of the immersion heater. Tempera-
tures were read on a 0-60° mercury thermometer, marked in
tenths of a degree, that had been calibrated against a ther-
mometer certified by the National Bureau of Standards.
This thermometer registered no temperature fluctuation in
the 0° thermostat, and variations were estimated to be
#+0.1° at 10° and £0.05° at 15° and at 20°,

The reaction vessel for the runs that provided the data col-
lected in Table III was a 500-ml. three-neck flask provided
with a mercury seal stirrer, a capillary inlet for nitrogen and
a capillary vent to the atmosphere that was removed when-
ever samples were withdrawn from the flask.  Nitrogen
was purified by passage through a heated copper pile and
then through freshly prepared Fieser solution.!®* This gas
was then bubbled through a saturating device: when it was
to be used to provide an inert atmosphere over the solution of
hydrazotoluene before acid was added to start the reaction,
the oxygen-free nitrogen was first bubbled through 95%
ethanol contained in the thermostat; after acid was added to
start the reaction, the gas was first bubbled through thermo-
stated ethanolic hydrogen chloride at the same concentra-
tion employed in the reaction vessel.

Determination of Rate Constants.—For a typical run an
accurately weighed sample of about 35 mg. was dissolved in
ethanol and diluted to the mark of a 250-ml. volumetric flask
at the reaction temperature. The solution was transferred
to the reaction vessel, where it was stirred and provided with
a nitrogen atmosphere, The acid catalyst was prepared by
measuring the required amount of a standardized solution of
about 0.4 M hydrogen chloride in 959, ethanol and the re-~
quired amount (if any) of a stock solution of lithium chloride
in 959, ethanol into a 25-ml, volumetric flask and diluting
to the mark. Before addition of the catalyst solution, a 2-
ml, aliquot was pipetted from tlie contents of the reaction
vessel for measurement of ‘‘zero time’ concentrations,
The thermostated catalyst solution was added over a period
of 4-5 sec. to the thermostated solutions of p-hydrazotolu-
ene, and zero time was taken as the instant of half-addition,
Aliquots were removed by means of calibrated 2-ml. pipets
that had been rinsed with the reaction solution at the thermo-
stat temperature. Removal and delivery of these aliquots
required 6-8 sec., and the time was takeil at the instant of
half-delivery. The quenching solutions into which the ali-
quots were delivered were stored in a series of 25-ml. volu-

(12) L. F. Fieser, “Experiments in Organic Chemistry,”’ second ed.,
D. C. Heath and Co., New York, N. Y., 1941, p. 161,
(183) L. F. Fieser, TH1is JOURNAL, 46, 2631 (1924),
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metric flasks which were immersed in ice-water. Each flask
contained 1.0 ml. of 0.2791 M aqueous sodium hydroxide,
2.0 ml. of water (whichi prevented the precipitation of in-
organic salts when the aliquot was delivered) and enough
95%, ethanol to fill about two-thirds of the volume. After
addition of the aliquot, the solution was diluted to the mark
with 95%, ethanol, and the absorbances of this solution were
measured at the four selected wave lengths within a two-
hour period. Measurable air oxidation of unchanged p-
hydrazotoluene occurred in these solutions, even when they
were stored in ice-water, if they were permitted to stand
more than two hours.

The validity of the analytical method was checked in each
run by (a) comparing the analyzed concentrations of all
components with the known initial concentration of p-hy-
drazotoluene (and of auy contaminating p-azotoluene) and
by (b) comparing the analyzed concentrations of products
formed with the analyzed decrease in concentration of p-
hydrazotoluene. For purposes of the comparison (b) con-
centrations of any of the products (e.g. p-azotoluene) found
in the “‘zero time’’ solution were subtracted from the con-
centrations of the same products observed in aliquots with-
drawn after the reaction started. Agreement in both com-
parisons (a) and (b) waskept withina 109, limit; otherwisethe
results of the run were discarded. Agreement often lay
within 5%,.

The pseudo first-order rate constants were computed from
the slopes of the linear plots of the logarithm of p-hydrazo-
toluene concentration s. time, For the determination of the
constants employed in the computation of the activation
energy, the least-squares slopes were calculated; indeed, the
method of least squares was used to determine the slope
whenever it was not obvious to the eye. More commonly.
however, the slope was determined from the line drawn by
eye through the points. A typical plot, in which the data
from two indepeudent runs are combined, is shown in Fig. 3.
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Fig. 3.—Rate data from two independent runs (32 aud 33),
both in 0.0150 M HCI in 959, ethanol at 15.1°.

Results

Simultaneous Reactions..—The three products
formed from p-hydrazotoluene under the conditions
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of the rate runs were that of rearrangement (the
o-semidine I) and those of disproportionation (p-
azotoluene and p-toluidine); the weight ratios of
these three products was consistently of the order
2:1:2 (respectively). Since the rearrangement re-
action accounted for only about 409, of the total
product under these conditions, it was clear that
any assumption that the total reaction kinetics
must be identical with the kinetics of the rearrange-
ment reaction is unjustified. Furthermore, dis-
proportionation of p-hydrazotoluene to p-azotolu-
ene and p-toluidine could not have been the sole
side reaction, for the stoichiometry of this reaction
requires that the azo compound and the amine be
formed in nearly equal weight amounts. Since
almost twice as much p-toluidine as p-azotoluene (by
weight) was consistently obtained, a third reaction,
effectively a reduction of p-hydrazotoluene to p-
toluidine, must also have been occurring. The
nature of this third reaction never was elucidated.
Attempts to ininimize or elimminate this reduction
reaction by ridding the reaction mixtures and ap-
paratus of metals and other trace impurities were
completely ineffective. The fact that the ratio
of the amount of p-toluidine formed to those of the
other products remained sensibly constant during
each run also appeared to be inconsistent with the
hvpothesis that the reduction reaction was caused
by trace impurities. The possibility that the “ex-
cess” of p-toluidine (over the azo compound) was
formed from one or both of the other products was
eliminated by the observation that the products,
alone or in combinations of two, were stable under
the imposed conditions (see Experimental sec-
tion). By a process of elimination, therefore, it ap-
peared that the “‘excess” p-toluidine must have been
the result of a reduction reaction in which solvent
ethanol served as the reducing agent, but 1o effort
has been made to verify this conclusion.

The evidence cited in the preceding paragraph
indicates that p-hydrazotoluene, in the rate runs,
underwent three independent, simultaneous reac-
tions: rearrangement, disproportionation and re-
duction.

Total Kinetics —The rate of disappearance of
p-hyvdrazotoluene was measured in 959, ethanol
solutions about 6.3 X 10~* 3{ in initial concentra-
tion of hydrazo compound. Owing to the speed
of the reaction, the rates could not be mieasured
when concentrations of hydrochloric acid were as
great (ca. 0.1 4/) as those employed in preceding
studies oun the rates of the rearrangements of
hydrazobetizene®* and of o- and m-hydrazotolu-
enes®™; the acid concentrations employed were in
the range 0.00716-0.02866 17, and the molar ratio
of acid to p-hydrazotoluene was never less than
20:1. Plots of log [Hy] wvs. time indicated that
pseudo first-order kinetics was being observed. In
general, extrapolation of these plots to zero time
gave an initial value of p-hydrazotoluene concen-
tration slightly less than that determined spectro-
photometrically from the starting solution. Most
of the rate runs were carried out at 0°; however,
enough runs were mnade at 10, 15 and 20° to permit
the activation energy and related quantities to be
determined. In some runs lithium chloride was
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present in the solutions to maintain the total ionic
strength above that provided by the presence of
hydrogen chloride alone. Two runs were carried
out in 75%, ethanol so that some qualitative esti-
mate of the solvent effect on the rate could be de-
rived. In six runs, the initial concentration of p-
hydrazotoluene was reduced about tenfold, to the
limit that could be followed spectrophotometrically.
The results of 33 rate runs are collected in Table
II1.

TaBLE 1II

Psetpo FIRsST-ORDER RATE CONSTANTS FOR THE ToOTAL
REeacTION OF 6.5 X 107 M p-HYDRAZOTOLUENE IN 959,

ETnANOL
Total
Temp., (e, ionic k1 X 109,

Run “C. M strength® min, "t

1 0.00 0.01428 0.01428 1.07

2 .00 .01428 .01428 1.00

3 .00 .01428 .01428 1.04

4 00 .01428 . 02856 1.52

5 00 .01428 .02856 1.52

6 .00 .01428 .04284 1.86

7 20.13 .01500 .01500 11.9

8 20.15 .01500 .01500 11.8

9 20.13 01500 .01500 1.2
10 20.16 .01500 01500 13.6°
11 20.16 .01500 .01500 141
12 0.00 .02866 . 02866 6.03
13 .00 .02866 .02866 6.19
14 .00 . 02866 . 02866 6.15
15 .00 .02866 .02866 6.02¢
16 .00 .02866 . 02866 5.79°
17 .00 .02866 .02866 5.48°
18 .00 00716 00716 0.172¢
19 .00 00718 .00716 0.1704
20 .00 .00716 .00716 0.163¢
21 .00 .01433 .02866 1.46
22 .00 .01433 .02866 1.49
23 .00 .01821 .02866 2.40
24 .00 .01821 . 02866 2.39
25 .00 .02242 .02866 3.43
26 .00 .02242 .02866 3.41
27 .00 02512 . 02866 4.69
28 .00 02512 .02866 4.74
29 .00 01500 01500 1.09°
30 10.13 .01500 .01500 3.87
31 10.07 .01500 .01500 3.7
32 15.12 .01500 .01500 6.56
33 15.12 01500 01500 6.59

¢ Where the value in this columu exceeds [HClJ, the dif-
ference is caused by the presence of lithium chloride. ? The
solvent was 759, (by weight) ethanol. ¢ Initial p-hydrazo-
toluene concentration ca. 6.7 X 10~% M, points ou rate plot
scattered about straight line. ¢ Same as ¢, except that initial
concentration was ce. 5.6 X 107% 37/. ¢ This compares with
the value 1.12 computed from the average of runs 13 and 14
(6.17) in the following way: multiplication of 6.17 by
(0.01500,/0.02866)2 corrects for the difference in acid concen-
trations, assuming the rate to be dependent upon the square
of the acid concentration; now, division by 1.47 (from 4,’s
from runs 1-5) corrects for the salt effect and gives the
final value 1.12 for the calculated &;.

Rate Dependence on Acid Concentration.—
Runs 13, 14 and 21-28 all were carried out at 0° in
959, ethamnol at constant ionic strength. Only the
acid concentration was varied (from 0.01433 to
0.02866 3/) throughout these runs; the ionic
strength was maintained constant at 0.02866 by
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adding lithium chloride to the solutions having
acid concentrations less than 0.02866 M. Figure
4 is a plot of log [HCl] vs. log k1, in which each of
the five rate constants shown in the plot is an aver-
age of two values measured under identical condi-
tions. The least-squares slope of the straight line
is 2.08; therefore k; is proportional to [HCI]?, and
the total reaction of p-hydrazotoluene, like that of
hydrazobenzene and of m-hydrazotoluene,3et fol-
lows the rate expression

—d[Hy Jobs/dt = ks [Hy Jons [HC1]2 (1a)
where [Hylobs is the observed concentration of p-
hydrazotoluene and k; may be termed a ‘‘third-

order rate constant’ which is independent of acid
concentration.

1.80

1.75

—lOglo [HCI] .

1.65

1.60

1.55

1.50 L

1.10 1.30 1.50 1.70 1.90
—logio A1

Fig. 4.—Dependency of pseudo first-order rate constant
(k1) on HCI concentration; least-squares slope = 2.08, cor-
responding to &y = ks[HCI]2

Rate Dependence on Ionic Strength and on Di~
electric Constant.—The results of runs 1-6 disclose
a strong positive salt effect on the rate. At con-
stant acid concentration and temperature, doubling
and tripling the ionic strength caused about 50 and
809, increases in the rate constants, respectively.
The magnitude of this salt effect is essentially iden-
tical with those observed on benzidine rearrange-
ments carried out under similar conditions.?b

A comparison of the results of runs 10 and 11 with
those from runs 7, 8 and 9 indicates that a small
but significant rate increase is observed when the
solvent is changed from 95 to 759, aqueous ethanol.
The effect is much smaller in magnitude but is the
same in direction as that on the rate of rearrange-
ment of o-hydrazotoluene®® under similar condi-
tions.
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Effect on Product Distribution of Ionic Strength,
Dielectric Constant, Concentration and Tempera-~
ture.—In order that the contribution of each of the
three component reactions to the total kinetics
could be evaluated, the variations, if any, in prod-
uct distributions during individual rate runs and
over different runs under different conditions had
to be measured. Plots of concentration of product
formed wvs. p-hydrazotoluene consumed afford the
most revealing portrayal of the data. Figure 5
shows such a plot of concentration of the o-semidine

51 ! [

(uncor.).

Concu. of o-semidine (mg./1.)
w
- - - 5 - ﬁ

5 6 7
p-Hydrazotoluene consumed, mg./1.

Fig. 5—Effect of changing [HCI] at constant iouic
strength (0.02866) and temperature (0°) on ratio of o-
semidine formed to p-hydrazotoluene consumed; acid con-
centrations: O, 0.1432 M; x, 0.01821 M; A, 0.02242 M;
v, 0.02866 M.

formed to p-hydrazotoluene consumed; the points
for this plot were derived from data of runs 21, 23,
25 and 13, in which the temperature and ionic
strength remnained constant while the acid concen-
tration was increased. Although there is a sub-
stantial scattering of points, particularly those
from the early stages of each run when precise deter-
mination of small quantities of product was im-
possible, there can be little doubt that the data cor-
respond to a linear relationship that is not affected
by variation in acid concentration. The plot does
not extrapolate to the origin because uncorrected
analytical values for the o-semidine concentration
were used; however, the slope of the best straight
line should correspond to the fraction of p-hydrazo-
toluene being converted to the o-semidine. This
fraction evidently does not vary sensibly either
during any individual run or among the runs
plotted. A similar plot of concentration of p-tolui-
dine formed vs. p-hydrazotoluene consumed, derived
from data of the same runs, was also linear and con-
stant among the runs; therefore, a linear relation-
ship must also obtain between concentration of
p-azotoluene, the only remaining product, and p-
hydrazotoluene. Another pair of plots of the same
concentration variables was constructed from the
data of runs 3, 4 and 6, in which the temperature
and acid concentration remained constant while
the ionic strength varied. Again there was no
sensible change in product distribution. Runs 8
and 11 yielded evidence, similarly marshalled, that
a change from 95 to 75% aqueous ethanol had no
detectable effect on the product distribution.

A comparison of the data from runs 13-20 sug-
gests that the rate constants k; and %; may not
truly be constant with increasing dilution and fur-
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ther that the product distribution may also change
with initial p-hydrazotoluene concentration. How-
ever, two factors operate to make these apparent
effects suspect: first, the solutions of runs 15-20
were at the lower limits of concentrations that could
be analyzed by the spectroscopic method, so that
the analytical precision was substantially reduced;
second, the long periods of time required, particu-
larly for runs 18-20, increased the probability of
accidental oxidation of p-hydrazotoluene to the azo
compound. The result of the first factor was to
scatter the points in the plots of log [Hy] vs. ¢ so
that precise evaluation of by became difficult and
uncertain. This uncertainty was increased as a re-
sult of the observation that the point scattering
did not appear to be altogether random. Under
the circumstances, the apparent difference between
the average of k1 for runs 13 and 14 (0.0615 min.—!)
and for runs 15-17 (0.0571 min. ) could easily be
inside the limits of experimental error. With re-
spect to the second factor, accidental air oxidation
of part of the p-hydrazotoluene would be expected
to interfere with the total kinetics and to upset the
product distribution in favor of p-azotoluene. The
scattering of the points in the rate plots of data
from runs 15-20 make it difficult to be certain that
good pseudo first-order kinetics was no longer being
followed and that increased amounts of p-azotolu-
ene were being formed, but the data certainly tended
in these directions. Thus, the evidence is consist-
ent with the conclusion that the failure of the re-
sults from the dilute runs (15-20) to check pre-
cisely with those from the normal runs (13, 14)
both with respect to k; and k; and to product dis-
tributions probably may be attributed chiefly to ex-
perimental difficulties.

A comparison of the product distribution data
from runs 3, 8, 30 and 32, in which temperature
was the only variable, seemed at first glance to show
that more p-toluidine and less semidine was formed
at 10° than at 0°, but that no further change oc-
curred when the temperature was raised to 20°.
However, the apparent change in product ratios
over the 0-10° interval, though it seemed consistent
over several runs, actually covered a range of varia-
tion (about 109;) no greater than the normal
scattering as represented in Fig. 5 and in similar
plots. Thus, although a small shift in product dis-
tribution with temperature could not be disproved,
any real variations lay within the limits of experi-
mental error.

Apparent Activation Energy and Entropy.—The
data from runs 7-9 and 29-33, all carried out at
identical ionic strength and acid concentration
(both 0.01500) but at four different temperatures,
0.0, 10.1, 15.1 and 20.1°, were plotted in the usual
manner (Fig. 6), and the apparent activation en-
ergy (Ea) was computed from the least-squares
slope to be 18.4 kcal./mole. The average of the
rate constants observed at each temperature was
used in plotting the data. Figure 6 shows the good
linearity of the plot of log &y vs. 1/7. For computa-
tion of the apparent entropy of activation, the k,
values obtained at 10.1° were selected (runs 30,
31). Division of the average of the two observed
pseudo first-order constants by the squarc of the
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acid concentration gave a “‘k;’”’ that is not a function
of acid concentration (see above). This k; was
substituted into the equation k; = (60ek7/%)-
¢~ Ea/RTpAS¥/R 14 where the wunits of k; are
I.’mole~?min.~! and the other symbols of the
equation have their customary meaning and units.
The AS™* thus computed was 6.6 cal.mole ™! deg.™%
The apparent E. for the p-hydrazotoluene reac-
tions in 939 ethanolic hydrogen chloride is there-
fore quite similar to those for the reactions of
hydrazobenzene and of o- and m-hydrazotoluencs
in the same medium but at higher acid concen-
trations (20.6, 18.7 and 19.6 kcal./mole, respec-
tively)®t; but the apparent activation entropy is
significantly greater {compare with 2.9, —0.62
and 3.2 cal.mole~!deg.~!, respectivelv). The sub-
stantially greater reaction rate of p-hydrazotoluene
compared to the rates for its 0- and m-isomers and
that of hydrazobenzene under comparable condi-
tions is therefore a reflection of an entropy and
not an energy effect.

Reliability of Rate Data.—The measure of ac-
curacy of the rate constants was again3<® taken to
be the reproducibility of individual rate constants.
Average deviations from the mean of constants
measured by two or more runs under identical con-
ditions ranged from 0 to +=2.57; most of them lay
within #19,. Even the constants from runs 15-17
and 18-20, measured on solutions so dilute as to be
at the limit of the analytical method, showed
average deviations of only =49;. A 49, average
deviation from the mean introduces a probable
error of about 250 cal. into the £, value and of
about 1.4 e.u. into AS*.1

The determination of %, was substantially more
accurate than the estimation of product distribution
simply because of the relative magnitudes of the
concentrations involved. Initial concentrations
of p-hydrazotoluene were about 10 mg./l.; there-
fore the concentration values used to fix the first
several points on the log [Hy] vs. ¢ plot could be
determined within 1-29,. By contrast, no reac-
tion product reached a concentration appreciably
greater than 4 mg./1. even at 1009, reaction, and,
even though the analytical method yielded values
having an average deviation of only 0.1 mg./liter
from the true value, the relative error in determin-
ing product concentrations at low conversions was
large, and the average analytical value for these
products could not be considered accurate to
within less than =*=5Y%,. Thus it is that the re-
ported values for ky, F, and AS* have quite small
probable errors, but the pseudo first-order rate
constants for the three component reactious can-
not be assigned with comparable confidence.
Data chosen from seven different runs, in which
temperature, acid concentration and ionic strength
were varied, yielded the following figures for the
product distribution: p-toluidine, 40.4 % 3.197;
o-semidine, 36.5 =+ 3.79,; p-azotoluene, 22.7 =+
2.8¢%. In arriving at these averages, analytical

(14) S. Glasstone, K. J. Laidler and H. Byring, “The Theory of
Rate Processes,”” McGraw—Hill Book Co., Inc., New York, N. Y., 1941,

. 197,
? (15) I.. P. Hammett, ""Physical Organic Chemistry,”” MecGraw—Hill
Book Co., Inc,, New York, N. V., 1940, p. 122; F. P, I'rice, Jr., and
1. I'' Hamniett, TH1s JOURNAL, 63, 2387 (194!1),



Aug. 5, 1958

results from each of the seven runs were recorded
at each of several conversions, excluding conver-
sions less than 209, where the relative analytical
errors were especially large. These figures corre-
spond to about 409, rearrangement, 459 dispro-
portionation and 159, reduction.

Discussion

The results of the kinetic study of the action of
959, ethanolic hydrogen chloride on p-hydrazo-
toluene are in accord with the rate equation la.
That the square of acid concentration ([HCI]? or
[H*1]?) and not the ion product [HT][CI~] is the
correct term in the rate expression is demonstrated
by reference to the results of runs 1-6, which dis-
closed a strong positive salt effect. Throughout
these runs, the ionic strength was maintained con-
stant by the use of lithium chloride; therefore, if
ionization was complete [Cl—] was also constant.
Had the rate been proportional to [H+][Cl~], then,
a first-order and not a second-order dependency on
[H*] (or [HC1]) would have been observed.

The good pseudo first-order kinetics observed
throughout this work requires that not only the
rate of the semidine rearrangement of p-hydrazo-
toluene but also those of the accompanying dis-
proportionation and reduction reactions be first-
order with respect to p-hydrazotoluene concentra-
tion. The second-order dependency of the rate on
acid concentration does not eliminate formally the
possibility that higher order terms in acid concen-
tration appear in the true rate expression (e. g.,
by = ka[HC1]2 4+ B [HCI]® + .. .); for at the acid
concentrations employed, the higher power terms
in [HCl] would make a negligible contribution un-
less, for example, k» >> ka. However, the physical
interpretation of such higher power terms would in-
volve such species as a third conjugate acid derived
from p-hydrazotoluene, and the existence of even
minute quantities of such species in dilute 95%
ethanolic hydrochloric acid is scarcely credible.
Therefore, there emerges the conclusion that the
ratio of all three of the concurrent reactions are not
only first order in p-hydrazotoluene concentration
but also second order in acid concentration; they
follow the same kinetic law. Furthermore if the
product distribution does not vary with changes
in temperature, ionic strength, acid concentration
and dielectric constant, then the rates of all three
concurrent reactions are identically affected by
these variables and are therefore subject to the same
salt and medium effects; moreover, the reactions
must have the same apparent activation energies
and closely similar entropies of activation. The
experimental uncertainties in the determinations of
product distributions make it impossible to say
that no variations in distribution occurred with
changes in temperature and medium, but certainly
any variations lay within the limits of experimental
error and could not have been gross in magnitude.

These kinetic results are consistent with the hy-
pothesis that all three of the concurrent reactions
pass through the same rate-determining sequence
and that the final common intermediate forms the
four products as a result of three fast, competitive,
irreversible reactions. An attractive interpreta-
tion of this hypothesis involves a sequence in which
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Fig. 6.—Plot of data from which activation energy was
computed to be 18.4 kecal./mole.

the second conjugate acid of p-hydrazotoluene,
formed in a slow step, rapidly undergoes the com-
petitive rearrangement, disproportionation and
reduction reactions.

fast

-+
ArNHNHAr + H* ¢ > ArNHNH:Ar

+ slow PR
ArNHNH:Ar + H+ <~ ArNH;NHzAr

—> rearrangement products
+ o+ fast
ArNH,NH,Ar—{-——> disproportionation products

——> reduction products

The observed kinetics are also consistent with an
alternative reaction sequence in which the first
conjugate acid from p-hydrazotoluene reacts with
the second proton to yield the products in three
competitive, slow steps.

——> rearrangement products

+ slow
ArNH,NHAr + H* —|——> disproportionation prod.

L——> reduction products

Recently, Blackadder and Hinshelwood3: have
called attention to the advantages to be derived in
interpreting the benzidine rearrangement by means
of this sequence. Some caution must be exercised,
however, in postulating the non-existence of the
second conjugate acids of aromatic hydrazo com-
pounds, inasmuch as Pongratz, ef al., have re-
ported the preparation of stable, crystalline hydra-
zobenzene dihydrobromide and dihydroiodide. 18
Both of the reaction sequences formulated above
require three related but different transition states
leading to the products in the three competitive
steps; therefore, the three reactions would not be
expected in either case to show identical over-all en-
ergies and entropies of activation or to be affected
in exactly the same way by changes in the me-
dium. However, the differences in these properties
of the three competitive reactions could not be
great if the reactions are fast and therefore of low
activation energy (first sequence), whereas larger
differences could develop if the competitive proc-
esses are slow and rate controlling (second se-

(16) A. Pongratz and K. Scholtis, Ber., 75, 138 (1942);
gratz, S. Bohmert-Siiss and K. Scholtis, {bid., 77, 651 (1944),

A. Pon-
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quence). Inasmuch as the experimental results
eliminate large but not small variations in product
distribution with temperature and medium changes,
the first sequence is somewhat the more comfort-
able one. However, the second sequence is also
quite consistent with the results.

The rate behavior observed in this study of the
semidine rearrangement of p-hydrazotoluene has
no features that distinguish this rearrangement
from benzidine rearrangements whose rates have
been measured under similar conditions.?*®* Com-
pared to these benzidine rearrangements this
semidine rearrangement is governed by the same
rate law, and the rate is subject to a salt effect of
the same size and sign and an effect of changing
dielectric constant of the same sign, though of some-
what smaller magnitude. The apparent activation
energies are nearly the same, and although the
observed entropy of activation for the semidine
rearrangement is somewhat greater, the difference
is not sufficient to indicate a serious mechanistic
change in the rate-governing processes. On the
basis of this work, therefore, the semidine rearrange-
ment of p-hydrazotoluene is subject to the same
interpretation, with the same limitations, as those
discussed earlier in connection with analogous
studies on benzidine rearrangements,’®t

The reduction reaction observed in this investi-
gation does not appear to have been reported pre-
viously. Evidence already has been cited that the
weight excess of p-toluidine over p-azotoluene
among the products could not be explained by (a)
interactions among the reaction products, (b!
trace impurities or (¢) reduction of part of the p-
azotoluene formed by disproportionation (by an
unknown agent) back to the hydrazotoluene. One
remaining way to account for the observed excess
of toluidine over azotoluene requires the postulate
that the excess of toluidine was formed directly
from p-hydrazotoluene by reduction. If such a
reaction occurs, then the observed kinetics and the
other evidence eliminates every possible reducing
agent from consideration except the ethanol solvent.
The available evidence is in accord either with the
postulate that the second conjugate acid from p-
hydrazotoluene, formed in a slow step, is reduced in
a rapid reaction by ethanol

.+ fust +
ArNH,NHAr + CH;;CH,OII ——> 2ArNH; + CH;CHO

or that the first conjugate acid from p-hydrazotol-
uene is reduced in a slow step by protonated ethanol

+ + slow
ArNH,NHAr + CH;CH:OH; ——>

+ +
ArNH; + ArNH,; + CH;CH=0H.

Since a reduction of this nature appears a priori
more likely to be a slow than a fast process, the lat-
ter path seems the more attractive. Either reac-
tion can be rationalized on the basis of a six-ring
transition state, e. g.

ArNHo-NHAT Arf_\"HZ NH-—-Ar
A \\
H? H — H H
N
C}I:x""CH“*()* H +®
- CH,CH=0H
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Experiments intended to demonstrate whether
acetaldehyde is indeed formed in these reactions
in an amount equivalent to that of the excess p-
toluidine are fraught with severe experimental
difficulties, and none have as yet been attempted.

The disproportionation of p-hydrazotoluene to
p-toluidine and p-azotoluene is not easy to inter-
pret in terms of the observed first-order dependency
of the rate on p-hydrazotoluene concentration.
Although this relationship appears not to have been
reported previously for acid-catalyzed dispropor-
tionations, Curme!” observed first-order depend-
ency of the rate of thermal disproportionations of
several aromatic hydrazo compounds, including p-
hydrazotoluene, on their concentrations; Wieland!®
pointed out that Curme’s fragmentation mech-
anisms were not essential to explain the kinetics;
and more recently Holt and Hughes!? have pre-
sented evidence based on isotope experiments in-
dicating that the N-N bond of hydrazobenzene is
not cleaved during the formation of azobenzene by
disproportionation. Of course there can be no as-
surance that the observations reported by Holt
and Hughes can be extended to the acid-catalyzed
disproportionation disclosed in the work reported
here; but if such should prove to be the case, then
reconciliation of this observation with the ob-
served rate equation again presents a problem. If
the reaction sequence includes the forward step

-+
ArNHNHAr + H* 2> ArNH,NHAr (eq. const. = K)

+ ks + o+
ArNH,NHAr + H* 7= ArNHNHpAr

koy

ArSEL N HAr + ArNHNHAT — > 2ArNH,* + ArN—NAr
two as the slow process, the rate expression in which
[Hyloobs - A. = / +
Ty Toee — 4 At/(1 + K[H*])
[Hy%bs and [HyJobs are initial observed concen-
tration of hydrazo compound and that observed
(= [Hy] + [HyH*] + [HyH,™*]) at time ¢
respectively, and 4 = kXK[HT]? can be derived,
but only with the unlikely assumption that the
final reaction is fast enough to swamp the reverse
of the second reaction. The above expression,
however, could readily approximate simple first-
order kinetics. Other comparatively apparent re-
action sequences involving direct interaction be-
tween two hydrazotoluene species yield rate ex-
pressions that are second order in concentration of
hydrazo compound. The proposal by Wieland!®
that one molecule of hydrazo compound splits off
hydrogen in a slow step and that the latter reacts
rapidly with a second molecule of hydrazo com-
pound accounts for the kinetics but leaves the
question of an intermediate hydrogen acceptor,
which is scarcely less difficult.

That the p-azotoluene formed in the reactions
reported here was truly the result of a dispropor-
tionation reaction and not of direct air oxidation
of the hydrazo compound is supported by the fol-

(17) G. O. Curme, Jr., THIs JOURNAL, 36, 1143 (1913); J. Stieglitz
and G. O. Curme, Ber., 46, 911 (1913).

(18) H. Wieland, ¢bid., 45, 492 (1912),
(19) . . Holt and B. P. Hughes, J. Chem. Soc., 1666 (1953).

In
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lowing evidence. Some of the azo compound was
always present in the sample introduced at the be-
ginning of a rate run, but the amount of this com-
pound initially present was determined and sub-
tracted from the amount detected during the run to
obtain the quantity actually formed in the course
of the run. Inasmuch as samples introduced into
the thermostated reaction vessel and maintained
in solution therein before addition of the acid cat-
alyst for at least an hour (to reach temperature
equilibrium) failed to show detectable increases in
p-azotoluene concentration, the protective atmos-
phere must have been functioning satisfactorily,
for samples similarly treated in the absence of the
nitrogen stream oxidized very rapidly to p-azo-
toluene. Furthermore, since rapid air oxidation
of p-hydrazotoluene is known to occur in the ab-
sence of acids, any air oxidation taking place during
the rate runs should be substantially uncatalyzed,
and therefore an appreciable incursion of such a re-
action must have changed the kinetics from those
observed. Finally one might suspect that the ob-
served azo compound could have been the result
of air oxidation occurring between removal of
samples from the mixtures and analysis of them,
for these samples were not protected from the air.
However, experiments showed that samples stored
for two hours or less in ice showed no appreciable
gain in concentration of azo compound. More-
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over, had the azo compound apparently formed
during the runs in fact been formed during storage
of samples for analysis, then the largest concentra-
tions of azo compound should have been found in
the samples withdrawn at the smallest conversions,
for these samples contained the greatest amounts
of available hydrazotoluene for air oxidation and in
general were held in storage for the longest periods
before analysis. Actually of course the concen-
trations of azo compound formed during the reac-
tion was observed to increase continuously as the
reaction progressed.

Because the observed rate constants from which
E, and AS* are computed undoubtedly are com-
posites of two or more true rate and equilibrium
constants, it follows that the apparent E. (or AH*)
and AS* are also composite energy and entropy
functions, respectively. Therefore, these apparent
values cannot be used to draw valid conclusions
about the mechanisms of the rearrangement, reduc-
tion and disproportionation steps of the reaction
sequence,
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(20) For further discussion of this point, see ref. 3e.
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Carbonyl Reactions.

IV. The Kinetics of the Acid-catalyzed Reaction of Anisaldehyde

with Methyl Ethyl Ketone!

By DoNALD S. NOYCE AND LLoYD R. SNYDER
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The rate of formation of 3-methyl-4-(p-anisyl)-3-buten-2-one in acetic acid from anisaldehyde and methyl ethyl ketone

shows simple bimolecular kinetics when both reagents are present in low concentrations.

With high concentrations of methyl

ethyl ketone, the rate of reaction does not continue to increase as rapidly as is theoretically predicted. Two causes have

been shown to be responsible for this behavior.

is outlined.

Introduction

Of the numerous reactious which lead to the for-
mation of new carbon to carbon bonds, the aldol
condensation has been subjected to the most ex-
tensive study. Though the base-catalyzed reac-
tion has received considerable attention from a ki-
netic viewpoint,? the acid-catalyzed counterpart has
not been so extensively investigated. It was re-
cently reported that the acid-catalyzed condensa-
tion of acetophenone and benzaldehyde could be
suitably examined spectrophotometrically® and the

(1) Supported in part by the Office of Ordnance Research, Contract
No. DA-04-200-ORD-171.

(2) R. P. Bell, J. Ckem. Soc., 1637 (1937); K. F. Bonhéffer and
W. D. Walters, Z. physik. Chem., 1814, 441 (1938): E. Coombs and
D. P. Evans, J. Chem. Soc., 1295 (1940); C. C. French, TH1s JoUr-
naL, 61, 3215 (1929); G. M. Murphy, ibid., 83, 977 (1931); V. K,
LaMer and M. L. Miller, ¢bid., 87, 2074 (1935).

(3) (a) D. S. Noyce and W. A, Pryor, ibid., 77, 1397 (1955); (b)
D. S. Noyce, W. A, Pryor and A. H. Bottini, ¢bid., 77, 1402 (1955).

There is formation of a reasonably stable reaction intermediate, which
reacts either to regenerate the starting reagents or to lead to formation of the observed product.
in the activity coefficient of methy! ethyl ketone at higher concentrations.

There is also a decrease
The rate sequence and sequence of intermediates

rate law and general sequence of intermediates
were determined.

In the case of the condensation of an aldehyde
with an unsymmetrical ketone such as methyl
ethyl ketone, there arise the possibilities of two
alternative products. Specifically, it has been
shown by Harries and Muller* that with basic
catalysts, benzaldehyde and methyl ethyl ketone
afford 1-phenyl-1-pentene-3-one (I), while with
acid catalysts the product is 3-methyl-4-phenyl-3-
buten-2-one (II). That this is general with re-
spect to methyl n-alkyl ketones is demonstrated
by the work of Bogert and Davidson,’ and that it is
general for aromatic aldehydes is demonstrated by
the work of Woodruff and Conger.® 1In all of these
cases the demonstration rests upon the formation of

(4) G. Hatries and G. H. Muller, Ber., 35, 966 (1902).

(5) M. T. Bogert and D. Davidson, THis JOURNAL, 54, 334 (1932).
(6) E. H. Woodruff and T. W. Conger, ibid., 60, 465 (1938).



